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Preface

Dear reader,

This special issue of the “Bulgarian Chemical
Communication” journal is dedicated to the 70th
anniversary of Prof. Tsonko Kolev, a prominent
Bulgarian scientist working for decades in the field
of physical organic chemistry. His scientific achieve-
ments and contributions in the fields of spectros-
copy, single crystal X-ray diffraction and quantum
chemical calculations of new organic materials are
profound and were published in 225 research papers.
In addition 2 books, 4 chapter of books and an in-
vited review were also produced. All of the published
works are cited more than 2800 times.

After approval, the submitted original research
papers in this issue are published on-line and as
hard copies in the year 2018. The acceptance of the
papers was based on the Journal’s normal reviewing
procedure and the order sequence followed the time
of submitted corrected proofs. The final contents of
this issue comprise 34 research papers submitted by

more than 150 scientists from Bulgarian universi-
ties and institutes and from abroad (Germany, USA,
France, Turkey).

The published papers cover a very wide range
of scientific fields — organic and inorganic materi-
als, new crystalline phases, products for medicine
and pharmacy, structure and properties of minerals,
ceramic and composite preparations. The investiga-
tions are based on a huge complex of modern scien-
tific instrumentation and approaches. The papers in
the present issue outline the latest developments in
the research of the Bulgarian scientists.

We hope that the interdisciplinary character of
this special issue will inspire the scientific audience
and attract young researchers.

Special acknowledgements are due to all the au-
thors contributing good scientific essence as well as
to all the reviewers making serious efforts to make
this issue a success.

Guest editors

Prof. Dr. Ognyan Petrov

and Assoc. Prof. Dr. Yana Tzvetanova
Institute of Mineralogy and Crystallography
Bulgarian Academy of Sciences
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Scientific biography of Professor DSc Tsonko Mitev Kolev

Tsonko Mitev Kolev was born on 10 January
1948 in Gradnitsa, district Gabrovo. In 1973 he
completed his Master’s degree in Organic synthesis
and Chemistry of natural pharmaceutical drugs at
the Faculty of Chemistry, Sofia University.

In 1975 Tsonko Kolev began to work as Junior
scientist in the Laboratory for Structural Organic
Chemistry at the Institute of Organic Chemistry,
Bulgarian Academy of Sciences under scientific
supervision of Prof. Ivan Juchnovski in the field
of electronic structure of conjugated organic com-
pounds and the genetically related negative ions,
which are intermediates in important organic re-
actions, by means of the combined application of
infrared spectroscopy, quantum chemical methods,
the correlation analysis and isotope labelled com-
pounds. They work on the transmission of polar
effects of substituents through the systems of con-
jugated bonds on the characteristic frequencies and
intensities, and particularly the exponential de-
crease of the polar effect of the substituents with the
increase of the number of the double bonds in the
polyene system. Tsonko Kolev defended his PhD
thesis devoted to IR spectral investigation of anion
radicals of aromatic ketones in 1982. The infrared
spectra of anion-radicals of aromatic ketones (ke-
tyls) were interpreted correctly for the first time by
means of isotopic labelled compounds, which led to
the correction of a number of errors in band assign-
ment and some corresponding findings concerning
the influence of the structure over infrared spectra
of these anion-radicals. It was shown that infrared
spectroscopy could give information about the form
of the orbital of the unpaired electron, as well as
about the presence of separate weak interactions be-
tween molecular fragments due to the peculiar sym-
metry of this orbital.

In 1987 Tsonko Kolev has been awarded the
Alexander von Humboldt Research Fellowship for
Postdoctoral Researchers. He joined the research
group of Prof. Dr. Paul Bleckmann at the Faculty
of Chemistry, Structural Chemistry Department,
University of Dortmund (1987—-1988 and 1991-1992).

Tsonko Kolev acquired the academic rank
Associate Professor at the Institute of Organic
Chemistry, Bulgarian Academy of Sciences in 1992.
He organized a working group handling with organic
materials for nonlinear optics. In 2001 he defended
his Doctor of Sciences degree — dissertation titled
“Vibrational and structural analyses of some aromat-
ic, aryl aliphatic ketones, diketones and their deriva-
tives — potential materials for nonlinear optics”.

He became Full Professor in Organic Chemistry
in 2005.

In the period 2005-2013 Prof. Kolev was Head
of the Department of Organic Chemistry at Plovdiv
University and Member of the Faculty Council.

Scientific research field

Tsonko Kolev’s scientific research fields cover:
design, synthesis, spectral and structural elucidation
of novel organic materials with large nonlinearopti-
cal (NLO) and electrooptical (EO) coefficients and
good photochemical resistance against laser beam.

The following methods were used: spectral ones
(IR, Raman, UV-vis and Fluorescent spectroscopy),
single crystal X-ray analysis and quantum chemical
calculations of hydrogensquarates, squarates and
esteramides of squaric acid with amino acids and
aminoacid amides.

Another important field of investigation is the
synthesis, spectral and structural elucidation of
pyridinio betaines of squaric acid. Quantum chemi-
cal calculations were performed to obtain electronic
structure and vibrational data, using DFT and ab
initio methods.

In the last years the efforts of Prof. Kolev are
directed to the synthesis, spectral and structural
elucidation of new stilbazolium salt with enlarged
n-conjugated system and their functional thin films
deposited by pulsed laser deposition (PLD) using
UV TEA N, laser onto glass substrates and KCl,
NaCl single crystals.

Last but not least, Prof. Kolev works on the com-
plete elucidation of new dicyanoisophorone deriva-
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tives — nonlinear optical and electrooptical mate-
rials with possibility to tune their mechanical and
electrical properties.

Lecturer activities

In the period 2004-2013 Prof. Kolev worked
at the Faculty of Chemistry at the University of
Plovdiv giving lectures on Organic Chemistry for
the Bachelor students. He also gave lectures on
Medicinal chemistry, Organic Chemistry, Organic
Synthesis and X-ray analysis for the Master degree.

Between 2006 and 2010 he gave lectures at Sofia
University on Modern methods of Organic Structural
Analysis, Infrared and Raman Spectroscopy and
New NLO materials (Master degree).

Since 2014 Prof. Kolev is lecturer at the
South West University in Blagoevgrad, course
Instrumental methods in Organic Chemistry for the
Master students.

Scientific Supervisor

Since 2000 Prof. Kolev is Scientific Supervisor
of 9 PhD students: Zornitza Glavcheva, Denitsa
Yancheva, Mariana Topuzova, Rumyana Bakalska,
Plamen Angelov, Emilia Cherneva, Tsanko Tsanev,
Mina Todorova and Daniela Petrova.

Scientific projects

Manager and lecturer at the International Summer
School on Applied Spectroscopy and X-Ray Analysis
for young scientists and PhD students from Bulgaria,
Poland, Czech Republic, Serbia, Macedonia, Slo-
venia, Croatia, Albania, Turkey, Hungary and Ro-
mania held every summer between 2004 and 2009
in the Institute of Organic Chemistry, Bulgarian
Academy of Sciences supported by Deutscher
Akademischer Austauschdienst (DAAD).

Scientific projects BUL 001 96 (1996-1998)
and BUL 006 99 (1999-2001) between the Institute
of Organic Chemistry, Bulgarian Academy of
Sciences, and Bundesministerium fiir Bildung und
Forschung.

Scientific projects between the Institute of Or-
ganic Chemistry, Bulgarian Academy of Sciences,

and Deutscher Akademischer Austauschdienst
(DAAD) 2002-2004 and 2005-2007.

“Sandwich program” with PhD student Zornitza
Glavcheva at the University of Dortmund, support-
ed by Alexander von Humboldt Stiftung (2001).

Award “Institutspartnerschaft” (2003—-2004) with
Prof. Riidiger Wortmann (Technical University
Kaiserslautern) and Prof. Kolev (Institute of Organic
Chemistry, Bulgarian Academy of Sciences) sup-
ported by Alexander von Humboldt Stiftung. As
a result of this project series of nonlinear optical
chromophores containing a cyclobutenedione frag-
ment as electron-acceptor group have been synthe-
sized and investigated and their linear and nonlinear
optical properties were proven by electro-optical
absorption measurements in solution. The negative
values of the static hyperpolarizabilities of the NLO-
phores studied, associated with dipolar ground-state
structures, increase significantly on going from do-
nor to acceptor substituent.

Prof. Kolev was Invited Professor at the Uni-
versity of Dortmund (1994).

For the “Sandwich” program at the University of
Dortmund supported by Deutscher Akademischer
Austauschdienst (DAAD) Prof. Kolev chose PhD
student Tsanko Tsanev (2008).

In the period 2009-2010 Prof. Kolev was co-
principal investigator of a German-Bulgarian Re-
search Project supported by the German Research
Society (DFG) grant SP 255/21-1 dedicated to NLO
and EO properties of organic materials at Technical
University of Dortmund, Germany.

Scientific contributions

The basic and most essential scientific contri-
butions of Prof. Kolev, consist in both experimen-
tal and theoretical studies on the field of design,
synthesis, spectral and structural elucidation of
novel organic materials with large nonlinearopti-
cal (NLO) and electrooptical (EO) coefficients and
good photochemical resistance against laser beam.
The spectral (IR, Raman, UV-vis and Fluorescent
spectroscopy) and single crystal X-ray analysis and
quantum chemical calculations of hydrogensquar-
ates, squarates and esteramides of squaric acid with
amino acids and amino acid amides. As a results 8
new structural motifs of hydrogensquarates are es-
tablished: Ib, IIb, IlIb, 4b, 4c, VIII, 1Xa, IXb.

The synthesis, spectral and structural elucidation
of series pyridinio betaines of squaric acid are per-
formed. Quantum chemical calculations are made
to obtain electronic structure and vibrational data,
using DFT and ab initio methods. In the last years
the efforts of prof. Kolev are directed to the synthe-
sis, spectral and structural elucidation of new sti-
bazolium salts with enlarged m-conjugated system
and their functional thin films deposited by pulsed
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laser deposition (PLD) using UV TEA N, laser onto
glass substrates and KCI, NaCl single crystals. The
effective x® values are determined to be 1.40 and
0.95 pm/V for p and s polarization, respectively,
so the %@ in the p polarization case is enhanced by
about 45%, with respect to the s case. The chemical
diagram of (E)-1-Ethyl-4-(2-(4-hydroxynaphthalen-
1-yl)vinyl)quinolinium Bromide is shown below:

Br
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The determined effective y® value was found to
be 6.5 x 1072 m?> V2 one of the best values meas-
ured for organic compounds. These results were
published in the Journal of Physical Chemistry C
(2012), 116, 7144-7152.

The complete elucidation of series of new dicya-
noisophorone derivatives — nonlinear optical and
electro optical materials with possibility to tune of
their optical and mechanical properties. As a result
of this investigation it was found second-order op-
tical properties of anionic 3-dicyanomethylen-5,5-
dimethyle-1-[2-(4-hydroxyphenyl)ethenyl)]-cy-
clohexene (1) with crystalline sizes from 10 nm to
300 nm were studied. An electric field enhance-
ment of effective second-order susceptibility at
1064 nm for the crystallites incorporated into the
oligoetheracrylate photopolymer matrices from
3.1 pm/V to 7.8 pm/V was discovered correspond-
ing to hyperpolarizability increase from 0.12.10-3°
esu to 0.21.107 esu. The evaluated intrinsic hyper-
polarizability achieves value about 0.037, which is
comparable with the best organic molecule. Further
investigations of Prof. Kolev and researchers from
France, Germany and Poland were on physics of the
NLO materials on the basis of compounds with the
quinoide like structure.

<><><><><><><><>*¢O
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The novel composites based on the 1-methyl-
4-[2-(3-methoxy-4-oxocyclohexadienyliden)
ethyliden]-1,4-dihydropyridine (I) chromophore
incorporated into the polymer PMMA matrices in
7.5% weight content deposited on mica substrate
They have found that the SHG at 1,064 nm was in-
creased saturating after 45 min. of the dc-treatment.
The main alignment process was observed during
first 2 min of the dc-field poling. Afterwards, the
process was saturated achieving the maximal val-
ues after about 8 min. It was crucial that more flex-
ible for alignment was temperature of about 350 K.
They have measured values of second order optical
effect of about122 pm/V at 1,064 nm fundamental
laser wavelength. This effect show very weak re-
versibility after the dc-field switching off.

The linear and nonlinear optical properties of
different substituted piridinio betaines of squaric
acid were established by electro-optical absorption
measurements (EOAM) in dioxane solution. It was
found all chromophores studied exhibit intense ab-
sorption bands in the visible region within 372-441
nm, accompanied with decrease in dipole moment
upon excitation.
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The static hyperpolarizabilities of the NLO-
phores studied depend strongly on the substituent
in the pyridinium ring and increase significantly go-
ing from donor to acceptor substituent. Specifically,
the noncentrosymmetrically crystallizing 4-benzoyl
compound showed the highest static hyperpolariz-
ability B, —26.19.

Prof. Kolev published 225 research papers, 2
books, 4 chapters of books and an invited review.

The books and chapter of books are listed below:

1. Kolev, T. (2007) Quantum chemical, spectro-
scopic and structural study of hydrochlorides, hy-
drogensquarates and ester amides of squaric acid
of amino acid amides, Chapter of book “Progress
in Quantum Chemistry Research” E. Hoffman (Ed),



Nova Science Publishers, Inc., Hauppauge, NY
11788, USA, ISBN: 1-60021-621-8.

2. Kolev, T. (2008) Quantum Chemical, Spectro-
scopic and Structural Study of Hydrochlorides,
Hydrogens Squarates and Ester Amides of Squaric
Acid, Book — 95 pages Nova Science Publishers,
Inc., Hauppauge, NY 11788, USA, ISBN: 978-1-
60456-431-0.

3. Koleva, B., Kolev, T. M., Spiteller, M.
(2011) Book chapter: “Spectroscopic Analysis
and Structural Elucidation of Small Peptides”, in
“Advances in Chemistry Research vol. 3, pages 675—
755J. C. Taylor (Ed.), Nova Science Publishers, Inc.,
Hauppauge, NY, 11788, USA.

4. Ivanova, B., Kolev, T. (2011) Linearly
Polarized IR Spectroscopy Theory and Applications
for Structural Analysis--Book. Taylor and Francis
Group, CRC Press, Boca Raton, USA ISBN: 978-1-
4398-2559-4.

5. Kolev, T., Spiteller, M., Koleva, B. (2010)
Spectroscopic and structural elucidation of amino
acid derivatives and small peptides — experimental
and theoretical tools, Amino Acids, Review, 38, 45-50.

6. Tsonko Kolev, Rumyana Bakalska, Mina
Todorova (2016) Efficient n electrons delocali-
zation in two styrylquinolinium dyes — organic
materials for second order nonlinear applica-
tion Chapter of book “BULGARIAN-GERMAN
SCIENTIFIC COOPERATION: PAST, PRESENT,
AND FUTURE” PROCEEDINGS OF THE
HUMBOLDT-KOLLEG Sofia, November 26-28,
2015, Faber Publishing House, 2016 pp. 209-221,
ISBN 978-619-00-0517-9.

The citations for the period 1990-2018 are 2426
in total (Scopus) and 2845 (Google). The most cited
article is: Kolev, T., Velcheva, E., Stamboliyska,
B., Spiteller, M. (2005) DFT and Experimental
Studies of the Structure and Vibrational Spectra
of Curcumin, International Journal of Quantum
Chemistry, 102, 1069-1079 — 255 citations until
July 2018.
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In this work Prof. Kolev has unambiguously
shown by vibrational spectroscopy and DFT cal-
culations that the compound possesses outstanding
antioxidant activity due to enol form which keeps
the molecule conjugated.

Article in journal with highest impact factor:
Kolev, T., Yancheva, D., Stoyanov, St. (2004)

Synthesis, Spectral and Structural Elucidation
of Some Pyridinium Betaines of Squaric Acid
— Potential Materials for Nonlinear Optical Ap-
plications, Advanced Functional Materials, 14, 799
-804 — IF 10.48. An example of 4-dimethylamino
pyridinio-betaine of squaric acid is presented on the
following figure:
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Scientific Awards

In 2010 Prof. Kolev received the Award of
Plovdiv University for the best scientist on the field
of Natural Sciences.

In 2011 he received the National Pitagor Award
(Pythagoras) of the Ministry of Education and
Sciences for the best scientist on the field of Natural
Sciences.

In 2012 Prof. Kolev is nominated for correspond-
ing member of Bulgarian Academy of Sciences by
Plovdiv University for his achievements in the field
of physical organic chemistry and organic material
science.

He was awarded Alumni Program of Alexander
von Humboldt Foundation (2013-2015) with host
Prof. Dr. Dr. h. c. Michael Spiteller, Institute of
Environmental Research at the Technical University
(TU) Dortmund.



Family life
Prof. Kolev has two daughters — Martina and
Tsonka. Together with granddaughter Sophia they
love spending time together in Gradnitsa village
— the birth place of Prof. Kolev, at the foot of the
Central Balkan Mountains.
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Neutral versus protonated uracil: CASPT2 theoretical study
of the mechanisms of NH-photodissociation

V. B. Delchev

Department of Physical Chemistry, University of Plovdiv, Tzar Assen 24 Str.,
4000-Plovdiv, Bulgaria
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We performed a CASCF(10,8)//CASPT2(10,8) level relaxed scans of the excited-state reaction paths of the N,-H
and N,-H bonds of uracil and its doubly protonated form. The optimized state was the repulsive 'nc” excited state which
was recognized as a driven state. The results showed that the protonation of uracil disfavors the H-photodetachment
processes in the compound because it leads to an increase of the reaction energy barrier along the 'nn” and 'no” excited-
state reaction paths. Moreover the protonation of the oxygen atoms leads to the stabilization of the 'nn" excited state.

Keywords: CASPT2 calculations; Excited-state reaction paths; MP2 optimizations; Uracil.

INTRODUCTION

Pyrimidine nucleobases are major building
blocks of the macromolecules of nucleic acids [1].
They are major chromophores in living organisms
[2-11]. They absorb UV light and relax non-radi-
atively through internal conversion to the ground
state. In this manner the pyrimidine nucleobases
serve as a barrier against the damaging impact of
UV rays [2-5].

Lots of papers regard the pyrimidine nucleobases
from the stand point of their photostability [12—15].
Merchan et al. [16] have proposed a unified model
for the ultrafast relaxation of excited pyrimidine nu-
cleobases. It has been assumed that the deactivation
occurs through internal conversion and conical in-
tersections S,/S, [16-20]. The conical intersections
S/S, have twisted geometries around the double
CC bonds in the aromatic rings. These are so-called
“ethylene-like” conical intersections since they are
found to explain the internal conversion of the 'nrn”
excited states in ethylene [21].

It has been found that the photodetachment and
photoattachement of protons from the O-H and N-H
bonds in pyrimidine derivatives occur along the re-
action path of the repulsive 'nc” excited state [13,
17]. The mechanism is known as PIDA (photoin-

* To whom all correspondence should be sent:
E-mail: vdelchev(@uni-plovdiv.net

duced dissociation-association) [13—15]. Despite
the large number of papers treating the photophysi-
cal phenomena in pyrimidine nucleobases there is
still a gap regarding the influence of protonation of
pyrimidine bases on the PIDA reactions. In other
words, it is not known how the protonation of ura-
cil, in particular, changes the photophysics of the
compound.

The aim of the paper is to throw light upon the
mechanism of proton photodetachment (the first
step of the PIDA mechanism) of neutral and doubly
protonated uracil. The comparison would reveal the
influence of the acidification of the uracil water so-
lution to the tautomerization of the compound when
irradiated with UV light.

THEORETICAL AND EXPERIMENTAL
METHODS

The ground-state equilibrium geometries of two
forms of uracil (neutral and protonated) were op-
timized at the CASSCF(10,8) and MP2 levels of
theory. The harmonic vibrations were calculated to
prove that the studied systems are located in minima
on the PES. The energies of the systems were com-
puted using the CASSCF(10,8)/CASPT2(10,8)
protocol, the last accounting for the second order
correlation energy correction.

The adiabatic 'nc™ excited-state reaction paths
were optimized with the CASSCF(10,8)//CASPT2

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 11
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(10,8) protocol either using symmetry restrictions,
symmetry C,. Applying symmetry aids to construct
a proper active space and to keep it constant during
the CASSCF optimizations. Within the Cg symme-
try space it is possible to divide the orbitals into two
groups: a’—n, 6"; and a” —w, ©°. Furthermore the ex-
cited states are grouped into two groups: A’ — 'nn’,
and — A” — 'nnt”, 'nc”. The adiabatic electronic-state
reaction paths were referred to the MP2 energies of
the two systems under study.

All calculations were performed using the aug-
cc-pVDZ basis set. They all refer to the gas phase
systems.

For recording of the UV spectra we perepared
two water solutions of uracil with concentration
of 2.10* mol/L. We set the pH of the first solution
6.28 which is prepared directly from bidestiled wa-
ter and uracil (without additional acidification). For
the preparation of the acidic solution we added drop
by drop concentrated HCI acid to the initial solution
up to pH=3.80. At this pH the molar ratio between
uracil molecules and the added protons is 1:2. In
other words the molar ratio is completely enough to
protonate the two oxygen atoms of uracil with two
protons, i.e. to produce the doubly protonated uracil
UH,*". The UV spectra of the two solutions were re-
corded on a LAMBDA 9 UV-Vis/NIR spectrometer
operating between 200 and 900 nm.

RESULTS AND DISCUSSIONS

Ground-state equilibrium geometries

The MP2-optimized ground state equilibrium
geometries of the studied systems are presented in
Fig. 1.

The two structures are planar. The associated
protons to the oxygen atoms in the system UH,*" lye
in the molecular plane as well. Further, they form
extremely short H'....O,,, bonds which are in the
length interval of the covalent bonds. The forma-
tion of this bonds provokes a shortening of the C=0O
bonds of about 0.07 A. In other words the protona-
tion of the oxygens could be a way to stabilize the
Innt” excited state as it has been reported previously
for similar compounds [12, 22].

Excited-state reaction paths of the
NH-dissociation mechanisms

The N;-H photodissociation mechanisms of the
two systems U and UH,*" are presented in Fig. 2.

Fig. 2a represents the N,-H photodissociation
mechanism of pure uracil. As seen the spectroscopi-
cally active 'nn” excited state can be populated, in
the Franck-Condon area, by a direct excitation of
ground-state uracil with UV light. The adiabatic

0.981

Fig. 1. MP2-ground-state equilibrium geometries of the studied systems. The structures were optimized with the aug-cc-pVDZ

basis functions
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Fig. 2. Excited-state reaction paths of the N,-H photodissociation processes of a) uracil U and its doubly protonated form b) UH,*".
The adiabatic energies of the electronic states are calculated using the MP2/aug-cc-pVDZ energies of the ground state equilibrium
geometries as reference values: U (-413.779025 a.u.) and UH,*" (-414.259424 a.u.). The optimized excited state is designated with

full circles along the reaction path

vertical excitation energy of the 'nn” excited state
is 5.36 eV (232 nm). In the Franck-Condon region
the driven and repulsive 'nc” excited state has rather
high adiabatic excitation energy (5.98 eV or ) to be
populated directly when the solution of U is irradi-
ated with UV light. However the 'nc” excited-state
reaction path goes down along the reaction coordi-
nate and leads to a crossing with the ground-state
reaction path of the compound. The population
of the 'mc” excited state can be achieved from the
bright 'nnt” excited state along its excited-state reac-
tion path and a conical intersection 'nr’/ 'nc®. The
energy barrier of this excited-state internal conver-
sion process is relatively low, ~ 0.5 eV. The conical
intersection Si/S, is about 5.06 eV. Therefore the
energy gradient along the 'nc” excited-state reaction
path from the Franck-Condon point to the crossing
point is only 0.87 eV.

In Fig. 2b are given the excited-state reaction
paths of the same mechanism in the doubly pro-
tonated system UH,*". As seen the initial popula-
tion of the 'nnt* excited state requires higher energy,
5.81 eV (214 nm) as compared to pure U. The popu-

lation of the driven 'nc” excited state in the Franck-
Condon region is practically impossible because of
the very high adiabatic excitation energy, 8.16 eV
(152 nm). Theoretically the last state could be popu-
lated by internal conversion through a conical inter-
section 'nn’/ 'mc”, however the energy barrier of the
process is quite high, 1.33 eV.

The photodissociation processes of the bond
N,-H of the systems U and UH,*" are illustrated in
Fig. 3. The results in Fig. 3a show that the popula-
tion of the 'nnt” excited state of U starts over 6.15 eV
(under 202 nm). The 'mc” excited state have very
high vertical excitation energy (7.64 eV), which
makes the direct population of this state impossi-
ble. The excited state can be populated along the
reaction coordinate through the 'nn” excited-state
reaction path and a conical intersection 'nn’/'no”.
This internal conversion process passes through an
energy barrier of 0.63 eV.

In the same way the driven 'mc” excited state
of UH,*" can be populated through a much larger
energy barrier of 1.23 eV (Fig. 3b). However the
adiabatic excitation energy of the 'nn” excited state

13
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Fig. 3. Excited-state reaction paths of the N,-H photodissociation processes of a) uracil U and its doubly protonated form b) UH,*".
The adiabatic energies of the electronic states are calculated using the MP2/aug-cc-pVDZ energies of the ground state equilibrium
geometries as reference values: U (-413.192969 a.u. — found with the aug-cc-pVDZ / 6-31G basis sets) and UH,*" (-414.259424
a.u.). The optimized excited state is designated with full circles along the reaction path.

in the Franck-Condon area of UH,* is a bit lower
as compared to uracil. Conversely, the 'nc” excited
state is higher.

The difference in the adiabatic excitation ener-
gies of U in the Franck-Condon are in Fig. 2a and
Fig. 3a comes from the fact that we used different
basis sets for atoms. For example for the atoms N,
and H,, we used the aug-cc-pVDZ basis set and the
6-31G for all the remaining atoms. That was only
way to locate the 6"-MO on the N,-H,, bond. Usually
this antibonding orbital has very high energy and it
is outside the active space. This computational trick
agrees well with the experimental absorption spec-
tra of water solutions of pure and protonated uracil,
which are presented in Fig. 4.

The spectra in Fig. 4 shows that the neutral ura-
cil U (pH=6.28) has a bit lower intensities of the
bands than the doubly protonated form (pH=3.80).
The reason might be the better conjugation of the
oxygen atoms in the protonated form than in neutral
uracil. The main absorption maxima in both spectra
correspond to T—7" electron transitions in the two
systems under study.
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CONCLUSION

We performed a CASCF(10,8)//CASPT2(10,8)
level study in order to find out the influence of the
acidification of the water solution of uracil on the
mechansism of NH-photodissociation. The NH-
dissociation mechanisms have been found to play a
key role in the photochemistry of nucleobases and
their analogues [13—15, 17]. The research led to the
next major conclusions:

1. The protonation of the oxygen atoms leads to
the stabilization of the 'nm” excited state which is in
accord with previous investigations [12, 22].

2. The population of the 'na” excited state of U
requires lower excitation energy than the popula-
tion of the same state of UH,*". Moreover the pop-
ulation of the 'mc” excited state along the reaction
path of N,-H elongation passes through a larger
energy barrier for UH,*" than for neutral uracil.
In this case the protonation of uracil disfavors the
H-photodetachment process.

3. The protonation of uracil disfavors the photo-
dissociation of the N,-H bond either. However the
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Fig. 4. UV-absorption spectra of water solutions of uracil at
different pH

reduction of the energy barrier as compared to the
N,-H bond is lower.
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[TpoBeneHO € penakcaliOHHO CKaHUPAHE Ha PEaKIIMOHHUTE IBTUILA HA Bb30YACHUTE ChCTOSIHUS Ha Bpb3kuTe N -H
u N;-H B ypanuna u Heroarta npotonupana gopma. Teoperuunure usuucienus ca u3sbpuienu Ha CASCF(10,8)//
CASPT2(10,8) TeopernuHo HUBO. Pe3ynTaTure 1okaspar, 4e MpOTOHUPAHETO Ha ypaluiia Bb3MPernsTcTBa (OTOANCO-
[MAIMATA Ha TE3U BPB3KHU, Thil KATO BOJM JIO MO-BUCOKH CHEPIeTHYHU OaprepH Mo PEeakIMOHHUTE IBTUINA HA ‘77 |
16" B30y ICHNUTE CHCTOSHMS, OTKOJIIKOTO B HeyTpamHus ypaiii. OCBeH TOBa MPOTOHUPAHETO HA KUCIOPOIHHUTE aTo-
MU Ha ypaluia MpeIn3BUKBa CTa0MIN3anus Ha 'nm” Bb30yACHOTO ChCTOSIHHE.
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The potential of three alternative theoretical quantities — NBO atomic charges, Hirshfeld charges, and electro-
static potential at nuclei (EPN) values — in predicting molecular properties is examined for a series of 37 substituted
pyridines. These molecular parameters were evaluated using density functional theory computations at ®B97X-D/
aug-cc-pVTZ. Correlations with experimental basicities (pK,) and proton affinities (PA) as well as with theoretically
estimated hydrogen bonding energies (for complexes with HF and H,O) show that the EPN values at the pyridine
nitrogen (V) provide the best predictive power among the considered theoretical parameters.

Keywords: pyridines, atomic charges, electrostatic potential at nuclei, Density functional theory, hydrogen bonding.

INTRODUCTION

In this research, we examine the potential ap-
plication of theoretical molecular parameters in
predicting the reactivity of 3- and 4-substituted
pyridines with respect of hydrogen bonding and
in characterizing their proton affinities and basici-
ties. Quantifying chemical reactivity has been in the
focus of theoretical studies for decades. Important
developments on this respect represent the meth-
ods employing the properties of the frontier orbit-
als, first considered quantitatively by Fukui [1, 2].
The modern versions of these methods usually em-
ploy density functional theory (DFT) computations
[3-5]. These methods yield quantities that charac-
terize the global reactivity of molecules (chemical
potential, global hardness, softness, electrophilicity
index, nucleophilicity index) [3—7]. For many sys-
tems, however, such information is not sufficient,
since it does not describe local (atomic sites) reac-
tivities and positional selectivities. To avoid these
problems, a number of localization methods have
been proposed [5, 8, 9]. Implicit in these methods
are variously defined theoretical atomic charges.

* To whom all correspondence should be sent:
E-mail: galabov@chem.uni-sofia.bg

The accuracy of reactivity predictions in applying
such procedures depends, therefore, on the particu-
lar definition of atomic charges. Computed atomic
charges are frequently employed in rationalizing
chemical reactivity [10-19]. A considerable ad-
vantage of these quantities is their straightforward
physical interpretation. An alternative to these
methods is the application of the molecular elec-
trostatic potential (MESP) [20, 21]. MESP maps as
well as minimum and maximum MESP values (V. ,
V_...) have been successfully applied in quantifying
chemical reactivity, especially for processes, where
the electrostatic interaction between the reactants
is important [22-25]. It should be underlined that
MESP computations do not involve additional ap-
proximations aside from those inherent in evaluat-
ing the molecular wave function. We have proposed
the electrostatic potential at nuclei (EPN, V,) as a
local reactivity descriptor and have shown that EPN
quantifies the reactivity of molecules toward hydro-
gen bonding as well as for a number of chemical
reactions [26]. EPN was first introduced by Wilson
in 1962 [27]. Politzer and Truhlar [20] defined the
potential at nuclei Y by the expression:

_ _ Z, _ p(r) 1
AP ey =

In Eqn. 1, R, and Z, are the position vector and
the charge of nucleus A. p(r) is the electron density
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function. The singular term R, = R, is excluded. In
essence, the V, value reflects the potential at the po-
sition of nucleus Y (R,), determined by the positive
charges of all nuclei except nucleus Y and the entire
electron density. This definition of V, limits the ap-
plicability of this quantity in rationalizing reactivi-
ties only to series of structurally related molecules.
Providing that the structural changes in such series
be at some distance to the reaction center, the shifts
of V, follow quite well the variations in the electron
density near atom Y [28].

In the present research, we focus on examining
by theoretical methods a series of 37 substituted
pyridines. Extensive experimental data on the pro-
ton affinities (PA) and basicities (pK,) of these sys-
tems are available [29, 30]. Both of these properties
are inherently associated with the chemical reactiv-
ity of the molecules. These data offer an excellent
opportunity for testing the performance of alterna-
tive theoretical quantities in characterizing and pre-
dicting these properties.

Herein, we report results from the application of
Hirshfeld [31] and NBO [32] atomic charges and
of the electrostatic potential at nuclei in analyzing
and predicting both experimental (basicities, pK,,
and proton affinities, PA) and theoretical (hydro-
gen bonding energies) quantities for a series of 37
3- and 4-monosubstituted pyridines. Popelier et al.
[33] correlated the basicities of substituted pyri-
dines with electron density parameters derived from
the Atoms in Molecule (AIM) approach. A multi-
parameter analysis yielded in good correlations
for 3- and 4-substituted derivatives. Hopkins et al.
[34] have established a good correlation between
experimental relative hydrogen bonding basicities
and the gas-phase proton affinities for a series of
nineteen 3- and 4-substituted pyridines. Blanco et
al. [35] conducted a theoretical study (at B3LYP/6-
31+G**) of the effects of monosubstitution in pyri-
dines involving the atoms from the second and third
rows in the periodic table. These authors established
an excellent correlation between theoretically esti-
mated proton affinities and MESP minimum values.
Theoretical computations using semi-empirical mo-
lecular orbital computations have also been applied
in examining the substituent effects on the pK, val-
ues in nitrogen containing organic compounds in-
cluding pyridines [36]. Habbibi-Yangjeh et al. [37]
applied a combined principal component analysis-
genetic algorithm-neural network approach in pre-
dicting the basicities of substituted pyridines.

COMPUTATIONAL METHODS

The geometries of reactants, complexes between
substituted pyridines and HF, and H,O, respec-

18

tively, were fully optimized using the ®B97X-D
hybrid functional [38], combined with correlation-
consistent aug-cc-pvtz basis set [39]. The ultrafine
grid was used for the numerical integrations. The
interaction energies were corrected for the basis set
superposition error by the Boys-Bernardi counter-
poise method [40] in all the complexes. Harmonic
vibrational frequency computations were evalu-
ated to ensure that the optimized structures are true
minima. All computed parameter values refer to
isolated molecules and complexes in the gas phase.
The computations employed the Gaussian 09 pro-
gram package [41]. Cartesian coordinates and en-
ergies of all optimized structures are given in the
Supplementary Material.

RESULTS AND DISCUSSION

The conducted computations include complete
optimizations of isolated pyridine derivatives and
their hydrogen bonded complexes with two model
proton donating molecules: hydrogen fluoride and
water. The employed ®B97X-D density function-
al has been shown to perform well for both ther-
mochemistry and noncovalent interactions [42].
Besides, Medvedev et al. [43] reported recently
that the inherent in these computations B97 hy-
brid functional [44] is among the best performing
functionals in deriving the electron density distri-
butions in molecules. As emphasized, the present
research centres on examining how well charge re-
lated parameters (atomic charges, electrostatic po-
tentials) correlate with the experimental basicities
and proton affinities as well as with theoretically
derived hydrogen bonding energies. Table 1 pre-
sents the results for NBO and Hirshfeld charges at
the pyridine nitrogen for the series of monomeric
3- and 4-substituted derivatives. The shifts of the
electrostatic potential at the nitrogen atom with re-
spect the unsubstituted pyridine (AV,) are shown
in column five. Table 1 contains also the comput-
ed hydrogen bonding energies (AE) for the com-
plexes with HF and H,O and the experimental pK,
and gas-phase proton affinities. The last four rows
of Table 1 contain the correlation coefficients for
the relationships between the theoretical param-
eters (q\B°, q"i=heldAV) and the considered ex-
perimental (pK,, PA) and theoretical (AE) values.
Figure 1 illustrates some of these relationships.
As expected, the correlations between AV and
the hydrogen bonding energies (AE) are excellent.
The correlation coefficient for the complexes with
hydrogen fluoride is » = 0.993. Energy decomposi-
tion analysis has shown a very strong participation
of the electrostatic energy term in hydrogen bond-
ing [45].
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Table 1. ®B97X-D/aug-cc-pvtz calculated values of atomic charges, experimental basicities (pK,)®* and proton affinities (PA)®
of 3-, and 4-substituted pyridines, and complexation energies (AE=Eel+ZPC+BSSE) of hydrogen bonding complexes between the

pyridines and HF (AE"™) and H,0 (AE¥*)

NBO q Hirshfeld AVl PA AEHF AEwater
subs. [au.] lau] [volt] Pk, [keal mol™'] [keal mol™'] [keal mol™']
1 H 0428  —0.167 0.000  8.83 222.28 ~11.30 -5.15
2 3Br 0410 —0.156 0396 1115 217.50 ~10.16 4.62
3 3-C(CH), 0423 0169  —0.149  8.18 - “11.82 548
4 3-CH(CH,), 0423 -0.169  —0.130 828 - “11.74 543
5 3-CH,CH, 0423  -0.168  -0.115 820 226.44 “11.69 -5.39
6 3-CH, 0423 -0.168  -0.107 832 225.48 ~11.66 -5.35
7 3Cl 0410  -0.156 0392  11.16 215.92 -10.16 —4.58
8 3-CN ~0416  -0.153 0.748  12.55 209.61 -9.14 —4.19
9  3-COCH, 0431 -0.165 0321  10.74 218.98 -10.63 —4.97
10 3-CONH, 0422 —0.159 0244  10.67 219.48 ~10.42 4.92
11 3-COOCH, 0430  -0.163 0244  10.87 221.23 -10.72 —4.86
12 3-COOCH,CH, 0430  —0.164 0211  10.65 - ~10.82 —4.95
13 3-COOH 0428  —0.162 0347  11.93 - ~10.37 471
14 3F 0407  —0.156 0358  11.03 215.59 ~10.32 —4.66
15 3-NH, 0408  —0.165  -0.141  7.97 228.11 ~11.88 ~5.49
16  3-NHCOCH, 0408  -0.159  -0.037  9.63 - “11.17 531
17 3-NO, 0415 0.151 0818 1321 - -9.05 4.4
18 3-OCH, 0408 0162 -0.032  9.09 22531 “11.38 5.0
19 3-OH 0407  —0.162 0.110  9.20 222.16 1117 5.6
20 3-SCH, 0412 —0.160 0.063  9.58 223.83 -10.97 ~5.08
21 4-Br 0426 0.164 0294  10.29 219.36 ~10.54 473
22 4-C(CH,), 0435  -0.174 0208 8.0l 228.90 ~12.00 548
23 4-CH(CH,), 0436 -0.174  —0.185  7.98 228.42 ~11.86 5.44
24 4-CH,CH, 0436 -0.174  -0.172  8.13 227.32 ~11.81 ~5.42
25  4-CH, ~0437 0174  -0.164  8.00 226.39 ~11.77 ~5.40
26 4-CH=CH, 0430  -0.169  -0.047 838 225.65 ~11.46 -5.20
27 4l 0429  -0.165 0275  10.17 218.96 -10.57 —4.76
28 4-CN ~0.405  —0.150 0.734  12.10 210.47 ~9.44 420
29 4-COCH, 0410  —0.157 0321  10.50 218.62 -10.57 —4.89
30  4-COOCH, 0410  —0.157 0270  10.74 22147 ~10.66 —4.84
31 4-COOCH,CH, 0411 —0.158 0237  10.55 - ~10.69 —4.86
32 4-COOH 0407  —0.154 0380  12.16 - ~10.35 —4.65
33 4NH, 0469  —0.192 0486  4.89 234.16 ~12.79 -5.92
34 4-NO, 0400  —0.147 0811  12.77 208.97 -9.26 ~4.10
35  4-OCH, 0457 0184 0279  7.53 229.86 ~12.06 5.55
36 4-OCH,CH, 0458 0185 0319  7.33 - ~12.20 5.66
37  4-SCH, 0443 -0.176  -0.113  8.06 228.30 ~11.58 -5.32
r with pK, 0.681 0906  0.965;y = 5.457x + 8.976
rwith PA 0.695 0.894  0.988;y=-19.29x +224.5
r with AEYF 0.651 0.890  0.993;y=2.753x — 11.34
r with AE" 0.633 0.874  0.987;y=1.352x 5212

[a] From ref. [29]. [b] From ref. [30]. [c] AV = V(Y-C,H,N) — V(C,H,N).
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Fig. 1. Dependences between the theoretical electrostatic po-
tential at the N atom in 3- and 4-monosubstituted pyridines and
theoretically evaluated hydrogen bonding energies for com-
plexes with HF (AE) as well as with the experimental basicities
(pK,) and proton affinities (PA).

An excellent correlation of AV, with the ex-
perimental proton affinities for the substituted pyri-
dine is also established (r = 0.988). As expected,
electrostatic effects dominate the interaction of the

20

pyridine nitrogen lone pair with the incoming pro-
ton. The dependency between shifts of electrostatic
potential with basicities (pK,) is still satisfactory
(r = 0.965) though with lower correlation coeftfi-
cient. The pK, values refer to equilibrium in water
solution. Thus, very high linearity with the comput-
ed for the gas-phase shifts of electrostatic potentials
at the pyridine nitrogen may not be expected. Still,
the found relationship for 37 substituted pyridine
may be used in predicting, at least qualitatively, ba-
sicity values.

The two tested atomic charges (NBO and Hirsh-
feld) do not provide satisfactory correlations with
the studied theoretical and experimental quanti-
ties (Table 1). Nonetheless, the Hirshfeld charges
perform better than the NBO atomic charges for
all studied relationships. Popelier and Green [46]
have discussed that hydrogen fluoride may not be
the best choice for a model proton-donating spe-
cies in describing basicities of molecules. These
authors quantified the basicities of a series of 41 or-
ganic bases belonging to different classes in terms
of the change of the energy of the proton-donating
molecule in going from monomer to complex.
Employing water as a model hydrogen donor re-
sulted in much improved correlations. In view of
these results, we conducted additional computations
for the series of 37 pyridine derivatives using water
as a model proton-donating species. The comput-
ed hydrogen bonding energies are given in the last
column of Table 1. The correlation coefficients for
the relationships with V8¢, g'ish®ld and AV, are
shown in the last row of the table. For the present
series of pyridine derivatives, the obtained corre-
lations with atomic charges and AV, confirm the
reported results for the complexes with hydrogen
fluoride.

CONCLUSIONS

The results from this research outline a simple
approach in analyzing and predicting properties for
series structurally related molecules using theoreti-
cal computations. The conducted investigation con-
sidered experimental proton affinities (PA), experi-
mental basicities (pK,), and theoretically evaluated
hydrogen bonding energies (AE) for 37 pyridine
derivatives with substituents at positions 3 and 4.
®B97X-D/aug-cc-pVTZ computations provided
the theoretical NBO charges, Hirshfeld charges,
and electrostatic potential at nuclei (EPN) values,
all associated with the nitrogen atom in the isolated
pyridines. Among the three tested theoretical pa-
rameters, the electrostatic potential at the nitrogen
(Vy) provides the best predictive potential for the
properties considered.
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[TIPEJICKA3BAHE HA MOJIEKYJIHU CBOMCTBA C IIOMOIILTA
HA TEOPETUYHU ITAPAMETPU: 3BAMECTEHUN [IUPUINHU

I'. Konesa, b. I'bi1s00B

@axynmem no xumus u papmayusi, Coguiicku ynusepcumem ,, Ce. Knumenm Oxpuocku
oyn. [cetime bayuep 1, Cogus 1164

[ocrbnuna mapt, 2018 r.; npuera anpui, 2018 r.
(Pesrome)

[ToTeHIMaNbT HA TPU ANTEPHATHBHU TeopeTHYHN BeandnHu — NBO atomun 3apsim, Hirshfeld 3apsam u enex-
TPOCTATHYHU MOTeHIMaIN BbpXy siapara (EPN) — nma mpejcka3BaT MOJEKYJIHH CBOMCTBA € OLIEHEH IPH NPOYyYBaHE
BBPXY cepHst OT 37 3aMeCcTeHH NUPUANHOBU MPOU3BOAHU. Te3U MOJEKYJIHH MapaMeTpH ca ONpPEEeNIEHH C MOMOIITa
Ha M3YUCIICHUS, MTOJI3BAIY TEOPHsITa Ha ITBTHOCTHHS (pyHKIMOHAN ¢ Meroja wB97X-D/aug-cc-pVTZ. Kopenaunu
C EKCIIEPUMEHTAIIHO OIpEe/eNICHd KOHCTAaHTU Ha 0a3suuHoCT (pK)), KAKTO U C TEOPETHUYHO OIPEJIENIEHH €HEePruu Ha
BOJOPOJHO cBbp3BaHe (3a komiutekcu ¢ HF u H,0), mokassat, ue u3Mex 1y U3cleABaHUTE IapaMeTpH, CTOMHOCTHTE
Ha EPN 3a nmo3umusra Ha MUPUIMHOBHS a30TEH aToOM, ITPEAOCTaBAT Hal-100py BB3MOXKHOCTH 3a Mpe/CKa3BaHe Ha
MOJIEKYJTHH CBOMCTBA NPU NUPUIUHOBU IPOU3BOJHU.
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A new dendron containing Eosin Y as fluorescence unit has been synthesized and characterized. The basic photo-
physical characteristics of dendron have been investigated in organic solvents with different polarity and the results
have been compared to the modified Eosin Y. In N, N-dimethylformamide solution, the newly synthesized dendron
quench its fluorescence intensity in the presence of metal cations (Li*, Na*, K*, Ag*, Co*', Zn*, Mn*', Ni*", Cu**, Fe**
and Cr*") depending from the nature of metal cations. It has also been observed than the fluorescence intensity is not
affected from pH of the medium. Antimicrobial activity of the new dendron was tested in meat-peptone broth towards

some model bacteria and yeasts.

Keywords: Eosin Y, dendron, PAMAM, sensor, environment pollutants, antimicrobial activity.

INTRODUCTION

The monitoring and rapid control of the envi-
ronment pollutants is at the core of the develop-
ment of new analytical systems for their detection.
Especially suitable for these purposes are fluores-
cence optical sensors responsive to light irradiation
in the presence of certain analytes with a change of
their fluorescence emission. Therefore, in recent
years, research has been focused on finding the pos-
sibility to increase the sensitivity, selectivity and
appropriate working range of new sensor systems,
depending on their application areas. An innova-
tive area is the use of dendrimer or dendritic mac-
romolecules, which are a new form of organization
of polymeric materials [1]. For sensing applications
dendrimers must be functionalized with fluorescent
dyes because dendrimer molecules do not exhibit
intrinsic photophysical properties. As fluorescent
fluorophores for dendrimer and dendron modifica-
tion are used 1,8-naphthlimide, xanthene dyes, dan-
syl, acridine, naphthalene, etc. [2—7].

In our laboratory we perform systematic investi-
gations on the synthesis and photophysical proper-
ties of new luminescent polyamidoamine (PAMAM)
and polypropyleneamine (PPA) dendrimers modi-

* To whom all correspondence should be sent:
E-mail: i.grabchev(@chem.uni-sofia.bg

fied with 1,8-naphthalmide units in their periphery
[7]. Several fluorescent tripods based of 1,8-naph-
thalimide with sensor properties have also been
described [8—10]. Xanthene dyes, such as eosin Y,
are a very interesting and special class of environ-
mentally sensitive fluorophores which participate
as a signal fragment in the design of different sen-
sor systems [11]. They have low toxicity in vivo,
and moderately high water solubility. They exhibit
different tautomeric structures with different photo-
lytic forms, either proton “on” or “off ” depending
on pH [12].

In this paper we describe the synthesis and char-
acterization of a new PAMAM dendron from second
generation. Its basic photophysical characteristics
have been investigated in organic solvents of differ-
ent polarity. The behaviour of fluorescent intensity in
media with different pH and the ability to detect met-
al ions have been investigated. /n vitro antimicrobial
activity against Gram-positive and Gram-negative
bacteria and yeasts has also been tested.

EXPERIMENTAL
Materials and methods

The synthesis of acylated eosin Y (E) with
chloroacetyl chloride has been described recently
(Scheme 1) [13]. Dendron D has been synthesized
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by the procedure described by Ghosh et. al. [14].
Absorption spectra were performed using “Thermo
Spectronic Unicam UV 500 spectrophotometer.
The fluorescence spectra were taken on a “Cary
Eclipse” spectrophotometer. Organic solvents were
of spectroscopic grade and used without special
treatment. The effect of the metal ions on fluo-
rescence intensity was measured by adding a few
ul of stock solution (¢ = 103 mol I'") of the metal
cations to a known volume of the ligand solution
(3 ml). The addition was limited to 0.08 ml, so that
dilution remained insignificant [15]. NaNO; KNO;,
LiNO,, AgNO,, Cu(NO,),.3H,0, Ni(NO,),.6H,0,
Mn(NO,),.6H,0, Co(NO;,),.6H,0, Zn(NO,),.4H,0,
and Cr(NO,),, Fe(NO,), salts were the metal cation
sources, and were used as obtained from Sigma-
Aldrich. IR spectra were recorded on an Infrared
Fourier transform spectrometer (IRAffinity-1
Shimadzu) with the diffuse-reflectance attach-
ment (MIRacle Attenuated Total Reflectance
Attachment) at a 2 cm' resolution. 'H (600.13
MHz) and *C (150.92 MHz) spectra were acquired
on an AVANCE AV600 II+NMR spectrometer.
The measurements were carried out in a DMSO-d,
solution at ambient temperature. The chemical
shifts were referenced to a tetramethylsilane (TMS)
standard. Electrospray mass spectroscopic meas-
urements were carried out using a Hewlett—Packard
Series 1100 MSD.

Synthesis of dendron ED

A solution 0.709 g (1mmol) of compound E and
1.24g, (1mmol) of D in 50 ml acetone was refluxed
in the presence of 0.1500, (1.1 mmol) K,CO, for
8 hours. The process was controlled by thin-layer
chromatography and the final product was filtered
off with very high yield and purity after pouring
the liquor into 500 ml of water. The resulting pre-
cipitate was washed with water, and then dried in
vacuum at 40°C. Yield: 1.36g, 85.0%.

FT-IR (KBr)ecm™: 1736, 1652,1619, 1557, 1507,
1455, 1346, 1230, 1085, 1057, 973, 879, 762, 707,
645; 'H-NMR (DMSO-d6, 600 MHz, ppm): 9.06
(s, IH, COOH), 8.42 (d, 1 H, j = 7.8 Hz, H-Ar),
8.08 (t. 2H, j = 5.6 Hz, NHCO), 7.90 (d, 1 H, j =
7.4 Hz H-Ar), 7.64 (d, 1 H, j = 7.2 Hz, H-Ar), 7.38
(d, 1 H, j=7.8 Hz, H-Ar), 6.90 (t, 1 H, j = 7.8 Hz,
H-Ar), 4.42 (t. 2H, j = 6.4 Hz, -OCH,-CO), 3.80
(m, 18H, N-CH,), 3.61 3.62 (s. 12H, OCH,), 3.44
(br. 2H, OCH,), 3.22 (q, 4H, NCH,CH,CONH),
291 (br, 4H, NCH,CH,NH), 2.64 (t, 8H, j =
6.5 Hz, NCH,CH,COOCH,) 2.33 (t, 8H, j = 6.5
Hz, NCH,CH,COOCH,). API-ES-MS calc. for
(1320.8) found 1321.7 (M+H)"; Elemental analysis:
C,,Hs,N,O,.Br, (1320.8): C 45.42% (calc. 45.58%);
H 4.46% (calc. 4.39%); N 5.30% (calc. 5.41%)
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Antimicrobial assay

The antimicrobial activity of the newly synthe-
sized dendron ED was evaluated in meat-peptone
broth towards Gram-positive bacterium Bacillus
subtilis, Gram-negative bacterium Pseudomonas
aeruginosa and the yeasts Candida lipolytica.
Aliquots of sample solution in DMSO (0.1%)
were added in test tubes with sterile meat-peptone
broth achieving final concentration 50 pg/ml and
then inoculated with 1% of each overnight indica-
tor culture. Test tubes without added compound
were also prepared for each strain. After incubation
of the strains at 26°C for 24h under shaking, the
microbial growth was determined by measuring the
optical density at 600 nm (ODy,,). Three independ-
ent experiments were carried out and averages are
reported.

RESULTS AND DISCUSSION

Scheme 1 presents the synthetic rout of fluores-
cent dendron ED. Initial compound (E) was synthe-
sised by the reaction of eosin Y with chloroacetyl
chloride following the method described recently
[13]. This compound has been used as fluorescent
units for the synthesis of fluorescent PAMAM den-
dron by the reaction with dendron D. The final solid
product (ED) was obtained in high yield, filtrated,
washed with water and dried under vacuum.

The basic spectral characteristics of compound
E and Dendron D have been investigated in organic
solvents with different polarity and the results have
been summarised in Table 1 and Table 2: the ab-
sorption (A,) and fluorescence (A;) maxima, the ex-
tinction coefficient (¢), Stokes shift (v, — v;), and
quantum yield of fluorescence (D;.).

Compound E has absorption maxima in the
region A, = 528-540 nm and the respective fluo-
rescence maxima are at A, = 547-560 nm. These
results suggest that the polarity of the organic sol-
vents influence the position of the absorption and
fluorescence maxima. At the organic solvents con-
taining hydroxyl groups, both types of maxima are
hypochromically displaced, with this effect being
most pronounced for methanol. This is due to the
possibility of the formation of hydrogen bonds. The
similar results have been obtained for the dendron
ED. That means the bonding to the dendron chain
do not affect the chromophoric system of the mono-
meric compound E. The normalized absorption and
fluorescence spectra of dendron ED in n-butanol
solution are plotted in Fig. 1. As seen the absorp-
tion and fluorescence spectra have bands with a
single maximum, without vibrational structure. The
fluorescence curve is an approximately equal mirror



D. Staneva et al.: New fluorescent PAMAM dendron with sensor and microbiological activity

H;CO
co
N
(o]
/ _\_C\OCH
OC-NH 3
OC—NH OCH3;
\—\ _/—CO
N
D ocC
“OCH;
acetone
K2CO3 /yield:85%
H3CO,
HC 0
OC-NH OCH;,
N
Hfo/\/
OC-NH OCH3
co
N~
ED h
“OCH;
Scheme 1. Synthesis of Dendron ED.
Table 1. Photophysical characteristics of compound E in organic solvents
N € Mg vV, — Vg
nm I mol™! cm™ nm cm™! A, !
Acetonitrile 539 61300 557 600 0.64 0.345
N,N-dimethylformamide 538 64200 556 602 0.60 0.349
n-Buthanol 530 68000 550 686 0.62 0.366
2-propanol 531 54720 549 617 0.58 0.249
Methanol 528 58970 547 657 0.54 0.289
Chloroform 537 55320 556 636 0.29 0.256
Dichlorometane 537 54300 560 764 0.26 0.241
Tetrahydrofuran 540 66700 559 629 0.28 0.371
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Table 2. Photophysical characteristics of dendron ED in organic solvents

A € M Vy—V
nrl;l I mol™! cm™ nril ém"F Py !
Acetonitrile 538 114000 560 730 0.76 0.542
N,N-dimethylformamide 536 119000 556 671 0.66 0.539
n-Buthanol 533 129000 559 872 0.64 0.599
2-propanol 534 130000 560 869 0.56 0.590
Methanol 526 114250 557 1058 0.49 0.534
Chloroform 537 113300 557 668 0.21 0.496
Dichlorometane 536 130600 557 703 0.20 0.558
Tetrahydrofuran 539 149385 560 695 0.24 0.603
1.0 The Stokes shift is a parameter, which indicates
o the difference in the properties and structure of the
& 054 dyes between the ground state S, and the first ex-
g ited state S, and it has been estimated according to
g A F Equation (2):
L 0.6
o (Va—vp) = (/A — 1/A;) x 107 (2).
§ 0.4
g The Stokes shift values for both compounds are
2 o very similar and do not imply any change in the
< . .
chromophores systems in the excited state. The val-
ues are typical for this class of compounds.
oot =00 =0 00 50 The ability of compounds E and ED to emit ab-

Wavelength / nm

Fig. 1. Normalized absorption (A) and fluorescence (F) spectra
of dendron ED in butanol solution (¢ = 1x107° mol 17).

image of the absorption curve what is indicative of
the molecular structure of the dendrimer in excited
state and prevailing fluorescence emission.

An important characteristic of the fluorescence
compounds is the oscillator strength (f) which re-
veals the effective number of electrons whose tran-
sition from ground S to excited S, state gives the
absorption area in the spectrum. Values of the oscil-
lator strength can be calculated using Equation (1):

f=432x107 Av,, emax (1),

where Av,,, is the width of the absorption band (in
cm') at 1/2 emax.

The values obtained for E are: /= 0.249-0.366
and for the dendron ED the values are higher /=
0.496-0.603. The higher values correlate well with
the hypochromic effect of the ED in the respective
organic solvents.
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sorbed light energy has been characterized by the
fluorescence quantum yield @, using Rhodamine
6G as a standard. It has been calculated on the basis
of the absorption and fluorescence spectra in organ-
ic solvents using Equation (3).

3)

where the @, is the emission quantum yield of the
sample, @, is the emission quantum yield of stand-
ard, Ast and Au represent the absorbance of the
standard and sample, respectively, while Ist and Tu
are the integrals of the emission of the standard and
sample respectively, and n, and n,, is the refrac-
tive index of the standard and sample.

As seen from the data in Table 1 and Table 2,
the quantum yield depend strongly from the polarity
of the solvents. Higher values have been obtained
in polar solvents which are more than three times
compared to the non polar solvents.

Influence of pH on the fluorescence
intensity of E and ED

The influence of pH on the absorbance and fluo-
rescence intensity of compounds E and ED have
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Fig. 2. Effect of pH in range from 3.5 to 12.0 on absorbance of compound E (A) and Dendron ED (B) in ethanol/water solution

(1:4 v/v).

been investigated in ethanol/water (1:4 v/v) solu-
tion. In Fig. 2 are plotted the absorption spectra of
both compounds in the pH range from 3.5 to 12.0. In
the case of monomer compound E (¢ = 1x10° mol I'!)
the absorption maxima change it position from A,
= 522 nm in acidic medium to A, = 515 (Fig. 2A).
Also, a drastic increase in the molar absorbance of
the compound was observed, with the molar extinc-
tion coefficient of € = 49900 1 mol™! cm™ in acidic
medium was increase to € = 67100 1 mol™! cm™ in
the alkaline medium. The same investigations were
conducted for dendron ED and the results obtained
are shown in Fig. 2B. It can be seen the effect of pH
on absorption of dendron ED is less pronounced.
In this case, a hypochromic displacement of the ab-
sorption maximum was observed by 10 nm, but the
molar extinction coefficient increased significantly
less.

Figure 3 presents the normalized fluorescence
intensity of compounds E and ED depending on the
pH of the medium. Figure 3 shows that both com-
pounds have different behaviour. For compound E,
the fluorescence intensity slightly increased in the
interval pH = 3.5-10.0 after which in strong alka-
line medium (pH = 10—12) the emitted fluorescence
has increased significantly. In the case of dendron
ED, the influence of pH of the medium is negligible
and the fluorescence has almost the same intensity
in the interval of pH 3.5-12.0.

Influence of metal cations on the photophysical
properties of ED

Different metal ions (Li*, Na*, K*, Ag*, Co*,
Zn*, Mn*, Ni*, Cu*', Fe** and Cr*") upon the fluo-
rescent intensity of DMF solutions of ED has been

1.2+
ED
- 1.0 1 E g [ 1]
= LI | m B m = L
2
) 0.8 [ ]
£
8 06 =
c
[0
@
o 0.4 .
o [ ]
= E . m " = "
L 0.2
"
00 T T T T T T T T T 1
2 4 6 8 10 12

pH

Fig. 3. Dependence of fluorescence intensity from pH of com-
pounds E and ED.

studied with regards with its potential applications
as a detector for metal ions. DMF has been chosen
for the fluorescence experiments because it is good
solvent for dendron ED, metal salts used as well as
for the formed metal complex.

In DMF solution the free of metal cations, den-
dron ED has a good fluorescence emission with
quantum yields @, = 0.66. Fluorescence emission
decreases after the addition of metal ions into the
solution and the effect of the guest metal cations in
the solution is signalled by fluorescence quenching
factor (FQ) (Fig. 4). The fluorescence enhancement
factor FQ = F/F is determined from the ratio of
initial fluorescence intensity (F, before metal ions
addition) and minimum fluorescence intensity (F
after addition of metal ions). As seen in Fig. 3, the
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Fig. 4. Fluorescence quenching factor
(FQ) of ED (c = 1x10° mol I'!) in the
presence of different metal cations (c =
1x107¢ mol I'") in DMF solution.
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metal cations lead to a decrease in the fluorescence
intensity which is different for each metal ion. The
highest value is observed in the presences of Cu?*
(FQ=24.6). A good reduction of the fluorescent
emission has been observed for Zn** and Co*". An
average fluorescence quenching has been observed
in the presence of Ag®, Ni*, Cr*" and Fe*'. Metal
ions such as Li* and Mn*" cause a slight reduction,
while alkali metal ions as Na*ad K+ havenoteffect oy the
fluorescence intensity of dendron ED. The rank of
the response can be presented as follows: Cu®" >
Zn** > Co* > Ni** = Ag" = Fe** = Cr** > Mn* > Li"
>Na"=K".
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Most probably during the complex formation
Cu?* are the most competitive in the reaction with
tertiary nitrogen atoms comprised dendron struc-
ture. That ensures a stability of the complex thus
formed which is greater than that of complexes
formed with the other metal ions studied.

In order to quantify the effect of Cu** on the fluo-
rescence intensity we have performed detailed titra-
tion experiments. The typical change in the fluores-
cence intensity of ED induced by Cu?" is plotted in
Fig. 5 as an example. As seen, the addition of Cu?*
leads to a reduction in the fluorescence intensity. A
pronounced increase in the fluorescence intensity

(o2}
o
1

[Cu2*]/[ED]

N
o
]

Fluorescence Intensity
N

o

1

Wavelength / nm
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Fig. 5. Fluorescence spectra of ED (¢ =
1x107° mol I'") in DMF at various con-
centrations of Cu?' cations. The con-
centrations of Cu?" cations are in the
order of increasing intensity from 0 to
4x10° mol 1"
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has been observed by increasing the concentration
of Cu?* cations up to 1.0x107° mol 1! and above this
concentration the change in the fluorescence inten-
sity is negligible. The inset in Fig. 5 shows the plots
of fluorescence intensity versus Cu?* concentration
which demonstrate than one metal ion coordinate
with ED. From Fig. 5 also it is seen that during the
titration with Cu?" ions the position of the fluores-
cence maximum do not change its position in the
presence of Cu?' ions. This indicates that Cu®* ions
do not coordinates directly with the chromophor
system of Eusin Y unites. The possible coordination
of metal ions with dendron ED is with him aliphatic
part as it is presented in Scheme 2.

The fluorescence titration profile shows that a
linear curve appears (R = 0.982) in 0+8%10~7 mol
I'! concentration range of Cu?" cations (Fig. 6). A

detection limit of 9.2x107 mol 1! for Cu?* has been
determined [16]. Such a linear curve and a detection
limit are sufficient enough to sense and determine
Cu* ions.

In this case the formed metal complex probably
destabilizes the planarity of the Eosin Y chromo-
phore system. The non-radiative deactivation dur-
ing the transition from S, to the S, prevails leads to
decrease in the fluorescence quantum yield (Fig. 7).
The lowest @ has been observed in the presence of
Cu?** cations (@, = 0.02).

Antimicrobial activity of ED

The results for antimicrobial activity showed that
the new dendron ED in concentration 50 pg/ml in-
hibited the growth of the used test cultures (Fig. 8).

H3CO,

Scheme 2. Proposed mechanism of complexation.

120 -

u
= 1007
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- 80
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O
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o Residual Sum of 82.06531
Squares
2 J |Pearson's r -0.99267
Adj. R-Square 0.98173
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20 T Intercept 115.2898 3.28671
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0.0
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Fig. 6. Dependence of fluorescence intensity of dendron ED (¢ = 1x107¢ mol 1) in the presence of different amount of Cu*".
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Fig. 7. Quantum yield of dendron ED (c = 1x10-° mol I'") in DMF solution in presence of metal ions.
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Fig. 8. The effect of ED on the growth of B. subtilis, P. aeruginosa and C. lipolytica tested in meat-peptone broth (MPB).

Gram-positive B. subtilis was sllightly more sen-
sitive than Gram-negative P. aeruginosa: ED de-
creased the growth of B. subtilis and P. aeruginosa
by 44% and 28%, respectively. This could be at-
tributed to the different outer structural arrangement
of the bacterial cell walls: Gram-negative bacteria
have an additional outer membrane when compared
to Gram-positive bacteria. The yeasts C. lipolytica
showed higher resistance to ED than the bacterial
strains with growth reduction of 19%.
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CONCLUSION

A new fluorescent PAMAM dendron has been
synthesized and characterized. Its basic photophysi-
cal characteristics have been investigated in organic
solvents of different polarity and it has been found
solvent dependence. The influence of various metal
cations Li*, Na®, K*, Ag", Co*", Zn*, Mn*", Ni*,
Cu*, Fe*" and Cr*) on the fluorescence intensity
of the new Dendron has been investigated in DMF
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solution with regard to its potential application as a
fluorescent sensor for metal ions. It has been shown
that the fluorescence intensity depends strongly on
the nature of metal cations. Fluorescence quenching
has been observed. The new compound exhibited
good antimicrobial activity against Gram-positive
and Gram-negative bacteria and yeasts, which
makes this new PAMAM dendron interesting for
biological applications.
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HOB ®JIYOPECHEHTEH ITAMAM JJEHJAPOH CbC CEH30PHA
N MUKPOBUOJIOTUYHA AKTHUBHOCT

N. Cranea', E. BacuneBa-Tonkoa?, U. ['pabues’*

! Xumurxomexnonozuuen u Memanypeuuen Ynusepcumem, 1756 Coghus, Bvieapus

2 Cmedghan Aneenos Uncmumym no Mukpobuonozcus, BAH, 1113 Cogus, Bvieapus

3 Cogpuiicku Ynusepcumem ,, Ce. Knumenm Oxpudcku*, @akyimem no meouyuna,
1407 Cogpus, bvreapus

[Mocrprmna mapt, 2018 r.; mpueta anpui, 2018 r.

(Pesrome)

CuHTE3MpaH U 0XapaKTepU3HUpaH € HOB JICHIPOH, ChIbPIKAII €031H Y KaTo (iryopeciieHTeH hparment. M3cmenanu
ca OCHOBHHTE (POTO(YUIMUHN XAPAKTEPUCTHKH Ha JICHIPOHA B OPTaHWYHH Pa3TBOPUTENH C PA3JIHYHA MTOJISPHOCT U IO~
JIYYEHUTE PE3YNITATH Ca CPABHEHH C MOAMPHITMPAH €03KH Y, U3IOI3BaH MPU CHHTE3a Ha (PIyOPECIECHTHHUS IEHIPOH.
B mpuchcTBHETO Ha pasnuuHu 1o npupogamerandu karuonu (Lif, Na', K¥, Ag’, Co?*, Zn?*, Mn?*, Ni**, Cu*, Fe*" u
Cr’*") HOBOCHHTE3HUPAHUAT JICHAPOH TacH (IIyopecIieHTHAaTa CH MHTEH3MBHOCT, KaTO TACEHETO 3aBUCH OT MPUPOIaTa
Ha METATHUTE KAaTHOHW. YCTaHOBEHO €, Y€ MHTEH3UTETHT Ha (MIIyOpECIeHINATA Ha JCHIPOHa He ce Biuse oT pH Ha
cpenara, 3a pasjnka OT MOJU(DHUIMPAHHUSI MOMOMEPEH c03H Y. TecTBaHa € aHTHMHKPOOHATa aKTHBHOCT Ha JICHIPOHA
B MECO-TICTITOHEH OYIIBOH CIIPSIMO HAKOH OaKTEPHUH U IPOKTH.

31



Bulgarian Chemical Communications, Volume 50, Special Issue J (pp. 32—39) 2018

Novel asymmetric azaquinolizinium monomethine cyanine dyes
versus a Thiazole Orange analog: a comparison of photophysical
and dsDNA binding properties
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New asymmetric monomethine cyanine dyes containing an azaquinolizinium core have been synthesized using
novel 4-chloropyridopyrimidinium chlorides as building blocks. The photophysical properties of the dyes have been
compared to those of a novel monomeric tricationic Thiazole Orange (TO) analog. Compounds 8 and 13 have very
low fluorescence in TE buffer in the absence of dSDNA, but after binding to dsSDNA a dramatic increase in the fluores-
cence intensity was observed. Computational tools (DFT and TDDFT calculations) have been employed in studying
the relationship between the chemical structure and the optical properties of the chromophores.

Keywords: cyanine dyes, DNA, fluorescence, azaquinolizinium salts, Thiazole Orange.

INTRODUCTION

Asymmetric cyanine dyes have attracted con-
siderable interest due to their excellent nucleic acid
staining properties. In the absence of DNA, such
dyes have negligible fluorescence but upon binding
to biomolecule they usually exhibit a large enhance-
ment of the fluorescence intensity [1]. As a result, cy-
anine dyes are widely used as fluorophores for DNA
detection and visualization in various applications
[2-4]. A wide range of novel examples with similar
properties based mainly on TO and Oxazole Yellow
(YO) have been designed, synthesized and com-
mercialized [5, 6]. In this scientific area two general
strategies for discovering more efficient fluorescent
nucleic acid stains have been used. The first approach
is to improve the already well known bio-labels. The
second approach is to design and create new types
of fluorophores based on novel heterocyclic com-
pounds. As an extension of our previous studies on
the synthesis and exploration of the properties of new
nucleic acid fluorescent stains [7], we report here a
synthetic route for the preparation of new asymmet-

* To whom all correspondence should be sent:
E-mail: ohmk@chem.uni-sofia.bg

ric azaquinolizinium monomethine cyanine dyes and
compare their photophysical properties with those of
a new tricationic analog of TO. Computational tools
are employed in an effort to understand the relation-
ships between the chemical structure and the optical
properties of the fluorochromes.

EXPERIMENTAL

All solvents used in the present work were
HPLC grade and commercially available. Column
chromatography was performed on Silica gel 60,
pore size 60 A, 230-240 mesh, 40-63 pm particle
size (Fluka). The starting materials 1a, 1b, 2 and
3 are commercially available and they were used
as supplied. Melting points were determined on a
Biichi MP B-545 apparatus and are uncorrected.
NMR spectra were obtained on a Bruker Avance
I1+ 600 spectrometer in CDCI, and on a Bruker IIT
HD Avance-500 spectrometer in DMSO-d,. UV-vis
spectra were measured on a Unicam 530 UV-VIS
spectrophotometer and the fluorescence spectra
were obtained on a Cary Eclipse fluorescence spec-
trophotometer (Varian, Australia). Intermediates 7
and 9 were synthesized by methods described in the

32 © 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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literature [8]. Details about the synthesis and the
purification of dye 13 will be published elsewhere.

Synthesis of 2,2-dimethyl-5-((pyridin-2-ylamino)
methylene)-1,3-dioxane-4,6-dione (4a) and
5-(((4-bromopyridin-2-yl)amino)methylene)-2,2-
dimethyl-1,3-dioxane-4,6-dione (4b)

A mixture of 2-aminopyridine (1a) or 4-bromo-
2-aminopyridine (1b) (10 mmol), Meldrum’s acid
(1.1 equiv. toward 1a or 1.25 equiv. toward 1b) and
triethyl orthoformate (12 ml) was stirred at 100°C
for 30 min. The excess of triethyl orthoformate was
evaporated under reduced pressure. The crude prod-
uct was purified by recrystallization from methanol
(4a) or recrystallization from chloroform (4b). 4a:
Yield 93%, 'H-NMR (§ (ppm), CDCl,, 600 MHz):
1.76 (s, CH,, 6H); 7.04 (dt, CH, °J,;, = 8.1 Hz, *J,;;;
=0.7 Hz, 1H); 7.18 (ddd, CH, *J,, = 7.4 Hz, ], =
4.9 Hz, “J,, = 0.8 Hz, 1H); 7.76 (ddd, CH, *J, =
8.1 Hz, *J,,, = 7.5 Hz*J,,, = 1.9 Hz, 1H); 8.42 (dd,
CH, ], =4.8 Hz, YJ,,, = 1.0 Hz, 1H); 9.42 (d, CH,
)y = 13.5 Hz, 1H); 11.30 (d, NH, *J,,;, = 12.8 Hz,
1H). 4b: Yield 93%, 'H-NMR (& (ppm), CDCl,, 600
MHz): 1.76 (s, 6H, CH,); 7.27 (d, 1H, *J,;, = 0.6
Hz); 7.33 (dd, 1H, CH, *J,,,= 5.3 Hz, *J,,,= 0.8 Hz);
8.24 (d, 1H, CH, *J,,, = 5.3 Hz); 9.38 (d, 1H, CH,
J,;=13.3 Hz); 11.27 (d, 1H, NH, °/J,,,, = 13.0 Hz).

Synthesis of 4H-pyrido[1,2-a]pyrimidin-4-one
(5a) and 8-bromo-4H-pyrido[1,2-a]pyrimidin-
4-one (5b)

A mixture of 4a (3 mmol) or 4b (3 mmol) and
Dowtherm A (20 ml) was refluxed for 30 min. The re-
action mixture was filtered through silica and washed
with hexane to remove Dowtherm A and the com-
pound was eluted with ethyl acetate (5a) or dichlo-
romethane/ethyl acetate (Sb). 5a: Yield 90%, Mp:
129-130°C (from methanol); 'H-NMR (8 (ppm),
CDCl,, 600 MHz): 6.47 (d, CH, *J,;;; = 6.3 Hz, 1H);
7.19 (td, CH, *J,;; = 7.0 Hz, *J,;;, = 1.3 Hz, 1H); 7.69
(d, CH, *J,;, = 8.9 Hz, 1H); 7.77 (ddd, CH, *J,; =
8.4 Hz, ], = 6.6 Hz, J,,, = 1.5 Hz, 1H); 8.31 (d,
CH, 3J;, = 6.3 Hz, 1H); 9.10 (d, CH, *J,;;;, = 7.1 Hz,
1H). 5b: Yield 87%. '"H-NMR (& (ppm), CDCI,, 600
MHz): 6.44 (d, CH, *J,;;; = 6.4 Hz, 1H); 7.23 (dd, CH,
3w =7.6 Hz, %], =2.1 Hz, 1H); 7.85 (dd, CH, *J,;;, =
2.1Hz,%],;;=0.7 Hz, 1H); 8.25 (d, CH, J,;;, = 6.4 Hz,
1H); 8.90 (dd, CH, *J;, = 7.6 Hz, °J,;;; = 0.7 Hz, 1H).

Synthesis of 4-chloropyrido[1,2-a]pyrimidin-5-ium
chloride (6a) and 8-bromo-4-chloropyrido[l,2-a]
pyrimidin-5-ium chloride (6b)

To a solution of 5a (1 mmol) or 5b (1 mmol) in
dichloromethane were added phosphoryl chloride

(5 mmol) and DMF (1 drop). The reaction mixture
was refluxed and stirred vigorously under argon
for 4 h. Then was allowed to cool down to room
temperature and diethyl ether (40 mL) was added.
The resulting precipitate was filtered and dried in
a desiccator. The target compounds 6a and 6b are
highly hygroscopic and unstable. They were used in
the next step without further purification. 6a: Yield
95%; 6b: Yield 98%.

Synthesis of 4-((4H-pyrido[1,2-a]pyrimidin-4-
yvlidene)methyl)-1-benzylquinolin-1-ium iodide (8)
and 2-((8-bromo-4H-pyrido[1,2-a]pyrimidin-4-
ylidene)methyl)-3-(3-(pyridin-1-ium-1-yl)propyl)
benzo[d]thiazol-3-ium iodide (10)

Compound 6a (1 mmol) or 6b (1 mmol) and
an appropriate quaternary ammonium salt 7 or 9
(1.2 mmol) were finely ground in a mortar and the
mixture was transferred to a 50 ml reaction flask,
equipped with a condenser and an electromagnetic
stirrer. The flask was flushed with argon and metha-
nol (10 mL) was added. The reaction mixture was
heated at 50°C for 5 min and DIPEA (2.1 mmol)
was added dropwise. Then the mixture was stirred
at room temperature for 2 h and the resulting precip-
itate was filtered off and air dried. The target dyes
were purified by flash column chromatography
(dichloromethane/methanol mixture of increasing
polarity up to 10/1) and subsequently crystallized
from methanol/diethyl ether = 1/3. 8: Yield 82%,
Mp: 174-175°C; 'H-NMR (8(ppm), DMSO-d,,
500 MHz): 5.74 (d, °J,,, = 22.0 Hz, CH, 1H), 5.81
(s, CH,, 2H), 6.31 (brs, CH, 1H), 7.25-7.43 (m, CH,
9H), 7.59-7.63 (m, CH, 2H), 7.75-7.71 (m, CH, 2H),
7.84 (m, CH, 1H), 8.09 (brs, CH, 2H). “C-NMR
(0 (ppm), DMSO-d,, DEPT 135 MHz): 56.7 (CH,),
109.13 (CH), 109.69 (CH), 118.55 (CH), 126.59
(CH), 126.69 (CH), 126.99 (CH), 127.05 (2CH),
126.52 (CH), 128.41 (CH), 128.55 (CH), 129.51
(2CH), 129.53 (CH), 129.66 (CH), 129.76 (CH),
133.20 (CH), 144.09 (CH). Elemental analysis for
C,;H,,IN; (Mw = 489.07) C(%): Calculated 61.36;
Found 60.92; H(%) Calculated 4.12; Found 4.00; N
(%): Calculated 8.59; Found 8.73. 10: Yield 41%,
Mp: 251-251°C; 'H-NMR (3(ppm), DMSO-d,,
500 MHz): 1.22-1.26 (m, CH,, 2H), 2.61-2.68 (m,
NCH,, 2H), 4.51 (brs, N*CH,, 2H), 6.42 (s, CH, 1H),
7.19-7.22 (m, CH, 3H), 7.43-7.48 (m, CH, 2H),
7.59-7.64 (m, CH, 4H), 7.86 (brs, CH, 1H), 8.09
(brs, CH, 2H), 8.25-8.83 (m, CH, 2H). *C-NMR
(0 (ppm), DMSO-d,, DEPT 135 MHz): 29.59 (CH,),
57.97 (NCH,), 57.98 (N*CH,), 113.22 (CH), 125.22
(CH), 125.83 (CH), 128.52 (CH), 128.54 (CH),
128.57 (CH), 128.63 (CH), 128.69 (CH), 145.21
(CH), 150.23 (CH), 153.20 (CH), 153.79 (CH),
153.88 (CH), 171.12 (CH), 175.41 (CH). Elemental
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analysis for C,,H,BrLN,S (Mw = 729.88) C(%):
Calculated 39.42; Found 39.48; H(%): Calculated
2.89; Found 2.67; N (%): Calculated 7.66, Found
7.82.

COMPUTATIONAL

The molecular ground state geometries of the
cationic fragments of 8, 10 and 13 with/without
CI" counterions were fully optimized using B3LYP
[9, 10] functional. The diffuse function-augmented
6-31G(d,p) [11-13] basis set was adopted for all
atoms. C, symmetry was assumed for all systems
and default convergence criteria were used; lo-
cal minima were verified by establishing that the
Hessians had zero negative eigenvalues. The struc-
tures with counterions were optimized in methanol
by using IEFPCM (Integral Equation Formalism
Polarizable Continuum Model) [14] method.
TDPBE(0/6-311+G(2d,p) calculations were per-
formed to compute the 20 lowest excited states of
each structure. Solvent effects were included in
TDDFT calculations (via [EFPCM). All calcula-
tions were performed using Gaussian 09 [15]. The
PyMOL molecular graphics system was used to
generate the molecular graphics images [16].

RESULTS AND DISCUSSION

The 4H-pyrido[1,2-a]pyrimidin-4-one scaffold
is a privileged structure [17—-19] in medicinal chem-
istry. In general this compound is synthesized from
2-aminopyridine using P-diesters as ring-closure

reagents (such as Meldrum’s acid, for example)
[20-25].

Applying reaction conditions modified by us
[26-29], the 4H-pyrido[1,2-a]pyrimidin-4-one de-
rivatives 5a and 5b were prepared in high yields and
their structures were confirmed by NMR spectro-
scopy (Scheme 1).

The chlorination of intermediates 5a and Sb in
DCM in the presence of DMF as a catalyst (Scheme
1) furnished the target 4-chloropyridopyrimidinium
salts 6a and 6b in excellent yields (Scheme 2).

Monomethine cyanine dyes such as TO or its
analogs can be synthesized according to Brooker’s
method [2, 30-33], running along with side reac-
tions and including the evolution of methyl mer-
captan (methanethiol) — the toxic by-product with
a very unpleasant odor [34]. In an effort to avoid
these problems, the azaquinolizinium dyes 8 and 10
and the novel tricationic TO analog 13 (Scheme 2)
were synthesized by an environmentally more be-
nign method that was successfully applied previ-
ously by our group [35-37].

The newly synthesized cyanine dyes 8, 10 and
13 were characterized by NMR and UV-VIS spec-
troscopy and by elemental analysis.

The photophysical properties of dyes 8 and 10
were evaluated and the data were compared to those
of the new tricationic TO analog 13. Three absorp-
tion bands were observed for a methanol solution of
dye 8 at wavelengths of 562 nm, 590 nm and 710 nm
and these can be associated with different types of
aggregates [38]. Similar behavior was observed
for a methanol solution of dye 10 (Fig. 1A) with a
hypsochromically shifted shoulder (H-aggregates)
toward the main absorption signal.

X 0 X
O A
A
| + (CHCHOpCH + (& — Q o
N” >NH, , 0 N\
@)
1a: X = H; 3 o O
1b: X = Br O+CH3
cl CH;
Q Cr 4a: X = H;
Z> N /CNCJﬁ 4b: X = Br
— | — |l
NN Z
XX XN\
ba: X =H; 6a: X =H;
5b: X =Br 6b: X =Br

Scheme 1
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Fig. 1. (A) Absorption spectra of dyes 8, 10 and 13 in methanol (1.105 M); (B) Increase in the fluorescence of dye 8 in the presence
of dsDNA in TE buffer solution; (C) Change in the fluorescence of dye 10 in TE buffer in the presence of dSDNA; (D) Fluorescence

of free dye 13 in TE buffer and varied concentration of dsDNA.
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Table 1. Photophysical properties of dyes 8, 10 and 13 in methanol and in TE buffer in the absence and in the presence of dsDNA

Absorption Fluorescence
Dye
Abst Abs? Abst el | LS| he |1 | Ratioly,
562 (24 500) 556 561 598 22 - e -
8 590 (25 600) 629 1.6 - e e
710 (9 960) 706 710 718 0.6 726 750 1250
10 562 (80 600) 559 567 578 51 578 734 14
13 513 (97 000) 513 521 538 4.3 538 875 203

2, (nm)and molar absorptivity € (l.mol.cm™) of free dyes in methanol; ® A
(nm) and I, of free dye in TE buffer; A,

‘max

dsDNA complex in TE buffer; ¢ A,

‘max

The absorption spectrum of dye 8 in TE buffer in
the absence of DNA contains two peaks at 556 nm
and 706 nm and these are shifted bathochromi-
cally to 561 nm and 710 nm, respectively, in the
same buffer in the presence of dsDNA (Table 1).
A bathochromic shift of the absorption signal for
dye 10 was observed in TE buffer from 559 nm for
the free dye to 567 nm in the presence of dsDNA
(Table 1). These effects provide evidence for in-
tercalation, as reported in other investigations into
cyanine dyes [39].

Dye 8 shows three fluorescence bands in TE
buffer. Fluorescence was not observed in the pres-
ence of dsDNA in the buffer solution upon excita-
tion at the shorter wavelength bands (598 nm and
629 nm). The longest wavelength fluorescence band
of 8 at 718 nm is characterized by very low intrinsic
fluorescence intensity, but excitation at 718 nm in
the presence of dsDNA led to a dramatic increase
in the fluorescence intensity by up to 1250-fold
(Table 1). Dye 10 showed a similar to 8 change in
the fluorescence intensity in the presence of dsD-
NA, but its very high fluorescence in the free state
does not make it suitable as a fluorescent label for

x (nm) of free dye in TE buffer; ¢ A, (nm) of dye-

(nm) and I; of complex dye-dsDNA in TE buffer.

‘max

dsDNA detection. Dye 13 showed an even higher
fluorescence intensity in the presence of dsDNA,
but its intrinsic fluorescence (4.3 au, Table 1) led to
a decrease in the ratio I/, (Table 1). One probable
explanation for the observed photophysical prop-
erties of compound 13 is that the presence of the
halogen substituent connected to the chromophore
leads to an increase in the hydrophobicity and thus
to the formation of fluorescent aggregates in the
TE-buffer solution.

The TDDFT method was used to generate the
absorption spectra of the cationic fragments of dyes
8, 10 and 13 (presented in Fig. 2 with the respective
atom color scheme) with CI” counterions optimized
in methanol.

TDPBEO0/6-311+G(2d,p) calculations in metha-
nol predicted absorption maxima at 482 nm, 450 nm
and 466 nm for 8, 10 and 13, respectively; a typical
systematic overestimation of the excitation ener-
gies by the TDDFT schemes was observed [40]. It
can be proposed that different dimers may originate
from 8; data for the most stable dimer are presented
in Table 2 and the optimized structure of this di-
meric form is represented in Fig. 3.

Fig. 2. B3LYP optimized structures of the cations of dyes 8, 10 and 13.
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Table 2. TDPBE0/6-311+G(2d,p) calculated excitation wave-
lengths, A (nm), and oscillator strengths, f, of the cationic frag-
ments of dyes 8, 10 and 13 with CI" counterions in methanol

Compound A f

8 482 0.8798
431 0.0590

8 dimer 502 0.0202
496 0.1692
486 0.1137
475 1.1770
426 0.0565

10 450 0.7059
423 0.1029

13 466 0.9049

Simulated with a Gaussian broadening with a
full width at half-maximum (fwhm) 0.06-0.07 eV
and a height proportional to the oscillator strength

for each transition spectra are presented in Figure 3.
At this broadening the 8 dimer spectrum qualita-
tively reproduced the splitting in the experimental
absorption spectrum of dye 8 in methanol solution,
i.e., the monomer-dimer equilibrium of dye 8 can be
hypothesized.

CONCLUSION

Three novel dyes were synthesized and their
photophysical properties were investigated. Two
of the dyes (8 and 13) possess typical features of
fluorescent DNA labels. In the absence of DNA,
these dyes have negligible fluorescence, but after
binding to DNA a dramatic increase in the fluores-
cence intensity was observed. Dye 8 is worth high-
lighting because excitation at 706 nm led to a sig-
nificant (1250-fold) increase in the fluorescence in
the presence of dSDNA. Computational tools were
employed in an effort to understand the relation-
ship between the chemical structure and the opti-
cal properties of the chromophores. The results are

1.40
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1.00

8_dimer

0.80 -

0.60 a
8_dimer

oscillator strength

0.40

0.20

I

0.00 &—*

300 350

400 450 500
wavelength [nm]

Fig. 3. TDPBE0/6-311+G(2d,p) simulated spectra of the cationic fragments of dyes 8 (monomer and dimer), 10 and 13 with

CI counterions in methanol.
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promising and warrant further investigations into
the newly synthesized dyes as fluorogenic labels
for DNA analysis in research and medical science.
Additional quantum-chemical calculations, includ-
ing the simulation of fluorescence spectra of new
azaquinolizinium heterocycle-containing  dyes,
subsequent design of new analogs and further ex-
periments in order to examine their DNA binding
mechanism are planned.
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CPABHSIBAHE HA ®OTO®U3NYHUTE U JIHK-CBBP3BAII CBOMCTBA
HA HOBU ACUMETPUYHU AZAXWHOJIM3UHUEBU MOHOMETHUHOBU
MUAHWUHOBU BATPMJIA C HOB AHAJIOI' HA TUA30JI OPAHX

A. A. Bacunes!, M. U. Kenauncka'*, 10. 3arpanspceku’, /1. Cykynsa®, X. X. Bakepo?,
O. JI. Kacranno?, C. E. Anrenosa®?

! @axynmem no xumus u papmayus, Cocputicku ynusepcumem ,, Ce. Knumenm Oxpuocku “, 1164 Coghus, Boaeapus
? Kamedpa no opeanuuna xumus u kameopa no gusuxoxumus, Yuusepcumem na Anxana,
E-28871 Anxana oe Enapec, Maopuo, Hcnanus
3 Uncmumym no opeanuuna xumus ¢ Llenmwp no ¢pumoxumus, bvicapcka akademust na naykume,
1113 Cogus, Bvaeapus

[Toctenuna mapr, 2018 r.; npuera anpwi, 2018 r.
(Pesrome)

CuHTe3MpaHH ca HOBU aCUMETPUYHN MOHOMETHHOBH IMAaHWHOBY Oarpuiia, Ch/IbprKallly a3aXxWHOIN3UHHUEB (par-
MEHT, C M3I0JI3BaHEeTO Ha 4-XJIOPONUPUAOIMPUMHUIMHAEBH XJIOPUAM KAaTO M3XOAHU cheauHeHus. dorodusnunure
CBOMCTBa Ha OarpuiiaTa ca CpaBHEHM C T€3M Ha HOB MOHOMEpEH TpHKaTHOHEH aHanor Ha Tuazon Opamx (TO).
Coenunenust 8 13 ce xapakTepu3upaT ¢ MHOTO HUCKa coOcTBeHa ¢uryopecuenims B TE Oydep B orchcTBHE Ha
nBJIHK, Ho cnen cebp3Bane ¢ 18/IHK ce HaOm01aBa 3HAUNTEITHO YBEIMUCHUE HA MHTCH3UTETA Ha ()ITyOPECICHIIUSTA
uM. Mzuncnourenau meroau (DFT u TDDFT u3uncienns) ca U3M0JI3BaHNU 3a U3CIEIBaHE Ha BPb3KaTa MEKAY XUMHUY-
HaTa CTPYKTypa M ONTHYHUTE CBOIMCTBA HAa XpOMOdopHTe.
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The enzyme acetylcholinesterase (AChE) plays an important role in the pathogenesis of neurodegenerative diseas-
es. Its inhibition improves the cholinergic function and moderately delays the disease progress. In the present study,
we performed a docking-based virtual screening for novel hits binding to AChE on the standard lead-like set of ZINC
database containing more than 6 million small molecules. Two of the top best best-scored hits were tested in vitro for
ACHE affinity and neurotoxicity. Both compounds bind to the enzyme with affinities in the micromolar range but are
moderately toxic. They are promising for further lead optimization to increase affinity and reduce toxicity. The present
study proves the concept that the virtual screening is a reliable technique for discovery of novel AChE inhibitors.

Keywords: acetylcholinesterase, molecular docking, virtual screening, isothermal titration calorimetry, neurotoxicity.

INTRODUCTION

The enzyme acetylcholinesterase (AChE) is
available in the cholinergic chemical synapses in
the central nervous system and in neuromuscular
junctions. It is located on the post-synaptic mem-
brane and its function is to terminate the neurotrans-
mission by hydrolysing the acetylcholine (ACh). In
neurodegenerative diseases, like Alzheimer’s dis-
ease, the cholinergic neurons are extensively lost
leading to decline in memory and cognition [1, 2].
The inhibition of AChE enhances the levels of ACh
and improves the cholinergic transmission.

The binding site of AChE is a deep and narrow
gorge (Fig. 1) [3]. At the bottom of this gorge is
located the catalytic anionic site (CAS) where the
quaternary trimethylammonium choline moiety of
ACh binds and is hydrolysed. Along the gorge are
situated additional binding domains like the acyl
pocket determining the selective binding of ACh
and the oxyanion hole hosting a molecule of struc-
tural water. At the entrance of the binding gorge
is situated the peripheral anionic site (PAS) which

* To whom all correspondence should be sent:
E-mail: idoytchinova@pharmfac.mu-sofia.bg

Fig. 1. Binding gorge (light grey) of 72AAChE (pdb code: 4EY6).

modulates the catalysis allosterically and takes non-
cholinergic functions like amyloid deposition [4],
cell adhesion and neurite outgrowth [5].

Several AChE inhibitors (AChEIls) are approved
as anti-Alzheimer’s drugs and many others are un-
der development [6—10]. In the present study, we
describe a docking-based virtual screening on ZINC
database leading to the identification of several new

40 © 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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hits. Two of them (Fig. 2) were synthesized and
tested for AChE binding affinity and neurotoxicity.

O<__NH N
Salve
N N
\ |
1
/
N HO
QZ/CH\(\)\Q
\/N
N o
2

Fig. 2. Structures of the new hits derived by docking-based vir-
tual screening.

EXPERIMENTAL

Database and docking protocol

ZINC (zinc.docking.org) contains several data-
bases of biologically active structures. We selected
the Standard Lead-like database which consists of
6,053,287 small molecules with molecular weights
between 250 and 350 g/mol, logP up to 3,5 and up
to 7 rotatable bonds. The set was downloaded in
March 2015. The molecules were docked into the
X-ray structure of human recombinant acetylcho-
linesterase (rhAChE, pdb id: 4EY6, R = 2.15 A)
[3]. The docking simulations were performed by
GOLD v. 5.1.(CCDC Ltd., Cambridge, UK) using
the following settings: scoring function ChemPLP,
flexible ligand, rigid protein, radius of the binding
site 6A, no structural water molecules in the bind-
ing site, 10 runs for each compound. The AChEI
galantamine (GAL) was used as a positive control.

Calculation of drug-like properties

Six drug-like properties were calculated by ACD/
LogD v.9.0 (Advanced Chemistry Development,
Inc.): molecular weight Mw, distribution coefficient
at pH 7.4 logD, ,, polar surface area PS4, free rotat-

able bonds FRB, number of hydrogen-bond donors
HBD and hydrogen-bond acceptors HBA. The abil-
ity of compounds to cross the blood-brain barrier
(BBB) by passive diffusion was predicted by the
BBB Predictor (http://www.cbligand.org/BBB/).
The BBB predictor includes eight models for BBB
permeability prediction.

