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The inorganic sol—gel process is how well-known as
a synthetic route for the preparation of oxide materials
(SiOy, V205, TiO,, etc.) starting from molecular precur-
sors in solution.! Gels are either heated at several
hundred degrees to make dense materials or dried at
room temperature to form transparent matrixes (so-
called xerogels) which may entrap organic or biological
species.?2® Final materials can be obtained in any
desired shape, including thin films and coatings (0.1—
10 um thick) which present a large practical interest
since they are easily deposited onto large substrates by
spin- or dip-coating. A large variety of materials have
been synthesized in this way, with current or potential
applications in optical, electronic, protective, and sensor
devices.2™

The oxide sol—gel synthesis proceeds from a polym-
erization reaction involving the hydrolysis of a molec-
ular precursor followed by the condensation through the
formation of metalloxane bonds. The detailed mecha-
nisms have been investigated for silica which serves as
a model system because its chemistry and structure are
easily controlled, thus allowing the preparation of
optically transparent amorphous materials.>®> Further
developments of the sol—gel method for non-oxide
materials requires to find successive reactions which
would ensure the bonding between monomers or el-
ementary particles in a controlled way, similarly to the
hydrolysis—condensation in the silica polymerization.

Here, we develop a scheme for the 11—VI chalcogenide
sol—gel synthesis, using cadmium sulfide as a model
system. Referring to our previous work on colloidal
chemistry of 11-VI compounds,® we find that it is
possible to prepare a highly concentrated CdS sol and
put it in suitable conditions for gelation. The destabi-
lization of the sol, leading to aggregation and gelation
is achieved by a progressive decomplexation of the
particles. Furthermore, we show that this gel process-
ing offers the possibility to prepare new transparent and
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nanostructured materials at low temperature, with
variable shapes, textures, and properties.

The colloidal synthesis of 11-VI compounds has been
the subject of extensive investigations in the past 10
years,”~12 motivated by the physical properties related
to quantum confinement.!® Most synthesis procedures
involve the stabilization of the particles through the
complexation of their surface with a passivating agent,
whose the chemical nature determines the solvent of
dispersion. But the best results in terms of colloid
concentration are obtained when the solvent is also the
surface complexing agent of the nanoparticles, thus
improving their passivation toward the aggregation.10-12
Consequently, the progressive decomplexation of the
particles in this medium is not possible, and these sols
cannot be considered as proper candidates for gelation.

We find that the use of the 4-fluorophenylthiol
(FPhSH) as a strong surface complexing agent, instead
of the phenylthiol, 10 greatly improves the dispersion of
the nanoparticles in organic solvents. Dispersion can
be achieved in acetone, tetrahydrofuran (THF) or di-
methylformamide at very high concentrations (at least
5 mol L1, i.e., a volumic fraction of about 15%), and to
a smaller extent in ethanol and chloroform.

CdS nanocrystals were synthesized by precipitation
in inverted micelles with different cadmium concen-
trations.”® The average size of the particles (1-5 nm)
was deduced from the absorption spectrum using previ-
ously published size/gap correlation curves!* (Figure 1).
The excess hydrogen sulfide was eliminated by bubbling
with nitrogen. FPhSH and TEA (triethylamine) were
then added with a concentration equal to 5 times the
initial cadmium concentration. The excess of thiol
molecules and TEA to neutralize acidity from H,S and
thiol allowed a more efficient capping of the particles.
The surface complexation of the particles induced the
flocculation of the colloids which could then be recovered
as a powder by centrifugation. After washing with
heptane, the particles were dispersed in acetone with a
tunable concentration up to 15% volume ratio. Previ-
ously reported 13Cd NMR and transmission electronic
microscopy data have shown that these colloids consist
of dense cubic blende CdS nanocrystals capped with a
surface cadmium thiolate complex.®

In preliminary experiments, gelation was observed
after a long exposure of the sol to the ambient air. It
is well-known that thiols can be easily oxidized by
various oxidizers such as oxygen from air, hydrogen
peroxide or sodium periodate, to give either dithiol
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Figure 1. Absorption spectra of CdS colloids obtained by
precipitation in inverted micelles. All spectra were normalized
for the total Cd concentration. In all experiments, the concen-
trations of AOT (AOT stands for the di-2-ethylhexyl sulfosuc-
cinate sodium salt surfactant) and water in heptane were kept
constant equal to 0.5 and 2.5 mol L2, respectively. The CdS
colloids were obtained after injection of H,S in excess. The
average size of the particles varied from 1 to 5 nm, starting
from cadmium concentrations in the water droplets ranging
from 0.01 to 0.15 mol L.

