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ABSTRACT: Polymer-inorganic nanocomposites based on polymer-grafted nanocrystals (PGNCs) are enabling technologically rel-
evant 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 kinetically controlled assembly of binary superstructures from a homogeneous 
disordered PGNC mixture utilizing solvent vapor annealing (SVA). Using NaZn13-type superstructure as a model system, we demon-
strate 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 inter-
mediates 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 predictive synthesis of multicomponent PGNC superstructures exhibiting 
multifunctionality and emergent properties through thorough understanding of kinetic pathways. 

Polymer-inorganic nanocomposites are enabling transforma-
tive advances in applications including photonics, plasmonics, 
fuel cells, photovoltaics, nanomembranes, among others.1-6 As-
semblies of polymer-grafted nanocrystals (PGNCs) represent a 
modular materials platform for developing functional nanocom-
posites with tailored properties, versatile processability and re-
sponsiveness to multiple stimuli.2, 7-11 Grafting polymers onto 
pre-synthesized nanocrystals (NCs) introduces new energetic 
contributions arising from the conformational entropy and in-
teraction enthalpy of polymer chains, offering a vast parameter 
space for nanocomposite design.12-18 While diverse NC and 
PGNC superstructures have been synthesized by evaporation-
driven self-assembly, 8, 19-28 it remains very challenging to study 
the kinetic pathways of crystallization especially for multicom-
ponent 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 ma-
terials.29 Exposure to solvent vapors can swell the polymer 
chains and lower the glass transition temperature, thereby in-
creasing chain mobility. Importantly, SVA can be performed at 
a constant solvent vapor pressure to provide steady thermody-
namic driving force for structural evolution and be stopped on-
demand to access intermediate structures. Despite its proven ef-
fectiveness, there have been very few reports of using SVA to 
synthesize NC and PGNC assemblies yet limiting to one-com-
ponent systems.30-33  

Herein, we describe kinetically controlled assembly of binary 
PGNCs into ordered phases using SVA. A homogeneous disor-
dered mixture of PGNC film was prepared by spin-coating onto 
Si substrates, which was subject to SVA under a well-defined 
normalized solvent vapor pressure, p/p0 (p and p0 denote exper-
imental and saturated solvent vapor pressure, respectively). Our 
custom-built SVA apparatus (Figure 1a) combines a continuous 
flow of saturated solvent vapors with a N2 diluent each regu-
lated by a mass flow controller (MFC). Fast quenching of sol-
vent-swollen PGNC films (within 30s) allows structures 
evolved after different SVA durations to be preserved and char-
acterized. Monodisperse Fe3O4 NCs with the core size of 5.4 
nm and 13.5 nm were synthesized and functionalized with 5.5 
kDa pentaethylenehexamine-terminated polystyrene (PS) and 
8.2 kDa diethylenetriamine-terminated PS with an estimated 
grafting density of 0.81 and 0.56 chains/nm2, respectively (Fig-
ures S1-S4, and Tables S1-S2). Both Fe3O4 PGNCs readily form 
two-dimensional hexagonal superlattices with an average cen-
ter-to-center interparticle distance of 12.0 nm and 19.8 nm (Fig-
ure 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 NaZn13.8-9, 19, 28, 34 

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 indicated that the as-spun film consisted of a dis-
ordered, random mixture of small and large PGNCs (Figure 1e 
and Figure S5a-b). After SVA under 0.95 p/p0 CHCl3 vapors for 
15 min, PGNCs self-assembled into micrometer-sized ordered 
domains with four-fold symmetry (Figure 1f-g). Transmission 



 

electron microscopy (TEM) imaging of PGNC films prepared 
on mica substrates and annealed under otherwise identical con-
ditions confirmed the formation of NaZn13-type superstructure 
with a [001] preferred orientation (Figure 1h). Cross-sectional 
SEM image revealed that ordering persisted through the entire 
film thickness (Figure 1i and Figure S5g-h). 

