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ABSTRACT: The ability to manipulate self-assembly of
molecular building blocks is the key to achieving precise
“bottom-up” fabrications of desired nanostructures. Herein,
we report a rational design, facile synthesis, and self-
assembly of a series of molecular Janus particles (MJPs)
constructed by chemically linking @-Keggin-type polyox-
ometalate (POM) nanoclusters with functionalized poly-
hedral oligomeric silsesquioxane (POSS) cages. Diverse
nanostructures were obtained by tuning secondary inter-
actions among the building blocks and solvents via three
factors: solvent polarity, surface functionality of POSS
derivatives, and molecular topology. Self-assembled mor-
phologies of KPOM-BPOSS (B denotes isobutyl groups)
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were found dependent on solvent polarity. In acetonitrile/water mixtures with a high dielectric constant, colloidal
nanoparticles with nanophase-separated internal lamellar structures quickly formed, which gradually turned into one-
dimensional nanobelt crystals upon aging, while stacked crystalline lamellae were dominantly observed in less polar
methanol/chloroform solutions. When the crystallizable BPOSS was replaced with noncrystallizable cyclohexyl-
functionalized CPOSS, the resulting KPOM-CPOSS also formed colloidal spheres; however, it failed to further evolve
into crystalline nanobelt structures. In less polar solvents, KPOM-CPOSS crystallized into isolated two-dimensional
nanosheets, which were composed of two inner crystalline layers of Keggin POM covered by two monolayers of amorphous
CPOSS. In contrast, self-assembly of KPOM-2BPOSS was dominated by crystallization of the BPOSS cages, which was
hardly sensitive to solvent polarity. The BPOSS cages formed the crystalline inner bilayer, sandwiched by two outer layers
of Keggin POM clusters. These results illustrate a rational strategy to purposely fabricate self-assembled nanostructures
with diverse dimensionality from MJPs with controlled molecular composition and topology.
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acroscopic properties of materials are critically

l \ / I dependent on chemical compositions and packing

schemes of atomic/molecular building blocks and

also their hierarchical structures at different length scales.' ™ In
the past few decades, self-assembling materials with sophisti-
cated multiple-level structures* ® have facilitated progress in
energy,7’8 electronics,”'° optics,“’12 disease diagnosis, and
clinical therapy."”~"> However, manipulating the self-assembly
of specifically designed building blocks to form predictable
packing and ordered hierarchical structures remains a grand
challenge.m’17 Precise controls over the noncovalent or
secondary interactions among the building blocks on different
dimensions may be achieved by tuning primary chemical
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compositions.*>° As a model system to study the effects of
versatile secondary interactions on controlled formation of
nanostructures, “Janus grains”>"*” have recently attracted
extensive interest. A typical Janus grain consists of thermody-
namically incompatible subunits associated with symmetry
breaking in geometry and/or chemical affinity.*”>* The
relationships among the primary chemical structures, secondary
interactions, and self-assembly behaviors have been vigorously
studied by investigating both the intrinsic (ie., surface
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chemistry,””*° molecular shape,®"** size,””** symmetry***°) (a)
and external parameters (ie, solvent composition,”® temper-

ature,37’38 concentration”).

Down to the molecular level, molecular Janus particles
(MJPs),”>**~* also being viewed as “molecular Janus grains”,
are nanosized amphiphilic molecules with rigid 3D conforma-
tion. MJPs can be prepared as individual giant molecules using
molecular nanoparticles (MNPs)'”** or so-called “nano-
atoms”,** as the building blocks, which are shape- and
volume-persistent nanoscale objects with precisely defined
molecular symmetry and surface functionalities. The explored
library of MNPs includes derivatives of polyhedral oligomeric
silsesquioxanes (POSS),"** [60]fullerene (Cg),” polyoxo-
metalates (POMs),*°>* and folded protein domains.”>°
Solution self-assembly behaviors of MJPs are determined by
the relative solubility of their different components in a specific
solvent. When selective solubility is introduced, self-assembled
structures of the MJPs will be initiated. For instance, by subtly
selecting appropriate solvents, dumbbell-shaped MJPs based on
a pair of distinctly functionalized POSS cages could form either
3D bulk crystals with alternating lamellar structures™ or 2D
bilayered crystalline nanosheets with uniform thickness.*” Very
recently, a filled honeycomb structure formed by nanophase
separation between Wells—Dawson-type POM and BPOSS
subunits in MJP was reported.”” It is thus intriguing to further
advance knowledge about the self-assembly of such precisely
defined MJPs and reveal unconventional self-assembled
nanostructures as well as the formation mechanisms. Despite
the previous reports, it remains largely unclear how to
manipulate self-assembly of MJPs via rational molecular design
and controlled experimental conditions to fabricate diverse
nanostructures with tunable dimensionality and unexpected
functions.

