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Gelation of colloidal nanocrystals emerged as a strategy to preserve
inherent nanoscale properties in multiscale architectures. However,
available gelation methods to directly form self-supported nano-
crystal networks struggle to reliably control nanoscale optical
phenomena such as photoluminescence and localized surface plas-
mon resonance LSPR) across nanocrystal systems due to processing
variabilities. Here, we report on an alternative gelation method based
on physical internanocrystal interactions: short-range depletion at-
tractions balanced by long-range electrostatic repulsions. The latter
are established by removing the native organic ligands that passivate
tin-doped indium oxide ITO) nanocrystals while the former are
introduced by mixing with small PEG chains. As we incorporate
increasing concentrations of PEG, we observe a reentrant phase
behavior featuring two favorable gelation windows; the first arises
from bridging effects while the second is attributed to depletion
attractions according to phase behavior predicted by our unified
theoretical model. Our assembled nanocrystals remain discrete within
the gel network, based on X-ray scattering and high-resolution
transmission electron microscopy. The infrared optical response of
the gels is reflective of both the nanocrystal building blocks and the
network architecture, being characteristic of ITO nanocrystals LSPR
with coupling interactions between neighboring nanocrystals.

colloidal gel assembly reentrant phase behavior small-angle X-ray
scattering plasmon

N anocrystals, owing to their unique and highly tunable optical
properties (1-5), hold promise as key constituents in next-
generation optoelectronic materials and devices (1, 6-10). Rich
opportunities to enhance and diversify materials functionality
motivate the development of multiscale nanocrystal architec-
tures via bottom-up approaches (11) because the collective
properties of nanocrystals in assemblies depend on their orga-
nization. Nanoscale optical phenomena such as photolumin-
escence and localized surface plasmon resonance (LSPR) are
especially responsive to electronic and electromagnetic coupling
arising between nanocrystals in close proximity. This effect is
reflected in the optical properties of extended and dense nano-
crystal assemblies with a high degree of internanocrystal con-
nectivity [e.g., superlattices (12, 13) and films (14)], which
deviate from those of their isolated components. Nanocrystal
gels, where nanocrystal building blocks are directly assembled
into solid-like networks (i.e., a scaffold is not needed to form a
stable gel), provide a unique framework to explore such struc-
ture—property relationships by allowing control over nanocrystal
volume fraction, nanocrystal valence (15-17), and network to-
pology [shape (18), size (18, 19), and density (20) of aggregates]
in ways not typical of higher-density and ordered assemblies.
Nanocrystal gels potential to exhibit properties both dependent
on their self-assembled architecture and reflective of their
nanosized building blocks has been realized for semiconductor
quantum dot gels and aerogels (21), which exhibit excitonic
photoluminescence that is red-shifted from the luminescence of
isolated quantum dots due to energy migration through the gel
network. However, plasmonic metal nanoparticles such as gold or
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silver fuse into wire-like networks when assembled into self-supported
nanoparticle gels, obliterating the LSPR optical response char-
acteristic of the isolated nanoparticles (22, 23). We sought a new
strategy for gelation using physical bonding interactions, which
we hypothesized could maintain the discrete morphology of LSPR-
active metal oxides intact, to target LSPR-active nanocrystal gels.
Our approach is not specific to the chemistry of the nanocrystals
employed and could potentially enable a broad class of gels as-
sembled from diverse nanoscale components capable of reflect-
ing their individual properties.

