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Abstract: Strong interchain interactions render unsubstituted
polythiophene un-fusible, non-melting, and insoluble. There-
fore, control of the packing structure, which has a profound
effect on the optical and electronic properties of the polymer,
has never been achieved. Unsubstituted polythiophene was
prepared in the one-dimensional channels of [La(1,3,5-benze-
netrisbenzoate)]n, where polymer chains form unprecedented
assembly structures mediated by the host framework. It is
noteworthy that the emission and carrier transport properties
were drastically changed by varying the number of chains
within a particular assembly. The response of the composite to
additional guests is also examined as a method to use the
composites as low-concentration sensors. Our findings show
that the encapsulation of polymer chains in host materials is
a facile method for understanding the intrinsic properties of
conjugated polymers, along with controlling and enhancing
their functions.

To satisfy a growing global demand for modern electronics,
there is an increasing need for flexible materials with emissive
and conducting properties. Conjugated polymers have
become an interesting way to supplant these needs in

organoelectronic and photovoltaic devices.[1] Of particular
interest is the heterocyclic variant polythiophene, having
garnered much research in the past decades either with
attempts to tailor the polymer for high conductivity,[2] or
harnessing the semiconducting properties for applications in
optical and sensor technologies.[3] One important factor
affecting the optical and electronic properties of polythio-
phene, such as fluorescence and conductivity, is the assembly
packing structure of the polymerÏs local environment. Unsub-
stituted polythiophene has a longer effective conjugation
length than substituted variants due to the lack of perturba-
tion of the backbone planarity that is caused by bulky
substituents. This is why unsubstituted polythiophene can be
expected to exhibit unique optical and electronic properties
through the control of the polymer chain assemblies.
Unfortunately, strong interchain interactions render poly-
thiophene un-fusible, non-melting, and insoluble; hence the
control of the packing structure, an essential aspect for the
discovery of new functions in an established polymer, has
never been achieved.

One effective strategy for the control of polymer assem-
blies involves the use of a porous framework as a host to
encapsulate polymer chains.[4] Non-covalent interactions
between host and guest, as well as geometrical constraints
of the host pores, can induce the formation of new polymer
chain assemblies within. These principles have been applied
towards the fabrication of single, unsubstituted polythiophene
chains within cyclodextrin and zeolite hosts; however, details
of the polymer conformation and properties in confined
systems such as these remains largely unknown.[5] Further-
more, manipulating the number of polythiophene chains,
which is paramount for the optical and electronic properties,
has remained a major challenge.

Porous coordination polymers (PCPs) or metal–organic
frameworks (MOFs), prepared by the self-assembly of metal
ions and functional ligands, are currently under investigation
for a variety of potential applications including, but not
limited to, gas storage and separation, ion conductivity, and
heterogeneous catalysis.[6] The characteristic features of PCPs
are their highly regular and controllable channels that vary in
accordance with the metal ions and organic linkers used. It is
these advantages that allow us to achieve precise polymer
assemblies within the regular nanochannels of PCPs, and can
be expected to have great benefits, not only to answer
fundamental questions about the nature of the discrete
polymer, but also offering the potential to create polymers
with optimized functions.[7]

Herein, we report the effective encapsulation, isolation,
and systematic amalgamation of unsubstituted polythiophene
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to form unprecedented assembly structures that exhibit
unique fluorescence and conducting behaviors. By varying
the number of chains within a particular assembly, the
aforementioned properties were drastically changed, a feat
that was unbeknownst for such systems. As conjugated
polymers were designed to serve as molecular wires and
emitting elements in advanced nanoscale devices,[8] future
applications will require a deeper understanding of nanoscale
electronics that can only be realized through the unraveling of
the optical and electrical properties in low dimensional
polymer assemblies that, until now, have remained elusive.
The obtained results indicate that our method is a significant
approach, not only for enhancing and controlling the func-
tions of unprocessable polymers, but also for broadening the
understanding the true nature of conjugated polymers.

