
A Room-Temperature, Solution Phase Method for the Synthesis of
Mesoporous Metal Chalcogenide Nanocrystal-Based Thin Films with
Precisely Controlled Grain Sizes
Justin C. Ondry,§ Shauna Robbennolt,† Hyeyeon Kang,† Yan Yan,† and Sarah H. Tolbert*,†,‡

†Department of Chemistry and Biochemistry, UCLA, Los Angeles, California 90095-1569, United States
‡Department of Materials Science & Engineering and The California NanoSystems Institute, UCLA, Los Angeles, California 90095,
United States

*S Supporting Information

ABSTRACT: Block copolymer templating of ligand-stripped nano-
crystals followed by thermal degradation of the polymer template is a
robust method that has been applied in making a variety of
mesoporous nanocrystal-based films. However, the use of thermal
processing to remove the polymer template can have detrimental
effects on other material properties such as grain size and crystal
structure that affect size-dependent properties such as the band gap.
Here we present a new method for forming mesoporous films of
cadmium and lead chalcogenide nanocrystals that avoids thermal
processing. In our method, nanocrystals are first assembled with a
diblock copolymer template. The resulting films are then soaked in a
solution of a small molecule cross-linking agent to lock the
nanocrystals into the structure. Finally, the polymer template is gently dissolved out of the film, leaving behind a porous film
of nanocrystals. These films show disordered but homogeneous porosity, quantified by electron microscopy and ellipsometric
porosimetry. Importantly, both X-ray diffraction and optical absorption spectroscopy indicate that the initial nanocrystal size is
fully preserved in the final porous structure. This new synthetic method has exciting potential as a building block for composite
structures where precise control of quantum confinement effects is needed.

■ INTRODUCTION

The overarching goal of nanoscience research has been to
precisely control the unique size-dependent properties of
nanomaterials. More specifically, preserving the inherent
properties of the materials such as grain size, crystallinity and
composition, while being able to precisely control nanoscale
architecture, is necessary for many applications. Nanomaterials
with precisely controlled properties and architecture could lead
to improvements in applications ranging from catalysis,1

photocatalysis,2−5 and electrochemical charge storage6 to
photovoltaics.7−9

Semiconductor nanocrystals, or quantum dots, make up a
particularly interesting class of materials for a wide variety of
applications.8,10−17 For example, tunable band gaps18,19 and the
capacity for barrier-less carrier multiplication20−23 could
revolutionize photovoltaics, among other fields. While the
size-dependent optical properties provide a wealth of tunability,
the small size also depresses the melting point in nanocrystals
compared to those of their bulk counterparts, which limits
temperatures at which nanocrystal-based devices can be
processed while still maintaining their favorable size-dependent
properties.24

For many applications, precise control over both film
morphology and the properties of the individual nanocrystals

is necessary. For example, there is a double necessity to
maintain precisely controlled small size and narrow nanocrystal
size distributions for applications in quantum dot photo-
voltaics.22,25 In other applications, it has been shown that
decreasing the size of nanocrystals improves the thermoelectric
properties of semiconducting nanocrystal-based films.26,27

Thus, the ability to precisely control both film morphology
and nanocrystal size could lead to improved devices.
Synthetic methods for producing a variety of semiconductor

nanocrystals with precise control over size, composition, crystal
structure, and shape have been previously developed; here we
include only a small subset of the many available synthetic
methods.28−36 A majority of these syntheses leave long organic
ligands on the nanocrystal surface to control kinetics during
nanocrystal growth, prevent nanocrystal aggregation, and
maintain colloid stability. These ligands have limited the use
of these nanocrystals in electronic devices, mostly because of
their insulating nature and the fact that they keep the
nanocrystals fairly far apart. It has been shown, however, that
small bidentate ligands can replace the long aliphatic ligands to
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shorten interparticle spacing and improve the electrical
conductivity in nanocrystal films, allowing for their expanded
use in device applications.15,37−45 Ligand exchange generally
results in a volume contraction, however, so repeated multilayer
deposition is required to produce homogeneous films using
these methods.
Given that our goal is to control both size and mesoscale

architecture in semiconductor nanocrystal assemblies, we need
a method for controlling nanocrystal size, assembly, and
connectivity in nanocrystal-derived solids. Recently, some
beautiful sol−gel methods for assembling semiconductor
nanocrystals into porous aerogels with retention of their
quantum confined properties have been developed.46−50 While
these materials have a large surface area and connected
porosity, in general they are characterized by a broad pore size
distribution that ranges from mesopores to macropores (∼2−
120 nm). Although these methods provide precise control over
nanocrystal size, and thus optical properties, a method for the
assembly of semiconductor nanocrystals with smaller, more
homogeneous porosity, ideally in the thin film format, is
desirable.
To accomplish this goal, we build upon recent progress in

the field of assembling nanocrystals into porous thin films using
block copolymers as a template.51−61 Most of the more recent
papers in this field take advantage of synthetic advances that
have led to the development of ligand-stripped or “bare”
nanocrystals.62−65 In these methods, a reactive molecule
interacts with anionic surface ligands, causing them to desorb
from the surface; this leaves uncompensated cationic sites on
the nanocrystal surfaces that are charge balanced by some
anionic component of the reactive stripping agent. Despite the
absence of ligands, the nanocrystals do not aggregate because of
electrostatic repulsion between individual charged nanocrystals.
To make these nanocrystals into mesoporous films, amphiphilic
diblock copolymers are dissolved in polar solvents where they
form micelles and are combined with ligand-stripped nano-
crystals. Upon deposition onto a substrate and solvent
evaporation, the ligand-stripped nanocrystals co-assemble with
the polymer micelles. Typically, the films are then heated to
remove the polymer template, leaving behind an open porous
network of the inorganic material. Partial sintering of the
nanocrystals during thermal processing provides mechanical
robustness, which prevents the porous structure from
collapsing. This method is very robust and allows for the
synthesis of materials with large pore volume fractions from a
broad range of materials.51−53