Gelation of colloidally stable nanocrystal dispersions is
achieved by balancing attractions and repulsions. In previously
published examples, these interactions are simultaneously tuned
by progressive oxidative ligand removal or controlled chemical
bridging between surface bound species and linking agents (e.g.,
ions or molecules). The former has been adapted across noble
metal (22, 24-27), metal chalcogenide (20, 28-31), and metal
oxide (32-36) systems, but this method is prone to fuse nano-
crystals (i.e., eliminate interparticle spacing) as their exposed
surfaces come in contact due to a lack of stabilization, which
consequently limits the realization of size- and shape-dependent
optical properties (i.e., photoluminescence and LSPR) within
nanocrystal gels. While gelation via chemical bridging is a viable
strategy to mitigate nanocrystal fusing, translating this approach
across nanocrystal materials requires customizing surface func-
tional groups for specific nanocrystal compositions, so far lim-
ited to metal chalcogenide nanocrystals (37, 38) and gold
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nanoparticles (23). However, even this approach did not prevent
fusing of gold nanoparticles into nanowires with a concomitant
loss of LSPR response. Among the sparse reports on metal oxide
nanocrystal gels, gelation has been most often achieved by fusion
upon ligand removal (34-36) or by triggering the entanglement
of concentrated anisotropic nanoparticles: titania chains gener-
ated by oriented attachment of destabilized nanocrystals (33, 39—
41) form gels upon heating, while tungsten oxide nanowires (42)
and yttria nanosheets (43) form gels upon centrifugation. Once
more, this approach offers limited control over gel structure and
thereby the associated properties, and it cannot be easily gen-
eralized to assemble discrete isotropic metal oxide nanocrystals.

In light of these limitations, we were motivated to develop an
alternative route for nanocrystal gelation based upon nonspecific
physical interactions by combining depletion attractions and
electrostatic repulsions. Previous studies have demonstrated that
this combination can help drive the gelation of polymer colloids
(44—46) and the assembly of proteins [into gels (47), clusters
(48), and crystals (49, 50)], and hence it holds potential for
tunable gelation of nanocrystals. Conceptual understanding of
the strength and the range of depletion attractions requires
consideration of only a few parameters: the concentrations of the
primary colloid and the depletant (smaller, weakly interacting
cosolute) and their relative dimensions. The addition of long-
range repulsions to depletion interactions can favor “open” gel
structures as opposed to dense colloidal phases (15, 18, 51).
Therefore, a method to controllably introduce repulsive forces,
here electrostatics, is needed to realize nanocrystal gelation via
physical depletion attractions.

In this study, we demonstrate PEG-mediated gelation of tin-
doped indium oxide (ITO) nanocrystals stripped of their native
ligand shell. The ligand removal procedure employed here pre-
vents ITO fusion into wire-like morphologies, in part by pro-
moting electrostatic stabilization of nanocrystals as a colloid.
Accordingly, bare ITO nanocrystal surfaces enable long-range
repulsions, while introducing short-chain PEG triggers depletion
attractions. We investigate the influence of PEG concentration
([PEG]) on competing internanocrystal interactions for a fixed
nanocrystal volume fraction, and we observe two gelation
thresholds at distinct [PEG], each preceded by a fluid regime
(i.e., flowing dispersion) of discrete nanocrystal clusters. Since
PEG is known to adsorb onto acidic metal oxide surfaces, we
attribute the emergence of a first gelation window at low [PEG]
to bridging of neighboring ITO nanocrystals by PEG chains,
while the higher [PEG] gelation window is attributed to de-
pletion attractions. To support our assertion and assess the gel-
ation mechanism, we compare our experimental results to
thermodynamic phase behavior predictions from a unified theory
formulated to capture polymer-mediated bridging and depletion
attractions. Our gelation approach effectively achieves optically
active and transparent gels with LSPR similar to that of discrete
ITO nanocrystals, but shifted and broadened by internanocrystal
coupling. To explore the influence of network topology on op-
tical properties, we perform far-field and near-field electro-
magnetic simulations based on structural information extracted
from small-angle X-ray scattering (SAXS). Our simulation re-
sults predict near-field enhancement manifested as “hot spots”
within the gel network that may be leveraged in future studies for
energetic coupling between LSPR and molecular vibrational
modes (52), or other optical transitions (53).

