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Abstract

Nanocrystal interactions in solvent influence colloidal stability and dictate self-
assembly outcomes. Small-angle X-ray scattering is used to study how dilute oleate-
capped Iny,Osz nanocrystals with 7-19 nm core diameters interact when dispersed in
a series of nonpolar solvents. Osmotic second virial coefficient analysis finds toluene-
dispersed NCs interact like hard spheres with diameters comprising the inorganic core
and a ligand-solvent corona with a core-size independent thickness. Dynamic light
scattering measurements show consistent hydrodynamic and thermodynamic size scal-
ing, further indicating hard-sphere-like behavior. By choosing solvents with stronger
ligand-solvent attractions, the effective ligand-solvent corona thickness can be increased
by approximately one solvent molecular diameter (0.8 nm). These results highlight the
role that solvent choice could play in designing nanocrystal contact spacing, important
in the initial stages of superlattice assembly or for modulating the optical response of
plasmonic or photoluminescent colloidal gel networks.



Colloidal nanocrystals (NCs), nanoparticles with a crystalline inorganic core surrounded
by a stabilizing interfacial layer and dispersed in layer-compatible media, exhibit distinctive
and application enabling properties.’™ Understanding how NC interactions depend on the
dispersion solvent, and properties of the NCs themselves, is essential because NCs are of-
ten synthesized, assembled, characterized, and utilized in solution.® For NCs dispersed in
nonpolar solvents, organic ligand shells resist the compression required for two NC cores
to come in close contact.%” Resistance to interpenetration of ligand shells from neighboring
NCs comes from the reduced ligand conformational entropy and the loss of energetically
favorable solvent-ligand interactions, resulting in elastic and osmotic inter-NC repulsions,
respectively, which enhance colloidal stability.®'° Though it is widely recognized that the
solvent-ligand corona helps determine NC interactions,? measurements leading to a funda-
mental understanding of the effective pair potential remain a challenge.

Several studies have assessed characteristics that determine how dispersed NCs inter-
act. 11729 Kraus and coworkers investigated NCs with alkanethiol ligand shells, utilizing molec-
ular simulation and small-angle X-ray scattering (SAXS) analysis of NC agglomeration to
indirectly infer how ligand shells influence NC interactions. Their studies revealed depen-
dencies on NC core size,'® ligand ordering and shell structure,*® ligand length'” and solvent
conditions. '8! One complicating factor of ligand shells comprising linear alkyl tails is their
propensity to order if solvent quality is reduced, leading to nonuniform shell structure and
anisotropic interactions. Such ligand shell changes can lead to unusual transitions in NC
assemblies, e.g. anomalous NC superlattice melting upon cooling. 2?2

Two experimental studies probed the effective isotropic pair interaction between dis-

persed NCs more directly by measuring their size-dependent osmotic second virial coefficient,
B,:23:24

By = —27 /000 (exp [-BU(r)] — 1) r? dr. (1)

Here, U(r) is the NC-NC potential of mean force in the low NC concentration limit, 8 =
(kgT)™!, kg is the Boltzmann constant, T is temperature, and r is the distance between NC
centers. Saunders and Korgel studied small (2-6 nm) dodecanethiol-coated gold NCs and
found a transition from net attractive (By < 0) to repulsive (Bs > 0) NC interactions as a
function of core diameter.!! These observations indicated the stabilizing repulsion provided
by the ligand shell is sensitive to core curvature for NCs in this size range. Phillipse and
coworkers investigated 5-12 nm diameter oleic acid—capped PbSe NCs, noting the opposite
trend: interactions that crossover from net repulsive to attractive upon increasing core diam-
eter.'? This result was hypothesized to reflect electric multipolar attractions that originate
from the interactions between NC surface ions and strengthen in proportion to NC surface
area. Despite insights provided by these studies, to understand how NC pair interactions
depend on NC size and solvent-ligand shell compatibility, there is a need to characterize sys-
tems free of complicating factors like strong curvature effects, propensity for strong ordering
of the ligand shell, and surface-ion-induced multipolar interactions.