The synthesis of the polymer–PCP composites is illus-
trated in Scheme 1. First, the vapor adsorption of the

monomer (2,2’:5’,2’’-terthiophene, TTh) throughout the inter-
nal and external surface of the PCP [La(BTB)]n (1; BTB =

1,3,5-benzentrisbenzoate), which has one-dimensional regu-
lar nanopores along the c-axis (channel size = 10.7 ×
10.7 è2);[9] then, the externally adsorbed monomer was
removed to ensure an even distribution of monomer through-
out the channels of the host;[10] and finally, the polymerization
was achieved by a similar vapor adsorption of iodine
throughout the host–TTh composite followed by heating at
90 88C for 12 h to perform the oxidative polymerization of TTh
within the channels of the host and afford the PCP-
unsubstituted polythiophene composite (1�PTh). To control
the assembly state of PTh, the weight ratio between TTh and
1 was systematically increased (1�PTh·x ; where x represents
the weight ratio of PTh to 1�PTh). Oxidative polymerization
of TTh results in p-doped PTh, which exhibits different
absorption properties and must be converted into the un-
doped state by treatment with a mild reductant, in this case
dilute hydrazine. The UV/Vis spectra of 1�PTh indicated that
PTh confined in 1 was in the neutral state (Supporting
Information, Figure S1).[11] In fact, I2 was not detected in
Scanning electron microscopy-energy dispersive X-ray (SEM-
EDX) measurements of 1�PTh after the dedoping treatment
(Supporting Information, Figure S2). The amount of I2 in the
composite was negligible (< 1 wt %), which was shown by X-
ray fluorescence spectroscopy. Powder X-ray diffraction
(PXRD) measurements of 1�PTh indicated that the channel

structure of 1 was maintained during the polymerization and
dedoping processes (Supporting Information, Figure S3). The
obvious changes in the relative intensities in the PXRD
pattern were detected after the polymerization in 1, which
was ascribed to the change of electron density in the
pores.[7c,12] SEM-EDX elemental mapping measurements
confirmed the homogeneous distribution of polymer chains
in the channels of 1 through the homogeneous dispersion of S
atoms in the PCP crystals (Supporting Information, Fig-
ure S4). The particle size distribution of 1�PTh was almost
the same to that of the original host, indicating no PTh existed
outside 1 (Supporting Information, Figure S5). Furthermore,
the adsorption isotherms of 1�PTh exhibited a drastic
decrease in the amount of adsorption compared with those
of 1 (Supporting Information, Figure S6). All these results
clearly indicated the accommodation of PTh in the nano-
channels of 1. PTh from composites prepared in this manner

could be more thor-
oughly analyzed once
they were liberated
from the host using
an aqueous solution
of sodium ethylene-
diaminetetraacetate.
MALDI-TOF-MS,
solid-state 13C NMR,
and PXRD measure-
ments showed the typ-
ical characteristics of
PTh devoid of branch-
ing (maximum molec-
ular weight = 2700;

Supporting Information, Figures S3, S7, and S8); and the
conversion from Th into PTh was over 90% (determined by
isolated yield).[11c] In SEM measurements, it is of interest that
the morphology of the recovered PTh objects retained the
microrod shape of the original host (Supporting Information,
Figure S9). This is a clear demonstration that polymerization
occurs entirely within the crystalline framework.[4a]

Initial studies, aiming to explore the local conformation of
the PTh confined within the nanopores, were facilitated using
Raman spectroscopy, where the intensity of the PTh within
the pores was selectively enhanced through resonance Raman
effects with incident laser frequency of 785 nm. The Raman
spectra of 1�PTh·30 (Figure 1a; Supporting Information,
Figure S10) shows the C=C in-phase stretching mode at
1454 cm¢1, suggesting that the backbone exists in a planar
confirmation.[13] The peak shift of the C=C in-phase stretching
mode, and therefore the planarity, is fairly independent of the
amount of PTh in 1, and is even maintained in composites
containing only small amounts of PTh (1�PTh·5).

