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Electrostatically stabilized nanocrystals (NCs) @%w

and, in particular, quantum dots (QDs) hold promise for

forming strongly coupled superlattices due to their compact and ™ ” P | Random
electronically conductive surface ligands. However, studies of ' / * % M| arrangement
the colloidal dispersion and interparticle interactions of %“’ * ¥
electrostatically stabilized sub-10 nm NCs have been limited, 3°° os o

hindering the optimization of their colloidal stability and self- £°° \ @ Snyoest,

assembly. In this study, we employed small-angle X-ray °* ool ° =

scattering (SAXS) experiments to investigate the interparticle 02 T2 004 006 008 0.70 032 0.14 o o © - ® | Lniom
interactions and arrangement of PbS QDs with thiostannate a (A" e o @ | amangement

ligands (PbS—Sn,S*") in polar solvents. The study reveals
significant deviations from the ideal solution behavior in
electrostatically stabilized QD dispersions. Our results demonstrate that PbS—Sn,Ss*~ QDs exhibit long-range interactions
within the solvent, in contrast to the short-range steric repulsion characteristic of PbS QDs with oleate ligands (PbS-OA).
Introducing highly charged multivalent electrolytes screens electrostatic interactions between charged QDs, reducing the
length scale of the repulsive interactions. Furthermore, we calculated the second virial (B,) coefficients from SAXS data,
providing insights into how surface chemistry, solvent, and size influence pair potentials. Finally, we explore the influence of
long-range interparticle interactions of PbS—Sn,S;*~ QDs on the morphology of films produced by drying or spin-coating
colloidal solutions. The long-range repulsive term of PbS—Sn,S¢*~ QDs promotes the formation of amorphous films, and
screening the electrostatic repulsion by the addition of an electrolyte enables the formation of crystalline domains. These
findings highlight the critical role of NC—NC interactions in tailoring the properties of functional materials made of colloidal
NCs.

quantum dots, SAXS, surface ligands, structure factor, second virial coefficient, self-assembly

Colloidal nanocrystals (NCs) are crystalline nanoscale particles In a colloidal solution, NCs stay separated from each other
that are dispersed in a solvent medium. The nanocrystals of by repulsive pair potentials, which prevent unwanted NC
aggregation. The repulsive pair potentials can be introduced by
attaching organic ligands with long flexible chains (so-called
“polymer brushes”) to the NC surface, thus leading to steric
repulsion between NCs.'” An alternative approach involves

direct-gap semiconductors, also known as quantum dots
(QDs), are of high technological importance.'~* For example,
colloidal PbS QDs have been widely explored for infrared

photodetectors and solar cells’™” and for use in field-effect
7,9

transistors,” light-emitting diodes, and thermoelectric

. 3 . o May 7, 2024
devices.” A key advantage of QDs is the combination of October 25, 2024
physical properties inherent to inorganic semiconductors with October 30, 2024
inexpensive and scalable solution-based synthesis, processing, December 4, 2024
and device integration methods more typically associated with

molecular species and polymers.
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Figure 1. (A) TEM images of 5.7 nm PbS-OA QDs. (B) Chemical structures of oleate (OA) and Sn,S;*" ligands on a surface of PbS QDs.
Ligands are not drawn to scale. (C) ”Sn nuclear magnetic resonance (NMR) spectra of thiostannate salts synthesized in anhydrous NMF
with 3:1 and 6:1 S/Sn ratios. Data are normalized to the ligand intensity, calibrated to tetramethyl tin at 0 ppm, and offset for clarity. (D)
Grafting density of Sn,S¢*~ ligands on PbS NCs of different sizes. (E) Grafting density of Sn,Ss* ligands on 5.8 nm PbS NCs following a
series of dialysis cycles. Strongly bound ligands remain in the QD concentrate, while free ligands are diluted after each cycle. (F) Log—log
plot of SAXS data from 50 mg/mL 5.7 nm PbS-OA and PbS—Sn,Ss*~ QD solutions. Data are vertically offset for clarity.

replacing the bulky organic ligands with charged inorganic
ligands such as halides (I, Br", and Cl7) or metal
chalcogenide complexes (e.g., Sn,Ss*", AsS,*”, and GeS,*"),
which induce repulsion between nanoparticles through the
electrostatic mechanism of colloidal stabilization."" ~"* In
contrast to NCs sterically stabilized with bulky organic ligands,
the use of compact inorganic ligands is appealing for
optoelectronic applications because they enable NCs to pack
more closely, thus enhancing their electronic coupling and
increasing charge carrier mobility by orders of magnitude."> ™"
This makes exciting properties possible, such as electronic
minibands in the ordered arrays of strongly electronically
coupled NCs,'™"” as well as improved characteristics in
optoelectronic devices. Furthermore, the short-range attractive
and long-range repulsive interactions of NCs stabilized by
electrostatic mechanisms can give rise to rich colloidal
microphases of NCs within the solution, including the cluster
fluid, percolated fluid, or periodic microphase conﬁgurations.20
These phenomena could potentially be utilized in the bottom-
up preparation of nanoscale assemblies.”"**

