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Abstract: Chemically synthesized PbS, CdSe, and CoPt; nanocrystals (NCs) were self-assembled into
highly periodic supercrystals. Using the combination of small-angle X-ray scattering, X-ray photoelectron
spectroscopy, infrared spectroscopy, thermogravimetric analysis, and nanoindentation, we correlated the
mechanical properties of the supercrystals with the NC size, capping ligands, and degree of ordering. We
found that such structures have elastic moduli and hardnesses in the range of ~0.2—6 GPa and 10—450
MPa, respectively, which are analogous to strong polymers. The high degree of ordering characteristic to
supercrystals was found to lead to more than 2-fold increase in hardnesses and elastic moduli due to
tighter packing of the NCs, and smaller interparticle distance. The nature of surface ligands also significantly
affects the mechanical properties of NCs solids. The experiments with series of 4.7, 7.1, and 13 nm PbS
NCs revealed a direct relationship between the core size and hardness/modulus, analogous to the
nanoparticle-filled polymer composites. This observation suggests that the matrices of organic ligands have
properties similar to polymers. The effective moduli of the ligand matrices were calculated to be in the

range of ~0.1—0.7 GPa.

Introduction

Colloidal nanocrystal (NC) solids has been a subject of intense
research in the past two decades.' Quantum size effect, plasmon
resonance, and superparamagnetism discovered at nanoscale
attracted a great attention of the researchers because of a great
promise of such properties for a wide range of applications
including electronic, magnetic, and optical devices.> Some
notable examples of recent developments include field-effect
transistors,® > light-emitting devices,® photodetectors,” photo-
conductors,® and solar cells.’
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The development of efficient synthetic methods for prepara-
tion of highly monodisperse NCs that can serve as artificial
atoms allows obtaining highly periodic two- (2D) and three-
dimensional (3D) structures'®!" such as NC-films and 3D
faceted supercrystals (SCs).'" The availability of a large variety
of NC compositions and properties and proper control over
particle—particle interactions allows obtaining mono-,'"" binary-
(two types of NCs),'?”!'* ternary (three types of NCs) periodic
superstuctures,'>'® or even dodecagonal quasicrystals consisting
of two different types of NCs.'” In comparison to NC films,
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SCs usually have a higher degree of ordering as evidenced by
larger size of crystalline domains.'® Besides their aesthetic
appeal, the precise ordering offers a unique opportunity to
control the electronic coupling between the individual NCs
which can lead to new collective properties such as vibrational
coherence,'® reversible metal-to-insulator transitions,?® enhanced
p-type conductivity,?' spin-dependent electron transport,** en-
hanced ferro- and ferrimagnetism,*** and variable range
electron hoping,? in 2D and 3D superstructures.

To date, very little is known about the mechanical properties
of NC solids. The progress in this field is limited by reports on
mechanical properties of randomly organized electrophoretically
deposited CdSe NC films,?®?® 3D structures assembled from
150-nm gold supraspheres® and 2D periodic free-standing film,?
that revealed polymer-like behavior with moduli as high as 10
GPa for the thick NCs films and ~6 GPa for free-standing
monolayers of Au NCs.?* On the other hand, molecular
dynamics (MD) simulations have predicted a significantly
smaller Young’s modulus. Thus, Young’s modulus of ~1 GPa
was simulated for 3D assemblies of 1.7 nm Au NCs stabilized
with dodecanethiol.>® However, to the best of our knowledge,
the mechanical properties of SCs self-assembled from NCs have
not been studied and many questions such as the effect of degree
of ordering, size of NCs, type of capping ligands, and so forth
are still unanswered. The diverse field of applications of NC
solids requires the understanding of their mechanical properties,
as a criterion for device robustness and durability. NC solids
with different degree of ordering are an excellent platform to
study the role of structural organization in the collective
mechanical response of the system. The wide size and compo-
sitional range of NCs as well as diversity of the capping ligands
at their surface provide a great opportunity to perform a
systematic study of the mechanical properties of NC solids self-
assembled from different types of NCs.

Our study is aimed at the understanding of the role of the
size of NCs, degree of nanocrystal ordering, chemical composi-
tion of nanocrystals, and the nature of capping ligands in the
collective mechanical response of NC solids. We used the
nanoindentation technique to probe the mechanical properties
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of both highly ordered single-component SCs and drop-casted
films with lower degree of ordering.'® Nearly spherical PbS,
CdSe, and CoPt; NCs with different sizes and capping ligands
were chosen as model systems.

