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Abstract

Depletion-driven assembly has been widely studied for micron-sized colloids, but
questions remain at the nanoscale where the governing physics are impacted by the
stabilizing surface ligands or wrapping polymers, whose length scales are on the same
order as those of the colloidal core and the depletant. Here, we probe how wrapping
colloidal tin-doped indium oxide nanocrystals with polymers affects their depletion-
induced interactions and assembly in solutions of polyethylene glycol. Copolymers of
polyacrylic acid grafted with polyethylene oxide provide nanocrystal wrappings with
different effective polymer graft densities and molecular weights. (Ultra) small angle
X-ray scattering, coarse-grained molecular dynamics simulation, and molecular thermo-
dynamic theory were combined to analyze how depletant size and polymer wrapping
characteristics affect depletion interactions, structure, and phase behavior. The re-
sults show how depletant molecular weight, as well as surface density and molecular
weight of polymer grafts, set thresholds for assembly. These signatures are unique to
depletion-driven assembly of nanoscale colloids and mirror phase behaviors of grafted
nanoparticle-polymer composites. Optical and rheological responses of depletion-driven
assemblies of nanocrystals with different polymer shell architectures were probed to
learn how their structural differences impact properties. We discuss how these han-
dles for depletion-driven assembly at the nanoscale may provide fresh opportunities for

designing responsive depletion interactions and dynamically reconfigurable materials.

Introduction

Colloidal nanocrystals (NCs) exhibit size- and composition-dependent optical and electronic
properties? which make them attractive material building blocks for applications from opto-
electronics to catalysis. Through assembly, NC-based materials acquire emergent properties
as evidenced by, e.g., shifts in optical absorption of tin-doped indium oxide (ITO) NCs upon
gelation.®® The spatial arrangement, i.e., structure, of nanoparticles in hybrid materials can

significantly impact ion or proton conductivity®® and mechanical properties.!® '3 Develop-



ing strategies to systematically tune the interactions that influence nanoparticle structure
and structure-dependent properties of functional nanomaterials is essential for their design.

NC surfaces are commonly capped with ligands to ensure colloidal stability or to add func-
tionality. * As an alternative to hydrocarbon ligands or end-functionalized polymers, random
copolymers may be employed to wrap NC surfaces.'® This polymer-wrapping approach has
been commonly used to leverage polymer characteristics (e.g., chirality, size, dispersability)
to assist in the purification of carbon nanotubes.!%'7 Though copolymers add complexity,
they also provide an opportunity to influence interactions and properties. For example, one
can synthetically modify the composition or structure of polymer components to achieve
more than one aim, e.g., binding to the NC surface and mediating the interaction with the
environment.!® For the case of copolymer-grafted particles, macromolecular design has been
leveraged to optimize thermoresponsive behavior for drug delivery,'® to tailor mechanical
robustness in composites,? and to modify ion content and conductivity in membranes.?!
Likewise, polymer wrapping has been used to direct nanoparticle surface charge,?? to com-
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patibilize NCs with cell culture medium, and to prepare mechanically robust hydrogel

composites.?® By tuning the arrangement of nanoparticles and thereby their properties as
well, assembly provides another degree of control over material design and functionality.
Chemical methods for displacing or linking to surface ligands have been widely employed
to direct NC assembly. 263! However, such approaches intrinsically limit the composition or
chemistry of the surface ligands to those appropriate for the chosen aggregation mechanism.
Depletion interactions, entropic effective attractions between colloids mediated by addition
of non-adsorbing macromolecular depletants, offer an alternative approach for promoting
NC assembly. In the latter case, the effective interaction range and strength depends on the
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depletant and colloid sizes, and depletant concentration. Due to its nonspecific nature,
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the depletion mechanism has been applied to assemble both nanoscale and micron-
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size colloids with different shapes and compositions.

Depletion attractions between microparticles and their implications for phase behavior



are well understood.3*4'™3 Even when large geometric variations (compared to depletant
size) are present at the surfaces of micron-scale colloids, e.g., due to concavity?* or rough-
ness,* 47" the implications for depletion interactions can be quantitatively predicted based
on how they change the overlap of depletant exclusion volumes of neighboring particles.

Similar concepts have been extended to qualitatively understand depletion-driven assembly
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of nanoparticles and proteins with the aid of theoretical predictions.® % However,
compared to micron-sized colloids, depletion interactions at the nanoscale are more nuanced
and challenging to quantify, as the characteristic size of the colloid becomes comparable to
those of surface heterogeneities, ligands, and even solvent molecules. %7

Although depletion interactions have been successfully applied to direct NC assembly, 37
predicting phase behavior and structure remains challenging in part because little is known
about how the composition and molecular structure of capping ligands or wrapping polymers
mediate the depletion interactions between NCs. Here, we study these questions using col-
loidal ITO NCs that are surface wrapped with copolymers of polyacrylic acid and polyethy-
lene oxide (PEO). Depletion attractions are induced by adding polyethylene glycol (PEG)
of varying molecular weights (MWs) and concentrations. Using X-ray scattering and coarse-
grained molecular dynamics (MD) simulations, we analyze the resulting microstructures,
and we interpret the phase behavior using a molecular thermodynamic model. We find that
depletion attractions are effective for driving assembly of polymer-wrapped NCs. Moreover,
through variations in the PEO surface polymer graft density and MW, we demonstrate that
the polymer shell structure significantly modifies the depletion attraction—in ways analo-

