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R
ecent advances in the precise con-
trol of the size,1 shape,2 composi-
tion,3 and surface chemistry4 of inor-

ganic nanoparticles have enabled a second
stage of nanoparticle research, assembly of
nanoparticles into functional architectures,
to be more and more important. Nanoparti-
cle assembly methods serve as a powerful
tool to connect nanoscale building blocks
into complex macroscopic architectures. A
novel concept in which sphere-shaped inor-
ganic nanoparticles are treated as artificial
atoms has led to a successful self-assembly
strategy to organize the inorganic nanopar-
ticles into superlattices with similar bulk
crystalline structures5 to atomic solids, re-
sulting in novel collective properties.6,7 Fur-
ther, varying the size ratio of two kinds of
nanoparticles and tuning the charge state
of the nanoparticles by exchanging the sur-
face ligands results in structurally diverse bi-
nary nanoparticle superlattices.8,9 How-
ever, from a device performance
perspective, the interaction between the
particles in such superlattices is necessarily
mediated by surface ligands. These surface
ligands may be detrimental to electrical
transport properties and harmful to the
thermal stability of the artificial solid.

Aerogels, with their low density, high
surface areas, and large open pores, are a
unique class of inorganic polymers.10 How-
ever, traditional aerogel research has fo-
cused largely on metal oxides,11–15 with the
extension of sol�gel methods to the prepa-
ration of chalcogenide aerogels only re-
cently realized.16–24 We have adopted the
aerogel as an architectural model for the
creation of functional 3-D linked quantum
dots. To realize this model, we have devel-
oped a general methodology to assemble
metal chalcogenide nanoparticles into

nanostructures by controlled oxidative re-
moval of surface thiolate ligands, followed
by supercritical drying to retain the struc-
ture of the wet gel.16,17,19–23,25 This power-
ful assembly strategy not only adds new
members to the traditional aerogel family
but also represents a novel and effective
way to organize the metal chalcogenide
nanoparticles into 3D architectures without
the presence of intervening ligands that can
potentially limit the electron transport
properties and thermal stability.

In this contribution, we employ a new
strategy to systematically vary the morphol-
ogy and properties of metal chalcogenide
aerogels by altering the shape of the pri-
mary nanoparticle in the CdSe system. CdSe
nanoparticles have gained extensive atten-
tion from material scientists due to the
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ABSTRACT We demonstrate the effect of differently shaped CdSe nanoscale building blocks (dots, rods,

branched nanoparticles, and hyperbranched nanoparticles) on the morphologies, surface characteristics, and

optical properties of resultant porous CdSe nanostructured aerogels. Monolithic CdSe aerogels were produced by

controlled oxidative removal of surface thiolate ligands from differently shaped CdSe nanoparticles to yield a wet

gel, followed by CO2 supercritical drying. The X-ray diffraction data show that the resultant CdSe aerogels maintain

the crystalline phase of the building blocks without significant grain growth. However, the transmission electron

microscopy images indicate that the morphology of CdSe aerogels changes from a colloid-type morphology to a

polymer-type morphology when the building block changes from dot to rod or the branched nanoparticle. The

morphology of the CdSe aerogel assembled from hyperbranched nanoparticles appears to be intermediate

between the colloid-type and the polymer-type. Nitrogen physisorption measurements suggest that the surface

areas and porosity are a direct function of the shape of the primary building blocks, with aerogels formed from rods

or branched particles exhibiting the greatest surface areas (>200 m2/g) and those prepared from hyperbranched

nanoparticles exhibiting the least (<100 m2/g). Band gap measurements and photoluminescence studies show

that the as-prepared CdSe aerogels retain to a large extent the intrinsic quantum confinement of the differently

shaped building blocks, despite being connected into a 3D network.

