Reversible Solvent Vapor-Mediated
Phase Changes in Nanocrystal

Superlattices

Brian W. Goodfellow and Brian A. Korgel*

Department of Chemical Engineering, Texas Materials Institute, Center for Nano and Molecular Science and Technology, The University of Texas at Austin, Austin,

Texas 78712-1062, United States

iving systems are well-known to orga-
nize by self-assembly with complexity on
multiple length and time scales." Many
natural nonliving materials also exhibit sophis-
ticated organization by self-assembly. The opal
is a good example of this, composed of highly
monodisperse collections of submicrometer
silica particles molded over time and packed
tightly into a lattice. As synthetic methods for
nanocrystals of a wide range of materials have
developed—along with an understanding of
their unique properties—nanocrystal self-
assembly has been targeted as a route to
obtain materials with complicated structure
and unprecedented function.>* The concept
is simple: combine nanocrystals and allow (or
coax) them to self-assemble into ordered
superstructures. One strategy is to merge syn-
thetic nanocrystals and molecules with biolo-
gical self-assembly motifs>® To accomplish
this, a fundamental understanding of the
forces and processes that control self-assem-
bly is needed. As Bian et al.” show in this issue
of ACS Nano, even an assemblage of mono-
disperse nanocrystals—the simplest system
possible—is still offering up new surprises.
On the basis of simple packing rules of
spheres, a monodisperse collection of sphe-
rical, organic ligand-coated nanocrystals is
expected to form a face-centered cubic (fcc)
lattice. When dispersed in a good solvent, the
nanocrystals experience a short-ranged steric
repulsion, similar to that of hard spheres?
When the nanocrystals are compressed to-
gether and the density of the collection ex-
ceed:s a critical value—for example, when the
solvent is evaporated from the dispersion—
the nanocrystals spontaneously order into a
superlattice. This ordering transition is driven
by entropy. With negligible energetic inter-
actions between nanocrystals, only the ex-
cluded volume of each particle matters and
the structure with the highest entropy is
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ABSTRACT Colloidal nanocrystals are being explored for use in a variety of applications, from
solar cells to transistors to medical diagnostics and therapy. Ordered assemblies of nanocrystals, or
superlattices, are one particularly interesting class of these materials, in which the nanocrystals
serve as modular building blocks to construct nanostructures by self-assembly with spatial and
temporal complexity and unique properties. From a fundamental perspective, the nanocrystals are
simple molecular models that can be manipulated and studied to test statistical mechanical and
thermodynamic models of crystallization and disorder. An article by Bian et al. in this issue of ACS
Nano reports surprising new phase behavior in semiconductor nanocrystal superlattices: reversible
transitions between non-close-packed body-centered cubic (bcc) and body-centered tetragonal (bct)
structures, and close-packed face-centered cubic (fcc) structures, observed by real-time in situ
grazing incidence small-angle X-ray scattering (GISAXS) measurements, upon solvent vapor exposure
and increased interparticle separation. These studies offer new insight and raise new questions
about superlattice structure and the forces that control self-assembly. Accompanying computer
simulations show that ligand—ligand interactions are important. Furthermore, it appears that
ligand-coated nanocrystals have more in common with soft microphase-separated materials, like
diblock copolymers and surfactant assemblies, than previously realized.

favored. It is easy to appreciate that the fcc
lattice is the structure with the highest pack-
ing entropy by considering the entropy of an
ideal gas of N particles in a volume V: S/N = k
In V (k is Boltzmann's constant). The free
volume entropy depends on the way the
particles are arranged. For a collection of
hard spheres of volume v, the free volume is
V — Nvg =1 — (¢/¢po), expressed in terms of
the volume fraction of particles ¢, and the
jamming limit or maximum density of the
spheres ¢, determined by the specific struc-
tural arrangement, and the free volume en-
tropy is S/N < k In(1 — (¢/¢.)). A disordered
collection of spheres can only pack to a limit
of ¢. = 64% before becoming jammed.
Spheres in an fcc lattice—the densest possi-
ble arrangement of spheres—can achieve
much higher densities, up to ¢. = 74%. It
is obvious then that the free volume en-
tropy of particles at a density of 64% is much
higher when arranged in an fcc lattice than
in a jammed configuration (where S = 0).
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Indeed, fcc superlattices of a wide
variety of nanocystals have been
observed 32812