In this article, we report a systematic investigation toward the
manipulation of nanostructure dimensions from a series of
MJPs based on functionalized POSS derivatives and a-Keggin
POM clusters formed in solution. Specifically, two hydrophobic
POSS derivatives, crystalline isobutyl-substituted BPOSS and
noncrystalline cyclohexyl-substituted CPOSS (Figure 1), were
covalently tethered to a hydrophilic, crystalline Keggin POM
cluster to build the MJPs. Since the size of an individual Keggin
POM cluster is slightly larger than that of a POSS cage, the
Keggin POMs are able to dominate the ordered structural
formation of KPOM-BPOSS MJP. By selecting solvents with
different dielectric constants (&) or polarity, we can manipulate
electrostatic interactions among the negatively charged POMs
and their counterions’® ™ via different degrees of solvation,
which dictate the formation of ordered nanostructures. Similar
solvent polarity and size effects were also observed for KPOM-
CPOSS. Interestingly, the amorphous nature of CPOSS cages
also exhibits significant influence on the self-assembled
structures. On the other hand, for KPOM-2BPOSS, the
doubled number of BPOSS cages switches the roles of
determining the ordered structures in these two MNPs. Self-
assembly behaviors of KPOM-2BPOSS are found to be
insensitive to solvent polarity. These results indicate that the
distinct secondary interactions of the MNPs and the variations
in molecular topology are able to provide controlled variables
to manipulate morphologies and dimensions of the assembled
nanostructures of the resulting MJPs. They offer additional
guidance in designing nanomaterials with controllable
structures, dimension, and functions via selective thermody-
namic driving forces and kinetic pathways.
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Figure 1. (a) 3'P NMR spectra and (b) MALDI-TOF mass spectra
of KPOM-BPOSS, KPOM-CPOSS, and KPOM-2BPOSS. The red
lines are simulated isotope patterns based on their molecular
formulas. The starred peaks represent the 100% normalized
intensity for the three samples.

RESULTS AND DISCUSSION

Molecular Design and Synthesis of KPOM-BPOSS,
KPOM-CPOSS, and KPOM-2BPOSS. Scheme 1 illustrates the
synthetic routes of three MJPs based on Keggin POM clusters
and functionalized POSS cages. Chemical modifications of the
Keggin POM clusters demand partial decomposition of the
pristine cluster structure and result in lacunary Keggin POM
derivatives with one or more missing tungsten atoms.”’ The
remaining cavity possesses highly reactive oxygen atoms, and
thus, it can be filled with diverse organic ligands (eg,
compounds with organostannyl,62 organogermyl,6‘ and organo-
silyl groups®*) to introduce reactive groups (e, carboxylic acid
groups or thiol groups) onto the Keggin POM clusters.

Conjugation of BPOSS/CPOSS cages with Keggin POM
clusters can thus be readily achieved. We first reacted a
monovacant Keggin POM precursor (with a molecular formula
[a-PW},05)"") with 3-trichlorostannylpropanoic acid or 3-
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Scheme 1. Synthetic Routes and Chemical Structures of KPOM-BPOSS, KPOM-CPOSS, and KPOM-2BPOSS“
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catalytic amount of triethylamine, acetonitrile/ THF (v/v = 1/1), 80 °C, 85%. Counterions are omitted for clarity.

(003), (200) 400M ¢ am
i
(110) " -
oot ’f Step-Height: 4.2 nm
(001) A S s -40 nnﬁ
. W U To 2.00
KPOM-BPOSS  ° um
(002 i
(620) ii
(30) 4 (730) —
Step-Height: 4.1 nm
T rrrrrrrrrrrrrrrrrrorrrei >
1 2 33 9 15 0 100

Q)
—

25.1

0

Intensity (a.u.)
25.0 -251

0

-25.0

pm
[001]zone T e * o o
o i o
» . . ° [ ] ° .
O [ ) e i o [ ) .
. . * L) .
..o.o‘o'o..
LIPNL I 0 S SN I
2 e *
f .o -...- o.
. . o i o . .
. . [} . .
. o .‘0.. .
. [ ] .
L [ ] [ ]
« @ . o o

Figure 2. (a) SAXS and WAXD patterns of bulk crystals of KPOM-BPOSS. Inset shows the chemical structure model of KPOM-BPOSS. (b)
AFM height measurements of the flat-on single crystals. The step-height analysis corresponds to traces along the white dashed lines. (c)
Bright-field TEM image of the flat-on crystals. (d) Selected area electron diffraction patterns of the lamellar crystals in (c) along the [001]
zone. (e) Computer-simulated electron diffraction patterns along the [001] zone. (f) The perspective views of the simulated orthorhombic
crystal lattices (3 X 3 X 2) and the projections of ab-, bc-, and ac-planes for two lattices. TBA counterions are omitted for clarity.

mercaptopropyltrimethoxysilane to prepare KPOM-COOH® quinoline (EEDQ)-mediated amidation®® between KPOM-
and KPOM-2SH,* respectively, as the intermediates for further COOH and BPOSS-NH,/CPOSS-NH, at increased temper-
conjugation. KPOM-BPOSS and KPOM-CPOSS were then atures in a mixed solvent of THF/acetonitrile (v/v = 1/1)
prepared through the N-ethoxycarbonyl-2-ethoxy-1,2-dihydro- (Scheme 1ab). On the other hand, the highly efficient “thiol—
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Figure 3. (a) Angle-variant DLS CONTIN analysis and corresponding TEM image (inset) of the self-assembled spheres of KPOM-BPOSS in
solution at day 1. (b) Evolution of the DLS results within 10 days at a fixed detecting angle of 45°. (c) BF TEM image of the spherical
aggregates with interior structures. (d,e) BF TEM images and amplified pictures of the nanobelts at day 3 and day 10, respectively. (f) SAED
patterns of the circled individual nanobelt at the bottom left corner. (g) SEM image of the nanobelts formed at day 10.