68,7172 _with implications for

gous to behavior of grafted nanoparticle-polymer composites
phase behavior, rheology, and optical properties. Perhaps the most striking consequence is
the emergence of a depletant MW threshold for assembly that depends on the architecture
of the polymer wrapping. This behavior, which is specific to depletion interactions at the

nanoscale, helps to explain why strong, short-range attractions (and gelation as an assembly

outcome) are avoided in these materials.*! Based on our analysis, we suggest mechanistic



interpretations of these results and promising directions for future research.

Experimental Section

Following established methods, ITO NCs were synthesized via the slow injection of metal
precursor (In(IIT)acetate, Sn(IV)acetate, oleic acid) into oleyl alcohol.™ After the reaction
was cooled from 290°C, the NCs were purified by centrifuging with isopropanol as the an-
tisolvent, and redispersing in hexane three times. Subsequently, the NCs were stripped of
their native, hydrophobic ligands (oleate). Nitrosonium tetrafluoroborate (NOBF,) was used
to remove the ligands and transfer the NCs to dimethylformamide.”™ The resulting NC dis-
persion was then washed seven times via centrifugation with toluene as the antisolvent and
redispersed in dimethylformamide.

The NCs were wrapped with a graft copolymer of polyacrylic acid and polyethylene ox-
ide monomethyl ether (PAA-mPEQ). Variations of the copolymer were synthesized via a
previously reported method to maintain the same length backbone while tuning the number
of acrylic acid monomers and the length and number of PEO grafts.”™ A previous poly-
mer wrapping procedure was adapted.!®”® The ligand-stripped NCs were centrifuged and
redispersed in acetonitrile (ACN). Separately, PAA-mPEO was dissolved in ACN. The NC
dispersion in ACN was added dropwise to the polymer solution while stirring at 400 rpm.
The solution was stirred for 24 hours to wrap the NC surfaces. To remove excess polymer,
ultrafiltration was carried out three times. Following purification, the dispersion was further
concentrated via solvent evaporation to the desired NC volume fraction.

Various molecular weights (5, 10, 20, 35 kDa) and concentrations of PEG were then
added to the concentrated NC dispersions via sonication to study assembly via depletion
attractions. The microstructure of the resulting colloidal systems were analyzed via ultra-
small and small angle X-ray scattering (USAXS and SAXS). A SAXSLAB GANESHA was

used for SAXS transmission measurements on flame-sealed capillary samples. Additional



samples were sent to Argonne National Laboratory Advanced Photon Source beamline 91D
for USAXS/SAXS measurements.””

Bright-field scanning transmission electron microscopy (STEM) was performed on dilute
samples dropcast on carbon support films on copper grids, using a Hitachi S5500 microscope.
Nuclear magnetic resonance (NMR) 'H spectra were collected on a MR400 system, with
samples prepared in DyO. Thermogravimetric analysis (TGA) was conducted on samples
in alumina crucibles with a Mettler Toledo TGA 2. Samples were dried overnight under
vacuum prior to measurement. Dynamic light scattering (DLS) and zeta potential (ZP)
measurements were carried out using a Zetasizer Nano ZS on dilute samples (2 mg/mL) in
glass cuvettes (with a dip cell for ZP). Fourier-transform infrared (FTIR) spectroscopy was
performed on samples in a liquid cell with potassium bromide windows (hexane) or calcium
fluoride windows (acetonitrile) using a Bruker VERTEX 70 FTIR. Rheometry experiments
were carried out using a 20 mm diameter 2 degree stainless steel cone geometry with a solvent
trap on a TA Instruments Discovery HR2 rheometer. Samples filled the geometry gap and

the solvent trap was filled with acetonitrile to prevent solvent evaporation from the sample.

Molecular dynamics simulation methods

We performed molecular simulations to help understand the depletion interactions underly-
ing the structural characteristics observed experimentally. Simulations of detailed atomistic
models including NCs with surface-wrapped polymers and polymeric depletants would be
computationally intractable. We instead employed MD simulations of coarse-grained mod-
els to compute the potential of mean force (PMF) between two surface functionalized NCs
dispersed in a matrix representing a concentrated solution of polymer depletants. The ef-
fective NC-NC interactions were computed for different design points by varying the surface
polymer graft MW and density, and the MW of the depletant.

