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Uniaxial orientation of anisotropic polythiophene rods

toward macroscopic chain ordering

Design, System, Application

Several methods have so far been developed to align the polymer chains, such as mechanical stress on
cast films and electron spinning. However, these strategies often require the dissolution or melting of
the polymers, excluding insoluble and non-melting polymers from the conventional polymer chain
alignment. Here, we disclose a versatile method for the chain alignment of an unprocessable polymer
using a combination of metal—organic framework (MOF) template and rubbing methods. [In(OH)(2-
bromo-1,4-benzenedicarboxylate)], was employed as the host because the long-axis length of the
MOF crystals could be controlled using the coordination modulation method. The anisotropic
unsubstituted polythiophene rods were successfully obtained using the MOF as a template. We found
that the long polymer rods could be easily aligned by the mechanical rubbing treatment, achieving the
chain ordering at the macroscopic scale. In principle, this methodology can be extended to a wide
range of unprocessable polymers. The ability of our designed system will facilitate the generation of
a family of polymeric nanomaterials with highly anisotropic functions, beneficial for their optical and

electronic applications.
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The orientation of polymer chains plays an important role in governing the mechanical, optical, and electronic properties of
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polymeric materials. Here, we reported on the fabrication of anisotropic polythiophene particles with controlled lengths
using a metal-organic framework template, in which the alignment of the polymer chains was retained without a host

support. The formation of the rod-shaped particles with long length allowed for the facile preferential orientation of the

polymer particles, and consequently resulted in the macroscopic chain alignment of unprocessable polythiophene.

Introduction

The particle shape plays a pivotal role in determining the
application of polymeric materials. Anisotropic rod-shaped
polymer particles have attracted attention owing to their
promising properties for optical, electronic, and biological
applications.l® However, engineering of anisotropy at the
macroscale remains challenging, because once the particles
aggregate, the resulting agglomerates cannot exhibit inherent
anisotropic properties. Consequently, methods involving both
controlled synthesis and unidirectional alignment of the
polymer rods are in high demand to exploit the full potential
advantages of their functions.

One simple yet powerful methodology for controlling the
morphology of polymer particles and enabling the production
of novel geometrical polymer particles involves transferring the
shape pattern from host materials.’01% Metal-organic
frameworks are highly crystalline materials with permanent
porosity and tunable pore size at the molecular levels, making
them attractive for a large scope of applications such as gas
storage, sensing, drug delivery, separation, and catalysis.15-23
MOF nanochannels can be used for the polymerization of
accommodated monomers and provide regulated primary and

higher-order structures of polymeric nanomaterials.2427 The
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MOF particle size can be tuned by the addition of capping
additives that alter the coordination equilibrium at the crystal
surface.?831 Furthermore, the host materials can be easily
removed under mild conditions owing to the noncovalent
framework structures. Hence, MOFs are excellent porous
templates for the production of well-defined polymer
particles.32-37

Polythiophenes have been gaining attention owing to their
potential applications
devices.3® Their conductivity and anisotropic optical functions

in nonlinear optics and electronic

can be enhanced through the alignment of the polymer chains,
which can improve the device performance.3® Our group has

the unsubstituted
rods using a MOF host with one-

previously reported fabrication of
polythiophene (PTh)
dimensional nanochannels, in which the orientation of the PTh
chains within the pores was not disturbed after host removal.3>
However, the size of the original host crystals could not be
controlled, making it difficult to align the resulting PTh particles.
Furthermore, the key to maintaining the chain orientation
remains elusive. In this study, [In(OH)(BDC-Br)], (1; BDC-Br = 2-
bromo-1,4-benzenedicarboxylate, hexagonal channel size = 16
A) was prepared, because the length of the host crystals can be
tuned by the optimization of the synthetic conditions (e.g.,
heating time and capping additive).4%42 The anisotropic rod-
shaped PTh particles with a controlled length was obtained

d :} E; !
v @ / — " /ﬁ
Polymerization
[IN(OH)BDC-Br)], (1) Removal of host
. — '

Fig. 1. Schematic image for synthesis of anisotropic PTh particles
using a MOF as a template and long-range alignment of polymerrods
for macroscopic chain ordering.

