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ABSTRACT: Polymer-inorganic nanocomposites based on poly-
mer-grafted nanocrystals (PGNCs) are enabling technologically
relevant applications owing to their unique physical, chemical, and
mechanical properties. While diverse PGNC superstructures have
been realized through evaporation-driven self-assembly, this
approach presents multifaceted challenges in experimentally probing
and controlling assembly kinetics. Here, we report a kinetically
controlled assembly of binary superstructures from a homogeneous
disordered PGNC mixture utilizing solvent vapor annealing (SVA).
Using a NaZn13-type superstructure as a model system, we
demonstrate that varying the solvent vapor pressure during SVA
allows for exquisite control of the rate and extent of PGNC
assembly, providing access to nearly complete kinetic pathways of
binary PGNC crystallization. Characterization of kinetically arrested intermediates reveals that assembly follows a multistep
crystallization pathway involving spinodal-like preordering of PGNCs prior to NaZn13 nucleation. Our work opens up new avenues
for the synthesis of multicomponent PGNC superstructures exhibiting multifunctionalities and emergent properties through a
thorough understanding of kinetic pathways.
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Polymer-inorganic nanocomposites are enabling trans-
formative advances in applications of photonics, plas-

monics, fuel cells, photovoltaics, and nanomembranes, among
others.1−6 Assemblies of polymer-grafted nanocrystals
(PGNCs) represent a modular materials platform for
developing functional nanocomposites with tailored properties,
versatile processability, and responsiveness to multiple
stimuli.2,7−12 Grafting polymers onto pre-synthesized nano-
crystals (NCs) introduces new energetic contributions arising
from the conformational entropy and interaction enthalpy of
polymer chains, offering a vast parameter space for nano-
composite design.13−19 While diverse NC and PGNC
superstructures have been synthesized by evaporation-driven
self-assembly,9,20−30 it remains very challenging to study the
kinetic pathways of crystallization especially for multi-
component systems. The main challenge lies in the difficulty
of real-space observation of structural intermediates during
disorder-to-order transitions.
Solvent vapor annealing (SVA) has been utilized extensively

for controlling the morphology and ordering of polymeric
materials.31,32 Exposure to solvent vapors can swell the
polymer chains and lower the glass transition temperature,
thereby increasing the chain mobility. Importantly, SVA can be

performed at a constant solvent vapor pressure to provide a
steady thermodynamic driving force for the structure evolution
and can be stopped on-demand to access the intermediate
structures. Despite its proven effectiveness, there have been
very few reports using SVA to synthesize NC and PGNC
assemblies yet limited to one-component systems.33−36

Herein, we describe a kinetically controlled assembly of
binary PGNCs into ordered phases using SVA. Using a
NaZn13-type superstructure as a model system, we show that
varying the solvent vapor pressure during SVA provides
exquisite control over the rate and extent of PGNC assembly.
Furthermore, analysis of kinetically arrested intermediates
reveals that the assembly follows a multistep crystallization
pathway involving spinodal-like preordering of PGNCs before
the nucleation and growth of NaZn13-type crystalline domains.
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Homogeneous disordered mixtures of PGNCs were prepared
by spin-coating onto Si substrates, which were solvent
annealed under a range of well-defined normalized solvent
vapor pressures, p/p0 (p and p0 denote experimental and
saturated solvent vapor pressures, respectively). Our custom-
built SVA apparatus (Figure 1a) combines a continuous flow of

saturated solvent vapor with a N2 diluent, each regulated by a
mass flow controller (MFC). Fast quenching of the solvent-
swollen PGNC film (within 30 s) allowed the structures
evolved after different SVA durations to be preserved and
characterized. Monodisperse Fe3O4 NCs with core diameters
of 5.4 and 13.5 nm were synthesized and functionalized using
5.5 kDa pentaethylenehexamine-terminated polystyrene (PS)
and 8.2 kDa diethylenetriamine-terminated PS with estimated
grafting densities of 0.81 and 0.56 chains/nm2, respectively
(Figures S1−S4 and Tables S1 and S3). Both Fe3O4 PGNCs
readily formed two-dimensional hexagonal superlattices with
average center-to-center interparticle distances of 12.0 and
19.8 nm (Figure 1b−d), respectively, giving rise to an effective
PGNC size ratio of 0.61. One of the stable phases predicted for
this size ratio is NaZn13.