Here, we study interactions between highly uniform In,O3 NCs with 7-19 nm core di-
ameters capped with oleate ligands, one of the most common surface ligands on colloidal
NCs, by B, measurements using SAXS. The bent (cis) configurational isomer of oleic acid
is expected to minimize anisotropic ordering of the NC ligand shell.?> 27 In,05 NCs can be



synthesized with well-characterized shapes, near-isotropic interactions and narrow size distri-
butions. Our analysis establishes that the NCs dispersed in toluene interact as hard spheres
with a thermodynamic diameter reflecting the inorganic core surrounded by a core-size in-
dependent ligand-solvent corona. We further show that B, is sensitive to the strength of the
solvent-ligand attraction, as characterized using the Flory interaction parameter. Strong at-
tractions augment the corona thickness by up to an additional solvent layer. This sensitivity
to solvent-ligand interactions suggests solvent quality can be leveraged to tune NC core-core
spacings, with implications for the initial stages of superlattice assembly 2?2730 or the optical
response of assembled structures like plasmonic or photoluminescent gel networks3! 33
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Figure 1: Characterization of NCs. (a) Scanning transmission electron microscope
(STEM) images of Deoe = 7.1 nm, 14.6 nm, 17.4 nm and 19.3 nm In,O3 NCs. Scale bars
= 100 nm (b) SAXS form factors of dilute (5 mg/ml) NCs dispersed in toluene. Data have
been vertically offset for clarity (Deore = 7.1 nm — 19.3 nm, bottom to top).

Colloidal In,O3 NCs were synthesized in an inert environment using a standard Schlenk
line technique by following a continuous slow injection method.!? The quasi-spherical mor-



phology was confirmed by bright-field scanning transition electron microscopy (STEM) (Figs. 1a
and S1), and the size distributions of the NCs were estimated using SAXS (Figs. 1b and S2).
The latter was accomplished by fitting a standard analytical form factor for a dilute ensemble
of spherical particles of average core diameter D.... and a standard deviation dD... to the
experimental form factor P(q). The form factors (Fig. 1a) show several Bessel oscillations
that persist in the intermediate ¢ regime, i.e., 0.05 A-' < ¢ < 0.2 A1, This characteristic
strongly confirms that the ligand-capped In,O3 NCs particles are near-spherical in shape and
have a narrow size distribution (size dispersity < 10%, Table S1).

In addition to providing shape information about individual NCs, SAXS also captures
aspects of their spatial organization via the static structure factor, S(g). The structure factor
arises from the interference between X-rays scattered from multiple NC cores. We measured
the scattered intensity profiles of the In,O3 NCs dispersed in toluene at different core volume
fractions ¢, = pV},, where p is the NC number density and V, = 7D23 /6. As expected,
intensity increases with ¢, (Fig. 2a).
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Figure 2: Structure factor deconvolution and osmotic second virial coefficient
extraction. (a) SAXS intensity profiles for dilute dispersions of In,O3 NCs (Deore =13.5
nm, dDoe = 7.6 %) for various volume fractions (¢, = 0.06, 0.63, 1.42, 2.32, 2.92 and 4.34
v/v %, light to dark symbols) at 25 °C. (b) S(gq) calculated from data using Equation 2.
Curves are fits of a quadratic function to low ¢ data. (c) Reciprocal of structure factor at
zero wavevector, 1/5(0), versus NC number density, p. Osmotic second virial coefficient By
is estimated as one half of the slope of the linear regression.

To quantitatively characterize the interactions between NCs, we determine S(q) from the
measured scattering intensity, which for spherical particles can be expressed as

L(a) = 2822 P(0)S(a) )

Here, A, is the scattering length density contrast between the NC core and the dispersion
medium. Since P(q) is independent of concentration, and S(q) ~ 1 as ¢, — 0, S(q) can



be determined by dividing the quantity Is(q)/¢, by the same quantity measured in a dilute
dispersion. As NC concentration increases, S(q) deviates from unity in the Guinier (¢ <
0.05 A‘l) region due to increased interaction between the NCs. In repulsive NC systems,
S(q) < 1, whereas S(q) > 1 signifies net attractions. For these oleate-capped In,Oz NCs,
S(q) at low ¢ monotonically decreased with increasing concentration, indicating dominant
repulsive interactions (Fig. 2b).

