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The structure, stability, and the vibrational spectra of the 3.5-(CF;),C¢H;O and 3.5-(CF;),CsH;0  hydrogen-
bonded system, containing a strong, short hydrogen bond (SSHB), have been studied by means of ab initio and
DFT calculations at different basis sets. Full geometry optimization of the hydrogen-bonded system has been
performed trough HF/6-31G(d,p) ab initio and BLYP/6-31+G(d,p) calculations. The calculations show that a
strong, almost symmetrical O-H...O” bond is observed. The calculated O-H...O" distance (1.235A) and the
OH...O = 179.60° angle are in agreement with the SSHB classification. The corrected values of the dissociation
energy (-29.31 - 35.95 kcal.mol™), calculated trough HF/6-31G(d,p) and BLYP calculations, confirm the ionic
structure of the hydrogen-bonded system. The calculations show that formation of a hydrogen bond of 3.5-
(CF;),C4H40 and 3.5-(CF3),C¢H;0 ™ leads a considerable charge rearrangement in the monomers. The changes of
the atomic charges, (Aq;), in the complex, resulted from the hydrogen bonding, show large proton polarizability of
the SSHB within this complex, i.e. a hydrogen-bonded system of ionic nature is formed. The formation of SSHB
leads to significant changes in the vibrational characteristics for most of the vibrational modes. This phenomenon
could be explained with the considerable charge rearrangement, occuring under the action of the hydrogen

bonding.
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INTRODUCTION

Hydrogen bonding is of fundamental
importance in the chemistry, physics and biology.
The hydrogen bonding, for example, is the key to
understand how molecules align themselves, both in
crystals and in the gas phase. The hydrogen bonds,
in which either the donor or the acceptor is ion, play
an important role in the aqueous chemistry and in
the biological systems. It is therefore not surprising
that these systems have often been studied trough
theoretical and experimental methods [1-7].

Recently, there has been much interest in a
special class of hydrogen bonds called “strong,
short hydrogen bonds” (SSHBs) or “low-barrier
hydrogen bonds (LBHBs). The SSHBs are an
important factor in enzyme catalysis [8-14]. Notable
features of such hydrogen bonds are the short
distances between hydrogen donor and acceptor
atoms, the strong hydrogen bond energy, the low
isotopic fractional factor, the Hadzi type II IR
spectra [15]. SSHBs in D...H...A systems are
characterized by short D...A distances of 2.2 — 2.5
A [16]. These bonds are important in biological
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catalysis [17,18] and are quantitatively different, in
most of their properties, from the molecule or weak
bonds. When D is an exceedingly electronegative
atom, and A has an exceptionally large excess of
electronic charge, strong hydrogen bonds are
formed. Strong, almost symmetrical, hydrogen
bonds are also observed when the donor group is a
cation or the acceptor group is an anion, as
O’ - H...O or O-H...O". Most often these hydrogen
bonds are formed from carboxylates and carboxylic
acid [19,20].

The SSHBs between phenoxides are less
observed and are less studied than other systems
[21]. They have important relevance in the enzyme
active sites that use tyrosine [22-26].

The aim of this study is to investigate, trough
using ab initio and DFT calculations at different
basis sets, the structure, stability, and the vibrational
spectra of the 3.5-(CF;),C¢H4O and
3.5-(CF;),C¢H;0  hydrogen-bonded system which
contains SSHB.

METHODOLOGY

The structure, stability, and vibrational
characteristics of the 3.5-(CF3),CsH;O and

© 2010 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Fig. 1. Optimized structure with BLYP/6-31+G(d,p) calculations for the hydrogen-bonded system: [(Ar’O),H] , where

Ar’ = 3,5-(CF3)2C6H3I

ROQQ...H10:1.235A; R020-~~H]1:2-571A; ROI_H]0:1.208A; ROI-C2:1~322A; R020_C2[:1.321;
Angles (0)1 H]o...Ozo...H“:64.8; 020...H11C3:1 199, C21020...H11:1 140, C3H11...020:1 199, H|001C2:1 137,

OlHIO- . 02():1795

3.5- (CF3),C¢H;0 hydrogen-bonded system which
contain SSHB, have been calculated through ab
initio and DFT calculations at different basis sets,
using the GAUSSIAN 03 series of programs [27].
All calculations were performed on a Pentium IV
PC.

The density functional calculations in this
work have been carried out in the framework of
Kohn-Sham density-functional theory [28] (DFT)
with the non-local gradient-corrected exchange-
correlation functional of Becke and Lee, Yang and
Parr, including partially exact HF-exchange (BLYP)
[29]. The density functional methods for electronic
structure calculations [28,30,31] contain semi-
empirical elements based on the properties of atoms
and simple molecules. Prior to routine application in
a given field such as the hydrogen bonding [32-34],
they have to be checked through experiments and
established quantum chemical approaches, applied
for some prototype systems [35]. In combination
with ab initio calculations and experimental data,
the semi-empirical character of the density
functional methods might be turned into advantage.