Michael addition” reaction”” between thiol groups and
maleimidyl groups, which has been widely used for modular
syntheses of hybrid materials and modifications of biomacro-
molecules with high efficiency under mild reaction con-
ditions,”® was used to prepare KPOM-2BPOSS (Scheme Ic).
Comparison of the self-assembly behaviors from these three
M]JPs will provide insights into the effects of the relative volume
fraction and interactions on their supramolecular structures.

The successful conjugation of KPOM-BPOSS, KPOM-
CPOSS, and KPOM-2BPOSS has been evidenced in FT-IR,
'"H NMR, "*C NMR (see Figures S1—S5 in the Supporting
Information, SI), 3P NMR spectra (Figure 1a), and MALDI-
TOF mass spectra (Figure 1b). In particular, since *'P NMR is
highly sensitive to detect differences in chemical structures of
the ligands attached on POM derivatives,”” the observed single
P resonance peaks in Figure la indicate precisely defined
chemical structures and high purity of the MJP samples.
Moreover, in the MALDI-TOF mass spectra shown in Figure
1b, sharp single peaks corresponding to ionized MJP molecules
with one additional captured tetrabutylammonium (TBA)
cation are observed, which agree well with the calculated m/z
values from their proposed chemical compositions. Detailed
synthetic procedures and characterization results of these
samples can be found in the SI
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3D Lamellar and 1D Nanobelt Crystals of KPOM-
BPOSS in Solution with Different Solvent Polarity.
Considering the solubility of KPOM-BPOSS in common
organic solvents, we first studied its self-assembly in solvents
with moderate polarity. Chloroform (e 4.8 at room
temperature) vapor was allowed to slowly diffuse into a
methanol (& = 33) solution of KPOM-BPOSS (0.5 wt %) until
the solution became turbid, forming white precipitates. Powder
samples of KPOM-BPOSS were collected via high-speed
centrifuige. Combined small-angle X-ray scattering (SAXS)
and wide-angle X-ray diffraction (WAXD) patterns of this
sample (Figure 2a) show three strong diffraction peaks in the
low scattering angle range with a g ratio of 1:2:3, and the
corresponding d-spacing values are 4.06, 2.03, and 1.35 nm.
Observation of multiple diffraction peaks in the WAXD pattern
suggests that this sample is highly crystalline.

Single crystals grown for microscopic experiments were
carried out via slow diffusion of chloroform vapor into a small
droplet of 0.5 wt % methanol solution of KPOM-BPOSS on
carbon-coated mica. Multiple-layered lamellae are observed
under an atomic force microscope (AFM) in Figure 2b and
bright-field (BF) transmission electron microscopy (TEM) in
Figure 2c. Statistical height measurements by AFM give rise to
an average thickness of 4.1 0.2 nm for a single layer of the
stacked lamellae, which matches the d-spacing of the first
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Figure 4. Cartoon illustration of the proposed mechanisms of forming the stacked lamellae in chloroform/methanol and the 1D nanobelts in

water/acetonitrile.

diffraction peak in the SAXS pattern of the KPOM-BPOSS
powder crystals. Furthermore, selected area electron diffraction
(SAED) patterns in Figure 2d indicate that the multiple-layered
lamellae in Figure 2c possess the same crystal lattice
registration. The results of tilted SAED experiments are
shown in Figure S6. Based on these SAED experiments, the
crystal structure of KPOM-BPOSS was determined to be an
orthorhombic unit cell with dimensions of a = 2.68 nm, b =
1.38 nm, and ¢ = 4.06 nm (for detailed structure determination,
see SI). Density measurements provide a value of 2.02 + 0.01
g/cm?®, matching well with the calculated density of 2.04 g/cm?
using the determined unit cell dimensions and number of
molecules in each unit cell (Z = 4).

Computer simulation of the crystal structure was carried out
using the Accelrys Cerius® package with a universal force field.
Considering the minor contribution of the TBA counterions to
the diffraction patterns, they have been omitted in the
computer simulation in order to focus on the molecular
arrangement of KPOM-BPOSS MJPs. Based on the ortho-
rhombic unit cell parameters and the systematic extinction at
(hk0), where h + k is odd (Figure 2d), a molecular packing
model with a C211 space group has been built. The calculated
single-crystal electron diffraction patterns of the [001] zone are
presented in Figure 2e. They were in good agreement with the
experimental SAED patterns in Figure 2d. A 3D view of a3 X 3
X 2 crystal lattice is shown in Figure 2f, as well as the
projections of this simulated crystal lattice on bc-, ca-, and ab-
planes. The be-plane and ac-plane projections reveal the head-
to-head packing of the both MNPs along the c-axis, resulting in
an alternative double-layered lamellae structure. It should be
noted that this molecular packing leaves a lot of packing space
for the BPOSS cages. Based on the pristine BPOSS crystals
with a triclinic lattice,”” an individual BPOSS cage occupies a
volume of 1.2 nm? while in this KPOM-BPOSS crystal, the
estimated volume for each BPOSS cage is ~2.5 nm®. We can
thus deduce that it is the interactions of the Keggin POM
clusters rather than those of the BPOSS cages that drive the
crystal formation of KPOM-BPOSS.

