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A two-step procedure was developed to prepare composite materials containing nanometer-
sized metal particles (Ag, Au) homogeneously dispersed in sol-gel matrices. In the first step,
irradiation with y-rays from a 8Co source was used to initiate the growth of metal particles in
a solution containing both metal ions and stabilizing multifunctional silanes #(CHy)3Si(OR)3
(F = HoN-, N==CS-, ...). In the second step, transparent and closed porosity xerogels with
metal clusters grafted on the oxide network were prepared via hydrolysis—condensation of
alkoxides. The nanocrystallites were characterized by transmission electron microscopy and

optical spectroscopy.

Introduction

Composites containing uniform nanometer-sized metal
particles homogeneously dispersed in ceramic matrices
are of potential interest as catalysts and possibly also for
optical and electronic applications.!2

In the past years, metal/SiOs and metal/Al;O3 com-
posites have been prepared by sol-gel processing.*® A
metal salt was dispersed in a gel matrix and metal particles
were obtained by reduction at high temperature. The
major problems associated with this method are the control
of the metal size distribution and the metal cluster
dispersion.

Recently, the use of amine functionalized alkoxides has
been proposed to obtain highly dispersed metal-containing
gels.”® In this technique, the functionalized silicon
monomers were reacted with a metal salt leading to the
formation of metal complex containing gels. However,
the preparation of composites with nanometer-sized metal
particles required subsequent thermal treatments: oxi-
dization in air at high temperature to remove all organic
components and reduction of metal oxide particles to
obtain metal/oxide composites.

Wereport here a two-step procedure to prepare optically
clear and metal-doped xerogels at room temperature, in
which silver or gold metallic clusters (2-10 nm in diameter)
are homogeneously dispersed. Inafirststep,thesynthesis
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Table I. Functionalized Silicon Alkoxides
(F(CH,)3Si(OR)s) and Complexing Groups (¥F)

F(CHy)3Si(OR);3 F

(3-aminopropyl)triethoxysilane H:N-
(HoN(CH)3Si(OEt)s)

[N-(2-aminoethyl)-3-aminopropyl]ltrimethoxy- H:N(CHjy):NH~-
silane (HoN(CHz):NH(CH3)3sSi(OMe)s)

[(trimethoxysilyl)propylldiethylenetriamine H;N(CH;):NH-
H;N(CH;3)sNH(CHz):NH(CHj)3Si(OMe); (CH,)sNH-
[2-(trimethoxysilyl)ethyl]lpyridine
=4 =
<@—(CHz)zsuom>a> CN\/”\ )
(3-thiocyanatopropyl)triethoxysilane N=CS-

(N=CS(CHy)3Si(OEt)3)

of the colloid is achieved by using vy-irradiation of an
alcoholic solution of the metal salt. As previously
shown,b1%-12 the interactions between the y-rays and the
solution lead to the decomposition of the alcohol molecules:

RHOH — ¢, RHOH,", H', R°'OH...

The reducing agents produced are solvated electrons (e)
and alcohol radicals (R*OH). H* is an oxidant but reacts
with alcohol to give R°*OH and Hs. Reduction of the metal
cations occurs between the metal ions and the reductive
species which are randomly produced within the solution.
It has been shown,!3-14 in the early steps of the growth of
silver particles, that the metal atoms are rapidly stabilized
by complexation with surrounding metal ions and that
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Figure 1. Absorption spectra of silver particles produced by
y-radiolysis of deaerated ethanolic solutions of H;N(CHj),NH-
(CHy)3Si(OMe); containing 10°* M Ag*. The alkoxide/Ag* molar
ratio is 10. Curves 1-4 correspond to doses of 200, 400, 600, and
800krad. The origin of absorbance is shifted for clarity. Optical
path length of 2 mm.