9,10,20,29,37,38

SVA-induced disorder-to-order transition for films with a
PGNC number ratio close to 13:1 was studied using scanning
electron microcopy (SEM). Both top-view and cross-sectional
SEM images indicate that as-spun films consisted of a
disordered, random mixture of small and large PGNCs (Figure
1e and Figure S5a,b). After SVA under 0.95 p/p0 CHCl3 vapor
for 15 min, PGNCs self-assembled into micrometer-sized
ordered domains with a 4-fold symmetry (Figure 1f,g).
Transmission electron microscopy (TEM) images of PGNC
films prepared on carbon-coated mica substrates which were
annealed under otherwise identical conditions confirm the
formation of a NaZn13-type superstructure with the [001]
preferred orientation (Figure 1h). Cross-sectional SEM images
reveal that the ordering persisted through the entire film
thickness (Figure 1i and Figure S5g,h).
Rapid quenching of solvent-swollen films to the dry state

provides an unprecedented means of studying the kinetic
pathway of binary PGNC superstructure formation. Figure 2
and Figure S6 show representative SEM images of PGNC films
upon SVA under 0.95 p/p0 CHCl3 vapor for different
durations. A homogeneous disordered PGNC film first formed
after spin-coating (Figure 2a). After 2 min SVA, a microscale
phase-separated state was observed with distinct regions
enriched with either small or large PGNCs, which resembles
the morphology of typical spinodal decomposition in thin films
(Figure 2b and Figure S7). The appearance of this “spinodal-
like” stage is likely due to a kinetic preference for ordered
small-PGNC domains rather than thermodynamically driven
phase separation. The fast Fourier transform (FFT) pattern
shows diffraction arcs which originate from the short-range
ordered small-PGNC-rich regions. After 3 min SVA, NaZn13-
type nuclei emerged with the average dimension of ∼140 nm ×
140 nm and an areal density of about 1 μm−2, corresponding to
an initial nucleation stage (Figure 2c). After 5 min SVA, the
density of NaZn13-type nuclei increased to ∼10 μm−2 with the
average domain size reaching nearly 200 nm × 200 nm,
indicating a continuous nucleation stage without rapid grain
growth (Figure 2d and Figure S8). The FFT pattern shows 4-
fold diffraction peaks arising from the NaZn13-type domains.
From 5 to 10 min, the NaZn13 domain size continued to
increase with a concomitant reduction in domain density,
corresponding to a coarsening/ripening stage where independ-
ently nucleated domains consolidated by removing grain
boundaries (Figure 2e). After 15 min SVA, highly crystalline
NaZn13 superstructures formed with the majority of point
defects and grain boundaries observed in the previous stage
annealed out, as seen from the SEM images and the sharp and
higher-order diffraction spots in the FFT pattern (Figure 2f).
The formation of NaZn13-type superstructures is robust against
modest off-stoichiometries between small and large PGNCs
and variations in the initial film thickness, provided that the
thickness exceeds a certain threshold (Figures S9 and S10).
To complement real-space electron microscopy imaging of

local structures, grazing incidence small-angle X-ray scattering
(GISAXS) was employed to obtain statistically averaged
information on structural order and lattice parameters. The
GISAXS pattern of the as-spun film displays no Bragg
diffraction peak (Figure 2g), in agreement with the disordered
structure. By contrast, multiple diffraction peaks were observed
in the GISAXS pattern of the PGNC film after 15 min SVA,
which can be indexed to the [001]-oriented NaZn13 phase
(Figure 2h). The retrieved out-of-plane lattice constant is 45.0
nm, which is 79% of the in-plane lattice constant (57.1 nm),

