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Abstract: A widely employed route for synthesizing meso-
structured materials is the use of surfactant micelles or
amphiphilic block copolymers as structure-directing agents.
A versatile synthesis method is described for mesostructured
materials composed of ultrathin inorganic frameworks using
amorphous linear-chain  polymers functionalized with
a random distribution of side groups that can participate in
inorganic crystallization. Tight binding of the side groups with
inorganic species enforces strain in the polymer backbones,
limiting the crystallization to the ultrathin micellar scale. This
method is demonstrated for a variety of materials, such as
hierarchically nanoporous zeolites, their aluminophosphate
analogue, TiO, nanosheets of sub-nanometer thickness, and
mesoporous TiO, SnO,, and ZrO, This polymer-directed
synthesis is expected to widen our accessibility to unexplored
mesostructured materials in a simple and mass-producible
manner.

M esostructures are structures with length scales ranging
from molecular to macroscopic dimensions. These structures
are ubiquitous in nanoparticles, nanocomposites, and meso-
porous materials. Mesostructured materials are used in
numerous applications, including catalysis,"! separation,?
energy storage/conversion,”) and biomedicine,”! and they
provide platforms for building nanostructured architec-
tures.”® The traditional route for synthesizing mesostruc-
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tured materials often utilizes self-assembled structures, such
as surfactant micelles’™ or amphiphilic block copolymer
assemblies"*!" as structure-directing agents (SDAs). Molec-
ular assemblies of the amphiphilic materials provide soft
template structures that confine the inorganic material
formation to the nanoscale. Nevertheless, those soft templates
are generally assembled by weak intermolecular forces, such
as hydrophobic or van der Waals interactions. The resultant
weak assemblies can fail to confine crystal growths within
their template boundaries, particularly in syntheses of mes-
ostructured materials with crystalline frameworks.!'” More-
over, this strategy often requires specialized surfactants that
are not readily available, and are complicated and expensive
to synthesize.

Herein, we report a synthetic route to mesoporous
materials that are directed by random-graft amorphous
polymers. Our method attains highly crystalline mesostruc-
tures of various inorganic materials without requiring a com-
plicated synthesis or self-assembly process of surfactants or
block copolymers. Amorphous linear polymers are randomly
functionalized with organic groups that can form tight
bonding to inorganic species. Such polymers were able to
direct the formation of highly crystalline inorganic meso-
structures, including ultrathin nanosheets or a nanosponge.
This random-graft polymer-directed synthesis offers a general
route to various types of functional inorganic mesostructures,
such as hierarchically nanoporous zeolites, their alumino-
phosphate analogues (AIPO, and other related metal phos-
phates with open frameworks), titanium dioxide (TiO,)
nanosheets of subnanometer thickness, and mesoporous
TiO,, SnO,, and ZrO,.

Zeolites belong to a family of crystalline microporous
aluminosilicates that have been widely used as catalysts and
adsorbents.>¥l Zeolite with various structures has structural
analogues composed of AIPO, instead of aluminosilicate. The
incorporation of mesoporosity into these materials has been
an important issue for resolving the diffusion limitation for
bulky adsorbates.'”! Mesopore generation can be achieved
using linear polystyrene functionalized with multi-ammonium
SDA groups. Figure 1 shows the synthesis results for a zeolite
with the structure type MFI, in which the SDA was a tri-
ammonium group with the structural formula of -N*(CHj;),—
C¢H,,~N*(CH,),~C¢H;,~N*(CH;),~C,H,; (Figure 1a). This
SDA group is denoted by “N;-SDA”. As demonstrated by
scanning electron microscopy (SEM), thin MFI nanocrystals
were connected into a nanosponge-like, three-dimensional
network in this zeolite (Figure 1b). High-resolution trans-
mission electron microscopy (TEM) indicated that the zeolite
nanocrystals in the sponge were uniformly tailored to a thick-
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Figure 1. Random-graft polymer-directed synthesis of zeolite nano-
sponges. a) Molecular structure of the polymer used in MFI zeolite
synthesis. b),c) SEM and TEM images of the as-synthesized MFI
zeolite nanosponge. d),e) TEM image and XRD pattern of the MFI
zeolite after removal of the polymer by calcination. f) Argon sorption
isotherm of the calcined MFI zeolite at 87 K, in comparison with bulk
MFI. g) Pore-size distribution derived from the adsorption isotherm,
using NLDFT.