Experimental Procedures

Materials. Toluene, isopropyl alcohol (i-PrOH), diphenyl ether,
ethanol, n-hexane, l-octadecene (ODE), oleic acid (OA), trio-
ctylphosphine oxide (TOPO), hexadecylamine (HDA), dodecanoic
acid (DDA), pyridine (PY), bis(trimethylsilyl)sulfide ((TMS),S),
and 1-adamantanecarboxylic acid (ACA) were all purchased from
Sigma-Aldrich. The chemicals were at least of ACS purity.
Trioctylphosphine (TOP) and 1,2-hexadecandiol were obtained from
Fluka. PbAc,+3H,0 and 1,2-dichlorobenzene were purchased from
Acros Chemicals. Cobalt carbonyl (Co,(CO)s, stabilized with 1—5%
hexane), and platinum(II)-acetylacetonate (Pt(acac),, 98%) were
obtained from Strem. Glass/ITO coverslips (2.5 cm x2.5 cm, 0.5
mm thick) used for growing the SCs were obtained from Delta
Technologies (Stilwater, MN). The coverslips were diced into 4
mm wide strips with a wafer dicing saw. Glass test tubes (0.8 cm
i.d. by 10 cm long) used for SCs growth were obtained from Fisher
Scientific.

Nanocrystals Synthesis. CdSe nanocrystals (4.6 nm diameter)
were synthesized according to the protocol described in ref 31. The
PbS NCs were synthesized according to the method of Hines and
Scholes.?? The standard procedure gave ~7.1 nm PbS NCs.
Thirteen-nanometers PbS NCs were formed by reducing the ODE
volume from 10 to 6 mL. The 4.7 nm PbS NCs were achieved by
reducing the OA volume from 20 to 15 mL and increasing the
volume of ODE to 15 mL. The 6.5 and 10 nm CoPt; NCs were
prepared following the procedure described in ref 33. The sizes of
the NCs used in this work were determined using grazing-incidence
small-angle X-ray scattering (GISAXS) and high-resolution trans-
mission electron microscopy (HRTEM) measurements. The standard
deviations of all NCs samples were ~5% as determined from
GISAXS measurements. Samples for TEM characterization were
prepared by placing 1—2 uL of a diluted (0.1 mg/mL) solution in
toluene on a carbon-coated copper grid (Ted-Pella). The excess
solvent was removed after 10 s with a filter paper. Dynamic light
scattering measurements performed using the ZetaSizer (Malvern
Instruments) revealed closely matching size distributions of the NCs
in the solution, that is, CdSe = 5.24 + 0.67 nm, PbS,; = 5.39 £+
0.83 nm, PbS;; = 7.42 £ 0.96 nm, PbS,; = 13.94 £ 2.77 nm.

Preparation of Nanocrystal Solids. The SCs were prepared on
glass coverslips coated with a transparent conductive layer of indium
tin oxide (ITO) by the method of slow destabilization of NCs with
a nonsolvent.** The transparent conductive substrates were neces-
sary for positioning of the indenter head and imaging of the SCs
in a SEM. In a typical preparation, a single glass/ITO strip was
placed vertically in a vertically positioned glass test tube and 0.5
mL of toluene solution of NCs (~1 x 10'> NCs/mL) was added to
the bottom of the tube. Subsequently, 0.8 mL of i-PrOH was gently
added on top of the NC solution avoiding the disturbance and
intermixing of the two solutions. The tubes were then sealed with
Parafilm and allowed to sit undisturbed for a week (growth of SCs
from smaller NCs can take as long as 3 weeks). Upon complete
diffusional intermixing of the solvents, the solutions were carefully
withdrawn with Pasteur pipettes and discarded. The substrates were
removed, air-dried, and stored for subsequent characterization. For
SCs with new ligand additions, the concentration of original ligands
on NCs was calculated by weighing dry films of NCs and
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calculating amount of the organic component based on thermo-
gravimetric analysis (Table S1). With this information, a 6-fold
excess of a new ligand was added to the NCs solution before
addition of the i-PrOH layer. The films of the NCs were obtained
by air-drying droplets of the same dispersions used in assembly of
SCs, at room temperature, on the ITO substrates. Several-
micrometers-thick regions of the drop-casted solid (either edges or
centers of residual stains remaining after evaporation of solvent)
were chosen for characterization with nanoindentation. The thick-
ness of the SCs was comparable with the thickness of films.
Characterization Methods. Low-resolution electron microscopy
images were obtained with a JEOL 7500 Scanning Electron
Microscope (SEM) equipped with a transmission electron detector.
The images were acquired at 30 kV accelerating voltage with
samples deposited on standard Cu grids. TEM and HRTEM images
were obtained using a FEI Tecnai F30 field emission analytical
transmission electron microscope operating at an acceleration
voltage of 300 kV. High-resolution SEM images were obtained
with an FIB FEI Nova 600 NanoLab SEM operated at 18 kV
accelerating voltage. Optical images were obtained with a Zeiss
Axio Imager microscope. Thermogravimetric (TGA) measurements
were performed with a Mettler-Toledo STAR® TGA/SDTA851°¢
system operated under an inert, N, atmosphere. TGA samples of
NC:s films were prepared by evaporating concentrated NCs solutions
inside Al crucibles, followed by drying under vacuum at room
temperature. SC samples were first extracted from their test tubes
using toluene and sonication, followed by evaporation in the Al
crucibles. XPS spectra were obtained using a Thermo Electron
Corporation ESCA Lab 250 with a chamber pressure maintained
below 5 x 107° mbar during acquisition. A monochromated Al K
alpha X-ray source (15 kV; 150 W) irradiated the samples, with a
spot diameter of approximately 0.5 mm. The spectrometer was
operated in Large Area XL magnetic lens mode using a pass energy
of 150 and 20 eV for survey and detailed scans, respectively. The
spectra were obtained with a takeoff angle of 90°. High-resolution
spectra were fitted using Avantage (Thermo VG software package)
peak fitting algorithms. All spectra have been normalized to the C
1s peak (284.6 eV). Samples were prepared by drying the NCs
dispersion on a freshly cleaned gold coated substrate (~1 cm?); in
some cases, the thickness of the NCs layer was sufficient to
attenuate the gold signal entirely. Fourier transform infrared (FTIR)
measurements were conducted using a Bruker, Vertex 70 spec-
trometer. Dried samples in the amount of ~100 ug were character-
ized by placing directly on the top of the ATR crystal. Raman
spectra were measured on a Raman microscope (Renishaw, inVia)
with excitation wavelengths of 514 and 613 nm and a spot size of
~1 um. All spectra were measured using a 100x microscope
objective to focus the laser excitation (5 mW) onto the samples as
well as collect the scattered light. GISAXS data were acquired at
the Argonne National Laboratory’s Advanced Photon Source.
Sample to detector distance was ~2 m, and two X-ray energies of
8 and 12 keV were used for varying the resolution of diffractogram.
Nanoindentation Measurements. The experiments were con-
ducted with an Asylum Research, MFP-3D Atomic Force Micro-
scope with a low force nanoindentation accessory and Berkovich
tip under either load or displacement control. The loading/unloading
time was chosen at 6 s each, with a holding time of 8 s applied at
the maximum load allowing creep at the beginning of the unloading
phase to be less than 1 nm/s (near the drift rate of the instrument).
The creep was established from successive experiments. The
maximum load range for each sample was chosen such that the
penetration depth did not exceed the 10—20% of sample’s thickness
to avoid influence of the substrate on the measured data (under the
load control). The thickness of the samples was large enough that
10—20% range of indentation depth did not show the increase in
mechanical properties which otherwise would indicate the existence