,
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using 1 as a template, in which the polymer chains were aligned
along the long axis of the rods (Fig. 1). Thanks to the long length,
the PTh rods could be easily aligned along a preferential
direction by the mechanical rubbing treatment,43-46 achieving
the macroscopic unidirectional chain orientation (Fig. 1).

Experimental

Materials

All chemical reagents were of analytical grade, obtained from
commercial suppliers (FUJIFILM Wako Pure Chemical Co.,
Sigma-Aldrich, Wako Chemical Co., and Tokyo Chemical
Industry Co.) and used as received without further purification,
unless otherwise noted. 2,2’-Azobis (isobutyronitrile) (AIBN)
was recrystallized from methanol, and styrene (St) was purified
by vacuum distillation before use.

Synthesis of 1

The template was synthesized and upscaled according to a
previously reported protocol.40 41 2-Bromo-1,4-
benzenedicarboxylic acid (441 mg) was dissolved in
dimethylformamide (DMF, 86 mL). An In(NO3)3-:3H,0 (710 mg)
was dissolved in DMF (4 mL) and then added to the organic
linker solution. The longer rod particles were obtained upon
heating at 100 °C for 16 h. The particles with shorter lengths
were prepared by heating the solution at 100 °C for 10 min in
the presence of pyridine (158 mg) as a modulator. The obtained
products were isolated by filtration and washed several times
with DMF and methanol before drying.

Polymerization of terthiophene (TTh) in 1

Dried host 1 was prepared by heating at 150 °C for 12 h in vacuo
(<0.2 kPa) in a Pyrex reaction tube. TTh (50 mg) was mixed with
the degassed MOF (100 mg) in a flask. This flask was evacuated,
sealed, and heated prior to heating at 180 °C for 1 h, followed
by heating at 180 °C under vacuum (<0.2 kPa) for 2 h to obtain
the nanocomposite of 1 with TTh. The composite was mixed
with I, (108 mg) in a flask. The flask was then evacuated (<0.2
kPa), sealed, and subsequently heated at 90 °C for 12 h to
perform the oxidative polymerization of TTh and obtain the 1-
PTh composite (1D5PTh). After cooling to room temperature,
15PTh was dispersed in methanol (50 mL) and acetone (50 mL)
and then dried in a Schlenk tube at 150 °C for 12 h under
vacuum.

Polymerization of styrene (St) in 1

1 was heated in a Pyrex reaction tube at 150 °C for 12 h under
vacuum (<0.2 kPa) to fully degas the sample. A mixture of St (1
mL) and AIBN (2 mg) added to the flask at room temperature.
The mixture was left to stand for 60 min to insertion of the
monomer and the initiator into 1, after which excess external St
was removed under reduced pressure (0.2 kPa) for 1.5 h at
room temperature. The 1-St nanocomposite was heated with

2| J. Name., 2012, 00, 1-3
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AIBN at 95 °C for 48 h. The resulting 1 and polystyrene (PSt)
composite (1D>PSt) was obtained after washing with methanol
and drying under vacuum.

Liberation of the polymers from the template

The MOF/polymer composites (100 mg) were stirred overnight
0.05 M aqueous
ethylenediaminetetraacetate (Na-EDTA) for the dissolution of 1.

in a solution of sodium
The collected polymers (PTh: 30 mg, PSt: 27 mg) were washed
with water and methanol and dried under reduced pressure at

room temperature.

Vortex flowing method

A suspension of the polymer particles in isopropanol
(0.5 mg/mL, 500 pL) was added dropwise to the surface of
water in a beaker (100 mL) under constant stirring at 150 rpm.
After the evaporation of isopropanol, the particles were

transferred using tweezers onto glass substrates.

Mechanical rubbing of the polymer particles

The PTh particle suspension in isopropanol (0.5 mg/mL, 20 pl)
was dropped onto the glass substrates and dried for 30 min at
room temperature. The PTh particles on the substrate was
rubbed 20 times in one direction with cover glass (18 x 18 mm,
Matsunami Glass Co.).