To initiate self-assembled structures in solution with high
solvent polarity, distilled water (& = 80) was slowly added into a
0.1 wt % acetonitrile (¢ = 37.5) solution of KPOM-BPOSS at a
rate of 50 uL/h until reaching a final water volume fraction

6589

(v°) of 90%. Dynamic light scattering (DLS) experiments
were carried out to simultaneously monitor the structural
formation processes in solution. The observed DLS intensity is
relatively low (<100 kcps) until v*© reached 20%. Beyond this
point, the DLS intensity starts to increase while the solution
still remains optically transparent (Figure S7). The maximum
DLS intensity is observed at 1% = 70%, after which the
solution becomes opaque. Obvious precipitation takes place
when v = 90% is reached. Based on this observation, we
have decided to keep the solution at ¥*° = 70% under iso-
concentration conditions to study the structural evolution of
KPOM-BPOSS assemblies as a function of time.

One day after adding water to v/=° 70%, CONTIN
analysis of the DLS data collected at different scattering angles
(45, 60, 75, and 90°) shows the formation of self-assembled
nanostructures with an average hydrodynamic radius (R;) of 30
+ 2 nm, which is independent of the detecting angles. The
angular independence of the Ry, value indicates the formation of
colloidal spheres, which is also confirmed by the BF TEM
image (inset of Figure 3a). Interestingly, in most cases, the
internal structures of these spheres are visualized as lamellar
structures, most of which are flat, while others are curved in
side views (Figure 3c). Other minor internal structures can also
be observed, which are judged to be intermediate states during
the lamellar formation. SAED experiments on the colloidal
particles show no diffraction spots, indicating that no crystals
are formed within these colloidal spheres.

The formation of self-assembled nanostructures was
continuously monitored for a few more days by DLS while
keeping the solution steady and undisturbed (Figure 3b). At
day 2, the average Ry, value deduced from DLS data increases to
60 nm (red line in Figure 3b). An extra distribution peak
corresponding to a larger Ry value (~200 nm, green line in
Figure 3b) is observed in the CONTIN analysis at day 3, along
with decreased probability of the first peak, with an Ry, value of
60 nm. At the same time, some elongated nanobelt structure
starts to develop, as revealed in the BF TEM image (Figure 3d).
A zoomed-in image shows that the elongated nanobelt
structures possess an internal lamellar structure with a
periodicity of ca. 4 nm. At day S, the partition difference
between the two peaks becomes more prominent (purple line
in Figure 3b). Moreover, the peak centered at a larger R, value
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Figure S. (a) Chemical structure model of KPOM-CPOSS. (b) SAXS and WAXD patterns of the powder crystals of KPOM-CPOSS. (c) BF
TEM image of the 2D nanosheet morphology of KPOM-CPOSS. (d) SAED patterns from the 2D nanocrystal shown in the inset. (e) AFM
height measurement of the 2D nanocrystal. (f) Schematic representation of the structure configuration of the 2D nanocrystal.

exhibits apparent scattering angular dependence, further
revealing that the objects represented by this peak are no
longer spherical. After standing for 10 days, a large number of
extended nanobelts with internal lamellar crystals are observed
(Figure 3e). The nanobelt morphology is also confirmed by a
scanning electron microscopy (SEM) image (Figure 3g),
revealing the considerable shape anisotropy between the
width/thickness and the length of the nanobelt crystals. A
SAED pattern of a single nanobelt displays a pair of strong
diffraction spots along the extended direction, with correspond-
ing d-spacing of 1.31 nm, and a few weaker spots in the
quadrants (Figure 3f). Comparing this SAED pattern with that
from the single crystal (Figure 2d), we could index this pair of
strong spots to be (200), and thus, the elongated direction of
the 1D nanobelt crystals is thus determined to be parallel to the
a-axis of the orthorhombic lattice. Although rather weak, the
diffraction spots in the quadrants could also be indexed as
(103) and (104). Therefore, the SAED pattern in Figure 3f is
along the [010] zone.

The distinct crystal morphologies of KPOM-BPOSS
observed in different solutions suggest strong solvent polarity
dependence. As illustrated in Figure 4, when dissolved in either
methanol or acetonitrile, the resulting KPOM-BPOSS solutions
contained no assemblies, as confirmed by DLS, indicating they
are genuine solutions. Following route 1, when chloroform
vapor slowly diffuses into the KPOM-BPOSS/methanol
solution, the solubility of the POM cluster gradually decreases,
which drives KPOM-BPOSS molecules to assemble via
crystallization of Keggin subunits, resulting in the formation
of the stacked lamellae (Figure 2b,c). Crystallization of both
Keggin POM and BPOSS clusters shows the flat interface in the
3D crystal structures.