Figure 1. Formation of NaZn13-type PGNC superstructure via SVA
under 0.95 p/p0 of CHCl3 vapor. (a) Scheme of SVA setup. (b, c)
TEM images of Fe3O4 PGNCs with core diameters of (b) 5.4 nm and
(c) 13.5 nm. (d) Histograms of center-to-center interparticle
distances of PGNCs. (e−g) Representative SEM images of binary
PGNC films (e) after spin-coating and (f, g) after 15 min SVA. (h)
TEM image of a binary PGNC film on the carbon-coated mica
substrate after 15 min SVA. (i) Cross-sectional SEM image of
NaZn13-type superstructure. Scale bars: (b, c) 100 nm, (e, f) 200 nm,
(g, h) 50 nm, (i) 20 nm.
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suggesting a lattice contraction normal to the Si substrate. We
attribute this vertical contraction to the rapid deswelling of the
PGNC film. Similar phenomena have been observed in other
soft matter assemblies including block copolymer films and
alkyl-ligand-coated NC films.21,22,39,40 Furthermore, horizontal
linecuts near the Yoneda peak reveal that the development of
NaZn13-type crystalline order preceded the superstructure
densification to attain the final lattice constants (Figure 2i).
To develop a quantitative understanding of the effects of

solvent vapor pressures on the assembly behavior of binary
PGNCs, we monitored film thickness in situ using a
spectroscopic reflectometer. A typical film swelling curve
consists of a fast build-up step, followed by steady-state

swelling and rapid deswelling to the dry state within 30 s

(Figure 3a). When the relative flow rate of the saturated

solvent vapor and N2 diluent varied from 93/7, 85/15, 78/22

to 68/32, the solvent vapor pressure inside the SVA chamber

changed from 0.95, 0.88, 0.83 to 0.74 p/p0 (detailed

calculations are provided in the Supporting Information). To

validate our SVA setup, the thickness of pure PS films under

different p/p0 was measured to obtain the polymer volume

fraction, φp, and the data were fitted using the Flory−Huggins
equation41

Figure 2. Structure evolution of a disordered mixture of PGNCs to NaZn13-type superstructures under 0.95 p/p0 of CHCl3 vapor. (a−f) Low-
magnification SEM images and schematic structures (main images and below), high-magnification SEM images (bottom insets), corresponding
FFT patterns (top insets) of PGNC films (a) before and (b−f) after SVA for (b) 2 min, (c) 3 min, (d) 5 min, (e) 10 min, and (f) 15 min. Scale
bars: (main SEM images) 200 nm, (inset SEM images) 50 nm, (FFT patterns) 0.05 nm−1. (g, h) GISAXS patterns of PGNC films (g) before and
(h) after 15 min SVA. (i) Horizontal line profiles of the GISAXS patterns along qz = 0.031 Å−1 of the as-spun PGNC film and films after SVA for 5
and 15 min.
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p
p N

ln ln(1 ) 1
1

0
P,S p

2
p pχ= φ + − φ + − φ

(1)

where N is the degree of polymerization and χP,S is the Flory−
Huggins interaction parameter. The retrieved χP,S for PS/
CHCl3 is 0.3, in agreement with the previous literature
report.41 The volume fraction of PGNCs (φPGNC) in swollen
films can be estimated as φPGNC = d0/dsw (d0 and dsw are dry
and swollen film thickness, respectively). When p/p0 was
reduced from 0.95 to 0.88, 0.83, and 0.74, φPGNC increased
from 0.44 to 0.54, 0.61, and 0.69 (Figure 3b). We attribute the
higher value of φPGNC than φP under identical p/p0 to the

nonswollen PGNC cores and different conformations between
polymer brushes on PGNCs and free polymers.
The solvent vapor pressure and φPGNC were found to play

dominant roles in determining the assembly kinetics. As shown
in the “time-solvent vapor pressure-transformation” diagram
(Figure 4a), no superstructure formed after prolonged SVA for
300 min at 0.74 p/p0 (Figure S11). The PGNC film simply
swelled (up to 145% of its original thickness) and deswelled
without particle reorganization. This suggests that, at such a
high volume fraction (φPGNC = 0.69), even though NaZn13
phase is presumably still preferred, its nucleation is severely
hampered because of the retarded PGNC diffusion. In the
intermediate vapor pressure regime (e.g., 0.83 p/p0), spinodal-
like preordering of small PGNCs was observed after SVA for
15 min (Figure S12), whereas only sparsely distributed small
NaZn13-type domains (∼140 nm × 140 nm, ∼0.3 μm−2)
resulted after 90 min SVA. Therefore, the nucleation barrier of
NaZn13 phase is still high under such conditions and the grain
growth is essentially suppressed. At 0.88 p/p0, extended
NaZn13-type domains were obtained after 40 min SVA (Figure
S13), although assembly kinetics was slower than that at 0.95
p/p0. On the basis of the Phillies’ model,42 the diffusion
coefficient of PGNCs decreases by nearly 50% when the
solvent vapor pressure is lowered from 0.95 to 0.88 p/p0
(Figure S14). Collectively, the nucleation and growth of
NaZn13-type PGNC superstructures only become kinetically
facile when φPGNC lies within the range of 0.44−0.54. The fact
that lower φPGNC resulted in faster assembly kinetics in the
high-vapor-pressure regime suggests that the crystallization is

