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We present the polyoxometalate supramolecular nanobuilding blocks-based well-defined and
robust rose, snowlike, and ice ball architectures by simple but effective exploitation of noncovalent
interactions in the reaction system.All structures begin from the formation of disk assemblies that act
as foundation for the construction of diverse, well-defined architectures. The rose, snow flowers, and
ice balls, and the corresponding growth mechanisms are unambiguously demonstrated by collecting
and analyzing intermediate morphologies. Different assembly shapes show interesting hydrophilic
and hydrophobic surface properties which may provide opportunities to develop more suitable
functional materials for different systems to overcome the polarity restrictions. All assemblies form
through the precisely order and successive organization of polyoxometalate nanosupramolecules in a
lamellar pattern that may be prompted or slowed-down by controlling ambient temperature of the
reaction system. We expect the well-defined shape and the corresponding nano- and microspacing
can act as hosts for foreign gust to develop new multifunctional materials.

Introduction

The exploitation of supramolecular nanobuilding blocks
in a controlled engineering mode is a challenging area of
growing interest and technological importance to design
advancedandwell-defined functionalmaterials in chemistry
and material science. In this context, a range of mate-
rials including block copolymers,1 aliphatic and aromatic
organic compounds,2 metal ions,3,4 and biomaterials5 have
been employed to obtain a variety of distinct supramolecu-
lar structures with unique physical and chemical proper-
ties. In principle, the basic supramolecular building block
emerges from the synergistic combination of organic-
organic,2 inorganic-organic,6 metal-organic,7 or metal-
metal8 parts, which imparts the essential combinatorial
properties to the resulting complex toassemble in the parti-
cular shape. The supramolecular self-assemblies can be
driven by both covalent and noncovalent interactions.
But the noncovalent interactions comprising hydrogen
bonding, van der Waals forces, π-π stacking, charge
transfer interactions between electron acceptors and do-
nors, electrostatic interactions, etc., are seeing increased
research attention because they impart enhanced versatility,

flexibility, reversibility, and dynamic behavior to the con-
sequential assemblies.9-12 Polyoxometalate (POM) supra-
molecular clusters, which are intriguing nanosized metal-
oxides because of their chemical, structural, and electronic
versatility,13-17 and thus have range of potential applica-
tions in numerous fields,18-22 are the perfect choice for the
development of advanced functional materials and devices
but have not been yet systematically explored.
Conventional supramolecular nanobuilding blocks

can be spontaneously self-assembled to highly defined
and controllable structures by manipulating their local
nanoenvironment and the thermodynamic equilibrium
conditions. In this regards both intra- and intermolecular
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noncovalent interactions have been considered and a
variety of examples in diverse supramolecular systems have
been reported.11,23,24 Although, there are several reports
about the POM self-assemblies but the diversity of the
structures is still quite limited. The general instances include
Lanmuir-Blodgett films,25 honeycomb architectures,26

micelles,27 onionlike spheres,6,28 fibers,29 tubes,30 andhollow
vesicles.31 Recently, in an effort we developed POM novel
disk, cone and tube assemblies.32 The findings in our pre-
vious work urged us to explore POM supramolecular build-
ing blocks systematically to construct new assembly shapes
of POM, which can fulfill the requirements of different
application systems more satisfactorily. Herein, we present
POM novel multiple shape flowerlike assemblies which are
interesting not only for their shapes but also for their nano
andmicro spaces and tunable surface properties. To the best
of our knowledge, there is no report concerning this kind of
complex structures in the field of POM.We expect our effort
may provide a new research direction in material science.

Experimental Section

Chemicals.Dimethyldioctadecylammoniumbromide (DODA.Br)

was purchased from ACROS organics. Phosphotungstic acid

(H3PW12O40) and phosphomolybdic acid (H3PMo12O40) were

purchased from Sinopharm Chemical Reagent Co. Ltd. (SCRC)

while the remaining chemicals used during experimental work

were fromBeijingChemicalReagent Industry.All chemicalswere

of analytical reagent grade and used as received without any

further purification.

