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ABSTRACT

When nanoparticles (NPs) are assembled from solution, a common assembly method of choice
is either solution destabilization or solvent evaporation technique. The destabilization of the NP
solution by non-solvents results in the formation of faceted supercrystals (SCs) while periodic
film-like assemblies are typically formed by solvent evaporation. Here, we reveal the effect of
non-solvents in washing, dispersing, and crystallizing NPs. Small angle neutron scattering (SANS)
is employed for monitoring the ligand shell of NPs in solutions upon introduction of various non-
solvents. The SC crystallization process is traced in-situ with small angle x-ray scattering (SAXS),
and structures of resulted single crystalline SCs are examined in detail by mapping the reciprocal
space using SAXS and wide-angle x-ray scattering. Our study suggests that the relative miscibility
of the non-solvent with solvents and ligands determines the solvation and thickness of the ligand
shell and thereby the resulting structure of SCs. In the early stage of crystallization, truncated
octahedral PbS NPs form SCs with face centered cubic (fcc) symmetry. In the later stage, the fcc
symmetry is preseved in the SC formed by larger (5.60 nm) NPs, but the SC assembled from
smaller (4.14 nm) NPs undergoes a phase transition into body centered cubic (bcc) lattice via Bain
transformation, becoming a polycrystalline SC containing three structurally-correlated bcc
domains and one untransformed fcc domain. Our study provides the detailed understanding of the
non-solvent effect that impacts beyond the formation of SCs, enabling the judicious selection of

solvent/non-solvent mixtures for NP purification.



Introduction

Surface molecules (ligands) attached to the surface of nanoparticles (NPs)'~* provide colloidal
stability and determine the solubility of NPs in a given solvent. Dispersion of NPs in solution is a
prerequisite step toward assembly of NPs into new, customized materials,* which have been of a
great interest for their applications in the design of field effect transistors, lasers, detectors, etc.’
The assembly of NPs from a solution is a complex process requiring a delicate control over the

interactions between neighboring particles in solution,®” which are mainly governed by ligands.

In solution, surface ligands interface two incompatible materials, such as solid inorganic core
and the solvent. The NPs synthesized in a polar solvent (e.g. aqueous solution) are electrostatically
stabilized against their aggregation by a charged bilayer.®® In the case of NPs synthesized in
organic solution, ligand molecules form a monolayer on the NP surface with their hydrocarbon
ends facing the nonpolar medium.'%!! Good dispersion both in polar and nonpolar solvents implies
that the ligand shells enable NPs in solution to be repulsive to each other or at least neutral. For
formation of long-range ordered periodic structures, it is important to keep the net interparticle
interactions weakly attractive so that NPs can assemble and dynamically reorganize into ideal
coordination configuration during assembly.'? In polar solvents, this is achieved by controlling NP
charges, requiring sophisticated engineering of the surface molecules.? % 13-1® On the other hand,
in nonpolar solvents NP assemblies can be formed by increasing NP concentration through solvent
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evaporation or by controllable oversaturation of the colloidal solution with non-solvent, called

the destabilization method.?!?> Solvent evaporation typically enables the fabrication of
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continuous, long-range periodic films, while the solution destabilization metho results in the

growth of three-dimensional NP supercrystals (SCs) that adopt shapes similar to those of inorganic

crystals formed by atoms. 22

A rather good understanding has been gained by studying NP assembly induced by solvent
evaporation.?’ Diverse packing structures of NPs have been reported for assemblies deposited from
nonpolar solution.* ”-2® Generally, NPs tend to assemble into the structure that maximizes the
packing entropy, i.e. the densest packing structure,’ dictating the orientations of individual NPs if
they are not spherical.?>* Since the NPs are rarely hard non-interacting spheres, the structure is

expected to maximize the pair-potential interactions between NPs, including dipole-dipole



3233 and specific

interactions,>! van-der-Waals interaction between inorganic NP cores,
interactions between ligands.?*¢ These assemblies may interact with substrates, and such in-plane
interaction may lead to distorted SC structures.’’-* Recently, in spherical NP systems, attention
has been focused on the conformational entropy of ligand chains as it has been observed that
spherical NPs with smaller core sizes tend to assemble into a structure with a body-centered cubic
(bee) lattice while NPs with larger cores form a face-centered cubic (fcc) structure that is the
highest-packing structure of hard spheres.***! The bcc structure maximizes the conformational
entropy of the ligands when they occupy a significant volume fraction of NP assemblies, which is
a well-studied subject in soft matter, e.g. assemblies of micelles with long, tethered chains such as
block copolymers.*?> The difference between the packing symmetries of the structures formed by
smaller and larger NPs can be attributed to the fact that the surface area of the Voronoi-cell of the
bec lattice is smaller than that of the fcc lattice,*® providing space for the chains to stretch out along

the normal direction to the NP surface. As a result, the gain in the conformational entropy via the

fce to bee transformation can be higher than the loss in the NP packing entropy.

The packing entropy of the lattice depends on the particle shape.?’ For example, for the
truncated octahedra that are the Wigner-Seitz cells of the bce lattice, the packing entropy of NPs
and conformational entropy of surface ligands can cooperate to form NP SCs with bcc lattice.>#
Indeed, truncated octahedral PbS NPs coated with oleic acids were reported to self-assemble into
a bec structure when their size is less than 5 nm.>* However, when their size is larger than 5 nm,

4445 compromising the conformational entropy gain and behaving like

they form fcc structures,
spheres, suggesting the “screening” of the NP shape by the surface ligands. The fcc packing
structure from the truncated octahedral NPs is not the densest packing structure but only
maximizes configuration entropy of NPs* and is thus less stable than the densest packing bcc
structure.*® The “screening” effect of the ligand shell can be eliminated by the partial ligand
removal from the NP surface. 4”*® On the other hand, addition of ligands can alter the polyhedral-
type packing into sphere-like particle packing. For example, in the presence of extra ligands, cubic
gold NPs of which densest packing structure is simple cubic assemble into a rhombohedral
structure that is basically a slightly distorted fcc structure.*® As the size ratio between NP cores
and thickness of ligand shells increases further, this screening effect becomes insignificant, driving

the large NPs with short ligands to assemble again into bce structures, as was observed for 7.3 nm