However, when the solvent has
evaporated, the nanocrystals are
clearly not interacting as hard spheres.
The nanocrystals in a “dry” superlattice
are held together by strong cohe-
sive interactions between neighboring
ligands and nanocrystals. The melting
point of dodecanethiol, for example,
is about —8 °C, but a superlattice
of dodecanethiol-capped gold nano-
crystals is a solid at room temperature.
Perhaps not surprisingly then, a variety
of superlattice structures in addition
to fcc have been observed, includ-
ing hexagonal close-packed (hcp),>'®
body-centered cubic (bcc),>''? body-
centered tetragonal (bct),*'? and the
simple hexagonal (sh)' lattice. The
bec, bet, and sh lattices are particularly
interesting because they are not close-
packed structures and the free vo-
lume, or packing, entropy of the
spheres is not maximized. For ex-
ample, ¢. = 68% for a bcc lattice.
The situation has become ever
more complicated with the study
of ordered arrangements of nano-
crystals of two different sizes, so-
called binary nanocrystal superlat-
tices. By 2006, a tremendous struc-
tural diversity of binary nanocrystal
superlattices had been observed,
many of which do not follow simple
space-filling rules expected for hard
spheres.*

Nonetheless, most superlattices,
even binary nanocrystal superlat-
tices,"”>™"> do not deviate all that
far from expectations based on
maximized sphere packing density,
and this concept has served as an
acceptable conceptual guideline for
understanding superlattice struc-
ture. The challenge has been to
understand how the ligand shell
contributes to superlattice order.
Unlike submicrometer colloidal par-
ticles, such as those that form opals
in nature, ligand-coated nanocryst-
als have a significant volume of
deformable soft organic shell ma-
terial, making them “soft spheres”
with an inner rigid, nondeformable
core.® The fcc lattice is favored over
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bcc (and bct) on the basis of both
cohesive energy (simply summing
up the pairwise attractions between
neighboring particles: 12 and 8 nearest
neighbors for fcc and bcg, respectively)
and free volume entropy. So, the ques-
tion is: Why would bcc superlattices
form instead of fcc superlattices?

In previous independent studies of
alkanethiol-capped gold® and silver'?
nanocrystals, fcc superlattices were
observed when the ligand layers were
relatively thin compared to the inor-
ganic core size, and bcc superlattices
were observed when the ligand layer
was relatively thick. The superlattice
structure could be charted as a func-
tion of the ratio of average ligand
length (L), to inorganic core radius R.
A citical value of (L)/R between
0.6 and 0.7 was observed for both
alkanethiol-capped gold and silver
nanocrystals.>'? Considering that the
ligands effectively augment repulsion
between the inorganic cores of the
nanocrystals by screening their van
der Waals attractions, increased (L)
(relative to R) indicates that the repul-
sion becomes longer-ranged for high
(L)/R, apparently favoring the more
open bcc lattice over the denser fcc
lattice.’” Charge-stabilized colloids'®
and block copolymer micelles'” both
undergo qualitatively similar transi-
tions from fcc to bcc when the range
of repulsive interactions becomes
more extended. For example, charge-
stabilized colloids form fcc lattices
when the repulsion between charged
particles is highly screened with an
interaction potential similar to hard
spheres and form bcc lattices when
the screening is low and the interac-
tion potential is strongly repulsive
and long-ranged. The free volume
entropy always favors fcc order; how-
ever, when the repulsion between
particles is strong, there is an ener-
getic contribution to the lattice en-
ergy that favors a more open, less
dense structure. The bcc lattice is, in
fact, the most stable structure for an
idealized dense collection of point
charges.'® Polymer micelles have qua-
litatively similar structure to ligand-
coated nanocrystals, with a largely
nondeformable core surrounded by
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a soft corona. “Crew-cut” polymer
micelles with a thin corona layer
and a short-ranged weak repulsion
between micelles tend to order into
fcc lattices, whereas “hairy” micelles
with more extended coronas and
longer-ranged repulsion form bcc
lattices."” This type of soft sphere
model explained at least semiquanti-
tatively the formation of the non-
close-packed bcc (and related bct)
superlattices.>'2