While the current method for producing mesoporous films
from nanocrystals can provide exquisite control of film
morphology, the effects of thermal processing can be
detrimental to other material properties, such as grain size.
Previously, we used thermal processing to remove the polymer
template from mesoporous CdSe.51 X-ray diffraction (XRD)
showed the presence of ∼5 nm grains, which corresponds to
the size of an individual nanocrystal, as well as larger 18 nm
grains in these films after thermal processing. This grain growth
caused the loss of a well-defined first excitation peak in the
UV−visible absorption spectrum, which is indicative of a loss of
well-defined nanocrystal size. A red shift of the absorption
onset was also observed, again caused by the grain growth.
Milliron and co-workers also used heat treatment to remove the
polymer template from their mesoporous CdSe and observed
similar trends.53 Unfortunately, the current copolymers used to
template semiconductor nanocrystals need to be heated to

∼400 °C to be completely thermally degraded and produce
open pores.51,53 As a result, the deleterious effects on the
nanocrystals’ grain size and the template removal cannot be
separated if thermal processing is used.
Despite its detrimental effects, thermal processing has

previously been necessary because it both fuses nanocrystals,
giving the film mechanical rigidity, and removes the polymer
template.51,52 As previously discussed, small bidentate ligands
have been used to decrease interparticle spacing, showing that
they can strongly bind the particles together.15,39 This makes
small molecule cross-linking agents a promising alternative to
thermal treatments to form a robust nanocrystal network. If
nanocrystals can be well cross-linked using bidentate ligands,
then the polymer template can be removed by simply washing
it out of the pores.5 In our case, the distance between two
nanoparticles is already small because of the ligand stripping
treatments. Thus, upon treatment with small bidentate ligands,
there should be negligible volume contraction. The flexibility of
nanoporous networks is also likely to help accommodate any
volume change that does occur upon cross-linking.66

The cadmium chalcogenide nanocrystals investigated by the
porous materials community so far provide a good model
system for developing new methods for assembling nanocryst-
als into porous structures because of their impressive chemical
stability toward different ligand treatments and their well-
studied, size-dependent optical properties. The lead chalcoge-
nides (PbS and PbSe) are also of great interest for applications
such as solar energy harvesting because of their much smaller
bulk band gaps and large Bohr exciton radii, which
subsequently allow for a size tunable bandgap throughout the
near-infrared (NIR) region.67 Despite these attractive advan-
tages, these Pb-based nanocrystals do not have the same
chemical stability that the cadmium chalcogenides exhibit.
Indeed, in many of the reported methods developed to produce
cationic, “naked” nanocrystals, the lead chalcogenides were not
explored or it was reported that the methods failed to produce
stable colloidal dispersions for the lead chalcogenides.62,63,65

One recent exception stands out; researchers used Lewis acid−
base adducts of BF3 to produce stable, ligand-stripped,
dispersions of ∼6 nm PbSe nanocrystals.64 This advance
provides a path forward for preparing open, mesoporous films
of NIR PbX-based nanocrystals. Gentle cross-linking and
template removal likely will be necessary for the fabrication
of these sensitive materials.
In this work, we thus show that ethanedithiol and 3-

mercaptopropionic acid, two standard bidentate nanocrystal
cross-linkers,15,39 can be used to cross-link both CdS and CdSe
nanocrystals using both ether- and acrylamide-based block
copolymer templates. After cross-linking, we show that the
polymer template can be removed by soaking the films in
appropriate solvents. Because no thermal processing is used,
the size-dependent optical properties of the original nanocryst-
als are well maintained. Further, we show that this method can
be expanded to sensitive NIR active PbS/CdS core/shell
nanocrystals. We thus present a method for organizing
nanocrystals into porous networks while fully preserving
quantum confinement effects.

■ EXPERIMENTAL SECTION
Materials. The following chemicals were used as received:

tetraethylthiuram disulfide (97%, Alfa Aesar), 2,2′-dithiobis-
(benzothiazole) (99%, Aldrich), tetradecanoic acid (98%, Alfa
Aesar), cadmium acetate dihydrate (98%, Alfa Aesar), cadmium
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oxide (99%, Strem), sulfur powder (99.5%, Alfa Aesar), selenium
powder (99.5%, Strem), oleic acid (90%, Fischer), 1-ocadecene (90%,
Acros), trioctylphosphine (90%, Aldrich), 1,2-ethanedithiol (95%,
Acros), and 3-mercaptopropionic acid (>99%, Acros). Poly(ethylene
oxide)-block-poly(butylene oxide) with a PEO(6500)-b-PBO(5000)
mass ratio and a PDI of 1.09 was purchased from Advanced Polymer
Materials Inc. Polystyrene-block-poly(dimethyacrylamide) with a
PS(51000)-b-PDMA(8500) mass ratio and a PDI of 1.3 was purchased
from Polymer Source Inc.
Nanocrystal Synthesis. CdS nanocrystals were synthesized using

slight modifications to literature procedures.31 Briefly, cadmium
acetate dihydrate (1 mmol, 269 mg), sulfur (0.5 mmol, 16 mg),
tetradecanoic acid (2 mmol, 451 mg), and tetraethylthiuram disulfide
(TETD) (0.06 mmol, 17 mg) were added to a three-neck flask. Next,
2,2′-dithiobis(benzothiazole) (DTBT) was added, and the amount of
DTBT was used to control the size of the nanocrystals. A 1:3
TETD:DTBT molar ratio was used for larger (∼5 nm) CdS
nanocrystals, and a 2:1 ratio was used for smaller (∼3 nm) CdS
nanocrystals. This reaction mixture was dissolved in 50 mL of
octadecene and stirred at 120 °C under flowing argon for 2 h. The
temperature was increased to 240 °C with a ramp rate of ∼10 °C/min
and held for an additional 2.5 h under flowing argon. After cooling to
room temperature, the nanocrystals were collected by centrifugation at
4000 rpm for 10 min. It was found that the nanocrystals were not
dispersible with the native tetradecanoic acid ligands; however, adding
excess oleic acid to the pelleted solid followed by sonication brought
the nanocrystals into solution, and the nanocrystals were then purified
by three cycles of dissolution in hexanes, followed by precipitation
using ethanol. CdSe nanocrystals were synthesized according to
reported procedures, and the only modifications were that the reaction
was performed under argon protection and the reaction was scaled up
5-fold.68 PbS/CdS core/shell nanocrystals were synthesized according
to reported procedures.69

