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Mesoporous Organosilica Hybrids Consisting of Silica-Wrapped

n—n Stacking Columns™**

Norihiro Mizoshita,* Takao Tani, Hiroshi Shinokubo, and Shinji Inagaki*

Periodic mesoporous organosilica (PMO) materials prepared
by surfactant-directed polycondensation of bridged organo-
silane precursors (R[Si(OR);],; n>2, R =organic bridging
groups, R’=methyl, ethyl, etc.) are a new class of functional
porous hybrid materials.'l Organic groups R can be densely
embedded within the pore walls without plugging the
mesopores. Various organic bridges R ranging from func-
tional 7t systems to metal complexes are available for tailoring
functional frameworks with particular properties, such as
tuning of HOMO-LUMO levels, fixation of electroactive
organic groups, and formation of reactive and catalytic
sites.’? One of the most remarkable features of PMOs is
the induction of molecular-scale periodicity in the pore wall,
which has been realized for PMOs synthesized from dipodal
rod-like precursors with rigid m-conjugated aromatic bridges
(for example, 1,4-phenylene and 4,4’-biphenylylene) under
basic hydrolytic conditions (Figure 1a, left).'>*") Molecular-
scale “crystal-like” ordering of the framework should enable
design and control of the optical, electrical, and surface
properties of PMOs. However, all of the conventional crystal-
like PMOs show lamellar structures consisting of alternating
organic and silica layers (Figure 1a, left).'>?l In this config-
uration, the distance between neighboring organic bridges is
about 0.44 nm, which is much longer than typical face-to-face
n—7 stacking distances (0.34-0.36 nm);??? therefore, neither
strong electronic coupling nor significant electroconductive
properties are expected for the pore walls. The lamellar
arrangement is thought to be directed by a hydrophobic—
hydrophilic interaction of fully hydrolyzed dipodal precursors
((HO);Si—R—Si(OH);) and subsequent polycondensation;
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the position and distance of the organic bridges are restricted
by the chemical bond length of the siloxane network.

Herein we present the first synthesis of a new class of
molecularly ordered PMOs with columnar stacking of the
bridging organic groups with a face-to-face m-stacking dis-
tance of 0.35-0.36 nm (Figure 1 a, right). The new PMOs were
synthesized by surfactant-directed polycondensation of newly
designed disk-like alkoxysilane precursors with hydrophobic
and electroactive perylene bisimide (PBI)?? cores (Fig-
ure 1b). The key to the formation of this new type of the
ordered structure is full utilization of the m— stacking nature
of the hydrophobic PBI moieties rather than the hydro-
phobic-hydrophilic interaction. As shown in Figure 1c, the
formation of mesostructured hybrids consisting of m-stacked
PBI columns and micellar aggregates of a cationic surfactant
is promoted under basic hydrolytic conditions through
columnar self-assembly of disk-like PBI precursors and
electrostatic interaction between the cationic surface of the
micelles and the anionic silanolate groups of the column-
assembled precursors. The PBI columns are then wrapped
and reinforced with a pure silica coating. Finally, the template
surfactants are removed, resulting in mesoporous hybrids
with pore walls consisting of silica-wrapped PBI columns. The
ni-stacked columnar channels within the pore walls should
function as molecular wires and facilitate transport of charge,
energy, and spin along the wires.”"*! Such a molecular wire
framework may be conductive to enhancement of charge
separation and suppression of undesired charge recombina-
tion in photocatalytic reactions, as well as electronic applica-
tions. Moreover, electron-deficient PBI-silica hybrids can be
regarded as electron acceptor assemblies; they are expected
to function as an electron buffer for photochemical reactions
involving photoinduced redox cycles.

We prepared two types of PBI precursor, PBI-3Pn-SiME
and PBI-MEE-SiME (Figure 1b), with four bulky, polar, and
flexible alkoxysilyl groups and different substituents
(branched 3-pentyl (3Pn) and linear 2-(2-methoxyethoxy)-
ethyl (MEE) groups) on the imide groups. These compounds
were obtained by the recently developed ruthenium-cata-
lyzed direct 2,5,8,11-alkylation of PBI with vinylsilane com-
pounds (Supporting Information, Schemes S1 and S2).*!