An Updated Model of bcc—fcc Super-
lattice Transition. A new study re-
ported by Bian et al.” in this issue
of ACS Nano squarely challenges
this model. They performed grazing
incidence small-angle X-ray scatter-
ing (GISAXS) measurements on
oleic-acid-capped PbS and PbSe
nanocrystals and observed that the
nanocrystals tended to form bcc
and bct superlattices. (Note that
the bct lattice is quite similar to
the bcc lattice, but with a lattice
distortion in the c-direction.) On
the basis of past observations of
bcc and bct alkanethiol-coated gold
and silver nanocrystals, the PbS and
PbSe nanocrystals should then have
a relatively large (L)/R ratio, higher
than 0.6—0.7.3"? This was not the
case. The values of (L)/R of the PbS
and PbSe nanocrystals were lower
than expected, ranging between
only 0.5 and 0.6. Why then were
the nanocrystals not forming fcc
superlattices?

Perhaps the value of (L)/R for an
fcc—bcc transition depends on the
details of the system. For example,
block copolymer micelles have a
much larger critical value of (L)/R,
near 1.5, for the fcc—bcc transition.
Furthermore, the value of 0.6—0.7
based on alkanethiol-coated gold
and silver nanocrystals may not ap-
ply quantitatively to oleic-acid-
capped PbS or PbSe nanocrystals.
Oleic acid is itself a rather long C;g
capping ligand with a double bond,
compared to the typical alkanethiol
chains less than C;, studied for Au
and Ag. Also, PbS and PbSe nano-
crystals have been observed in
some cases to have charged sur-
faces that could certainly influence
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the interparticle potential.’® In their
study, Bian et al’ carried out a
decisive solvent vapor-annealing
experiment that clearly showed
something was missing from the
simple consideration of (L)/R as a
structure-determining  parameter.
While conducting in situ GISAXS to
observe superlattice structure di-
rectly, they found that their bcc
and bct superlattices transformed
to fcc when the superlattice ex-
panded, in other words when (L)/R
increased—running counter to the
simple guidelines that fcc superlat-
tices are favored at small (L)/R and
bcc favored at larger {L)/R.

As Bian et al. showed,
the structural
transitions from bcc to
fcc are completely
reversible and would
not be detected by

ex situ analysis after the
removal of the solvent

vapor.