The dissociation energy, calculated using
the ab initio and DFT calculations, can be used for
estimation of the stability of the hydrogen-bonded
systems of two and more partners. The
supermolecular  variation method determines
dissociation energy (A E) as a difference between
the energy of the complex and the energies of the
isolated molecules. For the complex, studied here
and shown in Figure 1, the dissociation energy is
calculated by the equation (1):

AE:Ecom'-[E(:;.S -CF3)2C(,_H40) +
+E(3.5(CF3),C6H;0 )] (1)

whereE(3.5-(CF3)2C6H4O)and E(35-(CF3)2C6H307)
are the energies of the isolated monomers in their
own basis set, and E., is the energy of the
complex.

To compare the calculated results of the
dissociation energy with the respective experimental
energy, the effect of the zero-point energy (ZPE)
should be taken into account. Ab initio calculations
yield the total molecular electronic energy of the
hypothetical vibrationless state at 0 K. The
conversion of this energy (U’) into enthalpy at
298.15 K requires correction of the zero-point
e%ergy (E, viv) using the enthalpy function, (H'05 -
H 0):

AH 295 = (U%) + A(E spyin) + A(H 205 - H) ()

Ezpvib =0.5h ZVI (3)

The zero-point energy is calculated trough
Eq. (3), and the enthalpy function is obtained trough
standard statistical thermodynamic procedures using
the optimised geometries to provide structural
constants.

The zero-point vibrational energy correction
for the studied complex can be defined as a
difference between the calculated zero-point
vibrational energy of the complex and the zero-point
energies of the monomers:

AEZpVib: Ezp Vib‘(com.) - (Ezp Vib(3.5-(CF3)2C(,H4O)+
+ Ezpvin(3.5-(CF3),CH30 1)) 4)
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Table 1. Calculated selected geometrical parameters for free and complexed 3,5-(CF;),CsH40 and 3,5-(CF3),CsH30
and changes in the parameters from monomers to a complex obtained from HF/6-31G(d,p) and BLYP/6-31+G(d,p)
calculations.

