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Self-assembly of nanocrystals into strongly
electronically coupled all-inorganic supercrystals

Igor Coropceanu't, Eric M. Janke't, Joshua Portner't, Danny Haubold™Z, Trung Dac Nguyen?®,
Avishek Das?, Christian P. N. Tanner®, James K. Utterback®, Samuel W. Teitelbaum®, Margaret H. Hudson’,
Nivedina A. Sarma’, Alex M. Hinkle!, Christopher J. Tassone®, Alexander Eychmiiller?, David T. Limmer*72,
Monica Olvera de la Cruz>®, Naomi S. Ginsberg*®1%, Dmitri V. Talapin2*

Colloidal nanocrystals of metals, semiconductors, and other functional materials can self-assemble into
long-range ordered crystalline and quasicrystalline phases, but insulating organic surface ligands
prevent the development of collective electronic states in ordered nanocrystal assemblies. We reversibly
self-assembled colloidal nanocrystals of gold, platinum, nickel, lead sulfide, and lead selenide with
conductive inorganic ligands into supercrystals exhibiting optical and electronic properties consistent
with strong electronic coupling between the constituent nanocrystals. The phase behavior of charge-
stabilized nanocrystals can be rationalized and navigated with phase diagrams computed for particles
interacting through short-range attractive potentials. By finely tuning interparticle interactions, the
assembly was directed either through one-step nucleation or nonclassical two-step nucleation pathways.
In the latter case, the nucleation was preceded by the formation of two metastable colloidal fluids.

elf-assembly of nanocrystals (NCs) into

long-range ordered arrays can enable

bottom-up design of hierarchically or-

ganized functional and multifunctional

materials (Z, 2). A large body of work has
identified conditions for the assembly of col-
loidal NCs into face-centered cubic (fcc) and
body-centered cubic (bce) solids (3, 4), mul-
ticomponent binary and ternary NC super-
lattices (5-8), and quasicrystalline structures
(9, 10). These approaches used NCs with sur-
faces functionalized by long hydrocarbon
chains or surface-tethered DNA strands that
supported colloidal stability but also sep-
arated NCs with electrically insulating bar-
riers at least 1 to 2 nm in thickness (fig. S1).
These barriers lead to poor electronic conduc-
tivity of ordered NC assemblies and constrain
their prospects for practical applications. Some
collective effects can develop through distant
coupling of plasmonic excitations (77) or mag-
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netic dipoles (12), but free electron movement
is needed to develop conduction bands. The
combination of translational symmetry and
strong electronic coupling holds the promise
of enabling a general platform for the con-
struction of new functional materials from the
available library of NCs.

Strong coupling between NCs can be achieved
by using very compact (typically inorganic) sur-
face ligands. For example, thin films of CdSe
NCs capped with In,Se,>” surface ligands can
develop band-like electronic transport (13).
These ligands add charge to the NC surface,
and NCs act as electrostatically stabilized col-
loids in polar solvents. However, NCs with such
ligands fail to form ordered superstructures
because the van der Waals attractive forces
arising between touching NCs are too strong
and arrest the system as a gel or glass (14).
An alternative approach to building strongly
electronically coupled NC solids is to remove
the native insulating organic ligands after
assembly (15, 16), which sometimes results in
the oriented attachment of NCs (16-18). How-
ever, irreversible oriented attachment cannot
produce large, ordered supercrystalline (SC)
domains because structural defects accumu-
late. This problem is inherent to any assembly
process that lacks a self-healing pathway en-
abled by microreversibility (19, 20).

We describe a new class of all-inorganic SC
materials that combine long-range order with
strong electronic coupling. As building blocks,
we used NCs (metals such as Au, Pt, and Ni or
semiconductors such as PbS and PbSe) capped
with small and conductive metal chalcogen-
ide complex (MCC) ligands (such as Sn,Sg*~,
Sn,Ses™, InySe,>”, AsS,;>, and CugS,>) that
we have previously described (21). Through
controlled flocculation using multivalent salts,
these NCs assembled into fcc and hexagonal
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close-packed SCs, as well as other structures
with more complex symmetry (Fig. 1 and figs.
S2 and S3). Alkali metals, NH,,", or NoH; " served
as cations for charge balance.