The coarse-grained model was adapted from a previous simulation study.”™ To compute



PMF, we use an orthogonal simulation cell with an aspect ratio of 2:1:1 and triply periodic
boundary conditions. The NCs are fixed at positions (-r/2,0,0) and (r/2,0,0) for a series of
separation distances r. The volume fraction occupied by each NC was fixed to be 0.0119. A
PAA-mPEOQO copolymer was used to wrap the NCs, with the PAA groups wrapping the NC
surface, while the PEO grafts extend out from the surface. Given this copolymer architecture,
we model the polymer shell as end-grafted PEO chains for simplicity. The surface of each
NC was grafted with Ny polymers each consisting of L, beads. The size of each bead was
considered a Kuhn length for PEO (i.e., 1o ~ 7.6 A).™ Accordingly, based on the size of
the NCs (determined by SAXS of a dilute dispersion), each NC was modeled as a sphere
with radius 7.50. N, was assigned to be the corresponding average number of PEO grafts
per NC obtained experimentally using TGA. The number of beads in each chain of the
graft (Ly) and the depletant (L,,) were decided based on the MW of the PEO side chain in
the copolymer and the MW of PEG depletant, respectively. The total number of beads in
the grafted chains and depletant polymers was fixed to be 126000, corresponding to a bead
density of 0.85073. The details pertaining to the simulation model, methodology, and the

PMF calculations are presented in the SI.

Phase diagram calculations

We model the phase behavior of a mixture of polymer wrapped nanocrystals and nonad-
sorbing polymer depletant using generalized free volume theory, an extension of free volume
theory for interacting polymer depletants in the semi-dilute regime.3? We incorporate Yukawa
repulsions into generalized free volume theory following the procedure from Ref. 80. NCs
were modeled as hard spheres of radius ayg that interacted with other NCs via hard sphere
repulsions and soft pairwise Yukawa repulsions. The soft repulsions are parametrized by a
contact strength ¢y and range A\y. Depletant polymers were modeled as excluded volume

chains in a good solvent of known radius of gyration R, with an osmotic pressure obtained



from renormalization group theory.

The core radius of the NCs is aeore = 5.82nm (SAXS form factor fitting), but because
of the polymer wrapping, the effective hard core (aps) that the polymer depletant interacts
with is larger ags > deore. We treat ags and Ay as fit parameters, with ey chosen such that
the virial coefficient with no depletant equals the experimentally measured virial coefficient
Bs/Bys = 9.43. For each ayg, we compute the fluid /fluid binodal for a series of Ay values.
We then select the Ay value for the fluid/fluid binodal that is closest to the experimentally
observed assembly boundary in a least-squares sense. We find a curve of (aps, A\y) pairs
with binodals consistent with the experimental data. We select one ays whose Ay value is
consistent with two NC polymer layers each of thickness ~ 2R;. The result of this fitting

procedure is ags = 8.00 nm, Ay = 4.88 nm, and ey = 3.62 kgT.

Results and discussion

Nanocrystal polymer wrapping

Wrapping the NC surface with a copolymer is a versatile approach because the polymer is
bifunctional. One component is selected for its propensity to bind the NC surface while the
other can be independently selected to introduce a new property to the system, e.g., enhanced
solubility. Here, PAA-mPEO was chosen to wrap I'TO NCs because PAA carboxylic acid
groups readily bind the metal oxide surface, while PEO brushes confer dispersibility in ACN.
PEG depletants, which introduce attractions to drive assembly, are also highly soluble in
ACN and expected to be non-adsorbing on the PEO grafts.

ITO NCs were synthesized via a slow injection method. Their native ligands were re-
moved via NOBF, ligand stripping, and their bare surfaces were then wrapped with PAA-
mPEO copolymers in ACN. The copolymers consist of varying ratios of PAA and PEQO, the
latter incorporated as a side chain graft. Their chemical formulae are as follows: PAAos-g-

(PEO5000>2, PAA24—g—(PEOQOOO)4, and PAAgo—g—(PEO750)8 (SI Figures 1, 2, 3) The principal



difference between these wrapping polymers is the length and number of PEO side chains.
They are referred to as PEO5000x2, PEO2000x4, and PEOT750x8, respectively. STEM im-
ages of the NCs before and after polymer wrapping show no significant change in particle
morphology (Figure 1a). The broadening of NMR peaks corresponding to the copolymer
for polymer-wrapped NCs as compared to the free polymer spectra indicates the polymer
is successfully bound to the NC surface (Figure 1b and SI Figure 4).%! To further confirm
successful polymer wrapping, FTIR spectra of dilute NC dispersions were taken before and
after wrapping. The lineshape and frequency of the strong absorption peak due to localized
surface plasmon resonance (LSPR) of the NCs are nearly unaffected by the ligand stripping
and wrapping procedure, with no signs of aggregation-induced LSPR coupling (Figure 1c).
Note the sharp peaks in the spectra are due to vibrational modes of the surface polymers
(SI Figures 5, 6, 7, 8).

TGA of each polymer-wrapped NC dispersion indicates an equivalent number loading
on the NC surface (0.18 polymer molecules nm~2) (SI Figure 9), demonstrating that the
wrapping density is independent of copolymer composition. However, since the number
of PEO grafts varies on each copolymer, the effective PEO graft densities vary and are
as follows: 1.56 nm~2 (PEO750x8), 0.75 nm~2 (PEO2000x4) and 0.34 nm~2 (PEO5000x2).
DLS and ZP measurements were conducted to further characterize the colloids after polymer
wrapping. The distribution of diameters determined by DLS supports that we retain discrete
NCs, whose hydrodynamic size increases with increasing length of PEO grafts on the surface
polymer (SI Figure 10, SI Table 1). A ZP measurement of 0 mV confirms the wrapped NCs
surfaces have negligible charge (SI Figure 11).