of the substrate effect.® The indentation load was typically applied
in increments of 50 uN, with the largest load of 600 uN applied
for the largest SCs composed of 4.7 nm PbS NCs. Thus, the 600
uN load for large SCs from 4.7 nm PbS NCs corresponded to at
most 1.4 um, which is significantly smaller than thickness of SCs.
For large SCs, given their large surface area, multiple indentations
were performed on the same SC. In all cases, at least 3 randomly
picked SCs with flat top surface were tested for each sample type.
Similarly, for statistical comparisons, the same number of measure-
ments was performed on the films of the NCs with at least 3
randomly chosen thick areas of the sample. The surface roughness
of the samples (both films and SCs) was not considered since the
indentation depth was greater than the thickness variation across
the samples. The indentation modulus and hardness were determined
from the load—displacement curves by applying the Oliver and
Pharr analysis.*®

Results and Discussion

With the goal of better understanding the mechanical proper-
ties of the SCs, we synthesized a series of PbS NCs samples
with varying core sizes (4.7, 7.1, and 13 nm), all stabilized with
oleic acid (OA) (Figures S1 and S2). For comparison, we also
synthesized 4.6 nm CdSe NCs, which have a different composi-
tion of inorganic core and surface ligands: that is, trioctylphos-
phine oxide (TOPO), trioctylphosphine (TOP), and hexadecy-
lamine (HDA); and CoPt; NCs stabilized by a mixture of
1-hexadecylamine (HDA) and 1-adamantane carboxylic acid
(ACA) (Figures S1 and S2). Characterization of the SCs with
optical and electron microscopes revealed a high density of
faceted crystallites, at least several micrometers in size (Figure
1 and Figure S3). The flat SCs shown in Figure 1 were the
typical samples tested with nanoindentation, although as can
be seen in Figure S3, the SCs can adopt many shapes, just as
in traditional atomic and molecular crystals. We found that the
smallest CdSe and PbS NCs formed the largest SCs (as large
as 200 um for PbS and nearly 100 um for CdSe), and the size
of the crystallites decreased with increasing NCs sizes, which
is probably associated with higher surface ligands-to-NC core
ratio in the case of smaller NCs and hence with slower
destabilization of their colloidal solutions. In fact, the assembly
of the 4.7 nm NCs could take as long as 3 weeks to complete,
while the SCs from 13 nm NCs could be finished in as little as
3—4 days. This observation is also in agreement with previously
published results confirming the lower probability of twinning
due to dominant ligand—ligand interactions and higher twinning
energy in the systems with smaller NCs.*” High-resolution SEM
(Figure 1) revealed tightly packed surfaces of the NCs. High
degree of ordering of NCs in 3D superstructures was also
confirmed with GISAXS experiments. (Figure S4 and Table S2)
The GISAXS measurements revealed primarily face-centered
cubic (fcc) organization, although body-centered cubic (bec) and
hexagonal close-packed (hcp) structures were also observed for
the 4.7 nm PbS SCs and 4.6 nm CdSe SCs, respectively.
Similarly to our previous study,'® the films of the NCs showed
lower degree of organization and larger average interparticle
spacing (Table S2).