Ligand Stripping. For CdS and CdSe nanocrystals, organic
ligands were stripped from the nanocrystal surfaces using Me3OBF4 or
Et3OBF4 (Meerwein’s salts) according to recently reported proce-
dures.63 Typically, half the products from a CdS synthesis dispersed in
∼15 mg/mL hexanes were mixed with a 40 mg/mL solution of
Meerwein’s salt dissolved in acetonitrile. The Meerwein’s salt solution
was added until the nanocrystals precipitated from the solution (∼0.5
mL). Chloroform was added, and the nanocrystals were pelleted by
centrifugation. The supernatant was discarded, and the nanocrystals
were dissolved in 2 mL of DMF for subsequent use. We found that the
nanocrystals were more easily degraded by an excessive stripping agent
when using Me3OBF4; however, both reagents were used to prepare
ligand-stripped nanocrystals for this work. Native ligands were stripped
from the PbS/CdS core/shell nanocrystals under equilibrium
conditions by Lewis acid−base adducts of born trifluoride using the
methods recently developed by Helms and co-workers.64 After

removal of the organic ligands, the nanocrystals were dissolved in
DMF with a concentration of ∼20 mg/mL.

Nanocrystals with dodecanethiol ligands for optical absorption
studies were prepared by exposing ligand-stripped nanocrystals in
DMF to a solution of dodecanethiol dissolved in hexanes. The
resulting biphasic mixture was vigorously stirred until the nanocrystals
were transferred to the hexanes, as indicated by a color change in the
hexane layer from clear to yellow. The hexane layer was isolated, and
the nanocrystals were purified by precipitation with ethanol followed
by resuspension in hexanes to remove excess dodecanethiol.

Film Synthesis. In a typical synthesis of a mesoporous film, 5 mg
of PEO-b-PBO was dissolved in ∼0.2 mL of ethanol with gentle
heating and sonication. Next, 0.8 mL of ∼5 nm diameter ligand-
stripped nanocrystals in DMF (described above) was added to the
polymer solution. After being stirred for ∼1 h, followed by brief
sonication, this solution was used to deposit films via spin coating at
1000 rpm for 90 s onto oxygen plasma-cleaned (100) silicon substrates
for diffraction, ellipsometric porosimetry, X-ray photoelectron spec-
troscopy (XPS), or electron microscopy, or onto clean glass slides for
optical absorption measurements. After spin coating, the films were
quickly placed in a septum-capped vial and purged with argon. A 10%
(v/v) solution of either ethanedithiol (EDT) or 3-mercaptopropionic
acid (MPA) in methanol was then added to the vial. Approximately 2
mL of the bidentate ligand solutions was used for a 1 cm2

film.
Caution: Ethanedithiol is highly toxic. The films were allowed to soak
in this solution for 24 h without stirring or agitation. After being
soaked in the cross-linking solution, the films were washed twice with
ethanol by gently flowing ethanol over the film and soaked in ethanol
for an additional 48 h to remove the polymer template. The films were
then dried and stored in septa-capped vials flushed with argon. These
films were used without further processing for all subsequent
characterization.

The procedures for synthesizing films templated using PS-b-PDMA
were similar to the descriptions included above, with the exception
that the polymer was dissolved in DMF initially rather than ethanol. In
addition, 0.2 mL of N-methyl-2-pyrrolidone (NMP) was added to the
polymer/nanocrystal solution to facilitate better wetting of the
solution on the substrates. Cross-linking with MPA and EDT was
performed as described above; however, the template was removed by
soaking the films in DMF because of the low solubility of PS-b-PDMA
in ethanol.

Films for UV−visible absorption spectroscopy and wide angle X-ray
scattering (WAXS) and those made with PbS/CdS core/shell
nanocrystals were prepared under air free conditions by spin coating
the samples in a nitrogen atmosphere glovebox and sealing them in
septa vials. The vials were removed from the glovebox where the cross-
linking solutions were added and removed using septa syringe
techniques under a dry argon flow. In most cases, some optimization
of nanocrystal:polymer template ratios was needed to produce films

Scheme 1. Assembly of Nanocrystals into Porous Thin Films by Cross-Linking Polymer-Templated Nanocrystals
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with homogeneous porosity because other factors, such as the size of
nanocrystals, can affect the ideal ratio.
Characterization. Scanning electron microscopy (SEM) images

were obtained using a JEOL model 6700F electron microscope with an
accelerating voltage of 5 kV. Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HRTEM) micrographs of the PbS/CdS core/shell particles were
collected using an FEI Tecnai T20 G2 S-TWIN TEM instrument
operating at 200 kV. To improve contrast, samples were supported on
three- to five-layer graphene-spanning holes in Quantifoil R1.2/1.3
holey carbon grids. These grids were prepared using the direct transfer
method.70 TEM micrographs of the ligand-stripped particles were
collected using an FEI T12 TEM instrument operating at 120 kV.
Two-dimensional (2D) WAXS data were collected at the Stanford
Synchrotron Radiation Lightsource (SSRL) using beamline 11-3.
Measurements were taken in reflection mode with the incoming beam
near grazing incidence and an X-ray energy of 1.27 keV. Transmission
absorbance spectra were recorded on an Agilent HP 8452A UV−vis
spectrophotometer. Ellipsometric porosimetry was performed on a PS-
1000 instrument from Semilab using toluene as the adsorbate. A UV−
visible CCD detector adapted to a grating spectrograph analyzed the
signal reflected by the sample. The light source was a 75 W
Hamamatsu xenon lamp, and measurements were taken in the spectral
range from 1.24 to 4.5 eV with an angle of incidence of 60°. Data
analysis was performed using the associated WinElli II software with
the assumption of cylindrical pores. XPS analysis was performed using
a Kratos Axis Ultra DLD instrument with a monochromatic Al Kα
radiation source. The charge neutralizer filament was used to control
charging of the sample; a 20 eV pass energy was used with a 0.1 eV
step size for high-resolution scans, and scans were calibrated using the
C 1s peak shifted to 284.8 eV.