All the polymer-wrapped NCs were indefinitely stable in ACN, but because the length
and number of the PEO grafts trend inversely as polymer composition changes, their relative
repulsive stabilization was not obvious a priori. To quantitatively determine the stabilizing
repulsions due to polymer wrapping, the osmotic second virial coefficient (Bs) for each set

of polymer-wrapped NCs divided by the hard-sphere virial coefficient corresponding to the



NC core (Bgegpt/B2,ns) was estimated via analysis of SAXS structure factors at varying
NC concentration (Figure 1d, SI Figure 12).82% The experimental B, increases as the PEO
graft MW increases, despite the correspondingly lower effective PEO graft density, indi-
cating additional strength of repulsion and a larger effective NC size. Thus, the repulsive
forces stabilizing the NCs against assembly are tunable via the copolymer structure and

composition.

Depletion-induced assembly phase diagram

The experimental depletion phase diagram was probed by varying the concentration of 20
kDa PEG depletant added to PEO2000x4 NC dispersions at a series of NC core volume
fractions (¢nc = 0.025,0.050,0.100). Upon dissolving incremental amounts of depletant,
the threshold for assembly at each volume fraction was determined by visual inspection
(cloudiness indicating assembly) (SI Figure 13, SI Table 2). No visual changes were observed
for samples below ¢nc = 0.025, indicating no significant NC clustering or aggregation. For
higher NC volume fraction samples, assemblies slowly phase separated from a single cloudy
phase, leading to a light blue transparent top phase and a cloudy blue bottom phase, then ul-
timately a clear top phase and a denser, cloudy bottom phase (Figure 2a). The bottom phase
contains the polymer-wrapped NCs, which have assembled to formed aggregates, induced by
depletion attraction.

SAXS was used to assess the microstructures of the NCs under varying preparation con-
ditions. The SAXS analysis, used to evaluate whether NCs remain well-dispersed or whether
assembled structure has emerged, supports the validity of the visually determined assembly
threshold (Figure 2b). When the NC-polymer mixture remains transparent, the scatter-
ing pattern is nearly the same as the dilute NC form factor (SI Figure 14), suggesting no
significant change in morphology. In contrast, cloudy samples exhibit a degree of ordering
indicating assembly: a sharp, primary peak emerges. The suppression of scattering intensity

at slightly lower ¢ values than this peak, a correlation hole, is typical for phase separating
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Figure 1: (a) Bright-field STEM images of NCs before and after wrapping with each surface
polymer. (b) H NMR spectra of free polymer (bottom) and the corresponding polymer-
wrapped NCs (top). Stars (*) below the NC spectrum indicate solvent peaks (HyO, dimethyl-
formamide, ACN). Inset: Schematic of copolymer binding to NC. (¢) NC LSPR spectra
before and after wrapping with each surface polymer. (d) Schematic of polymer-wrapped
NCs with relative grafting length and densities (green/PEO750x8, turquoise/ PEO2000x4,
blue/PEO5000x2), giving rise to increasing repulsion evidenced by second virial coefficient
measurement. Each shaded sector plus core is proportional to the NC effective hard sphere
radius calculated from B, (10.9, 12.0, 13.7 nm respectively).

11



systems as correlations in the concentrated phase develop.®® Phase boundaries were de-
termined via visual inspection, and corroborated with SAXS, for each of several NC volume
fractions and concentrations of PEG depletant (Figure 2c).

To evaluate whether the observed phase behavior was consistent with depletion-induced
attraction, theoretical phase boundaries were calculated using a molecular thermodynamic
model that combines generalized free volume and scaled particle theory for depletion attrac-
tions. The model is parameterized with an NC hard-sphere radius ags and an estimate for the
depletant polymer radius of gyration from light scattering measurements.® If NCs are con-
sidered as hard spheres with a radius equal to the core radius (B2/B2 gs = 1), neglecting any
effect of their polymer wrapping, the predicted threshold severely underestimates the amount
of depletant needed for assembly (Figure 2c¢). In fact, attempting to account for polymer
wrapping by simply increasing the hard sphere radius relative to the core radius also always
underestimates the assembly boundary (SI Figure 15). To account for the soft repulsive in-
teraction provided by the polymer wrapping, we augmented the hard-core radius by a short-
range Yukawa potential. This repulsive contribution, Uy = 2apseyr ! exp[—(r —2ans)/\y)],
is parametrized by the contact potential ey and the range \y.?? The predicted phase diagram
of this model, with physically reasonable values for these parameters, is consistent with the
experimental assembly phase boundary (Figure 2c). These results indicate the phase be-
havior is consistent with depletion-induced demixing of polymer-wrapped NCs, where the
wrapping serves to increase the depletant concentration threshold for assembly.