Synthesis. A single-phase approach6 was adopted to prepare

the SP1 and SP2 supramolecular building blocks. In the parti-

cular synthesis of SP1, a weighed amount of H3PW12O40 was

added into DODA.Br solution in chloroform so that the initial

molar ratio between DODA and H3PW12O40 was kept to 3:1,

respectively. Thewhole contentwas subjected to ultrasonication

until a clear solution was obtained. If there is any turbidity, the

solution may be washed with water to get a clear solution and

remove any unreacted POM. Finally, the SP1 was collected by

evaporation of chloroform. The product was put to be dry at

room temperature under vacuum until a constant weight was

obtained. Phosphomolybdic acid based supramolecular build-

ing block (SP2) was also obtained in the same way. The SPs are

immiscible in water, but can readily dissolve in organic solvents

such as chloroform, tetrahydrofuran, acetone, or butanone. The

POMs supramolecular assemblies including ice ball, snow, and rose flower structures were obtained through optimized solvent

systems of acetone, acetone/n-butanol, 1-butanone/n-butanol,

and tetrahydrofuran/n-butanol, respectively.

Characterization. The morphologies and structural details of

the POM supramolecular assemblies were studied by JEOL

JEM-1200EX and FEI Tecnai G2 F20 S-Twin transmission

electron microscopes (TEM), whereas TEM samples were pre-

pared on carbon coated copper grid by a dip coating technique.

Scanning electron microscopy (SEM) investigations were per-

formed on FEI Sirion 200 scanning electron microscope by

depositing sample on a siliconwafer. Fourier transform infrared

spectrometry measurements were performed on Nicolet AVA-

TAR 360 ESP FTIR using KBr pellet. The 1HNMR spectra

were obtained by JEOLECA-600NMR spectrometer. Thermo-

gravimetric analysis was carried out under a N2 atmosphere,

with a heating rate of 10 �C/min by TA Instruments Q5000 IR

thermogravimetric analyzer (TGA). The Elemental analysis was

performed on EAI CE-440 elemental analyzer. The small angle

Scheme 1. POM Cluster Combines with Surfactant Cation

to forms the POM Supramolecular Nanobuilding Block (SP)
That Subsequently Self-Assembles in Specific Nanoenvironment

to Produce Rose Flowers (RF), Snow Flowers (SF), and
Ice Balls (IB)
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X-ray diffraction patterns of the dried powdered samples of

particular shapes were obtained by Rigaku D/max-2500/PC

X-ray diffractometer using CuKR radiation (λ=1.5418 Å). Water

drop static contact angle assessments weremade at room tempera-

ture using OCA 20, DataPhysics Instruments GmbH, Filderstadt,

Germany, by sessile drop and tilting plate measuring method.

Results and Discussion

Phosphotungstic and phosphomolybdic acids serve as the
backbone of POM chemistry. Inspired by these two basic
POMs a huge class of inorganic compounds of varying
structures and chemical natures is constructed. The POM
supramolecular building blocks (DODA)3PW12O40, SP1,
and (DODA)3PMo12O40, SP2, were prepared using pre-
viously described the single-phase approach (DODA=
dimethyldioctadecylammonium).6 Both SP1 and SP2 were
characterized by Fourier transform infrared spectrometry,
1HNMRspectroscopy, thermogravimetric analysis, elemen-
tal measurements, and X-ray energy-dispersive spectro-
scopy (see the Supporting Information). The FTIR spectra
show the characteristics band of both DODA and POM.
Elemental analysis and weight fractions measurements in-
dicate the respective formulas of SP1 and SP2. Further, the
1HNMR measurements of SP1 and SP2 demonstrate the
POM and organic surfactant supramolecular complex for-
mation through columbic forces in terms of broadening and
shifts of resonance signals of N-methyl and N-methylene
protons to upfield.
The electrostatic interactions between POMandorganic