PbS NPs.*’



As recent studies demonstrate, the type of solvent also affects the assembly structure of ligand
coated NPs.2”> >'-2 For example, PbS NPs passivated with oleic acids form fcc®! and bec™
structures upon evaporation of hexane and toluene solutions, respectively. In hexane, the oleic acid
shell is more solvated as compared to toluene, making the NPs more repulsive to each other.>*
These highly solvated, repulsive NPs behave as hard spheres, resulting in the formation of fcc
structure as they become increasingly concentrated upon drying. However, recently Wang et al.
reported PbS NPs in hexane formed only bec structures while those in toluene formed both bec
and fcc structures as the solvent evaporated.?” These conflicting results suggest that there is more
to explore about the role of the solvents. In the solution destabilization method, the overall NP
concentration in solution does not change with time. However, extending knowledge from polymer

55 we expect that the solvated repulsive NPs will become gradually less repulsive or even

science,
attractive as non-solvent mixes into the NP solution,’® and that the conformation of grafted ligands

adjust to the mixed-solvent environment.>’

Periodic films formed by solvent evaporation and SCs formed by the destabilization method
from the same NPs have a few important differences. Previously, we have found that SCs formed
by 7.0 nm PbS NPs passivated with oleic acid molecules displayed a shorter interparticle spacing
of ~1.4 nm>® as compared to 1.9 - 2.7 nm spacing observed in long range periodic films obtained
through solvent evaporation.” The interparticle spacings of SCs were found to increase with
temperature without NP sintering up to 180 °C °® as opposed to a decrease in spacing with
increasing temperature observed in periodic films.>® The origin of this smaller interparticle spacing
in the SCs was partly attributed to the possible ligand removal by non-solvents?* 3¢ by assuming
fewer ligands in SCs formed by more polar non-solvents. However, this hypothesis has never been

proved experimentally.

Here, we report on how solvent, non-solvent, and ligand molecules interact with each other,
and how their interactions affect the self-assembly process and the final SC structures. We
demonstrate that we can tune the interaction between ligands, interparticle spacing, and kinetics
of assembly by choosing different non-solvents. By employing SAXS and SANS techniques, we
were able to study structural details of SCs at various growth steps, revealing the mechanism of
the destabilization of the colloidal solution by a non-solvent leading to the formation of faceted

SCs. Our findings provide important insights into the solvent/non-solvent technique that is



commonly used to purify NPs. In addition, our study unifies the results obtained in studies on NP

assembly by evaporation.

Experimental Section

Chemicals. Lead(Il) oxide (99.999%), 1-octadecene (ODE, 90%), oleic acid (OA, 90%),
hexamethyldisilthiane (TMS>S), the solvents (methanol, ethanol, iso-propanol and hexane) of

analytical grade were purchased from Aldrich. All chemicals were used as received.

Sample preparation for scattering experiments. The PbS NPs with smaller (3.96 and 4.14 nm)
and larger (5.43 and 5.60 nm) core sizes were synthesized using a previously-reported approach.??
Our study focuses on the analysis of the samples obtained using 4.14 and 5.60 nm PbS NPs. The
different batches of PbS NPs presented slight size variations. Sizes of NPs used in heating and
SANS experiments were slightly smaller, 3.96 nm and 5.43 nm, respectively, but we labeled them

as 4.14 and 5.60 nm, respectively, in this work for better readability.

In assembly experiments, the synthesized PbS NPs were purified from the unreacted species
and excess of the organic substances by addition of double the volume of the non-solvent
(isopropanol) to the reaction mixture, followed by centrifugation at 4500 rpm for 5 min. The
precipitate was re-dispersed first in hexane and then in toluene in the first and second purification
cycles, respectively. After that, ~1 mL of the colloidal solution was placed into a crystallization
test tube and 3 mL of non-solvents (methanol, ethanol and isopropanol) were added. Each
crystallization tube contained a strip of glass substrate to serve as a crystallization center. The top
of the test tubes was sealed with parafilm to prevent solvent evaporation. After 2 weeks, the test

tubes were opened and the SCs were characterized.

In SANS experiments, the NPs were synthesized and purified the same way described above.
After the purification, 41 mg of PbS NPs were re-dispersed in about 10 mL of hexane. A day
before SANS sample preparation, the solvent was evaporated by blowing N». Then, 6.5 mL of
toluene-d8 was added to the dried PbS NPs to make a stock solution. For each SANS sample, 0.5
mL of the stock solution was transferred to 2 mL vials and diluted to 1 mL using toluene-d8 and
deuterated alcohols. The concentration of the deuterated alcohols was varied in a range between 5

and 40 vol %.



Small angle neutron scattering (SANS) SANS experiments were conducted at the CG2 General
Purpose-SANS (GP_SANS) beamline of HFIR in Oak Ridge National Laboratory. Data were
collected at three different sample-to-detector distances. The combined, total exposure time for the
three ¢ ranges was lhr for each sample. PbS solutions in the mixed deuterated solvents were
injected into quartz cuvette cell with thickness of 2 mm. Data processing including background
subtraction and azimuthal averaging was done using the IGOR-based program provided by the

beamline. Raw data and fitting results are available in the Supporting Information.

