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Sol—Gel Processing of Semiconducting Metal Chalcogenide
Xerogels: Influence of Dimensionality on Quantum Confinement
Effects in a Nanoparticle Network
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The synthesis and characterization of porous nanostructured inorganic polymers (gels and xerogels) of
CdS, ZnS, PbS, and CdSe is described. Primary particles are synthesized via water-in-oil microemulsions,
surface complexed with thiolate ligands, and dispersed in acetone. Oxidation of the thiolate ligands with
H,0, leads to particle aggregation and the formation of wet gels, which are then dried under ambient
conditions to produce xerogels. The xerogels exhibit optical band-edges that are intermediate between
bulk precipitates and the more porous wet gels and aerogels, suggesting the extent of quantum confinement
in such colloidal networks is intimately related to the pore structure and surface area (dimensionality).
Heating of the xerogels in vacuo results in a continued decrease in the energy of absorption onset due to
sintering of the nanoparticle network, and this is also reflected in a growth in crystallite size as probed
by powder X-ray diffraction. The resulting xerogel networks demonstrate modest Brurtamenett-

Teller (BET) surface areas of 285 n¥/g with Barrett-Joyner-Halenda (BJH) average pore sizes of
3—15 nm, considerably smaller than values obtained for corresponding aerogels and consistent with
increased density (decreased dimensionality).

Introduction applications in photovoltaic and electroluminescence devices
f(ZnS)13 as well as in IR detectors and ion-selective sensors
I(PbS)?4 One remaining challenge for employing nanopar-
ticles in many of these applications is to assemble them into
fsolid-state structures while retaining their unique properties.
Typical construction strategies include self-assembly of
colloidal crystals in two or three dimensidhs'’ and the
linking together of particles through molecular teth&rg®
In these cases, the quantum-confined properties of semicon-
ducting particles are controlled by the separation distance
between particles (mandated by the thickness of the organic
capping agent and/or the length of the tether) as well as the
geometry?®2'Recently, we have adopted a sgjel strategy
for the production of metal chalcogenide aerogels, in which
nanoparticles are chemically linked to each otléth no
intervening layer to create a cross-linked, colloidal polymer
in the solid state that retains the unique optical properties of

Inorganic nanomaterials have become the subject o
intense research in recent years due to their unique optica
electronic, and magnetic properties. Accordingly, there have
been many reports on the synthesis and characterization o
discrete nanoparticles with excellent control of size, shape,
and polydispersity. Among these nanomaterials, the &
and 14-16 semiconductors, MQ (M= Cd, Zn, Pb; Q= S,

Se, Te), have gained considerable attention from the scientific
community due to their size-tunable optical absorption and
sharp band-edge luminescence propettfédence, CdS and
CdSe nanocrystals are being investigated for applications in
nonlinear optics,biological labeling and diagnostiéslec-
troluminescenc® and photovoltaic devices? as well as
sensord® 1?2 zZnS and PbS nanocrystals have potential
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the nanoparticle building blockd23 We postulate that the
guantum confinement effects, noted in both wet%jetéand
aerogelg?2arise from the low dimensionality of the network
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techniques involve supercritical solvent extraction steps to
avoid capillary collapse and densification during solvent
removal and are therefore difficult to adapt to large volume

and not from any surface passivation or barriers betweenand/or thin film production. Additionally, for many applica-

the particles. The effect of dimension on the extent of

tions that depend on molecular transport, the extremely low

quantum confinement has been a topic of great theoreticaldensity of the aerogel framework (as little as 1.5% that of a
and experimental interest, focused largely on systems withsingle crystal for the CdS system) is unnecessary. What

well-defined dimensionality (particles, wires, wells) and
dimensionality intermediate between 0-D and 1-D (i.e., short
rods)?8-32 The gel framework also results in an intermediate
dimensionality, only of a more complex (fractal) natéte.
Thus, the extent of quantum confinement in gels relative to

critical for facile molecular transport is the presence of
interconnected pores in the mesoporous%@ nm) range,
since diffusion rates through 30 nm pores approach those
of molecules in open ait’:8

In this work, we explore the effect of ambient pressure

the surface area and porosity of the system; that is, thepore size of metal chalcogenide gels of CdS, ZnS, PbS, and
formation of a more-dense framework is expected to yield a cgse. These new xerogel materials are compared to corre-

lesser degree of confinement.