(FPh—S—S—PhF) or sulfonate (FPh—SO3™), depending
on the experimental procedure.’®> As these compounds
are no longer bonded to the surface of the particles, they
leave reactive sites at the surface and thus permit the
aggregation. Since the surface of the particles is slowly
activated, random aggregation occurs leading to lacunar
aggregates and thus making the sol—gel transition
possible. In that sense, chalcogenide I1—VI colloids
complexed with FPhSH and dispersed in weakly com-
plexing solvents (acetone, THF, etc.) present a unique
opportunity to observe gelation.

Gelation was then studied in controlled conditions by
using addition of H,O, to the deaerated CdS sol. This
was performed at low temperature (0 °C), under vigor-
ous stirring in order to allow an homogeneous dispersion
of the oxidant in the solution before it started to react.
After a few minutes, the solution was stored at room
temperature. For example, tranparent stiff gels were
obtained within a few minutes for 1-nm crystallites
occupying a volume fraction of 1% treated with 0.3 equiv
of hydrogen peroxide (relative to the thiol concentra-
tion). We note that such optically transparent gels are
obtained for CdS volume fractions higher than 1% and
light scattering is increasingly observed as the CdS
particle concentration is decreased.

The kinetics of the gelation process and the further
aging of the gels are obviously influenced by several
parameters. A specific parameter for the CdS gelation
is the oxidized thiol fraction (x = 2[H,0,]/[[FPhSH])
which controls the number of active surface sites in a
starting sol for which the size (d) and the volumic
fraction (v) of particles are given. The gelation time (tg)
decreases with increasing x ratio. For example, tg
shiftes from one week for x = 30% to 4 weeks for x =
10%, keeping the other parameters constant (v = 0.1%
and d =1 nm). For higher amounts of H,O, (x > 30%),
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Figure 2. F NMR spectra of a partially oxidized sol prepared
with 1 nm crystallites. Chemical shifts are given relatively to
the FPhS—SPhF resonance, whose signal stands at —113 ppm
from the standard reference Freon 11 (CFCls). (a) The spec-
trum recorded before oxidation shows two large dissymmetric
bands peaking at about —7 and —10 ppm which we attribute
to “SPhF and 'SPhF groups, respectively. A small amount of
disulfide (FPhS—SPhF, 0 ppm) is observed due to oxidation
from residual air. (b) The treatment with 0.3 equiv of hydrogen
peroxide (relative to the thiol concentration) leads to a
progressive oxidation of thiol species into the corresponding
disulfide and, to a much lower extent, the sulfonate derivative
(FPhSO3~, —1.5 ppm).1®

there is an excess of reactive sites so that new bonds
may be formed after gelation, leading to a shrinkage of
the solid network and expulsion of the liquid from the
pores (syneresis). Starting from diluted sols, the sy-
neresis shrinkage can be as high as 90%. Finally, when
x is beyond 100%, there is a total decomplexation of the
colloids and a precipitate is observed.

Concerning the aggregation mechanism, let us first
state that it does not proceed from reversible physical
interactions between particles since the solvent addition
or temperature rise do not affect the gel. To character-
ize the aggregation and the gelation processes, 1°F NMR
spectroscopy was performed on a sol formed of 1 nm
crystallites. The addition of 0.3 equiv of hydrogen
peroxide led to a progressive oxidation of the thiolate
species to form the disulfide (Figure 2). The concentra-
tion measurements performed on the liquid resulting
from the syneresis revealed that it contained almost all
the products of the thiol oxidation. This clearly suggests
that thiol and disulfide molecules do not directly par-
ticipate in the establishment of the chemical bonding
between the particles. As gelation by direct oxidation
of the thiol in air was observed (i.e., without addition
of H,0,), the link between the particles was neither
achieved by the H,O, molecules.’® At last, we observed
gelation for sols in various solvents. This excludes the
participation of acetone in the formation of links, as has
been previously observed for Hg and Cd polynuclear
complexes.” We therefore conclude that the aggrega-
tion between the particles occurs through the direct
contact of the CdS particles with no organic link.