Chemistry

Reagents were commercial grade and used without
further purification. Thin layer chromatography (TLC)
was performed on aluminium sheets pre-coated with
Merck Kieselgel 60 F,,, 0.25 mm (Merck). Flash col-
umn chromatography was carried out using Silica gel,
for chromatography, 0.035-0.070 mm, 60 A (Acros)
and Aluminum oxide for chromatography; basic;
0.05-0.15 mm; pH 9.5+0.5 (Fluka). Commercially
available solvents for reactions, TLC and column
chromatography were used after distillation (and were
dried when needed). Melting points of the compounds
were determined using “Electrothermal” MEL-TEMP
apparatus (uncorrected). The NMR spectra were re-
corded on a Bruker Avance II+ 600 spectrometer
(600.13 MHz for 'H and 150.92 MHz for *C NMR)
with TMS as internal standard for chemical shifts
(6, ppm). 'H and *C NMR data are reported as fol-
lows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, br = broad, m = mul-
tiplet), coupling constants (Hz), integration, identifica-
tion. The assignment of the 'H and *C NMR spectra
was made on the basis of DEPT, COSY and HSQC,
experiments. Elemental analyses were performed
by Microanalytical Service Laboratory of Faculty of
Pharmacy, Medical University of Sofia, using Vario
EL3 CHNS(O).

Synthesis of 3-((1H-benzo[d]imidazol-1-yl)me-
thyl)benzonitrile 3.

Benzimidazole (0.236 g, 2 mmol) was mixed
with 0.5 ml 50% aq.NaOH and after 10 min at r.t.
a clear solution was obtained. DMSO (0.2 ml) was
added, followed by 3-(bromomethyl)benzonitrile
(0.432 g. 2.2 mmol). The reaction mixture was
stirred at 30 °C for 1 hour, diluted with water and
extracted with CH,Cl,. The combined organic phas-
es were washed with water, dried and concentrated.
The product was purified by flash column chroma-
tography on silica gel (CH,CL/EtOAc = 1:1) to give
0.461 g, 99% of the desired product as white crys-
tals; m.p. 99-101 °C. '"H NMR (CDCl,, 600 MHz)
6 =28.04 (s, 1H, benzimid.), 7.87 (d, /= 7.9 Hz, 1H,
benzimid.), 7.62 (d, J= 7.6 Hz, 1H, arom.), 7.49 (s,
1H, arom.), 7.46 (t, J = 7.8 Hz, 1H, benzimid.), 7.37
(dd,J=7.9,0.7 Hz, 1H, benzimid.), 7.33 (t,/=7.8 Hz,
1H, benzimid.), 7.29 (t,J= 7.6 Hz, 1H, arom.), 7.22
(d, J=17.6 Hz, 1H, arom.), 5.45 (s, 2H, CH,) ppm.
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5C NMR (CDCL,, 150.9 MHz) & = 142.92 (CH),
137.16 (C), 133.46 (C), 132.00 (CH), 131.09 (CH),
130.29 (CH), 130.00 (CH), 123.60 (CH), 122.77
(CH), 120.65 (CH), 118.09 (C), 113.30 (C), 109.67
(CH), 47.95 (CH,) ppm.

Synthesis of (3-((1H-benzo[d]imidazol-1-yl)me-
thyl)phenyl)methanamine 4.

To a solution of nitrile 3 (0.111 g, 0.476 mmol)
in dry THF (6 ml) was added portionwise at 0 °C
LiAlIH, (0.090g, 2.380 mmol). The mixture was
refluxed for 3 hours and cooled on ice bath, di-
luted with ether and carefully quenched by adding
dropwise 0.09 ml water, followed by 0.09 ml 10%
aq.NaOH and 0.27 ml water (Fieser workup). After
additional 30 min stirring at r.t. the mixture was fil-
tered through a pad of Celite and the filtrate was
concentrated. The product was purified by flash col-
umn chromatography on silica gel (CH,Cl,/CH,OH/
NH,OH = 20:1:0.05) to give 0.063 g, 56% of the
desired amine 4 as waxy solid. '"H NMR (CDCL/
CD,OD = 6:1, 600 MHz) 6 = 8.01 (s, 1H, benzi-
mid.), 7.78 (d,/=7.7 Hz, 1H, benzimid.), 7.34-7.26
(m, 3H, benzimid., 2H, arom.), 7.17 (s, 1H, arom.),
7.10 (d,J=7.6 Hz, 1H, arom.), 5.38 (s, 2H, CH,N),
3.81 (s, 2H, CH,NH,) ppm. “*C NMR (CDCl,/
CD,0D =6:1, 150.9 MHz) 6 = 142.92 (CH), 142.66
(C), 135.58 (20C), 133.47 (C), 129.25 (CH), 127.12
(CH), 125.90 (CH), 125.83 (CH), 123.22 (CH),
122.49 (CH), 119.66 (CH), 110.07 (CH), 48.66
(CH,), 45.35 (CH,) ppm.

Synthesis of methyl 2-(1H-pyrrol-2-yl)acetate 5.

A 50 ml Schlenk flask was loaded under argon
atmosphere with pyrrole (0.201 g, 3 mmol) and dry
THF (10 ml). The mixture was cooled to —10 °C and
EtMgBr (3M in Et,0, 1.2 ml, 3.6 mmol) was added
dropwise. The reaction was allowed to reach r.t. and
was stirred for 30 min. It was again cooled to —10 °C
and methyl bromoacetate (0.550 g, 3.6 mmol) was
added. After stirring for 30 min at r.t. the reac-
tion was quenched with aq.NH,Cl, extracted with
EtOAc, dried and concentrated. The product was
purified by flash column chromatography on silica
gel (petroleum ether/EtOAc =10:1) to give 0.120 g,
29% of the desired ester 5 as yellowish oil. "H NMR
(CDCl,, 600 MHz) 6 = 8.71 (br, 1H, NH), 6.76—
6.75 (m, 1H, pyrrole), 6.15-6.14 (m, 1H, pyrrole),
6.03-6.02 (m, 1H, pyrrole), 3.72 (s, 3H, CH,), 3.69
(s, 2H, CH,) ppm. *C NMR (CDCl,, 150.9 MHz)
d=171.63 (CO), 123.09 (C), 117.76 (CH), 108.27
(CH), 107.34 (CH), 52.16 (CH,), 32.99 (CH,) ppm.

Synthesis of N-(3-((1H-benzo[d]imidazol-1-yl)
methyl)benzyl)-2-(1 H-pyrrol-2-yl)acetamide 1.

A mixture of amine 4 (0.058 g, 0.244 mmol)
and ester 5 (0.034 g, 0.244 mmol) was heated for
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3 hours at 80 °C. The reaction was cooled to r.t.
and directly subjected to flash column chromatog-
raphy on basic aluminum oxide (EtOAc = 10:1)
to give 0.019 g, 23% of the desired product 1 as
white crystals; m.p. 146-148 °C. '"H NMR (CDCl,,
600 MHz) 6 = 9.14 (br, 1H, NH-pyrrole), 7.91 (s,
1H, benzimid.), 7.81 (d, J= 7.7 Hz, 1H, benzimid.),
7.30-7.26 (m, 3H, benzimid.), 7.23 (t, /= 7.6 Hz,
1H, arom.), 7.10 (d, J = 7.6 Hz, 1H, arom.), 7.06
(d, J = 7.6 Hz, 1H, arom.), 6.88 (s, 1H, arom.),
6.72-6.70 (m, 1H, pyrrole), 6.28 (t,J=5.5 Hz, 1H,
CONH), 6.11 (m, 1H, pyrrole), 5.98-5.97 (m, 1H,
pyrrole), 5.26 (s, 2H, CH,N), 4.29 (d, J = 6.1 Hz,
2H, CH,NHCO), 3.51 (s, 2H, CH,CONH) ppm.
3C NMR (CDCl,, 150.9 MHz) 6 = 170.74 (CO),
143.45 (C), 143.23 (CH-benzimid.), 139.17 (C),
135.89 (C), 133.77 (C), 129.25 (CH-arom.), 127.22
(CH-arom.), 126.00 (CH-arom.), 125.44 (CH-
arom.), 124.23 (C), 123.30 (CH-benzimid.), 122.52
(CH-benzimid.), 120.16 (CH-benzimid.), 118.26
(CH-pyrrole), 110.10 (CH-benzimid.), 108.50 (CH-
pyrrole), 107.75 (CH-pyrrole), 48.54 (CH,N), 42.88
(CH,NHCO), 35.49 (CH,CONH) ppm. C,H,,N,O
(344.41): caled. C 73.23; H 5.85; N 16.27, found C
73.16, H6.11, N 16.08.

Synthesis of racemic 4-hydroxy-4-phenylbutane-
hydrazide 6 [6].

To a solution of 5-phenyldihydrofuran-2(3H)-
one (1.135 g, 7 mmol) in EtOH (14 ml) was added
hydrazine hydrate (0.491 g, 9.8 mmol) and the mix-
ture was refluxed for 2 hours. After cooling to rt,
the product crystallized and was filtered. The crys-
tals were washed with EtOH (4 ml) and dried under
vacuum to give 0.987 g, 73% of the desired product
as white crystals.

Synthesis of racemic N’-((1,2-dimethyl-1H-
indol-3-yl)methylene)-4-hydroxy-4-phenylbutane-
hydrazide 2.

A mixture of hydrazide 6 (0.056 g, 0.288 mmol),
1,2-dimethyl-1H-indole-3-carbaldehyde (0.050 g,
0.288 mmol) and a pinch of p-toluenesulfonic acid
(PTSA) in abs.EtOH (4 ml) was refluxed for 30
min. The mixture was concentrated under vacuum
till dry. Crystallization from Et,0/MeOH = 10:1
followed by filtration gave 0.088 g, 88% of the de-
sired product 2 as yellow crystals; m.p. 170-172 °C.
'H NMR (CDCl,, 600 MHz) 6 = 9.62 (s, 1H, NH),
8.11(d,/=7.7Hz, 1H, indole), 8.08 (s, |H, HC=N),
7.43 (d,J=7.4 Hz, 2H, arom.), 7.34 (t,J= 7.5 Hz,
2H, arom.), 7.28-7.20 (m, 1H, arom., 3H, indole),
4.90 (t,J= 6.0 Hz, 1H, CHOH), 4.02 (br, 1H, OH),
3.64 (s, 3H, NCH,), 3.09-3.04 (m, 1H, CH,CHOH),
3.01-2.96 (m, 1H, CH,CHOH), 2.48 (s, 3H, CH,),
2.25-2.22 (m, 2H, CH,CO) ppm. *C NMR (CDCl,,
150.9 MHz) ¢ = 175.80 (CO), 144.80 (C), 140.57
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(CH=N), 140.41 (C), 137.20 (C), 128.31 (2CH-
arom.), 127.17 (CH-indole), 125.76 (2CH-arom.),
124.94 (C), 122.32 (CH-indole), 121.27 (CH-
indole), 121.18 (CH-indole), 108.88 (CH-arom.),
107.35 (C), 73.86 (CHOH), 33.78 (CH,CO),
29.64 (CH,OH), 29.55 (CH;N), 10.58 (CH,) ppm.
C, H;N,O, (349.18): caled. C 72.18; H 6.63; N
12.03, found C 72.40, H 6.89, N 12.07.

Isothermal titration calorimetry
(ITC) protocol

The ITC measurements were performed on
NanoITC tool (TA Instuments, Lindon, UT, USA)
with 190 pL sample cell and 50 pL syringe. The
lyophilized AChE from Electrophorus electricus
(electric eel) (Sigma Aldrich, St. Luis, MO, USA)
was reconstructed in 50 mM TRIS-HCI pH 7.4
buffer with the 0.1% addition of BSA as an enzyme
stabilizing factor, according to the manifacturer’s
instuctions. The tested compounds were prepared
in 5 mM stock solutions in DMSO or ethanol and
diluted to 0.5 mM in 50 mM TRIS-HCI pH 7.4
buffer. All samples were degassed prior the ex-
periments. The AChE solution was placed into the
sample cell and titrated by the tested compounds in
25 steps of 2 uL at 5 min intervals at 25°C. The
blank samples (buffer lacking AChE) were titrated
at the same conditions. The corresponding K, values
were calculated using NanoAnalyze software (TA
Instuments, Lindon, UT, USA).

Neurotoxicity test

Murine neuroblastoma NEURO-2A cells (Ger-
man collection DSMZ, Braunschweig, Germany)
were cultivated under standard conditions: com-
plete medium (90% DMEM, 10% heat inactivat-
ed FBS and 1 x non-essential amino acids); 37°C
and 5% CO, in fully humidified atmosphere. The
cell line was kept in the logarithmic growth phase
by splitting 1:4 once a week using trypsin/EDTA.
About 30% of the cells grow like neuronal cells.

For the experimental evaluation of the cytotoxic-
ity NEURO-2A, cells were plated in 96-well flat
bottomed cell culture plates at the recommended
density of 1 x 106 cells/25 cm?. After 24 hours the
cells were treated with various concentrations of the
investigational compounds and after 72-hr incuba-
tion, a MTT-dye reduction assay was performed
[7]. Briefly, at the end of incubation, a MTT stock
solution (10 mg/ml in PBS) was added (10 pl/well).
Plates were further incubated at 37°C for 4 hr. Next,
the formazan crystals were dissolved by the addi-
tion of 110 pl/well 5% formic acid in 2-propanol
(v/v). Absorption was measured at 580 nm wave-
length on an automated ELISA reader Labexim
LMRI1. At least six wells per concentration were
used, and data were processed using the GraphPad
Prism 5.0 software 2.

RESULTS

Docking-based screening of ZINC database
on rhAChE

The dockings were performed with flexible
ligands and rigid binding site lacking structural
water molecules. The RMSD value for the docked
pose of GAL was 0.204 A. Among the top ten
best-scored hits by ChemPLP were compounds
1 and 2. (Table 1). Both compounds consisted of
two aromatic moieties connected by a linker of 3-7
carbon chain containing NHCO group. Compound
1 has one additional phenyl ring. The docking pos-
es showed that the first aromatic moiety binds in
CAS, the aliphatic chain stretches along the bind-
ing gorge and the second aromatic ring binds in
PAS (Figure 3).

The molecular weights of both compounds are
below 350 (Table 1). Compound 1 (logD, ,=4.09) is
more hydrophilic than compound 2 (logD, , = 4.09)
although the PS4 of 1 is slightly less than that of 2.
Compound 1 has one rotatable bond less than com-
pound 2 and both compounds have equal number of

Table 1. Docking score, eeAChE affinity and neurotoxicity of the tested compounds

ChemPLP  K,uM IC;, uM

D znen A oM\ Mw gD, PSA  FRB HBD HBA  BBB

1osos7idds 9928 1091 OOPE a4 o1 e7t 6 2 5 Yes

2 sasisst 9929 2872 O0TE 34043 409 6662 7 2 5 Yes

GAL - 74560% 3882 >50% 28735 112 4193 1 1 2 Yes
*Ref. [8].
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Fig. 3. Docking poses of 1 (a) and 2 (b) in the complexes with 7#2ZAChE.

HB donors and acceptors. The drug-like properties
show that both compounds will have good perme-
ability though the gastro-intestinal tract. They are
BBB permeable by passive diffusion according to
all 8 models included in the BBB Predictor.

Chemistry

The choice of synthetic strategy was based on
theoretical fragmentation of the target structures
to key building blocks. Thus, amide bonding be-
tween benzimidazole containing benzylamine 4 and
2-pyrroleacetate 5 was foreseen for the synthesis of
compound 1 (Scheme 1). The first building block
was synthesised via deprotonation of benzimidazole
with aq.NaOH [9] and subsequent nucleophilic sub-
stitution of the commercially available 3-(bromo-
methyl)benzonitrile to give intermediate 3, which
was reduced with LiAlH, to the corresponding
amine 4. The ester 5 was synthesised by reacting
the in situ prepared Grignard derivative of pyrrole
[10] with methyl bromoacetate. Pyrolysis of the two
building blocks resulted in the formation of the tar-
get compound 1.

The synthesis of hydrazone 2 was based on the
condensation of 1,2-dimethyl-1H-indole-3-carb-
aldehyde with initially prepared hydrazide 6
(Scheme 2). The latter was prepared via ring open-
ing of racemic gamma-phenyl-gamma-butyrolac-
tone with hydrazine hydrate according to literature
procedure [6]. The target compound 2 was synthe-
sised by heating of hydrazine 6 with the chosen
aldehyde in absolute ethanol. The addition of cata-
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lytic amount of p-toluenesulfonic acid was crucial
for the success of the condensation.

Binding affinity to AChE

The binding affinity of the best-scored com-
pounds was tested in vitro by ITC as described in
Experimental. AChE from electric eel (e¢eAChE)
was used in the measurements. The UniProt align-
ment of »AAChE (UniProt: P22303) and eeAChE
(UniProt: 042275) have showed that all 17 resi-
dues forming the binding gorges are identical [11].
Thus, the target e¢eAChE is a good and cheaper al-
ternative of 7AAChE. The K, values of the tested
compounds are given in Table 1. The K, values for
compounds 1 and 2 are 10.191 pM and 2.872, re-
spectively. Both of them have higher affinity than
GAL (K, =388.2 uM).

Neurotoxicity on Neuro-2A4 cells

The neurotoxicity of the compounds was tested
on NEURO-2A cells as described in Experimental.
Both of them are moderately toxic with /C,, values
of 45 uM for compound 1 and 70 uM for com-
pound 2.

DISCUSSION

The standard lead-like set of ZINC database was
virtually screened by molecular docking on 72 AChE
and two of the best-scored structures were tested in
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Scheme 1. Synthesis of compound 1.
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Scheme 2. Synthesis of compound 2.

vitro for binding affinity to the enzyme and neuro-
toxicity. The drug-like properties were calculated
and showed that both structures are able to permeate
through the intestinal mucosa. The compounds bind
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well to the enzyme with K, in the micromolar range

and have higher affinity than that of GAL.
Compound 1 is a neutral molecule with logD, ,

of 4.09 and micromolar affinity to AChE (K, =
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Fig. 4. 2D interaction plot of the complex 1 — rAAChE derived by MOE 2016.0801 (Chemical Computing Group, Montreal,

Canada).

10.191 uM). It is able to cross the GIT and BBB
but is more toxic on Neuro-2A cells (/C;, = 45
uM) than GAL. The docked pose of 1 into #ZAChE
shows that the benzimidazole fragment binds
in CAS, while the pyrrole ring is placed in PAS
(Figure 4). Hydrogen bonds are formed between
Phe338 and NH and between Tyr124 and carbonyl
oxygen atom from the linker. Gly121 and Gly126
from CAS interact with the benzimidazole frag-
ment while Trp286 and Val294 from PAS — with
the pyrrole ring.

Compound 2 is a weak base with logD,, of 1.91,
micromolar affinity to AChE (K,=2.872 uM), good
intestinal and BBB permeability and moderate tox-
icity (/C,, = 70 pM). The indole moiety stacks with
Trp86 in CAS, while the phenyl ring is positioned
in PAS making interactions with Trp286, Val294,
Phe295 and Tyr341 (Figure 5). A hydrogen bond is
formed between Tyr124 and the carbonyl oxygen
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atom from the linker. Phe297 and Phe338 are in-
volved in hydrophobic interactions with the linker.

In conclusion, both structures identified as hits
by docking-based virtual screening showed high af-
finity to AChE and moderate neurotoxicity. They
could be considered for further lead optimization
to increase affinity and reduce toxicity. The present
study was a preliminary proof-of-concept.
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NHXWUBUTOPU HA AHETUJIIXOJIMHECTEPA3ATA, U3BPAHU YPE3 JIOKMHI -
BA3UPAH CKPUHUHI — JJIOKA3BAHE HA KOHLEITLUATA

I'. CraBpakos!'~?, 1. ®ununosa?, A. Jlykapcku', 1. Beakosa'?, M. Aranacosa',
U. Iumutpos', C. Koncrantuunos', U. [loitunHosa'**

I @apmayesmuuen Daxyrmem, Meouyuncku Ynusepcumem — Cocpus, ya. Jynae 2, Cogus 1000, bvreapus
2 Unemumym no Opeanuuna xumusi ¢ L{enmop no @umoxumust, yi. Axao. I'. Bonues, 61.9, Cogus 1113, bvaeapus
3 Jlabopamopus 3a paspabomeane u oxapaxmepusupane na gpapmayeemuunu popmu, Copus Tex napk,
oyn. Hapuepaocko woce 111, Cogus 1784, Bvaeapus

[Toctenuna mapr, 2018 r.; npuera anpwi, 2018 r.
(Pestome)

En3umbr anermixonunecrepaza (AChE) urpae BakHa posisi B maroreHesaTta Ha HEBpOJICTCHEPATHBHUTE 32005
BaHus. HeroBoro nuxubupane nopo0psiBa XonuHeprudHaTa GyHKIUS 1 yMepeHo 3a0aBs Hanperbka Ha OojectTa. B
HACTOSNIOTO M3CIIEABAHE MTPOBEJOXME BUPTYaJIeH CKPUHUHT, Oa3upaH Ha MOJIEKyJieH JOKUHT Ha 6 053 287 chennHe-
Hust ot 6asata manuu ZINC Bepxy AChE. JIBe oT cheauHeHUSITa ¢ Hall-M00Bp pe3yaTar 0sixa CUHTC3UPAHH U TECT-
BaHH in vitro 3a apunuter KbM AChE 1 HeBpoTokcnuHoCT. U 1BeTE CheiMHEHUs ce CBBP3BAT C €H3UMa ¢ aQUHUTET
B MHUKPOMOJIAapHUA Auana3oH, HO ¢ca YMEPEHO TOKCHYHMU. Te ca IOAXOAAIIN 3a IMO-HaTaTbhbIIHA ONTHUMU3AIUA C LCII
yBEJIM4YaBaHEC Ha a(l)I/IHI/ITeTa U HaMaJIIBaHC HA TOKCHYHOCTTA. HaCTOSIH_[OTO H3CJICABAHE JI0Ka3Ba, Y€ BUPTYAJTHUAT
CKPHHHHT € HaJIeXKJIeH MeTo]] 3a oTkpuBaHe Ha HOBU AChE mHxuouropu.
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In this research, a fast, simple and reproducible procedure for electrochemical modification of carbonaceous car-
riers with rhodium has been reported. Rhodium was electrodeposited by means of cyclic voltammetry at various scan
rates. The electrochemical behaviour in the electroreduction of H,O, of the graphite and glassy carbon electrodes,
modified applying the here presented procedure, was studied using cyclic voltammetry and chronoamperometry at
pH 7.0. The applicability of the modified electrodes for sensitive quantitative amperometric detection of hydrogen
peroxide at low applied potentials (0 V and —0.1 V vs. Ag/AgCl, 3M KCI) has been demonstrated. As an optimized
electrode, modified glassy carbon type Rh_v100/GC exhibited excellent electrocatalytic performance — fast, stable
and sensitive (493 tA mM ! cm?) response, low detection limit (1.5 pM H,0,) and wide linear range (up to 5.5 mM),
making it one of the promising candidates for efficient non-enzymatic amperometric detection of H,0,.

Keywords: carbonaceous materials, rhodium, electrodeposition, hydrogen peroxide reduction, electrocatalyst.

INTRODUCTION

In the development of efficient electrode-cata-
lysts, it is particularly important to obtain on chemi-
cally inert electrically conductive carrier metal
deposits with high specific catalytic activity in the
target reaction. In this connection, dispersing the
catalytically active phase onto the surface of solid
carbonaceous carriers not only significantly reduces
the cost of the produced catalysts but also repeat-
edly increases their activity.

The studies of the deposition of micro- and na-
nosized structures of rhodium (Rh) are motivated
by the well-known catalytic activity of this metal
and its extreme resistivity towards acids and bases,
rendering Rh-structures broadly applicable and po-
tentially aging resistant. Rhodium shows outstand-
ing catalytic properties in various reactions such as
the reduction of nitrate and nitrite ions [1], hydro-
genation of CO, CO,, alkenes and arenes [2, 3], C-C
cross-coupling [4], decomposition of methane and
some oxidation reactions [5-8]. Rhodium is an ex-
cellent catalyst in (NO), removal [9], so it is a com-
mon component of the three-way catalyst used for

* To whom all correspondence should be sent:
E-mail: dodevska@mail.bg

the simultaneous conversion of nitrogen oxides, CO
and hydrocarbons in automobile exhausts.

It is well known that the catalytic properties of
the metal deposits depend on the particles size and
shape, and morphology of the metal phase onto the
carrier surface. These parameters are determined
both by the nature, physical characteristics and pre-
treatment of the carrier, as well as by the procedure
for deposition. Numerous studies proved the elec-
trodeposition as an attractive method for modifying
various electrode materials. The great advantage
of electrochemical techniques is the possibility of
strict and accurate control allowing high reproduc-
ibility of the modification procedure. The required
equipment is standard for any electrochemical labo-
ratory and offers a wide range of possibilities elec-
trodeposition to be performed in potentiostatic or
potentiodynamic conditions as well as by applying
pulse techniques.

Based on the above, the present study deals with
the optimization of electrochemical procedure for
obtaining stable rhodium deposits onto carbona-
ceous electrodes (glassy carbon and spectroscopic
graphite). With aim to develop a non-enzymatic
sensor for rapid and sensitive quantitative detec-
tion of H,O,, an industrially and biologically rel-
evant analyte, the catalytic activity of the so-ob-
tained modified electrodes in the reduction of H,0,

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 49
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at potentials around and below 0 V (vs. Ag/AgCl,
3M KCl) was investigated. Hydrogen peroxide
is used as an oxidizing and bleaching agent in the
pharmaceutical, cosmetic, textile and paper indus-
tries; in the food industry H,O, is used in the artifi-
cial aging of wines and as a sterilizing agent in the
dairy industry; in medicine the excess of H,0,in hu-
man body is associated with oxidative stress, aging,
cancer and progressive neurodegenerative diseases.
Moreover, the development of effective materials
with pre-defined operational parameters for quan-
titative determination of H,O, at low potentials is
relevant not only for the establishment of ampero-
metric analysis of H,O,, but also for developing se-
lective first generation biosensors.

MATERIALS AND METHODS

Materials

Two types carbonaceous carriers were used as
working electrodes: 1/ disc from glassy carbon (GC)
with diameter of the working surface 3 mm and vis-
ible surface area of ca. 7.07 mm? (Metrohm) and
2/ disc from spectroscopic graphite (Gr) with diam-
eter of the working surface 5.6 mm and visible sur-
face area ca. 25 mm? (RWO, Ringsdorf, Germany).

RhCl,.nH,0, HCIl, H,0, (30% (v/v) aqueous
solution), Na,HPO,.12H,0 NaH,PO,.2H,0 were
purchased from Fluka. All chemicals used were of
analytical grade. Phosphate buffer solution, 0.1 M,
(PBS) was made of sodium phosphates (monobasic
and dibasic) dissolved in double distilled water with
pH adjusted with H,PO, and NaOH using a pH me-
ter MS2006 (Microsyst, Bulgaria). Double distilled
water was used to prepare aqueous solutions.

Apparatus and measurements

The electrochemical measurements were per-
formed using computer controlled electrochemical
workstation EmStat2 (PalmSens BV, The Nederland),
equipped with PSTrace 2.5.2 licensed software, in a
conventional thermostated three-electrode cell, in-
cluding a working electrode (modified with rho-
dium electrode), an Ag/AgCl (3 M KCI) reference
electrode, and a platinum auxiliary electrode.

All the electrochemical measurements were car-
ried out at a temperature of 25°C. To remove oxy-
gen, the background solution was purged with pure
argon. Cyclic voltammograms (CVs) were recorded
at scan rates from 10 to 100 mV s™!. Peak intensities
of CVs were reported with baseline correction. The
amperometric experiments (calibrations) were per-
formed by successive addition of aliquots of 3.102? M
H,O, freshly prepared solution to background elec-
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trolyte (0.1 M PBS) in the cell (30 mL initial vol-
ume) with simultaneous registration of the current
at a constant potential.

The experimental data were processed by soft-
ware package ‘OriginPro 8’.

Electrochemical deposition of Rh

Before modification, the GC electrode surface
was carefully polished with 0.3 and 0.5 pm alumi-
na slurry on a polishing cloth (LECO, USA), the
graphite electrode was carefully polished to mirror-
like finish with emery paper with decreasing parti-
cle size (P800, P1200 and P2000). After polishing,
the electrodes were sonicated in double distilled wa-
ter for 3 min and allowed to dry at room temperature
for few minutes. The rhodium was electrodeposited
from electrolyte 0.1 M HCI, containing 2.0% RhCI,,
by means of cyclic voltammetry. The electrode sur-
face was seeded with rhodium particles when start-
ing the cycle at —0.3 V, then the scan goes up to 0.9
and back to -0.3 V.

RESULTS AND DISCUSSION

In order to establish the effect of electrodeposi-
tion scan rate on the activity of the catalysts in elec-
troreduction of H,0,, GC electrodes were modified
at scan rates of 50, 100 and 200 mV s™!, respective-
ly. To indicate the type of the modified electrode we
take the following notation: Rh_scan rate/GC (for
example: GC modified by applying a rate of 50 mV
s 'will be denoted in the text as Rh_v50/GC).

The presence of Rh-deposits on the glassy car-
bon carrier was confirmed by CV, recorded in an
electrolyte 0.1 M PBS (pH 7.0) Fig. 1 shows CVs

107 .- ac
——Rh_v100/GC

I, (WA)

02 00 02 04
E, (V)

Fig. 1. CVs of the bare GC electrode (dash line) and of the
modified Rh_v100/GC electrode (solid line) recorded in 0.1 M
PBS (pH 7.0); scan rate of 50 mV s
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of the unmodified GC electrode and modified elec-
trode type Rh_v100/GC, registered in the potential
range from —0.4 to 0.4 V at scan rate of 50 mV s
No redox peak is observed on the CV of the bare
GC electrode (enlarged in inset plot). Compared
with bare GC electrode, the background current of
the modified electrode is apparently larger, which
indicates that the effective electrode surface area is
significantly enhanced.

Further experiments were carried out to evalu-
ate the electrocatalytic activity of the modified
electrode Rh_v100/GC in the electroreduction of
H,0,. Fig. 2 presents CVs recorded in 0.1 M PBS

| (WA)
S

E. (V)

Fig. 2. CVs of modified electrode Rh v100/GC in 0.1 M PBS
(pH 7.0) at scan rate of 50 mV s! with increasing H,O, con-
centration (from inner to outer) 0.0, 0.5, 1.0, 1.5, 2.0, 2.5 and
3.0 mM.
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pH 7.0 at various concentrations of H,0,. When the
concentration of H,0, in the electrolyte is increased
from 0.5 to 3.0 mM, cathodic peak current at—0.1 V
progressively increases. A plot of concentration vs.
cathodic peak current exhibits a linear dependency
over entire experimental range. This phenomenon
indicates that the modified electrode not only re-
duces H,0O,, but can also be used for amperometric
determination of H,0,.

Chronoamperometry (CA) under stirred condi-
tions as an electrochemical technique has a much
higher current sensitivity than cyclic voltammetry.
The performance of the modified electrodes regard-
ing the sensing of H,O, was evaluated using CA
according to detection limit, linear range, response
time and stability. The amperometric response of
the prepared electrodes was registered after succes-
sive additions of H,O, stock solution under poten-
tials of —0.1 and O V.

Fig. 3A displays the authentic record of the sig-
nal of GC electrodes, modified at different scan
rates, to successive concentration increments over
0.5 to 7.0 mM H,O, range. Cathode currents in
presence of H,0O,, resulting from its electrochemical
reduction, were observed for the proposed electro-
chemical systems. Upon addition of H,O, the modi-
fied electrodes show increasing reduction currents
(staircase current response), corresponding to the
electrochemical conversion of the analyte. As can
be seen electrodes type Rh v50/GC and Rh_v200/
GC do not yield the desired response. Significant
disadvantage of type Rh v200/GC being a high
noise level, recorded even at relatively low H,0,
concentrations. At the same time type Rh_v50/GC
exhibits much lower current response than the other
two modified electrodes. Analogous results in the

B
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Fig. 3. A) Authentic record of the amperometric response at the modified electrodes type Rh_v50/GC, Rh_v100/GC and Rh_v200/
GC for successive additions of H,0, into stirred 0.1 M PBS (pH 7.0) at an applied potential of —0.1 V. B) The steady-state current
as a function of potential applied at electrode type Rh_v100/GC when 0.5 mM H,0, is present.
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analytical behavior of the three modified electrodes
were obtained in the CA study at an applied poten-
tial of 0 V. Based on the observed, electrode type
Rh v100/GC was used in further investigations.
The polarization curve (Fig. 3B) over the potential
range from -0.45 to 0.1 V, registered in 0.1 M PBS
(pH 7.0) with 0.5 mM H,0O, present, clearly shows
interval of potentials where the cathodic current
hardly varies (a “plateau region”). The plateau re-
gion for the modified electrode occurred between
—-0.4and 0 V.

The background subtracted steady-state re-
sponse (Is-I,) of the electrode in PBS (pH 7.0) is
presented in Fig. 4. At an applied potential of —0.1 V
the linear response was proportional to the H,O,
concentration up to 5.5 mM (correlation coefficient

Equation y=a+b*
Adj. R-Square 0.99393 0.97782
300 Value Standard Error
-0.1V Intercept 5.74172 2.44468
250[01v Slope 34.87599 0.78644
[AY) Intercept 6.1722 2.67637
2004|ov Slope 23.36169 1.24224
—~~ [ ]
< 01V "
3 1 50 b o oV = =
S . "
5 100- e
L R o ®
50{ e
=
0 - r T T T T 1

o 1 2 3 4 5 6
H,O, concentration, (mM)

Fig. 4. Calibration plot for electrode type Rh_v100/GC; 0.1 M

PBS (pH 7.0); applied potentials: 0.1 V and 0 V.
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Fig. 5. Authentic record of the amperometric response of modi-
fied electrode Rh_v100/GC upon additions of 10 uM H,0, in
0.1 M PBS (pH 7.0); potential of 0 V.
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of 0.99,) with a sensitivity of 34.88 pA mM™! (or
493 uA mM ! cm?). At a potential of 0 V the linear-
ity was up to 3.5 mM H,0, (0.97,) with a sensitivity
0f23.36 y)A mM ' (330 pA mM ! cm?).

The modified electrode responded rapidly pro-
ducing steady-state signal within 8 s. A well-de-
fined current response was observed during the suc-
cessive additions of 10 uM H,0, (detection limit of
1.5 uM at a signal-to-noise ratio of 3), which evi-
dences a stable and efficient catalytic property of
rhodium deposits (Fig. 5).

In order to assess the impact of type of carbona-
ceous carrier on the activity of the electrocatalysts,
graphite electrode (Gr) has been modified using the
same procedure for electrodeposition of Rh (denot-
ed in text as type Rh_v100/Gr). The chronoampero-
metric data at potential of 0 V suggest that the ana-
lytical detection of H,O, with a modified graphite
Rh _v100/Gr is distinguished by twice lower sen-
sitivity (230 pA mM™' cm?), short linear dynamic
range (up to 2.8 mM), slower response (15 s), high-
er background current and noise (detection limit of
10 uM). The probable reason for the observed dif-
ferences in the electrochemical behavior of the two
modified electrodes is highly porous surface of the
graphite carrier, used for the development of cata-
lyst type Rh_v100/Gr.

The long-term operational stability and repro-
ducibility of the signal of the modified electrode
are essential for its applicability as a sensing ele-
ment. In this connection, the reproducibility of the
current signal for the electrode type Rh v100/GC
to 0.5 mM H,0, at an applied potential of 0 V was
examined. The relative standard deviation (RSD)
was calculated to be 3.2% for 5 successive meas-
urements (current responses were 16.8, 17.3, 15.9,
16.5 and 17.0 pA, respectively).

Further, the reproducibility of the proposed
procedure of electrodeposition of Rh was stud-
ied by analysis of the same concentration of H,O,
(0.5 mM) using four equally prepared electrodes
type Rh_v100/GC. The electrodeposition procedure
had good reproducibility with a RSD of 6.7%. Here,
it should be noted the key role of the pre-treatment
process of the electrode surface preceding the pro-
cedure of electrodeposition.

The modified electrode was stored in air over a
3 months period. During the first two weeks there
was a gradual decrease to 87% of its initial current
response, probably due to processes of recrystal-
lization of the metal phase; after this period the
electrode activity remained practically unchanged.
The long-term stability of the electrode is in gen-
eral comparable to the stability of other modified
electrodes, applied for H,O, sensing: 85.3% after
1 week of storage [15], 87% (1 month) [16], 92%
(3 weeks) [17].
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Table 1. Comparison of the operational characteristics of amperometric sensors for H,0O, detection, based on modified glassy car-

bon electrodes, with the achieved in the present work

Electrode modifier E,V “ie:lllsli\flijiéﬁfz Linear range, M l?iieiztil\(;ln Ref.
Ag/NFM —0.58¢ 157.0 1.0x107°~1.6x1072 4.0x10° 10
Ir'VOx.H,0 —-0.3¢ 6.15¢ 5.0x10°6~1.5x10* 5.0x10°¢ 11
GR-AuNPs -0.42 3.0¢ 2.0x10°~2.8x10* 6.0x10°¢ 12
PtNWs-CNTs-CHIT -0.1° 260.0 1.0x1076~3.0x102 - 13
Co,0, NWs —-0.2¢ 80.74 up to 5.35x10° 1.0x10° 14
Ag -0.2¢ 104.53" 5.0x106~1.2x107? 5.0x107 15
PVA/MWCNTs/PtNPs 0° 122.63 2.0x10%~3.8x107 7.0x107 16
Pd/PEDOT NSs -0.2° 2153 up to 1.0x1073 2.84x10°¢ 17
ERGO-AgNPLs 0.5 183.5 2.0x10%~1.0x1072 3.0x10°¢ 18
Rh_v100/GC —-0.1° 493.0 2.0x10°~5.5x103 1.5x10°¢ This
Rh_v100/Gr 0° 230.0 2.0x10°~2.8x107 1.0x10°° work

"Calculated from the data in paper;
* Reference electrode: Ag/AgCl, 3 M KCI (0.200 V vs. SHE);

b Reference electrode: saturated calomel electrode (SCE) (0.242 V vs. SHE);

¢ the unit is: nA uM™' cm>;
4 the unit is: pA pM™' cm2,

NFM - nanofibrous membrane, GR — graphene, ERGO — electrochemically reduced graphene oxide, CNTs — carbon nanotubes,
MWCNTSs — multiwall carbon nanotubes, NPLs — nanoparticles, NWs — nanowalls, NSs — nanospheres, CHIT — chitosan, PVA —

poly(vinyl alcohol), PEDOT — poly(3,4-ethylenedioxythiophene).

The performance of the Rh v100/GC catalyst,
developed in this study, was compared with other
modified electrodes. In Table 1 we have summarized
various H,O, sensors, based on modified glassy car-
bon electrodes, with respect to the applied potential,
sensitivity, linear dynamic range and limit of de-
tection. All data presented are recorded in support-
ing electrolyte buffer solution with pH in the range
6.0-7.5 in the H,0O, electroreduction mode. It can be
seen that the proposed Rh_v100/GC electrode shows
an excellent sensitivity, several times higher than
that obtained by using other glassy carbon electrodes
modified with metal or metal oxide particles.

CONCLUSION

In conclusion, a fast, simple and reproducible
procedure for electrochemical modification of car-
bonaceous carriers with rhodium has been demon-
strated in this study. The graphite and glassy car-
bon electrodes, modified applying the presented
procedure, were used for the electrocatalytic re-
duction of H,0O, and their applicability for ampero-
metric detection of H,O, in micromolar concentra-
tions has been proven. The modified glassy carbon
type Rh_v100/GC exhibited excellent electrocata-
lytic performance — fast and stable response, low

detection limit (1.5 uM) and wide linear range
(up to 5.5 mM) for H,O, detection at low applied
potential (0.1 V vs. Ag/AgCl, 3M KCl). The de-
veloped electrocatalyst provides a new approach
to construct a highly sensitive and selective am-
perometric biosensors of first generation (based on
hydrogen peroxide-producing enzymes) for quan-
titative detection of biologically important com-
pounds. Further experiments, such as the practical
application of this modified electrode as a trans-
ducer in the construction of glucose and L-lactate
biosensors, are underway.
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MOJIU®UITUPAHU C PO BBIJIEPOAHU EJEKTPOIU:
TIPYJIOKEHUE 3A EJEKTPOXUMMWYHA JETEKLINS
HA BOJIOPOJIEH ITEPOKCU/]

4. JI. Jlazaposa, T. M. loneBcka™

Yuueepcumem no xpanumennu mexronoeuu, kam. ,, OpeanuyHa Xumusi U HEOPSAHUYHA XUMUA ",
oyn. ,,Mapuya* 26, I[lnosous 4002, Bvieapus

[ocrbnuna mapr, 2018 r.; npuera anpui, 2018 r.
(Pesrome)

Hacrosimioro u3cnenBane npeacrassi 0bp3a, ceMInia ¥ Bb3IPOU3BOAMMA MPOLEAypa 3a €IeKTPOXUMUYHO MOJIU-
(unupane Ha BBIIEPOJHHU HOCUTENHU ¢ poauil. EnexTpoXxuMuYHOTO IOBeAeHHe Ipu enekTpopenykiusa Ha H,O, Ha
rpauTOB M CTHKIOTPApHUTOB €IEKTPOA, MOIU(HUIIMPAHN Ype3 MpeACTaBeHaTa TYK METOJMKA, € N3yYeHO Ype3 IHK-
JMYHA BOJITAMIIEpOMeTpHs B XpoHoaMmnepomerpus ripu pH 7.0. [TokazaHa e npuiaokuMoCTTa Ha MOAU(DHUIMPAHUTE
€JIEKTPOJIY 3a KOJIMYECTBeHa amnepomerpuuna gerexuus Ha H,O, npu nucku padornu norenmuanu (0 V u —0.1 V
vs. Ag/AgCl, 3M KCI). Momudurmpanust enexrpox tun Rh_ v100/GC, nomydeH upe3 enekTpooTiiarane Ha poaui
IPH OTMpE/IeNieHaTa KaTo ONTHMAaJIHA CKOPOCT Ha pasrbBaHe Ha noTeHnuaisa (100 mV s™'), mokasBa OTIMYHO MOBEE-
HHE — OBbp3, CTaOWIICH U YyBCTBUTEIEH OTKIMK, HUCBHK OTKpuBaeM MuHUMYM (1.5 uM H,0,) Ha ananura ¥ mupoxa
o0JacT Ha JIMHEIHa 3aBHCUMOCT Ha curHana (10 5.5 mM), KoeTo ro xapakTepusupa KaTo MOJXOSI TPAHCIIOCED 3a
HEEH3UMHa aMInepoMeTpuyHa aetekuus Ha H,O,.
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Lithium and gallium (Li* and Ga®") exhibit no known biological functions and are categorized as abiogenic ions.
However, they are used in medicine (in the form of soluble salts) as a first-line drugs for treatment of bipolar disorder
(Li") or cancer-related hypercalcemia (Ga*") as well as a drug with antiproliferative action in clinical trials (Ga’").
Even though their therapeutic effects are well known, there are many unanswered questions concerning their mecha-
nism of action. The main hypotheses posit competition between Li* and the native Mg*, and between Ga*" and the
cognate Fe** ions for binding to some metalloenzymes involved in cell signaling and cell proliferation, respectively.
The conducted theoretical research explains some of the most accepted hypotheses about the therapeutic action of the
two alien cations. The factors governing the competition between biogenic and abiogenic cations in protein binding
sites are also revealed. The theoretical results are in line with experimental data.

Keywords: lithium, gallium, mechanism of action, theoretical study.

INTRODUCTION

Since the beginning of time mankind has strug-
gled not only to understand the laws of nature but
also to apply them for the general benefit. Over
the centuries, medicine and pharmacy have been
prioritized areas of research/application achiev-
ing tremendous success in their development [1,
2]. Nowadays the term “drug” is usually associ-
ated with a variety of organic/peptide/polypeptide
compounds from different classes of medications.
Inorganic substances, however, such as metal salts
or complexes, can also exert curative effect and be
employed in treating health disorders.

About 40% of all known proteins contain metal
cations, which appear as indispensable players in a
plethora of essential tasks such as protein structure
stabilization, enzyme catalysis, hormone secretion,
signal transduction, blood coagulation, respiration
and photosynthesis [1, 3, 4, 5]. In the course of evo-
lution biological function has been bestowed on
about two dozen metal species based on their bioa-
vailability and chemical properties. They are known
as “biogenic” or “native” ions, among which the
most common are Na*, K*, Mg*", Ca?* and Zn?* and

* To whom all correspondence should be sent:
E-mail: t.dudev@chem.uni-sofia.bg

the redox-active transition metal cations Mn?>"3"4*,
Fe??* and Cu™?* [3, 4, 5]. Other (abiogenic) metal
ions, excluded from the evolutionary process, such
as Hg?", Pb?*, AI**, upon entering the host organism,
could disrupt cellular functions by competing with
some of the above-mentioned native ions thus in-
toxicating the recipient. On the other hand, there are
a few alien metal cations (Li*, Sr** and Ga**) with no
known vital functions in humans, that exert thera-
peutic effects based on their similarity with some
cognate metals. In this review we focus on lithium
and gallium that have been an object of investiga-
tion of our group for some time. We summarize the
most accepted hypotheses concerning the mecha-
nism of action as well as the applications of Li* and
Ga** in medicine. Using the methods of the theoreti-
cal chemistry we have tried to shed light on the sug-
gested competition between the biogenic and alien
metal ions.

MECHANISM OF ACTION
Lithium

Lithium has been applied in the form of soluble
salts in concentration range of 0.6—1.2 mM to treat
patients suffering from bipolar disorder [6]. This
illness affects 1-3% of the world’s population and
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is characterized by episodes of mania and depres-
sion separated by periods of normal behavior [6, 7].
Although the beneficiary effect of lithium therapy
has been known for decades, its mechanism of action
is still enigmatic. Several hypotheses have been put
forward. Among them, the most accepted one pos-
its competition between the alien Li™ and the native
Mg?* and subsequent inhibition of several overex-
pressed enzymes involved in cell signaling, such as
inositol monophosphatase (IMPase) and glycogen-
synthase kinase 3 (GSK-3f) [4, 6—8]. Lihium’s di-
rect inhibition of IMPase has led to the formation of
the “inositol depletion hypothesis” — by decreasing
the free inositol levels, lithium dampens the activa-
tion of downstream signaling pathways in neurons
[6-9]. The other enzyme of interest — GSK-3p, is
a component of many signaling pathways respon-
sible for specific neurotransmission in the brain
[4, 6, 7,9, 10]. Note, however, that other essential
magnesium enzymes in the cell remain unaffected
by lithium action. Furthermore, another channel of
lithium’s therapeutic action has been recently sug-
gested: lithium not only competes with magnesium
to bind enzymes but it can also associate with mag-
nesium-loaded ATP to modulate the native recep-
tor’s response involved in cell signaling [10, 11].

Lithium is expected to compete mainly with
magnesium due to the similarity in their physico-
chemical properties. The “diagonal rule” brings Li*
closer to Mg?* than to its fellow alkali metals from
group IA. This is proven by the fact that both Li*
and Mg?* are “hard” nonpolarizable cations with
affinity towards hard “O” — containing ligands.
They also have similar ionic radii (R, ) for a given
coordination number (CN): R (Li*) = 0.59 A and
R, (Mg>)=0.57A for CN=4,and R (Li")=0.76 A
and R,_ (Mg>)=0.72 A fora CN =6 [12]. Still they
differ in their ionic charge (+1 for Li and +2 for Mg)
and hydration free energies: —123.5 kcal/mol (Li")
and —455.5 kcal/mol (Mg*) [13]. Although there
are a few experiments proving lithium’s ability to
compete with magnesium for binding the above-
mentioned enzymes and ATP-complexes [6, 7, 9,
11], there still remain questions about the ability of
Li* to substitute for Mg?* in IMPase and GSK-3f
but not in other essential Mg**-containing enzymes
in the cell. Also, the exact geometry/conforma-
tion and protonation state of the active ATP-Mg-Li
complex has not been known.

Gallium

The first use of gallium in medicine was as a tu-
mor-imaging “’Ga-scan which was in time replaced
by the more effective PET-scan [14]. But due to
its ability to concentrate especially in liver cancer
cells it was investigated for antiproliferative action.
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As a side effect it was found that infusion of gal-
lium nitrate reduces blood-level calcium and so it
is nowadays used as Ganite™ to treat patients with
cancer-related hypercalcemia [15]. However, newer
gallium compounds such as gallium maltolate and
tris(8-quinolonato)gallium(Ill) (KP46) have al-
ready passed the preclinical examination with prom-
ising results of their anticancer action [16-20]. Ga**
could also be used in a combination with other anti-
tumor drugs like cis-platinum or tiosemicarbazones
[21, 22]. The rationale behind gallium’s anticancer
effect lies upon its action as an iron mimetic species
[14, 19, 23, 24] and iron-competitor in tumor cells,
that need iron for their fast proliferation. Sharing
the same oxidation state and similar ionic radius
with Fe** (R, ,(Ga*) = 0.620 A in octahedral com-
plexes compared with R, (Fe**) =0.645 A for high
spin complexes as well as tetrahedral ionic radius
0.47 A (Ga**) and 0.49 A (Fe**)) gallium could de-
ceive the cell machinery and be taken up as iron. The
two metal ions have also similar ionization potential
and electron affinity values [5, 14]. However, while
Fe*" may undergo redox-reactions under physiolog-
ical conditions, Ga*" is redox-inactive and cannot
participate in redox reactions in metalloenzymes.

Gallium’s most probable target in tumor cells
is the enzyme ribonucleotide reductase (RR) [5,
14, 18, 19, 24]. RR is a heterodimer which consists
of two homodimeric M1 and M2 subunits. RRM1
contains a substrate (nucleotide diphosphate) and
two effector-binding sites while RRM2 consists of
a binuclear iron center and a tyrosil free radical. Its
main purpose is the de novo synthesis of deoxyri-
bonucleotides from ribonucleotides [25]. The iron
center is of extreme importance because it is respon-
sible for the generation of the radical which is later
used in the redox reaction with the nucleotide-sub-
strates. In the iron center, Fe?*" is oxidized to Fe’*.
Substituting the Fe** cation with the redox-inactive
Ga’* renders the enzyme inactive. Although it is a
widely accepted hypothesis and there is some ex-
perimental evidence [14], the intimate mechanism
of the competition between the two metal ions is
poorly understood.

Another hypothesis of gallium’s therapeutic ac-
tion states that it may compete with iron for human
transferrin (Tf), a glycoprotein, transporting Fe*
in the bloodstream [26], as well as that the newly
formed Tf-Ga* complex may compete with the Tf-
Fe** complex for the Tf-receptor which would lead
to decrease in the native ion’s intracellular concen-
tration level [5, 14, 24].

The last and newest hypothesis concerning gal-
lium’s mechanism of action coincides with the in-
formation that it is able to form complexes with
different nucleotide-diphosphates [14, 26]. Since
the substrates for RR are namely NDP (for example
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ADP) the probable NDP-Ga** complex may directly
inhibit the enzyme by blocking its substrate-binding
site. This hypothesis is an object of ongoing investi-
gation from our group.

METHODS
Models used

Interactions between the metal and ligands from
its first coordination shell are electrostatic in origin
and dominate the energetics of the metal loaded
binding site. Thus, we modeled the first coordina-
tion sphere of the enzymes of interest as a complex
with either the native or the alien cation and evalu-
ated the thermodynamic parameters of the respec-
tive substitution reaction (see below) [4, 5, 10]. The
side chains of Asp7/Glu~, Asn/Gln and the backbone
of the peptide are modeled as acetate (CH,COO"),
acetamide (CH,CONH,) and N-methylacetamide
(CH,CONHCH,), respectively, whereas the neutral
His and ionized Tyr are presented as imidazole and
phenolate, respectively. The preferable coordina-
tion number of the metal ions has been taken into
account. The metal-binding centers of the enzymes
were modeled in accordance with the respective
Protein Data Bank (PDB) X-ray structures.

Reaction modeled

The competition between the native (Mg>"/Fe*")
and alien (Li*/Ga*") cations can be described by the
following model reaction:

[native ion™*-protein]+[alien ion™-aq] —
[alien ion™-protein]+[native ion"-aq] (1)

In eq.1 [native/alien ion™-protein] and [native/
alien ion""-aq] represent the metal cation bound in-
side the enzyme active site and outside binding cav-
ity, respectively. The outcome of the competition
between the two metal cations is assessed by the
free energy evaluated in an environment character-
ized by a dielectric constant € = x:

AG*= AG' + AG_ *([alien ion™-protein]) +

solv

AG,_ . “([native ion™-aq]) — AG_,, *([native

solv solv

ion""-protein]) — AG_, *([alien ion™"-aq]) (2)

solv

A negative value implies an alien-ion selective site,
while a positive one means that the abiogenic ion
cannot substitute for the native metal. AG' is the
gas-phase free energy for the modeled reaction, and
AG,,,* is the free energy for transferring a molecule

solv

from the gas phase to a medium characterized by a
dielectric constant € = x.

DFT/CDM calculations

All calculations in the gas phase were done us-
ing either the Gaussian 03 [27] or the Gaussian 09
[28] programs. For each study the most adequate
combination of DFT functional/basis set was cho-
sen in order to reproduce the experimental data for
the known metal ion-complexes [29-31]. After the
full optimization of each structure and evaluating
its electronic energy (E,,), vibrational frequency
calculations were performed. No imaginary fre-
quencies were found indicating that the optimized
structure corresponds to a minimum in its potential
energy surface. For each method/basis set the vibra-
tional frequencies were scaled by the corresponding
empirical factor [32, 33] and were used to compute
the thermal energies, including the zero-point en-
ergy (E,) and entropy (S) corrections, in line with
the statistical mechanical formulas [34]. The reac-
tion free energy in the gas phase, AG', at room tem-
perature, 7= 298.15 K, was calculated according to
the formula:

AG'=AE,_ + AE, +APV — TAS, (3)

elec

where AE, ., AE;, APV (work term) and AS are the
differences between the products and the reactants.

Continuum dielectric method (CDM) calcula-
tions of the optimized metal constructs were per-
formed [4, 5, 10] mimicking buried protein cavities
characterized with dielectric constant € = 4, partial-
ly solvent accessible active centers with € = 10, or
solvent exposed binding sites with € = 30.

RESULTS

Li*t vs Mg?* in GSK-3f and IMPase
polynuclear sites

Crystallographic data indicates that GSK-3f3
possesses a solvent-accessible binuclear magne-
sium binding site (PDB entry 1PYX), where the
two metals are bridged by an aspartate amino acid
residue. Accordingly, the active site structure was
modeled, optimized and its Li"/Mg?* selectivity as-
sessed (Fig. 1). The calculations reveal that the bi-
nuclear binding site is vulnerable to Li" attack: the
substitution of either of the Mg?* cations by Li* is
favorable in both buried and solvent-exposed sites
(Fig. 1, negative AG*®, ¢ = 4-30).

IMPase, a key trinuclear Mg* enzyme of the
phosphatidylinositol signaling pathway, is another
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Fig. 1. Free energies, AG*® (in kcal/mol) for Mg**—Li" substitution in a model GSK-3f binuclear active center. Calculations are

performed at B3LYP/6-31+G(3d,p) level [4].

putative target for Li* therapy. The calculations
predict that solvent exposed binding sites 2 and 3
(Fig. 2) are prone to Mg?>*—Li" substitution, evi-
denced by negative AG*. Results obtained imply
that displacing Mg?* from binding site 2 is more
thermodynamically favorable than that from bind-
ing site 3 (lower AG* for the former than latter).
These findings are in line with the experimental
Li NMR data which shows that, first of all, Li* can
displace Mg?** from IMPase active centers, and,
second, that the site of the Li* attack is, indeed,
center 2 [35]

The calculations answer the question why Li*
competes successfully with Mg?* in signal trans-
ducing proteins, such as GSK-3B and [MPase,
but not in other essential Mg?*" proteins. This is
because the binding sites of the former enzymes
possess high positive charge density (complex net
charge 3+ for GSK-3f and 2+ for IMPase) and are
solvent-exposed, whereas the binding sites of ma-
jority of the Mg?" essential enzymes have higher
negative charge density (overall charge between
—1 and +1) and are buried into the protein structure
(results not shown) [4].
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Li* in Mg>*-ATP complexes

Lithium has been hypothesized to bind to Mg**-
loaded adenosine triphosphate (ATP) forming a
Mg*-ATP-Li* complex which, when protein-bound,
may elicit different responses from key ATP-
dependent enzymes/receptors involved in cell signal-
ing [36]. The last hypothesis is supported by recent
experiments showing that the Mg*-ATP-Li* com-
plex can indeed modulate the neuronal purine recep-
tor response [11]. The P2X receptor, a ligand-gated
ion channel that mediates the influx of extracellular
Ca* into the cytoplasm, exhibited prolonged activa-
tion when stimulated by Mg?-ATP-Li* as compared
to the ,,native” Mg*-ATP. Therefore, when Mg?* is
already bound to ATP, which phosphate(s) best ac-
commodate Li* binding? Is the native Mg*-ATP
conformation altered by Li* coordination, thus affect-
ing enzyme/receptor recognition?

The calculations reveal how the metal cation
type and its binding mode affect the ATP conforma-
tion. Li* bidentate binding via § and y phosphates
and OH™ metal bridge to Mg**-loaded ATP (Fig. 3)
did not significantly alter the ATP conformation or
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Fig. 2. Free energies, AG® (in kcal/mol) for Mg**—Li* substitution in a model IMPase trinuclear binding site. Calculations are
performed at B3LYP/6-31+G(3d,p) level [4].

ATP-Mg(aB7) ATP-Mg(a B v )-OH> LB r)

Fig. 3. M062X/6-311++G(d,p) optimized structures of the most stable (a) Mg**-ATP complex, where the metal binds in a triden-
tate fashion to the a, B and y phosphates, and (b) Mg>*-ATP-Li* complex where Li* binds to the Mg?*-ATP tridentate complex in a
By-bidentate mode via OH™ metal bridge [9].
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the properties of the P-O bonds: The P-O bond
lengths in the Mg?*-ATP (Fig. 3a) and Mg**-ATP-
Li* (Fig. 3b) complexes are identical (1.693 A),
while the bond polarities, estimated by the differ-
ence between the P and O Hirschfeld charges, are
0.81e and 0.83e, respectively.

These findings have important consequences for
Mg?*-ATP and Mg*-ATP-Li" recognition by cellu-
lar receptors. Since these two types of metal com-
plexes have the same charge, similar overall ATP
conformation and P-O bond properties, the Mg**-
ATP-Li" complex might fit in the host receptor and
trigger cellular response. Indeed, experiments show
that Mg?*-ATP-Li", like the native Mg?>*-ATP con-
struct, is recognized by purinergic receptors and
can activate subsequent signaling pathways [11].
Hence, Li* binding to Mg**-loaded ATP may per-
mit recognition of the Mg?>-ATP-Li* complex by
certain host enzymes/receptors and activate specific
signaling pathways.

Ga** vs Fe’* in transferrin and
ribonucleotide reductase

How selective are the metal binding sites of
transferrin and ribonucleotide reductase, a key Fe**
transport protein and an essential non-heme iron
enzyme, respectively, for the two competing spe-
cies, Ga** and Fe**? In answering this question, we
have modeled the respective metal-loaded binding
sites and evaluated the free energy of metal substi-
tution [5].

The calculations demonstrate that Ga** cannot dis-
place Fe* from a buried metal binding site evidenced
by a positive AG* of metal exchange (= 0.9 kcal/mol)
in Figure 4. This is in line with experimental es-
timates showing that the metal center, which is

AG'=30.8
AG*= 0.9
AG32=.7.2

+ [Ga**(OH)4(H,0),]" + H,0

buried, exhibits greater affinity for Fe** than Ga*
(AG®® for Fe**—Ga®" substitution = 2.4 kcal/mol
[37]. However, transferrin remains the main carrier
of gallium in the bloodstream as only one-third of
its binding sites are loaded with Fe* [14, 24] thus
the unoccupied binding centers can accomodate the
incoming Ga** and, subsequently, deliver the alien
metal to its target.

Ribonucleotide reductase contains two ferric-
active centers which both, as the calculations im-
ply, are prone to Fe**—Ga*" substitution in sol-
vent accessible binding pockets (negative AG?*
in Figure 5). The Fe2** binding site, characterized
with lower free energies of metal exchange than
its Fel** counterpart, seems to be the more likely
target for Ga*" attack. Therefore, the active sites
loaded with the redox-inactive Ga*" apper, in line
with the postulated hypothesis (see above), defunct
thus lowering the elevated levels of the enzyme in
malignant cells.

CONCLUSIONS

This review summarizes the most accepted hy-
potheses about the mechanism of therapeutic action
of the two abiogenic cations Li* and Ga*'. Using the
tools of the computational chemistry it sheds light on
the intimate mechanism of the competition between
Li" and Mg*, and Ga*" and Fe*" in protein binding
sites. This, however, does not preclude efforts for
deeper understanding the biochemistry and curative
effect of abiogenic metal cations: The lithium’s use
as a preventive treatment for Alzheimer’s disease or
other neurodegenerative disorders calls for further
investigations. Gallium, on the other hand, is also
known for its antimicrobial and anti-inflammatory

TF - Fe3* 12~

— [Fe**(OH);(H,0),]° — OH~

Fig. 4. AG* (in kcal/mol) for Fe**—Ga*" substitution in a model transferrin binding site. Calculations are performed at B3LYP/6-

31+G(3d,p) level of theory [5].
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RR — Fe13* — Fe23*1°

— [Fe**(OH);(H,0),]° b)

- OH"
AG'=15.1

a) + [Ga**(OH),(H,0),]~
+ H,0
AG'=26.3
AG*= 0.6 l

AG*=-6.4

RR — Ga1%* — Fe23* 1°

l AG4= -9.8
AG32=-16.3

RR - Fe13* — Ga23+ 1°

Fig. 5. AG* (in kcal/mol) for Fe**—Ga’*" substitution in a model ribonucleotide reductase active center. Calculations are performed

at B3LYP/6-31+G(3d,p) level of theory [5].

actions, but the underlying mechanism/s of its cu-
rative effect is/are still enigmatic. The beneficiary
effect of Sr?*, another abiogenic metal, for human
health and its mode of action have still to be eluci-
dated.
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MEXAHM3BM HA TEPAIIEBTUYHO JIEUCTBUE HA ABMOT'EHHUTE MOHU
Li* 1 Ga*": UBBOAU OT TEOPETUYHU U3CJIEJIBAHU A

H. Kupuesa, T. lynes*

Daxynmem no xumusa u papmayus, Cogpuiicku ynueepcumem ,, Ce. Knumenm Oxpuocku

‘

oya. ,,/ocetime bayuep“ Ne 1, Cogus 1164, bvreapus

INocrbnuna mapt, 2018 r.; npuera anpui, 2018 r.

(Pesrome)

Jlutusat u ranusat (Li* u Ga*") He nposiBsBar 6HONOrHYHE QYHKIMH B )KUBUTE OPraHU3MH U CE ONPENEIST KaTo
abuoreHHM HoHU. Bbrpekn ToBa Te ce u31oa3BaT B MequnnHara (1moJ1 (hoopmara Ha pa3TBOPUMH COJIM) KaTO JEKapcTBa
OT IIbpBa JIMHUS 32 JICUCHNETO Ha OUIoIsipHO pascrpoiictBo (Li") u Ha XuIepKaleMust TIpH paKoBO OOJIHM TMaIy-
entu (Ga*"), KakToO ¥ KaTo JEKapCTBO C aHTUIPONU(EpaTHBHO AeiicTBHE B KIMHUYHU u3nuTanus (Ga*'). Makap ue
TepaneBTHYHUTE UM e(DeKTH ca 1o0pe M3BECTHH, CHIIECTBYBAT MHOTO BBIIPOCH 0€3 OTTOBOp, 3acsATalld MEeXaHH3Ma
UM Ha jiefictBue. OCHOBHHUTE XHITOTE3H MPEIIoaraT KOHKYpeHIus Mexay Li* u HatuBHust Mg?', kakTo u Mmexay Ga**
u OuoreHHus Fe’* 3a cBbp3BaHe ¢ HAKOM METANOCH3MMH, YYacTBALIM ChOTBETHO B KJIEThYHATA CHTHANU3ALUS WIH
nenene. [IpoBeieHnTe TEOPETHUHM M3CIIEABAHMS OOSICHABAT HAKOM OT Hal-IIUPOKO Pa3NpOCTPAaHEHUTE XUIIOTE3HN 32
TEparieBTUYHOTO JEWCTBHE HA JiBaTa aONOreHHH HoHa. PakTopuTe, yrpapisBalii KOHKYPEHIHATAa MEX/ly OMOTeHHH-
Te 1 aOMOTeHHUTE KATHOHH B AKTHBHUTE LIEHTPOBE Ha IIPOTEHHUTE, CHIIO OMBAT pa3KpUTH. TeopeTHdHUTE pe3ynTaTu
ca B CbOTBETCTBHE C €KCIIEPUMEHTAIHU JAHHU OT JIUTeparypaTta.
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The hydroxy-salt minerals are normally stable over a small range of external conditions (such as Eh, pH, T, P,
concentration of solutions, etc.). Therefore, they are converted easily into each other through changes in the crystal
structure. The investigated initial zinc hydroxy salts are characterized by specific layered structures in which the
zinc cations are both octahedrally and tetrahedrally coordinated as the ratio of octahedrally to tetrahedrally-coor-
dinated zinc atoms is 3:2 or 3:1. In the process of detailed examination of the transformations during reaction of
Zn-hydroxy nitrates (3:2 ratio) with sulfate solutions, Zn-hydroxy sulfates (3:1 ratio) with nitrate solutions and ex-
change reactions of Zn-hydroxy sulfate samples with alkali iodides, a stable phase with powder diffraction pattern
not described in the ICDD database was obtained. Data of XRD, SEM-EDS, DTA-TG-MS and FTIR were used to
characterize the new phase. The obtained new phase is characterized by a greater value of d,,, = 17.84 A comparing
to that of the initial samples (d,,, between 9.70-11.10 A). The chemical data shows the only presence of cations
of zinc and sulfur. The new phase chemical formula calculated from the chemical and thermal analyses could be
defined as Zn,(OH),SO,-2-2.25H,0. The formation conditions as well as the mechanism of transformation were
described and discussed: the new phase is formed at pH = 4.5-8 and the main mechanism of transformation is dis-
solution and subsequent crystallization.

Keywords: new Zn-hydroxy sulfate phase, characteristic data, transformation mechanism.

INTRODUCTION salts (zinc rust). The mineral composition of this
. . . layer highly depends on the exposure environment
Zinc hydroxy-salts are widespread in nature and 54 jt protective action is determined by both the
are of interest in different areas. Primary sulfides morphology and the arrangement of the layer crys-
of zinc are an important component of sulfide ores. 514 [6]. Zinc hydroxide salts have been also investi-
In the oxidation zones, zinc is predominantly rep-  gated for other useful properties: ion-exchange and
resented by hydroxy salts (Zon(OH)ZAx/mmi.nH?O’ sorption properties [7—11], photo-catalytic proper-
where A = CI, CO,*, SO,*), carbonates (smith-  (jeg [12], hydrogen-gas sensing properties [13], and
sonite) and silicates (hemimorphite) [1-2]. Zinc 4 precursors of nanosized ZnO for various applica-
hydroxy-salt minerals have been also described as  jons [14-15].
zinc and brass shifting products as well as zinc-con- The hydroxy salt minerals normally are stable
taining slags [3—4]. Podda et al. [5] have established  yer 2 small range of external conditions (e.g. Eh,
that the precipitation of hydrozincite from mine wa- pH, T, P, concentration of solutions, component ra-
ters occurs due to phptosynthetiq microorganisms. tio, impurities, etc.) and are commonly associated
The excellent resistance of zinc and zinc-plated i, many other minerals of similar compositions
steel under natural conditions is due to the forma-  ;, same parageneses. Unlike stable rock-forming
tion of a protective corrosion layer of zinc hydroxy- minerals, these minerals react to minor environmen-
tal changes through changes in the crystal structure
[16—17]. The strict limits of the conditions of forma-
tion and stability imply complete or partial dissolu-
* To whom all correspondence should be sent: tion and subsequent crystallization as a transforma-
E-mail: stanimirova@gea.uni-sofia.bg tion mechanism of their mutual transformations.
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The investigated zinc hydroxy salts are charac-
terized by specific layered structures in which the
zinc cations are both octahedrally and tetrahedrally
coordinated. The fundamental building unit of the
structures is a sheet of octahedra with vacancies
that share upper and lower faces with tetrahedra
(Fig. 1). The octahedron is built mainly of OH
groups as only in the structures of zinc hydroxy-
sulfates some of the OH groups of the zinc octahe-
dron are substituted by oxygen atoms of the sulfate
groups. Zn-tetrahedra consist of three OH-groups of
the octahedral layer (of the free octahedron), and the
fourth (apical) position is directed to the interlayer
and is occupied by a H,O molecule, chlorine ani-
ons or oxygen atoms of the CO, group. The ratio of
filled to vacant octahedral sites is 3:1 or 6:1 and re-
spectively, the ratio of octahedrally to tetrahedrally-
coordinated zinc atoms is 3:2 or 3:1. Thus, the octa-
hedral-tetrahedral layer can be characterized as “in-
terrupted decorated sheet” [18]. The zinc-hydroxide
layer has a positive charge, which is compensated by
the non-hydroxide anions in the structures. The hy-
droxide layer in the structure of Zn hydroxy sulfates
(gordaite and Ca-gordaite) has a negative charge
because of the simultaneous occupation of the two
types of non-hydroxide anion sites in the tetrahedra
and octahedra. This “excess” charge is compensated
by [Na(H,0),]" or [Ca(H,0),]** groups introduced

“Zn:"Zn=3:2

into the interlayer. Sodium or calcium cations act
as “anionic bond-valence absorbers” while the wa-
ter molecules as bond-valence transformers in the
sense of Schindler & Hawthorne [19]. This variety
of different functionalities in the mineral structures
of the group is a prerequisite for mutual transforma-
tions by different mechanisms: ionic (cationic and
anionic) exchange, water-anion exchange; dehy-
dration — rehydration, etc. On the other hand, the
field and experimental studies show that the mutual
transformations of hydroxy-salt minerals are typical
of the weathering zones and are one of the reasons
for the varied paragenesis.

Consecutive conversion was also observed in
experiments to form zinc rust on galvanized steel
under different conditions: in the Clenvironment
the sequence is ZnO-hydrozincite- simonkolleite-
gordaite, while in the urban or industrial environ-
ment it is ZnO-hydrozincite- namuwite and with the
time the ZnO and the hydrozincite gradually disap-
pear [21-22].

The reactions of zinc hydroxy-nitrate with Zn-,
Ni- and Co-chloride solutions are the first experi-
mental study of transformations of zinc hydroxy
salts [23]. The system has been studied later and
pseudomorphic and topotaxic character of the trans-
formations with oriented nucleation and crystal
growth has been proposed [24]. Reactions of the

*“Zn:"Zn=3:1

Cl
(gordaite)

H,O0
(namuwite)
(osakaite)

NV "V, ! i
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O from CO,
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Fig. 1. Unit cells and atom distributions of Zn-hydroxy-salts on projection 001 of Zn hydroxide sheet.
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same precursor with terephthalate and benzoate
aqueous solutions have been studied allowing an
ion exchange mechanism with a change in the ar-
rangement of the vacant octahedra [7].

In the process of a detailed examination of the
transformation mechanisms (in both the 3:1 and
3:2 systems) during reaction of Zn-hydroxy nitrates
with sulfate solutions and Zn-hydroxy sulfates (na-
muwite, gordaite) with nitrate solutions and the ex-
change relationships in the sulfate agents, a stable
phase with powder diffraction pattern not described
in the ICDD database was obtained.

The aim of this work is to present the charac-
terization data of this new phase (chemical com-
position, XRD, FTIR, thermal behavior: DTA-
TG-MS, SEM: morphology) and to give an idea
of the formation conditions and the transformation
mechanism.

EXPERIMENT

Initial materials: In the present study synthetic
analogues of Zn-hydroxy-salts minerals were used.
This is due to the inaccessibility of a sufficient
amount of mono-mineral in natural conditions and
the fact that the natural samples are always with iso-
morphic impurities (mainly copper) which would
hamper the interpretation of the results. In all ex-
periments analytical grade chemicals were used.

Namuwite (Zn,(OH),(SO,)-4H,0) was obtained
by mixing of 1g ZnO powder with 30 ml 0.5M solu-
tion of ZnSO, with periodic stirring for 72 hours.

Gordaite (NaZn,(OH),(SO,)Cl-6H,0) was ob-
tained by mixing of 1g ZnO powder with 30 ml
mixed solution of 0.5M ZnSO, and 1.5M NaCl in a
ratio 1:1 at periodic stirring for 120 hours.

Ca-gordaite (CaZny(OH),,(S0,),Cl,-9H,0) was
obtained through reaction between 1g mixed ZnO-
CaO powder in a ratio 5:1 and 30 ml mixed solution
of IM ZnSO, and IM ZnCl, in aratio 1:1 at periodic
stirring for 72 hours.

Nitrate compound (Zn,(OH),(NO,),"2H,0) was
obtained by alkalization of 1M Zn(NO,), solution
by titration with 1M NaOH or by urea [(NH,),CO)]
hydrolysis at 95 °C to pH=7.

After syntheses, the obtained samples were
washed in distilled water and dried in air at room
temperature.

Obtaining of new phase: /) During reaction
of both Zn-hydroxy nitrates with sulfate solutions
and Zn-hydroxy sulfates with nitrate solutions: The
samples of initial Zn(OH),(NO,),-2H,0 were treat-
ed with sodium or ammonium sulfate at pH 5, 6, 7
and 8 for 2448 h; The samples of initial namuwite
and gordaites were treated with NaNO, at 25 and

55 °C, Mg(NO,),, Sr(NO,),.

All experiments were performed at room tem-
perature with periodic stirring. The resulting prod-
ucts were washed with distilled water, filtered and
dried in air.

2) During attempts of exchange reaction in sul-
fate samples with alkali iodides: The initial samples
of namuwite, gordaite and Ca-gordaite were dis-
persed in solutions of Nal or KI. The solid to solu-
tion ratio was adjusted to provide at least a tenfold
excess of exchangeable ion. The reaction duration
was one — three days. The resulting products were
washed with distilled water, filtered and dried in air.

All experiments of synthesis, exchange and
transformation are repeated at least twice.

Analyses: The initial and treated samples (new
phase) were characterized by X-ray powder diffrac-
tion (XRD), scanning electron microscopy (SEM),
Fourier transformed infrared spectroscopy (FTIR)
and differential thermal analyses and the thermo-
gravimetry with mass-spectroscopy (DTA-TG-
MS).

The powder XRD patterns were recorded on a
TuR M62 diffractometer using filtered Co Ka radia-
tion in the 20 range 4-80°, step size 0.02°.

The SEM investigations and chemical analysis of
some samples were performed by SEM fitted with
energy dispersive spectrometer (EDS). Apparatus
JEOL — model JSM-6010PLUS/LA, 20kV acceler-
ating voltage and spot size 65 nm.

The infrared spectra were recorded by a Tensor
37 FTIR Bruker spectrometer in the spectral region
400-4000 cm™. The spectra were collected at room
temperature on samples prepared by the standard
KBr pallet technique after N,-purging and with a
spectral resolution of 4 cm™ after averaging over
72 scans.

The DTA-TG-MS were carried out on the DTA-
TG analyzer SETSYS2400, SETARAM at the fol-
lowing conditions: temperature range from 20 to
1000 °C, in a static air atmosphere, with a heating
rate of 10 °C min!, and 10-15 mg samples weight.
Simultaneous analysis of the evolved gases was per-
formed via mass spectrometry using an OmniStar
mass spectrometer connected to the TG apparatus.
The intensities related to the main m/z value of the
following volatiles H,O (18), O, (32) and SO, (64)
were examined.

RESULTS AND DISCUSSION

Initial samples: The powder X-ray diffraction
shows that all obtained products are pure and well
crystallized materials (Fig. 2a, c, e¢). The XRD-
patterns correspond to the phases in the ICDD data-
base as follows: Zn(OH)y(NO;),"2H,0 — PDF card
No 24-1460; namuwite — PDF card No 35-0528;
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Fig. 2. Powder XRD patterns of: ¢—b) initial and treated with Na,SO, Zn(OH),(NO,),-2H,0; ¢—d) initial and treated with NaNO,

namuwite; e—f) initial and treated with Nal Ca-gordaite.

gordaite — PDF card No 88-1359 and Ca-gordaite —
PDF card No 89-0851.

Plated to finely lined crystals with hexagonal or
trigonal outlines are observed in SEM in accordance
with the hexagonal symmetry of the octahedral lay-
ers of the initial samples. The size of the crystals
depends on the method of synthesis. The NaOH
precipitated crystals have a cross-sectional area of
up to 2 um and a thickness of 0.03—0.1 um. Crystals
obtained by hydrolysis of urea as well as from ZnO
are in the order of magnitude larger than previous
ones and reach cross-sections of 1030 pm and
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thickness of 0.5 to 2 um (Fig. 3a, ¢, ). Among the
crystals of Zn,(OH),(NO,),.2H,0 phase (Fig. 3a)
according to its monoclinic symmetry (SG C2/m, a
=19.48 A,b=6.238 A, c = 5.517 A [25]), various
pinacoid and prism crystal forms are observed as
their relative development varies depending on the
synthesis method. The gordaite crystals (SG P-3; a
=8.3556 A, ¢ = 13.0252 A according to [26]) are
scaly specimens with characteristic spiral subdi-
visions on the basal wall (Fig. 3c). The namuwite
mineral (SG P-3; a = 8.33A, ¢ = 10.54A accord-
ing to [27]) is represented by finely flaky to finely
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Cafdorgaite
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Fig. 3. SEM microphotographs of: a—b) initial and treated with Na,SO, Zn,(OH)y(NO,),2H,0; c¢—d) initial and treated with
Mg(OH), Ca-gordaite; e—f) initial and treated with NaNO, namuwite. Chemical data of new phase obtained by EDS are also

presented.

cryptic crystals (sometimes bent), with hexagonal
outlines (Fig. 3e).

The new phase: During investigation of the
transformation relationships between nitrate hy-
droxy salts (°“Zn : “'Zn ratio = 3:2) and sulfate hy-

droxy salts (3:1 ratio) an unidentified phase in the
ICDD database was obtained (Fig. 2b). This phase
is a product of two type of reactions: interaction
between both the nitrate hydroxy salts with sulfate
solutions (Na,SO, and (NH,),SO,; pH = 4.5-8)
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and the sulfate hydroxy salts with nitrate solutions
(NaNO,, Mg(NO), and St(NO,),).

As can be seen, the phase is characterized by a
greater value of the d-spacing of the first reflection
(dyy, = 17.84 A), which is in multiple dependence
with other reflexes of 8.93 A and 5.99 A. The hk0
characteristic lines of the sulfate zinc hydroxy salts
(d,, =417 A, d,,,=2.719 A, d,,, = 1.574 A) are
also registered in the XRD pattern of the new phase
(Fig. 2b), which suggests the similarity or proximity
of the hydroxide layers. The EDS chemical data of
the products obtained from both types of hydroxy
sulfate in the presence of various nitrates shows that
only cations of zinc and sulfur were found in the

phase composition without presence of an alkaline
or alkaline earth cations and other non-sulfate anions
(Fig. 3 b, d, f). At that way, this phase can be defined
as zinc-hydroxy sulfate hydrate. Such kinds of the
known minerals are osakaite (Zn,(OH),SO,-5H,0),
namuwite (Zn,(OH),SO,-4H,0) and lahnstein-
ite (Zn,(OH),SO,-3H,0). The thermal study data,
however, shows that the water content is less than
that of the hydroxy-sulfate salt minerals — namu-
wite and gordaite (Fig. 4). The new phase chemi-
cal formula calculated from the chemical and ther-
mal analyses could be defined as Zn,(OH),SO,
2-2.25H,0. Less hydrated zinc hydroxy sulfate
compounds are known and investigated in the lit-
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Fig. 4. DTA-TG(DTG)-MS data of the new phase obtained by treatment of Zn,(OH)y(NO,),-2H,0 with Na,SO,.
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erature (Zn,(OH),SO,-2H,0; Zn,(OH),SO, 1H,0
and Zn,(OH),SO,-0.5H,0), which however have
been characterized by a completely different dif-
fraction pattern [25, 28-30]. The comparison of
the FTIR spectra of the new phase with the other
sulfate hydroxy salts also shows some differences.
Except the SO, (600, 1111 u 1060 cm™') and OH
(3344 cm™') absorption bands, a weak water band
(1624 cm™') and two weak bands at 1391 and
1506 cm™! which very precisely correspond to a bi-

dentate bonded carbonate group [31] are also ob-
served in the infrared spectrum of the phase obtained
from Zn,(OH)(NO,),-2H,0 and Na,SO, (Fig. 5b).

The presence of carbonate may be due to the
NaOH used for synthesis of the starting zinc hy-
droxy nitrate. Since EDS shows no presence of
carbonate, it could be assumed that the carbonate is
most probably surface adsorbed.

It is interesting to note that a phase with the same
powder XRD diffraction pattern has been obtained

16411485

3900 3400 2900 2400

1900 1400 900

wave number, cm’

Fig. 5. FTIR spectra of: a) the new phase obtained by treatment of namuwite with Nal; ») the new phase obtained by treatment of

Zn,(OH){(NO,), 2H,0 with Na,SO,; ¢) namuwite; d) gordaite.
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Fig. 6. SEM microphotographs of: a—b) initial and treated with Nal gordaite; ¢—d) initial and treated with KI Ca-gordaite;
e—f) initial and treated with Nal namuwite. Chemical data of new phase obtained by EDS are also presented.

in the cation exchange reactions of the sulfate hy-
droxy-salt mineral gordaite with solution of LiNO,
and Ca(NO,), [32-33]. The authors of this study
claim that their obtained products are gordaites with
compensating interlayer cations of Li* or Ca*". The
greater value of the d-spacing of the first reflection
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they attributed to the bigger water content in the in-
terlayer space, caused by the high hydration ability
of Li* and Ca?". Unfortunately, chemical data for
the presence of the two cations as well as any data
for the increased content of interlayer water has not
been provided in their study. Most likely, in their
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case, in an attempt to cation exchange in gordaites
with nitrate salts, the same new phase was obtained.

Mechanism of the new phase formation: SEM
data shows that the studied phase forms extremely
thin, often curved hexagonal crystals with no re-
lation to the orientation of the precursor crystals
(Fig. 3b, d, ). This result suggests that the main
mechanism of transformation is dissolution and
subsequent crystallization.

From a crystal chemical point of view, the
formation of pure hydroxy sulfates of the type
Zn,(OH),SO,'nH,0 in the presence of nitrates
could be explained by the peculiarities of the apical
position of the Zn tetrahedron from the hydroxide
layer. This position is loaded with a half positive
charge and can be occupied by water molecules in
the minerals osakaite-namuwite-lahnsteinite or by
chlorine anions in the structures of the gordaites.
Apparently, the position could not be occupied by
a large monovalent anion. In support of this, is also
the structure peculiarities of the starting zinc hy-
droxy nitrate Zn,(OH),(NO,),-2H,0 in which the
apical position of the zinc tetrahedra is occupied by
water molecules (Fig. 1), and the NO, groups are
located freely between the zinc tetrahedra [25].

The results of the experiments show that the pH
of the solutions has a controlling role for the forma-
tion of one or another representative of zinc hydroxy
sulfates by reaction between Zn,(OH),(NO,),2H,0
and sulfate solutions. It was found that at pH =
4.5-8, the new phase was formed, while under more
acidic conditions (pH from 4.5 to 2.5), namuwite
was obtained.

To investigate the effect of the size of the mono-
valent anion on its ability to occupy the apical posi-
tion of the zinc tetrahedra, a series of experiments
was performed by treating the two major types
of zinc hydroxy sulfates (namuwite and gordaite)
with solutions of Nal and KI. Sodium and potas-
sium iodide solutions were selected for two reasons:
(i) the large iodine size and (ii) the neutral character
(pH = 7) of the Nal and KI solutions. As in the case
of nitrate anions the I anion is very large in order to
be able to occupy the apical position, and as a result,
the studied new phase was again obtained (Fig. 1c).

The chemical and morphological data (Fig. 6) of
the products obtained by treatment with iodide so-
lutions showed that the resulting products are com-
pletely identical to the investigated new phase ob-
tained in the presence of nitrate anions. The DTA-
TG(DTG)-MS curves showed also identical thermal
behavior. Only difference was observed in the FTIR
spectrum, where the presence of carbonate was not
registered (Fig. 5a), which supports the assumption
that in the product obtained by reaction between
Zny(OH)((NO,),-2H,0 and sodium or ammonium
sulfate solutions, the carbonate could be surface

adsorbed. However, the ability of the structure to
absorb and include a carbonate group should not be
completely excluded.

CONCLUSIONS

(1) A new zinc hydroxy sulfate phase with a com-
position Zn,(OH),SO,.2-2.25H,0 was obtained.
The conditions of three different ways of synthesis
were established and described: during transforma-
tion reaction of Zn-hydroxy nitrates with sulfate so-
lutions; Zn-hydroxy sulfates with nitrate solutions
and exchange reaction of Zn-hydroxy sulfate sam-
ples with alkali iodides;

(i1) Data of XRD, SEM-EDS, DTA-TG-MS and
FTIR were presented for characterizing the new
phase;

(iii) The formation conditions as well as the
mechanism of transformation were described and
discussed: the new phase is formed at pH = 4.5-8
and the main mechanism of transformation is disso-
lution and subsequent crystallization. The possible
reasons for its formation were discussed as well.
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HOBA ®A3A, TIOJIYUEHA TTPU B3AUMHU TPAHC®OPMAITNHN
HA LIMHKOBU XUIPOKCU-COJIU

L. Cranumupoga', 3. [lemuena®, H. I[letposa’

I Cogpuiicku Ynusepcumem ,, Ce. Knumenm Oxpuocku*, I'eonozo-eeoepagcxu paxynmem, Kameopa
., Munepanoeus, nemponoeus u nonesnu uskonaemu ', oya. ,,Lap Oceobooumen* 15, Cogus 1000, bvreapus
2 Uuemumym no munepanoeus u kpucmanoepagus — bvneapcra Axademus na Hayxkume,
yi. ,,Akao. I'. Bonues*, 61. 107, Cogus 1000, bvreapus

[ocrbnuna maprt, 2018 r.; npuera anpui, 2018 r.
(Pesrome)

MuHepauTe XUAPOKCUCOJIM OOMKHOBEHO ca CTaOWIIHM B TECEH JIUana3oH Ha BHHIIHM ycioBus (kato Eh, pH,
T, P, xoHneHTpauus Ha pa3rsopu u ap.). [lopaau tazu npudmHa, Te ce NPEeBPbBIIAT JIECHO €AUH B IPYT Upe3 MpoMe-
HU B KpUCTaJIHaTa UM CTpYKTypa. V3cieaBaHnTe U3XOAHU LHIUHKOBHU XUAPOKCUCOIHU C€ XapaKTepU3UPaT ChC CIELU-
(hUYHM CIIOECTH CTPYKTYpH, B KOMTO LIUHKOBHTE KaTHOHHU Ca KOOPAMHUPAHW OKTACIPUYHO W TETPACIPUYHO, KATO
OTHOILIEHUETO Ha OKTaePUYHO- KbM TE€TPAaeAPUYHO KOOPAUHUPAHUTE IIMHKOBU aTomu € 3:2 umu 3:1. B npoueca Ha
MOJPOOHO M3CiIe[BaHE Ha TPaHC(HOPMAIMUTE 110 BpEeMe Ha B3aMMOJICHCTBHE Ha ZN-XUAPOKCH HUTPATH (OTHOILCHHE
3:2) cwe cyndaran pa3TBopu, Zn-XxuApoKcu cyidaru (oTHomeHue 3:1) ¢ HUTpATHU Pa3TBOPH U OOMEHHH PeaKkInu
Ha Zn-XuJIpokcucyiadaTHu odpa3uy ¢ alKaJiHK HOAMIM, € ToJlydeHa cTalbuiHa (as3a ¢ npaxoBa AUGpPaKIys, KOSTO
He Oc HamepeHa B 0a3zara manau Ha ICDD. 3a oxapakTepu3upaHe Ha HOBaTa (asza ca u3noy3BaHu naHHH oT XRD,
SEM-EDS, DTA-TG-MS u FTIR. [Tonyuenara HoBa (aza ce XapakTepusupa ¢ no-rojisma croitnoct d,,, = 17,84 A B
CpaBHEHUE C Ta3u Ha u3XxoxHute obpasuu (d,,, mexny 9,70-11,10 A). XuMuuHHTE TaHHYM MOKA3BaT CAMO HAIMYHMETO
Ha KaTHOHM Ha IIMHK ¥ cspa. HoBara ¢da3a uma xumuuna ¢popmyna Zn,(OH),SO,-2-2,25H,0, kosTo € U34uCIeHa OT
XMUMHUYHHUTE U TEPMUYHUTE aHann3u. ONKMCaHy ¥ JUCKYyTHPaHH ca yCJIOBUsTA Ha 00pa3yBaHe, KaKTO U MEXaHU3Ma Ha
TpaHcdopmanus: HoBata (aza ce odpasysa npu pH = 4,5-8 n 0oCHOBHMSAT TpaHC)OPMALIMOHEH MEXaHU3bM € pa3TBa-
psiHE ¢ TOoCeBalla KpUCTATU3aIHsL.
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A new polymorph of Bisacodyl
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A new polymorph structure of bisacodyl, (pyridin-2-ylmethylene)bis(4,1-phenylene) diacetate, was determined.
The starting bisacodyl was extracted from suppositories with petroleum ether and the precipitate was recrystallized
from acetone. The purity of the recrystallized product was verified with powder X-ray diffraction. The single crystal
structure of bisacodyl shows that the compound crystallizes in a noncentrosymmetric manner in orthorhombic P2,2,2,
space group, with unit cell parameters a = 8.06862(18) A, b = 8.27567(18) A, ¢ = 28.3631(7) A.

Keywords: bisacodyl, polymorph, single crystal, powder diffraction.

INTRODUCTION

Bisacodyl, (pyridin-2-ylmethylene)bis(4,1-phe-
nylene) diacetate, [4-[(4-acetyloxyphenyl)-pyridin-
2-ylmethyl|phenyl] acetate); is a stimulant laxative,
widely used for the relief of occasional constipation
[1, 2]. It is an over-the-counter drug sold under dif-
ferent brand names: Dulcolax, Correctol, Bisacolax,
Bisac-Evac, Alophen, Feen-A-Mint. Bisacodyl is
a white or almost white crystalline powder poorly
adsorbed in vivo as it is practically insoluble in
water. It is soluble in acetone, sparingly soluble in
ethanol (96% v/v) and it dissolves in dilute min-
eral acids [3]. Bisacodyl mode of action requires its
hydrolyzation by intestinal deacetylase enzymes to
bis-(p-hydroxyphenyl)-pyridyl-2-methane (BHPM)
[4, 5]. BHPM is also the active metabolite of so-
dium picosulfate [6]. Bisacodyl can be administered
orally or as suppositories. Though oral administra-
tion of Bisacodyl is easier the observed side effects
(stomach or abdominal irritation, pains, vomiting)
have forced the implementation of pharmaceutical
approaches such as “controlled” pH-, time-, and en-
zyme-dependent release [4, 7]. Normally, new drug
formulations are permitted only if they contain a
particular polymorph (solid form), or a defined mix-
ture of polymorphs (solid forms) [8], of the Active

* To whom all correspondence should be sent:
E-mail: r.rusev93@gmail.com

Pharmaceutical Ingredients. Consequently, it is im-
portant to control the crystallization conditions in
order to allow the crystallization of only one par-
ticular solid form. In order to avoid problems linked
with the crystallization of undesired solid forms
(e.g. amorphous vs crystalline) or the crystalliza-
tion of a new and unexpected crystal polymorph
usually polymorphic screening is performed [9].
Up to now, data for only one crystal structure
of Bisacodyl could be located in the databases
(CCDC-CSD). The Bisacodyl structure was origi-
nally solved by powder diffraction ([10], poly-
morph 1) in P1 space group (SG). In the present
work we have identified and report the crystal
structure a new polymorph (polymorph 2) of
Bisacodyl (space group P2,2.2,). Interestingly
the crystals were grown from acetone, like those
(space group P1) structure reported in [10].

EXPERIMENTAL

Bisacodyl purification and preparation of solid
form: 20 suppositories of bisacodyl (10 mg) were
dissolved in 20 ml petroleum ether (b.p. 40-60 °C).
After precipitation, the petroleum ether was decant-
ed and the crude bisacodyl was washed with petro-
leum ether (2x10 ml). The bisacodyl precipitate was
dried in air for 24 h and then recrystallized from
acetone at room temperature which resulted in for-
mation of colorless crystals.
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POWDER X-RAY DIFFRACTION
(PXRD)

The PXRD investigations were performed on
an X-ray powder diffractometer D2 Phaser (Bruker
AXS) using CuKa radiation, with a step size 0.02° 26
and a collection time of 8 s per step. The simulated
XRPD patterns were calculated with Mercury soft-
ware (version 3.9) [11].

SINGLE CRYSTAL X-RAY
ANALYSIS

A suitable single crystal of bisacodyl was select-
ed and mounted on a glass capillary. All intensity
and diffraction data were collected on an Agilent
SupernovaDual diffractometer equipped with an
Atlas CCD detector using micro-focus Cu Ka ra-
diation (A = 1.54184 A) at 290 K. Collection and
data reduction program was CrysAlisPro, Rigaku
Oxford Diffraction, 2017, version 1.1.171.37.35
[12]. The crystal structure was solved by direct
methods and refined by the full-matrix least-squares
method on F? with ShelxS and ShelxL programs
[13]. All non-hydrogen atoms were located suc-
cessfully from Fourier maps and were refined ani-
sotropically. Hydrogen atoms were placed at calcu-
lated positions using a riding scheme (Ueq = 1.2,
aromatic C-H =0.93 A and Ueq =1.5, methyl C-H =
0.96 A). The ORTEP [14] drawing of the molecule
present in the asymmetric unit (ASU) and the most
important crystallographic parameters from the data
collection and refinement are shown in Figure 1 and
Table 1 respectively. The figures concerning crystal
structure description and comparison were prepared
using Mercury software (version 3.9) [11].