Small angle x-ray scattering (SAXS) and wide angle x-ray scattering (WAXS) SAXS and
WAXS were collected at the 12-ID-B beamline of the Advanced Photon Source in the Argonne
National Laboratory. SAXS and WAXS were simultaneously measured for solution samples in a
flow-cell with a capillary of 1.5 mm diameter. For solution measurements, an X-ray beam with
energy of 14 keV, or wavelength 1 = 0.8856 A, and size of 300 x 100 um? was used, with each
sample typically exposed to the beam for one second. The detectors used for SAXS and WAXS
were a Pilatus2M and a Pilatus300k, respectively. Absolute intensity was calculated using water

as a standard.

For full SAXS and WAXS reciprocal spacing mapping measurements, data were collected with
Pilatus2M and PerkinElmer XRPad 4343F detectors located at about 2 m and 180 mm,
respectively. The scattering angle 20 is converted to the scattering vector g = 4 sin 8 /A using
the silver behenate standard. The X-ray beam was focused on the sample with a spot size of 200 x
30 um?. SAXS and WAXS data were corrected for background, flux variation, and polarization.
SAXS data were additionally corrected for absorption, but WAXS were not because it was
impractical to estimate the shape dependent angular absorption. Details of the mapping procedure

are described in the Supporting Information.

For the heating experiments, SCs were deposited on thin glass coverslips. After completely drying
in ambient condition for weeks, they were then mounted to a temperature controlled heater
available at the 12-ID-B beamline. Samples were heated in air from room temperature to 225 °C

with a ramping rate of 3 °C/min. X-ray exposure time was 0.1 seconds.

For in-situ SAXS experiment, toluene solutions of PbS NPs were injected into 1.5 mm diameter

quartz capillary tubes, filling a quarter of the length of the tube. Immediately, a double volume of



the non-solvent was added to each tube, and the tubes were capped with parafilm. The tubes were
then loaded to the capillary rack at the beamline, and the rack was mounted on the SAXS sample
stage. Data were collected with an exposure time of 0.1 seconds at various positions along the
tubes every 15 mins for two hours. After the measurements, the sample rack was carefully removed
from the sample stage and stored at ambient condition to let the crystallization proceed. The

samples were measured again at about 18 and 40 hours later.

Thermogravimetric Analysis (TGA) measurements were performed with a Mettler-Toledo
STAR® TGA/SDTAS851° system operated under inert, N> atmosphere. We used 5 °C/min ramping
rate. The SCs samples (1.1 - 2.4 mg for each sample) were detached from the glass substrate and

placed into Al boats.
Optical microscopy (OM) images were acquired with a Zeiss Axio Imager microscope.
Result and Discussion

We used 4.14 and 5.60 nm PbS NPs stabilized with oleic acid that can form bec and fcc SCs,
respectively.?> While PbS NPs smaller than 3 nm adopt a spherical shape, it is known that larger
PbS NPs possess (111) and (100) surface facets and that the ratio of (111) to (100) facets increases
as the NP sizes increase from 3 to 15 nm, transforming NP shape from a truncated cube to an
octahedron.®®®! Our SAXS data obtained on 4.14 nm PbS NPs were fitted most accurately with
the shape of a truncated octahedron when compared to other polyhedral shapes possible for PbS
NPs such as a cuboctahedron or a truncated cube, indicating that the PbS NP has more (111) than
(100) facets, consistent with the literature data*> ®’(see Figure S1 and Table S1). Considering
surface-to-volume ratio and sphericity, the truncated octahedron and sphere are similar shapes
(Table S1). As a result, good fitting of the SAXS data can be achieved with sphere model as well,
(Figure S1) especially when NPs have some size polydispersity.

To initiate assembly of PbS NPs dispersed in toluene, we added non-solvents on the top of the
NP toluene solutions as described in the Experimental Section. The slow interdiffusion of the
layers formed by top polar non-solvent and bottom nonpolar toluene solution of PbS NPs
destabilizes the PbS NPs to form SCs (Figure 1).2> We chose three polar non-solvents: methanol,

ethanol, and isopropanol. These polar solvents are miscible with toluene and are commonly used



in post-preparative purification of synthesized NPs from unreacted species and excess of surface

ligands. Complete crystallization of PbS NPs with methanol and ethanol usually takes place within

1 week, while about 2 weeks are required for complete crystallization with isopropanol.
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Figure 1. Optical images of the SCs obtained by the destabilization of toluene solution of PbS
NPs by methanol, ethanol, and isopropanol (a, b, and c, respectively). The scale bar in (c) applies
also to (a) and (b). TEM overview of the 4.14 nm PbS NPs (d). SAXS data (e) and evolution of the
interparticle spacings upon heating (f) in SCs assembled from 4.14 nm PbS NPs by different non-
solvents. The peak positions in (e) are indexed with the bcc structure.

Structural details of the SCs formed with different non-solvents. Figure 1 presents
characterization results of SCs formed from 4.14 nm PbS NPs (additional information in Figures
S2-S5). The size of the SCs varied with the type of non-solvent. The smallest SCs were formed
with methanol, while isopropanol led to the largest SCs (Figures 1a-c). This trend was observed
for all sizes of PbS NPs. While SCs from 5.60 nm PbS NPs have fcc symmetry (Figure S6), SAXS
patterns acquired on SCs formed by 4.14 nm PbS NPs can be generally indexed with bcc lattice as



shown in Figure 1e with slightly shifted positions of (110) and (220) reflections and splits of their
first order reflections. Note, that the shifted peaks cannot be indexed with body-centered tetragonal
(bet) structure (Figure S4), which is an intermediate phase between fcc and bee symmetry.*” The
discussion on the structural origin of the shifts will be provided below. Nonetheless, the first-order
SAXS peaks appear at smaller g for SCs prepared with lower-polarity non-solvent (isopropanol),
indicating a larger interparticle spacing (surface-to-surface distance) between two adjacent NPs in
corresponding SCs (Figure 1e). Notably, the packing structure did not vary with the type of the

non-solvents while it did vary with the PbS core size.