Deconvolution of S(g) from the measured intensity is the basis for accurately extracting
By. Since the quantity S(0)~! is proportional to the osmotic compressibility, one can relate
it to B, through a virial expansion of the osmotic pressure truncated at the second term,?*

‘ -

=1+2Byp+ O (p?) (3)

N

(0)

Given that the structure factor varies proportional to ¢ near ¢ = 0, S(0) for each of the low
NC concentration samples can be obtained by fitting a quadratic function to the structure
factor data in the low ¢ region (Fig. 2b). The osmotic second virial coefficient By is then
estimated as one half of the slope of the linear regression of S(0)~! versus p (Fig. 2¢). A
wide range of NC sizes can be synthesized and D, is an essential parameter for tuning
the properties of individual NCs3* and their assemblies.®® To investigate how the size of the
inorganic core and the ligand-solvent corona impact the effective interparticle interactions,
we measured B, for a series of NC core sizes ranging from 7.1 nm to 19.3 nm. The measured
osmotic second virial coefficient increases monotonically with core size, qualitatively similar
to the expected trend for hard-sphere-like colloids (Fig. S4 and Table S1). However, the
magnitudes of By are larger, and increase more rapidly with Dy, than predicted for hard
spheres with the core diameter (Fig. 3a). To ascertain whether the primary effect of the
solvent-ligand corona is to augment the core diameter by a constant amount, we fit the
following expression to the experimental By data:

27
EY (Deore + 2tshell)3 (4)

BYS =
The measured virial coefficients are remarkably consistent with this simple model with a fixed
solvent-ligand shell thickness tgen = 2.03 + 0.15 nm, i.e., NCs with an effective thermody-
namic diameter of Dipermo = Deore +4.06 nm. This shell thickness is approximately equal to
the sum of the oleate ligand shell thickness, as measured using small-angle neutron scattering
(1.5-1.6 nm), 3637 and one intermolecular spacing in liquid toluene, consistent with its den-
sity and neutron scattering analysis (0.6 nm).3® The observed size dependence contrasts with
the non-monotonic trends in Bs found in earlier studies that necessitated the consideration
of more complex inter-NC potentials with competing attractive and repulsive interactions
and multiple fit parameters.1%!? Likewise, attractive square-well and sticky-sphere potentials
have been required to model SAXS and neutron scattering results to extract the effective By
and ligand shell thickness for materials whose interactions exhibit similar complexities. 1%2%
The simpler, hard-sphere like behavior of the materials studied here allows extraction of
effective ligand shell thickness more directly from SAXS.
Another common measure of particle size is the apparent hydrodynamic diameter Dy,
i.e., the diameter of a Brownian hard sphere that would have the same translational dif-
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Figure 3: Osmotic second virial coefficient size series and thermodynamic ver-
sus hydrodynamic diameters. (a) B, versus NC core diameter. Solid curve is Bl
evaluated with Equation 6 using the NC core diameter (assuming tg,on = 0). Circles rep-
resent experimental B, values and dashed curve is a fit of Equation 6 to the data, yield-
ing tgen = 2.03 £ 0.15 nm. (b) Comparison of the core (Deoe), effective thermodynamic
(Dihermo = Deore + 2tshen), and apparent hydrodynamic (Dy) diameters. The lateral error
bars in both panels indicate the standard deviation of core sizes, dDqe.

fusivity as the particle of interest in a continuum fluid with the solvent’s shear viscosity
and temperature. Though identical for monodisperse hard spheres, quantitative correspon-
dence between hydrodynamic and thermodynamic diameters is not generally expected or
observed for other colloids. The former is a dynamically derived measure of average colloid
size, while the latter reflects how interactions between colloid pairs contribute to osmotic
pressure. Here, a comparison of these measures for the entire size series of oleate-capped
In,O3 NCs in toluene may give further insight into how similar their thermodynamic and
dynamic behaviors are to those of the idealized hard-sphere model.