The combination of porosity with quantum confinement
effects is expected to yield materials that are superior to
discrete nanoparticles and nanopatrticle films for applications

requiring rapid molecular transport and charge separation,

such as sensin;3>3% photocatalysig/*° and composite
photovoltaic device$.*4+42Unlike discrete quantum dots,

a physically linked system should permit the conduction of
electrons from dot to dot, without significant hopping or the
need to introduce organic linkers or conducting surfactants,
as in other systenf$ 46 However, aerogel processing
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sponding aerogef;22and the role of framework density on
guantum confinement effects in such physically linked 3-D
branched nanoparticle arrays is discussed.

Experimental Section

Materials. Bis-(2-ethylhexyl)sulfosuccinate sodium salt (AOT,
96%), cadmium nitrate tetrahydrate (99%), and triethylamine (TEA,
99%) were purchased from Acros. Acetone, 4-fluorobenzenethiol
(98%), tetranitromethane, zinc acetate (99.99%), and sodium sulfide
were purchased from Aldrich. Sodium selenide (99.8%) was
purchased from Alfa-Aesar. Lead nitrate, 3% aqueous hydrogen
peroxide, anah-heptane were purchased from Fisher. All chemicals
were used as received.

Synthesis of CdS XerogelsThe synthetic procedure for CdS
nanoparticle synthesis and capping was adapted from Gacoin et
al.2426 and was conducted under air-free conditions by use of a
Schlenk line. Nanoparticles were prepared by use of a water-in-oil
microemulsion with a surfactant-to-water ratio of W & [AOT]/

[H.Q] = 5). Typical syntheses were conducted as follows: 111.53
g of surfactant (AOT) was dissolved in 477.5 mL wheptane;

the resulting solution was divided in half, and 11.25 mL of 0.15 M
Cd(NOs)2(aq) Was added to one portion and 11.25 mL of 0.15 M
Na,Sq)Was added to the other. The resulting microemulsions were
vigorously stirred for 45 min until they became optically clear, and
then the solution containing AOsheptane/% ,q) was transferred

by cannula into the solution of AOTh-heptane/C# (5 to
synthesize the CdS nanoparticles. To cap the nanoparticles, 1.8 mL
of 4-fluorobenzenethiol and 2.2 mL of triethylamine were added,
resulting in a yellow precipitate. Aftel h of stirring, the precipitate

was isolated by centrifugation and washed three times with
n-heptane to remove the AOT surfactant and excess capping agent
(4-fluorobenzenethiol). The resulting precipitate was subsequently
dispersed in 20 mL of acetone to form the CdS sol.

For gelation, the CdS sol was divided into 2 mL aliquots and
0.1 mL of 3% aqueous D, was added to each aliquot. The mixture
was shaken vigorously to ensure homogeneous mixing and allowed
to sit undisturbed for gelation. In a typical synthesis, gelation was
observed 2 h after the oxidant was mixed. The resulting gels
were aged for 1614 days under ambient conditions. CdS wet gels
were subsequently washed and exchanged with acetoBeies

(46) Andres, R. P.; Bielefeld, J. D.; Henderson, J. I.; Janes, D. B
Kolagunta, V. R.; Kubiak, C. P.; Mahoney, W. J.; Osifchin, R. G.
Sciencel996 273 1690-1693.
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Table 1. Single Crystal Band-Gap Values and UV-Visible/X-ray Powder Diffraction Data for Nanoparticles?

sample bulk band gap (eV) absorption edge for nanoparticles (eV) particle size by optical absorption (nm) crystallite size®nMXRD