Fig. 1. ORTEP drawing of the molecule present in the asym-
metric unit (atomic displacement parameters are at 50%
probability); hydrogen atoms are shown as spheres with ar-
bitrary radii.
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Table 1. Most important crystallographic parameters for data
collection and refinement of bisacodyl

Empirical formula C,H ,NO,
Formula weight 361.38
Temperature/K 290

Crystal system Orthorhombic
Space group P222,

a/A 8.06862(18)

b/A 8.27567(18)

c/A 28.3631(7)

a/° 90

pre 90

y/° 90

Volume/A? 1893.90(8)

VA 4

Peac lem? 1.267

wmm™ 0.714

F(000) 760.0

Crystal size/mm? 0.25x0.2x0.2
Radiation Cu Ko (A=1.54184)
20 range for data 11.138 to 149.058
collection/

Index ranges -9<h<9,-9<k<4,-34<1<31

Reflections collected/

Independent 6518/3717
R/ Ripa 0.0236/0.0289
Data/restraints/ 3717/0/246
parameters
Goodness-of-fit on F? 1.046
Final R indexes R,=0.0386
[I>=2c (D] wR,=0.0993
Final R indexes R,=0.0435
[all data] wR,=0.1047
Largest diff.
peak/hole / e A3 0.12/-0.16
Flack parameter -0.25(17)
CCDC number 1831419
RESULTS AND DISCUSSION

The comparison of the powder and the single
crystal generated diffraction patterns clearly shows
the existence of two polymorphic forms (Fig. 2).
The assessment of the purity of the polymorph 1
from powder patterns of ref. [10] and this shown on
Fig. 2 suggests that the employed purification pro-
cedure yields cleaner bisacodyl substance than that
one purchased from Heowns Biochem Technologies
LLC (considering the observed halo in the 5-15 26°
region of [10]).

The new polymorph of Bisacodyl crystalizes
in the orthorhombic P2,2 2, space group with one
molecule in the ASU and four molecules in the unit
cell (Z = 4) (Fig. 1). The values for the most bond
lengths, angles and torsion angles (Table 2) are com-
parable with the other similar structures from the
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Fig. 2. Comparison between the powder and single crystal generated diffraction patterns of polymorph 2.

Table 2. Selected bond lengths, angles and torsion angles of the crystal structure

of polymorph 2
Bond lengths A Angles °
N3—C2 1.335(3) | C22—C21—027 119.2 (3)
N3—C4 1.340 (4) | C25—027—C21 118.4 (2)
Cl1—C8 1.523 (3) | C18—Cl—C2 109.97 (18)
Cl—C2 1.526 (3) | O17—C14—C15 126.4 (3)
C1—CI8 1.525(3) | O17—C14—O016 122.7 (2)
Cl1—O016 1.406 (3) | N3—C4—C5 124.3 (2)
027—C21 1.411 (3) | 027—C25—C24 110.9 (2)
016—C14 1.350 (3) | 026—C25—C24 126.3 (3)
027—C25 1.337 (3) | Torsion angles °
017—C14 1.187 (3) | C21—027—C25—026 0.6 (5)
C25—026 1.173 (3) | C2—C1—C8—C9 75.2(3)

CSD-database 5.38 [10, 15—17]. A detailed compar-
ison molecular packing similarity [18] of bisacodyl
from polymorph 1 [10] and polymorph 2 shows an
overall root mean square deviation (rms) of 1.017
and reveals that main difference is in the orientation
of the acetate moieties (Fig. 3). Indeed the minimal
variations of molecular geometry are the reason for
the existence of the two polymorphic forms. The
existence of a third polymorph form, which differs
by the orientation of only one of the acetate moie-
ties can be envisaged. The geometry around the —
CH center is also interesting. Because of the two
identical substituents (phenyl acetate) the C is not

Fig. 3. Overlaid molecules [100] of polymorph 1 (in green)
[10] and polymorph 2 (in red). The main difference between
the forms is the torsion of the acetate moieties.
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truly “chiral” and the polymorph in ref. [10] crystal-
lizes in centrosymmetric SG PI. Nevertheless the
second polymorph crystallizes in a noncentrosym-
metric manner (SG 19) with only one molecules in
the ASU. Having in mind that the active metabo-
lite of bisacodyl BHMP is hydrolyzed by intestinal
enzymes one could expect that after the production
of one —OH moiety the enzymes will continue to
act only on the correct R or S 4-((4-hydroxyphenyl)
(pyridin-2-yl)methyl)phenyl acetate. Thus for the
reduction of the administered bisacodyl dose (e.g.
by a factor of two) one should obtain the “correct”
molecular orientation in the solid form.

Weak hydrogen bonding interactions (C—H---O)
could be located in the structure (Table 3, Fig. 4).
In both polymorphs the number of the weak inter-
actions is two. However in the present structure
the two C—H---O involve aromatic C-H (Fig. 4b)
while in polymorph 1 one of the detected interac-
tions is obtained from a methyl group (Fig. 4a, e.g.
C-Huemy...O with H...4 distance of 2.718 A).

As the bisacodyl molecule features only classical
hydrogen bond acceptors (2 x C=0), no hydrogen
bond donors, and it is practically insoluble in water,
the three dimensional crystal packing is governed

by the network of weak interactions and the minimi-
zation of free spaces. Indeed the three dimensional
packing of the bisacodyl molecules in polymorph
2 shows a zig-zag orientation alongside b—axis and
S-shaped orientation alongside a-axis (Fig. 5).

CONCLUSIONS

In this work, we describe the crystal structure
and solid state behavior of a new bisacodyl poly-
morph. The single-crystals of the new polymorph
form were obtained by a standard procedure fol-
lowed by recrystallization from acetone. The sin-
gle crystal structure data of polymorph 2 showed
a high molecular similarity with polymorph 1 with
an overall ms of 1.017 and only the orientation
of the two acetate moieties is different. However,
we found significant differences for polymorph
2: it crystallizes in a noncentrosymmetric manner
(P2,2,2)) and C-Haromatic...O weak interactions sta-
bilizing the three-dimensional packing are prefered
over C-H,emy. . .O ones. The existence of a third pol-
ymorph modification, differing by the orientation of
only one acetate moiety should be envisaged.

Table 3. Weak intermolecular hydrogen bonding interactions of polymorph 2

D—H-A D—H@A) H-AQA) D-A(A) D—H-A (°)
C10—H10--017i 0.93 2.623 3333 (4) 134
C5—H5-+-026ii 0.93 2.546 3.243 (3) 132

Symmetry codes: (i) —x+1, y—1/2, —z+1/2; (ii) x—1, y—1, z.

Fig. 4. Observed weak interactions in a) polymorph 1 and b) polymorph 2
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Fig. 5. Zig-zag (a) and S-shaped (b) orientation of the mole-
cules of the crystal structure of polymorph 2 alongside » and
a axes respectively.
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HOB ITOJINMMOP® HA BU3AKOINJI

B. Hronrepos, Xp. Coupkosa-/lumutpona, JI. [[Beranosa,
P. Pyces*, b. llluBaueB

HUnemumym no munepanozus u kpucmanoepagus ,, Axkao. Hean Kocmog*, bvieapcka akademust
Ha Haykume, yi. ,,Axad. I'. Bonues*, 6n. 107, 1113 Cogpus, bvreapus

[Toctenuna mapr, 2018 r.; npuera anpwi, 2018 r.
(Pestome)

OmnpefeneHa ¢ KpUCTajHaTa CTPYKTypa Ha HOB MOJUMOP( Ha Ouzakomuia. V3XOMHHUAT MPOIYKT € SKCTpaXupaH
OT CYIIO3UTOPH C METPOJIEB €Tep, a NPEIUITUTATHT € MPEKPUCTAIM3UPAH C alleToH. YucToTara Ha MPEeKpUCTaIU3Upa-
HUS TIPOJIYKT € MPOBEPEHA C TIOMOIITA Ha MPAaXx0B PEHTIeHO(a30B aHAIN3. MOHOKPUCTATHHUAT PCHTICHOCTPYKTYPCH
aHaJIU3 M0Ka3a, 4¢ MOJICKYJIUTE HA OM3aKOIUII KPUCTATH3UPAT MO HELCHTPOCUMETPUYUCH HAYWH B OPTOPOMOUYHATA
P2,2,2, IpOCTpaHCTBEHA IPyNa, C IapaMeTpH Ha eleMeHTapHaTa Kietka a = 8.06862(18) A, b = 8.27567(18) A,
c =28.3631(7) A. CpaBHeHHETO MKy MPaxoBaTa PEHTTECHOTPaMa Ha MPEUHCTEHUS OM3AKOIMUNI U Ha HoauMopda,
JmoknaaBaH ot Li et al., HaBe)k1a HA MUCBHITA, Y€ MPUIIOKEHATA CKCTPAKIIUS 1aBa MPOIYKT C BUCOKA YUCTOTA.
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Five magnesium complexes two of which with tetrafluoroborate anion [U.Mg]**.2BF, -1, [(H,0);Mg]** .2BF, -2,
two with chloride anion — [UMg]**.2CIl".4U -3, [U,Mg(H,0),]*".2CI" — 4 and one with nitrate anion — [UMg]**.2NO,"
—5, have been synthesized. Crystals suitable for X-ray diffraction have been obtained by slow evaporation from aque-
ous solutions. The single crystal X-ray studies showed that compounds 1 and 2 crystallize in orthorhombic P2,2,2
(a=9.964(5), b=11.979(6), ¢ = 9.638(5)) and in orthorhombic Pnnm (a = 5.4322(6), b = 13.2050(12), ¢ = 7.6786(6))
space groups respectively. Compounds 3 and 4 crystallize in the monoclinic P2 /c space group with unit cell param-
eters a = 9.6317(8), b = 7.2241(7), ¢ = 23.506(3), = 94.045(9) and a = 8.0168(16), b = 14.844(2), ¢ = 28.662(4),
p=94.194(16) respectively. Compound 5 crystallizes in the triclinic P—1 space group with a =7.1917(6), b =8.279(3)

¢ =9.555(9), 0. = 71.01(6), f = 89.17(3), y = 84.158(19).

Keywords: magnesium tetrafluoroborate, magnesium chroride, magnesium nitrate, ureate, hydrate, single crystal.

INTRODUCTION

It is well known that Mg?" coordinates with li-
gands containing urea moiety. Up to now single
crystal studies of magnesium complexes with for-
mamide [1], DMF [2], methylurea [3] and dimethy-
lurea [4] have been conducted. Such studies exploit
the Mg?* bioavailability and its role as co-factor in
many enzymes [5], for energy production in the
transformation of adenosine triphosphate (ATP)
and adenosine diphosphate (ADP) [6], in the DNA
extension by Polymerase and for the building of the
chlorophyll center [7]. From the above mentioned
magnesium complexes, those involving urea are
extensively characterized including bromide [8, 9],
sulfate [10, 11], formate [12, 13], dihydrogen phos-
phate [14], chlorate [15] and nitrate [16] salts. The
diversity of the Mg?*-urea complexes (excluding
the formate and dihydrogen phosphate salts) can be
generalized in two main structural types: [UMg]*
and [U,Mg(H,0),]*". In all cases the magnesium is
octahedrally coordinated [17, 18]. Here we report

* To whom all correspondence should be sent:
E-mail: K Kosev@yahoo.com

the synthesis and crystal structure analysis of five
magnesium complexes: two with tetrafluoroborate
anion [UMg]**2BF,” - 1, [(H,0)Mg]**.2BF, - 2,
two with chloride anion — [UMg]*".2ClI".4U — 3,
[U,Mg(H,0),]*".2CI" — 4 and one with nitrate anion
- [UMg]**.2NO, - 5.

MATERIALS AND METHODS

Single crystal samples of the synthesized com-
plexes were obtained by slowly evaporation from
aqueous solution of the corresponding magnesium
salt and urea in equimolar proportions at room tem-
perature. All compounds (except MgO — Merck)
were purchased from Sigma-Aldrich and were used
with no further purification.

Synthesis of hexakis(urea-O) magnesium
bis(tetrafluoroborate), [UMg]**.2BF, 1

Magnesium tetrafluoroborate was prepared ac-
cording to a modified methodology [19] by react-
ing magnesium oxide and tetrafluoroboric acid in
an equilibrium manner.

MgO (4.03 g, 0.1 mol) was mixed in 10 ml dis-
tilled water and 13 ml (8.78 g, 0.1 mol) of 48%

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 79
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HBF, were added dropwise with stirring. After one
hour a clear solution of magnesium tetrafluorobo-
rate was formed. The water was removed in vacuo
to give a quantitative yield of [(H,0),Mg]* 2BF, as
a microcrystalline phase.

Hexaaqua magnesium tetrafluoroborate (305.9
mg, 0.001 mol) and urea (360.4 mg, 0.006 mol)
were dissolved in 10 ml distilled water and after
slow evaporation of the aqueous solution single
crystal samples of 1 were obtained.

Synthesis of hexakis(aqua)
magnesium bis(tetrafluoroborate),
[(H,0),Mg]**.2BF [, 2

Hexaaqua magnesium tetrafluoroborate (305.9
mg, 0.001 mol) was dissolved in 10 ml distilled wa-
ter and after slow evaporation single crystal samples
of 2 were obtained.

Synthesis of hexakis(urea-0)
magnesium dichloride tetraurea,
[UMg]**.2Cl.4U, 3

Anhydrous magnesium chloride (95.21 mg,
0.001 mol) and urea (600.6 mg, 0.02 mol) were dis-
solved in 10 ml distilled water and after slow evapo-
ration of the aqueous solution single crystal samples
of 3 were obtained.

Synthesis of bis(aqua) tetrakis(urea-0O)
magnesium dichloride,
[UMg(H,0),]*".2CTl, 4

Anhydrous magnesium chloride (95.21 mg,
0.001 mol) and urea (240.2 mg, 0.004 mol) were
dissolved in 5 ml distilled water and after slow
evaporation of the aqueous solution single crystal
samples of 4 were obtained.

Synthesis of hexakis (urea-0)
magnesium dinitrate,
[UMg]**.2NO;, 5§

MgO (4.03 g, 0.1 mol) was dissolved in 5 ml
distilled water and 6.5 ml (6.04 g, 0.1 mol) of 65%
HNO, were added dropwise. The mixture was then
stirred for one hour. The excess water was removed
by heating. After the reaction mixture cool down
colorless crystals of Hexaaqua magnesium nitrate
[(H,0)Mg]**.2NO," were obtained.

Hexaaqua magnesium nitrate (256.4 mg,
0.001 mol) and urea (360.4 mg, 0.006 mol) were
dissolved in 10 ml distilled water and after slow
evaporation of the aqueous solution single crystal
samples of 5 were obtained.

80

Single crystal X-ray diffraction

Suitable single crystals of compounds 1-5 were
mounted on a glass capillaries. The intensity and dif-
fraction data for compound 1 were collected on an
Enraf-Nonius CAD-4 diffractometer equipped with
ascintillation detector and using graphite monochro-
mated Mo Ka radiation (A = 0.71073). Diffraction
data for compounds 2-5 were collected on an
Agilent SupernovaDual diffractometer equipped
with an Atlas CCD detector using micro-focus Mo
Ko radiation (A = 0.71073). Collection and data re-
duction program was CrysAlisPro, Rigaku Oxford
Diffraction, 2017, version 1.1.171.37.35 [20]. Due
to the thermal instability (i.e. high hygroscopicity,
lack of diffraction after 10—15 min) of compounds
2—4 at ambient conditions data collection were per-
formed by flash freezing the crystals at 150 K in N,
stream using Cobra, Oxford cryosystem. The crys-
tal structures were solved by direct methods with
ShelxS and refined by the full-matrix least-squares
method of F? with ShelxL programs [21, 22]. All
non-hydrogen atoms were located successfully
from Fourier maps and were refined anisotropical-
ly. Hydrogen atoms were placed at calculated posi-
tions using a riding scheme (Ueg = 1.2 for N-H =
0.86 A). The ORTEP [23] drawings of the mole-
cules present in the asymmetric unit and the most
important crystallographic parameters from the data
collection and refinement are shown in Figure 1-5
and Table 1 respectively. The figures concerning
crystal structure description and comparison were
prepared using Mercury software (version 3.9) [24].
Selected bonds lengths, angles and torsion angles
are given in Tables 2 and 3.

RESULTS AND DISCUSSION

Crystal structures of magnesium tetrafluorobo-
rate ureates or hydrates have not been previously
reported. The conducted search in the ICDD and
ICSD databases returned only a powder diffrac-
togram of anhydrous magnesium tetrabluorobate.
Subsequent search for crystal structure data of mag-
nesium chlorides urea salts also did not return re-
sults. The case of magnesium nitrate ureas is a little
bit different as such compounds have been investi-
gated since the 1930s [25]. The authors managed to
define the space group and unit cell parameters of
[UMg (H,0),]*.2NO;". Later, other authors report
the isolation of ureas of magnesium nitrate with
variable urea and water content in the crystal struc-
ture [26-28]. Interestingly, there are data for only
one crystal structure: [U,Mg(H,0),]*"2NO;" [16].
Among the magnesium halides only two crystal
structures of two urea complexes of magnesium
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Table 1. Most important data collection and refinement parameters for compounds 1-5

Compound 1 2 3 4 5
Empirical formula  C;H,,B,F;MgN,,0, B,FH,Mg0,  C,H,CL,MgN,,0,, C,H, CL,MgN,O4 CcHyMgN,,0,,
Formula weight 558.30 306.03 695.83 371.49 508.70
Temperature/K 290 150 150 150.0 290
Crystal system Orthorhombic Orthorhombic Monoclinic Monoclinic Triclinic
Space group P22.2 Pnnm P2,/c P2 /c P-1
alA 9.964(5) 5.4322(6) 9.6317(8) 8.0168(16) 7.1917(6)
b/A 11.979(6) 13.2050(12) 7.2241(7) 14.844(2) 8.279(3)
/A 9.638(5) 7.6786(6) 23.506(3) 28.662(4) 9.555(9)
o/° 90 90 90 90 71.01(6)
B/ 90 90 94.045(9) 94.194(16) 89.17(3)
yl° 90 90 90 90 84.158(19)
Volume/A? 1150.3(10) 550.80(9) 1631.5(3) 3401.7(10) 535.0(6)
Z 2 2 2 8 1
Poe (g/em®) 1.612 1.845 1.416 1.451 1.579
wmm™ 0.192 0.288 0.292 0.454 0.171
F(000) 572.0 308.0 732.0 1552.0 266.0
Crystal size/mm? 0.2x0.15%0.1 0.3%0.25%0.25 0.25%0.2x0.2 0.35%0.3%0.3 0.25%0.2x0.2
Radiation, A [A] MoKa MoKa MoKa MoKa MoKa
? A=0.71073 A=0.71073 A=0.71073 A=0.71073 A=0.71073
20 range for data 42261055922  6.17t055.912  5.902 to 56.832 5.67 t0 57.068 7.33 t0 56.866
collection/
Reflections 5745 1442 6794 14528 3595
collected
Reflections 2777 606 3332 7093 2173
independent
R,/ R 0.0466/0.0575 0.0244/0.0232 0.0673/0.1073 0.1143/0.1854 0.0205/0.0333
Data/restraints/ 2777/0/159 606/0/72 3332/0/196 7093/0/383 2173/0/151
parameters
Goodness-of-fit 1.041 1.077 1.051 1.133 1.058
on F
Final R indexes R, =0.0416 R, =0.0530 R, =0.0647 R, =0.1398 R, =0.0438
[>=20 (])] wR, =0.0975 wR, =0.1420 wR, =0.1096 wR,=0.3503 wR,=0.1028
Final R indexes [all R, =0.0681 R, =0.0717 R, =0.1494 R, =0.2545 R, =0.0555
data] wR,=0.1087  wR,=0.1613 WR, = 0.1491 WR, = 0.4473 wR,=0.1127
iarge“ diff. peak/ 0.29/-0.23 0.35/-0.25 0.27/-0.25 1.39/-1.09 0.50/-0.34
ole /e A
Table 2. Selected bonds for structures 1-5
Compounds 1 2 3 5 4
Bonds A A A A Bonds A Bonds A
Mgl—Ol  20592) 2.0652) 2.057(3) 20672) Mgll—OI1  2.092(7) Mgl2—012  2.064(8)
Mgl—02  2.052(2) 2.061(3)  2.074(3)  2.0414(16) Mgll—021  2.015(7) Mgl2—022 2.063(7)
Mgl—03  2.105(2) - 2.078(2)  2.0907(14) Mgll—031  2.096(7) Mgl2—032  2.083(8)
01—Cl 1.250(4) - 1.242(4) 1246(3)  Mgll—041  2.066(7) Mgl2—042 2.056(7)
02—C2 1.250(3) - 1.240(5) 1.236(3) Mgl1—O051 2.100(8) Mgl2—052 2.040(9)
03—C3 1.254(4) - 1.256(5) 12532) Mgll—061  2.038(8) Mgl2—062  2.096(8)
Cl—NI11 1.316(5) - 1.338(5) 1.3393) O11—CI1 1240 (12) Ol2—ClI2 1.247(12)
Cl1—NI12 1.328(5) - 1.344(5) 1.331(3) 021—C21 1.247(13) 022—C22 1.249(13)
C2—N21 1.332(4) - 1.319(5) 1332(3)  031—C31  1261(12) 032—C32 1.241(12)
C2—N22 1.317(4) - 1.339(6) 1334(3) O41—C41  1.238(13) 042—C42 1.210(12)
C3—N31 1.336(4) - 1.327(5) 1327(3)  N21—CI1  1.319(13) C42—N82 1.289(17)
C3—N32 1.328(5) - 1.325(4) 1.329(3) C31—NS51 1.345(17) C21—N41 1.314(18)
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Table 3. Selected Angles and Torsion angles for structures 1-5

Compounds 1 2 3 5 Compound 4
Angles ° ° ° ° Angles °
02—Mgl—O01 84.11(9) 89.22(9) 86.92(10) 88.45(8)  022—Mgl2—032 93.5(3)
02—Mgl1—03 95.54(9) - 88.03(10) 90.65(6) 0O12—Mgl12—022 88.5(3)
Cl—O01—Mgl 139.8(2) - 135.1(3) 143.52(14) C11—O11—Mgl1 162.3(7)
C2—02—Mgl 141.89(19) - 133.8(2) 140.78(14) C12—012—Mgl2 155.6(7)
C3—03—Mgl 132.9(2) - 133.8(3) 133.56(14) C31—031—Mgl!l 138.0(7)
N11—CI—NI12 117.6(3) - 116.9(4) 117.42)  N32—C22—N42 117.9(12)
N22—C2—N21 117.5(3) - 116.9(4) 118.3(2) N52—C32—N62 115.3(10)
N32—C3—N31 117.1(3) - 117.4(4) 117.76(19) N81—C41—N71 118.2(11)
Torsion angles ° ° ° ° Torsion angles °
Mgl—O1—C1—NI12 12.9(6) - 175.6(2) —175.21(17) Mgl2—042—C42—N72  —149.60(15)
Mgl—02—C2—N22 16.5(6) - -157.33)  -179.17(17) Mgl2—032—C32—N62  178.51(15)
Mgl—03—C3—N32 4.1(5) - -176.0(2) 158.97(16) Mgll—O11—CI11—NI11 103.68(12)

bromide: hexaurea magnesium bromide tetra urea
[UMg]* 2Br.4U [8] and diaqua tetraurea mag-
nesium dibromide [U,Mg(H,0),]*2Br  [9] have
been reported. Following the synthesis by using
the technique of slow evaporation from an aque-
ous solution, we were able to grow single crystals
of five magnesium salts: two with tetrafluoroborate
anion [UMg]**.2BF,” - 1, [(H,0)Mg]*".2BF, - 2,
two with chlorine anion — [UMg]*".2ClI".4U — 3,
[U,Mg(H,0),]*".2CI" — 4 and one with nitrate anion
—[UMg]**2NO, - 5. The problem with the crystal
structure determination of urea complexes of mag-
nesium chlorides is associated with their relative in-

stability at ambient temperature. Actually, the per-
formed room temperature data collection resulted in
good diffraction of the crystals for 10-15 minutes
after what diffraction disappeared almost instantly.
The attempted X-ray powder data collection was
also unsuccessful. Thus we performed single crys-
tal data collection by flash freezing the crystals in
N, at 150 K.

Compound 1, [UMg]*"2BF, crystallizes in or-
thorhombic P2,2,2 space group with one BF,” mol-
ecule and % of the [UMg]** moiety in the asym-
metric unit. The Mg—O and urea bond lengths and
angles are comparable to those analogous com-

w Fib

i
oz - Fia
Fia F3a
of et
ya i thig
ol IF:Ib
It Fin'

Fia

Fig. 1. View of the molecular structures of compounds 1 — a) (symmetry operation: i: /-x,1-y,z) and 2 — b) (symmetry operations:
(1): x,v,1-z; (i1): 2-x,1-y,z (iii): 2-x,1-y,1-z with atomic numbering scheme. Atomic displacement parameters for the non-H atoms are
drawn at the 50% probability level; the H atoms are presented with spheres with arbitrary radii. The minor disordered component

(44%) of the BF " is shown as dashed lines.
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pounds [10, 11, 14, 16] Table 2 and 3. Magnesium
coordination is octahedral, very slightly distorted,
with four Mg—O distances of ~2.0 A and two longer
distances 2.1 A. The four oxygen atoms exhibiting
shorter bond distances with Mg are nearly planar
(the mean plane defined by the four oxygen has an
rms of 0.103 A). The Mg—-O geometry is stabilized
trough six N-H...O intramolecular hydrogen bonds
(Table 4). The BF,” moiety tetrahedral geometry is
close to the expected ideal geometry: three of the
bond lengths are nearly identical (~1.37 A) and one
is shorter 1.349 A, while the angles F-B-F vary from
107.7 to 110.5°. All of the F atoms are involved in
halogen bonding F...N with NH from urea (Table 3).

Compound 2, [(H,0)Mg]**.2BF,, crystallizes
in orthorhombic Pnnm space group. The magne-
sium octahedral coordination is completed by six
water molecules. The octahedra is “perfect” as
Mg, Ol and O2 atoms are situated on special po-
sitions. The two Mg—-O distances have comparable
values (~2.06 A) and are intermediate to those of
compound 1 where Mg is coordinated by six urea
oxygens. The BF,” molecule is disordered over two
position with a major component of 56%. For com-
pound 2 no intramolecular hydrogen bond interac-
tions could be located. Similarly to compound 1
the all F atoms (from BF,") are involved in halogen
bonding interactions of O—H...F type (Table 5).

Table 4. Hydrogen bonded geometry (A, ©) for compound 1

D—H-4 D—H H-4 DA D—H-4
N21—H214-+F i 0.86 234  3.092(4) 147
N21—H21B--0% 086 240  3.108(4) 141
N21—H21B-0lij 086 242 3.157(4) 144
N32—H324+-0% 0.86 246  3.065(4) 128
N32—H324+- 0% 086  2.63  3.156(5) 121
N32—H324+F1%y 0.86  2.64  3.055(4) 111
N32—H32B--Fl'v 0.86 224  3.056(5) 158
N32—H32B: Fl4y 086 253  3.278(5) 146
N22—H224-+-03 0.86 253  3.263(4) 143
N22—H224-F1% 0.86 238  2.936(4) 123
N22—H22B- 0% 0.86 252 3.297(4) 150
N22—H22B---0'ii 086 251  3224(4) 142
N31—H314-F1% 086 242 3.152(4) 143
N31—H31B:Fl2v 0.86  2.64  3.444(5) 157
NI12—HI2B - F1% 0.86 225  3.073(5) 159
NII—H114-F11 086 219  2.825(4) 130
NI11—H11BF1%i 086 218  3.027(4) 170

Symmetry operations: (i) —x+1, —y+1, z; (i) —x+3/2, y—1/2, —z+1; (iii) x+1/2,
—y+1/2, —z+1; (iv) x—=1/2, =y+3/2, —z+1; (V) x, y, z+1; (vi) x—1/2, =y+3/2, —z.

Table 5. Hydrogen bonded geometry (A, °) for compound 2

D—H---4 D—H H---4 D4 D—H---4
Ol—HI14--F14' 0.94 2.02 2.888(13) 153
Ol—HI14 - F1B 0.94 2.26 3.106(11) 149
O1—H14---F1B" 0.94 2.63 3.219(10) 121
O1—HI1B:--F24" 0.87 242 3.011(7) 126
O1—HI1B---F34 0.87 2.26 2.967(9) 139
Ol—HI1B---F3Bi 0.87 2.27 2.984(7) 140
O1—HI1B:--F2B" 0.87 2.54 3.055(8) 119
0O2—H2---F14* 0.80 2.28 3.075(14) 169
02—H2---F1BY 0.80 2.24 2.974(10) 153

Symmetry operations: (i) —x+1, —y+1, z; (ii) —x+1/2, y+1/2, —z+1/2; (iii) x+1/2,
—y+1/2, z=1/2; (iv) —x+3/2, y+1/2, —z+1/2; (v) x+1/2, —=y+1/2, z+1/2.
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Compound 3 [UMg]*.2Cl".4U, crystallizes in
monoclinic P2,/c space group (Fig. 2) and features
the same [UMg]* cations as compound 1. Here
the counterion is CI” instead of the BF, present in
compound 1. In 3 along with the cationic [UMg]*
and anionic (Cl) parts two additional urea mol-
ecules can be located. The Mg—O values are similar
to those of 1, around 2.07 A and similarly to 1 the

[UMg]* octahedra is stabilized by intramolecular
hydrogen bonds (Table 6). Halogen bonding N-H...
Cl is also observed. Due to the presence of the ad-
ditional urea molecules the three-dimensional pack-
ing is stabilized by a multitude of hydrogen bond-
ing interactions (Table 6). The three-dimensional
arrangement of the [UMg]*" cations in the crystal
structure leads to the formation of “cavities” (voids,

Fig. 2. ORTEP view of the molecular structures of compounds 3 — a) and 4 — b) with atomic numbering scheme. Atomic displacement
parameters for the non-H atoms are drawn at the 50% probability level; the H atoms are presented with spheres with arbitrary radii.

Table 6. Hydrogen bonded geometry (A, °) for compound 3

D—H-4 D—H He 4 D4 D—H-4
N31—H314---02 0.86 2.59 3.150 (4) 124
N31—H314---01 0.86 2.36 2.983 (4) 129
N31—H31B--Cll! 0.86 2.49 3.317-4) 162
N21—H214---03 0.86 2.19 2.949 (5) 146
N21—H21B---N12i 0.86 2.60 3282 (5) 137
N32—H324---04 0.86 2.10 2.955 (5) 175
N32—H32B--04" 0.86 235 2.999 (4) 133
N51—H514-+-05" 0.86 2.08 2.932 (4) 172
N51—H51B:+-Cl1¥ 0.86 2.63 3.430 (3) 156
N42—H424--CI1¥ 0.86 2.60 3.419 (4) 159
N42—H42B---CI1¥i 0.86 2.82 3333 (4) 120
N52—H524---05" 0.86 224 3.076 (5) 163
N52—H52B:+-Cl1 0.86 2.92 3.661 (3) 145
N22—H224--N42! 0.86 252 3329 (5) 157
N22—H22B--05* 0.86 2.63 3.261 (5) 131
N41—H41B---ClI 0.86 2.57 3.433 (4) 177
N12—H124---05" 0.86 2.18 3.019 (5) 165
N12—H12B:-Clii 0.86 2.77 3.404 (3) 132
N11—H114---0% 0.86 222 2.934 (4) 141
N11—H11B:--0% 0.86 2.15 2.930 (4) 151

Symmetry operations: (i) —x, —y+1, —z+1; (ii) —x+1, —y+1, —z+1; (iii) x, y—1, z; (iv)
—x, —y+2, —z+1; (v) —x+1, y—1/2, —z+3/2; (vi) x+1, y, z; (vii) x, y+1, z; (viii) —x, y+1/2,
—z+3/2; (ix) —x+1, y+1/2, —z+3/2; (x) x, —y+1/2, z—1/2; (xi) —x+1, —p+2, —z+1.
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Fig. 3. Observed formation of “cavities” (voids) in the crystal structure of 3 (note that the urea molecules and CI™ have been omitted

from the illustration).

Fig. 3) that occupy 42.6% of the unit cell volume
(e.g. 695.47 from 1631.5(3) A?, the urea molecule
have been omitted from this calculation). Due to the
smaller size of the monoatomic CI~ (compared to
the BF,), the stabilization of the crystal structure
of 3 requires the inclusion of urea to fill the empty
spaces.

Compound 4, crystallizes in monoclinic
P2,/c space group (Fig. 2b) with two molecules
[U,Mg(H,0),]*".2CI" in the asymmetric unit and is
nearly isostructural to [U.Mg]**.2Br.4U reported
in ref. [8]. The bond lengths and angles for the
two molecules are nearly identical and are com-
parable with those of compounds 1-3, 5 (Tables 2
and 3). The geometry of the two molecules differs

Fig. 4. Overlay of the molecules present in the
asymmetric unit of 4 (rms 0.604 A).

slightly, mainly due to the different orientation of
the urea to the mean plane formed by the O- ;;,
participating in Mg coordination (Fig. 4).

Again, as for compounds 1-3, the [U,Mg(H,0),]*
octahedra is stabilized by intramolecular hydrogen
bonds (Table 7). The three-dimensional packing of
the molecules stabilizing the crystal structure gen-
erates a significant number of intermolecular halo-
gen and hydrogen bonds (Table 7). The “inclusion”
of additional urea/water molecules (to fill the gaps
in the structure) is not necessary as the presence of
the two water molecules in the Mg coordination
sphere permits denser packing of [U,Mg(H,0),]*
moieties (closer contact, nearly interpenetration,
Fig. 5).
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Table 7. Hydrogen bonded geometry (A, °) for compound 4

D—H---4 D—H H---A4 D---4 D—H---4
051—H514---C121 0.91 2.25 3.096 (8) 156
O51—H51B---CI11! 0.90 2.29 3.122 (8) 154
061—H614---Cl11 0.88 2.41 3.067 (8) 132
061—H61B---CI21 0.88 2.46 3.044 (9) 124
052—H524---Cl12! 0.88 2.38 3.193 (9) 153
052—HS52B---CI122 0.88 2.40 3.076 (9) 134
N22—H224---Cl12 0.88 2.52 3.396 (10) 171
N22—H22B---031 0.88 2.23 3.019-(11) 150
N12—H124---Cl12! 0.88 2.58 3.416 (10) 158
NI12—HI12B---031 0.88 2.37 3.128 (11) 144
N21—H214---Cl11 0.88 2.49 3.365 (10) 179
N21—H21B---032 0.88 2.53 3.294 (11) 145
N11—HI114---Cl1 1! 0.88 2.46 3.328 (10) 172
N11—H11B---0321 0.88 2.37 3.163 (12) 150
N52—HS52C---022 0.88 2.11 2.896 (12) 148
N52—H52D---CI22% 0.88 2.57 3.413 (10) 161
N42—H424---CI11¥ 0.88 2.75 3.576 (13) 156
N42—H42B---CI21" 0.88 2.49 3.254 (10) 146
N71—H714---C122¥ 0.88 2.77 3.647 (12) 173
N71—H71B---Cl12¥ 0.88 2.73 3.376 (9) 132
N71—H71B---CI2™i 0.88 2.99 3.684 (12) 137
N31—H31B---06%v 0.88 2.56 3.434 (14) 171
N72—H724---C12%i 0.88 2.99 3.771 (15) 149
N62—H62D---C12% 0.88 2.67 3.489 (12) 155
N41—H41B:--Cl1%v 0.88 241 3.260 (12) 163
N32—H324---012 0.88 2.11 2.872 (14) 145
N32—H32B---Cll%v 0.88 2.46 3319 (11) 166
N82—H82B:--05"ij 0.88 2.33 3.198 (13) 171
N61—H61C---041 0.88 2.06 2.842 (17) 148
N61—H61D---Cl2*>v 0.88 2.76 3.273 (13) 118
N61—H61D---Cl1'x 0.88 2.74 3.558 (14) 154
N51—H51C---Cl1"x 0.88 2.53 3.375(13) 160
N51—HS51D---N22 0.88 2.74 3.319 (16) 124
N81—H814---011 0.88 2.05 2.862 (14) 152
N81—H81B---CI2"™i 0.88 2.25 3.119 (12) 169

Symmetry operations: (i) x—1, y, z; (i) x, y—1, z; (iii) —x+1, —y+2, —z+1; (iv)
—x+2, —y+1, —z+1; (v) —x+1, y—1/2, —z+1/2; (vi) —x+2, y—1/2, —z+1/2; (vii) x+1,
v, zy (viil) —x+1, y+1/2, —z+1/2; (ix) —x+2, y+1/2, —z+1/2.

86

Fig. 5. Representation of the dense packing
of the [U,Mg(H,0),]** moieties observed
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lines, distances are in A).
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Compound 5, [UMg]**.2NO,, crystallizes in
the triclinic P—1 space group with 1/2 molecule in
the asymmetric unit (Fig. 6).The bond lengths and
angles of the nitro group and [UMg]** fragment are
comparable to those of compounds 1-4 (Tables 2
and 3). Here the difference is in the anion — the ni-
tro group — which is more bulky than the Cl" and
more compact than BF, . As for compounds 14 the
intramolecular and intermolecular hydrogen bonds
stabilizing the molecular geometry of the [U.Mg]*
and the three-dimensional packing are also ob-
served (Table 8).

According to the structural data obtained from
compounds 1-5 the Mg octahedral coordination is
very conservative. The Mg—O distances are not af-
fected by the change coordinating moiety urea vs
water (Table 9) or by the change of anion moiety
(Cl', NO3-, BF,). The rotation of the urea around
the Mg—O,;, bond is not hampered and allows the

Fig. 6. ORTEP view of compound 5 with atomic numbering
scheme (symmetry operation (i); x,y,z). Displacement ellipsoids
for the non-H atoms are drawn at the 50% probability level. The
H atoms are presented with spheres with arbitrary radii.

Table 8. Hydrogen bonded geometry (A, °) for compound 5

N22—H224---042 0.86 231 3.107 (4) 153
N22—H22B---N32i 0.86 2.65 3.502 (4) 174
N31—H314--01 0.86 2.35 3.035 (3) 137
N31—H31B---043i 0.86 2.34 3.091 (3) 146
N21—H214---Ol¥ 0.86 2.43 3.082-3) 133
N21—H214---041" 0.86 2.33 2.953 (4) 130
N21—H21B---043" 0.86 2.36 3.157 (4) 155
N32—H324---02¢ 0.86 2.53 3.114 (3) 126
N32—H324---03" 0.86 2.51 3.267 (3) 148
N32—H32B---043" 0.86 2.19 2.975 (4) 152
NI11—HI14---03i 0.86 2.29 3.031 (4) 145
N11—HI1B---041" 0.86 2.30 3.064 (3) 148
NI12—HI24--041Y  0.86 2.64 3.307 (3) 136
NI12—HI124--042%  0.86 2.17 3.018 (3) 169
N12—HI2B---041% 0.86 2.63 3345 (3) 142
N12—HI2B---043v 0.86 2.39 3.029 (3) 131

Symmetry operations: (i) —x+1, —y, —z+1; (ii) x—1, y, z; (iii) —x+1, —y+1, —z+1;
@1v) x, y, z+1; (v) —x+2, =y, —z+1; (vi) =x, —y+1, —z+1; (vii) —x+2, —p+1, —z;

(viil) —x+1, —y+1, —z; (ix) x, y+1, z.

Table 9. Average Mg—O distances and negative and positive deviations from

average for compounds 1-5

Compound Bond Angle

Mg—O (A) O0—Mgl—O0 (°)
1 2.072 (-0.013; +0.028) 90 (-5.9; +5.54)
2 2.063 (-0,002; +0.002) 90 (-0.06; +0.68)
3 2.070 (-0.003; +0.012) 90 (-3.08; +1.42)
4 2.071 (-0.028; +00.33) 90 (-2.5;+3.5)
5 2.067 (—0.024; +0.025) 90 (-1.55; +0.65)
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formation of intermolecular halogen and hydrogen
bonds that stabilize the three-dimensional packing
of the crystal structures. Both the cation and anion
“sizes” are affecting the crystal packing.

CONCLUSIONS

The crystal structure of five magnesium com-
plexes have been determined. The structures reveal
the traditional octahedral coordination of Mg. The
change of anion (Cl, NO,, BF,") does not induce
changes in the octahedral Mg coordination. When
magnesium chloride forms a complex with six mol-
ecules of urea, additional urea molecules are in-
cluded in the crystal structure. No such “inclusion”
is observed for the other magnesium salts BF,” and
NO,". This is explained by the large size of the co-
ordinated cation [UMg]** and the small size of the
anion (CI"). The three-dimensional packing of the
cation produces voids in the structure that cannot
be completely filled by the small anion. In order to
minimize the “free spaces” additional urea mole-
cules are required. Therefore, the crystal structure is
stabilized by incorporating two additional urea mol-
ecules with each chlorine anion and the compound
crystallizes as [UMg]*".2CI".4U.

SUPPLEMENTARY MATERIALS

ICSD No XX1, XXI1, xx4 xx3 and XXI1 con-
tains the supplementary crystallographic data for
compounds 1-5 respectively. Further details of the
crystal structure investigation(s) may be obtained
from Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-
808-666; e-mail: crysdata(at)fiz-karlsruhe.de, http://
www.fiz-karlsruhe.de/request for deposited data.
html) on quoting the appropriate CSD number.
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YPEATU U XUJIPATU HA MATHE3UEB XJIOPU/,
HUTPAT U TETPA®IIYOPOBOPAT

P. Pyces, JI. liBetanona, b. [lluaues, K. Koces*, P. Hukonosa

Hnemumym no munepanocus u kpucmanoepagusi ,, Akao. Hean Kocmog ™,
bvaeapcka akademus na naykume, ,, Akao. I eopeu bonues “,
on. 107, 1113 Cogus

[Toctenuna mapr, 2018 r.; npuera anpwi, 2018 r.
(Pestome)

[Tonydenu ca met KOMIUIEKCAa Ha MarHe3ui 1 € ONpeesIeH KPUCTAIHUST UM cTpoek. [[Ba ¢ TerpadryopobopareH
annon — [UMg]**2BF, — 1 u [(H,0),Mg]*".2BF, — 2, nBa ¢ xiopuznen — [UMg]**.2Cl".4U - 3 u [U,Mg(H,0),]**.2Cl
— 4, xakTo ¥ equH ¢ HutpareH — [UMg]*.2NO,” — 5. O6pa3iy 3a MOHOKPHCTAJICH PEHTTCHOCTPYKTYpPEH aHajIn3 ca
M3pacTHATH 4pe3 O0AaBHO M3IAPEHUE OT BOJICH pa3/iBOp Ha ChOTBETHATA MarHe3weBa coil W kapOamua. J[Ba oT Tax
KpUcTanu3upaT B MoHokInHHA cuaronus [UMg]** 2C1.4U u [U,Mg(H,0),]** 2Cl", npoctpancTBena rpyma — P 2 /c
C mapaMeTpH Ha elieMeHTapHata kietka a = 9.6317(8), b = 7.2241(7), ¢ = 23.506(3), p =94.045(9) u a = 8.0168(16),
b =14.844(2), c = 28.662(4), = 94.194(16) cvoTBeTHO, eauH B TpukinaHa — [UMg]* 2NO,” npocTpaHcTBeHa rpyna
— P—1 ¢ mapameTpu Ha enemeHTapHaTa Kietka a = 7.1917(6), b = 8.279(3) ¢ =9.555 (9), a = 71.01(6), p = 89.17(3),
v=84.158(19) u nBa B opropombuuna [UMg]*2BF,” kpucranusupa B pocTpaHCTBeHa rpyma — P22 2, ¢ mapamerpu
Ha eJeMeHTapHara KieTka a = 9.964(5), b = 11.979(6), ¢ = 9.638(5)), a [(H,0),Mg]*2BF,” B npoctpaHcTBeHa rpyIa
— Pnnm ¢ mapameTpu Ha eleMeHTapHaTa Kietka a = 5.4322(6), b = 13.2050(12), ¢ = 7.6786(6).
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Combining the processes of freezing and drying by means of adsorption with dehydrated zeolite was proposed as
a new auto-freeze drying process. This work describes the changes of temperature and mass of the dried product (car-
rot) and of the adsorbent (zeolite Na-A) during the auto-freeze drying process and the influence of different factors
on them. Based on the analysis of the changes of the water states in both the product and the adsorbent, a strategy for
harnessing the full adsorption capacity of the zeolite and significantly reducing of the reaction time was suggested.
The zeolite freeze drying system works effectively using mainly low-temperature heat and could be functioned by
solar or waste heat. The system gives opportunity to recuperate and reuse the heat flows to further enhance of energy

effectiveness.

Keywords: auto-freeze drying, zeolite Na-A, water state, energy effectiveness.

INTRODUCTION

The freeze drying produces the highest quality
end output for heat-sensitive products compared to
other drying methods. Due to the low temperatures
(below 0 °C) required for the process, the tastes, as
well as any nutritive qualities of the products, are
retained. The separation of water is achieved by the
sublimation of ice, through which the structure, the
form, and the size of the tissue are conserved. The
porous structure of the dried product permits its
quick rehydration [1-3]. However, the freeze dry-
ing is also the most expensive process compared to
other drying methods due to high capital and pro-
cessing costs, as well as its significant duration.

The freeze drying can be carried out in vacuum
[1] or in a suitable atmosphere [4]. With contempo-
rary technology, sub-zero temperatures and removal
of the vapor are ensured by refrigerating machines
[1]. In literature, vacuum systems with removal of
the vapor from pre-frozen products through adsorp-
tion have been described [5, 6], but have never been
developed. An atmospheric freeze drying system
with silica-gel as adsorbent has been described by
Rahman and Mujumdar [7].

* To whom all correspondence should be sent:
E-mail: nadia5@mail.bg

Zeolites are the most effective sorbents for deep
drying of gazes and liquids [8, 9]. They are capable
of drying solid products through contact reactions
[10, 11] or air dehumidification by adsorption [12].

Tchernev [13, 14] has first shown that the sorp-
tion properties of zeolites are very effective in
adsorption cooling and this led to the creation of
various freezing, heating, cooling and conditioning
systems, driven by low temperature heat such as so-
lar heat or waste energy. Unlike the other solid ad-
sorbents, zeolites adsorb actively even at very low
partial pressure of the adsorbate and at relatively
high temperatures [8]. In the zeolite-water adsorp-
tion systems, cooling is obtained through evapo-
ration of water in the evaporator. When the water
molecules of a water-containing product enter the
vapor phase, they preserve a significant amount of
the latent heat of evaporation (2447 kl/kg water)
and thus, the temperature of water is reduced to the
freezing point. Then, the cooling continues at the
expense of the sublimation of the ice.

Kirov and Kirov [15] use this effect in an auto-
freezing adsorption dryer with an extremely simple
construction and maintenance. A prototype device
with natural zeolite (clinoptilolite) activated at 400 °C
achieves cooling to —25 °C with high drying rates.
In later publication [16] the behavior of the freeze
dried product and the sorbent (zeolite A) has been
studied.
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In this work, we present an auto-freezing zeolite
system and describe the results of its trials in the
one-stage freeze drying of carrot tissue. The influ-
ence of different factors on the temperature of the
product and on the kinetics of the drying are taken
into consideration as well. Based on the analysis of
the change of the water state in both the product and
the adsorbent, a two-step process is proposed with
the aim of strategically utilizing the full adsorption
capacity of the zeolite and the maximal reduction of
the reaction time.

MATERIALS AND EXPERIMENTAL
EQUIPMENT

As a model product, an orange carrot from a lo-
cal market was used. It was cut into ribbons thick
0.3-0.5 mm, wide 3 mm and long 25-120 mm,
without further treatment. By drying at 105 °C to
a constant mass, a dry residue of 12—-13% of the
initial wet product is obtained. As adsorbent, Na-A
zeolite (manufactured by Zeochem), in the form of
pills, with a diameter of 2—-3 mm was used. The zeo-
lite was activated in an electric furnace for 1.5 h at
350 °C and cooled to room temperature in a closed
vessel, the zeolite lost 22.0 mass% upon thermal ac-
tivation.

A scheme of the equipment for auto-freeze dry-
ing experiment is shown on Fig. 1. The adsorber is
a cylindrical glass bottle with an inner diameter of
70 mm and a height of 120 mm. Three glass tubes
used to measure the temperature of the sorbent are
welded at a distance of 20, 60 and 95 mm from the
bottom of the glass equipment. This gives the pos-
sibility of monitoring the average temperatures of

T to vacuum pump

to vacuum
gauge

7
\W
‘.Doa.maa@a.aa@a‘

e P )
ERnans
teecteccted
tm (LG

sublimator
evaporator

adsorber

Fig. 1. Experimental equipment used for vacuum freeze drying.

three layers 40 mm apart from each other: upper (t,),
middle (t,) and bottom (t,). The sublimator is an
Erlenmeyer flask with a welded tube for a thermom-
eter 15 mm from the bottom. The two vessels are
connected by a glass tube through a vacuum valve
(v,) with aperture of 8§ mm. Through a second valve
(v,), the system is connected to the vacuum pump
(Labortechnik, Ilmenau), with end pressure 67 Pa
and a capacity of 2.5 cubic meters per hour.

Digital thermometers with a precision of 0.1 °C
and electronic balance with a precision of 0.1 g were
used.

RESULTS AND DISCUSSION

The driving force behind the drying process is
the difference in partial pressure of water in the en-
vironment and the moisture pressure in the product.
This difference reaches magnitudes triggering the
auto-freezing of the product in the vacuum system.
The vigorous adsorption of the water vapors from
the zeolite maintains the difference long enough and
the drying continues at the expense of the sublima-
tion. The degree of freezing is regulated by a mul-
titude of factors, namely the pressure in the system
and the state of the water in both the product and
the zeolite.

One-stage experiments

Procedure. 45 g of product are loaded in the
sublimator immediately after their grating at room
temperature. The adsorber is loaded with 330 g de-
hydrated zeolite, activated in an electric oven in a
layer thick of 1.5-2 cm at a heating rate of 10 °C/min
and kept 30 minutes at 250 °C. The sorbent is cooled
to 150-160 °C, after which is reintroduced in the
adsorber and put into vacuum in order to prevent the
sorption of nitrogen from the air at lower tempera-
tures. The cooling zeolite adsorbs the remaining ni-
trogen and oxygen molecules in the chamber and
the pressure drops by one order of magnitude. The
sublimator is joined with the system and the prod-
uct is joined with the adsorber after 1-2 minutes of
vacuum pumping. The cooling of the product be-
gins during the vacuum pumping and is accelerated
after the junction to the adsorber, which acts as an
adsorption pump.

The temperature of the product and the sorbent
are constantly monitored during 12 hours. The mass
of the product and of the zeolite is recorded both
at the beginning and at the end of the experiments
(continuously during two of the experiments).

The conditions of four experiments are: In ex-
periment 1 (exp. 1), the adsorber is cooled down
and the sublimator is heated by the surrounding
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air. In other runs, the sublimator is heated with a
100 W infrared lamp (exp. 2) or insulated with a
layer of expanded vermiculite thick 3 cm (exp. 3).
In particular cases the adsorber is cooled with filter
paper jacket immersed with cooled water (exp. 4).
The data about the four experiments are provided
in Table 1.

The changes in temperature in the sublimator and
the adsorber in experiment 1 are given on Fig. 2a.
In this experiment there is only spontancous heat
exchange with the surrounding air. In the first min-
utes, because of the vigorous evaporation of the
water from the carrot, the temperature drops fast.
The product freezes for two minutes and reaches
—14 °C at the 14" minute. Meanwhile, the adsorp-
tion of the water vapor causes the heating of the
surface layer of the sorbent to over 100 °C. In the
following hours, the temperature in the sublima-
tor slowly rises and reaches 0 °C after 8 hours and
10 °C after 12 hours. During this period, the tem-
perature of the surface layer of the zeolite decreases
at the room temperature. The adsorption continues
in the deeper layers and they remain above the room

temperature until the end of the experiment. The
weighing of the product and the sorbent at the end
shows that the carrot has lost 66.2% of the initial
mass, and the mass of the zeolite has augmented by
just as much adsorbed water.

The kinetics of the drying can be seen on the
gravimetric curve in Fig. 2b. On the curve of exp.
1 there are three segments: steep, declining and a
final, almost horizontal. In the steep area, 1/4 of the
water from the carrot evaporates. In the first 10 min-
utes the rate of the dehydration is more than 2%/min
and in the following 10 minutes — around 1%/min.
In the declining area the dehydration rate constantly
decreases to average 0.08%/min for the following
6-8 hours. Finally, the drying ceases, its rate drops
under 0.03%/min. In exp. 2, from the 75" minute the
sublimator is heated with an infrared lamp which
moves from 60 cm from the bottom to 30 cm from
it at the end of experiment. One can see, that the
introduction of heat activates the drying process —
the curve become steeper and the product is fully
dried after 570 minutes. The product, however,
stays frozen only 145 minutes and reaches 36.6 °C

Table 1. Comparison of the results obtained in one-stage (experiments 1, 2, 3 and 4) and two-stage freeze drying (experiments 5-1

and 5-2)
Experiment No 1 2 4 5-1 5-2
Extreme temperature and time to reach it, °C/min
Product —14.1° /14" —14.6°/16' —14.6° /30" —15.4°/10' —11°/11 -16°/17'
Sorbent 107° /10" 115° /3" 110° /10’ 97° /7' 78° /13! 68°/17'
(upper)
Sorbent 68°/15' 77° /16’ 73° 20" 92°/10' 84° /77" 32° /90"
(middle)
Sorbent 26° /36' 37° /260 29° /720 25° /30" 32° /95 24° /170
(bottom)
Time to reach 0 °C in the product, min
460 145 does not reach 540 390 95
Temperature in the end of experiment, °C
Product 9.6 36.6 -2.2 6 2 19
Sorbent 22 27 18 37 31
(upper)
Sorbent
(middle) 42 38 22 44 26
Sorbent
(bottom) 26 31 20 32 21
Duration of the experiments, min
720 570 720 720 420 300
Mass loss in the product, %
66.2 87.1 64.0 74.7 56.2 87.3
Degree of filling, % from maximum sorption capacity
41.3 54.0 39.7 46.4 94.9 343
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Fig. 2. a) Temperature of the product (t,) and of three levels of the sorbent (t,, t,, and t,) during experiment 1; b) mass loss of the
product during experiments land 2. The turning on an infra-red lamp is marked with a star.

by the end of the experiment (Table 1). As could be
expected, the insulation of the sublimator (exp. 3)
has an influence mainly on the frozen state’s dura-
tion, with the minimal temperature and the drying
rate close to those in exp. 1. Cooling the adsorber
(exp. 4) causes a decrease in product temperature,
thus increase of the time spent of a frozen state
(Table 1). As one can see, the application of various
effects enables control over the drying conditions.
Furthermore, each of those can be applied at given
moments of the process regarding the features of the
drying product.

As can be seen (Fig. 2b), the rate of drying al-
most diminishes to zero, even though the sorption
capacity of the zeolite is half used. The cause of this
is that during the drying process, the states of the
product and the sorbent continuously change — the
channels of zeolite structure are filled with water
molecules and the product is dried more and more,
a dry crust is formed, which hinders the diffusion
of the water vapors. Analysis of the evolution of

the state of the water in the product and zeolite dur-
ing the experiment showed a significant discrep-
ancy [17], which influences the effectiveness of
the drying process. The weakest bonded moisture
of the product is adsorbed at the most active sorp-
tion sites in the zeolites, while the strongest bond-
ed water should be evaporated under influence of
weakly active centers. A significant improvement
to the efficiency of the process could be made by
performing the process in the backward flow — to
adsorb low-bond product moisture on less active
adsorption places in the zeolite and the strongly as-
sociated — on the most active places. Unfortunately,
this process is technically difficult to perform in the
adsorption drying of solid products. A harmoniza-
tion of the water state of both product and zeolite
has been proposed by the application of a two-stage
drying process, which provides full consumption of
the adsorption capacity of the zeolite, maximal dry-
ing of the product and a reduction of duration of the
drying cycle by 2 times [17].

93



G. Kirov et al.: Auto-freeze drying by zeolites

Two-stage experiment

Procedure. The used equipment is the same as de-
scribed above, but with a larger sublimator (400 ml
flask) loaded with 80 grams of grated carrot. At the
start, 330 g of zeolite are activated up to 250 °C.
After the activation, the zeolite is used in a prelim-
inary stage to dry the product during 40 minutes.
After that, the partially dried carrot is replaced with
a freshly grated carrot and the adsorber is cooled to
room temperature. This is the starting point of the
two-stage cycle. In the first stage, the zeolite has
already used 1/3 adsorption capacity, but due to the
large content of free water in the fresh carrot, the
product freezes spontaneously and stays frozen for
the next few hours, while the sorbent reaches up-
wards of 90% of its capacity. In the second stage the
zeolite is changed with a freshly-activated batch,
which adsorbs the remaining strongly-bounded
moisture in the product. The dried product is then
changed with a fresh one and a new cycle can begin
with the partially used zeolite.

The results from a two-stage experiment are giv-
en on Fig. 3 and Table 1 as well. In the first stage
(exp. 5-1), the middle zeolite layer plays the main role,
as the upper layer has already used a part of its capac-
ity in previous stage (Fig. 3a). The temperature of the
bottom layer increases, because it also adsorbs. The
gravimetric curve (Fig. 3b) has a steep beginning sec-
tion and then gradually a smooth bend. In these stages
the carrot losses 45.0 g water, which is 56.2% of the
initial mass of the product, and the zeolite (sown as Z,)
uses up more than 90% of its sorption capacity.

The process is reactivated (exp. 5-2) after the
change of the adsorber with fully dehydrated zeolite
(sown as Z,): the product freezes again for about
one hour, and another steep area can be seen on the
gravimetric curve. Thus, after 10 hours of drying
the product loses 80% of its mass. The full drying is
achieved by heating the sublimator with an infrared
lamp (to 27 °C) for two more hours (Fig. 3b). In the
second stage, Z, adsorbs 24.6 g water or 34.3% of
the capacity and can still dry out partially a second
portion of fresh carrot.

D t, “
P wo
6o 8.

o | N
s 5 g"\-%-?;ﬁ‘:‘ O,
E : A o
g 40F )
g t b A
: )
F

a Z
%
o e
O
og ¢
N 4 »
A

i )

1 1 1
0 100 200 300

1 1
500 600 700
time, min

1
400

Mass loss, %

b)

0 1 1 1
0 100 200 300

400 500 600 700

time, min

Fig. 3. a) Temperature of the product (t,) and of the sorbent (t,, t,, t,) during a two-stage experiment; b) mass loss of the product
during drying with two adsorbents. The turning on an infra-red lamp is marked with a star.
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The results from the two-stage experiment con-
firm the conclusions from the two-stage contact dry-
ing [17]: full consumption of the sorption capacity
of the zeolite, drying to a maximal degree (when
needed) and reduction of the drying process duration.

Dried product. A SEM photograph of the dried
carrot is shown on Fig. 4. According to literature
data for freeze dried carrot [3], the preservation of
the cellular structure is very well achieved, with big
and regular pores. After rehydration the carrot has
an odor and taste almost identical to the original.
The fully dried product keeps the orange color, the
form and the dimensions of the bands of carrot. The
dried product is very hydroscopic.

Fig. 4. SEM photography of a freeze dried carrot (exp. 2).

Heat flows in the zeolite freeze drier. There are
two heat inflows in the system: (i) to dehydrate (ac-
tivate) the zeolite at a temperature of 200-250 °C
and (ii) to provide the latent heat of sublimation and
evaporation with a temperature of 30—-60 °C. Unlike
the conventional freeze driers, which use only elec-
tric energy, the zeolite installations can use a num-
ber of other heat sources, including solar and waste
energy. In these cases, only the vacuum pump is
powered with electricity, for no more of 10—12 min-
utes in drying cycle.

Heat is produced in three heat outflows: (i) the
condensation and cooling of water vapor, produced
by the activation of the zeolite; (ii) the cooling of
activated zeolite from 250 °C to room temperature
and (iii) the heat of adsorption of water vapor in
zeolite.

Each of the three heat outflows can be used to
deliver latent heat for sublimation/evaporation in

the product, but the first and third sources are more
fitting to this end. Moreover, as was proved, the re-
moval of the adsorption heat from adsorber enhanc-
es its effectiveness. The temperature of activated
zeolite is high enough so that the heat outflow can
be used for preheating the next portion of adsorbent.

CONCLUSIONS

The zeolite freeze drying system ensures fast
auto-freezing and full drying of water containing
products matching the high standards set by the in-
dustry demands, even in a device with extremely
simple construction and very limited maintenance.
The temperature of the product and the kinetics of
the drying process can be influenced by the intro-
duction of heat, by insulating the evaporator, cool-
ing the adsorber or pre-freezing of the product,
along with other methods, which enable the process
to switch between specific customer expectations
with ease.

On the basis of the analysis of water states in
the product and zeolite, a two-stage experimental
scheme providing the full use of the sorption ca-
pacity of the sorbent and a steep reduction in cycle
duration is suggested. The dried product has a well-
preserved cellular structure, high pore content and
can be reverted back to the original state with quick
rehydration.

The zeolite freeze drying systems can be driven
by low-temperature heat, such as waste or solar en-
ergy, since the vacuum pump only works for less
than 2% of the drying process duration. The sys-
tem offers ways to recuperate the heat outflows and
reach high energy efficiency.
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CAMO-3AMPA3UTEJIHO CYILIEHE CbC 3EOJIMTU

I'. Kupos!, H. ITerposa?, 1. Cranumupona'

! Coghuticku Ynugepcumem ,, Ce. Knumenm Oxpudcku “, I'eonoeo-eeocpaghcxu ¢haxynmem,
Kameopa ,, Munepanozus, nemponoeus u nonesuu uskonaemu ", oyx. ,,ljap Oceobooumen* 15,
Cogpus 1000, bvreapus
2 Unemumym no munepano2us u kpucmanozpagus — Beazapceka akademus na naykume,
ya. ,,Akao. I'. Bonues*, 6a. 107, Cogus 1113, bvreapus

[MocTpnuna mapt, 2018 r.; mpueta anpui, 2018 r.

(Pesrome)

[IpetoxeH e HOB IOIXO[ 332 CaMO-3aMPa3HUTEIHO CyIIEHEe MOCPEICTBOM KOMOMHHMpaHE Ha IPOLECHTE Ha 3aM-

passBaHe W CyLICHE 4ype3 afacopOuus ¢ AeXuapaTupal 3eonuT. Tazum paboTa onmMcBa NPOMEHHTE B TeMIIepaTypara
U TETJIOTO Ha W3CYIICHHS MPOIYKT (MOPKOB) M Ha ancopOeHTa (3eomuT Na-A) Mo Bpeme Ha Ipoleca Ha CyIIeHe
Yype3 caMo-3aMpa3siBaHe U BIMSHUETO Ha pa3iM4yHU (aKTOpU BBPXY Hero. Be3 ocHOBa Ha aHaM3a HAa IPOMEHHTE B
CBCTOSIHHETO Ha BOAATa KAaKTO B IPOJYKTa, Taka M B aJcOpOeHTa Oele MpeUIoikKeH II0IX0] 3 ONOI30TBOPsIBaHE Ha
ITBJIHUA aACOPOLMOHEH KallalluTeT Ha 3¢0JIMTa U 3HAYUTEITHO HaMallsiBaHe Ha peakKIMOHHOTO BpeMe. CucreMara 3a ca-
MO-3aMPa3HUTEIHO CYIICHE ChC 3E0NUT PaboTH e(hEeKTUBHO NPEIUMHO ¢ HUCKOTEMIIEpaTypHa TOIUINHA KaTo MOXeE Ja
(YHKIMOHHPA ChC CIIBHYEBA WM OTIA b4Ha ToIUMHA. CrcTeMara 1aBa Bb3MOXKHOCT 32 Bb3CTAaHOBSBAHE U IOBTOPHO
M3II0I3BaHe Ha TOIUIMHHUTE ITOTOLM 32 I10-HATATHIIHO [TOBUIIABAaHE HA eHepruiiHaTa e)eKTHBHOCT.
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Sintered bi-phase calcium phosphate material was subjected to dry high-energy milling for 40 hours to obtain crys-
talline nano-metric hydroxyapatite. During milling the tertiary calcium phosphate got fully amorphous. Powder XRD
analysis was used for phase control and crystallite size measurements. The morphological studies were performed by
SEM and TEM and showed formation of granulated agglomerates. The obtained material was additionally milled with
1% hyaluronan for times of 2, 5, and 10 hours and the initially formed agglomerates were subsequently disintegrated
to form well homogenized nano-hydroxyapatite particles of a hybrid hydroxyapatite/hyaluronan material, which was
used for filling of bone defects with critical sizes in cases of apical periodontites. Test clinical studies showed good

healing process.

Keywords: hydroxyapatite, high-energy milling, hybrid hydroxyapatite/hyaluronan, apical periodontites.

INTRODUCTION

The development of bone—like materials with
optimized function are general problems and have
been developed to meet and provide promising ways
to repair and replace damaged bone areas [1, 2]. As
it is well known human bone is a nanocomposite
with organic/inorganic structural components. In
regenerative processes the extracellular matrix
plays a critical role in supporting and directing bone
cells adhesion, proliferation and differentiation.
Therefore, in development of bone-like materials
it is desirable to create biomimetic nanostructured
engineering scaffolds providing structural support
for initial cell adhesion [3, 4]. Therefore, recently,
research has been focused towards bone-like bio-
materials, which might substitute bone as a natural
functional nanostructure.

In this regard, calcium orthophosphates have
substantial potential due to their chemical similarity
with natural bone mineral — they are biocompatible,
bioactive, and biodegradable and have the ability to
form a direct chemical bond with the surrounding

* To whom all correspondence should be sent:
E-mail: opetrov@dir.bg

tissues and are non-toxic, non-inflammatory and
non-immunogenic agents [5-8]. Hydroxyapatite
(HA) has been preferably proposed as substitute for
defective bones or teeth.

Nowadays, significant research effort has been
dedicated to develop inorganic nano-sized crystal-
line hydroxyapatite (nHA) because of crystallite
size, active surface and potential biological activ-
ity [9-11]. Moreover, nHA particles will provide an
increased ratio of high surface area to volume and
their ultrafine structure similar to biological apatite
can suitably affect their biological activity in bio-
medical application. Recently, HA at nano-level has
playing increasing role in various biomedical ap-
plications [12, 13]. Thus, with the development of
nanotechnologies, considerable efforts are focused
on controlling the morphology and size of materi-
als [14—17]. Moreover, nHA with ultrafine structure
imitates the natural bone mineral as an extracellular
matrix component and can cause an increased bind-
ing capacity of macromolecules, optimized bone
cell-surface protein interaction, promoting the at-
tachment and growth of osteoblast-like cells [18,
19, 20-23]

Even after extensive investigations related to
bio-mineralization many intermediate stages in
synthesis and preparation of nHA are still unclear.
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Therefore, various parameters that affect size,
shape, and crystallinity of nHA still need to be fur-
ther studied.

Biomimetic composite materials have recently
drawn considerable attention [24, 25]. In inves-
tigation of critical size bone defects (intraosseous
wounds of size that do not heal by natural regenera-
tive processes) they are subjects of repair and regen-
eration and require substitute materials as scaffolds,
to provide osteogenic processes and formation of
new bone [26].

Strategies in bone tissue regeneration nowadays
are related with scaffolds mimicking the natural ex-
tracellular matrix as templates for cells. Hence, of
particular interest are nanocomposite and organic/
inorganic hybrid biomaterials based on selective
combination of biodegradable polymers and bio-
active inorganic nanomaterials [27]. Generally,
the focus is based on nHA as filler in combination
with biodegradable natural or synthetic polymers.
It was demonstrated that a HyA matrix is a prom-
ising biomimetic material [28, 29]. These studies
suggest that HyA-containing scaffold materials are
efficacious in bone repairing. HyA is well known as
hyaluronan or hyaluronate (Na salts of hyaluronic
acid) [30], being linear glycosaminoglycan polysac-
charide consisting of repeated disaccharide units of
negatively charged high-molecular—weight linear
polymer, with repeated unites of N-acetyl glucosa-
mine and glucuronic acid and in water they form
three dimensional (3D) network [31]. The long
chains of HyA macromolecules with a large num-
ber of carboxyl, hydroxyl and amino groups have a
strong capacity to bind various ions [32]. As a con-
sequence of this specificity they are ideal network
of mineralizing template [33]. Furthermore, through
HyA complex interactions with extracellular matrix
components and cell surfaces regulation of cellular
behavior controlling the tissue macro and micro en-
vironments occurs [34] and could induce osteoblast
differentiation and bone formation [35]. In presence
of endotoxins hyaluronic acid is produced by fibro-
blasts and is a potential anti-inflammatory agent
[36]. The anti-inflammatory effect may be due to
the action of HyA as a scavenger draining prosta-
glandins, metalloproteinases and other bioactive
molecules [37, 38, 39]. Additionally, HyA is es-
sential component of the periodontal ligament and
plays role in cell adhesion, migration and differen-
tiation modulated binding proteins and cell-surface
receptors such as CD44 [40] and is a significant
factor in growth, development and repair of tissue
[41, 42]. Relating to the unique properties of HyA
it is possible that nano-hybrid with hydroxyapatite
can produce more effective bone filler-like materi-
als that provide the necessary features for more ef-
ficient healing of bone defects.
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The choice of hyaluronic acid (HyA) is chiefly
based upon its natural abundance in soft tissues and
high chemical affinity with hydroxyapatite (HA)
and the ability to enhance anisotropic growth in
bio-mineralization [43]. Moreover, hyaluronic acid
based materials have been intensively investigated
for tissue engineering repair of bone, cartilage and
in reconstructive dentistry [44—46]

In oral and maxillofacial surgery, bone defects
are always challenging problems for reconstruc-
tive orthopedic craniofacial procedures, and various
treatments have been proposed in this considera-
tion [47, 48]. Synthetic bone grafts are among the
promising approaches in this field. It is of interest
to refer clinical results for Endodontic Orthograde
treatment of apical bone defect in chronical apical
periodontal lesions (49-52).

As a result of all above mentioned about the bi-
ological activity of nHA, HyA and composites of
HyA/nHA, we hypothesized that it will be of theo-
retical, practical and biomedical clinical interest to
prepare nHA, and nano hybrid of HyA/nHA and
to be tested as new filling materials in endodontics
treatment of critical size apical bone defects.

The purpose of the present study is to prepare
nano—hybrid of nano-hydroxyapatite (nHAp) and
hyaluronan (Na salt of Hyaluronic acid — NyA-Na)
in varying ratio of nHAp/HyA in attempt to opti-
mize their physical-chemical and mechanical prop-
erties, and to be used as a test filling material for
orthograde endodontic treatments.

MATERIALS AND METHODS

Nano hydroxyapatite was prepared by top down
method using high energy milling process of the
sintered bi-phasic calcium phosphate. The obtained
material was used to prepare nano-hybrid of nHA/
HyA.

1. Synthesis and methodology

Biphasic calcium phosphate was prepared by
sintering of precursor precipitate sample obtained
by chemical wet precipitation method in a typical
process by double decomposition of 1M calcium
nitrate solution (prepared from Ca(NO,),x4H,0)
in de-ionized water and di-ammonium hydrogen
phosphate (prepared with (NH,),HPO,, 0.6 M), in
stoichiometric ratios for hydroxyapatite Ca/P ~1.67
under controlled temperature and pH = 10.5-11
conditions [56] (the used salts of calcium nitrate
and ammonium hydrogen phosphate are of analyti-
cal grade Merck). However, this method has some
inherent disadvantage such as difficulty to control
the pH value over pH =9, to avoid the formation of
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Ca-deficient HA, which during the sintering forms
tertiary calcium phosphate (TCP).

At the end of the maturation for period of 24 h
the precipitate was centrifuged, filtered and washed
3 times with de-ionized water. The resulting crys-
talline apatite was dried at 100 °C for 10 h to use
as a starting material. Afterwards, this material was
sintered stepwise at 1100 °C for 1 h. at a heating
rate 50 °C min'. It is well known that depending
on the degree of Ca deficiency of the precipitate the
molar composition of the resulting bi-phase com-
position of TCP/HA can vary [53, 54] and for these
reasons, we have characterized the processes in a
step-like manner to follow calcination in the inter-
val 800—-1100 °C (more details are presented in our
work [56]).

The obtained sintered material subsequently
was dry milled in agate planetary ball mill (‘pul-
verisette’6 Fritsch) at 600 rev/min, working in a
programmed manner with agate bolls (10 mm di-
ameter) in standard mass of 30 g of sample. Nano-
crystalline HA (nHA) was obtained after 40 h mill-
ing and was used to prepare nano-hybrid from HyA-
Na solution in different ratios of HA/HyA-Na, as it
is described below.

2. Characterization of the nano-sized
apatite material

The concentration of calcium in the sintered
material was determined potentiometrically and by
EDTA complex-metrically titration in the presence
of Cu EDTA at pH = 10, using a Cu ion-selective
electrode and Ag/AgCl reference electrode. The
concentration of P-PO,* was measured spectropho-
tometrically by NOVA 60 equipment, using Merck
and Spectroquant® test kits.

For SEM study, nano-metric materials were
suspended in water, transferred on specimen stubs,
dried and then coated with conductive material (Au)
for observation in SEM JEOL JSM-5510 at acceler-
ating voltage of 10 kV and electron beam current of
2-20 nA to reveal the textural details of nano-metric
agglomerations after dry milling for 40 hours.

For TEM study, nano-metric materials were sus-
pended in de-ionized water, sonicated for 15 min
and then transferred on formvar coated TEM grids
and observed in TEM JEOL JEM-2100 at 200 kV.

Powder nano-metric samples were ground in an
agate mortar for 10 min, suspended in de-ionized
water and sonicated for 15 min. After allowing set-
ting for 20 min the supernatant was collected and was
collected and redropped on formvar coated grids and
observed in TEM JEOL JEM-2100 at 200 kV.

The crystalline phases in all samples were de-
termined by powder X-ray diffraction (XRD) with
a Bruker DS diffractometer, operating at 40 kV and

40 mA with Cu Ka radiation. Scans were performed
over the range of 20 10-80° (step size 0.01°, count-
ing time 1 s). The crystallite sizes were determined
using the Scherrer equation, D = K M(B,, cos ©),
where D is the crystal size in nanometers, K is the
Scherrer constant, A is the x-ray wavelength, and 3
is the experimental full-width at half-maximum in-
tensity of the diffraction measured peak.

3. Preparation of nano-hybrid HA/HyA-Na

Nano hybrid samples prepared from 40h milled
HA and HyA in ratio 3:1 were subjected to second
wet milling for 2 and 5 h and then characterized by
powder XRD for phase content and crystallite sizes.

Then, hyaluronan with 1% concentration (denot-
ed as L) was mixed with nHA milled material (de-
noted as S) in different experimentally chosen ratios
S/L from 0.2 to 3.3. From the obtained mixed mate-
rials, as dense pastes there were molded samples in
rubber-molds with diameter of 10 mm and height of
5 mm, dried in air for 24 h at room temperature. The
initial and final setting times of the nano hybrid ma-
terial prepared in the rubber-molds were determined
by the Vicar Needle method (ASTM C191-9 1993).
The formation features are shown in Table 1.

Table 1. Formation mechanisms of the prepared nano hybrid
materials

Solid to Formation features

liquid Liquid - - - '
. phase Im.tlal sett.lng Flpal sett}ng
ratio time, min time, min
33 HyA/HA 6 60
2.8 Hya/HA 15 60
2.0 HyA/HA 20 60
1.4 HyA.HA 27 60

4. Micro environmental tested behavior
of hybrid HA/Hy A

The prepared samples of hybrid HA/HyA were
used for testing their environmental behavior. The
air-dried solid samples of HA/HyA were placed in
distilled water and in simulated body fluid (SBF)
(prepared according to Kukubo, 1990). The solid
samples taken out from the rubber-molds were air-
dried for 24 h, and then were immersed in a solution
at ratio of 1:20 S/L. All experiments were conduct-
ed at room temperature under static conditions. The
changing values of pH in the solution were kineti-
cally followed for a period of 30 h at room tempera-
ture. The same procedure was used in the case of
distilled water.
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5. Test-clinical studies

For testing biogenic repair capability of the ob-
tained nano-hybrid of nHA/HyA through healing
processes on the critical size bone defects there
were carried out chronical periodontal bone lesions
on clinical compromised teeth with periapical le-
sions and ill prognosis. Orthograde root canal fill-
ing process was used. Clinical treatment was car-
ried out after obtaining the patient’s consent to the
guidelines of ethical committee of Faculty of Dental
Medicine of the Medical University of Sofia.

Preparation of nano-hybrid of HA/HyA for clini-
cal use was obtained by mechanical mixing in ra-
tio 4:1 of nHA/HyA. (The nano-HA was autoclave
sterilized and the used HyA is a pharmaceutical
product for injection application).

RESULTS AND DISCUSSION

Synthesis and modification

The synthesis procedure and reaction conditions
strongly influence the type of the precipitated calci-
um phosphate phases and the morphology, size and
specific surface area of the particles [57—60].

The elemental chemical analysis of the obtained
material gave for calcium and phosphate the ratio of
Ca/P 1.63.

The morphological characterization of the ob-
tained nHA material after 40 h milling showed con-
tinuous decrease of particle sizes until some lower
size limit when many defects in the crystal lattice
are accumulated and the phase of TCP is almost ful-
ly transformed in amorphous phase, as it was shown
earlier in our work [56].

Scanning and transmission electron
microscopy (SEM, TEM)

The SEM study of the sample after 40 hour
milling showed the presence of 20-100 nm nano-
particles self-organized into aggregates with size
200-800 nm (Fig. 1). The aggregates are random-
ly shaped being occasionally connected with each
other to form much larger and porous agglomerates.
These agglomerates most probably are secondary
assemblies being formed due to the preparation pro-
cedure for SEM study.

The sonication procedure used for the TEM sam-
ple preparation allows to substantially exclude the
secondary aggregation and to observe the actual mi-
crostructure of the milled material. This case is well
illustrated in Fig. 2 where two steady aggregates
with size 300x500 and 200x300 nm are shown.
The aggregates consist mainly of platy (thin) hex-
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Fig. 1. SEM image of nHA milled for 40 hours. Bar — 0.2 um.

Fig. 2. TEM bright-filed image of nHA aggregates (after mill-
ing for 40 hours). The insert shows enlarged area marked in
the image center with indicated d-spacing typical for the zone
[001] of apatite.

agonally shaped nanocrystals with size 10-30 nm.
The most developed face of the crystals is {001}.
The insert on the left-top part of the figure shows
an enlarged fragment from the central part of the
image (delineated as square) where the hexagonal
nHA crystal demonstrates two-dimensional lattice
fringes (high-resolution image) corresponding to
d-spacings equal to 0.81 nm and angle of 60°, which
is typical for the zone [001] of apatite. A part of nHA
is presented by slightly elongated platy nanocrys-
tals with the aspect ratio close to 2 and the length
varying between 30 and 60 nm. The crystal struc-
ture of the studied in TEM nanocrystals is not per-
fect. This fact is well demonstrated in Fig. 3, where
high-resolution image of defect and comparatively
large HA nanocrystal in zone [010] is shown. It is
well visible that the two-dimensional lattice fringes
are characterized by different contrast and clarity.
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Fig. 3. HRTEM image of defect HA nanocrystal whose [010]
zone axis is parallel to the electron beam. d-spacing 0.81 nm for
(100) and 0.69 nm for (001) typical for the [010] zone of apatite
are drawn in the image. Defect structure of the nanocrystal is
characterized by the presence slightly oriented domains with
size of about 10 nm.

In some places of the image, the two-dimensional
lattice is transformed into one-dimensional lattice.
There are light and dark areas. All these data in-
dicate the presence of differently oriented domains
constructing the nanocrystal.

Powder X-ray diffraction

The prepared nano-apatite by stepwise dry mill-
ing process for 40 h and the hybrid material of nano-
HA/HyA was subject to powder X-ray diffraction
analysis. In the model studies hyaluronan was used
as crystal modifier controlling shape and size. The
results from powder XRD analysis are shown on the
Figure 4.

The crystallite size determination gave about 70 nm
for the as-syntesized sample and about 30 nm for the
milled sample for 40 h, which value is preserved for
the mixed HA-HyA sample milled for 5 hours.

The lowest pattern (Fig. 4a) shows presence of
major hydroxyapatite and whitlockite (TCP phase)
in the as-synthesized ceramic. After milling for 40
h the phase TCP gets amorphous (Fig. 4b). It can be
stated that the mixed HA-HyA sample after addi-
tional milling for 5 hours contains three components
— nano-crystalline (HA), amorphous (TCP) and HyA
(hyaluronan) (Fig. 4c). Possible disaggregation due
to hyaluronan addition is expected and can e regis-
tered by granulometric methods in future.

Micro environmental behavior
of samples

The obtained series of nano-materials from the
tested ratios (Table 1) were molded in rubber-molds

were used for testing their microenvironment be-
havior and mechanochemical properties.

The micro environmental behavior of the test
air dried samples were studied in distilled water
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Fig. 4. Powder XRD patterns of the used materials: a, XRD pat-
tern of as-synthesized Ca-P ceramics; b, XRD pattern of Ca-P
ceramic milled for 40 h; ¢, XRD pattern of Ca-P ceramic milled
for 5 h with hyaluronan.
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with pH = 6.9 and in simulated body fluid (SBF)
prepared according to Kokubo (1990) at pH = 7.2—
7.4. The test samples were immersed in liquid and
the pH value of the liquid phase was measured for
a period of 30h. The results revealed that the finer
the powder the higher is the amount of the liquid
needed for preparation of plastic material that re-
mains compact after drying (solid to liquid ratio of
3.3). The results from the in vitro micro environ-
mental behavior testing of compact dried sample
moulds in SBF and in distilled water are presented
on Fig. 5.

The results of the microenvironmental behavior
show the tendency for keeping pH values in the in-
terval 8.4-9.2 for the entire studied time.These val-
ues of pH are relevant to biological reactions and
bio-compeatibility.

Test clinical studies — a case report

A 37 years old female was referred for endo-
dontic retreatment on tooth #36. The radiographic
examination revealed a tooth with unsatisfied endo-
dontic treatment and large periapical lesion — PAIS
(critical size bone defect). The patient felt pain on
percussion. The endodontic treatment plan included
the removal of old root canal filling, precise inspec-
tion and preparation of apical zone into the canals.

The canals were prepared using ProTaper Universal
instruments (Dentsply Maillefer) and classic en-
dodontic irrigating protocol — 2.5% NaOCl, 17%
EDTA and distilled water. Final preparation of the
endodontic space with apical bone lesion was filled
with hybrid HA/HyA and after that was obturated
with bioceramic sealer TotalFill (FKG, Switzerland)
and gutta-percha.

It is know [62] that hyaluronic acid and synthetic
calcium phosphate have osteoconductive and biode-
gradable properties and that was confirmed bu our
presented clinical case (Fig. 6).

SUMMARY OF THE OBTAINED
RESULTS

The most commonly used technique for the for-
mation of HA is the precipitation of precursors,
involving wet chemical reaction between calcium
and phosphate salts under controlled pH and tem-
perature. Having in mind the complexity of the pro-
cesses involved in the precipitation synthesis it is
obvious that understanding the mechanism in the
individual history of the samples used is an intrigu-
ing task.

This work confirmed that synthesis procedures
and reaction conditions strongly influence the char-
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Fig. 5. pH changes in SBF and in distilled water at in vitro testing of molds of CaP nano-crystalline particles with sodium hyaluro-

nate (solid/liquid 3.3; SBF pH = 7.2-7.4; water pH = 7).
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Fig. 6. A, Diagnostic radiograph of tooth #36; B, Control ra-
diograph after definitive root canals obturation; C, Control
radiograph after 6 months follow up period; D, Control radio-
graph after 12 months follow up period.

acteristics of nanoparticles obtained by top-down
milling processes — their particles morphology, size
and specific surface area, etc. [5S5-61].

In these contexts interesting features of the me-
chanical high energy milling processes is to be used
for top-down preparation of nanoscale hydroxyapa-
tites with particle and crystallite sizes relevant to the
bio mineralized structures. As a result, the milling
process is one of the pathways of choice to prepare
nano-sized bone substituted material. There is a
great clinical need for advanced biomaterials with
enhanced functionality in order to improve quality
of life of patients and to reduce the healthcare bur-
den of a global aging population.

Furthermore, the various parameters that affect
size and shape of crystallinity of nano scale HA
(1-100 nm) still need further study. We hypothesize
that this material has higher potential to be used as
bone building blocks in repair processes and prob-
ably to be self-organized matrix with biological ac-
tivity.

Another problem posed the results from wet
milling of nano-HA with HY A-Na solution receiv-
ing materials with nano-particles of 20-25 nm or
smaller. These results also would be subjects of
more detailed future experimental studies and crys-
tallographical analysis.

The vantage point to prepare nanocrystals is a
great challenge maximizing in vivo targeting effi-
ciency. Applications of macromolecules for func-
tionalization of mineral nano-particles have been
widely investigated and it was proven to be effec-
tive for bone repair strategy.

The obtained results are related to the new chal-
lenges in 21 century of endodontics studies on the
clinical application of new materials that can adopt
to ever-changing microenvironment of the root ca-
nal system (composite-like HA/HY A materia). Our
test-clinical study in the cases of apical bone lesions
as critical bone size defects show healing with na-
no-hydroxyapatite as an orthogonal filling material.

CONCLUSION

In this study a series of nano-hybrid materials
of NyA/nHA with nano-hydroxyapatite and hya-
luronan (sodium HyA) in different chosen experi-
mental ratios of the components were investigated.
The obtained material was chemically, morphologi-
cally and structurally studied. The composition of
the liquid phase and the solid/liquid ratio on the
formation features and mechanical strength of the
materials were investigated. It was found that high
energy milling stimulates the binding capacity of
the received nano-material. The performed studies
revealed that the obtained nano-hydroxyapatite by
high-energy milling is with crystallite size about 30
nm. SEM and TEM investigations show aggregates
of nHA crystallites. Hybrid material of nHA and
1% hyalorunan additionally milled was applied in
test treatment of bone defects with critical dimen-
sions, which lead to good clinical results.
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[Toctenuna mapr, 2018 r.; npuera anpwi, 2018 r.
(Pesrome)

CunrepoBan OudasHa KaanueBopochaTeH MaTepUall € MOAJI0KCH Ha BHCOKOCHEPTHIHO CMIJIAHE B ITPOABIDKCHHE
Ha 40 yaca 3a moylyyaBaHe Ha HAHOKPUCTAJICH XUApoKcHiaanaTuT. [1o BpeMe Ha CMUJIaHETO TPUKAIIHEBUT pocdat
HaIBJIHO ce amopdu3upa. [IpaxoB peHTreHOB aHaM3 € M3I0JI3BaH 3a (ha30B KOHTPOI U ONpeeNsIHe Ha pa3Mepa Ha
kpucranutute. Mopdosoxkure uzciensanus ca Hanpasenu cb¢ CEM n TEM ananu3u, kouto nokazaxa popMupaHe-
TO Ha arjJoMepaTH oT rpanynu. [lonydeHusT MmaTepuan Oerre JOMBJIHUTETHO MIISH ¢ 1% XuanypoH 3a BpeMeHa 2, 5, u
10 yaca, npu KOETO IbPBOHAYAIHUTE arjoMepary 0sxa JIe3UuHTErpupanu 10 GopMUpaHe Ha JOOpe XOMOT€HU3HPaH!
HAHOXHJIPOKCHUJIANIATUTOBU YaCTUIIM B XUOPHJICH XUIPOKCUIIANATUT/XHATYPOHOB MaTepHal, KOWTO Oellie U3Ioy3BaH
3a 3aITbJIBaHE HA KOCTHH JAe()EKTH C KPUTHUECH pa3Mep B CIIyYauTe Ha allMKaIHU MapoJOHTHTH. TecTOBUTE KIMHUYHU
n3cIie/IBaHus MI0Ka3axa J100bp jiedeOeH mpolec.
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The crystal structures of L-leucinium hydrogensquarate monohydrate (1) and prL-leucinium hydrogensquarate (2)
are reported. Compound 1 crystallizes in the monoclinic space group P2, with two formula units in the asymmetric
unit (Z =4, Z' = 2) and exhibits pseudo inversion symmetry. The crystal structure of 1 features two crystallographi-
cally distinct stacked hydrogen-bonded f-chains of hydrogensquarate ions interconnected by hydrogen-bonded wa-
ter molecules, surrounded by hydrogen-bonded r-leucininium ions, resulting in an intricate O-H---O and N-H---O
hydrogen-bonded layer structure. Compound 2 crystallizes in the monoclinic space group P2/n with Z = 4. Similar
to 1, the hydrogensquarate anions form fS-chains in the crystal structure. Two symmetry-related f-chains are stacked
and interconnected by hydrogen-bonded pr-leucinium ions, likewise affording an intricate O-H---O and N-H:--O

hydrogen-bonded sheet structure.

Keywords: leucine, amino acid, squaric acid, hydrogen bonding, crystal structure, pseudo symmetry.

INTRODUCTION

Squaric acid, H,C,0, (Scheme 1), is a remark-
ably strong diprotic organic acid. A pK,, value of
0.51 £ 0.02 was obtained by conductometric de-
termination [1] and pK,, = 0.55 £ 0.15 and pK, =
3.480 = 0.023 (at 25 °C) were determined by po-
tentiometric titration [2]. Based on earlier studies,
pK,, = 1.2-1.7 was reported in a review article by
Gilli et al. [3]. In any case, the strong acidity has
been attributed to resonance stabilization of the cor-
responding anions, i. e. hydrogensquarate, HC,O,
(Scheme 1), and squarate, C,0,* [4].

Since the 1990s, squaric acid anions have fre-
quently been used as counterions for protonated
organic bases in molecular salt crystals. A wide
variety of such proton-transfer compounds can be
found in the Cambridge Structural Database [5].
An early account of the crystal chemistry of squaric
acid anions was given by Gilli et al. [3]. These au-
thors ascribed the interest in these anions for crys-
tal engineering to the following factors: first, the
fact that donating and accepting hydrogen bonds

* To whom all correspondence should be sent:
E-mail: Ruediger.Seidel@rub.de

106

are confined to the molecular plane; second, the
strength of the O-H---O hydrogen bonds that hydro-
gensquarate ions can form to one another; third, the
ability of squaric acid to readily transfer a proton
to an aromatic base, which in turn forms a charge-
assisted N-H---O hydrogen bond to the anion. Three
modes of association of hydrogensquarate ions
via O-H---O hydrogen bonds frequently encoun-
tered in the solid-state, viz. 1,2-dimers (a-dimers),
1,2-chains (a-chains) and 1,3-chains (f-chains) [3],
are illustrated in Scheme 1.

Research into solid-state supramolecular chem-
istry of proton-transfer compounds of squaric acid
and a-amino acids is driven by the general chemical
and biological interest in a-amino acids and by the
possibility to synthesize non-centrosymmetric crys-
tals from enantiopure chiral a-amino acids. Non-
centrosymmetry in the crystals is a requirement for
desired non-linear optical properties of these mate-
rials. Kolev et al. [6-16] and others [17-19] have
reported on the structures and properties of a variety
of salts of squaric acid and a-amino acids and deriv-
atives. Very recently, Yadav et al. reported a study
on optical, piezoelectric, dielectric and mechanical
properties of L-asparaginium hydrogen squarate
hemihydrate crystals [20], which were first synthe-
sized and structurally characterized by Kolev et al.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Scheme 1. Chemical diagrams of squaric acid, hydrogensquarate resonance structures and some common hydrogen-bonded as-

sociations of hydrogensquarate [3].

[8]. Motivated by these results, we herein report the
syntheses and crystal structures of L-leucinium hy-
drogensquarate monohydrate (1) and prL-leucinium
hydrogensquarate (2). Chemical diagrams of the
D- and L-form of the amino acid leucine are depicted

in Scheme 2.
WCOOH COOH
[ Y\N:
L-leucine D-leucine

Scheme 2. Chemical diagrams of L-leucine and p-leucine.

EXPERIMENTAL SECTION
Preparation of 1 and 2

224 mg (2 mmol) of squaric acid were dissolved
in 30 mL of deionised water at 70 °C by continu-
ous stirring for six hours. When the solution became

clear, 262 mg (2 mmol) of L-leucine or pL-leucine
were added for the preparation of 1 and 2, respec-
tively. Stirring was continued for three hours with-
out heating. Subsequently, the product was filtered
off and purified by multifold recrystallization from
deionised water.

Single-crystal X-ray analysis

The X-ray intensity data for 1 were collected
on a Siemens P4 four-circle diffractometer with a
scintillation detector, using graphite-monochromat-
ed Mo-K, radiation from a fine focus sealed X-ray
tube. Unit cell parameters were determined by least-
squares fit to the 6 values of 15 automatically cen-
tred reflections (7.5° < 6 < 15.0°). The intensity data
were collected in the @ scan mode. The data were
corrected for Lorentz and polarisation effects. An
absorption correction based on y scans was carried
out [21]. The diffraction data for 2 were collected
on a Bruker SMART X2S diffractometer, using
Mo-K, radiation from a XOS X-beam microfocus
X-ray source with a doubly curved silicon crys-
tal monochromator. The data were processed with
CrysAlisPro [22]. An absorption correction based

107



R. W. Seidel, S. Zareva: The crystal structures of L-leucinium hydrogensquarate monohydrate and pr-leucinium...

on multiple-scanned reflections [23] was carried out
with ABSPACK in CrysAlisPro.

The crystal structures were solved by direct
methods using SHELXS-97 [24] and refined by
full-matrix least-squares refinement on F* using
SHELXL-2018/3 [25]. The absolute structure of 1
was deduced from the known absolute configuration
of the L-leucine starting material used for the syn-
thesis. Anisotropic displacement parameters were
introduced for all non-hydrogen atoms. Hydrogen
atoms except for water molecules were placed at
geometrically calculated positions and refined with
the appropriate riding model. The positions of water
hydrogen atoms were located via difference Fourier
syntheses and subsequently refined with O-H dis-
tances restrained to target values of 0.82(2) A.
Crystal data and refinement details for 1 and 2 are
given in Table 1. Representations of the crystal and
molecular structures were drawn with DIAMOND
[26]. Crystal data and refinement details are listed
in Table 1.

CCDC 1433510 (1) and 1831823 (2) contain the
supplementary crystallographic data for this paper.
The data can be obtained free of charge from the

Table 1. Crystal data and refinement details for 1 and 2

Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/getstructures.