To compare to thermodynamic diameters obtained from the By analysis using SAXS
(Fig. 3a and Table S1), we estimated Dy from dynamic light scattering (DLS) measure-
ments of dilute NC dispersions. To this end, diffusion coefficients were extracted from the
short-time decay of the intensity autocorrelation functions (Figure S5) using a third-order
cumulant analysis. The intensity weighted harmonic mean hydrodynamic diameter was
determined using the Stokes-Einstein equation (Table S2).% The size scaling of the hydro-
dynamic diameters show remarkably good agreement with that of the thermodynamic sizes



measured from By, with only a slight systematic offset to higher values (Fig. 3b).

To test sensitivity of the NC interactions to solvent choice, we prepared oleate-capped
In,O5 NCs dispersed in a series of nonpolar solvents. The solvent-ligand interactions are
characterized using the Flory y parameter,3*%° estimated by a solubility based approach
summing enthalpic and entropic contributions, respectively:16:41:42

X = BVs(dr, — 6s)* +0.34 (5)

Here Vy is the molecular volume of the solvent; dg and d;, are the Hildebrand solubility pa-
rameters of the solvent and ligand molecules, respectively (Table 1). Despite its known limi-
tations, e.g., for modeling alkanethiol ligand shells prone to ordering,'® Flory-Huggins poly-
mer solution theory provides a simple, phenomenological estimate for the strength of solvent
interactions with ligands or adsorbed polymers on the surfaces dispersed colloids. %716:41,42

Solubility parameters capture the cohesive energy density of solvent and ligand molecules
in their pure condensed phases. Large differences (i.e., y values significantly above 0.5) indi-
cate thermodynamically unfavorable mixing and solvents incompatible with NC dispersion.
At the other extreme, y ~ 0.34 predicts strong ligand-solvent attractions and hence NC-NC
repulsions. The nonpolar solvents chosen for this work (Table 1) fully disperse the oleate-
capped In,O3 NCs and lead to Flory parameters in the range 0.341 < x < 0.652, including
three that interact more favorably with oleate ligands than toluene (xylene, cyclohexane,
and l-octadecene), and three with relatively weaker ligand-solvent attractions (hexadecane,
octane, and hexane).

Table 1: Molar volume,*? and solubility parameters (6 = dg5)*® for solvents in this study,
and their corresponding Flory parameter () calculated via Equation 5, and sizes [Dg =
(le)l/ 3]. Given only the aliphatic tail of the oleate ligands interact with the solvent, the
ligand properties and solubility parameter (6 = d7,) were approximated using values for cis-

9-octadecene.
Vs (cm?/mol) § (MPa'’?)  y  Dg (nm)
l-octadecene 320.0 17.4 0.341 0.8
cyclohexane 108.7 16.8 0.352 0.6
xylene 121.2 18.1 0.369 0.6
toluene 106.8 18.2 0.373 0.6
hexadecane 294.1 16.4 0.441 0.8
octane 163.5 15.6 0.536 0.6
hexane 131.6 14.9 0.652 0.6
cis-9-octadecene 316.8 17.3 — —

** § for cis-9-octadecene and 1-octadecene were calculated as the square root of the cohesive en-
ergy density, with their energies of vaporization obtained from the NIST Chemistry WebBook *4

Measured structure factors of the oleate-capped In,O3 NCs—dispersed at 200 mg/ml in
the following solvents: hexane, octane, toluene, xylene and cyclohexane—show a progressive
reduction from unity in the Guinier region with decreasing y (Fig. 4a). This trend indicates
that stronger ligand-solvent attractions lead to more repulsive NC-NC pair interactions,
further substantiating our interpretation of the manner in which the ligand-solvent corona

7



contributes to the NC thermodynamic size. The data allow us to further estimate how tg,ep
varies with y, following the approach illustrated by Figs. 2 and 3. Varying solvents from
high to low y increases the effective thickness of ligand-solvent corona and hence the closest
approach of NC cores. The only notable deviation from the trend is hexadecane versus
toluene, which can be explained by the former having a significantly larger solvent molecular
diameter than the latter, giving rise to a thicker ligand-solvent corona. Strikingly, these data
establish that by varying solvents in this series from toluene to 1-octadecene, all within the
range considered good solvents for oleate-capped NCs, one observes an increase in tg,e of
0.8 nm and in the core-core separation of 1.6 nm. Thus, even for NCs with effective hard-
sphere-like NC-NC interactions, solvent-ligand interactions are a design parameter that can
be used for substantially tuning the “contact” separation between inorganic cores. Besides
their importance for maintaining stable dispersions, such interactions are thought to influence
NC assembly pathways, ultimately guiding the structure of superlattices. %2830