A comprehensive understanding of the NC—NC inter-
actions in colloidal solutions is essential for making nanocrystal
devices by solution processing methods or for developing
bottom-up self-assembly techniques, as the interparticle
interactions exert a profound impact on colloidal stability
and NC assembly. Previous studies have utilized scattering and
microscopy methods to experimentally study the NC—NC
interactions in sterically stabilized NCs, revealing the influence
of size, surface, and solvent conditions on the colloidal stability
and assembly.”*~*” However, our understanding of NC—NC

interactions in colloidal dispersions of electrostatically
stabilized NCs remains limited. While the Derjaguin—
Landau—Verwey—Overbeek (DLVO) theory offers a frame-
work for modeling interparticle interactions of charged
particles, it breaks down when the colloid is dispersed in a
non-1:1 electrolyte solution or at high electrolyte concen-
trations.”* ™' Recent work by Coropceanu et al. has
demonstrated that flocculating electrostatically stabilized NCs
in a solution of high concentrations of multivalent electrolyte
can induce self-assembly, which cannot be explained by the
DLVO theory alone.”” ** To develop functional materials that
harness the useful properties of electrostatically stabilized NCs,
a thorough understanding of how the NC size, surface
chemistry, and solvent influence the interactions between
electrostatically stabilized NCs will be necessary.

Here, we utilize small-angle X-ray scattering (SAXS) to
study colloidal solutions of electrostatically stabilized PbS
QDs. We show that sub-10 nm diameter PbS QDs colloidally
stabilized with Sn,S¢*~ ligands (PbS—Sn,Ss*") exhibit long-
range interactions, resulting in complex interactions between
the NCs within the solvent. In contrast, sterically stabilized
PbS QDs with oleate (OA) ligands (PbS-OA) exhibit only
short-range repulsions not extending beyond the full ligand
length. We show that with the addition of a highly charged
multivalent electrolyte, we can screen the electrostatic
interactions between charged nanocrystals, resulting in short-
range repulsions for electrostatically stabilized QD colloids,
similar to the sterically stabilized PbS-OA QDs. Further
analysis of SAXS data enabled us to determine the second virial
(B,) coefficients to quantitatively examine how surface
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Figure 2. (A) Structure factors of colloidal dispersions of 50 mg/mL of 5.7 nm PbS QDs with different surface ligands: PbS—Sn,S;*~ QDs in
NMF (blue) and PbS-OA in hexane (purple). (B) Structure factors of 5.7 nm PbS—Sn,S¢*~ QDs in NMF at different concentrations. (C) Plot
of oy Of 5.7 nm PbS—Sn,Ss*~ QDs against n'/* in NMF and NMPA solvents. The red line (Gmax = 2.27n'/?) indicates the theoretical trend
when NCs are separated by greatest possible distance. Dashed lines indicate the theoretical trend when NCs are separated by a Yukawa
potential with a contact potential of 10 k;T and varying Debye screening length. (D) Structure factors of 50 mg/mL of 5.7 nm PbS—Sn,S¢*~
QDs in NMF with different concentrations of added K;AsS, salt. (E) Illustration of random arrangements of PbS-OA QDs in hexane (left),
PbS—Sn,S;*” QDs in NMF with added K;AsS, salts (middle), and illustration of a uniform arrangement of PbS—Sn,S¢*~ QDs at a low salt

concentration (right).

chemistry, solvent, and composition of QDs influence their
repulsive pair potentials. From these insights, we are able to
identify a strategy to prepare films of strongly coupled and
highly ordered superlattices of PbS QDs capped with inorganic
metal chalcogenide surface ligands.

RESULTS AND DISCUSSION

Preparation and Surface Characterization of QDs.
The nanocrystals used in this study include PbS QDs with
diameters of 4.0 to 8.3 nm, 5.2 nm CdSe QDs, and 3.3 nm Au
NCs (see Figures 1A and S1—S8). PbS QDs with precisely
controlled size and narrow size distributions are synthesized
from lead oleate and substituted thioureas according to the
methods developed by the Owen group.”> PbS QDs with
thiostannate ligands are prepared by performing a biphasic
ligand exchange on PbS-OA QDs using potassium thiostannate
as a ligand source and N-methylformamide (NMF) as a
solvent. With this ligand exchange procedure, we produced
two nanocrystal populations with identical QD cores but
distinct surface chemistries (Figure 1B). The PbS-OA samples
are stabilized by steric repulsion between long-chain organic
ligands. The thiostannate-capped PbS samples are stabilized by
the electrostatic mechanism, enabled by the negatively charged
surface (Table S1). Infrared spectra were taken to confirm the
complete substitution of the oleic acid ligand to the

thiostannate ligand (Figure S9). Thiostannate-capped CdSe
QDs and Au NCs were prepared through a similar procedure.

Various thiostannate species can exist in polar solvents
(Sn,S¢*, Sn,S,5, and SnS,*7), so it is necessary to confirm the
identity of the thiostannate ligand coordinated to PbS QDs
upon ligand exchange. To verify the identity of the
thiostannate species present in NMF, we conducted '’Sn
NMR studies. When the thiostannate salt was prepared by
dissolving K,S and SnS, in NMF at a 3:1 molar ratio, only one
peak at 55.8 ppm was observed, corresponding to the K,Sn,S
species. No other species were detected in the NMR spectrum
(e.g, K¢Sn,S, at 68 ppm, K,SnS, at 74 ppm).*® Even after the
addition of excess K,S to increase the sulfur ratio, no
alternative species were formed. Consequently, we concluded
that Sn,S*" is the predominant species serving as the ligand
for thiostannate-capped PbS QDs in NMF, counterbalanced by
the K* ions in the solution.