RESULTS AND DISCUSSION

Reaction of enantiopure L-leucine with an equi-
molar amount of squaric acid in aqueous solution
afforded the crystalline monohydrate 1, whereas
treatment of racemic prL-leucine with squaric acid
under the same reaction conditions yielded crys-
talline anhydrous 2. Compound 1 crystallizes in
the Sohncke space group P2,. Figure 1 depicts the
asymmetric unit of 1, which comprises two L-leu-
cinium ions, two hydrogensquarate ions and two
water molecules, i. e. two formula units (Z' = 2).
The two crystallographically unique hydrogensquar-
ate ions are related by pseudo inversion symmetry.
The ADDSYM routine in PLATON [27] calculates
that the pseudo inversion symmetry expands to 94 %
of the entire structure (pseudo space group P2,/n).
The pseudo symmetry encountered here is not
a simple disorder, because the A0/: A + [ =2n + 1
reflections are not absent and the crystal structure
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1 2
Empirical formula C,,H,;NO, C,H;sNOg
M, 263.24 245.23
2 (A) 0.71073 0.71073
Crystal size (mm?®) 0.23 x0.13 x 0.11 0.54 x 0.30 x 0.25
Crystal system Monoclinic Monoclinic
Space group P2, P2/n
T (K) 294(2) 300(2)
a(A) 14.2880(17) 13.4301(19)
b(A) 6.119(2) 6.0440(6)
c(A) 15.0909(18) 14.9714(19)
L) 95.433(10) 92.189(12)
V(A% 1313.5(6) 1214.3(3)
VA 4 4
Pea (g cn1) 1.331 1.341
# (mm™) 0.114 0.112
F(000) 560 520
6 range (°) 2.063-24.991 2.000-25.053
Reflections collected / unique 3351/2977 6853 /2141
R,, 0.0201 0.0394
Observed reflections [/ > 2a(/)] 2583 1714
Goodness-of-fit on F* 1.024 1.112
Parameters / restraints 338/4 159/0
R1[I>2a(D] 0.0417 0.0712
wR2 (all data) 0.1160 0.1527
Residuals (eA?) 0.295/-0.271 0.412/-0.223
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010

Fig. 1. Asymmetric unit of 1. Displacement ellipsoids are drawn at the 30% probability level. Hydrogen atoms are represented by

small spheres of arbitrary radii.

could be refined satisfactorily in the space group
P2, with a non-disordered model. For some recent
examples of pseudo symmetric crystal structures in
the literature, see, for instance, references [28, 29].
In contrast to 1, the asymmetric unit of 2 comprises
only one formula unit (Fig. 2). Compound 2 crystal-
lizes in the centrosymmetric space group P2/n.

In the crystal structure of 1, the hydrogensquar-
ate ions are joined by O-H:--O hydrogen bonds, re-
sulting in two crystallographically distinct f-chains
extending by translational symmetry in the b axis
direction (Fig. 3). The O-H---O distances within
the S-chains are 2.571(4) and 2.57(4) A, indicat-
ing strong hydrogen bonds. As aforementioned, the

Fig. 2. Asymmetric unit of 2. Displacement ellipsoids are drawn at the 30% probability level. Hydrogen atoms are represented by
small spheres of arbitrary radii. The dashed line represents a hydrogen bond.

f—>b

a

P-.

. s
; ’l};\}’l\:\:\‘}ﬁ:;\‘}’l\.

P-.

Fig. 3. View of the two crystallographically distinct oppositely extending stacked f-chains of hydrogensquarate ions in 1, intercon-
nected by water molecules, approximately along the ¢ axis direction. Hydrogen bonds are represented by dashed lines.
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hydrogensquarate ions in the distinct oppositely ex-
tending chains are related by pseudo inversion sym-
metry. The stacking distance between the chains is
approximately 3.3 A with respect to the mean planes.
The water molecules interconnect the two f-chains
via O-H---O hydrogen bonds with an average hy-
drogen bond distance of 2.85 A. The hydrogen-
bonded strands of hydrogensquarate f-chains and
water molecules are laterally linked by the L-leucin-
ium ions via the carboxy and the protonated amino
group. The carboxy groups form hydrogen bonds
to hydrogensquarate oxygen atoms with distances
of 2.610(4) and 2.618(4) A. The average N-H---O
hydrogen bond distance is 2.89 A. In the crystal, an
intricate two-dimensional hydrogen bond network
parallel to (101) results (Fig. 4). A comprehensive
listing of the hydrogen bond parameters in 1 can be
found in the supporting crystallographic data.

As shown in Figure 5, the crystal structure of
2 likewise features hydrogen-bonded f-chains of
hydrogensquarate ions extending by translational
symmetry in the b axis direction. The O-H:--O

\\

HY«“‘ \L

et
A }
A s

(\ ot
s
L ‘

hydrogen bond distance is 2.592(3) A. In contrast
to 1, however, the stacked f-chains in 2 do not ex-
tend oppositely but in the same direction. The two
[S-chains forming a stack are symmetry-related by a
crystallographic twofold rotation axis, as also ob-
served in the crystal structure of L-asparaginium hy-
drogen squarate hemihydrate [8, 20]. The stacking
distance, i. e. the distance between the mean planes
through the hydrogensquarate four-membered
rings, is 3.21 A and similar to that observed in 1.
It has been pointed out that f-chains of hydrogens-
quarate ions are strongly hydrophilic and therefore
usually surrounded by water molecules in the crys-
tal [3], as observed in 1. Therefore, it is interesting
to note that the structure of 2 is solvent-free, i. e.
anhydrous, and the f-chains are exclusively sur-
rounded by carboxy and protonated amino groups
of the prL-leucinium ions, although 2 crystallized
from water under the same conditions as 1. The
pL-leucinium ions link the stacks of f-chains into
a two-dimensional hydrogen bond network paral-
lel to (101) in the crystal (Fig. 6). The O-H---O

Y

- -

35/‘\

;:
’
’
S

124

g!

Fig. 4. O-H---O and N-H---O hydrogen-bonded sheet structure of L-leucinium ions, hydrogensquarate ions and water molecules in
1, viewed along the b axis direction (along the f-chains). Hydrogen bonds are represented by dashed lines. Carbon-bound hydrogen

atoms are omitted for clarity.
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Fig. 5. View of two symmetry-related stacked f-chains of hydrogensquarate ions in 2, extending in the same direction. Hydrogen

bonds are represented by dashed lines.
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Fig. 6. O-H---O and N-H--O hydrogen-bonded sheet structure of pL-leucinium ions, hydrogensquarate ions in 2, viewed along the
b axis direction (along the f-chains). Hydrogen bonds are represented by dashed lines. Carbon-bound hydrogen atoms are omitted

for clarity.

hydrogen bond distance involving the carboxy
group is 2.592(3) A. The protonated amino group
forms a hydrogen bond to a carboxy oxygen atom
of a neighbouring molecule [N-H---O: 2.840(3) A]
and another to a hydrogensquarate oxygen atom
[N-H---O: 2.882(3) A] and a donating bifurcated
hydrogen bond to two hydrogensquarate oxygen
atoms with an average N-H:--O hydrogen bond dis-
tance of 2.96 A. In contrast to 1, there is structural
evidence for a weak hydrogen bond between the
a-CH group of the leucinium ion and a hydrogen-
squarate oxygen atom [C-H---O: 3.546(4), <CHO:
157.5°]. A comprehensive listing of the hydrogen
bond parameters in 2 can be found in the supporting
crystallographic data.

A survey of the Cambridge Structural Database
[5] (CSD; version 5.39 with February 2018 updates)
yielded a number of structurally characterized salts
consisting of protonated a-amino acids and hydro-
gensquarate counterions. Similar to 2, pL-serinium
hydrogensquarate (CSD refcode: BUTBOJ) crys-
tallizes solvent-free from a methanol/water mixture
[16], but, in contrast to 2, the hydrogensquarate ions
form a-chains in the crystal. Topologically, the hy-
drogensquarate ions also form a-chains in the sol-
vent-free structure of L-serinium hydrogensquarate
(CSD refcode: PAZCUO) [8], but the flat hydrogen-
squarate ions are twisted to one another. a-Chains
are also found in the monohydrate structure of the
hydrogensquarate of (R)-1-phenylglycine (CSD
refcode: TEHYUA) [7], a non-natural o-amino
acid. The aforementioned L-asparaginium hydrogen
squarate hemihydrate crystallizes from aqueous so-
lution (CSD refcodes: NUIFUY and NUYFUIOI)
[8, 20] and features f-chains of hydrogensquarate
ions in the crystal, similar to those in 2 but also
surrounded by water molecules. f-Chains are also
encountered in L-alaninium amide hydrogensquar-

ate monohydrate (CSD refcode: PAZFUS) [11] and
L-prolinamidium hydrogensquarate (CSD refcode:
TECMUK) [12]. The crystal structures of solvent-
free L-argininium hydrogensquarate (CSD refcode:
TIDCAK) [6] and L-argininamidium bis(hydrogen
squarate) (CSD refcode: WEJCEU) [13] and show
o-dimers of the hydrogensquarate ions. In the crys-
tal structure of histidinium hydrogensquarate (CSD
refcode: TIWXAY) [17], r-lysinium hydrogens-
quarate monohydrate (CSD refcode: CONVAD)
[15] and the hydrogensquarate of the a-amino
acid derivative L-leucineamide (CSD refcode:
YUKFUG) [14], isolated hydrogensquarate ions
surrounded by the respective cations are observed.
Interestingly, in the hemihydrate structure of the hy-
drogensquarate of the non-proteinogenic a-amino
acid L-canavanine (CSD refcode: HIVSUA) [10],
the hydrogensquarate are 1,2- and 1,3-connected
through O-H:--O hydrogen bonds in an alternating
fashion, resulting in a zigzag chain.

CONCLUSIONS

We have synthesized and structurally character-
ized hydrogensquarates of enantiopure L-leucine
and racemic pL-leucine. The former, compound 1,
is a monohydrate and the latter, compound 2, is
solvent-free. The present study expands the series
of structurally characterized squaric acid salts of the
proteinogenic amino acids. As required by the en-
antiopure chiral L-leucinium ion, 1 crystallizes in a
Sohncke space group. The entire crystal structure,
however, fits 94% with pseudo centrosymmetry.
In both 1 and 2, the hydrogensquarate ions exhibit
a 1,3-chain (f-chain) hydrogen bonding pattern. It
is expected that the present study sparks future re-
search into the properties of the compounds studied
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and further investigations on the solid-state supra-
molecular chemistry of squaric acid salts of amino
acids in general.
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KPUCTAJIHU CTPYKTYPU HA L-JIEBHMHUEB X1JIPOTEHCKBAPAT
MOHOXUWAPAT U pL-JIEBHUHUEB XU/IPOI'TEHCKBAPAT

P. B. 3aitzen'**, C. I1. 3apeBa?

! Kameopa ,, Ananumuuna xumus *, Pypcku ynusepcumem, Boxym, ya. ,, Vuusepcumemcxa *“ 150,
44780 Boxym, I'epmanus
* Hacmosuw, adpec: Hnemumym no @apmayus, Ynueepcumem ,, Mapmun Jlymep “—Xane-Bumenoepe,
V. ,, Boagheane Jlaneenber “ 4, 06120 Xane, I'epmanus
2 Cogpuiicku ynusepcumem ,, Ce. Knumenm Oxpudcku “, @axyamem no xumus u papmayus,
oyn. ,, /. Bayuep* 1, 1164 Cogpus, bvreapus

[Toctenuna mapr, 2018 r.; npuera anpwi, 2018 r.
(Pestome)

IIpencraBeHu ca KpUCTAIHUTE CTPYKTYPH Ha L-JIEBIIMHHUEB XMIPOTEHCKBapaT MOHOXHIpAT (1) U DL-JIEBIHNEB
xuaporencksapar (2). Coenunenne 1 xpucranusupa B MOHOKIMHHA MPOCTPAHCTBEHA Ipyna P2, KaTo acUMeTpud-
HaTa eJMHUIIA C€ ChCTOU OT JBa JICBIIMHUEBH KaTHOHA U JIBa XUAPOTEHCKBApaTHU aHWoOHA (Z =4, Z° = 2) u noka3Ba
TICeBJJOMHBEpCHOHHA cuMeTpust. KpucTanHara cTpykrypa Ha 1 ce XapakTepu3upa ¢ JiBe KpUCTAIOrpad)CK pa3inaHo
MIOJIPE/ICHN f-BEPUTH OT XUAPOTCHCKBAPATHU HOHH, CBBP3aHH C BOJIHU MOJICKYJIM 4Ype3 BOJIOPOAHU BPB3KH, 00rpa-
JICHU OT CBBP3aHU C BOJOPOJHH BPB3KH L-JEBIMHUEBU HOHHU, KOETO BOAM 10 00pa3yBaHETO Ha CJIOECTa CTPYKTypa
cbe cnoxkuau O—H---O u N-H---O Bogoponnu Bpb3ku. CheTuHEHNE 2 KPUCTATU3UPA B MOHOKIIMHHA TIPOCTPAHCTBEHA
rpyna P2/n ¢ec Z = 4. Tlogo0OHo Ha 1, XuApOreHCKBapaTHUTE aHMOHH 00pa3yBaT [-BEPUTH B KPUCTAIIHATA CTPYKTYpa.
[-BepUrnTE Ca CBBbP3aHU C BOJOPOAHU BPB3KH C DL-JCBIIMHHUEBHs HOH, KATO MO TO3W HAYMH CE MOJIydaBa CIIOXKHA
CTPYKTypa oT cioese, cBbp3anu ¢ O—H:--O u N-H---O BogopoaHu Bpb3KH.
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Chabazite single crystals were modified to NH,*, Zn*" and Ni** chabazite forms and characterized by EDS/SEM,
DTA/TG, FTIR and single crystal X-ray diffraction. The modification procedure includes successive conversion of
the starting natural chabazite (Na, ;,Ca, s,)Al, (;Si5,,0,,.xH,0) into its ammonium form (NH4-CHA) where after the
NH4-CHA form is converted to either zinc or nickel forms by ion-exchange with 1M ZnCl, and NiCl, water solutions
at 100 °C. The EDS, FTIR and structural studies revealed remains of ammonium cations in Zn and Ni exchanged
forms. The structural analyses disclosed that the water molecules present within the CHA framework tend to occupy
sites that are usually related with nearby cation(s) sites. As the cation amounts required for the framework charge
compensation is limited the water molecules amounts are also adjusting to this detail. The distribution of the water

molecules in the 8-membered ring is of radial type.

Keywords: chabazite, microporous, single crystal, ion exchange.

INTRODUCTION

Crystalline open-framework materials such as
aluminosilicate zeolites belong to a family of mi-
croporous materials that are attractive due to their
rich structural chemistry and their various usage:
as catalysts, in gas separation, ion exchange, low-k
dielectric (thin film) materials, for H, and CO, gas
storage [1-9]. Nowadays, in order to accommodate
the industrial demand and increased technological
requirements, the performed investigations target to
improve the properties of existing crystalline open-
framework materials and to discover new ones ex-
hibiting better structure-property characteristics.
This is achieved through modifications of currently
available microporous materials and by the target-
ed design and synthesis of new ones [10—13]. The
properties of “porous” materials are usually asso-
ciated with their pore size, channel systems, ther-
mal, mechanical and chemical stability. In the case
of alumo-, titano-, zircono- and “other-" silicate
zeolites used as catalysts, their catalytic activity is
also related to the number and type of acid centers
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present in the structure [8, 14—16]. The efficiency
of zeolites in catalytic reactions, gas separation,
sorption, etc. applications can be better understood
if in-depth knowledge of the structural features of
existing materials is available. Therefore the inves-
tigations mainly target the pore size dimensions,
the channel shape and size, the connectivity of the
building blocks and the modification of the frame-
work chemical composition [17, 18]. The detailed
knowledge of structural features of existing materi-
als is also critical for the design and synthesis of new
ones. [19, 20]. However, in-depth structural charac-
terization is a challenging task, because sufficiently
bigger single crystals are difficult to grow. The syn-
thesis of microporous materials usually produces
microcrystalline powders, the characterization tech-
niques are limited to powder diffraction, chemical
analyses and spectroscopic methods. Moreover,
typical optimization for industrial applications in-
cludes the maximization of the specific surface and/
or volume of the samples through lowering the crys-
tallite size e.g. going in the “nano” scale [13, 21,
22]. Thus most single crystal studies are performed
on naturally grown samples. Chabazite is a natural
microporous aluminosilicate with common for-
mula (M®®),Al,Si,0,,.nH,0 [23] where M = Na,
K, Ag, Cs, Ca, Sr, Ba, Cd, Mn, Co, and Cu are the
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framework charge compensating cations. Natural
chabazite(s) shows considerable variation in Si/Al
ratio [24, 25]. Based on the dominant non-frame-
work cation (natural) chabazite is usually referred
as Ca-CHA, K-CHA, Na-CHA, Sr-CHA. The CHA
structure consists of six-membered double rings
(D6R) which are connected with tilted four-mem-
bered rings (4MR). As a result 8-membered twisted
rings (SMR) with diameters of ~3.9 A can be detect-
ed. The three-dimensional arrangement of the D6R
(e.g. hexagonal prisms), 4MR and 8MR produces a
[412688¢] cavity 11.0 X 6.6 x 6.6 A¥ in size, opened in
all directions through the 8MR. Thus a three-dimen-
sional system of channels is observed Fig. 1.
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Fig. 1. Observation of the CHA framework surface (contoured
with probe diameter of 2.4 A) leading to the appearance of 3D
channel system.

The large size of the CHA [4'26%8¢] cavity pro-
motes the high sorption specificity for large cations
such as alkali and alkaline Cs*, K*, Sr** [26]. CHA
specific chemical and structural features (high spe-
cific surface and volume, thermal stability above
450 °C, simultaneous existence of small and large
pores, voids and cavities, presence of acidic centers)
makes it a material with likely application for bulk
gas adsorption, gas separation, heavy oil crack-
ing etc. Unfortunately, industrial scale deposits of
chabazite are relatively rare and mostly unexploited
(e.g. Bowie, Arizona, US; Gads Hill, Tasmania,
AU). The natural chabazite deposits feature impuri-
ties e.g. parasite crystal phases, amorphous content
etc. On the other hand, CHA with industrial qual-
ity (higher than 90%) can be easily produced from
chabazite ore by combining gravity concentration,
magnetic separation, semi-synthetic caustic diges-
tion [27] or alternatively from commercial HY or

K/NaY by “zeolite to zeolite conversion” [16, 20,
28] e.g. adjusting the Si/Al ratio using highly basic
solutions (1-3M KOH) and additional amounts of
Si0,. The synthesis of CHA usually yields micro
size crystals and thus hampers the detailed struc-
tural investigations. In this work we present struc-
tural studies of natural chabazite single crystals ex-
changed with ammonium, zinc and nickel cations.

EXPERIMENTAL
Materials

The starting material is a natural light gray
chabazite (CHA) consisting of tightly packed sin-
gle crystals with indeterminate habitus. The ion
exchange was conducted in Teflon autoclaves us-
ing double distilled water (ddH,O). For the prepa-
ration of exchange solutions the following Sigma-
Aldrich reagents were used: NH,Cl1 (A9434), ZnCl,
(208086) and NiCl, x H,O (364304).

Cation exchange

Initially natural chabazite was converted into
ammonium form (NH4-CHA) by ion exchange with
1M NH,ClI solution. Typically ~15 mg of CHA sin-
gle crystals were added to 5 ml of 1M NH,CI and
the mixture was heated to 90 °C with orbital shak-
ing (40 rpm). After 40 hours the NH,Cl solution was
removed and replaced with fresh 1M NH,Cl. This
procedure (supplying fresh 1M NH,Cl) was per-
formed two times producing a total exchange time
of 120 h (5 days). Finally, the NH,CI solution was
discarded and the NH4-CHA was washed several
times with ddH,O. The resulting NH4-CHA was
allowed to dry at room temperature for at least 24
hours. The zinc and nickel forms of chabazite were
prepared starting from NH4-CHA by ion exchange
with 1M ZnCl, and 1M NiCl, solutions at 100 °C
for a total exchange time of 168 hours and using a
similar procedure as for NH4-CHA (every 56 hours
the 1M ZnCl, or 1M NiCl, solution were substituted
with fresh ones).

Scanning electron microscopy

Scanning electron microscopy (SEM) micro-
analyses of the samples were performed on a JEOL
JSM 6390 electron microscope (Japan) in conjunc-
tion with energy dispersive X-ray spectroscopy
(EDS) Oxford INCA Energy 350, equipped with
ultrahigh resolution scanning system (ASID-3D)
in regimes of secondary electron image (SEI). The
accelerating voltage was 15 kV, [ ~65 nA, the pres-
sure was of the order of 107 Pa. The single crys-
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tals were directly placed on an adhesive carbon tape
(Agarscientific) and coated with Au for 30 sec.

Differential thermal analysis (DTA)
and thermo gravimetric (TG) losses

The DTA/TG data were obtained on a Setaram
Setsys equipment. The experiment was carried out
by placing approximately 2-3 mg of the CHA sam-
ples into a corundum crucible with heating of 10 °C
min~' from ambient temperature to 800 °C and under
flowing argon gas (20 ml min'). Baseline curves,
measured under the same experimental conditions
were acquired to account for buoyancy effects. The
peak fitting of the DTA data was performed with a
Gaussian type of function using Fityk [29].

Fourier transform infrared
spectroscopy (FTIR)

The FTIR spectra of the chabazite samples (KBr
pellets) were recorded in the transmission mode at
room temperature using a TENSOR 37 Bruker spec-
trometer in the 400—4000 cm™!' range. Before spectra

collection the CHA samples were dried and crushed
(grounded). The pellets were prepared using 50 mg
KBr and 0.5 to 1 mg of (NH4, Zn, Ni)-CHA.

Single Crystal X-ray

Crystals of ammonium, zinc and nickel ex-
changed chabazite suitable for X-ray analyses were
mounted on a glass capillary and all diffraction data
were recorded from those crystals. Diffraction data
were collected at room temperature by w-scan tech-
nique, on an Agilent Diffraction SuperNovaDual
four-circle diffractometer equipped with Atlas CCD
detector using mirror-monochromatized MoKa. (A =
0.7107 A) radiation from micro-focus source. The
determination of cell parameters, data integration
scaling and absorption correction were carried out
using the CrysAlisPro program package [30]. The
structures were solved by direct methods [31] and
refined by full-matrix least-square procedures on F?
[31]. The natural and exchanged chabazite crystals
were isotypical, space group R3m (No 166) with
one molecule per asymmetric unit. A summary of
the main fundamental crystal and refinement data is
provided in Table 1.

Table 1. Important crystallographic and refinement details for ammonium, zinc and nickel exchanged chabazite

NH4-CHA Ni-CHA Zn-CHA
Molecular weight 2784.84 2743.21 3056.50
Crystal system Trigonal Trigonal Trigonal
Space group R3m R3m R3m
T(K) 290 290 290
Radiation, wavelength (A) Mo Ka, 0.71073 Mo Ka, 0.71073 Mo Ka, 0.71073
a(A) 13.8520(3) 13.7972(5) 13.8485(7)
b(A) 13.8520(3) 13.7972(5) 13.8485(7)
c(A) 14.9061(3) 14.8847(7) 14.8504(8)
V(A3 2476.96(9) 2453.88(17) 2466.5(2)
a (%) 90 90 90
£ 90 90 90
7 () 120 120 120
4 1 1 1
Fo 1409.4 1498 1510
d (mg. m3) 1.867 1.856 2.058
p (mm) 0.554 1.340 1.590

Cell parameters
Crystal habit, color
Crystal size (mm?)
Radiation source
Monochromator

from 4113 reflections
prism, colorless
0.30%0.28x0.27
SuperNova (Mo) X-ray
mirror

Data collection w scans
Reflections collected/I>2c (1) 7385/1373
Parameters 55

RI (F?> 20 (F?)) 0.037
wR2 (all data) 0.110
Extinction correction none
AP,/ Ap,,. (e A7) 0.71/-0.70

from 4030 reflections
prism, colorless
0.30%0.28x0.27
SuperNova (Mo) X-ray
mirror

from 2508 reflections
prism, colorless
0.29%x0.26x0.23
SuperNova (Mo) X-ray
mirror

o scans o scans
8111/1300 5710/1217
61 68

0.052 0.049
0.172 0.150
none none
1.38/-0.82 0.79/-0.61
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DISCUSSION

The most employed and important technique
used to modify zeolites is ion exchange. lon-
exchange properties of natural chabazite(s) have
been well studied [9, 32, 33]. Normally the ion ex-
change process is not as lengthy but the use of sin-
gle crystals, with limited exchange surface and al-
most certainly having crystal defects, hampering the
ion exchange, implies longer exchange times and
higher cation concentrations. As the IM ZnCl, and
NiCl, solutions have acidic character (pH around
4.7 at room temperature) the extension of the ion
exchange period cannot be prolonged indetermina-
bly due to the expected structural damage and even-
tual destruction of the CHA framework. The SEM
images of the samples (Fig. 2) do not show notice-
able degradation on the surface. This observation is
further supported by conducted standardless EDS
chemical composition analyses showing a persistent
Si/Al molar ratio on a randomly nominated points
on the surface of the samples (Table 2). This result
is important from practical point of view, because it

15kV X150 100pm

09 49 SEI

15kV X350 50pm 09 49 SEI

shows that no significant variation of the chabazite
Si/Al framework is produced during the 7 days mod-
ification with acidic solutions of ZnCl, and NiCL,
The positive/negative charge balance (M™*/Al")
is also very well-adjusted in natural, Zn- and Ni-
CHA, being very close to the theoretical estimation.
In the case of NH4-CHA the charge-balance should
take into account that the exchange procedure may
introduce both NH," and NH; species, indiscern-
ible by EDS and most chemical analyses [14]. As
SEM observation are carried out in vacuum (10
torr) the water molecules tend to leave the porous
structure of chabazite and thus their content cannot
be accurately deduced using standard EDS analyses
(although the Oxford INCA Energy 350 detector
outputs the oxygen amounts). For that reason TG
analyses were preferred for the estimation of wa-
ter content in zeolites. The DTA/TG results for the
four samples, CHA, NH4-CHA, Zn-CHA and Ni-
CHA are shown on Fig. 3. The TG curves of CHA
and Ni-CHA show one stage weight losses while
the NH4-CHA and Zn-CHA weight losses occur
clearly in two stages. The principal weight losses

15kV X65  200pm 09 49 SEI

15kV X35 500pm 10 49 SEI

Fig. 2. SEM morphology of a) natural CHA, b) NH4-CHA, ¢) Zn-CHA, and d) Ni-CHA.

Table 2. Chemical compositions of natural and ammonium, zinc and nickel exchanged chabazite

Chabazite form Extra-framework cations Framework and waters Si/Al ratio Charge compensation
CHA natural (Ca, ,Na, ;) Al (;Sig 5,0,, nH,O 2.30 M™27/Al" =3.48/3.63
NH4-CHA (N5 59) Al ,Sig ,0,, x nH,O 2.41 NH,/Al" = 5.58/3.52
Ni-CHA (N1, ;s N, o) Al, 4Si, ,0,, x nH,0 1.87 M7/Al" = 4.04/3.96
Zn-CHA (Zn, ,Nyo) Al ,Sig ;,0,, x nH,0 2.26 M"*/Al =3.84/3.67
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Fig. 3. DTA/TG data for a) natural CHA b) NH4-CHA c) Zn-CHA and d) Ni-CHA.

occur during the first stage (up to ~340 °C) and are
mainly related to the release of water molecules and
ammonium, in the case of NH4-CHA.

The tentative “peak fitting” of the DTA curves
showed that the broad region (20 to ~340 °C) can
be further subdivided (Fig. 3). In all four samples
the fitting shows a peak in the 6085 °C region that
can be explained by “low temperature” desorp-
tion (release) of physisorbed water. The next two
peaks (90-220 °C) are also common for the four
CHA samples. The first one (~90 to 150 °C) can be
explained by the breakup and release of hydrogen
bonded water molecules, present in the channels.
The second one (~150 to 220 °C) can be attributed
to the more strongly coordinated H,O molecules
e.g. those that complement the cation coordination.
Interestingly, in the cases of natural CHA and Zn-
CHA the DTA data discloses endothermic effects
in the region around 300 °C. As such effects are not
present in the NH4- and Ni-CHA (Fig. 4) their as-
signment is a little bit delicate. An assumption is
that due to the release of part of the H,O molecules
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complementing the cation coordination sphere, the
cations start to migrate and occupy positions closer
to the negatively charged CHA framework sites
(compensating their positive/negative charge). Thus
the cations would “attract” even more strongly the
remaining H,0O molecules and the release will oc-
cur even “slowly” and at higher temperatures. The
process is beneficial for both the framework and the
cations. Such explanation is also in agreement with
TG data, showing a change of TG slope and thus
the speed of weight losses. In the case of NH4-CHA
the peak at ~490 °C is associated with the release of
the ammonium (such effect is not observed in the
other three samples). At higher temperatures (above
560 °C) the completion of the dehydration process
and the release of remaining NH," are finalized.
The four FTIR spectra (natural, NH,", Zn and
Ni chabazite, Fig. 5) show analogous spectral
bands related to the chabazite framework, NH,",
OH and H,O molecules. The main feature is the
presence of the bands associated with NH," vibra-
tion (~1420 cm ' and a shoulder around 2800 cm™')
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Fig. 4. DTA endo effects and associates processes in natural chabazite and exchanged NH4-CHA, Zn-CHA and Ni-CHA.
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Fig. 5. FTIR spectra of natural CHA, NH4-CHA, Zn-CHA and
Ni-CHA.

in the exchanged chabazite. These bands are very
well pronounced and intensive for NH4-CHA, not
present for natural CHA while for Ni- and Zn-CHA
the low intensity of these bands (~1455, ~1400,
~1340, ~2930 and ~2850) suggests only minimal
remains of NH,".

The IR absorption bands associated with the
chabazite framework vibrations are visible in the
400-1200 cm'range. As one can see the relative in-
tensity and position of the six bands (420, 460, 520,
640, 720 and 1025) is not affected by the performed
cation exchange. According to [34] CHA type phas-
es are characterized by the presence of a triplet of

peaks near 420, 455 and 510 cm!. These bands are
clearly visible in our spectra at 420, 460, 520 cm™!
and thus FTIR data also supports that the conducted
ion exchange is not affecting the structure of CHA.
The meticulous assignment of the absorption bands
related to the chabazite framework vibrations is
usually associated to two types of vibrations rep-
resentative for CHA building units (TO, tetrahe-
dra, T = Si or Al). Those related to internal O—-T-O
symmetric, asymmetric stretching and bending and
those that are characteristic for T-O-T linkages (in-
volving a bridging oxygen atom). Thus the bands at
460, 640, 720 and 1025 cm1 are associated to the
O-T-0 vibrations. The O—T—O asymmetric stretch-
ing vibrations occur at 1025 cm™ while the symmet-
ric stretching vibrations located at 640 and 720 cm™!
can be subdivided to internal (640 cm™') and exter-
nal (720 cm!). The 460 cm™! band is characteristic
for tetrahedra O—T—O bending. The bands around
420 and 520 cm! are due to external linkage vibra-
tions between tetrahedrons (T—O-T). The shoulder
at ~1140 cm™ results specifically from Si—-O-Si
asymmetric stretching mode.

The band at 1650 cm™ reflects the bending vi-
bration of H,O molecules present in the CHA chan-
nels [35]. In addition the symmetric and asymmetric
H,O vibrations produce a broad peak in the 3000
3600 cm™ region (also disclosing hydrogen bonding
interactions).

Single crystal analyses were conducted for NH4-,
Zn- and Ni-CHA. The structure solution and refine-
ment allowed the location of the cations, ammonium
(nitrogen atoms) and some of the H,O molecules
present in the CHA framework. The positions of ex-
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Fig. 6. Representation of NH,", Zn and Ni cations location when viewed along 8MR and 6MR axes.

changeable cations, ammonium and H,0O molecules
were obtained from difference Fourier. The location
of hydrogen atoms from difference Fourier map was
not always possible!. In the case of Zn-CHA and
Ni-CHA the positions of hydrogen atoms associat-
ed with H,O molecules were not determined. In the
structure refinements, the occupancies of Si*" and
AP, belonging to the aluminosilicate framework,
were adjusted to the values obtained from the EDS
chemical analysis while.

Previous structural studies of exchanged and
dehydrated CHA have shown that there are sever-
al (three, four or five) “general” positions for the
cations [36—39]. The present NH4-CHA refinement
unveils the existence of two H,O sites (OW1 and
OW2) [38] and two ammonium (Nitrogen) sites
(N1 and N2). Unfortunately NH," and H,O are with
similar MW, N and O scatter almost identically and

! The location of hydrogen atoms from X-ray is contestable as
H features only one electron and the resulting scattering inten-
sity is very weak and in addition is usually displaced toward the
N or O atoms.
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there is no real possibility to differentiate between
them from X-ray data — leaving the assignment to
the observed electron density “open”. Thus when
viewed along the axis of the D6R prism (e.g. along ¢)
N1 position seems to be in the center of the D6R
(Fig. 6 second row) while in reality they are dis-
placed out of the prism and are near the border of
the [412688°] cavity (e.g. along b). The N2 nitrogen
site is located at the center of the [4!26%8¢] cav-
ity (Fig. 6 top row). Both nitrogen sites are close
to a framework oxygen: N1 is near O2 (N1...02
distance of 2.940 A), N2 is near three oxygen at-
oms O1, O3 and O4 (N2...01, N2...03, N2...04
distances are 3.20, 3.32 and 3.396 A respectively).
Interestingly N1, OW1 and OW?2 participate also in
a series of hydrogen bonding interactions producing
a complex motif.

The refinement of “disordered” OWI1 required
some attention and ended with 34% occupancy, in
accordance to its 12 fold symmetry operation rep-
lication near the borders of the D6R. The chemical
compositions of NH4-CHA obtained from X-ray re-
finement and by EDS are quite similar, with values of
5.21 and 5.58 for N (based on 24 framework oxygen).
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The results of the NH4-CHA refinement are compa-
rable with those of Gualtieri and Passaglia [38].

According to the EDS data the subsequently
conducted ion exchange (with 1M ZnCl, or NiCl,
solutions) of the NH4-CHA form resulted in a par-
tial displacement of ammonium molecules by Zn
and Ni cations (as FTIR data suggest residual re-
mains of ammonium). The refinement of the Zn-
and Ni-CHA structures shows that the Zn*" and Ni*
cations occupy/displace the ammonium N1 and N2
sites. The ammonium, remaining Zn- and Ni-CHA
structures, is displaced from the center of the rings,
closer to the Si/Al framework (sharing its site with
a H,0 molecule).

In Zn-CHA, the cations Zn*" occupy three posi-
tions: Znl and Zn2 and Zn3. The resulting Zn1 site
is in a threefold position when it is observed along
c. Like N1 this position is situated out of the 6DR
prism, and is near the border of the [4!2638°] cavity.
Position Zn2 corresponds to N2 (e.g. in the center of
the [4126%8°] cavity). Interestingly no suitable coor-
dination H,O molecules could be detected for Zn2.
In Zn-CHA H,0O molecules are distributed into four
positions OW1, OW2/N, OW3, and OW4 Position
OW1 coordinates Z1 and Zn3 positions The H,0
molecules seem to be positioned concentrically/ra-
dially when viewed along the threefold axis of the
D6R prism [40]. Position OW3 appears on the D6R
axis (coordinates Z1 and Zn3 positions) while OW4
and OW2/N are displaced from the axis and closer
to the border of the prism. These H,O molecules,
situated in the [4'26%8°] cavity are complementing
the cation coordination. Position OW4 is the highly
occupied in Zn-CHA (occupancy of 1), while OW1
OW2 and OW3 are less 0.32, 0.12 and 0.04 respec-
tively. In Ni-CHA the cations (Ni*") occupy two po-
sitions Nil and Ni2. The sites correspond to N1 and
N2 and thus to Znl and Zn2.

In Ni-CHA three water sites were located: OW1,
OW2 and OW3 with occupancy of 0.21, 0.29, and
0.18 respectively. Positions OW1 and OW2 are
analogous to those of the Zn-CHA. The distance
OWI1..Ni2 is 2.38 A. Position OW3 is situated in
the [4'26°8°] cavity with distance OW3..N1 2.68 A.

CONCLUSIONS

Single crystals of natural chabazite were com-
pletely exchanged by NH4 cations. The subsequent
ion exchange of the chabazite ammonium form
(NH4-CHA) with 1M ZnCl, and NiCl, solution pro-
duced Zn-CHA and Ni-CHA forms. The exchange
of NH," by Zn*" and Ni** was not complete accord-
ing to FTIR and EDS microanalyses. The Ni and
Zn cations substitute easily two of the two ammonia
positions observed in NH4-CHA: the position “N1”

near the border of the [4'26%8¢] cavity the other posi-
tion “N2” at the center of the [4'26%8°] cavity. The
remaining NH,"in Zn-CHA and Ni-CHA shares a
water position.

SUPPLEMENTARY MATERIALS

ICSD No 426116, 426117 and 426118 contains
the supplementary crystallographic data for NH4-,
Zn- and Ni-CHA respectively. Further details of the
crystal structure investigation(s) may be obtained
from Fachinformationszentrum Karlsruhe, 76344 Eg-
genstein-Leopoldshafen, Germany (fax: (+49)7247-
808-6606; e-mail: crysdata(at)fiz-karlsruhe.de, http://
www.fiz-karlsruhe.de/request for deposited data.
html) on quoting the appropriate CSD number.
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CTPYKTYPHU OCOBEHOCTHU HA TTPUPOAEH XABA3UT,
MOJMPUILINPAH YPE3 ZnCl, 1 NiCl,

JI. T. Tumoga', U. IMupoesa?, C. AtanacoBa-Bnamumuposa?, P. Pyces!, b. JI. [lluBaues'*

! Unemumym no munepanoaus u kpucmanoepagus ,, Axao. Hean Kocmog*, bvieapcka akademusi Ha HayKume,
yia. ,,Akao. I'eopeu Bonues ™, 6n. 107, 1113 Cogus, bvreapus
2 «
Hnemumym no gpusuxoxumus, Bvieaperka axademus na naykume, yi. ,,Akao. I'eopeu Bonues
on. 11, 1113 Cogpus, bvreapus

[Toctrenuna mapr, 2018 r.; npuera anpwi, 2018 r.

(Pestome)

MOoHOKpHCTaN OT NPUPOZCH Xaba3uT ca Moauduuupanu 1o noaydasanero Ha NH,", Zn*" u Ni** dopmu, kou-
To ca xapakrepusupanu upe3 EJIC/CEM, ATA/TT, MY, kakTo U MOHOKPHUCTAJICH PEHTICHOCTPYKTYPCH aHaJIu3.
[Mpouenypara Ha MoandHULIMpaHEe BKIIOYBA IMOCIEAOBATEIHOTO NPEMHUHABAHE HA W3XOJIHHS HPUPOJCH XabazuT
(Na, 3,Ca, 5)Al, ;Sig 30,,xH,0) B Herosara amonuesa popma (NH4-CHA). Tasu NH4-CHA dopma ce usnonssa kato
M3XO0JIHA TIPH MOCIIeBAIMS HOHEH OOMEH C IIMHKOBU U HUKEJIOBU KaTHOHHU. MIOHHUAT 0OMeH ce ochliecTBsiBa B |M
ZnCl, u NiCl, Boxnu pasrsopu npu 100 °C. EJIC u MY ananu3u, KakTo U peHTTCHOCTPYKTYPHUTE IPOYUBaHHUS, Pa3-
KpHXa OCTaThIM OT aMOHHEBH KaTHOHM B Zn 1 Ni oOMeneHu popmu. CTPYKTYpHUTE yTOUHEHUsI Pa3KpUBAT, ue BOJ-
HUTE MOJICKYJIN, HAJIMYHU B CTPYKTypaTa Ha xaba3uTa, ca CKIIOHHH JIa 3aeMaT MeCcTa, KOUTO OOMKHOBEHO ca CBbP3aHU
¢ Onm3KkM MecTa Ha KaTHOHUTE. T'hil KATO KATHOHHHUTE KOJIMUECTBA, HEOOXOANMH 32 KOMIICHCHpaHE 3apsijia Ha CKeJle-
Ta, ca OrPaHMYCHH, TO U MOJIEKYJIMTE Ha BOJIATa CHIIIO CE MIPUCIIOCO0SBAT KbM Ta3u ocoOeHocT. Pasnpenenenuero Ha
BOJIHUTE MOJICKYJIM B 8-4JICHHUSI IPBCTEH € OT PajHaieH THIL
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The crystal structure of 3-Methylpyridazinium hydrogensquarate was determined by single-crystal X-ray diffrac-
tion technique. The compound crystallizes in the monoclinic space group P2 /c. The crystal packing shows the forma-
tion of layers of hydrogen squarate anions and 3-methylpyridazinium cations, connected by strong hydrogen O-H:--O
and N-H---O bonds. The novel derivative of squaric acid was spectroscopically characterized in solution by UV/

Vis- and in solid state by means of FTIR-spectroscopy.

Key words: Single crystal X-ray diffraction, FTIR, UV/Vis.

INTRODUCTION

The diazines and the substituted azines are studied
because of their important properties in biology, me-
dicinal chemistry and fundamental chemistry of the
heterocycles [1-4]. Recently the synthesis, the crys-
tal structure and the spectroscopic properties of cy-
ano-bridged two-dimensional coordination polymers
with axially bonded 3-methylpyridazine (3-MetPy)
were published by Gor et al. [5] with vibrational as-
signment of the bands from the IR and Raman spec-
tra to the corresponding normal vibrations.

The hydrogen-bonded supramolecular patterns
found in crystals of squaric acid (H,Sq) and its
anions hydrohensquarate (HSq) and squarate (Sq)
were extensively studied [6-21]. The self-assem-
bly of hydrogensquarate was studied of many re-
searchers: Angelova [6-7], Kolev et al. [8—14] but
the detailed study of crystal structure and spectral
characteristics have been given by Koleva et al.
[15-20]. Concerning the crystal chemistry of HSq
anion [21], it was proved that it exists in different
supramolecular organizations, such as chains, dim-
mers, tetramers, etc.. In water solution, H,Sq has a
protic behavior with formation of both anions HSq
and Sq. The presented paper is dedicated to study
of the ability of the squaric acid to protonate an or-
ganic base, namely 3-MetPy, and thus to form an

* To whom all correspondence should be sent:
E-mail: ahsz@chem.uni-sofia.bg

H
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NN HO” o

3-Methylpyridazine Squaric acid

Scheme 1. Starting compounds.

organic salt (Scheme 1). Here, the synthesis, crys-
tal structure and spectroscopic characteristics of a
novel compound 3-methylpyridazinium hydrogens-
quarate have been presented and discussed in order
to give an additional information about the arrange-
ment of the HSg-anions in its solid state

EXPERIMENTAL

Synthesis

The starting compounds for the synthesis of
3-methylpyridazinium hydrogensquarate (3MPHSq),
3-methylpyridazine, C.H,N, and squaric acid, C,H,0O,
were purchased from Sigma Aldrich (USA). The
base, 3-MetPy (2 mmol, 0.188 g) dissolved in eth-
anol (10 mL) was added with continuous stirring
to the 45 mL aqueous solution of H,Sq (2 mmol,
0.228 g) and then the solution obtained was stirred

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 123
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for 24 h at 40 °C. The resulting colorless crystals
were filtered off, washed with ethanol, and dried on
P,O, at 298 K, yield 88%. The product was purified
by multiple recrystallizations from distilled water.
Crystals suitable for X-ray diffraction of 3MPHSq
were grown by slow evaporation from double-dis-
tilled water.

Experimental methods

The IR-spectra (KBr-disks and Nujol mulls)
were measured on a Thermo Nicolet 6700 FTIR-
spectrometer (4000-400 cm™, 2 cm™! resolution, 32
scans).

UV-spectra of solutions of the compound
in ethanol (Uvasol, Merck) at concentration of
2.5%x10° M were recorded at room temperature
on a Thermo Scientific Evolution 300 UV-VIS-
spectrophotometer (10 mm quartz cells have been
used).

A colorless plate crystal of 3MPHSq with the
size 0.50%x0.30x0.12 mm® was selected for data col-
lection with a Bruker SMART X2S diffractometer
using a monochromatic Mo-Ka (A=0.71073 A) mi-

crofocus source with a Bruker APEX-II CCD de-
tector at 300.15 K. APEX II software was used for
data collection, cell refinement and data reduction
[23]. Absorption corrections based on equivalent
reflections were applied using SADABS-2008.
The crystal structure was solved by direct method
using SHELXS-97 [24]. All non-hydrogen atoms
of the molecule were located from the electron-
density map. All hydrogen atoms were placed in
calculated positions. To refine the structure, the
program SHELXL97 [25], version 2014/7 imple-
mented in program OLEX2 was used [26]. Full-
matrix least-squares refinement was carried out
till the final refinement cycles converged to an
R =0.0476 and wR(F?*) = 0.1187 for the observed
data. The OLEX software was applied to prepare
the materials for publication. The crystallograph-
ic, X-ray data collection and refinement statistics
for the compound are given in Table 1. Selected
bond lengths and bond angles are summarized in
Table 2 and hydrogen bonding interactions are
given in Table 3. ORTEP diagram for the studied
compound is shown on Fig. 1. CCDC 1831416
contains the supplementary crystallographic data
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Table 1. Crystal data and structure refinement for 3MPHSq

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

pre

¥/

Volume/A?

Z

Peate g/’

wmm-!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F”

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3
CCDC number

C18H16N408

416.35

300.15

monoclinic

P2 /c

9.7853(14)

21.557(3)

8.8921(13)

90

90.270(5)

90

1875.7(4)

4

1.474

0.118

864.0

0.5%x0.3x0.12

MoKa (A= 0.71073)

3.778 to 50.086
—-11<h<11,-24<k<25,-10<1<10
16920
3297 [R,,
3297/0/280

0.984

R,=0.0476, wR,=0.1187
R,=0.0733, wR,=0.1296
0.23/-0.27

1831416

=0.0997, R,

sigma

=0.0817]
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Fig. 1. Asymmetric unit of 3MPHSq. Displacement ellipsoids are drawn at the 50% probability level; hydrogen atoms are drawn

at arbitrary size.

for the compound [27]. The drawings were pre-
pared using Mercury version 3.3 [28].

RESULTS AND DISCUSSION

The compound 3MPHSq crystallizes in mono-
clinic P2,/c space group. The asymmetric unit
contains two hydrogen-squarate anions and two
3-methylpyridazinium cations (Fig. 1). All mo-
lecular geometry parameters exhibit typical values
[15-21]. The hydrogen-squarate ions form classical
a-dimers [21], (Fig. 2) via hydrogen-bonding inter-
actions. The observed O5-H5---O3 and O2-H2...
07 distances, respectively, 2.536 and 2.561 A indi-
cate strong hydrogen bond formation in the dimeric
structure.

The two 3-methylpyridazine base are protonat-
ed at the N1- and N3-atoms, respectively and thus
the formed pyridazinium cations (3-MetPyH) are
joined to each HSq ions from the dimmer by N3-
H3---0O6 and N1-H1...01 hydrogen bonds (2.676
and 2.684 A, Tabl. 2). Thus the hydrogen bonding
network leads to formation of tetramers along a-
axis from two hydrogen-squarate ions and two side
pyridazinium cations with length approximately of
1.5 nm (16.581 A). In the crystal structure, the te-

Dé ‘“’“"é %};ﬁ
i;:;%%i _‘2:2”f

Fig. 2. Hydrogen-bonding pattern in the structure of 3MPHSq.

Hydrogen bonds are represented by dashed lines.

tramers build finite wavy layers as the shortest dis-
tance between them is 4.488 A. The reported struc-
ture is the first crystallographically characterized
salt of 3-methylpyridazine.

The presence of aromatic heterocyclic six-mem-
bered rings containing two N-atoms is probably the
reason for the layered structure formation. The in-
teraction between the layers is most probably at the
expense of van der Waals forces.

Infrared and UV-spectra

The experimental IR-spectrum of 3MPHSq is
characterized by a broad absorption band within the
3400-2100 cm™ range corresponding to overlapped
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Table 2. Selected geometrical parameters for SMPHSq (A, ©)

Bond Lengths

04 —C15 1.228(2) cl—C2 1.397(3)
02—C13 1.3172) C4—C3 1.398(3)
01—Cl14 1.248(2) c3—C2 1.363(3)
03—C12 1.255(2) C9—C8 1.402(3)
NI—N2 1.343(2) Cl5—Cl14 1.497(3)
N1—C1 1.327(2) C12—C13 1.421(3)
N2—C4 1.311(3) Cl13—Cl14 1.424(3)
C5—Cl1 1.489(3) Cl15—CI12 1.496(3)
Bond Angles

CI—NI1—N2 126.76(18) 03—C12—C1 137.1(2)
C4—N2—NI1 115.46(19) C13—CI12—CI15 89.50(16)
N1—C1—C5 118.42(18) 02—C13—CI12 135.99(19)
04—C15—C12 135.7(2) 02—C13—Cl14 130.50(19)
N1—C1—C2 117.0(2) 01—C14—C15 134.2(2)
C2—C1—C5 124.60(19) 01—C14—CI13 136.5(2)
N2—C4—C3 123.5(2) C13—C14—CI15 89.35(16)
C2—C3—C4 118.2(2) 03—CI12—C15 133.35(19)
C3—C2—C1 119.1(2) C12—Cl15—Cl14 87.63(16)
C12—C13—Cl14 93.51(17) 04—C15—C14 136.6(2)

Table 3. Hydrogen Bonds and weak C-H...O interactions (A, °) in the crystal structure of

3MPHSq
D—H-A d(D-H) d(H-A) d(D-A) D-H-A
02—H2A-07' 0.95(3) 1.65(3) 2.561(2) 159(2)
05—H5-03 0.94(3) 1.63(3) 2.536(2) 160(2)
N1—H1-01® 0.86 1.84 2.684(2) 168.5
N3—H3A-06 0.86 1.83 2.676(2) 169.0
C4—H4-06 0.93 2.47 3.396(3) 172.4
C2—H2-03° 0.93 2.53 3.367(3) 150.4
C9—H9-01° 0.93 243 3.361(3) 176.3
C7—H7-07 0.93 2.53 3.387(3) 152.9

(
|
}

Fig. 3. O-H:--O and N-H:--O bonded layers in the structure of 3MPHSq.
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Vonsq and Vntnamerym Stretching vibrations. The se-
ries of bands within the 3100-3000 cm™' and 2965
and 2800 cm! regions correspond to the stretch-
ing vibration Viyepycn and v(ey,) modes. The bands
in the interval 1810-1590 cm™ belong to Vic_qsg),
V¥c-o(sq and Vecsq Stretching vibrations of the hy-
drogensquarate anion. The bands at 1644 cm™' and
1605 cm! can be attributed to vy bending vibra-
tions as the bands at 1545 and 1385 cm™' could be
assigned to v**5(COQO") of the one-deprotonated car-
boxylic group.

The observed shift of the bands belonging to
NH*(base), -C=0 (HSq) and COO (HSq) in respect
to the free acid and base (Fig. 4, Table 4) prove the
participation of the groups in hydrogen-bond for-
mation. The assignments of the bands are in accord-
ance with theoretical data published in [15, 22].

The molecular structure in solution was stud-
ied by ultraviolet absorption spectroscopy, which
in general is regarded as very useful to study the
chemical behavior and the electronic orientation of
the substituents in heteroaromatic molecules [29].
The base 3-MetPy shows the characteristic T—*
at 263 (Ige=4.5) and n—n* at 315 nm (Ige = 4.0)
(Fig. 5).

In the spectrum of the studied compound
3-MetPySq, only the band for m—n* band (lge =

T%

80

724

56
48
40
324

24

Table 4. Assignment of the experimental IR- bands

3MPHSq
Assignment IR bandicij]M PHSQ
vCH 3057
VOHg, 2730
VOHg, 2651
vOHg, 2572
VOHg, 2504
VOHg, 2159
vOHg, 2082
v(C=0);, 1805
v¥(C=0)s, 1663
8a +vSq 1644
19a; 19b 1538
v(C=C),) 1596
V(C—0), 1542
V(C—C)g, 1470
vC—CH, 1250
V(C—C)s, 1169
V(C—C)g, 1142
V(C—C)g, 1095
r(CH,) 1049
SCH(ring) 1020

T T T T
4000 3600 3200 2800 2400

T T
2000 1600

Wavenumber (cm™)

Fig. 4. FTIR-spectrum of 3-Methylpyridazinium hydrogensquarate — KBr pellet.

1
400
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—— 3_WetPySq_cryst_EtOH
2 — 3_MetPy_EIOH

T T T T T
200 220 240 260 280 300 320

T
340

T T T T T
360 380 400 420 440 460

Wavelength (nm)

Fig. 5. UV-spectra of 3-Methylpyridazine (1) and 3-Methylpyridazinium hydrogensquarate (2) dissolved in ethanol at concentra-

tion 2.5.10-5 molL-1.

4.8) was observed. As a consequence of the proto-
nation of one of the nitrogen atoms (Fig. 5), a hyp-
sochromic shift of the n—n* band leads to overlay
with the more intensive t—n* band.

CONCLUSION

The new compound 3-methylpyrdazinium hy-
drogensquarate has been synthesized, isolated,
spectroscopically and structurally characterized,
using single crystal X-ray diffraction, IR spec-
troscopy and UV-spectroscopy. The effects of
N-protonation on the optical properties are elu-
cidated by the comparison of the data of the pro-
tonated and neutral compound. The compound
crystallizes in the monoclinic P2,/c space system
and the structure consists of infinite layers. The
hydrogensquarate ions form stable a-dimers via
inter anion hydrogen-bonding interactions. The
observed O5-H5-0O3 and O2-H2--O7 distances,
respectively, 2.536 and 2.561 A indicate strong
hydrogen bond formation in the dimeric structure.
We reported for the first time the structural motif
of a-dimer with formation of hydrogen bonds with
different distances (2.536 and 2.561 A).
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KPUCTAJIHA CTPYKTYPA U CIIEKTPAJIHA XAPAKTEPUCTHUKHA
HA 3-METUWIHINPUJIA3SMHUEB X1JIPOTEHCKBAPAT

C. 1. Bapesa, I'. I'. T'enueBa
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(Pesrome)

Kpucrannata cTpykTypa Ha 3-METWIUPHIA3UHAEBHS XUAPOTEHCKBApAT O€Ie OIpeseneHa MOCPEICTBOM MO-

HOKPHCTAJIHA PEHTreHoBa An(pakiys. 3cnenBaHOTO cheJMHEHNE KPUCTAIN3NPA B MOHOKJIMHHA TPOCTPAHCTBEHA
rpyna P2 /c, kato ¢popMupa cl0oeBe OT XUAPOTCHCKBAPAaTHU aHWOHHU M 3-METHINHUPUIA3UHUEBN KaTHOHH, CBbP3aHU
cbe 3apasu Bogopogar O—H:--O u N—H:--O Bpb3ku. HoBOMOMY4eHOTO CheINHEHNE € 0XapaKTePU3UPAHO B Pa3TBOP
U B TBBPJO CBCTOSHUE CHOTBETHO upe3 Y B- u MY-cnekrpockomnusi.
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In recent years, there has been a growing interest in searching ways to enrich various food products with minerals
essential for good health. One of the food products which is important and it is a main part of the people’s diet is milk.
The main minerals with which the milk is enriched are Ca, Mg, Zn, etc. However, very little information is available
about the competition between metals for binding to natural or artificial nutrients in milk. The purpose of this study is
to elucidate the factors determining the interactions of lactose, one of the natural ingredients of milk with Ca*", Mg**
and Zn** cations. DFT calculations of complexes of lactose and Ca?*, Mg?" and Zn*" cations at M062X/6-31G(d,p) lev-
el of theory are performed. The influence of physicochemical properties, such as ionic radius, preferred coordination
and hydration numbers of the metal cation, and influence of the medium on the process of metal binding are estimated.

Keywords: lactose, metal binding, calcium, magnesium, zinc.

INTRODUCTION

Dairy products are a popular part of the diet
and are perceived to be healthy. They are a reliable
source of calcium, a mineral that the body needs
for numerous functions, including building and
maintaining bones and teeth, nerve impulses trans-
mission, blood clotting, regulation of the heart’s
rhythm, etc. The calcium bioavailability of milk is
good (about 30 to 35%) and much higher than that
of plant foods [1, 2]. The difference in the calcium
bioavailability is due to the food composition: milk
contains components that act synergistically to pro-
mote calcium absorption (lactose, vitamin D, casein
phosphopeptides) while plant food contain some in-
hibitory substances, such as oxalates and phytates.

Food fortification (enrichment) is a strategy for
decreasing micronutrient malnutrition at the global
level (“A world free from hidden hunger” initiative)
by increasing the content of essential micronutri-
ents, i. e. vitamins and minerals (including trace
elements) in the food [3, 4]. Milk and dairy prod-
ucts are typically fortified with minerals such as
Ca, Mg, Fe and Zn [5, 6]. All minerals used as milk
fortificants are considered to be a category “A” risk

* To whom all correspondence should be sent:
E-mail: sea@orgchm.bas.bg

as they can interact with each other in terms of ab-
sorption and high intakes of one may lead to insuf-
ficiency of another [7]. The negative effect of high
dietary intakes of calcium and phosphorus on zinc
absorption as a result of interactive effects has been
demonstrated [6]. Zinc is essential for many basic
physiological functions; the human body has a lim-
ited zinc storage capacity and zinc deficiency can
develop very rapidly when intakes are low. A po-
tential mechanism by which calcium interferes with
zinc absorption is competition for a divalent cation
channel across the brush border membrane [8, 9].
On the other hand calcium levels in the human body
have to be balanced with magnesium: adequate lev-
els of magnesium are needed in order to properly
use calcium; magnesium deficiency affects calcium
metabolism and alters levels of certain hormones
that regulate calcium in the body. Several studies
have reported that calcium and magnesium intakes
influence each other’s absorption [10, 11]. Very lit-
tle information is available about the competition
between metals for binding to natural or artificial
nutrients in milk [12]. The goal of this paper is to
shed light on this issue and examine the interactions
between lactose, naturally occurring sugar in milk,
which is used as fortificant in some fortified milks
for children [13], and calcium, magnesium and zinc
ions (also naturally occurring and/or added as min-
eral fortificants to milk). The sub-aims of the pre-
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sent study are: (a) to clarify whether and to what
extent the properties of the metal ion govern the
metal binding affinity and selectivity for lactose;
(b) to assess the role of external factors such as the
dielectric properties of the medium in the process
of metal binding and competition in these com-
plexes. In achieving these aims, we conducted DFT
calculations combined with the PCM (Polarizable
Continuum Model, one of the most widely used im-
plicit continuum solvation model) computations for
the complexes resembling Ca?*, Mg?*" and Zn?" ions
binding to lactose.

COMPUTATIONAL DETAILS

The molecules of galactose, glucose, bare and
hydrated metal cations Ca?, Mg?* and Zn?** and their
complexes were optimized using the Gaussian 09
program package [14]. The calculations were per-
formed at M062X/6-31G(d,p) level of theory. This
combination method/basis set was chosen because
it reliably reproduces the metal — oxygen bond dis-
tances in the 1:2 Ca-lactose complex: the M062X/6-
31G(d,p) calculated Ca-O,_. average distance,
2.506 A, is very close to the experimental one —
2.500 A [15]. All optimized structures were veri-
fied to be minima of the potential energy surface by
means of frequency calculations. No imaginary fre-
quencies were found for any of the structures. The
differences between the products and reactants of
electronic energies, AE,, thermal energies, includ-
ing zero-point energy, AE,, and entropies, AS were
used to evaluate the gas-phase free energy of the
complex formation, AG, at T =298.15 K according
to the equation (PAV below is a work term):

AG = AE_ + AE, + PAV — TAS (1)

The influence of the solvent was estimated by
PCM (Polarizable Continuum Model) calculations
[16, 17] as implemented in the Gaussian 09 [14].
All the structures were fully optimized in water en-
vironment (¢~78) and the respective AE,”, AE,™
and AS” were used to evaluate the free energy in
solution, AG” (following eq. 1).

The complex formation is thermodynamically
favorable if the calculated value of AG is negative,
and the process is unfavorable if the value of AG is
positive.

All the calculations reported herein are corrected
for basis set superposition errors (BSSE) using the
counterpoise procedure of Boys and Bernardi [18]
as coded in Gaussian 09 package [14]. The PyMOL
molecular graphics system was used in generating
the molecular graphics images [19].

RESULTS AND DISCUSSION

Ca-lactose complex: The crystal structure of
the hydrated calcium bromide complex of lactose
(4-O-B-D-galactopyranosyl-D-glucopyranose) (Fig. 1;
[15]) was taken as a basis for our modeling study
(see below). In the experimental structure the calci-
um ion binds two lactose molecules and four water
molecules [15]. First lactose molecule is coordinat-
ed to the calcium ion through two oxygen atoms of
its galactose moiety and the second one is coordi-
nated through two oxygen atoms of its glucose unit.
There are no close contacts between calcium cations
and bromide anions (the closest bromide-calcium
distance is about 5 A) [15].

Note that the galactose moiety of the first lac-
tose molecule and the glucose moiety of the second
one are not connected directly to the metal and, ap-
parently, do not contribute significantly to the ener-
getics of the complex formation, if at all. Thus, the
surrounding of Ca?" can be represented in a simpli-
fied manner by using a model in which calcium ion

Fig. 1. Environment of the calcium ion in the Ca-lactose com-
plex [15]. Gal = galactose, Glc = glucose.

binds to one galactose molecule, one glucose mol-
ecule and four water molecules (Fig. 2). Thus, after
omitting the non-metal-coordinating sugar moieties,
the immediate surrounding of the calcium cation is
preserved the same as in the crystal structure above
(Fig. 1): the metal coordination shell is composed
of four water molecules and two sugar rings. The
resultant construct was fully optimized where the
Ca?* cation is octacoordinated to the surrounding
ligands (Fig. 2) with metal-oxygen bond distances
Ca2*-Opgiucose/aatactose in the range 2.43+2.69 A.

Mg- and Zn-lactose model system complexes:
Mg?" and Zn*" cations in the respective complexes
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Fig. 2. Fully M062X/6-31G(d,p) optimized structure of the
Ca-complex.

were located at the same position as the Ca®* cation
in the model system (Fig. 2). The ligand surrounding
of the metal entities was also kept the same. The sys-
tems were allowed to fully relax upon geometry op-
timization. The resultant optimized structures of the
respective metal complexes are shown in Figure 3.
Note that the coordination number of Mg?" and Zn*
cations in the complex was reduced to 6 as the two
sugar moieties bind the metal in a monodentate
fashion (Fig. 3).

Thermodynamic parameters for the reaction Gal
+ Glc + M* + nH,0 —[M-complex]** with bare
metal cations are given in Figure 3. Data presented
indicate that there is a rough correlation between
the metal cation radius and AG values: the smaller
the cationic radius is (and higher is the respective
charge density of the cation), the more thermody-
namically favorable is the complex formation. Ionic

AG!=-353.3
AG’8= -66.7

©g +Gal +Glc+4*H,0

AG'=-55.9 )
AG™8= -14.7 *é ,
+Gal + Glc @
e 2
-2*H,0 0

b)

AG!=-282.8
AG78= -21.9

@ + Gal + Glc + 4*H,0

>

AG!=-45.5/-36.1%-. g
G’8= -13.5/-11.0 N

C%;" , “ ,“ \
+ Gal + Glc ¢ % %%-:4

'3*H20/'4*H20 Il ’ .

<) AG!=-374.1
AGT8= -45.5

@ + Gal + Glc + 4*H,0

AGl=-57.3 ,

AG= -13.9 ok &
Gal + Gl E‘Q

+Gal+Gle o @
2*H,0 M f

@ H @

Fig. 3. M062X/6-31G(d,p) optimized structures of Mg?* (a), Ca*" (b) and Zn*" (c) cations bound to a model lactose (middle). The
free energies AG' and AG™ (in kcal/mol) for the complex formation reactions for non-hydrated (left-hand side) and hydrated metal
(right-hand side) cations are shown. AG! refers to reaction free energy in the gas phase, whereas AG” refers to reaction free ener-
gies in an environment characterized by an effective dielectric constant of 78 (water).
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radii of metal cations and their coordination num-
bers are presented in Table 1. Mg?* and Zn** cations
in octahedral configuration have smaller ionic radii
than Ca*" and the reactions of the complex forma-
tion with these cations are characterized by lower
AG values than their Ca?* counterparts. The higher
Louis acidity of Zn?*, as compared to Mg?>* and Ca?*",
also enhances its competitiveness with respect to its
rivals. Calcium cation has a larger ionic radius and
the respective AG values for the [Ca-complex]* for-
mation are higher.

Table 1. Effective ionic radii of metal cations (A) [20]

Cation Coordination Ionic radius?
Mg VI 0.72
Ca* VIl 1.06
Ca* VIII 1.12
Zn** VI 0.74

All of the reactions of the complex formation
with bare metal cations are characterized with quite
large negative formation free energies in the gas
phase. Solvation effects, however, greatly attenu-
ate the free energy gains in the gas phase although
the reactions are predicted to be still exergonic (oc-
cur spontaneously) in aqueous medium. Since the
solvation effects seem to play a significant role in
the process, we increased the level of modeling and
incorporated water molecules around the cations
to take explicitly into account the first hydration
shell: metal ions in aqueous solution are hydrated.
The structures of the hydrated metal ions in aque-
ous solution can display a variety of configurations
depending on the size and electronic properties of
the metal ion. The metal ions with an ionic radius
in the range 0.55-0.98 A are expected to be octa-
hedral, while those with an ionic radius larger than
0.98 A are expected to have higher coordination
numbers [21]. Indeed, the experimentally found hy-
dration numbers and configurations for the studied
metals are as follows: for Mg*" and Zn?* — coordi-
nation number 6 and regular octahedral configura-
tion; for Ca*" — coordination numbers 7 or 8 and
capped octahedron or square antiprismatic configu-
rations, respectively [22, 23]. These basic configu-
rations of the hydrated metal ions ([Mg(H,0),]*",
[Ca(H,0),1%", [Ca(H,0),]*", [Zn(H,0),]*) in aque-
ous solution are used to re-model the reaction of
complex formation with lactose.

Calculations demonstrate that hydration of the
metal cations significantly increase the reaction
free energies making the process of the ligands-

(hydrated metal cation) complex formation less
favorable than that of the respective ligands-(bare
metal cations) counterparts. The metal binding to
the ligands, however, is still favorable as evidenced
by the negative AG' and AG values in Figure 3.
Among the three metal cations, the complex for-
mation with Mg?" and Zn?" cations is appears to be
more advantageous than that of the Ca* complex-
es (more negative AG'and AG® values for the for-
mer than the latter). The reactions with hepta- and
octahydrated Ca?" cations are characterized with
different free energies as the difference in AG! val-
ues is more pronounced. The model with implicit
and explicit water consideration gives AG” values
for the three metal cations studied in the range of
—14.7+-11.0 kcal/mol.

CONCLUSIONS

By employing density functional theory (DFT)
calculations at M062X/6-31G(d,p) level combined
with continuum dielectric method (PCM) compu-
tations, the thermodynamic descriptors (AG' and
AG™) of the metal (Ca?*, Mg** and Zn?*) binding to
a model representing lactose have been evaluated
and the interaction between the binding partners as-
sessed. The DFT calculations confirm the experi-
mental findings [8] that Ca*" ion binds favorably to
lactose as the free energy of the complex formation
is negative. Mg?" and Zn?" can successfully compete
with Ca*" ion for the lactose binding as evidenced
by the negative (and lower than those for Ca?") AG!
and AG™ values.

The calculations reveal few key factors gov-
erning the process of Ca*, Mg?" and Zn*" cations
binding to a lactose model system with omitted non-
metal-coordinating sugar moieties:

* The physicochemical properties of the metal
cation — its ionic radius, coordination and hy-
dration number, and Louis acidity;

¢ The dielectric properties of the medium.

It can be assumed that naturally occurring and/
or added as fortificants to milk Ca*, Mg** and Zn*
cations and lactose can interact in a competitive
manner.
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N3CJIEABAHE C TEOPUSA HA ®YHKIIMOHAIJIA
HA IUNITBTHOCTTA HA CBBbP3BAHETO HA JIBYBAJIEHTHU
METAJIHU VIOHU C JIAKTO3A

C. AnrenoBa'*, B. Hukonosa?, T. Jlynes’
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(Pesrome)

[Ipes mocaenHUTE TOAMHU HAPACTBA HHTEPECHT KbM ThPCEHE HA HAYMHM 33 000TraTsABaHe HA Pa3IHYHN XPAHUTEI-
HU MPOAYKTH ¢ MUHEPAH, KOUTO Ca TOJIC3HHU 3a 3/IpaBeTo. ENUH OT XpaHUTEIHUTE MPOAYKTH, KOHTO € BaXKEH H € OC-
HOBHA 4YacCT OT JeTara Ha Xopara € MIskoTo. OCHOBHUTE MUHEpAIIH, ¢ KOUTO ce oborarsBa Misikoto ca Ca, Mg, Zn u
Iip. BeIipeku ToBa Bee OlIe HMa MaIKo HH()OpMAITHs 32 KOHKYPCHIIMATA Ha CBBP3BAHETO HA METAJIMTE C U3KYCTBCHHUTE
1 €CTECTBEHH ChCTABKH Ha MJISIKOTO. 1leTa Ha TOBa M3CIeABAHE € Ja Ce U3SICHAT (DaKTOPHUTE, OMPEICIISAIIHN B3aHMO-
JICHCTBMETO Ha JIAKTO3aTa, €IHA OT ECTECTBEHHUTE ChCTABKK Ha MIIsIKOTO, ¢ Ca?, Mg?" u Zn*' karnonu. Hanpasenu ca
M3YHCIIEHHS ¢ TEOPHs Ha (YHKI[MOHAIA HA IUIBTHOCTTA HAa KOMIUIEKCH Ha jakro3a u Ca*, Mg?" u Zn*" KaTHOHU Ha
H1BO M062X/6-31G(d,p). OueHeHo e BIusiHUETO Ha (HU3MKOXUMHYHHUTE CBOWCTBA HA METAJIHUTE KaTHOHHU, KaTo Ho-
HEH paanyc, MPEANOYNTAHO KOOPAUHAIIMOHHO U XUAPATAIIMOHHO YUCIIO, OIICHEHO € U BIIMSIHUETO Ha cperaTa BbpXy
IpoIieca Ha METaTHO CBbP3BaHE.
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A combined theoretical and experimental approach has been applied to study the 1s electron-energy surface prop-
erties of cellulose, chitin, synthesized chitin nanorods and chitosan using density functional theory and high-resolution
photoelectron spectroscopy. This allows to reliably distinguish the contributions of surface hydrocarbon impurities in
the photoelectron spectra and to examine in detail the chemical states of the polysaccharide surfaces. Although a stoi-
chiometric structure is suggested for the cellulose surface as more likely, a mechanism for possible degradation of the
surface including removal of the OH group bonded to glucose ring is also contemplated. The good agreement between
theoretical and experimental results allows suggesting a chitosan-like structure for the surfaces of as-prepared chitin
and of chitin nanorods. In addition to the dominant concentration of amino NH, groups on these surfaces, a small
amount of acetyl amine NH,COCH, groups is also observed on the as-prepared chitin. It is possible that protonated
amino NH," functional groups instead of acetyl amine are present on the crystalline surface of chitin nanorods. The

possible destructive role of X-ray radiation on the studied surfaces is also discussed.

Keywords: DFT, XPS, cellulose, chitin, chitosan.

1. INTRODUCTION

In the surface area of the solids, the bulk field
equilibrium is disturbed, causing a modification
of its structure, often accompanied by a change
in the chemical state of the surface atoms. On the
other hand, the solids interact with the environ-
ment through their surfaces, and this process also
causes changes in their chemical state. Therefore, in
order to understand the mechanism of this interac-
tion, which is of utmost importance for the modern
life, the knowledge of the surface chemical state
stands out with great significance. Experimentally,
the X-ray photoelectron spectroscopy (XPS) is an
appropriate method for analyzing the changes in
the electron-energy structure of surface atoms and
hence their chemical state. Due to the small inelas-
tic free paths of the photoemitted electrons in the
order of several nanometers, this method provides
chemical information mainly for the top surface at-

* To whom all correspondence should be sent:
E-mail: klkostov@gmail.com

oms. However, due to the variety of chemical bonds
involving surface atoms, as in the case of polysac-
charide surfaces, the photoelectron spectral regions
often show complex structures. Their interpreta-
tion requires the use of theoretical methods, among
which the methods of density functional theory
(DFT) are highlighted. This combined theoretical
and experimental approach provides a thorough and
reliable analysis of the chemical state of the surface
atoms.

Objects of the present study are the surfaces of
some polysaccharides (cellulose, chitin, chitosan)
and the interest in them is dictated by their ex-
tremely wide practical applications (see for exam-
ple refs. 1-3 and references therein). For example,
mats of fibers can be used as technical papers or
as textiles for medical applications. In the form of
nanorods, crystalline cellulose and chitin possess
self-assembly properties leading to interesting ap-
plications, notably in optics due to the birefringence
of the cholesteric mesophases. These nano-objects
can also be used as templates for porous materials
with designed textures, very useful in heterogene-
ous catalysis. Because of these applications, the
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polysaccharides have been studied extensively, but
we focus only on those studies concerning the elec-
tron-energy structure of surface atoms.

The previous XPS studies have resolved mainly
three C 1s peak contributions [4-10] as the first
peak at lowest binding energy is attributed to car-
bon atoms in C-C and C-N bonds, the second peak
at higher energies has been assigned as carbons in
C-0-C, C-OH and the highest binding-energy third
peak is interpreted as due to O-C-O bonding [4, 11].
In our study we are able not only to give more de-
tailed information but also, in some aspects, to give
a new interpretation of the experimental results. It
seems that in the analysis of the N 1s photoelectron
region there is a better consensus in the literature.
A lower binding energy has been measured for the
amino NH, group of chitosan with respect to acetyl
amine NHCOCH, of chitin [4, 5, 7, 11]. The energy
difference between them varies within 1.0-1.5 eV.
However, it is possible that this varying energy dif-
ference is due to the presence of a third chemical
state of nitrogen, for example positively charged
nitrogen [12—15].

The experimental O 1s photoelectron region of
cellulose, chitin and chitosan is less informative
showing a broad asymmetric peak which is often
fitted with 2 or 3 peak contributions with ambigu-
ous interpretationin the previous studies [4, 7, 9].
All contradictions and incompleteness in characteri-
zation of the surface electron structure of cellulose,
chitin and chitosan motivate our present study. It
uses a combined theoretical (DFT) and experimen-
tal (XPS) approach allowing reliable results to be
obtained for the stoichiometry and the chemical
state of the uppermost layers.

2. EXPERIMENTAL AND THEORETICAL
DETAILS

2.1. Apparatus

The X-ray photoelectron experiments have
been carried out on AXIS Supra electron spectrom-
eter (Kratos Analytical Ltd., a Shimadzu Group
Company) with base vacuum in the analysis cham-
ber of ~10~ mbar. The spectra have been recorded
using a monochromatic Al K excitation radiation
with photon energy of 1486.6 eV. The photoemit-
ted electrons are separated, according to their ki-
netic energy, by a 180°-hemispherical analyser. The
detection system is characterized by hybrid type
(electrostatic and magnetic) lenses of the analyser,
charge neutralizer operating with low-energy elec-
trons. The used spot size aperture in front of the
electrostatic lenses and the analyser pass energy
of 20 eV determine an instrumental resolution of
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0.54 eV (full width at half maximum (FWHM) of
Ag 3d,, peak). However, for isolator samples, the
actual resolution is ~0.9 eV (measured by the half-
width of the narrowest C 1s peak of cellulose) due
to the charging effect caused by the electron pho-
toemission.

The peak positions and areas have been evalu-
ated by a symmetrical Gaussian-Lorentzian curve
fitting. The concentrations (in at.%) of the observed
chemical elements were calculated by normalizing
the areas of the corresponding photoelectron peaks
to their relative sensitivity factors using the com-
mercial software of the spectrometer. The accu-
racy of the binding energy determination is within
+ 0.1 eV. The corresponding error in concentration
determination is around 1 at.%.

2.2. Theoretical details

All the calculations were carried out with Density
Functional Theory based computer program de-
Mon2k [16] with the generalized gradient-corrected
PWOI1 [17] approximation for the exchange-cor-
relation functionals. Empirical dispersion term as
implemented in deMon2k was introduced in the
geometry optimization [18]. The atoms were de-
scribed with the double-zeta quality basis sets [19].
The 3-units models of cellulose, chitin and chitosan
(see below) were optimized at the same level of
theory. The 1s binding energies of carbon and nitro-
gen were computed using the Slater Transition state
approach [20], as generalized later on within DFT
by Janak [21]. Following this approach, the bind-
ing energy, E,, is computed from the negative of
the orbital energy ¢, occupied by n = 0.5 electron:

E,(1s) =—¢,(n).

2.3. Energy calibration

In our previous studies [22—24] the reported XPS
results have been obtained using a spectrometer
wherein the ultra-high vacuum is achieved by diffu-
sion pumps. The energy scale calibration has been
performed by normalizing the C 1s line of adsorbed
adventitious hydrocarbons to 284.6 eV (equal to C
s energy after their adsorption on conductive sil-
ver surface). In the present study, oil-free vacuum
pumps were used which minimizes the adsorption
of such hydrocarbons and their eventual C 1s peak
is screened from the intense peaks of C 1s complex
structure of studied materials. In this case we used
the results from theoretical considerations normal-
izing the calculated C 1s binding energies of car-
bons having similar chemical environments as those
in a benzene ring to 285 eV. The calibration proce-
dure is similar to that used in our previous study on
some coumarin-containing compounds [25].
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2.4. Materials

The cellulose sample was purchased from GE
Healthcare (Whatman — Chromatography paper 4
Chr, Cat. No. 3004-614). Flakes of chitin provided
by France Chitine (http://www.france-chitine.com)
and chitosan (high molecular weight, Aldrich) have
been also studied. These samples are called “as-pre-
pared chitin” and “as-prepared chitosan”, respec-
tively.

The sample of compressed chitin nanorods has
been prepared in the Charles Gerhardt Institute
(CNRS, Montpellier, France). The average length
and diameter of these chitin monocrystalline na-
norods are around 260 nm and 3 nm, respectively.
The synthesis procedure and the properties of chitin
nanorods are described in refs. 26 and 27.

3. RESULTS AND DISCUSSION

3.1. Cellulose

The studied 3-units model (Fig. 1) is constructed
based on the bulk structure of cellulose.

The calculated 1s binding energies of the cen-
tral-unit atoms are shown in Table 1. As mentioned
in sect. 2.3 the energy scale is calibrated by normal-
izing the C 1s core-level energy of C2 carbon atom
to 285.0 eV. The C4 and C5 carbon atoms have very
close binding energies of 286.47 and 286.50 eV, re-
spectively. Therefore, they would give a common
peak contribution to the C 1s photoelectron spectrum
with an area twice as large as the individual contri-
butions of the remaining carbon atoms. The energies
for the C6 and C3 carbon atoms are around these
values, respectively, of 286.64 and 286.28 eV. The

Fig. 1. (Color online) Structural model of cellulose including
three units. The carbon and oxygen atoms are colored in green
and red, respectively. The small circles with gray contour indi-
cate hydrogen atoms. The hydrogen bonds are also marked with
dash gray lines.

lowest C 1s energy of 285.0 eV has been calculated
for the C2 carbon atom bonded to two carbon at-
oms of the glucose ring. Its neighbor, the C1 carbon
atom, which is chemically bonded to two oxygen
atoms, is characterized by the highest binding en-
ergy of 287.75 eV. Therefore, in the cellulose unit,
six carbon atoms in five different chemical environ-
ments can be identified with concentration ratio of
2:1:1:1:1. Also, four non-equivalent oxygen atoms
exist in the structural unit: O1 linked two adjacent
glucose rings, O2 from the glucose ring, O3 and O4
from both OH groups bonded to CH, group and to
the carbon C3 from glucose ring, respectively. Their
theoretically calculated O 1s binding energies are
also shown in Table 1.

Using the areas of C 1s- and O Is-peaks and
their relative sensitivity factors in XPS the carbon-
to-oxygen concentration ratio has been calculated to
be C:0 = 67:33 (at. %), which is different from the
bulk stoichiometric ratio of 60:40 (assuming 6 car-
bon and 4 oxygen atoms in the cellulose unit). Note
that the same concentration ratio of C:0 = 67:33
(at.%) can be obtained assuming the presence of 6
carbon atoms and 3 oxygen atoms in the surface unit
of the cellulose. On the other hand the calculated
concentration ratio suggested an excess of carbon
amount which can be explained with the presence of
adsorbed hydrocarbon contaminations often meas-
ured on the polymer surfaces [28]. Therefore, we
can consider two cases: (i) modification of the cel-
lulose surface expressed in removing of one oxygen
atom from the structural unit and (ii) the cellulose
surface conserves its stoichiometry but there are ad-
sorbed hydrocarbon contaminations.

(i) Modification of the cellulose surface

The approach to detecting eventual surface mod-
ification of cellulose involves deconvolution of ex-
perimental spectra using the theoretically calculated
binding energies from Table 1 for a stoichiometric
structural unit of cellulose and analysis of the result-
ing deviations from this stoichiometry.

The deconvolution of the experimental C Is
spectrum with five peaks with an area ratio equal
to the stoichiometric carbon concentration ratio of
2:1:1:1:1 is shown in Fig. 2a.

If the individual fit peaks are interpreted in the
manner shown in Table 1, the best match with
the theoretical data is obtained. The energy dif-
ferences (AE) between peak maxima of different
C 1s fit-contributions and corresponding theoreti-
cally calculated values for the C1, C2, C4, C5 and
C6 atoms are less than 0.1 eV (Table 1, modified
surface). Note that this matching is within the ex-
perimental error (= 0.1 eV), which highlights the
good agreement between the proposed interpreta-
tion and the experimental data for these carbon at-
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Table 1. Theoretical 1s binding energies (in eV) of different carbon (C) and oxygen (O) atoms from the
central unit of cellulose (see Fig. 1) compared to the experimental values derived by the deconvolutions
of photoelectron spectra for modified and unmodified cellulose surface. AE is the difference between
experimental and theoretical 1s energies

Modified surface Unmodified surface
atom, theory exp exp
electron-level (eV) (eV) AE (eV) (eV) AE (eV)
Cl 287.75 287.8 0.05 287.8 0.05
C2 285.00 285.0 0 285.0 0
C3 286.28 284.5 -1.78 286.3 0.02
Cc4 286.47 286.4 -0.07 286.5 0.03
C5 286.50 286.4 -0.10 286.5 0.00
C6 286.64 286.6 -0.04 286.7 0.06
other carbon ~289.0 ~289.0
ol 535.06 532.8 -2.26 532.8 -2.26
glyc. bond
02 534.96 532.8 2.16 532.8 2.16
ring
03 535.53 533.3 -2.23 533.3 -2.23
OH-CH2 ' ' ' ' '
04
ring-OH 534.57 532.3 -2.27

Intensity (arb. units)

282 284 286 283 290 530 532 534 536
Binding Energy (eV)

Fig. 2. (Color online) C 1s- and O 1s- photoelectron regions of cellulose (open circles) and their deconvolutions. Spectra (a and b)
corresponds to modified surface by removing of the OH group bonded to glucose ring. Spectra (¢ and d) correspond to stoichio-
metric surface and contain a peak of surface contaminations (colored in gray). The peak contributions and their sum are marked in
blue and red, respectively.
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oms. However, there is a large exception concern-
ing the carbon atom C3 from the cellulose structural
unit (Fig. 1). The deconvolution suggests that its C
Is binding energy should be 284.5 eV instead of
286.3 eV calculated theoretically (Table 1). The dif-
ference between the theoretical and experimental C
Is energies of C3 carbon is 1.78 eV, which is too
large to be explained by the error of both theoreti-
cal and experimental approaches. Most likely, the
explanation is in the sensitivity of the experimental
method to the upper surface atoms of the cellulose,
whereas the theoretical model is based on the cellu-
lose bulk structure. Therefore a large C 1s chemical
shift can be proposed for surface C3 carbon atom
with respect to its bulk bonding and respectively a
chemical modification of this surface atom can be
suggested.

As it was mentioned above the experimental
concentration ratio has been calculated to be C:O
= 67:33 (at.%), which could correspond to the pres-
ence of 6 carbon atoms and 3 oxygen atoms in the
surface unit of the cellulose. Indeed, the removal
of an oxygen atom (respectively the OH group) at-
tached to the C 3 carbon atom would cause a large
chemical shift of its C 1s binding energy. In this
case the C3 carbon atom could have a similar chem-
ical state like C2 and a close C 1s binding energy,
respectively.

The hypothesis for cellulose surface modifica-
tion connected with the absence of OH group bonded
to surface C3 carbon can be proved considering the
O 1s core-level results. In contrast to the C 1s region
the O Is spectrum is characterized by a single sym-
metrical peak at 532.8 eV with half-width (FWHM)
of 1.3 eV (Fig. 2b). This makes the interpretation
of the chemical states of the individual oxygen at-
oms in cellulose unit difficult and it can be done
only with theoretical help. In Table 1 the calculated
O 1s binding energies of the four non-equivalent
oxygen atoms from the stoichiometric cellulose unit
are shown. It can be seen that the oxygen atoms of
the glucose ring and those connecting two adjacent
rings have almost the same binding energies of
~535.0 eV. Between both hydroxyl groups bonded
to the glucose ring and to the C6 carbon atom, re-
spectively, there is an O 1s chemical shift of 1 eV.
By using these values, the experimental O 1s spec-
trum may be fitted with two contributions (2 oxygen
atoms related to glucose ring and one oxygen atom
from OH group bonded to C6 carbon) with area ra-
tio of 2:1 according the hypothesis of absence of the
OH group bound to the glucose ring. The deconvo-
lution may be considered as satisfactory if a rela-
tively broad fit peak of the OH group with a larger
Lorenz contribution is allowed (Fig. 2b).

The energy difference of about 2.2 eV between
theoretical and experimental fit values exist (Table 1).

This value can be considered as a systematical error
related to the energy scale calibration for the dif-
ferent carbon and oxygen atoms. In our study we
use for the calibration of O 1s energy the normali-
zation of C 1s binding energy of C5 carbon atom to
285 eV (Table 1). A similar systematical error has
been also observed in our previous study of cou-
marin-containing compounds [25].

(ii) Stoichiometric cellulose surface with

adsorbed hydrocarbon contaminations

However, there are indications for another in-
terpretation of the C 1s results that could be more
realistic since it is difficult to explain the reasons for
removing the OH group from the surface structure
of the cellulose. In sect. 2.3 we noted that the hydro-
carbon contaminations (CH,) are characterized with
C 1s binding energy at 284.6 eV and this value can
be used for the energy calibration of photoelectron
measurements of nonconductive materials. Also, in
the next section 3.2 such a peak of surface contami-
nations has been detected for chitin and chitosan
surfaces. In this connection, the presence of such
impurities can also be assumed on the surface of the
cellulose. To prove this hypothesis, a new decon-
volution of the Cls spectrum has been made using
6 peak contributions: one peak of eventual hydro-
carbon impurities at 284.6 eV and 5 other peak con-
tributions of stoichiometric cellulose unit following
the theoretically calculated binding energies and the
stoichiometric ratio of the areas of these peaks in a
2:1:1:1:1 ratio (Fig. 2c). Within this hypothesis, as
shown in Table 1 (unmodified surface), the agree-
ment between the theoretical and experimental data
is very good. Also the symmetrical O 1s experimen-
tal spectrum can be fitted very well using 3 contri-
butions with area ratio of 1:1:2 (Fig. 2d). These con-
tributions correspond to the four oxygen atoms in
the cellulose unit including those from both OH unit
groups (O3 and O4) with binding energy difference
of 1 eV as mentioned above and also two oxygen
atoms (O1 and O2, related to the glucose ring) with
equal O 1s-energies at 532.8 eV. Therefore, the area
of the last contribution is twice as large as the other
peak contributions. The agreement with the theo-
retically calculated binding energies is again very
good if the systematical error of 2.2 eV of the en-
ergy scale is neglected (Table. 1).

Also, ignoring the fit peak of proposed contami-
nations at 284.6 eV, the calculated ratio of carbon
and oxygen concentrations of 62:38 is close to the
cellulose stoichiometry (60:40). Hence, this second
hypothesis (called “unmodified surface”) character-
izes the cellulose surface as stoichiometric but also
containing a certain amount of adsorbed hydrocar-
bon impurities. The first hypothesis (modified cel-
lulose surface) implies some degree of degradation
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of the cellulose chains involving the cleavage of OH
groups linked to the glucose ring. Regardless of the
realistic nature of this hypothesis, it definitely gives
information about a possible mechanism (or at least
as a mechanism step) for the degradation of the cel-
lulose surface, which, eventually, could be one of
the reasons for the existence of the detected hydro-
carbon impurities.

Nevertheless 6 non-equivalent carbon atoms and
4 non-equivalent oxygen atoms exist in the cellu-
lose unit, in the previous studies [29, 30] only two
of the measured C 1s-peaks at 286.7 and 288.1 eV
are attributed to cellulose carbons in -CH(OH) and
—0-CH-O-, respectively. The measured third peak,
in ref. 28, at 284.6 eV has been attributed only to
contaminations. Two O 1s-peaks have been sug-
gested to exist at 532.9 and 533.5 eV connected to
oxygen atoms in -O- and -OH bonding, respectively
[29, 30]. In comparison to these studies we are able
to give significant more detailed description on
the chemical states of different carbon and oxygen
atoms and their C 1s- and O 1s-binding energies
(Table 1).

For the complete characterization of the C Is
photoelectron spectra, the presence of a low intensi-
ty peak at about 289 eV, characteristic of carboxylic
carbon, should be noted (Fig. 2a, c). Its negligible
amount is an indication for the high quality of the
cellulose surface and also for low influence of the
X-ray radiation (and also electron exposure from
the charge neutralization gun) on cellulose stoichi-
ometry [28].

3.2. Chitin and chitosan

Again, as for cellulose, three-unit structural
models of chitin and chitosan have been analyzed
theoretically (Fig. 3a and 3b) based on earlier ex-
perimental studies (for example refs. 5 and 31). The
main difference between both models is the differ-
ent functional groups connected to the C2 carbon
atom: acetyl amine NHCOCH, for chitin (Fig. 3a)
and amino NH, group for chitosan (Fig. 3b), respec-
tively.

Now, the C2 atoms have quite different chemi-
cal environments than the cellulose C2 carbon atom,
which C 1s binding energy has been chosen for the
experimental energy-scale calibration (sect. 3.1).
Therefore, in the case of chitin and chitosan, another
carbon atom should be chosen for energy calibra-
tion. Considering the structural models of the poly-
saccharides (Fig. 1 and Fig. 3), the C5 carbon atom
can be proposed as a suitable candidate because it has
a similar chemical environment in all three studied
compounds. Its calibrated theoretical binding energy
for cellulose is at 286.5 eV (Table 1). This value is
used to calibrate the calculated C 1s binding-ener-
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Fig. 3. (Color online) Structural models including 3-units of
chitin (a) and chitosan (b). The carbon and oxygen atoms are
colored in green and red, respectively. Blue-colored circles de-
note nitrogen atoms. The small circles with gray contour indi-
cate hydrogen atoms and the hydrogen bonds are marked with
dash gray lines.

gies for chitin and chitosan. The resulting energies
are shown in Table 2.

In contrast to cellulose, determination of the cor-
responding C 1s energies for different carbon atoms
of as-prepared chitin, chitin nanorods and as-pre-
pared chitosan is quite difficult because significant
deviations from ideal stoichiometry are seen mainly
in the contents of carbon atoms. Evidence for this
is found in the concentrations of the surface atoms
(Table 3).

Also the photoelectron spectra show a complex
structure in which individual peak contributions are
not as clearly resolved as in the case of cellulose
(Fig. 4).

From Table 3 it can be concluded that the con-
tents of nitrogen and oxygen atoms in the case of
as-prepared chitosan and chitin nanorods are close
to those in the ideal chitosan unit structure. Also,
excluding the intense peak at about 284.5 eV, the
remainder of the C 1s spectra can be very well
matched to the chitosan spectrum and its deconvo-
lutions with chitosan-like contributions give a good
agreement with the theoretically calculated binding
energies (Table 2). Therefore it seems that the sur-
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Table 2. Theoretical 1s binding energies (in eV) of different carbon (C), nitrogen (N) and oxygen (O) atoms from the central units
of chitin and chitosan (see Fig. 3) compared to the experimental values for as-prepared chitin, chitin nanorods and as-prepared
chitosan derived by the deconvolutions of the photoelectron spectra

Chitin Chitosan
Atom theory as-pzi}r))ared nalgr;)ds theory exp
(eV) (V) (V) (eV) (eV)
Cl1 287.31 287.7 287.8 287.36 287.8
C2 286.67 286.1 286.1 285.43 285.2
C3 286.36 286.1 286.1 286.06 286.1
Cc4 285.36 285.4 285.4 286.37 286.1
C5 286.50 286.7 286.5 286.50 286.5
C6 286.49 286.7 286.5 286.50 286.5
Cc7 288.02 288.7 288.5
C8 285.11 285.3 285.4
other carbons 284.4 284.5 284.5
N
0
NHCOCH, 401.00 401.0 401.57
N
0
NH,’ 401.57
N 399.7 399.6 399.90 399.3
-NH, . . . .
(0]}
534.85 532.8 532.7 535.30 532.7
glyc. bond
02
. 534.17 532.3 532.1 534.80 532.0
ring
03 535.73 532.8 532.7 535.38 532.7
OH-CH2 ’ : ’ ’ ’
04
. 535.47 531.6 531.6 534.52 531.7
ring-OH
05
NHCOCH, 334.02

Table 3. Concentrations of carbon, nitrogen and oxygen atoms
(in at.%) for as-prepared chitin, chitin nanorods and as-prepared
chitosan. The experimental values are compared with the ideal
concentrations (stoichiometry) and also with the number of the
carbon-, nitrogen- and oxygen-atoms in one structural unit of
the studied compounds shown below the atomic percentages

Carbon Nitrogen Oxygen
exp 66.5 5.9 27.6
’ 11.3 1 4.7
Chitin
ideal 57.1 7.1 35.7
8 1 5
ex 65.8 6.8 27.4
Chitin P: 9.7 1 4.0
nanorods ideal 57.1 7.1 35.7
1aea 8 1 5
exp 73.4 5.2 21.4
' 14.1 1 4.1
Chit
rosan deal 54.5 9.1 36.4
! 6 1 4

face chemical states of chitosan and chitin nanorods
are very similar. Note that the individual fit contri-
butions have areas corresponding to the ideal chi-
tosan stoichiometry. For example, each component
of the two intensive contributions at about 286.5
and 286.1 eV in Fig. 4c corresponds to two carbon
atoms (with close theoretically calculated C 1s bind-
ing energies) of the chitosan unit cell. Accordingly,
their areas are twice as large as those of the other
chitosan components (Fig. 4¢). .