Monomers Complex Change of the parameters
Parameters® HF BLYP HF BLYP HF BLYP
Bond lenght”
C,-0, 1.3454 1.3750 1.3174 1.3225 -0.028 -0.0525
C5-C, 1.3894 1.4079 1.3983 1.4329 0.0089 0.0250
C4-C; 1.3803 1.4064 1.3815 1.4026 0.0012 -0.0038
Cs-Cy 1.3866 1.4042 1.3865 1.4096 -0.0001 0.0054
Cs-Cs 1.3806 1.4075 1.3834 1.4084 0.0028 0.0009
C7-Cs 1.3854 1.4028 1.3825 1.4028 -0.0029 0
Cs-Cy 1.5056 1.5158 1.5033 1.5096 -0.0023 -0.0062
Cy-Cg 1.5059 1.5167 1.5017 1.5084 -0.0042 -0.0083
H -0, 0.9429 0.9776 0.9896 1.2060 0.0467 0.2284
H,-C; 1.0744 1.0927 1.0739 1.0909 -0.0005 -0.0018
H,-Cs 1.0722 1.0889 1.0714 1.0884 -0.0008 -0.0005
H3-C4 1.0738 1.0900 1.0736 1.0912 -0.0002 0.0012
F14-Cy 1.3223 1.3711 1.3217 1.3709 -0.0006 -0.0002
F15-Cg 1.3228 1.3672 1.3290 1.3788 0.0062 0.0116
F16-Cg 1.3228 1.3712 1.3280 1.3790 0.0052 0.0078
F17-Cy 1.3207 1.3686 1.3268 1.3762 0.0061 0.0076
Fi3-Cy 1.3232 1.3688 1.3286 1.3799 0.0054 0.0111
F19-Cy 1.3233 1.3711 1.3257 1.3746 0.0024 0.0035
Oy...Hyp - - 1.5651 1.2353 - -
Op...Hy; - - 2.3474 2.5710 - -
C,1-09 1.2386 1.2708 1.2666 1.3201 0.028 0.0493
Cy-Cy 1.4440 1.4635 1.4208 1.4319 -0.0232 -0.0316
Cy;-Cp 1.3689 1.4003 1.3757 1.4012 0.0068 0.0009
Cyy-Cp 1.3980 1.4152 1.3901 1.4104 -0.0079 -0.0048
Cy5-Cyy 1.3864 1.4152 1.3862 1.4081 -0.0002 -0.0071
Cy6-Cps 1.3780 1.4003 1.3795 1.4038 0.0015 0.0035
Cy-Cp3 1.5005 1.5043 1.5018 1.5083 0.0013 0.004
Co3-Cps 1.5019 1.5043 1.5021 1.5097 0.0002 0.0054
Hy9-Cyy 1.0739 1.0929 1.0741 1.0908 0.0002 -0.0021
H30-Cyy 1.0714 1.0884 1.0709 1.0885 -0.0005 0.0001
H3,-Cy 1.0760 1.0929 1.0750 1.0912 -0.001 -0.0017
F3-Cyy 1.3269 1.3782 1.3297 1.3729 0.0028 -0.0053
F33-Cy; 1.3336 1.3829 1.3311 1.3778 -0.0025 -0.0051
F34-Cy; 1.3337 1.3863 1.3293 1.3805 -0.0044 -0.0058
F35-Cog 1.3307 1.3829 1.3306 1.3775 -0.0001 -0.0054
F36-Coyg 1.3316 1.3782 1.3270 1.3721 -0.0046 -0.0061
F37-Cys 1.3317 1.3863 1.3270 1.3796 -0.0047 -0.0067
Angle*
C5;C,0, 122.45 122.91 122.85 123.30 0.4 0.39
H,,0,C, 111.70 108.86 112.27 113.68 0.57 4.82
H,,C5C, 120.24 120.57 118.52 118.51 -1.72 -2.06
C,C3Hyy 120.21 119.80 121.75 120.79 1.54 0.99
C4C5C, 120.21 119.63 121.75 120.70 1.54 1.07
C,C,0, 117.52 117.00 118.38 119.61 0.86 2.61
C;C,Cs5 120.03 120.10 117.77 117.10 -2.26 -3.00
CsC4C5 121.08 120.85 121.83 121.68 0.75 0.83
C6Cy1Cypp 113.79 113.44 115.43 116.91 1.64 3.47
C15C6Cyy 122.19 122.66 121.56 120.82 -0.63 -1.84
C3CCy 122.24 122.66 121.69 121.23 -0.55 -1.43
C4CyCopp 122.57 122.00 122.07 121.35 -0.5 -0.65
C2C510y 122.54 123.28 121.41 119.66 -1.13 -3.62
C16C11099 123.67 123.28 123.16 123.42 -0.51 0.14
C5109...Hyp - - 129.40 114.02 - -
Hyp...O0p...Hyy - - 67.89 64.86 - -
C2109...Hyy - - 162.71 127.09 - -
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C;H,;...00 - - 126.32 119.97 - -
0,Hy0...05 - - 172.14 179.60 - -
Os...H,,Cs - - 126.32 119.97 - -
E (a.u.) 976.81128 -981.36639 -1953.10876 -1962.24081
976.24838 980.81541

The dissociation energies, uncorrected and
corrected with zero-point energy differences, are
calculated trough ab initio and DFT calculations
with different basis sets.

The shifts in the vibrational frequencies
(Av;), occurring upon formation of the 3.5-
(CF3)2C(,H4O and 3.5-(CF3)2C6H30_ hydrogen—
bonded complex, have been calculated through ab
initio and DFT (BLYP) calculations. The predicted
frequency shift for each vibration is defined as
follows:

AVI — Vicomplex _Vimonomer (5)

The changes in the infrared intensities (AA;)
upon hydrogen bond formation are also estimated
using ab initio and DFT calculations:

AAi = AiCUmPIEX . Aimonomer (6)

RESULTS AND DISCUSSION

Structure and stability

The first objective of this work is to
establish the most stable structure of the complex,
studied here. Full geometry optimization of the
hydrogen-bonded system, formed by 3.5-
(CF3)2C6H4O and 3.5-(CF3)2C6H30_, was made with
GAUSSIAN 03 series of programs [27]. Fig. 1
shows the optimized structure, calculated trough
BLYP/6-31+G(d,p) calculations. It can be seen that
the optimized structure for the studied ionic
hydrogen-bonded system is cyclic. Table 1 shows
the optimum values of the total energy and the
equilibrium geometries for the monomers (3.5-
(CF3)2C6H4O and 3.5-(CF3)2C6H30_), and for the
complex. These optimum values were obtained
through BLYP/6-31+G(d,p) and HF/6-31G(d,p)
calculations.