Typical load—displacement curves for all of the SCs types
and a typical AFM image of the residual indenter impression
in CdSe SC are shown in Figure 2. The curves for corresponding
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Figure 1. Microscopy images of NCs and their 3D assemblies: (A—D) 4.7 nm PbS NCs; (E—H) 7.1 nm PbS NCs; (I-L) 13 nm PbS NCs; (M—O) 4.6 nm
CdSe NCs; and (P) 6.5 nm CoPt; NCs. The images in panels A, E, I, and M represent HRTEM micrographs of as synthesized NCs. Panels B, F, J, N, and
(P) are optical microscopy images collected in reflected light mode. Panels C, G, K, and O are SEM images of the SCs. Panels D, H, and L are HRSEM
images of SCs surfaces revealing NCs organization. The images were acquired at the same magnifications.

films are very similar, differing only by the maximum displace-
ment value for the same load. The AFM images showed little
or no pileup of displaced material at the edges of the indent,
allowing us to use the Oliver-Pharr analysis.*®

The summary of all of the results is presented in Figure 3
and Table 1. The experiments revealed substantial variation of
hardnesses, H ~10—460 MPa and elastic moduli, £ ~0.2—6.1
GPa (calculated assuming Poisson’s ratio, v = 0.33), across all
of the samples. The data represent averages over a penetration
depth range up to 20% of samples’ thicknesses. The Poisson’s
ratio used here was suggested by Frenkel and Ladd for hard
noninteracting spheres and isotropic materials® and it was
successfully used previously in the analysis of disordered dense
films of CdSe NCs.?”*® The reduced modulus (E,, modulus
obtained from direct analysis of the load—displacement curves
when not accounting for the Poisson’s ratio) which is often used
for samples with unknown v, is in the range of ~0.4—13.4 GPa.

(38) Frenkel, D.; Ladd, A. J. C. Phys. Rev. Lett. 1987, 59, 1169.
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Furthermore, all of the samples revealed partial elastic recovery
as exemplified from the elastic recovery after removal of load
(Figure 2B). Since there is obviously viscous behavior as
evidenced by the nonrecovered displacement in Figure 2B, the
SCs are visco-elastic materials. The overlapping of unloading
and loading portions of the curves suggests that volumetric
expansion occurs after removal of load (Figure 2B). AFM
imaging of a singular residual indent (Figure 2C,D) also revealed
slight curvature of the walls, thus, giving further evidence of
partial elastic recovery.

Altogether, our data indicate that the SCs have mechanical
properties comparable to strong plastics, such as high density
polyethylene (E ~1.33 GPa and H ~20 MPa) and polymeth-
ylmethacrylate (E ~3.75 GPa).*® The E for pure macroscopic
PbS is ~25—130 GPa depending on crystallographic orientation
(bulk modulus, Euu, a modulus obtained from isotropic

(39) Klapperich, C.; Komvopoulos, K.; Pruitt, L. Trans. ASME, J. Tribol.
2001, 723, 624-631.
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Figure 2. Typical load vs displacement curves for the SCs and AFM image of a residual indent in CdSe SC. (A) Typical load vs displacement curves for
the SCs loaded to maximum of 300 uN of force at a constant rate of 50 uN/s. (B) Load—displacement curves for multiple indentations into a single spot
showing evidence of elastic recovery. The indents were obtained under displacement control. (C) AFM image of a residual impression of a 300 4N indent
in CdSe SC. (D) Cross-sectional profile along the line indicated in panel C showing little or no pileup.

compression as opposed to uniaxial test, is ~62.2 GPa),** and
Vickers hardness (H,, hardness obtained from macroscopic
indentation measurement) is ~0.59—0.88 GPa.*' Ecgs. is
~13—84 GPa, depending on crystallographic orientation (Epyix
~66 GPa),** and Ecopi is ~100—300 GPa.** Our observations
are also in a good agreement with theoretical simulations
performed on 3D SCs consisting of 1.7 nm Au NCs stabilized
with dodecanethiol.*® The simulation results predicted a modulus
of ~1 GPa at room temperature. Conversely, films of electro-
phoretically deposited 3.2 nm CdSe NCs showed several times
larger nanoindentation modulus and hardness (E ~9 GPa and
H ~400 MPa) as compared to our data.?® The difference with
our data can be attributed to difference in preparation and
postpreparation procedures. Thus cross-linking of capping
ligands and thermal treatment were found to increase mechanical
properties.’® As-prepared supraspheres of ~5 nm Au NCs
showed E, and H of a few GPa and a few tens of MPa,
respectively.?® However, the same structures after mild thermal
treatment have E, and H increased to ~10 GPa and ~300 MPa,
respectively.