Figure 1D,E displays the grafting density of Sn,S¢*~ ligands
on the surface of PbS QDs, determined through inductively
coupled plasma optical emission spectroscopy (ICP-OES)
elemental analysis assuming spherical QDs with a uniform
diameter. As shown in Figure 1D, elemental analysis of PbS
QDs with different sizes reveals that the grafting density of
Sn,S¢*~ on PbS QDs before dialysis varies from 0.75 to 1.05
ligands per nm* and that there is no clear correlation between

the size of PbS QDs and the Sn,S*~ ligand grafting density.
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When compared to oleic acid (~2.2 ligands per nm?),”’ the
grafting density of the Sn,S;*~ ligand is approximately 2—3
times smaller. To determine the concentrations of free and
bound ligands, a series of dialysis experiments using centrifugal
dialysis filters were conducted (Figure 1E). The dialysis filters
allow the solvent and free ligands to diffuse through the
membrane pores, while the larger QDs remain in the retentate.
For example, the 5X dialysis cycle was performed by removing
4/S of the solvent and free ligands using a dialysis filter
followed by adding an equal volume of pure NMF to the
retentate to restore the original concentration of QDs while
reducing the free ligand concentration by S times. A dialysis
ratio of 125X was achieved by repeating the 5X dialysis cycle
three times. The results indicate that the grafting density of
Sn,S¢* ligands on 5.8 nm PbS QDs decreases from 0.75 to
0.55 per nm” after 125X dialysis, suggesting that approximately
0.55 per nm* of Sn,Ss*~ ligands are strongly bound to the
surface out of the initial grafting density of 0.75 per nm?. The
ligand grafting densities of PbS QDs with AsS,>” ligands and
CdSe QDs are shown in the Figure S10.

Figure 1F shows representative SAXS patterns of sterically
(PbS-OA) and electrostatically (PbS—Sn,S¢*") stabilized PbS
QDs. The scattering intensity vs momentum transfer (q)
dependence in SAXS patterns of PbS-OA exhibits distinct
Bessel oscillations at large g > 0.1 A~! indicative of narrow size
and shape distributions of the QDs.*® These oscillations are
preserved in the SAXS pattern of PbS—Sn,S¢*” samples
following the ligand exchange process. In addition, the SAXS
intensity for both PbS-OA and PbS—Sn,Ss*~ QDs converges to
a constant value at low g (g < 0.1 A™"), suggesting that both
types of QDs are well-dispersed and colloidally stable in
solution.”® Unstable solutions of QDs exhibit an upturn at the
low-g region, as illustrated in Figure S11. However, the low-q
regions of the SAXS patterns exhibit notable differences
between the two types of QDs. At small g-values (Guinier
region), the scattering intensity of PbS-OA QDs converges to a
horizontal line on a log—log scale, while the scattering intensity
of PbS—Sn,Ss*™ QDs clearly deviates from a horizontal line.
This indicates that colloidal dispersions of sterically and
electrostatically stabilized PbS QDs have distinct structures. To
examine the unusual features of the SAXS patterns of PbS—
Sn,Ss*” QDs in the low q region, we extracted the structure
factor. The SAXS intensity is I(q) = AP(q)S(q), where A is a
scaling factor, P(q) is the form factor, and S(q) is the structure
factor. The scaling factor is dependent on the measurement
parameters, such as the intensity of incident X-rays and
concentration and chemical composition of NCs.** The form
factor is defined by the geometric properties of NCs, such as
their size, shape, and polydispersity. P(q) can be estimated by
fitting the intensity in the Porod region (gR > 1), where R is
NC r;agius, to the form factor for spherical particles (Figure
S12).°

Structure Factors of Colloidal Solutions. The structure
factor S(q) is dependent on the spatial arrangement of the
NCs. It provides valuable insights into the interactions
between the NCs in a colloidal dispersion. If interparticle
interactions are negligible, then the NCs adopt a random
arrangement, resulting in a structure factor close to unity for
different g-values. Conversely, when strong interparticle
interactions are present, the NCs deviate from ideal gas
behavior, leading to distinct features in the structure factor.>”
By analyzing S(q), we can gain a better understanding of the

internal structure of the NC colloid and relate it to the
interparticle interactions.

Figure 2A presents a comparison of the structure factors for
PbS-OA and PbS—Sn,S¢*” QDs, obtained through the
procedure outlined in Section 3.1 of the Supporting
Information. The intensity of oscillation in the structure factor
of PbS-OA QDs is observed to be smaller compared to that of
PbS—Sn,S¢*” QDs, indicating a more randomized distribution
of particles within the colloidal solution (Figure 2E). This
implies that the particles experience interparticle forces that are
weak or effective over only short distances. Such behavior is
expected for PbS-OA QDs, which interact only through the
van der Waals (vdW) attraction and steric repulsion.”” This
behavior is in agreement with that of other sterically stabilized
colloid systems.”" On the other hand, the structure factor of
electrostatically stabilized PbS QDs presents pronounced
oscillatory features, indicating deviation from typical gas-like
behavior. For PbS—Sn,Ss*~ QDs shown in Figure 2A, the
structure factor shows two key characteristics: (i) S(q) drops
well below unity at low q, indicating that the colloids of
electrostatically stabilized QDs have smaller density fluctua-
tions over large length scales, and (ii) a peak at 0.045 A™!
suggests that the particles are uniformly separated by the
nearest neighboring center-to-center distance (d) of ~14 nm,
as calculated by d & 277/qy,,."" This implies that electrostati-
cally stabilized NCs experience long-ranged repulsive forces
acting on neighboring particles, resulting in the uniform
arrangement illustrated in Figure 2E.*”*