ness of 4.5 nm along the crystal b-axis (Figure 1c¢). The lateral
size of each crystal domain was less than 20 nm (Supporting
Information, Section S1). The zeolite exhibited powder X-ray
diffraction (XRD) peaks corresponding to the MFI crystal
structure, except that the reflections along the b-axis were
absent owing to the nanosheet-type mesostructure (Fig-
ure 1¢)."" The mesostructured zeolite was collected as
a composite material with polymers. In the as-synthesized
state, the zeolite exhibited no micro or mesoporosity, which
indicated that the micropores in the zeolite domain were
occupied by SDA groups. The space between the zeolite
domains was filled with polymers. An elemental analysis of
the zeolite-polymer composite yielded an N/SiO, molar ratio
equal to 0.12, which is twice the SDA content that could exist
in the zeolite micropores. This analysis indicated that
approximately 50% of the N;-SDA groups acted as the
zeolite SDA, while the remainder existed as bystanders in the
polymer region. Similar results showing a nanosponge-type
mesostructure were obtained from the syntheses of beta
zeolite and AIPO, with structure type ATO (Supporting
Information, Section S2). The beta zeolite nanosponge was
synthesized using polystyrene grafted with tetraammonium
containing two piperidinium groups (see the Supporting
Information, Section S2 for its molecular structure), whereas
for the AIPO, nanosponge, polystyrene was functionalized
with the same N;-SDA used for MFI zeolite. The incorpo-
ration of the SDA groups within the AIPO, framework was
confirmed by *'P-'H two-dimensional heteronuclear correla-
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tion NMR spectroscopy (Supporting Information, Sec-
tion S3).

The mesopores and micropores in the zeolite nanosponge
(and also AIPO,) can be opened by calcination treatment in
air, which decomposes the polymers. A TEM image of the
calcined samples revealed the retention of nanosponge-type
mesostructures after calcination (Figure 1d). The calcined
zeolite exhibited a well-resolved Bragg reflection peak
centered at 20 =0.87° in the XRD pattern (Figure 1e). This
peak indicated that there should be significant short-range
structural ordering in the zeolite nanosponge. For a disordered
mesostructure, this kind of structure coherence only occurs
when uniform mesopores are retained between zeolite
frameworks of uniform thickness. An analysis of these
mesopores with nonlocal density functional theory
(NLDFT) using the argon adsorption isotherm indicated
a very sharp distribution of diameters centered at 6.4 nm
(Figure 1 g). This zeolite is the first example of direct
synthesis using molecular SDAs for pure MFI zeolite self-
supporting uniform mesopores.'”*®¥ Furthermore, we can
systematically control the mesopore diameters according to
the degree of SDA functionalization along the polymer
chains. The mode diameter increased from 2.7 to 11 nm as the
functionalization degree decreased from 80% to 20% of
a styrene unit (Supporting Information, Section S4). This
relationship can be explained by the increase in the polymer
portion compared to the zeolite crystal domain. However,
zeolite did not form below 10 % functionalization. With such
low functionalization, sparsely distributed SDA groups inhibit
the formation of micelles owing to the need for excessive
polymer strain or steric hindrance. Based on this simple
principle, it is possible to synthesize zeolites with tailored
mesopores. The zeolites are promising as strong solid acids
that can support transition-metal nanoparticles within the
uniform mesopores for applications as bifunctional catalysts.
For example, MFI zeolite nanosponge supporting cobalt
nanoparticles exhibited remarkably high resistance to metal
agglomeration during catalytic application in Fischer—Tropsch
synthesis (Supporting Information, Section S5). Conse-
quently, the catalyst displayed much better catalytic perfor-
mance (high conversion of CO, high selectivity to branched
hydrocarbons in the gasoline range) than conventional MFI
zeolite.