In route 2, however, adding water into the KPOM-BPOSS/
acetonitrile solution leads to a sudden drop in solubility of both
subunits. As a result, self-assembly via kinetically favorable
pathways dominates to form metastable spherical colloids.”*
The internal lamellar structures within the colloidal spheres
(Figure 3b) result from nanophase separation of the KPOM
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and BPOSS clusters, yet no crystallization process takes place.
In a recent report, Ma et al. studied the formation of filled
honeycomb structures of a Wells—Dawson-type POM-BPOSS
MJP in acetonitrile/water mixtures.”’ Stabilization of the
hexagonal close-packed cylinders is attributed to the proper
size asymmetry of the Wells—Dawson-type POM and BPOSS
clusters based on computer simulation results.”” In our case, the
size asymmetry of Keggin POM and BPOSS clusters is not big
enough to stabilize the hexagonal packing. Instead, nanophase
separation thus leads to the formation of an internal lamellar
structure in the colloidal spheres.

We further reason that the internal lamellar structures in the
colloidal spheres still possess higher free energy due to the
amorphous nature compared to the flat lamellae crystals in 1D
nanobelts. This provides the thermodynamic driving force for
the morphological evolution. As indicated by our DLS results
(Figure 3b), growth of the 1D nanobelt crystals is kinetically
much slower. At day 3, short nanobelt crystals are found to
coexist with the colloidal spheres (Figure 3d), while at day 10,
nanobelt crystals are the dominant structures with increased
lengths up to >1 pum (Figure 3e). As schematically illustrated in
Figure 4, the proposed formation mechanism of the nanobelt
crystals is via the nucleation and growth pathway, with a
preferred crystal growth along the [100] direction to result in
the high geometric anisotropy of 1D nanobelt crystals.

2D Nanosheets and Spherical Aggregates of KPOM-
CPOSS in Solution with Different Solvent Polarity. We
have shown two structural formation pathways of KPOM-
BPOSS that are regulated by the solvent polarity. The structure
analysis reveals that Keggin POM clusters dominate, in both
cases, the molecular packing in the crystal lattice. Although the
packing of BPOSS cages within the lamellar structure of
KPOM-BPOSS (Figure 2¢) differs from the favorable packing
scheme found in its own crystal structure, the regular crystalline
interlayer registration of those neighboring lamellae indicates
that BPOSS cages indeed assist maintaining the crystallographic
lattice in the lamellar normal direction. We, thus, speculate that
the crystalline nature of BPOSS cages may inevitably play a
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critical role in the morphological change observed in the
acetonitrile/water solution of KPOM-BPOSS.

To verify these speculations, another conjugate, KPOM-
CPOSS, composed of a Keggin POM with a cyclohexyl-
substituted POSS derivative (CPOSS, Figure Sa), was prepared
following the same procedure as that with KPOM-BPOSS
(Scheme 1b; see synthetic details in theSI). In contrast to
BPOSS derivatives, the CPOSS-NH, precursor is a viscous
liquid at ambient temperature. By replacing the crystallizable
BPOSS with the amorphous CPOSS, we are able to
unambiguously isolate and study the influence of secondary
interactions of the POSS cages on the structural formation of
these two M]JPs.

The powder polycrystals of KPOM-CPOSS were prepared
similarly by slow diffusion of chloroform vapor into its
methanol solution (0.5 wt %). Figure Sb shows the combined
SAXS and WAXD patterns of KPOM-CPOSS polycrystals.
Compared to the patterns of KPOM-BPOSS shown in Figure
2a, in the high scattering angle region (26 > 6°), the diffraction
patterns of the two samples are almost identical. Based on the
crystal parameters of KPOM-BPOSS, the WAXD patterns are
indexed accordingly. As a result, the diffraction peaks at the
high angle region must be attributed to the crystalline Keggin
POM layers. The three strong diffraction peaks in the low
scattering angle region (20 < 6°) with a q ratio of 1:2:3 also
indicate a layered structure. However, the corresponding d-
spacing value of the first peak is 4.99 nm, larger than that of the
KPOM-BPOSS crystals (4.06 nm). The increased lamellar
periodicity in KPOM-CPOSS may be attributed to the bigger
size of the cyclohexyl groups compared to the size of isobutyl
groups in KPOM-BPOSS. Moreover, the increased size of
CPOSS also leads to a size asymmetry for KPOM-CPOSS
smaller than that of KPOM-BPOSS, which further favors the
formation of lamellae in the self-assembled structures.
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In great contrast to the stacked lamellar single crystals of
KPOM-BPOSS from chloroform/methanol solution, single
crystals of KPOM-CPOSS showing 2D nanosheet morphology
can be obtained by slow diffusion of chloroform vapor into the
methanol solutions of KPOM-CPOSS with different molecular
concentrations (0.1 to 0.5 wt %), as revealed by BF TEM
images (e.g, Figure Sc). The average height of these 2D
nanosheets is measured by AFM to be 5.1 + 0.2 nm (Figure
Se), which is close to the d-spacing of the first peak in the SAXS
pattern (Figure Sb). SAED experiments (Figure 5d) confirm
that the 2D KPOM-CPOSS nanocrystal does possess the same
ED pattern as the [001] zone pattern of KPOM-BPOSS
(Figure 2d). By purposely using KPOM-CPOSS solutions with
higher initial concentrations (1.0 wt %), multilayered crystals
can be observed (Figure S8a). However, in contrast to the
SAED patterns of KPOM-BPOSS stacked lamellar crystals,
SAED patterns of the overlapped crystals do not display
crystallographic lattice registration along the lamellar normal
direction (Figure S8b). Based on the diffraction data and
thickness measurements, it can be concluded that the 2D
nanosheet crystals of KPOM-CPOSS consist of two internal
layers of crystalline Keggin POMs covered by two layers of
amorphous CPOSS cages, as schematically illustrated in Figure
Sf. Yet, due to the amorphous nature, the CPOSS cages do not
possess crystallographic registration when multiple 2D nano-
crystals stack along the normal direction of the nanosheets, thus
preventing the formation of bulk single crystals with crystallo-
graphic registration along the lamellar normal direction.