PbS 0.37 1.69 4.6 1.7
CdSe 1.74 2.40 4.4 1.9
Cds 2.45 2.86 3.9 1.6
VAN 3.70 3.99 3.1 1.9

aParticle sizes were calculated on the basis of the mass approximation modeVigife) and from the Scherrer formula (PXRD)Values were
obtained from evaluation of the (111) peak in the PXRD pattern.

over 2 days and dried on the benchtop under ambient conditions Surface Area Analysis.A Micromeritics model ASAP 2010
to obtain the CdS xerogels. surface area analyzer was used to produce nitrogen physisorption
Synthesis of ZnS and CdSe Xerogel# synthetic methodology isotherms at 77 K on powdered xerogels. The data were fit to a
similar to that used for CdS was emp|0yed to prepare ZnS and Brunauer-Emmett-Teller (BET) model to determine the surface
CdSe nanoparticles. Nanoparticles were synthesized in water-in-areas of the xerogels. The average pore diameter and cumulative
oil inverse micellar assemblie¥M = 2), prepared with Zn(Ckl pore volumes were calculated with the Barrgtbyner-Halenda
COO) or Cd(NQy), (4.5 mL of 0.15 M aqueous solutions) plus  (BJH) model (assuming cylindrical pores) or by a density functional
AOT andn-heptane. In the case of CdSe, Sa (4.5 mL of 0.15  theory (DFT) model (assuming slit-shaped pores). Samples were
M aqueous solution) was employed instead of$\aThe resultant ~ degassed under vacuum at 10D for 48 h prior to the analysis
nanoparticles were capped by reaction of 0.72 mL of 4-fluoroben- and employed a 30 s equilibrium intervalcaa 5 mLdose for a
zenethiol and 0.9 mL of triethylamine and dispersed in 20 mL of total run time of 9-11.5 h (PbS, CdSe, ZnS) or a 50 s equilibrium
acetone to form sols of 4-fluorophenylthiolate-capped ZnS and CdSeinterval aml a 3 mLdose for a total run time of 17.5 h (CdS). Free
nanoparticles. Gelation, aging, and drying to yield xerogels of ZnS space values were experimentally determined. Two independently

and CdSe were performed as described for CdS. prepared samples were analyzed for each system.
Synthesis of PbS Xerogel$?bS nanoparticles were synthesized . .
analogously to the 1216 nanoparticles\W/ = 2) from aqueous Results and Discussion

solutions of Pb(NG@), (6.8 mL, 0.15 M) and Nz5 (3.4 mL, 0.15
M) in a 2:1 ratio. Attempts to use a 1:1 volume ratio inevitably led

to precipitation rather than colloid formation. The resultant nano- L
particles were capped by reaction of 2.4 mL of 4-fluorobenzenethiol demonstrated that the seyel methodology for linking

and 3.0 mL of triethylamine and dispersed in 30 mL of acetone to Nanoparticles together into networks is versatile with respect
form the PbS sol. Gelation, aging, and drying to yield PbS xerogels 10 Poth the metal chalcogenide system being investigated
were performed as described for CdS. and the method by which the nanoparticle precursor is
UV—Visible Spectroscopy.Optical absorption measurements  Synthesized (the high-temperature method that produces
of uncapped nanoparticlesiirheptane were obtained on a Hewlett-  Strongly luminescent dots or the room-temperature method
Packard (HP) 8453 spectrophotometer. The nanoparticle micro-that yields weakly luminescent dof&)?® As a major focus
emulsion solutions were diluted 10-fold wititheptane and the  of the current study is to probe the effect of dimensionality
diluted solutions were analyzed against an A®fiéptane blank on quantum confinement in gels (assessed by optical absorp-
in the region from 200 to 800 nm. tion, not luminescence) we adopted the more facile, room-
Diffuse Reflectance UV-Visible Spectroscopy.A Shimadzu  temperature method for nanoparticle synthesis. Accordingly,
model UV-3101PC double-beam, double monochromator spectro- Cds, znS, PbS, and CdSe nanoparticles were prepared and

photometer equipped with an integrating sphere was used t0ransformed into wet gels by a modification of the synthesis
measure the optical diffuse reflectance of xerogels. Powdered (ﬁl

xerogel samples were evenly spread on a sample holder preloade eveloped by Gacoin et al. for wet gels of CHS:
with reflectance standard (powdered Bap@nd measured from anoparticles were synthesized by standard room-tempera-