Figure 1f shows the temperature dependence of the interparticle spacings in the temperature
range where no sintering of individual NPs is observed.’® The interparticle spacings in all three
samples generally increased with the temperature. The SCs assembled with methanol and ethanol,
however, demonstrated a slight initial decrease of the interparticle spacing prior to its increase
starting at 70 °C. This decrease was less pronounced for ethanol, and no decrease was observed
for isopropanol. The TGA data indicated that the weight fractions of organic molecules in the SCs
were around 25 %, and no systematic weight loss was observed at temperature below 70°C for any
of the three samples (Figure S7). Thus, the initial decrease can be associated with the structural
relaxation of ligands, suggesting that ligand molecules in the as-prepared SCs have excess free
volume when methanol is used as non-solvent despite the shorter interparticle spacing than those

in SCs prepared with other non-solvents.

Structure analysis of the individual SCs with bee and fee structures. To understand the role of
non-solvents, we first carefully analyzed the structure of SCs assembled with isopropanol since it
allows the formation of single crystalline SCs with extended dimensions. We picked up a single
SC with a needle tip and measured SAXS and WAXS with a focused x-ray beam by rotating the
crystal around Z axis, changing ¢ angle from 0 to 180 degree (Figure S8). The measured 2D images
of each SAXS and WAXS measurements were mapped into 3D reciprocal space to resolve the
structural features that would be otherwise hidden in conventional SAXS analysis®® on a randomly
oriented system (Figure 2). Technical details and representative raw data are provided in the

Supporting Information (Figures S8-15).
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Figure 2. SAXS and WAXS results for individual SCs assembled from 5.60 nm (a-f) and 4.14 nm
(g-1) PbS NPs via destabilization of PbS NPs by isopropanol. Isosurface plot of the SAXS
reciprocal space (a, b, g, and h) viewed along [001], [111], [001], and [110] directions for a, b,
g and h, respectively. The red squares in (a) and (g) depict the fcc unit cell. The blue squares in
(g) and (h) depict the bce unit cell. WAXS maps of NP(111) reflections (red open circles) for single
SCs assembled from 5.60 nm and 4.14 nm NPs, (d-f) and (j-1), respectively. Color coded solid
circles in (d-f) and (j-1) represent the WAXS peak position corresponding to the NP orientations
shown in the fcc SC (c) and in three bee domains in a SC (i). Color code scheme is used to describe
three different orientations of individual NPs. The WAXS maps shown in (d and i), (e and k), and
(f and ) viewed along [011], [121] and [1-11] directions of a cubic lattice.

Figure 2 shows SAXS reciprocal space maps of SCs formed by 5.60 nm and 4.14 nm PbS NPs
for ¢ <0.15 A™!, which include {111} and {200} reflections of the fcc SC and {110} reflections
of the bee SC. The SAXS map from a single SC formed by 5.60 nm PbS NPs confirms that it has
a single-crystalline fcc structure (Figures 2a and 2b). The red square in Figure 2a represents the
reciprocal space unit cell of the fcc lattice. The real-space lattice constant of this fcc SC and the

interparticle spacing calculated assuming a spherical shape of NPs are 10.38 nm and 1.74 nm,
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respectively. Extra reflections marked with short arrows were hidden behind other {111}
reflections when viewed along [111] direction, indicating that they originate from the stacking
faults along the [111] direction (Supporting Information, Movie S1).®* When the NPs are spheres,
the space group of fcc is Fm-3m with four particles in a unit cell, and their Wyckoff positions are
4a. Previous studies on the fcc periodic films formed by 11.3 nm PbS NPs upon evaporation and
SCs formed by 5.5 nm NPs via the destabilization method proposed that three out of the four non-
spherical NPs in the fcc unit cell possess unique orientations while the fourth NP has the same
orientation as one of the three.***> These characteristic orientations of NPs are shown in Figure
2¢, where NP at (Y%, %2, 0) position, shown in cyan, has the same orientation as NPs at (0, 0, 0)
position, shown in blue (Figure 2c¢). Since each NP is a single crystalline PbS, the orientation of
NPs with respect to the lattice of a SC can be evaluated from WAXS map. For that, we calculated
the positions of {111} NP reflections for three characteristic NP orientations and compared them
with the measured peak positions. We denote WAXS {111} reflection from PbS NP as {111} NP.
The calculated positions of {111} NP reflections are shown as color-coded solid circles (Figures
2d-2f), where color represents the NP orientation shown in Figure 2¢. The [011] and [121] views
of the WAXS maps reveal that the calculated positions match to some extent the measured ones
shown as open circles. Each open circle is a peak position in the azimuthal line profile of {111}
NP reflection measured at a given ¢ angle (Figure S9). When the WAXS map is viewed along the
[111] direction, the measured peak positions are distributed forming more-or-less circles,
suggesting a significant orientational distribution of NPs around the [111] axis of the fcc SC
(Figure 2f), consistent with a recent simulation.®> Additionally, the orientational disorder indicates
that the unit cell of the PbS SC may not have fixed orientations of PbS NPs in each Wyckoff
position, allowing for some degree of random permutation of the three orientations described

above (for example, see Supporting Information, Movie S2).

At a first glance, the SAXS map reconstructed for a SC assembled from 4.14 nm PbS NPs
(Figure 2g) looks similar to that of the fcc SC (Figure 2a). However, according to the indexing of
the azimuthally averaged pattern shown in Figure 1e, the SAXS map should be the reciprocal space
of the bcce lattice, where the lattice constant and interparticle spacing are 6.33 nm and 1.51 nm,
respectively. The peak at the position corresponding to the fcc (111) reflection should correspond
to the (101) reflection of the bee reciprocal space unit cell shown as the blue square in Figure 2g.

For better comparison with Figure 2a, we also show the fcc reciprocal space unit cell (red square).