Mesostructured PBI-silica hybrids were obtained as dark
solids by basic hydrolysis and condensation of the precursors
PBI-3Pn-SiME and PBI-MEE-SiME in the presence of a
cationic template surfactant (trimethyloctadecylammonium
chloride). Figure 2a and b show X-ray diffraction (XRD)
patterns of the surfactant-containing as-made hybrids,
denoted as PBI-3Pn-PMO-am and PBI-MEE-PMO-am,
respectively. The intense peaks at 260~2° indicate the
formation of periodic mesostructures. While PBI-3Pn-PMO-

Angew. Chem. Int. Ed. 2012, 51, 1156 —1160


http://dx.doi.org/10.1002/anie.201105394

Angewandte

imemationalediion . CEIMIE

a)
rod-like organic bridge

/ /
. _Si, _Si., .
04,070 070 oS

/
i _Si.,
Vo407 oy
S0 oS
\ i

o)\ 0-Sin \ o-Si. _si,
51040710500 0o

10009

0 _o-Si, -Si., -
0 /5' Vo0 \°‘\si’°S\“°‘\s.‘°’S{‘°\

7 7 7
-

0.44nm

/

disk-like organic bridge

/

(e}
\0\ H
o Q0

O~ 5

hadavat
R-N O.O N-R = {
o o

Si"On

S

O-q}
\ON /SI\

o O
o
/

o\

PBI-3Pn-SIME: R= —_

o0—

\

©)

surfactant-directed % )
self-assembly s

reinforcement by
silica wrapping

—> 'ﬁf? // —> gg‘%

PBI-MEE-SiME: R= ~~~"¢"

N ] / extraction of ' 10.0] /
@ < g template ’ ¢ ’

Figure 1. a) lllustration of molecularly ordered organosilica frameworks of PMOs with rod-like (left) and disk-like (right) organic bridges.
b) Chemical structures of PBI-derived precursors. c) Preparation of PMO hybrids from disk-like PBI precursors.

am had a single peak at d =4.55 nm, PBI-MEE-PMO-am had
a diffraction peak at d =4.60 nm with two weak peaks at d =
2.59 and 2.30 nm in a small-angle region. These peaks suggest
the formation of a 2D mesochannel array close to hexagonal
packing, which is due to the d-spacing ratio of about 1:1/+/3:1/
2. The broad diffraction at around d =0.41-0.42 nm is due to
the amorphous structure of the siloxane moieties, although
the d value is slightly shorter than that of conventional PMOs
(d=0.44 nm).>?) Interestingly, the mesostructured PBI-
silica hybrids showed a molecular-scale periodicity, at d =0.36
and 0.34 nm for PBI-3Pn-PMO-am and PBI-MEE-PMO-am,
respectively, corresponding to a typical m— stacking distance
for PBIs. These results suggest that the densely embedded
PBI moieties within the PMO frameworks form face-to-face
ni-stacked molecular assemblies. To the best of our knowl-
edge, this is the first example of the production of periodic
mesostructured organosilica materials with a parallel n-
stacked organosilica hybrid framework. The introduction of
the MEE substituent, showing higher hydrophilicity and less
steric hindrance than the 3Pn substituent, onto the imide
group leads to the formation of more highly ordered organo-
silica hybrid structures on the mesoscopic and molecular
scales.