The complex has an optimum geometry
when Hjp...07 distance is 1.235 A, and the
H;;...O5y distance is 2.571 between 3.5-
(CF3)2C6H4O and 3.5-(CF3)2C6H30_ molecules. It
was noted that SSHBs in the D...H...A systems are
characterized by short D...A distances of 2.2 — 2.5
A [16]. The O;...0, distance at optimum geometry,
calculated trough BLYP/6-31+G(d,p) calculations,
is 2.441 A. It is in agreement with the results from
the X-ray diffraction studies (2.436 A) of this
hydrogen-bonded system [36]. The -calculations

show that a strong, almost symmetrical O-H...O
bond is observed. The structure of the bond is of 111
type according to the Valence Bond analysis [37].
The calculated Hy,...07, distance (1.235A) and the
angle OHjy...0y = 179.60° are in agreement with
the SSHB classification, given from Suksangpanya
[38] (H...A is within 1.2 to 1.5A, and the D-H...A =
180°). The second hydrogen bond distance, Hy;...O
20, 18 estimated to be in the range between 2.35-2.57
A. This hydrogen bond is longer and weaker than
the Hl(). . .0-20 bond.

The changes of the geometrical parameters
of the complex are defined to investigate the
influence of the hydrogen bonding over the
structural parameters of the (3.5-(CF;),CsH4O and
3.5-(CF3),C¢H;0 ) monomers. Table 1 presents the
selected optimized geometrical parameters for free
and complexed 3.5-(CF;),C¢H;O and 3.5-
(CF3),C¢H30 . These parameters were obtained
trough BLYP/6-31+G(d,p) and HF/6-31G(d,p)
calculations. It is seen that the bond lengths and
angles for the complex studied, shown on Fig. 1, are
perturbed from their values in the monomers. The
most sensitive to the complexation are the bonds,
taking part in the C,-O, O;-Hjg, C51-Oy, C-Cy;
and C;-C, hydrogen bonding. The O;-Hjy, C51-Oy9
and C;-C, bonds are lengthened in the complex,
while the C,-O, and C,,-C,; bonds are shorted in the
formation of the hydrogen bonds.

The changes in the angles of the monomers
in the hydrogen bond formation are also estimated.
The data in Table 1 evidence that the most sensitive
to complexation are the H;¢-O,-C; and O,-Cy;-Cypy
angles which take part in the hydrogen bonding.
Their values change significantly in the complex.
The calculations show that the changes in the
remaining geometrical parameters in the hydrogen
bonding are smaller, and in some cases are
negligible.

The next step in the study is to establish the
stability of the ionic 3.5-(CF;),CsH,O and
3.5-(CF3),C¢H;0  hydrogen-bonded system. The
dissociation energies, uncorrected and corrected
with zero-point energy differences, are calculated
trough ab initio and DFT calculations at different
basis sets. The calculation results are presented in
Table 2. The corrected values of the dissociation
energy (-29.31 - 35.95 kcal.mol™), calculated trough
HF/6-31G(d,p) and BLYP calculations, are in
agreement with the SSHB classification, given in
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the ‘Theoretical Treatment of Hydrogen Bonding’
[1], and confirm the ionic structure of the studied

hydrogen-bonded system.

Table 2. Dissociation energies AE (uncorrected and corrected), zero-point energy differences AE,,. in kcal/mol and
interatomic distances in A for the hydrogen-bonded complex between 3,5-(CF5),C¢H,0 and 3,5-(CF5),CcH;O™ .

Basis set AE uncorr AEzp vib AEcorr RO...H
HF/6-31G(d,p) -30.8149  1.0103  -29.8046  H'"...0"=1.5651
H'"...0%=2.3474
BLYP/6-31+G(d,p) -37.0222  1.0753  -35.9469  H'"...0*=1.2353
H'"...0%=2.5691
BLYP/6-311++G(d,p)  -30.5486 12345  -29.3141  H'"...0*=1.4022

H"...0%=2.4820

Charge distribution in the hydrogen bonding

It is known from the previous studies
[39,40] that the hydrogen bonding leads to charge
rearrangement of the monomers forming a complex.
The aim of this study is to determine the influence
of the hydrogen bonding on the charge distribution
in the studied hydrogen-bonded complex. In this
connection, the atomic charges (q;) for the
monomers (3.5-(CF5),C¢H,0 and 3.5-
(CF3),C¢H;0 ) and for the complex, have been
calculated trough BLYP/6-31+G(d,p) calculations
using the Mulliken population analysis and the
Natural Bond Orbital analysis [41-48]. The data are
shown in Table 3. Table 3 also contains the changes
of the atomic charges (Aq;) in hydrogen bonding:

ACh: qicomplcx_ qimonomcr (5)

The data in Table 3 show that the atomic
charges (q;) in the monomers and in the complex,
calculated trough the Mulliken population and the
Natural Bond Orbital analyses, are different by
value in all cases, even by sign sometimes.
However, the atomic charges (Aq;) in the hydrogen
bonding in most cases are similar, both by value and
by sign. In view of this result, the conclusion could
be that both population analyses are suitable for the
estimation of the changes of the atomic charges in
the hydrogen bonding.