12



Isosurface plots of the SAXS map reveal a few unexpected features. First, the single crystal
bece lattice should have only 12 {110} reflections; however, Figures 2g and 2h show 14 reflections
(Supporting Information, Movie S3). Second, the beec {110} reflections appearing at fcc {111}
positions are much broader than others appearing at fcc {200} positions. We found that each broad
reflection (Figures 2g and 2h) in fact consists of four reflections (see the pole figures in Figures
3a), corresponding to three {110} reflections from three differently-oriented bcc lattices (Figure
3c¢) and one {111} reflection from the fcc lattice (Figures 3b and S16a). The g values of the fcc
{111} and the three bce {110} reflections are 0.1367 A™! and 0.1404 A™l, respectively. The
interparticle spacings calculated from ¢ values for the fcc and bec lattices are 1.77 and 1.52 nm,
respectively. Therefore, the ¢g* peak shown in Figure le is indeed {111} reflection of the fcc
domain that co-exists with three bcc domains in the same SC. Figure 2i shows three bce lattices
with NP orientations allowing the highest packing density in each lattice. Interestingly, these three
orientations of NPs are identical to the orientations of NPs shown in green, magenta, and blue in
Figure 2¢. Three NP orientations are confirmed by the WAXS maps (Figures 2j-21). Similar to
5.60 nm NPs, 4.14 nm NPs also demonstrate some degree of random orientation around the [011]
direction of the bec lattice (Figures 2f, 2i, 3b and 3c). Note that the [011] direction in bec lattice
corresponds to the [111] direction in the fcc lattice (Figures 2a and 2g). Nevertheless, the measured
{111} NP reflections presented in the WAXS maps viewed along the [011] and [121] directions
match well with the peak positions expected for the three NP orientations shown in Figure 2i.
Overall, the 4.14 nm NPs in the bcc SC have a higher degree of orientational order since their
measured WAXS reflections are less scattered compared to those in the fcc SC formed by 5.60 nm

PbS NPs (Figures 2d and 2e vs Figure 2j and 2Kk).
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Figure 3. Pole figure of the SC shown in Figure 2g (a). The expected positions of (111) and (002)
reflections of the ideal fcc lattice, shown in (b) are surrounded by the expected position of (011)
reflections of the three ideal bce shown in Figure 2i (c). These three discrete NP orientations are
shown with the green, blue and magenta truncated octahedra in the fcc lattice (d-f). Arrows in (d-
) indicate the compression directions resulting in the transformation of the fcc lattice into bee
lattices.

Phase transformation scenario in SC. Previous studies on periodic films obtained by solvent
evaporation reported the Bain transformation of fcc structures into higher-packing bee
structures.’!: 33 Consistently with this, we have observed a significantly higher packing density of
three bee domains relative to that of the fcc domain: the packing densities of 4.14 nm PbS cores
for the fcc and bece structures are 0.244 and 0.256, respectively. Our observations of the co-
existence of four crystalline domains in a SC and higher packing density for the bcc domains
suggest that the bec structures originate from the fcc structure formed during the SC growth.
Indeed, the three beec domains, which are colored in green, magenta, and blue (Figures 2 and 3),
can be generated by compressing the fcc lattice along a, b and ¢ lattice axes (Figure 3a-c),

respectively. We propose that the initial fce structure has NPs with all three orientations, though
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with a significant orientational degree of freedom and lack of correlation in NP orientations with
respect to each other (for example, Supporting Information, Movie S2). As the fcc structure
densifies to form a bec structure, local prevalence of the NP orientations determines the type of
the bee lattice to form by controlling the local compression direction of the fcc structure. For
example, in a local region where NPs with orientation shown in green are dominant (Figure 3d and
Supporting Information, Movie S2), the fcc lattice would choose to shrink along the a axis (Figure
3d), while an area with NP orientations shown in blue as majority would prefer compression along
the ¢ axis (Figure 3e). This enables a higher packing bece structure with better orientational order

without a significant reorientation of NPs which, in fact, is predicted to be highly unlikely.®®

Effect of the non-solvent on the ligands. SAXS and WAXS reciprocal space maps indicate
that 5.60 nm PbS NPs assemble into the fcc lattice while 4.14 nm NPs prefer to form the bec lattice.
The orientational order of PbS NPs in the fcc lattice is not as good as that in the bec lattice. These
seem to support the notion that in the case of larger NPs, surface molecules “screen” their shape,
making them behave as hard spheres preferring fcc packing. However, these packing and
conformational entropy arguments cannot fully explain the non-solvent effect causing significantly
different interparticle spacings (different packing density) in SCs with the same packing symmetry
(Figure 1).

To study the effect of polar non-solvent on the oleic acid ligands anchored to the surface of
PbS NCs, solution SAXS and SANS experiments were performed with varying amounts and types
of'alcohols. We used 5.60 nm PbS NCs to gain higher SANS intensities. In all experiments, toluene
solutions of PbS NPs were thoroughly mixed with introduced alcohols. For all chosen alcohol
concentrations, no NP sedimentation was found during the duration of our experiments (~12 h).
While SAXS is only sensitive to the PbS core, SANS allows us to probe the ligand shell. To
enhance the contrast of the ligand shell, deuterated toluene and alcohols were used in SANS

experiments.