The template surfactant in the as-made materials was
removed by solvent extraction to give mesoporous PBI-silica
hybrids. First, the as-made hybrids were washed with ethanol
without post-treatment. However, the mesostructures col-
lapsed after removal of the template. **Si magic-angle-
spinning (MAS) NMR measurements showed that the as-
made hybrids were cross-linked by poorly-condensed T' and
T? species (T": R-Si(0Si),(OH);_,) with the degree of
condensation of ca. 50% (Supporting Information, Fig-
ure S8). It is likely that the formation of the organosilica
hybrid framework, dominated by the n—mr stacking nature of
the large PBI moieties, hinders efficient condensation and
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cross-linking of the silyl groups. Extraction of the template
surfactant without collapse was realized by reinforcing the
PBl-silica frameworks with a pure silica coating. After
treatment with acetic acid, the mesostructured hybrids were
exposed to tetraethoxysilane (TEOS) vapor for 2-12h at
120°C, and the template was then washed out with ethanol.
The mesoporous hybrid based on 3Pn-substituted PBI
(denoted as PBI-3Pn-PMO-ex) was obtained by extraction
of the template after two-hour exposure to TEOS vapor. In
contrast, the preparation of mesoporous hybrids based on
MEE-substituted PBI required more than six-hour exposure
to TEOS vapor; the most successful synthesis of PMO (PBI-
MEE-PMO-ex) was realized by reinforcement of the frame-
work for 12 h. The increase in the degree of condensation
without disturbing the periodic mesostructures was confirmed
by *Si MAS NMR and XRD measurements (Supporting
Information, Figures S8 and S10). The TEOS vapor predom-
inantly reacted with T' species, mainly resulting in more
condensed T? and Q* (Q": Si(OSi),(OH),_,) species (Support-
ing Information, Figure S8). The T/Q atomic ratios were ca.
1:1 and 1:3 for 2h and 12 h TEOS treatment, respectively.
The XRD patterns (Figure 2a,b) show that the extracted PBI-
bridged PMOs had periodic mesostructures with d-spacing
values of about 4 nm. The slight decrease in the d values is due
to contraction of the framework through TEOS treatment
and extraction of the template. The n—m stacking periodicity
within the pore walls was maintained after extraction of the
template. *C cross-polarization MAS NMR measurements of
the PBI-bridged PMOs confirmed that the PBI bridging
groups were intact after all the post-treatments (Supporting
Information, Figure S9).

The porosity of the PBI-bridged PMOs was examined by
nitrogen adsorption—desorption isotherms (Supporting Infor-
mation, Figure S11). The isotherms were close to typel,
which is probably due to the small mesopores. The Brunauer—
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Figure 2. XRD patterns of a) PBI-3 Pn-PMO and b) PBI-MEE-PMO
before (top) and after (bottom) extraction of the template surfactant.
c) TEM image of PBI-3 Pn-PMO-ex. d)-f) TEM images of PBI-MEE-
PMO-ex. Red and yellow arrows in (f) indicate the periodic mesostruc-
tures and string-like substructures, respectively. g) lllustration of a PBI-
silica disk with a T/Q ratio of 1:3 (left) and structural model of PBI-
bridged PMO with mt-stacked framework (right).

Emmett-Teller (BET) surface area, pore volume, and DFT
pore diameter for PBI-3Pn-PMO-ex were calculated to be
663 m?g ', 0.29 cm*g ™!, and 2.6 nm, respectively, whereas for
PBI-MEE-PMO-ex, these values were 609m’g '
0.25cm’g™!, and 2.6 nm, respectively. The smaller surface
area and pore volume of PBI-MEE-PMO-ex are probably
due to the larger amount of silica coating. The contraction of
the mesostructures by the post-treatments also led to the
formation of small mesopores.

The nanostructures of the PBI-bridged PMO powders
were further examined by transmission electron microscopy
(TEM). PBI-3Pn-PMO-ex showed a wormhole-like disor-
dered array of mesochannels (Figure 2¢). The width of the
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pores, observed as bright regions in the images, is 2-3 nm,
which is in good agreement with the nitrogen isotherm results.
For PBI-MEE-PMO-ex, along with wormhole-like regions
(Figure 2d), ordered mesochannel arrays were observed
(Figure 2¢). The periodicity of the mesostructure was about
4-5 nm, which was in agreement with the XRD results. The
observed diameter of the mesopores was 2-3 nm. Moreover,
string-like substructures with a periodicity of 1.5-2.0 nm were
partially observed for PBI-MEE-PMO-ex (Figure 2 f; Sup-
porting Information, Figure S13). The string-like architecture
presumably corresponds to the m-stacked columnar assem-
blies of the PBI units. The PBI columns seem to run along the
direction of the mesochannels. The formation of columnar
PBI assemblies was also supported by XRD and TEM results
of a non-porous PBI-silica hybrid prepared by extraction of
the template surfactant from PBI-MEE-PMO-am without
TEOS treatment (Supporting Information, Figure S14). This
sample exhibited a new XRD peak at d=1.9 nm without
losing its original m—r stacking periodicity. The TEM image of
the non-porous material showed the formation of a 2 nm-
thick string-like pattern similar to that of PBI-MEE-PMO-ex;
therefore, the organosilica framework likely consists of an
array of m-stacked PBI-silica hybrid columns.