■ RESULTS AND DISCUSSION

In this work, our goal was to mitigate the negative effects of
thermal processing on nanocrystal properties by removing the
need for heat treatments during the synthesis of mesoporous
films made from nanocrystals. Scheme 1 gives an overview of
our method for porous film formation. First, ligand-stripped
nanocrystal solutions were combined with amphiphilic diblock
copolymer solutions. Films were deposited by spin coating onto
suitable substrates where the nanocrystals co-assembled with
polymer micelles to form organic/inorganic composites. The
resulting films were then soaked in solutions of bidentate cross-
linking ligands to bind the nanocrystals together. The cross-
linking solutions used were much more concentrated than
those used for layer-by-layer deposition of dense nanocrystal
solids.39,40 To preserve the porous structure of the films, the
rate of nanocrystal cross-linking must be faster than the rate of
polymer template diffusion out of the film, so more
concentrated solutions of the cross-linking molecules were
used to accelerate the cross-linking kinetics. In addition, the
solvent used for the cross-linking was specifically chosen to
dissolve the cross-linking agent, while having minimal nano-
crystal and polymer solubility. The films were soaked in the
solution of cross-linking molecules for 24 h to ensure complete
cross-linking of the nanocrystals. After cross-linking, the
polymer template was removed by soaking the resulting films
for 48 h in a good solvent for the polymer template. In both
cases, the time the films were soaked was chosen to ensure

Figure 1. Top view SEM images of spin-coated porous films of nanocrystals using different polymers and cross-linkers. (a and b) PEO-b-PBO-
templated ∼5 nm CdS nanocrystals cross-linked with EDT and MPA, respectively. (c) CdS nanocrystals (∼5 nm) templated with PS-b-PDMA and
cross-linked with MPA. (d) CdSe nanocrystals (∼4 nm) templated with PEO-b-PBO and cross-linked with EDT.
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completeness of reaction; the reactions could proceed much
faster, but shorter times were not investigated.
The most direct evidence of the porous structure of our films

comes from top view SEM images. Figure 1 presents top view
SEM images of mesoporous films of cross-linked nanocrystals
made using different cross-linkers, different polymer templates,
and different nanocrystal building blocks. Despite the lack of
thermal processing, it is difficult to see individual nanocrystals
in the pore walls because the organic cross-linkers coat the
nanocrystals. However, in all cases, we observe disordered but
homogeneous porosity. The disorder is likely a combination of
disorder in the initial polymer/nanocrystal composite and
disorder introduced during cross-linking and polymer removal.
Unfortunately, we were unable to observe any long-range order
by small angle X-ray scattering. Other polymers specifically
designed to produce more ordered pore structures with non-
oxide nanocrystals could be used to achieve more ordered
mesopores.53

To understand the effect of different cross-linking ligands, we
prepared identical PEO-b-PBO-templated films and treated
them with either 3-mercaptopropionic acid (MPA) or 1,2-
ethanedithiol (EDT) in methanol and washed out the polymer
template using ethanol. Figure 1a shows a top view SEM image
of an MPA cross-linked film made from ∼5 nm CdS
nanocrystals, and Figure 1b shows a top view image of an
EDT cross-linked film made using the same nanocrystals.

Qualitatively, there are minimal differences in the film
morphology between the two different cross-linkers used.
Observation of the bound thiolate by XPS (Figure S1A) shows
that the cross-linking ligands remain bound after the procedure
to wash out the polymer template. Because the morphology
appears to be independent of cross-linker and the linking
molecules remain bound, our method could be general to many
bidentate small molecule cross-linkers, including hydrazine,
ethylenediamine, and diacids. Importantly, these different small
molecules can be used to tune electronic properties of
nanocrystal solids.37−39,45

While SEM provides evidence of the mesoscale structure, it
does not provide any information about the internal three-
dimensional structure of the nanocrystal assemblies, and
importantly, it does not prove removal of the polymer
template. To address this, we analyzed the mesoporosity
using ellipsometric porosimetry with toluene as the adsorbate.71

Figure 2a shows an adsorption isotherm for PEO-b-PBO-
templated CdS. This sample shows ∼20% solvent accessible
pore volume, which is in reasonable agreement with SEM
images (Figure 1a). The pore radius distribution (Figure 2b)
was determined from a Kelvin model fit of the adsorption data.
The average pore radius measured was ∼9 nm, which is in good
agreement with SEM images for this sample (Figure 1a).
Similar results were seen for mesoporous CdSe (Figure 2c,d);
however, in this case, a larger solvent accessible pore volume

Figure 2. Toluene adsorption isotherms for (a) CdS and (c) CdSe templated with PEO-b-PBO and cross-linked with EDT. Corresponding pore
radius distributions for (b) CdS and (d) CdSe calculated from a Kelvin model fit for mesopores. CdS data correspond to the SEM image in Figure 1a
and CdSe data to the SEM image in Figure 1d.
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(∼30%) was observed, along with a slightly larger average pore
radius (∼12 nm). These results are again in good agreement
with SEM images, where the CdSe films (Figure 1d) show an
average pore size slightly larger than that of the CdS films
(Figure 1a).
The differences in porosity between these two samples are