Molecular scale motion of polymers has been heavily
explored through 2H NMR studies on deuterated analogues.
To probe the molecular motion of polythiophene within
1�PTh, we prepared the 3,4,5,3’,4’,3’’,4’’,5’’-octadeutero-
2,2’:5’:2’’-terthiophene (DTh) and polymerized it within the
pores of 1 in a similar fashion to give 1�PDTh·5 and
1�PDTh·30. The 2H NMR spectra of 1�PDTh (Figure 1b)
showed typical rigid limit line shape indicating that the

Scheme 1. Synthetic strategy for the confinement of unsubstituted polythiophene (PTh) within the 1D channels of 1.
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exchange of chemical environments is ultraslow regardless of
temperature and loading amount. This provides further
support that the polymer chains exist statically in 1 without
rotation of the thiophene rings.

The specific assembly of the PTh chains confined in
1 should play a crucial role for the optical and electronic
properties; hence, they were studied using molecular dynam-
ics (MD) simulations (Figure 2). The conformation of the

confined PTh seems almost planar, which is fairly consistent
with the results of Raman and 2H NMR spectroscopy
measurements. This holds true even for systems with low
PTh loading, despite the low torsional energy barrier that is
expected to exist between the two thiophene rings (3.5 kcal
mol¢1 for the isolated polythiophene).[14] The lack of twisting
can be explained by the association of the polymer with the
walls of the host, as observed through the presences of CH···p
interactions in the MD simulation. It is these interactions that
are suspected to be responsible for increasing the energy
barrier enough to inhibit rotation about the backbone,[15] as
confirmed by 2H NMR measurements.

By controlling the amount of TTh present during the
vapor adsorption, we are able to give rise to a variety of
different sized polythiophene assemblies. MD simulations
indicated that the monochain and dichain (assemblies of two
polymer chains) exist in the composites with lower PTh
loading, whereas trichain and tetrachain assemblies are
formed as the loading of PTh is increased. Regardless of the
number of chains within a given pore, the PTh chains exist in
a planar fashion with no evidence of twisting. Furthermore, it
is striking that the confined PTh chain assemblies in
1�PTh·30 formed cofacial p-stacked structure, which is
completely different from the herringbone packing that is
observed in the bulk state.[16]

To investigate the optical properties of chain assemblies
mediated by 1 we carried out fluorescence measurements of
the 1�PTh composites (Figure 3a; Supporting Information,

Figure S11). Accommodation of PTh chains in 1 resulted in
a blue-shift of the emission wavelength in all cases; moreover,
as the loading of the polymer within the channels is
decreased, the magnitude of the blue-shift is increased
(1�PTh·22 670 nm, 1�PTh·5 647 nm).[17] Aggregated poly-
thiophenes, in which the excitons can migrate among
neighboring chains to reach the lowest-energy sites, show
a red-shifted emission peak with respect to the isolated chains

Figure 1. a) Raman spectra of 1�PTh. b) 2H NMR spectra of
1�PDTh·x (x = weight ratio of DPTh to 1�PDTh). x = 30 (left) and x = 5
(right).

Figure 2. MD structures of the PTh chain assemblies confined in the
nanochannels of 1: a) 1�PTh·6, b) 1�PTh·15, and c) 1�PTh·30. S yel-
low, La light blue, O red, C gray, H white.

Figure 3. a) Fluorescence spectra (excitation at 468 nm) for 1�PTh·22
(red line), 1�PTh·15 (green), 1�PTh·5 (blue), 1�PTh·5 after exposure
to MeOH (orange); as well as liberated PTh from 1�PTh·22 (red
dashed line) and 1�PTh·5 (blue dashed line). b) Kinetics traces of
conductivity transients observed for 1 (black), 1�PTh·5 (orange),
1�PTh·15 (green), 1�PTh·22 (blue), and 1�PTh·30 (red) upon expo-
sure to 355 nm pulses at 7.7–8.9 Ö 1015 photonscm¢2. Transients were
recorded at RT under O2 saturated atmosphere.
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(as was observed upon the dissolution of the host framework;
Figure 3a, dashed lines).[18] MD simulations suggested that
polymer assemblies containing fewer chains are formed as the
composite loading is decreased; therefore, the largest blue-
shifted emission of 1�PTh·5 would be attributed to the
greatest chance of finding a discrete polymer chain within the
channels of the PCP.