KEYWORDS: CdSe nanomaterials · colloidal aerogel · polymeric aerogel · porous
structures · quantum confinement
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relative ease of synthesis, the ability to precisely con-
trol the size and shape, and the ensuing optical proper-
ties. Here, we take advantage of diverse synthetic tech-
niques to achieve differently shaped CdSe
nanoparticles and assemble them into porous 3D aero-
gel networks in order to study how the shape of the
building block influences the morphology and proper-
ties of the resultant aerogels. A comparison of the prop-
erties of dot and rod aerogels has been previously pub-
lished as a communication.26

RESULTS AND DISCUSSION

CdSe nanoparticles with different shapes (dot, rod,
branched, and hyperbranched) were synthesized by
employing variations of a typical high tem-
perature arrested precipitation technique.1

Coordinating solvents with high boiling
points, such as trioctylphosphine oxide
(TOPO) and trioctylphosphine (TOP), were
used as the synthetic media for control of
particle growth. A low precursor concentra-
tion and slow growth rate employing a
small amount of tetradecylphosphonic acid
(TDPA) to dissolve the Cd precursor (CdO)
favor the thermodynamic growth of the
nanoparticles, therefore leading to the for-
mation of isotropic sphere-shaped CdSe
nanoparticles, in which the surface energy
is minimized relative to anisotropic shapes
(Figure 1A).27 Alternatively, a high precursor
concentration and fast growth rate employ-
ing relatively large amounts of TDPA, which
exhibits preferential binding to the (100)
CdSe crystal facets,27 result in a kinetic

growth regime, therefore favoring the formation of

anisotropic rod-shaped CdSe nanoparticles (Figure 1B).

Branched CdSe nanoparticles were synthesized via first

preparing CdSe tetrahedron-shaped nuclei of cubic

crystalline phase at low temperature (160 °C), then fa-

cilitating fast growth of the hexagonal arms outward at

a tetrahedral angle by gradually increasing the temper-

ature to 230 °C (Figure 1C).27 Hyperbranched CdSe

nanoparticles were synthesized by adding a bifun-

tional ligand, 2-carboxyethylphosphonic acid (CEPA),

which favors the formation of basic branching points

on the existing nanoparticle surfaces (Figure 1D).28

CdSe aerogels assembled from differently shaped

building blocks were prepared by first exchanging the

as-prepared nanoparticles (presumably capped with

TOP/TOPO and/or TDPA/CEPA) with thiolate ligands

Figure 1. TEM images of the four kinds of nanoscale CdSe
building blocks used in the present study: (A) dots (3.17 �
0.31 nm), (B) rods (3.40 � 0.33 � 22.7 � 2.2 nm), (C)
branched nanoparticles (body width � 4.6�5.0 nm; arm
length � 18.8�28.8 nm), and (D) hyperbranched nanoparti-
cles (body width � 6.5�6.9 nm; arm length � 23.3�36.7
nm). The insets are HRTEM images of single particles.

Figure 2. Images of CdSe nanoparticle sols, gels (1 and 7
day aging times), and monolithic aerogels as a function of
the shape of the primary particle; corresponding photolumi-
nescence (PL) images of monolithic aerogels acquired un-
der UV stimulation in the dark are shown at far right. Seven
day aged gels of rod and branched particles are shown in-
verted in their molds.

