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A novel stable and photocrosslinkable electron-donor material, liquid-crystalline polythio-
phene containing cyano-biphenyl mesogenic pendant, namely, poly{3-[6-(4'-cyano-biphe-
nyloxy)hexyl|thiopheneylenethiophene-alt-3-(6-bromohexyl)thiophene} (PTcbpTT), was
designed and synthesized. The structural anisotropy originating from cyano-biphenyl mes-
ogens can induce the PTcbpTT to assemble into a well ordered morphology and conse-
quently lead to the red-shift absorption, enhanced photoluminescence. The thermal
treatment drives further development of the morphology of the copolymer and its blend
films mixed with [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM), towards a state of
microphase separation in the nanometer scale. Furthermore, the bulk heterojunction
devices based on the PTcbpTT:PCBM (1:1 wt.%) active layer have been constructed. With-
out extensive optimization, the LC annealing device yields an enhancement of power con-
version efficiency from 0.5% to 1.2%, showing a significantly increased J;. and FF with
respect to its untreated counterpart, thanks to the ordered microphase separation channels
for charge transportation. The high V,. value of 0.731V is due to the low HOMO level of
PTcbpTT. Unlike devices prepared from PTcbpTT:PCBM blend without UV treatment,
photocrosslinked PTcbpTT:PCBM devices are stable even when annealed for two days at
the elevated temperature of 150 °C, implying that the photocrosslinked structure dramat-
ically suppresses largescale phase segregation.
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1. Introduction

Polymer photovoltaic (PV) cells have attracted consid-
erable attention due to the potential large-area manufac-
ture capability, improved compatibility with low-cost
flexible substrates, and the high degree of control over
the optoelectronic properties of the conjugated polymers
[1-4]. The bulk-heterojunction (BHJ) structure, which has
a nanoscale interpenetrating network morphology and is
created by blending a p-conjugated polymer as an electron
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donor and a fullerene derivative as an electron acceptor,
has been viewed as a promising device structure for exci-
ton dissociation [5,6]. Although a number of polymer-ful-
lerene combinations have been tested [7,8], BH] solar cells
based on poly(3-hexylthiophene) (P3HT) and the fullerene
derivative [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) exhibited quite promising power conversion effi-
ciency (PCE) [9-11].

However, the power conversion efficiency (PCE) is still
limited by the space charge effects inherent in the BH]J
structure and the unfavorable morphology. Obtaining an
ordering bicontinuity of the microphase, which ensures
optimum charge-carrier photogeneration, extraction and
the transfer to the electrodes, is one of the most critical
challenges in organic photovoltaics [12-14]. Various
independent approaches, including thermal annealing,
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post-fabrication annealing at high temperature, additives,
and solvent annealing have been demonstrated to develop
a morphology with an optimum phase segregation with
crystalline domains of different compositions, leading to
the PCE improvement of the blends [15]. But the micro-
structure of molecular solids, especially when solution
processed, depends upon the self-organizing tendencies
of the components and hence on both molecular structure
and processing route, and is not easy to control [16].
Furthermore, most BHJ polymer solar cells are not ther-
mally stable as subsequent exposure to heat and the
microphase separation may alter by large aggregation over
time, particularly under device operating conditions [2,17].
Any heat generated by solar emission can be detrimental to
the performance of the devices a result of the relatively
low glass transition temperature (Tg) of the polymer blend
and the miscibility of donor and acceptor materials in the
photoactive layer [18]. Several useful methods have been
reported to improve the thermal stability of conjugated
polymer-fullerene BH] photovoltaic devices. One approach
explored the use of thermally crosslinkable units as a
means to prevent phase segregation on one of the
materials. However, thermal treatments used to induce
crosslinking may be detrimental in that they prevent the
annealing processes from being properly carried out
[19,20].

Liquid crystal (LC) polymers have been applied as an
engineering plastic providing good processability, strength,
and elasticity [21,22]. It is generally known that the intro-
duction of LC side group into the main chain allows poly-
mers to form an LC phase as a side-chain LC polymer
[23,24], conjugated polymers with an LC phase under
appropriate conditions are of particular interest, offering
both electrical conductivity and self-organized properties
[25-27]. In view of this incorporating a liquid-crystalline
(LC) group as a side chain onto the polymer probably can

J
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optimize processability, crystalline nanostructure, and
control nanoscale morphology of active layer eventually.
In our previous studies, we have synthesized liquid-crys-
talline polyfluorene derivates containing cyanobiphenyl
mesogens with alkyl terminal group and found that the
spontaneous assembly of the liquid-crystalline molecules
pushes PCBM clusters to form an oriented nanodispersing
structure [28].