attributed to different polymer template:nanocrystal ratios used
in the synthesis of these specific samples (0.5 mg of polymer/
mg of as-synthesized nanocrystals for the CdS samples vs 0.7
mg of polymer for the CdSe sample). The variation in pore size
is in good agreement with previous examples of polymer-
templated nanocrystal films where the polymer:nanocrystal
ratio was systematically explored.54 The SEM images and the
porosimetry together provide strong evidence of the existence
of homogeneous, nanoscale porosity of our films. These data
thus indicate that the polymer template was indeed successfully
removed using our solution phase methods. While our films
show good porosity, it is lower than the highest values of 50%
solvent accessible porosity we have achieved using thermal
decomposition of the same polymer template.51 In the case of
thermal decomposition, the total porosity is a combination of
mesopores resulting from the polymer template and micro-
pores stemming from spaces between individual nanocrystals.
In this case, the spaces between individual nanocrystals are
occupied with cross-linking molecules and therefore cannot be
accessed by adsorbate molecules, which could partly account
for the smaller solvent accessible pore volume. Other
differences could arise from variations in the nanocrystal:tem-
plate ratio.
Further evidence of the removal of the polymer template

comes from evaluation of C 1s signals from XPS. Because PEO-
b-PBO contains many ether linkages, the intensity of the C−O
signal with a binding energy of 286.3 eV can be used to probe
the amount of remaining polymer template. A C 1s XPS
spectrum for an EDT cross-linked film of PbS/CdS nanocryst-
als (Figure S1A) shows signal primarily from C−C species that
could arise from both contamination of the sample with
adventitious carbon from the atmosphere and carbon in the
dithiol. A small shoulder attributed to C−O species that we
attribute to small amounts of residual polymer is also observed.
By comparing this signal to the C−O signal from a sample of
pure PEO-b-PBO (Figure S1C), it is easy to see that the ratio
of C−O carbon to C−C carbon is much higher in the pure
polymer sample than in our films. This qualitatively shows that
most of the polymer template is removed. We then quantified
the amount of remaining polymer by determining the atom
percent of C−O carbon and comparing it to the atom percent
of sulfur from the XPS data. On the basis of the unique
distribution of aliphatic and C−O carbons in PEO-b-PBO, we
calculated the mass of polymer from the C−O signal and
compared it to the mass of metal sulfide nanocrystals calculated
from the atom percent of sulfur. Through this analysis, we
determine there is ∼0.1 wt % polymer remaining in our
samples, compared to ∼30 wt % in the as-formed films,
indicating that the polymer template is thoroughly removed.
We next examined the structure of the films using wide angle

X-ray scattering (WAXS) and optical absorption spectroscopy.
WAXS was used to determine the crystal structure and average
crystallite size of freshly ligand-stripped nanocrystals and of the
nanocrystals in the porous films. Figure 3A shows WAXS
patterns for CdS nanocrystals in different environments. Part a
shows WAXS patterns for ligand-stripped CdS nanocrystals
that can be indexed to zinc blende CdS. Wurtzite CdS could

give a very similar pattern; however, the peak at 1.86 Å−1 would
be a convolution of three peaks and would thus be broader than
the peak seen at 3.1 Å−1. Also, wurtzite CdS shows a peak at 2.6

Figure 3. (A) Wide angle XRD patterns obtained by integrating two-
dimensional (2D) WAXS patterns of CdS nanocrystals after different
ligand treatments: (a) ligand-stripped CdS nanocrystals, (b) templated
CdS nanocrystal film cross-linked with EDT, and (c) templated CdS
nanocrystal film cross-linked with MPA. The stick pattern corresponds
to zinc blende CdS (JCPDS Card 00-010-0454). (B) Wide angle XRD
patterns obtained by integrating 2D WAXS patterns of CdSe
nanocrystals after different ligand treatments: (a) ligand-stripped
CdS nanocrystals and (b) templated CdS nanocrystal film cross-linked
with EDT. The stick pattern corresponds to zinc blende CdSe (JCPDS
Card 00-019-0191). Good nanocrystal size retention is observed for all
samples across all processing conditions.
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Å−1, which is not seen in our patterns. The diffraction patterns
show broad peaks consistent with their small crystallite size. We
found that by fitting the peaks and applying the Scherrer
equation modified for q space and assuming spherical
crystallites,72 we determined a crystallite size of ∼4.1 nm.
Porous films cross-linked with EDT were prepared from the
same nanocrystal batch. WAXS patterns for the film (panel A,
part b) shows an identical pattern with minimal changes to the
peak broadening or peak positions, which indicates essentially
no changes to the crystal structure and crystallite size due to
oxidation, etching, or sintering. EDT-derived porous films
showed a Scherrer crystallite size of 4.1 nm, in excellent
agreement with that of the isolated nanocrystals. In the case of
CdS nanocrystals cross-linked with MPA, we calculate a
Scherrer size of 4.2 nm, which further indicates the retention
of size throughout processing with different ligands. Any
variations in size are well within the uncertainty of the
measurement. CdSe nanocrystals (Figure 3B) showed similar
trends. In this case, we calculated a Scherrer size of 3.3 nm for
the ligand-stripped CdSe and a size of 3.2 nm for CdSe cross-
linked with EDT. On the basis of WAXS, we thus conclude that
there is no measurable change in the crystal structure or size of
the nanocrystals during formation of the mesoporous network.
By avoiding heat treatments in this method for making

mesoporous films, we fully preserve the crystallite size in the
resulting film.
UV−visible absorption spectroscopy was employed to

investigate the effects of film processing on the nanocrystal
optical properties. Absorption is also highly sensitive to changes
in nanocrystal size, so it is a good double check of the
conclusion from WAXS. On the basis of the preservation of
nanocrystal size, we expect to see minimal differences between
the optical absorption of the as-synthesized nanocrystals and
the optical absorption of those in the porous films due to
nanocrystal size effects. However, the optical absorption, and in
particular the position of the first exciton peak, of nanocrystals
is also affected by other factors such as the surface ligands and
the spacing between the individual nanocrystals, which can
change the dielectric environment surrounding the nanocrystals
and causes coupling between quantum dots. In this system, the
ligand environment changes from the oleic acid ligands used in
the synthesis to a charge stabilization and finally to a thiol
ligand bound to the surface.
To understand the ligand effects, we first prepared multiple

solutions of CdS nanocrystals from the same batch with
different surface ligands. We specifically examined nanocrystals
with oleic acid ligands, as charge-stabilized nanocrystals in
DMF, and with dodecanethiol ligands to mimic the surface
effect of EDT or MPA. We then performed solution phase