Figure 3. Powder X-ray diffraction patterns for the four kinds of CdSe
aerogels investigated. The vertical lines are from PDF file # 08-0459 (hex-
agonal CdSe).
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(11-mercaptoundecanoic acid in the presence of base).
Controlled oxidative removal of the surface thiolate
ligands by adding an oxidizing agent (3% tetranitro-
methane) yielded wet gels, followed by supercritical
CO2 drying to yield the aerogel. Like traditional silica
aerogels, the CdSe aerogels can be prepared as mono-
liths (molded from gel form, Figure 2) with very low
densities (0.1�0.2 g/cm3, monolith mass over esti-
mated volume); however, unlike traditional silica aero-
gels, the aerogels made from CdSe nanoparticles
are crystalline due to the high crystallinity of the
building blocks. All the powder X-ray diffraction
patterns of CdSe aerogels prepared from differ-
ently shaped building blocks demonstrate the
identical hexagonal (cadmoselite) crystalline
phase, consistent with the crystal structure of
their building blocks (Figure 3). The presence of
much sharper peaks, and the resolution of the
(100) and (101) peaks, upon progressing from the
pattern for the CdSe dot aerogel to that of the hy-
perbranched aerogel are reflective of an increase
in size of the building blocks. The sharpness of
the (002) peaks in the patterns of the rod,
branched, and hyperbranched nanoparticles and
aerogels indicates that the principal direction of
crystal growth is along the c-axis, as expected.27

A small but sharp peak near 38° in 2� is observed
occasionally, which matches CdO (Monteponite,
PDF: 05-0640), and may be attributed to incom-
plete dissolution/reaction of the CdO precursors.
Energy dispersive spectroscopy measurements
indicate an overall Cd:Se ratio of 1:1 with 2.4�5.5
atomic % sulfur and little or no phosphorus (Table
1). These data are consistent with the expected
composition of CdSe, plus the presence of some
residual thiolate surface functionalities.

Transmission electron microscopy was em-
ployed to image the morphology of the pre-
pared aerogels from differently shaped building
blocks (Figure 4). The resultant aerogels exhibit
two major gel morphologies. CdSe aerogels as-
sembled from dot-shaped nanoparticles display
a colloidal morphology, similar to that of base-
catalyzed silica aerogels. On the other hand, aero-
gels assembled from rod or branched nanoparti-
cles exhibit a polymeric morphology, similar to

acid-catalyzed silica aerogels. The morphology of the

CdSe aerogel assembled from hyperbranched nanopar-

ticles appears to be intermediate between the colloidal-

type and the polymer-type. To achieve different mor-

phologies in silica aerogels, the kinetics of hydrolysis

and condensation must be varied.29 In the present case,

we show that varying the shape of the building block

used in metal chalcogenide gel formation is an alterna-

Figure 4. TEM images of the four kinds of CdSe aerogels investigated (left, low
magnification; right, high resolution). Arrows indicate groups of lattice fringes; in-
dividual fringe spacing and corresponding indices to hexagonal CdSe are given.

TABLE 1. BET Surface Areas, Silica Equivalent Surface Areas Based on Relative Density Calculations, BJH Adsorption
Average Pore Diameters, and BJH Cumulative Pore Volumes of the Four Kinds of CdSe Aerogel (Data Averaged from
Three Individual Samples), Along with Aerogel Composition (Atomic Ratio) from TEM-EDS and Band Gap Values of
Building Blocks versus Resultant Aerogels

CdSe
aerogel

BET surface
area (m2/g)

silica
equivalence (m2/g)

average pore
diameter (nm)

cumulative pore
volume (cm3/g)

atomic ratio from TEM-EDS:
Cd/Se/S/P

band gap values: building
block/aerogel (eV)