Figure 3. (a) Thickness profiles of binary PGNC films during SVA
under different p/p0 of CHCl3 vapor. (b) Volume fraction of 190 kDa
PS and binary PGNCs as a function of p/p0 of CHCl3 vapor.

Figure 4. (a) Time-solvent vapor pressure-transformation diagram of binary PGNCs of 5.4 nm PS-Fe3O4 (5.5 kDa) and 13.5 nm PS-Fe3O4 (8.2
kDa) undergoing CHCl3 SVA. SEM images show typical film morphologies at late stages (as indicated by the dotted circles) after SVA under
different p/p0 of CHCl3 vapor. Scale bars: 200 nm. (b) Structure transformation diagram of binary PGNCs with different combinations of NC core
sizes and grafted polymer lengths undergoing CHCl3 SVA at φPGNC = 0.44. Both graphs show the SVA times needed to reach different stages of
NaZn13 crystallization under varying experimental conditions.
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limited by the diffusion dynamics of PGNCs rather than
thermodynamic preference.
The softness of PGNCs plays an important role in dictating

the kinetic pathway of superstructure formation. Of note, the
range of φPGNC (∼0.44−0.54) amenable to NaZn13 crystal-
lization is lower than those in the theoretical predictions or
previous studies on hard-sphere colloids.43,44 For instance, a
recent report on event-driven molecular dynamic simulations
demonstrated that NaZn13-type binary hard-sphere crystals can
grow directly from the fluid phase at particle volume fractions
of φ ∼ 0.565−0.590.43 In a pioneering study on NaZn13
formation in suspensions of nearly hard-sphere particles, a
range of φ ∼ 0.512−0.553 was experimentally determined.44

Our results indicate that distinct from colloidal hard-sphere
systems, crystallization of binary PGNCs into superstructures
can be feasible over a broader range of particle volume fraction
with a substantially lower onset. At a constant φPGNC of 0.44,
the assembly kinetics slows down at increasing NC core sizes
or decreasing grafted polymer lengths, yet still follows the same
assembly pathway (Figure 4b and Figures S15−S17). Such
softness-enhanced crystallization of binary phases was recently
demonstrated using computer simulations.45,46 Furthermore,
our observation of spinodal-like preordering of PGNCs prior
to NaZn13 nucleation cannot be accounted for by the classical
nucleation theory where nuclei having the same density and
symmetry as the stable solid directly emerge from the liquid
phase.47 Instead, a multistep crystallization pathway was clearly
at play, which has been increasingly recognized in various
colloidal systems both experimentally and through simula-
tions.47−49

In conclusion, we show that, using SVA, the structure
evolution of homogeneous disordered mixtures of PGNCs to
ordered superstructures can be halted on-demand and analyzed
in detail. We establish that controlling the solvent vapor
pressure during SVA allows for exquisite control over the rate
and extent of PGNC assembly. Analysis of kinetically arrested
intermediates uncovers that the crystallization of NaZn13-type
superstructures follows a multistep crystallization pathway
involving spinodal-like preordering of small PGNCs prior to
NaZn13 nucleation, and the development of NaZn13-type order
precedes superstructure densification. We envision that the
SVA approach is applicable to fabricating other complex
PGNC superstructures including quasicrystalline assemblies.50

Our work not only provides an effective means of forming
multicomponent PGNC superstructures but also paves the way
toward better understanding and ultimately controlling the
kinetic pathways and superstructure selections for PGNC
assemblies.
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