Figure 4. (a) Solution phase optical absorption for CdS nanocrystals with different capping ligands. (b and c) Absorption for large (∼5 nm) and
small (∼3 nm) CdS, respectively, templated into porous films and cross-linked with different molecules. (d) Absorption for CdSe-based porous films
cross-linked with different molecules. As-synthesized traces correspond to solution phase absorption of nanocrystals homogeneously dissolved in
hexanes.
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absorption measurements to remove electronic coupling effects.
UV−vis absorption (Figure 4a) shows a blue shift of 2 nm in
wavelength from the nanocrystals with the native ligands to
ligand-stripped nanocrystals. This could result from either a
negative solvatochromatic shift due to the higher dielectric
constant of DMF compared to that of hexanes or an altered
spherical potential confining the exciton wave function due to
ligand effects. Upon conversion from charge-stabilized nano-
crystals to thiol-capped nanocrystals, there is a 1 nm red shift.
The addition of a sulfur from the thiol to the surface of the
nanocrystals will slightly increase the size of the nanocrystal,
which could explain the red shift. One peculiarity of the
absorption spectra is the decreased intensity of the second
absorption peak for ligand-stripped and thiol-capped nano-
crystals. This effect was also seen in other nanocrystal surface
treatments using inorganic ligands as the capping agents65,73

but has not been fully explained. We suspect that this mode has
significant p character; thus, its oscillator strength will be more
influenced by surface modifications.74,75 Overall, while some
changes in absorption spectra do occur with different ligand
environments, the effect is weak.
For porous nanocrystal films treated with bidentate ligands,

the small shifts due to changes in the ligand environment will
be superimposed with the effects from decreasing the
interparticle spacing. Figure 3B shows UV−vis absorption for
large (∼5 nm) nanocrystals with oleic acid ligands in hexanes,
and for porous films templated with PEO-b-PBO and treated
with MPA and EDT. The absorption spectra for the films were
corrected for a small scattering background due to film
imperfections to facilitate comparison. There is an ∼5 nm
red shift from the as-synthesized nanocrystals going to the
cross-linked porous films. Similar trends are seen for smaller
CdS (∼4 nm) for EDT-cross-linked films (Figure 4c).
However, the same trend is not seen for MPA-cross-linked
films for the smaller nanocrystals.
To understand the cause of the red shift in EDT-treated

films, we consider related systems. PbSe nanocrystals cross-
linked with EDT show a similar red shift, and it has been
suggested that this red shift arises from a combination of
changes to (i) the dielectric constant at the surface of the
nanocrystals, (ii) radiative electronic coupling, and (iii)
increased wave function overlap.39 More recent work has
shown that the red shift is predominantly a result of changes to
the dielectric environment surrounding each quantum dot
(∼88%), with a smaller contribution from electronic or
transition dipole coupling.76 The effects of the increased
dielectric constant may be stronger for PbSe than for CdSe or
CdS because of the larger Bohr exciton radius of PbSe, meaning
the exciton will be located closer to the nanocrystal surface for
PbSe and subsequently be more sensitive to surface effects.77

Nonetheless, red shifts of the absorption peak in close-packed
films of CdSe nanocrystals capped with tributyl phosphine/
tributyl phosphine oxide (TBP/TBPO) ligands have been
observed and attributed to changes to the dielectric environ-
ment around the nanocrystals.78 However, in this case, shifts
were smaller than the ones we observe here because the TBP/
TBPO ligands are much larger than EDT.78 We thus conclude
that the red shifts observed in our samples are a result of
decreased interparticle spacing, which predominantly changes
the dielectric environment of the nanocrystals, thus causing
their absorption to red shift.
We also looked at the absorption of porous CdSe films cross-

linked with both EDT and MPA (Figure 4d). Here, there is no

red shift in the cross-linked films. However, CdSe is more
sensitive to oxidation than CdS, especially when both are
ligand-stripped. Any oxidation of the nanocrystals will blue shift
the absorption, so the effects due to oxidation and coupling
have opposite effects on the position of the first excitation peak
and could cancel out.77 In support of this idea, CdSe-based
films made in air showed clearly observable blue shifts (data not
shown), confirming that the presence of air can blue shift the
position of the first excitation peak. We note that while some
measurable changes in our optical absorption spectra of both
CdS and CdSe can be observed, all changes are small compared
to the changes previously observed using thermal treatments,
where red shifts of up to 100 nm were observed.51 Others have
used less aggressive thermal treatments and saw smaller red
shifts (∼15 nm), but even those changes are much more
significant than the ones shown here.53 While those less
aggressive thermal treatments mitigated some of the effects of
grain growth, it is unclear whether the polymer template was
fully removed and a truly open porosity was achieved at those
more modest temperatures, as porosimetry was not used to
confirm an open pore volume and the temperature was
somewhat lower than the polymer decomposition temper-
ature.53 This discussion serves to emphasize that the methods
presented here allow for precise control over the optical
properties of porous films, combined with fully accessible
porosity.
In addition to information about the size of the nanocrystals,

optical absorption can also provide information about the size
distribution of the nanocrystals in a sample. The right half-
width at half-maximum (RHWHM) of the first exciton peak
has been used to quantify the size distribution of quantum dot
samples in solution.19,79 Because the position of this peak is
dependent on size, absorption from nanocrystals larger and
smaller than the average will broaden the absorption peak in a
polydisperse sample. The RHWHM values of the first
excitation peak for the as-synthesized nanocrystals in solution
and for the porous films were measured, and in the case of the
∼5 nm diameter CdS nanocrystals, we found the RHWHM
values to be 12.8, 12.6, and 12.8 nm for as-synthesized
nanocrystals, EDT-cross-linked porous films, and MPA-cross-
linked porous films, respectively. Similar trends were observed
for the smaller ∼4 nm CdS. One might expect some
broadening due to wave function overlap, but as discussed
above, the dominant optical changes resulting from nanocrystal
assembly are dielectric changes; therefore, the effect of wave
function overlap is expected to be small. We note that similar
trends (i.e., a red shift in peak position but no peak broadening)
have also been observed for dense EDT-cross-linked PbSe
films.39 The minimal changes to the RHWHM of the first
exciton peak show that there are minimal changes to the size
distribution of the nanocrystals in our samples, which is
important for many optoelectronic applications.25