dot aerogel 105 � 10 251 � 26 35.4 � 2.4 0.63 � 0.13 47.2/47.3/5.5/ND 2.15/2.12
rod aerogel 241 � 6 576 � 13 25.1 � 1.5 1.64 � 0.11 48.0/46.8/5.3/ND 2.06/2.01
branched aerogel 227 � 12 543 � 28 22.3 � 1.9 1.39 � 0.06 45.6/48.8/5.5/ND 2.03/1.99
hyperbranched aerogel 79 � 2 189 � 3 13.2 � 0.7 0.26 � 0.03 48.5/48.2/2.4/0.9 1.83/1.81
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tive way to tune the morphology of the aerogel,
thereby enabling more control over the resultant mor-
phology. The origin of the polymeric morphology ob-
tained from rod or branched nanoparticles may be di-
rectly related to the different surface free energies of
crystal faces in these structures. Specifically, the end
points of rod or branched nanoparticles are more
chemically reactive than the faces of the arms due to
the presence of more available dangling bonds on the
end facet,27 enabling dissimilar materials, such as gold
or CdTe nanodots, to be preferentially deposited onto
the end points.30,31 We postulate that this difference of
surface free energy as a function of the nanocrystal
facet plays a significant role in the networks formed
from CdSe rods or branched nanoparticles. End to end
connections lead to a more penetrating network for
CdSe rod or branched aerogels, relative to dot aero-
gels. The presence of end to end connected joints is vis-
ible in HRTEM images of rod and branched aerogels
(Figure 4) in addition to some interweaving of the rod/
branched arms to form reinforced struts. This leads to
enhanced gel strength and minimal gel contraction, as
previously noted.12 Thus, gels prepared from rods or
branched nanoparticles maintain the volume of the sol
and can be inverted without fragmenting, in contrast to
gels prepared from dots (Figure 2, 7 day gels). The mor-
phology of the CdSe aerogel assembled from hyper-
branched nanoparticles is similar to the colloidal aero-
gels in that large spheroid features are apparent, but
these are connected together via the high-aspect ratio
arms, and thus the hyperbranched aerogel has clear as-
pects of the polymeric aerogel morphology, as well.
While the gel does not undergo the contraction (syner-

esis) noted for the dot gels, it is a considerably
weaker gel than those obtained from rods and
branched nanoparticles and must be handled
very carefully to retain the monolith throughout
the critical point drying. HRTEM images also tes-
tify to the crystallinity noted in the PXRD; lattice
fringes are clearly evident and can be indexed to
hexagonal CdSe in all cases.

The surface areas and pore size distributions
of CdSe aerogels assembled from differently
shaped building blocks were obtained by analy-
sis of nitrogen adsorption/desorption isotherms
(Figure 5). The data were fit to a
Brunauer�Emmett�Teller (BET) model to deter-
mine the surface areas of the CdSe aerogels. The
pore size distribution, average pore diameter,
and cumulative pore volumes were calculated
from the Barrett�Joyner�Halenda (BJH) model
(based on cylindrical pores). The density func-
tional theory module of the Micromeritics soft-
ware was also applied to calculate the pore size
distribution over the complete range of the iso-
therm (BJH is limited to pore diameters �2 nm).
This method is based on calculating the equilib-

rium density profile of the gas molecule during each
step of the adsorption process and assumes a slit-
shaped pore geometry. These data are presented in
Table 1. To compare the obtained surface areas directly
to those of traditional silica aerogels, the silica equiva-
lent surface areas based on the relative densities of
wurzite CdSe and silica were also computed and are
shown in Table 1.

The adsorption/desorption isotherms generated for
CdSe aerogels are similar in shape, regardless of the dif-
fering shapes of the building block (Figure 5), and rep-
resent a type IV curve, characteristic of a mesoporous
(2�50 nm pore diameter) material,32,33 with a sharp up-
turn in the high relative pressure region, which indi-
cates liquid condensation associated with the presence
of macropores, �50 nm. The average pore diameter
and cumulative pore volume are assessed from the ad-
sorption branch using the BJH (Figure 5 insets) or DFT
(Supporting Information, Figure S1) models. The data in
Table 1 demonstrate that the surface areas, average
pore diameter, and cumulative pore volume of the
aerogels are a direct function of the shape of the build-
ing block from which they were assembled. Impres-
sively, the BET surface areas of rod or branched aero-
gels are twice as high as that of dot aerogels, which
strongly indicates that these two distinctive morpholo-
gies (polymeric and colloidal) in metal chalcogenide
aerogels have a significant impact on the surface area
of resultant aerogels. This remarkable difference in sur-
face areas is reflective of the different connectivity
among the different-shaped building blocks, with the
more interpenetrating structures obtained from rod
and branched particles yielding higher surface areas.