The SANS data were first analyzed model independently meaning no assumption of shape or
morphology of NPs, allowing the construction of an appropriate model (Figures 4a and 4b). The
forward scattering intensity, 1(0), is proportional to the scattering contrast (the square of the

scattering length density difference in the Equation S16, Supporting Information). I(0) increases
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with the alcohol concentration for isopropanol but decreases for methanol (Figure 4a). Since the
scattering length density of the solutions and the PbS core remain almost constant, the variation of
the scattering contrast indicates solvation or de-solvation of the hydrogenated ligand shell in the
deuterated solvent. The decrease in 1(0) upon addition of methanol indicates the decrease of the
contrast by the solvation of the shell with toluene-d8 due to its higher miscibility with oleic acid
(Table 1). In contrast, the increase of 1(0) upon addition of isopropanol indicates that the molecules
of toluene-d8 leave the shell with increasing isopropanol content. This means that the oleic acid
ligand shell was solvated when NPs were dissolved in a good solvent such as toluene. Similarly,
the radius of gyration that characterizes the shell thickness decreases in the presence of methanol

and increases slightly in isopropanol (Figures 4b, Figure S17).
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Figure 4. (a) Model-independent analysis of SANS data obtained by extrapolation of the SANS
intensity to q = 0; (b) radius of gyration (Rg) of NPs consisting of 5.60 nm PbS core and organic
shell calculated from Guinier plots (log() vs q°) of the SANS data; model fitting results
demonstrating the ligand shell thickness (c) and mole fraction of toluene-D (d) in the ligand shell
as a function of concentration of alcohols; and (e) depiction of the evolution of the ligand shell in
the presence of methanol and isopropanol (the shade of orange reflects the content of the toluene-
D in the ligand shell).
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In order to quantify the solvation of the NP ligand shell, we performed model fitting (Figures
4c, 4d). Based on the model independent analysis, we propose a three-layer model for PbS NPs
that includes PbS core, ligand shell, and homogeneous solvent medium. Figure 4e summarizes
SANS observation of the morphological evolution of the ligand shell caused by the addition of
non-solvents. The ligand shell of PbS NPs dissolved in toluene-d8 is determined to be 1.35 nm
thick and to contain about 23 mol % of toluene-d8. Three-layer model analysis shows that the
increase of the isopropanol concentration results in the slight increase of the shell thickness (Figure
4¢) and in the removal of the toluene-d8 molecules from the shell (Figure 4d), as suggested by the
model independent analysis; Similar behavior was reported for Au NPs stabilized with
dodecanethiol upon addition of ethanol.®® In contrast to isopropanol, addition of methanol causes

the increase of toluene-d8 concentration in the ligand shell and a decrease in the shell thickness.

Swelling and de-swelling of the ligand shell by toluene-d8 upon changing the solvent quality
can be understood by considering the miscibility of corresponding substances: toluene-d8 will
penetrate into the ligand shell when it has higher miscibility with the ligands than with the non-
solvent. The miscibility of two substances can be estimated from the free energy of mixing

(Equation 1) that reads>
AGy, = RT(nylngy + nylng, + nydax12)

X12 = Vseg(51 — 6,)%/RT

where ¢; is a volume fraction; n; is a mole value; §; is a solubility parameter of the component;
X1z is Flory-Huggins interaction parameters; Vg4 is a segment volume that in our case corresponds
to the volume of the solvent. The first two terms in the free energy equation represent the entropy
of mixing. The third term describing the enthalpy of mixing is expressed with Flory-Huggins
interaction parameter: the smaller the Flory-Huggins parameter (or the smaller the difference
between the Hansen solubility parameters § of two substances), the higher the resulting miscibility
of the two substances.®’ Since the solubility parameters listed in Table 1 are not for deuterated

solvent, we do not attempt a precise calculation of the Flory-Huggins interaction parameters.
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However, the values of Hansen parameters for solvents are only slightly higher than that of their
deuterated analogues as a result of a lower polarizability and lower vibration energy associated
with shorter length of C-D as compared to C-H bonds.®® Accordingly, the deuterated solvents are
likely to have the same solubility trends, meaning that toluene-d8 mixes better with isopropanol-
d8 than with methanol-d4. Toluene molecules will prefer to stay in the ligand shell when the
difference between the Hansen solubility parameters of a non-solvent and toluene is larger than
the difference between the toluene and oleic acid. Therefore, addition of methanol favors the higher
concentrations of toluene in the ligand shell. On the other hand, introduction of the isopropanol
that prefers mixing between toluene and isopropanol, leading to the extraction of toluene

molecules from the ligand shell (Figure 4e).

Two possibilities are advanced to explain why de-swelling the shell increases its thickness
or vice versa. First, de-swelling may cause a topological segregation of ligand molecules on the
surfaces of polyhedral PbS NPs. As toluene escapes from the shell, the ligand molecules that are
bound on flat faces of NPs would segregate toward the middle of each facet with stretched
conformation forming a dome. While the mean shell thickness may decrease, its max value will
increase. On the other hand, as toluene swells the shell, the ligands more evenly cover both the
edges and faces of the polyhedral NPs in a coiled conformation, leading to a decrease in the
maximum shell thickness. The second possibility is that adsorption and desorption of oleic acids
on PbS in good solvents are in equilibrium, and this equilibrium may vary upon addition of non-
solvent. We found that multiply washing NPs in hexane with methanol resulted in precipitates that
cannot be re-dispersed any longer (Figure S18), suggesting that the equilibrium shifted toward
desorption in hexane compared to in toluene. This indicates that non-solvents can make NPs
unstable by removing ligands from their surfaces. Good solvent molecules, either hexane or
toluene, may fill the space devoid of the ligand molecules. On the other hands, isopropanol was
not as efficient in precipitating PbS NPs as methanol, suggesting that it did not desorb oleic acids
but might promote adsorption of free ligand molecules. In this way, toluene in the shell can move
out and the adsorbed ligand molecules will make the shell thicker. This variation of the adsorption
and desorption of oleic acids is well-correlated with the solubility parameters discussed above. As

toluene prefers to stay in the shell, it is more likely that desorption of ligand molecules occurs.
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Figure 5. Summary of the in- situ SAXS results. SAXS data collected for 5.60 nm (a and d) and
4.14 nm (b and e) PbS NPs at 2mm below the original interfaces between non-solvents and toluene
solutions of PbS NPs. The interfaces are at z = 0 (as defined in g), and methanol (a and b) and
isopropanol (d and e) are at the top layer (z > 0). (c) Calculated interparticle spacings from data
in (a). The blue and red arrows in (a, b, d, e) correspond to the times shown by the arrows in (c).
(f) SAXS data measured after 40 hrs at z=-5 mm. Arrows highlight the first four reflections
corresponding to the fcc lattices, with lattice constants of 11.76 and 10.37 nm for SCs assembled
from 5.60 nm and 4.14 nm PbS NPs, respectively. (g) Depiction of the destabilization mechanism
of the colloidal solution by non-solvents. The depth of the shade of brown represents the
concentration of NPs.