Results and Discussion

Our nanocrystal gelation strategy leverages physical bonds
formed by balancing long-range electrostatic repulsions due to
surface charge and short-range attractions induced by depletants,
aiming to create stable open, arrested, and percolated networks.
Charge-stabilized nanocrystals in acetonitrile with an average
radius Ryrp of 2.83 + 0.36 nm (SI ppendix, Fig. S1) were se-
lected as the primary colloid and the source of electrostatic re-
pulsions (see SI ppendix, section S2 and Figs. S2 and S3 for
synthetic details). Short PEG polymer chains (number average
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molar mass = 1,100 g/mol) were selected as depletants based on
the following criteria: the need for a cosolute with a radius of
gyration, R, pgg, smaller than Ryro, PEG s ability to raise the
osmotic pressure in solutions (54), and PEG s compatibility with
polar aprotic solvents (SI  ppendix, Fig. S4). We estimated R, peg
of these PEG chains in acetonitrile to be 0.98 nm from SAXS
sizing analysis (ST ppendix, Fig. S5), which is in good agreement
with the expected R, pgg from literature (55), to ensure that the
depletant size criterion would be fulfilled. Previous studies on
polymer-induced depletion attractions have shown that the
strength of the attraction is tunably increased as a function of
depletant concentration, which in turn dictates the extent of the
network s connectivity (18, 45), affecting gel structure and any
properties dependent on the local environment and valence of
nanocrystals in the network. Since colloidal nanocrystal deple-
tion gels have not been previously reported, the conditions to
induce gelation were discovered by varying the amount of PEG
in a charge-stabilized nanocrystal dispersions of fixed volume
fraction (see Methods and SI ppendix, section S2 for addi-
tional assembly details). Experimentally, as we progressively
increase the PEG concentration at a fixed nanocrystal volume
fraction (4.00vol ;SI ppendix, Table S1), we observe a fluid
(i.e., flowing dispersion) up to a first threshold for gelation at
[PEG] = 46.0 mM, then reentrant behavior back to a flowing
dispersion, followed by a second occurrence of a gel at
[PEG] = 534 mM (Fig. 1, Insets).

To investigate the conditions that enabled gelation and to
characterize the fluid regime, the ITO-PEG mixtures formed at
different [PEG] were probed with SAXS. Specifically, we ex-
amine the structure factor S(q) as a function of [PEG] by re-
moving the form factor contribution to the SAXS data (see S/

ppendix, section S1 for more details and SI  ppendix, Fig. S6) to
gain insight into the physical origins of the self-assembly. As a
result, we identify two distinct interaction regimes (Fig. 1). First,
we note a prominent S(q) peak (q ~ 0.023 A '; Fig. 1 ) for the
ITO-PEG flowing dispersion of lowest [PEG] emerging at a
lower q than that indicative of correlations between directly
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Fig. 1. SAXS characterization of the ITO-PEG flowing dispersions and gels.
A) Structure factor S q) of flowing dispersion with [PEG] = 8.00 mM, B)S q)
of gel with [PEG] = 46.0 mM, C) S q) of flowing dispersion with [PEG] =
858 mM, and D) S q) of gel with [PEG] = 534 mM. S q) plots are accom-
panied with photograph insets of the corresponding TO-PEG mixture.
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adjacent nanocrystals [see SI ppendix, Fig. S7 for full q range
S(q)], thus characteristic of intermediate range order in colloidal
assemblies (51, 56, 57). Considering the intermediate range or-
der behavior of this ITO-PEG mixture ([PEG] = 8.00 mM), we
establish that competing short-range attractions and long-range
repulsions frustrate large-scale aggregation and lead to the for-
mation of discrete nanocrystal clusters (~270-A length scale). In
addition, we observe similar intermediate range order behavior
for the flowing dispersions in the reentrant regime (Fig. 1C and
SI ppendix, Fig. S8). Although the S(q) peaks near q ~ 0.02 A

are less pronounced and broadened, likely due to an increase in
attraction strength and cluster polydispersity, the presence of
dispersed discrete clusters is still apparent in the reentrant re-
gime. Second, in all cases, we observe that S(q) diverges as q
approaches zero, suggesting systems dominated by attractions
and thermodynamic compressibility (51, 56). In particular, the
S(q) intensity at the lowest resolvable q is approximately an or-
der of magnitude higher when gelation occurs compared with the
S(q) intensity of all flowing cluster dispersions (Fig. 1 B and D).
Prior colloidal assembly studies (15, 58-60) have reported a
comparable S(q) intensity increase (of an order of magnitude or
larger) when a colloidal system transitions from a fluid state to a
gel through spinodal decomposition.