 
Figure 1. Formation of NaZn13-type PGNC superstructure via SVA 
under 0.95 p/p0 of CHCl3 vapors. (a) Scheme of SVA setup. (b-c) 
TEM images of Fe3O4 PGNCs with the core diameter of (b) 5.4 nm 
and (c) 13.5 nm. (d) Histograms of center-to-center interparticle 
distance of PGNCs. (e-g) Representative SEM images of as-spun 
binary PGNC film (e) and after 15 min SVA (f-g). (h) TEM image 
of mica-supported binary PGNC film 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. 

Rapid quenching of solvent-swollen films to dry state pro-
vides an unprecedented means of studying the kinetic pathways 
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 vapors for different durations. A homog-
enous disordered PGNC film was first formed by 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, reminiscent of spinodal decomposition 
(Figure 2b and Figure S7). The fast Fourier transform (FFT) 
pattern shows diffraction arcs (Figure 2b), which originates 
from the short-range order of small-PGNC-rich regions. After 
3 min SVA, NaZn13-type nuclei emerged with average dimen-
sions of ~140 nm x 140 nm and an areal density of about 1 µm-

2, corresponding to the 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 x 
200 nm, indicating continuous nucleation without rapid grain 
growth (Figure 2d and Figure S8). The FFT pattern shows four-
fold diffraction peaks arising from 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 independently nucleated do-
mains 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 SEM 
images and the sharp and higher-order diffraction spots in the 
FFT pattern (Figure 2f). Formation of NaZn13-type superstruc-
tures appeared to be robust against modest off-stoichiometries 
between small and large PGNCs and variations in the initial 
film thickness, provided that the thickness exceeded a certain 
threshold (Figures S9-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 infor-
mation of structural order and lattice parameters. The GISAXS 
pattern of as-spun film displayed no Bragg diffraction peak 
(Figure 2g), in agreement with its disordered structure. By con-
trast, multiple diffraction peaks were observed on the GISAXS 
pattern of PGNC films 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, that is 79% of the in-
plane lattice constant (57.1 nm), suggesting a lattice contraction 
normal to the Si substrate. We attribute this vertical contraction 
to the rapid deswelling of PGNC films. Similar phenomena 
have been observed in other soft matter assemblies including 
block copolymer films and alkyl-ligand-coated NC films.20-21, 

35-36 Furthermore, horizontal linecuts near the Yoneda peak re-
vealed that development of NaZn13-type crystalline order pre-
ceded superstructure densification to attain the final lattice con-
stants (Figure 2i).   

To develop a quantitative understanding of the effects of sol-
vent vapor pressure on the assembly behavior of binary PGNCs, 
we monitored film thickness in-situ using a spectroscopic re-
flectometer. A typical film swelling curve consists of a fast 
build-up step followed by steady-state swelling and rapid de-
swelling to dry state within 30s (Figure 3a). When the relative 
flow rate of saturated solvent vapor and N2 diluent was varied 
from 93/7, 85/15, 78/22 to 68/32, the solvent vapor pressure in-
side the SVA chamber changed from 0.95, 0.88, 0.83 to 0.74 
p/p0 (Detailed calculations are provided in the Supporting In-
formation). To validate our SVA setup, the thickness of a pure 
polystyrene film under different p/p0 was measured to obtain 
the polymer volume fraction, φp, and the data were fitted using 
the Flory-Huggins equation: 37 

ln p
p0

=χP,Sφp
2+ ln 1-φp +(1- 1

N
)φp                      (1) 

N is degree of polymerization and χP,S is the Flory-Huggins 
interaction parameter. The retrieved χP,S for PS/CHCl3



 

 
Figure 2. Structure evolution of a disordered mixture of PGNCs to NaZn13-type superstructure under 0.95 p/p0 of CHCl3 vapors. (a-f) Low-
magnification SEM image and schematic structure (main image and below), high-magnification SEM image (bottom inset), corresponding 
FFT pattern (top inset) 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 profile of the GISAXS pattern along qz = 0.031 Å-1 for as-spun PGNC films and films after 
SVA for 5 min and 15 min.