surfactant are of high significance and dynamic applica-
tions, and by exploiting these noncovalent interactions,
POM can bemanipulated in different ways to develop new
functional materials. The schematic diagram in Scheme 1
shows the POM rose, snow flower, and ice ball assemblies
that we have achieved by controlling andmanipulating the
local nanoenvironment of the SP1and SP2.
Rose Flowers.Roselike structures of POMwere obtained

from the optimized mixed solvent of tetrahydrofuran and

n-butanol ina3:1volumetric ratio.Figure1a-candFigureS7

in the Supporting Information show the scanning electron

microscopy (SEM) images of the rose flowers obtained from

SP1 and SP2. High-magnification images at different angles

demonstrate how POM orderly self-organize into petals to

generate rose-like flower architecture (Figure 1c andFigureS7

in the Supporting Information). Transmission electronmicro-

scopy (TEM) images further demonstrate the similarity bet-

ween thePOMflower and thenatural flower.Figure 1d shows

a clear contrast between the sepal-central and petal-outer

parts. The observation of magnified image reveals that the

central part is quite thin, whereas the outer part is thick

because it has a number of petal layers (Figure 1e and Figure

S8 in the Supporting Information). The high-resolution image

of the edges shows that the flowers are composed of multi-

lamellar nanostructures (Figure 1f,g), which demonstrate that

under particular surrounding interactions SP1 and SP2 self-

assemble in well-defined and organized patterns (Figure1).

Interestingly, TEM and SEM investigations of SP1 and SP2

samples obtained from pure tetrahydrofuran did not reveal

any assembly shape, whereas the addition of n-butanol in

optimized ratio results in very stable and well-defined roselike

flowers.
Snow Flowers. In our experimentation, the shape of the

assembly structures was found to be highly dependent to the

local environment of theSP1andSP2.To further explore the

SP1 and SP2 assembly behavior, we tried to develop POM

assembly structures in different solvent systems. Figure 2

shows the SEM and TEM images of snowlike spherical

flowers obtained from the self-assembly of SP1 and SP2 in

acetone/n-butanol (3:1 v/v) mixed solvent. Both TEM and

SEM images indicate that the assemblies are composed of

dozens of petals that randomly combine with each other to

create snowlike flower shape. Interestingly, the assemblies

were found to have narrow hole along the diagonal in the

center. The high-resolution TEM images show the similar

lamellar morphology to the rose structures (Figure 2g,j).

Figure 1. POMrose flowers. (a) SEMimageof SP1 rose flowers. (b) SEM image ofSP2 rose flowers. The insets show the static contact angle of a filmof the
assemblies (146 and 151�, respectively). (c) SEM image of a SP1 rose-flower at different angle. (d) TEM image of SP1 rose flowers. (e) Magnified TEM
image of a SP1 rose-flower. (f)HRTEMimageof the part of the flowermentioned in part e. (g)HRTEMimage of the part of the SP2 rose flowermentioned
in the inset.
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Ice Balls.Contrary to the pure tetrahydrofuran solution
system, stable assemblies of SP1 and SP2 were also found
from the pure acetone solution, which may be owed to the
relatively moderate polarity of acetone compared to tetra-
hydrofuran. Figure 3 and Figure S9 in the Supporting
Information demonstrate the POM assemblies obtained
from the acetone solution. The TEM images illustrate that
the assemblies have a similar continuous hole in the center
but exhibit more dark and dense outer part (Figure 3c,g).
Magnified SEM images (Figure 3b,f) further clarify the
TEM observations and demonstrate that although assem-
blies are similar to snow flowers but exhibit relatively
aggregated and more dense surface morphology. Further,
detailed scanning by high-resolutionTEMreveals amixed,
layered, and tiny-particle-naturemorphology (Figure 4d,h
and Figure S12 in the Supporting Information).
XRD Measurements. Small-angle XRD analyses of the