Importantly, all of the 3D assemblies, irrespective of NCs
composition, revealed at least 2x greater H and E when
compared to the films. These results are opposite to the results
recently published by Fava et al. which showed that disordered
solids composed of core/shell polymeric spheres had higher
stiffness when compared to ordered, fcc-like colloidal crystal

(40) Bhagavantam, S.; Rao, T. S. Nature 1951, 168, 42-43.

(41) Seltzer, M. S. J. Appl. Phys. 1966, 37, 4780-4784.

(42) Simmons, G.; Wang, H. Single-Crystal Elastic Constants and Cal-
culated Aggregate Properties: A Handbook, 2nd ed.; M.LT. Press:
Cambridge, MA, 1971.

(43) Mehaddene, T.; Kentzinger, E.; Hennion, B.; Tanaka, K.; Numakura,
H.; Marty, A.; Parasote, V.; Cadeville, M. C.; Zemirli, M.; Pierron-
Bohnes, V. Phys. Rev. B 2004, 69, 024304.

from the same spheres.** One could argue that the observed
differences in our system are related to the presence of a larger
amount of free and soft organic ligands in the films. Thermo-
gravimetric (TGA) measurements on PbS NCs revealed 5—15
wt % differences between films and the SCs. (Table S1)
However, for CdSe NCs, the ligand amount was found to be
nearly identical between the film and SC assembly, and yet there
was a 3-fold increase in both H and E in the crystalline structure.
The GISAXS experiments showed, in all of the cases, the films
had larger interparticle spacing and significantly less organiza-
tion when compared to the SCs (Table S2). The difference in
interparticle spacing and thus in packing density of the NCs
may explain the opposite trend observed by Fava et al.** In our
study, all of the SCs, except for the 4.7 nm PbS NCs, showed
strong fcc organization. Theoretical calculations and simulations
of hard-sphere colloids predict that the dense fcc structure should
be slightly more stable compared to the dense hexagonal close
packed (hcp) structure.*’ Interestingly, the smallest PbS NCs
showed bcc, while nearly identical in size CdSe NCs showed
mixture of fcc and hep structures. According to TGA data (Table
S1), the pairs of 4.7 nm PbS SCs and 7.1 nm PbS films, as
well as 7.1 nm PbS SCs and 13 nm PbS films, have almost the
same amount of ligands. However, both cases revealed sub-
stantial differences in H and slight differences in E. In spite of
similar ratio of organic/inorganic components, the SCs from
smaller NCs are harder (and slightly stiffer) than films from
larger NCs (Figure 3).

Another important result arises from the comparison of PbS
samples with different core sizes. We observed a clear trend of

(44) Fava, D.; Fan, Y. S.; Kumacheva, E.; Winnik, M. A.; Shinozaki, D. M.
Macromolecules 2006, 39, 1665—-1669.

(45) Bolhuis, P. G.; Frenkel, D.; Mau, S. C.; Huse, D. A. Nature 1997,
388, 235-236.
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Figure 3. Summary of nanoindentation mechanical results for NCs films
with short-ranged order and SCs: (A) elastic moduli and (B) hardnesses.
The error bars represent standard deviations of the results for at least 10
indentations.

Table 1. Summary of Nanoindentation Mechanical Properties for
Films and SCs Assemblies of Different NCs

NCs hardness, reduced modulus, modulus,
sample type size (nm) H (MPa) E (GPa) E (GPa)
PbSO* Film 4.7 13+12 0.42 + 0.30 0.19 +0.13

7.1 28+ 8 0.73 £ 0.13 0.33 + 0.06

13 44 + 18 3.80 + 1.32 1.71 4+ 0.60

PbS®* SC 4.7 68 + 26 0.90 + 0.30 0.40 +0.13
7.1 90 + 37 3.87 +1.29 1.74 + 0.58

13 174 + 41 8.99 +£2.78 4.07 £1.26

PbS*Y SC 4.7 60 £ 19 0.95+0.21 0.43 +0.10
7.1 125+ 17 6.73 + 1.84 3.04 + 0.84

13 456 + 87 13.36 + 2.67 6.06 + 1.22

PbS™P SC 7.1 129 + 49 532+ 1.53 2.40 + 0.69
CdSe Film 4.6 40+ 8 1.88 +0.43 0.84 + 0.20
CdSe SC 4.6 109 + 35 478 £1.13 2.16 £ 0.51
CoPt; Film 10 19+9 1.24 £ 0.39 0.56 £ 0.17
CoPt; Crystal 6.5 164 £72 8.09 +2.04 3.66 + 0.93