Faceted three-dimensional SCs of 5-nm Au
NCs capped by Sn,Ss™ ions (Fig. 1, A and B)
showed micrometer-size domains containing
~10® NCs. The MCC ions remained in the su-
perlattice (fig. S4) and separated the Au NCs
by ~0.3 nm (fig. S5). The small- and wide-angle
x-ray scattering (SAXS and WAXS, respectively)
patterns of macroscopic samples showed two
sets of fcc reflections: from the atomic planes
inside individual NCs at the momentum trans-
fers @ > 1A and from the SCplanesatq <1A™
(Fig. 1, C and D). These structures formed spon-
taneously upon addition of K,Sn,Se to a con-
centrated (~100 mg/ml) colloidal solution of
Au NCs with Sn,S¢*~ surface ligands in polar
solvents N-methylformamide (NMF) or hydra-
zine (see supplementary materials section 1).
The addition of 1:1 electrolytes such as NaCl
precipitated amorphous aggregates (fig. S6)
typical for irreversible binding of NCs, as had
been seen with many previous studies of elec-
trostatically stabilized NC colloids (74). An ad-
ditional observation was that NCs of materials
with high dielectric constant (exc) such as
metals (exc — @), PbS (exc = 170), and PbSe
(enc = 220) readily formed SCs, whereas any
NCs with exc < 20 (CdSe, InAs, and Fe,03)
formed gels or glasses (figs. S7 to S21).

These observations suggest possible connec-
tions among SC formation, ionic charge, and
enc- An understanding of the phase behavior
(formation of SCs versus disordered glass or
gel structures) begins with the knowledge of
the interaction potentials between particles.
However, the exact form of pair potentials for
colloidal NCs <10 nm is generally not known
and cannot be easily extracted from available
experimental data (22). Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory (23) can serve
as the minimal framework accounting for three
major components: van der Waals (vdW) at-
traction, electrostatic repulsion, and an ad-
ditional steep short-range repulsion at hard
contact of NC cores (see supplementary ma-
terials section 2.1). For a broad range of in-
put parameters, such as surface charge and
Hamaker constant, the competition between
vdW attraction and electrostatic repulsion
results in a narrow (<1 nm width) potential
well with depth larger than 5 kg7, where kg
is the Boltzmann constant and 7'is tempera-
ture (Fig. 2A).

Computational studies on model colloids
have shown that it is not only the depth but
also the range of pair potentials that plays a
critical role in the formation of crystalline
phases versus glasses or gels (24, 25). As a rule,
attractive potentials with a range of <20% of
the particle diameter and a depth of 3 to 4 kgT
are most favorable for crystal nucleation and
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growth, whereas the exact shape of the po-
tential is less important (25, 26). For a 5-nm-
diameter Au NC, this would correspond to
an extremely short, subnanometer range of
attraction. At this length scale, continuum
theories such as DLVO can provide only ap-
proximate guidance (27), whereas accurate
atomistic simulations are impeded by the
large size of the system.

According to the Noro-Frenkel extended
law of corresponding states, the equilibrium
phase diagram of different systems with short-
range attraction can be represented by par-
ticles interacting in square-well potentials
(Fig. 2C, inset) with depth u, and width 2AR,
where R is the particle radius (26). For A < 0.2,
regardless of the exact well shape, the phase
diagram consists of two equilibrium phases,
a colloidal fluid and a solid, with a “hidden”
binodal curve separating two metastable fluid
phases (Fig. 2B) (24, 28). Haxton et al. mod-
eled the dynamics of a colloidal fluid as func-
tion of uy and A (Fig. 2C) and mapped regions
with high probability to form crystals (regions
I and II), metastable fluids with a prohibitively
slow nucleation rate (region III), Kinetically
frozen metastable gels (region IV), and a stable
liquid phase (region V).

Although the exact parameters of NC pair
potentials may be difficult to access, the ap-
pearance, evolution, and final state of NC col-
loid offer insights into its location within the
phase diagram. In our experiments, the for-
mation of SCs was often preceded by separa-
tion of NC colloid into dense and dilute fluid
phases (Fig. 3A; see supplementary materials
section 2.2). Such behavior was reported for
polymethylmethacrylate (PMMA) spheres (29)
and globular proteins (30) but not for inor-
ganic NCs. For Au NCs, optical studies showed
that the dense fluid was highly metastable and
converted into SCs within seconds, but for PbS
NCs, the dilute and dense fluid phases, both
with no long-range order, could coexist for
many hours, followed by the slow formation of
fce SCs from the dense fluid phase. The dense
fluid phase exhibited a short-range structure
factor (fig. S22) resulting from interparticle
correlations at high concentration, similar to
previous reports of large PMMA spheres (31).
Such triple-phase coexistence of two metasta-
ble colloidal fluids and SCs confirmed the
presence of a fluid-fluid binodal curve and
further supported that our charge-stabilized
NC colloids followed the predictions for spheres
with short-range attractive potentials.