Solvent vapor annealing is well-
known to lead to dramatic struc-
tural changes in films of diblock
copolymers'® but has not been ex-
tensively studied in the case of
nanocrystal superlattices. To detect
the structural changes during sol-
vent vapor annealing, GISAXS, or
some probe of superlattice struc-
ture, must be carried out simulta-
neously. As Bian et al.” showed, the
structural transitions are complet-
ely reversible and would not be
detected by ex situ analysis after
the removal of the solvent vapor.
Therefore, electron microscopy—the
workhorse analytical tool for the nano-
materials field—is not well-suited for
these kinds of studies. Bian et al. ex-
posed their bcc (and bct) oleic-acid-
coated PbS and PbSe superlattices to
octane vapor and the superlattice
transformed to fcc (see Figure 1).
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Octane is a good solvent for the
ligands and swelled the superlattice,
increasing the interparticle separa-
tion. Higher levels of solvent expo-
sure disordered the lattice. The
structural transitions were completely
reversible, with the superlattice re-
verting back to its original structure
after removal of the solvent vapor. In
comparison to transmission SAXS
measurements, GISAXS provides
additional information about the
orientation of the superlattice with
respect to the substrate, as well as
very high sensitivity for probing thin
films (including monolayers) of nano-
crystals. GISAXS showed that the sol-
vent vapor expanded the superlattice
significantly, and multiple higher-
order diffraction spots were observed
in the experiments, confirming unam-
biguously the superlattice structures
of fcc, beg, and bet. Under some con-
ditions, the rate of solvent removal
could influence the superlattice struc-
ture, but it was clear from their study
that using {L)/R as a simple structure-
determining parameter is flawed.
Bian et al” also observed that
nanocrystals in the bcc and bct super-
lattices exhibited a high degree of
crystallographic registry or orientatio-
nal order between particles. Simulta-
neous grazing incidence wide-angle
X-ray scattering (GIWAXS) exhibited
lobes, indicating that the PbS and
PbSe crystal planes in the nanocrystal
cores were aligned throughout the
superlattice (see Figure 1 of ref 7). On
the other hand, the fcc superlattices
showed no such preferential crystal-
lographic orientation. Detailed com-
puter simulations of the ligand—
ligand interactions between neigh-
boring nanocrystals were carried out,
and the ligand coverage surrounding
each nanocrystal was observed to be
sensitive to the particular crystal facet
exposed on the nanocrystal surface.
Simulations of interacting nanocrys-
tals indicated that this anisotropic
ligand coverage can give rise to inter-
particle interactions that depend
rather strongly on the relative orien-
tations of the crystal lattice within the
core of the neighboring nanocrystals.
A qualitatively similar model was
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proposed by Harfenist et al? in
1996 to account for crystallographic
registry between alkanethiol-capped
Ag nanocrystals observed in fcc
superlattices. The models of Harfenist
et al. and Bian et al. for Ag and PbSe
(and PbS) nanocrystals both propose
a truncated octahedral shape for the
nanocrystals with exposed (100) and
(111) surface facets and preferential
ligand—ligand interactions deriving
from the (111) facets. In the case of
the Ag nanocrystals, this was believed
to be the driving force for fcc super-
lattice structure, whereas Bian et al.
propose that the preferential ligand—
ligand interactions between (111) fa-
cets on neighboring nanocrystals help
stabilize the bcc (and bct) structure of
the PbS and PbSe superlattices, essen-
tially then fitting into the bcc Wigner—
Seitz cell (illustrated in Figure 1B).
Others have also proposed that li-
gand—ligand interactions may be
important and potentially structure
determining. Luedtke and Landman?'
computed ligand—ligand interactions
between alkanethiol-coated Au nano-
crystals and proposed them to be
responsible for bcc and bct superlat-
tice structures. Recent experimental
work on oleic-acid-capped PbSe
nanocrystals by Wang et al.>? also
appears to indicate that ligand—
ligand interactions can be impor-
tant and structure determining.
Bian et al.” clearly show that there
is more to the story of the bcc—fcc
superlattice transition than increased
{L)/R favoring the formation of more
open, non-close-packed superlattice
structure. Indeed, increasingly sophis-
ticated computer simulations are
showing that ligand—ligand interac-
tions play an important role in super-
lattice structure. However, it is worth
discussing whether microscopic in-
teractions between ligands on neigh-
boring nanocrystals, which may be
very specific for particular nanocrys-
tal/capping ligand combinations, are
critical to understanding nanocrystal
superlattice structure. After all, the
prevalent fcc superlattice structure
observed for many different nano-
crystals is consistent with expectations
based on free volume entropy and
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Figure 1. (A) lllustration of how ligand packing frustration leads to a change in superlattice symmetry from fcc to bcc. When
the ligands are more extended, as is the case with solvent vapor exposure, there is little ligand deformation around the
nanocrystals and the free volume entropy favors fcc packing of the nanocrystals. In the denser arrangement of nanocrystals,
however, the ligands must conform more strongly to the polyhedral Wigner—Seitz cell of the lattice. The Wigner—Seitz cell is
more spherical in the bcc unit cell than in the fcc unit cell, as illustrated in (B). Therefore, the ligands are more uniformly spread
in the bcc superlattice than in the fcc superlattice. (C) Solvent vapor-annealing data from Bian et al.” GISAXS of oleic-acid-
capped PbS nanocrystals. The dry superlattice forms a bct structure. Solvent annealing leads to an increase in interparticle
separation, as shown in the schematic, and a change in superlattice structure to fcc. Increased solvent exposure further
separates the nanocrystals and the superlattice disorders. The structural transitions are reversible. Panel (C) is adapted from
ref 7. Copyright 2011 American Chemical Society.