different flower assemblies of both SP1 and SP2 show

a feature typical of layered structures. The characteristic
first-, second-, and third-order reflection peaks correspond
to interlayer spacing of about 2.9 nm for bothSP1andSP2,
respectively, and support well the high-resolution TEM
results of lamellar nature (Figure 4a and the Supporting
Information, Figure S13). The similarity of interlayer
spacing may be attributed to the equivalent ionic size of
SP1 and SP2. However, particularly for SP2 ice balls, we
observed an additional diffraction peak of about 3.5 nm
interlayer spacing, which interestingly almost completely
disappears with the addition of n-butanol in the reaction
system. As pure DODA.Br exhibits the interlayer spacing
of about 3.6 nm (see the Supporting Information, Figure
S14), so we speculate the appearance of 3.5 nm peak in
XRDpattern is due to relative loss packingofDODAalkyl
chains in the ice balls,which results in similar behavior as in
pure DODA. Furthermore, wide-angle XRD patterns
confirm the conformational order of the surfactant in the

Figure 2. POMsnow flowers. (a) SEM image of SP1 snow-flowers. (b)Magnified SEM image of the region indicated in part a. (c) SEM image of SP2 snow
flower. (d) Magnified SEM image of a SP2 snow flower. (e, f) TEM image of a SP1 snow flowers indicating the hollow interior. (g) HRTEM image of the
edge of the flower mentioned in part f. (h, i) TEM image of SP2 snow flowers indicating the hollow interior. (j) HRTEM image of the edge of the flower
mentioned in part i. The insets in parts a and b show the static contact angle of the films of the corresponding assemblies (157 and 156�, respectively).
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supramolecule and show reflection peaks of about 0.42 nm,
which agreeswell with the lateral packingof alkyl chains and

indicates their close packing in the POMassembly structures
(see the Supporting Information, Figure S15 and S16).33,34

Static Contact Angle Measurements. As indicated by
TEMandSEManalysis although iceballs and snow flowers
have similar spherical shape but their assembly structures
are quite different. To understand the surface properties of
the different assemblies, we performed static contact angle
measurements of smooth film of the assemblies. The large
static contact angle of about 150� of rose and snow flowers
(Figures 1a,b and 2a,c) indicates that the assemblies have
superhydrophobic surface properties, which indicates that
in assemblies POMs are fully surrounded by DODA alkyl
chains and closely packed to protect hydrophilic POMs
from the hydrophobic solvent environment. Interestingly,
the static contact angle for ice balls was estimated to be less
than 90� (Figure 3a,e), which suggests that POMs in the
assemblies are not completely surrounded by DODA alkyl
chains and moderately hydrophilic in nature. Further, for-
mation of stable dispersion in water also supports the con-
tact angle measurements.
Phase Transition Studies. To further explore the POM

supramolecular building blocks and their assembly mecha-
nism in different nanoenvironments, the thermal behavior
of the assemblies in both the solution and solution-free
dried states was studied. Typically, lamellar structures made
of synthetic surfactants exhibits a phase transition of alkyl
chains during the heating and cooling process. In this regard,
a variety of structures composed of merely surfactants and
even complex hybrid systems have been reported.28,35,36

Figure 3. POM ice balls. (a) SEM image of SP1 ice balls. (b) Magnified SEM image of the ice ball mentioned in part a. (c) TEM image of SP1 ice balls
indicating the hollow interior. (d)HRTEM image of the edge of an ice ball indicated in part c. (e) SEM image of SP2 ice balls. (f)Magnified SEM image of a
SP2 ice ball illustrating the surfacemorphology. (g) TEM image of SP2 ice balls. (h)HRTEM image of the edge of an ice ballmentioned in part g. The insets
in parts a and e show the static contact angle of the films of the corresponding assemblies (∼81 and ∼89�, respectively).