Next we wanted to expand out method to more sensitive
NIR particles to take advantage of the gentle process we have
developed. While the “gentle” BF3 ligand stripping procedure
developed by Helms and co-workers is a synthetic break-
through and could guide the development of new strategies for
producing naked nanocrystals, it was only verified for large
PbSe nanocrystals.64 Large PbSe nanocrystals have a band gap
that is too small for use in solar energy harvesting because of
the limited open circuit voltage. When we used small (∼3 nm)
PbS nanocrystals, which have ideal band gaps for use in single-
junction solar cells, we were unable to obtain stable colloidal
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dispersions. We suspect that the smaller sized nanocrystals have
much higher surface energies and cannot accommodate a ligand
free, naked surface. To address this problem, we hypothesized
that a thin cadmium sulfide shell on the surface of the PbS
nanocrystals would stabilize the surface and allow us to obtain
stable dispersions of PbS nanocrystals. We thus synthesized
PbS/CdS core/shell nanocrystals using a partial cation
exchange approach that has been fully characterized else-
where.69 In these nanocrystals, the shell is grown by
replacement of Pb2+ with Cd2+ on the surface. Thus, the
effective size of the PbS core decreases as the shell grows.
Because the position of the first excition peak is determined by
the size of the PbS core, the shell thickness can be calculated on
the basis of the blue shift of the first exciton peak using the
empirical fit for the size dependence of the exciton peak.18 On
the basis of the blue shift observed for our PbS nanocrystals
after shell growth (Figure 5A, black and red traces), we estimate
a shell thickness of 0.3 nm. We targeted 0.3 nm thick CdS shells
to ensure complete coverage of CdS on the surface, but at the

same time keeping the shell thin enough for charge transport
between nanocrystals to be possible.
TEM of the PbS/CdS core/shell particles (Figure 5B) shows

a narrow size distribution after the shell growth reactions.
Because of the thin nature of the shell and the nearly
indistinguishable lattice parameters of PbS and CdS, determin-
ing the shell thickness of the particles by HRTEM is difficult.
However, the different crystal structures (rock salt vs zinc
blende) of the core and shell materials allow for the
visualization of the two domains based on the symmetry of
HRTEM lattice fringes and the coherent alignment of the two
materials.80 On the basis of this, along the ⟨100⟩ zone axis, both
PbS and CdS are expected to have square lattices that are offset
by 45° with a lattice spacing of 2.96 Å for the (200) planes of
the PbS and 2.05 Å for the (220) planes of the CdS shell. In our
HRTEM image along the ⟨100⟩ zone axis (Figure 5B, left
inset), we observe well-defined fringes of the PbS core that do
not extend to the edge of the particle. We assign the diffuse
shell, which can be easily distinguished from the low-
background graphene support, to the CdS layer on the surface.

Figure 5. (A) Visible−NIR absorption of PbS and PbS/CdS core/shell nanocrystals in different ligand environments. The difference in the position
of the first excition peak between the PbS and PbS/CdS nanocrystals is used to estimate the shell thickness. All spectra except those of the PbS/CdS
EDT film were recorded in dilute solution. Because of the lack of distinct excitonic features for the PbS/CdS BF4 and PbS/CdS EDT samples,
spectra were normalized at 800 nm. The inset is a photograph of the clear solution of ligand-stripped PbS/CdS core/shell nanocrystals in DMF. (B)
Low-magnification TEM image of PbS/CdS core/shell particles with oleate ligands. Inset are HRTEM images and corresponding FFTs of particles
along the ⟨100⟩ and ⟨111⟩ zone axes. (C) Low-magnification TEM image after treatment with BF3

− in DMF. (D) Wide angle XRD patterns
obtained by integrating 2D WAXS patterns of PbS/CdS core/shell nanocrystals with different ligand environments: (a) as-synthesized PbS/CdS
core/shell nanocrystals, (b) nanocrystals from the same batch after treatment with BF3 in DMF, and (c) a porous film of PbS/CdS nanocrystals after
treatment with EDT. (E) Top view SEM image of PbS/CdS core/shell nanocrystals assembled into an open porous structure using PEO-b-PBO as
the pore template. (F) Toluene adsorption isotherms for a porous PbS/CdS nanocrystal film cross-linked with EDT and (inset) the corresponding
pore radius distribution. This data was collected on films made in the same batch as the sample shown in panel E.
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We suspect the lattice fringes from the shell cannot be resolved
because of its thin nature and the small lattice fringe spacing,
which is approaching the resolution limit of the TEM used.
Along the ⟨111⟩ zone axis, PbS and CdS have the same
projection; thus, we should expect lattice fringes to extend to
the surface of the nanocrystal, which is what we observe by
HRTEM (Figure 5B, right inset). Additional TEM images and
visualization of the core and shell crystal structures viewed
down different zone axes are shown in Figure S2. We note that
not all of the particles observed by HRTEM were defect free
(Figure S3) like the ones shown in Figure 5A. It is unclear if
this is expected for these types of particles because papers
reporting their synthesis show HRTEM from only a few
particles.69 While TEM can provide detailed information about
individual particles, it is difficult to extract information from the
“average” nanocrystal. Optical methods are thus more reliable
for determining average shell thickness.69