The calculations show that the most
sensitive to complexation are the atoms, taking part
in the hydrogen bonding. The oxygen O(1) atom
acts as acceptor of electric charge in the studied
complex. The negativity of this atom increases
significantly in the complex compared to the
corresponding negativity in the monomer. In the
same time the H(10) and H(11) hydrogen atoms
(from OH group), the C(2), C(27), C(28) carbon
atoms, and the H(29)- H(31) hydrogen atoms
become more positive in the complex. The
calculated changes of the atomic charges, (Aq;), of
the remaining atoms are smaller.

The calculation results show that the 3.5-
(CF;),C¢H,40 and 3.5-(CF3),CsH;0  hydrogen bond

240

formation leads considerable charge rearrangement
in the monomers. The changes of the atomic

charges, (Aq;), in the complex, resulted from the
hydrogen bonding, show large proton polarizability
of the SSHB within this complex, i.e. a hydrogen-
bonded system of ionic nature is formed.

Changes in the vibrational characteristics in
SSHB formation

The prediction of vibrational characteristics
(vibrational frequencies and infrared intensities) of
the hydrogen-bonded systems trough ab initio and
DFT calculations at different levels [39,40, 49-55]
has become widely employed in order to elucidate
the influence of the hydrogen bonding on the
vibrational spectra of the monomers, forming a
complex. The geometrical symmetry of the
monomers often changes under perturbation [56] in
the hydrogen-bonded system. The vibrational
mixing, derived by a perturbation approach, is the
counterpart of the orbital mixing.

The infrared (IR) spectroscopic signature of
the hydrogen bond formation is the shift to the
lower frequency and the increase in intensity of the
stretching vibrations of the monomer bonds
involving in hydrogen bonding. It is known that the
ab initio and DFT predicted values of the vibrational
frequencies depend on the method and the basis set
used for the calculations. The calculated frequencies
with a larger basis set give reasonable agreement
with the experimental values if the vibrations have
small anharmonicity.

In order to estimate the influence of the
SSHB on the vibrational characteristics of the 3.5-
(CF;3),C6H40; 3.5-(CF3),CsH;0 monomers, forming
a complex, the monomer and complex vibrational
spectrum were predicted trough (HF/6-31G(d,p)) ab
initio and DFT (BLYP/6-31+G(d,p)) calculations.
Table 4 shows the calculation results.. Table 4 also
contains a detailed description of the normal modes
based on the potential energy distribution (PED),
obtained trough HF/6-31G(d,p) calculations. The
changes in the vibrational frequencies and the
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infrared intensities (Av; ; AA;) in the hydrogen bond
formation are calculated trough Equations 5 and 6

Table 3. NBO and Mulliken charges (q;) for free and complexed 3,5-(CF3),CsH4O and 3,5-(CF3),CsH;0 , obtained

from BLYP/6-31+G(d,p) calculations.

using ab initio and DFT calculations.

No. | Atom q; (NBO) Ag; (NBO) qi Ag;
Monomers Complex Monomers Complex

1 (0] -0.6593 -0.7068 -0.0475 -0.5157 -0.6327 -0.1170
2 C 0.3242 0.3543 0.0301 0.3171 0.3470 0.0299
3 C -0.2802 0.2780 -0.0022 -0.1197 -0.1569 -0.0372
4 C -0.1443 -0.1729 -0.0286 0.0000 0.0099 0.0099
5 C -0.2177 -0.2571 -0.0394 -0.1140 -0.1445 -0.0305
6 C -0.1449 -0.1772 -0.0323 -0.0016 0.0101 0.0117
7 C -0.2465 -0.2654 -0.0189 -0.0901 -0.1217 -0.0316
8 C 1.0798 1.0763 -0.0035 0.6889 0.6683 -0.0206
9 C 1.0803 1.0757 -0.0046 0.6905 0.6650 -0.0255
10 H 0.4924 0.4930 0.0006 0.3110 0.4050 0.0940
11 H 0.2487 0.2586 0.0099 0.0748 0.0836 0.0088
12 H 0.2658 0.2450 -0.0208 0.0943 0.0526 -0.0417
13 H 0.2660 0.2430 -0.0230 0.0943 0.0512 -0.0431
14 F -0.3479 -0.3509 -0.0030 -0.2450 -0.2500 -0.0050
15 F -0.3430 -0.3601 -0.0171 -0.2390 -0.2621 -0.0231
16 F -0.3418 -0.3550 -0.0132 -0.2315 -0.2487 -0.0172
17 F -0.3447 -0.3578 -0.0131 -0.2410 -0.2593 -0.0183
18 F -0.3452 -0.3564 -0.0111 -0.2416 -0.2505 -0.0089
19 F -0.3418 -0.3547 -0.0129 -0.2317 -0.2552 -0.0235
20 (0] -0.6890 -0.7089 -0.0200 -0.6390 -0.6394 -0.0004
21 C 0.3619 0.3555 -0.0064 0.3742 0.3505 -0.0237
22 C -0.3014 -0.2671 0.0343 -0.1764 -0.1258 0.0506
23 C -0.1992 -0.1783 0.0209 0.0250 0.0119 -0.0131
24 C -0.3020 -0.2591 0.0 -0.1779 -0.1459 0.0320
25 C -0.1992 -0.1731 0.0261 0.0250 0.0101 -0.0149
26 C -0.3014 -0.2812 0.0202 -0.1764 -0.1577 0.0187
27 C 1.0719 1.0752 0.0033 0.6481 0.6650 0.0169
28 C 1.0719 1.0758 0.0039 0.6481 0.6678 0.0197
29 H 0.2225 0.2437 0.0212 0.0131 0.0503 0.0372
30 H 0.2306 0.2443 0.0137 0.0232 0.0516 0.0284
31 H 0.2225 0.2560 0.0335 0.0131 0.0798 0.0667
32 F -0.3622 -0.3542 0.008 -0.2656 -0.2548 0.0108
33 F -0.3664 -0.3582 0.0082 -0.2714 -0.2601 0.0113
34 F -0.3658 -0.3570 0.0088 -0.2631 -0.2522 0.0109
35 F -0.3664 -0.3593 0.0071 -0.2714 -0.2613 0.0101
36 F -0.3622 -0.3515 0.0107 -0.2656 -0.2505 0.0151
37 F -0.3658 -0.3558 0.0100 -0.2631 -0.2504 0.0127
Table 4 shows that the C-H stretching v(C, - O7) vibration confirm also the polar