Figure 4. (a) Powder XRD patterns of SP1 assembly structures in low-
angle region demonstrating the presenceof lamellarmorphologywith only
one type of layer spacing. (b) DSC curves of SP1 dried assemblies in
heating-cooling cycle at scanning rate of 5 �C/min. Act/BtOH=acetone/
n-butanol and But/BtOH=butanone/n-butanol.
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Differential scanning calorimetric (DSC) analysis of SP1 in
chloroform and acetone shows endothermic transition
at about 8.4 and 7.8 �C with enthalpy change of about
34.1 and 33.68 kJ/mol in heating process and at about-7.3
and -7.4 �C in the cooling process with similar enthalpy
change, respectively (see Figure S17 in the Supporting
Information). The calculated enthalpy change is consis-
tent with the already-reported studies.37,38 Surprisingly,
no transition peakwas found from-40 to 40 �C for SP1 in
acetone/n-butanol solution. The disappearance of the
phase transition peak with the addition of n-butanol in
acetone solvent may be attributable to the enhanced
rigidity and more stiffed packing of the DODA alkyl
chains because of an increase in solvent polarity and thus
corresponding hydrophobic interactions. Figure 4b shows
the DSC results of the SP1 assemblies in the solvent-free
dried state.All assembly structures showabroadpeakwith
mainly twomaxima both in heating and cooling process.39

With little variations the ice balls and snow flowers show
endothermic maxima at about 46 and 53 �Cwith enthalpy
change of about 34 kJ/mol. The rose-flowers reveal endo-
thermic maxima at 43 and 56 �C with an enthalpy
change of about 28 kJ/mol, which may be attributed to the
quite different assembly shapes of the ice-balls and snow-
flowers. Interestingly, the phase transition enthalpy change
(∼34 kJ/mol) of the solvent-free assemblies is equivalent to
the assemblies in chloroform and acetone solutions. These
results suggest that DODA alkyl chains and the corres-
ponding POM supramolecular building block exhibit
similar assembly behavior both in the solution and solution-
free dried states.

1H NMR spectroscopy is another valuable technique to
study the thermotropic behavior and mobility of alky
chainsof organic surfactants inhybridmaterials.28,40Figure
S18 (see the Supporting Information) and Figure 5a show
the temperature-dependent 1HNMR spectra of the SP1 in
CDCl3 and CD6CO from -40 to 40 �C in the cooling and
heating process. It can be seen that at lower temperatures,
the proton signal are quite weak and rise slowly, but when
temperature approaches the phase transition temperature,
a rapid increase occurs and characteristic N-methyl and
N-methylene protons signals of SP1 become clear. These
results demonstrate that below transition temperature, the
DODA alkyl chains of SP1 are stiffly packed and are in
instructed gel crystalline state because of strong hydropho-
bic interactions but at phase transition temperature become
more mobile and transfer to relaxed liquid crystalline state.
The similar behavior of phase transition was also found for
SP1 in acetone solution and SP2 in CDCl3 solution
(Figure 5b and the Supporting Information, Figure S19).
Assembly Mechanism. To investigate the assembly

mechanism we collected the starting and intermediate

morphologies at different time intervals. It was found that
POM supramolecules immediately form the fine circular
disks in the reaction system, which subsequently act as
foundation for the growth of the rose structures (Scheme 1
and Figure S20 in the Supporting Information). Figure
6a-d shows the different intermediate stages of rose
structure growth. The SEM images clearly demonstrate
the assembly process in term of successively increasing
number of petal layers on the disk surfacewhich eventually
form a roselike structure with multiple layers of petals and
a hollow interior. Similar to the rose assemblies, snowlike
assemblies also grow from disk assemblies but exhibit
different mechanism of growth. In case of snow flowers
initially small petals emerge near the periphery of disk
which subsequent become bigger and bigger with simulta-
neously emergence of new petals on the surface of the disk.
From Figure 6e-h and Figure S21 in the Supporting
Information, it is interesting to note that the growth occurs
from the periphery toward the center with continuous
reduction of the smooth surface interior and eventually
results in a spherical flowerwith a narrowhole in the center
(Figure 2b,d,). Ice balls were also found to be grown from
disks having uneven shape and the corresponding growth
was found to be in the form of random self-assembly of
POM building blocks without any petallike structure
formation (see the Supporting Information, Figure S22).
Temperature-Dependent Assembly Behavior. Further-