The hierarchical structures of the mesoporous PBI-silica
hybrids were modeled by considering the mesoscale and
molecular-scale periodicities and the size of the molecular
components (Figure 2g). The mesoscale periodicities,
obtained by XRD measurements, were about 4 nm (d,y),
which meant that the diameter of the cylindrical structure
(diox2/+/3) was about 4.6 nm, assuming a 2D hexagonal
structure. The pore diameters were calculated to be 2.6 nm
from the nitrogen isotherms; therefore, the wall thickness was
about 2 nm. This value was in good agreement with the
thickness of m-stacked PBI-silica hybrid columns with silica
coatings. These results indicated that the pore walls of the
mesoporous PBI-silica hybrids consisted of one layer of an
array of m-stacked PBI-silica columns. Moreover, the corre-
lation length (&) of the m-stacking structures was estimated
from the peak widths of the XRD profiles at 26 =22-28°
using the Scherrer equation (§=0.891/(w,,c0s6,); A =wave-
length (1.542 A); w,,=full width at half-maximum of the
diffraction peak; 6,=Bragg angle at the maximum), as
performed for discotic liquid-crystal materials.* The values
of & for PBI-3Pn-PMO-ex and PBI-MEE-PMO-ex were
calculated to be 4.11 (ca. 11-molecule stack) and 5.53 nm
(ca. 16-molecule stack), respectively. These values were
comparable to conventional discotic liquid crystals® and
sufficiently larger than the wall thickness so as to suggest that
the mt-stacked PBI-silica columns lie along the mesochannels.
Based on these considerations and the TEM results, a
structural model of the PBI-bridged PMOs is shown in
Figure 2 g. This structure is reasonable because effective ionic
interactions between the cationic head groups of the template
surfactant and the anionic silanolate species at the surface of
the m-stacked PBI columns are rationalized during the
surfactant-directed self-assembly process.

The optical properties of the PBI-PMOs were examined
by UV/Vis spectroscopy (Figure 3a). As a reference sample,
we prepared an amorphous hybrid (PBI-3Pn-Amorph) by
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Figure 3. a) UV/Vis spectra of PBI-3Pn-PMO-ex, PBI-MEE-PMO-ex, PBI-3Pn-Amorph, and a
solution of the precursor PBI-3Pn-SiME in THF. b) ESR spectra of PBI-3Pn-PMO-ex, PBI-MEE-
PMO-ex, and PBI-3Pn-Amorph in saturated hydrazine vapor. c),d) The st-stacking structure of the

framework of PBI-3 Pn-PMO (c) and PBI-MEE-PMO (d).

polymerizing PBI-3Pn-SiME in an aqueous solution of NH;
by macroscopic gelation. The amorphous sample (xerogel
consisting of a PBI-silica network) showed no XRD peaks
but had a high BET surface area of 801 m?g~'. PBI-3Pn-
PMO-ex showed a similar UV/Vis spectral shape to PBI-3Pn-
Amorph and a dilute solution of its precursor (PBI-3Pn-
SiME), although the peaks were broadened, indicating that
exciton coupling among the PBI units was weak or absent.
This suggested that the 3Pn-substituted PBI units in the PMO
framework formed a face-to-face stacking structure but with
orthogonal transition dipole moments (that is, molecular
axes; Figure 3¢). This is reasonable because the bulky 3Pn
groups are likely to promote an orthogonal arrangement of
the PBI units to avoid steric hindrance. In contrast, PBI-
MEE-PMO-ex showed a spectral shape dissimilar to a dilute
solution of its precursor: the absorption maximum wave-
length (4,,) of PBI-MEE-PMO-ex (498 nm) was much
shorter than that of the precursor solution (4,,,, =521 nm in
THF), accompanied by the appearance of a pronounced
shoulder at a longer wavelength (4 =~ 540 nm). Similar spectral
shapes were reported for columnar nanoaggregates of PBI
derivatives with exciton coupling between the PBI units.”?!
The hypsochromic shift of 4., and the appearance of a new
band in the longer wavelength region are rationalized by the
molecular exciton theory®! and are indicative of close face-
to-face stacking of rotationally displaced chromophores.?2
These results indicate that st-stacked PBI chromophores with
MEE substituents are exciton-coupled; that is, the photo-
excited state within the pore walls is delocalized over two or
more PBI units (Figure 3d). On the other hand, the broad
absorption at A=600-850 nm was assigned as the charge
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larger amount of silica coating com-
pared to PBI-3Pn-PMO-ex.