As mentioned above, the intense peak contri-
bution at 284. 5 eV is an exception to this ideal
chitosan-like structure. Note that the C 1s binding
energy of adventitious hydrocarbons adsorbed on
silver surface is measured at 284.6 eV (see sect.
2.3). Also, a similar binding energy is received for
the surface C2 carbon atom of cellulose (Fig. 4d)
existing in CH, group. Therefore, the lowest energy
peak in Fig. 4 can be attributed to CH_hydrocarbon
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nanorods
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Fig. 4. (Color online) C 1s- photoelectron spectra (open circles)
of as-prepared chitin (a), chitin nanorods (b), as-prepared chi-
tosan (¢) compared to the spectrum of cellulose (d). The peak
contributions and their sum are colored in blue and red, respec-
tively. The intense peak contribution corresponding to hydro-
carbon contaminations is colored in gray.

groups adsorbed on the surfaces of the studied ma-
terials.

Another exception to the ideal chitosan structure
is the additional peak at the highest binding energy
of 288.5 eV, which appears in the deconvolution of
the as-prepared chitin (Fig. 4a) and to a lesser extent
in chitin nanorods spectra (Fig. 4b). According to the
theoretical considerations this peak can be attribut-
ed to C 1s binding energy of C8 carbon atoms from
acetyl amine NHCOCH, group characteristic for
the ideal chitin structure (Table 2). Consequently,
surface areas with a chitin-like structure could also
provide contributions to the C 1s spectra. This can
also reflect the deviations of area ratio of the other
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Fig. 5. (Color online) N 1s- photoelectron spectra (open cir-
cles) of chitin (a), chitin nanorods (b) and chitosan (¢). The
peak contributions and their sum are colored in blue and red,
respectively.

fit peaks from the stoichiometric area ratio of chi-
tosan, which is observed in Fig. 4a and 4b.

The presence of nitrogen in two different chemi-
cal states on the surfaces of as-prepared chitin and
of compressed chitin nanorods is evident from their
N 1s photoelectron spectra (Fig. 5).

A single symmetric N 1s peak at 399.3 eV has
been observed for the as-prepared chitosan attrib-
uted to nitrogen atom in NH, group in agreement
with the theoretical calculations (Table 2). For as-
prepared chitin and chitin nanorods, an additional
less intense peak has been observed at 401.0 and
401.5 eV, respectively (Fig. 5a and 5b). According
to the theoretical predictions in Table 2, the higher
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binding energy of this peak implies the presence of
nitrogen atoms from the acetyl amine NHCOCH,
group. However, the significantly more intense N
Is peaks at about 399.6 eV indicate the dominant
presence of amino NH, groups in comparison to
acetyl amine concentration on both chitin surfaces.

The N 1s results are in agreement with the study
of Jiang et al. [5] where beside the low- binding
energy of nitrogen in NH, group another chemical
state is found shifted by 2 eV to the higher binding
energy. On the other hand, for as-prepared chitin
and chitin nanorods an energy difference of 0.5 eV
exists between N 1s binding energies for suggested
acetyl amine NHCOCH, groups on both surfaces
(Table 2). This energy difference is difficult to be
explained because the surfaces show very similar
electron-energy structure. It is possible that instead
of (or in addition to) acetyl amine group there is
more positively charged nitrogen on the surface of
chitin nanorods, for example in NH," configura-
tion. Confirmation for such an interpretation can
be found in the N 1s spectrum of adsorbed ala-
nine, where two peaks are observed at 401.8 and
401.3 eV related to NH;" and NH, groups, respec-
tively [32]. Note that the energy difference between
both nitrogen chemical states is exactly 0.5 eV as in
the case of as-prepared chitin and chitin nanorods.

In the structural unit of the chitosan-like surface
there are 4 oxygen atoms in different chemical en-
vironments: in OH-group bonded to CH,-functional
group, into the glucose ring, between two glucose
rings, in OH-group bonded to a carbon of this ring.
However the experimental O 1s spectra of the three
polysaccharides represent wide peaks with a clear
broadening at low binding-energy side (Fig. ©6).
Together with the above discussed similarities of
C 1s regions they indicate similar chemical states
of the studied surfaces having most probably a chi-
tosan-like structure.

The detailed contributions of the chemically dif-
ferent oxygen atoms to the photoelectron O 1s spec-
tra can be understood only with the theoretical help.
The calculated O 1s binding energies are shown
in Table 2 for chitin and chitosan units as a bet-
ter agreement with the experimental data has been
found for the chitosan values. The lowest binding
energy at 531.6 eV is obtained for the oxygen atoms
of an OH group attached to the glucose ring. This is
in agreement with the study of Jiang et al. 5] but in
contrast to other XPS studies [4, 7, 9] where it has
been assumed a lower O 1s binding energy for the
oxygen atoms in ring-O-ring than the O 1s energy in
OH-C configurations.

The differences between O 1s details of chitosan-
like and cellulose surfaces indicate the influence of
the amino group. Only the oxygen atom linked two
adjacent glucose rings conserves its O Is binding

energy (Table 1 and 2) whereas a chemical shift of
~0.5 eV is observed for the other oxygens in com-
parison to the cellulose results. The largest chemical
shift of 0.7 eV is found for the OH group bonded to
the glucose ring.

Similar to the cellulose surface, a large chemical
shift of 1.2 eV is observed between binding energies
of both OH-groups bonded to carbon from CH, and
bonded to the glucose ring, respectively (see Table
1 and Table 2). This is in contrast to the literature
where the O Is contributions of both chemically
non-equivalent OH groups from the polysaccharide
unit have been assigned to one peak at higher bind-
ing energies [4, 7, 9, 15].

O 1s

cellulose

Intensity (arb. units)

| T
532 534

530
Binding Energy (eV)

Fig. 6. (Color online) O 1s- photoelectron spectra (open circles)
of as-prepared chitin (a), chitin nanorods (b) and as-prepared
chitosan (c¢) compared to the spectrum of cellulose (d). The
peak contributions and their sum are colored in blue and red,
respectively. The peak interpretation is indicated on the figure.
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From the discussed results it can be seen that
their chemical states of chitin surfaces differ from
those in their volume. Also, large amounts of sur-
face hydrocarbon contaminations have been meas-
ured. The question remains to what extent these
surface modifications are caused by the influence
of the experimental method, i.e. the X-ray radiation
and electron exposure. Such influences may be sig-
nificant in the case of organic substances. For ex-
ample, in the XPS study of brewer’s yeast strains
[33], their degradation during experiments have
been observed reflected in an increase in surface hy-
drocarbon contaminations and decrease in the rela-
tive surface concentrations of nitrogen and oxygen
atoms. Although in this sensitive case, the degrada-
tion cannot mask the real properties of the materi-
als, the influence of the X-ray radiation should be
carefully examined [28]. In fact, the eventual modi-
fications can be caused not only by X-ray radiation,
but mainly by the inelastic scattering of emitted
photoelectrons as shown by Graham ef al. studying
organic layers [34].

We have investigated this eventual effect by
varying the flux of X-ray radiation, respectively the
X-ray power. Our measurements have been carried
out at low powers (75—-150 W) where no changes
in the spectra with the analysis time have been ob-
served. At high X-ray source power of 300450 W
a slight change of the analyzing-area color is visible
accompanied with the small intensity increase of
the low binding energy peak at 284.5 eV, which is
interpreted as due to surface hydrocarbon contami-
nations. However, even in this case the other main
features of the surface spectra are not affected.

4. CONCLUSIONS

The results show that, despite the high resolu-
tion and signal strength of the experimental method
XPS, reliable analysis is achieved only in combi-
nation with theoretical modeling. This approach al-
lows both the concrete understanding of the experi-
mental C 1s-, O 1s-, N 1s- photoelectron spectra,
but also the processes leading to the surface chemi-
cal modifications.

In the case of cellulose, its C 1s- and O 1s-photo-
electron spectra can be described in details follow-
ing the theoretical interpretation based on the stoi-
chiometry preservation in the surface layers. The
comparison with the theoretical calculations allows
identifying a peak of surface hydrocarbon contami-
nations in the complex C 1s spectrum. Moreover, it
allows suggesting a mechanism for degradation of
the surface related to removal of surface OH group
bonded to the glucose ring. This is accompanied by
adecrease in C 1s binding energy of the correspond-
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ing carbon atom from the ring to 284.5 eV, exactly
at the energy position characteristic for the hydro-
carbon contaminations. Therefore, the removal of
the OH group could be considered as a step in the
process of creating surface hydrocarbon impurities.

An intense C 1s peak at 284.5 eV, attributed to
surface hydrocarbon contaminations, is also ob-
served for the studied chitin- and chitosan surfaces.
Excluding this peak, the rest of their spectra can
be well matched to the chitosan spectrum based on
the theoretical predictions. According to these pro-
posed chitosan-like structure of the chitin surfaces,
the XPS results show a dominant concentration
of surface amino NH, group. Additionally a small
amount of acetyl amine NH,COCH, is also found.
For the monocrystalline surface of chitin nanorods,
the presence of protonated nitrogen configuration,
for example NH,", is not excluded.

The experimental cellulose-, chitin- and chi-
tosan-O 1s spectra can be very well described us-
ing theoretically calculated binding energies for
the stoichiometric structural unit of corresponding
polysaccharide. In contrast to the previous studies
a large chemical shift of 1.0-1.2 eV is observed be-
tween O 1s energies for both non-equivalent OH-
groups from the functional groups of all three poly-
saccharides.

Within the X-ray fluxes used (X-ray source
power of 75-150 W), no spectra change is observed
showing that the observed surface chemical modi-
fications of the studied polysaccharides cannot be
caused by the X-ray exposure during the experi-
mental analysis.
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XUMNYECKHU CbCTOAHUA HA TIOBBPXHOCTUTE HA LEJIVIIO3A,
XUTHUH U XUTO3AH, U3CJIIEABAHU YPE3 TEOPUSATA HA ®YHKIIMOHAJIA
HA INITBTHOCTTA U ®OTOEJIEKTPOHHA CIIEKTPOCKOIINA C BUCOKA
PA3AEJIMTEJIHA CIIOCOBHOCT

K. JI. Kocros!, E. benramu?3, B. Anonco?, 1. Munesa?

! Huemumym no obwa u neopeanuyuna xumus, Bvieapera axademusn na nayxume, 1113 Cogus, Bvreapust
2 Unemumym Hlapna I'epap na Monnenue-@pencrku HayuoHaien YeHmvp 3a HAYYHU U3CAe08AHUS,
Yuueepcumem na Monnenue — Bucwe nayuonanno yuunuwe no xumus na Mounenue,

Asenio IIpog. Emun JKanbpo, 34090 Monnenue, ®panyus
3 [paxmuuecko yuunuwe 3a eucuiu nayxu, Mzcieoosamencrku ynusepcumem, 75014 Iapusic, @panyus

[Toctenuna mapr, 2018 r.; npuera anpwi, 2018 r.
(Pestome)

KoMOHMHMpaH TeopeTHUeH U eKCIIEPUMEHTANICH TT0/IX0/1 € MPUJIOKEH B M3CIICABAHETO HA EIEKTPOHHHTE 1S eHep-
FeTUYHHU CBOMCTBA Ha TMOBBPXHOCTUTC HaA LECIYJI03a, XUTUH, CUHTEC3UPAHU XUTUHOBU HAHO-NIPBUYKU U XUTO3aH, U3-
MOJI3BaliKM TeopusiTa Ha (PyHKIMOHANA HA ITBTHOCTTA ¥ (POTOCJICKTPOHHA CIIEKTPOCKOIHS C BUCOKA Pa3/IelITeHa
criocoOHocT. ToBa M0O3BOJIsIBA HAZEHKIHO J1a CE Pa3auyaT MPUHOCUTE HA MOBBPXHOCTHUTE BBIVIEBOJOPOIHH 3aMbp-
CsBaHHUs BbB (bOTOCJ'IeKTpOHHI/ITC CIICKTPU U Jia C€ OLICHU B HETaﬁHH XUMHUYECKUTEC ChCTOSIHUSA HA MOJIU3aXapuaIHUTC
MOBBPXHOCTH. BBIpekn de e mpeanosokeHa CTeXHOMETPUYHA CTPYKTypa Ha IeNysIo3HaTa MOBBPXHOCT KaTo Hai-
BEPOATHA, € pa3rjicJjad U MECXaHU3bM 3a Bb3MOXKHA JICrpajjaliid Ha IOBbPXHOCTTA, BKIIIOYBAIL OTCTPAHABAHC Ha OH-
rpymnara, CBbp3aHa KbM TJIIOKO3€HUs PUHT. JJoOPOTO CHOTBETCTBHE MEKIY TEOPETUYHHUTE M EKCIIEPUMEHTAIHU pe-
3yJITaTH MO3BOJISABA JIa C€ MPEINOJIONKH XUTO3aH-NI0A00HA CTPYKTYpa 32 MOBbPXHOCTUTE HA XUTHHA U XHUTUHOBHUTE
HaHONPBYKH. B 1OMbIHEHHE KbM TOMUHUpAIIaTa KOHIEHTpanusa Ha aMiuHO NH, rpynu BbpXy T€3u NOBBPXHOCTH, CE
Ha00jaBa U Masko konudecTBo anetuia-aMmuaosr NH,COCH, rpynu BbpXy XUTHHA. BE3MOXKHO € IPUCBCTBUETO HA
npotonupany amMmuHo NH," ¢yHKUMOHAIHY TPy, BMECTO alleTHI-aMUHOBH, BbPXY KPUCTAIHHUTE IIOBBPXHOCTH Ha
XUTUHOBUTE HAHOMPBYKH. J[MCKyTHpaHa € U Bb3MO)KHATa JECTPYKTUBHA PO HA PEHTTCHOBOTO OOJIBYBAHE BBPXY
U3CJIEeIBAaHUTE TIOBBPXHOCTH.
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IR spectral and structural changes caused by the conversion of salophen
into oxyanion and dianion
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The structures of salophen molecule its oxyanion and dianion have been studied by means of both IR spectra and
DFT calculation, employing the B3LYP functional and 6-311++G** basis set. The solvent effect was simulated by
using self-consistent the integral equation formalism variant (IEFPCM) model. A good agreement has been found
between the theoretical and experimental vibrational characteristic of the particles studied. The theoretical method
used gives a good description on the strong spectral changes caused by the conversion of the salophen into anion and
dianion. The structural changes which accompany these conversions are also essential. Analysis of the atomic charge
changes shows that the first (oxyanionic) charge remains localized mainly within the oxyphenylene fragment while
the second (nitranionic) charge spreads mainly over the acetanilide fragment.

Keywords: IR; DFT; Acetaminosalol; Oxyanion; Dianion.

INTRODUCTION

Organic anions are key to many chemical and
biological processes and their important role in the
synthesis, design of functional materials and drugs
induce numerous studies within the field of organic
chemistry and all interfacing disciplines [e.g. 1-5].
A better knowledge of the structure of organic ani-
ons is an essential point in understanding the mech-
anism of their actions. However, the highly reactive
nature of anionic species has limited their structural
characterization. The conversions of neutral mol-
ecule into anions (oxyanions, carbanions, azanion,
dianions, radical-anions, efc.) are accompanied by
essential changes in the vibration spectra. So, these
changes are very informative for the structural varia-
tions caused by the same conversions [6]. The struc-
ture of large series of organic molecules and their
anions have been successfully studied recently on
the basis of experimental IR spectra combined with
DFT/ computations [7—13]. The title compound is
an interesting and convenient object of the molecule
— anion— dianion conversion investigations, as it
contains (-OH) and (-CO-NH-) acidic functional
groups and can be converted successively into oxy-
anion and dianion.

* To whom all correspondence should be sent:
E-mail: bs@orgchm.bas.bg

Salophen (Phenetsal, Acetaminosalol, (4-aceta-
midophenyl) 2-hydroxybenzoate) is an ester of
salicylic acid and acetaminophenol, used as an anti-
rheumatic, antipyretic, analgesic and intestinal anti-
septic [14]. Due to its antimicrobial function, salo-
phen is used as an ingredient in cosmetic products,
pharmaceutical compositions, surgical materials,
etc. [15]. Crystal structure of salophen was recently
determined experimentally [16]. Its IR spectra in
KBr are included in many databases [14]. Infrared
linear dichroic and Raman spectroscopic approach
for determination of salophen in binary solid mix-
tures with caffeine was reported [17]. Neither the
detailed IR spectra nor structure of oxyanion and
dianion of salophen have been studied theoretically
or experimentally. The purpose of the present in-
vestigation is to follow the spectral and structural
changes, caused by the conversion of salophen mol-
ecule into the corresponding anions on the basis of
both DFT computations and spectroscopic experi-
ments. Its relative predictive capabilities are evalu-
ated by comparing the theoretically predicted and
experimentally frequencies measured in DMSO

EXPERIMENTAL AND COMPUTATION

Salophen (Sigma—Aldrich) was used without ad-
ditional purification. The salophen anion was pre-
pared by adding solutions of the parent compound in

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 147
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dimethyl sulfoxide (DMSO) and DMSO-d, (Fluka)
to equimolar quality of dry alkali-metal methoxides
and methoxides-d,. The suspensions obtained were
stirred for 1 min and then filtered through a siringe-
filter. The conversion was practically complete
(Fig. 1(A) and Fig. 1(B)). The dianion salophen was
prepared by reacting DMSO and DMSO-d, solu-
tions of the parent compound with an excess of dry
alkali-metal methoxides and methoxides-d,. The
conversion was also practically complete: in the
spectra we found neither the bands of salophen nor
those of its anion (cf. Fig. 1(A-C)). The IR spectra
were recorded at a resolution of 1 cm™!, by 64 scans
on a Tensor 27 FTIR spectrophotometer in a CaF,
cell of 0.13 mm path length for solutions, spectra of
the solid state sample were obtained by ATR tech-
nique and in KBr pellet.

The quantum chemical calculations the Natural
bond orbital (NBO) population analysis [18] were
performed using the Gaussian 09 package [19]. The
geometry optimizations of the structures investi-
gated were done without symmetry restrictions, us-
ing density functional theory (DFT). We employed
B3LYP hybrid functional, which combines Becke’s
three-parameter nonlocal exchange with the cor-
relation functional of Lee et al. [20, 21], adopting
6-311++G** basis sets. To estimate the effect of the
solvent (DMSO) on the infrared spectra of studied
species, we applied the integral equation formalism
of polarizable continuum model (IEFPCM), pro-
posed by Tomasi and coworkers [22, 23]. The sta-
tionary points found on the molecular potential en-
ergy hypersurfaces were characterized using stand-
ard harmonic vibrational analysis. For a better cor-
respondence between experimental and calculated
values, we modified the results using the empirical
scaling factors. The relative predictive capability of
theoretical method used is evaluated by comparing
the theoretically predicted and experimentally fre-
quencies measured in DMSO.

RESULTS AND DISCUSSION
Energy analysis

All conformers of salophen and its deprotonated
forms were determined from rotation about Ph-N,
and N-C, C-O, C-CO bonds. The structures of the
most stable conformers are shown in Scheme 1.

Both structures of molecule and anion corre-
spond to trans-type conformers with respect to the
NH and amide carbonyl groups and cis-type con-
formers with respect to hydroxyl and the ester car-
bonyl group. The presence of the same conformer
for the molecule was also established by crystallo-
graphic analysis [16].
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Scheme 1. B3LYP/6311++G** optimized structures of the
most stable conformers of molecule A and its oxyanion B and
dianion C.
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The calculated total energies of the studied spe-
cies are as follow:

E,. =-935.3485099 H for the salophen molecule A
E,. =-934.8173745 H for the salophen oxyanion B
E.  =-934.1777714 H for the salophen dianion C.

The following deprotonation energies corre-
spond to the above values (see also Scheme 1):

E¢=E_(B)-E,, (A) = 1394.230239 k] mol ';
E‘=E,, (C) - E_(B) = 1668.595 kI mol .

The energy difference E¢ is related to the gas-
phase Broensted acidities, and can be used as an ap-
proximate measure of these acidities in polar aprotic
solvents [24]: low E!— high acidities — low pKa
values. For comparison, the first deprotonation en-
ergy is lower than E¢ of acedoben (1448.1 kJ mol "),
acetanilide (1489.06 kJ mol™' [12]) and higher than
E? of the stronger acid acesulfame (1324.31 kJ mol
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[8], in agreement with the experimentally estimated
pKa value of 7.87. The second deprotonation en-
ergy is essentially higher, and can be compared
with the second deprotonation energy of acedoben
(1734.1 kJ mol ' [13]). This result is not surprising,
having in mind that the products of the second de-
protonation are in fact dianions.

Infrared analysis

Let us consider consecutively the IR data of the
species studied, which will make it possible to spec-
ify the spectral changes, caused by the conversion
of the salophen molecule into corresponding anions.

The experimental IR spectra of salophen, meas-
ured in DMSO-d, solution and in solid state (ATR)
are shown in Fig. 1.

Based on the differences in the DMSO and solid
state spectra in the carbonyl region, it could be as-
sumed that two different forms are present — with
and without intramolecular hydrogen bond. The
strong intramolecular OH...O=C hydrogen bond ex-
isting in solid state produces a C=0 ester stretching
band with maximum at 1680 cm™'. The DMSO as
polar aprotic solvent usually decreases the frequen-
cies of polar groups. But in IR spectra of salophen
in solvent this v(CO) band occurs at a higher fre-
quency (1740 cm™!, Fig. 1), because DMSO breaks
the intramolecular hydrogen bond. For this reason

Absorbance

we compared the experimental vibrational charac-
teristics with the calculated ones of conformer, in
which the carbonyl group is not intramolecularly
hydrogen bonded. It can be seen in Figure 1 that the
amide band v(C=0) is shifted in the solution with
26 cm'. The numerical values of experimental vi-
brational characteristics are listed together with the
theoretical ones in Table 1. The agreement between
the experimental and calculated values is very good
— the mean absolute deviation between observed
and calculated frequencies is 8.3 cm™!, which value
is not away from the lower border of the 816 cm™
interval of deviations, typical for the DFT calcu-
lations for molecules containing carbonyl groups
[8-13].

No experimental data for the v(OH) and v(NH)
bands were given in the Table 1, as they form a mul-
tiplet because of the formation of hydrogen bonds
mainly with the solvent. The assignment of the ex-
perimental bands to the calculated normal modes
in the C-H stretching region (3100-2800 cm™) is
not obvious because there are fewer bands in the
experimental spectrum than predicted by the calcu-
lations. The highest frequency experimental bands
observed in the IR spectrum (3200-3000 cm™) are
assigned to the aromatic C—H stretches, while the
lower frequency bands are attributed to the methyl
group motions. The calculations resolved and locat-
ed well the two carbonyl stretching vibrations, those

Aa

C

T T T
1800 1700 1600 1500

T T T 1
1400 1300 1200 1100

-1
Wavenumber cm

Fig. 1. ATR-FTIR spectrum of salophen (Aa); Infrared spectra of salophen (A), its oxyanion (B) and its dianion (C) in DMSO-d,.
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Table 1. Theoretical (B3LYP/6-311++G**) and experimental (solvent DMSO-d)
vibrational frequencies (in cm™) and IR integrated intensities (A in km.mol ™) of salophen

No. Ve A Assignments Vesp.
1. 1739 716.4 v(C=0) (ester group) 1741
2. 1688 452.8 v(C=0) (amide group) 1686
3. 1633 32.6 VvP(CC), 3™(CCH)

4. 1629 1473 VP(CC), 8"(CCH) 1606
S. 1626 65.7 VvP(CC), 8™(CCH)
6. 1609 62.2 VvP(CC), 8™(CCH) 1584
7. 1543 516.8 3(HNC), v(N-C) 1549
8. 1523 322.6 3"™(CCH), v**(CC)
9. 1515 106.5 3"™(CCH), 3(HOC) 1507

10. 1473 26.7 3(CH,) 1483
11 1466 89.4 d"™(CCH), v**(CC) 1467
12. 1455 13.5 3(CH,) 1456
13. 1419 103.8 3"™(CCH), 8(HNC) 1408
14. 1390 58.0 3(CH,;)

15. 1358 60.7 3(HOC) 1372
16. 1331 155.7 v(CN), vP"(Ph-N) 1332
17. 1328 133.1 v(Ph-OC), v(C-OH) 1319
18. 1316 12.4 d"™(CCH), 8(HNC)

19. 1287 111.4 v(C-OH) 1299

20. 1263 101.3 v(C-CH,), v(Ph-N), v(CN) 1263

21. 1236 250.7 dM(CCH), v(Ph-CO) 1249

22. 1230 35.0 v(Ph-N), 8(CH,) 1233

23. 1194 753.0 v(Ph-OC) 1192

24. 1192 68.1 3™(CCH), 3(HOC)

25. 1177 21.0 3"™(CCH), v**(CC) 1167

26. 1175 260.1 3"™(CCH), v"™™(CC) 1159

27. 1133 228.4 3™(CCQC), vP(CC) 1130

28. 1123 20.9 §M(CCC), vP"(CC) 1116

29. 1061 29.9 3"™(CCH), v"™(CC)

*Scaled by 0.993. ® Vibrational modes: v, stretching; 8, bendings. The numbers before the
mode symbols indicate % contribution (10 or more) of a given mode to the corresponding
normal vibration, according to the potential energy distribution.

of the ester and the amide groups, at 1739 cm™! and
1688 cm™!, respectively. The theory does not repro-
duce qualitatively well the high integral intensities
for the carbonyl bands in the experimental spec-
trum. DFT calculations predicted well also the IR
frequencies of the amide-II and amide-III vibrations
measured in DMSO. The amide-II mode 6(HNC)
is predicted to appear at 1544 cm™! as a very in-
tense band. Experimentally, a very strong band was
detected at 1549 cm™ in DMSO. The stretching
v(N-C) coupled with v(Ph-N), denoted as amide-III
was predicted and measured as an intensive band at
1332 cm™'. The highest intensity band in the theo-
retical and experimental spectrum at 1192 cm™ is
assigned to v(Ph-CO).

The experimental spectrum of salophen anion in
DMSO solvent is shown in Fig. 1(B). It is known
that in this solvent the ions exist as free species and
there are no anion/counter ion interactions [25]. The
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influence of the counterions on the frequencies is
neglectful. This makes it possible to compare, in
this work, the experimental infrared data for the ani-
ons with the theoretical ones. The numerical values
of the experimental vibrational data in DMSO-d,
are listed with the theoretical ones in Table 2.

As above we can find there a good agreement be-
tween experimental and scaled theoretical frequen-
cies. The mean deviation between them is 5.6 cm™'.
In full agreement between theory and experiment,
the conversion of the salophen molecule into the
oxyanion is accompanied by an essential decrease
in frequency of ester v(CO) band: predicted 39 cm™,
measured 45 cm™! and has only a weak effect on the
amide v(CO) frequency: predicted decrease 4 cm™,
measured 2 cm™! (Tables 1 and 2; Fig. 1). The shift-
ing between the two carbonyl frequencies expected
in this case should amount to a 16 cm™! and it is
in agreement with the experimental measured after



S. Stoyanov et al.: IR spectral and structural changes caused by the conversion of salophen into oxyanion and dianion

Table 2. Theoretical (B3LYP/6-311++G** and experimental (solvent DMSO-d,) vibrational
frequencies (v in cm™) and IR integrated intensities (A in km mol™') of salophen anion

No. Ve A Assignments Vesp.
1. 1700 1224.8 v(C=0) (ester group) 1696
2. 1684 469.3 v(C=0) (amide group) 1684
3. 1633 18.8 VP(CC), 8"™(CCH)

4. 1622 83.8 VvP(CC), 8™(CCH)

5. 1618 2114 VvP(CC), 8"™(CCH) 1601
6. 1540 535.9 S(HNC), v(N-C) 1546
7. 1529 192.7 8"™(CCH) 1521
8. 1522 426.7 8™(CCH), v"(CC) 1508
9. 1483 604.8 v(C-0) 1492

10. 1473 194.5 3(CH,) 1481
11. 1469 27.8 8™(CCH) 1470
12. 1455 134 8(CH,) 1454
13. 1418 91.9 8™(CCH), 3(HNC) 1406
14. 1389 57.8 3(CH,) 1393
15. 1389 48.3 S™(CCH) 1369
16. 1329 174.4 v(CN), v"(CC) 1325
17. 1316 14.9 v(Ph-OC) 1316
18. 1313 6.2 S™(CCH), 6(HNC)

19. 1270 94.0 S8(HNC), 8(CH,)

20. 1258 147.0 ™(CCH) 1253

21. 1229 42.1 v(Ph-N), 3(CH,) 1231

22. 1215 218.7 v(Ph-OC) 1202

23. 1179 56.3 8™(CCH), v™(CC) 1180

24. 1173 273.6 8™(CCH), v"(CC)

25. 1153 508.7 ™(CCH), v"(CC) 1146

26. 1121 416.4 8™(CCH), v"(CC) 1127

27. 1120 197.8 ™(CCQC), vPh(CC)

28. 1046 12.4 v(C-CH3), 5(CH,)

2Scaled by 0.993. ® Vibrational modes: v, stretching; 8, bendings. The numbers before the mode
symbols indicate % contribution (10 or more) of a given mode to the corresponding normal
vibration, according to the potential energy distribution.

having decomposed the complex band into compo-
nents (1696 cm™, 1684 cm™, Table 2). The conver-
sion causes also an essential intensity increase of
the ester carbonyl v(CO) bands. In the spectrum
of the anion the aromatic skeletal bands of the phe-
nolate ring 8 and 19 (Wilson’s notation) are more
intense than these in the spectrum of neutral mol-
ecule. Conversion of the salophen molecule into the
oxyanion virtually did not change the frequencies of
S(HNC) (amide-II) and v(C-N) (amide-III) bands.
Removing the proton from the hydroxyl group of
the oxyanion leads to a shift of the v (Ph—O) coor-
dinate to higher frequency (1492 cm™), obviously
due to the significant shortening of the Ph—O bond.

The experimental spectrum of the dianion studied
is shown in Fig. 1(C). Theoretical and experimen-
tal IR data for the salophen dianion are compared
in Table 3. Again, there is good agreement between
experimental and scaled theoretical frequencies. The
mean deviation between them is 9.1 cm™.

Comparison with the other spectra of Fig. 1(B)
shows that fundamental spectral changes accom-
pany the second deprotonation of salophen. There
is no longer amide band v(C=0) at the usual place.
The theory predicts two new bands characterizing
the carboxamide group in the dianion: very strong
bands at 1524 cm™! (amide I) and 1393 cm™! (amide
IIT). These bands are actually present in the experi-
mental spectrum (Fig. 1(C)): i.e., at 1522 cm™! and
1386 cm™. The approximate description of the cor-
responding normal vibrations (Table 3, No. 6 and
14) are in agreement with the literature data. For the
nitranions of acetanilide and of a series of ring-sub-
stituted acetanilides, Ognyanova et al. have assigned
the strong bands in the 1518-1533 cm™ spectral re-
gion as v(C=0) (amide 1) and the medium to strong
bands at 1373—-1382 cm™ — as v(C-N) (amide III).
In agreement between theory and experiment, the
second deprotonation of salophen causes a strong
enhancement of the intensity of the aromatic skel-
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Table 3. Theoretical (B3LYP/6-311++G**) and experimental (solvent DMSO-d;) vibrational
frequencies (v in cm™) and IR integrated intensities (A in km.mol™) of salophen dianion

No. Veare A Assignments Vesp.
1. 1706 1150.0 v(C=0) (ester group) 1689
2. 1629 57.0 VvP(CC), 8"™(CCH)

3. 1625 182.8 VP(CC), 8"™(CCH)

4. 1586 2.3 VvP(CC), 8"™(CCH) 1599
S. 1539 216.3 VvP(CC), 8"™(CCH)

6. 1524 1018.9 v(C=0), v(N-C) 1522
7. 1506 808.6 8"(CCH), v(Ph-N) 1496
8. 1487 641.7 v(C-0O) 1478
9. 1477 191.7 8™(CCH)

10. 1471 10.2 3(CH,)

11. 1456 198.5 3(CH,) 1454
12. 1425 40.7 S™(CCH)

13. 1394 77.8 8"™(CCH)

14. 1393 643.1 v(N-C), v(C-CH3) 1386
15. 1363 88.1 S(CH;) 1366
16. 1321 29.0 v(Ph-O-C) 1326
17. 1306 16.4 8™(CCH)

18. 1292 12.2 8"M(CCH) 1255
19. 1265 211.4 S™(CCH)

20. 1225 6.2 v(Ph-N), v(C-CH,)

21. 1206 64.0 v(Ph-OC) 1202

22. 1179 377.4 8™(CCH), v"(CC) 1179

23. 1163 10.5 8™(CCH), v"*(CC)

24. 1159 538.2 8™(CCH), v"(CC) 1464

25. 1128 612.9 8M(CCH), v"(CC) 1128

26. 1108 273 8™(CCH), v"(CC)

27. 1046 44 3(CH,)

28. 1041 51.0 8M(CCH)

29. 1017 30.9 S(CH;)

30. 1017 9.3 3(CH;)

#Scaled by 0.993. ® Vibrational modes: v, stretching; 8, bendings. The numbers before the
mode symbols indicate % contribution (10 or more) of a given mode to the corresponding
normal vibration, according to the potential energy distribution.

etal bands of the phenylene ring 19 (Wilson’s nota-
tion). This band is the strongest in the spectrum of
the dianion.

Structural analysis of the species studied

According to both the X-ray diffraction experi-
ment [16] and the DFT theory the salophen molecule
is composed of atoms lying approximately in two
planes: one of the phenylene ring and the carboxa-
mide group, and the other of the salicylate fragment.
The twisting angle has been experimentally found
to be 93.5° [16]. The same angle for the isolated
salophen molecule has been theoretically estimated
at 95.5°. The corresponding values for the free sa-
lophen anion and dianion are 102.8° and 88.4°, re-
spectively. The theoretical and experimental bond
lengths and angles in the salophen and its oxyanion
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and dianion are listed in Table 4. The conversion
of salophen into the oxyanion leads to changes in
all the bond lengths, but the strongest ones are the
shortening of the C'*—0 bond with ca. 0.089 A and
lengthening of the adjacent CC ones with ca. 0.048 A.
The C"“-C" bond in the anion is with 0.024 A
shorter while the C'?>~O'' bonds and the C=0" bond
are with 0.012 A and 0.007 A longer that the same
bonds in the molecule. The bond length changes
that accompany the conversion of the oxyanion into
dianion take place both at the azanionic center and
next to it — shortening of the C'-N7 and N’-C? and
bonds and lengthening of the C*=0’ and C*~CH,
bonds (Table 4).

The net electric charges of certain fragments of
the species studied and the corresponding charge
changes accompanying the conversion molecule —
oxyanion — dianion are shown in Table 5.
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Table 4. Theoretical (B3LYP/6-311++G**) and experimental bond lengths R (A) and bond angles A (°) in the salophen,
its oxyanion and dianion

Molecule Anion Dianion

Experimental® Theoretical A® Theoretical A° Theoretical Al
Bond lengths
R(C',C?) 1.397 1.403 —0.006 1.402 —0.001 1.419 -0.017
R(C%LCY) 1.389 1.388 0.001 1.395 0.007 1.396 —-0.001
R(C3,CY) 1.384 1.390 —0.006 1.389 —0.001 1.389 0.000
R(C4,C?) 1.376 1.386 —-0.010 1.395 0.009 1.393 0.002
R(C3,C%) 1.393 1.394 —0.001 1.389 —0.005 1.389 0.000
R(C:CY) 1.395 1.403 —0.008 1.402 —-0.001 1.418 -0.014
R(C',N") 1.414 1411 0.003 1413 0.002 1.394 0.019
R(N",C®) 1.357 1.370 —0.013 1.368 —0.002 1.334 0.034
R(C%,0% 1.228 1.227 0.001 1.228 0.001 1.266 —0.038
R(CE,C'0) 1.506 1.514 —0.008 1.515 0.001 1.529 -0.014
R(C*0O™) 1415 1.401 0.014 1.389 -0.012 1.399 —-0.010
R(O'",C™) 1.350 1.370 —0.020 1.405 0.035 1.394 0.011
R(C™,0%) 1.215 1.208 0.007 1.215 0.007 1.216 —0.001
R(C'%,C™) 1.476 1.482 —0.006 1.458 —-0.024 1.464 —0.006
R(C™,CP) 1.408 1.407 0.001 1.418 0.011 1.416 0.002
R(C’,C') 1.380 1.386 —0.006 1.379 —0.007 1.381 —0.002
R(C',C"7) 1.400 1.396 0.004 1.412 0.016 1.411 0.001
R(C",C') 1.374 1.387 -0.013 1.374 -0.013 1.375 —-0.001
R(C™,C") 1.404 1.401 0.003 1.449 0.048 1.448 0.001
R(CP,C™) 1.406 1.413 0.007 1.461 0.048 1.460 0.001
R(C",0%) 1.351 1.357 —0.006 1.268 —0.089 1.270 —0.002
Bond angles
A(CLCLCY) 119.6 119.8 -0.2 119.7 0.1 121.3 -1.6
A(C%,CLCYH 119.8 120.1 0.3 120.5 -0.4 119.6 0.9
A(C3,CHLCY) 121.4 120.7 0.7 120.0 0.7 119.7 0.3
A(CHLC,C0) 119.2 119.2 0 119.6 —0.4 120.6 -1
A(C,CoCH 120.5 120.8 -0.3 120.7 0.1 121.3 0.6
A(C'N7,C¥ 128.1 129.5 -1.4 129.6 —0.1 122.8 6.8
A(N7,C3,C1) 114.2 114.7 -0.5 114.9 -0.2 1144 0.5
A(N7,C8,0% 1239 123.6 0.3 123.6 0 129.0 5.4
A(C%0",CP) 117.2 118.2 -1 118.6 -0.4 118.5 0.1
A(O',C2,07) 122.0 122.0 0 119.3 2.7 119.9 -0.6
A(O',C12,CH) 112.7 111.1 1.6 111.5 -0.4 111.7 -0.2
A(C2,C,CP) 122.1 120.2 1.9 119.3 0.9 119.0 0.3
A(CH,CB,C) 121.2 121.7 -0.5 122.7 -1 122.7 0
A (OB,C,0") 119.0 119.2 -0.2 118.5 0.7 118.4 0.1
A(C'5,C7.C'8) 121.1 120.3 0.8 120.8 0.5 120.7 0.1
A(C7,C8,C") 120.0 120.7 -0.7 123.3 2.6 1233 0
A(CB,CP,0%) 117.7 120.4 2.7 119.9 0.5 120.0 0.1
A(CH,CP,C) 119.4 119.6 -0.2 114.7 4.9 114.7 0

2See Ref. [16].° Algebraic deviations (A, degrees) between experimental and theoretical values. ° Algebraic deviations (A, degrees)
between theoretical values of the anion and molecule. ¢ Algebraic deviations between theoretical values of the dianion and anion.

Table 5. NBO electronic charges q of the fragments of the species studied

Coarge of the HO/O" Ph 0Co Ph NH/N- COCH,
ragments -
. 2017 021 037 0.49 2022 0.06
- 071 0.12 0.43 0.45 021 0.01
R ~0.54 033 ~0.06 0.03 0.01 0.05
Qi 0.73 017 042 028 071 0.26
Qi D 0.02 0.05 0.01 027 0.50 017
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The charge change values AqQ = Quuion — molecule
and AQ = Qgiaion — Janion ar€ usually quite informa-
tive in showing the distributions of the new charges
in anions [8—13]. According to the present calcula-
tions the first (oxyanionic) charge remains localized
mainly within the oxyphenylene fragment while the
second (nitranionic) charge spreads over the acet-
anilide fragment.

CONCLUSION

The spectral and structural changes, caused by
the conversion of the salophen molecule into the cor-
responding oxyanion and dianion have been studied
by IR spectra DFT method at B3LYP/6-311++G™
level. A comparison of calculated with measured in-
frared data can be used as a test for the reliability of
the structural predictions for various molecules and
anions of this and similar types. These predictions
can be very useful in cases of molecules and ions
for which experimental structural parameters are in-
accessible or unknown. IR spectral changes, which
take place as a result of the conversion of molecule
into anions, were adequately predicted by the same
theoretical method.
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WY CTIEKTPAJIHU U CTPYKTYPHU ITPOMEHU, TIPMYNHEHN
OT MPEBPBIIAHETO HA CAJIO®EH B AHOH
1 IMAHUOH

C. C. Crosnos, E. A. Benuesa, b. A. Crambonuiicka*®

Jlabopamopus ,, Cmpykmypen opeanuuen anaiu3z ", MHcmumym no opeanuyna Xumus ¢ YyeHmvp
no gumoxumus, Bvreapcka akademus na naykume, ya. ,, Axao. I'. Bonues
on. 9, 1113 Cogus

[Toctenuna mapr, 2018 r.; npuera anpwi, 2018 r.
(Pestome)

CrpykrypuTte Ha canoeHa, HSTOBUTE aHHOH U TUAHUOH ca u3ciieaBanu ¢ momonira Ha MY cnexkrpockonus u DET
npecMsTanus. EQexTsT Ha pa3TBOpUTEINS € OTUETEH 110 METO/1a Ha CaMOChINIacyBaHOTO peakTuBHO noiie (IEFPCM).
HamepeHo e 100po ChbOTBETCTBUE MEXy TEOPETUYHUTE M CKCIIEPUMEHTAIHNTE BUOPAIIMOHHU XapaKTEPUCTUKU Ha
M3CIIe/IBAHUTE YacTHILHU. M310I3BaHUAT TEOPETHUEH METO/] J0OpE NpeJicKa3Ba CUITHUTE CIIEKTPAIHU TPOMEHH, KOUTO
CBI'BTCTBAT MPEBPBILAHETO Ha cao)eHa B aHUOH U AMAHHOH. Y CTAHOBEHUTE CTPYKTYPHH IMPOMEHU MPHU TE3H IIpe-
BPBIIAHMS Ca CHIIO 3HAYUTEITHH. AHAIU3BT HA IPOMEHNUTE B aTOMHUTE 3apsiin TI0Ka3Ba, Y€ MbPBUAT (OKCHAHUOHEH)
3apsi]i 0CTaBa JIOKAIN3UPAH B OKCU(ECHUICHOBHS (pparMeHT, a BTOPUAT (a3aHHMOHEH) 3apsi/l Ce JICIOKH3Hpa BBPXY
arleTaHWINAHUS PparMeHT.

155



Bulgarian Chemical Communications, Volume 50, Special Issue J (pp. 156—164) 2018

Syntheses and vibrational spectroscopic characteristics
of series ionic merocyanine dyes

M. Todorova', R. Bakalska®*

! University of Food Technology, Faculty of Technology, Department Organic Chemistry,
26 Maritsa Blvd., 4000 Plovdiv, Bulgaria
2 Plovdiv University, Faculty of Chemistry, Department Organic Chemistry,
24 Tzar Assen Str., 4000 Plovdiv, Bulgaria

Received March, 2018; Revised April, 2018

A series ionic merocyanine dyes with enlarged n-conjugated system and varying length of the N-alkyl chain were
synthesized and investigated by means of solid-state IR and Raman spectroscopy. Quantum chemical calculations
at the DFT level were performed to predict electronic structure and vibrational data. Nearly all IR bands are asym-
metric. As a result of electronic interaction due to the intramolecular charge transfer (ICT) which leads to vibrational
one, nearly all vibrations are strongly mixed and the intensities are strong influenced. For this reason, the vibrational
spectroscopy does not help to estimate the contribution of the two final forms — benzenoid and quinoid in the real
electronic structure of the dyes. IR and Raman data for the various dyes are with close numerical values to that of the

predicted ones.

Keywords: Merocyanine dye; Styrylquinolinium dye; IR and Raman spectroscopy; DFT calculations.

INTRODUCTION

Merocyanines are systems exhibiting the intra-
molecular charge transfer (ICT) between the elec-
tron-donating and -withdrawing end groups along
the conjugated bonds in the polymethine chain,
which in terms of the classical resonance theory is
described by a linear combination of limiting reso-
nance structures — benzenoid and quinoid, as shown
in Scheme 1. Due to their strongly pronounced
solvatochromism and the abilities to change their
dipole moment essentially at electronic excitation
as well as to sensitize various physical and chemical
processes, merocyanines find wide application in
optoelectronics, nonlinear optics, devices for infor-
mation recording, in medicine and biology [1-13].

The main method for investigation of the dyes
and especially intramolecular charge transfer com-
plex is the electron spectroscopy. NMR spectros-
copy has also been used [14], but all these studies
were carried out in solutions, and the electronic
states of dyes could substantially vary depending on
the solvent used. In the crystal, the ICT in merocya-
nines can be proved by the bond length alternation

* To whom all correspondence should be sent:
E-mail: bakalska@uni-plovdiv.net

(BLA) parameter based on the X-ray diffraction
study. Vibrational spectroscopy is usually the only
method of structural elucidation of dyes in solid
state [15]. Kolev and co-workers have successfully
applied the X-ray diffraction and vibrational spec-
troscopy for structural elucidation of dyes in solid
state to prove the hyperpolarizabilities of a number
of dye chromophores [16-21].

The goal of the present study was to reveal the
distinguishing features of the vibrational spectra
of merocyanines and to establish general relations
between vibrational spectra and their electronic
asymmetry determined by donor-acceptor power of
the terminal fragments. Therefor we synthesized a
series of styrylquinolinium dyes 5-8 with enlarged
n-conjugated system, belonging to the merocyanine
class. The accent is on the study of the dyes by IR
and Raman spectroscopy. Quantum chemical DFT
calculations at the B3LYP level of theory using a
6-311++G** basis set were applied for predicting
the structure and vibrational data of the chromo-
phore (5).

EXPERIMENTAL

The synthesis of dye (5) has been reported in
the literature [22]. All dyes studied were obtained

156 © 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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according to modified by us procedure of higher
yields similar to that already outlined for dye (6) in
our earlier work [12]. The preparation of 1-alkyl-
4-methylquinolinium halogenides (1-4) was de-
scribed in Ref. [23].

General method for preparation of
hydroxy-substituted dyes (5-8)

A mixture of 1-alkyl-4-methylquinolinium hal-
ogenides (1.25 mmol), 4-hydroxynaphtaldehyde
(1.25 mmol), piperidine (0.25 mmol) and glacial
acetic acid (0.25 mmol) in dry benzene (20 mL)
was heated under reflux, equipped with Dean-Stark
apparatus and drying tube. After boilling during 6
h, the reaction mixture was cooled; the solid was
filtered off, washed with benzene and dried at room
temperature. All derived dyes were recrystallized
from methanol. Yields 85-95%. All of these salts
were characterized by 'H and C NMR, UV-Vis
and fluorescence, mass spectroscopy and thermal
methods [23].

Vibrational and computational methods

The solid state IR and Raman spectra were record-
ed between 4000 cm ™! and 400 cm™!' on a VERTEX
70 FT-spectrometer (Bruker Optics). 50 scans were

performed for each spectrum with a resolution of
2 cm!. All density functional theory (DFT) computa-
tions were performed with the GAUSSIAN 03 pro-
gram package [24] employing the B3LYP (Becke’s
three-parameter non-local exchange) [25, 26] corre-
lation functional and 6-311++G** basis set.

RESULTS AND DISCUSSION
Syntheses

The synthesis of styrylquinolinium dyes (5-8)
was carried out by Knoevenagel condensation of
N-alkyl lepidinium halogenide (1-4) and 4-hydrox-
ynaphtaldehyde in the presence of catalyst piperi-
dine/ glacial acetic acid. The synthesis is depicted in
Scheme 1. The real dye structure can be represented
by a set of the limiting resonance structures — benze-
noid and quinoid. Four p-hydroxy substituted dyes
with varying the length of the alkyl chain of C1 to
C4, namely: 4-[(£)-2-(4-hydroxynaphthalen-1-yl)
ethenyl]-1-methylquinolinium iodide (5); 4-[(E)-2-
(4-hydroxynaphthalen-1-yl)ethenyl]-1-ethylquino-
linium bromide (6); 4-[(E)-2-(4-hydroxynaphthalen-
1-yDethenyl]-1-propylquinolinium iodide (7); 4-[(E)-
2-(4-hydroxynaphthalen-1-yl)ethenyl]-1-butylquino-
linium bromide (8) were investigated.

S
®
S
T x
1-4 R
R—N®

\

-8

)

(3]

Scheme 1. Reaction scheme for obtaining of merocyanine dyes (5)—(8) presented with the limiting resonance structures — benze-

noid and quinoid.
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Vibrational and computational analysis

The accurate assignment of the main experi-
mental frequencies of compounds (5)—(8) to the
corresponding normal modes was supported by
B3LYP/6-311++G** calculations. The IR spec-
tra of the series of 4-hydroxy dyes with the same
chromophore and different long N-alkyl chain were
shown on Figure 1 and in the Table 1 are summa-
rized selected experimental and calculated vibra-
tions. In some cases where more than one band were
observed we assigned the band which is closest by
frequency to the predicted band by the theoretical
method. That phenomenon could be explained with
availability of crystal effects [15].

It should be noted that in general the spectral
picture in IR spectra is complicated and needs very
detailed regard. Nearly all IR bands are asymmetric.
Since, the electron interaction between a strong do-
nor — phenolic hydroxyl group and the strongest ac-
ceptor — quinolinium fragment leads to vibrational
interaction, as a result of this nearly all vibrations
are strongly mixed and the intensities are strong
influenced. The so-called Davydov splitting and
Evans holes effects were observed in all spectra and
these phenomenona could be explained with avail-
ability of crystal field effects [15]. There is also a
characteristic elevation of the spectrum background
typical for the salts in the solid state.

In the IR spectra of the merocyanine dyes un-
der study, the stretching vibration of phenolic OH
group was found as a broad band in the range 3429—
3344 cm! (Fig. 1). This indicates that a hydrogen
bond exists. Only in the IR spectrum of the dye 5
two bands for the stretching vibration of the OH
group at 3429 cm! and 3391 cm!' were detected,

3900 3400 2900 2400
Wavenumbers, cm-1

caused by the solid state effects. The stretching vi-
bration bands of the OH group are downshifted of
200 to 400 cm™ in comparison to theoretic ones.
The maxima at 2963 cm' and 2875 cm™ corre-
spond to asymmetric and symmetric C—H stretching
vibrations of the methyl group, while these ones in
the range 2980-2920 cm™' of the symmetrical and
asymmetrical C—H stretching vibrations of methyl-
ene group/s.

The bands at about 1618 and 1609 cm™' belong
to the skeletal vibration v( C==C) of the naphtha-
lene fragment resembling the oscillation 8a. The
most intense bands in the infrared spectra of the dyes
at about 1588 and 1560 cm™! refer to the highly mixed
Ve and 8a, 8b plane vibrations of the quinoline
fragment of the molecules and this one at 1575 cm™
to mixed vibration v(C==C) of the naphthalene,
v(C==C) of the quinoline nucleus and deformation
vibration of methyl group. To the in-plane defor-
mation mode B(C—H) of the naphthalene fragment
correspond two maxima at about 1473 c¢cm™' and
1441 cm™', respectively. Some bands at about 1351,
1340, 1270 and 1235 cm™! for the B(C—H) vibrations
of the quinoline part were also observed (Table 1).
The maximum corresponding to the C—H deforma-
tion vibrations of the methyl group is found at about
1142 cm™, and those of the out-of-plane y(C—H) of
the aromatic rings at about 1004-1014 cm™'. To an-
tiphase vibration y(C—H) of the quinoline fragment
corresponds the band at about 970 cm™.

In the Raman spectra the asymmetric bands are
not so much opposed to the IR spectra but both al-
lows better assignment of the bands. For strongly
polar chemical bonds such as O-H, C-H, etc., the
bands are of low intensity. This explains why in the
Raman spectra of the compounds there are miss-

s & & © 5 © & o
L~} L*s] - o (=2} -y o0 w
Transmitance

e
-

=

1900 1400 900 400

Fig. 1. Solid-state IR-spectra of merocyanine dyes (5)—(8) in the region of 4000-400 cm™.
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Table 1. Theoretically predicted frequencies, the measured IR and the assignment of the bands to the corresponding normal vibra-

tions of the dyes (5)—(8)

Calc. IR Observed IR Frequency [cm™]

Vibrational Assignments Frequency

[em™] 5) () Y ®)
v (OH), pure 3813 3§3f6br 3;3§6sh 3429 br 3429 br
v¢ (CH,), pure 3057 3056 3067 3067 3067
v (CH,) +v* (CH,) 2978 - 2974 - .
v (CH,) +v* (CH,) + v* (CH,) 2958 - - 2960 2954
v* (CH,) v (CH,) +v* (CH,) 2929 - 2923 2920 2924 sh
v (C===C) NF (8a) + v(C=C) 1627 1622 - - -
v(C===C) NF (8a) 1611 1614 1609 1614 1618
s 1588 1586 1586 1591 1592
v(C===C) QF + v(C===C) NF + 5 (CH,) 1575 1575sh - 1572 sh 1575 sh
V(C===C)NF(19a) + v(C==2C) QF 1556 1558 1556 1556 1557
& (CH;) QF + v(c==¢C) QF 1519 1520 1518 sh 1514 1518
v(C===C) NF (19a) 1502 1506 1507 - -
&= (CH,) 1489 1486 1488 - -
B(C-H) NF 1473 1473 1471 1465 1470
§(CH,)+ B(C-H) QF 1459 1467 1458 1458 sh 1454 sh
B(C-H) NF 1441 1439 1445 1439 1447
B(C-H) NF + & (CH,) + v(N-C) QF 1425 1421 1423 - -
B(C-H) C=C + v(C===C) NF + v(C-H) QF + & (CH,) 1406 1400 - 1400 1398
BC-H (C=C) + v (C-O) NF 1381 1388 1390 1383 -
V(N-C) QF + §(C===C) QF + BC-H (C=C) + 3(CH,) 1377 1375 1377 sh - 1372 sh
E§§E’C§g; P(C-H) QF + W(C==C)NF + 1361 1361 - 1365 1356
BC-H (C=C) + B(C-H) NF + B(C-H) QF 1351 1353 1356 - -
BC-H (C=C) + B(C-H) NF + B(C-H) QF 1334 1338 1343 1343 sh 1339
B(C-H) NF (3)+ BC-H (C=C) 1328 1330 1331 1333 1319
B(C-H) QF + BC-H (C=C) + v(C-N) 1302 1310 1307 1313 1307
BC-H (C=C) + 6(0-H) 1283 1284 1298 1290 1293
B(C-H) NF + B(C-H) QF 1271 1271 1266 - 1268
v(C-N) QF+ B(C-H) QF 1254 1249 1249 1259 1258
BC-H (C=C) + & (O-H) + B(C-H) QF 1235 1236 - - -
B(C-H) NF + B(C-H) QF + & (O-H) 1220 1224 1222 1217 1219
B(C-H) QF + 8(CH,) + B(C-H) NF 1217 1211 1208 1215 -
B(C-H) NF + 5(CH,) 1199 1199 - - -
B(C-H) NF + B(O-H) 1170 1167 1169 1172 1170
4 (CH,) 1140 1142 1145 1150 1152
8(CH,) + v(C-N) 1128 1132 1121 1124 1131
B(C-H) NF + B(O-H) + BC-H (C=C) 1082 1083 - 1088 sh -
B(C-H) QF + BC-H (C=C) 1067 1070 - - 1073 sh
B(C-H) NF + BC-H (C=C) 1064 - - 1055 1063
breathing NF + BC-H (C=C) 1036 1037 1039 1036 1045
B(C-H) QF + B(C-H) NF + BC-H (C=C) 1031 1032 - - 1031
¥(C-H) QF 1019 1018 1019 - -

159



M. Todorova, R. Bakalska: Syntheses and vibrational spectroscopic characteristics of series ionic merocyanine dyes

Table 1. (continued)

v(C-H) NF

v(C-H) QF +yC-H (C=C)

antiphase y(C-H) QF, pure

antiphase y(C-H) NF

BC-H (C=C) +yC-H (C=C)

B(C-H) NF + B(C-H) QF

B(C==C)NF + B(C=C) + B(C==C)QF
v(C-H) NF + y(C-H) QF + §(C==C)NF
p(C==C) QF

3(C==C) NF, §(C==C) QF + B(C=C)
8(C==C) NF + y(C-H) NF + y(C-H)QF
“umbrella mode” NF + “umbrella mode” QF
B(C-H) NF + §(C-N) QF

P (C==C) QF + B (C==C) NF

ring puckering QF (4) + NF

ring puckering NF + QF

skel. def. QF + NF

ring puckering y(C===C)NF + y(C=C)QF,
“umbrella mode* NF

YC-H ¢, + B(C===C) QF + y(C==C)NF
Y (C==C) QF + B (C==C) NF +y(O-H)
p(C===C) QF + P(C===C)NF

p(C==C) QF + p(C===C) NF

p(C===C) NF +vy(C==0) QF

B(C==C) NF + B(C==C) QF

ring puckering NF (4) + QF

skel. def. NF + p(C==C) QF

ring puckering NF + y(O-H)

1012 1014 - 1005 1004
997 997 998 987 994
970 971 963 - 972
953 953 951 955 955
898 899 901 - 900
876 875 875 - 870
850 846 852 - 848
827 830 833 833 825
814 811 809 - -

801 798 - 806 807
784 - - - 785
780 782 781 - -

776 763 767 758 770
712 697 707 709 706
666 668 669 - 665
654 648 659 654 648
627 624 624 633 636
611 - 608 605 601
583 588 586 588 -

564 569 569 577 574
556 559 559 555 556
507 - 512 507 505
500 501 501 - 500
485 490 - 490 485
478 471 - 471 471
466 461 460 - 464
431 426 428 - 426

Abbreviations: QF (quinolinium fragment), NF (naphthalene fragment); v — stretching, & — deformation, § — in-plane deformation,
y — out-of-plane, T — torsion vibrations; br. — broad, sh. —shoulder.

Scaling factor —0.9688 [27]

ing bands for O—H and C—H vibrations and why in
Fig. 2 the shown region of the Raman spectrum of
dye (8) is in the range 1800—400 cm™'. The predict-
ed frequencies, selected measured Raman ones and
the assignment of the bands to the corresponding
normal vibrations were listed in Table 2. The dye
(7) Raman frequencies were not included in Table 2
because it exhibits a tendency to photodegradation
even at the lowest power of the laser source.

As already mentioned, the vibrational spec-
tra are strongly deformed from the charge transfer
complex (CT), and it is an evidence of its exist-
ence proven by the vibration spectroscopy method.
Unfortunately, the vibrational spectroscopy is not
enough to quantify the real electronic structure of
the molecules according to the contribution of the
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two forms — benzenoid and quinoid. The reason is
that the vibrations of v._, and v._. are mixed and
with close numerical values. It is noteworthy, that
the data from the experimental IR and Raman spec-
tra for the various dyes are of close numerical val-
ues and within the error. The probable explanation
is that for the same chromophore, the influence of
the N-alkyl group on the ICT is negligible (weak +I
effect). This explanation is also required by the UV-
Vis spectra of dyes 5-8, shown on Fig. 3, all meas-
ured in methanol, whose maxima are very close.
The shorter-wave absorption bands at 493+2 nm
were referred to the CT-band of the benzenoid
structures of the dyes, and the longer wavelength
bands — to the quinoid forms (Fig. 3, Scheme 1).
The longer wavelength band splits into two bands
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Fig. 2. Raman spectrum of the dye (8) in the region of 1800-400 cm™.

Table 2. Theoretically predicted frequencies, selected experimental Raman frequencies and the assignment of the bands to the cor-
responding normal vibrations of the dyes (5), (6) and (8)

Calc. Raman Observed Raman Frequency [em™]

Vibrational Assignments Frequency
[em™] ©)) (6) ®)

v (C===C) NF (8a) + v(C=C) 1627 1623 1626 1624
v(C==C) NF (8a) 1611 1608 1616 1615
v(C=C) + v(C==C) NF + v (C==C) QF (8b) 1588 1590 1595 1595
v(C===C) QF+ v(C===C) NF + §(CH,) 1575 1578 1579
v(C==C) NF (19a) + vC==C) QF 1556 1552 1552 1555
& (CH,) QF +v(C==C) QF 1519 1520 - 1522
v(C==C) QF + §(CH,) (19a) 1491 1492 - 1484
8(CH,)+ B(C-H) QF 1459 1459 - 1458
B(C-H) C=C +v(C===C) NF +v(C-H) QF + & (CH,) 1406 1402 1397 1408
Vv(N-C) QF +3(C==C) QF+ BC-H (C=C) + §(CH,) 1377 1375 1372 -
B(C-H) NF + B(C-H) QF +v(C==C) NF + v(C==C) QF 1361 1365 1363 1366
BC-H (C=C) + B(C-H) NF + B(C-H) QF 1334 1343 1336 1340
B(C-H) NF (3)+ BC-H (C=C) 1328 1327 1332 1319
B(C-H) QF + BC-H (C=C) + v(C-N) 1302 1310 1306 1304
BC-H (C=C) + (0-H) 1283 1292 1286
B(C-H) NF+ B(C-H) QF 1271 1275 1270 1269
v(C-N) QF+ B(C-H) QF 1254 1253 - 1258
B(C-H) NF + B(C-H) QF +8 (O-H) 1220 1224 1222 1220
B(C-H) QF + 8(CH,) + B(C-H) NF 1217 1214 1217 1218
B(C-H) NF + §(CH,) 1199 1198 1194
B(C-H) NF + B(O-H) 1170 1169 1168 1169
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Table 2. (continued)

§ (CH,)

8(CH,) + v(C-N)

B(C-H) NF + B(O-H) + BC-H (C=C)
B(C-H) NF + BC-H (C=C)
breathing NF + BC-H (C=C)
B(C-H) QF + B(C-H) NF + BC-H (C=C)
v(C-H) QF

v(C-H) NF

v(C-H) QF +yC-H (C=C)
antiphasey(C-H) QF, pure

antiphase y(C-H) NF

B (C==C) QF + B (C==C) NF

skel. def. QF + NF

Ring puckering y(C==C) NF + y(Cc==C) QF
“umbrella mode” NF

v(C==C) QF + B(C==C) NF + y(O-H)
P(C===C) QF + B(C===C)NF
B(C==C) QF + B(C==C) NF
B(C==C) QF + B(C==C) NF
p(C===C) NF +v(C===C) QF
ring puckering NF (4) + QF
skel. def. NF + B(C==C) QF

1140 1147 1146 1149
1128 1128 1120 -
1082 1088 1090 -
1064 1059 1069 -
1036 1036 1044 1045
1031 1032 - 1029
1019 1018 1017 -
1012 1012 1007 -
997 995 998 -
970 - 973 978
953 945 953 -
712 714 705 719
627 629 - 629
611 608 602 -
564 561 sh 573 -
556 556 - 557
549 542 540 -
507 506 — 504
500 501 499 502
478 477 479 472
466 465 465 -

Abbreviations: see footnotes under Table 1.

0.8 -
0.7 -
0.6 -
0.5 -
0.4
0.3 4

Absorbance, a.u.

0.2 -
0.1 4
0

350 400 450 500 550 600 G50 70

Wavelenght, nm

Fig. 3. UV-Vis spectra of merocyanine dyes (5)—(8) recorded
in methanol.
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with A, at 680 nm and 640 nm, demonstrating the

aggregation phenomenon.

CONCLUSIONS

The coincidence between the calculated and
measured frequencies is good and the complete vi-
brational analysis can be used for the calculation of
the vibrational hyperpolarizability of the dyes.
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CHUHTE3 U BUBPAITMOHHU CITEKTPOCKOIICKU XAPAKTEPUCTUKU
HA CEPUSI MIOHHU MEPOLIMAHMHOBU BATPUJIA

M. Tonoposa', P. bakaicka?*

! Vuusepcumem no xpanumennu mexnonocuu, Texnonoeuuen gpaxynmem, Kameopa Opeanuuna xumus,
oyn. ,,Mapuya“ 26, 4000 IInoeous, bvacapus

2 [Tnosouscku ynusepcumem ,, I1. Xunenoapcxu *, Xumuuecku gpaxynimem, Kameopa Opeanuuna xumus,
ya. ,,Hap Acen* 24, 4000 [1nosous, bvrcapus

[Toctenuna mapr, 2018 r.; npuera anpwi, 2018 r.
(Pestome)

Cepust HOHHM MEPOIIMaHMHOBH Oarpuiia ¢ pa3liMpeHa m-CliperuaTa cCucTeMa 1 pa3jinuHa IbJDKMHa Ha N-aIKuiHaTa
Bepura 0sixa CHHTE3UpaHM W M3cle[BaHN upe3 TBbpaodasna MY u pamaHoBa criekTpockomnus. 3a Jia ce mpeicKaxaT
@JIEeKTPOHHATA CTPYKTYpa U BUOPALIMOHHUTE XapaKTEPUCTUKH, Os1Xa U3BBPIICHH KBAHTOBO-XMMUYHU U3UHMCICHUS Ha
nHuBo DFT. [Toutn Bcuukn nH(padepBeHN UBUIM ca aCHMETPUYHHU. B pe3yiraT Ha eNeKTPOHHOTO B3aUMO/ICHCTBHE,
JUBJDKAILO ce Ha BhTpeMoiieKyiHus npeHoc Ha 3apsa (ICT), koero Boau 10 BUOPAIIMOHHO B3aMMOJICHCTBHE, OYTH
BCHUYKH TPENTEHUS ca CUIIHO CMECEHH, a HHTEH3UTETHTE UM Ca CUITHO NMoBIusHU. [Topaau Ta3u npuyrHa, BUOPAIOH-
HaTa CIeKTPOCKOITHUSI HE 1aBa Bb3MOKHOCT J1a CE OLIEHU MPUHOCHT Ha JIBETE KpaiHu hopMu OCH3EHOMIHA U XMHOU/I-
Ha B peajiHaTa eJISKTPOHHA CTPYKTypa Ha Oarpuiata. ExcriepuMeHTanHuTe 1 MHppauepBeHH U paMaHOBH MBHIH 32
paznu4HuTe Oarpuia ca ¢ OIU3KU YUCIOBU CTOMHOCTH, KAKTO ¥ ¢ H34UCIICHUTE.
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3-nitrotyrosine as a serum biomarker of nitroxidative stress and insulin
resistance in nascent metabolic syndrome
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Metabolic syndrome (MetS) represents a cluster of metabolic abnormalities, including central obesity, hyperten-
sion, hypertriglyceridemia, low HDL cholesterol and hyperglycaemia. There is increasing evidence that nitroxidative
stress is closely related to MetS and its metabolic and cardiovascular complications. 3-nitrotyrosine (NT), a stable
product of a posttranslational protein modification, has appeared as a marker of nitroxidative stress. Studies on cir-
culating NT levels in MetS are limited and discordant. Therefore, the aim of the current study was to determine the
serum NT levels in patients with nascent MetS. It also revealed the association between NT, serum fasting glucose and
homeostasis model assessment (HOMA-IR)-estimated insulin resistance.

The study involved 63 patients with nascent MetS and 34 healthy controls. Serum NT concentrations were deter-
mined using an ELISA method. The levels of NT did not differ significantly between patients with MetS and the con-
trol group [12.59 (3.79-22.68) nmol/L vs. 4.23 (1.73—18.32) nmol/L; p = 0.08, respectively]|. However, subjects with
five MetS components had significantly higher NT concentrations [28.13 (19.27-38.58) nmol/L; n = 20], compared
to patients with only three MetS components [6.24 (1.8-9.8) nmol/L; n = 17, p<0.0001] and to controls (»<0.0001).
A significant positive correlation between NT concentrations and glycaemia was evident only in the presence of all
five MetS components (r = 0.485, p = 0.03). Nitrotyrosine correlated positively with HOMA-IR in all MetS patients
(r=10.287, p = 0.025).

Nitroxidative stress might be associated with insulin resistance in subjects with MetS and increases proportionally
to the number of components of the syndrome.
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INTRODUCTION oping type 2 diabetes (T2DM) and cardiovascular
diseases (CVD). It is generally accepted that insulin
resistance (IR) is the major underlying mechanism
responsible for development of MetS [2, 3]. IR is the

pivotal predisposing factor and the best indicator of

Metabolic syndrome (MetS) represents a con-
stellation of metabolic disturbances, comprising
central obesity, hypertension, dyslipidemia — hyper-

triglyceridemia and low levels of high-density lipo-
protein (HDL) cholesterol, and hyperglycaemia [1].
Although there has been a significant debate regard-
ing the criteria and concept of the syndrome, it is
unequivocally linked to an increased risk of devel-
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future onset of T2DM, since it normally precedes
impaired glucose tolerance (IGT) and fasting hyper-
glycaemia [3]. The precise molecular mechanisms
that link metabolic abnormalities observed in MetS
to IR and CVD have not been clarified yet. Many
lines of evidence suggest that oxidative stress (OxS)
may represent such a link, since it is implicated in
each individual component of the syndrome [3, 4].
Increased OxS appears to be a deleterious factor
resulting in decreased peripheral insulin sensitiv-
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ity, B-cell dysfunction and adipokine dysregulation
[2—4]. OxS may contribute to the development of
T2DM by activating stress-signaling pathways,
such as the nuclear factor (NF)-kB pathway [5].
Several recent studies have supported the concept
that direct exposure of mammalian skeletal muscle
to OxS results in stimulation of the serine kinase
p38 mitogen-activated protein kinase (p38 MAPK),
which is associated with diminished insulin-de-
pendent stimulation of insulin signaling elements
and glucose uptake [6, 7]. Overproduction of reac-
tive oxygen species (ROS) can also activate another
MAPK- c-jun N-terminal kinase (JNK1) which has
recently been connected to obesity-induced IR [8].

It is also well established that inflammation is
closely related to OxS, since the pathways, generat-
ing mediators of inflammation such as interleukins
(IL), cytokines and adhesion molecules, are induced
by OxS. Moreover, chronic low-grade inflamma-
tion has been recognized as another common event
in the unifying pathogenic view for MetS [4].

Given the dramatic increase in the prevalence
of MetS worldwide, the evaluation of oxidant-me-
diated biomolecule modifications which can also
predict clinical outcomes is beneficial. However,
the classical definition of OxS as a loss of balance
between ROS formation and antioxidant defense
[9], does not emphasize on the pivotal role of nitric
oxide (*NO) and reactive nitrogen species (RNS) in
the pro-oxidative alterations. A relevant oxidative
posttranslational protein modification, initialized by
*NO, is the nitration of protein tyrosine (Tyr) resi-
dues to 3-nitrotyrosine (NT), performed through per-
oxynitrite and myeloperoxidase (MPO)-dependent
nitration pathways [10]. A new term — “nitroxida-
tive stress” has been introduced to reinforce the
concept that nitration is caused by *NO-derived oxi-
dants and will be used herein [11]. The nitroxidative
stress may represent another mechanism involved
in IR and MetS pathogenesis and may also indi-
rectly link the syndrome to its later complications
such as T2DM, atherosclerosis and CVD. All of the
above mentioned pathologies as well as IR and hy-
perglycaemia, are associated with increased yield
of ROS and RNS, endothelial dysfunction, pro-in-
flammatory changes and decreased bioavailability
of *NO [11, 12]. Furthermore, elevated plasma NT
levels have also been documented in diabetes [13]
and in high-fat diet [14]. Moreover, the hypothesis
for involvement of nitroxidative stress in CVD, has
also been supported by an observed strong corre-
lation between circulating protein NT, atheroscle-
rotic risk and prevalence of coronary artery disease
(CAD) [15].

The provided data suggest involvement of nitrox-
idative stress in the pathogenesis of MetS and also
highlight the potential of NT to monitor progression
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of MetS to MetS-related complications. However,
studies on serum NT levels in MetS are limited and
discordant. It is also unclear whether the accumula-
tion of factors related to MetS increases the degree
of underlying nitroxidative stress. Therefore, the
aim of the current study was to determine the se-
rum levels of NT in patients with nascent MetS. We
also postulated a correlation between NT, serum
fasting glucose and homeostasis model assessment
(HOMA-IR)-estimated insulin sensitivity.

EXPERIMENTAL

Subjects: The study involved 63 patients with
nascent MetS, uncomplicated with T2DM, admitted
to the Department of Endocrinology and Metabolic
Disorders, University Hospital “Kaspela”, Plovdiv,
Bulgaria. Patients were diagnosed as having MetS
according to the International Diabetes Federation
(IDF) global consensus definition, modified by the
joint statement of the National Heart, Lung and
Blood Institute; the American Heart Association;
the World Heart Federation; the International
Atherosclerosis  Society and the International
Association for the Study of Obesity. The pres-
ence of any three or more of the following five pa-
rameters were considered as diagnostic of MetS:
(1) waist circumference: > 94 ¢cm in men, > 80 cm
in women; (2) elevated triglyceride (TG) levels
>1.7 mmol/L or drug treatment for clevated TG;
(3) reduced HDL cholesterol: <1.0 mmol/L in men,
<1.3 mmol/L in women or history of specific treat-
ment for this lipid abnormality; (4) elevated blood
pressure (BP): systolic BP >130 mm Hg or diastolic
BP >85 mmHg or drug treatment for hypertension;
and (5) fasting blood glucose (FG) >5.6 mmol/L or
drug treatment for hyperglycaemia [1]. The control
group consisted of 34 healthy sex- and age-matched
subjects who had no history of heart disease, diabe-
tes, hypertension, obesity and smoking. The control
subjects were not taking any medications or antioxi-
dant supplements. All the enrolled in the study par-
ticipants met the following inclusion criteria: have
no acute or chronic infections or inflammatory dis-
ease, no active immunological disease, no advanced
CVD, no other known chronic illness, pregnancy or
alcohol abuse.

The study was approved by the Human Ethics
Committee of Medical University — Plovdiv (Ne4/
21.09.2017) and was conducted in accordance with
the Declaration of Helsinki. All participants signed
an informed consent.

Laboratory analysis: Fasting blood samples in
anticoagulant-free tubes and clinical data were col-
lected. Thirty minutes after blood collection tubes
were centrifuged at 3000 g for 10 minutes and se-
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rum was separated in Eppendorf tubes. Serum sam-
ples for NT detection were stored at —80 °C until
analysis. Serum FG concentrations were measured
immediately by the standard hexokinase enzymatic
method. Serum FG, TG, total and HDL cholesterol
were analyzed using an automatic blood analyzer
(Beckman Coulter AU480, Beckman Instruments
Inc., USA). Serum insulin levels were determined by
chemiluminescent immunoassay (Beckman Coulter
Access, Beckman Instruments Inc., USA). The ho-
meostasis model assessment (HOMA-IR) was used
to detect the degree of IR by measuring the levels
of FG and insulin. HOMA-IR was calculated using
the following formula: HOMA-IR= (fasting glucose
[mmol/L]xfasting insulin [pU/mL]) / 22.5 [16].

The concentrations of serum protein-bound NT
(nmol/L) were measured by ELISA method using
commercially available kit (Hycult Biotech, Uden,
the Netherlands), according to the manufacturer’s
instructions. The absorbance was red at 450 nm
on ELISA reader (HumaReader HS, HUMAN,
Wiesbaden, Germany). Concentrations of unknown
samples were determined using a standard curve,
constructed by plotting absorbance values versus
concentrations of standards.

Statistics: Statistical analysis was performed
using SPSS software, version 17.0 (SPSS Inc.,
Chicago, IL, USA). The Kolmogorov-Smirnov test
was used to evaluate whether the distribution of con-
tinuous variables was normal. Student’s #-test and the
Mann-Whitney U test were used for the analysis of
parametric and non-parametric data, respectively.
Continuous variables were expressed as mean + SD
or as median and interquartile range. Spearman’s
rank correlation coefficients were used to examine
the correlation between NT levels, glycaemia and
HOMA-IR. The level of significance was set at
p <0.05.

RESULTS AND DISCUSSION

The baseline clinical and metabolic characteris-
tics of the study participants are presented in Table 1.

The MetS patients had significantly higher lev-
els of waist circumference, FG, total cholesterol,
TG, systolic BP, diastolic BP and significantly
lower HDL cholesterol. Serum NT levels tended to
be higher in patients with MetS, although they did
not differ significantly from the healthy subjects.
So far, the data published about levels of circulating
NT in MetS, IGT and T2DM are rather controver-
sial. Some authors have concluded that detection of
elevated plasma NT concentrations in patients with
MetS [17] and T2DM [13] is sure evidence of OxS,
while according to others hyperglycaemia and IGT
do not affect systemic NT concentrations [18, 19].
This discrepancy could be partially explained with
the age difference between the subjects in the cited
investigations as well as with the age difference be-
tween patients and controls, since NT accumulates
during the aging process [10, 20]. Variety of MetS
comorbidities or complications could enhance pro-
tein Tyr nitration [20]. However, our age- and sex-
matched study conducted newly diagnosed patients
with nascent MetS, uncomplicated with T2DM or
CVD, and has sufficient power to detect even small
differences of NT levels.

Majority of the studies [13, 14, 17-19] have
examined NT levels in blood plasma, but the dif-
ference in fibrinogen levels have not been taken
into account. This acute phase protein is one of
the principal targets for Tyr nitration, so a myriad
of pro-thrombotic and inflammation-related con-
ditions can augment fibrinogen levels, thus in-
creasing the total concentration of protein-bound
NT [21, 22]. Therefore, we detected NT in serum
samples.

Table 1. Biochemical and anthropometric characteristics of the study groups

Patients with MetS

Control subjects

Characteristics (n=63) (n=34) p-value
Sex, Male/Female (no.) 28/35 17/17

Age (years) 43.5+£11.6 41.2+£10.8

Waist circumference (cm) 97 £ 14 83+ 10 <0.001
Serum glucose (mmol/L) 5.25+0.98 4.7+041 <0.0001
Total cholesterol (mmol/L) 539+ 1.67 3.68+0.9 <0.0001
HDL cholesterol (mmol/L) 1.18 (1.1-1.26) 1.35(1.28-1.41) <0.001
TG (mmol/L) 1.63+0.71 1.24+0.31 <0.0001
Systolic blood pressure (mmHg) 120+ 11 118+ 6 0.012
Diastolic blood pressure (mmHg) 86+ 4 79+5 <0.01
HOMA-IR 2.34 (1.51-3.59) Not assessed

NT (nmol/L) 12.59 (3.79-22.68) 423 (1.73-18.32) 0.08

Data are presented as mean + SD or median (25"-75" percentile).
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Since OxS and nitroxidave stress are caused by
imbalance between ROS/RNS and antioxidants,
ameliorated antioxidant defense could counterbal-
ance increased nitroxidave stress in MetS, account-
ing for the non-significant increase of NT levels. Bo
et al. reported elevated plasma NT levels only in di-
abetic patients with lower than recommended daily
intake of antioxidant vitamins C and A [19]. Recent
studies on MetS have confirmed the hypothesis that
in response to aggravated OxS, cells upregulate the
primary antioxidant enzymes superoxide dismutase
(SOD), glutathione peroxidase and catalase, thus at-
tempting to prevent oxidative injury [23, 24]. On the
other hand inactivated through Tyr nitration manga-
nese SOD has been detected in acute and chronic in-
flammatory processes both in animal models and in
humans [25]. Nevertheless, antioxidant status of the
research subjects have not been assessed in some
of the above-mentioned investigations [14, 17, 18],
demonstrating increased NT levels in MetS and
T2DM. This was also a limitation of our research.

Although we did not find a significant differ-
ence in serum NT levels between the patient and the
control groups, NT concentrations significantly and
progressively increased with the increase of MetS
components. Subjects who fulfilled all the five diag-
nostic criteria for MetS [1] had significantly higher
NT levels, compared both to controls and patients
with only three MetS components (Table 2).

These results are in accordance with the study,
conducted by Yubero-Serrano et al. Yet, this re-
search group did not include healthy controls, but
compared only MetS patients with varying from
two to five number of MetS components [24]. Any
of the MetS components by itself can cause over-
activation of NADPH oxidase, increased produc-
tion of ROS and superoxide radicals (O,"), in par-
ticular [3]. Under conditions of ROS surplus, *NO
can be oxidatively inactivated though a diffusion-
controlled reaction with O,, generating the pow-
erful oxidizing and nitrating agent peroxynitrite
(ONOO-) [10, 26]. The production of the short-
lived ONOO- (half-life ca. 10 ms) [26] can be indi-
rectly inferred by the presence of the stable NT. Our
results of a significant increase of NT levels only

in the cohort with 5 MetS components confirmed
that MetS is not merely a cluster of risk factors, but
its components can interact and amplify the effect
of each other. In addition, the formation of perox-
ynitrite and NT also leads to a loss of the benefi-
cial anti-inflammatory, anti-proliferative and anti-
aggregant actions of *NO, well-known as the major
determinant of the normal homeostasis of cardio-
vascular (CV) system [11]. Thus the progressive
increase of NT concentrations in parallel with the
number of MetS components suggests a strict as-
sociation between nitroxidative stress and common
CV and metabolic burden.

Furthermore, a positive correlation between se-
rum NT and fasting glucose was established only in
the presence of all five MetS components (Fig. 1)
which also favored the hypothesis for the profound
complexity of MetS. Despite the fact that acute hy-
perglycaemia has been shown to induce NT over-
production, even in the plasma of healthy subjects
[27], we observed that the harmful effect of chronic
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Fig. 1. Correlation between serum nitrotyrosine (NT) and fast-
ing glucose concentrations in patients with five components of
metabolic syndrome (n = 20).

Table 2. Serum nitrotyrosine (NT) levels according to the number of MetS components

Patients with MetS (n=63)

Measured Control subjects Subjects with 5
serum (n=34) Subjects with 3 MetS Subjects with 4 MetS MetSJ components
biomarker components (n = 17) components (n = 26) (n= 2pO)

NT (nmol/L) 423 (1.73-18.32) 6.24 (1.8-9.8) 9.25(2.99-16.94) 2813 (19.27-38.58)*

Data are presented as median (25"-75" percentile). * Compared to the control subjects, p<0.0001; ®* Compared to the subjects with

3 components of MetS, p<0.0001.
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hyperglycaemia could only be displayed on the
background of the other four MetS features.

Accumulation of MetS components is associ-
ated with nitroxidative stress, which may impair
the insulin-stimulated glucose uptake in insulin-
sensing tissues like liver, muscles and adipose tis-
sue. In vitro investigations have shown that ONOO—
increases nitration of insulin receptor — beta (IR-f3),
insulin receptor substrate (IRS)-1, IRS-2 and
Akt in muscles [28]. Moreover, Tyr nitration has
been associated with hepatic IR and disturbed glu-
cose metabolism regulation in a lipid infused mice
model [29]. Recent research has also demonstrated
glucose-mediated elevation of Tyr nitration in adi-
pocytes [30]. Furthermore, production of NT re-
duces *NO bioavailability. At physiological levels
*NO acts as a signaling molecule regulating energy
homeostasis in adipose tissue by stimulating glu-
cose uptake and insulin-responsive glucose trans-
porter protein-4 (GLUT4) translocation along with
increasing glucose and fatty acid metabolism [31].
Thus Tyr nitration has been associated with the on-
set of IR and subsequent development of compensa-
tory hyperinsulinemia. The full transition to overt
T2DM is triggered by B-cell failure. Interestingly,
elevated NT-staining in islets from diabetic mice
has been related to protein oxidation damage and
death of pancreatic pB-cells [32].

Considering these data as well as the central role
of visceral obesity in the development both of MetS
and IR, we hypothesized that nitroxidative stress
may be a key link between metabolic abnormalities
in MetS and underlying IR. To investigate this sug-
gestion we also evaluated the association between
NT levels and insulin sensitivity. Nitrotyrosine con-
centrations positively correlated with fasting insulin
levels and hence with HOMA-IR within the general
MetS population (Fig. 2). There was not a signifi-
cant difference in the magnitude of this correlation
between MetS subgroups according to the number
of MetS components (data not shown).

The observed weak, but significant positive cor-
relation might indicate that nitroxidative stress al-
ters the intracellular signaling pathways by induc-
ing hyperinsulinemia and IR. This may also be as-
sociated with the second, MPO-dependent pathway
for Tyr nitration [10, 26] and the increased activity
of MPO in obesity-related conditions [33]. MPO
is an enzyme expressed abundantly in granules of
neutrophils and to a lesser extent in monocytes,
the first cells responding to an inflammatory chal-
lenge [34]. Therefore, MPO is usually associated
with OxS, chronic and acute inflammation. In MetS
patients, neutrophils have been correlated with
HOMA-IR and the prototypic biomarker of inflam-
mation, high sensitivity C-reactive protein (hsCRP)
[35]. Furthermore, serum MPO has also been asso-
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Fig. 2. Correlation between serum nitrotyrosine (NT) concen-
trations and homeostasis model assessment index (HOMA-IR)
in patients with metabolic syndrome (n = 63).

ciated with IL-6 in impaired fasting glucose [36].
Consequently, Heinecke et al. proposed MPO as
a mediator of IR [37]. This delineates the possible
role of MPO-nitration as another mechanism that
links increased protein Tyr nitration, chronic sub-
clinical inflammation and IR in MetS.

In addition, peroxinitrite can be directly cyto-
toxic for endothelial cells and NT has been pro-
posed as a biomarker of diabetic macro-and mi-
crovascular complications [38]. MPO has also
emerged as a widely used marker for CV risk [11,
33, 39], especially on the background of existing
IR and T2DM [40]. Furthermore, a strong correla-
tion between circulating protein NT and the sever-
ity of CAD has been recently documented. In the
same study, treatment with statins, well known in-
direct antioxidants, has diminished NT levels [15].
Although larger clinical trials are needed to con-
firm this finding, it has also suggested the promis-
ing role of NT in monitoring vasculoprotective and
antioxidant therapies.

CONCLUSIONS

The current study demonstrates a positive cor-
relation between nitroxidative stress, manifested by
serum NT concentrations, and insulin resistance,
measured by HOMA-IR, in subjects with nascent
MetS. This finding suggests possible involvement
of nitroxidative stress in MetS pathogenesis, since
insulin resistance has been previously recognized
as the major underlying mechanism in the develop-
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ment of the syndrome. Furthermore, subjects who
fulfill all the five diagnostic criteria for MetS may
be exposed to a higher level of nitroxidative stress
and its detrimental effects. This statement is also
supported by the positive correlation between NT
and fasting glucose only in the cohort with five
MetS components. Therefore, the measurement of
serum nitrotyrosine in subjects with metabolic syn-
drome might contribute to the identification of a
subset of patients at increased risk of metabolic and
cardiovascular complications.
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3-HUTPOTHUPO31H KATO CEPYMEH BUOMAPKEP 3A
»AUTPOOKUCIIUTEJIEH CTPEC* 1 UHCYJIMHOBA PE3UCTEHTHOCT
TP HEYCJIOXKHEH METABOJIMTEH CUH/IPOM

T. P. CrankoBa'*, I'. T. [lenuesa!, K. 1. Credanosa!, A. 1. Manesa',
C. B. Bnagesa*3, I'. A. IIpeTrkoBa*

! Kameopa ,, Xumus u 6uoxumus ““, @apmayesmuven gaxyimem, Meouyuncku ynusepcumem — I11060us,
Inosous, bvreapus
? Knunuxa ,, Enooxkpunonozust u 6onecmu na oomsnama“, YMBAJI ,, Kacnena“, I[lnogous, Bvieapus
3 Meouyuncku xonesc, Meouyuncku ynusepcumem — ITnosous, Ilnosous, Bvacapus
*, Knunuuna nabopamopus ', VMBAJI ,, Kacnena*, I1noeous, bvieapus

[Toctenuna mapr, 2018 r.; npuera anpwi, 2018 r.
(Pesrome)

MerabonutHusar cunapom (MC) mpeacraBisiBa KOMIUIEKC OT METaOOJIMTHU HapyLICHUsI, BKIIOYBALIM ICHTpaI-
HO 3aTJIIBCTABAHC, XUIICPTCH3UA, XUINCPTPUTIHNLECPUIACMUA, HaAMAJICHU HHWBa Ha JMIOMPOTCHUHOBUTC KOMILUICKCHU
¢ Bucoka mrbTHOCT (HDL xonectepon) u xunepriaukemus. HatpymBar ce Bce moBede Jokas3aTesicTBa 3a TSICHATa
BpB3Ka MEXKIY ,,HUTpOoOKUcIuTenHUs“ crpec ¢ MC M HeroBuTe METabOJUTHU U ChPJCYHOCHIOBH YCIOKHEHHMSI.
,», HUTPOOKUCIUTETHHUAT  CTPEC MOKE JIa CE OLIEHU Upe3 HUBOTO Ha 3-HUTpoTHpo3uH (HT), KoiiTo e cTabuiieH npoyKT
Ha MMOCTTPaHCJIAIMOHHA MOIU(HKaIys Ha OenThiy. OrpaHMYeHH U JJOCTa IPOTHBOPEYMBH Ca M3CICIBAHUATA BHPXY
cepymuute kKoHneHtpanuu Ha HT npu MC. 3aToBa 1enta Ha HACTOAILIOTO MPOYUYBaHE € Jla OMpeed CEPYMHUTE
nHuBa Ha HT npu nauuenTu ¢ HeycnoxkHeH MC, kakTo U J1a U3sicCHU Bpb3kata Mexxay HT koHIeHTpary ¢ HUBOTO Ha
TJII0KO3a Ha IIQJHO U ¢ MHCYJIHMHOBATa YyBCTBUTEIHOCT, OIICHEHA YPe3 XOMEOCTa3HHsI MOJIEN Ha MHCYJIMHOBA pe3nc-
teHTHOCT (HOMA-IR).

Wzcnensanu ca 63 nmauuentu ¢ MC u 34 3apaBu konTponu. CepymuuTe KoHueHTparuu Ha HT ca onpenenenu
ype3 ELISA metoa. He ce ycTaHOBsIBa cTaTUCTHUECKU 3HAUMMa pasivka B KoHLeHTparmuTe Ha HT mexay nanueH-
tute ¢ MC [12.59 (3.79-22.68) nmol/L] u 3apaBute koutposu [4.23 (1.73—18.32) nmol/L; p = 0.08]. Benpeku ToBa
NMaOuCeHTUTE, IPU KOUTO Ca UBINBJIHCHU U NETTC JUArHOCTUYHU KPUTCPUH 3a MT, MMOKa3BaT 3HAYUTCIIHO I10-BHCOKHU
HT nuBa [28.13 (19.27-38.58) nmol/L; n = 20], cnpsimo nauuenture camo ¢ 3 MC konnonenra [6.24 (1.8-9.8)
nmol/L; n =17, p<0.0001] n 3apaBute koutposu [p<0.0001]. [TonoxkurenHa Kopenaims Mex/1y CepyMHUTE HUBA Ha
HT u rmoko3a ce gokaza caMmo npu Hann4ue u Ha nerre komnoHeHTa Ha MC (n = 20, r = 0.485, p = 0.03), nokaro
kopenanusata c HOMA-IR unzaekca e Banuana 3a nsnaTa naudentcka rpyna (r = 0.287, p = 0.025).

,,HUTPOOKUCIUTEIHUAT CTpec™ MOXKe OU € CBbP3aH ¢ NaToreHe3ara Ha MHCYJIMHOBATa pe3ncTeHTHOCT npu MC u
ce yBeJIM4aBa MPONOPIHMOHATHO ¢ HapacTBaHETO Ha Opost Ha komroHeHTHTe Ha MC.
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Aerogels — new materials with promising applications
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This work focuses on the dependence preparation conditions — structure — physical properties of hydrophobic
silica aerogel granules and micro powders, all of them prepared under subcritical drying conditions with potential
application as insulation materials. The so prepared nanoporous hydrophobic silica acrogel granules and powders are
analyzed with scanning electron microscope, infrared spectroscopy, differential scanning calorimetry and thermal
conductivity measurements. The physico-chemical properties of the aerogels are compared with that of commercial
aerogel granules. It has been proved that a long solvent exchange times and surface hydrophobization lead to aerogel
micro powders with a specific surface of about 850 m*/g and a bulk density of about 0.1 g/cm?.

Keywords: aerogels, silica, sol-gel, thermal insulation.

INTRODUCTION

Sol-gel technology is a powerful method for the
preparation of oxide matrixes at low temperatures.
Most important advantages of sol-gel technology
are the use of liquid chemicals, the possibility for
preparation of complicated chemical compositions
and the low temperature preparation. Sol-gel chem-
istry offers a possibility for the ambient preparation
of optical materials like xerogels or layers doped
with rare earth ions. In the same way a wide range
of useful ceramic materials based on Al,O,, ZrO,,
SnO,, Si0, can be easily prepared. Gels are solids
confining a solvent in a three-dimensional network.
The solvent may be enclosed as quasi-liquid in a
pore system. At this state, the gels are called hy-
drogels (water as solvent) or alcogels (alcohol as
solvent), etc. If the network has nano-dimensions
or is index-matched, the gel looks transparent. Sol
gel-chemistry is based on three basic chemical reac-
tions: water hydrolysis of liquid alkoxides (the most
important reagents in sol-gel chemistry) followed
by condensation. Condensation (better known as
gelation), could be performed as a water condensa-
tion or alcohol condensation [1]. The results of sol-
gel process strongly depend on the reaction condi-
tions: it is possible to obtain micro or nanopowders,

* To whom all correspondence should be sent:
E-mail: sgutzov@chem.uni-sofia.bg

transparent xerogels, transparent thin films or even
aerogels — porous solids with extremely low ther-
mal conductivity and density.

One of the most important advantages of sol-gel
chemistry is the preparation of aerogels. Aerogels
are a class of porous, solid materials with extreme
and valuable materials properties. Most notable
aerogels are known for their extreme low densities
(which range from 0.001 to 0.5 g/cm?). In fact, the
lowest density solid materials that have ever been
produced are all aerogels, including silica aero-
gels. The advantages of silica aerogels are: low
density, theoretically down to (0.001 g/cm?), opti-
cal refraction index (1.002), thermal conductivity
(0.02 W/m-K), speed of sound through a material
(70 m/s) and a relative dielectric constant 1.008 at
3—-40 GHz [2].