200 to 1760 nm. The reflectance data were converted to absorp-ture |nv§rse micellar gtrategles_, complexed with 4-fluoro-
tion 4950 and the band edge for each sample was estimated from Phenylthiolate, and redispersed in acetone to form transparent
the intercept of the line extrapolated from the high-energy end of SOIS of CdS (yellow), ZnS (colorless), PbS (dark brown),
the absorption to the baseline. and CdSe (orange). These nanoparticles show the expected
Powder X-ray Diffraction. A Rigaku RU 200B X-ray diffrac-  dquantum confinement effect: a blue shift in the absorption
tometer with a CuKa rotating anode source was used for X-ray Spectra with respect to their bulk band gaps. By use of the
powder diffraction measurements. Powdered xerogel samples weremass approximation modet>?nanoparticle diameters were
deposited on a low background quartz (0001) holder coated with a all found to be in the range-3 nm (calculated from the
thin layer of grease. X-ray diffraction patterns were identified by optical band-edge data, Table 1). Powder X-ray diffraction
comparison to phases in the International Centre for Diffraction patterns of nanoparticle precursors indicate the cubic phase
Data (ICDD) powder diffraction file (PDF) database (release 2000). g being produced in each case, as expected from this low-
Energy-Dispersive SpectroscopyElemental compositions were  temperature synthetic routeCrystallite size determinations
obtained from an in situ EDS unit (EDAX Inc.) attached to a Hitachi \yith the Scherrer formula (based on peak breadths) yield
S-2400 scanning electron microscope (SEM). Xerogel powders were, Slues significantly smaller than the particle size values

sprinkled on carbon adhesive tabs placed on an aluminum stub, . - .
and EDS data were acquired at 25 keV in secondary electron mode.Obtamed by the mass approximation modef, nm (Table

Nanoparticle Formation, Gelation, and Xerogel Gen-
eration. In our previous work on aerogels, we have

(51) Bandaranayake, R. J.; Wen, G. W.; Lin, J. Y.; Jiang, H. X.; Sorensen,

(49) Tandon, S. P.; Gupta, J. Phys. Status Solidi97Q 38, 363-367. C. M. Appl. Phys. Lett1995 67, 831—833.

(50) Wendlandt, W. W.; Helcht, H. GChemical Analysis: Reflectance  (52) Trindale, T. O.; O’'Brien, P.; Pickett, N. IChem. Mater2001, 13,
Spectroscopyinterscience: New York, 1966; Vol. 21. 3843-3858.
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Table 2. Elemental Compositions of As-Prepared Xerogets

sample atomic ratios
PbS xerogel Pb:S 49.7:50.3
CdSe xerogel Cd:Se:S 47.3:43.5:9.2
CdS xerogel Cd:S 44.2:55.8
ZnS xerogel Zn:S 44.9:55.1

aDetermined by semiquantitative EDS acquired in the SEM.

1). This may reflect the relatively poor crystallinity inherent
in particles prepared by room-temperature methdéds*and/

or discrepancies between the actual dielectric constant for
CdSe nanopatrticles (unknown) and the bulk value (employed
here in our calculatior®?

For all systems, the thiolate groups of capped nanoparticles
were oxidatively removed over a period of-104 days by
use of HO,, yielding the disulfide, F(gH4)S—S(GH4)F, as
the primary byproduct* As surface groups are irreversibly
removed from the particles, the particles aggregate, forming
a colloidal wet gel network, as previously described by
Gacoin et af* 26 for CdS. Wet monolithic gels aged for £0 ]
14 days in the mother liquor were exchanged several times . 1 . . . L
with acetone and air-dried under ambient conditions to form ~ 1° 0 30 40 50 60 70
the xerogels. Longer aging time increases the firmness of 2 Theta / degrees