Based on the zeolites and AIPO, synthesis, a random-graft
polymer-directed mechanism is proposed (Figure 2). In this
mechanism, amorphous linear polymers are functionalized
with side groups that have a strong chemical affinity to
a precursor of inorganic crystal. The functionalization is
conducted at random intervals along the polymer backbone.
The polymer molecules are dissolved in water or an organic
solvent. When an inorganic precursor is added to this
solution, the functional groups bind with the inorganic
species. As a result, the inorganic species becomes highly
concentrated along the polymer chains, causing polymeri-
zation of the inorganic species to form a mesostructured gel.
Subsequently, the inorganic part is transformed to a crystalline
framework. In the case of zeolite and AIPO,, the electrostatic
force binds the negatively charged inorganic species and
positively charged ammonium groups. This electrostatic
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Figure 2. Description of random-graft polymer-directed inorganic crystallization. Amorphous linear
polymers are functionalized with inorganic structure-directing side groups. An inorganic precursor
with tight binding to the polymer groups is added into a solution containing the polymers. The
binding of inorganic species to polymer side groups leads to an increase in inorganic concentration
along the polymer chain, which promotes polymerization of inorganic species to form a mesostruc-
tured polymer—inorganic composite gel. Upon subsequent solvothermal treatment, the inorganic is
transformed to a crystalline framework while tight bonding to polymer is maintained. As the crystal
starts to grow, polymer backbones become crowded around surfaces of inorganic crystals. The steric
hindrance by the polymer restricts the crystal growths to a thickness of only a few nanometers.

binding is necessary for the ammonium to function as an SDA
for the consecutive conversion of the amorphous inorganic
gel to the zeolite framework. The ammonium groups should
have an adequate structure and size to function as an SDA for
a particular type of microporous framework. The crystalline
microporous framework is not generated without an adequate
SDA. The ammonium group is embedded within the inor-
ganic framework owing to the tight encasing of the frame-
work. Under such circumstances, polymer chains remain
rigidly bound to every crystallite surface. Further crystal
growth leading to Oswald ripening is therefore suppressed.
Although each functional group in a crystallite may come
from a different polymer chain, it is more likely that multiple
groups come from the same polymer chain. As the polymer
chains are unable to penetrate the densely packed crystal
structure, the polymer backbones become crowded around
the surfaces of the inorganic crystal. Consequently, the
polymer segments near the surfaces lead to steric hindrance,
which then limits crystal growth to a micelle-like region of
only a few nanometers thickness. Evidence for this mecha-
nism can be obtained by a structure analysis along the
reaction time line for the example of MFI zeolite nanosponge,
using XRD, solid state ’Si NMR spectroscopy, SEM, and
TEM (Supporting Information, Section S6). The present
polymer-directed synthesis approach has significant advan-
tages for synthesizing uniformly mesoporous materials built
with open microporous frameworks of various compositions.
Examples are aluminosilicate zeolites, silica, AIPO,, silicoa-
luminophosphates known as SAPOs, cobalt—zinc phosphates,
and chalcogenides. Many of these are synthesized by struc-
ture-directing amines or ammonium species.”)