Further inspection of S(q) for both low and high [PEG] gels by
employing Beaucage s unified function (61-63) approach for
complex structures provides insight into the structural hierarchy
of the gels and their respective fractal dimension (Dy). First, the
number of apparent structural length scales along with their
respective limits are determined from a derivative analysis (S7

ppendix, Fig. S9). Following this method, we identify two dis-
tinct structural length scales in the S(q) of the high [PEG] gel,
whereas the S(q) of the low [PEG] gel only exhibits one.
Thereafter, our derivative analysis results guide the S(q) uni-
fied fitting of both gels (SI ppendix, Fig. S10). While the S(q)
of the [PEG] = 46.0 mM gel scatters as a mass fractal of Dy =
2.2, the S(q) of the [PEG] = 534 mM gel is composed of a mid-q
(0. 04A T< q<0058A 1) scattermg contrlbutlon from nanocrystal
clusters plus a low-q (0.01 A ' < q < 0.02 A ') scattering contri-
bution attributed to the presence of a percolated fractal gel network
(Df = 2.09). For both low and high [PEG], we associate gelation
with slow bonding kinetics since the fitted Dy values fall within the
expected range (2.0-2.2) for reaction-limited cluster aggregation
systems (64—66).

In the SAXS data of all [PEG] we observe the form factor of
the discrete nanocrystal spheres, with fitting results yielding
constituent particles with a radius of 2.95, 2.89, and 2.82 nm in
the case of the lowest [PEG] dispersion, low-[PEG] gel, and
high-[PEG] gel, respectively. This consistency suggests that the
nanocrystals remain discrete under all PEG-induced assembly
conditions. The persistence of the nanocrystals morphology is
further supported by high-resolution transmission electron mi-
croscopy imaging of a dried and diluted gel with [PEG] =
534 mM (SI ppendix, Fig. S11), where individual nanocrystals
are discerned without apparent crystallographic continuity (i.e.,
oriented attachment) between them. Detecting a prevalent
crystallographic orientation continuous between neighboring
nanocrystals would suggest internanocrystal fusion since metal
oxides are known to fuse into extended nanostructures by ori-
ented attachment (67, 68). Scherrer analysis of X-ray diffraction
complements our observations by high-resolution transmission
electron microscopy, where the crystallite size of discrete ligand-
stripped nanocrystals [6.19 nm for the (222) peak] is found to be
comparable to the nanocrystal size in the gel with [PEG] =
534 mM [5.89 nm for the (222) peak; see SI ppendix, Fig. S12],
both of which are in turn consistent with diameters measured by
electron microscopy, SAXS, and dynamic light scattering. Pre-
venting nanocrystal fusion throughout the assembly process is
particularly advantageous for depletion gelation since the at-
traction strength can be weakened by reducing the depletant
concentration relative to the primary particle and, in principle,
reverse gelation. We achieved the disassembly of the ITO-PEG

Saez Cabezas et al.

gel ([PEG] = 534 mM) by adding 600 L of ITO-PEG flowing
dispersion ([PEG] = 8.00 mM) to dilute [PEG] in the mixture by
a factor of three at a fixed nanocrystal vol ~ (Movie S1). A
stable flowing dispersion is recovered by gentle manual agitation
without using sonication or vortexing.

Considering the [PEG]-dependent phase progression including
a reentrant regime, we hypothesized that gelation might be
influenced by internanocrystal attractions other than depletion
attractions. Specifically, we propose that, in addition to its
depletant role, PEG can bridge adjacent ITO nanocrystals. Be-
cause PEG chains are known to preferentially adsorb on acidic
oxide surfaces (the isoelectric point of the nanocrystals used in this
work is between 4 and 5; SI ppendix, Fig. S13) via hydrogen
bonding and subsequently aggregate oxide particles (69-71), we
deduce that low PEG concentrations (e.g., [PEG] = 46.0 mM) can
favor bridging gelation. It is worth noting that PEG adsorption on
the metal oxide surface does not hinder the internanocrystal long-
range electrostatic repulsion necessary to form open depletion gels
since dispersed ITO-PEG clusters still exhibit a strong positive
zeta potential (SI ppendix, Fig. S14). In this light, prior work by
Luo et al. (45) and Zhao et al. (72) described an analogous ex-
perimental phase progression in a polystyrene microsphere system
where bridging and depletant effects are both operative. They
showed the emergence of the following phase transition sequence
as the concentration of the smaller adsorbing species [poly(NV-
isopropylacrylamide)] in the system increases: bridging-induced
aggregation  stabilization of discrete microspheres  depletion-
induced aggregation. Moreover, they determined that since
depletion-attraction interactions are only favored once the
adsorbing molecules have saturated the colloidal surface and
bridging attractions are hindered, the assembly mechanism (i.e.,
bridging or depletion) is highly sensitive to changes in the
colloid-to-adsorbing molecule concentration ratios.