The measured osmotic second virial coefficient (B eypi/Bo,ns = 9.43) adds a constraint
in choosing parameters of the model consistent with the experimental results. For example,
shorter range repulsions (smaller \y) require significantly larger £y to match the experimen-
tal virial coefficient. A contact Yukawa potential, effective Yukawa repulsion length, and an
effective hard sphere radius, were found that are consistent with both the experimental virial
coefficient and the experimental assembly threshold (Figure 2¢, SI Figures 15, 16, 17). The

calculated Ay is 4.88 nm, which matches expectations based on the molecular dimensions of
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the polymer grafts. The contact potential, constrained to the experimental By, is 3.62kgT.
Thus, the phase behavior is, in fact, consistent with depletion-induced assembly with addi-
tional repulsions due to polymer wrapping. The phase behavior is also qualitatively similar
with that of polymer-coated nanoparticle composites. In those systems, for sufficiently high
MW of matrix polymer (relative to surface graft), an analogous entropically driven attraction

between nanoparticles induces phase separation.!1:66.68.71,72,87,88
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Figure 2: (a) Photographs of (left) a NC dispersion, and (right) phase separated NC as-
sembly, in capillaries. (b) SAXS intensities of 2.5% volume fraction polymer-wrapped NCs
(PEO2000x4) with varying concentration of 20 kDa PEG depletant added, offset for clarity.
(c) Experimental phase diagram (depletant concentration vs. NC volume fraction) overlaid
on theoretical calculated fluid/fluid binodals for hard spheres (light lines) and adjusted to
add short-ranged surface repulsion (dark lines).

In principle, assembly via depletion attractions is reversible. To test this, an assembled
system was prepared by adding depletant to NCs at ¢y = 0.025. Then, additional NCs
at ¢nyc = 0.025 were added to reduce the depletant concentration while maintaining the
same NC volume fraction, returning to conditions on the phase diagram below the assembly
threshold (Figure 2¢). Upon manual agitation of the vial for one minute, the cloudy assembly
visually became transparent (SI video). The visible reversal also resulted in a reversal of
the SAXS intensity pattern to closely resemble that of the initial NC dispersion (Figure 2b).
Thus, the NC polymer wrapping helps retain discrete NCs upon aggregation, preventing
irreversible fusion and enabling facile reversal of assembly. Overall, for NCs wrapped with

PEO2000x4 copolymer, assembly and disassembly induced by 20 kDa PEG depletant occurs
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as expected based on scale-independent depletion principles, once the additional surface

polymer-related repulsions are understood and accounted for in the model.

Influence of depletant molecular weight

The radius of gyration of the 20 kDa MW depletant is approximately 20% larger than the NC
core radius. Commonly, smaller depletants (relative to the core size) are adopted, inducing

36:3842 which make gelation a more likely assembly

strong, short-range colloidal attractions
outcome than equilibrium phase separation.*! To probe how range of attraction affects de-
pletion assembly of polymer-wrapped NCs, high concentrations of PEG depletants of varying
MWs (10, 20, 35 kDa), within solubility limits (SI Table 3), were added to dispersions of the
PEO2000x4-wrapped NCs (¢nyc = 0.025). Both 20 kDa and 35 kDa PEG produced phase
separated assemblies within an hour, with condensed-phase structure also emerging in the
SAXS pattern (Figure 3a). In contrast, the 10 kDa PEG sample remained a transparent
blue with nearly the same scattering pattern as the form factor, indicating discretely dis-
persed NCs. Experiments conducted using 5 kDa PEG depletant also did not result in NC
aggregation (SI Figure 18). The unusual stability of the dispersions with high concentrations
of low MW depletants, which mirrors behavior of grafted nanoparticle-polymer composites
in low MW hosts, %78 suggests the soft repulsion due to polymer wrapping prevents the
development of short-range attractions.

Seeking to understand how depletant MW affects NC interactions, we performed coarse-
grained MD simulations of two NCs with fixed grafting length and grafting density corre-
sponding to that of the PEO2000x4 copolymer (SI Table 4). For concentrated depletant
polymers with varied MW from 1 kDa to 20 kDa, we calculated the PMF of the grafted
NCs (Figure 3b). A threshold MW for the depletant is observed below which the PMF
are purely repulsive. This result is consistent with the stable dispersions found experi-
mentally for low MW depletants (Figure 3a). With increasing depletant MW (increasing

depletant-to-colloid size ratio), the simulated PMF crossover from purely repulsive to ex-
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hibiting longer-range attractive interactions; no MW depletant is consistent with the type
of strong, short-range attractions that favor gelation. The predicted longer-range attractive
interactions are consistent with the experimentally measured SAXS scattering intensities for
the phase-separated systems with high MW PEG depletants. Also consistent with these
results, longer-range attractions between solvent-dispersed colloidal brushes were observed
upon addition of nonadsorbing polymers of sufficient MW using Monte Carlo simulations %1
and density functional theory,”! though in these earlier cases the attractions were weak due
to the relatively low concentrations of added polymers.

