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Controlled aggregation of gold nanoparticles in a di-ureasil matrix. Optical and micro
indentation investigation
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Nanocomposite materials with an organic-inorganic urea-silicate (di-ureasil) based matrix containing gold
nanoparticles (NPs) were synthesized and characterized by optical (UV/Vis) spectroscopy and indentation
measurement. The urea silicate gels were obtained by reaction between silicon alkoxyde modified by isocyanate group
and polyethylene glycol oligomer with amine terminal groups in presence of catalyst. The latter ensures the successful
incorporation of citrate-stabilized gold NPs in the matrix. It is shown that using a convenient destabilizing agent
(AgNOs) and governing the preparative conditions, the aggregation degree of gold NPs can be controlled.

The developed synthesis procedure significantly simplifies the preparative procedure of gold/urea silicate
nanocomposites, compared to the procedure using gold NPs, preliminary covered with silica shells. Mechanical
properties of the prepared sample were characterised using depth sensing indentation methods (DSI) and an idea about

the type of aggregation structures was suggested.
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INTRODUCTION

Producing nanocomposite functional materials
for optical applications has attracted much attention
in the last decade. Among different optical
functionalities, metal NPs offer a great potential for
applications in nonlinear optical devices, such as
ultrafast optical switches and filters, and for uses as
catalysts or sensors. The transfer of NPs into solid
substrates while retaining the characteristic
properties of single particles, i.e., preventing
aggregation, is an important technological task
which has to be solved in manufacturing practice.

The matrix itself must satisfy a number of
requirements such as a high optical transparency in
the visible range, mechanical, and chemical
stability. Sol-gel process provides a straightforward
and versatile fabrication method for the production
of a large number of transparent glassy-like
substances. The advantages of this process are low
processing temperature, high purity of precursors,
good uniformity, reproducibility of the composition
and processability. Highly transparent hybrid
organic-inorganic structures, where organic and
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inorganic components are bonded through strong
chemical bonds, were prepared by this method.
Typical representatives of the covalently linked
organic-inorganic materials are the so-called urea
silicates or di-ureasils. Optically clear and elastic
organic-inorganic  di-ureasil ~ nanocomposites
containing gold NPs, stabilized by uniform silica
shell were produced by mixing preformed NPs
colloidal dispersions with urea silicate neat
monomer prior to sol-gel transition. The silica shell
was used to maintain the colloidal stability during
the processes of hydrolysis and condensation [1].
Recently, we have established a procedure,
allowing us to embed gold NPs, stabilized by pure
electrostatic forces, thus avoiding the stage of
covering the NPs with protected silica shells. This
approach simplifies the manufacturing of the metal-
doped urea silicates as the growth of silica shells
around the metal NPs is a delicate and rather time
consuming operation. Furthermore, the use of a
convenient destabilizing agent (AgNOs) permitted
us to control the aggregation degree of gold NPs. In
that way we can produce gold/ureasilicate
nanocomposites with different absorption profiles,
as the formation of large aggregates causes
irreversible changes in their optical properties.
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In this work we present the preparation
procedure of di-ureasil nanocomposites with
embedded citrate-stabilized gold NPs. The reliable
preservation of the nanoparticles in the matrix is
confirmed by optical absorption measurements and
indentation characteristics. It is shown that metal
NPs, embedded in the ureasilicate matrix could be
fixed at different aggregation stages by controlling
the concentration of the aggregation agent in the
reaction medium.

EXPERIMENTAL
Materials

0,0-bis(2-aminopropyl)-polypropylene glycol-
block-polyethylene glycol-block-polypropylene
glycol-500 (Jeffamine ED-600, Fluka) was dried
under dynamic vacuum before use. 3-Isocyanate
propyl-3-ethoxysilane (ICPTES, Aldrich),
tetrachloroauric acid (Aldrich), 3-sodium citrate
dihydrate (Aldrich), absolute ethanol (Riedel-de
Haén), citric acid monohydrate (Merck) were used
as received. Distilled water with a resistance around
18 MS/cm was used for the preparation of dilute
aqueous solutions.