the metal clusters are produced from the aggregation of
small units composed of reduced metal atoms complexed
with unreduced ions. Consequently, assuming that the
metal clusters are superficially charged and described by
the general formula M,P*, one can expect a complexation
of the surface of the metal particles by electronic donor
agents. This would limit the growth of the particles and
stabilize the colloid, avoiding cluster fusion. In fact, our
choice of the complexing agent is governed by the need to
incorporate, in a second step, the aggregates in gel matrices
prepared by inorganic polymerization of silicon alkoxides.
Consequently, functionalized silicon alkoxides with the
general formula F§Si(OR); were tested as complexing
agents. The functional group (7 = HoN—, N=CS-, ...) is
connected to the alkoxy group via an inert spacer (& =
(CHy)s, ...). Different parameters have been taken into
account as they seem to have a great influence on the
average size, the size distribution, and the morphology of
the final silver or gold nanoaggregates: the irradiation
dose, the nature and the concentration of the complexing
agent, and the presence of other transition metal ions.
Finally, the gel matrix is synthesized at room temperature
using the slow hydrolysis of different alkoxide mixtures
in a wet atmosphere.!® We show that this technique leads
to gels with a closed porosity allowing the protection of
the metal aggregates against corrosion.

Experimental Section

Radiolytic Synthesis of the Colloids. Alcoholic
solutions of the metal salt are prepared by dissolution of
AgNO; or HAuCl, in ethanol. In the case of silver, the
influence of the addition of Ni(NOj): is studied. The
functionalized silicon alkoxides which are added to these
solutions are taken from those listed in the Table I. The
final concentration of metallic ions (Ag*, Au3*, Ni2*) is
103 M while the concentration of the functionalized silicon
alkoxide may be varied in the 104-10-! M range. After
preparation, air is removed from the solutions by bubbling
with nitrogen. Irradiations are then carried out for 16 h
at different distances from a %Co source so that the total
dose received by the samples varies from 100 to 1200 krad.

Incorporation in the Sol-Gel Matrix. Sol-gel ma-
trices are prepared at room temperature by polymerization

(15) Chaput, F.; Boilot, J. P.; Devreux, F.; Canva, M.; Georges, P.;
Brun, A. Mater. Res. Soc. Symp. Proc., Mater. Res. Soc. 1992, 271, 663.
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Figure 2. Structural characterization of the sample correspond-
ingtocurve 4 inFigure 1. (a) Electron micrograph; (b) histogram
of the size distribution.

of alkoxides using the slow hydrolysis technique:!® an
alcoholic solution of alkoxide is placed in a covered Petri
dish so that a very low exchange with the outside wet
atmosphere is possible. The slow hydrolysis of the alkoxide
and the progressive evaporation of the alcohol leads to
gelatinization after about 1 week under our experimental
conditions. The drying of the gels is carried out in an
inert atmosphere for 3 more weeks. In fact, this technique
requires the use of a mixture of, at least, two alkoxides:
the first is a metallic alkoxide, such as a zirconium one,
which is rapidly hydrolyzed leading to self-polyinerizing
oxo clusters. These hydrolyzed species are then able to
initiate the polymerization of a second network forming
alkoxide, which is a silicon one and exhibits a very low
reactivity to the moisture. This method for the synthesis
of the oxide matrix was chosen essentially because of
oxidation which occurs in the case of silver particles when
incorporated into usual sol-gel matrices prepared by
adding acidic water in excess to an ethanolic solution of
silicon alkoxide. By contrast, in the case of the slow
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Figure 3. Absorption spectra of silver particles produced by
y-radiolysis of deaerated functionalized alkoxide ethanolic so-
lutions containing 10 M Ag*. The radiation dose is 300 krad
and the alkoxide/Ag* molar ratio is 100. Curves 1-5 corre-
sponding to N=CS—, Py, H,N(CH2):NH(CH3):NH-, HyN(CHy),-
NH-, and H;N- groups. Optical path length of 2 mm.

3

ABSORBANCE

0
250 450 650
WAVELENGTH (nm)

Figure 4. Absorption spectra of silver particles produced by
y-radiolysis of deaerated ethanolic solutions of HoN(CHj),NH-
(CH2)35Si(OMe); containing 10-* M Ag*. The radiation dose is
600krad. Curves1and 2 correspond toalkoxide/Ag* molar ratios
of 10 and 100, respectively.

hydrolysis technique, no acid is required and only water
from a HyO-saturated outside inert atmosphere is allowed
to diffuse in the gel.