Figure 2B demonstrates the pronounced impact of the
concentration of electrostatically stabilized QDs on the
structure factor. As the QD concentration rises from 1 to
300 mg/mL, the first maximum of S(q) shifts from q = 0.012
A™" to q = 0.060 A7, signifying a reduction in the
characteristic center-to-center separation between adjacent
QDs from 52 to 10 nm (Figure S13). In Figure 2C, the
correlation between the peak position of S(gq) and n'/3 is
depicted, where n is the number density of the QDs in
colloidal dispersions, and n1/3 represents the mean center-to-
center separation of particles.”* Computational studies have
shown that the peak position of the structure factor (g,,) of
the suspension of strongly repulsive particles with Yukawa
potential scales according to the relationship gy, ~ 2.271"/3.**
A strong correlation between the gy, of PbS—Sn,S*~ QDs in
NMF and N-methylpropionamide (NMPA) and n'3 is
observed, although the trend does not precisely align with
Gmax = 2.27n"73 (see Figure S14 for the structure factors of
PbS—Sn,Ss*” QDs in NMPA). Analysis using the Yukawa
potential suggests that the observed deviation originates from a
small contact potential and a long Debye length.”” The
correlation between g, and n'/? closely resembles that of 5.7
nm particles separated by the Yukawa potential, with a contact
potential of 10 kgT (Figure S15). Determining the exact Debye
length of the QD colloids presents a challenge because this
parameter is expected to vary significantly with the QD
concentration. A simple estimation that accounts for grafting
density of Sn,S¢*” ligands (Figure 1E) and assuming two
dissociated counterions (K*) per surface-bound Sn,S¢*™ unit
suggests that the Debye length can approach ~40 nm in dilute
(1 mg/mL) solutions of PbS QDs, which drops to just a few
nanometers when the concentration of PbS QDs increases to
100 mg/mL and higher (Table S2). In highly concentrated
QD solutions, we expect significant deviations from DLVO due
to ion—ion correlations.

https://doi.org/10.1021/acsnano.4c06033
ACS Nano 2024, 18, 33864—33874


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c06033/suppl_file/nn4c06033_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c06033/suppl_file/nn4c06033_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c06033/suppl_file/nn4c06033_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c06033/suppl_file/nn4c06033_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c06033/suppl_file/nn4c06033_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c06033/suppl_file/nn4c06033_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c06033/suppl_file/nn4c06033_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c06033/suppl_file/nn4c06033_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c06033/suppl_file/nn4c06033_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c06033/suppl_file/nn4c06033_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c06033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

6 mg/ml

s 5 8 mg/ml
' o 10 mg/mil
06-7° o 12 mg/ml
o 14 mg/ml
0.5 T T T T
0.00 0.01 0.02 003 0.04 0.05
-1
q (A
C 4 - 40
Il B, Coefficient
[ b, Coefficient
< 37 - 30
e 5
e o
s =
g 2 20 g
“‘}:_’ &)
o
2 Q
O 11 10
o~
Q
0l N.— . . 0
<< <+ :
Q35 = P
) N A oW
o= S = c s
o @ w 0z
0w = (%]
oz o
o o

B os
0.7- ot
0.6 4 A

0.5 7
0.4+ .

1/S(0) - 1

0.3 1 .~
0.24 527
0.1 7

0.0+ T T T T
0 2 4 6 8 10

4 60
D L -
© [
:’2 - 50
e & . =
x . [0 &
b o
C =
Q2 24 -30 @
o Q
% . 20 -
Q e &
O 1=
oN
Q B B, Coefficient (A% | 10
® b, Coefficient
04 T T T T 0

4 5 6 7 8 9
NC Diameter (nm)

Figure 3. (A) Structure factor [S(q)] of 7.2 nm PbS QDs with Sn,S;*~ ligands in NMF. The dashed lines are fits of S(q) to S(q) = A exp(kq?)
in the low-q region. The circles are experimentally determined S(q) values. (B) Corresponding plot of 1/S(0)-1 against the number density
of PbS QDs. (C) B, and b, coefficients of ~7 nm PbS QDs with different surface chemistries and solvent conditions. The diameters of PbS-
OA and PbS—Sn,S;*” NCs are 6.9 and 7.2 nm, respectively. NMF/DMF indicates a mixture of NMF and DMF in a 7:3 volume ratio. (D) B,
and b, coefficients of PbS—Sn,S;*~ QDs in NMF with QD diameters ranging from 4.0 to 8.3 nm.