; :Figure 1. Powder X-ray diffraction patterns of as-prepared PbS, CdSe,
the wet gel but resuits in a more compact gel due to SynereSISEdS, and ZnS xerogels. The ICDD-PDF overlays of cubic PbS (05-0592),

(i.e., the expulsion of solvent from the gel body). CdSe (19-0191), CdS (10-0454), and ZnS (05-0566) are shown as vertical

The elemental compositions of as-prepared xerogels werelines-
investigated by SEM/EDS. Several independently prepared . . . . .
samples were analyzed, with typical results presented in
Table 2. Atomic ratios M:S (M= Cd, Zn, Pb) of 1:1.25 for
CdS and ZnS xerogels and almost 1:1 for PbS xerogels were
obtained. The increased sulfur content over the expected 1:1
ratio for CdS and ZnS is attributed to the presence of residual
capping agent (4-fluorophenylthiolate) in the xerogels,
indicating that surface group oxidation has not proceeded to
completion. Surprisingly, PbS appears to be nearly stoichio-
metric, which may be due to the fact that successful precursor
particle formation was only achieved when Pb was present
in excess (2:1 ratio), thus suggesting that the surface may ' '
have been Pb-rich prior to passivation with thiolate. For the 05 10 15 20 25 30 35 40 45
CdSe xerogels, the ratio of Cd:Se is nearly 1:1 with a slight Energy/ eV
deficiency on the part of the Se. Analysis of sulfur content Figure 2. Diffuse reflectance spectra (converted to absorption) of the as-
suggests nearly 20 mol % 4-fluorophenylthiolate in the CdSe PrePared PbS, CdSe, CdS, and ZnS xerogels.
samples, similar to the values estimated for CdS and zns. Structure, Optical Properties, and Porosity. Powder

It is important to note that Gacoin and co-workéisave X-ray diffraction (PXRD) analysis was used to determine
shown for CdS nanoparticles that, if left long enough, the structure (phase) and the crystallinity of the as-prepared

oxidation of the ligand groups will go to completion, thereby xerogels,fas well als samples annealed at AOPXRD |
confirming that the gel structure is formed from direct SPECta of unannealed PbS, CdSe, CdS, and ZnS xerogels
physical linkages between adjacent particles and not from SNOW that the cubic modification observed in the precursor
bridging functional groups. However, the severe compaction "2noparticles is retained upon gelation in each case (Figure
that occurs during complete ligand removal (syneresis) results?)- FUrthermore, the average crystallite sizes estimated by
in a dense glasslike material. Hence, we consider incomplete¥S€ of the Scherrer_ equation (Table_ 3) hav_e m_creased only
ligand loss, at least during the initial gelation step, to be S19htly, if at all, during the aggregation, indicating that the
important for retaining the porosity and the characteristic formation of a 3-D connected network of nanoparticles

properties of the individual quantum dot within the wet gel. oceurs W't,hOUt S|gn|f|c_;ant crystallite grain groth. .
The optical properties of the xerogels were investigated

by diffuse reflectance U¥visible spectroscopy. Spectra of

Absorption / o/S

(53) Staniee, V.; Etsell, T. H.; Pierre, A. C.; Mikula, R. Nlater. Lett.

1997 31, 35-38. as-prepared PbS, CdSe, CdS, and ZnS xerogels are shown
(54) Wu, X.; Wang, D.; Yang, Sl. Colloid Interface Sci200Q 222, 37— in Figure 2. The onsets are generally sharp, similar to what
(55) ?D%jova B.: Tanusevski, A.: Grozdanov, 1Salid State Chen2004 is observed for the discrete nanopatrticle precursors; however,

177, 4785-4799. the band edge energies have decreased significantly, sug-
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Figure 3. Surface area nitrogen adsorptid®, (black) and desorptiona(, red) isotherm analysis of PbS, CdSe, CdS, and ZnS xerogels. The samples were
degassed at 10TC over 48 h prior to analysis.