The noncrystalline nature of CPOSS cages also results in
different self-assembly behaviors of KPOM-CPOSS in the
acetonitrile/water solution. When distilled water is slowly
added into its 0.1 wt % acetonitrile solution, spherical
aggregates are detected by DLS measurements at different
detecting angles (Figure 6a). However, even after prolonged
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Figure 7. (a) Chemical structure model of KPOM-2BPOSS. (b) BF TEM image of the 2D nanosheets of KPOM-2BPOSS. (c) SAED patterns
of the selected single crystal in (b). (d) AFM height measurement of a single nanosheet. (e) Schematic representation of the structure

configuration of the 2D nanosheet.

aging for 10 days, no further structural evolution was observed
for KPOM-CPOSS. The CONTIN analysis of the DLS data
still shows spherical aggregates with a slightly increased Ry at
day 10 (Figure 6b). The spherical aggregates are visualized by
BF TEM images (Figure 6c). A zoomed-in image clearly shows
their internal curved lamellar structures formed by nanophase
separation (Figure 6d), similar to those observed in the case of
KPOM-BPOSS under identical conditions. Therefore, it can be
deduced that the crystallizable BPOSS cages are a crucial factor
to facilitate the morphological evolution from colloidal
nanoparticles to 1D nanobelt crystals in the KPOM-BPOSS
sample in polar solvents.

It is also worth noting that the comparison between KPOM-
BPOSS and KPOM-CPOSS reflects the combined effects of
both size and polarity (interactions) of the periphery functional
groups on the POSS cages. To further isolate these two factors,
in future studies, it would be scientifically intriguing to replace
the alkyl chains of both samples with their fluorinated
counterparts that have almost identical sizes but different
polarity.

Formation of BPOSS-Dominated 2D Nanosheets by
Doubling the Number of BPOSS Cages. In the case of
KPOM-BPOSS, the Keggin POMs play the leading role in the
self-assembly process, due mainly to the larger size of the
Keggin POM cluster compared to that of the BPOSS cage.
Because the crystallization of Keggin POMs is highly impacted
by the polarity of the solvents, distinct self-assembled structures
were observed in different solvent mixtures. By doubling the
number of BPOSS cages that are covalently linked to the
Keggin POM, it is possible to switch the roles of the two MNPs
in dictating crystal packing of the resulting MJPs. Moreover, we
expect that when the BPOSS cages become the dominating
building blocks, self-assembly of KPOM-2BPOSS could show
weaker solvent polarity dependence because the crystallization
of hydrophobic BPOSS cages may be less sensitive to the
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solvent polarity. It is also worth noting that the conjugate
KPOM-2BPOSS is actually an ABA triad molecule, which
should be termed as a “triblock” MJP.”” For purposes of
simplicity, however, KPOM-2BPOSS will be viewed as one
special kind of MJP throughout this contribution.

To prove this, we designed and prepared a KPOM-2BPOSS
“triblock” MJP through the thiol-Michael addition reaction
(Scheme 1c and Figure 7a). Polycrystals (for X-ray experi-
ments) and single crystals (for TEM experiments) of KPOM-
2BPOSS were grown by slow diffusion of methanol vapor into
its chloroform solution. From the combined SAXS and WAXD
patterns shown in Figure S9, we deduced a layered structure
with crystalline packing within the layers. The d-spacing of the
first peak is calculated to be 4.7 nm. More importantly, the
diffraction peaks at the high angle region are completely
different from those observed in the cases of KPOM-BPOSS
(Figure 2a) and KPOM-CPOSS (Figure Sb). In Figure 7b, the
bright-field TEM image exhibits 2D rhombic nanosheet
morphology with a lateral size of several micrometers. The
SAED patterns of KPOM-2BPOSS single crystals in Figure 7c¢
are again different from those of the stacked lamellar crystals of
KPOM-BPOSS (Figure 2c) and the 2D nanosheets of KPOM-
CPOSS (Figure 5d) but are identical to the [001] zone electron
diffractions of the BPOSS single crystal (a triclinic unit cell with
a=1.04nm, b =097 nm, c = 1.16 nm, @ = 74.5°, f = 82.0°, y =
80.0°, and a P1 space group).”® The crystal structure of KPOM-
2BPOSS is thus dominantly formed via the BPOSS cages. The
AFM height analysis of the 2D nanocrystals gives a statistic
thickness of 5.0 + 0.2 nm (Figure 7d), which fits well with the
d-spacing of the first diffraction peak in the SAXS data. The
crystal structure of KPOM-2BPOSS can thus be depicted based
on the molecular packing of BPOSS single crystals, which are
sandwiched by two outer POM layers (Figure 7e). Notably, 2D
nanosheets with the same molecular packing can also be
obtained by adding water into the acetone or DMF solutions of
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KPOM-2BPOSS (Figure S10), confirming the insensitivity to
solvent polarity of this self-assembled structure.””