In Figure 2B, we also observe that the peak-to-valley ratio of
the structure factor increases with the increasing concentration.
The ratio of the value of structure factor at q = 0, i.e., S(0) and
the peak value of the structure factor (S,,,,) is known as the
hyperuniformity index, which quantifies the spatial uniformity
of the arrangement of particles.® At low concentrations,
interparticle repulsions are weak due to an exponential decay
of electrostatic repulsion with distance. This allows the QDs to
adopt a random arrangement, reflected by the near-unity value
of $(0)/S,,... On the other hand, in a concentrated solution of
PbS QDs, strong electrostatic repulsions force the NCs to be
separated by relatively uniform distances, as evidenced by the
intense primary peak and the depression of S(g) at small ¢
values (Figure S16). Despite this uniform arrangement, the
QDs remain far from a “jammed” structure, where the QD
movement is restricted by repulsive forces from neighboring
particles. X-ray photon correlation spectroscopy measurements
confirm that the diffusion rates of QDs in dilute and
concentrated solutions of PbS—Sn,Ss*~ QDs show negligible
differences (Figure S17).*” This is likely due to the insufficient
strength of interparticle repulsion of the QDs to confine the
movement of the QDs at these volume fractions. Potential
applications of uniformly arranged particles with no transla-
tional order include optically isotropic waveguides and sources
of isotropic thermal radiation,*>**

The addition of free ions to an electrostatically stabilized
PbS—Sn,S*™ QD solution is expected to reduce the screening
length of electrostatic repulsion.”” Consequently, the long-

33868

range repulsion of NCs is reduced, resulting in the
reappearance of a colloidal gas-like configuration (Figure
2E). This phenomenon is corroborated by the structure factors
shown in Figure 2D, where the oscillatory features of the
structure factor are suppressed by the addition of K;AsS, salt.
The addition of 10 mM K;AsS, results in near-unity S(q),
similar to the case of sterically stabilized PbS-OA QDs.
Notably, the rise of structure factors in the low-gq region may
be attributed to transient aggregation of PbS QDs that yield
strong X-ray scattering in this range, due to the competing
effects of short-range attraction, which promotes clustering of
the QDs, and the long-range repulsion that prevents the
growth of the aggregates into macroscopic size."”*"

Second Virial Coefficients. To quantitatively analyze how
the size, surface, and solvent of NCs impact the extent of
deviation from ideal behavior, we measured the second virial
(B,) coefficients of colloidal dispersions of electrostatically
stabilized PbS QDs. Various physical properties of nonideal
solutions can be defined through virial coefficients. Thus, the
osmotic pressure (IT) of a dispersion of interacting particles
can be expressed as a power series of particle number density
(n), where kg is the Boltzmann constant, T is the temperature,
B, is the second virial coefficient, and B; is the third virial
coefficient™’

II
— =n+ an2 + B3n3 + -
kyT (1)
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A positive or negative B, coefficient indicates a net repulsive
or net attractive pairwise interaction between the particles,
respectively. Quantitatively, B, can be directly related to the
pair potential u(r) between NCs that are separated by the
distance r*'

_ * _“(") _ 2
B, = 27r/0 (exp( kBT] l]r dr o

When comparing the B, coeflicients of different NC
samples, it is often convenient to calculate the normalized
second virial coefficients (b,), which provide more direct
insights into colloidal stability and self-assembly behavior. For
spherical or nearly spherical particles, dimensionless b, can be
calculated as b, = B,/B,ys, where B,y is the second virial
coeflicient of an equivalent colloid of hard spheres. In turn,
B, s can be calculated as B, 5 = 277 (d + 25)*/3, where d is the
diameter of the NC core and § is the length of the surface
ligands.”' A positive b, value implies an overall repulsive
interaction between NCs, leading to high colloidal stability. In
contrast, a negative b,, especially b, < —10, typically leads to
uncontrolled aggregation into an amorphous structure.’”
Weakly attractive particles with a small b, coefficient (—10 <
b, < —1) can self-assemble into ordered structures, such as
protein crystals or NC superlattices.”*>***

In this section, we experimentally determine the B,
coefficients for PbS QDs from concentration-dependent
SAXS data. Then, we compare our results with predictions
from DLVO theory, which provides a minimalistic framework
to describe the interparticle interactions of charged colloidal
particles.”” " The relationship between the number density
(n) of NCs and the B, coefficient is described by eq 3, where
S(0) is the extrapolated value of structure factor at ¢ = 0 and

O(n*) collects the higher-order terms in n*'

1

—— =1+ 2B,n+ O0(n*

SORE 3)

The value of $(0) can be obtained by performing a linear fit
of In [$(0)] against g* at small q values (Figure $18).>* Figure
3A displays representative plots of S(q) and the corresponding
fits for S(0) in the low-q regions for a series of concentrations
of 7.2 nm PbS QDs with Sn,S¢* ligands in NMF. The dashed
lines are fits obtained by the procedure outlined in the Section
4.1 of the Supporting Information. Figure 3B shows a
representative plot of 1/5(0)-1 against the NC number density
(n), allowing the B, coefficient to be determined from the
slope. The structure factor and B, analyses for all other QDs
are shown in Figure S19. To minimize possible effects of PbS—
Sn,S¢*~ QD concentration on the Debye length, and
correspondingly on the B, coeflicient, the B, coefficients of
different QD samples have been measured in an identical
concentration regime (6—-14 mg/ mL).