more, in our experimentation, particularly for rose flowers,

Figure 5. (a) SP1 temperature-dependent 1HNMR spectra in CDCl3
during cooling process. (b) SP1 temperature-dependent 1HNMR spectra
in CD6CO during the heating process.
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(40) Ru, G.; Wang, N.; Huang, S.; Feng, J. Macromolecules 2009, 42,
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the assembly speed was found to depend on the ambient
temperature. During a series of experiments, it was ob-
served that at lower temperature (<15 �C) POM supra-
molecules assemble quite rapidly and form mature flower
structures within 02 h with high purity, whereas at higher
temperature (>30 �C), it becomes considerably slow and
may rise up to 1 week. Snow flower assemblies was also
found to show similar behavior. At lower temperature
(<15 �C) fully grown assemblies were obtained within
20 min, whereas at higher temperature, assembly time
may rise up to 24 h. The slow assembly speed may be
due to the predominantly elevated thermal motion of the
surfactant’s alkyl chains at higher temperature, which
eventually disturbs the thermodynamic equilibrium bet-
ween different noncovalent interactions in reaction system
and shifts toward disks assemblies. In addition, DSC and

temperature-dependent 1HNMR spectroscopy studies
support this conclusion.
The different assembly shapes and varying growth

mechanisms may be attributed to the different solvent
natures and thus varying noncovalent interactions. All
assembly structures are highly stable, and their size,
shape, and chemical nature show no change over a period
of several months. In an extension of our work, we found
that a similar snowlike structure can also be obtained
using butanone/n-butanol solvent system having similar
lamellar morphology and superhydrophobic surface pro-
perties (Figure 7).

Conclusions

In summary, we have presented the POM-based structu-
rally well-defined rose- and snow- flower-, and ice-ball-like

Figure 6. Growthmechanismof POMarchitectures. (a) SEM image of SP1 rose flowers in initial stage-disksmostlywith only one petal (2min). (b) SEM
imageofSP1 rose flowerswith fewnumberof petals (15min). (c, d)Rose flowerswith successively increasingnumber ofpetals and resulting shape evolution
(60 min, 90 min, respectively). (e) TEM image of SP2 snow flowers with in initial stage-disks with small petals emerging from the periphery (1 min).
(f)MagnifiedTEMimageofone of disk. (g, h)TEMimagesof the SP2 snowflowers intermediate stages demonstrating successive growth fromdisk to snow
flower with narrow hole in center (5 and 10 min, respectively).

Figure 7. POM snow flowers from butanone/butanol system. (a,b) SEM images of SP1 snow flowers. (c) TEM image of a SP1 snow-flower. (d) HRTEM
image of the part of flowermentioned in part c. (e, ) SEM images of SP2 snow-flowers. (g) TEM image of a SP2 snow flower. (h)HRTEM image of the edge
of the flower mentioned in part g. The insets in parts a and b show the static contact angle of the films of the corresponding assemblies (∼154 and∼156�,
respectively).
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architectures by simply exploiting noncovalent interac-
tions including electrostatic, dipole-dipole, vanderWaals,
hydrogen bonding, solvophobic interactions, and hydro-
phobic interactions between the POM supramolecules. In
addition, the specific number of surfactant’s molecules
attached with POM cluster also plays a significant role to
develop assembly structure of particular shape. Interest-
ingly, all flower assemblies route through the formation
of the disks, which subsequently serve as foundation for
development of whole structure. The nanospacing due to
lamellar nature of assemblies and microspaces between
petals may serve as hosts for nano- and microsized guests,
which may help to develop multifunctional composite
materials for applications like catalysis and energy storage.
Further varying hydrophilic and hydrophobic surface
properties of different structures may provide additional
opportunity to design suitable functional materials for
different polarity systems. In furtherwork,we aim to utilize

these assemblies for different applications like catalysis and
medicine.
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