 

is 0.3, in agreement with previous literature reports.38 The vol-
ume fraction of PGNCs (φPGNC) in swollen films can be esti-
mated as φPGNC= d0/dsw (d0 and dsw are dry and swollen film 
thicknesses, 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 φPGNC values than φP 
under identical p/p0 to the non-swollen PGNC cores and differ-
ent conformations between polymer brushes on PGNCs and 
free polymers. 

 

Figure 3. (a) The thickness profile of binary PGNC films during 
SVA under different p/p0. (b) Volume fraction of 190 kDa unfunc-
tionalized PS and binary PGNCs as a function of p/p0.  

The solvent vapor pressure or φPGNC, was found to play a 
dominant role in determining assembly kinetics. As shown in 
the “time-solvent vapor pressure-transformation” diagram (Fig-
ure 4 and Figure S11), no superstructure was formed after pro-
longed SVA for 5h at 0.74 p/p0. 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), nucleation is severely hampered likely 
because of 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 4 and 
Figure S12), whereas only sparsely distributed small NaZn13-
type domains (~140 nm x 140 nm, ~0.3 µm-2) resulted after 1.5h 
SVA. Therefore, nucleation barrier of NaZn13 is still high under 
such conditions and grain growth is essentially suppressed. At 
0.88 p/p0, extended NaZn13 domains were obtained after 40 min 
SVA, although assembly kinetics was slower than that at 0.95 
p/p0 (Figure 4 and Figure S13). Collectively, nucleation and 
growth of NaZn13-type PGNC superstructures only become ki-
netically facile when φPGNC lies within the range of 0.44 to 0.54. 
The fact that lower φPGNC resulted in faster assembly kinetics in 
the high-vapor-pressure regime suggests that crystallization is 
limited by the diffusion dynamics of PGNCs rather than ther-
modynamic preference.  

The softness of PGNCs plays important roles in dictating the 
kinetic pathways of superstructure formation. Of note, the range 
of φPGNC (~0.44-0.54) amenable to NaZn13 crystallization is 
lower than theoretical predictions or previous studies on hard-
sphere colloids.39-40 For instance, a recent report of event-driven 
molecular dynamic simulations demonstrated that NaZn13-type 
binary hard-sphere crystals could grow directly from the fluid 
phase at particle volume fractions of φ~0.565-0.590.40 In a pio-
neering study on NaZn13 formation in suspensions of nearly 
hard-sphere particles, a range of φ~0.512-0.553 was experimen-
tally determined.39 Our results indicate that distinct from colloi-
dal hard-sphere systems, crystallization of binary PGNCs into 
superstructures can be feasible over a broader range of φ with a 

substantially lower onset. At a constant φPGNC of 0.44, the as-
sembly kinetics slowed down when increasing NC core size or 
decreasing PS length, yet still following the same assembly 
pathway (Figure S14-S17). Such softness-enhanced crystalliza-
tion of binary phases was recently demonstrated using computer 
simulations.41-42 Furthermore, our observation of spinodal-like 
preordering of PGNCs prior to NaZn13 nucleation cannot be ac-
counted for by the classical nucleation theory where nuclei hav-
ing the same density and symmetry as the stable solid directly 
emerge from the liquid phase.43 Instead, a multistep crystalliza-
tion pathway was clearly at play, which has been increasingly 
recognized in various colloidal systems both experimentally 
and through simulations.43-45 

 

Figure 4. Time-solvent vapor pressure-transformation diagram of 
binary PGNCs undergoing CHCl3 SVA. SEM images show typical 
film morphologies at late stages (as indicated by dotted circles) af-
ter SVA under different p/p0. Scale bars: 200 nm. 

In conclusion, we show that using SVA, the structural evolu-
tion of a homogeneous disordered mixture 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 crystallization of NaZn13-type superstructures fol-
lows a multistep crystallization pathway involving spinodal-
like preordering of small PGNCs prior to NaZn13 nucleation, 
and development of NaZn13-type order precedes superstructure 
densification. Our work not only provides an effective means of 
forming multicomponent PGNC superstructures, but also opens 
the door for understanding and ultimately controlling the kinetic 
pathways and superstructure selections for PGNC assemblies. 
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