Visual orientation analysis

The orientation of the polymer particles was evaluated using
the Orientation) Java plugin of Imagel) (Biomedical Imaging
Group, EPFL, Switzerland).” The structure tensor for each pixel
was calculated by computing the pixel intensity gradients in the
x- and y-directions within a Gaussian-shaped window..

Physical measurements

X-ray powder diffraction (XRPD) data were collected using a
Rigaku SmartLab diffractometer equipped with a Cu anode.
Solid-state nuclear magnetic resonance (NMR) measurements
were conducted using a 9.4T Bruker solid-state NMR
instrument with an ADVANCE Ill 400 MHz spectrometer. 13C
cross-polarization magic angle spinning spectra were obtained
using a double-resonance magic angle spinning probe (4 mm)
with a recycle delay and spinning rate of 2s and 6 kHz,
respectively. The *H-NMR spectrum was obtained using a JEOL
A-500 spectrometer operating at 500 MHz. UV—vis spectra were
recorded on a JASCO V-670 spectrometer. The adsorption
isotherms of N, were obtained at 77 K using BELSORP-mini
equipment. Before the adsorption measurements, the samples
were treated under reduced pressure (<102 Pa) at 100 °C for 5
h. Matrix-assisted laser deposition/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) spectra were recorded on
an Ultraflex instrument (Bruker Daltonics) using TTh as the
matrix. The thermogravimetric (TG) analysis was carried out
from room temperature to 500 °C at a heating rate of 10 °C
min~1 using a Rigaku Instrument Thermo plus TG 8120 in a

This journal is © The Royal Society of Chemistry 20xx
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nitrogen atmosphere. Field-emission scanning electron
microscopy (FE-SEM) images were obtained using a Hitachi
SUS5000 FE-SEM unit. The samples were placed on a conducting
carbon tape attached to an SEM grid. Energy-dispersive X-ray
spectroscopy (EDX) was performed at 28 kV and at a working
distance of 10 mm. Gel permeation chromatography (GPC)
measurements of the PSt were performed in CHCI; at 40 °C on
three linear PSt gel columns (Shodex K-805L) connected to a
JASCO PU-980 precision pump, JASCO RI-930 refractive index
detector, and JASCO UV-970 UV/vis detector set at 256 nm.
Transmission electron microscopy (TEM) images and selected-
area electron diffraction patterns were obtained using a
transmission electron microscope (JEOL, JEM-2100). The PTh
dispersion in methanol was dropped and dried on a holey plastic

film with a Cu mesh.

Results and discussion

Fabrication of the anisotropic polymer particles

The MOF 1 is built up by the connection of metal-centered
octahedral unit InO4(OH); with BDC-Br to form the Kagome net
(Fig. 1).%° The addition of pyridine blocked the c-axis-oriented
growth of the crystals, as pyridine reversibly coordinated to the
In center exposed on the hexagonal facet of 1.8 The SEM
images revealed that the long-axis length of the MOF crystals
was successfully controlled using the modulation method (Fig.
2; average long-axis length: 2.6+0.18, 30.1+£5.98 um).
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Fig. 2. SEM images and size distributions (t their standard
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deviations) of 1 (a) with and (b) without pyridine.

The synthesis of PTh was conducted by the oxidative
polymerization of TTh as a monomer in the nanochannels of 1.35
TTh was introduced into 1 by the sublimation method, affording
1 and TTh composites (15TTh). 15TTh was then exposed to |,
vapor for the oxidative polymerization of TTh within the
nanochannels. The XRPD measurements of the nanocomposite
of 1, including PTh (1oPTh), indicated that the crystal structures
were maintained during polymerization (Fig. 3a). The N3
adsorption isotherm of 1oPTh indicated a drastic decrease in

This journal is © The Royal Society of Chemistry 20xx

the amount of adsorption compared to that of 1 (Fig. 3b). The
morphology (size, shape, and surface) of 1 did not change after
(Fig. 4). SEM-EDX mapping
measurements demonstrated the homogeneous distribution of
the PTh chains in the MOF crystals (Fig. S1). These results
indicated that the polymerization of TTh proceeded inside the

polymerization elemental

nanochannels of 1.