The present strategy can be extended to the synthesis of
non-microporous inorganic oxides, such as TiO,, SnO,, and
Zr0,, if the polymer—inorganic pairs are rationally chosen to
maintain tight binding between the polymer groups and the
oxide surfaces. Unlike the aforementioned open frameworks,
however, these non-porous oxide frameworks cannot encase
polymer groups. Simple electrostatic interactions are not
sufficient for generating highly mesoporous morphologies.
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For example, consider an aqueous
solution in which polymers with
anionic groups (for example, poly(-
styrene sulfonate)) are dissolved
with TiOCl,. Here, the polymer
groups are not an essential SDA
for the formation of TiO,. Thus, the
TiO, can be precipitated by adjust-
ing the pH of the solution with
a base, regardless of the presence
of the polymer. The presence of the
polymers can cause the TiO, crystal
size to decrease conspicuously,
whereas the polymer —SO;~ groups
inhibit crystal growth by surface
adsorption.”” However, the poly-
mer binding is much less effective
compared to the aforementioned
synthesis of zeolite and AIPO,
frameworks. This can be attributed
to chloride ions that replace the polymer groups from the
TiO, crystal surfaces during the oxide nucleation and
subsequent growth. Such an excessive crystal growth is
a common problem occurring during the synthesis of meso-
porous materials using surfactant micelles or water-soluble
block copolymers with ionic precursors. Thus, non-aqueous
solvothermal synthesis is desirable. A polymer—inorganic pair
with covalent or coordination bonding has a distinct advant-
age over electrostatic interaction.!"!! Suitable polymer—inor-
ganic pairs for the synthesis of TiO,, SnO,, and ZrO, can be
selected according to this guideline.

Figure 3 shows the solvothermal synthesis results for TiO,
(titania) employing polymer—inorganic pairs with covalent or
coordination bonding. The solvothermal synthesis was per-
formed with two different polymers dissolved in dimethylfor-
mamide: poly(acrylic acid) and poly(4-vinylphenol-co-methyl
methacrylate). Titanium iso-propoxide was selected as the
TiO, precursor when poly(acrylic acid) was used, whereas the
—COOH groups bound the TiO, precursor through coordi-
nation bonding.*"! TiCl, was selected as the TiO, precursor
instead of titanium iso-propoxide when poly(4-vinylphenol-
co-methyl methacrylate) was used. In this latter case, the
phenol groups formed phenol O—Ti covalent bonding by the
reaction with TiCl,” This led to the generation of meso-
structured TiO, according to Figure 2, which was confirmed
by investigation using XRD, TEM, and FTIR spectroscopy
(Supporting Information, Section S7). Both polymers yielded
almost indistinguishable results (Figure 3a,b). A disordered
assembly of ultrathin TiO, nanosheets with 0.7 nm thickness
was obtained at a low molar ratio of Ti/functional group in
both polymers (Figure 3a). The nanosheets possessed an
anatase structure with dominant (010) surfaces.”?*/ When the
Ti/functional group ratio was increased, both polymers
yielded TiO, nanosponges that were irregularly composed
of approximately 3 nm thick anatase frameworks (Figure 3b).
The nanosponge exhibited a broad small-angle XRD peak
centered at 260 =1.2°, along with to wide-angle peaks indicat-
ing an anatase structure (Figure 3c). The appearance of the
small-angle peak indicated significant short-range structural
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Figure 3. Polymer-directed synthesis of TiO, nanosheets and nano-
sponge. a),b) TEM images; c) XRD patterns; d) nitrogen adsorption—
desorption isotherms at 77 K, and the corresponding pore-size distri-
bution derived by NLDFT analysis.