a 14 . b 30
Hexane 2.8F
A o)
1.2 § Titene 261
® Xylene » i
@® Cyclohexane . 8 241+
. 1.0F £
S o OE 22f
© £ c
© ==
> 2
= 2 1.8F
S
& 1.6F
14F
S
D — 1.0F
*gg 0.8 ® o
) 27 06 e® e e
> e TEa $o40 Z 03 04 05 06 07
ATl
al Flory Parameter (X)

Figure 4: Solvent influence on the effective pair interaction. (a) Measured structure
factors for oleate-capped InyO3 NCs (Deore = 16.0 nm) dispersed at 200 mg/ml in five
different solvents. The solvent-ligand affinity increases as hexane < octane < toluene <
xylene < cyclohexane, according to their Flory y parameters (Table 1). (b) Ligand shell
thickness tgen and solvent size Dg versus x for NCs (Deore = 16.0 nm) dispersed in solvents
of Table 1 determined from measured S(g) using the method illustrated in Figs. 2 and 3.

To summarize, we characterized the effects of core size and and solvent-ligand interactions
on the osmotic second virial coefficient of oleate-capped In,O5 colloidal NCs using SAXS.
Measurements for a size series of NCs with 7-19 nm core diameters dispersed in toluene es-
tablished that NCs interact as hard spheres with an effective thermodynamic diameter com-
prising the core diameter plus a ligand-solvent corona with NC size-independent thickness.



The corona thickness approximately corresponded to the height of the oleate ligand shell
plus a solvent molecule diameter. DLS measurements revealed consistent thermodynamic
and hydrodynamic diameters, further indicating hard-sphere-like behavior. Measurements
for a series of solvents demonstrated that the thermodynamic diameter, and hence the con-
tact separation of the inorganic cores, could increase by approximately two solvent diameters
when strong ligand-solvent interactions are present.

Broadly, these results suggest new opportunities for using SAXS to systematically char-
acterize, understand, and design interactions between functional nanoscale colloids. In par-
ticular, we envision using solvent-ligand interactions to tune or even dynamically modulate
core-core spacings, and hence optical response, of plasmonic or photoluminescent colloidal
gel assemblies.3! 33

Experimental Methods

In,04 NCs were synthesized by modification of methods published by the Hutchison group. !
Here, a prepared indium oleate-acetate precursor solution was injected into a hot (290 °C)
oleyl alcohol bath via a slow injection procedure. The injection volume determined the size
of the inorganic NC cores. Electron microscopy was performed on a Hitachi S5500 STEM
instrument to confirm the morphology. Samples were drop-cast on Type-A ultrathin carbon
copper TEM grids (Ted Pella, 01822, 400 mesh) from dilute NCs dispersions in hexane.

SAXS measurements were performed in transmission configuration with a sample-to-
detector distance of 1.085 m on a SAXSLAB Ganesha instrument using Cu K« radiation.
Dilute NC dispersions were enclosed in flame-sealed glass capillaries (Charles-Supper Com-
pany, Boron Rich, 1.5 mm diameter, 0.01 mm wall thickness). A capillary containing neat
solvent only was used for background subtraction. Scattering patterns were calibrated us-
ing a silver (I) behenate standard and were converted into 1D data by circular averaging
using the Igor Pro-based Nika software. The intensity profiles of the most dilute dispersions
were fitted with the equation for the form factor of spherical particles with a Gaussian size
distribution to determine the NC size and size distribution.

DLS measurements of dilute NCs (1 — 2 mg/mlL) were performed using a Zetasizer Nano
ZS (Malvern) equipped with a He-Ne laser (A = 633 nm) and 173° detection optics. Sample
cell temperature was kept at 25 °C. Measured autocorrelation functions in triplicate, each
with an acquisition time of 10 s, were averaged. NC hydrodynamic sizes and their respective
standard deviations were calculated from the first and second cumulant terms of a polynomial
fit to the averaged autocorrelation curves.?
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