Role of non-solvent in the formation of SCs. A previous theoretical study has demonstrated that
the solvation of the ligand shell determines the interactions between NPs.>* When the ligand shells
of NPs are highly solvated, neighboring NPs repel each other, while NPs with poorly-solvated
ligand shells attract neighboring NPs.** However, in our SANS experiments, where isopropanol
and NP toluene solution are mixed fast and thoroughly, de-swelling of ligand shells by isopropanol
mixing did not cause strong enough NP attraction at all, while we previously showed that slow

interdiffusion of the same non-solvent triggered the SC formation (Figure 1).

To understand the SC formation via slow interdiffusion of non-solvent we conducted a series
ofin situ SAXS experiments. In these experiments, non-solvents such as isopropanol and methanol
were added on top of the toluene solutions of PbS NPs in 1.5 mm diameter quartz tubes. The
bottom layer of the toluene solution of PbS NPs formed a sharp interface with the transparent, top
alcohol layer. SAXS data were collected at various z positions across the interface, which is at z =
0, formed by NP toluene solution and non-solvent. When isopropanol was used as non-solvent, no
NP assembly was detected in two days although the decrease of NP concentration at the initial
interface was observed (Figures 5d and 5e). On the other hand, when methanol was used, 5.60 nm
PbS NPs immediately formed fcc SCs at z = -2 mm, that is 2 mm below the original interface
(Figure 5a); assembly of smaller 4.14 nm PbS NPs took longer. Only amorphous structures were
observed at the same z position (Figure 5b), but SCs with the fcc structure were found at z = -5
mm after 40 hours (Figure 5f). We note that the SCs from 4.14 nm PbS NPs would transform to

bce structure via Bain transformation after completion of the process (Figures 1 and 2).

Figure 5c shows interparticle spacing of the fcc SCs from 5.60 nm PbS NPs determined from
SAXS data acquired at z = -2 mm (Figure 5a). The initial interparticle spacing was as large as 3.0

nm (Figure 2a). We note that the similar initial interparticle spacings were observed from SCs
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formed at z = -5 mm from 4.14 nm and 5.60 nm PbS NPs, which are 3.26 nm and 2.95 nm,
respectively (Figure 5f). The value measured at z = -2 mm, however, quickly decreases as the non-
solvent further intermixes with the toluene solution and stabilize at ~2.5 nm. We note that the
initial and final values are both about 1 nm shorter than those observed for periodic films grown
from the same size NPs in toluene using the solvent evaporation method.> Interestingly, the initial
value 3 nm is about twice of the thicknesses of the NP ligand shell in pure toluene solution and
toluene/methanol mixtures (Figure 4), indicating that the interparticle spacing decrease with time
is driven by the removal of the toluene molecules from the NP ligand shell. The final spacing value
is still ~1 nm larger than in the dried SCs, suggesting that some amount of toluene may still be
trapped in the shell when methanol is used as the non-solvent—this trapped toluene may evaporate
when SCs are taken out of the intermixed solution. Evaporation of the trapped solvent then creates
the space for ligand relaxation upon heating, which indeed can explain the initial drops in the
interparticle spacings of SCs prepared with methanol and ethanol non-solvents presented in Figure
1f. Nonetheless, as toluene molecules around NPs diffuse out by mixing with the non-solvent, NPs
became locally concentrated, and repulsion between their solvated shells that refuse interdigitation
caused them to pack into fce structure similar to solvated block copolymer micelles packed into

the same structure.®’

The faster crystallization of larger 5.60 nm as compared to 4.14 nm PbS NPs can be associated
with the solvation of the ligand shell. In the case of larger NPs, the smaller NP surface curvature
provides a tighter arrangement of ligand molecules, facilitating the exclusion of the solvent and
resulting in less-solvated ligand shells.”®7! The more densely-packed ligands are known to drive
NPs to form fec assemblies.® In contrast, smaller NPs with highly solvated ligand shells provide
higher net repulsive energy to neighboring NPs, slowing the NP assembly process at early stages

of SC formation.

Figure 5g summarizes the mechanism of the SCs’ formation. As more polar non-solvent
(methanol) penetrates the colloidal NP solution, domains of highly concentrated NPs in toluene
are formed. Such domains still contain large amount of the trapped solvent. Indeed, SAXS patterns
collected at z = -2 mm from toluene solutions of 4.14 and 5.60 nm PbS NPs with methanol non-
solvent show strong amorphous peaks at ¢ ~0.1 A, This is indicative of the presence of localized,

highly-concentrated PbS NPs. Note that in the case of 5.60 nm PbS NPs, a broad peak is hidden
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under two first sharp peaks (Figures 5a and 5b). Fast intermixing of methanol with colloidal
solution of NPs results in a large number of small, oversaturated domains. As the destabilization
process continues, toluene is extracted from the domains into the solvent mixture, causing the
assembly of NPs as evidenced by the shift of the amorphous peak positions (Figure 5b). Single-
crystalline SCs grown from the domains can aggregate at later stage, resulting in the formation of
irregular-shaped polycrystalline SCs, as shown in Figure 1b. On the other hand, isopropanol, which
has a higher miscibility with toluene (see the Hansen parameters in Table 1) and is less immiscible
with oleic acids than methanol, does not cause domain formation. No amorphous peaks
corresponding to the NP-concentrated domains are observed at early stages of the crystallization
process (Figures 5d, 5e). Instead, SAXS intensity gradually decreases, meaning that PbS NPs
diffuse down to the toluene-rich bottom layer. Further concentration of NPs in the bottom layer
initiates nucleation of the SCs, resulting in the formation of nicely-faceted, large, single-crystalline
SCs (Figure 1d). Our in-situ SAXS results indicate that the use of different non-solvents allows
control over the extraction of the toluene from PbS NP solution, and hence, over the oversaturation

of the colloidal solution.