We then stripped the oleic acid ligands off the nanocrystal
surface using the BF3/DMF Lewis acid−base adducts discussed
above.64 Using this method, we were able to obtain dispersions
of ligand-stripped PbS/CdS core/shell nanocrystals in DMF
(inset of Figure 5A) that did not scatter light and were stable
for several days in a nitrogen-filled glovebox. Optical absorption
from the ligand-stripped PbS/CdS nanocrystals (Figure 5A,
blue trace) shows that the well-defined excitonic features are
lost upon ligand stripping, indicating more polydisperse
samples. In agreement with this fact, TEM also shows a
broader size distribution for ligand-stripped nanocrystals
(Figure 5C).
Comparing the WAXS patterns for the as-synthesized PbS/

CdS core/shell nanocrystals and the ligand-stripped nanocryst-
als (Figure 5D, traces a and b, respectively) shows a decrease in
the intensity of the peak at ∼2.2 q after ligand stripping. The
close proximity of the PbS and CdS causes constructive
interference between the core and shell materials, which makes
the diffraction patterns appear as a weighted average of the two
reference patterns, in agreement with the results of XRD
simulation presented elsewhere.69 On this basis, we can use the
intensity of the (002) reflection (peak at ∼2.2 q) as a way to
determine the relative amounts of the two materials because the
CdS phase has a much lower intensity for that reflection; the
loss of intensity suggests a loss of Pb2+ from the system. We
suspect the sharp peaks from 2.5 q to 3.5 q are from residual
Lewis acid−base adducts of BF3, which are a byproduct of the
reaction. We were not able to match them with any known
reference patterns, however. The changes to the optical
properties and the possible loss of lead could come from
etching of the nanocrystals by trace amounts of HBF4, a
byproduct of ligand stripping if trace amounts of water are
available.64 We note that there are no data available in the
literature on the optical properties of ligand-stripped PbSe or
PbS, so it is not possible to tell if these dramatic changes in
optical absorption are expected upon ligand stripping.
While ligand stripping causes changes to the structural and

optical properties of the nanocrystals, the goal of this paper is
to develop new methods of processing nanocrystals into porous
structures without altering their properties. In comparing the
vis−NIR absorption of the ligand-stripped nanocrystals with
that of a porous film of nanocrystals (Figure 5A) treated with
EDT, we find that minimal changes are seen, indicating the
optical properties of the nanocrystals are maintained. There is a
slight red shift of the absorption onset that is expected on the
basis of the increased dielectric constant surrounding the

nanocrystals when they are incorporated into a film.76

Furthermore, we do not observe any changes to the wide
angle diffraction during the processing used to make porous
films of nanocrystals (Figure 5D, traces b and c). This evidence
further shows that our process for making porous films of
nanocrystals can be expanded to other, less well-behaved,
systems while still maintaining the properties of the ligand-
stripped nanocrystal building blocks. Further work still needs to
be done, however, to develop general methods for synthesizing
ligand free “naked” nanocrystals for these highly reactive
systems without altering their delicate optical and electronic
properties.
The pore structure of the films made with PbS/CdS core/

shell nanocrystals shows structures similar to those made with
cadmium chalcogenide nanocrystals. A top view SEM image
(Figure 5E) of a porous PbS/CdS core/shell nanocrystal-based
film templated with PEO-b-PBO shows a homogeneous pore
size that is comparable to those made with CdS or CdSe
nanocrystals. This indicates that the pore structure and material
comprising the pore wall can be independently changed by
using the appropriate choice of nanocrystal building blocks.
Furthermore, porosimetry (Figure 5F) shows a 28% solvent
accessible pore volume, confirming the pores are open and
interconnected. The pore radius distribution determined by a
Kelvin model fit (inset of Figure 5F) shows a peak at 20 nm
and a relatively broad distribution that corresponds well with
the pore sizes observed by SEM (Figure 5E). To the best of our
knowledge, this is the first example of a film made from NIR
active lead chalcogenide nanocrystals with interconnected,
solvent accessible mesoporosity. These open pores could be
filled with an acceptor material, which could lead to advances in
quantum dot photovoltaics by allowing intimate mixing of
donor and acceptor materials. This, in turn, would limit the
distance excitons must diffuse before being separated at a
heterojunction, while maintaining connected pathways to both
electrodes.

■ CONCLUSION
In this work, we have developed a new technique for making
porous films of nanocrystals without thermal treatments using
block copolymer templating. We employ bidentate ligands to
bind the nanocrystals together and simple washing to remove
the polymer template. Our films show disordered but
homogeneous porosity by SEM and good pore accessibility
using ellipsometric porosimetry. In addition, WAXS and
absorption spectroscopy show there is no change in the size
of the nanocrystals constituting the film throughout the
synthesis process. Our method thus provides a route to
simultaneous control of the mesoscale architecture and the
electronic properties of the nanocrystal building blocks that has
not been achieved using thermal treatments. The generality of
the method is demonstrated here using three different types of
nanocrystals (CdS, CdSe, and PbS/CdS core/shell nanocryst-
als), two different block copolymers (PEO-b-PBO and PS-b-
PDMA), and two different cross-linking agents (MPA and
EDT).
To appreciate the potential impact of these methods, it is

interesting to consider the fantastic array of kinetically trapped
nanocrystals that have been synthesized, including core/shell
particles,81 graded alloys,82 metastable crystal structures,83,84

and highly anisotropic shapes,85−87 many of which exhibit
interesting and useful properties. Unfortunately, these kineti-
cally trapped materials often convert to the thermodynamic

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.6b01681
Chem. Mater. 2016, 28, 6105−6117

6114

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b01681/suppl_file/cm6b01681_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b01681/suppl_file/cm6b01681_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.6b01681


products upon mild heat treatment.87,88 Using the methods
described here, open porous networks of these nanocrystals can
potentially be made at room temperature, allowing metastable
nanocrystals to be assembled into porous architectures. The
only requirements are that a suitable surface treatment must be
available to disperse the nanocrystals as ligand free charge-
stabilized colloids in polar solvents, and finding an appropriate
bidentate ligand for the given nanocrystal. While these
constraints are significant, the method offers interesting
possibilities for making novel photovoltaic, thermoelectric,
electrochemical, and catalytic materials for which precise
control over the mesoscale structure and nanocrystal properties
are needed.
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