PTh was liberated from 1 by the removal of the host in an
aqueous solution of Na-EDTA. Solid-state 13C-NMR and MALDI-
TOF-MS analyses confirmed the formation of PTh without
branching (Figs. S2, S3).4° SEM-EDX analysis demonstrated the
absence of the In element, thus indicating the complete
removal of 1 (Fig. S1), which was further confirmed by the
absence of the diffraction peaks corresponding to residues of 1
in the XRPD pattern (Fig. 3a). The SEM images of the isolated
PTh particles
morphology and size of the original host template, despite the
removal of a large fraction of the composite mass (Fig. 4). The

revealed that the polymer retained the

length of the PTh particles would have a profound effect on not
only their orientation degree but also anisotropic functions (ex.
conductivity, luminescence, and nonlinear optical effect).>° The
crystal growth of the MOF particles was regulated by the
modulation method (Fig. 2), which allowed for the fabrication
of the PTh rods with a controlled length via replication of the
host crystals (Fig. 4e, f).
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Fig. 3 (a) XRPD patterns of 1, 15PTh, and PTh liberated from 1. (b)
N adsorption isotherms of 1 and 1oPTh at 77 K (1; Sger = 1447 m?/g,
1DPTh; SBET =4 mz/g)

Microstructure of the polymer chains

Further characterization of the polymer particles revealed
the microstructures of the polymer chains. The XRPD analysis of
the isolated PTh showed characteristic peaks of crystalline PTh
with a herringbone packing structure, thus indicating its
reorganization into a crystalline configuration (Fig. 3a). As the
direction of crystal growth in 1 was parallel to the c-axis, the
polymer chains were predicted to be aligned along the long axis
of the obtained polymer rod particles, as previously reported.35
The selected-area electron diffraction patterns via the TEM
images were analyzed, and the diffraction spots indexed as
(xy0) and (002) in the directions perpendicular and parallel to
the long axis of the polymer particle, respectively, were

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 SEM images of (a, b) 1 with different lengths obtained by the coordination modulation method, (c, d) 1>PTh, and (e, f) PTh isolated
from 1. The morphologies and size of the recovered PTh objects retained those of the original hosts.

visualized (Fig. 5). The (002) diffraction peak corresponded to
the lattice plane perpendicular to the axis of the polymer
backbone, indicating that the orientation of the PTh chains was
not disturbed after digesting the host matrices even though PTh
is a linear polymer without cross-linking. The UV—vis spectra
revealed that the PTh chains formed well-ordered conjugated
segments, unlike the PTh prepared by solution polymerization
(Fig. S4).3>51

To reveal the effects of the structural characteristics, such
as backbone rigidity and flexibility, on the chain reorganization
process upon host removal, particles of PSt, a nonconjugated
polymer, were fabricated using 1 as a template (see the
Experimental section), and their microstructures were
characterized. XRPD, TG, H-NMR, and GPC results confirmed
the formation of PSt (M, = 39,000, My/M, = 2.73) (Fig. S5-S8).
The SEM images revealed that the PSt rod particles were
successfully obtained upon removing the framework (Fig. S9).
Unlike in the case of PTh, a diffraction peak was not observed in

2 1/nm

Fig. 5 (a) TEM image and (b) selected area electron diffraction
patterns of PTh from 1.