vibrations are predicted to be in the range between

3100 and 3400 cm’. Their vibrational
characteristics are changed negligibly in the
hydrogen bonding.

The v(0,-Hy) stretching vibration of the
hydrogen-bonded O-H group is shifted to lower
frequencies and its IR intensity increases
considerably in the hydrogen bonding. This result
confirms the optimized stable structure of the
studied complex (see Figure 1) and shows the
formation of the O- ...H" ...O” SSHB with proton
transfer, i.e. of the polar structure. The changes in
the vibrational characteristics of the stretching

structures of the studied hydrogen-bonded system.
The vibrational frequencies of v(Cy; - O7) in the
complex are shifted to lower wavenumbers
indicating that the electron density at the C,; - O
group is decreased due to the formation of the O
...H hydrogen bonds.

The calculations show that the S&(HOC)
deformation is also very sensitive to the hydrogen
bonding. Its vibrational frequency is shifted to
higher frequencies, and its infrared intensity
decreases in the hydrogen bonding. The stretching
C-C(F) vibrations are also shifted to higher
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frequencies and their IR intensities increase The data in Table 4 show that the formation
significantly in the complex. of the SSHB leads to significant changes in the

Table 4. Calculated vibrational characteristics (v in cm™ and A in km mol™) for the hydrogen-bonded systems between
3,5- CF3)2C6H4O and 3,5-(CF3)2C6H30_.