ordering, similar to the zeolite nanosponge shown in Figure 1.
Both the TiO, nanosheet and the nanosponge were stable
under calcination treatment in air at 623 K, so that the space
between the nanocrystalline TiO, frameworks could be safely
open. The TiO, nanosponge exhibited a type IV nitrogen
adsorption—desorption isotherm, from which the NLDFT
analysis gave a very narrow distribution of mesopore
diameters centered at 4.0 nm (Figure 3 d). The specific surface
area of the nanosponge measured by the BET method was
270 m*g'. The BET area of the nanosheet was 350 m°g .
This is remarkable as a TiO, with crystalline framework
(Supporting Information, Section S7). Crystalline TiO, with
a high specific surface area with dominant high-energy facets
is desirable in photocatalytic applications.” TiO, is one of the
most important inorganic crystals currently attracting scien-
tific attention, owing to its applications in low-cost, high-
efficiency solar cells, photochemical catalysts, lithium batter-
ies, and catalyst supports with strong metal interactions.**’!
The efficiencies of TiO, in these applications and resulting
future technological advances depend on the synthesis of
ultrathin nanocrystalline TiO, with a high specific surface
area and a large intercrystalline mesopore volume. Along
with TiO,, this polymer-directed synthesis was also effective
for SnO, and ZrO, nanosponges (Supporting Information,
Section S8).

In conclusion, we demonstrated the generation of meso-
structured inorganic materials through polymer-directed syn-
thesis, for a number of representative examples, such as
mesoporous MFI zeolites, mesoporous AIPO, with ATO-type
framework, TiO, nanosheets, SnO, and TiO, nanosponges,
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and mesoporous ZrO,. In the MFI zeolite, TiO,, and SnO,
nanosponges, there was even a short-range ordering between
nearest-neighboring frameworks that constituted the meso-
porous sponges. The used polymers were not amphiphilic
block copolymers, but were amorphous, random-coil, linear-
chain polymers grafted with appropriate SDA groups. It was
possible to choose polymer—inorganic pairs that could main-
tain tight bonding during the course of the mesostructure
formation. The tight bonding provides a simple guideline for
the choice of polymer-inorganic pairs. Many mass-produced
polymers can be readily functionalized, and the functionali-
zation can be performed at random intervals along the chains.
The functional group density can be used to control meso-
structural parameters, such as the nanosheet widths and
mesopore diameters. Overall, the polymer-directed synthesis
may permit access to the unexplored realm of inorganic
materials and polymer—inorganic composites with various
chemical compositions and mesostructures.

Experimental Section

The synthesis details for polymers and mesostructured inorganic
materials are provided in Supporting Information. A random
copolymer of styrene and 4-chloromethylstyrene was synthesized by
nitroxide-mediated radical polymerization. Forty molar percent of 4-
chloromethylstyrene relative to the total number of moles of the
monomers was used for polymerization. The molecular weight and
polydispersity index of the resultant polymer were 75000 gmol~! and
2.3, respectively. Irregularly spaced chloromethyl side groups in
copolymer chains were reacted with equimolar amounts of N(Me),—
C¢H,;,~N(Me),"—CH;,—N(Me), —C,H,; in dimethylformamide. The
mixture was heated in an oil bath at 323 K for 1d with vigorous
stirring. After cooling to room temperature, the product was
precipitated with diethyl ether, filtered, and dried in a vacuum oven
at 303 K for 12 h. The precipitated polymers were used as MFI zeolite
SDAs. In a typical synthesis of polymer-MFI zeolite mesostructure,
sodium silicate solution (26.5% SiO,, 10.6 % Na,O, Sigma—-Aldrich),
ALSO,18H,0 (98%, Sigma—-Aldrich), sulfuric acid (47 % H,SO,,
Wako), and the synthesized amorphous polymer were mixed with
distilled water to obtain a gel composition of 100SiO,: 1ALO;:
39Na,0: 27H,S0,: 400 ethanol: 0.37 polymer: 6000 H,O. The mixed
gel was stirred at 333 K for 12 h and then transferred to a Teflon-
coated stainless-steel autoclave. The autoclave was heated at 423 K
for 6.5d while tumbling. After the hydrothermal treatment, the
zeolite-polymer composite was filtered, washed with distilled water
and dried in a convection oven at 373 K. The product was calcined at
853 K for 4 h under flowing air. No zeolite crystals were obtained
under the same conditions without polymers, confirming that the
amorphous polymer functioned as MFI zeolite SDAs.
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