The formation of SCs required the use of
multivalent anionic ligands on the NC surface
and as a flocculant (co-ions) to induce self-
assembly. By contrast, the addition of NaCl
or another 1:1 electrolyte resulted in gelation
for all studied conditions, which is character-
istic of region III shown in Fig. 2C and also
agrees with the potentials shown in Fig. 2A,
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Fig. 1. Compositional diversity of all-inorganic NC assemblies. (A) TEM and (B) scanning electron
microscopy (SEM) images of supercrystals assembled from 3.8-nm Au NCs with (N2Hs)4Sn,Se surface
ligands. (C) SAXS patterns for self-assembly of a population of 5-nm Au NCs with different MCC ligands,
yielding crystalline superlattices in each case. Inset: vertically magnified view of the SAXS pattern after

the 111 peak. (D) SAXS and WAXS patterns of supercrystals assembled from Au NCs with (NoHs)4Sn,Sg ligands
showing fcc crystalline order at both the supercrystal and atomic length scales. Data have been normalized
to the 111 peaks. (E to H) TEM micrographs of different all-inorganic NC assemblies showing ordered
domains of 9 nm Pd, 9 nm Ni, 5 nm PbS, and 6 nm PbSe NCs with MCC ligands, respectively.

the attractive well of ~6 kT being too deep
for reversible binding and crystallization at
experimentally accessible time scales (25, 32).
Multivalent counterions can also promote the
crystallization of NCs in polar solvents (33).
The observation that NC assembly required
the addition of a salt containing multivalent
ions could not be explained by DLVO. Gen-
erally, concentrated and multivalent electro-
lytes showed strong ion-ion correlations. Ion
correlations under confinement resulted in
an additional attractive force (34), but for the
multivalent co-ions used in this study, the ef-
fect was small (35). However, we show here
that co-ion valency can have a prevalent effect
on the effective two-body potentials for NCs
with high polarizability and correspondingly
large exc.

Our molecular dynamics (MD) simulations,
as well as direct chemical analysis data (fig.
523), showed that multivalent ions formed a
dense layer near the NC surface for metallic
NCs (enc — @), whereas typical dielectric NCs
(enc < 20) had only loosely associated counter-
ions with the NC surface (Fig. 2D). The radial
density profiles of the anions revealed that as

25 March 2022

enc increased, the anions accumulated near
the NC surface beyond one full monolayer (fig.
S24). The driving force resulted from the di-
electric mismatch between the NCs and the
surrounding medium (36). This mismatch in-
duced polarization, which created an attraction
between the anions and the image charges
inside the NCs (37). As the anion valency was
decreased, the surface-induced charges were
reduced, which led to loose packing of the con-
densed anions (fig. S25).

MD simulations of two NCs surrounded by
multivalent anions revealed an additional
force exerted on each NC as a function of their
center-to-center distance (see supplementary
materials section 2.3). This force was purely
repulsive at short range (Fig. 2E), reduced the
depth of the attractive well, and enabled the
microreversibility of NC binding necessary
for nucleation and growth of long-range or-
dered SCs. Our simulation of NC colloids further
corroborated this hypothesis, showing that
when the attractive well was deep (~6 kgT),
the particles were arrested into gel-like struc-
tures, similar to experimentally observed struc-

tures for NCs with ex¢ < 20. However, when the
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Fig. 2. Modeling interactions and phase equilibria of charge-stabilized colloidal nanocrystals.

(A) Estimated pair potential for 4.5-nm Au NCs in the presence of different concentrations of 1:3 electrolyte.
(B) Phase diagram for a colloid with a square-well attractive potential with A = 0.18. Solid square shows
the metastable fluid-fluid critical point. Data were taken from references (25) and (28). (C) Probability

of supercrystal nucleation represented by color gradients (green indicates high; blue, intermediate; and red,
low) as a function of ug and A of a square-well potential for a colloid with volume fraction of ¢ = 0.1.

The diagram highlights regions corresponding to (I) one-step nucleation, (Il) two-step nucleation, (Il
coexistence of two metastable fluids with a slow nucleation rate, (IV) gel formation, and (V) a thermodynamically
stable colloidal fluid. The dashed blue curve is the metastable fluid-fluid binodal curve, and the solid

black curve is the thermodynamic boundary for stability of an fcc crystal. Inset: a square-well potential
determined by the depth (ug) and range of the attraction (A). Data were taken from reference (25).