In analogy to previously reported MJPs,"* the formation of
2D nanocrystals of KPOM-2BPOSS can be explained by a
similar mechanism. KPOM-2BPOSS is well-dissolved in
chloroform as a true solution, while methanol is a moderate
solvent for Keggin POMs but a poor solvent for BPOSS cages.
Upon diftusion of methanol vapor into the chloroform solution,
the solubility of KPOM-2BPOSS in the mixed solution
gradually decreases, and the secondary interactions among
the BPOSS cages drive the formation of a crystalline BPOSS
bilayer (Figure 7e), while the counterions of Keggin POM
clusters are still solvated in solution, resulting in the net
negative charges on the surface of 2D nanosheets. The
electrostatic repulsive interactions prevent the contact of two
single sheets and, therefore, stabilize the independent 2D
nanosheet crystals. Different from the definite molecular
packing arrangement of POMs in the crystals of KPOM-
BPOSS, the Keggin clusters lack both the transitional and
orientational symmetry on the surface of the 2D nanosheets of
KPOM-2BPOSS, which is evidenced by failure to observe
diffractions associated with the Keggin POM crystal structure in
the SAED patterns (Figure 7c). Formation of 2D nanosheet
crystals from KPOM-2BPOSS also indicates the dominant role
of BPOSS cage crystallization to result in structures with flat
interfaces."’

CONCLUSION

In summary, three sets of amphiphilic MJPs (KPOM-BPOSS,
KPOM-CPOSS, and KPOM-2BPOSS) have been rationally
designed and synthesized to study the effects of different types
of secondary interactions on manipulating the dimensions of
their self-assembled nanostructures. For KPOM-BPOSS, the
Keggin POM clusters play the leading role in the self-assembly
process due to a larger molecular size. Since a Keggin POM is
composed of a negatively charged cluster and several positive
TBA counterions, electrostatic interactions among KPOM-
BPOSS are strongly influenced by the solvent polarity. In a
highly polar solvent mixture of acetonitrile/water, a morpho-
logical transition from colloidal spheres with internal lamellar
structures (formed due to nanophase separation) to 1D
nanobelt crystals was observed, whereas in a moderately polar
solvent mixture of chloroform/methanol, multiple-layered
stacked single crystals of KPOM-BPOSS were obtained. The
role of interactions among BPOSS cages in this transition
process can be illustrated by comparing the assembling
structures of KPOM-BPOSS with KPOM-CPOSS under similar
conditions. In the acetonitrile/water mixture, colloidal spheres
of KPOM-CPOSS with inner curved lamellar structures are also
found. However, no further morphology transition toward 1D
nanobelt crystals takes place during the aging. In the
chloroform/methanol mixture, KPOM-CPOSS can self-assem-
ble into 2D nanosheets with a uniform thickness. SAED
patterns reveal that those 2D nanosheets can be depicted as a
crystalline Keggin POM bilayer sandwiched by two single layers
of outlying CPOSS cages. These results suggest that although
the crystal structures of KPOM-BPOSS/CPOSS are dominated
by Keggin POMs, the crystal dimensions can be manipulated by
tuning the secondary interactions among the functionalized
POSS cages. When the number of BPOSS cages tethered to a
Keggin POM cluster is doubled, the BPOSS cages became the
structure-determining MNP subunits in KPOM-2BPOSS. The
self-assembled structures of KPOM-2BPOSS showed no strong
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dependence on solvent polarity. In various solvent mixtures,
essentially identical 2D nanosheet morphology was observed
for KPOM-2BPOSS. Furthermore, the KPOM-2BPOSS nano-
sheets possess an inverse structure configuration, which is
composed of a crystalline BPOSS bilayer sandwiched by two
layers of Keggin POM clusters. A different structure formation
mechanism is proposed for KPOM-2BPOSS, which emphasizes
crystallization of BPOSS cages as the driving force, due to the
larger geometric size and crystallization ability. Repulsive
electrostatic interactions of the outlying POM clusters suppress
the crystal growth along the normal direction. This study
presents a strategy to manipulate dimensions and structures of
supramolecular assembles of MJPs via rational molecular design
and fine-tuning of the secondary interactions among the MNP
subunits and, thus, provides a prototype to direct the molecular
packing and locations of functional nanoparticles of supra-
molecular assembled structures for potential applications. In
particular, MJPs based on various POM building blocks could
be potentially useful in applications related to the POM
clusters, which range from catalysis,73 electrochemistry,74
photochromism,75 magnetism,76 to medicine.”