There are two main technological strategies for
preparation of aerogels: supercritical drying and
subcritical drying techniques, leading to bulk aero-
gels, aerogel powders or granules depending on
preparation conditions. The supercritical prepara-
tion is combined with liquid carbon dioxide dry-
ing of gels at supercritical conditions, following
the pioneer investigations of Kistler, 1931[3]. The
expensive supercritical drying can be replaced by
subcritical drying at low temperature and pressure.
This method include several basic steps: prepara-
tion of wet gel, solvent exchange of the solvent in
the pores of the wet gel, surface hydrophobization
and vacuum drying of the materials. In this way
powders or bulk materials with the same physical
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properties as in the case of supercritical drying can
be obtained [4, 5].

Despite of the large number of investigations
of hydrophobic silica granules and micro powders,
there are open questions concerning the physico —
chemical nature of solvent exchange taking place
in the pore system of aerogels, variation of sub-
critical drying conditions and microstructure of
the aerogel micro powders and granules. Recently
we demonstrated for the first time that silica aero-
gels are suitable matrixes in the production of light
emitting composites containing hybrid molecules,
Eu(phen),(NO,), [6].

The aim of the present contributions is to com-
pare the physico-chemical properties of subcriti-
cal produced amorphous silica aerogels in order
to achieve a better understanding of preparation —
structure — properties relationship of aerogel pow-
ders and granules.

EXPERIMENTAL

Millimeter scaled aerogel granules (sample
notation SAA). Millimeter scaled aerogel granules
were prepared using standard tetraethylortosilicate
(TEOS), 99% ethanol (EtOH), 0.23 M hydrochloric
acid, 0.14 M ammonia solution, trimethylchlorosi-
lane (TMCS), n-hexane, acetone and distilled water.
First, a mixture of TEOS and EtOH was prepared.
After 5 minutes stirring distilled water was added
followed by the hydrolyzing agent, the 0.23 M HCIl.
The hydrolysis reaction took about one hour, after
that a 0.14 M ammonium solution was used to cata-
lyze the condensation reaction. The gelation time,
t,» was 10-15 minutes, after that EtOH was added to
start the solvent exchange reaction at room tempera-
ture. The solvent exchange continued for 48 hours
followed by hydrophobization in a mixture of TMCS
and n-hexane. The hydrophobization continued for
24 hours at room temperature. Drying of the aerogel
SAA was performed for 24 hours in a vacuum dryer
at 0.5 atm and 70 °C. The bulk density of aerogel
granules SAA was 0.1 g/cm’, combined with a very
low thermal conductivity, A = 0.033 W/m-'K and a
specific heat C, = 1440 J/kg-K at 30 °C. Details
about the thermal insulation properties of aerogel
granules depending on preparation conditions are
discussed in [4].

During the preparation we used a vacuum drying
camera NUVE EV 018 with a volume V = 1240 ¢cm’
equipped with a LABOR port diaphragm pump
(delivery 30 I/min and power 300 W) working at
0.15-0.2 atm.

Subcritical drying at room temperature and
0.150 atm, sample notation SI1. Samples obtained
at room temperature drying, using the above given

sol-gel preparation conditions (S1) were prepared.
The scheme led to granules with bulk density of
0.12 g/cm®. The physical properties expected
are close to that of the samples described above
because of the dependence between density and
thermal properties of aerogels [2, 4]. This con-
firms that the drying temperature is not a deter-
mining factor for the physical properties of aero-
gel granules.

Aerogel micro powders (sample notations DI
and D2). We developed a new preparation scheme
for the preparation of micro powders based on long
solvent exchange at room temperature or 40 °C at
stirring, followed by drying of the aerogel at sub-
critical conditions. The preparation of aerogel micro
powders was accomplished through four steps, giv-
en in Figure 1. The gel preparation and hydrophobi-

D2 Gelation
10mI TEOS
(r?.e ml abs. EtOH\/:
. 5 min __—
0.806 ml H,0 o ofmn__
_ 5 min e

— _— 0.14ml
0.25 M HCI
. i

6 ml cat. \\ -
until gelation e

Solvent Exchange

high
stirring
3x 100 ml 96%EtOH
40 °C
heating /

/
e

;

Hydrophobization

4 ml TCMS
36 ml hexane )
. 24h

Y

\
|

Drying

p =150 mbar
40°C7h
slow cooling to room temp. _~

)
/

Fig. 1. Sol-gel scheme for preparation of aerogel micro pow-
ders at long solvent exchange and 40 °C (sample D2).
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zation conditions were close to that of samples SAA
and S1, discussed above.

The solvent exchange conditions, however, were
changed significantly in order to obtain powders.
The solution used here was 100 ml 96% ecthanol,
the solvent exchange was conducted at stirring. The
solvent exchange conditions used were: room tem-
perature and total time of exchange 21 days (sample
D1) and 40 °C and total time of exchange 11 days
(sample notation D2). For both samples the solvent
was changed two more times.

The last preparation step was the drying of the
aerogel micro powders. It was conducted at subcrit-
ical conditions — pressure of 0.150 atm and 70 °C
temperature for 7 h. The bulk density of these micro
powders was about 0.08 g/cm? [4].

The amorphous silica micro powders D1 and D2
prepared in this paper possess a typical aerogel mor-
phology, visualized in Figure 2, where a representa-
tive SEM picture of aerogel micro powders is given.
Here, a wide network of closed and open micrpores
and mesopores leads to the low density of the pow-

JSM=55 18

18mm

Fig. 2. SEM investigations of aerogel micro powders, sample
D2. A typical “cloud — like” morphology of the particles is vis-
ible at higher magnifications. The mean particle diameter of
powder is in the range of about 5-10 um.

ders. It is well known, that thermal insulation prop-
erties of aerogels depend significantly on the occur-
rence of nanopores in the range of 10-30 nm [7, 8].
The so prepared, millimeter scaled nanoporo-
us hydrophobic silica aerogel granules and micro
powders were analyzed with thermal conductivity
measurements and chemical analysis. The thermal
conductivity of aerogel granules was measured us-
ing a C-THERM TClI-thermal conductivity ana-
lyzer using a powder/liquid cell. Scanning electron
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microscopic (SEM) investigations were performed
using a standard electron microscope JEOL 5510
working on SE regime. Particles were Au — cov-
ered. The texture characteristics of the so prepared
micro powders and granules were determined by
low-temperature (77 K) nitrogen adsorption in a
Quantachrome Instrument NOVA 1200e instru-
ment. The nitrogen adsorption-desorption isotherms
were analyzed to evaluate the following parameters:
specific surface area (Sgg;), total pore volume (V)
and associated average pore diameter (D, ) [9].
All samples were outgased for 16 h in vacuum at
150 °C before the texture measurements.
Measurements of pH combined with a tempera-
ture control were performed using a computer driv-
en pH-meter Hach H270. Infrared (IR) spectra were
measured on a standard Thermoscientific 6700 IR
spectrophotometer using the KBr preparation tech-
nique. Absorption peaks were mathematically treat-
ed as overlapping Gaussian curves, peak maxima
were determined from second derivative spectra.

RESULTS AND DISCUSSION

The pH dependence vs. time of the solvent ex-
change process is investigated in order to describe
the physico-chemical nature of solvent exchange.
Figure 3 displays the experimental data obtained
together with temperature measurements; here pH
of the solvent exchange solution is measured for a
long time continuously together with temperature
measurements. The curve obtained can be distin-
guished into two parts, a fast decrease of pH and
an increase of pH. From general chemical point of
view the decrease of pH seems to be related to the
deprotonation of R-Si-OH groups of the prepared
gel. Increasing of pH is due to leaving ammonium
cations from the inner pores of the aerogel granules
toward the solvent exchange solution of ethanol be-
cause ammonium hydroxide is used as a gelation
catalyst. The second step is limited by diffusion of
the ammonium ions from the pores of the aerogel
granules trough the ethanol solution.

Using the pH dependence a rate of the solvent
exchange (from point 2 to 3) of 2.5:10* mol/l's can
be extracted. The deprotonation step (from point 1
to 2) is faster. Further investigation are necessary
to develop a kinetic model of solvent exchange de-
scribing quantitatively the deprotonation and dif-
fusion limited steps. It is visible that pH measure-
ments could be successfully used to describe mi-
croscopically the complicated processes of solvent
exchange accompanying the subcritical production
of aerogels.

The physicochemical properties of acrogel gran-
ules and micro powders discussed here are summa-



N. Danchova et al.: Aerogels — new materials with promising applications

9.7

- 22
- (o] ‘h}
9.6 —o—T1[°C] L
9.5 J - - 20
1 Y T et Vi
9.4 ﬁ ST s T i
9.3 l il 8
S 92l | = E v =2510* mol.l"s" o
’ o A solvent exchange ™ oo R °
4 | el =
9.1 i
Ig
. IE - 16
9.0 1g
8.9 £ —ooen -
] 2 | 14
8.8
1 ! I ! I ' I ! I ! I ! | !
0 200 400 600 800 1000 1200 1400
t [min]

Fig. 3. Representative pH and temperature vs. time investigations during solvent exchange.

rized in Table 1, where results from nitrogen ad-
sorption—desorption isotherms are summarized. It is
visible that the developed sol-gel scheme leads to
the production of high-class aerogel materials, pos-
sessing a very high specific surface area. Insulation
properties of the produced gels depend strongly on
the nanopores, formed in the gels. It is visible, that
temperature of drying do not play an important role
in aerogel granules production, drying pressure,
hydrophobization and solvent-exchange are cru-
cial for the texture properties of aerogel granules
and micropowders. The process of powderization
of aerogel granules depends strongly on the solvent
exchange conditions. The physico-chemical proper-
ties of commercial millimeter scaled Cabot Lumira
aerogel granules with bulk density of 0.08 g/cm’
(sample Cabot) are given for comparison.

In Figure 4 IR spectra of Cabot Lumira aerogel
granules (sample Cabot) and aerogel granules pro-
duced in this contribution are compared.

Figure 4 shows that IR spectra of the investi-
gated samples are identical and demonstrate the
reproducibility of the sol-gel technology approach
discussed here. Based on [10—12] the intensive peak
at wavenumbers near 1090 cm™ or 1220 cm™ corre-
spond to the stretching vibration of Si—O-Si bonds
and the peaks at about 840 cm™' and 460 cm™' are as-
signed to the antisymmetric and symmetric stretch-
ing vibration of Si—~O-Si, respectively. The bands at

Table 1. Physico-chemical properties of aerogel granules and
micropowders. Specific surface area (S;;;), the total pore vol-
ume (Vt) and associated average pore diameter Dav are given.
Samples Cabot, SAA and S1 are millimeter scaled granules,
while D1 and D2 are micro powders

Sample rsrl;zE/g cr?lly/g ]r?rarvl’
S1 796 3.40 17
D1 840 2.25 11
D2 950 2.67 11
SAA 785 3.12 16
Cabot 699 3.8 21

3440 cm™" and 1632 cm™' represent the stretching
and bending vibrations of Si-OH bond and the vi-
brations of physically adsorbed water. In the spec-
tra a sharp peak coming from Si-CH, vibrations at
about 1260 cm™ is visible, confirming the success-
ful performed hydrophobization.

Using the discussed preparation conditions we
produced about 1500 ml hydrophobic granules
(sample SAA) and incorporated it as fillers in a
glass textulite case-insulation of a Stirling engine
cylinder operating at low temperatures. More about
the Stirling engine and it components can be found
in [13].
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Fig. 4. IR spectra of aerogel millimeter scaled granules: Cabot (1), SAA (2) and (3). Curve 2 and 3 represents spectra of acrogel
granule fractions with a density of 0.1 g/cm? and 0.2 g/cm?, respectively.

CONCLUSIONS

A reproducible sol-gel preparation scheme for
the production of hydrophobic aerogel granules
and micro powders with a specific surface area Sy,
of about 800 m?/g and total pore volume of about
3.2 cm’/g is demonstrated. The insulation proper-
ties of aerogel granule and powders in this contribu-
tion depend strongly on the nanopores (10-20 nm)
formed in the material. The process of powderiza-
tion of aerogel granules depends on the solvent ex-
change conditions and drying pressure. The solvent
exchange process of aerogels can be separated in
two steps, a fast deprotonation reaction and a dif-
fusion limited step. IR spectra are an important tool
for controlling the efficiency of acrogel powder pro-
duction.

Acknowledgment: The authors are supported by
the project DH09/9/2016 (LANTMOD). Thanks are
due to 1. Spassova for experimental help.

REFERENCES

1. C. J. Brinker, G. W. Scherrer, The Physics and
chemistry of sol-gel processing, Academic Press
INC, New York, 1990.

176

O o~

10.

11.

12.

13.

M. A. Aegerter, N. Leventis, M. M. Koebel, Aerogel
Handbook, Springer, 2011.

S. S. Kistler, Nature, 127, 741 (1931).

R. Despande, D. M. Smith, J. Brinker, US Patent
5565 145 (1996).

S. Gutzov, N. Danchova, S. I. Karakashev, M.
Khristov, J. Ivanova, J. Ulbikas, J. Sol-Gel Sci.
Technol., 70, 511 (2014).

S. Gutzov, N. Danchova, R. Kirilova, V. Petrov,
S. Yordanova, Journal of Luminescence, 183, 108
(2017).

S. S. Kistler, J. Phys. Chemistry, 39, 79, (1935).

S. S. Kistler, J. Phys. Chemistry, 46, 19, (1942).

N. Stoeva, G. Atanasova, 1. Spassova, R. Nikolov,
M. Khristova, Reaction Kinetics, Mechanism and
Catalysis, 118 (1), 199 (2016).

T. Kolev, N. Danchova, D. Shandurkov, S. Gutzov,
Spectrochimica Acta Part A: Molecular and Bio-
molecular Spectroscopy, 194, 189 (2018).

D. R. Anderson, in: Analysis of Silicones, Wiley-
Interscience, New York, Capter 10, 1974.

L. J. Bellamy, The infra-red spactra of Complex
Molecules, Chapmen and Hall, London, Chapter 20,
1975.

S. Gutzov, N. Danchova, J. Ulbikas, J. Bozenko,
Report on materials used for increment of Stirling
engine efficiency. Development of high efficien-
cy Stirling heat pump. Deliverables: D4.1; D4.2.;
D4.2.1.,2013.



N. Danchova et al.: Aerogels — new materials with promising applications

AEPOI'EJIOBE — HOBU MATEPUAJIM C IIEPCIITEKTUBHU
I[MTPUJIOXEHUA

H. landoga, [1. Ilackanes, C. ['yiioB

Couiicku Ynusepcumem ,, Ce. Knumenm Oxpuocku *, @axyimem no xumust u papmayus,
kamedpa DusuKoxuMusl

[Toctenuna mapr, 2018 r.; npuera anpwi, 2018 r.
(Pestome)

HacrosiioTo u3cieiBaHe € HACOYCHO KbM H3CIIC[BAHE Ha 3aBHCHMOCTTA MPEMAPATHBHH YCIOBHS — CTPYKTYpa
— (pM3MKOXMMUYHU CBOWCTBA Ha XUIPOPOOHU aepOresHN IPaHy/Id U MUKPOIPAXOBE OT CHIIUIIMEB THOKCH/, TOIY-
YEHU NP CYOKPUTUYHU YCIIOBHs. [IPONYKTUTE Ca ¢ MOTEHIHUAIHO NPHIOKEHUE KATO W30JIALMOHHUA MaTepUasIy.
[TonyueHUTE HAHOTIOPHLO3HK TPAHYJIM U MUKPOIIPAXOBE Ca aHAIM3UPAHK ChC CKAHUPALIA €JIEKTPOHHA MUKPOCKOITHS,
JdepeHIratHa CKaHupalla KaTOpUMETPUsl U TEPMUYHH H3cieBaHus. DU3MKOXUMUYHHUTE CBOMCTBA HA ITOJYYECHUTE
MaTepHali ca CPaBHEHH C Te3H Ha KOMEPCHAIIHN aepOrelIHY rpaHyd. [T0Kka3aHo e, 4e IPOIbIKHTEIHHUAT MPOLeC Ha
00MEH Ha Pa3TBOPHUTEN BOJAM JIO MOJTy4YaBaHETO HA aepOTe/HH MHKPOIPAXOBE ChC CHEHU(HIHA TOBBPXHOCT OKOJIO
800 m*g u murbTHOCT OoKOITO 0.1 g/em?®.
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A new monomeric tricationic cyanine dye TO-3¢-7Cl — analog of Thiazole Orange (TQO), has been synthesized
using an environmentally benign and simple method and its photophysical properties have been investigated and
compared to those of the well-known nucleic acid stain TO. Dye TO-3¢-7Cl has negligible intrinsic fluorescence
in Tris-EDTA (TE) buffer, but in the presence of dsDNA its fluorescence intensity increases significantly. DFT and
TDDFT calculations are used to compare and contrast the theoretically predicted structure and properties of the new

tricationic cyanine dye and TO.

Keywords: Thiazole Orange, cyanine dyes, dSDNA, fluorescence.

INTRODUCTION

Cyanine dyes are object of unceasing attention
because of their effective and fruitful applications
in different scientific areas — laser optics, molecular
biology, medicine [1-4].

In recent years, the use of asymmetric cyanine
dyes as fluorescent labels or sensors for bioimaging
and detection has been of utmost importance. These
applications are related to the spectral properties of
the dyes and their ability to form fluorescent com-
plexes with variety of biological macromolecules.
Such dyes have no or have very weak intrinsic fluo-
rescence, but upon binding to a bio-object the fluo-
rescence intensity can increase dramatically [5]. A
wide range of novel molecules with similar charac-
teristics based mainly on TO and Oxazole Yellow
(YO) have been designed, synthesized and com-
mercialized [6, 7].

Continuing our research [8—10] into develop-
ment of new fluorescent probes for nucleic acids
detection, here we report the synthesis of a novel
asymmetric monomeric monomethyne cyanine dye
TO-3¢-7Cl1 — analog of the commercial dsDNA

* To whom all correspondence should be sent:
E-mail: ohmk@chem.uni-sofia.bg
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fluorescence binder Thiazole Orange. The prepara-
tion of TO-3¢-7Cl was achieved by using an easy
handling, efficient and environmentally benign
synthetic procedure. The interactions of the new
TO derivative with dsDNA have been investigated
by absorption and fluorescence spectroscopy. The
newly synthesized dye shows quite low fluores-
cence in TE buffer in the absence of dsDNA, but
it becomes strongly fluorescent after binding to the
biomolecule. The influence of the substituents at-
tached to the chromophore was investigated by UV-
VIS, fluorescence spectroscopy, DFT and TDDFT
calculations.

EXPERIMENTAL

All solvents used in the present work were HPLC
grade and commercially available. The starting ma-
terials 1 and 4 are commercially available and they
were used as supplied. Melting point of TO-3¢-7Cl
was determined on a Biichi MP B-545 apparatus and
is uncorrected. NMR spectra ('H-, *C-NMR) were
obtained on a Bruker Avance II+ NMR spectrom-
eter operating at 600 MHz for 'H- and 125 MHz
for "C-NMR in DMSO-d, as solvent. The chemi-
cal shifts are given in ppm (J) using tetramethylsi-
lane (TMS) as an internal standard. UV-VIS spectra
were measured on a Unicam 530 UV-VIS spectro-

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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photometer and the fluorescence spectra were ob-
tained on a Varian Cary Eclipse fluorescence spec-
trophotometer. The intermediate 2 was synthesized
by method described in the literature [11].

Synthesis of 3-(4-(4-(dimethylamino)pyridin-1-
ium-1-yl)butyl)-2-methylbenzo[d]thiazol-3-ium
dibromide (3)

A mixture of 2-methylbenzo[d]thiazole (1)
0.76 g (5.1 mmol) and 1-(4-bromobutyl)-4-(dime-
thylamino)pyridin-1-ium bromide (2) 1.71 g (5.1
mmol) was heated at 145 °C for 1.5 h in the absence
of a solvent. Then methanol (10 ml) was added and
after cooling down of the reaction mixture to room
temperature, the product was precipitated with the
addition of diethyl ether (25 ml). The precipitate
was filtered off and dried at a desiccator. The prod-
uct 3 was used in the next synthetic route without
any additional purification, because of its high hy-
groscopicity. Yield: 2.79 g (94%).

Synthesis of 4, 7-dichloro-1-(4-(4-(dimethylamino)
pyridin-1-ium-1-yl)butyl)quinolin-1-ium
dibromide (5)

A mixture of 4,7-dichloroquinoline (4) 2.00 g
(10mmol)and 1-(4-bromobutyl)-4-(dimethylamino)
pyridin-1-ium bromide (2) 3.41 g (10 mmol) was
heated under argon in 50 ml round bottom flask
equipped with a condenser at 145 °C for 10 min in
the absence of a solvent. After cooling down of the
reaction mixture to room temperature, the product
was precipitated with the consecutively addition of
methanol (10 ml), acetone (10 ml) and diethyl ether
(15 ml). The precipitate was filtered off and dried
at a desiccator. The product was used in the next
stage of the reaction scheme without any additional
purification, because of its high hygroscopicity and
low stability. Yield 5.20 g (97%).

Synthesis of (E)-7-chloro-1-(4-(4-(dimethylamino)
pyridin-1-ium-1-yl)butyl)-4-((3-(4-(4-
(dimethylamino)pyridin-1-ium-1-yl)butyl)benzo[d]
thiazol-2(3H)-ylidene)methyl)quinolin-1-ium
triiodide (TO-3c-7Cl)

3-(4-(4-(Dimethylamino)pyridin-1-ium-1-yl)
butyl)-2-methylbenzo[d]thiazol-3-ium bromide (3)
(1 mmol) and 4,7-dichloro-1-(4-(4-(dimethylamino)
pyridin-1-ium-1-yl)butyl)quinolin-1-ium bromide (5)
(1 mmol) were mixed and finely ground in a mor-
tar. The mixture was transferred to a 50 ml flask
equipped with an electromagnetic stirrer and a re-
flux condenser and then methanol (10 ml) was add-
ed. The mixture was heated at 50 °C for 10 min and

N-ethyldiisopropylamine (DIPEA) (2.2 mmol) was
added dropwise. The reaction mixture was stirred
vigorously for 2 h without heating and diethyl ether
(25 ml) was added. The resulting precipitate was fil-
tered off and the residue was dissolved in methanol
(20 ml). Saturated aqueous KI (10 ml) was added to
the methanol solution and the resulting precipitate
was filtered off and air-dried. The yield of the crude
product was over 80%. TO-3¢-7Cl was purified by
multiple recrystallizations from methanol. TO-3¢-
7ClI: Yield 25%, Mp: 260-263°C. Mw = 1047.05.
'"H-NMR, ¢: 1.75-1.78 (m, CH,, 4H), 1.80-1.87
(m, CH,, 4H), 3.17 (s, NCH,, 12H), 4.02—4.04 (m,
N*CH,, 4H), 4.22 (t,%] = 6. 9 Hz, N'"CH,, 2H), 4.59
(t, ’J = 6.8 Hz, N'CH,, 2H), 6.89 (s, CH, 1H), 7.02
(d, *J=7.5 Hz, 2H), 7.28 (d, ] = 7.2 Hz, 2H), 7.44
(dd, °J = 7.6 Hz, 2H), 7.62 (dd, *J = 8.0 Hz, 2H),
7.74 (d, *) = 7.6 Hz, 2H), 7.82 (d, *J = 8.4 Hz, 1H),
8.07 (d, *J = 7.8 Hz, 1H), 8.17 (s, 1H), 8.27-8.29
(m, 2H), 8.55 (d, *J = 7.4 Hz, 1H), 8.82 (d,3J =9.3
Hz, 1H).

BC, DEPT-135 NMR, &: 25.66 (CH,), 27.76
(CH,), 34.70 (CH,), 40.24 (CH,), 53.76 (CH,),
56.48 (CH,), 89.22 (CH), 108.14 (CH), 108.18
(CH), 108.25 (CH), 113. 77 (CH), 113.84 (CH),
114.28 (CH), 117.72 (CH), 123.47 (CH), 125.31
(CH), 127.31 (CH), 128.58 (CH), 128.79 (CH),
142.32 (CH), 145.07 (CH). Elemental analysis for
N (%): Calculated 8.03, Found 8.31.

COMPUTATIONAL

The B3LYP functional [12, 13] was used in the
geometry optimization of the cationic fragments of
TO and TO-3c-7Cl with/without I~ counterions.
The calculations were performed with the diffuse
function-augmented 6-31G(d,p) [14—16] basis set
(6-31+G(d,p)) for systems without counterions
and with mixed basis set for those with counteri-
ons (6-31+G(d,p) basis set for the lighter atoms (C,
N, S, CI and H) and with SDD [17] pseudopoten-
tial for the I). The selected combination method/
basis set has been proven [9] to reproduce reli-
ably the geometry of 3-(4-((3-methyl-1,3-benzo-
thiazol-2(3H)-ylidene)methyl)-quinolinium-1-yl)
propanoate tetrahydrate (CSD ENTRY OVUJUL/
CCDC number 739300) [18]. C, symmetry was
assumed for all systems and default convergence
criteria were used; local minima were verified by
establishing that the Hessians had zero negative
eigenvalues. The structures with counterions were
optimized in methanol by the method developed for
implicit treatment of solute-solvent interactions of
electronic properties in solution — integral equation
formalism polarizable continuum model (IEFPCM)
[19]. TDPBE0/6-311+G(2d,p) calculations were
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performed to compute the 20 lowest excited states
of each structure. Solvent effects were included in
TDDFT calculations, also by the IEFPCM. All cal-
culations were performed using Gaussian 09 [20].
The PyMOL molecular graphics system was used to
generate the molecular graphics images [21].

RESULTS AND DISCUSSION

In general, monomethine cyanine dyes such as
TO and its derivatives can be synthesized under
condensation of 2-methylthio salt of alkylated ben-
zothizole with another alkylated heterocycle with
an activated methyl group (Brooker’s method) [1,
22-25], but this method suffers from some disad-
vantages [26]. In order to avoid the problems con-
comitant the synthetic strategy usually applied, dye
TO-3¢-7Cl (Scheme 1) was synthesized by simple,
efficient and environmentally benign procedure
that has been previously used by our group [9, 10,
27, 28]. This approach involves condensation of
2-methylbenzothiazolium salt 3 and 4,7-dichloro-
quinolinium salt 5 in the presence of the sterically
hindered Hiinig’s base (N-ethyldiisopropylamine,
DIPEA) (Scheme 1). The reactions of quaterniza-
tion of the starting 2-methylbenzo[d]thiazole (1) and
4,7-dichloroquinoline (4) with 1-(4-bromobutyl)-4-

(dimethylamino)pyridin-1-ium bromide (2) were
carried out in the absence of a solvent for a short
reaction time[11]. The quaternary salts 3 and 5 were
isolated in high yields and in a purity enough for the
next synthetic transformation.

The newly synthesized cyanine dye TO-3¢c-7C1
was characterized by NMR-, UV-VIS-spectroscopy
and by elemental analysis.

The photophysical properties of the new trica-
tionic dye TO-3¢-7Cl were evaluated and the data
were compared to those of its analog TO. The ab-
sorption maxima of the studied dyes are at 502 and
513 nm for TO and TO-3¢-7Cl, respectively. The
higher value of the molar absorptivity corresponds
to TO-3¢-7C1 — 97000 L-mol'-cm™, while TO in
our conditions is characterized by a molar absorp-
tivity of 86100 L-mol'-cm™ (Table 1).

The newly synthesized dye TO-3¢-7Cl in TE buft-
er in the absence of dsDNA absorbs at 513 nm and
this peak is bathochromically shifted to 521 nm in
the same buffer in the presence of dsDNA (Table 1).
As we mentioned in our previous work [10], this
effect could be attributed to an intercalation of the
dye into dsDNA, as assumed in other investigations
into cyanine dyes [9, 29].

In TE buffer at 538 nm TO-3¢-7Cl shows fluores-
cence with low intensity (4.3 au at 1.10”7 M and al-
most zero (below 0.4) at 1.10®* M, Table 1, Fig. 1),

\N/
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— () e (o
N N o 15hAr N
Br
1 2 3¢ ,5°__
@
Br N
O |
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= MeOH -
Br @, N—\
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AN | N\ Br 145 °C N o 3|@
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— min, Ar N
cl N Q cl N 28
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4 2 5 N—
/
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@
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Scheme 1. Synthesis of tricationic monomeric monomethyne cyanine dye TO-3¢-7Cl.
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Table 1. Comparison of the photophysical properties of TO-3¢-7Cl and TO in the absence and in the presence of dsDNA

Absorption Fluorescence
Dye Abs* | Abs | Abse Mol | L | M | L | Ratiolyi,
TO-3¢-7Cl 513 (97 000) 513 521 538 0.43* 538 875 >2030
TO 502 (86 100) 502 510 549 0.55 529 252 458

A, (nm)and molar absorptivity € (L.mol".cm™) of free dyes in methanol;

® A (nm) of free dye in TE buffer;
¢ A (nm) of dye-dsDNA complex in TE buffer;

9%, (nm) and I, of free dye in TE buffer;
A, (nm) and I; of complex dye-dsDNA in TE buffer.

*Due to the extremely high fluorescence intensity at 1.10~7 M the spectra of the complex dye TO-3¢-7Cl/dsDNA the spectra was
measured at 1.10* M concentration. The intrinsic fluorescence of the free dye at this concentration is near zero and hardly distin-

guishable from the instrumental noise.

but excitation at 538 nm in the presence of dsDNA
led to a dramatic increase in the fluorescence inten-
sity over 2030-fold (Table 1, Fig. 1). The significant
increase of the fluorescence can be attributed to the
presence of three positive charges in the dye mol-
ecule increasing the binding affinity to dsDNA.

B3LYP/6-31+G(d,p) optimized structures of the
cationic fragments of TO and TO-3¢-7Cl are pre-
sented in Figure 2 with the respective atom color
scheme. A simple structural superimposition of the
dyes reveals structural similarity between them with
almost identical “TO core” fragment.

TDPBEO (time-dependent density functional
theory calculations using Perdew—Burke—Ernzerhof
exchange-correlation functional) calculations with
the 6-311+G(2d,p) basis set for all atoms except |
and with the Stuttgart-Dresden SDD effective core

1000

——TO-3¢-7C1 107
——T0-3¢-7CI 10°° + DNA 30 ul
——T0-3¢-7CI 10° + DNA 300 I
——T0-3¢-7C1 10° + DNA 3 l

800

600

Fluorescence intensity, a.u.

2004

L] v 1 v L] v L]
550 600 650 700
Wavelenght, nm

Fig. 1. Fluorescence spectra of free dye TO-3¢-7Cl in TE buff-
er and in the presence of dsDNA.

Fig. 2. A) B3LYP optimized structures of the cations of TO and TO-3¢-7Cl; B) superimposed structures of TO and TO-3¢-7Cl

cations.
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potential (ECP) basis set for I in the range 400—
500 nm predict an intensive band for TO (at 452 nm)
and an intensive band for its tricationic analogue (at
456 nm). The calculated optical parameters such as
the absorption maximum (A, ), oscillator strength
(f) and frontier orbital energy levels are provided
in Table 2.

The S,—S, excitation process in the studied dyes
can be assigned mainly to HOMO (highest occu-
pied molecular orbital) —» LUMO (lowest unoccu-
pied molecular orbital) transition. An examination
of the frontier molecular orbitals of the compounds

under investigation can be useful. The qualitative
frontier molecular orbital representations for TO
and TO-3¢-7Cl are shown in Figure 3.

The oscillator strengths calculated for HOMO —
LUMO transition are 0.777 and 1.035 for TO and
TO-3¢c-7Cl, respectively. The HOMO-LUMO gaps
are similar: 3.27 eV and 3.25 eV for the compounds
(TO and TO-3¢-7Cl, respectively) in methanol. In
TO-3¢-7Cl the HOMO was found to be populated
over the “TO core” fragment. There is no difference
between the delocalization of the LUMO in both
compounds (Figure 3).

Table 2. TDDFT/PBEO excitation energies (eV), wavelengths (nm) (in parentheses), oscillator
strength f;, HOMO and LUMO energies and energy differences (HOMO-LUMO gap) (eV) in

methanol for TO and TO-3¢-7Cl

TO TO-3¢-7Cl1
HOMO—LUMO
Excitation energy (wavelength) 2.74 (452) 2.72 (456)
Oscillator strength, f 0.777 1.035
HOMO -5.99 —6.08
LUMO -2.72 -2.83
HLG 3.27 3.25

HOMO LUMO

Fig. 3. Graphical representation of the frontier orbitals (isodensity plot, isovalue = 0.02 a.u.).
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CONCLUSION

A novel tricationic analog of the commercial
nucleic acids binder TO was synthesized and its
photophysical properties were investigated. TO-
3¢-7Cl possesses typical features of fluorescent
DNA label. In the absence of DNA, the dye has
negligible fluorescence, but after binding to DNA
a significant increase in the fluorescence intensity
(2030-fold) was observed. Theoretically predicted
(DFT and TDDFT calculated) structure and prop-
erties of the new tricationic cyanine dye and TO
are compared and contrasted. The promising re-
sults stimulate us for further investigations in the
design, synthesis and application of new polyca-
tionic halogen containing analogs of TO as nucleic
acid binders.
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the financial support of the Bulgarian Scientific
Fund under Project “MADARA” (RNF01/0110,
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CHHTE3UpaHO € HOBO MOHOMEpPHO TPUKAaTHOHHO nuaHuHoBo Oarpmiio TO-3¢-7Cl — ananor Ha Tuazon opax
(TO) nocpencTBoM JIeCHO MPHUIIOKKUM U QAL OKOJHATa cpenia Meto]. M3ciensanu ca GoTopusnyHuTE CBOICTBA
Ha ChEJMHEHUETO M Ca CPAaBHEHU C Te3U Ha u3BecTHHs Thprocku nMpoaykT TO. barpunoro TO-3¢-7Cl ce xapakre-
pu3upa ¢ MHOTro HHcKa cobctBeHa (uyopecuennus B Tris-EDTA (TE) 6ydep, Ho B npucberBrero Ha n8J{HK, nnren-
3UTETHT MY Ha (uryopectieHnus ce yBenndana 3HauutenHo. DFT u TDDFT-u3uncienust ca u3roia3BaHy 3a CpaBHEHHE
1 pasrpaHuvdaBaHC Ha TCOPCTUYHO MPCACKA3aHUTC CTPYKTYPU U CBOICTBA Ha HOBOITIOJIYYCHOTO TPUKATUOHHO ITUAHU-

M. I. Kandinska et al.: A novel monomeric asymmetric tricationic monomethine cyanine dye — Thiazole Orange (TO)...

HOB MOHOMEPEH TPUKATHOHEH MOHOMETUHIIMAHUHOB
AHAJIOT HA TUA30J1 OPAHX (TO): CUHTE3, ®OTODU3NYHU
1 18JTHK-CBBP3BAILM CBOMCTBA
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The photosensitizers with biologically active substituents such as amino acids feature one modern strategy to
achieve the target- specific photodynamic therapy (PDT). The conjugations of metal phthalocyanines (MPcs) with
amino acids or the related short peptides have been studied intensively with respect to PDT applications. The known
MPcs with amino acids are recognized with membrane specificity in view of cell receptors or/and with electrostatic
interactions based on the charge potential of membranes. This work aims to summarize at presently existing knowl-
edge and our expertise in respect to synthesis and photophysicochemical properties of phthalocyanine complexes

conjugated with amino acids for PDT applications.

Keywords: phthalocyanine complexes, amino acids, Click reaction, Sonogashira reaction, photodynamic therapy.

INTRODUCTION

The accelerating problem with drug-resistance
towards the conventional therapies reinforces the re-
search and development of new non-traditional cu-
rative strategies for combating different pathologic
conditions [1-3]. The development of resistance is
a consequence of overusing of chemotherapeutics
and antibiotics which are leading to adaptation and
finally to lowering the effectiveness of these drugs.
Photodynamic inactivation (PDI) has been featured
as an approach for urgent situation in fighting the
life-threatening infections [1, 2]. The procedure in-
cludes the harmless drug (photosensitizer, PS) and
irradiation with soft dose light of visible or infrared
spectra (630—850 nm) for drug excitation [4]. The
energy of absorbed light of a PS follows Jablonski
diagram. In summary, the radiation transition of a
PS goes from its lowest energy singlet excited state
(S,) to the ground state (S,) by fluorescence. Two
possible non-radiative transitions can happen, one
of inner conversion between the singlet states and
another conversion is the intersystem crossing to
the triplet excited state PS. The long-lived triplet

* To whom all correspondence should be sent:
E-mail: mantareva@yahoo.com

state PS can participate in photochemical reac-
tions including the electron or proton transfer (type
I mechanism). Most probable is an energy transfer
from the triplet state PS to molecular oxygen with
generation of reactive singlet oxygen (type Il mech-
anism).

Phthalocyanine complexes (MPcs) conjugated
with biologically active moieties have been fea-
tured as promising photosensitizers for PDT [5-7].
Nowadays, the complexes of Zn(Il)-, AI(II)- and
Si(IV)-phthalocyanines are well-known as promis-
ing second generation PDT drugs. One critical limi-
tation of these compounds is their low selectivity,
followed by undesirable photocytotoxicity. MPcs
are related to the natural porphyrin but with the
expanded structure of addition four benzene rings.
This shifts the absorption in the phototherapeutic
window (670740 nm). The planarity and symmetry
in the structure of MPcs allow easy functionaliza-
tion in peripheral or non-peripheral positions, or at
the coordinated ions [8]. Phthalocyanine molecule
as a ligand can coordinate most of the metals and
semimetals from the periodic table. Moreover MPcs
are more studied than their metal free counterparts
because of the superior photophysicochemical prop-
erties owning to the coordinated ions [9, 10]. The
Pc-molecules characterize with very low solubility
and high tendency to form photo non-activable spe-
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cies which is not in practical usage for biology and
medicine. The proper functionalization of MPcs ap-
pears useful tool for improving their photophysico-
chemical properties [10]. The conjugation strategy
with biomolecules such as amino acids (or short
peptides) has been shown to have a great potential
for enhancement of PDT properties [7]. The further
improvement of MPcs includes the enhancement of
their target specificity, localization ability and se-
lectivity. Many efforts are made on the basis of Pc
skeleton for structural modifications which include
substitutions by different biologically-active and
cell-specific molecules such as steroids [5], amino
acids and short peptides [ 7], carbohydrates [11], and
others [12].

SYNTHETIC APPROACHES FOR
CONJUGATION OF PHTHALOCYANINES
WITH AMINO ACIDS

There are two commonly used synthetic path-
ways which are applicable for preparation of func-
tional phthalocyanine derivatives [13—15]. The so
called “phthalonitrile pathway” is based on func-
tionalization of phthalonitriles (Scheme 1a). The
synthesis of starting phthalonitriles with substitu-
ents A (or AA) includes one or several steps star-
ing from different phthalonitrile with substitution

_~CN . A . CN
4B | — 4 lIc
-B
NS N N
CN
4C /| + M(Il)
X N

+ M(ll)

B and the followed up reactions lead to the desired
substituted dinitrile. The second pathway known as
“phthalocyanine way” includes the synthesis of Pc
with reactive group C which further can be function-
alized in a way to obtain the desired Pc with func-
tional group A (Scheme 1b). The structural modifi-
cations on the phthalocyanine cycle can generally
be performed by the insertion of hydrophilic groups
or other functional substituents to the peripheral or
non-peripheral position to the ring, or by changing
the coordinating ion which can allow addition of
bulky groups on axial position [16]. The mixtures
of regioisomers which are not easy to separate are
obtained in case of tetra- MPcs with peripheral sub-
stitutions [17]. Both approaches allow the synthesis
of a variety of functionalized phthalocyanines con-
jugates with properties suitable for biomedical ap-
plications [18].

The phthalonitriles (1,2-dicyanobenzenes) are
typical precursors for phthalocyanine synthesis.
1,2- Dicyanobenzene was firstly recognized as by-
product of the synthesis of o-dicyanodiazoamido-
benzene. In the early XX century the phthalonitrile
was synthesized by refluxing acetic anhydride and
phthalimide [19]. Since then several starting com-
pounds are recognized as suitable precursors but
differently substituted phthalonitriles are the most
common in usage as precursors in synthetic phth-
alocyanine chemistry. The synthesis of precursors

Scheme 1. Synthetic pathways for preparation of metallophthalocyanine conjugates in summarized version.
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aims to obtain the starting compounds which are
functional for amphiphilic, sterically hindered and
soluble phthalocyanines [20, 21]. The synthetical
approaches are quite common including the alco-
hol, base and metal salts [22]. The routine phthalo-
cyanine synthesis starts by cyclotetramerization in
a medium of alcohol and the related nucleophilic
alkoxides being generated by the addition of non-
nucleophilic bases such as quinoline, catalyst
1,8-diazabicyclo [5.4.0] undec-7-ene and the metal
salt to serve as a template for the formation of Pc
macrocycle. The expected substituted derivatives
may be obtained by nucleophilic addition to the ni-
trile carbon atom; subsequently, the nitrogen atom
will add to the other nitrile carbon atom. The sec-
ond way includes the phthalonitrile molecule form-
ing a bis-1,3-diiminoisoindoline which is instable
compound and only a few derivatives are isolated
for further studies. As mentioned above the metal
ions are supposed to assist the cyclotetrameriza-
tion of intermediates. The coordination, the reac-
tion of nucleophilic additions, the elimination steps
and further rearrangements resulted in formation of
phthalocyanine core. Phthalocyanines without sub-
stituents are almost insoluble due to intermolecular
interactions between the planar macrocyclic mol-
ecule which limits the investigation in solutions and
the application in biomedicine.

A straightforward pathway for synthesis of phth-
alonitriles suitable for conjugation via amide bond
was recently proposed [23, 24]. The benefits are
due to two unique molecules both with cell specific
properties to facilitate the photodynamic process.
The structure of amino acids includes carboxyl and

%@

amino groups which are thought to facilitate the
solubility of conjugated MPcs in biological envi-
ronment. The reduction of hydrophobic nature was
suggested recently for ZnPcs conjugated with short
peptides [25]. The biologically active peptides are
well documented as suitable for functionalization
with MPcs so that the final molecules are compatible
in physiological conditions [26, 27]. The syntheti-
cal procedures for conjugation of phthalocyanines
with biomolecules can include numerous syntheti-
cal mechanisms [28, 29]. The amide bond pathway
is based on direct covalent binding (Scheme 2).

The “mirror” pathway for amide bounding in-
cludes carboxyl groups of MPcs and amino-groups
from amino acids. This approach was used for
conjugation between the phthalocyanine and other
bioactive molecules. The addition of linker group
between both molecules aims to improve the rigid-
ity of the linker and facilitate the next reaction step.
Moreover the usage of the linker assures the lack
of steric hindrance which can obstruct the reaction
of conjugation. The symmetrical tetra-substituted
MPcs are more soluble than their octa-substituted
analogues as a result of the formation of four regioi-
somers. However the regioisomers of tetra-substi-
tuted MPc are not easy to be separated.

The synthesis of octa-substituted phthalocyanine
for conjugation with amino acids or short peptides
can start from di-nitro or amino- substituted phtha-
lonitriles in pentanol used as solvent/nucleophile
(Scheme 3). However the low solubility issue leads
to ineffective reaction way of direct cyclometization
by using 1,2-amino-phthalonitrile as precursor [22].
The obtained product resulted in a single structure

A-pet ZnPc2

Scheme 2. Synthetic pathways for preparation of fetra-aminophenoxy-substituted Zn(II)-phthalocyanine.
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Scheme 3. Synthetic pathways for synthesis of ocfaaminophenoxy-substituted Zn(II)-phthalocyanine.

of the respected octa-substituted MPcs, which have
better solubility and the bathochromic shifting of
the absorbance in the Q bands to the near infrared
region.

Most of the literatures about the conjugation
of MPc with selected peptide units referred to the
N-terminal position of the peptide forming a sul-
fonamide or amide bond [30]. However these ap-
proaches present some disadvantages if the conju-
gation of Pc at this position results in loss of pep-
tide activity. The study of Ali et al. [27] reported
the use of different Pd-catalyzed cross-coupling
reactions (Sonogashira, Buchwald-Hartwig, and
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Suzuki-Miyaura) for preparation of the new MPc
conjugates with selected peptides. The other possi-
ble reaction pathway involves the nucleophilic sub-
stitution reaction of s-triazine chloride with propar-
gyl alcohol in the presence of NaH/ THF to obtain
propargyl alkoxides substituted triazine [31]. This
approach was often described for dual molecules
with different functionality [32]. The Pc conjuga-
tion with amino acids (or short peptides) involves
iodine substituted phthalonitrile to obtain the same
substituted Pc and the next step is the reaction with
triazine in the media of sodium ascorbate and cop-
per sulphate at room temperature. The Cu'-catalysed
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azide—alkyne cycloaddition known as the “click”
reaction has been developed for routine bioorthogo-
nal ligation reactions with applications to biomate-
rial conjugation [33]. However, the cytotoxicity of
the catalysts has hindered the common usage of this
reaction especially in living systems. The “copper-
free” click reaction has advantage of prevention the
usage of the toxic Cu(I) ion which is not applicable
for reactions with biological molecules especially
within cells [34]. The solvent-free synthesis and the
low-temperature synthesis as methods for synthesis
of bioconjugates of phthalocyanines are well de-
scribed for biologically active molecules [35-37].
Both can be featured as the future in the conjugation
strategy for bioactive compounds with application
as drugs. Moreover the harsh reactions condition
such as toxic catalyst and high temperatures are not
useful for substitution with amino functionalized
MPcs including amino acids because of racemisa-
tion or hydrolysis that begin at high temperature and
in the presence of the catalyst.

PHOTOPHYSICOCHEMICAL PROPERTIES
OF AMINO ACIDS MPC-CONJUGATES

Properties of the singlet excited state

Phthalocyanines characterize with absorbance
within the visible red and infra-red spectral region
[38]. Typically the UV-vis spectrum has one sharp
intensive Q-band (> 670 nm, £ > 10° mol'.cm™)
and twice less intensive B-band (320-380 nm). The
fluorescence spectra of MPcs are red shifted with
small shift (8—20 nm) to the near infrared region
(> 680 nm). The Q band is a result of the 1 — w*

—ZnPclys,
——ZnPcTyr,

682 nm .

0,8

0,6 -

Intensity, a.u.

0,4 -

Absorbance

0,2

0,0 L
330

T T T T T T T T
385 440 495 550 605 660 | 715 770

Wavelength, nm

120 4

transitions from the highest occupied molecular or-
bital (HOMO) to the lowest unoccupied molecular
orbital (LUMO). The B band is starting from the
deeper m levels to LUMO transition with spectral
region between 320-360 nm for known MPcs. The
monomeric molecules of MPcs in solutions can be
evidenced by a single (narrow) Q band in the elec-
tronic absorption spectra.

Our study with different newly synthesized ZnPcs
bearing four amino acids at peripheral positions
showed similarity in the absorption spectra (Fig. 1).
For example conjugated ZnPcs with amino acids such
as tyrosine and lysine showed maximum at ~682 nm
which is red shifted by approx. 11-13 nm in respect
to unsubstituted ZnPc (671 nm) for recorded UV-vis
spectra in different solvents (Fig. 1a).

The similar studies of ZnPcs and SiPcs — pep-
tide conjugates investigated in different solvents
also showed the similar position of the absorption
bands [39]. The spectra of the conjugates of MPcs
with AA (or SPs) possess a single sharp Q band for
monomeric molecules with bathochromic shift to
the far red spectra. This is explained with the strong
conjugation of the structure of molecule containing
four, eight or one substitution to the Pc-ring. The
known Zn (II)- and Si (IV)- Pcs conjugates in polar
media such as buffer, showed a broad low intensity
band at around 650 nm which suggested aggrega-
tion in water [40].

Recently synthesized by our group different
ZnPcs with tyrosine and lysine moieties were stud-
ied to have fluorescence maxima bathochromicaly
shifted (5-8 nm) in dependence on the solvents.
The fluorescence emission spectra of these ZnPcs
are presented in Figure 1b. As can be seen the ex-
citation spectra were similar to absorption spectra
and both of them represent the mirror images of

----- Excitation
—-—--- Emission, A.m: 610 nm

—— Absorption ZnPcLys,

90 H

60

Absorbance

30 H

550 605

Wavelength, nm

Fig. 1. UV-vis spectra of Zn(Il)-phthalocyanine conjugated with amino acids: (a) Absorption spectra in DMSO and (b) fluores-

cence and excitation spectra of ZnPcLys, at exc: 610 nm.
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the emission spectra with proves the purity of the
studied ZnPcs conjugates. The studied compounds
did not undergo the photodegradation during visible
light excitation.

693 nm

ZnPcTyrs
120

©
=]
1

Intensity, a.u.

»
(=]
1

0 T T T T 1
660 715 770

Wavelength, nm

Fig. 2. Fluorescence spectra of a conjugate ZnPcTyr (accep-
tor) and non-conjugate ZnPc, both recorded at exc: 285 nm as
absorption maximum of Tyr (donor).

The theory considers that the non-radiative-ener-
gy-transfer (quenching) between a quencher and an
energy donor proceeds in case of some extent over-
lap between the absorption spectrum of the quench-
er and the emission spectrum of the donor [38].
UV-vis study with our newly prepared ZnPc conju-
gates with tyrosine (ZnPcTyr) and lysine (ZnPcLys)
showed the absorption spectra of ZnPc (acceptor)
as a quencher and the energy of fluorescence emis-
sion of tyrosine molecules (donor) as can be seen
in Figure 2. The observed spectral overlapping in
the UV region (300-340 nm) suggests the possible
energy transfer via mechanism Foster (FRET). The
phenomenon of energy transfer may occur via the
aminophenoxy linker between Pc-ring and amino
acids. According to theory the distance up to 10 A
allows the energy transfer between two molecules
[38]. The overlaps between absorption and fluores-
cence spectra are observed between spectra of both
molecules of conjugate containing ZnPc and select-
ed amino acids (Tyr or Lys). It can be concluded
that for effective quenching, the energy levels of a
phthalocyanine as quencher should be in a similar
energy as the quenching biomolecules.

Singlet oxygen generation and photostability

The photocatalytic process of specific light ap-
plied to photosensitizer molecules in case of phth-
alocyanine is a generation of molecular singlet oxy-
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gen [10]. Type II pathway includes energy transfer
between the triplet excited state of Pc molecule and
the lowest energy state of molecular oxygen which
is ground triplet state molecule. The produced other
reactive oxygen species (ROS) are also in favour
to the efficiency of PDT [12]. Among all possible
ROS, it is only the singlet oxygen which is featured
with the highest reactivity and harmful capacity to-
wards biomolecules. Phthalocyanine macrocycle
facilitates coordination with almost all of the metal
and semimetal ions in the Periodic table [22]. The
coordinated ion determines the properties of the tri-
plet excited state molecules which are generated by
irradiation with a proper light spectrum. The d-shell
atoms with diamagnetic properties are achieving the
optimal parameters of the triplet excited state MPcs.
In addition the substitution of MPc with functional
groups leads to physical quenching of the gener-
ated singlet oxygen. This phenomenon was also
observed for our recently synthesized ZnPcs with
amino acids tyrosine and lysine which aim to reduce
the produced singlet oxygen (Fig. 3).

The photosensitizers for PDT should retain in
the target tissue for proper time interval so that af-
ter receiving the suitable irradiation dose to initi-
ate the photocatalytic reactions and the effect of
photocytotoxicity. The procedure requires that the
molecules to be stable without photobleaching ac-
tivity for the duration of light exposure in order to
be part of several cycles of photocatalytic reactions
[41]. The high photostability is typical for most of
the known MPcs. The presence of amide bond in
the conjugated MPc complexes can lead to a limited
thermal stability as well as chemical stability due to
physiologically existing enzymes.

1,0 _‘\\ —— ZnPcTyr,
AN —-—- ZnPcLys,
084 "
@ N
g R
S 0,6
S
o
@
2
< 04
0,2
0,0 ———T1— I B

——
30 60 90 120 150 180 210 240
Time, s
Fig. 3. Absorbance of DPBF at 417 nm as a result of singlet

oxygen generation in the presence of ZnPc- amino acids conju-
gates and unsubstituted ZnPc for comparison.
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CONCLUSIONS

A number of newly synthesized phthalocyanines
conjugated with amino acids have been developed
during the last decade, as well as in our research
group. The newly developed ZnPc-amino acids con-
jugates have been synthesized by modification of dif-
ferent well-known synthetic pathways for chemistry
of porphyrins and phthalocyanines. The ZnPc-amino
acids conjugates are characterized with amphiphilic
nature, with advanced photophysicochemical proper-
ties as well as an improved cellular uptake and mem-
brane specific localization in tumor cells and patho-
genic microbials. The studied optical properties are
preconditions for the superior photodynamic action
and finally highlight a higher PDT efficiency.

Acknowledgements: Support by the project B09/
2014 of the National Science Fund, Sofia.
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AMHWHOKUCEJIMHHU 3AMECTUTEJIM HA ®TAJIOLIMAHMHOBU
KOMIUIEKCU: OB30P HA CUHTETUYHUTE CXEMU U CITEKTPAJIHUTE
CBOWCTBA C ITPUHOC KbM ®OTOJJUMHAMUYHUTE ITPUJIOXEHU S
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(Pesrome)

DOTOCEHCHOMITM3ATOPH C OMOJIOIMYHO-aKTHBHU 3aMECTHTENN KaTO aMUHOKUCEIMHHUTE CE 0YepTaBaT KaTo MOJiep-
Ha cTparerus 3a nocrurane Ha nenesa ¢poroaunamuyna tepanus (O/T). Konrorarn Ha MetanHu QranonnaHiHOBA
koMIuiekcu (M®I1) ¢ aMUHOKUCEIMHU WM KBCH MENITUAM C€ OTJINYaBaT ChC cBoMcTBa ¢ mpuHOC kKbM DJIT. M3BecTHH
M®ric ¢ aMHUHOKHCEIIMHN KaTO 3aMECTHTEINN TI0Ka3BaT MeMOpaHHa CeHU(pUYHOCT MO OTHONICHHE Ha PEIeNTOPH 1/
WJIN €JIEKTPOCTAaTHYHU B3aUMO/ICHCTBUSI, OCHOBABAIIM Ce Ha 3apsiia Ha MeMOpanuTe. HacTosimara pabora numa 3a nen
Jia 00001IIH CHINECTBYBAIIOTO HAYYHO IMO3HAHME KAKTO U HAIIKS IIPHHOC C HOBH (DTAIOIMAaHWHOBU KOMIUIEKCH KOHIO-
raT¥ ¢ TUPO3WH M JIM3MH KaKTO 110 OTHOIICHUE HA CHHTE3a, TaKka U MPH U3y4aBaHETO HA POTOPU3MKOXUMHYHUTE UM
cporctsa 3a ®/IT npunoxeHus.
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Eight polyprenylated acylphloroglucinols, isolated from Hypericum annulatum Moris subsp. annulatum, and char-
acterized as cytotoxic agents against human cancer cells, were subjected to computational ADME, pharmacokinetic
and drug-likeness evaluation, using the web tool SwissADME. The physicochemical parameters assessment shows
significant lipophilicity, and low water solubility. The compounds are expected to have good oral bioavailability, and
with the only exception of hyperatomarin are not considered to be P-glycoprotein substrates. The evaluation of their
inhibitory effects profile in several cytochrome P450 isoforms indicate that all of them as CYP3A4 inhibitors, whereas
the expected modulatory effects on other CYPs varied among the series. The drug-likeness evaluation employed five
alternative rule-based filters and noteworthy all compounds complied with the Lipinski “rule of five”. Taken together,
the calculated ADME and pharmacokinetic parameters, give us reason to consider the polyprenylated acylphloro-
glucinols from Hypericum annulatum Moris subsp. annulatum as a perspective set of cytotoxic lead compounds for

further more detailed oncopharmacological and toxicological evaluation.

Keywords: Polyprenylated acyl phloroglucinols, Anticancer agents, ADME, Drug-likeness.

INTRODUCTION

The exploration of the plant kingdom as a source
of novel anticancer drugs comprises a research
area of significant interest, driven by the clinical
and commercial success of a variety of plant-de-
rived drugs or their semisynthetic analogues, such
as Vinca alkaloids, taxanes, epipodophyllotoxins,
camptothecins, combretastatins, maytansionoids
etc. [1, 2]. Moreover, the chemical diversity of the
Plant Kingdom is an immense and generally unex-
plored source of structurally complex molecules,
which virtually could not be generated in a chemi-
cal lab [1-3].

Among the numerous plant secondary metabo-
lites the polyprenylated acyl phloroglucinols (PAP)
comprise an important class of biologically active
compounds, peculiar for the plants from the related
families Hypericaceae and Clusiaceae (Guttiferae)
[4, 5]. The complex substitution patterns involv-

* To whom all correspondence should be sent:
E-mail: gmomekov(@gmail.com

ing different acyl and isoprenoid functionaliza-
tions, glycosylation, oxidation, or cyclization of the
highly oxygenated phloroglucinol core structure
affords the tremendous structural diversity of these
fascinating compounds [4-7]. Not surprisingly,
this chemical diversity is translated into pleiotropic
pharmacological activities, incl. antibacterial, anti-
protozoal, antifungal, psychotropic, anti-inflamma-
tory, antiangiogenic, and noteworthy potent cyto-
toxicity against human cancer cell lines [8, 9].

Our natural phloroglucinol-based drug discovery
program has been focused for years on Hypericum
species characteristic for the Bulgarian flora [10,
11], and noteworthy on Hypericum annulatum
Moris subsp. annulatum [12—15], an endemic spe-
cies inhabiting Sardinia, the Balkan Peninsula, East
Africa and Saudi Arabia [6, 16]. Phytochemical and
bioactivity-guided fractionation has resulted in the
identification and oncopharmacological evaluation
of several potent cytotoxic agents from this plant
[13—15]. Hyperatomarin (1), a bicyclic prenylated
acylphloroglucinol is a very effective compound,
capable of inhibiting the growth of cultured cancer
cells and inducing apoptosis at very low micromo-
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lar concentrations [14, 15]. More recently, a series
of acylphloroglucinols (2-8) (Fig. 1) were isolated
from the same plant and shown to exert cytotoxicity
against human tumor cell lines [13].

The promising pharmacological activity how-
ever is not a solitary prerequisite for a successful
pharmaceutical commercialization of a chemical
entity, because it should be accompanied by suitable
physicochemical and biopharmaceutical properties,
translating in turn into the desired pharmacokinetic
parameters [17]. As a high-throughput pre-screen
aid in drug discovery a number of in silico ap-
proaches have been developed for prognosis and es-
timation of absorption, distribution, metabolism and
elimination (ADME) profiles, and for assessment
of the so-called drug-likeness, defined as a quali-
tative prediction of the feasibility for acceptable
bioavailability and pharmacokinetics after oral in-
take [17-21]. The forerunner work of Lipinski et al.
analysed a comprehensive number of orally active
compounds and coined the notorious Rule-of-five
as a merit of optimal range of the drug’s physico-
chemical ranges to afford optimal pharmacokinetic
behaviour after oral intake [22-24].

In order to elucidate the potential of the afore-
mentioned series of prenylated acyl phloroglucinols
for further development as antineoplastic agents we
herein describe the computational analysis of their

pharmacokinetic profile and drug-likeness, using a
panel of filters, routinely utilized in the prescreen
stage of drug development in the pharmaceutical
companies.

EXPERIMENTAL

Target compounds and computational
tools

The analysed compounds were isolated from the
aerial parts of Hypericum annulatum Moris subsp.
annulatum, collected during the flowering period.
The detailed description of the extraction, isola-
tion and identification of the tested compounds has
been previously reported [13, 14]. Their structure
was confirmed by means of spectral methods (UV,
IR, 'H- and *C-NMR, EI-MS) (Fig. 1, Table 1).
The in silico ADMET screening and drug-likeness
evaluation was performed using the free webtooll
SwissADME, developed by the Swiss Institute of
Bioinformatics, and freely available at http:/www.
swissadme.ch [20].

Hyperatomarin (1) is a bicyclic PAP, whereas
the other compounds are monocyclic, aromatic
PAPs. Compounds 4-7 contain a chroman ring sys-
tem, which in case of 4 is fused with a cyclohexane

3
(6]
HO OH
N AN
OH
4 5 3S,R=H 8
6 3S,R=0OH
7 3R,R=OH

Fig. 1. Chemical structures of the target polyprenylated acylphloroglucinols from Hypericum annulatum Moris subsp. annulatum.
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Table 1. Designation of the target compounds

gomp ount d Structure/nomenclature

esignation

1 (1R,5R,7R,8S)-4-Hydroxy-3-isobutyryl-8-methyl-7-(3-methyl-2-buten-1-yl)-8-(4-methyl-3-penten-1-yl)
bicyclo[3.3.1]non-3-ene-2,9-dione

2 (E)-1-(3-(3,7-dimethyl-2-(3-methylbut-2-enyl)
octa-3,6-dienyl)-2,4,6-trihydroxyphenyl)-2-methylpropan-1-one

3 (E)-1-(3-
(3,7-dimethyl-2-(3-methylbut-2-enyl)octa-3,6-dienyl)-2,4,6-trihydroxyphenyl)-2-methylbutan-1-one

4 1-((4aR,9aR)-6,8-dihydroxy-3,3-dimethyl-4a-(4-methylpent-3-enyl)-2,3,4,4a,9,9a-hexahydro-1H-xanthen-
5-yl)-2-methylpropan-1-one

5 1-[5,7-dihydroxy-2-methyl-3-(3-methyl-but-2-enyl)-2-(4-methyl-pent-3-enyl)-chroman-8-yl]-2-methyl-
propan-1-one; hypercalyxone A

6+ 1-((28,35)-5,7-dihydroxy-2-(1- hydroxy-4-methylpent-3-enyl)-2-methyl-3-(3-methylbut-2-enyl)
chroman-8-yl)-2-methylpropan-1-one

7 1-((2S,3R)-5,7-dihydroxy-2-(1-hydroxy-4-methylpent-3-enyl)-2-methyl-3-(3-methylbut-2- enyl)
chroman-8-yl)-2-methylpropan-1-one

8 3-geranyl-1-(2'-methylpropanoyl)phloroglucinol

* Compounds 6 and 7 are OH-derivatives of 5 and are epimers.

ring. The agents 6 and 7 are hydroxylated deriva-
tives of 5 and are epimers (Fig. 1).

Physiochemical properties and general
computational methodology

The SMILES for each structure were generated
by the structure file generator, available at the free
online tool SwissADME web page. Using the web
tool we calculated a number of simple molecular
and physicochemical descriptors, such as the mo-
lecular weight (MW), molecular refractivity (MR),
count of specific atom types and the topological
polar surface area (TPSA), the latter proven as a
useful descriptor in many models for estimation of
membrane diffusion, ADME and pharmacokinetic
behaviour. The lipophilicity was assessed by means
of five alternative predictive models; i.e. XLOGP;
WLOGP; MLOGP; SILICOS-IT, iLOGP, together
with a consensus logP estimation, based on the av-
erage value of the different computational param-
eters [20, 25]. Conversely, the aqueous solubility
was established, as well, using three alternative
models [20].

ADME

The ADME/pharmacokinetics analysis aimed at
estimation of core parameters such as gastro intes-
tinal absorption, P-glycoprotein-mediated efflux,
ability to penetrate the blood-brain barrier (BBB).
Moreover, we analysed whether the target com-

pounds are substrates of a battery of essential iso-
forms of the cytochrome P450 (CYP) family, name-
ly CYP1A2, CYP2D6, CYP2C9, CYP2C19, and
CYP3A4. To meet this objective the SwissADME
tool is relying on a robust vector machine algo-
rithm (SVM) with precisely cleaned comprehensive
datasets of established inhibitors/non-inhibitors
and substrates/non-substrates. The theoretic back-
ground, development and validation of these com-
putational approaches have been described in detail
elsewhere [20, 26].

Drug likeness estimation

The drug likeness analysis was carried out us-
ing the validated rules used as high-throughput
screens filters in some of the leading pharmaceuti-
cal companies, as follows: Lipinski (Pfizer), Ghose
(Amgen), Veber (GSK), Egan (Pharmacia) and
Muegge (Bayer). The Abbott bioavailability score
was calculated to predict the probability for a 10%
oral bioavailability or Caco-2 diffusion. These fil-
ters have been developed to assess drug-likeness,
i.e. to predict whether a chemical entity is likely to
have useful pharmacokinetic properties, using cal-
culations, based on parameters such as molecular
weight, LogP, number of HPA and HBD [17-21].
Moreover the feasibility to explore the presented
structures as starting scaffolds or lead compounds
in a future synthetic drug discovery program was
analysed using specific medicinal chemistry and
lead-likeness filters [20].
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RESULTS AND DISCUSSION

The basic physicochemical parameters are de-
scribed in Table 2, whereas the lipophilicity and
water solubility estimations are presented in Tables
3 and 4 respectively. Based on the calculated logP
values all tested compounds proved to be lipophilic
with consensus values ranging 4.25-5.98 (Table 3).
These are considered as boundary values for most of
the drug-likeness filters employed by the pharma-
ceutical industry. Conversely these findings were
mirrored by the estimation of the water solubility
showed that the target compounds are moderately to
poorly soluble, depending both on the LogS estima-
tion model and the tested compound (Table 4).

The main ADME parameters of the pharma-
cokinetic behaviour of the tested phloroglucinols
are described in Table 5. With the only exception
of compound 3 all agents are estimated to have
high absorption in the gastrointestinal tract which
is a highly favourable feature of a drug candidate,
considering the undisputable advantages of the oral

route of administration. With very few exceptions
the phloroglucinols are not expected to act as inhibi-
tors of CYP1A2, CYP2C19, CYP2D6, which medi-
ate the biotransformation of a number of important
classes of drugs [27]. All of the compounds from the
tested series are expected to inhibit CYP3A4, which
is a potentially disadvantageous feature, as this
CYP isoform is implicated in the metabolism and
elimination of the majority of clinically used drugs,
such as calcium channel blockers, some statins, im-
munosuppressors, macrolides, atypical antipsychot-
ics, among others [27, 31]. With the only exception
of 6 and 7 the phloroglucinols are expected to act as
CYP2C9 inhibitors, as well.

The computational data do not indicate the tar-
get compounds as capable of crossing the BBB.
The latter feature is disadvantage if considering the
possible CNS localization of malignant tumours or
metastases thereof, but on the other hand it indicates
low risk of CNS side effects, which are at least not
impossible having into account the ability of PAP
(including hyperatomarin, 1) to modulate monoam-

Table 2. Basic physicochemical properties and computational descriptors of the tested compounds

Properties 1 2 3 4 5 6,7 8
Formula CysH;0, CysH;0, Cy6H30, CysH,0, CysH,0, CysH3 04 CyH0,
Molecular weight 400.55 400.55 414.58 400.55 400.55 416.55 332.43
& g/mol g/mol g/mol g/mol g/mol g/mol g/mol
Num. heavy atoms 29 29 30 29 29 30 24
Num. arom. heavy 0 6 6 6 6 6 6
atoms
Fraction Csp3 0.64 0.48 0.50 0.64 0.56 0.56 0.45
Num. rotatable 7 9 10 5 7 7 7
bonds
Num. H-bond 4 4 4 4 4 5 4
acceptors
Num. H-bond | 3 3 ) > 3 3
donors
Molar Refractivity 118.55 123.16 127.97 119.28 121.22 122.38 99.60
Table 3. Lipophilicity of the tested compounds

Properties 1 2 3 4 5 6,7 8

Log P,,, (iLOGP) 4.01 4.17 4.09 3.36 3.88 3.71 2.80

Log P, (XLOGP3) 6.61 7.67 8.03 7.25 7.28 6.31 5.92

Log P, (WLOGP) 5.54 6.46 6.85 6.04 6.35 5.32 4.88

Log P, (MLOGP) 2.81 3.93 4.13 3.70 3.62 2.79 2.93

Log P, (SILICOS-IT) 5.80 6.35 6.78 5.60 6.30 5.54 4.73

Consensus Log P, 4.95 5.72 5.98 5.19 5.49 4.73 4.25
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Table 4. Water solubility prediction values, based on three alternative models [20, 25]

Properties 1 2 3 4 5 6,7 8
Log S (ESOL) -6.03 -6.71 -6.96 -6.71 —6.60 -6.08 -5.35
Solubility 3.78.10* 7.73.10°° 4.57.10° 7.74.10°° 1.00.10* 3.43.10* 1.47.103
mg/ml; mg/ml; mg/ml; mg/ml; mg/ml; mg/ml; mg/ml;
9.43.107 1.93.107 1.10.107 1.93.107 2.51.107 8.24.107 4.43.10°
mol/l mol/l mol/l mol/l mol/l mol/l mol/l
Class Poorly Poorly Poorly Poorly Poorly Poorly Moderately
soluble soluble soluble soluble soluble soluble soluble
Log S (Ali) -7.91 -9.14 -9.52 -8.48 -8.51 -7.93 -7.33
Solubility 4.92.10° 2.88.107 1.26.107 1.34.10° 1.24.10° 4.94.10° 1.56.10°°
mg/ml, mg/ml; mg/ml; mg/ml; mg/ml; mg/ml; mg/ml;
1.23.10°® 7.19.1071° 3.04.101 3.34.10” 3.11.107 1.19.10% 4.71.10%
mol/l mol/l mol/l mol/l mol/l mol/l mol/l
Class Poorly Poorly Poorly Poorly Poorly Poorly Poorly
soluble soluble soluble soluble soluble soluble soluble
Log S
(SILICOS-IT) —4.87 -4.83 -5.23 -5.37 -5.60 —4.65 -3.97
Solubility 5.39.10° 5.86.10° 2.46.103 1.72.103 1.01.10° 9.24.10° 3.55.102
mg/ml; mg/ml; mg/ml; mg/ml; mg/ml; mg/ml; mg/ml;
1.35.10°° 1.46.10°° 5.93.10° 4.31.10° 2.51.10° 2.22.10° 1.07.10*
mol/l mol/l mol/l mol/l mol/l mol/l mol/l
Class Moderately ~ Moderately =~ Moderately ~ Moderately = Moderately =~ Moderately ~ Soluble
soluble soluble soluble soluble soluble soluble
Table 5. Calculated ADME and pharmacokinetic parameters
Properties 1 2 3 4 5 6,7 8
GI absorption High High Low High High High High
BBB permeant No No No No No No No
P-gp substrate Yes No No No No No No
CYP1A2 inhibitor No Yes No No No No Yes
CYP2C19 inhibitor Yes No No No No No No
CYP2C9 inhibitor Yes Yes Yes Yes Yes No Yes
CYP2D6 inhibitor Yes No No No No No No
CYP3A4 inhibitor Yes Yes Yes Yes Yes Yes Yes
Log K, (skin permeation) —4.05cm/s -330cm/s -3.13cm/s -3.60cm/s -3.57cm/s —436cm/s —4.12cm/s

ine neurotransmission [8, 9, 28]. Another beneficial
issue for all monocyclic PAPs is that the compu-
tational screening indicates them as non-P-gp sub-
strates. This xenobiotic pump mediates the unilater-
al efflux of anticancer drugs out of cancer cells and
hence its overexpression confers multi-drug resist-
ance to a number of chemically and pharmacologi-
cally distinct antineoplastic agents [29, 30]. Thus,
the findings indicating the target monocyclic PAPs
as non-P-gp substrates is a prerequisite for activity
against multidrug resistant cancer cells, overex-
pressing this drug transporter. On the contrary, the
computational data for the bicyclic prenylated acyl

phloroglucinol hyperatomarin indicate it as a P-gp
substrate. Nevertheless, our pharmacological data
from preceding studies shows that this compound is
capable of eradicating multidrug resistant leukemic
cells, which indirectly indicates that it is actually an
inhibitor of the ATP-binding cassette transporters,
such as P-gp.

The skin permeation ability of the tested com-
pounds is expected to be very low, based on the cal-
culated LogKp values.

The drug likeness evaluation is summarized in
Table 6. All compounds proved to comply with the
Lipinski rules, which comprise the pioneering drug
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Table 6. Drug likeness, medicinal chemistry and lead-likeness parameters for the tested compounds

Properties 1 2 3 4 5 6,7 8
Lipinski Yes; Yes; Yes; Yes; Yes; 0 Yes; 0 Yes; 0
0 violations 0 violations 0 violations 0 violations violations violations violations
Ghose Yes No; 1 No; 1 No; 1 No; 1 Yes Yes
violation: violation: violation: violation:
WLOGP>5.6 WLOGP>5.6 WLOGP>5.6 WLOGP>5.6
Veber Yes Yes Yes Yes Yes Yes Yes
Egan Yes No; 1 No; 1 No; 1 No; 1 Yes Yes
violation: violation: violation: violation:
WLOGP>5.88 WLOGP>5.88 WLOGP>5.88 WLOGP>5.88
Muegge No; 1 violation: No; 1 No; 1 No; 1 No; 1 No; 1 No; 1
XLOGP3>5 violation: violation: violation: violation: violation: violation:
XLOGP3>5 XLOGP3>5 XLOGP3>5 XLOGP3>5 XLOGP3>5 XLOGP3>5
Bioavailability 0.56 0.55 0.55 0.55 0.55 0.55 0.55
Score
Brenk 3 alerts: beta/keto/ 1 alert: 1 alert: 1 alert: 1 alert: 1 alert: 1 alert:
anhydride, isolated isolated isolated isolated isolated isolated isolated
alkene, Michael alkene alkene alkene alkene alkene alkene

acceptor 4

candidate filter, implemented in the drug discovery
screens of Pfizer and are considered the ultimate
archetype of all drug-likeness tools. Conversely
the tested phloroglucinols had no violations of the
rules, implemented in the Veber filter, but had vari-
able success rates in Ghose and Egan filters.

We also calculated the Abbot Bioavailability
Score, which measures the probability of a com-
pound to have at least 10% oral bioavailability in rat
or measurable Caco-2 permeability [20]. Based on
this semi-quantitative score, calculated on the basis
of total charge, TPSA, and violation to the Lipinski
filter the tested compounds are classified to four
classes of compounds with probabilities of 11%,
17%, 56% or 85%. In line with the gastrointestinal
absorption data from table 3 all tested compounds
were classified as having 56% probability of attain-
ing the aforementioned bioavailability end-points.

Due to their chemical complexity high molecu-
lar mass and lipophilicity the tested series generally
failed to comply to the Muegge and Brent lead-like-
ness filters [20], which indicates that if they are to
employed as starting scaffolds for a drug discovery
programs the synthetic strategies should be focused
on structure simplification, elimination of trouble-
some functionalities and decreased lipophilicity.

CONCLUSION

The global ADME and PK features of the tar-
get PAPs generally indicate that the main issue of
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concern is their significant lipophilicity and low
water solubility, otherwise the analysed series of
phloroglucinols have a suitable amalgam of phys-
icochemical and biopharmaceutical properties, to
afford plausible pharmacokinetic properties. This
together with the promising antineoplastic effects
give us reason to consider the PAP from Hypericum
annulatum Moris subsp. annulatum as a perspec-
tive set of lead compounds for further more detailed
pharmacological and toxicological evaluation.
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IN SILICO OLUIEHKA HA ADME ITPO®UWJIMTE U HA JIEKAPCTBEHOTO
I[NOAOBUE HA CEPUA OT HUTOTOKCHUYHU ITOJIMITPEHUJIMPAHU
AIWJIDJIOPOTJIYIUHOJINU, U30JIMPAHU OT HYPERICUM ANNULATUS
MORRIS SUBSP. ANNULATUM

A. Mnmea'?, 3. Kokanosa-Hensuikosa!, I1. Hepsnkos!, I'. Momekos?

! Kameopa no ¢papmarxoenosus, @apmayesmuuen gaxynmem, Meouyuncku ynugepcumem, Copust
2 Kameopa no ¢apmaronoeus, ghapmaxomepanus u mokcuxonozus, Qapmayesmuuer paxyimen,
Meouyuncku ynusepcumem, Cogus

[Toctrenuna mapr, 2018 r.; npuera maii, 2018 .
(Pesrome)

OceM IHUTOTOKCHYHU TOJHIPSHWINpaHU aruihiopdayunHoin, usonupauu ot Hypericum annulatum Moris
subsp. annulatum, 6sixa TOIOKEHU Ha BUpTyanHa onieHka Ha ADME, gapmakokiHeTHKAaTa U JEKapCTBEHOTO TO-
nobue, ¢ momomnra Ha yeod mardpopmara SwissADME. Onenkara Ha (QU3MKOXMMHYHHUTE MTApaMeTpH MOKa3Ba 3Ha-
YHTETHA JUTOQUITHOCT ¥ HUCKA BOJOPA3TBOPUMOCT. B3 OCHOBA Ha MONyYCHHUTE JaHHH Ce 0YaKBa ChEAWHCHHSATA
Jia UMat j00pa opaiHa OMOHATMYHOCT U ¢ M3KJIFOYCHHE Ha XUIIePaTOMapHH Ja He ca cy0cTpar Ha P-rinukonporenHa.
OrieHkaTta Ha TeXHHs MPO(UI HA MOTYIHPAIIN ePEKTH CIPIMO HAKOM n30(hopMu Ha nuToxpoM P450 mokassa, ue
Beuuku Te ca nHxubutopu Ha CYP3A4, mokato ouakBanute epektu Bbpxy apyru CYP uzodopmu Bapupar npu
OT/eNHUTE ChefnHeHus. [Ipu olleHKaTa Ha JEKapCTBEHO MOJ00Me Osixa W3MOM3BAHU MET ATCPHATHBHU (QUITHPA,
TP KOETO BCHYKH CHEIMHCHUSI Ca B ChOTBETCTBHUE C MPaBmioTo Ha JlunnHcku. B 3akimrodenwue, usuncieante ADME
U (hapMaKOKHHETHYHHUTE TapaMETPH HHU JaBaT OCHOBAHHE [a Pas3riieKaaMe MONUNPEHUINPAHNUTE aruiadiaopdayim-
HOJU OT Hypericum annulatum Moris subsp. annulatum xaTo NEPCICKTUBHA CEPHsI OT IUTOTOKCUYHH JICKAPCTBECHH
KaH/M/IATH, 3aCITy)KaBallH 10-331bI004YeHa OHKO(DAPMAKOIOTHYHA U TOKCHKOJIIOTHYHA OIICHKA.
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This paper represents a comparative study of our research on metathesis reaction, performed in the presence
of different nano-sized ferrite-type catalysts. The obtained products — substituted polyphenylacetylenes, have been
characterized by FTIR and "H-NMR spectroscopy, Size exclusion chromatography (SEC) and Scanning electron
microscopy. The monomers used were — 1-phenylacetylene or 1-phenyl-1-propyne, co-monomer — isobutyraldehyde
and various nanostructured ferrite-type catalysts — Ni Fe, O,, Mg Fe, O, CoFe, O, (x=0.25, 0.5, 1). The results
obtained show that varying of alkyne — carbonyl metathesis reaction conditions — starting monomers, reaction time,
temperature and ferrite-type catalysts used, lead to the formation of polyphenylacetylenes with a carbonyl- or olefin
end groups. The alkyne — carbonyl metathesis is promising method for preparation of organic compounds and poly-

mers with specific properties.

Keywords: alkyne - carbonyl metathesis, polyphenylacetylenes, ferrite catalysts.

INTRODUCTION

The metathesis carbon-carbon bond forming re-
actions mediated by transition metal catalysts (all
variants of olefin metathesis, metathesis polymeri-
zation of alkynes, 6-bond metathesis, etc.) are pow-
erful tools in organic synthesis. Over the last dec-
ade, it became an efficient tool to accomplish the
synthesis of many complex molecules [1, 2].

The spinel ferrites are interesting materials as
they can be used in various fields - catalysts, gas
sensors, biomedical applications, targeted drug de-
livery, hyperthermia treatment. Spinel ferrites ex-
hibit many advantages as catalyst - they are cheap,
efficient, reusable and recyclable [3]. In their review
I. Bauer et al. [4] report the application of various
ferrites as catalysts in different reactions. The me-
tathesis reactions have been studied also in [5-7].

The aim of this present paper is a comparative
study of our research concerning the synthesis of
polyphenylacetylenes with a carbonyl- or olefin end
groups, using metathesis reactions and their phys-
icochemical characterization. A new synthetic route
for synthesis of substituted polyphenylacetylenes
using different ferrite-type catalysts was developed.

* To whom all correspondence should be sent:
E-mail: dimova@polymer.bas.bg
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The influence of different synthesis conditions -
varying the monomer, co-monomer and the nano-
sized ferrite-type catalyst on the products obtained
in the alkyne-carbonyl metathesis reactions is dis-
cussed.

EXPERIMENTAL

Synthetic procedure

The polymerization was performed under nitro-
gen in a Schlenk flask, equipped with a three way
stopcock placed in an oil bath. Starting materials
for each synthesis: isobutyraldehyde (C,H,O) (Alfa
Aesar), 1-phenyl-1-propyne (C,H,) (Alfa Aesar)
or 1-phenylacetylene (C{H,) (Fluka AG), 4 ml sol-
vent 1,2-dichloroethane (C,H,Cl,)) and nano-sized
ferrite-type catalysts with average crystallite size
in 6.5-10 nm. The following co-precipitated fer-
rite-type materials — Ni Fe, O,, Mg Fe, O, and
Co.Fe, O, (x=0.25, 0.5, 1) — were tested as cata-
lysts. The presence of ferrite and additional iron
oxyhydroxide phase has been determined for nickel
ferrite-type samples. In the Mg Fe, O, (x=0.25)
sample non-stoichiometric ferrite phase and ad-
ditional iron oxyhydroxide were registered. For
the materials Mg Fe, O, (x=0.5; 1) the ferrite and
additional phases iron oxyhydroxides, as well as

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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double layered hydroxides have been established.
The single non-stoichiometric ferrite Co Fe, O,
(x=0.25) and cobalt ferrite-type materials Co Fe, O,
(x=0.5;1) containing additional phases — iron oxy-
hydroxide and double layered hydroxide were also
used as catalysts. The synthesis conditions used, ac-
cording to the end groups of the product, are sum-
marized in Tablel and Table 2.

1,2-Dichloroethane was dried over CaH, then
distilled and stored under nitrogen. All starting or-
ganic materials were characterized by TLC analy-
sis. The reaction mixture was heated at 80-120 °C
and stirred at 400—600 rpm for 4 or 24 hours. After
cooling the crude mixture was purified using col-
umn chromatography with a mixture hexane:ethyl

acetate = 1:10. After evaporating the solvent viscous
liquids (yellow to brown ) were obtained [5—7].

Characterization

The FTIR spectra were recorded from thin films
on KBr plates, using Fourier infrared spectrometer
Bruker-Vector 22 in the region 400-4000 cm .

'H-NMR analysis was performed on Bruker
Avance DRX 250 spectrometer, 250 MHz. The
peak of the solvent CDCL, (6 = 7.25 ppm) was used
as internal standard.

Size exclusion chromatography was used for
the determination of the average molecular weight
(M,)), number average molecular weight (M,) and

Table 1. Synthesis conditions of polyphenylacetylene with a carbonyl end group

Name Monomer Co-monomer Catalyst Yield,%
P1-CO 1-phenylacetylene isobutyraldehyde CoFe,0, 70
0.007 mmol 0.005 mmol 0.0001mmol
P2-CO 1-phenylacetylene isobutyraldehyde Co,sFe, 0, 30
0.007 mmol 0.005 mmol 0.0001mmol
P3-CO 1-phenylacetylene isobutyraldehyde Co,sFe, 0, 65
0.007 mmol 0.005 mmol 0.0001mmol
P4-CO 1-phenylacetylene isobutyraldehyde Co,,sFe, 550, 60
0.007 mmol 0.005 mmol 0.0001mmol
P5-CO 1-phenylacetylene isobutyraldehyde NiFe,0, 65
0.1 mmol 1 mmol 0.00001 Immol
P6-CO 1-phenylacetylene isobutyraldehyde Ni,,Fe, 0, 76
7 mmol 5 mmol 0.00001 Immol
P7-CO 1-phenylacetylene isobutyraldehyde Ni, sFe, 0, 30
7 mmol 1 mmol 0,000011 mmol
P8-CO 1-phenylacetylene isobutyraldehyde Ni,,;Fe, ,s0, Only for
7 mmol 5 mmol 0.00001 Immol analyses
P9-CO 1-phenylacetylene isobutyraldehyde Mg, Fe, 0, 75
0.07 mmol 0.011 mmol 0.00001mmol
Table 2. Synthesis conditions of polyphenylacetylene with an olefin end group
Product Monomer Comonomer Catalyst Yield, %
1-phenyl-1-propyne isobutyraldehyde Co,sFe, 0,
P10-OL 0.007 mmol 0.005 mmol 0.0001mmol »
1-phenyl-1-propyne isobutyraldehyde Ni,;Fe, 0,
P1I-OL 7 mmol 1 mmol 0.000011 mmol 2
P12-OL 1-phenyl-1-propyne isobutyraldehyde Ni, ,Fe, ;s0, Only for
7 mmol 1 mmol 0.000011 mmol analyses
P13-OL 1-phenyl-1-propyne isobutyraldehyde Mg, Fe, .0, 56
0.07 mmol 0.011 mmol 0.00001mmol
1-phenylacetylene isobutyraldehyde MgFe,0O,
Pl14-0L 0.07 mmol 0.011 mmol 0.00001mmol 65
1-phenylacetylene Mg, Fe, O,
P15-OL 0.07 mmol - 0.00001 mmol 80
P16-OL 1-phenylacetylene isobutyraldehyde Mg, ,sFe, .0, 7
0.07 mmol 0.011 mmol 0.00001mmol
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Scheme 1. Alkyne — carbonyl metathesis polyaddition reaction between phenylacetylene and isobutyraldehyde.

molar mass dispersity of products. The SEC system
used (Waters, Millipore Corp., USA), was equipped
with a double detection — differential refractometer
RI M410 and a UV M490 detector. Three different
columns were used — Phenogel 50 A; + Phenogel
100 A; + Phenogel 10000 A) calibrated with PS
standards, mobile phase — THF, flow rate — 1 ml/min,
pressure — 500 psi and temperature — 40 °C [5-7].

The SEM images were recorded on scanning
electron microscope JEOL JSM-T200.

RESULTS AND DISCUSSION

The newly developed one-step route for the
preparation of substituted polyphenylacetylene

P1-CO
P2-CO
P4-CO
s A../\/*/\__‘,\__A.NMJMM_,
=
B P5-CO
H M’k‘m
o
—8 P7-CO
< M
M
P8-CO
/LAI\A e M
P9-CO

4000 ' 35IOO ' SOIOO l 25IOO l 20I00 l 15IOO l 10IOO . 5(IJO
-1
Wavenumber, cm

Fig. 1. FTIR spectra of polyphenylacetylene with a carbonyl
end group.
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with a carbonyl or olefin end group is presented
in Scheme 1. The products obtained are stable in
air, well soluble in common volatile solvents like
chlorinated hydrocarbons and exhibit the physical
properties of conjugated polymers. The yield of
polyphenylacetylenes with a carbonyl or olefin end
groups is 60-80% (Table 1 and Table 2).

Another advantage of the reaction is that cheap
catalysts are used instead of the well-known ones
(Ru, W, Mo).

The FTIR spectra of the products are presented
in Fig. 1 and Fig. 2. The FTIR spectra of polyphe-
nylacetylenes with a carbonyl end group, prepared
using 1-phenylacetylene as monomer and co-mono-
mer — isobutyraldehyde and nano-sized ferrite-type
catalysts — samples M Fe, O, (M — nickel, cobalt

P10-OL
YN .\A..llu._.k. U 1L
P11-OL
P LJL . L
P12-OL
8 e *.‘_L,,_‘uJLL
g ;
B P13-OL
s T w
72} -
;% M4 )
P15-OL
M o Mo
P16-OL
T T T T T T T T T T v T T T
4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber, cm

Fig. 2. FTIR spectra of polyphenylacetylene with an olefin end
group.
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and magnesium; x=0.25, 0.5, 1) at different reac-
tion time — 4 or 24 hours are shown in Figure 1. All
oligomers showed a band at 1656 cm' assigned
to C=0O bond (conjugated ketone end group).
Characteristic peaks observed: about 3058 cm
(=C-H), 2925 cm!, 2860 cm™' (CH, and CH,). The
double bond -C=C- from the phenylene ring appears
around 1597 cm™', the =C-H aromatic vibrations are
in the range of 1180-1029 cm™!, while the =CH- vi-

Chlorolform»d

P2-CO

[ 2'e)

QAN
[
ail ot 52
N
~
q

bration from the polymer backbone is at 1448 cm'.
Figure 2 shows the FTIR spectra of polyphenyla-
cetylenes with an olefin end group. The presence
of conjugated —C=C— bonds corresponding to the
bands at around 1600 cm™ is observed [5-7, 8].
The '"H-NMR spectra of the synthesized poly-
phenylacetylenes are shown in Figures 3 and 4. The
"H-NMR (in CDCI,) of P2-CO and P9-CO showed
characteristic chemical shift for double bonds

2.98

o)__
o
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Fig. 3a. "H-NMR spectra of polyphenylacetylenes with a carbonyl end group (P2-CO, P4-CO).
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Fig. 3b. 'H-NMR spectra of polyphenylacetylenes with a carbonyl end group (P7-CO, P9-CO).

around 5.07 and 5.4 ppm. The observed signals in
the region 7.3—8 ppm are assigned to the protons
characteristic for aromatic rings. The chemical
shifts between 1.8-2.5 ppm are attributed to the
=CH- protons from the backbone. In the 'H-NMR
spectrum of the predominantly cis-polyphenylacet-
ylene P9-CO, the peak, characteristic for the proton,
attached to the cis-conformation of the double bond,
is observed at 5.4 ppm [5—7]. From the literature it is
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known that if the polymerization of arylacetylenes
is catalyzed by W, Mo, Rh, mainly cis-transoidal
structure is obtained [9].

Polyphenylacetylene with a carbonyl end group
can be prepared using monomer-1-phenylacetylene,
co-monomer — isobutyraldehyde and ferrite-type
catalysts — Mg, .Fe, .O,, Ni Fe, O, and Co Fe, O,
(x=0.25, 0.5, 1). The use of 1-phenylacetylene,
isobutyraldehyde or only 1-phenylacetylene and
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Fig. 4. "H-NMR spectra of polyphenylacetylenes with an olefin end group.

Mg Fe, O, (x=0.25, 1) or Mg, Fe, O, as catalysts
leads to the formation of polyphenylacetylene with
an olefin end group. Polyphenylacetylene with an
olefin end group can be obtained also in the pres-
ence of monomer-1-phenyl-1-propyne, co-mon-
omer — isobutyraldehyde and ferrite-type cata-
lysts — Mg, ;Fe, ;O,, Ni Fe, O, (x=0.25, 0.5) and
Co,sFe, ;O,.

The SEC analysis of P16-OL and P14-OL
showed various fractions with different molecular
masses — 10>-10* g/mol and multimodal molar mass
distribution with dispersity index of 2.5.

The highest molecular masses of P16-OL and
P14-OL are 548 and about 17000 g/mol [5—7]. The
polymerization carried out in 1,2-dichloroethane re-
sults in formation of predominantly oligomer prod-
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100 um!

Fig. 5. SEM images of P1-CO at magnifications: 200x (A);
1000x (B); 1000x (C).

uct, irrespectively of the amount of catalyst and the
polymerization time.

The SEM images of P1-CO and P2-CO are dis-
played on Figures 5 and 6 showing different mor-
phological structures of obtained products at differ-
ent magnifications.

The SEM analysis of the films, prepared from
the polymerized samples, show essentially a glass-
like matrix structure and enamel-like structure [10].
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100 pumn SRSl

Fig. 6. SEM images of P2-CO at magnifications: 200x (A);
1000x (B); 5000x (C).

CONCLUSIONS

The present comparative study shows that by
varying the metathesis reaction conditions — starting
monomers, reaction time, temperature and ferrite-
type catalysts — a series of substituted polyphenyla-
cetylenes with a carbonyl or olefin end groups have
been obtained. The structure and chemical compo-
sition of these products were investigated in detail
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by FTIR, "H-NMR spectroscopy and Scanning elec-
tron microscopy. The results obtained confirm that
the materials prepared are oligomers with an alter-
nating C=C double bond system which limits the
conjugation in the backbone, having mainly trans-
configuration.

Acknowledgements: The authors would like to
thank Dr. K. Starbova and Dr. N. Starbov for per-
forming the SEM analysis.
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IIPEJICTABSIHE HA METATE3HM PEAKIIMU, U3IIOJI3BANKHN PA3ZJINYHUA
HAHOPA3SMEPHU ®EPUTEH TUII KATAJIN3ATOPU

C. C. lmmosa'*, K. JI. Baxapuesa?, ®. C. Youekos', Xp. I1. [Tenues'

! Hnemumym no nonumepu, bvicapcka akademus na naykume, ,, Axao. I'. Bonueg*, 61.1034,
1113 Cogus, bvreapus
2 Unemumym no kamanus, bvieapcka akademus na naykume, ,, Axao. I'. Bonueg ™, 6n. 11,
1113 Cogus, bvreapus

[ocrenuna mapt, 2018 r.; mpueta maif, 2018 .

(Pe3srome)

Ta3u cratus mpeAcTaBs CPABHUTEIHO M3CIEABAHE BHPXY METaTe€3Ha PEakiys B MPUCHCTBUETO HA PA3IMIHH Ha-
HOpa3MepHHU (PepUTEH TUM KaTaau3aTopH. [lomydeHuTe MPOAyKTH — 3aMECTEHH MOIH()EHUIAETUICHH, Ca 0XapaK-
tepusupann 4upe3 FTIR cnexrpockomnust, 'H-SIMP cniekrpockormnusi, xpoMaTorpadusi ¢ U3KIIOYBaHE MO pa3Mepa U
CKaHHUpaIa eIeKTpOHHa MUKpOocKonusa. KaTto MOHOMepH ca M3Mon3BaHu — |-¢peHmnanerines win 1-gerni-1-mpo-
IIMH, CBMOHOMEp — M300yTHUPANICXHU] U PA3INIHN HaHOCTPYKTypHupaHu (eputeH tumn karammsatopu — NiFe, O,,
Mg Fe, O, Co,Fe; O,(x=0.25, 0.5, 1). [lomydennte pe3yaTaTn IIOKa3BaT, 9€ MPOMIHATA HA PEAKITHOHHHUTE yCITOBHSA
Ha aJKUH-KapOOHWIIOBAaTa METaTe3a — HadYaJlHM MOHOMEpPH, PEAKIOHHO BpeMe, TeMIeparypa U (epuTeH THI KaTa-
TU3aTOpH, BOAHM 0 00pasyBaHe Ha MOMH(DEHUITANCTHIICHN C KpaifHH KapOOHWITHH WA OJNC(UHOBU TPYIH. AJNKHWH-
KapOOHITHATA METaTe3Ha Peakuus € oOemmanan] MeTo] 3a MOyYaBaHe HA OPTaHWIHU ChEANHECHUS U MTOJIMMEPH ChC

cnenn(UIHI CBONCTBA.
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The first finding of fluorwavellite Al, ,(PO,),(OH),.[F,:(OH), ,]5H,0 (+0.10H") from the Balkan Peninsula
was studied by XRD, FTIR, Raman spectroscopy and thermal analysis. The unit cell volume of the sample is
comparably smaller than that of the wavellite and fluorwavellite studied so far. The vibrational modes of water
molecules and hydroxyl groups are detected in their Raman and IR spectra. The results on the thermal decomposi-
tion of the fluorine analogue with wavellite structural topology are reported for the first time and different types of

water were defined.