Along with changes in the energy of the emission caused
by encapsulation, the quantum efficiencies were affected by
entrapment of the polymer within the PCP framework. The
highest quantum efficiency (2 %) can be seen for 1�PTh·5
while 1�PTh·22 and bulk polymer had quantum efficiencies
of 0.5% and 0.2 %, respectively.

These obtained results illustrate that the accommodation
of polymer chains within host materials is a key strategy for
modulating and enhancing the luminescence of unprocessable
polymers. Moreover, this method provides an opportunity for
the development of sensing devices because the extra space
within the host pores can further accommodate additional
molecules (for example, gas and solvents). The new guests
should affect the polymer assembly structures to bring about
changes in the optical and electronic properties of the
polymer, a phenomenon that is less prevalent for bulk PTh
owing to strong interchain aggregation. For example,
although the emission peak of bulk PTh was not changed
before and after the addition of MeOH (Supporting Infor-
mation, Figure S12), a large blue-shift is observed when the
PTh composites were subjected to MeOH vapor (Figure 3a).
These shifts are most prominent for 1�PTh·5 due to the larger
sized void available for the diffusion of MeOH molecules.
Although the blue-shifting of the emission of polythiophene
upon exposure to methanol is contradictory to what is
observed for bulk PTh, it can be rationalized by the
coordination of MeOH molecules to the open metal sites of
1, a phenomenon that is confirmed by single crystal analysis in
analogous systems.[9] In fact, other vapor molecules without
hydroxy functionality do not induce a large emission shift for
PTh in 1 (Supporting Information, Figure S13). The coordi-
nation of MeOH molecules to the open metal sites of 1 would
inhibit the CH···p interaction between PTh and 1 to cause the
perturbation of the backbone planarity and, in turn, decreases
the effective conjugation length to result in a blue-shift of the
emission. Raman spectra of 1�PTh·5 upon exposure to
MeOH vapor shows a shift in the band at 1454 cm¢1 to
longer wavenumber, and can be attributed to a loss of
planarity of the backbone (Supporting Information, Fig-
ure S14).[19] As the adsorption isotherm of MeOH for
1�PTh·5 shows a steep rise even in the low-pressure region,
it demonstrates that the hybridization of functional polymers
within porous materials is a key strategy for sensing systems
intended to detect very low concentration of vapors (Sup-
porting Information, Figure S15).

The carrier transporting properties of conducting poly-
mers confined in the pores cannot be evaluated appropriately
by bulk conductivity measurements, such as time-of-flight,
because the polymer chain assemblies are decoupled from
each other in the pores (Supporting Information, Fig-
ure S16).[4f] In contrast, flash-photolysis time-resolved micro-
wave conductivity (FP-TRMC) measurement enables intrin-

sic charge carrier mobility of the polymers to be evaluated
even in the pores because TRMC is not influenced by the
connectivity between the polymer assemblies.[20] Thus, TRMC
was employed to study the carrier transport properties of the
PTh chain assemblies contained within 1. Upon exposure of
composite 1�PTh to a laser pulse with excitation wavelength
of 355 nm, a rapid rise of the transient conductivity (fSm,
where f and Sm are the charge carrier generation yield and
the sum of the charge carrier mobilities, respectively) was
observed (Figure 3b). Conversely, the transient conductivity
profile for the unoccupied host showed no such rapid
increase, thus confirming that the conductivity signal
observed in 1�PTh is a result of the guest PTh rather than
the host 1. The value of m in 1�PTh was calculated on the
basis of fSm and f, which could be derived from TRMC and
transient absorption measurements, respectively (Supporting
Information, Figures S17 and S18). It is also worthy to note
that a discontinuous change in the carrier mobility of PTh was
observed as the amount of polymer chains was increased. For
example, when the loading of PTh within 1�PTh was small,
the carrier mobility of PTh remained unchanged (m =