In our experiments, sol-gel matrices are obtained from
an ethanolic mixture of the zirconium butoxide and of a
silicon ethoxide. The Si/Zr molar ratio is 4. The matrix
prepared from Si(OEt)4is hereafter noted TEOS. Inother
preparations, Si(OEt), is replaced in the initial solution
by the same concentration (1.55 M) of a silicon ethoxide
having one permanent organic function, such as the vinyl,
methyl, or amyl triethoxysilane. The resulting matrices
are then respectively noted VTEOS, MTEQOS, and ATEOS.
In this case, compared to TEOS matrices, it seems that
the drying is easier, probably resulting from the hydro-
phobous character of the permanent organic group, and
larger pieces of gels are obtained.

The density of the matrices are measured by the
Archimedes’ method, both in Hg and He media, in order
to deduce the pore volume fraction. In fact, the same
values are found in the two experiments: 2.00 and 1.49
g/cm?® for TEOS and MTEOS matrices, respectively.
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Figure 5. Ag sample corresponding to curve 2 in Figure 4: (a)
electron micrograph; (b) histogram of the size distribution. The
full line corresponds to a best fit of a log-normal distribution
P(D) (Do = 41 &, ¢ = 0.5).

Moreover, TGA measurements performed on the TEOS
matrix indicate a weight loss of 20% between 300 and 500
°C due to the combustion of the remaining organic groups.
Consequently, it is clear that the slow hydrolysis technique
leads to closed porosity matrices with trapped organic
groups resulting from the incomplete hydrolysis of alkox-
ides. Once again, this contrasts with the characteristics
of the TEOS gel samples prepared under the usual
conditions (complete hydrolysis with acidic water in
excess): low density (1.4-1.6 g/cm® and open porosity
with a pore volume fraction of 10-20%. Finally, it can be
expected that the closed porosity matrices are able to
protect for a long time the metal aggregates against
corrosion.

The incorporation of the aggregates into the gel is
achieved by adding the solution containing the metal
clusters stabilized with functionalized alkoxide into the
solution of matrix precursor alkoxide. Typically, in order
to prepare doped TEOS matrices, 13.5 mL of the alcoholic
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Figure 6. Absorption spectra of silver particles produced by
y-radiolysis of deaerated ethanolic solutions of H;N(CH_);NH-
(CHg2)sSi(OMe); containing 10 M Ag* and 10 M Ni?*, The
alkoxide/Ag* molar ratio is 10. Curves 1-5 correspond to doses
of 300, 400, 500, 600, and 800 krad. Optical path length of 2 mm.

solution of the metal aggregates is added to 9.3 mL of
Si(OEt)4 (42 mmol) and 4.2 mL of Zr(OBu)4 (10.5 mmol).
Aging of the solution is then carried out as described above.
Depending on the volumic contraction of the gel during
the drying, the final concentration of metal in the oxide
matrices is typically in the range 0.01-0.1 wt %. All the
gels exhibit the characteristic colors of the corresponding
metal nanoaggregates: yellow and violet for silver and
gold respectively.

Characterization of Metal Particles. It is well-
known that, in the case of silver and gold, the metallic
state is easily recognized by the presence of a band (Ag,
400 nm; Au, 540 nm) in the absorption spectrum which is
caused by surface plasmon absorption of the electron gas.!
In previous studies, Kreibig et al.!® and Smithard!” have
established correlation curves between the measured width
of the optical absorption and the particle diameter
measured by electron microscopy for small spherical silver
particles (1-10 nm) in a glass matrix. Concerning silver
particles, it seems that small distortions from a spherical
shape affect the optical absorption much more than the
changes in size. For small prolate spheroids of silver,
depending on the average axial ratios, a shift of the main
absorption peak (near 400 nm) to shorter wavelengths and
a shift of a secondary peak to longer wavelengths have
been found with an increase of the elongation of particles.!8
In this study, the characterization of metal particles is
performed both on solutions and on oxide xerogels by
recording absorption spectra on UV-visible spectropho-
tometer (Shimadzu UV 160A). Moreover, in all the
experiments, the aggregates produced by radiolysis exhibit
the electron diffraction pattern characteristic of the silver
or gold metal structure. Size and shape determinations
of metal particles in functionalized alkoxide solutions are
also obtained from observations by transmission electron
microscopy (Philips CM 30).