(D) Qualitative difference in interactions of NCs with high (enc = 200) and low (enc = 10) dielectric constant,
with multivalent ions resulting in reversible and sticky NC binding, respectively. (E) Computed repulsive
component of the interparticle potential at varying dielectric contrast eyc/eso, Where €4 is solvent
dielectric constant. The repulsive interaction increases for NCs with high polarizability.
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Fig. 3. Triple-phase coexistence and nucleation in charge-stabilized NC colloids. (A) Homogeneous
colloidal solutions of 5.5-nm PbS NCs capped with Sn,S¢*™ ligands in NMF spontaneously form three

phases upon addition of acetonitrile. SAXS data show three separate phases of dilute fluid, dense fluid,
and fcc solid supercrystals. Inset: photograph of 5.5-nm PbS NC colloid showing the coexistence of three
phases. (B) Schematic representation of one-step nucleation (I) and two-step nucleation (Il and Ily) of
supercrystals; phase separation precedes crystallization in the latter case. (C) In situ SAXS data for
one-step nucleation of 4.6-nm Au NCs capped with (N,Hs)4Sn,Sg and flocculated by gently increasing the
(N2Hs)4Sn,Sg concentration.
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attraction strength was moderate (~3 to 4 kgT),
the coexistence of a metastable high-density
liquid and crystal was present (fig. S26), closely
resembling the behavior of metal semiconduc-
tor NCs with large exc.

The metastable binodal curve in the colloi-
dal phase diagram includes a fluid-fluid crit-
ical point (Fig. 2B). ten Wolde and Frenkel
suggested that critical density fluctuations
in the vicinity of this critical point lower the
activation barrier for crystal nucleation (24).
The SC nucleation can proceed along two dif-
ferent pathways (Figs. 2C, regions I and II, and
3B) (24, 25). In a narrow window of parame-
ters very close to the binodal curve, classical
one-step nucleation (region I) is predicted to
be the main pathway to a crystalline state. In-
deed, in situ SAXS studies showed that a gen-
tle increase of (N,H;),Sn,Sg concentration in
hydrazine up to ~50 mM induced a rapid nu-
cleation of 4.6 nm Au NCs into SCs, which
grew at the expense of the free colloid (Fig.
3C and fig. S27).

A qualitatively different pathway was ob-
served after the rapid addition of 100 to 125 mM
(N,H;)4Sn,Se to a colloid of similarly sized Au
NCs. Instead of direct nucleation of SCs, the
colloidal solution divided into two fractions
with different density (figs. S28 and S29). The
dense phase initially showed no long-range or-
der and resembled aggregated NCs but ulti-
mately converted into SCs. This showed that
the dense phase was not an arrested state but
rather a dynamically evolving intermediate
preceding SC formation, with transmission
electron microscopy (TEM) studies further
suggesting that crystallization occurs within
the matrix of disordered NCs (figs. S30 to S33).
In the case of 5.5-nm PbS NCs in NMF floccu-
lated with K3AsS, in the presence of acetoni-
trile (Fig. 3A and fig. S34), SC nucleation was
preceded by a separation of the homogeneous
colloid into droplets of dilute and dense fluids
according to the binodal separation of two
fluids in Fig. 2B, and the nucleation occurred
within the metastable dense fluid phase. Such
a pathway is reminiscent of the nonclassical
two-step nucleation, which is rather common
for globular proteins (38, 39).

In many previous studies, NC films with
strong electronic coupling and high electron
mobility showed no long-range order, whereas
long-range-ordered two- and three-dimensional
SCs typically used insulating organic ligands.
The resulting “order versus coupling” tradeoff
(Fig. 4A; see supplementary materials section
2.4) is detrimental for the applications of col-
loidal NCs in optoelectronic devices. For the all-
inorganic SCs described in this work, compared
with SCs with traditional organic surfactants,
the smaller interparticle spacing in all-inorganic
SCs and the semiconducting nature of MCC
ligands enabled much stronger electronic
coupling between neighboring NCs while
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Fig. 4. Strong coupling and reversibility in all-inorganic NC superlattices. (A) Order-coupling diagram
for existing NC solids. As a measure of electronic coupling in different ordered and disordered structures,

we used the interparticle conductance (c* = 6/c0) normalized by the conductance quantum (g = 26°/h),
where e is the electron charge and h is Plank's constant. As a measure of the ordering, we took the
average number of particles in a crystalline domain. The data points indicated are as follows: red diamond,
superlattices of DDT-capped Ag NCs (47); light blue inverted triangle, film of inorganically capped HgTe
NCs (48); and dark blue pentagon, epitaxially connected PbSe superlattice by oriented attachment (17).
Green star indicates data from the present work. (B) Left: reflectance data of 5-nm Au NCs capped with MCC
and DDT ligands compared with bulk Au. Right: schematic for delocalization of LSPR in strongly coupled
NC arrays. (C) Temperature-dependent resistivity data for supercrystals assembled from 5-nm Au NCs
with Sn,Seg* ligands. Inset: p at 290 K for bulk Au and Au NCs with three different ligands. (D) Dynamic
light-scattering data showing that colloidal NCs can be assembled into SCs and then redissolved to

recover the original colloidal solution.