METHODS

SAXS. SAXS experiments were performed on a Rigaku MicroMax
003+ instrument equipped with a 2D Pilatus 200 K silicon detector.
The working voltage and current for the X-ray tube were 50 kV and
0.6 mA, respectively. The wavelength of the X-ray was 0.154 nm. The
scattering vector (q) was calibrated using silver behenate with the
primary reflection peak at q¢ = 1.067 nm™". The SAXS diffraction
patterns covering the q range between 0.2 and 3.0 nm™' were
recorded. The background scattering was subtracted and further
analyzed with the Rigaku software SAXSgui.

WAXD. WAXD experiments were conducted on the Rigaku Rapid
II instrument equipped with a 12 kW (30 mA, 40 kV) rotating anode
generator and an image plate as the detector. The instrument was
calibrated using silicon powders with 26 being 28.4° under Cu Ka
radiation. The air and Kapton tape background scattering were
subtracted. The 1D WAXD curve was integrated from the 2D image.

Electron Microscopy. TEM experiments were carried out with a
Philips Tecnai 12 or a JEOL-1230 microscope with an accelerating
voltage of 120 kV to record the bright-field images. TEM images were
taken on a digital CCD camera and processed with the accessory
digital imaging software. SAED patterns were obtained by using a
tilting stage to determine the crystal structure parameters. The d-
spacings were calibrated using an Al standard. SEM images were
recorded using a JEOL JSMS310 microscope.

AFM. AFM experiments were performed on a Veeco Dimension
ICON instrument to examine the sample morphology on the carbon-
coated mica substrate by deposition from the corresponding solutions.
The images were taken in the tapping mode. The scanning rate was set
at 0.99 Hz for low-magnification images at a resolution of 512 X S12
pixels per image. Image modification was carried out by the
NanoScope Anylysis 1.5 software.

Molecular Modeling. Molecular modeling and analysis of the
diffraction patterns were performed using the Accelrys Cerius®
software package. Basic unit cell parameters determined by crystallo-
graphic experimental data from combined SAXS, WAXD, and SAED
experiments were used to build the crystal unit cell. The positions of
atoms in this unit cell were judged by comparing their calculated
diffraction patterns with experimental patterns.

DLS. DLS experiments were conducted on a Brookhaven
Instruments Inc. light scattering spectrometer, equipped with a
diode-pumped solid-state laser operating at 532 nm and a BI-
9000AT multichannel digital correlator. The intensity—intensity time
correlation functions were analyzed by the constrained regularized
CONTIN method. The average apparent translational diffusion
coefficient, D,,,, was determined from the normalized distribution
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function of the characteristic line width, I'(G). The hydrodynamic
radius (R,) was converted from D through the Stokes—Einstein
equation: R, = kT/6znD, where k is the Boltzmann constant and 7 is
the viscosity of the solvent at temperature T.

Sample Preparation. Powder crystals of KPOM-BPOSS and
KPOM-CPOSS for X-ray measurements were grown via slow diffusion
of chloroform vapor into their methanol solutions with an initial
concentration of 0.5 wt % in a sealed chamber. During this time, the
clear methanol solutions started to turn turbid and white flakes formed
gradually. The solids were collected through high-speed centrifuge,
dried in vacuo, and directly used to record the SAXS and WAXD data.
Stacked lamellar samples of KPOM-BPOSS for TEM experiments
were grown via slow diffusion of chloroform vapor into a small droplet
of 0.5 wt % methanol solution of KPOM-BPOSS on carbon-coated
mica. Then, the carbon film was separated from the mica substrate by
carefully diffusing water into the carbon—mica interface. The floating
carbon film was then picked up by copper grids for TEM experiments.
Isolated 2D nanosheets of KPOM-CPOSS for TEM experiments were
prepared following a similar procedure, with initial solution
concentrations varied from 0.1 to 0.5 wt %. Samples for AFM
measurements were prepared similarly on carbon-coated mica.

Powder crystals of KPOM-2BPOSS for X-ray measurements were
obtained by slow diffusion of methanol vapor into its 0.5 wt %
chloroform solution in a sealed chamber. The white crystals were
collected through high-speed centrifuge, dried in vacuo, and directly
used for the X-ray tests. Isolated 2D nanosheets of KPOM-2BPOSS
for TEM experiments were grown by two methods: (1) slow diffusion
of methanol vapor into its 0.5 wt % chloroform solution until the
solution became turbid and (2) slow addition of water into 0.5 wt %
DMEF or acetone solutions of KPOM-2BPOSS until vf2° = 20% was
reached. Then, a small droplet of the resulting solutions was placed
onto a carbon-coated copper grid, which was dried in air for the TEM
experiments. A similar procedure was followed to prepare the AFM
samples on carbon-coated mica.
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