Preparation of samples

Urea-silicate neat monomer was prepared by
mixing 0.936 mmol Jeffamine ED-600 and 1.870
mmol of ICPTES under stirring. Spherical gold
NPs (15 nm) were prepared by boiling 5x1074 M
HAUCI,; aqueous solution in the presence of
1.6x10-* M sodium citrate aqueous solution, for 15
min [2]. Later, citric acid in ethanol solution, served
as a catalyst for the sol-gel process, citric-stabilized
Au colloid solution, and aggregation agent (AgNOs
aqueous solution) were added to the liquid
monomer. Table 1 shows the amount of AgNOs
used for the preparation of the samples.

The mixtures were transferred to polystyrene
cuvettes and dried in an oven at 40°C for 48 h.
Finally, transparent, free of cracks samples with a
base of 21 mm? and height of 7 mm were obtained.
A photograph of the samples is presented in Fig. 1.

Fig. 1. Au/urea silicate samples with different degree
of Au NPs aggregation.
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Depth-sensing indentation method

The method known as either depth-sensing
indentation (DSI) or instrumented indentation
testing (117T) is based on the experimental measured
indentation curves (relationship between the test
force and indentation depth) (ISO 14577-1).

The following micro indentation characteristics
ware determined (ISO 14577-1) [3]:
Dynamic hardness: HMV = a F/h?, (1)

where (F) is the value of the instant load in a
loading and unloading testing regime, (a = 3.8584)
is a constant which depends on the shape of the
indenter and (h) is the indentation depth. This
characteristic reveals how the material responds to
total deformation during the indentation test
including  plastic, elastic and viscoelastic
deformation components.

— Martens hardness was determined from the
slope of the increasing force/indentation depth
curve in the 50% =+ 90% P interval and
characterises the material resistance against the
penetration (P is the maximum applied load):

HMs = 1/(26.43 m?), (2)

This characteristic has similar physical sense as
dynamic hardness, but characterises the material
properties at the maximum indentation depth at
constant load.

— Indentation hardness is a measure for the
material resistance to permanent deformation.

Hit = P/24.50h¢?, (3)

where (h¢) is the so called “contact depth” which
means the imprint depth when there is a contact
between the indenter and the surface of the test
piece.

— Microhardness profiles are dependences of
Vickers hardness on the applied load (P), or on the
penetration depth (h), respectively.

HV=f(P); HV=f(h), (4)

— Indentation Elastic Modulus calculated from
the unloading part of the dependence by using the
equation:

1/E; = (1- vs?)/Eit + (1- v 2)/Ei, (5)

where (E;) is the experimental converted elastic
modulus based on indentation contact, (vs) is the
Poisson ratio of specimen, whereas (E;) and (vi) are
the Young's modulus and Poisson's ratio for the
indenter, respectively.

— Indentation creep which is a relative change in
the indentation depth at constant test force:

Cit = (h2 — hy)/hy (F = const.), (6)
where (h1) and (h2) are indentation depths at the
beginning and the end of the creep measurement

[4].
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The tests were provided on the dynamic ultra
microhardness tester DUH-211S. All measurements
were performed at room temperature and the test
regime was: loading with a constant loading speed
of 0.2926 mN/s till 3 mN, then holding this load for
1 min and then unloading. For viscoelastic
materials the relationship between load and depth
of penetration is not linearly dependent. That is, for
a given load the resulting depth of penetration may
depend upon the rate of load application, as well as
on the magnitude of the load itself. Ten
measurements were made for each sample.

RESULTS AND DISCUSSION

The optical properties of a colloidal dispersion
of spherical particles with a radius R can be
described by Mie theory, who first explained the
origin of the red color of gold colloids [5].

In a dilute colloidal solution containing N particles
per unit volume (cm?®), the measured absorbance
over the path length d is:

| NC .d
A=log,, —°==——*—~ (7)
I(d) 2.303
where C_. is the extinction cross-section of a

ext
single particle, d is path length and lo and I(d) are
incoming and transmitted light intensities.

For a spherical particle with radius R, much smaller
than the wavelength of light only the dipole
oscillation contributes significantly to the extinction
cross-section (dipole approximation) and Cex Can
be written as the following relationship [6]

24TCZR38m3/2 "
ext = . 7w 0 (8)
A (e42¢,) +¢

where &’ and &’ are the real and imaginary part
of the wavelength dependent dielectric function and
&, Is the dielectric function of the medium.