The observation of a minimum depletant MW required to induce assembly contrasts
with the behavior of other commonly studied depletion systems where assembly occurs,
at sufficiently high depletant concentrations, for all depletant-to-colloid size ratios.:49:51
This highlights the distinctive role of the short-range repulsion near the NC surface added
by the polymer wrapping, which should be overcome by the attractive depletant forces to
induce assembly.®*%? Considering the similar characteristic sizes of the components in our
system, especially the polymer grafts and depletants, we wondered whether there are any
more specific, structure-dependent effects of the polymer layer on depletion attractions and

the resulting assemblies. As such, we endeavored to test, both experimentally and with

simulations, the influence of the polymer graft length and density.

Copolymer influence on structure and properties

To systematically investigate the impact of the polymer shell structure on the assembly of
NCs via depletion attractions, depletant was added to NCs wrapped with copolymers of
varying PEO graft MW and density (PEO750x8, PEO2000x4, PEO5000x2). Upon addition
of 35 kDa PEG depletant (300 mg/mL), the PEO750x8- and PEO2000x4-wrapped NCs
became visually cloudy and phase separated into assemblies while the PEO5000x2-wrapped
NCs remained transparent. Recall that as the PEO graft length increases, the By/Bs pg

increases, indicating greater repulsions (Figure 1d). So, the NCs with the largest magnitude
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Figure 3: (a) SAXS intensities of 2.5% volume fraction polymer-wrapped NCs (PEO2000x4)
with varying MW PEG depletants at high concentrations as shown in SI Table 2. Intensities
arbitrarily offset for clarity. (b) Simulated PMF of NCs with polymer grafts modeled based
on PEO2000x4, with varying MW PEG depletant.

of stabilizing repulsions are most resistant to depletant-induced assembly.

To evaluate how the properties of the grafted polymer influence the structure of the as-
semblies induced by depletion, USAXS/SAXS measurements were performed. Consistent
with the signatures of assembly and dispersion found when varying the MW and concen-
tration of the depletant, the measurements reveal distinct 7(q) depending on the wrapping
polymer (Figure 4a). PEO750x8- and PEO2000x4-wrapped NCs show pronounced increases
in I(q) at low g and a prominent peak around g = 0.045 A~1 atop the shoulder of the form
factor, while that of the PEO5000x2-wrapped NCs features a broad plateau. This primary
peak and additional peaks at higher ¢ are even more apparent in the structure factor, S(q),
found by diving I(g) by the scattering pattern of dilute NCs (SI Figure 19). The height
of the primary peaks in S(¢) are 3.68 and 3.79 for PEO750x8- and PEO2000x4-wrapped
NCs respectively, exceeding the Hansen criterion value of 2.85 for crystallization.® Upon
increasing PEO graft MW, the primary peak shifts to smaller ¢, indicating larger NC-NC
spacing. The NC spacing trend is consistent with the trends in effective size based on the
osmotic second virial coefficient and in hydrodynamic size determined by DLS (SI Table 1).

Employing Beaucage’s unified function to fit the SAXS intensity, the structure on different
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length scales within each assembled sample may be defined and further analyzed.®* 6 Besides
the form factor level, present even for the PEO5000x2-wrapped NCs that resist assembly, for
the PEOT750x8- and PEO2000x4-wrapped cases there is an additional “assembly” level from
which we can extract a radius of gyration and Porod exponent (SI Table 5, SI Figure 20).
The radius of gyration for the assemblies reveals aggregates of NCs 700-800 nm in radius.
The Porod exponent P is 3.7 for both, which indicates how the intensity scales with ¢ for the
region and is typically used to define an assembly fractal dimension. This fits the scattering
intensity at low ¢ to a power law (where I(q) o< ¢F or P = 6 — D,) to extract a surface
fractal dimension (Dy) of 2.3. A surface fractal dimension of 2 indicates a smooth or more
densely packed surface while 3 indicates a rough surface (and a crossover with mass fractal
dimension of 3).3%979 Thus, the NCs are tightly packed, tending toward crystallization,

with their spacing controlled by the polymer shell into clusters of hundreds of thousands of

NCs each.
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Figure 4: (a) USAXS intensities for each polymer-wrapped NC upon addition of 35 kDa PEG
depletant. (b) Simulated PMF for each copolymer wrapped-NC in 20 kDa PEG depletant.
(c) Simulated PMF attractive well depths for varying NC graft length and density in the
presence of constant depletant MW (20 kDa).

The assembly behaviors observed for the different wrapping polymers can be rationalized
by PMF obtained from the coarse-grained MD simulations (Figure 4b). Polymer graft MW
and grafting density were varied while maintaining a depletant MW of 20 kDa. Similar to the
arguments presented in Figure 3, the experimentally observed aggregation for the systems

with PEO750x8- and PEO2000x4-wrapped NCs is consistent with their corresponding PMF
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having deep attractive wells. Likewise, the stability of PEO5000x2-wrapped NCs against
aggregation make sense given the purely repulsive nature of its corresponding PMF. Fur-
thermore, the minimum in the computed PMF occurs at larger NC separation distance for
PEO2000x4 wrapping than for PEO750x8 wrapping, consistent with the experimental trend
in NC spacing inferred from SAXS analysis.