Figure 5. Nitrogen adsorption (black filled squares)/desorption (red filled circles)
isotherms for the four kinds of CdSe aerogels investigated. The insets show pore
size distributions based on BJH modeling of adsorption isotherms.
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Thus, the CdSe aerogels obtained from rods and
branched particles have surface areas equivalent to
that of an average silica aerogel (600 m2/g)10 when nor-
malized for density differences (Table 1). The much
lower surface area value of hyperbranched CdSe aero-
gels may be attributed to the larger size of the colloidal
building block (Figure 1) and a decreased amount of
thiolate ligands per nanoparticle resulting in fewer con-
nection points and therefore a weaker network. TEM-
EDS measurements of thiolate-capped hyperbranched
nanoparticles indicate 6.6 atomic % S (attributed to
thiolate) and 2.1 atomic % P (attributed to TOP/TOPO),
whereas the other particle shapes have no detectable
phosphorus and sulfur contents are on the order of
10�14 atomic %.16 These data suggest that thiolate
ligand exchange for TOP/TOPO functionalities, a key
step in gel formation, is less facile for the hyper-
branched particles.

The BJH modeled pore size distribution analyses
(Figure 5, inset) from four kinds of CdSe aerogels all
show a broad range of pores, from the mesopore to
the macropore, and yield average values in the 13�35
nm range (Table 1). The main difference in the distribu-
tion curves is that, in the relatively large pore region,
CdSe rod or branched aerogels show a similar upturn,
while dot aerogels are relatively flat and hyperbranched
aerogels exhibit a downturn. Similar profiles are ob-
tained from the density functional theory model (as-
suming slit-shaped pore, Figure S1). Thus, the surface
area differences noted for the different morphologies
are reflective of the distribution of porosity within the
aerogel and thus essentially mirror the cumulative pore
volumes.

The band gap values of CdSe aerogels obtained
from differently shaped building blocks were deter-
mined from diffuse reflectance UV/visible/NIR spectro-
scopy. All the spectra show sharp optical absorption on-
sets, and the band gap values were estimated from
these onsets (Supporting Information, Figure S2). Com-
pared with the band gap values of the respective build-
ing blocks from UV/visible transmission measurements,
the nearly identical band gap of the CdSe aerogels indi-
cates that the quantum confinement effects of the re-
spective nanometer scale building blocks are almost
fully maintained in the 3-D connected network (Table
1). This can be attributed to the low dimensional nature
of the aerogel network.34 A gradual decrease of the
band gap values from the CdSe dot aerogel to the rod,
branched, and hyperbranched aerogel is associated
with the size increase of the building blocks and mir-
rors the data obtained on the original particles.

Emission properties of the differently shaped nano-
particle precursors (thiolate capped nanoparticles) and
resultant aerogels were investigated using photolumi-
nescence spectroscopy (Figure 6). Sharp band edge
emission is apparent in the photoluminescence spec-
tra of the MUA-capped dot, rod, and branched nanopar-

ticle precursors, along with a broad peak to the red
(1.6�1.9 eV) consistent with trap (mid-gap) states. Low-
energy emission from mid-gap states is typical for
thiolate-capped CdSe since thiolate ligands are effec-
tive hole traps.35 The emission energy for the band
edge PL of the resultant aerogels is nearly identical to
the precursor nanoparticles, as is the general shape of
the trap-state envelope, suggesting that the process of
gelation and supercritical drying has not significantly al-
tered the band gap (inferred from optical absorbance
data) or the nature of the trap states (which presumably
arise from residual thiolates). Importantly, the process
does not appear to result in augmented surface defects
that would quench the band edge emission entirely.
The luminosity of the monoliths is thus apparent to the
naked eye when viewed under UV excitation (Figure
2). The different emission colors are reflective of the en-
ergy of the band edge transition (Figure 6), with dots
appearing green, rods yellow, and branched nanoparti-
cles orange. Unique from the other shapes of building
blocks investigated here, the emission of hyper-
branched CdSe nanoparticles and their resultant aero-
gels is not detectable (Figures 2 and 6). This can be at-
tributed to the large size of the CdSe hyperbranched
nanoparticles and corresponding low degree of quan-
tum confinement. To our knowledge, there are no re-
ports of hyperbranched CdSe nanoparticles exhibiting
photoluminescence properties.28,36