maintaining the high NC order and low strain
previously observed only for SCs containing
soft, deformable organic ligands (fig. S35).
The optical reflectance spectra measured for
Au SCs with different surface ligands showed
the crossing from weakly coupled localized
surface plasmon resonance (LSPR) in the ar-
rays of Au NCs with 1-dodecanethiol (DDT)
ligands into the strong coupling regime for
SCs assembled from Au NCs with Sn,S¢*~ ions
approaching that of bulk metals (Fig. 4B and
fig. S36). For Au NCs assembled with more
conductive and polarizable Sn,Ses™~ ions, the
transition to metallic reflectance was even
more complete, with higher reflectance overall
and no sign of a residual LSPR component.
Measurements of direct current transport
further supported assignment of metallic char-

Coropceanu et al., Science 375, 1422-1426 (2022)

acter to Au NC solids with MCC ligands (Fig.
4C). Resistivity decreased monotonically from
300 down to 3 K with no evidence of ther-
mally activated transport between localized
states that would manifest as increasing re-
sistivity in the low-temperature limit. Instead,
the temperature-dependent resistivity data
were well described by the Boltzmann trans-
port theory, as for typical metallic solids. A
Bloch-Griineisen model fit (40) successfully
captures the phenomenology of the R versus 7'
relation and is plotted as a solid line through
the discrete data points (fig. S37). Between 300
and 3 K, the resistivity of the sample dropped
by a factor of 0.86, yielding a residual resistivity
ratio (RRR) psopox/pax = 1.16. Such values of RRR
are commonly measured from metallic alloys
(41, 42) and degenerately doped crystalline
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semiconductors (43). Magnitudes of 290 K re-
sistivities (Fig. 4C, inset) of Sn,Ses*"-capped
Au solids without any thermal annealing are
within a factor of 30 of evaporated bulk Au
films (Fig. 4A, star symbol). These values were
measured over “polysupercrystalline” films
and contained resistivity contribution from
grain boundary scattering.

Surface-ligand-dependent transport in Au
NC solids has been of interest for studies of
the transition between insulating and metal-
lic behavior (44). For NC films with short or-
ganic ligands, an applied compression can
induce electron delocalization (45). Au NC films
with inorganic thiocyanate ligands also show
metallic-type direct current resistivity (46). How-
ever, previously studied metallic NC solids shared
the common trait that particles were rendered
insoluble by the chemical or heat treatments
that improve conductivity. This loss of solubil-
ity made it difficult to rule out partial sintering
of NCs along the current percolation path.

Our SCs dissolved completely into their in-
dividual NC building blocks when placed into
pure NMF or hydrazine (figs. S38 and S39). Dy-
namic light-scattering measurements (Fig. 4D)
confirmed that the colloidal particles recov-
ered from redissolved SCs after low-temperature
electronic measurements were indeed indi-
vidual Au NCs, so the metallic transport that
we observed did not result from NC necking or
sintering. We observed the metallic character
of our assemblies with no thermal annealing
and with infilling materials (glassy SnS, or
SnSe,) that did not have conduction bands
aligned to the Fermi level of Au. Strong elec-
tronic coupling between neighboring NC units
was achieved through a combination of the
short interparticle distance and greater polar-
izability with a lower tunneling barrier afforded
by the inorganic infill compared with that of
analogous organic ligands.
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Conducting colloidal nanocrystals

Organic capping ligands on nanocrystals can promote ordering of films and crystals but tend to block electronic
conduction. Smaller inorganic ligands, such as diindium tetraselenide anions, promote conduction for semiconductors
such as cadmium selenide but tend to form gels rather than crystals. Coropceanu et al. show that these inorganic
anions can form electronically coupled crystals of nanocrystals of metals such as gold and nickel and semiconductors
with high dielectric constants such as lead sulfide. In these cases, the multivalent anions bind in a dense but reversible
manner to the nanocrystal surface and enable rearrangements that lead to the formation of crystals rather than
amorphous gels. —PDS
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