Results

Production of Silver Particles in the Functional-
ized Alkoxide Solution. (a) Influence of the Radiation

(16) Kreibig, U.; Fragstein, C. V. Z. Phys. 1969, 224, 307.
(17) Smithard, M. A. Solid State Commun. 1973, 13, 153.
(18) Skillma, D. C.; Berry, C. R. J. Chem. Phys. 1968, 48, 3297.
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Figure 7. Agsample corresponding to curve 5 in Figure 6: (a)
electron micrograph; (b) histogram of the size distribution
deduced from electron microscopy observations. The full line
corresponds to a best fit of a log-normal distribution P(D) (D,
=57 A, o = 0.26).

Dose. Figure 1 shows absorption spectra for solutions of
H2N(CH3):NH(CH3)3Si(OMe); ([F(CH2)3Si(OR)s]/[Ag
ions] molar ratio of 10) irradiated with different doses
(from 200 to 800 krad). As the dose increases, from 0 to
400 krad, the peak at about Ay, = 400 nm is sharpened and
its intensity is increased. This corresponds to a growth
of the silver particles due to a progressive release of reduced
silver atoms. The mechanism which has been previously
proposed!? consists in a complexation of the reduced atom
by surrounding metal ions and subsequently agglomeration
of the complex to larger particles. Metal aggregates in
solution can then be viewed as being charged at their
surface by the presence of adsorbed unreduced ions. In
the absence of any stabilizing agents, such colloids are not
stable and precipitate. In our experiments, colloids
obtained for irradiation doses less than 400 krad are sta-
ble for days, indicating a stabilizing effect of the added
functionalized alkoxide. This stabilization effect can be
attributed to the formation of a surface complex
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Figure 8. Gold particles produced by y-radiolysis of deaerated
ethanolic solution of HoN(CH;),NH(CH,);Si(OMe); containing
10*M HAuCl,. Thealkoxide/Aumolarratiois 10. The radiation
doseis 1000 krad: (a) Absorptionspectrum. Optical path length
of 2 mm. (b) Electron micrograph. (c) Histogram of the size
distribution from electron microscopy. The full line corresponds
to a best fit of a log-normal distribution P(D) (D, = 62 A, ¢ =
0.20).
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Figure9. Comparison of the absorption spectra of metal particles
in a functionalized alkoxide ethanolic solution (HoN(CHz);NH-
(CH,)3Si(OMe);) containing 10 M metal ions and xerogel
matrices prepared by the slow hydrolysis technique: (a) silver
particles in a solution and in TEOS matrices; (b) silver particles
in a solution and in ATEOS matrices; (c) gold particles in a
solution and in VT'EOS matrices. Absorbances are normalized
to the one of the xerogel (optical path length of 0.5 mm).

M,*..F8Si(OR)3 between the adsorbed unreduced ions
and the complexing function of the alkoxide.

Above 400 krad, the appearance of a secondary peak is
clearly observed in the spectrum with a shift to longer
wavelengths when the dose increases. As shown on the
electron micrographs (Figure 2a) this peak corresponds to
the growth of the metal particles and small departures
from the spherical shape. For the sample irradiated at
800 krad, the secondary peak is observed at 550 nm and
the average axial ratio deduced from electron micrograph
is about 0.8. As suggested by the size distribution from
160 grains (Figure 2b), the changes of the spectra are due
to the aggregation between silver clusters. This can be
explained by considering the decrease of the proportion
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of unreduced ions as the irradiation goes on. There are
less and less unreduced ions at the surface of the particles
and consequently the number of stabilizing molecules
becomes too small to prevent the aggregation between
metal clusters. This leads to the observed dramatic
polydispersity of the metal particles.