CONCLUSIONS
Application of a general sol�gel methodology for

the assembly of metal chalcogenide nanoparticles into
aerogel frameworks has been demonstrated for differ-
ently shaped building blocks (dot, rod, branched, and
hyperbranched). This has enabled the morphology of
the aerogel to be sensitively adjusted between colloi-
dal (dot aerogels) and polymeric (rod, branched aero-
gels) as well as dialing in intermediate morphologies

Figure 6. Photoluminescence measurements of the differ-
ently shaped CdSe nanoparticle building blocks (red) and
the resultant aerogels (black).
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(hyperbranched aerogels). While the method itself
“locks in” the inherent properties of the building block,
so that the optical absorbance and PL signatures of the
confined particles are retained in the monolithic assem-
blage, the surface area, porosity, and gel strength can

be effectively tuned. Notably, polymeric CdSe aerogels
based on rod or branched particles have superior poros-
ity and gel strength, suggesting they may represent the
most advantageous scaffolds for applications involving
molecular transport (e.g., sensing, photocatalysis).

METHODS
Synthesis. Materials. Trioctylphosphine oxide (TOPO, 90%), cad-

mium oxide (99.99%), selenium powder (99.5%), 11-
mercaptoundecanoic acid (MUA, 95%), tetramethylammonium
hydroxide pentahydrate (TMAH, 97%), tetranitromethane, and
2-carboxyethylphosphonic acid (CEPA 94%) were purchased
from Aldrich. Trioctylphosphine (TOP, 97%) was purchased from
Strem. N-Tetradecylphosphonic acid (98%) was purchased from
Alfa-Aesar. Toluene, methanol, ethyl acetate, and ethyl alcohol
were purchased from Fisher. Liquid CO2 was supplied by Praxair.
TOPO was distilled before using; other chemicals were used as
received.

Synthesis of Dot-Shaped CdSe Nanoparticles. CdO powder (0.050 g,
0.37 mmol) was added to a mixture of TDPA (0.20 g, 0.72 mmol)
and distilled TOPO (4.0 g, 10.3 mmol), heated at 150 °C, and
kept under Ar flow for 30 min to remove residual water. Then
the temperature was set to 320 °C, and the brownish mixture
was left under Ar flow for 6�7 h, resulting in a colorless solu-
tion. The temperature was reduced to 150 °C, and a solution con-
taining 0.032 g of selenium (0.30 mmol) in 2.5 mL of TOP was rap-
idly injected. The temperature was then raised at a rate of 10 °C
per 10 min up to 230 °C, and the solution was kept at this tem-
perature for 4 h before cooling down to 80 °C. Four milliliters of
toluene was injected, and the particles precipitated with an ex-
cess of ethyl alcohol. To purify the particles, the solution was cen-
trifuged and the sediment was redispersed in toluene. After a
second precipitation with ethyl alcohol, the sediment was kept
for further analysis.

Synthesis of Rod-Shaped CdSe Nanoparticles. CdO powder (0.15 g, 1.1
mmol) was added to a mixture of TDPA (0.70 g, 2.5 mmol) and
distilled TOPO (4.0 g, 10.3 mmol) and heated at 150 °C under Ar
flow for 30 min to remove residual water. Then the temperature
was set to 320 °C and the solution left under Ar flow for 4 h to
produce a colorless solution. The temperature was then reduced
to 270 °C, and a solution of 0.095 g of selenium (1.1 mmol) in
1.5 mL of TOP was rapidly injected. The temperature was de-
creased to 230 °C, kept for 2 h, and then cooled to 80 °C. Isola-
tion and purification were conducted as described for dot-
shaped CdSe nanoparticles.