Among the copolymers experimentally studied, the effective PEO graft MW and graft
density were simultaneously varied, but it would be informative to independently assess the
impact of each on depletion interactions. While it was infeasible to probe all combinations
experimentally, we used MD simulations to sweep the corresponding parameter space and
calculate the resulting PMF. For a fixed depletant MW of 20 kDa, we calculated the PMF
for different combinations of graft length and graft density, determining in each case whether
the interactions remain purely repulsive or otherwise assessing the depth of the attractive
PMF well formed (Figure 4c). Purely repulsive interactions were observed irrespective of the
MW of the polymer graft for the systems with the lowest graft density (corresponding to the
lowest graft density experimentally probed). While for higher graft densities, NC attractions
develop and strengthen with increasing graft density or increasing graft MW. Combinations
of higher graft density and graft MWs are not accessible using simulations due to the high
number density of monomers in the region between the NCs. However, based on the trends
presented in Figure 4c, we expect strong attractive interactions between NCs in this regime.

The influence of the wrapping polymer characteristics on the strength of depletion attrac-
tion can be rationalized based on the interplay between the two competing forces, namely, the
steric repulsions arising due to the grafted polymer chains and the effective exclusion of the
depletants from the region between the NCs. Specifically, as graft MW and density increase,
the increased steric repulsion is more than compensated by stronger depletion-induced at-
tractions due to the larger grafts’ ability to more effectively exclude depletants from the
NC overlap volume. This causes a greater osmotic pressure imbalance and a corresponding

deepening of the attractive well. Moreover, the presence of a threshold grafting density be-

18



low which the purely repulsive interactions persist no matter the graft MW indicates the
importance of maintaining considerable polymer grafting to effectively exclude the depletant
polymers from the region between the NCs, and thereby induce effective attraction between
the NCs. Of course, in the absence of polymer grafts, depletion leads to attractions, but
experimentally some density of polymer grafting is typically necessary to disperse nanopar-
ticles. Overall, phase behavior and spatial arrangement of the NCs depend sensitively on,
and thus may be deliberately modified by, the design of the surface copolymer.

Through mediating the NC assembled structure (or lack thereof), polymer-wrapping also
impacts the resulting mechanical and optical properties. Viscosity measurements of the
three polymer-wrapped NC colloids with depletant were made with a shear flow experiment
with shear rates from 1072 to 8600 s~!. At the lowest shear rates the PEO5000x2-wrapped
NC sample had viscosity below the instrumental detection limits. We observe two distinct
regimes (Figure 5): low shear rate behavior is influenced by depletion attractions, and high
shear rate behavior is dictated by the polymer-wrapped NCs themselves. Both assemblies
(PEO750x8- and PEO2000x4-wrapped NCs) exhibit decreases in viscosity as shear rate in-
creases, i.e., they undergo shear thinning, while the stable dispersion (PEO5000x2-wrapped
NCs) exhibits modest shear thickening at low shear rates (Figure 5). The shear thickening
may be attributed to shear-induced cluster formation.!® In contrast, the observed shear
thinning at very low rates corresponds to the disruption of clusters already present in the

101,102 Farlier experiments have also

assemblies as they are gradually pulled apart by shear.
noted when attractions are increased beyond the spinodal and through the gel boundary,
zero shear rate viscosity diverges and becomes immeasurable instead of plateauing to a finite

viscosity at low shear, 03105

However, this scenario is not consistent with the rheological
behavior of our samples, which flow and do not form gels.
The shear thinning behavior can be fit to a power law: 1 oc 47, where 7 is the viscosity,

4 the shear rate, and o the power exponent. With increasing assembled network strength,

a trends towards one.!%® The assemblies have a values of 0.7740.12 (PEO750x8-wrapped
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Figure 5: Viscosity as a function of shear rate for each polymer-wrapped NC (¢nc = 0.025)
with the addition of 35 kDa PEG depletant (250 mg/mL).

NCs) and 0.5840.04 (PEO2000x4-wrapped NCs). The apparently “stronger” assembly for the
PEOT50x8 case suggests stronger depletion attractions, consistent with the MD simulations
comparing these two wrapping polymers.

The Peclet number (Pe = 6ma®yn/kT, where a is the cluster size), which compares the
importance of flow vs. diffusion, equals one at the onset of shear thinning. Though the
onset of shear thinning occurs below the experimentally accessible range of shear rates, by
inputting the lowest shear rate measured, we may calculate a limiting (minimum) cluster size
of 700 nm in the depletion-induced assemblies, which is consistent with the USAXS analysis.

At high shear rate, viscosity (7. ) increases modestly for increasing graft length /decreasing
PEO graft density. In general, it may be expected that as the particle volume fraction in-
creases, the viscosity increases. In addition, it has been observed that for nanoparticles with
end-grafted polymers in a polymer melt, as particle “softness” increases, which is defined as
the ratio of surface polymer shell thickness to the particle core radius, viscosity increases. %7
Since increasing graft length of the surface polymer (PEOy: 750—5000) increases both
particle softness and effective volume fraction, the observed higher viscosities are consistent

with these trends in related systems.