increasing, both, E and H, with increasing NCs sizes in the films
and SCs. Recently, it was shown that during self-assembly
process in the case of small NCs ligand—ligand interactions
are dominant while interactions of larger NCs are determined
by interactions of the hard inorganic cores (van der Waals,
electrostatic, dipole—dipole, etc.).”” GISAXS data show a
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decrease in the interparticle spacing with an increase of the
particle size: 2, 1.9, and 0.9 nm for 4.7, 7.1, and 13 nm large
PbS NCs, respectively. We can assume that strong interactions
between the inorganic cores are responsible for bringing
individual NCs closer to each other as well as for their increasing
mechanical properties. While currently there are no literature
data on the mechanical properties of NCs superstructures as a
function of core sizes, close relatives of the NCs, such as
colloidal crystals consisting of large polymer or silica spheres,
have been extensively studied.** *® A number of studies
reported shear moduli (u#) of colloidal crystals, which for an
isotropic elastic medium is directly related to the Young’s
modulus through E/u = 2(1 + v) (usually both are within the
same order of magnitude). Typical values of u for polymeric
colloidal crystals range between 0.01 and 100 Pa and the
observed trends show increasing moduli with increasing density
or decreasing particle sizes*® similar to nanocrystalline continu-
ous inorganic materials such as Ag,*>*° Pb,* ZnO,’" and so
forth. In the SCs, we observe the opposite effect, that is,
decreasing stiffness with decreasing NCs sizes. It is worth
mentioning that the same effect was observed in the case of
GaAs nanowires.’? Furthermore, the moduli values for our SCs
are at least 6 orders of magnitude greater when compared to
the colloidal crystals, even though the largest u values for
colloidal crystals (~100 Pa) were obtained for polystyrene
particles with ~100 nm sizes, which is only an order of
magnitude larger than our largest NCs. Densely packed colloidal
crystals from much harder material, SiO, spheres (Esio, ~70
GPa), also showed dramatically lower E ~0.3 Pa, for 1.55 um
particles.*® Natural opals composed of hundreds of nanometer
large amorphous SiO, spheres (Epuxk sioz) ~70 GPa) typically
display E ~ 50 GPa and H, ~4—6 GPa.”*>* The spheres in
these materials are fused, and hence, they should be treated as
porous ceramics rather than ensembles of particles.

The observed behavior in the SCs is more in line with
conventional polymeric composites, in which the mechanical
properties typically scale up with increasing volume fraction
of inorganic material. This suggests that the short organic ligands
which are interacting through relatively weak (but numerous)
van der Waals forces (and most are liquid at room temperature)
form a cohesive organic network surrounding the NCs, remi-
niscent of a polymer matrix. Using well-known Halpin—Tsai
theory developed for polymer nanocomposites and the bulk
mechanical properties of the core materials, we can estimate
the effective modulus of the OA ligand component.”> We found
that values of Ega, on the order of ~0.06—0.18 GPa, give nearly
perfect fit for all of the different sizes of PbS NCs, both in films

(46) Lindsay, H. M.; Chaikin, P. M. J. Chem. Phys. 1982, 76, 3774-3781.

(47) Schall, P.; Cohen, 1.; Weitz, D. A.; Spaepen, F. Nature 2006, 440,
319-323.

(48) Schall, P.; Cohen, I.; Weitz, D. A.; Spaepen, F. Science 2004, 305,
1944-1948.
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Rev. B 2004, 69, 165410.
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Wang, J. X.; Yu, D. P. Phys. Rev. B 2006, 73, 235409.
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Lett. 2006, 96, 075505.

(52) Nam, C.Y.; Jaroenapibal, P.; Tham, D.; Luzzi, D. E.; Evoy, S.; Fischer,
J. E. Nano Lett. 2006, 6, 153—158.