Synthesis of Branched CdSe Nanoparticles. CdO powder (0.15 g, 1.1
mmol), TDPA (1.0 g, 3.6 mmol), and distilled TOPO (3.0 g, 7.7
mmol) were heated at 150 °C under Ar flow for 30 min to re-
move residual water, then the temperature was increased to 320
°C for 1.5 h to yield a colorless solution. The temperature was re-
duced to 150 °C, and a solution of 0.095 g of selenium (1.1 mmol)
in 1.5 mL of TOP was injected. The temperature was raised at a
rate of 10 °C per 10 min up to 220 °C and maintained at this tem-
perature for 2 h before cooling down to 80 °C. Isolation and pu-
rification were conducted as described for dot-shaped CdSe
nanoparticles.

Synthesis of Hyperbranched CdSe Nanoparticles. CdO powder (0.15 g,
1.1 mmol), TDPA (1.0 g, 3.6 mmol), CEPA (0.05 g, 0.32 mmol),
and distilled TOPO (3.0 g, 7.7 mmol) were heated together at
150 °C under Ar flow for 30 min to remove residual water. Then
the temperature was set to 330 °C, and the brownish mixture
was left under Ar flow for 1.5 h. This step resulted in a colorless
solution. Next, 1.5 mL of neat TOP was injected into the system
at 330 °C, followed by injection of a solution containing 0.064 g
of selenium (0.60 mmol) in 3 mL of TOP. The reaction was main-
tained at 330 °C for 30 min before cooling down to 80 °C. Isola-
tion and purification were conducted as described for dot-
shaped CdSe nanoparticles.

MUA Capping of CdSe Nanoparticles, Gelation, and Aerogel Formation. To
modify the CdSe nanoparticle surface, an MUA solution was pre-
pared by dissolving 0.8 g if MUA (3.3 mmol) in 10 mL of metha-

nol, with tetramethylammonium hydroxide pentahydrate
(TMAH) added to achieve a system pH of 10.5�11. The solid pre-
cipitate of CdSe nanoparticles was then dispersed in the MUA so-
lution and left stirring in a static Ar environment at 30 °C over-
night. At room temperature, an excess amount of ethyl acetate
was added to precipitate MUA-capped nanoparticles. The solu-
tion was centrifuged, and the sediment was redispersed in
methanol. After a second precipitation with ethyl acetate, the
sediment was dispersed in 10 mL of methanol for gelation.

Gelation was achieved by adding 20 �L of 3% tetrani-
tromethane (TNM) in acetone solution to 2 mL aliquots of CdSe
sols. The mixtures were shaken vigorously and subsequently al-
lowed to sit undisturbed for gelation. The resulting wet gels were
aged for 7 days under ambient conditions. Aged gels were ex-
changed with acetone 6�7 times over 3 days and then trans-
ferred to a SPI-DRY model critical point dryer where they were
subsequently washed and immersed in liquid CO2 over 6 h. The
CO2-exchanged gels were dried under supercritical conditions by
raising the drier temperature to 39 °C, maintaining that temper-
ature for 30 min, followed by venting of CO2 gas to yield CdSe
aerogels.

Characterization. Powder X-ray Diffraction. Powder X-ray diffraction
(PXRD) analysis was employed to study the phase and crystallin-
ity of the CdSe nanoparticles and resultant aerogels. A Rigaku
RU 200B X-ray diffractometer (40 kV, 150 mW, Cu K� radiation)
with rotating anode was used for X-ray diffraction measure-
ments. Powdered samples were deposited on a low background
quartz (0001) holder coated with a thin layer of grease. X-ray dif-
fraction patterns were identified by comparison to phases in
the International Centre for Diffraction Data (ICDD) powder dif-
fraction file (PDF) database (release 2000).