Approximate description HF/6-31G(d,p) BLYP/6-31+G(d,p)
(PED)" vi/Av; Ai/AA, vi/Av; Ai/AA;
100v(Cyy-Hsp) 3431/11 0.67/-1.03 3161/7 1.09/-2.13
100v(C;-Hy3) 3408/9 2.79/2.59 3159/4 1.26/0.84
100v(C5-Hy)) 3402/41 45.17/41.85 3141/23 0.36/-5.01
100v(Cs-H;») 3394/-33 1.01/0.47 3138/-26 6.04/5.81
100v(Cy6-Hs1) 3374/13 8.20/-12.58 3136/27 0.08/-17.17
100v(Cyp-Hyo) 3361/-2 8.81/-3.40 3133/25 6.38/-18.53
100v(O4-H,p) 3164/-1005 3989.86/3880.84 2832/-831 3042.51/3001.26
51v(C-C) + 343(CCC) 1830/16 4.06/0.11 1563/38 0.23/-2.05
458(CCC) + 32v(C-0) 1804/-15 32.42/-23.24 1555/-35 15.98/-54.70
48v(C-C) + 308(CCC) 1785/120 7.84/-13.91 1746/138 24.07/11.14
45v(C-C) + 183(CCC) 1768/136 603.80/-98.42 1631/103 127.92/-82.85
318(HOC) + 15v(C-C) 1739/695 88.69/-54.08 1645/188 75.34/-20.11
40v(044-Cy)) + 18v(C-C) 1664/-127 579.70/167.09 1605/-98 275.75/86.06
38v(C-C) + 218(HCC) 1637/267 399.15/194.73 1648/303 195.31/104.25
51v(C-C) + 158(HCC) 1604/3 50.17/-98.08 1595/-5 29.61/-37.97
43v(C-C) + 22v(C-C(F)) 1584/5 266.22/162.19 1540/18 138.43/95.14
45v(C-C) + 11v(C-C(F)) 1574/217 30.69/-20.04 1512/139 34.82/-17.52
32v(C-C(F)) + 20v(C,-0) 1559/198 1121.92/549.82 1486/173 1006.42/468.63
718(HCC) 1438/201 170.82/159.01 1423/168 161.91/132.20
48v(C-C(F)) 1434/115 527.27/76.51 1399/108 201.50/64.31
32v(C-C(F)) +18 8(HCC) 1433/123 421.55/228.01 1384/119 360.28/144.15
62v(C-F) 1342/10 510.60/192.05 1285/18 660.09/101.77
68v(C-F) 1334/15 223.88/-226.88 1263/18 210.83/52.38
65v(C-F) 1331/21 371.87/178.35 1258/42 106.00/48.76
89v(C-C) 1260/119 57.20/32.10 1176/95 44.75/26.60
428(CCC) + 18v(C-C) 1218/132 62.24/58.10 1116/108 131.40/29.48
58v(C-C) 1199/19 49.05/-7.86 1061/35 28.30/18.95
41v(C-C) + 225(CCC) 1192/-15 82.15/68.27 1059/-28 72.40/56.12
813(CCO) 1082/1 5.90/-28.64 1058/-7 3.54/2.83
66T1(HCCO) 1076/46 301.94/163.90 926/11 200.90/93.08
785(CCC) 1047/9 83.17/-15.62 886/6 73.14/-32.11
481(HCCO) + 151(CO...HO) 1037/62 53.41/28.03 878/50 37.40/18.26
4858(CCC) 1032/33 11.64/7.88 850/42 3.20/2.45
66T1(HCCC) 1001/60 20.92/-33.59 846/21 22.57/-5.50
71t (HCCO) 989/14 9.04/-16.34 828/0 11.21/-17.28
51t(CCCC) 966/82 41.82/21.49 818/62 46.51/15.37
60t(CCCC) 792/40 14.36/13.18 796/78 20.88/11.85
85t(CCCC) 791/95 12.14/12.13 791/78 16.70/15.12
53t(HCCC) 750/-38 3.55/-12.08 691/-29 2.61/-1.82
337(CCCO) + 321(CCCC) 730/0 2.89/-0.03 689/16 1.16/-5.39
318(CCC) + 30t(FCCO) 627/49 6.83/2.68 578/32 7.78/3.87
421(FCCC) + 183(CCC) 624/44 1.40/-0.85 542/35 9.77/-4.55
218(CCO) + 208(CCC) 560/32 10.90/4.95 459/24 10.83/5.88
751(FCCC) 557/-66 0.12/-0.07 423/-50 0.21/-0.22
681(FCCC) 556/-26 0.05/-4.36 422/-31 0.85/-2.78
588(FCC) 410/16 0.23/0.19 358/22 0.07/-1.23
518(FCC) 377/164 0.54/0.1 306/122 0.26/-0.02
545(FCC) 388/62 1.11/-0.22 305/55 4.39/3.29
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561(CCCO) + 431(CCCC) 255/1 1.19/-1.46 271/18 5.45/443

541(CCCO) + 401(CCCC) 236/19 2.46/-137 193/14 2.94/-1.97
50v(0...H) 89 9.18 102 29.63
625(0...HO) 52 141 63 0.87

*PEDs elements lower than 10% are not included. PEDs elements obtained with HF/6-31G(d,p) are given.

vibrational characteristics of most of the
vibrational modes. This phenomenon could be
explained with the charge rearrangement in the
hydrogen  bonding, namely the 3.5-
(CF3)2C6H4O and 3.5—(CF3)2C6H30_
hydrogen bond formations lead more
considerable charge rearrangement in the
monomers.

The 3,5-(CF3)2C6H4O and 3,5-(CF3)2C6H30_
hydrogen bonding leads to arising of two
intermolecular vibrations the v(O;-...Ho") and the
v(Oy~...Hy;). The predicted frequency of the
v(O,-...H,o") vibration is at 89 — 102 cm™. The
calculated IR intensity of this vibration is low. The 6
(O...HO) vibration is predicted at lower frequency
(52— 63 cm™), and its IR intensity is lower.

CONCLUSION

The structure, stability and vibrational spectra
of the 3.5-(CF3)2C6H4O and 3.5-(CF3)2C6H307
hydrogen-bonded system, containing SSHB, have
been investigated using ab initio and DFT
calculations at different basis sets. The main results
of the study are:

- The calculations show that a strong, almost
symmetrical, O-H...O" bond is formed. The
calculated Hj,...07 distance (1.235A) and
O1Hjyy...049 = 179.60° angle are in agreement with
the SSHB classification (H...A is within 1.2 to 1.5A
and D-H...A = 180°).