(53) Simonton, T. C.; Roy, R.; Komarneni, S.; Breval, E. J. Mater. Res.
1986, 1, 667-674.
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and SCs (see Section 2 in Supporting Information). Observations
made for dodecanethiol and TOPO molecules in suspended
monolayer of Au NCs* and electrophoretically deposited films
of 3.2 nm CdSe NCs?’ gave values of Epio ~4 GPa,? and Eropo
~5.1 GPa,” respectively, that reveals a significant difference
in mechanical properties between our CdSe SCs and the
electrophoretically deposited CdSe NCs.?”-*® In the work of
Banerjee et al.,>” Raman microprobe measurements were used
to determine the stress in the crystalline lattice of inorganic CdSe
cores, which in turn allowed them to obtain the biaxial modulus
for CdSe NPs film and TOPO matrix. In fact, these data were
in a good agreement with the data obtained on the same system
using nanoindentation.”® OQur measurements with Raman mi-
croscopy showed no strain/stress variations across the SCs of
4.6 nm CdSe NCs (Figure S5). Analysis based on Halpin—Tsai
model extended to the superlattices of 4.6 nm CdSe and 6.5
nm CoPt; NCs gives Ecqse-Liganas ~0.22 GPa for film and ~0.71
GPa for SCs, and Ecopg-Ligandas ~0.25 GPa for film and ~0.19
GPa for SCs. The difference between our and the other data is
most likely not due to the difference in the technique used to
measure the mechanical properties, but rather can be attributed
to the difference in the preparation of nanocrystal solids.
Comparing the systems with two similar sizes stabilized with
different ligands (4.6 nm CdSe/TOPO/TOP/HDA and 4.7 nm
PbS/OA NCs) revealed substantially greater moduli for CdSe
SCs as compared to PbS SCs (Figure 3). According to GISAXS
data, SCs of 4.6 nm CdSe and 4.7 nm PbS NCs have fcc and
bee lattices, with space filling factors of 0.74 and 0.68,
respectively. This means that up to 26 and 32 vol %,
respectively, can remain unoccupied in the SCs of NCs if hard
sphere model of packing is assumed. In previous works on Au
NCs monolayers®® or CdSe NCs films,?”*® the complete filling
of voids with free ligands was assumed and structures were
considered as homogeneously distributed inorganic NCs in the
organic matrix of capping ligands. We cannot exclude the same
scenario for SCs. According to GISAXS, SCs of 4.7, 7.1, and
13 nm large PbS NCs have bcc, fce, and fec lattices, respectively
(Figure S4 and Table S2). Simple geometrical calculations give
us 28, 12.7, and 7.1 wt % of the oleic acid content in SCs if we
assume complete filling of the unit cell space not occupied by
inorganic cores and density of oleic acid and PbS equal to 0.895
(liquid state) and 7.6 g/cm?, respectively. These numbers are in
relatively good agreement with the TGA data that revealed 28,
12.5—15, and 9 wt.% of oleic acid for SCs consisted of 4.7,
7.1, and 13 nm PbS NCs, meaning that indeed there is no
unoccupied voids in the SCs. This evidence further differentiates
our system from colloidal crystals reported in Fava’s work,**
where jamming of shearing along crystallographic planes during
deformation was directly observed in stress—strain and nanoin-
dentation curves, and was suggested as a mechanism for
reinforcement in disordered samples. Our nanoindentation curves
(Figure 2A,B) show completely smooth development irrespec-
tive of the sample type, suggesting continuity of the solid matrix
due to filling of the empty voids with ligands.

For the 4.7 nm PbS NCs, the GISAXS experiments showed
center-to-center distance of only ~6.6 nm in the SCs. This leaves
an average of ~1.9 nm of interparticle spacing. The length of
OA is 1.8 nm. Conversely, the CdSe NCs are stabilized primarily
with TOPO and TOP (with a small presence of HDA),*® which
have saturated but much shorter, 8-carbon long chains. The

(56) Borchert, H.; Talapin, D. V.; McGinley, C.; Adam, S.; Lobo, A.; de
Castro, A. R. B.; Moller, T.; Weller, H. J. Chem. Phys. 2003, 119,
1800-1807.

length of TOPO molecule from geometrical considerations is
~1.1 nm. In the case of CdSe SCs, the GISAXS revealed center-
to-center distance of ~6.1 nm, which gives interparticle spacing
of ~1.5 nm. The explanation for the enhancement of mechanical
properties in 4.6 nm CdSe SCs as compared with the 4.7 nm
PbS SCs can be associated with the difference in the ligands
passivating the surface of NCs. The role of ligands has been
emphasized for Au NCs 2D lattice and binary superlattices.?*-’
The OA molecules coating the PbS NCs contain a double bond
in the middle of the hydrocarbon chain between the 9th and
10th carbon atoms (Figure S1). This can impart a bent
conformation to the molecule which can potentially hinder
interdigitation of the ligands between adjacent NCs. In reality,
the structural organization of ligands inside SCs is not known
and should be further investigated through a combination of
experimental and simulation efforts. Also we cannot ignore the
fact that the 4.6 nm CdSe are more tightly packed due to the
fce type of the SC’s lattice when compared to the bee lattice
self-assembled by 4.7 nm PbS NCs. In principle, less packed
organization of individual NCs can be responsible for smaller
E and H. However, 7.1 nm PbS NCs form fcc-type of SCs with
E and H similar to those of fcc-like SCs consisting of 4.6 nm
CdSe, meaning that packing arguments only cannot explain the
enhanced mechanical properties of 4.6 nm CdSe SCs as
compared with 4.7 nm PbS SCs.