To assess our proposed mechanism for reentrant gelation in
ITO-PEG dispersions, we devised a theoretical model that is
unique in possessing a unified description of bridging and depletion
effects. The free-energy theory synergistically combines a well-
accepted theoretical treatment for the Asakura Oosawa model
(depletion) with the accurate Wertheim theory for strong associ-
ation (bridging). As detailed microstructural prediction is not our
goal, simplification comes from approximating the stabilizing re-
pulsions with hard-core interactions for the purposes of bulk
thermodynamic calculations (73, 74). Various physical parameters
enter the theory: the nanocrystal-to-polymer diameter ratio (dnc/
dp), the number of polymers that can adsorb onto the nanocrystal
surface before saturation (n,gs), the number of nanocrystals that a
single polymer chain can bridge (npg), and the polymer-
nanocrystal thermal adsorption volume (v), which encapsulates
the combined effects of adsorption energy, temperature, and the
spatial range of the attraction (see Methods and SI ppendix for
more details). To specifically model our nanocrystal gels, for dnc/
dp we use the experimental value of ~3, and for npi,g we use the
physically reasonable value of 2 based on the short PEG chains
employed and nanocrystal size. For v and n,gs we explored various
possibilities and the associated phase behavior, one example of
which is shown in Fig. 2 for n,gs = 30 and v = 0.181 yielding a
reentrant (liquid gel liquid  gel) phase diagram that is al-
most quantitatively in accord with the experimental results. Given
our choices above for n,qs and np;,g, Zero-temperature mean-field
theoretical calculations (16) indicate that the bridging regime
should not exceed a polymer-to-colloid ratio of 435 at any volume
fraction or value of v. Therefore, the first spinodally unstable re-
gime with increasing depletant is driven by nanocrystal-polymer
bridging (which saturates upon surface coating) and the second by
depletion. Importantly, the phase diagram is always qualitatively
the same for physically reasonable values of n,qs: bridging gels form
when the ratio of the number of polymers per nanocrystal is of the
order of 10-100, whereas of the order of 1,000 is required for
depletion—as seen in the experiments.

Our nanocrystal gels assembled via bridging and depletion
interactions are optically active and exhibit an extinction
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spectrum reminiscent of that of the discrete nanocrystal building
blocks. As shown in Fig. 3 , the LSPR peak of both the bridging
([PEG] = 46.0 mM) and depletion ([PEG] = 534 mM) gels is red-
shifted (by 212 and 101 cm ' for the bridging and depletion gel,
respectively) from that of dispersed nanocrystals in acetonitrile.
We attribute the similarity between these spectra to our successful
preservation of the nanocrystal morphology as they are integrated
in the gel network, avoiding ITO nanocrystal fusion by oriented
attachment (SI ppendix, Figs. S11 and S12). The modest red shift
of both gel LSPRs, their reduced peak intensity, and significant
broadening toward lower energies compared with the spectrum of
isolated nanocrystals are all characteristic of LSPR coupling be-
tween nearest neighbors, as previously studied in extended as-
semblies, such as films of colloidal metal nanoparticles (75-77)
and metal oxide nanocrystals (52, 78, 79). Moreover, considering
our gel structure analysis from SAXS, we hypothesized that the
difference in LSPR peak broadening and shifting between the
bridging and depletion gels is correlated to their structural dif-
ferences. Since the depletion gel network is composed of discrete
nanocrystal clusters, not detected in the bridging gel network, we
expect the gel LSPR to be affected by variations in the nearest-
neighbor environment of nanocrystals.