As has already been shown for silica gels, scattering
techniques are the most appropriate way to study the
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Figure 3. Small-angle X-ray scattering (SAXS) curves'® in a
Q range extended from 5 x 1072 to 2 nm~* showing the time
evolution of the structure for 2 nm CdS colloids (volume
fraction of 0.6%) after adding H,O,. CdS crystallites progres-
sively arrange themselves in a fractal way with a dimension
of about D = 1.9. The fractal range increases in size with
increasing time, up to 18 nm at the gelation time tg. It is
consistent with the schematic structural illustation displaying
the two sizes (a and &) which limit the fractal range.

fractal structure of aggregates and to determine their
fractal dimension D, which is related to the aggregation
mechanism. The scattering law is given by 1(Q) 0 Q~P,
where Q is the magnitude of the scattering vector and
1 < D < 3 for a volume fractal object. Figure 3 shows
an example of X-ray scattering data for the CdS gela-
tion. The scattering curves shows a progressive growth
of fractal particles characterized by a fractal dimension
of 1.9. As observed for silica gels, this value is consis-
tent with the fractal dimension of lacunar objects
resulting from the cluster—cluster aggregation model.!8
Besides, absorption spectra of transparent gels are not
drastically modified compared to the ones recorded on
the starting colloids. This shows that CdS gels exhibit
quantum confinement as expected for an open fractal
structure with a low connectivity between elementary
units. Note that this fractal structure can also account
for the observed light scattering in diluted gels.20
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Non-oxide gels developed here in the case of CdS lead
to dried materials similar to those already known for
silica:bulk monoliths, thin films, and eventually aero-
gels. Bulk monoliths are usually obtained after a
careful drying of the gels. This step is often complicated
by strong stresses within the solid network of the gel,
arising from the removal of the solvent from the pores.
This can be avoided to some extent by drying the gels
slowly enough so that densification and strengthening
of the solid network through rearrangement of the
aggregates occur concomitantly to the solvent evacua-
tion. Optically transparent CdS monoliths were ob-
tained in this way, with dimensions (a few millimeters)
limited by the small quantity of starting nanoparticles.

Thin films were easily deposited on usual glass slides
or silicon wafers by spin coating from a partially
oxidized CdS sol. The thickness was controlled through
the viscosity of the sol, by modifying the colloid concen-
tration or the advance of the aggregation. For instance,
CdS thin films with no cracks were spin-coated at 2000
rpm onto glass substrates. Characterization by ellip-
sometry evidenced a thickness of 0.1 um and an optical
index of 1.9 at 600 nm.

This new sol—gel processing should offer large op-
portunities for further developments. A first class of
potential applications concerns the use of the xerogels
as nanostructured dielectric matrixes with a high index
of refraction. As the concentrated CdS sols are prepared
in standard organic solvents, we are able to make
transparent semiconductor thin films or monoliths
homogeneously doped with optically active organic
molecules or biological species. This results in new
hybrid organic—inorganic materials whose properties
and practical interest are to be investigated.

A second class of applications is related to the optical
properties of bulk and quantum-sized semiconductors
such as photoconduction,?! electroluminescence,?? and
optical nonlinearities.?> We want to put special em-
phasis on the ability of this synthesis method to control
the texture of the final film, through the mild oxidation
step. A texture with a low connectivity between semi-
conductor nanocrystals could be expected with a weak
amount of the oxidant while a high concentration of the
oxidant should lead to high connectivity. In addition
to the chemical nature and size of the initial particles,
this offers an additional optimization parameter which
can be adjusted according to the desired application.

In conclusion, we have reported the first extension of
the sol—gel process on the preparation of transparent
gels, thin films and monoliths of CdS. The specific case
of chalcogenides (CdS, ZnS, CdSe, etc.) is an immediate
extension of this work, but we believe that this process,
described here in the case of the CdS model system,
establishes the general principles which should allow
future developments of the sol—gel technique to other
non-oxide materials.
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