0.04 cm2 V¢1 s¢1) until the PTh loading reaches approximately
15% w/w. After this threshold, the carrier mobility is rapidly
increased to a maximum mobility of 0.3 cm2 V¢1 s¢1 in
1�PTh·30. It has been proposed that the key factor in
effective carrier transport is p-orbital overlap, which is also
responsible for dictating the inter-chain orientations in
PTh.[21] As the MD simulations of 1�PTh have suggested,
the assembly structure of PTh confined in 1 is varied and
depends largely on the amount of PTh within the host; an
increase in the amount of PTh would lead to the formation of
unique cofacial p-stacking structure within the assemblies,
and this is to be attributed to the enhanced charge carrier
mobility. Furthermore, it should be noted that the hole
mobility of 1�PTh·30 exhibited a very low decay rate
constant when compared with the lower loaded 1�PTh
analogues. This suggests that the p-stacked aggregation of
the polymer prevents the holes from undergoing a charge
recombination process.

The local motion of charge carriers in a particular
assembly, induced by the electric field of the probing micro-
wave when operated in alternating current mode, is depen-
dent on the thermal diffusive motion of the polymer within
the time constant (t) of the cavity employed (t� 100 ns within
the cavity with a Q factor of about 103 for the probing
microwave frequency f� 9 × 109 s¢1). Here, the conjugated
backbone of PTh, as well as the cofacial polymer aggregates
serves as a platform for the positive holes to diffuse about the
polymer when confined in 1. The following Kubo equation
derived from Einstein–Smoluchowski relation provides an
estimate of spatial size (Dx) of the statistical local motion of
holes within the assemblies [Eq. (1); where kB and e are
BoltzmannÏs constant and the elementary charge, respec-
tively].[22]

Dx ¼ ðm kB T f¢1 e¢1Þ1=2 ð1Þ

The value of Dx, and thereby an estimate of the effective
conjugation length, was 3.2 nm in 1�PTh·5; this is comparable
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with reported values of averaged conjugation length in single
polythiophene chains,[23] while Dx value in 1�PTh·30 was
found to be 8.8 nm. These results suggest that the controlled
packing of the polymer chains plays a remarkable role in
extending the conjugation of the system without any change
in chemical composition of the components.

The carrier transport behavior of PTh in low-dimensional
assemblies, containing few chains of polymer, has been
unknown owing to the lack of effective methods for the
manipulation of individual chains. By utilizing regular PCP
channels as host matrices, we have succeeded in controlling
the number of polymer chains for the first time and, in doing
so, have shed light on the discontinuous relationship between
the number of polymer chains and the carrier transport
properties through the formation of a p–p stacked structure.
This provides a deeper understanding for future design and
optimization of molecular-scale devices.

In conclusion, we have demonstrated a simple and
effective method for the control and enhancement of the
optical and electronic properties of polythiophene, a promis-
ing heterocyclic conjugated polymer that is not amenable to
processing by traditional means, through the use of a micro-
porous PCP host. The obtained results illustrate that encap-
sulation of polymer chains is a key strategy to control the
chain assembly structures with precision. In this regard,
numerous other unprocessable polymers, such as unsubsti-
tuted polyfluorene and poly(p-phenylene vinylene), can be
controlled in a similar fashion to elicit potentially useful yet
unexplored properties. We believe that these findings will
contribute not only to the preparation of a variety of
advanced nanocomposite materials based on PCPs and
functional polymers but also significantly towards the under-
standing of the intrinsic properties of conjugated polymers in
general.
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