To investigate the influence of nanocrystal clustering on the
gel s far-field optical properties and to anticipate near-field op-
tical properties, we simulated the optical response of an ex-
tended network composed of PEG-coated ITO octahedral
clusters (10 nm in radius) with a nanocrystal volume fraction of
3.88 vol , similar to that of the depletion gel studied experi-
mentally (see SI ppendix for more details). Although an
idealized structural representation was used to ensure compu-
tational tractability, the simulated network was designed to
approximate the experimentally measured nanocrystal volume
fraction in the gel and the structural hierarchy ascertained from
analysis of the SAXS data described earlier. As shown in Fig. 3B,
the simulated depletion gel LSPR does not precisely capture
the features of the experimental depletion gel LSPR due to
simulation limitations, mainly the size of the simulated box.
Nonetheless, the simulated spectrum qualitatively reflects the
LSPR characteristics of the bridging and depletion configurations,
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thus highlighting the optical sensitivity to LSPR-LSPR coupling
facilitated by arranging ITO nanocrystal building blocks in close
proximity in the gel network. Based on the simulations, we antic-
ipated that such coupling effects should give rise to intense “hot
spots” of greatly enhanced electric field intensity confined be-
tween nanocrystals in gel assemblies where the electromagnetic
near-fields of neighboring constituents overlap. Simulated near-
field maps shown in Fig. 3C demonstrate the near-field enhance-
ment under resonant optical excitation of the ITO nanocrystal
gel network.

Altogether, these findings support nanocrystal gel assemblies
potential to achieve highly tunable and complex plasmonic ma-
terials by leveraging the dependence of optical properties on the
mesoscale arrangement of discrete nanocrystal building blocks.
In addition, assembling closely spaced nanocrystals into a gel
network allows generation of localized hot spots, thereby pro-
viding coupling opportunities to other optical transitions relevant
to surface enhanced infrared absorption spectroscopy and sens-
ing applications (10, 52, 80) otherwise inaccessible in networks
built from crystallographic junctions of fused nanocrystals.

Conclusion and Outlook

The strategy described here demonstrates the potential for tun-
able gels based on reversible physical bonds, and with responsive
optical properties. A basic requirement for optical materials is that
scattering does not interfere with the absorption, reflection, and
luminescence properties of interest. Our depletion-attraction
strategy produces a highly transparent ITO nanocrystal gel that
remains stable for over 1 year without developing haze noticeable
to the eye (Fig. 3D). Obtaining transparent self-supported nano-
crystal gels has remained a challenge in the field since most
established gelation methods give rise to fast-growing networks of
large aggregates (scatterers) that ultimately form opaque gels.
Instead, as alluded to earlier for our system, competing electro-
static repulsions and attractions (via bridging or depletion) favor
slow bonding kinetics and thereby facilitate the formation of
fractal aggregates with characteristic length scales smaller than the
wavelength of visible light (R, = 13.6 and 53.0 nm for bridging and
depletion gel, respectively; ST ppendix, Fig. $10). Our results are
consistent with a previous study by Korala and Brock (19) on the
aggregation kinetics of CdSe in which it was determined that
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simultaneously accessing the reaction-limited clustering aggrega-
tion regime and suppressing large-scale aggregation are necessary
conditions to induce transparency in a nanocrystal gel. Accord-
ingly, gaining insight into the interplay between interparticle in-
teractions, structure, and aggregation kinetics is key to rationalize
and exploit the nanocrystal gel properties stemming from nano-
scale building blocks.

More generally, we showed how the combination of depletion
attractions and electrostatic repulsions can realize the assembly
of nanocrystal gels. While the addition of PEG mediates at-
tractions between dispersed nanocrystals, competing long-range
electrostatic repulsions resulting from ligand stripping encourage
the formation of a self-supported gel rather than a dense and
collapsed material. We observed the emergence of two gelation
windows interspaced with flowing dispersion states of discrete
nanocrystal clusters. Transitioning from a flowing to a solid-like
gel state was accompanied by a strong S(q) divergence and in-
tensity increase at the lowest resolvable q, a characteristic of
colloidal aggregation through spinodal decomposition reported
in prior literature. In this regard, our theoretical phase behavior
predictions, based on a unified bridging and depletion-attraction
description that captured PEG s affinity for oxide surfaces and
ability to bridge adjacent ITO nanocrystals, supported our ex-
perimental results and identified two spinodally unstable regions
favoring bridging and depletion gelation at low and high [PEG],
respectively. Moreover, we structurally differentiated the domi-
nant assembly mechanism in each gel by recognizing two scat-
tering length scales (nanocrystal < fractal gel) in the bridging gel
as opposed to the three scattering length scales (nanocrystal <
cluster < fractal gel) apparent in the depletion gel likely due to
depletion attractions acting on preassembled clusters instead of
discrete nanocrystals.