Figure 3C presents the B, and b, coeflicients of ~7 nm PbS-
OA and PbS—Sn,Ss*~ QDs. Notably, all QDs exhibit positive
b, coeflicients, indicating the presence of repulsive interactions
among the particles. The 7.2 nm PbS QDs that are
electrostatically stabilized by Sn,S¢*~ ligands (b, > 16)
demonstrate significantly larger b, coefficients compared to
the sterically stabilized 6.9 nm PbS-OA NCs (b, = 0.76) in
methylcyclohexane (MCH). This observation is consistent
with the finding that the electrostatically stabilized QDs
deviate far more from ideal gas behavior compared to sterically
stabilized NCs due to their long-range interactions. The large

b, coefficients of 5.2 nm CdSe—Sn,S¢*” QDs (b, = 68.2) and
3.3 nm Au—Sn,S¢*” NCs (b, = 63.2) in NMF further illustrate
that the electrostatically stabilized NCs with thiostannate
ligands generally exhibit strong interparticle repulsions
regardless of NC material. The pair potential of these NCs
predicted through the DLVO model can be found in Figure
S20.

The b, coefficients of PbS—Sn,Ss*~ NCs were measured in
NMF and a mixture of NMF and N,N-dimethylformamide
(DMF) in a 7:3 volume ratio (Figure 3C). The b, coefficient of
7.2 nm PbS—Sn,S,*~ NCs in the NMF/DMF mixture (b, =
16.4) is significantly lower than that in NMF (b, = 37.8). This
is because the dielectric constant of NMF (exyr ~ 170) is
much larger than that of the NMF/DMF mixture (&xye/pmr ~
130),° resulting in stronger ion—dipole interactions
between the surface ligands of the PbS—Sn,S¢*~ NCs and
the solvent molecules (Figure S21), as described by the DLVO
theory. These interactions contribute to the enhanced colloidal
stability of the NCs in solvents with a high dielectric constant.

In Figure 3D, we present the B, and b, coefficients of four
different PbS—Sn,S*~ QDs in NMF, ranging in size from 4.0
to 8.3 nm. Notably, the B, coeflicient generally increases with
the QD diameter. This can be attributed to the increased
surface area of the QDs that exhibit repulsive forces, as well as
the increased volume of space that each QD occupies. This
trend is consistent with the predictions from the DLVO theory
(Figure S22). Conversely, the b, coefficient generally decreases
with the increasing QD diameter, which is also consistent with
the DLVO theory. In general, independence of b, and QD
diameter suggests that the interparticle interaction range scales
with the QD size, implying a Debye length that scales linearly
with QD radius (R). A decreasing b, trend, though, indicates
that the Debye length either grows more slowly than linearly in
the QD diameter, remains independent of QD diameter, or
even decreases with an increasing QD diameter. If no
additional electrolyte is added and ligand grafting density is
independent of QD size as found in Figure 1D, the Debye
length, k!, defined by the concentration of counterions

required for charge neutrality, should scale as k' JR.If the
ionic concentration in solution is set by added electrolyte, ™!
should be independent of the QD diameter. Both of these
limiting cases result in decreasing b, with increasing QD size,
in agreement with the experimental data.

Our results indicate that the size- and solvent-dependent
trends of the B, coefficients generally align with DLVO theory
predictions, suggesting that DLVO theory is a powerful tool for
modeling the behavior of electrostatically stabilized nano-
particles. However, we also found that DLVO calculations tend
to underestimate the B, coeflicients, highlighting that the
theory does not fully capture the interparticle interactions of
colloidal QDs (Table S3). This discrepancy can be attributed
to the following two assumptions of DLVO theory that do not
align with our system. First, the DLVO theory is reasonably
accurate for dilute 1:1 electrolytes, but concentrated and
especially multivalent electrolytes show ion—ion correlations
not accounted for by the DLVO theory. Second, DLVO theory
relies on the Derjaguin approximation, which approximates
curved surfaces as a series of parallel walls. This is a reasonable
approximation in a colloid of micrometer-sized particles, where
the radius of the curvature is large. However, due to the
nanoscale size of the nanocrystals, the curvature of the particles
is non-negligible, and hence, the Derjaguin approximation is
likely to fail.
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Figure 4. (A) DLVO potentials for 7.2 nm PbS—Sn,S¢*~ QDs in NMF with varying concentrations of added multivalent electrolyte, e.g.,
K;AsS, salt. (B) SAXS patterns of films of 7.2 nm PbS QDs with different ligands drop-cast on a thin Si wafer. (C) SAXS patterns of PbS—
Sn,Ss*” QD films drop-cast on a thin Si wafer, with varying concentration of K;AsS, added. (D—G) Scanning electron microscopy (SEM)
images of films of (D) PbS-OA QDs, (E) PbS—Sn,S¢*” QDs, and (F) PbS—Sn,Ss*~ QDs with added 20 mM K;AsS, and (G) PbS—Sn,S¢*"
QDs with 86 mM K;AsS, added. All films were prepared by drop-casting. Scale bars in SEM images are 1 gm.

Films Formed from Colloids of Sterically and Electro-
statically Stabilized NCs. In the previous sections, we
showed that colloidal dispersions of electrostatically stabilized
nanocrystals exhibit long-range repulsive forces. Within the
framework of DLVO theory, the range of the repulsive forces is
defined by the Debye screening length, and addition of an
electrolyte into colloidal dispersion increases ionic strength
and reduces the Debye length.”® According to several
theoretical and computational studies,”*™" the long-ranged
electrostatic interactions between NCs should impact rheo-
logical properties and many other characteristics of colloidal
dispersions.