Keywords: fluorwavellite, crystal structure, Raman spectroscopy, FTIR spectroscopy, thermal behavior.

INTRODUCTION

New data on lithostratigraphy, petrology and
ore mineralogy of the volcanic rocks, exposed
along the Petroshnitsa river valley, Republic of
Macedonia have been recently reported [1]. In
the same study, the complex sulfide mineraliza-
tion was described as generated during a two-
stage mineralization process. Quartz-wavellite and
wavellite veins that fill cracks in the intensively
quartzified latite — trachytes are referred to the
first hydrothermal stage. The preliminary chemi-
cal analyzes of the wavellite crystals show a sig-
nificant amount of fluorine, suggesting the pres-
ence of the newly described fluorine analogue of
wavellite Al,(PO,),(OH),(OH,, F,,.).5H,0 [2].
This mineral is identical to the wavellite in terms
of structural topology and morphology. The crys-
tal structure is composed of two different chains
of corner sharing Al octahedra, additionally con-
nected by PO, tetrahedra [3]. The F atoms replace
part of the OH groups, linking the Al octahedra.

The aim of the study is to determine the struc-
tural and physicochemical characteristics of the first
fluorwavellite finding in the Balkan area.

* To whom all correspondence should be sent:
E-mail: rosica.pn@clmc.bas.bg
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METHODS

Single crystal (colorless prismatic crystals with
dimensions 0.6 x 0.3 x 0.25 mm?®) of the studied
sample was carefully selected and mounted on a
glass capillary. Diffraction data were collected
at room temperature by xscan technique, on an
Agilent Diffraction SuperNova Dual four-circle dif-
fractometer equipped with Atlas CCD detector us-
ing mirror-monochromatized MoKa radiation from
a micro-focus source (A = 0.7107 A). The determi-
nation of cell parameters, data integration, scaling
and absorption correction was carried out using the
CrysAlis Pro program package [4]. The structures
were solved by direct methods (SHELXS-2014) [5]
and refined by full-matrix least-square procedures
on F2 (SHELXL-2014). The heavy atoms (P, Al, O)
and part of the hydrogen atoms were positioned
from difference Fourier maps. It was not possible to
obtain the positions of the hydrogen atoms for hy-
droxyl groups with oxygen atoms, numbered as O5
09 and O10. The non-hydrogen atoms were refined
anisotropically while the hydrogen atoms were con-
strained to ride on their parent atom with Uiso(H)
values of 1.2Ueq (H,O) and 1.5Ueq (OH). A sum-
mary of the fundamental crystal and refinement data
is provided in Table 1.

Differential thermal analysis and Thermogra-
vimetry (DTA-TG) were carried out on the DTA-
TG analyzer SETSYS2400, SETARAM at the fol-
lowing conditions: temperature range from 20 to

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Table 1. Data collection and structure refinement parameters

Diffractometer
X-ray radiation
Temperature (K)
Chemical Formula

290

Agilent Diffraction SuperNova
MoKa (L =0.71075 A)

Al (PO,),(OH), [F (OH), ;,] . SH,O (+0.10H")

Formula Mass 408.85
Crystal system Orthorhombic
Space Group Pcmn
Unit cell parameters (A) a=9.6111(4)

b=17.3422(7)

c=6.9804(3)
Unit cell volume (A% 1163.48(8)
No. of formula units per unit cell, Z 4
Density 2.334
F(000) 826
Crystal size (um) 60 x 30 x 25
O range 3.794-29.334
Index ranges 8<h<12;-23<k<22;-7<I<9
Reflections collected/unique 3144/ 1412
Reflection with 1> 2\s(I) 1186
Completnes to © (%) 0.99
Min. and max transmission 0.94958 , 1

Refinement method

Parameters refined 112
GoF 1.094
R indices [F,> 4cF]

R indices (all data)
Largest diff. peak / hole (e / A%

Full-matrix least squares on F?

R=10.0341, wR = 0.0867
R =10.0436, wR = 0.0945
+0.567 / -0.457

1000 °C, in a static air atmosphere, with a heating
rate of 10 C min! and 10—15 mg samples mass.

Raman spectrum was collected in backscattering
geometry using HORIBA JobinYvon Labram HR
spectrometer, Olympus BH2 microscope, 633-nm
line of He-Ne laser, CCD detector, and x50 objec-
tive.

FTIR spectrum of the powder KBr pallet was
collected using Tensor 37 Bruker spectrometer, av-
eraging over 64 scans in the 400-4000 cm™' spectral
range.

RESULTS AND DISCUSSION

Spherulitic wavellite aggregates with radial
structure (Fig. 1) with a maximum diameter of
about 15 mm are formed in the cracks and veins
of the hosted volcanic rocks. A colorless needle
shaped prismatic crystal was selected for the single
crystal analyses. The obtained structural parameters
are comparable with that of the previously reported
data for wavellite and fluorwavellite (Table 2).

The studied sample exhibit similar structural to-
pology to that of fluorwavellite, where one of the

Fig. 1. Hemispherical fluorwavellite aggregates up to 15 mm
in diameter.

OH groups is partially replaced by fluorine atoms.
Atomic coordinates and selected bond distances are
presented in Tables 3 and 4. The structural pack-
ing of the studied compound is shown in Fig. 2.
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Table 2. Unit cell parameters for wavellite and fluorwavellite, available in the structural databases

si:v?gzlrhtsial Wavellite — F rich Fluorwavellite Fluorwavellite Fluorwavellite
& datay single crystal data single crystal powder data single crystal data
Ref. [3] [6] 2] this study

Al,(PO,),(OH), AL(PO,),(OH), Al (PO, ),(OH),[F g

Formula Als(Po4)2(OH)z[Fo.9o(OH)o.1o] SHZO

5H,0 [F,s;OH),,,] SH,O (OH), ,,]5H,0 (+0.10H")
Unit cell parameters
SGe Pcmn Pcmn Pcmn Pcmn Pcmn
a(A) 9.621(2) 9.6422(7) 9.6311(4) 9.6482(4) 9.6111(4)
b (A) 17.3630(40) 17.4146(15) 17.3731(12) 17.362(12) 17.3422(7)
c(A) 6.994(3) 7.0094(2) 6.9946(3) 6.9848(3) 6.9804(3)
V (A% 1168.34 1176.98 1170.35 1170.04 1163.48(8)

Table 3. Fractional atomic coordinates and displacement parameters

X y z U, Occupancy

All 0.22334(12) 0.25 0.37577(15) 0.0064(4) 0.927(6)
Al2 0.24385(8) 0.51608(4) 0.64131(10) 0.0061(3) 0.977(4)
P 0.06048(6) 0.40754(3) 0.39593(8) 0.00697(19) 1

(0] 0.14113(18) 0.42751(9) 0.5790(2) 0.0096(4) 1

02 0.08827(19) 0.32319(10) 0.3445(3) 0.0147(4) 1

03 —-0.09569(17) 0.41666(9) 0.4354(2) 0.0096(4) 1

04 0.10083(17) 0.45839(10) 0.2256(2) 0.0116(4) 1

05 0.195(9) 0.25 0.634(13) 0.0167(15) 0.11(6)
F 0.2237(11) 0.25 0.6299(12) 0.0167(15) 0.89(6)
06 0.32037(18) 0.51776(10) 0.3952(2) 0.0098(4) 1

H6 0.415066 0.52118 0.391898 0.015 1

07 0.3689(2) 0.32919(11) 0.4017(3) 0.0214(5) 1

H71 0.390826 0.356574 0.495244 0.026 1

H72 0.373627 0.365274 0.299845 0.026 1

08 0.34954(19) 0.61041(10) 0.6972(3) 0.0137(4) 1

H81 0.365236 0.606614 0.826778 0.016 1

H82 0.294536 0.645815 0.696278 0.016 1

09 0.1920(13) 0.75 0.720(6) 0.060(8) 0.53(5)
010 0.220(2) 0.75 0.603(5) 0.052(5) 0.47(5)

Table 4. Comparing Selected bond distances

Distance Wavellite [3] Fluorwavellite [2] This study
All —F 1.7817(17) 1.7770(30)
All —F 1.7982(16) 1.7940(30)
All — OH, (x2) 1.8336(42) 1.8346(13) 1.8290(20)
All — OH, (x2) 1.9835(46) 1.9715(15) 1.9690(20)
All — OH 1.8031(45) 1.8300(90)
All - OH 1.7758(44) 1.8600(90)
Al2 -OH 1.8795(32) 1.8747(12) 1.8703(18)
Al2 -OH 1.8826(32) 1.8793(12) 1.8754(18)
Al2 -O 1.8947(41) 1.8807(13) 1.8763(19)
A2 -0 1.8969(41) 1.8973(12) 1.8906(19)
Al2 -O 1.9268(39) 1.9210(13) 1.9164(19)
Al2 -OH, 1.9799(43) 1.9686(14) 1.9660(20)
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Fig. 2. Structural packing of the fluorwavellite under study.

Our structural refinement confirms splitting of the
common (OH, F) position as it is shown on Fig. 3.
Considering the difference in the size of the hy-
droxyl group ion and the fluorine atom, it could be
expected that the replacement of the OH groups
by F will reduce the unit cell volume. However,
this is not unambiguously visible from the data
known so far. Most probably the structure density
is also affected by the conditions of formation, as
fluorwavellite is formed in a variety of environ-
ments.

The Raman spectra of fluorwavellite crystals
(Fig. 4) reveal intensive peak at 1022 cm’!, as-
signed to the symmetrical stretching vibration of the
phosphate group and other peaks at 410, 543 and
636 cm! due to bending modes of phosphate group.
Peaks at lower frequencies are assigned to Al-O lat-
tice vibrations. In the range of O-H stretching vibra-
tions several peaks can be distinguished. The most
intensive and sharp peak at 3508 cm™! is assigned
to stretching vibrations of hydroxyl group, while

Fig. 3. Structural motive showing the common (OH, F) position
splitting.
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broader overlapping bands at 3422 and around
3100 cm™! can be related to different water mol-
ecules. A strong and sharp peak at 3526 cm!
due to stretching vibrations of OH groups occurs
in the same spectral range of IR spectra (Fig. 5).
This peak is slightly shifted to higher wavenum-
bers as compared to previously reported spectral
data for wavellite [6]. Several broader absorption
bands could be resolved at around 3422, 3320,
3220 and 3080 cm™ due to OH stretching in wa-
ter molecules, while bending modes are detected
at 1650 and 1585 cm'. This indicates the presence
of different water molecules with varying degrees
of hydrogen bonding.

Thermal decomposition data of both wavellite
and fluorwavelite have not been found so far in
the literature. DTA and TG curves, as well as DTG
(first derivative of TG) and DDTG (second deriva-
tive of TG) curves are presented on Fig. 6. Three
endothermal and two exothermal effects can be sep-
arated on the DTA curve. First endothermal one is
around 97°C and related to the release of physisorp-
tion water. The second effect maximizes at 215 °C
and corresponds to 21.6 wt% mass loss from the TG
curve. This event involves the dehydration of the
structure expressed by evolving of 5 molecules of
water. Theoretically, this loss is 21.85 wt%, which
is in a good agreement with our data. The first water

100+

95-

90

TG, wit%

85+

80+

75+

70+

!

8.5

TG

703.7I |735.4 DTA

-0
— _1 U
—|
>
_ _2 =
<
--3
--4
215.0
200 400 600 800 1000

Temperature, °C

Fig. 6. DTA-TG(DTG and DDTG) curves of the fluorwavellite under study.
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molecule (4.4 wt% mass loss) could be separated
only when the DDTG curve was applied. This wa-
ter is situated by hydrogen bonds in the structure
cavities. The remaining four water molecules are
released (17.2 wt%) at a later stage as they are more
strongly linked through coordination bonds to the
aluminum atoms of the structural octahedrons. The
third endothermal effect (maximum of 315.5 °C)
is mainly due to the process of dehydroxylation.
Probably the defluoridation process starts simulta-
neously with dehydroxylation. Both exothermal ef-
fects at 704 and 735 °C represent the heat released
at the formation of new phases, most probably alu-
minum phosphate and oxides.

CONCLUSIONS

Fluorwavellite from hydrothermal veins crossing
early Oligocene volcanic rocks, part of the Kratovo-
Zletovo volcanic area, Republic of Macedonia was
studied. This is the first described finding of the
mineral for the Balkan region.

Structural and spectroscopic data reveal simi-
larity to fluorwavellite, already described by other
localities.

Thermal decomposition data of flourwavellite
were reported for the first time and respectively dif-
ferent types of water were defined.
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OJIYOPBABEJIUT OT JJOJIMHATA HA PEKA IIETPOIIHUIIA —
PEITYBJIMKA MAKEJOHUA

P. Hukonosa', Cin. MbsukoB?, H. Tlerposa', P. Tutopenkona'
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(Pesrome)

[TepBara Haxoaka Ha ryopsasesnut Al, ,(PO,),(OH),.[F, (OH), ,,]5H,0 (+0.10H") ot bankanckus nomyoctpos
6eme m3cnenBana upe3 XRD, FTIR, Raman ciektpockonus u TepMudeH aHann3. OOeMbT Ha eleMeHTapHaTa KIIeTKa
Ha 1podara e CPaBHUTEIHO MO-MAIBK OT TO3M Ha 00pasiy Ha BaBeNUT M (IIyopaBelHT, H3CIIEABAaHU Jocera. B pa-
MaHOBHUTE M HH(pa-dyepBeHH CIEKTPH ce KOHCTATHPAT BUOPAMOHHHU XapaKTEePUCTUYHH JTHMHUU Ha BOIHU MOJICKYJIH
Y XUJPOKCHIIHY IPYIIH. 3a IBPBH BT C€ CHOOIIABAT PE3yJTaTH OT TEPMHUYHOTO pasyiaraHe Ha (GIyopHHs BaBEIUTOB
QHaJIOT, KaTo ce Au(epeHnupar pa3IMYHUTE TUIIOBE BOJIA B CTPYKTYpaTa.
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Proton conductive PBI membranes, containing cross-linked
polyvinylsulfonic acid, for PEM fuel cells
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Here we present an easy and efficient procedure for the immobilization of proton-donating sulfo-groups in a
polymer matrix. Sodium vinyl sulfonate was polymerized/cross-linked in a para-polybenzimidazole (p-PBI) matrix.
After acidification semi-interpenetrating networks, comprising p-PBI, containing cross-linked polyvinylsulfonic acid
(cr-PVSA), have been obtained. Polymerization/crosslinking has been initiated either thermally or by UV irradiation.
Two series of membranes, containing high concentrations of water insoluble acid groups, have been prepared. Proton
conductivity was measured at 60, 80 and 95 °C and 100% relative humidity. The highest proton conductivity achieved

was 63.2 mS.cm™.

Keywords: p-Polybenzimidazole-membranes, polyvinylsulfonic acid, cross-linking, semi-interprenetrating network,

fuel cells, proton conductivity.

INTRODUCTION

The polymer electrolyte membrane fuel cell
(PEM FC) generates electricity from an electro-
chemical reaction in which oxygen (air) and a fuel
(e.g. hydrogen) combine to form water and heat.
The polymer electrolyte membrane (PEM) is the
heart of the fuel cell. PEM FC with membrane, con-
taining sulfonic groups (-SO,H) are usually oper-
ated at temperatures up to 80 °C and high RH (up
to 100%).

At present the most widely used proton conduc-
tive membranes are based on perfluorinated poly-
electrolytes with attached super-acidic sulfo groups
(Nafion®, Flemion®, Hyflonlon®, Dow membrane).
These materials have high proton conductivity, ex-
cellent chemical stability, mechanical strength and
potentially long term durability. The main draw-
backs of these commercial membranes are their
high cost and strong dependence of the proton con-
ductivity on water contents in the membrane (diffi-
culties with the so called water-management, due to
increased hydrophobicity of the polymer backbone).
Such membranes can function properly only in the
highly hydrated state. In order to maintain high wa-

* To whom all correspondence should be sent:
E-mail: hpen4ev@gmail.com

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

ter content, complex water management is needed
and the operation temperature is usually limited to
the boiling point of water. Various polymers, con-
taining sulfonic acid groups have been developed
during the last years — sulfonated polyetherether-
ketones and polyether-sulfones, polyimides, sul-
fonated polybenzimidazoles etc. Despite of being
relatively cheaper than the perfluorinated Nafion®-
types, these membranes suffer the same restrictions
— low operating temperatures and complex water
management as well as lower proton-conductivity,
inferior to the Nafion membrane.

Different types of PBI membranes with immo-
bilized acidic groups have been described —PBls
with —SO,H groups in the main chain, PBI, contain-
ing cross-linked/grafted polyvinylphosphonic acid
(PVPA) [1] and PBI with grafted PVPA chains [2].

The three most widely studied PBIs are meta-,
para- and AB-PBI. Ion conductive membranes,
based on these materials exhibit excellent phisico-
mechanical properties and chemical stability.

The efforts, involved in the preparation of mem-
branes, containing high concentrations of immobi-
lized vinyl phosphonic or vinylsulfonic acid groups,
show that the higher contents of such groups results
in higher proton conductivity both in the anhy-
drous and at fully hydrated state of the membrane
[2, 3]. Several years ago we have reported mem-
branes, comprising m-PBI, containing cross-linked
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polyvinylphoshpnic acid. We also showed that this
method can be applied for the preparation of semi-
interpenetrating networks PBI/cross-linked polyvi-
nylsulfonic acid.

Here we report a further development of this
cheap, extremely easy and efficient method for
preparation of p-PBI membranes, containing cross-
linked PVSA as well as characterization of the
membranes prepared.

EXPERIMENTAL
Materials

2.0 wt.% solution of p-PBI in polyphosphoric
acid (PPA) was kindly supplied by BASF Fuel Cell
GmbH. Vinylsulfonic acid sodium salt solution
25 wt.% in H,O (technical grade), EtOH (96%), ini-
tiator V50: 2, 2'-Azobis(2-methylpropionamidine)
dihydrochloride and crosslinker: triallyl-s-tria-
zine-2, 4, 6 (1H, 3H, 5H)-trion (98%, stabilized)
were purchased from Merck and used as received.

Methods

The 'H NMR spectra were recorded in H,SO,-d,
on a Bruker Advance DRX 250 spectrometer us-
ing the solvent protons as internal standard. TGA
was performed on Perkin Elmer 4000 apparatus —
heating rate of 10 °C / min in nitrogen, temperature
range 30-300 °C. FT-IR spectra were recorded on
FT-IR Bruker-Vector 22 spectrometer (KBr pel-
lets), UV irradiation was performed with Hoenle
UV technology 400 W lamp, 20 cm from the filter.

All proton conductivity measurements were per-
formed at Zentrum fiir Brennstoffzellen Technik
ZBT GmbH, Duisburg, Germany. The EasyCell
Test method [4], developed at Institute of Electro-
chemistry and Electrical Sources, Bulgarian Acade-
my of Sciences, has been used.

Proton conductivity measurements were per-
formed at 60, 80 and 95 °C and relative humid-

H

N N
HITC-COhe P soe

H N

p-PBI VSNa

o

CH NH
N ® N CH, > oHal \/\N)kN/\/
~
N7 NH
Ly, A
NH, CH,

N o

*Initiator (V50)

crosslinker* \ " Ve

H **Cross-linker:
l Triallyl-s-triazine-2, 4, 6 (1H, 3H, SH)- trion

ity (RH) 100% (Tabl. 1). The proton conductiv-
ity measurements were carried out on Solartron
Analytical 1287 Electrochemical Interface and 1255
Impedance Phase Analyzer (Farnborough, UK), con-
nected to a computer equipped with CoreWareTM,
CoreViewTM, ZPlotTM, and ZViewTM (Scribner
Associates, Inc.). The membranes studied were ad-
justed in four electrode cell placed in the condition-
ing chamber of the EasyTest Cell [4-6].

Membrane preparation

In order to incorporate high concentrations of
immobilized sulfonic acid groups (—SO,H) in the
p-PBI matrix, a method involving simultaneous
polymerization/cross-linking of sodium vinyl sul-
fonate (VSA-Na) in the p-PBI matrix was applied.
After acidification, semi-interpenetrating networks
p-PBI, containing cross-linked polyvinyl sulfonic
acid (further denoted as PBI-sipn-PVSA) are ob-
tained as shown in Figure 1.

The procedure for preparation of p-PBI mem-
branes, containing cross-linked PVSA includes the
following simple steps (Fig. 2):

Step 1. Preparation of “starting membrane”:

2.0 wt.% solution of p-PBI in polyphosphor-
ic acid (PPA) was used for casting of the starting
membranes. The inherent viscosity of p-PBI used is
3.6 dL/g. It was determined at polymer concentra-
tion of 0.2 g/dL in concentrated sulfuric acid (96%)
at 30 °C, using an Ubbelohde viscometer.

Using a casting knife (gap 0.6 mm) a membrane
was cast on a glass substrate and kept in air for sev-
eral hours (start of the sol-gel process - hydrolysis
of PPA to H,PO,).

Step 2. Preparation of porous p-PBI films, filled
with water.

The membrane was then immersed in a water
bath — further hydrolysis of PPA to H,PO, and re-
moval of the acid from the membrane takes place.
After abundant washing with water, rests of H,PO,

initiator*,

EtOH )
;—- PBI chain /  crosslinking . water
~~ PVSA chain (™ point molecule

Fig. 1. Preparation of semi-interpenetrating network p-PBI-sipn-PVSA.
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Washing
with water
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UV irradiation, A
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Fig. 2. Procedure for preparation of p-PBI-sipn-PVSA membranes.

were removed with 5 wt.% aqueous NH,, followed
by washing in deionized water. In this way porous
p-PBI film, filled with water, is obtained. It contains
only 14 wt. % PBI, the rest is water.

Step 3. Exchanging water with VSA-sodium salt
(VSA-Na).

The membrane obtained in step 2 was transferred
into a bath, containing EtOH, 25% aqueous solution
of VSA-Na, cross-linker (triallyl-s-triazine-2,4,6
(1H, 3H, 5H)-trion, 2-5 wt.%) and initiator (V 50 —
2, 2'-azobis(2-methylpropionamidine) dihydrochlo-
ride, 1-2 wt.%). Exchange of water was completed
in about 3 hours at room temperature (RT) in the
dark.

Step 4. Polymerization/ cross-linking of VSA-Na
in the PBI matrix, induced thermally or by UV ir-
radiation.

Simultaneous polymerization/cross-linking of
VSA-Na in the p-PBI matrix: The film prepared in
Step 3 was irradiated with UV light (up to 4 h) or
heated in a furnace (80 °C) for up to 96 h.

Step 5. Acidification — transformation of PVSA-
Na to PVSA.

The film from step 4 was washed with water (re-
moval of non-crosslinked PVSA), then in with 5%
HCI and deionized water. The result is transforma-
tion of the -SO,Na group to —SO,H. Using this pro-
cedure membranes of very good quality (smooth,
flexible, no defects) were obtained.

For the determination of the amount cross-linked
PVSA in the membrane (sulfonic acid groups per
PBI repeat unit), two methods have been used:

Method I: Gravimetrical method: a piece of the
porous membrane filled with water was weighted

and dried to constant weight. The difference gives
the weight of PBI in the wet membrane (14 wt.%).
The same procedure is performed with the final
membrane, containing water insoluble —SO,H
groups. From the difference of the weights (dry PBI
containing cross linked PVSA and dry PBI in the
wet membrane) the amount of —-SO,H groups in the
membrane can be calculated.

Method 2: From 'H NMR: the amount of -SO,H
groups in the membrane can be calculated from the
ratio -CH,-CH protons/aromatic PBI protons.

The values, obtained by both methods are very
close. For the membrane M, the ratio VSA groups
per PBI repeating unit, determined gravimetrically
is 4.6, while the value obtained from '"H NMR anal-
ysis was 4.4.

The method used offers vast opportunities for
varying different parameters during membrane
preparation — in the third step: composition of bath
(concentration of VSA-Na, initiator, cross-linker
and co-solvent in the bath), temperature and dura-
tion of treatment; in the fourth step: intensity and
duration of the UV irradiation, temperature and du-
ration of the thermal treatment.

RESULTS AND DISCUSSION

Using the procedure, schematically shown in
Figure 2, two series of p-PBI-sipn-PVSA mem-
branes were we prepared:

Series I: 4 samples (M;,, M,,, M, M,,) p-PBI-
sipn-PVSA membranes, obtained after thermal
treatment — duration 24, 48, 72 and 96 h.

Series 2: 4 samples (Myy;, Myyv. Myys, Myya)
p-PB-sipn-PVSA membranes, obtained after UV ir-
radiation — duration 1, 2, 3 and 4 h.
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The best results (highest proton conductivity)
were obtained for the last two samples of each se-
ries (1i.e. M3, My, M3, M), presented in Table 1.
The other four samples showed much lower proton
conductivity, obviously due to lower contents of
immobilized —SO,H groups.

The '"H NMR spectrum of M, (the membrane
with highest proton conductivity) is presented in
Fig. 3. The peaks for the aromatic protons from
the benzimidazole rings (10 protons) appear in the

region 7.00-8.00 ppm. The peaks of the aliphatic
protons (-CH,-CH-) from VSA (13.2 protons) are
observed between 1ppm and 3.5 ppm. As one VSA
group has 3 protons, 13.2 protons correspond to 4.4
VSA groups. In this way the membrane contains to
4.4 VSA groups per PBI unit (10 H). This result is
very close to the gravimetrically determined value
(4.6 VSA groups per PBI unit, Table 1).

The FT-IR spectrum (Fig. 4) of pristine p-PBI
showed sharp band around 3435 cm™!, which is

Table 1. Proton conductivity measurements of the best PBI-sipn-PVSA membranes

Proton conductivity

Membrane Method of polymerization/ VSA units 6. mS.cm

p-PBl/cr-PVSA cross-linking per PBI unit 60 °C - 20 °C 95 °C
Thermal treatment,

M., 80°C. 72 h 3.0 25.0 29.2 31.5
Thermal treatment,

M., 80 °C. 96 h 3.6 28.0 38.2 452

Myys UV irradiation, 3 h 3.7 29.1 373 422

M UV irradiation, 4 h 4.6 51.3 55.3 63.2
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Fig. 3. '"H NMR spectrum of p-PBI-sipn-PVSA membrane (M,,).
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Fig. 4. FT-IR spectra of pristine p-PBI and p-PBI containing PVSA.

attributed to the stretching vibrations of isolated
N—H bonds in the imidazole ring. The absorptions
in a region of 1630—1500 cm™' are attributed to the
vibration of C=C and C=N. The strong band at 1388
cm! has to be attributed to the in plane deformation
of the benzimidazole rings [7-10].

In the FT-IR spectrum of p-PBI-sipn-PVSA
(Fig. 4), despite of the bands, characteristic for the
p-PBI rings, a medium band at 796 cm™' due to the
polymeric methylene group (-CH,-) is clearly visible.
The intense peak at 1200 cm ™' originates from the sul-
fonic acid group. The band at 1373 cm ™' is assigned
to CH, bond deformation. The band at 2926 cm™
is due to CH, stretching vibration. Stretching vibra-
tion of -OH group of water molecule is a broad band
and observed at about 3442 cm™ [10].

As already mentioned, two types of p-PBI-sipn-
PVSA membranes were prepared: thermally treat-
ed and UV-irradiated. In the PEM FC sulfonated
membranes are usually operated at temperatures up
to 80 °C and high relative humidity (up to 100%).
The thermal stability of the membranes was stud-
ied by TGA in the range 30-300 °C (Fig. 5). It can
be seen that up to 100 °C the weight loss is only
1-2.5% (Fig. 5). Further loss of water is observed
up to 150 °C. Up to 300 °C the weight loss could
be attributed to anhydride formation from the sul-
fonic acid groups. The curves for both materials are
almost identical, the difference being only 1-2% in
the whole range.

In our opinion for polymerization/cross-linking
of VPA-Na in the p-PBI matrix better results were
achieve by UV irradiation. Depending on irradia-
tion time up to 75% of the VSA-Na in the film can
be cross-liked for 4h. Similar result could be ob-
tained heating at 80 °C for 3—4 days. In both cases
films of very good quality (smooth, flexible, no de-
fects) were prepared.

For the best samples very good proton conduc-
tivity was obtained. The contents of VSA groups is
in the range 3 to 4.6 —SO,H groups per PBI unit. The
membrane with highest —SO,H contents showed
the best conductivity — 63.2 mS.cm™! at 95 °C and
100% RH (Table 1). Sulfonated Nafion®-type mem-
branes exhibit proton conductivity in the range 85—
100 mS.cm™ [11]. The conductivity of phosphoric
acid acid-doped sulfonated polysulfones and their
blends with polybenzimidazole is 10 mS.cm™ at a
very low acid-doping level [12].

CONCLUSION

Using an original method for polymerization/
crosslinking of VSA in a p-PBI matrix two series
of membranes with high contents of immobilized
sulfonic acid groups have been prepared by thermal
treatment and UV-irradiation of a p-PBI film, con-
taining VSA-Na salt, cross-linker and initiator. For
the best samples the concentration of —-SO,H groups
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Fig. 5. TGA of PBI-sipn-PVSA membranes, obtained by UV irradiation and thermal treatment.

is 3—4.6 per PBI unit. At 60-95 °C and 100% RH
the PBI-sipn-PVSA membranes show proton con-
ductivity close to that of Nafion®-type membranes.
Sulfonated Nafion®-type membranes usually ex-
hibit 6 = 85-100 mS.cm™', while our best membrane
showed proton conductivity 63.2 mS.cm™. The re-
sults showed that UV irradiation is superior to the
thermal treatment as a method for obtaining semi-
interpenetrating networks p-PBI-sipn-PVSA. These
membranes can be regarded as cheap alternative to
the very expensive Nafion type membranes.
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Effect of synthesis conditions on the photocatalytic efficiency
of NiMnO,/Mn,0O,, NiMn,0O,/NiMnO,/Mn,O, and Ni;MnO,/NiMnO,/Mn,O,
for the degradation of Malachite Green dye under UV-light
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The influence of the type of precursors salts (nitrates or chlorides) and calcination temperatures (450 °C and
650 °C) on the photocatalytic activity of NiMnO,/Mn,0O,, NiMn,O,/NiMnO,/Mn,0O, and Ni;MnO,/NiMnO,/Mn,0O,
prepared by precipitation was investigated in this study. The synthesized samples were characterized using the Powder
X-ray diffraction analysis and Fourier-transform infrared spectroscopy. The photocatalytic efficiency of obtained ma-
terials was tested in the reaction of oxidative degradation of Malachite Green dye as model contaminant from aqueous
solution under UV illumination. The results established that the degree of degradation of Malachite Green dye after
120 minutes increases in the following order: NiMnO,/Mn,0,, 450°C, chlorides (83%) < NiMn,O,/NiMnO,/Mn,0,,
650 °C, chlorides (86%) < NiMnO,/Mn,0,, 450 °C, nitrates (91%) < Ni;MnO,/NiMnO,/Mn,0,, 650 °C, nitrates
(97%). The photocatalyst prepared at the higher calcination temperature (650 °C) using nitrate precursors demon-

strates the highest photocatalytic efficiency.

Keywords: photocatalyst, photocatalytic efficiency, Malachite Green.

INTRODUCTION

The cotton, paper, pulp, leather, wool indus-
tries uses many toxic dyes for coloring their final
products. The water discharged effluents of these
manufactures containing large amount of organic
contaminants, leads to pollution of environment.
Malachite green dye is cationic dye, which is wide-
ly used all over the world in the textile industry as
well as in the fish farming industry as fungicide, ec-
toparasiticide and disinfectant [1-4]. The existence
of pigments and dyes in water causes serious dam-
age to the aquatic environment. The color blocks
the sunlight access to aquatic flora and fauna, and it
decreases the photosynthetic action within the eco-
system [5]. Heterogeneous photocatalysis is a disci-
pline, which includes a large diversity of reactions:

* To whom all correspondence should be sent:
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water detoxification, dehydrogenation, mild or total
oxidations, hydrogen transfer, O,'*-0,'¢ and deute-
rium-alkane isotopic exchange, metal deposition,
gaseous pollutant removal, etc. [6, 7]. Photocatalytic
degradation of organic contaminants in water by
single metal oxides and oxide compounds has at-
tracted the attention of researchers [8]. T. Larbi et
al. have investigated photocatalytic degradation of
Methylene blue dye by Mn,O,, NiMn,O, and alloys
of Ni-Manganates thin films [9]. NiO,,Zn0O, ,/ZnO
and NiMnO,/Mn,O, materials were tested as pho-
tocatalysts for degradation of Malachite Green dye
under UV-light [10]. Xiaobo He et al. have been
synthesized NiMnO,/NiMn,O, oxides with the aid
of pollen using a two-step annealing method [11].
Spinel nickel manganese oxide with large specific
surface area and suitable pore size has been syn-
thesized from an epoxide-driven sol-gel process
and followed by thermal treatment [12]. K. Vijaya
Sankar et al. have been obtained sub-micron sized
polyhedral shaped NiMn,O, particles by a gly-
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cine assisted solution combustion method [13].
Murdochite-type NiMnO, with variable specific
surface areas has been synthesized by H. Taguchi
etal. [14].

The goal of the current work is to study the influ-
ence of different precursors (nitrates and chlorides)
and calcination temperatures (450 °C and 650 °C)
on the photocatalytic properties of NiMnO,/Mn,0O,,
NiMn,0,/NiMnO,/Mn,0O, and Ni;MnO,/NiMnO,/
Mn,O, materials about degradation of aqueous so-
lution of Malachite Green dye as a model contami-
nant under UV-light. The tested samples prepared
by precipitation and thermally treatment were in-
vestigated by Powder X-ray diffraction analysis and
Fourier-transform infrared spectroscopy.

EXPERIMENTAL

Preparation and investigation

The tested photocatalysts NiMnO,/Mn,O,,
Ni,MnO¢/NiMnO,/Mn,O, and NiMn,O,/NiMnO,/
Mn,O; were synthesized by precipitation using
0.25M Ni(NO;),.6H,0 (VWR Prolabo BDH chemi-
cals); 0.25M Mn(NO,),.4H,0O (Alfa Aesar); 0.75M
NaHCO, (Valerus Co.) or 0.25M NiCl,.6H,0
(Valerus Co.); 0.25M MnCl,.4H,0 (Valerus Co.);
0.75M NaOH (Valerus Co.) aqueous solutions. The
precipitant NaHCO, and NaOH were added drop-
wise to the mixtures of nitrates or chlorides and at
continuous stirring until reaching pH 7 and 12, re-
spectively. The suspension was stirred for one hour
after precipitation. The precipitates were filtered
and washed with distilled water several times. The
obtained precipitates were dried at 35 °C and ther-
mally treated at 450 °C or 650 °C for 3 hours and
30 minutes in air media. The samples obtained by
nitrates and calcined at 450 °C and 650 °C were as-
signed as MIN1 and MN2 and materials prepared
using chlorides and thermally treated at 450 °C and
650 °C — MC3 and MC4.

The Powder X-ray diffraction patterns of the
obtained materials were carried out on Philips PW
1050 with Cu K -radiation. The presence of the
phases in the prepared materials was determined
by the ICDD database. The FT-IR investigations
were performed on a Fourier infrared spectrometer
Bruker-Vector 22 in the region 4004000 cm™ and
using KBr tablets.

Photocatalytic tests

The photocatalytic activity of NiMnO,/Mn,0O,,
NiMn,O,/NiMnO,/Mn,O, and NiMnO,/NiMnO,/
Mn, O, for the oxidative degradation of 5 ppm aque-
ous solution of Malachite Green dye was investigat-

ed. The photocatalytic test was performed as 0.15 g
catalyst sample and 150 ml of dye solution were put
in a semi-batch reactor under constant stirring, air
flowing at room temperature. The first experiment
was performed in the dark in a period of 30 min-
utes to achieve adsorption-desorption equilibrium.
Second UV lamp with power 18 W and A, 365 nm
was turned on and irradiation was carried out for
120 min. To separate the powder from the liquid
phase, centrifugation of the samples was performed
for a period of 10 minutes. Spectrophotometrically
were measured absorption peaks of MG dye — with
maximum wavelength at 615 nm using UV-1600PC
Spectrophotometer. The degree of degradation of
Malachite Green dye was established using depend-
ence:

Degradation = (COC;C) 100%

0

where C, and C were initial concentration before
turning on the illumination and residual concentra-
tion of the dye solution after illumination for select-
ed time interval.

RESULTS AND DISCUSSION

The Powder X-ray diffraction results (see
Figures 1 and 2) show that material prepared using
nitrate precursors and thermally treatment at 450
°C contains NiMnO, (PDF-653695); Mn,O, (PDF-
721427) and three phases — NiMnO, (PDF-895878);
Mn,O, (PDF-651798); Ni;MnO, (PDF-894619) are
established in the sample calcined at 650 °C. The
existence of NiMnO, (PDF-653695) and Mn,0,
(PDF-721427) are registered in the PXRD pattern
of material synthesized using chlorides as starting
materials after thermally treatment at 450 °C. The
NiMnO, (PDF-895878); Mn,O, (PDF-651798) and
NiMn,O, (PDF-894619) phases are determined in
the Powder X-ray diffractogram of sample thermal-
ly treated at 650 °C.

FT-IR spectra of prepared materials are shown
in the Figure 3. The absorption peaks at around
3440-3442 cm™' and 1631-1636 cm ™! are attributed
to the stretching and bending mode of the OH group
of absorbed water molecules [15, 16]. It is known
that in the region of 400-1000 cm™', the character-
istic bands of inorganic solids are usually assigned
to the vibration of metallic ions in the crystal lattice
[17]. The peaks at about 1195-1198 cm! and 1051—
1058 cm™' could be assigned of some impurities in
the investigated materials.

Photocatalytic degradation of Malachite Green
(MG) dye on NiMnO,/Mn,0O,, NiMn,O,/NiMnO,/
Mn,0O, and Ni;MnO,/NiMnO,/Mn,0O, samples was
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Fig. 1. PXRD patterns of NiMnO,/Mn,O, and Ni;MnO,/NiMnO,/
Mn,O, materials prepared using nitrate precursors.

investigated under UV-light irradiation. Attention
is paid to the influence of different calcination tem-
peratures (450 °C and 650 °C) and precursors (chlo-
rides and nitrates) on the photocatalytic properties
of MN1, MN2, MC3 and MC4. Table 1 shows the
data for adsorption capacities and apparent rate con-
stants of the studied materials.

The following formula is used for calculation of
the adsorption capacities:

(C,-C)V
m

0=

where C, and C are the initial and after 30 minutes in
the dark concentrations of the dye, V is the volume
of the solution and m is the weight of the samples.

The adsorption capacities in ascending order
were: MC3 (0.004 mg/g) < MN1 (0.041 mg/g) <
MC4 (0.051 mg/g) < MN2 (0.060 mg/g).
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Fig. 2. PXRD patterns of NiMnO,/Mn,0, and NiMn,O,/NiMnO,/
Mn,O, samples prepared using chloride precursors.

Table 1. Calculated adsorption capacities and apparent rate
constants (k) of tested photocatalysts

Sample . ;;gjﬁ;‘fr‘l’g/g k (x10° min™")
MC3 0.004 14.0

MC4 0.051 5.5

MN1 0.041 14.9

MN2 0.060 12.9

In Table 1 the apparent rate constants of inves-
tigated materials were defined as pseudo first-order
kinetics by logarithmic linear dependence:
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Fig. 3. FT-IR spectra of synthesized materials — MN1; MN2;
MC3 and MC4.
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Fig. 4. The concentration ratio C/C, of Malachite Green dye as
a function of the time of UV illumination.

The lowest value of apparent rate constants was
for sample MC4 (5.5 10~ min™') until the highest
one was MN1, which reached 14.9 x10- min'.

On the Figure 4 are presented the concentration
changes C/C, of degradation of Malachite Green
dye as a function of the time of UV irradiation. The
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Fig. 5. Degree of degradation of Malachite Green dye after 120
minutes under UV irradiation using prepared photocatalysts —
MN1; MN2; MC3 and MC4.

degree of degradation of Malachite Green dye af-
ter 120 minutes UV illumination was showed on
Figure 5. Samples MN1 (91%) and MN2 (97%)
have the best catalytic performance, whereas the
degradation degree of MC3 (83%) and MC4 (86%)
were lower. The obtained data showed that the used
precursor affects the catalytic activity, like the sam-
ples from nitrate precursors gave maximum results.
The different calcination temperatures have influ-
ence on the photocatalytic behavior of the systems
under investigation. With increasing of the tempera-
ture to 650 °C, the degree of degradation of the dye
increases for the samples obtained by both types of
precursors.

The authors in [18] reported that the excellent
catalytic activity of NiMnO, can be attributed to the
composite effect of nickel and manganese oxides
for the process of visible light-driven water oxi-
dation. NiMn,O, nanoparticles demonstrated high
photocatalytic activity for degradation of Methyl
Orange under UV light, due to the proper size distri-
bution of the pores, high hydroxyl amount and high
separation rate of charge carriers [19]. The enhance-
ment of oxygen adsorption leading to more availa-
ble sites for photocatalytic reaction is the reason for
the high photocatalytic reactivity of NiMn,O, films
[9]. Other research groups have explained the pho-
tocatalytic activity of Mn,O, towards degradation of
Methylene Blue with the d-d transitions involving
Mn?*/** ions on the photocatalyst surface [20, 21]. Tt
could be supposed that all these factors play role in
the enhanced photocatalytic acitivity of investigated
nickelum-manganite composite powders in the pre-
sent study.

CONCLUSIONS

Effect of synthesis conditions on the photocata-
lytic ability of NiMnO,/Mn,0,, NiMn,O,/NiMnO,/
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Mn,O, and Ni;MnO,/NiMnO,/Mn,0O, about degra-
dation of aqueous solution of Malachite Green dye
under UV-light was established in the present study.
The photocatalysts prepared using nitrate precur-
sors demonstrate a higher photocatalytic efficiency
in comparison with that of the samples synthesized
using chlorides. The Ni;MnO,/NiMnO,/Mn,O, ma-
terial obtained from nitrate precursors at higher
temperature of thermal treatment (650 °C) exhib-
its the highest degree of degradation of Malachite
Green dye (97%).
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BJIMAHUE HA YCIIOBUSTA 3A CUHTE3 BbPXY ®OTOKATAJIMTUYHATA

CIIOCOBHOCT HA NiMnO,/Mn,0,, NiMn,0,/NiMnO,/Mn,O,
1 Ni,MnOy/NiMnO,/Mn,0; 3A PA3IPAXJIAHETO HA MAJIAXUTOBO
3EJIEHO BATPUJIO T10/] YB-CBETJIMHA
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[Toctenuna mapr, 2018 r.; npuera maii, 2018 r.

(Pestome)

W3cnenBaHo e BIMAHUETO Ha TUIA PEKYpPCOpH (HUTPATH WIM XJIOPUAN) U TeMIepaTypu Ha HakansaBaHe (450 °C
1 650 °C) BppxXy doToKaTanuTHyHaTa akTUBHOCT Ha NiMnO,/Mn,0,, NiMn,O,/NiMnO,/Mn,O, 1 Ni;MnO,/NiMnO,/
Mn,0,, nonyuenu upe3 yrasgBaHe. CHHTe3UpaHUTE NPOOH OsXa OXapaKTEPH3UPaHM 4pe3 PEHTreHOAU(PAKIHOHEH
aHaM3 U nHQpauepBeHa crekTpockonus ¢ dypue Tpanchopmanysi. PoTokaTamUTHYHATA CIOCOOHOCT Ha MOJTYy4EHH-
Te MaTepualy Oellie TeCTBaHa B peakiMsATa Ha OKUCIUTEIHO pa3rpakiaHe Ha ManaxuToBo 3ejieHo 0arpuiio KaTo Mo-
JIeNIeH 3aMBbPCHUTEI OT BOJICH pa3TBop 1o YB oOnbuBane. Pedynrarure ycraHOBHXa, Ye CTEIICHTA HA pa3rpa)iaHe Ha
Manaxuroso 3eneno 6arpuio cien 120 MuHyTH HapacTsa B cinennus pea: NiMnO,/Mn,0,, 450 °C, xsopuau (83%) <
NiMn,0,/NiMnO,/Mn,0,, 650 °C, xnopunu (86%) < NiMnO,/Mn,0,, 450 °C, murpatu (91%) < Ni;MnO,/NiMnO,/
Mn,0,, 650 °C, nurpatu (97%). PoToKaTaIU3aTOPHT, OIYUEH IIPU M10-BUCOKA TeMIepaTrypa Ha HakaisisaHe (650 °C),

M3MOJI3BAKHU MPEKYPCOPU HUTPATH, IEMOHCTPUPA Hail-BUCOKa (POTOKATAIIMTHYHA CITIOCOOHOCT.
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Sulfur and selenium derivatives of suberoyl anilide hydroxamic acid (SAHA)
as a plausible HDAC inhibitors: a DFT study of their tautomerism
and metal affinity/selectivity
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Aberrations in histone deacetilase (HDAC) enzymes are associated with wide range of ailments including some
types of cancer, inflammation, metabolic and neurological disorders. In a search for new efficient and body-tolerable
HDAC inhibitors two analogs of hydroxamic acid drug (SAHA), containing sulfur- and selenium atoms in the car-
bonyl group of hydroxamic moiety have been investigated. Questions regarding their physico-chemical properties and
metal affinity/selectivity have been addressed by employing density functional calculations combined with polariz-
able continuum model computations. More specifically, the paper answers the following questions: (1) How does
the substitution in the hydroxamic group affect its conformational stability and ionization pattern? (2) What are the
preferred deprotonation sites of the hydroxamic moiety and its mode of binding to the metal cation? (3) How does the
0O—S and O—Se exchange in hydroxamic moiety modulate its affinity and selectivity toward essential biogenic metal
cations such as Mg?*, Fe?* and Zn?**? The calculations reveal the key factors governing the ligation properties of the

hydroxamic moiety and its sulfur and selenium analogs.

Keywords: Histone deacetylase inhibitors, SAHA, Sulphur derivatives, Selenium derivatives, DFT.

INTRODUCTION

There is an increasing evidence that epigenetic
changes in gene expression play important role in
progression of cancer. One of the important mecha-
nisms of epigenetic regulation of gene expression
is the acetylation and deacetilation of histones.
This chromatin modification is controlled by two
enzymes with opposing functions: histone acetyl
transferases (HAT) and histone acetyl deacetylases
(HDAC). The aberration in the action of these en-
zymes can alter the structure and function of chro-
matin and is associated with a wide range of ail-
ments including some types of cancer [1, 2], inflam-
mation [3], metabolic and neurological disorders [4,
5]. There are 18 HDACs grouped in four classes:
Classes I, IT and IV are metal (Zn** or Fe*") depend-
ent hydrolases [6, 7]. Class 11l are NAD" dependent
sirtuins and do not contain metal cation in the active
site. Up to now several classes of small-molecule
HDAC inhibitors (HDACi) have been recognized
[8—11]. They reduce malignancies by blocking the

* To whom all correspondence should be sent:
E-mail: dvalentinova@gmail.com
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cell cycle and inducing apoptosis [11] Most of these
are hydroxamic acid derivatives, represented by
suberoylanilide hydroxamic acid (SAHA) and tri-
chostatin A (TSA) (Fig. 1). Their inhibitory effect
stems from chelating the metal ion (Zn?* or Fe?*) in
the active site of the enzyme and subsequent disrup-
tion of the host enzyme activity [8, 12]. Although
hydroxamic acids are regarded as potent inhibi-
tors, they generally have some issues associated
with their use such as low oral availability, poor in
vivo stability, and undesirable side effects [13, 14].
Therefore, the quest for more efficient and body-
tolerable HDAC inhibitors is ongoing.

A series of sulfur and selenium-substituted de-
rivatives of some HDAC inhibitors have been
synthesized (Fig. 2) and probed for biological ac-
tivity [15-17]. Thus, SAHA analogs containing
a-mercaptoketone and a-thioacetoxyketone have
been found to exhibit higher activity toward isolat-
ed histone deacetylases [15]. Derivatives of SAHA,
containing one or two selenium atoms in different
parts of the molecule (Fig. 2) were found to be 2 to
4-fold more selective against melanoma cells than
the unmodified SAHA, and able to decrease mela-
noma tumor development by up to 87% with negli-
gible toxicity [17, 18].

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Fig. 1. Structure of a) suberoyl anilide hydroxamic acid (SAHA) and b) trichostatin A (TSA).
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Fig. 2. Structure of sulfur and selenium analogs of SAHA.

Note that derivatives of SAHA where the hy-
droxamic ligating group —(C=0)-NHOH is modi-
fied to -(C=S)-NHOH and —(C=Se)-NHOH, have
not been studied (to the best of our knowledge). To
determine how incorporation of sulfur and selenium
into the metal-binding part of SAHA changes its af-
finity/selectivity toward biogenic metal cations we
modeled and examined the S- and Se-derivatives
of the drug by combining density functional theo-
ry (DFT) calculations with polarizable continuum
model (PCM) computations. In search for novel
HDAC inhibitors we studied in detail the geom-
etry and protonation pattern of sulfur- and seleni-
um-containing analogs of SAHA. We investigated
how the substitution of carbonyl oxygen in the hy-
droxamic group with sulfur (carb-S SAHA) and
selenium (carb-Se SAHA) would affect its phys-
icochemical and ligating properties as compared to
the original unmodified molecule (carb-O SAHA).
Several questions were addressed: (1) How does
the substitution in the hydroxamic group affect its
conformational stability and ionization pattern? (2)
What are the preferred deprotonation sites of the
hydroxamic moiety and its mode of binding to the
metal cation? (3) How does the O—S and O—Se
exchange in hydroxamic group modulate its affin-
ity and selectivity toward essential biogenic metal
cations such as Mg*, Fe*" and Zn**? The calcula-

tions reveal the key factors governing the ligation
properties of the hydroxamic moiety and its sulfur
and selenium analogs.

COMPUTATIONAL METHODOLOGY

Sulfur and selenium carbonyl analogs of SAHA,
called for convenience carb-S and carb-Se, were ex-
plicitly modeled. All the metal cations under study
(Fe*, Mg?" and Zn?") are usually hexahydrated in
aqueous solution [19, 20]. Hence, their aqua com-
plexes were modeled as [M(H,0),]** (M = Fe, Mg,
Zn). In complexes with organic or protein ligands
Mg?* and Fe** usually retain the six-fold symmetry,
whereas Zn*" tend to reduce its coordination num-
ber to 4 and form complexes with tetrahedral sym-
metry [21-24]. Thus, complexes with octahedral
symmetry between carb-X (X = O, S or Se) SAHA
and Mg*" and Fe?* (high spin; quintuplet) were mod-
eled, while for the complexes with Zn?* tetrahedral
symmetry was considered.

Allcalculations wereperformed withthe Gaussian
09 suite of programs [25]. The B3LYP functional
[26-28] in combination with 6-311++G(d,p) [29]
basis set was employed in optimizing the structures
of the molecules under study and evaluating the
respective electronic energies, £/, in both the gas

el’
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phase (¢ = 1) and solution. In the latter case polariz-
able continuum model (PCM) calculations in water
(e = 78) were performed. The combination between
method and basis set was chosen based on: (i) pre-
vious theoretical studies on hydroxamic acids [30]
and (ii) our own validation with respect to available
experimental data [31].

Frequency calculations for each optimized struc-
ture were performed at the same level of theory.
No imaginary frequency was found for the low-
est energy configurations of any of the optimized
structures. The vibrational frequencies were used to
compute the thermal energies, £, including zero-
point energy, and entropies, 5.

The differences AE f, AE,°, APV (work term)
and AS* between the products and reactants were
used to evaluate the free energy of the product for-
mation, AG?, in the gas phase and condensed media
at T =298.15 K according to:

AG = AE i+ AE,;+ APV —TAS (1)

A positive AG* implies a thermodynamically
unfavorable product formation, whereas negative
value implies a favorable one. The free energy of
deprotonation reaction in water solution (e = 78)
were evaluated by employing the thermodynamic
cycle shown in Scheme 1 where the experimental
free energy of proton hydration (—264.0 kcal/mol
[32]) was used.

AG! _ .
HA —» A + H
AGsoIve l l AGsoIva l AGsolv8
AT +
HAq) —  Apagq +  Hgg)

AG®

Scheme 1. Thermodynamic cycle employed for calculation of
the free energy of deprotonation in solution.

AG* =AG' + AG,,’ (Products) —
~AG,, (Reagents) @)
RESULTS AND DISCUSSION

Tautomers of carb-S and carb-Se SAHA ana-
logs. The main objective of this study is to assess
how the substitution of oxygen atom from the hy-
droxamic carbonyl moiety by its analogs from the
same group of the Periodic table, sulfur and sele-
nium, could alter the tautomeric equilibria in carb-X
SAHA. In answering this question, we modeled and
thermodynamically characterized the respective S
and Se derivatives of this molecule. Two possible
tautomeric forms of hydroxamic acids could exist:
keto and enol tautomers (Fig. 3). Furthermore, each
tautomer can adopt £- or Z-conformation [33]. Four
possible conformers for both S- and Se-derivatives
have been modeled. The most stable form in the
gas phase and in water solution is the 1Z-keto form
(Table 1 and Fig. 3). The stabilization of 1Z tau-
tomer is due to formation of intramolecular hydro-
gen bond between the -OH group and neighboring
substituted carbonyl group (C=S, C=Se) as seen in

X, OH X A
p—N p—N
R H R OH
Z-keto E-keto
(12) (1E)
XI—! pH XH\
=N C=N
/ / \
R R OH
Z-iminol E-iminol
(22) (2E)

Fig. 3. Keto- and enol forms of hydroxamic acid derivatives; E
and Z isomers.

Table 1. Relative Gibbs free energies (in kcal/mol) of the stable 1Z-keto and 1E-keto iminol tautomers of SAHA in the gas phase,

1 78
AGg, ', and water, AGg, ;.

AGcarb-O-SAHA] A(}carb-S-SAHA1 AC‘Icarb-Se-SAHA1 AC‘Icarb-O-SAHA78 AGcarb-S-SAHA78 AC‘Icarb-Se-SAHA78
1Z 0.0 0.0 0.0 0.0 0.0 0.0
1E 2.1 5.0 5.4 1.9 5.0 42
27 2.7 0.6 1.1 5.4 3.2 3.8
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Fig. 4. The calculations reveal that in all the analogs
of SAHA the most stable conformer is the 1Z-keto
form (Table 2), as in the unmodified molecule
(Table 2). As compared to the unmodified carb-O
SAHA molecule, the free energy difference be-
tween the 1Z-keto and 1E-keto forms in the heavier-
element derivatives are more pronounced (Table 1).
Interestingly, the 2Z iminol form in carb-S SAHA
(Fig. 4C) carb-Se SAHA appear quite close in en-
ergy (just 0.6 kcal/mol and 1.1 kcal/mol free energy

difference respectively) to the 1Z conformer due
to the stabilization effect of the intramolecular hy-
drogen bond. The two most stable conformers for
the substituted SAHA analogs are 1Z and 2Z and
here is the big difference in comparison to the par-
ent compound carb-O SAHA, where the two most
stable conformers are 1Z and 1E (both keto forms).

Hydroxamic acids are weak acids with two la-
bile acidic protons in the hydroxamic moiety (—OH
and —NH (Fig. 1)) which could be detached in the

Fig. 4. The optimized geometries of A) 1Z-keto form of carb-S SAHA, B) 1Z-keto form of carb-Se SAHA C) carb-S SAHA 2Z

conformer at B3LYP/6-311++G(d,p) level of theory.

Table 2. Change in the Gibbs free energies (in kcal/mol) in the gas phase and water for the reaction of deprotonation of SAHA

(AH—A+H"). AG

solv

8 (H") of —264.0 kcal/mol is taken from the experiment [32]

1 1
AG carb-O-SAHA AGcarb-S-SAHA

1
AGcarb-Se-SAHA

78
AGcz\rb-S-SAHA

1 78
AGcarb-O-SAHA AGcarh-Se-SAHA

347.9
3342

336.7
319.6

1Z deprotonated O
1Z deprotonated N

3334
316.3

24.6 17.5 15.8
19.9 9.6 7.9
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course of chemical/biochemical reaction thus be-
stowing an OH- or NH-acid properties, respec-
tively, on the parent molecules. [39] What is the
deprotonation pattern of the S- and Se-analogs of
SAHA? In order to shed light on this question, we
modeled the two deprotonation pathways in carb
—S/Se SAHA analogs (through OH or NH deproto-
nation) and evaluated their thermodynamic efficien-
cy (Table 2). The calculations demonstrate that the
most stable deprotonated form in the carb —S SAHA
derivative in the gas phase is the N-deprotonated 1Z
form (Fig. 5b), which is 17.1 kcal/mol more stable
in the gas-phase and 7.9 kcal/mol in water medium
than the O-deprotonated 1Z form (Table 2). For the
Se derivative, these numbers are exactly the same.
The stabilization of the N-deprotonated 1Z form is
mainly due to the intramolecular hydrogen bond,
which is preserved from the original parent structure
(structure not shown). The calculations (Table 2)
show that carbonyl S- and Se- analogs of SAHA, like
the parent unmodified carbonyl O-construct [34] be-
have essentially as NH acids in both the gas phase
and water solution. Data collected in Table 2 reveal
that the heavier the heteroatom in the C=0O/C=S/
C=Se group, the more favorable the proton disso-

ciation at NH location is (decreased free energies of
deprotonation in the sequence C=0 > C=S > C=Se).

Metal selectivity of SAHA. The nature of the
metal cofactor at the enzyme active center greatly
affects the thermodynamics and kinetics of the in-
teractions with the respective substrates and en-
zyme inhibitors. In proteins very often metal cat-
ions such as Mg*, Zn* and Fe?" compete for the
same binding site [20, 35-38] and the proper metal
cofactor is selected either by the protein itself or
by the cell machinery which strictly regulates the
free metal concentration in the intracellular com-
partments [439]. Note that the identity of the na-
tive metal cofactor at the active site of HDACs is
still not resolved. Transition metal dications, such
as Zn*", Co*" and Fe** have been implicated in the
enzyme activation. Note, that examples exist of
metal-dependent enzymes (including HDAC) that
have been reclassified from Zn?*-dependent to Fe*'-
dependent enzymes [40—43]. Thus, it is of particular
interest to study the metal binding properties of the
carb-X (X = O, S, Se) SAHA analogs as possible
HDAC inhibitors towards different biogenic metal
cations and elucidate the major factors controlling
their metal affinity and selectivity.

Fig. 5. B3LYP/6-311++G(d,p) optimized structures of carb-S SAHA deprotonated at (A) OH and (B) NH site of the hydroxamic

moiety. Bond lengths are given in A.
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Table 3. Change in the Gibbs free energy (in kcal/mol, AG' gas phase, AG™ in water) for the Mg?" — Zn*'exchange reactions in

SAHA, carb-S SAHA, carb-Se SAHA complexes

AG! AG™
[Mg(H,0),** + [SAHA-Zn(H,0),]* + 2H,0 — [Zn(H,0),* + [SAHA-Mg(H,0),]* -1.7 20.7
[Mg(H,0),]>* + [carb-S SAHA-Zn(H,0),]* + 2H,0 — [Zn(H,0),]** + [carb-S SAHA-Mg(H,0),]* 9.4 315
[Mg(H,0),]** + [carb-Se SAHA-Zn(H,0),]* + 2H,0 — [Zn(H,0),]** + [carb-Se SAHA-Mg(H,0),]* 2.9 30.9

AG! the free energy change for the reaction in gas phase, AG™ — in water.

Table 4. Change in the Gibbs free energy (in kcal/mol) for the Fe** — Zn?'exchange reactions in SAHA, SAHA-S, SAHA-Se

complexes
AG! AG™
[Fe(H,0),]*" + [SAHA-Zn(H,0),]* + 2H,0 — [Zn(H,0),]*" + [SAHA-Fe(H,0),]* 6.4 16.4
[Fe(H,0),]** + [carb-S SAHA-Zn(H,0),]* + 2H,0 — [Zn(H,0),]** + [carb-S SAHA-Fe(H,0),]" 0.1 19.2
[Fe(H,0),]** + [carb-Se SAHA-Zn(H,0),]* + 2H,0 — [Zn(H,0),]** + [carb-Se SAHA-Fe(H,0),]* 2.9 19.3

AG' the free energy change for the reaction in gas phase, AG’ — in water.

The SAHA metal ion selectivity can be ex-
pressed in terms of the free energy, AG*, for replac-
ing Zn?" bound to the inhibitor by its rival cation,
M* (M = Mg, Fe):

[Mg(H,0)]*" + [carb-X SAHA-Zn(H,0),]" +
2H,0 — [Zn(H,O)J** +
[carb-X SAHA-Mg(H,0),] 4

[Fe(H,0)(]*" + [carb-X SAHA-Zn(H,0),]" +
2H,0 — [Zn(H,0)J*" +
[carb-X SAHA-Fe(H,0),] 5)

In this model the carb-S and carb-Se deriva-
tives are in their O-deprotonated form and the total
charge of the metal complexes is +1. In a previous
study [31] it was shown that even SAHA shows NH
acidity in gas phase and solution the preferred form
of complexation is with O-deprotonated form. In
egs. 4 and 5 a positive AG® implies a Zn**-selective
ligand whereas a negative value implies a Mg?"/
Fe?* selective one. The thermodynamic parameters
evaluated for carb-X SAHA in the gas phase and
condensed media are summarized in Tables 3 and
4. Optimized structures of the metal complexes are
shown in Fig. 6. Calculations imply that in the gas

phase the substitution reactions for the unmodified
SAHA are favorable (negative AG') but become
unfavorable for the S- and Se-substituted analogs
evidenced by positive free energies of Zn** — Mg*
and Zn?>" — Fe*" exchange. This implies that it will
be difficult for both metal cations to replace Zn>* in
these complexes. The S- and Se-containing SAHA
derivatives exhibit higher Zn>* selectivity in con-
densed media relative to SAHA as well (higher free
energies of metal exchange in Tables 3 and 4). The
“softer” character of the Zn** cation relative to that
of the Fe*" and Mg?* cations favors the interactions
between Zn*" and the “soft” S- and Se-containing li-
gands in greater extent than those between Fe*” and
Mg?* and carb-S SAHA/carb-Se SAHA.

CONCLUSIONS

A systematic theoretical study on sulfur and se-
lenium derivatives of a representative of the fam-
ily of the HDAC inhibitors — SAHA, has been per-
formed using density functional theory combined
with polarizable continuum model calculations.
The relative stability of different conformers of the
studied molecules was determined. In all cases the
most stable is 1Z keto form. The energies of depro-
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Fig. 6. Optimized structures at B3LYP/6-311++G(d,p) level of theory for the complexes of carb-Se SAHA with A) Zn?**, B) Fe**

and C) Mg*" (Zn*" — green color, Fe?* — purple and Mg?** yellow color).

tonation for the two possible ionizable groups, O-H
and N-H, are also determined. It has been found
that for the metal-free molecule thermodynamical-
ly more favorable is the deprotonation of the N-H
group. Sulfur and selenium-containing analogs are
deprotonated more easily than the parent SAHA
molecule. Deprotonation at the N-H site is more fa-
vorable for both compounds. In condensed media
SAHA and its sulfur and selenium analogs exhibit
greater affinity/selectivity toward Zn?** cations with
a noticeable increase in the order O <S ~ Se.
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CAPA U CEJIEH CbABPXALIU ITPOU3BOAHN HA CYBEPOUJI AHNJINJL
XNAPOKCAMOBA KNUCEJIMHA (SAHA) KATO ITIOTEHIHUAJIHA HDAC
NHXUBUTOPU: DFT U3CJIEABAHE HA TABTOMEPUATA U METAJIHUA
UM AOMHUTET/CEJIEKTUBHOCT

. Yemmemxuesa®, H. Tomes, M. I'eposa, O. Iletpos, T. lynes*

@akynmem no xumusi u papmayus, Coguticku ynusepcumem ,, Ce. Knumenm Oxpuocku
oyn. [lc. Bayuep 1, 1164 Cogus, bvreapus

[Toctenuna mapr, 2018 r.; npuera maii, 2018 r.
(Pestome)

HapymaBaneTo Ha eficTBHETO Ha €H3UMHTE OT rpynara Ha xuctoH aeanerniasure (HDAC) ce cebp3Ba ¢ mUpoK
CHEKTBP OT 3a00JIsIBaHUS, BKIFOUUTEIHO HIKOU BUJIOBE PAK, BH3MAJICHUsI, METAOOJIUTHU M HEBPOJOTUYHU 3a00J1s1Ba-
Hust. B Tepcene Ha HoBu edukacHu u no-tonepanTHn HDAC mHXHOMTOPH, ca M3CIIeBaHM JIBa aHAJIOTa Ha YTBBP-
JICHOTO JICKapCTBO CYOCpOMII aHWIH] XUApokcamoBa kuceinnHa (SAHA), chabpiKallld CEpHH U CEJICHOBH aTOMHU B
KapOOHMJIHATA TpyIa Ha XUJIPOKCaMOBHs ocTaThk. C MOMOIITa Ha TEOpHsTA HA INIBTHOCTHUS (QyHKIMOHAN (density
functional theory — DFT) ca n3cienBanu TexHuTe (GU3MKOXMMHYHN CBOWMCTBA KaKTO U a()MHHUTETA/CEICKTUBHOCTTA
UM KbM METaJIu B ra3oBa (aza u pasrBopurell. [lo-KOHKpETHO, cTaThsTa oTroBapsi Ha cieauute Bbrpocu: (1) Kax
3aMECTBAaHETO B XMJIPOKCAMOBATA TPyIa BiHse BbpXy HeliHata koH(popmaionHa cradunnoct? (2) Kaksu ca npen-
MOYUTAHUTE MECTa 3a JACMPOTOHHpPAHE Ha XHMJPOKCAMOBaTa YacT M HAYMHA HAa CBbP3BaHE KbM METAIHUS KaTHOH?
(3) Kak oomensT Ha O — S 1 O — Se B XHpoKcaMoBaTa yacT MOJy/Mpa apMHUTETa U CEJICKTUBHOCTTA KbM OCHOBHHU
OUOTCHHU METAJHU KaTHOHM Kato Mg*, Fe*™ u Zn*"? U3uncnenusra paskpuBaT KIFOUOBHTE (GaKTOPH, OTPEACIISIIH
JUTUpAIUTE CBOWCTBA HAa XMUAPOKCAMOBATA YACT HA HHXUOUTOPA M HEHMHUTE CEPHHU U CEJICHOBU aHAJIO3H.
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New Pd(II) and Pd(IV) complexes with 3-amino-5-methyl-5-benzylhydantoin have been synthesized and charac-
terized using different spectroscopic techniques, such as FTIR, NMR and elemental analysis. DFT calculations have
been employed to investigate the structure of the ligand and its complexes. The free ligand and the metal complexes
have been tested in vitro for their cytotoxic activity against HL-60, REH and HT-29 human tumor cell lines.

Keywords: Pd complexes;hydantoins; IR spectra; DFT calculations; cytotoxicity.

INTRODUCTION

Transition metal complexes play a crucial role in
medical and pharmaceutical chemistry due to their
pharmacological effects based on the antitumor ac-
tivity [1-3]. Given the similar structure, chemical
properties and coordination modes between plati-
num and palladium, palladium complexes [4—8] are
of great interest. It is supposed that they will have
the same cytotoxic activity like platinum complex-
es. The similarity and side effects of the platinum
complexes lead to the study of Pd complexes as an-
titumor drugs [3, 9, 10]. In several cases the palla-
dium complexes show significant cytotoxic activity
in normal tumor cells and lower resistance of tumor
cells to clinical treatments as well as lower side ef-
fects than their platinum counterparts [4]. From a
thermodynamic and kinetic point of view, the pal-
ladium compounds are more labile than the corre-
sponding platinum compounds [11].

Herein is presented the synthesis, spectral inves-
tigation and cytotoxic activity of Pd(Il) and Pd(IV)
complexes with 3-amino-5-methyl-5-benzylhydan-
toin. In order to get more information about their
molecular structure, the new synthezed compounds
were studied by computational methods.

* To whom all correspondence should be sent:
E-mail: e.d.cherneva@gmail.com

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

EXPERIMENTAL

General: All chemicals were purchased from
Fluka (UK) and Sigma-Aldrich. The new Pd(II) and
Pd(IV) complexes were characterized by elemental
analyses, melting points, IR and NMR spectra. The
elemental analyses were carried out on a “EuroEA
3000 — Single”, EuroVectorSpA apparatus (Milan,
Italy). Corrected melting points were determined,
using a Bushi 535 apparatus (Bushi Labortechnik
AG, Flawil, Switzerland). The IR spectra were re-
corded on Thermo Scientific Nicolet iS10 spectro-
photometer (Thermo Scientific, USA) in the range
of 4000-400 cm™ as Attenuated Total Reflection
Fourier Transform Infrared Spectroscopy (ATR-
FTIR). The 'H and C NMR spectra were regis-
tered on Bruker WM 500 (500 MHz) spectrometers
in DMSO-d,. The mass spectrum of the ligand was
recorded on LC-MS (Thermo Scientific q Exactive
Plus — Dionex 3000RSLC).

Synthesis

Preparation of the 5-benzyl-5-methyl hydantoin (2)

The organic compound 5-benzyl-5-methyl hy-
dantoin was obtained by different synthetic path-
way from this described by Herbst et al. [12].
Phenylacetone (1) (4.02 g, 30 mmol) was dissolved
in an aqueous ethanol. 2.45 g (50 mmol) NaCN
and 5.3 g (60 mmol) (NH,),CO, were added. The
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resulting mixture was stirred, heated at 65 °C for
24 hours and acidified with conc. HCI to pH = 5.
The precipitate was filtered off, recrystallized from
aqueous ethanol and dried. Yield: 4.05 g (66%),
m.p. 227-228 °C (lit. m.p. 228-229 °C). 'H NMR
(500 MHz, DMSO-d,): 10.45 (s, 1H, NH-3); 8.58(s,
1H, NH-1); 7.21-7.18 (m, 5H, C H;); 2.94; 2.74(dd,
AB quartet, 2H, CH,); 1.33 (s, 3H, CH,). "C NMR
(125 MHz, DMSO-d,): 174.7 (C-4); 155.7 (C-2);
135.6; 130.4; 128.4; 127.3(C.H,); 60.8 (C-5); 43.3
(CH,); 24.5 (CH,). Mass-spectrum — M+ = 204.

Preparation of 3-amino-5-benzyl-5-methyl hy-

dantoin (3)

5-benzyl-5-methyl hydantoin (2.043 g, 10 mmol)
and 20 ml hydrazine hydrate were heated with re-
flux condenser for 3 hours. The solution was diluted
with 50 ml water and placed in refrigerator for 12
hours. The forming precipitate was filtered off and
recrystallized from aqueous ethanol. Yield: 1.05 g
(43%), m.p. 232-233°C. IR (ATR, cm™): 3323,
3284, 3202, 1763, 1722, 1626. 'H NMR (500 MHz,
DMSO-d,): 8.58(s, 1H, NH-1); 7.21-7.18 (m, 5H,
CH;); 4.51 (s, 2H, NH,); 2.95; 2.75(dd, AB quartet,
2H, CH,); 1.34 (s, 3H, CH,). *C NMR (125 MHz,
DMSO-d,): 174.9 (C-4); 155.6 (C-2); 135.7; 130.4;
128.4; 127.3(CH,); 60.9 (C-5); 43.3 (CH,); 24.5
(CH,). Mass-spectrum — M+ = 219.

Preparation of 3-amino-5-benzyl-5-methyl hy-
dantoin dichlorido palladium(ll) — [PdLCl,]
(complex 4)

An aqueous ethanol solution of (3) (0.0996 g,
0.45 mmol) was added dropwise to an aqueous so-
lution of K,[PdCl,] (0.0903 g, 0.22 mmol) with con-
stant stirring. The homogenous solution obtained
was stirred for 9—10 h at ambient temperature.
Subsequently, the reaction mixture was concen-
trated and cooled to 4 °C. The light yellow precipi-
tate obtained was filtered off, washed several times
with Et,O and dried in a vacuum desiccator. The
product was recrystallized from EtOH. The sub-
stance is soluble in DMSO and slightly soluble in
water. Yield: 73%, m.p. 213 °C (dec.). IR (ATR,
cm): 3191, 1772, 1712, 1607. 'H NMR (500 MHz,
DMSO-d,): 8.20(s, 1H, NH-1); 7.35-7.27 (m, 5H,
C¢H;); 7.15 (s, 2H, NH,); 2.99; 2.81(dd, AB quartet,
2H, CH,); 1.35(s, 3H, CH,). “C NMR (125 MHz,
DMSO-d,): 177.7(C-4); 158.8 (C-2); 138.7; 133.5;
131.5; 130.3(CH,); 63.9 (C-5); 46.4 (CH,); 27.5
(CH).

Preparation of 3-amino-5-benzyl-5-methyl hy-

dantoin dichlorido palladium(V) — [PdLCl ]

(complex 5)

An aqueous solution of K,[PdCl] (0.0990 g,
0.3033 mmol) was added dropwise to an aqueous
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ethanol solution of (3) (0.1305 g, 0.4826 mmol) at
constant stirring. The homogenous solution obtained
was stirred for 8-9 h at ambient temperature. Then,
the reaction mixture was concentrated and cooled to
4 °C. The yellow precipitate obtained was filtered
off, washed several times with Et,O and dried in a
vacuum desiccator. The product was recrystallized
from EtOH. The substance is soluble in DMSO and
slightly soluble in water. Yield: 82%, m.p. 227 °C
(dec.). IR (ATR, cm"):3199, 1771, 1708, 1608. 'H
NMR (500 MHz, DMSO-d,): 8.20(s, 1H, NH-1);
7.35-7.27(m, 5H, C(Hy); 7.14 (s, 2H, NH,); 2.99;
2.81(dd, AB quartet, 2H, CH,); 1.34(s, 3H, CH,).
3C NMR (125 MHz, DMSO-d,): 177.6(C-4); 158.9
(C-2); 138.7; 133.5; 131.3; 130.4(C Hs); 63.9 (C-5);
46.4 (CH,); 27.4 (CH,).

Computational details

The molecular structures and vibrational spec-
tra of the ligand (3) and its complexes (4, 5) were
studied by computational methods. All theoretical
calculations were performed using the Gaussian 03
package of programs [ 13]. Optimization of the struc-
tures of the ligand and its complexes was carried out
by hybrid DFT calculations, employing the B3LYP
(Becke’s three-parameter non-local exchange) [14,
15] correlation functional and 6-311++G** basis set
for all non-metal atoms and LANL2DZ basis set for
metal center.

Cytotoxic activity

Cytotoxicity of the ligand (3) and complexes (4, 5)
was evaluated in vitro against three human tumor
cell lines (Table 1). The cell lines used for the ex-
periments were: (i) HL-60 (acute myeloid leuke-
mia, established from the peripheral blood of a pa-
tient with acute promyelocyte leukemia), (ii)) REH
(acute lymphoblastic leukemia, established from
the peripheral blood of a 15-year-old North African
girl with acute lymphoblastic leukemia in 1973),
(i11)) HT-29 (colon adenocarcinoma, established from
the primary tumor of a 44-year-old Caucasian wom-
an with colon adenocarcinoma in 1964). The cell
lines were obtained from DSMZ German Collection
of Microorganisms and Cell Cultures and were well
validated in our laboratory as a proper test system for
metal complexes. Their DSMZ catalogue numbers
are as follows: HL-60 (ACC 3), REH (ACC 22) and
HT-29 (ACC 299). Cytotoxicity of the compounds
was assessed using the MTT [3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide] dye re-
duction assay as described by Mossman [16] with
some modifications [17]. Exponentially growing
cells were seeded in 96-well microplates (100 pL/
well at a density of 3.5 x 10° cells/mL for the ad-
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herent and 1 x 10° cells/mL for the suspension cell
lines) and allowed to grow for 24 h prior the expo-
sure to the studied compounds. Stock solutions of
the investigated Pd(II) and Pd(IV) complexes were
freshly dissolved in DMSO and then promptly di-
luted in RMPI-1640 growth medium, immediately
before treatment of cells. At the final dilutions the
solvent concentration never exceeded 0.5%. Cells
were exposed to the tested compounds for 72 h,
whereby for each concentration a set of § separate
wells was used. Every test was run in triplicate, i.e.
in three separate microplates. After incubation with
the tested compounds MTT solution (10 mg/mL in
PBS) aliquots were added to each well. The plates
were further incubated for 4 h at 37 °C and the
formazan crystals formed were dissolved by adding
110 pL of 5% HCOOH in 2-propanol. Absorption
of the samples was measured by an ELISA reader
(UniscanTitertec) at 580 nm. Survival fraction was
calculated as percentage of the untreated control.
In addition IC,, values were calculated from the
concentration-response curves. The experimental

1. NaCN

2. (NH4)2CO3
(0]
1
(0]
wN/””Z
HN’&
3 0

K,PdCls

K,PdCl,

data was processed using GraphPadPrizm software
and was fitted to sigmoidal concentration/response
curves via non-linear regression.

RESULTS AND DISCUSSION

The method of obtaining of the organic com-
pound 5-benzyl-5-methyl hydantoin (2) described
by Herbst et al [12] was improved and shortened.
Synthetic pathway to obtain the new ligand and its
complexes is illustrated on the Scheme 1. The struc-
ture of the ligand (3) and its metal complexes (4, 5)
were confirmed by various spectroscopic tech-
niques such as IR, '"H NMR, *C NMR spectra and
elemental analyses. The results were consistent with
the assigned structures.

The complexes (4, 5) were stable in solid state
at room temperature and their melting points were
over 200 °C. As a result of elemental analyses, met-
al complexes were supposed to have the following
general formulas [PdLCL,] and [PdLCI1,].

0]
H3C,
NH
2 (0]

Scheme 1. Synthesis of 5-benzyl-5-methyl hydantoin (2), ligand (3), Pd(I) and Pd(IV) complexes (4, 5).
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The structural characterization

Infrared spectra

The accurate assignment of the main experimen-
tal frequencies of ligand and complexes (4, 5) to the
corresponding normal modes was supported by DFT
method employing B3LYP functional, 6-311++G**
basis set was selected for C, N, H and O atoms and
LANL2DZ was applied for the Pd atom. All calcu-
lated frequencies are positive. This is confirmed that
the structures are correctly optimized.

The IR spectrum of the free ligand shows three
characteristic bands in the region 3323-3202 cm™
(theor. 35203372 cm™!) associated with the stretch-
ing modes of the NH and NH, groups, which is
typical for hydrogen bonded systems. While in the
spectra of the complexes (4, 5), they are shifted
to lower frequencies (exp. 3205-3110 cm'/theor.
3554-3344 cm™).

The bands observed at 1764 and 1723 cm™' cor-
responding to v(C=0) vibrations in the ligand are
slightly shifted to higher frequencies in the complex-
es: 1772, 1712 ecm™ in Pd(Il) and 1772, 1708 cm!
in Pd(IV) complex. The band at 1626 cm™ attrib-
uted to the (NH,) vibration in the spectrum of the
ligand is slightly shifted to lower wavenumbers by
18 cm™ in the complexes.

NMR spectra
In the '"H NMR spectra of the ligand the signal of
NH(1) is at 8.59 ppm, the signals of two diastereo-

topic CH, protons are in the 2.75-2.95 ppm. N-NH,
protons are singlet at 4.51 ppm. The comparative
analysis of the "TH NMR spectra of the complexes
(4, 5) and the ligand (3) showed that there was a
significant shifting of the signal of N-NH, group
(from 4.51 in the ligand to 7.15-7.20 ppm in the
complexes). The signals of the other protons were
not shifted extraordinary. This shows that the coor-
dination of the ligand with metal ions was realized
by nitrogen atom of the amino group.

In the C NMR spectra, as well as in the 'H
spectra of the complexes, the signals of two carbon-
yl groups are slightly influenced. But the shifting of
the C-2 carbonyl carbon (C=0-2) is relatively great
(from 155.6 to 158.9). It revealed that ligand co-
ordinates with palladium cation bidentate, through
C-2 carbonyl oxygen and the amine group. All other
carbon atoms do not shift significantly after coordi-
nation.

Theoretical analysis

The theoretical calculations were used to obtain
the important information about structural charac-
teristics due to the difficulties to obtain crystals suit-
able for X-ray analysis. The geometries of the ligand
and complexes were optimized at the B3LYP level,
6-311++G ** and LANL2DZ basis sets (Fig. 1).

The palladium(II) ion has square planar environ-
ments with the ligand, bonded through the nitrogen
atom from amine group and carbonyl oxygen atom

Fig. 1. Optimized structures of the ligand (3) and its complexes (4, 5).
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Table 1. /n vitro evaluation of cytotoxicity of the ligand (3) and complexes (4, 5) in comparison
with referent drug cisplatin in three human tumour cell lines

IC5, (kM)
Compounds

HL-60 REH HT-29
Ligand 167+ 10 >200 > 200
Complex Pd(II) 1275 >200 >200
Complex Pd(IV) 133+£5 > 200 >200
Cisplatin 8.7 1.07 170

(C=0-2). The last one is more stable by 0.33 kJ/mol REFERENCES

compared to coordination of metal ion with C=0
group on fourth position. In case of complex (5) the
metal adopts a distorted octahedral coordination.

Theoretical analysis showed that the bond
lengths in the complexes are slightly longer than the
ligand by 0.03-0.05 A. The Pd-N and Pd-O bond
lengths are 2.16 A and 2.21 A, respectively, consist-
ent with those found in other palladium compounds
[18, 19]. The angle, N,N,C, is slightly affected upon
complexation by 2.9-3.9°. The computed values of
angles N,PdO, in complexes are 79.84° and 80.81°
respectively.

In vitro cytotoxicity

Cytotoxicity of the ligand (3) and complexes (4, 5)
was evaluated in vitro against three human tumor
cell lines (Table 1). Pd(Il) and Pd(IV) complexes
showed higher cytotoxic activity than the ligand on
HL-60 cell line. This cell line maybe is more sen-
sitive to palladium complexes than the other two
lines. The new complexes are less active than the
referent cisplatin.

CONCLUSIONS

The paper describes synthesis, characteriza-
tion and theoretical analysis of 3-amino-5-methyl-
5-benzyl hydantoin as a ligand and its palladium
complexes. Their structures were determined by
several spectroscopic methods. The DFT calcu-
lations show that palladium ion exhibit a square
planar geometrical arrangement in Pd(II) complex
and distorted octahedral coordination in Pd(IV)
complex. Theoretical analysis confirmed the ex-
perimental data for bidentate coordination of the li-
gand with metal ions. Pd(II) and Pd(IV) complexes
showed higher cytotoxic activity than the ligand on
HL-60 cell line.
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KOMIUIEKCH HA Pd (II) 1 Pd (IV) C HOB XUTAHTOMHOB JIMT"AH/I:
CHUHTE3, OXAPAKTEPU3NPAHE, TEOPETUYHU
N ®PAPMAKOJIOI'MYHA N3CJIEABAHUA

E. Yepnena', P. byroxnues', H. Bypmkues?, P. Muxaiinosa’, A. bakanosa'

! Kameopa ,, Xumus *, @apmayeemuuern gpaxyimem, Meouyuncku ynusepcumem — Cogus,
ya. ,,[Aynas” 2, 1000 Cogpus, Bvrcapus
? Kameopa ,, Xumus u papmarxoerosus*, @axyamem no xumus u papmayus, Coghuiicku Yruusepcumem,
oya. ,,[Joicetime bayuep ™ 1, 1164 Cogus, Bvreapus
* Kameodpa no ¢apmaronoeus, ghapmaxomepanus u mokcuxonocus, Qapmayesmuver gpaxyimen,
Meouyuncku ynusepcumem — Cous, yau. ,,/lynas*™ 2, 1000 Cogus, Bvreapus

[ocremmna mapt, 2018 r.; mpueta Mmaii, 2018 .
(Pesrome)
Hosu kommiexcu Ha Pd(I1) u PA(IV) ¢ 3-aMuHO-5-MeTHII-5-0CH3WIXUIAHTOWH OsXa CHHTE3HPAHH U 0XapaKTepH-
3UpaHU, U3MOA3BANKH Pa3IMuHU ceKTpockoncku metoau kato MUY, SAIMP u enemenTen ananu3. KBaHToBO-XUMHYHU

H3YKCIIEHHs Os1Xa IMPUIJIOKCHU 34 U3CJICABAHC HA CTPYKTYpaATa Ha JIMTaH/1d U HCTOBUTC KOMILJICKCH. CB06OZ[HI/I$IT JIn-

TaHIl U KOMIUIEKCHUTE 0sIXa TECTBAHU in Vifro 3a IUTOTOKCHYHA aKTHBHOCT BBPXY TPU YOBEUIKH TYMOPHH KJICTHYHU
maun: HL-60, REH u HT-29.
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Insights in the photophysics of 2-[2’-hydroxyphenyl]-quinazolin-4-one
isomers by DFT modeling in the ground S, and excited S, states
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2-[2’-hydroxyphenyl]-quinazolin-4-one, HPQ, is believed for a long time to be a typical compound capable of
keto-enol tautomerism. As such it would normally be expected to exhibit a characteristic absorption spectrum for the
tautomers potentially present in solution. Moreover, fluorescence should also exhibit features of possible excited state
proton transfer, ESIPT. Contrary to expectations, the absorption spectra of HPQ do not directly indicate tautomerism,
whereas the observed fluorescence is relatively weak. For these reasons in this paper we look for additional DFT and
TD-DFT computational, as well as experimental, insight into the spectroscopic properties of the title compound. The
results indicate the simultaneous presence of enol and keto forms both in the ground and first excited singlet state, as

well as multiple overlapping emissions.

Keywords: tautomerism, photophysics, DFT and TD-DFT calculations, solvent effect.

INTRODUCTION

The visible absorption spectrum of 2-[2’-hy-
droxyphenyl]-quinazolin-4-one (HPQ) has been
recorded routinely by a number of groups [1, 2, 3]
and shown to possess an intense peak at ca. 30.10°
cm™!, accompanied by a longer wavelength absorp-
tion (shoulder) at ca. 25.10° cm™ in proton acceptor
solvents as N,N-dimethyl formamide, DMF, and di-
methylsulfoxide, DMSO [2]. Solutions of HPQ flu-
oresce at concentrations ca. 10 uM at ca. 21.10° cm™
I, while its crystals show either blue or green fluo-
rescence [2]. The offered common interpretation of
the observed fluorescence emission involves dimer
aggregates as the emitting species [2]. Traditionally
fluorescence of compounds with similar structural
fragments is referred to their expected capabil-
ity to undergo ESIPT, which is usually associated
with anomalously large Stokes’ shift of the order of
10* em™! [4]. Reported absorption and steady state
fluorescence spectra of HPQ, with a Stokes shift
of ca. 9.10° cm™ [1-3] indeed conform to the men-
tioned requirements. The reason for the present
report is that the dynamics of tautomerization and

* To whom all correspondence should be sent:
E-mail: bakalova@orgchm.bas.bg

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

internal rotations of HPQ, as well as its observed
electronic absorption and emission features in so-
lution are apparently still incompletely understood.

EXPERIMENTAL

Computational DFT and TD-DFT modeling has
been carried out using the Gaussian 09 program sys-
tem, rev. D01 [5], DFT and TD DFT (TD=nstates=6)
theory. B3LYP and CAM-B3LYP functionals have
been employed. Solvent interactions are calculated
within the PCM formalism [6, 7]. UV-visible spec-
tra are recorded on a Perkin Elmer Lambda 25 UV/
Vis Spectrometer and fluorescence spectra are re-
corded on a Perkin Elmer LS-55 Luminescence
Spectrometer. Time resolved photophysical stud-
ies have been performed using a 1 cm path length
quartz cuvette at room temperature. Fluorescence
lifetimes with a time resolution less than 100 ps
have been obtained by Time Correlated Single-
Photon Counting (TCSPC) using a Fluorolog®-3
(HORIBA Jobin Yvon S.A.S., Longjumeau, France)
spectrofluorimeter and picosecond light pulses gen-
erated from a pico-LED source at 365 nm. The de-
cay curves have been deconvoluted using DAS-6
decay analysis software and the acceptability of the
fits was assessed by 92 criteria and visual inspection
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of the residuals of the fitted functions to the data.
Time-resolved fluorescence decay I(?) is described
by the following expression:

I(t) = Z'ai‘[i (1)

The average fluorescence lifetimes are calculat-
ed using the following equation [8]:

2

in which o, is the pre-exponential factor correspond-
ing to the i-th decay time constant, t..

RESULTS AND DISCUSSION

Several possible tautomeric forms of HPQ are
shown on Scheme 1. Evidently HPQ isomers shown
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Ny N T HN.__ N
| 1 6.90 2
HO OH

intramolecular PT

2.72, IF=439

HN NH
3
o
3.80

in Scheme 1 may arise from one another either via
proton transfer processes, or partially hindered in-
ternal rotation around the formal single C — C bond
connecting the two aromatic fragments, or both.

We start computational modeling of isomers 1-4
in the ground (S,) and the first excited singlet (S,)
states at CAM-B3LYP/6-31G(d,p) in five solvents
of very different polarity and hydrogen bonding
ability — tetrahydrofuran (THF), dichloromethane
(DCM), N,N-dimethylformamide (DMF), dimethyl-
sulfoxide (DMSO) and water (H,0). We have been
unable to locate the keto isomer 3 at this level of
theory in any of the solvents considered; any attempt
led to the more stable isomer 1 instead. Results for
isomers 1, 2 and 4 indicate insignificant solvent de-
pendence of their electronic spectra on solvent po-
larity. This computational result is in agreement with
the published fluorescence spectra in THF and THF/
water mixtures up to 99% of water [1].

We further explore the influence of the basis set
on the energies and predicted electronic spectra in a

intramolecular PT

5.02, IF=844

Yy

HN

o)
NH
4
0]
E} 6.31

Scheme 1. Some of the possible prototropic and rotational isomers of HPQ, with computed CAM-B3LYP/6-31+G(d,p) relative
Gibbs free energies E + AG, (kcal.mol ") in the S, electronic state in solvent DMF, PCM. Activation free energies of interconnect-
ing transition structures (TSs) are given in kcal.mol™' together with the computed imaginary frequencies, IFs, in cm™'. Note the
conversion of 1 to 2 requires rotation and proton transfer, N;H to N.
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solvent of medium polarity, DMF (Table 1) and the
following discussion is based on the results in DMF.
The results show that CAM-B3LYP/6-31G+(d,p)
performs best as a compromise between accuracy
and computational cost. Moreover, all four consid-
ered isomers (Scheme 1) have been located in the
ground (S,) state at this level of theory. The addition
of a second diffuse function does not make differ-
ence, presumably because the hydrogen bonds are
very strong. We estimate this by comparing the en-
ergies of enols 1 and 2 (which have hydrogen bonds
with distances 1.64 A and 1.62 A, resp.) with their
respective isomers anti-1 and anti-2 (Table 2 and
Fig. 1) in which no H bond is possible. Results show
that the H-bond stabilization is 7.6 kcal.mol ! in the
case of 1 and 8.7 kcal.mol™! for 2, consistent with
the notion of strong, low barrier, hydrogen bonding,
Fig. 1 [9].

Table 2 shows the values of the rotational barrier
between 1 and 2, as well as the barriers for proton
transfer interconnecting 1 and 3 and 2 and 4, respec-
tively.

Computational results (Table 1) show that the
enol form 1 is the prevailing species in the ground
state. Computed energy of the S, — S, absorption
electronic transition is 306.9 nm (32580 cm '), while
the experimentally reported longest-wavelength ab-
sorption maximum [2] is at 335 nm (29850 cm™).
The overestimation of absorption transition energy
by 2730 cm ' may be considered acceptable. This ver-
tical absorption transition is an almost pure HOMO
- LUMO m-excitation. The complex form of the
longest-wavelength absorption maximum, together
with the observed shoulder at ca. 390-400 nm in
DMF and DMSO [2] is an indication of the presence
of quinoid keto-forms, 3 and/or 4 in solution as well.

Table 1. Electronic (E) and Gibbs free (E+AG) energies and electronic spectra in DMF, predicted by (TD) CAM-
B3LYP calculations with various basis sets. Energies are given in hartrees, relative free energies AAG in kcal.mol ™.
Transition wavelengths are in nm, and oscillator strengths in absolute units. A, correspond to vertical excitations and
Ay — to relaxed TD emission energies from the S, excited state

So Sofsl Sofsz Sl
Str
E E+AG AAG )\‘abs fosc }\‘abs fusc }\‘Fl fusc
6-31+G(d)
1 —799.15279 —798.97554 0.00 305.8 0.75 273.6 0.07 363.1 0.90
2 —799.14705 —798.97056 3.17 304.8 0.58 273.7 0.18 441.1 0.52
3 —799.14526 —798.96956 3.81 373.8 0.56 286.8 0.06 436.3 0.48
4 —799.14296 —798.96655 5.73 380.2 0.60 290.5 0.00 433.8 0.55
6-31G(d,p)
1 —799.14107 —798.96371 0.00 304.1 0.68 267.2 0.10 357.6 0.78
2 —799.13464 —798.95808 3.59 302.8 0.53 270.9 0.03 434.1 0.49
3 —
4 —799.12842 —798.95238 7.22 367.9 0.56 289.4 0.00 425.1 0.52
6-31+G(d,p)
1 —799.17417 —798.99734 0.00 306.9 0.74 273.9 0.07 363.6 0.87
2 —799.16864 —798.99263 2.95 306.7 0.58 273.6 0.18 438.7 0.52
3 —799.16539 —798.99128 3.80 364.6 0.55 283.5 0.07 425.0 0.52
4 —799.16281 —798.98729 6.31 374.8 0.59 285.4 0.01 432.6 0.55
6-31++G(d,p)
1 —799.17430 —798.99753 0.00 306.9 0.74 273.9 0.07 363.5 0.87
2 —799.16873 —798.99273 3.01 306.7 0.58 273.6 0.18 433.0 0.55
3 —799.16550 —798.99153 3.76 364.6 0.55 283.5 0.07 425.0 0.52
4 —799.16289 —798.98744 6.33 374.8 0.59 285.5 0.01 432.6 0.55
6-311G(d,p)
1 —799.32703 —799.15055 0.00 304.8 0.70 268.9 0.09 360.7 0.84
2 —799.32067 —799.14468 3.74 303.2 0.55 268.0 0.17 437.0 0.51
3 —799.31711 —799.14263 5.05 366.5 0.55 281.6 0.01 423.9 0.50
4 —799.31459 —799.13928 7.18 373.1 0.60 290.1 0.00 429.9 0.53

*We could not locate isomer 3 using the 6-31G(d,p) basis set.
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Table 2. CAM-B3LYP/6-31+G(d,p) ground state electronic and Gibbs free
energies of HPQ tautomeric species shown on Scheme 1 and Figure 1 with con-
necting transition structures rts for internal rotation and hts for intramolecular hy-
drogen (proton) transfer. Solvent DMF. Energies in hartrees, AAG in kcal.mol™!

and imaginary frequencies in cm™!