Fig. 2 presents the experimental absorption
spectrum of the initial agueous solution of citrate-
stabilized gold NPs with an average size of 15 nm,
the experimental spectrum of the solid di-ureasil
monolith doped with gold NPs, prepared without
addition of the aggregation agent (sample 1) and
the theoretical spectrum, calculated for the sample
1. The former one is based on eq. 2 utilizing the
real and imaginary parts of the dielectric function
for bulk gold [7].

There is an expected shift in the position of the
plasmon peak obtained for the sample 1 (situated at
529 nm) with respect to the initial colloidal solution
in water (located at 519 nm). This is due to a
refractive index increase when changing the
dispersion medium from ethanol (n = 1.33) to di-
ureasil (n = 1.508) The plasmon peak position

C

obtained for sample 1 is in coincidence with the
calculated one obtained by using the data for
dielectric constant of Johnson and Christy and
refractive index of the urea silicate matrix (1.508).
It is obvious that the optical response of the
prepared nanocomposite resembles that of the
starting colloid in the range of plasmon band.
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Fig. 2. Experimental absorption spectrum of the
initial gold colloid in water (——), experimental
absorption spectrum of sample 1 (- ) and calculated
absorption spectrum of sample 1 (—s—+—). The calculated

spectrum is B-spline connected.

Absorption spectra of the samples containing
gold NPs with different degree of aggregation are
presented in Fig. 3. Numbers over the curves
correspond to the samples designation, presented in
the Table 1.

Table 1. Amount of AgNO; used for the samples
preparation.

Molar content of AgNOs3,

ngplgs added to the reaction mixture
designation
[nmol]

1 _

2 88.5
3 111
4 150
5 177

It is seen from Fig. 2 that with increase of
AgNOs concentration the first plasmon maximum at
about 520 nm is broadening and the second
maximum at ~700 nm appears and is getting more
pronounced. It is clear that gold NPs, embedded in
the matrix, undergo changes in color upon the
process of aggregation due to the coupling
interactions between the surface plasmon fields of
the particles [8]. Appearance of longitudinal mode
can be explained by formation of dimers and
aggregates of higher order, which do not have
spherical symmetry and can be roughly represented
by equivalent ellipsoids.
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Fig. 3. Absorption spectra of the urea silicate
nanocomposites with different degree of NPs
aggregation.

Fig. 4 presents the indentation curves (Load —
Indentation depth) for all samples. It can be seen
that the curves of the loading and unloading are
substantially parallel, which means that the samples
are extremely elastic.

Fig. 5 shows the generalized arithmetic average
of measured indentation characteristics for the
studied samples. The lines between the points are
only for visual facilitation of the trends.

From Figs. 5 a) and b) it becomes clear that the
microindentation parameters change on adding
AgNOs;. The first portion decreases HMV, HMs
and indentation elastic modulus Eit, while micro
hardness characteristics Hit and HV* increase.
Taking into account that HMV and HMs
characterize the total resistance against the
penetration and Hit and HV* — the resistance only
against plastic deformation it could be concluded
that resistance against elastic deformation decreases
or the sample becomes more elastic. The next
additions of AgNO; lead to improving all studied
characteristics (Fig. 5a), b) and ¢) till 150 nmol
(sample 4). Knowing that the quantity of the gold
NPs is the same for all samples, the changes in
mechanical properties could be attributed only to
arising of different aggregation structures as a
consequence of AgNO; addition. There are many
publications dealing with the type of aggregation
structures of gold NPs according to the type and
guantity of aggregation agent: filamentary,
racemose or cross-linked  structures [9-11].
Moreover, the gold particles keep their
individuality in the aggregates. We suppose that in
our case the first portion of AgNOs; partially
destroys the stabilizing layer on the gold particles
leading to the formation of loose cross-linked
structure of gold particles. Obviously, the
electrostatic forces between the particles are strong
enough to improve the elasticity of the sample.
Further AgNOs addition results in a more complete
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destruction of the charged surface layer and more
complete multilateral linking between the particles,
making the cross-linked structure  denser.
Mechanical properties are improved. At a
concentration of destabilizing agent higher than that
in sample 4, the aggregation processes are SO
pronounced that the cross-linked structure is torn
and regrouped in a denser cluster or racemose
structure. The racemose formations so obtained do
not have so much resistance as the cross-linked
structure and microindentation characteristics
decrease.