(somewhat attractive) isotropic inter-
particle interactions, and in many
cases, the soft deformable ligand shell
simply fills interstitial space in the
superlattice as needed, like glue. We
would also like to point out that the
solvent annealing result of a transition
from bcc to fcc with increased inter-
particle separation is, in fact, consis-
tent with expectations for a collection
of soft sphere particles, even though
seemingly inconsistent with expecta-
tions based on the alkanethiol-capped
Au® and Ag'? nanocrystals.

As Bian et al.” found, and is illu-
strated in Figure 1, the superlattice
expanded when the solvent mole-
cules penetrated the intervening
ligands. This should reduce the in-
terparticle attractions significantly,®'2
and thus, one explanation for the ob-
served bcc—fcc transition is that sol-
vent vapor annealing actually drives
the nanocrystals closer toward the
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Bian et al. clearly show
that there is more to the
story of the bcc—fcc
superlattice transition
than increased (L)/R
favoring the formation
of more open,
non-close-packed

superlattice structure.

situation of a collection of hard sphere
nanocrystals. The spreading out of the
nanocrystals decreases the amount
of ligand deformation, as well, as illu-
strated in Figure 1A. Under these
conditions, the free volume entropy
of the fcc lattice becomes important
and leads to a transformation of the
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superlattice from bcc to fcc. Indeed,
further solvent annealing disordered
the superlattice—the equivalent of
melting. Such a progression from
bcc to fcc to disorder has been pre-
dicted for soft Hertzian spheres,
or particles separated by a flexible
spring-like layer with a temperature-
dependent spring constant.> As the
temperature increases, the lattice ex-
pands and the particles behave as
densely packed spheres with only
weak energetic interactions. Here,
the solvent plays the role of tempera-
ture, stretching the ligands and reduc-
ing the interparticle interactions.
Weak interparticle interactions more
closely approximate hard spheres and
free volume entropy takes over, driv-
ing the particles into an fcc lattice.
So, why do the nanocrystals or-
der into the bcc (or closely related
bct) lattice when the solvent evapo-
rates? Whereas the fcc lattice is special

NO.4 = 2419-2424 = 2011

WWww.acsnano.org

JAILDddSddd

2422



in that it is the densest possible collec-
tion of spheres, the bcc lattice is
special in that, of all possible arrange-
ments, it is the arrangement that mini-
mizes interfacial area between neigh-
boring spheres.* The fact that this is
the case can be deduced by examin-
ing and comparing the Wigner—Seitz
cells of bcc and fcc lattices (at least
that the interfacial contact area in a
bcc lattice is less than in an fcc lattice)
(Figure 1). The Wigner—Seitz cells are
Voronoi tessellations, or space-filling
polyhedra that represent the shape of
the boundary between each “particle”
needed to completely fill the volume.
(A sphere has the lowest surface area
to volume ratio of any shape but
cannot fill space completely when
packed together; the polyhedra fill
the space completely when packed
together.) The truncated octahedral
Wigner—Seitz cell of the bcc lattice is
more spherical than the rhombic do-
decahedron of the fcc lattice, thus
better minimizing the interfacial area
between neighbors in the lattice.?* To
see why this matters, consider how
the ligand must deform, as in the case
of the PbS and PbSe nanocrystals, as
the solvent evaporates from the
superlattice and the interparticle se-
paration decreases. As shown in Fig-
ure 1, when the superlattice shrinks
and the nanocrystals are pressed to-
gether, the ligands can no longer
spread uniformly around the nano-
crystals and are forced to spread into
the interstitial space of the lattice. The
ligand shell can no longer take on a
roughly spherical shape (as desired by
the ligands) but must conform to the
shape of a “faceted” space-filling poly-
hedron of the superlattice. This same
phenomena occurs in sphere-forming
block copolymers and is referred to as
chain-packing frustration.”> Chain-
packing frustration has a significant
impact on diblock copolymer assem-
bly and is the reason that sphere-
forming diblock copolymer melts
only form bcc lattices and never fcc
lattices—the extent of packing frustra-
tion is significantly lower in the bcc
lattice than in the fcc lattice.?®
(Incidentally, only when loaded with
solvent and transformed to a dense
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collection of micelles do diblock co-
polymers form fcc lattices, in many
ways analogous to the PbS and PbSe
nanocrystals studied by Bian et al.)
Perhaps the reason that ligand-
coated nanocrystals form bcc super-
lattices is that, even though free
volume entropy favors fcc packing
of the spheres, the frustrated ligand
packing pushes the structure into a
bcc lattice with its more spherically
symmetric Wigner—Seitz cell. The role
of ligand-packing frustration has also
been considered by Chen et al.”>' in
binary nanocrystal superlattice assem-
bly, but they ruled it out. On the basis
of the prevalence of bcc superlattices
of ligand-coated nanocrystals that
have now been observed, it appears
to us that ligand-packing frustration
is indeed important.