The exact form of pair potentials for colloidal sub-10 nm
NCs cannot be easily extracted from available experimental
data.” 1t is generally accepted, though, that pair potentials
between electrostatically stabilized NCs should include at least
three components: electrostatic repulsion, vdW attraction, and
a steep short-range repulsion at hard contact of NC cores.
Although exact parameters of NC pair potentials may be
difficult to access, it has been demonstrated that the behavior
of PbS—Sn,Ss*— NCs at high ionic strengths resembles the
behavior of spheres with a pair potential consisting of a narrow
attractive well with the width less than 20% of NC diameter
and depth of several kyT.”>™>* At low ionic strengths, the
interparticle interactions can be modeled as a combination of
short-range attractive and longer-range repulsive potentials,
with the possibility of changing the contributions of attractive
and repulsive components by varying the concentration of free
ions added to a colloidal dispersion (Figure 4A). In contrast,
sterically stabilized NCs in nonpolar solvents behave very
nearly as hard spheres.*’ Only when the solvent evaporates do
the hydrocarbon chains of ligands begin experiencing strong
vdW attractions.®®

Given the importance of colloidal QDs for thin-film
optoelectronic devices, we aim to compare the films of PbS
QDs prepared from colloidal solutions of sterically and
electrostatically stabilized colloidal dispersions and evaluate
what characteristics of the pair potentials are most favorable for
the formation of dense and uniform layers desirable for LEDs,
photodetectors, solar cells, and other thin-film devices. The
structure and morphology of these films prepared under
different conditions, as characterized by SAXS and SEM, are
shown in Figure 4B—G.

Drop-casting or spin-coating of colloidal solutions of
sterically stabilized PbS-OA QDs typically results in ordered
films containing multiple superlattice domains. The domain
size is defined by the solvent evaporation rate and is smaller for
spin-coated films compared to that in films made by slow
solvent evaporation (Figure 4D and S23). Interestingly, the
phase of superlattices can be either face-centered cubic (fcc) or
body-centered cubic (bcc). For example, our films of 7.2 nm
PbS-OA QDs deposited from methylcyclohexane have an fcc
structure (Figures 4B, S24 and S25). In several theoretical
studies which related pair potentials and phase diagrams of
colloidal spheres, it has been shown that the fcc phase is more
favorable for particles that interact by hard sphere-like
potentials, due to the higher packing density. Thus, very
similar 7 nm PbS-OA QDs in toluene formed fcc superlattices
upon slow addition of ethanol, which increased solvent polarity
and gradually changed repulsive pair potentials to become
attractive.*

In contrast, electrostatically stabilized PbS—Sn,S;*~ QDs
show a more complex behavior. In the absence of added ions,
spin-coated or drop-cast colloidal dispersions of PbS—Sn,S¢*~
QDs in NMF yield glassy films with no QD ordering (Figure
4B and $24).°° The formation of disordered films is consistent
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with theoretical predictions for particles interacting through
short-range attractive and long-range repulsive potentials.”® In
such systems, when the NC concentration increases due to
solvent evaporation, the narrow attractive well promotes the
formation of NC clusters which cannot grow further into
superlattices due to the repulsive term.”””” Upon further
increase of NC concentration, these clusters coalesce, forming
percolated networks of NCs and even microphases.”
Computational studies also predict that NC colloids with
short-range attraction and long-range repulsive potentials are
prone to gelation, also leading to disordered NC layers.”” The
randomly packed glassy NC layers are expected to have more
isotropic properties compared with crystalline superlattices
(Figure 4E and S23), which could be useful for applications in
optoelectronic devices.

The addition of free ions, e.g., by adding K;AsS, salt to the
colloidal dispersion, whose concentration is gradually increas-
ing upon solvent evaporation, is expected to suppress both the
amplitude and the range of repulsive component, as shown in
Figure 4A. As shown in our previous study, a strong decrease
of the repulsive term is favorable for self-assembly of NCs into
long-range ordered fcc superlattices®
clusters of NCs can keep growing indefinitely. Figure 4C and
S24 show that the addition of K;AsS, salt to 7.2 nm PbS—
Sn,S¢*” QDs increases the ordering of QDs in both drop-
casted and spin-coated films. Ultimately, the film becomes a
layer of faceted superlattices of PbS QDs, as shown in Figure
4F,G. Individual superlattices have nearly perfect octahedral
faceting, corresponding to the Wulff construction with low
energy facets with (111)g, Miller indices. The formation of
such structures is expected if NCs have a strong tendency to
self-assemble into crystalline superlattices, while maximization
of total cohesive energy through densification of the NC layer
is not happening. In one plausible scenario, superlattices of
PbS—Sn,Ss*~ QDs nucleate and grow at the early stage of film
drying, and the precipitation of micron-size superlattices results
in a pile of faceted superlattices (Figure 4G and S23).
Naturally, the long-range electronic connectivity for such film
morphology is relatively weak, and, despite the possibility for
interesting physics (e.g., miniband formation) within super-
lattices of strongly electronically coupled QDs,"® the utility for
such layers for optoelectronic applications is questionable.