Finally, to ascertain how characteristics of the wrapping polymer impact optical proper-
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Figure 6: Optical absorption spectra of each polymer-wrapped NC dilute dispersion and
concentrated colloid with depletant.

ties of the NC assemblies, extinction spectra were measured for dilute NC dispersions and for
the concentrated colloids with PEG depletant. LSPR peaks are known to broaden when NCs
are in close contact, due to optical coupling. While the PEO5000x2-wrapped NCs exhibited
minimal change in spectral lineshape upon addition of depletant, both the PEO2000x4- and
PEOT750x8-wrapped NCs exhibit substantial peak broadening and red shifts in the LSPR
frequency (Figure 6). (Note that the sharp peaks present in the spectra are due to vibra-
tional modes of the surface polymer (SI Figure 5) and the depletant polymer.) The spectral
changes upon assembly are due to LSPR coupling between neighboring NCs, which are
much closer together as compared to NCs in dispersion.1%® Thus, variations in the surface
polymer shell dictate NC assembly structure across length scales from nearest neighbors to
NC clusters, which in turn tunes both rheological and optical properties due to collective,

structure-dependent contributions.

Conclusions

We showed that polymer-wrapped NCs have excellent stability resulting from polymer-shell
derived repulsions, yet these repulsions can be overcome by adding sufficiently high MW

depletants to induce assembly of NC clusters. The balance between repulsion and attraction
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depends on the architecture of the wrapping polymer, especially the density and MW of
the polymer grafts, and how effective these grafts are at excluding the non-adsorbing deple-
tant polymer. This interplay results in a depletant MW threshold as well as a graft density
threshold for assembly. NC interactions varied from purely repulsive to longer-range attrac-
tive with increasing depletant MW, avoiding altogether the strong, short-range attactions
that tend to promote colloidal gelation. Non-trivially, we learned that regardless of graft
length, if the grafting density is too low, depletion-driven assembly will not occur for the
conditions explored. Above these thresholds, the attractive well becomes deeper for denser
and longer polymer grafts, with enhanced depletion attraction dominating the greater repul-
sions. These trends deviate from expectations based on isotropic depletion interactions of
hard-sphere-like colloids and nonadsorbing polymers, but they mirror phenomena observed in
grafted nanoparticle-polymer composites and are a result of the commensurate length scales
of the particles, surface polymers, and depletants on the nanoscale. The results offer fresh
stimulus to consider how the molecular structure of the coating polymer might be designed
for desired interactions and phase behaviors.!?%!1% The impact of molecular-level changes
specific to nanoscale assembly may translate to similar effects for proteins with complex sur-
face architectures and shapes as well as microparticles with rough surfaces. While depletion
is still understood to be in effect, complex particle geometries may lead to deviations from
simple models used to predict phase behavior.

The discovered thresholds for assembly may motivate further studies in responsive deple-
tion attractions or fueled assemblies. 111112 Depletion attractions are a powerful and broadly
applicable approach for assembly because they are reversible and do not rely on chemi-
cally specific interactions between components. Reversibility was demonstrated here and in

previous NC depletion studies by simply diluting the depletant,3¢

or using thermorespon-
sive depletants which collapse or swell upon crossing a critical temperature threshold, thus
modulating attractions due to the change in depletant size.?® The modularity of adding

an exogenous molecular component to induce attractions provides flexibility in the design of
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new systems, and there are many opportunities for studying new, reconfigurable depletants
within the widely studied field of responsive polymers. '¥116 While the present results estab-
lish the phase behavior of polymer-wrapped NCs with depletion attractions, the dynamics
of assembly or reconfiguration in response to such perturbations are yet to be investigated.
Recent work has used photon correlation imaging paired with dynamic light scattering, 17118
and X-ray photon correlation spectroscopy ! to investigate structural evolution with time
towards assembly, as well as the homogeneity (or heterogeneity) of the structures.

With the assembly of polymer-wrapped NCs via depletion attractions, we have intro-
duced a model system with many ‘knobs’ that may be tuned to deliberately assemble or
disassemble the NCs and modify resulting properties. This materials platform is amenable
to (1) employing NC building blocks with different optical, magnetic, or catalytic proper-
ties, (2) adding new functionalities to NCs at their surfaces via copolymers to introduce
additional, complementary properties in the assemblies, and (3) developing new methods to
dynamically tune NC-NC attractions. In addition to changing surface polymer graft length,
density, and composition, changes in solvent quality and consequently Flory Huggins coeffi-
cients for the surface polymer as well as the depletant polymer may be used to fine tune the
resulting NC morphology. ?%12! Polymers at the surface of NCs maybe be designed to medi-
ate new properties in NC assemblies, and the choice of depletion as the source of attractions
enables the exchange of these surface polymers independently of the assembly methodology.
Importantly, understanding which individual contributions are critical to the formation of
the resulting morphology on the nanoscale establishes the foundation to design assemblies
with targeted, structure-dependent properties. These insights lay a strong foundation for
future studies, leveraging the tunability and synthetically tunable properties of polymers in

conjunction with the physical dynamics of nanoscale assembly.
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