Str. E E+AG AAG IF
1 —799.17417 —798.99734 0.00
Anti-1 —799.16073 —798.98527 7.57
1-2 rts —799.15845 —798.98164 9.85 37
1-3 hts —799.16533 —798.99301 2.72 439
2 —799.16864 —798.99263 2.95
Anti-2 —799.15447 —798.97870 11.70
3 —799.16539 —798.99128 3.80
4 —799.16281 —798.98729 6.31
2-1rts —799.15845 —798.98164 6.90 37
2-4 hts —799.16212 —798.98934 5.02 844

7.6

0.0

Fig. 1. Tautomers 1, anti-1 and anti-2, 2 with or without H-bond, resp. Relative free energies AAG, in kcal.mol'.

Computational results for the relaxed excited
S, state show, that three isomers may be present —
1%, 3* and 4% (Fig. 2). Any attempt to locate the
enol form 2* leads to its simultaneous conversion
to the corresponding keto form 4*. The keto forms
3* and 4* are predicted to fluoresce at much longer
wavelengths (Table 1) than the enol form 1, thus ac-
counting for the large Stokes’ shift found by experi-
ment. Although, similar to the case of absorption,
computationally predicted values of emission ener-
gies are higher than experimentally found ones, the
computed Stokes’ shift of ca. 9000 cm™, indicative
of ESIPT, is gratifying.

Table 3 shows the relaxed computational results
obtained at B3LYP/6-31+G(d,p). It can be seen
that in this case predicted absorption spectra are
shifted bathochromically relative to experimental
values, the energy differences with the experimen-
tally observed spectra being much smaller than at
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CAM-B3LYP/6-31+G(d,p). The energy differenc-
es with fluorescence experiment at TD B3LYP/6-
31+G(d,p) are also much smaller than at TD CAM-
B3LYP/6-31+G(d,p). The conclusions however are
the same with the two DFT functionals.

Reported absorption and emission spectra of
HPQ in the literature are little [1, 2], if at all, in-
fluenced by solvent polarity, which does not com-
pletely conform to our own experimental spectra,
see Figure 3. The absorption spectrum in DMF and
DMSO has a fine structured band at 30-33.10° cm™,
with a secondary bathochromically shifted absorp-
tion at 26.10° cm™ in DMF, which we attribute to
the keto-tautomer 3. Our absorption spectra cor-
respond roughly to the data reported earlier [1, 2].
Present emission spectra in the same solvents show
some more detail and indicate the presence of at
least two fluorescence bands in DMF and DMSO,
which on the basis of the computational results may
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-799.03753 -799.04972 -799.05020

Fig. 2. Equilibrium geometries of 1%, 3* and 4* in the S, excited state, solvent DMF, CAM-B3LYP/6-31+G(d,p). C=0, O--H and
N--H distances are shown in A; total electron energies are in hartrees (au).

Table 3. Electronic (E) and Gibbs free (E+AG) energies and electronic spectra, predicted by TD B3LYP/6-31+G(d,p) calculations.
Energies are given in hartrees, relative free energies AAG in kcal.mol ™. Transition wavelengths are in nm, and oscillator strengths
in absolute units. A, correspond to vertical excitations, and A, — to relaxed TD emission energies from the S, excited state. No

relaxed S, structure 3 could be found by these calculations

so sofsl Sofsz Sl
Str E E+AG AAG xabs fosc 7\‘abs fusc )\’Fl fusc
1 -799.57580 -799.40215 0.00 342.7 0.66 309.4 0.04 393.0 0.77
2 -799.57016 -799.39762 2.88 346.7 0.47 308.9 0.17 513.6 0.33
3 —799.56824 —799.39814 2.56 408.0 0.46 369.1 0.02
4 —799.56571 —799.39297 5.85 422.5 0.45 358.2 0.08 488.0 0.37
1,6 - Fluorescence at - 16
. 331 nm excitation in: .
1,4 4 Absorbance in: 4 14
i — DMF |
o 124 T DMSO —— DMSO 1 1,2
§ — DMF | 2
2 1,0 %
2 £
: 0,8 T
N H
TE 0,6%
s 045
-4 49
0,2
: - » H 00

T T T T T T T T T
40000 36000 32000 28000 24000 20000 16000

Transition energies, cm™

Fig. 3. Normalized absorption and emission spectra of HPQ.
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Fig. 4. Overlapping fluorescence spectral bands obtained by curve fitting of the observed fluorescence spectra of HPQ in
DMSO and DMF.
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Fig. 5. Fluorescence emission decay curves and lifetimes for HPQ in DMF. Excitation at 365 nm.
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be attributed to the excited tautomers 1* and 3* or/and
4* resp. (see Tables 1 and 3).

Present fluorescence spectra seem to corrobo-
rate, in agreement with computational predictions,
the presence of at least two different species in the
first excited singlet state S,. The difference in the
bandshapes of the fluorescence spectra can well
be attributed to different percentage distribution of
the species in the two solvents, which are of dif-
ferent polarity and basicity. Decomposition of the
fluorescence spectral curves of HPQ in DMSO and
DMF (Fig. 4) suggests with high probability, that
the emitting species are actually three. This is also
clearly demonstrated by measurement of fluores-
cence lifetimes. The obtained results, observed as
different behavior of decay curves from two levels
of energy (Fig. 5) are indicative of at least two spe-
cies, emitting from the S, level.

As the enol tautomer 1* is computed as a shorter
wavelength emitter than the respective keto-isomers
3* and 4%, we may attribute the longer wavelength
emissions, Fig. 4, to the keto-isomers. At longer
emission wavelength, 484 nm, the decay curve is the
result only from emission by keto-isomers and with
high accuracy can be interpreted as nearly monoex-
ponential with a lifetime of about 4 ns. At shorter
emission wavelength (460 nm), the decay curve is
the result of emissions from all 3 forms showing
significant difference from monoexponential decay.

CONCLUSION

Joint computational and photophysical studies
of HPQ provide a detailed picture of its internal
molecular dynamics and provide a tool to assign
the origin of observed light absorption and emis-
sion phenomena to specific isomeric species of the
molecule.
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BMXJIAHUA 3A ®OTODPUSUKATA HA U3OMEPU HA 2-(2°-XUIPOKCUDEHUII)-
XNHA3O0JIMH-4-OH Bb3 OCHOBA HA MO/JIEJIMPAHE C T®II (DFT) B OCHOBHO
S, 1 Bb3bYJIEHO S, CbCTOSAHUE

X. Kanern, C. M. bakanosa*, 1. I1. Auresnos

Hnemumym no opeanuuna xumus ¢ Llenmvp no ¢humoxumus, Bvreapcka akademus Ha HayKume,
1113 Cogus, Bvaeapus

[Toctenuna mapr, 2018 r.; npuera maii, 2018 r.
(Pestome)

2-(2’-xunpokcudenun)-xuHazonni-4-on (HPQ) e chennmHenue, 3a KOETO OT JBITO BpeME CE CMsTa, 4ye HMa
BB3MOXKHOCT JIa TIPOSIBSIBA KETO-CHOJIHA TaBTOMepHsl. b TpsiOBano na ce o4yaksa, ye TO MpHUTEkaBa abCopOIHOHEH
CIIEKTHD XapaKTePeH 3a TABTOMEPHUTE, NOTEHIUAIHO CHIIECTBYBAIIH B pa3TBop. DayopecleHusaTa cbIo TpsdBa na
MOKa3Ba Bb3MOYKHOCTTA 3a IPEHOC Ha MPOTOH BB BB30Yy/1eHO el1eKTpoHHO cheTosinue, ESIPT. [IpoTuBHO Ha oyakBa-
HusiTa abcopOrmonnuTe criektpu Ha HPQ He moka3sat TaBTOMEpHs: AMPEKTHO, a HaOJro1aBaHaTa (hIyopecieHIus €
oTHocHTeNnHO ciaba. [1o Te3u npuunHu HKE MpenpreMaMe JIObIHUTEITHA U3CIIeIBAHMUS C IOMOIITA Ha TEOPHsTa Ha
¢dyukuronana Ha rreTHOCTTa TOII M 3aBHCcKMaTa oT Bpemero TOI1, kakTo M eKCIIepUMEHTAIHU U3CIIEABAHHS, BPXY
criekTpockorckute cBoiictBa Ha HPQ. PesynraTure nokassaT eIHOBPEMEHHOTO HAJIMYKME HA CHOJHU M KeTo hopmu B
pa3TBOp KaKTO B OCHOBHO, Taka M B IIbPBO Bb30YICHO CHHIJIETHO ChCTOSIHUE, KAKTO ¥ HAINYMETO Ha CYNEPIIO3UIINS
OT NPUIIOKPUBALLY CE EMUCHUHU.
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Coordination of bis((dimethylphosphinyl)methyl)amine to copper(Il).
Synthesis and single-crystal structure of its mononuclear
octahedral copper(Il) complex
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The synthesis and structural characterization of a mononuclear complex of bis((dimethylphosphinyl)methyl)amine,
L with a composition [CuL,]Cl,.3H,0 has been discussed in a comparison with series of copper(Il) complexes in order
to study the mode of the ligand coordination as a function of the electronic properties of the metal ion and the particu-
lar reaction conditions. All copper(Il) coordination compounds of the titled ligand have been obtained as a result of its
interaction with CuCl,.2H,0 at different M:L molar ratios in ethanol and were isolated as neutrals compounds contain-
ing different counter ions (CIl-, AsF,"). The compound [CuL,]Cl,.3H,0 crystallizes in orthorhombic Fdd2 space group
with unit cell parameters a = 19.123(16), b = 21.657(16), ¢ = 13.107(11) A and Z = 8. Its crystal structure consists of
complex [Cu*L,]*" cations, chloride anions and water molecules. The L ligands are coordinated in a tridentate mode
each of them forming two five-membered Cu-O-P-C-N rings. The Cu** in the CuO,N,-chromophores exhibits tetrago-

nally compressed octahedral coordination.

Keywords: Cu?* complex, tetragonally compressed octahedral coordination, bis((dimethylphosphinyl)methyl)amine.

INTRODUCTION

Among the essential elements, copper has an
important role for the biological systems [1]. Many
enzymes and proteins have coordinated copper
ions and thus their active sites are formed [2]. The
biological functions of copper containing proteins
and enzymes involve electron transfer, dioxygen
transport and control on processes of oxidation, re-
duction and disproportionation. The importance of
copper transporters for the selective cellular uptake
of the platinum based antitumor drugs was estab-
lished [3, 4]. Drug transport, intracellular shuffling
and export, carried out by the high-affinity copper
transporters contribute cumulatively to the chemo-

* To whom all correspondence should be sent:
E-mail: ggencheva@chem.uni-sofia.bg

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

sensitivity of platinum drugs and thus for improve-
ment of their mode of action.

Metallobiomolecules and in particular, copper
biomolecules [5] can be considered as complicated
coordination complexes whose active sites are con-
structed from one or more metal ions together with
the donor atoms in their inner co-ordination sphere
originating from the proteins and enzymes. The
complexity of the biological systems makes the de-
tailed study on their mechanism of action very dif-
ficult. An approach to circumvent the problem is to
elucidate the structures and model mechanisms on
simpler coordination compounds. Thus, in order to
mimic the physicochemical properties of the metal-
loproteins numerous new simple coordination com-
pounds have been synthesized.

The investigations on the coordination chemis-
try of copper(Il) is stimulated by the construction
of models for copper proteins [6]. An additional
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challenge for the intensive studies in this field is to
understand the factors which give rise to the seem-
ingly infinite variety of distortions from regular ste-
reochemistry observed for Cu(Il) complexes [7-9].
The cooper compounds containing Cu?* with its d°
electron configuration are strongly affected by the
Jahn—Teller effect [10-12]. The metal atom in the
cooper(Il) compounds display square-planar, square
pyramidal, trigonal bipyramidal or octahedral coor-
dination which due to the Jahn—Teller effect could
be tetragonally compressed or elongated [13—16].
Very few of the Cu?*" complexes with regular square
pyramidal and trigonal bipyramidal geometry are
known as most of the complexes adopt geometries
that are intermediate between these extremes [17].
Here we report the synthesis and the single
crystal structure of a mononuclear Cu* complex
of bis((dimethylphosphinyl)methyl)amine [18],

\ o~ S
“ \ e ™~

Scheme 1. Molecular structure of bis((dimethylphosphinyl)
methyl)amine.

Scheme 1, with tetragonally compressed octahedral
geometry and composition [CuL,]Cl,.3H,0 (Fig. 1).

The ligand belongs to the group of aminophos-
phine oxides [19] and especially to functional-
ized nitrogen-containing tertiary phosphine oxides
(AmPOs). The organophosphorus compounds, in-
cluding AmPOs are extensively studied in the past
years because of their various industrial applica-
tions and ability of the phosphorus substituents to
regulate important cellular processes. It is proved
already that the introduction of organophosphorus
functionalities in simple synthons may afford use-
ful substrates for the preparation of biologically
active compounds [20]. AmPOs have additional
N-containing functional groups that together with
highly basic P=O groups and the substituents at
the pentavalent phosphorus atom determine their
special behavior in regard to coordination ability,
flexibility, lipophilicity, etc. The diverse proper-
ties of the AmPOs are the basis for their application
as molecular precursors to produce new polymeric
materials, in catalytic organic reactions, in selec-
tive separation mostly for lanthanides and actinides,
etc.. Due to their biological importance there has
been growing interest in coordination chemistry
[21, 22] of'this class of ligands. Here, we discuss the
mode of coordination of bis((dimethylphosphinyl)
methyl)amine as a function of the copper(Il) nature
and the reaction conditions on the basis of a series
complexes (Scheme 2).

cL1

Fig. 1. ORTEP drawing of the molecular structure of the compound 2. The thermal displacement ellipsoids are drawn at the 50%

probability.
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Scheme 2. A series of copper(Il) complexes of bis((dimethylphosphinyl)-methyl)amine.

EXPERIMENTAL
Synthesis

The ligand bis((dimethylphosphinyl)methyl)
amine was synthesized as described in the literature
[18]. All other reagents were of analytical grade
and were used without further purification and dry-
ing; CuCl,.2H,0 and LiAsF, (Fluka) and C,H,OH
(Merck).

Synthesis of /CuLCl,], 1: 0.0170 g (0.10 mmol)
of CuCl,.2H,0 and 0.0381 g (0.19 mmol) L
(L:Cu*=2) were dissolved each in 5 mL C,H,OH.
Then the two solutions were mixed, stirred magneti-
cally and heated (40 °C) for 3 hours. The complex
was obtained as blue crystals by slow evaporation
at room temperature for a week. Anal. Calc. for 1,
CH,,NP,0O,CL,Cu(MM=331.60 g/mol); C%=21.73,
H%=5.17,N%=4.22; Found: C%=21.74, H%=5.13,
N%=4.23).

Synthesis of [CulL,/Cl,.3H,0, 2: 0.0085 g
(0.05 mmol) of CuCl,.2H,0 was dissolved in 2 mL
C,H,OH and 0.0394 g (0.2 mmol) of the ligand was
dissolved in 5 mL C,H,OH (L:Cu?'=4). Then, both
solutions were mixed, stirred and heated at 60 °C
for 4 hours. The complex was obtained as light blue
crystals suitable for X-ray analysis after repeated re-
crystallization in ethanol. Compound 2 crystallizes
in orthorhombic Fdd?2 space group with cell param-
eters a =19.123(16), b =21.657(16), ¢ =13.107(11)
Aand Z=8.

Synthesis of {/Cu(L)CIAsF J.H,0O}n, 3: An
ethanol solution (3 mL) of CuCl,.2H,0 (0.0171 g,
0.1 mmol) was mixed with an ethanol solution (3 mL)
of the ligand (0.0395 g, 0.2 mmol) (L:Cu?=2).
Then the reaction mixture was stirred and heated

at 50 °C for 1 hour. LiAsF, (0.0782 g, 0.4 mmol)
was dissolved in 4 mL C,H,OH and then the solu-
tion was added to the initial mixture. A light blue
powder was precipitated for a few minutes. The
interaction was continued with stirring and heating
(50 °C) for 2 more hours. The obtained precipitate
was filtered while the solution was left for evapo-
ration on air at room temperature. Dark blue crys-
tals of a polymeric compound were obtained after
repeated evaporation of the solvent. Anal. Calc.
for 3,{CH NP,O,CIF,AsCu}, (MM(monomer) =
502.08 g/mol); C%=14,32, H%=3.81, N%=2.78;
Found: C%=14.07;, H%=3.73, N%=2.79.

Synthesis of /CuL,](4sF,),.2H,0,4: CuCl,.2H,0
(0.0171 g, 0.1 mmol) was dissolved in 3 mL C,H,OH
and 0.0395 g (0.2 mmol) of the ligand was dissolved
in 5 mL C,H;OH. Then, both solutions were mixed
(L:Cu*=2), stirred and heated at 50 °C for 1 hour. An
amount of 0.0782 g (0.4 mmol) of LiAsF6 was dis-
solved in 4 mL C,H,OH and was added to the reac-
tion mixture. A light blue powder precipitated after
a few minutes (~4-5 min). The interaction was con-
tinued with stirring and heating (50 °C) for 2 more
hours. The obtained complex was filtrated and recrys-
tallized repeatedly from ethanol solution. Anal. Calc.
for 4, C,H,,N,O-P F ,As,Cu) (M=871.70 g/mol);
C%=16.53 H%=4.39,N%=3.21; Found: C%=16.36;
H%=4.15, N%=3.18.

Single-crystal XRD structural analysis

A light blue crystal of complex 2 suitable for
X-ray analysis with size 0.50%0.48x0.20 mm® was
selected for data collection at room temperature.
The crystal was mounted on a Bruker SMART
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X2S diffractometer using a monochromatic Mo-Ka.
(L=0.71073 A) radiation from a micro-focus source
and APEX-II CCD detector. Data collection, cell re-
finement and data reduction were performed using
APEXII software [23]. SADABS-2014/5 (Bruker,
2014/5) was used for absorption correction [23].
The ratio of minimum to maximum transmission is
0.6538. The structure was solved by ab-initio meth-
ods using ShelXD and refined with the ShelXL
[24]. All hydrogen atoms were placed on calculat-
ed positions. To refine the structure, the program
SHELXL97 [24], version 2014/7 implemented in
program OLEX2 [25] was used. Full-matrix least-
squares refinement was carried out till the final
refinement cycles converged to an R = 0.0650 and
wR(F?) = 0.1457 for all observed data. The OLEX
software was applied to prepare the materials for
publication. The crystallographic, X-ray data col-
lection and refinement statistics for the compound
are given in Table 1. Selected bond lengths and
bond angles are summarized in Table 2 and hy-
drogen bonding interactions are given in Table 3.
ORTEP diagram for the studied compound is shown
on Fig. 1. The crystallographic data for 2 were de-
posited at the Cambridge Crystallographic Data

Centre and allocated the deposition number CCDC
1831416. Copies of the data can be obtained, free
of charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK tel: +441223762910; fax:
+441223336033; e-mail: deposit@ccdc.cam.ac.uk;
http://www.ccde.cam.ac.uk/deposit. The drawings
were prepared using Mercury version 3.3 [26].

RESULTS AND DISCUSSION

Syntheses and crystallography

The ligand bis((dimethylphosphinyl)methyl)
amine is well soluble in ethanol. All copper coordi-
nation compounds the synthesis we report here were
obtained as a result of the interaction ligand (L) with
CuCl,.2H,0 (M) at a different molar L:M ratio in
ethanol (with traces of water). The complexes were
isolated as neutral compounds with the counter ions
(CI' or AsF,"). Complexes 1 and 2 were obtained
solely from the interaction of the starting copper
salt and ligand L with successively substitution of
solvate (complex 1) and CIl~ (complex 2) ligands
from Cu*-inner coordination sphere with one and

Table 1. Crystal data and structure refinement for 2

Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/° =B/ =y/°

Volume/A®

4

Pey. glem’

wmm™!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=2¢ (1)]
Final R indexes [all data]
Largest diff. peak/hole / ¢ A=
Flack parameter

CCDC number

C,H;,CL,CuN,O.P,

580.10

300.15

orthorhombic

Fdd2

19.123(16)

21.657(16)

13.107(11)

90

5428(8)

8

1.420

1.268

2421.0

0.5%0.48 x0.2

MoKa (A =0.71073)

5.684 to 50.048
—22<h<22,-24<k<25,-15<1<15
12187

2369 [R;,, = 0.1762, R,
2369/1/141

0.953

R, =0.0650, wR,=0.1278
R, =0.1092, wR, = 0.1457
0.42/-0.56

0.00(4)

1845615

=0.1572]
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Table 2. Geometrical parameters for the complex cation of the compound 2 (A, °)

Bond Lengths

Cu(1)-0(1)! 2.159(9)
Cu(1)-0(1) 2.159(9)
Cu(1)-0(2) 2.21109)
Cu(1)-0(2)! 2.211(9)
Cu(1)-N(1) 2.026(8)
Cu(1)-N(1)! 2.026(8)
P(1)-0(2) 1.517(8)
P(1)-C(1) 1.830(10)
Bond Angles

O(1)'-Cu(1)-O(1) 95.1(4)
O(1)!'=Cu(1)-0(2)! 174.1(3)
O(1)'-Cu(1)-0(2) 174.1(3)
O(1)—Cu(1)-0(2) 90.0(3)
O(1)—Cu(1)-0(2)! 90.0(3)
0O(2)'-Cu(1)-0(2) 85.1(4)
N(1)'-Cu(1)-0(1)" 89.1(3)
N(1)—Cu(1)-0O(1)! 92.4(3)
N(1)!-Cu(1)-0(1) 92.4(3)
N(1)—Cu(1)-0(1) 89.1(3)
N(1)'-Cu(1)-0(2) 90.7(3)
N(1)-Cu(1)-0(2)" 90.7(3)
N(1)'-Cu(1)-0(2)! 87.6(3)
N(1)—Cu(1)-0(2) 87.6(3)
N(1)'=Cu(1)-N(1) 177.7(5)
O(2)-P(1)-C(1) 108.1(5)
O(2)-P(1)-C(3) 112.5(6)

P(1)-C(3) 1.786(12)
P(1)-C(4) 1.781(12)
P(2)-0(1) 1.505(7)
P(2)-C(5) 1.789(11)
P(2)-C(6) 1.776(11)
P(2)-C(2) 1.829(11)
N(1)-C(1) 1.502(14)
N(1)-C(2) 1.481(12)
0(2)-P(1)-C(4) 111.7(6)
C(3)-P(1)-C(1) 109.1(6)
C(4)-P(1)-C(1) 107.3(6)
C(4)-P(1)-C(3) 108.0(7)
O(1)-P(2)-C(5) 114.8(6)
O(1)-P(2)-C(6) 111.9(5)
0O(1)-P(2)-C(2) 106.6(5)
C(5)-P(2)-C(2) 106.9(5)
C(6)-(2)-C(5) 107.8(6)
C(6)-P(2)-C(2) 108.6(5)
P(2)-O(1)—Cu(1) 108.7(5)
P(1)-0(2)-Cu(1) 109.7(5)
C(1)-N(1)-Cu(1) 109.0(7)
C(2)-N(1)-Cu(1) 110.2(6)
C(2)-N(1)-C(1) 113.7(8)
N(1)-C(1)-P(1) 108.5(7)
N(1)-C(2)-P(2) 108.4(7)

11X, 1-YAZ

Table 3. Hydrogen bonds and weak C—H...O interactions (A, °) in the crystal structure of 2

D—H-A d(D-H) d(H-A) d(D-A D-H-A
O(1W)—H(1WA)-O(2)! 0.85 1.97 2.807(12) 1702
O(1W)—H(1WB) CI(1) 0.85 2.33 3.135(11) 1579
C(2)—H(2A) O(1WY 0.97 2.54 3477(16) 1622

15/4-X - 1/4+Y ,-1/4+Z; 2 -1/4+X, 3/4-Y,1/4+Z

two bis((dimethylphosphinyl)methyl)amine mole-
cules (Scheme 2) for 1 and 2 respectively. Complex
1 was obtained from a comparatively concentrated
reaction mixture (2x102 mol/L in respect of Cu*")
at molar ratio M:L=1:1.9 (some insufficiency of L
in respect to L:M = 2) for approximately 3 hours.
Whereas complex 2 was prepared from a more di-
luted system (5x10~ mol/L in respect of Cu?") at
molar ratio M:L=1:4 for a slightly longer period
(~4 hours). The complexes 3 and 4 were obtain
from the M:L=1:2 reaction system (concentration
of Cu* ~ 1x1072 mol/L) with a four-fold excess of
AsF, . Although AsF, counter-anions exhibit very

weak coordinating tendencies towards transition
metals, it was found that the competition between
[F-AsF.]" and CI for the inner coordination sphere
of copper(Il) in the reaction system directs the mode
of coordination of bis((dimethylphosphinyl)methyl)
amine. Thus, the complexes 3 and 4 were isolated
from the filtrate and from the powder of one and the
same reaction system (Scheme 2).

Light blue crystals of /CuL,/Cl,.3H,0, 2 suit-
able for X-ray analysis were obtained after repeated
recrystallization from ethanol. Crystallographic
data of complex 2 are summarized in Table 1. The
data for the bond lengths and angels are listed in

255



Zh. V. Georgieva et al.: Coordination of bis((dimethylphosphinyl)methyl)amine to copper(ll). Synthesis and single-crystal...

Table 2. Molecular structure and hydrogen bonds
together with weak C—H...O interactions (Table 3)
are shown in Figs. 1 and 2. The Cu®* ion is situ-
ated in a special crystallographic position and is
surrounded by two symmetrically equivalent
bis((dimethylphosphinyl)methyl)amine molecules
(L) to form complex [CuL,]*" cation. The organ-
ic molecules are bonded as a tridentate ligands
through secondary amino group and two tertiary
phosphine oxide donors thus forming two five-
membered rings. The Cu—O bond lengths are not
equal and differ with 0.051(1) A (Cu-O1=2.159 (9)
and Cu-02 = 2.211(9) A. As it is expected the
Cu—N bonds are shorter than the Cu—O ones be-
ing 2.026 (8) A. The O—Cu—O angles vary between
85.1(4)° to 95.1(4)° and only O(1)-Cu—O(2) in the
coordination plane is 90.0(3)°. The N-Cu-O angles
differ in the range 87.6(3)° to 92.(4)° while N-Cu-N
is 177.7(5)°. Thus the octahedral coordination ge-
ometry of the complex cation can be described as
axially compressed octahedra. The distance Cu-Cl
(CI") of 6.270 A shows that the chloride ions are
in the outer coordination sphere of the complex 2.
The CI" ions together with the water molecules and
O(2) from the coordinated P=O group build up the
hydrogen-bonding network (Table 3).

Mode of coordination of bis((dimethylphosphinyl)
methyl)amine

The ligand bis((dimethylphosphinyl)methyl)
amine has polydentate nature due to its three func-

tional donor groups, namely a secondary amino
group and two tertiary phosphine oxide groups. The
mode of coordination has been studied by IR spectra
analysis. The solid state IR spectral data about the
ligand and its copper(Il) complexes are represented
in Table 4. The assignments of the bands are made
in accordance with IR data and NCA published [27,
28] for transition metal complexes of aminomethyl-
phosphine oxides.

In order to assess the mode of coordination the
analysis of the IR data has been done on the basis
of the IR spectrum of compound 2 since X-ray sin-
gle-crystal structure data for 2 is available. In this
spectrum as well as in the spectra of the compounds
1 and 4 (Table 4) all bands concerning the second-
ary amino group and phosphoryl groups are affected
from the coordination. The bands for NH-stretching
and CNH deformation together with P=O stretch-
ing vibrations are shifted to lower frequencies. Only
in the spectrum of compound 3, the bands for NH-
stretching and CNH deformation are poorly affected
and this indicates only for participation of the amino
group in hydrogen bonding formation. In addition,
the new bands assigned to Cu-O, Cu-N as well Cu-
ClI vibration modes prove the composition of in-
ner coordination sphere of the complexes. These
results together with the elemental analysis data
show that the interaction between the CuCl,.2H,0
and L in ethanol solution proceeds with consist-
ent coordination of two bis((dimethylphosphinyl)
methyl)amine molecules. In the complex 1, the li-
gand is coordinated as a tridentate O,N,O ligand

Fig. 2. An asymmetric unit with hydrogen-bonding in the crystal structure of 2.
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Table 4. Selected frequencies from the infrared spectra of the free ligand and its Cu?* complexes

Bands Compounds )
o Assignment
cm [CuLCl,] [CuL,]CL,.3H,0 {[Cu(L)CIASF,].H,0}n [CuL,](AsF,),.2H,0
L 1 2 3 4
3405br 3423br 3430br v**(H,0)
3317s 3139s ~3227w 3265 3113s v(NH)
Overlapped from
v&* (H,0)
2956 3002 2987 2989 3016 v*2(CH;, CH,)
2925 2979 2916 2919 2979
2870 2967 2926
2850 2931 2902
2811 29011
2791 2898
1662 1655 1630 6(H,0)
1638
1560vw 1460s 1543w 1560w 1487w O(CNH)
1545vw 1489w 1548w 1458w
1458 1419 1422 1430 1425 6(CH,,CH,)
1446 1411 1392 1420 1422
1436 1402 1403
1428 1392
1405
1378
1364
1332 1321 1301 1326 1238 S(P-CH,)
1317 1314 1272 1311 1216
1303 1304 1304
1294 1291
1286 1261
1258
1236
1161s 1104 1138 1105 1143 v(P=0)
1119m 1090 1100 1089 1097
1077 1067 1039 1040 1087
1042
954 974 947 955 957 p(P-CH,)
924 953 905 924 939
906 915 866 905 902
892 905 865 862
755 762 758 764 697 S(P-CH,)
750 743 745 747 681
734 733 699
724
509 484 520 518 v(Cu-0)
498
473 457 465 v(Cu-N)
447
410 447 v(Cu-Cl)
697 699 vy(AsF,)
574 v(Cu-F-AsF,)
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without displacement of the two Cl ions. In the
complex 2, the second L molecule is coordinated by
displacing of the Cl™ and as a result the formation
of a CuO,N,-chromophore with compressed octa-
hedral coordination is observed. In the presence of
AsF,, the complicated equilibrium is directed to-
ward a substitution of ClI" with AsF.". As a result,
the displacement of CI" with AsF, produces two dif-
ferent complexes in which the ligand in addition of
the tridentate coordination is also coordinated with
two the phosphoryl O-donors. Despite the preferred
N-containing donor functional groups from Cu*, in
all complexes presented here, the ligand is bonded
only through (compound 3) or with the participa-
tion of phosphoryl O-donor atoms (compounds 1,
2, 4). The determined protolytic constant (pK,) of
2.54 for the ligand [18] proves the low basicity of
the nitrogen donor. The decreased electron density
around the nitrogen atom in the molecular structure
of the ligand is a consequence of the electronega-
tive effects of the phosphoryl groups. This results
in a comparatively equal affinity of these two donor
functional groups to copper(Il). The structure of the
complexes is additionally stabilized from the for-
mation of chelate rings.

CONCLUSION

A series of copper(Il) coordination compounds
has been synthesized with a ligand belonging to the
family of tertiary phosphine oxides functionalized
with secondary amino groups. The complexes were
obtained from the interaction of the ligand with
copper(Il) in ethanol solution in the presence of CI-
and AsF; as counterion. The investigation on the
structures of the complexes was done on the basis of
X-ray data for the complex with composition [CuL,]
Cl,.3H,0, IR spectra and elemental analysis. The
studied ligand as a chelating ligand, coordinates by
formation of two five-membered N,O-chelate rings
in mononuclear complexes or as a bridging O,O-
linker between metal ions in polynuclear structures.
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KOOPAUHALIMS HA BUC((IUMETUI®OCOUHIT)METIT)AMUH KBM MEJ(II).
TIOJIYYABAHE U KPUCTAJIHA CTPYKTYPA HA MOHOSIJIPEH OKTAEJIPUYEH
KOMIUIEKC HA MEJI(II)

K. B. T'eopruesa', A. I'. Yrpunos?, P. I1. Hukonosa®, b. JI. Illusaues®, C. M. 3apesa’,
C.T. Bop0anos*, T. /1. Tomera*, I'. I'. 'enueBa'*

I @axynmem no xumus u papmayus, CY ,,Ce. Kn. Oxpuocku*, 1164 Cogus, J]c. Bayuep 1, Bvaeapus
2 @akynmem no xumust u Guoxumusi, Jopacasen ynusepcumem na Ceeepna [axoma, 58102 @apeo, CALI]
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[ToxydaBaHeTo U CTPYKTypaTa Ha MOHOSIJIPEH KOMILIeKe Ha ouc((anmetnindochu-Hum)MeTHI)aMuH, L, Cbe cheTa
[CuL,]CL,.3H,0, ca obcbaenu B cpaBHeHUE cbe cepust Men(ll) koMIuIekcH Ha TO3M JIMTaHZ, ¢ Led Aa Obae U3ydeH
HayMHa Ha KOOPJIWHALIMA HA JIMTaHJa B 3aBUCHMOCT OT NMPHPOJATa HA METAIHUS HOH U KOHKPETHHUTE PEaKI[MOHHU
ycnoBus. Benuky KOMIUIEKCH ca MOMydeHH OT B3auMozericTBreTo Ha auranaa ¢ CuCl,.2H,0 B eTaHon npu pa3nuyHu
M:L MOJHY CHOTHOILIECHUS U ca U30JIMPAHU KaTo HEYyTpaJlHU chequHeHus ¢ nporusoiionure Cl, AsF,~. Kommuiexcht
[CuL,]CL,.3H,0 kpucranusupa B opropombuyHa Fdd2 npocTpaHCTBEHa Ipyla ¢ HapaMeTpH Ha eJIeMEHTapHaTa KIeT-
ka a = 19.123(16), b = 21.657(16), ¢ = 13.107(11) A u Z = 8. Kpucranuata CTpyKTypa ce ChCTOM OT KOMIUICKCHH
KaTHOHU ¢bC cbeTaB [Cu?’L,]*, 1Ba XJIOpHIHN aHHOHA M TPH BOAHM MoJjekynu. Jluranaure L ce koopanHUpaT KaTo
TPHICHTATHH, KaTO BCEKH OT TsX oOpasysa mo aBa netaieHHn Cu-O-P-C-N xenatau npserena. Cu*' B KOMIUIEKCa €
C TeTparoHaiiHO JeOopMHUpaHa OKTaeIpPUIHA KOOPHHAIIMS.
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4-Methylquinolinium hydrogensquarate (1) has been synthesized, and its structure and spectroscopic properties
have been elucidated by means of single crystal X-ray diffraction, linear-polarized solid state IR-spectroscopy, UV-
spectroscopy, 'H-NMR, TGA, DSC, DTA and positive and negative ESI-MS. Quantum-chemical calculations were
used to obtain the electronic structure, vibrational data and electronic spectrum of the target compound. The effects
of N-protonation on the optical and magnetic properties were estimated by comparing the data of the protonated and

neutral compound.

Keywords: 4-methylquinolinium hydrogensquarate, crystal structure, solid-state linear polarized IR-spectroscopy,
UV-spectroscopy, quantum chemical calculations, 'H-NMR.

INTRODUCTION

Quinolinium salts are a class of very important
synthetic compounds. Similarly to other heter-
oarenium salts, they contain cyclic nitrogen atom
with formal positive charge and lone electron pair
bound to proton, alkyl, aryl or other organic frag-
ments. Some representatives of this class are known
to possess valuable physiological properties [1]
such as anti-microbial, anti-tumor, hypotensive,
ganglion-blocking ones, etc. Moreover, quino-
linium salt fragments are included in the molecu-
lar structures of a number of polymethine dyes [2].
Certain quinolinium derivatives were found to act
as plant growth regulators [3]. Recently, N-butyl-
6-methylquinolinium salt was reported to be suc-
cessfully applied as ionic liquid in dye-sensitized
solar cells [4]. In another study, Engel et al. [5]
have demonstrated generation of intramolecu-
lar photo-induced electron transfer in zwitterionic
quinolinium salts, depending on the type of sub-
stituents, attached to the quinoline moiety. These
interesting properties of the quinolinium salts, and
previous publications in this field [6, 7] prompted

* To whom all correspondence should be sent:
E-mail: stekot@yahoo.com
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us to synthesize and explore the properties of 4-me-
hylquinolinium hydrogensquarate as a potential
material for the synthesis of new stilbazolium-type
salts. The latter possess extended m-conjugated sys-
tem with very large second-order nonlinear optical
(NLO) susceptibilities. This has attracted a lot of
scientific attention, due to the potential of the salts
for use in electro-optic modulation [8], frequency
conversion [9] and THz-wave generation and detec-
tion [10]. Todorova et al. have published structural
and spectroscopic elucidation of a new stilbazolium
dye with enlarged or conjugated system, which was
synthesized by Knoevenagel-type condensation
between 4-mehtylquinolinium iodide and the 4-di-
methylaminonaphthaldehyde [11].

Squaric acid (H,Sq) represents an attractive tem-
plate for generating tightly hydrogen-bonded self-
assemblies from polarizable cations in general, and
basic amino acids in particular. During the last 15
years, series of non-centrosymmetric crystals were
synthesized, isolated, and spectroscopically and
structurally elucidated by means of single crystal
X-ray diffraction studies. Squaric acid as a strong
organic acid gives rise to stabilized hydrogens-
quarate (HSq") anion and squarate dianion (Sq*),
which allows for the control of their self-assembly
in crystals and for tuning their spectroscopic, opti-
cal and nonlinear-optical properties. New structural
motifs of squaric acid derivatives of amino acids,

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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amino acid amides and diamides were previously
described by Kolev and co-workers [12-21] and
other authors [22-30].

Therefore it seems important to expand the
scope of these studies by elucidating the structural
and spectroscopic properties of quinolinium salts of
squaric acid. To this purpose, the target compound,
4-methylquinolinium hydrogensquatate was synthe-
sized, according to Scheme 1, purified and further
characterized. The present investigation is a contin-
uation of systematic studies on the protonation and
coordination capabilities of various substituted het-
erocycles [31-37]. Now we report the synthesis as
well as the spectroscopic and structural elucidation
of novel 4-methylquinolinium hydrogensquarate
(1), both in solution and in solid-state by using sin-
gle crystal X-ray diffraction, '"H-NMR, positive and
negative ESI mass spectrometry, UV-spectroscopy,
conventional and linear polarized IR-spectroscopy,
and the TGA and DSC. Quantum-chemical calcula-
tions at the DFT and MP2 levels of theory with the
6-31++G** basis set were employed for predicting
and supporting the experimentally observed optical
properties of the compounds studied. Regardless of
the number of published studies on different sub-
stituted quinoline derivatives, crystallographic data,
concerning 4-methylquinolinium salts are rare. Ten
structures of cobalt, copper, ruthenium and osmium
complexes [38—46] and only one structure of the
salt have been reported so far such as 4-methylquin-
olinium chloro-trioxo-chromium(vi) complex [47].

The structure of 4-methylquinolinium hydrogen-
squarate is outlined below (Scheme 1):

5 4CI;|® e
0

6 \3 (@)
7 2
% N1
|
H x O OH

Scheme 1. Chemical diagram of the 4-methylquinolinium hy-
drogensquarate (1).

EXPERIMENTAL
Methods

The X-ray diffraction intensities were measured
in the w scan mode on a Siemens P4 diffractome-
ter equipped with Mo Ka radiation (A = 0.71073 A
0. = 25°). The structure was resolved by direct

max

methods and refined against F* [48, 49]. An ORTEP

plot illustrates the anion and cation moieties, ADP
are at the 50% probability level. Relevant crystal-
lographic data and refinement details are presented
in Table 1. Both the conventional and polarized IR-
spectra were measured on a Thermo Nicolet 6700
FTIR-spectrometer (4000-400 cm™, 2 cm™! resolu-
tion, 200 scans). Non-polarized solid-state IR spec-
tra were recorded using the KBr pellet technique.
The oriented samples were obtained as a colloid
suspension in a nematic liquid crystal ZLI 1695
(Merck, Germany). The theoretical approach, the
experimental technique for preparing the samples,
the procedures for polarized IR-spectra interpreta-
tion, and the validation of this new linear-dichroic
infrared (IR-LD) orientation solid-state method for
accuracy and precision have previously been pub-
lished by Ivanova et al. [50]. The influence of the
liquid crystal medium on the peak positions and in-
tegral absorbance of the guest molecule bands, the
rheological model, the nature and balance of the
forces in the nematic liquid crystal suspension sys-
tem, and the morphology of the suspended particles
were also discussed by Ivanova, et al. [S0-53].

The positive and negative ESI mass spectra were
recorded on a Fisons VG Autospec instrument.
Ultraviolet (UV-) spectra were recorded on Tecan
Safire Absorbance/Fluorescence XFluor 4 V 4.40
spectrophotometer operating between 190 and
900 nm, using acetonitrile as solvent (Uvasol, Merck)
at a concentration of 2.5.10° M, and 0.0921 cm
quartz cells.

Quantum chemical calculations were per-
formed with GAUSSIAN 98 program packages
[54]. The output files were visualized by means
of the ChemCraft program [55]. The geometry of
protonated form of the compound was optimized
at two levels of theory: second-order Moller-Pleset
perturbation theory (MP2) and density functional
theory (DFT) using the 6-31++G** basis set. The
DFT method employed is B3LYP, which combines
Becke’s three-parameter non-local exchange func-
tion with the correlation function of Lee, Yang and
Parr. The absence of the imaginary frequencies as
well as of negative eigenvalues of the second-de-
rivative matrix confirmed that the stationary points
correspond to minima of the potential energy hyper-
surfaces. The calculations of vibrational frequencies
and infrared intensities were checked to establish
which level of performed calculations are in good
agreement with the obtained experimental data. The
B3LYP/6-31++G** data were presented for above-
discussed modes, where a modification of the re-
sults using the empirical scaling factors 0.9614 was
made to achieve better correspondence between the
experimental and theoretical values.

The thermal analyses were performed in the 300—
500 K range on a Differential Scanning Calorimeter

261



S. Kotov et al.: 4-Methylquinolinium hydrogensquarate — crystal structure and spectroscopic elucidation

Table 1. Crystal and refinement data for (1)

Empirical formula

Formula weight
Temperature (K)
Wavelength (A)

Crystal system, space group
Unit cell dimensions

Volume (A

Z

Calculated density (Mg-m)
Absorption coefficient (mm™)
F(000)

Crystal size (mm)

0 range for data collection
hkl indices

Reflections collected / unique
Absorption correction
Goodness-of-fit on F?

Final R indices [I>26 (I)]

R indices (all data)

max./min. res. (e'A~)

C,H;)NO,
257.24
293(2)
0.71073
Triclinic, Pl
a=8.0666(16)A o=387.97(3)°
b=8.5919(17) A B=77.46(3)°
¢=9.7079(19)A v =66.34(3)°
600.6(2)
2
1.423
0.106
268
0.45 x 0.43 x 0.38
2.15<6<2527
0<h<6,-8<k<10,-11<1<11
1875/1716, R(int) = 0.0468
multi-scan
1.022
R1=10.0696, wR2 =0.1525
R1=0.1618, wR2=0.1977
0.221/-0.280

Perkin-Elmer DSC-7, and a Differential Thermal
Analyzer DTA/TG (Seiko Instrument, model TG/
DTA 300). The elemental analysis was carried, out
according to the standard procedures for C and H
(as CO,, and H,0) and N (by the Dumas method).

Synthesis

4-Methylquinolinium hydrogensquarate (1) was
synthesized by the following procedure: Squaric
acid 342 mg (3 mmol) was dissolved in 50 ml dis-
tilled water. 435 mg of 4-methylquinoline (3 mmol)
dissolved in 10 ml methanol were added dropwise to
the aqueous solution by continuous stirring at room
temperature for 6 h. After complete dissolution, the
reaction mixture was set aside to crystallize for two
weeks. The product was then purified by multiple
recrystallizations from distilled water, and was fi-
nally obtained in 85% yield. Crystals suitable for
X-ray diffraction studies were grown by slow evap-
oration from a mixture of water- methanol (1:1 v/v).
After several weeks, colorless crystals were isolat-
ed, filtered and dried at room temperature. (Found:
C, 65.4;H,4.3;N,54;[C,,H,NO,] caled.: C, 65.4;
H, 4.3; N, 5.40%). The strongest signal in the posi-
tive ESI mass spectrum corresponded to the peak at
m/z 144.62 which represents singly-charged cation
[C,,H,,N]" with a molecular weight of 144.20. The
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TGA and DSC data recorded within the temperature
range of 300-500 K showed that solvent molecules
were not incorporated in the crystal structure of the
target compound.

RESULTS AND DISCUSSION

Crystal structure of (1) and molecular geometry
of the 4-methylquinolinium cation

Compound (1) crystallizes in the centrosym-
metric space group P1. The ORTEP diagram of the
asymmetric unit is given in Fig. 1. The structure
consists of infinite layers (Fig. 2), formed by means
of intermolecular N'H...0O=C, hydrogen bonds
of length 2.752 A between the cations and anions.
The hydrogensquarate moieties form stable dimers,
which is a typical structural motif in the crystals
with differently substituted pyridinium counter ions
[34-36] via strong hydrogen ¢ OH...0=C, bonds
(2.595 A) (Fig. 2). In the unit cell, the two cations
are disposed in a co-planar manner (Fig. 2), thus
leading to a co-linear orientation of the out-of-plane
(0.p.) normal modes of the quinoline-fragment (see
below). The cation is effectively flat with a dihe-
dral angle between the planes of the fused aromatic
rings of only 0.8(2)°. The geometrical parameters of
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Fig. 1. The molecular structure of (1). Displacement ellipsoids are drawn at the 50% probability level.

(a)

(©)

Fig. 2. Unit cell (a), view along b-axis (b) and visualization of the direction of the out-of-plane normal modes (c) of the 4-meth-

ylquinoline fragment obtained by group analysis.

the cationic moiety lie within the range of the previ-
ously reported salt [47].

The calculated electronic structure of the pro-
tonated 4-methylquinoline correlated well with the
experimentally obtained structure. The calcula-
tions at the approximation used generated a struc-
ture (Fig. 3), with geometry parameters differing
from the experimental values by maximum values
of 0.021 A and 1.6(3)°. Therefore, a very good co-
incidence between the experimental and calculated
values exists.

Electronic spectra

The UV-vis spectrum of (1) in acetonitrile is
depicted in Fig. 4. According to literature data, the
electronic spectrum of the neutral form is char-
acterized by three bands within the 265-275 nm,
300-305 nm and 310-315 nm ranges, depending on
the solvent type. The corresponding &-values were,
approximately, 4000, 2300 and 2100 lL.mol'.cm’,
respectively [57]. The effect of protonation led to
a hypsochromic shift of the discussed maxima.

263



S. Kotov et al.: 4-Methylquinolinium hydrogensquarate — crystal structure and spectroscopic elucidation

(a)

(b)

Fig. 3. Predicted geometry parameters of protonated 4-methylquinoline, the bond lengths are given in [A] (a), bond angles in [°]

(b), respectively.

The corresponding values amounted to 238 nm (g =
4467 L.mol'.cm™), 254 nm (¢ = 2231 L. mol'.cm™)
and 277 nm (¢ =2000 1.mol '.ecm™). The low intensity
bands at about 310 nm with € value of 1000 L.mol™".
cm! corresponds to hydrogensquarate species.

The experimentally observed data correlate well
with the theoretically predicted electronic spec-
tra of protonated 4-methylquinoline. The observed

absorption bands were 235 nm (coefficient of the
probability of the transition, f = 0.0330), 260 nm
(f=0.0610) and 280 nm (f = 0.0098), respective-
ly. The differences between the theoretically pre-
dicted and experimentally observed data obtained
were less than 5 nm. These results suggest that the
N-protonation leads to a partial charge re-distribu-
tion within the 4-methylquinoline molecule (Fig. 4).

25
235

2

s 270
255
<

1 -
05 - 315

0 T T T T T T T

200 220 240 260 280 300 320 340

A [nm]

Fig. 4. UV-Vis spectrum of (1) in acetonitrile at concentration 2.5.10 mol/I.
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The theoretical data indicate that the structural
shift is predominantly localized in the conjugated
plane and that the groups, not belonging to the con-
jugated plane do not change significantly (Fig. 5).

IR-spectroscopic data

The IR-spectroscopic elucidation of (1) was per-
formed by comparing the experimental IR-char-

(a)

acteristics (Fig. 6) with the corresponding theoretical
vibrations of protonated 4-methylquinoline (Fig. 7).
The experimental IR-spectrum of (1) was char-
acterized by a broad absorption band within the
3000-1900 cm™' region, corresponding to over-
lapped vy, and vy, stretching vibrations (Fig. 6).
The last vibration was theoretically predicted at
3576 cm! (Fig. 7), but the participation of the N*H
group in intermolecular hydrogen bonding leads

(b)

Fig. 5. Theoretical predicted single atomic charges of protonated 4-methylquinoline (a) and another view (b). The sizes of the

spheres are proportional to charges on atoms.

1381

854
756

983
903 268
800
562
518

698
633

480

—

T T T
3000 2500 2000

T T T
1500 1000 500

Absorbance / Wavenumber (cm-1)

Fig. 6. IR-spectrum of (1) in KBr pellet.
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3576

i

750

J NI

I T I T I
3500 3000 2500

T I
2000

I I I
1500 1000 500
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Fig. 7. Theoretical IR-spectrum of protonated 4-methylquinoline and visualization of selected directions of the molecular motion.

to a significant low-frequency shifting. The series
of bands within the 3100-3000 cm™' region corre-
sponds to in-plane (i.p.) stretching vibrations v,
in both the theoretical and experimental IR-spectra.
The bands at 1802, 1700 and 1534 cm™! belong to
Ve osar Voo N Veesq Stretching vibrations of
the hydrogensquarate anion, respectively (Fig. 6).
The bands at 1652 cm™ and 1605 cm™ could be at-
tributed to 8, bending vibrations and i.p. vibra-
tions of the quinoline fragment (Fig. 7). The cor-
responding theoretical values are 1633 c¢cm™ and
1604 cm™!, respectively. The high-frequency shift of
O\ results from intermolecular interactions in the
solid-state, and the obtained difference of 19 ¢cm™
for the first IR-band is therefore expected. The IR-
spectrum of (1) is characterized by strong band at
1381 cm™!, belonging to i.p. vibrations of quinoline
fragment (theoretical value of 1380 cm™). The other
IR-bands observed within the 1300-950 cm™! range
also belonged to the i.p. vibrations of the latter frag-
ment. The broad band at 903 cm™' (Fig. 6) could
be assigned to the y,,,; mode (theoretical value of
750 cm ™). Similarly to 8, the participation of the
N*H group in the intermolecular interactions leads
to a high-frequency shift of the y,,,, IR-band as well.

The bands at 869, 854 and 833 cm™' (theoreti-
cal values of 870, 855 and 833 cm™!, respectively)
belong to the out of-plane (0.p.) bending vibrations
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of the 4-lepidine fragment. A direct experimental
confirmation of their assignment follows from the
obtained elimination of these maxima at an equal
dichroic ratio (Fig. 8). Regardless of this observa-
tion, the discussed IR-bands are split into pairs as
a result of the crystal field splitting in the case of
7 =2. Total disappearance of the maxima during the
elimination procedure was observed. At the same
time, disappearance of the band at 903 cm™ was
also found (Fig. 8), which was in accordance with
the geometry obtained, since the normal modes of
the o.p. and vy, modes are oriented in a mutually
co-linear manner.

Hence the vibrational assignment of the bands
belonging to structure (1) was made on the basis of
calculated IR frequencies, and their intensities were
supported by the polarization IR spectral data. The
coincidence between calculated and measured fre-
quencies was found to be satisfactory.

'H- and 3C-NMR data

According to literature data, the chemical shift
signals of the C2H, C3H, C5H-C7H (Scheme 1)
in the '"H NMR spectrum of the neutral molecule
4-methylquinoline are observed at about 8.77,
7.21.7.98, 7.55, 7.70 and 8.10 ppm, while the sig-
nal of -CH, is at 2.79 ppm [57, 58]. The effect of
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Fig. 8. Non-polarized IR-(1) and reduced IR-LD (2) spectra of
(1) after elimination of the band at 854 cm™'.

N-protonation leads to a downfield shifting of the
signals of C2H and C3H by about 0.5-0.7 ppm.

CONCLUSIONS

The new compound, 4-methylquinolinium hy-
drogensquarate has been synthesized, isolated, and
spectroscopically and structurally elucidated by us-
ing single crystal X-ray diffraction, IR-LD spectros-
copy, UV-spectroscopy, 'H-NMR, thermal methods
and mass spectrometry. Quantum chemical calcu-
lations are used to obtain the electronic structure,
vibrational data and electronic spectra. The ef-
fects of N-protonation on the optical and magnetic
properties are elucidated by comparing the data of
the protonated and neutral compound. Compound
crystallizes in the centrosymmetric space group P1,
and the structure consists of infinite layers, formed
by intermolecular N'H...0=C, hydrogen bonds
(2.752 A) between the cations and anions. The
hydrogensquarate moieties form stable dimers by

means of strong hydrogen  OH...0=Cg, bond
(2.595 A). The two cations are found to be in copla-
nar arrangement within the unit cell, thus indicating
a successful application of the reducing-difference-
procedure for polarized IR-LD spectra interpreta-
tion. Moreover, the N-protonation leads to a partial
charge redistribution of the protonated 4-lepidine.

SUPPORTING INFORMATION

Crystallographic data for the structural anal-
ysis have been deposited with the Cambridge
Crystallographic Data Centre; CCDC 705630
Copies of this information can be obtained from the
Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK (Fax: +44 1223 336 033; e-mail: deposit@
ccde.cam.ac.uk or http://www.ccde.cam.ac.uk).
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4-METWJIXUHOJIMHUEB XUJIPOI'EHCKBAPAT: KPUCTAJIHA CTPYKTVYPA
N CIIEKTPAJIHA OLIEHKA

Cr. Koros!, X. Maiiep-®ure?, C. 3apera’

! Vuueepcumem ,, [lpoh. J]-p Ac. 3namapos*, Bypeac, Bvieapus
2 Kameopa ,, Ananumuuna xumus *, Pypcku ynusepcumem Boxym, ya. ,, Vuusepcumemcka *“ 150,
44780 Boxym, I'epmanus
3 Cogputicku ynusepcumem, Xumuuecku paxynimem, kameopa ,, Ananumuuna xumus*, 1164 Cogus, Bvreapust

[Toctenuna mapr, 2018 r.; npuera maii, 2018 r.
(Pestome)

CHHTE3UpaHO € CheAMHEHUETO 4-METUIIXUHOIMHUEB XUAPOTEHCKBApAT U ca OMpeIeNieHn HeroBara CTpyKTypa u
CIIEKTPAJIHU XaPAKTEPUCTUKN YPEe3 MHCTPYMEHTAJIHU METOJM, KaTO MOHOKPHUCTAJIEH PEHTT€HOCTPYKTYpPEH aHaJIU3,
JIMHEIHO MoJIsipu3upana nH(padepBeHa CIeKTPOCKONHs B TBBPI0 CheTosinue, UV-crniektpockonusi, 'H-NMR, TGA,
DSC, DTA u ESI-MS. N3non3Banu ca KBaHTOBO-XMMHWYHU U3UMCIUTEITHU MPOLIEYPH, 32 J1a CE TeHEPUPAT EIEKTPOH-
HaTa CTPYKTypa, KAKTO U TEOPETUYHHU CIIEKTPAJIHU JIAaHHU 3a U3CJIEIBAHOTO CheIMHEHUE. BIUsSHUETO HA MPOTOHUpa-
HETO MPU a30THHS aTOM BbPXY ONTHUHUTE U MAaTHUTHU CBOWCTBA € OIICHEHO Upe3 CpaBHSBAaHE Ha ChOTBETHUTE TAHHU
3a MPOTOHUPAHATA U HEMIPOTOHUpaHa GopMa Ha 4-METUIXUHOJIMHUCB XUAPOTCHCKBAPAT.
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Two principal trends of structural and chemical evolution of mineral forms of W are distinguished in the oxidation
zone of the Grantcharitza tungsten deposit. The first trend concerns the processes that occur when the overall pH of
supergene solutions decreases. The first group of processes include: (1) dissolution of scheelite, CaWO,, accompanied
by the formation of polytungstate ions in the solution at pH ~6—4; (2) pseudomorphic replacement of scheelite by
poorly crystalline WO,.xFe,0,.nH,0O (iron-containing meymacite) at pH ~4—1; (3) crystallization of tungstite, WO,.
H,O, and hydrotungstite, WO,.2H,0, at the expense of meymacite at pH <1. The second group of processes proceeds
in the overall trend of increasing pH of supergene solutions and includes: (1) partial dissolution of meymacite upon
increasing the pH and the K, Na and W content in the solution (pH ~1-3); (2) occasionally, precipitation of amorphous
gels WO,.xFe,0,.nH,0 — chemical counterparts of meymacite (pH ~1-3); (3) crystallization of hydrokenoelsmoreite,
(W,Fe),(0,0H),.H,O — the second chemical counterpart of meymacite with the pyrochlore structure type, as result of
the interaction of meymacite and solution enriched with K, Na, Ca and, most probably W, at pH ~3—4; (4) formation
of mineral bearers of W: goethite, a-FeOOH, hematite, a-Fe,O,, undefined amorphous SiO,.xAl,0,.yFe,O,.nH,0
gels, and, rarely, of CaWO,, and stolzite, PbWO,, at pH>4. It is shown that the increase of pH from <I to 4 causes the
successive change of the structure types: ReO, (ReO;-type layers in the structures of tungstite and hydrotungstite),
hexagonal tungsten bronze (HTB) (HTB-type layers in the structure of WO,.1/3H,0, meymacite), and pyrochlore
(structure of hydrokenoelsmoreite).

Keywords: scheelite alteration, oxidation zone, secondary tungsten minerals, structure types.

INTRODUCTION structure [2] and poorly crystalline WO,.1/3H,0
o ) [6]. The obtained so far data show that the structures

In 1981, Th. G. Sahar_na in his review [1] devot-  (f the secondary W minerals of the type (W,Fe)

ed to the secondary w minerals wrote that “The S€c- (0,0H),.nH,O and their artificial counterparts have
ondary tungsten minerals form a group of species  gimilar structure elements such as layers of hex-
with no crystallographw interrelationship”. For the agonal tungsten bronze or/and ReO, perovskite [5].
decades since then, new data on the secondary W gch minerals as pittongite and phyllotungstite [3,
minerals were collected and a number of new sec- 4] are characterized with combined pyrochlore and
ondary W minerals with simplified formula (W,Fe) tungsten bronze types of structure.
(O,0H);.nH,0  (hydrokenoelsmoreite, pittongite) Thus, the crystallographic interrelationships be-
were discovered [2-4]. Several new phases of  {yeen the secondary W minerals do exist. However,
WO,;.nH,0 (173, 1/2) with structures of hexagonal ¢ i difficult to relate these minerals and their struc-
tungsten bronze and pyrochlore were synthesized  yyre to certain physicochemical conditions. The
using the soft chemistry (chemie douce) approach  qynihesis conditions can hardly be used directly to
[5]. These new phases have their natural analogues  jpterpret the natural conditions as they depend on
as hydrokenoelsmoreite with a pyrochlore type of  imerous geological factors.

The processes of weathering occurring in W
deposits cause a significant change in the mineral
composition and properties of W ores, which makes
them unsuitable for flotation and gravity beneficia-

* To whom all correspondence should be sent:
E-mail: mptarassov@gmail.com
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tion. The behavior of W in the oxidation zone is very
complicated due to complex aquatic chemistry of
the element and its ability to polymerize. Recently,
W has become the subject of scientific focus due
to the possible toxicity of W in drinking water [7].
Weathering of W deposits is considered as one of
the possible sources of W in ground waters [8].

The processes of weathering affect signifi-
cant part of the Grantcharitza deposit (Western
Rhodopes), the largest tungsten deposit in Bulgaria.
In the present paper, the authors discuss the prin-
cipal features of the development of the oxidation
zone in the Grantcharitza tungsten deposit and the
structural and chemical evolution of different sec-
ondary mineral forms of W by connecting them
with certain physicochemical conditions.

BREAF INFORMATION ABOUT THE
GRANCHARITSA DEPOSIT

The Grantcharitza tungsten deposit is situated in
the Western Rhodopes Mountains, 18 km southwest
of the town of Velingrad (Plovdiv region, Bulgaria).
The deposit is localized in porphyritic biotite gran-
ites and amphibole-biotite granodiorites of the
so-called “unit 1” of the composite Rila-Western
Rhodopes Batholith [9]. The ore mineralizations
occur in pegmatoid quartz-feldspar veins charac-
terized by almost sub latitudinal strike — dipping
to NW ~350° with slope of ~30° and in the wall-
rock as vein-disseminated ores (“mineralized grani-
toids”). The mineral composition of the vein ores is
characterized by strong domination of quartz, SiO,,
and potassium feldspar, KAISi,O, (microcline)
among the gangue minerals and of pyrite, FeS,, and
scheelite, CaWO,, among the ore minerals. The re-
gion of the deposit is characterized by broken ter-
rain which causes fragmentariness of the weather-
ing crust. The oxidation zone of the deposit is devel-
oped unevenly. Most intensive supergene processes
are observed in the southern upper area of the most
economically important Grantcharitza-Center sec-
tion of the deposit. There, a significant part of the
relief is presented by a gentle slope (~30°) of the
Grantcharitza River valley. This slope is subparallel
to the ore zone and thus ensures nearly even access
to the ore zone of the weathering agents — water, at-
mospheric oxygen, microorganisms, etc. The textural
and structural features of the primary ores and their
mineral composition (presence of quartz and potas-
sium feldspar which screen the ore minerals from the
weathering agents) contribute to the inhomogeneous
development of the supergene processes which are
controlled by the fracture zones in the ores.

The most important supergene process that ul-
timately modifies the primary ores is the oxidation

of pyrite and the generation of natural sulfuric acid.
Goethite, a-FeOOH, and jarosite, KFe,(SO,),(OH),,
are two most dominated minerals in the oxidation
zone of the deposit indicating very high variation
of pH of the supergene solution — from neutral to
strongly acid, and Eh being very close to the val-
ues typical for waters being in direct contact with
atmospheric oxygen [10]. All altered ores in the
oxidation zone are clearly divided into two groups:
limonitized ones with dominated ferric iron oxides/
oxyhydroxides and non-limonitized ones, contain-
ing jarosite and a variety of secondary tungsten
minerals.

MATERIAL AND METHODS

Representative samples from a personal collec-
tion of the authors taken from the oxidation zone
of the Grantcharitza deposit (Center section) are
used for the present study. Scanning electron mi-
croscopy and electron probe microanalysis (Philips
SEM515 — WEDAX3A and ZEISS EVO LS25
— EDAX Trident) at 15-20 kV acceleration volt-
age, and micro-Raman spectroscopy (MicroDil
28 (Dilor Co.) with an Olympus 100x microscope
objective, 488-nm line of an Ar* laser, laser power
below 2 mW at the sample surface) were the main
methods for the sample characterization. For a part
of the samples, transmission electron microscopy
(Philips TEM420) at 120 kV and Powder X-Ray
diffraction analysis (DRON-UM1, CoKa and CuKa
radiations) were also applied. For better understand-
ing the supergene processes in the oxidation zone
of the deposit, the authors have constructed series
of Eh—pH diagrams for the systems W—Ca—Fe—S—
K—-O-H and W-Fe-O-H at 298 K and 1 atm. us-
ing the thermodynamic data from [11-13] and the
activities of chemical components (ZFe — 104,
Ca* — 10% XS — 102, K" — 107%) in aqueous solu-
tions typical for the oxidation zones of ore deposits
[10, 14]. The thermodynamic activity of W for the
system W—Fe—O-H was chosen equal to 10 — the
value corresponding well to the CaWO, solubility
in water according to [15]. For simplification, only
the monomeric tungstate ion [WO,* ] was taken into
account.

RESULTS AND DISCUSSIONS

The following W minerals and W-bearing min-
erals are established in the oxidized ores: (i) hypo-
gene minerals — scheelite CaWO, (intact and relic
— most common); (ii) supergene minerals: iron-con-
taining meymacite WO,.xFe,O,.nH,O (important),
tungstate  WO,.H,O, hydrotungstite WO,.2H,0,
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iron-containing hydrokenoelsmoreite (ferritung-
stite) (W,Fe),(O,0H),.H,0, stolzite PbWO, (rare),
colloform supergene scheelite CaWO, (rare), amor-
phous WO, .xFe,0,.nH,0 gels; (ii1) mineral bearers
of tungsten: goethite a-FeOOH (most widespread),
hematite a-Fe,O,, amorphous Si0O,.xAl,0,.yFe,O,.
nH,O gels.

Scheelite, CaWO,, (endogenic) is the most im-
portant mineral form of W in the oxidized ores. The
mineral is represented by: (1) intact crystals (most
spread from), (2) crystals with pronounced signs of
dissolution without formation of secondary miner-
als (wide spread form), and (3) relic forms replaced
by secondary W mineral, WO,.xFe,O,.nH,0O. The
case (2) is shown in Fig. 1: the most intensive dis-
solution of the scheelite crystals takes place along
the {101} crystallographic planes corresponding to
the cleavage planes. The development of the disso-
lution process along {101} causes the formation of
etch hillocks and pits with {101} faces and large
empty channels along [001].

The calculated concentration of W in aqueous so-
lution as a result of equilibrium dissolution of CaWO,
(CaWO,=Ca*+WO,*, AGr (298) = +50.16 kJ; ther-
modynamic data are from [11]) is equal to 4:10° m
(~4-10° M or 7.4 mg/L) and well corresponds to
the experimental data of [15]. This value exceeds
the highest concentration of W (10> M) in an aque-
ous solution that contains only monomeric ion and
molecular W forms [16] thus indicating that the
polymeric forms of W should play a significant
role in the interaction scheelite — supergene solu-
tion. According to [15] at pH < 6 the concentra-
tion of W in the aqueous solution in contact with
scheelite becomes notably higher than that in the
neutral solutions as a sequence of the increased
role of polymeric forms of W as paratungtstate-B

Fig. 1. Natural dissolution of scheelite, CaWO,, in the oxida-
tion zone of the Grantcharitza deposit. {101} faced hillocks and
pits and channels along [001] are formed.
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[H,W,,0,,]", a-metatungstate [H,W,,0,,]° and
other isopolytungstate ions. The role of monomer-
ic forms of tungsten WO,* is significant at pH>6.
These data show that, at least at the beginning stages
of scheelite alteration, at pH<6 to about 4 the only
process of changing the mineral is its dissolution
which proceeds with the formation of polytungstate
ions. These ion forms of W are able to be trans-
ported over long distances in a supergene solution.
The speciation of tungsten in aqueous solutions is
expected to be more complex in the presence of Fe,
Al, Si and P (typical for supergene solutions) due
to the formation of tungsten heteropolyanions [17].

The second type of scheelite alteration in the
Grantcharitza deposit is illustrated in Fig. 2: the
mineral is pseudomorphically replaced by the
secondary WO,.xFe,0,.nH,0 product (iron-con-
taining meymacite or iron-containing ochre) in
the acid medium of the oxidation zone enriched
with Fe ions. The replacement is crystallographi-
cally controlled by the {101} cleavage planes of
scheelite (Fig. 2b). The two fields (WO,.H,O +
a-FeOOH) and (WO,.H,0O + KFe,(SO,),(OH),) in
the Eh-pH diagram (Fig. 2¢) appear to reflect real-
istically the conditions of the alteration of scheelite
and the formation of WO,.xFe,0,.nH,0, since the
boundaries in the diagram between the W phases
are independent of the type and concentration of
the dissolved W species.

Iron-containing meymacite (ochre), WO,.xFe,0,.
nH,0, is the most widespread supergene mineral of
W in the deposit and the earliest product of scheelite
alteration, and occurs as full or partial pseudomorphs
after scheelite (Figs. 2a, b; 3a). The material has a
glassy appearance and color in different nuances of
yellow and brown — from light-yellow to dark- and
black-brown. In the formula WO,.xFe,0,.nH,O of
the iron-containing meymacite, the coefficient x var-
ies in the range 0.12-0.25 (~0.15 is the most com-
mon) and positively correlates with the coefficient
n for water molecules varying in the range 1.8-3.9.
The content of iron correlates with the color of the
material: a higher content of iron corresponds to a
darker color. All varieties of meymacite are poorly
crystalline: their XRD patterns consist of two distinct
peaks at 3.85 and 1.925 A and asymmetric amor-
phous halos.

The performed observations reveal that all varie-
ties of iron-containing meymacite are derivatives/
modifications of the earliest variety of meymacite
with Fe/W atomic ratio equal to ~0.2. The modifi-
cation of the earliest meymacite includes also the
textural changes of the material as a result of the
aging processes (aging of gels) [18]. The results of
the aging process are shown in Fig. 3a and b: the
material consists of two parts — glassy massive one
(a) and spongy aggregates (b) in the cavities of the
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Fig. 2. (a) and (b) pseudomorphic replacement of scheelite by secondary WO,.xFe,O,.nH,O material (iron-containing meymac-
ite) in an acid medium enriched with Fe ions (images in backscattered electrons (a) and cathode luminescence (b)); (¢) Eh—pH
diagram with outlined (shaded) areas corresponding to the conditions of alteration scheelite via a pseudomorphic replacement

by WO,.xFe,0,.nH,0.

first part. The spongy aggregates are macroscopi-
cally white or light-yellow. The Raman spectra of
all meymacite varieties including the spongy ag-
gregates are very similar — they are composed of
broadened peaks in the whole studied spectral range
100-1050 cm™ (Fig. 3c), and correspond well to
the Raman spectra of crystalline WO,.1/3H,0 (S.G.
Fmm2, a=7.359 A, b=12.513, ¢=7.704) [19, 20].
The TEM investigation reveals that that the
spongy aggregates are the most structurally ordered
part of the meymacite. It is found that every sin-
gle spongy particle represents a thin quasi-crystal
consisting of coalesced elongated nanocrystals with
length of 20-25 nm and width of 2-3 nm (Fig. 4).
The single crystal type of electron diffraction pat-
terns from a spongy particle was obtained only using
the convergent beam electron diffraction (CBED)

method (Fig. 4a see the insert). The corresponding
high resolution (HR) image with two-dimensional
lattice fringes is shown in Fig. 4b. The recorded
CBED pattern is actually a superposition of sev-
eral patterns slightly rotated relative to each other,
which hinders accurate measurement of d-spacing
and reliable zone and phase identification. The HR
image shows that the nanocrystals constituting the
spongy particle are not ideally stacked — there are
some angle discordances and displacements be-
tween the atomic planes of neighbor nanocrystals
(Fig. 4b). For a more precise determination of the
d-spacings, a Fast Fourier Transform (FFT) of the
HR image was performed (Fig. 4b). The final meas-
ured d-spacings are: 3.85 A (perpendicularly to the
elongation of the particle) and 3.68 A (in parallel
to the elongation of the particle). These d-spacings

1- WO, .xFe,0,.nH,0 (meymacite)
2 -rh-WO,.1/3H,0

Intensity, a.u.

200 400 = 600 800
Raman shift, cm™

" 1000

Fig. (3). (a and b) two parts of the iron-containing meymacite with atomic ratio Fe/W ~0.3: massive glassy one (a) and spongy aggre-
gates in cavities of the first part (b); (c) unpolarized Raman spectra of the studied meymacite (1) and crystalline rh-WO,.1/3H,0 (2).
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Fig. 4. (a) TEM bright-field image of a single spongy particle of iron-containing meymacite and corresponding convergent beam
electron diffraction (CBED) pattern in the insert; (b) high-resolution (HR) image of the area outlined in (a) visualizing fragmented
two-dimensional lattice fringes with d-spacings 3.85 and 3.68 A and corresponding FFT image in the insert.

correspond to [010] zone of WO,.1/3H,0 (Fmm?2):
dy, = 3.852 A and d,,, = 3.680 A. No other larger
d-spacings typical for WO,.1/3H,0 (Fmm?2) as d,,
= 4.897 A and d,,, = 6.257 A were found in the
material under study. The reason for this is in the
specific morphology of the studied nanocrystals and
the manner of their stacking in the spongy particles.
The nanocrystals are very narrow (~2 nm) and elon-
gated (~20 nm) in the [001] direction and across
to the elongation may accommodate to 2 unit cells
only, as the b parameter of WO,.1/3H,0 is equal to
1.25 nm. The structure of WO,.1/3H,0 [20] consists
of layers of WO, octahedra sharing their corners
and forming six-membered rings typical for hexag-
onal WO, and hexagonal tungsten bronzes (HTB).
The stacking of the layers is along the [001] direc-
tion, every layer being shifted by a/2 relative to the
adjacent layer. In the [010] direction there is an al-
ternation of more dense layers of WO, shared their
corner according to the ReO; structure type and lay-
ers with two times fewer WO, octahedra [20]. Our
experimental data (Fig. 4b) provide evidence that
the WO,.1/3H,0 nanocrystals are stacked to each
other by connecting their most dense (010) atomic
planes. This stacking well explains the observed
morphology of the spongy quasi-crystals (Fig. 4a)
— they are very thin in the [010] direction and very
long in the [001] direction of WO,.1/3H,0. Because
the nanocrystals contain Fe**, their formula, in anal-
ogy with hydrokenoelsmoreite, can be presented as
(W, Fe*") (O,0H),.1/3H,0.

The obtained results well corresponds to our ear-
lier TEM studies of the structural and orientation re-
lationships between CaWO, and WO,.1/3H,0 dur-
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ing the decomposition of CaWO, in dilute solutions
of sulfuric acid at 120°C [21]. It was shown in [22]
that the transformation of CaWO, into WO,.1/3H,0
is topotactic one. The transformation is most in-
tensively carried out along the {101} planes of
CaWO,, which to a greater extent predetermines the
formation of WO,.1/3H,0 nanocrystals elongated
in [001] direction.

Tungstite, WO,.H,0,and hydrotungstite, WO,.2H,0,
are rare secondary tungsten minerals in the oxida-
tion zone of the Grantcharitza deposit (Fig. 5a, b).
The field (WO,.H,0O + Fe*) in the Eh-pH diagram
(Fig. 2¢) seems to realistically represent the strong-
ly acid (pH<1) conditions of crystallization of two
tungsten trioxide hydrate minerals in the supergene
media enriched with iron ions. We have nowhere
observed that the two minerals directly replace the
primary scheelite — in all examined samples, these
minerals occur with iron-containing meymacite and
are formed at the expense of meymacite. The hydro-
tungstite occurs as bright-yellow aggregates in cavi-
ties of meymacite. The individual crystals are with
size to 50—-60 pm. Twins and intergrowths are very
common (Fig. 5a). In SEM, the mineral is easily
distinguished by desiccation fissures in the crystals
due to evaporation of a part of the structural water.
The tungstite is fine-crystalline (<10 pm) (Fig. 5b).
The mineral is represented by bright-yellow platy
crystals and without complex twining. The pres-
ence of tungstite and hydrotungstite in the oxidation
zone of the deposit indicates that the supergene pro-
cesses occur in a relatively wide temperature range,
because tungstite crystallizes at >50°C and hydro-
tungstite — at <50°C.
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1-WO,.2H,0 (hydrotungstite) 26
2 - WO, H,0 (tungstite) V(gs's )

3-WO0,.1/3H,0
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946
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Fig. 5. (a) twinned crystals of hydrotungstite, WO,.2H,0, in cavity of meymacite; (b) platy crystals of tungstite covering quartz in
close proximity to meymacite; (c¢) unpolarized Raman spectra of WO,.nH,O phases (n=2, 1, 1/3)

The structures of the two minerals [23, 24] con-
sist of layers of WO,OH, octahedra sharing their 4
corners in a manner typical of the ReO, structure.
The two other corners of the octahedra are occu-
pied by non-shared oxygen (terminal W=O bond)
and water molecule (W-OH, bond). In tungstite,
the layers are connected by hydrogen bonds. In the
structure of hydrotungstite, additional water mol-
ecules are intercalated between adjacent layers.
The Raman spectra of hydrotungstite and tungstite
(Fig. 5¢) well correspond to the literature data [19].

The considered above consecutive processes,
namely, (1) scheelite dissolution, (2) replacement
of scheelite by iron-containing meymacite, and
(3) crystallization of tungstite and hydrotungstite
at the expense of meymacite, proceed in the over-
all trend of decreasing pH (increasing concentra-
tion of H,S0O,).

In the interaction of natural sulfuric acid with
scheelite and other minerals (quartz and micro-
cline), the acidity of the supergene solutions are
gradually neutralized with a simultaneous increase
in the concentration of potassium and sodium. This
is a reason that the further structural and chemical
evolution of tungsten mineral forms is realized in
the general trend of increasing pH.

Amorphous WO,xFe,0,nH,O gels. This natu-
ral amorphous material is described here for the
first time. The material is macroscopically light-
yellow and can be mistaken for fine-crystalline
tungstite and hydrotungstite. It is chemical coun-
terpart of iron-containing meymacite. The material
is found in quartz fractures (Fig. 6a) without clear
positional connections with scheelite and other sec-
ondary tungsten minerals indicating that W and
Fe were introduced here by supergene solutions.

: T I
- R EYEY
b 1- WO, .xFe,0,.nH,0 (amorph. gel) C o | a; z 8 g "
d 2 - WO, xFe,0,.nH,0 (meymacite) 1 2| & =8 ~ 0 M
ol ou He N2
s | zhel7 s 2o~
% 1 (@] ~ M
= ! 5% N
o £
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©
";' K u
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FeWO,
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Fig. 6. (a) crust of amorphous WO,.xFe,0,.nH,0 gels on the surface of quartz; (b) Raman spectra of WO,.xFe,0,.nH,O gel and
meymacite; (c) Eh-pH diagram with shaded area corresponding to the most probable gel formation conditions (the hatched area

represents less probable conditions).
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Dissolution of either tungstite and hydrotungstite
or iron-containing meymacite by a supergene so-
lution, followed by transport and a sol-gel process
could produce such a type of natural amorphous
gels. Dissolution of scheelite can also be a possi-
ble source of tungsten in the solution. Normally the
gel is accompanied by jarosite, KFe,(SO,),(OH),),
therefore the field (WO,.H,O + KFe,(SO,),(OH),)
in the Eh—pH diagram (Fig. 6¢) can be considered as
an approximation to the material formation condi-
tions but keeping in mind that the gel is amorphous.
The Raman spectrum of the studied gel dif-
fers significantly from that of the iron-containing
meymacite (Fig. 6b). The peak at 950 cm™! corre-
sponding to W=0O terminal bond in the gel spec-
trum has a much higher intensity as is typical for
amorphous WO, materials/films obtained in various
ways including sol-gel process [25, 26] and reflects
a significant role of the surface W=0 bonds in the
tungsten-oxygen clusters composing the materials.
In the spectral range 650-850 cm™' corresponding
to the stretching vibration of W-O bonds in WO,
compounds [19], the spectrum of the gel demon-
strates a relatively narrow intense peak at 780 cm!
(Fig. 6b). This peak may indicate that the gel clusters
are compact and consist of WO, octahedra sharing
not only their apexes but also edges. This sugges-
tion to a greater extent is confirmed in [27] where
radial distribution function (RDF) analysis made for
amorphous WO, .xFe,0,.nH,0 gels reveals the pres-
ence of a weak peak at 3.2 A corresponding to W-W
nearest-neighbor distance in WO, octahedra sharing
edges [28] which is typical for polytungstate acid.
Iron-containing hydrokenoelsmoreite (W,Fe),
(O,0H),.H,0 (ferritugstite) is the third chemical
counterpart of the iron-containing meymacite with
the pyrochlore-type structure. The mineral is rare.

It sporadically crystalizes in situ in the cavities of
meymacite. Macroscopically, it is bright-yellow.
The mineral is encountered as well faced octahedral
crystals with size 10-20 pum, their twins and inter-
growths (Fig. 7a). Besides WO,, Fe,O, and H,O, the
following chemical components Na,O, K,O, CaO
and PbO are established in the chemical composi-
tion of the mineral. The detailed observation shows
that hydrokenoelsmoreite is the result of the inter-
action of meymacite and supergene solution. This
is evidenced by the fact that hydrokenoelsmoreite
is formed only there, where there is a meymacite,
and the crystallization of hydrokenoelsmoreite is
accompanied by the destruction of meymacite — the
latter becomes very fragile and friable. The com-
position of hydrokenoelsmoreite indicates the pres-
ence of K, Na, Ca and Pb in the supergene solu-
tion. Most likely, this solution contained also W
and Fe ions. The (WO,.H,0+ a-FeOOH) field in
Fig. 7c tentatively corresponds to the conditions of
crystallization of hydrokenoelsmoreite (pH ~3-4).
The proposed pH range is very close to pH of ~3 of
the precursor tungsten solutions used for synthesis
of the pyrochlore type tungsten trioxide hydrates
[29, 30].

The Raman spectrum of hydrokenoelsmoreite
(Fig. 7b) is characterized by two broad bands in the
spectral ranges 600-750 and 850-1000 cm™ cor-
responding to symmetric and asymmetric stretch-
ing of W-O bonds, respectively [31]. It is notable,
that although the mineral is well crystalline, its
Raman peaks in the range 600—1000 cm™' are essen-
tially broader than the Raman peaks of the chemi-
cal counterparts of the mineral — cryptocrystalline
meymacite and amorphous gels. According to [31]
broadening of the Raman lines results from struc-
tural disorder caused by the presence of iron atoms.
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Fig. 7. (a) octahedral crystals and crystal intergrowths of iron-containing hydrokenoelsmoreite in the cavity of iron-containing
meymacite; (b) Raman spectra of three WO,.xFe,0,.nH,O supergene forms of W: hydrokenoelsmoreite, amorphous gel and mey-
macite; (c) Eh-pH diagram with outlined (shaded) area tentatively corresponding to the hydrokenoelsmoreite formation conditions.
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Fig. 8. (a) colloform W-bearing goethite, a-FeOOH, (b) Eh-pH diagram with outlined (shaded) area corresponding to the formation

of W-bearing goethite.

Tungsten-bearing goethite, o-FeOOH, is wide-
spread supergene mineral in the oxidation zone of
the deposit and most important secondary bearer
of tungsten. The mineral is presented by colloform
compact mass (Fig. 8a), macroscopically black-
colored, filling the fissures and cavities remained
after dissolution of scheelite and pyrite, and powder
ochreous mass colored in brown to yellow. The es-
tablished concentration of WO, in the goethite ag-
gregates varies in the range 1-10 wt.% [32]. It is
shown that to ~2 wt.% of W are structurally incor-
porated in goethite. The other most enriched in W
part of the goethite aggregates is related to a strongly
disordered ferrihydrite-like phase (phase Fw) with
WO, content to 25 wt.%. The presence of tungsten
in goethite can be related to two different processes:
(1) co-precipitation of Fe and W from colloidal so-
lution causing the formation of colloform goethites,
and (2) adsorption of tungsten species by goethite
and ferrihydrite. Tungsten adsorption is more ex-
tensive at circumneutral pHs of solutions containing
monomeric tungstate forms [33]. Tungstate polym-
erization significantly decreases W adsorption. The
(0-FeOOH+WO,*) field in Fig. 8b seems to be a
reasonable approximation to the conditions of for-
mation W-bearing goethite (pH>4).

Tungsten-bearing hematite a-Fe,O, occurs rarely
in local places of compact tungsten-bearing goethite
and is characterized by a content of WO, of 0.5-
2.0 wt.% corresponding to the structural incorpora-
tion of W in hematite [32]. The hematite crystallizes
via a multistage process including dissolution of
goethite, reprecipitation of the material in the form
of tungsten-bearing ferrihydrite and subsequent
solid-state conversion of ferrihydrite into hematite.
According to [34] in both hematite and goethite the

structural incorporation of W is realized via proto-
nation scheme: 3Fe* = W+3H+20°. Similarly to
the goethite, the (a-FeOOH+WO,*) field in Fig. 8b
is an approximation to the conditions of formation
W-bearing hematite (pH>4).

Amorphous  tungsten-containing SiO,.xAl0,.
yFe,0,,nH,0 gel is widespread undefined product
of sol-gel processes taken place in the oxidation
zone. It is commonly presented by surface yellow-
brawn powdery materials with variable content of
Fe,O, and WO, (to 2 wt.%). The field (a-FeOOH
+ WO,?) outlined in the pH-Eh diagram in Fig. 8c
corresponds to the possible conditions for the gels
formation. The presence of W in the gel most prob-
ably is due to adsorption of monotungstate WO,*
ions.

Stolzite, PbWO, and colloform scheelite,
CaWO,, are rarely occurred supergene forms of W
in the deposit. The field (CaWO, + a-FeOOH) in
the pH-Eh diagrams (Figs. 2c, 6¢) well defines con-
ditions of crystallization of these minerals.

CONCLUSIONS

A relatively simple mineral composition of pri-
mary ores in the Grantcharitza deposit, strongly
dominated by pyrite and scheelite, creates a very
wide diversity of secondary W minerals and sec-
ondary mineral bearers of W in the oxidations zone
in the southern part of the Grantcharitza-Center sec-
tion. The processes are carried out over a wide range
of pH, high oxidation potential Eh corresponding to
that characteristic of the waters which are in direct
contact with atmospheric oxygen, and with a very
important role of Fe*". In fact, the most important
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Fig. 9. Summary scheme: dependence of the structure type of secondary tungsten mineral on the pH of solution in the presence of

iron ions.

secondary W mineral forming processes in the de-
posit are realized within the WO,-Fe,0,—H,O sys-
tem. These processes are carried out in sifu and ex
situ with involving the ground waters and essential
transport of dissolved W including its polytungstate
ion forms.

Two principal trends of structural and chemical
evolution of mineral forms of W are distinguished
in the oxidation zone of the deposit. The first trend
concerns the processes that occur when the overall
pH of supergene solutions decrease. The first group
of processes include: (1) dissolution of scheelite
accompanied by the formation of polytungstate
ions in the solution at pH ~6—4; (2) pseudomor-
phic replacement of scheelite by poorly crystalline
WO,.xFe,0,.nH,0 (iron-containing meymacite) at
pH ~4-1; (3) crystallization of tungstite, WO,.H,0,
and hydrotungstite, WO,.2H,0O, at the expense of
meymacite at pH <1. It is shown that the most or-
dered part of the meymacite is represented by na-
nocrystals with a structure of WO,.1/3H,0 (Fmm2).

The second group of processes proceeds in the
overall trend of increasing pH of supergene solutions
and includes: (1) partial dissolution of meymacite
upon increasing the pH and the K, Na and W content
in the supergene solution (pH ~1-3); (2) occasion-
ally, precipitation of amorphous gels WO,.xFe,O,.
nH,O — chemical counterparts of meymacite, com-
monly accompanied by jarosite, KFe,(SO,),(OH),
(pH ~1-3); (3) crystallization of iron-containing
hydrokenoelsmoreite, (W,Fe),(O,0OH),.H,O — the
second chemical counterpart of meymacite with the
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pyrochlore structure type, as result of the interaction
of meymacite and supergene solution enriched with
K, Na and Ca and most likely containing W and Fe
ions at pH ~3—4; (4) formation of mineral bearers of
tungsten: goethite, a-FeOOH, hematite, o-Fe,O,, un-
defined amorphous SiO,.xAl,0O,.yFe,0,.nH,0O gels,
and very rarely of tungstate minerals — supergene
scheelite, CaWO,, and stolzite, PbWO,, at pH>4.

Based on the data obtained for the oxidation zone
of the Grantcharitza deposit, the authors propose the
following summary scheme describing the depend-
ence of the structure type of the secondary tungsten
mineral on the pH of the solution in the presence of
iron ions (Fig. 9). The increase of pH of the solution
is accompanied by the consecutive change of the
structure types: ReO, type (ReO,-type layers in the
structures of tungstite and hydrotungstite), hexago-
nal tungsten bronze type (HTB) (HTB-type layers
in the structure of WO,.1/3H,0, meymacite), and
pyrochlore type (structure of hydrokenoelsmore-
ite). According to this scheme, it becomes more
apparent the conditions of formation of such tung-
sten minerals as pittongite and phyllotungstite
[3, 4] with combined pyrochlore and tungsten
bronze types of structure.
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CTPYKTYPHA U XUMNYHA EBOJIIOLIUA HA MUHEPAJIHA ®OPMU
HA BOJIOPAMA B OKUCJIMTEJIHATA 30HA HA HAXOJUIIE I'PbHYAPUILIA
(BAIIAAHU POLOIIN, BBJII'APUA)

M. II. Tapacos*, E. /. Tapacosa

Huemumym no munepanoeus u kpucmanoepaghus ,, Akademux Hean Kocmos*, bvacapcka Axademusi
Ha Haykume, yi. Axao. I'eopeu bonues, oa. 107, 1113 Cogus, Boaeapus

[Toctenuna mapr, 2018 r.; npuera maii, 2018 r.
(Pestome)

IIBe OCHOBHHU TCHJACHIIMU Ha CTPYKTYpHATa U XUMHUYHA €BOJIIOIIUA Ha MUHCPATHUTC q)OpMI/I Ha W ca IMPOsABCHU B
30HaTa Ha OKuclieHne Ha meenut-nuputoBoro (CaWO,—FeS,) naxonumie I'ppHuapuna. ITbpata TeHACHIMS € CBBP-
3aHa C MPOIECUTE, KOUTO NMPOTHYAT MpH 001110 HamansaBaHe Ha pH Ha cynepreHHuTe pa3rBopu. Haii-paHHuAT nporiec
BKJIIOYBA B3aUMOJICHCTBUE Ha ITBPBUYHHS ILIEEIUT ChC CYyNEpPreHHHs pa3TBOp, KOETO BOIU A0: (a) pa3TBapsHE Ha
MUHEepaJia, IPUIPYKECHO OT 00pa3yBaHe Ha MOJMBOI(PpaMaTHU HOHU B pa3TBopa mpu pH ~6—4, u (6) nceBnomopdhHO
3aMecTBaHe Ha MuHepana oT kpunrtokpuctaieH WO,.xFe,O,.nH,O (xens30-chabpxam metiManut) npu pH ~4-1.
IToxa3zano e, ue Hail-ojpeaeHaTa YacT Ha MeMMaIUTa € MpecTaBeHa OT YIBDKEHH HAaHOKPHCTAIM ChC CTPYKTypa
Ha WO,.1/3H,0 (Fmm?2). IIpu pH<I 3a cmeTka Ha Melimanura ce ¢popmupar tyuretur, WO,.H,O, u xuapotyHnre-
tut, WO,.2H,0. BTopara rpyna nponecu nporuda Ipu oOIma-TeHICHIMs Ha IoBUIIaBaHe Ha pH Ha cyneprenHure
pasteopu. [Ipu nosumasane Ha pH u cpabpxxanuero Ha K u Na B cynepreHHus pasTBop MEHMalUTbT YaCTUYHO CE
pa3TBaps 1 BoJppaMbT IPEMUHABA B Pa3TBOP U B JPYrH BTOpUUHH (a3u. B Hskou ciiyyan pa3TBOpeHUTE BOJI(pam
U JKeJISI30 ce yTasBart, oOpasysaiiku amopduu renu WO,.xFe,0,.nH,0 — xuMuuHn aHano3u Ha MeiManuT, OOMKHO-
BEHO npuiapyxenu ot siposut, KFe,(SO,),(OH), (pH ~1-3). B3anmozeiicTBuETO Ha TaKbB Pa3TBOP C MEHMAIUT MpU
pH ~3—4 BoaM 10 YaCTUYHOTO WJIM TOYTH IBIHOTO pa3TBapsHE Ha MeWMAaIUTa U KPUCTAJIM3alMs Ha BTOPHUS XU-
MHUEH aHaJIOr Ha MeIMaIMT — JKeA30-ChAbpKall XxuapokeHnoencmopenrt, (W,Fe),(O,0H).H,0, ¢ nupoxiaopos Tun
crpykrypa. [Ipu pH> 4 ocHoBHUTE HOCHTENH Ha Bosdpama cTaBaT rboTUTHT a-FeOOH (Haii-mmpoko paznpocTpaHeH
MuHepan), xeMatuTeT 0-Fe,O; n amopdrure SiO,.xALO;.yFe,0,.nH,O renose. B penkn ciayyan B Te3u ycraoBus
ce ¢opmupar cynepreren meenut, CaWO,, u moniur, PbWO,. Ha 6a3ara Ha monydeHUTe JaHHU € HpeUIokKEeHa
000011IeHa cxeMa 3a 3aBUCHMMOCTTa Ha CTPYKTYPHUS THIT Ha BTOPHYHHUS BOJIppaMoB MUHepai oT pH Ha pa3rBopa B
MIPUCHCTBUETO Ha ene3Hu Honu. [Ipu HapacTtBane Ha pH ot <1 10 4 HacThIIBa MocieA0BaTEIHA CMSHA HA CIICIHUTE
cTpykTypHHu THnose: Tl ReO, (cinoeBe oT ReO;-THI B CTPYKTypUTE HA TYHICTUT M XUJIPOTYHICTHUT), TUI XEKCaro-
HazeH BosppamoB O6pon3 (HTB) (HTB-tun cnoese B crpykrypata Ha WO,.1/3H,0, MeliManuT) U TUI HHPOXJIOP
(cTpyKTypa Ha XUAPOKEHOEICMOPEUT).
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