Varying the concentration and nature of free ions in solution
allows for tuning of the pair potentials from long-range
strongly repulsive, resulting in amorphous NC films, to short-
range attractive that yields perfect but loosely packed QD
superlattices. In between these limiting cases, there exists a
“sweet spot” where QDs self-assemble into ordered domains
that are shaped to connect with neighboring QD superlattices
without gaps. Such a morphology maximizes packing density
and electronic coupling both within and between superlattice
domains and enables good electronic connectivity across the
entire NC film. Indeed, using a small concentration of free ions
(no added K;AsS, salt, but also no excessive washing of 7.2 nm
PbS—Sn,S¢*~ QDs, which removes trace residual electrolyte)
allowed us to achieve the morphology shown in Figure S26. It
demonstrates that electrostatically stabilized colloidal dis-
persions of semiconductor QDs can be used as “inks” for
making QD layers with packing density and structural quality
comparable to those in films prepared from colloids of
sterically stabilized NCs.

because nucleated

CONCLUSIONS

In this study, we compare the interparticle interactions of
sterically and electrostatically stabilized PbS QDs using SAXS
measurements and the influence of solvent and ionic
composition on the structure and film-forming properties of
PbS QDs. This comprehensive study of the structural factors
has revealed that electrostatically stabilized QDs exhibit strong
QD—QD interactions that persist over long distances, a
characteristic absent from conventionally sterically stabilized
QDs. However, the introduction of salts like K;AsS, can
reduce this interaction range, restoring short-range interactions
similar to those seen in sterically stabilized QDs. Further
analysis of the structure factors of electrostatically stabilized
colloidal dispersions of PbS QDs with different sizes (4.0—8.3
nm) and surface chemistries (Sn,Ss*~, AsS,>”) and in different
polar solvents (NMF, NMPA, and DMF) revealed that the
solutions of electrostatically stabilized QDs exhibit significant
deviation from ideal solution behavior. The correlations
between the experimental B, coefficients and various
experimental factors were found to be qualitatively consistent
with the predictions of the DLVO model, although the
experimental B, coefficients were consistently larger than the
values predicted from the DLVO model. This may be
attributed to the complex interactions of counterions (K')
and multivalent ions (Sn,S¢*~), which cannot be fully captured
by the DLVO model.

Our results provide insight into the influence of interparticle
interactions in the morphology of thin films. Weakly repulsive
particles, such as sterically stabilized PbS-OA QDs, tend to
form crystalline or polycrystalline films, while strongly
repulsive particles such as electrostatically stabilized PbS—
Sn,S¢*™ QDs tend to form amorphous films. The addition of
the K;AsS, salt reduces the interactions and enables crystalline
film formation for PbS—Sn,Ss*~ QDs. These findings under-
score the importance of QD—QD interactions in tailored film
deposition and functional nanomaterials.

METHODS/EXPERIMENTAL SECTION
Synthesis of PbS-OA QDs. The synthesis of PbS-OA QDs

follows a previously reported method.>® After washing, the samples
were stored under a N, atmosphere in anhydrous methylcyclohexane
(MCH) or anhydrous n-hexane.

Ligand Exchange. The ligand exchange of PbS-OA into PbS—
Sn,S¢*~ QDs was adapted from a previously reported procedure.*

SAXS Measurements. Most SAXS data in Figures 1—4 of the
main text were collected at beamline 12-ID-B, Advanced Photon
Source in Argonne National Laboratory. The beam energy was 12.7
keV, and the beam size was ~0.5 mm. Colloidal QDs were measured
in glass capillaries that were flame-sealed in air. Films of QDs were
prepared and measured on a 50—75 pm thick Si wafer. A few SAXS
data sets in Figure 1F (SAXS intensity of PbS-OA), Figure 2A
(structure factor of PbS-OA), and Figure 4B (SAXS intensity of PbS—
Sn,S¢*~ with the K;AsS, film) were instead collected using a
SAXSLAB Ganesha Instrument with a Cu K-alpha source. Colloidal
QD solutions were contained in glass capillaries that were flame-
sealed in air. Films of QDs were prepared and measured on boron-
doped 50—75 pum thick Si wafers.

Film Preparation. For SEM measurements, a 525 um thick
nitrogen-doped Si wafer with a 300 nm layer of dry-grown thermal
oxide was cleaned by sonicating successively in hexane, acetone, DI
water, and isopropanol for S min each. To prepare the films for PbS-
OA QDs, the surface of the wafer was treated by spin-coating it with
hexamethyldisilazane (HMDS) at 3000 rpm for 45 s, followed by
annealing it at 150 °C for 30 min. A solution of PbS-OA in MCH was
drop-cast onto the wafer, and the solvent was allowed to evaporate
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under ambient pressure and temperature. During evaporation, the
wafer was tilted by ~10° by placing one edge on a glass microscope
slide. To prepare the films for PbS—Sn,S¢*~ QDs, the same cleaning
method was used, but instead of HMDS treatment, the surface of the
wafer was treated with oxygen plasma (Harrick Plasma, Plasma
Cleaner PDC-001) for 15 min before transferring to a dry N,
glovebox. A solution of PbS—Sn,Ss*~ in NMF was drop-cast onto
the wafer, and the solvent was allowed to evaporate under vacuum.
The wafer was similarly tilted by ~10° during the evaporation process.

For SAXS measurements, solutions of QDs were drop-cast onto a
boron-doped Si wafer with a thickness of 50—75 um. MCH was
allowed to evaporate under ambient temperature and pressure, and
NMEF was allowed to evaporate under a vacuum.
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