Addition of AgNOQ; has practically no influence
on the creep processes (Fig.5 d). Ground for such
interpretation of the micromechanical results gives
us the research and TEM micrographs of aggregates
of gold nanoparticles published in [10] (Fig. 6) and
[11] (Fig. 7 b) for 500 seconds of electron-beam
exposure inside a TEM liquid cell at 200 kV. Scale
bar: 200 nm.

It can be assumed that the aggregation process
starts in a small volume with a higher local
concentration of AgNO; solution, just after its
addition. When the solution is homogenized, the
global concentration of AgNO; drops and the
aggregation stops. More dilute solution of AgNO;
results in a smaller degree of aggregation.
Simultaneously, the viscosity of the urea silicate
monomer rapidly increases within a short period of
time, fixing the formed aggregates in the urea
silicate gel.

CONCLUSIONS

Gold NPs stabilized by pure electrostatic forces
were successfully introduced in the urea silicate
matrix, avoiding the stage of covering the NPs with
protected silica shells and a highly transparent
monolith was obtained.

Using a common gold colloidal solution
containing particles with unique size and shape and
governing the preparative conditions, di-ureasil
nanocomposites containing gold NPs aggregates
were produced. The arrested aggregation of gold
NPs was previously achieved in gelatin films [8].
However, this was obtained for the first time in
highly transparent monolith samples.

Micromechanical characteristics change
according to the type of aggregation structure. We
suppose that the improvement of elastic indentation
modulus and resistance against total and plastic
deformation is due to the cross-linked structure
formed by the gold NPs.

When the metal nanoparticles form racemose
structures the mechanical properties slightly
decrease.
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This approach could be a promising way for the properties on the basis of immobilized metal fractal
development of flexible filters with desired aggregates.
absorption profile and improved mechanical
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Fig. 4. Load/unload displacement curves: a) sample 1; b) sample 2; ¢) sample 3; d) sample 4; ) sample 5
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Fig. 5. a) Dynamic microhardness and Martens microhardness; b) Indentation microhardness and Vickers hardness;
¢) Indentation Elastic Modulus; d) Indentation creep
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(Pestome)

HaHOKOMMIO3UTHM MaTepHalyd ¢ OpraHMYHO-HEOpraHMYHa KapOaMuA-CHIIMKAaTHa MaTpulia (AU-ypeacuin),
chabpokamia 3natan Hanouactunu (HIT), ca cuatesupanu u xapakrepusupanu ¢ ontuuHa (UV/ Vis) crieKTpockomus u
HMHACHTAlMOHHU H3MepBaHUsA. CHIMKATHUTE ypes TelloBe ca MOJIyYeHH 4Ype3 peakLus MEeXIy CHIMLIUEB alKOKCHI
Moau(dUIMpaH ¢ W30LMAHATHA T'pyNa M OJUIOMEp MOJHETHICH IJHMKOJI C aMHUHHHM KpallHH TPYNH B NPHCHCTBUE Ha
katanuzatop. [lociaeqHusT TapaHTHpa YCHENTHOTO BKJIIOUBAaHE Ha IUTpAT crabmamsupanu 3natHu HII B martpumata.
[MokazaHo e, We cTemeHTa Ha arperamus Ha 3maTHuTe HII MOXe &ma ce KOHTpoimpa ¢ TMOMOINTa Ha ITOIXOZSII
necrabmmusupan areHT (AgNO3) 1 MpoMsiHa B YCIIOBHATA HA MOTyYaBaHE.

PaszpaboTenata mporemypa 3a CHHTE3 3HAUMTEIHO OIPOCTSABA IMOATOTBHUTENHA MpOIEAypa Ha 37aToTo/ ypes
CHIIMKaTHH HaHOKOMIIO3WTH, B CPaBHCHHE C TpOIEAypaTa 3a W3IMOJ3BAaHE Ha IMpeIBapUTENIHA IOKPHUTH C KBApLIOBH
yepynku 3matHu HII. MexaHuuHHTE CBOICTBa Ha MPUTOTBEHaTa Mpoba ca oxXapakTepu3UpaHW C TOMOIITAa Ha
U3MEpBaHe Ha IBJIOOYMHHO MPOHUKBAI] MHACHTaIoHeH MeToz (DSI) u ¢ HampaBeHO MPEAINONOKCHHE 33 BUAA HA
arperanoHHUTE CTPYKTYPH.
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