Transmission Electron Microscopy. Transmission electron microcopy
(TEM) was employed to study the four different CdSe building
blocks and the morphology of the resultant aerogels. The TEM
analyses were conducted in the bright field mode using a JEOL
FasTEM 2010 HR TEM analytical electron microscope operating at
an accelerating voltage of 200 kV. Particle samples were pre-
pared by depositing a drop of a dilute toluene dispersion of CdSe
nanocrystals on carbon-coated copper grids and subsequently
evaporating the solvent. Aerogel samples were prepared on
carbon-coated copper grids by first grinding the aerogel to fine
powders and then pressing the TEM grid onto the dried powder.
Semiqualitative elemental compositions of differently shaped
CdSe nanoparticles along with the resultant aerogels were ob-
tained using an in situ energy dispersive spectroscopy (EDS) unit
(EDAX, Inc.) attached to the transmission electron microscope.
K shell electron emissions were analyzed for Cd, Se, S, and P.

Surface Area Analysis and Porosimetry. The surface areas of CdSe aero-
gels were obtained by applying the BET model to nitrogen ad-
sorption/desorption isotherms acquired at 77 K on a Micromerit-
ics ASAP 2010 surface area analyzer. Powdered CdSe aerogel
samples were degassed at 100 °C for 48 h prior to the analysis,
employing a 30 s equilibrium interval and a 5 cc dose for a total
running time of about 13 h. The data were fit by using the
Brunauer�Emmett�Teller (BET) model to determine the sur-
face areas of the aerogels. The average pore diameter and cumu-
lative pore volume were calculated by using the
Barrett�Joyner�Halenda (BJH) model based on cylinder pore
geometry. The density function theory model, based on slit pore
geometry, was also employed to analyze the pore distribution.
Three independently prepared samples from each kind of CdSe
aerogel were analyzed to obtain average surface area and poros-
ity values.

Silica Equivalent Surface Area Calculation. The calculation is based on
a relative density method. The average silica density is the aver-
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age density of quartz (2.65 mg/cc), tridymite (2.31 mg/cc), and
cristobalite (2.33 mg/cc), 2.43 mg/cc. The CdSe wurzite density
is 5.81 mg/cc. The actual surface area value of a typical CdSe dot
aerogel is 118 m2/g. The silica equivalence of a dot aerogel is
therefore 118 (m2/g)* 5.81/2.43 � 282 m2/g. A similar approach
was used to compute silica equivalence values for rod, branched,
and hyperbranched aerogels.

Optical Absorption Measurements. Optical absorption measurements
of MUA-capped CdSe nanoparticles in methanol were conducted
on a Hewlett-Packard (HP) 8453 spectrophotometer. A dilute
CdSe nanoparticle suspension was analyzed against a methanol
blank in the region from 400 to 700 nm. A Jasco V-570 UV/vis/NIR
spectrophotometer equipped with an integrating sphere was
used to measure the optical diffuse reflectance of the resultant
CdSe aerogels. Powdered aerogel samples were evenly spread
on a sample holder preloaded with a reflectance standard and
measured from 200 to 1500 nm. The band gaps of the samples
were estimated from the onset of absorption in data converted
from reflectance.37,38

Photoluminescence Measurements. Emission properties of the CdSe
nanoparticle precursors and corresponding aerogels were inves-
tigated using photoluminescence spectroscopy. A Cary Eclipse
(Varian, Inc.) fluorescence spectrometer with 5 nm excitation and
emission slits was used for photoluminescence studies. A dilute
MUA-capped CdSe nanoparticle suspension in methanol was
placed in a 10 mm quartz optical cell, and analyses were done
under ambient conditions. Powdered aerogel samples were
sealed in evacuated quartz tubes, and analyses were conducted
at liquid nitrogen temperature.
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