Table 3. Bulk Band Gap Values, Absorption Onsets of Xerogel Samples, and Crystallite SiZefor the As-Prepared and 100°C Annealed

Xerogels
as-prepared xerogel annealed at 100
xerogel band gap of the bulk (eV) band edge crystallite’sizm) band edge crystallite sizénm)
PbS 0.37 0.76 2.6 0.69 3.2
CdSe 1.74 1.96 2.1 1.75 2.2
Cds 2.45 2.31 2.4 2.16 2.5
ZnSs 3.70 3.77 1.8 3.75 1.9

aCalculated from PXRD data by use of the Scherrer equaidalues obtained from evaluation of the (111) peak in the PXRD pattern.

gesting the extent of quantum confinement is decreased.the quality of the interface between particles. Small-angle
Representative data from typical samples are shown in TableX-ray scattering (SAXS) conducted during CdS gelation
3. In general, the observed band-gap for the xerogels remaingeveals a mass fractal dimensionality of 29vhich can be
larger than the single-crystal value. The exception is CdS expected to increase upon compaction of the gel body.
xerogels, which have an onset of 2.31 eV, smaller than thatHence, the pore collapse during the drying of the xerogel
reported for the single crystal (2.45 eV). This may be leads to a red shift in the optical absorption of the quantum
attributed to crystalline defects inherent in the individual, dot network. The low-temperature process is not amenable
low-temperature processed nanoparticles, decreasing theo further crystallization of the individual particles or particle
effective band gap for the sample. Indeed, a bulk precipitate aggregates, so the average crystallite size remains essentially
of our CdS nanoparticle precursor demonstrates a band gapnchanged.
of 2.05 eV, consistent with this analysis. Hence, the resulting The effect of temperature processing of the xerogels was
xerogel networks can still be described as a quantum- probed by annealing the as-prepared xerogels atC@mhder
confined network. active vacuum. The average crystallite sizes increased slightly
The fact that the transformation of the wet gel to the relative to as-prepared xerogels, whereas the band-edge
xerogel results in such a large optical change can be attributecabsorption energies decreased (Table 3). These data are
to densification of the aggregate network. Since the particles consistent with growth/crystallization of the primary nano-
are physically bonded to each other (there is no intervening particle components upon annealing and/or coarsening of the
ligand shell), the extent of quantum confinement is intimately xerogel framework, further reducing the extent of quantum
related to the primary particle size and the dimensionality confinement. In the case of ZnS, a small amount of ZnO
of the network (the number of connection sites) as well as was observed as an impurity in the PXRD pattern of annealed
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Figure 4. BJH adsorption average pore size distributions for PbS, CdSe, CdS, and ZnS xerogels.

Table 4. BET Surface Area and BJH Average Pore Diameter of Xerogets

BET silica equivalence BJH adsorption BJH adsorption
sample surface area (Rfig) BET surface aréam?/g) average pore diameter (nm) cumulative pore volume (cffg)
PbS xerogel 4857 19227 7-15 0.12-0.18
CdSe xerogel 4165 131-207 4-5 0.05-0.07
CdS xerogel 3855 91-132 57 0.05-0.11
ZnS xerogel 2931 47-50 34 0.02-0.03

aTwo independent samples were evaluated for each syétBifica equivalence values were calculated on a per mole of BaSis.