Table 1. Chemical and physical parameters of solvents and ligands

Density Vmolar 3SLD b5 (MPa)'?
(g/cm?) (cm®/mol) (10°%/A%)
PbS 7.60 - 2.343 -
Methanol-d4 0.888 40.45 5.805 29.6
Ethanol-d6 0.892 58.4 6.098 26.5
Isopropanol-d8  0.890 76.46 5.497 23.5
Toluene-d8 0.940 105.3 5.664 18.2
Hexane 0.633 136.1 - 14.9
Oleic Acid 0.895 315.6 0.078 15.6

a. Calculated from NIST scattering length density calculator website.”?

b. The solubility parameters are all for hydrogenated molecules.®’
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Conclusions

Using a combination of SANS, in situ SAXS, and full reciprocal-space mapping with SAXS
and WAXS on individual SCs, we have identified the mechanism of the NP assembly into 3D SCs
by the destabilization method. We report that the removal of the ligands is not the main driving
force of the NP destabilization. In fact, the destabilization of NPs occurs because of ligand —
solvent interactions that depend on the solubility of the ligands shell in a given solvent. Solubility
of the ligand shell can be controlled by the addition of the non-solvent to the colloidal solution of

NPs in the solvent.

Using the SANS technique, we found that the non-solvents control the degree of swelling of
the ligand shell. We demonstrated that the Hansen solubility parameter of the solvent, ligands and
non-solvent can be used to predict the solvation of the ligand shell that further affects the
interparticle spacings in the assembled SCs. For instance, in the case of PbS NPs stabilized with
oleic acids and dissolved in toluene, the ligand shell will remain solvated if the difference between
the Hansen solubility parameters of an added non-solvent and toluene is larger than the difference
between that of toluene and oleic acid. Therefore, the addition of methanol favors further swelling
of the ligand shell by toluene while isopropanol extracts toluene molecules out from the ligand
shell due to its higher miscibility with toluene. The addition of non-solvent affects the thickness
of ligand shells in solution: the addition of methanol or isopropanol either decreases or increases
the shell thickness, respectively. Our washing protocol test (Figure S18) and SANS results (Figure
4) indicate that in the toluene/non-solvent mixed solution, the ligand molecules tend to desorb
when toluene prefers to stay in the shell and they may adsorb when toluene prefers to stay outside
of the shell. We also found that the shell thicknesses in solution are directly correlated with
interparticle spacing in dried SCs. SCs formed by destabilization by methanol present significantly
shorter interparticle spacing than those formed by isopropanol. However, the non-solvent does not

affect the packing symmetry of SCs.

We demonstrated by in situ SAXS experiments that in solution both 4.14 nm and 5.60 nm PbS
NPs form SCs with fcc symmetry. Such fcc SCs have larger interparticle spacing compared to the
final SCs, meaning that the ligands can “screen” the truncated octahedral shape of NPs. SAXS
measurements on the dried individual single crystalline SCs formed by 4.14 nm PbS NPs revealed

their transformation into a polycrystalline SCs with three unique bcc domains. This transformation
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is likely to occur via a previously reported Bain transformation mechanism and is driven by the
gain in the packing entropy and conformational entropy of ligands. The Bain transformation occurs
in a way that the lattice compression directions for the three bcc domains observed are mutually
orthogonal. On the other hand, the SCs from 5.60 nm PbS NPs retain their fcc packing symmetry
upon drying. Considering the bee structure is the densest packing structure for both NPs, we
conclude that the gain in the conformational entropy of ligands plays an important role in the later

stage of SC crystallization.

Our results on the mechanism of the colloidal destabilization by non-solvents can have a direct
impact on the understanding of the solvent/non-solvent purification method widely used to purify
synthesized NPs from the excess of organics (see for details Supporting Information, Figure S18).
The experimental observation of solvent and surface-ligand interactions in the crystallization of
NPs into SCs enables the comprehensive understanding of the SC formation mechanism. The
ability to correlate the solvation of the NP ligand shell with the lattice parameters and SC structure
opens up the opportunity to guide the assembly process not only in single component but also in
multicomponent systems. Also, these results provide important insights into the assembly process

induced by evaporation of the solvents from the NP solutions.

Supporting Information. Supporting information includes x-ray raw data, data analysis
procedure, equations for the data analysis, TGA data, and comments on solvent/non-solvent
purification  protocol. =~ The following files are available free of charge.
PbS_SC destabilization_SI.pdf (PDF); SAXS reciprocal space map of the SC from 5.60 nm PbS
NPs: Movie S1.mp4 (MP4); Real space model of the SC from 5.60 nm PbS NPs with random
permutation of three NP orientations: Movie S2.mp4 (MP4); SAXS reciprocal space map of the
SC from 4.14 nm PbS NPs: Movie_S3.mp4 (MP4)
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ABBREVIATIONS

NP, nanoparticle; SC, supercrystal; SAXS, small angle x-ray scattering; SANS, small angle
neutron scattering; WAXS, wide angle x-ray scattering; TGA, thermogravimetric analysis; OM,

optical microscopy; TEM, transmission electron microscopy.
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BRIEFS. Solvent-ligand interaction for crystallization of nanoparticles.
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