To further explore the effect of ligand chemistry on the
mechanical properties of the SCs, we have investigated ligand
exchange and ligand-directed structuring of the SCs (Figure 4
and Table 1). The choice of ligands was justified by considering
the following arguments. First of all, we observed better
mechanical properties for SCs of CdSe NCs stabilized by the
mixture of TOPO/TOP/HDA with the molar ratio 5:1:0.8 as
determined by XPS.”® Also it has been shown that molecules
of TOP can bind to the S sites at the surface of PbS NCs.>®
Pyridine was chosen as an agent affecting the solubility of
nanocrystals in polar solvents® that can result in slower
destabilization of colloidal solution. We introduced ~6-fold
excess of new ligands into the solutions of 7.1 nm PbS NCs
during the growth of SCs. We found that both pyridine and
TOP increased E and H by ~50% (Figure 4 and Table 1). The
GISAXS experiments showed almost the same center-to-center
spacing when pyridine was added (~8.9 nm) as when the SCs
were grown with native OA ligands. Additions of TOP resulted
even in some increase of center-to-center spacing up to 9.3 nm.
However, in both cases, preferential (111) orientation of SCs
parallel to the substrate was observed meaning that most of the
SCs were parallel to the substrate. Taking into account that
mechanical properties depend on the crystallographic orientation
in the case of atomic crystals, we can assume that higher values
of H and E are associated with preferential orientation of
supercrystals grown in the presence of TOP and pyridine. Also,
we speculate that the addition of TOP to the assembly passivates
the surface S sites®® and increases the stability of NCs against
aggregation leading to the slower destabilization of colloidal
solution. It can similarly improve the connectivity between the
NCs in the SCs by increasing the number of interacting
hydrocarbon chains. The addition of pyridine led to increase of

(57) Chen, Z. Y.; Moore, J.; Radtke, G.; Sirringhaus, H.; O’Brien, S. J. Am.
Chem. Soc. 2007, 129, 15702-15709.

(58) Lobo, A.; Moller, T.; Nagel, M.; Borchert, H.; Hickey, S. G.; Weller,
H. J. Phys. Chem. B 2005, 109, 17422-17428.

(59) Murray, C. B.; Norris, D. J.; Bawendi, M. G. J. Am. Chem. Soc. 1993,
115, 8706-8715.
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Figure 4. Summary of ligand addition effect on mechanical properties.
(A and B) Comparison of elastic moduli and hardnesses for 7.1 nm PbS
NCs with different ligands, and (C and D) comparison of elastic moduli
and hardnesses for different sizes of PbS with addition of pyridine. The
error bars represent standard deviations of the results for at least 10
indentations.

mechanical properties (to a different degree) for SCs assembled
from larger, 13 nm PbS NCs. On the other hand, note that the
addition of pyridine to 4.7 nm PbS NCs resulted in the formation
of fcc-type SCs while it did not significantly affect the
mechanical properties. Interparticle spacing in fcc-like SCs of
4.7 nm PbS NCs was smaller as compared with bce-like SCs
(Table S2). This can indicate that in SCs assembled from small
NCs with high surface to volume ratio, and as a result with
high concentration of ligands in superstructure, the role of
organic ligands is dominant in determining the mechanical
properties. Interpretation of FTIR scans does not allow us to
make conclusions about incorporation of pyridine molecules into
the SCs, while XPS revealed a trace amount of N atoms in the
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4.7 nm PbS SCs but not in the 7.1 nm PbS SCs. (Figures
S6—S8). Thus, it appears that pyridine does in fact slow down
destabilization of the colloidal solutions and subsequently affects
crystallization of the SCs. The XPS experiments have shown a
small presence of P atoms (Figure S9), which can only originate
from the TOP molecules. Similarly, TGA showed ~4 wt %
increase in the amount of organic component in the TOP-PbS
SCs (Table S1).

Conclusions

Systematic study of collective mechanical response of 3D
NC solids demonstrated that the hardness and stiffness of SCs
falls in between the hard sphere colloidal crystals and opals.
The SCs have more similarities with strong plastics, although
with greater hardness. The collective behavior of the surface
ligands, exhibiting polymer-like stiffness and elasticity, is also
unusual and unique. The experiments on the films self-assembled
from different types of NCs revealed elastic moduli E in the
range of ~0.2—1.7 GPa and hardnesses, H, in the range of
~10—40 MPa. The corresponding properties for the SCs were
E ~0.4—6 GPa and H ~40—450 MPa. In all of the sample
types, the SCs revealed at least 2-fold greater H and E (as high
as 10-fold for H) when compared to the films. Comparison of
mechanical properties for a series of different NCs sizes, that
is, 4.7, 7.1, and 13 nm PbS NCs, revealed a direct relationship
between the size of the inorganic core and the mechanical
properties of the ensemble, yielding increasing H and E with
increasing core size. These results further reinforce the plastic-
like behavior of the SCs, and make the SCs comparable to
nanoparticle-filled polymers, that is, nanocomposites. With
proper design of the ligand’s chemistry, the properties of the
SCs could be further tuned and explored for variety of advanced
devices.
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