samples, also manifested as a small hump at 3.45 eV in the All the isotherms can be described as corresponding to a
optical band-gap measuremerigg {ZnO) = 3.4 e\f9]. The type IV curve, which is characteristic of a mesoporous
formation of ZnO is attributed to the presence of adventitious material’®5°The hysteresis loops observed in the isotherms
oxygen or the transformation of hydroxyl moieties (present are indicative of the pore geometry in the material. CdSe
on the xerogel surface as a byproduct of hydrogen peroxideand ZnS exhibit an H2-type loop suggestive of “ink-
oxidation of surface thiolatéd to oxide upon heating. bottleneck” shaped poré§whereas PbS and CdS display a
Surface area and porosimetry information were obtained combination of H2 and H3 types, indicating the presence of
by analysis of nitrogen adsorption/desorption isotherms for both “ink-bottleneck” and “slit” pore geometries. In addition,
PbS, CdSe, CdS, and ZnS xerogels degassed at’@00 PbS xerogels exhibit a sharp upturn at high partial pressure
Figure 3 shows the typical isotherms obtained, whereas theindicative of liquid condensation associated with the presence
Brunauer-Emmett-Teller (BET) surface areas, Barrett of large (macroscopic; 50 nm) pores.
Joyner-Halenda (BJH) average pore diameters, and BJH The differences noted in the nitrogen adsorption/desorption
cumulative pore volumes are listed in Table 4. Generally, isotherms between the PbS and CdS xerogels and those of
the surface areas are in the range—89 n?/g. When CdSe and zZnS are also reflected in the BJH modeled pore
normalized relative to silica on a per-mole basis, these aresize distributions (Figure 4). PbS and CdS both have
roughly equivalent to 56230 nt/g of silica. This is relatively broad distributions extending out to 100 nm
considerably lower than what can be obtained in the best(mesoporousmacroporous region), whereas the pores are
silica xerogels (500900 n¥/g), where the synthesis has had largely limited to <10 nm in diameter (lower mesoporous
the benefit of optimization over decad@s. region) for the corresponding CdSe and ZnS xerogels.
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Chichester (England), 1999. 2nd ed.; Academic: New York, 1982.
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Table 5. Comparison of Band-Edge Data for Samples of Cd3e

nanoparticles wet gel aerogel xerogel xerogel (10p single crystal
band edge (eV) 2.40 2.40 2.20 1.96 1.75 1.74

aWith dimensionality increasing from 0-D (ca. 4.4 nm particles) to 3-D (single crystal).

Additionally, ZnS xerogels appear to have a second distribu- dimensionality of the aerogel framework is more resistant
tion of pores corresponding to the diameter range @0 to aggregation and coarsening upon heating, resulting in only
nm. The average pore sizes (Table 4) are in th€ 3im a 0.08 eV shift in band gap for CdS upon heating to 100
range for CdSe, CdS, and ZnS, whereas PhS has a largefa 3% changej??®whereas the corresponding xerogel gap
pore diameter of 715 nm, which correlates with a higher decreases by 0.15 eV (a 6.5% change). These data suggest
relative surface area (normalized to silica) and a higher that, for a fractal network composed of discrete nanoparticles
cumulative pore volume than the other xerogels. Since theof a given size, the extent of quantum confinement is
BJH model assumes a cylindrical pore geometry, we have governed by the dimensionality of the network. Thus, upon
also used density functional theory (DFT), presuming a slit- going from nanoparticles, to wet gel, aerogel, xerogel, and
pore geometry, to model the data. The resulting distributions xerogel annealed at 10T, there is a steady decrease in
are similar to those obtained from the BJH model in all cases band-edge that correlates to increased densification of the
(Supporting Information), suggesting that the differences networks, with bulklike behavior observed for the annealed
observed between the various systems are not merely artifactxerogel, as demonstrated for CdSe in Table 5. The band-
of the modeling method. The origin of the differences edge observed in gel framework materials naturally also
observed between PbS, CdS and CdSe, ZnS xerogels islepends on the primary particle size. For example, larger
unclear but is likely related to the chemical composition in CdSe nanoparticles prepared by us&\bf 3 material [band
each system, impacting parameters such as the strength obnset= 2.24 eV, diameter (mass approximatienp.01 nm]
solvent-gel interactions and sticking probabilities for ag- produce an aerogel with a band edge of 1.94 eV, similar to
gregating particles. Nevertheless, the fact that mesoporositythat for the xerogels obtained froli = 2 CdSe nanoparticles
is retained in all the materials suggests they will be suitable as presented here (1.96 eV). Thus, by adjusting the primary
for applications that depend on molecular transport. particle size and drying and postannealing conditions, the
Effect of Dimensionality on Quantum Confinement: optical and porosity characteristics of metal chalcogenide gels
Comparison of Xerogels and AerogelsThe influence of can be optimized.
the drying method on the porosity, optical properties, and
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