- The corrected values of the dissociation energy
(-29.31 - 35.95 kcal.mol™), calculated through
HF/6-31G(d,p) and BLYP calculations, confirm the
SSHB formation as well as the ionic structure of the
studied hydrogen-bonded system.

- The changes of the atomic charges (Aq;) in the
hydrogen bonding show large proton polarizability
of the SSHB within this complex, i.e. hydrogen-
bonded system of ionic nature is formed.

- The stretching v(O;-Hyo) vibration of the
hydrogen-bonded O-H group is shifted to lower
frequencies and its IR intensity increases
considerably in the hydrogen bonding. This result
confirms the optimized stable structure of the
complex, and shows the formation of the

O- ...H" ...O SSHBs with proton transfer, i.e. the
polar structure.
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TEOPETMYHO U3CJIEABAHE HA CTPYKTYPHU, CTABMJIHOCT 1 BUBPALITMOHHU CITIEKTPH
HA BOJOPOJHO-CBBP3AHU ®EHOKCUAN CBbABPXKAIIN CUJIHU, KbCU BOAOPOAHU
BPB3KU
1. Jumurposa

Hucmumym no opeanuuna xumus ¢ L{enmvp no pumoxumus, Boacapcka akademus Ha naykume, yi. Axao. I'. Bonueg”
on. 9, 1113 Cogus

IMoctenmna va 18 HoemBpu 2009 1.; IIpepaborena Ha 18 mait 2010 T.

(Pe3rome)

CrpykTypaTa, cTaOWJIHOCTTa M BUOPALMOHHUTE CIEKTPH Ha BOJOPOJHO-CBBp3aHATa CHCTEMa MEXIy 3,5-
(CF3),C4H40 u 3,5-(CF3),CsH;0 ™, chabpikaiua cuiiHa, KbCa BOAOPOIHA BPbH3KA Ca U3CIEIBAHM IIOCPEACTBOM ab
initio n TOII npecMsaTanus ¢ paznuuHu O0asucHu Habopu. [IpoBeseHa € MbJIHA TE€OMETPUYHA ONTHMH3ALUS Ha
BOJIOPOJIHO-CBbp3aHata cuctema ¢ ab initio HF/6-31G(d,p) u BLYP/6-31+G(d,p) npecmsatanus. [IpecmsaTanusita
MIOKAa3BaT, 4e ce HabmonaBa cuiHa, noutu cumerpuina O-H...O™ Bpw3ka. M3uucnenoro O-H...O™ pacrostaue (1.235
A) m sremeT OH..O” = 179.60° ca B chruacWe ¢ KIacH)HKAIHATA 3a CIJTHH, KBCH BOJOPOJHM BPB3KHL
Kopurupauute CTOMHOCTH HA AMCOLMAHOHHATA eHeprus (-29.31 - 35.95 kcal.mol ™) m3uncnenn ¢ HF/6-31G(d,p)
u BLYP npecMsitanusiTa mOTBBpXKIaBaT HOHHATA CTPYKTYpa Ha BOJOPOJHO-CBbp3aHaTa cucteMa. [IpecmsiTanusra
MOKa3BaT, 4e 00pasyBaHETO Ha BOAOPOAHA Bpb3ka Mexay 3,5-(CF3),CeH O u 3,5-(CF;),CeH;0™ BOmM 110
3HAYMTENTHO MpepasNpe/ieficHe Ha 3apsauTe npu MoHomepute. I[IpoMeHute Ha aroMHuTe 3apsau (Aq;) 3a
KOMILJIEKCa B pe3yJITaT Ha BOAOPOIHOTO CBbP3BAaHE ITOKa3BaT 3HAYMTEJIHA IPOTOHHA MOJSPU3YEMOCT 3a CHJIHATA,
KbCa BOJOpOJHA BpPb3Ka, T.€. 00pa3yBa ce BOAOPOTHO-CBbp3aHa CHCTeMa C HOHEH xapakrep. (OOpa3yBaHeToO Ha
CHJIHA, KbCa BOJOPOJHA Bph3Ka BOIAM O 3HAUUTEIHH NIPOMEHH Ha BUOPAIIMOHHHUTE XapaKTEPUCTHKU Ha IOBEYETO
TpenTeHusi. ToBa siBieHME OM MOIVIO Aa ce OOSICHM ChC 3HAYMTEIHOTO IpEpaslpe/e/icHUe Ha 3apsiuTe MO
JIeiCTBHE Ha BOJOPOIHOTO CBBP3BaHE.
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