The electronic properties of PBI-
3Pn-PMO-ex, PBI-MEE-PMO-ex, and
PBI-3Pn-Amorph were examined by
electron spin-resonance (ESR) spec-
troscopy (Figure 3b). Measurements
were conducted in saturated hydrazine
vapor for electron doping at room
temperature (vapor pressure: 5 mmHg
at 25°C). The PBI-PMOs showed clear
ESR signals attributable to PBI anionic
radicals, whereas PBI-3Pn-Amorph
showed no detectable ESR signals
despite its high surface area. The con-
centrations of radical spins in PBI-3Pn-
PMO-ex and PBI-MEE-PMO-ex were
calculated to be 1.37x 10" and 1.46 x
10"® spins g~', respectively, corresponding to 0.27 and
0.42 mol % doping, respectively. The efficiency of electron
doping is in the order PBI-MEE-PMO-ex > PBI-3Pn-PMO-
ex > PBI-3Pn-Amorph. This electron-accepting behavior
cannot be explained based on the surface area. Compared
with isolated PBI molecules with discrete HOMO and
LUMO levels, the m-stacked one-dimensional assemblies of
PBI bridges in the pore walls should have band-like structures
with certain bandwidths for valence and conduction bands
according to the intermolecular transfer integrals of the
HOMOs and LUMOs.”! In this case, the bottom of the
conduction band is lower than the LUMO level of the isolated
PBI, which contributes to stabilization of the resultant anionic
radicals in the m-stacked PBI-silica framework. The ESR
spectral shapes of the PBI-bridged PMOs were indicative of
the different electronic states of the PBI anionic radicals
(Figure 3b). The peak-to-peak linewidth (AH,,,) was 7.0 G for
PBI-3Pn-PMO-ex and 4.9 G for PBI-MEE-PMO-ex, while
the AH,,, for the PBI anionic radical of the precursors in dilute
solution was 4.4 G (Supporting Information, Figure S16).
Although the AH,, for PMOs is apt to increase due to
inhomogeneity of the powder samples, the large difference in
AH,,, of the two PMOs reflects the local environments of the
PBI radicals. The smaller AH,,, of doped PBI-MEE-PMO-ex
is attributable to hopping or delocalization of the unpaired
electron over several electron-accepting PBI sites, as reported
for doped PBI assemblies”?! while the broader ESR
spectrum of doped PBI-3Pn-PMO-ex suggests localization
of anionic radicals in the inhomogeneous PBI-silica frame-
work (Figure 3c,d). It is reasonable that electron hopping
occurs in the pore wall of PBI-MEE-PMO-ex with more
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ordered face-to-face association and strong electronic cou-
pling of the PBI moieties. Charge migration in the framework
of PBI-MEE-PMO-ex along the PBI columns wrapped with
insulating silica layers may contribute to efficient charge
separation between the electron donors and the PBI units,
stabilization of radicals, and suppression of undesired charge
recombination.

In conclusion, a new class of molecularly ordered PMOs
with m-stacked framework were synthesized from the disk-
like PBI precursors. The PBI-PMOs showed significant
potential for transporting charge carriers, excitons, and spins
within the framework. It is of great interest that the
molecular-scale ordering of disk-like bridges within the
PMO framework led to enhancement of the charge-injection
efficiency with hydrazine doping and the delocalization or
hopping of charges. This remarkable behavior of the PBI-
based mesoporous framework should result in innovations in
the design of efficient solid-state catalysts and high-perfor-
mance electronic devices. The synthesis strategy, which
consisted of surfactant-directed mesoscale self-assembly of
silicate compounds and m-stacking-directed molecular-scale
self-assembly of the organic moieties, is applicable to the
development of a wide variety of photofunctional and
electroactive discotic materials.
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