(b) Influence of the Chemical Nature of the F Group.
Silver particles are produced in ethanolic solutions of the
different alkoxides shown in Table I with a constant
radiation dose (300 krad) and the same concentration of
functionalized alkoxide ([F(CHz2)sSi(OR)3)/[Ag ions] mo-
lar ratio of 100). As shown by the absorption spectra
(Figure 3), the size of the particles and the radiolytic
efficiency are drastically influenced by the nature of the
ligand. Infact,the influence of the chemical nature of the
functionalized silicon alkoxide is thought to arise essen-
tially from the difference of stability constants of the
complex formed with metalions. Taking into account the
previously reported data,'? one can expect an increase of
the stability constant in the following order: Py < H;N-
< HyN(CH;);NH- < H;N(CH3):NH(CH2):NH- <
N=CS-.

Using the Py and HyoN- groups, a partial precipitation
of the silver particles is observed and the absorption
spectrum of the filtered solutions spreads over a large
wavelength domain (from 300 to 600 nm). This indicates
a very low efficiency of the surface complexation using
these complexing groups.

Using the N==CS- group, it appears that only a very
small quantity of silver is reduced compared to the other
alkoxides. It seems then that the very strong complexing
property of this group prevents the easy reduction of the
complexed silver.

The best results were obtained using the HyN(CHz)2-
NH-and HoN(CH;);:NH(CH;);NH-ligands for which the
absorption spectra of the solutions suggest the formation
of nearly spherical particles. We therefore may conclude
that the complexing agent has to be efficient enough so
that surface stabilization can occur, but not too much
because this leads to a drastic decrease of the reduction
yield.

(¢) Influence of the Concentration of the Complexing
Agent. Different ethanolic solutions of Ag* ions com-
plexed by the HoN(CHj):NH(CH;)3Si(OMe)s function-
alized alkoxide are irradiated with a dose of 600 krad. In
these solutions, the [#(CHj);Si(OR);]1/[Ag ions] molar
ratio was made to vary from 0.1 to 100. Precipitation
occurs in the 0.1-1 range. For a molar ratio of 10, the
main absorption peak is still broadened, indicating in-
complete surface complexation. Itisonlyforamolarratio
of 100 that the profile of the main peak at about A, = 400
nm appears as being symmetric, corresponding to the
formation of quasi-spheroic particles (Figure 4). For this
last sample, an histogram of the size distribution is deduced
from electron micrographs (Figure 5a) using 650 grains
with two pictures (Figure 5b). The best fit made by a
least-squares refinement is obtained for a log-normal
distribution P(D):

P(D)/P(Dy) = exp [— 51—; mz(Dﬂo)]
g

in which Dg, the most probable value of the particle

(19) Bjerrum, J., Schwarzenbach, G., Sillén, L. G., Eds.; Stability
Constants of Metal-Ion Complexes; The Royal Chemical Society: London,
Part I, Organic ligands, 1957; Part 11, Inorganic Ligands, 1958.
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diameter D and o, the standard deviation, are respectively
equal to 4.1 nm and 0.5.

As expected for an equilibrium between complexed and
uncomplexed particles, these results show that the pro-
portion of stabilized particles increases with the concen-
tration of donor ligands. However, using a high concen-
tration of ligands, the colloids obtained in this way are
still far from being monodisperse.

(d) Influence of the Addition of Nickel Ions. To
improve the complexation of silver particles, Ni2* ions
(103 M) are added into initial solutions of HaN(CHy).-
NH(CHy)3:Si(OMe)s/Ag* (alkoxide/ Ag* molar ratio of 10).
Nickel ions are not radiolytically reduced in our experi-
mental conditions and are well known to give amino
complexes more stable than silver ions.}® Therefore, after
reduction of silver ions, one can expect the adsorption of
Ni?* at the surface of Ag particles and then, the formation
of strong stabilizing Ni2*-amino complexes which reduce
the cluster aggregation. Figure 6 shows absorptionspectra
after irradiation with different doses (from 300 to 800 krad).
Asexpected, the absorption peaks exhibit Gaussian profiles
corresponding to the formation of spherical particles. As
the dose increases, the peak becomes sharpened and its
intensity is increased. The size distribution analysis was
performed on the sample irradiated at 800 krad. A
histogram was realized using 1500 grains with four pictures
(Figure 7). The best fit is obtained for a log-normal
distribution with a mean diameter Do = 57 A and astandard
deviation ¢ = 0.26. These results clearly demonstrate the
efficiency of the addition of Ni2* jons which leads to a
significant reduction of the size dispersion in comparison
with the sample illustrated in Figure 5.