4| J. Name., 2012, 00, 1-3

the XRPD pattern of the PSt isolated from 1; instead, diffuse
scattering was observed, which is typical for amorphous atactic
PSt (Fig. S5). The electron diffraction method cannot be applied
to evaluate the macromolecular orientation due to its
amorphous state. The orientation of the PSt chains was
examined using polarized Raman spectroscopy.>? 33 The rod
samples were placed in such a manner that the long axis was
parallel and perpendicular to the direction of the polarized
excitation laser. The intensity of the Raman band at 623 cm™!
was attributed to the antisymmetric skeletal vibration of the
benzene ring, which is known to vary with the polarization
direction.52 The PSt particles showed similar Raman band
intensities between the parallel and perpendicular directions at
623 cmt, indicating that the polymer chains were not oriented
along the long-axis direction (Fig. S10). In contrast, it should be
noted that the alignment of the PTh chains was supported by
the Raman spectroscopy measurements, in which the intensity
of the peak at 1436 cm, ascribable to the C=C in-phase
stretching mode of thiophene, drastically changed, depending
on the polarization direction of the excitation laser (Fig. S11).54
These results revealed that, unlike in the case of PTh, the chain
orientation of PSt was not preserved after the removal of the
MOF matrix. PSt had a much larger molecular weight than that
of PTh (Figs. S2, S8), and the loading amount of PSt was almost
the same as that of PTh (see the Experimental section).
Consequently, it is likely that the rigidity of the polymer
backbones and effective interchain interactions are essential for
the orientation memory effect.

Alignment of the PTh rod particles

Although the PTh chains are oriented within each particle,
their anisotropy is lost at the macroscopic scale when the

This journal is © The Royal Society of Chemistry 20xx
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particles aggregate. For uniaxial orientation of the polymer
particles, a vortex Langmuir—Blodgett (vortex-LB) method was
employed, whereby the vortex motion caused by the
mechanical stirring of a subphase medium directs the floating
particles to align at the liquid interface.>> The dispersion of PTh
particles was added dropwise to the water surface under
stirring, and the resulting film was transferred onto a glass
substrate. However, the PTh particles were not fully oriented,
and the strong hydrophobicity of PTh resulted in the formation
of random agglomerates on the surface (Fig. S12). The PTh
dispersion was then dropped onto glass substrates, and the
particles were aligned using the mechanical rubbing method.43-
46 The film of the PTh rods on the substrate were rubbed using
a cover glass. Strikingly, this simple method allowed for the
preferential alignment of the particles. The orientation degree
of the particles was analyzed before and after the rubbing
treatment using the Orientation) plugin (see the Experimental
details).
distribution was obtained with

section for An unimodal and narrow angular
longer-length PTh rods,

demonstrating the orientation of the rod particles, while the

(a) 2
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Fig. 6 (a,b) Microscope images and orientation analyses of (a) long
and (b) short PTh rod particles after mechanical rubbing treatment.
Orientation analyses were color-coded according to the orientation
color map from —90° to +90°. (c) Angle orientation of the PTh rods
with long (red) and short (black) length.

This journal is © The Royal Society of Chemistry 20xx

shorter rod particles provided a nearly isotropic orientational
distribution, presumably due to the reduced shear orientation
effects (Figs. 6, S13).5¢ These results clearly underlined the
necessity to control the particle length for achieving the
alignment of the particles. Several techniques have been
employed to align polymer chains, such as applying mechanical
stress on cast films and electrospinning;>’- 58 however, these
strategies mostly require the melting or dissolution of the
polymers. These methods cannot be applied to PTh because
strong interchain interactions render PTh nonfusible and
insoluble with a nonmelting behavior. The results of this study
demonstrated that the combination of the MOF template with
result in the macroscopic

simple rubbing methods can

alignment of unprocessable polymers.

Conclusions

In conclusion, this paper reported the fabrication of anisotropic PTh
particles with tunable lengths using a MOF template. The
microstructure of the polymer chains was explored by XRPD,
selected-area electron diffraction, and polarized Raman
spectroscopy measurements, and the results indicated that the
inherent rigidity of the polymer chains as well as the inter-chain
interactions were an essential prerequisite for maintaining the
polymer chain alignment during recovery. Tuning the length of the
rod particles allowed for the unidirectional ordering of the PTh
particles by the mechanical rubbing treatment, which led to the
alignment of the PTh chains at the macroscopic scale. This system
can contribute to the preparation of a variety of polymeric materials
with highly anisotropic functional properties for their application in

advanced optoelectronic devices.>®
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