Our ITO nanocrystal model system was selected to investigate
the gelation of charge-stabilized nanocrystals driven by depletion
attractions, to experimentally demonstrate its feasibility, and to
develop an adaptable gelation strategy that should in principle be
broadly applicable across nanocrystal systems. For instance, other
nanocrystal compositions with size and zeta potential similar to our
nanocrystals are already available by established colloidal syntheses
and represent the most immediate candidates to extend this work.
Based on our analysis, depletant molecular weight may be varied to
achieve similar assembly results with nanocrystals of different sizes.
Also, as long as internanocrystal electrostatic repulsions are suffi-
cient for colloidal stabilization, similar phase behavior is expected.
Since bridging attractions between nanocrystals and depletants
depend on surface chemical interactions, nanocrystal and depletant
compositions can be strategically paired to tune bridging gelation
or even suppress its emergence.

From an application perspective, we demonstrated optically
active nanocrystal gels featuring LSPR representative of the
nanocrystal building blocks by retaining their discrete morphology
in the network, which has not been achieved with previously
reported self-supported gel processing methods for plasmonic
nanoparticles. By limiting the extent of aggregation, our gelation
approach favored the formation of transparent gels, showing no
signs of visible haze or scattering. In addition, we compared our
optical spectra from experiments to electromagnetic simulations
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to highlight near-field enhancement opportunities generated by
nearest-neighbor coupling effects in the gel network, a promising
feature that encourages further exploring nanocrystal gels as an
alternative material for coupling applications. Finally, we envision
that extending our gelation approach to other nanocrystal systems
could motivate further studies to improve our insight on structure—
property relationships in assemblies to thus achieve systematic
design of nanocrystal gel properties. We believe that our frame-
work could also contribute to the development and diversification
of multicomponent nanocrystal gels as a means to unlock even
more complex nanocrystal gel functionality.

Methods

ITO PEG Assemblies ITO nanocrystals were synthesized using established
colloidal synthesis methods and ligand-stripped by a postsynthetic chemical
treatment. Ligand-stripped nanocrystals dispersed in a PEG-acetonitrile so-
lution were combined with incremental amounts of PEG to form flowing
dispersions and gels. The samples were kept in sealed vials and remained
unperturbed during the self-assembly process. Additional synthetic, ligand-
stripping, and assembly details are described in S/ Appendix, section S2.

SAXS Characterization SAXS measurements were performed at the Lawrence
Berkeley National Laboratory Advance Light Source beamline 7.3.3 at 3.8-m
sample—detector distance. All ITO-PEG samples were enclosed in flame-
sealed glass capillaries and measured in transmission configuration S/ Ap-
pendix, section S2).

Unified Theoretical Bridging and Depletion Gelation Model Phase diagram
predictions utilize an approximate free energy expression for the Asakura
Oosawa model modified to include short-range polymer-nanocrystal surface

attractions. Formally, the free energy is decomposed as a=axo a{fx , Where

aao and a(Bex are the Asakura Oosawa and excess bonding from polymer-
nanocrystal adsorption) free energy contributions. For aao we employ the
theory of Lekkerkerker et al. 81) and for a{™* we use Werthiem first-order
association theory 82, 83). Spinodal boundaries are identified from the
Hessian matrix ) of partial derivatives with respect to polymer and nano-
crystal densities by the satisfaction of det <0. For more details, see S/ Ap-
pendix, section S3.

LSPR Measurement and Analysis UV-visible and infrared spectroscopy tech-
niques were used to collect absorption spectra. Samples were enclosed in a
liquid cell with calcium fluoride windows. To calculate extinction cross-
sections, the Beer-Lamberts law was used. To simulate the optical prop-
erty of the ITO-PEG gels, an idealized PEG-coated ITO nanocrystal network
was designed using the design module in COMSOL. For more details, see S/
Appendix, sections S2 and S4.
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