Production of Gold Particles in the Functionalized
Alkoxide Solution. The radiolytic route is achieved in
the ethanolic solution of HoN(CHg)oNH(CH2)3Si(OMe)s
using an irradiation dose of 1000 krad and an alkoxide/Au
molar ratio of 10. The absorption spectrum (Figure 8a)
presents the expected main peak at A, = 540 nm. The
characterization of the irradiated solution is also performed
from electron micrographs. They show that the particles
are roughly spherical (Figure 8b). A histogram of the size
distribution using 250 grains is presented in Figure 8c.
The best fit is obtained for a log-normal distribution with
a mean diameter Do = 62 A and a standard deviation o =
0.20. These results clearly show that the stabilization of
the gold particles with the H;N(CHg):NH-groups is much
more efficient than in the case of silver under the same
experimental conditions.

Characterization of Nanoaggregate Doped Gels.
Figure 9 shows absorption spectra for silver and gold
particles complexed by HoN(CH2):NH~ groups both in
the alkoxide solution and in the xerogel matrices. Sur-
prisingly, the gel spectra, when compared to the solution,
shows a slight shift of the absorption peak and a significant
reduction of its half height width. The last effect is
enhanced for xerogel matrices having a permanent group
(VTEOS, MTEOS, and ATEOS). For instance, in com-
parison with the solution, the reduction of the half-height
width is 40 nm for Ag particles in ATEOS matrices instead
of less than 10 nm in the TEOS matrix. According to the
classical theory for small metal particles,?® this could be
explained by the change of the dielectric constant of the
medium in which the metal particles are dispersed and

(20) Hughes, A. E.; Jain, S. C. Adv. Phys. 1979, 28, 718.
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probably also by a coupling effect between metal particles
and the gel network.

As expected, the absorption spectra do not significantly
vary after aging of the doped xerogels for three months in
air, showing that metal particles are well protected against
corrosion in the closed porosity matrices.

Conclusion

The first part of this work consisted of testing a method
to stabilize silver and gold colloids produced in ethanol by
the radiolytic technique. It seems that the presence of
unreduced ions at the surface of the colloid permits the
surface complexation of the aggregates by functionalized
silicon alkoxide, thus allowing their stabilization. Different
complexing functions have been tested, the best results
are obtained with the HeNCHCH;NHy- ligand which
appears as the best compromise between the efficiency of
surface complexation and the ability to reduce free
complexed metal ions. In the case of silver, the size

Gacoin et al.

dispersity of the colloids was found to be significantly
improved by addition of nickel ions in the solution prior
toirradiation. This effectisinterpreted by the adsorption
of nickel ions at the surface of the particles and formation
of a strong stabilizing surface complex. The presence of
such an additive in the case of gold is not necessary since
the surface complex between adsorbed unreduced gold
ions and the stabilizing function seems to be strong enough
toobtain colloids with a relatively narrow size distribution.
Nevertheless, in all cases, the asymetrical behavior of the
distribution is typical of a log-normal distribution.

The second part of our work involved the incorporation
of the colloids in sol-gel silica based matrices. As the
incorporation of the silver aggregates in the usual silica
sol-gel matrix (i.e., obtained by hydrolysis of the alkoxide
with excess acidic water) leads to their oxidation, we used
aslow hydrolysis technique for the synthesis of the matrix.
This method produces closed porosity gels in which stable
metal aggregates are homogeneously dispersed.