Perhaps the reason that
ligand-coated
nanocrystals form bcc
superlattices is that,
even though free
volume entropy favors
fcc packing of the
spheres, the frustrated
ligand packing pushes
the structure into a bcc
lattice with its more
spherically symmetric

Wigner—Seitz cell.

Perhaps an alternative way of looking
at ligand-coated nanocrystal superlat-
tices is to view them as microphase-
separated (or really, nanophase-
separated) materials of inorganic cores
embedded in a sea of soft organic
material. If the ligands were not bound
to the nanocrystals, phase segregation
would occur and the superlattice struc-
ture would be destroyed. In at least
one instance, temperature-dependent
SAXS from an alkanethiol-coated Ag
nanocrystal superlattice has exhibited
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the expected signatures of a micro-
phase-separated system.?’  Diblock
copolymers with relatively simple
chemical makeups have relatively
complicated phase behavior, in
large part due to ligand-packing
frustration in combination with the
free volume entropy and sphere-
packing constraints of the spherical
domains.?

The study by Bian et al.” has
opened a new line of inquiry about
nanocrystal superlattice self-assem-
bly and perhaps a new way of think-
ing about them. For the first time,
reversible structure changes have
been demonstrated. This was en-
abled by the use of an added sol-
vent instead of temperature, which
has typically led to decomposition
of the nanocrystals (i.e., ligand de-
sorption and vaporization) before
any structural changes in the super-
lattice can occur.® With in situ GISAXS,
it was possible to correlate the inter-
particle spacing directly with super-
lattice structure and, combined with
GIWAXS, to correlate internal crystal-
lographic registry between nanocryst-
als in the superlattice. Instead of think-
ing of these superlattices as collections
of spherical particles, it is probably
more accurate to consider them as
spatially ordered microphase-sepa-
rated materials that follow many of
the same “rules” as diblock copoly-
mers. This would imply that the fcc
superlattice is really more of an ex-
ception and the bcc superlattice
more of the rule. Furthermore, based
on the fact that relatively simple di-
block copolymers can exhibit compli-
cated phase diagrams, it is reason-
able to believe that nanocrystals
should also exhibit a relatively diverse
range of structures. Of course, the
main difference between diblock co-
polymers and nanocrystals is that,
unlike in diblock copolymers, the ra-
dius of curvature for nanocrystals is
fixed by the nanocrystal size. Further-
more, the nanocrystal core is inorgan-
ic and has particular crystallographic
facets exposed. Bian et al. showed
that this can also be important and
lead to subtle deviations from isotro-
pic interparticle potentials as well
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as produce orientational correlations
between nanocrystals in superlattices
that would not have an analogy in
diblock copolymers. For this reason
alone, better microscopic models of
the interactions between ligands and
ligand-coated cores are needed. In
the end, the conceptual model of
nanocrystals as soft spheres ordered
into lattices continues to have merit,
but as more experimental data con-
tinue to be acquired, these concepts
will continue to be refined and tested.
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