In order to develop a well-ordering morphology with
high thermal stability for polymer solar cells (PSCs), herein,
we have constructed a novel photocrosslinkable material
with cyanobiphenyl mesogens, bromine-functionalized
poly{3-[6-(4'-cyano-biphenyloxy)hexyl]thiopheneylenethi
ophene-alt-3-(6-bromohexyl)thiophene} (PTcbpTT), and
employed into BH] photovoltaic devices, to stabilize the
BH] film morphology with minimal disturbance in the pack-
ing of the whole systems under heating. The photocross-
linking reaction instead of thermally crosslinking is
carried out in the system after a thermal annealing process
to provide a stable and ordered microphase separation. The
synthetic route to PTcbpTT is depicted in Scheme 1, and the
synthesis of high molecular weight, readily soluble copoly-
mers is accomplished by Pd-catalyzed Stille coupling
reactions.

2. Results and discussion
2.1. Structural characterization

The synthetic route to the monomer MTcbp and its
counterpart copolymer PTcbpTT is outlined in Scheme 1.
The structure of PTcbpTT was confirmed by FT-IR, 'H
NMR and 3C NMR. The presence of the cyano functionality
is confirmed by the appearance of FT-IR bands at 2220 cm™!
(see Supporting Information, Fig. S1). In Figs. S2 and S3
(top), two signals (7.60 and 4.01 ppm) in the 'H NMR

Scheme 1. Synthetic routes for monomer MTcbp and copolymer PTcbpTT.
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spectra of MbpT and PTcbpTT are evident from the protons
on the cyanobiphenyl rings and methylene for oxygen
(CH»-0), respectively. The '*C NMR spectrum (Fig. S3 (bot-
tom)) of the copolymer also agrees with the molecular
structure, and all other resonance peaks can be readily as-
signed with no unexpected signals found (see Supporting
Information for details).

2.2. Thermal stability and liquid crystallinity

The thermal stability of the copolymer is evaluated by
TGA under a nitrogen atmosphere. The copolymer exhibits
thermally stability with little decomposition at high
temperature (about 300 °C), which is ascribed to the mes-
ogenic appendages well wrapping the conjugated back-
bone to protect them from the perturbations by heat and
attacks by the degradative species [29] (Fig. S4). The meso-
morphic behavior of PTcbpTT also has been studied by
polarizing optical microscopy (POM) (Fig. 1) and differen-
tial scanning calorimetry (DSC) (Fig. S5). Both the mono-
mer and copolymer exhibit enantiotopic liquid-crystalline
optical anisotropy with a nature of SmA phase when
heated or cooled due to the existence of cyanobiphenyl
mesogen. However, the less bright and colorful picture of
copolymer possibly implies the poor molecular packing
in the system. This is because the rigid backbones interfere
in the assembly of the mesogens in some extent. The DSC
thermogram of MTcbp only shows a mesogens to isotropic
transition at 79.1 °C in the second heating cycle, while its
k-SmA transition can be observed at 47.3 °C by POM. Also,
the DSC thermogram of PTcbpTT exhibits a g-SmA transi-
tion at 136.7 °C in the second heating cycle and with the
aid of POM, the range of liquid crystallinity of PTcbpTT cov-
ers from 136.7 to 179.6 °C. The liquid crystalline property
of molecules can be further supported by XRD analysis
(Fig. S6). The samples were heated once to produce the
anisotropic phase, then frozen by the rapid quenching with
liquid nitrogen in order to maintain molecular arrange-
ments in liquid-crystalline phases. The XRD diffractogram
of both monomer and copolymer show a sharp reflection
at the low angle (20 = ~3°) and a broad peak at the high

angle (20 = ~20°), from which a nature of SmA can be de-
rived [29].

2.3. Optical properties

Fig. 2 shows the UV-vis absorption of the pristine films
and blend films with PCBM. Also included are the corre-
sponding films after thermal annealing from different
temperatures, e.g. 120, 160, 200 °C, associated to the be-
low, at and beyond mesogens states temperature. From
Fig. 2A, we can see that as-cast PTcbpTT film possesses
the maximum absorption band at around 506 nm, while
the absorption bands of all the annealed samples red shift
to the long wavelength, and the LC annealed one with
crystalline domains shows the maximum red shift about
10 nm. The extra shift is attributed to a improved copla-
nar of molecules and a well-ordered n-n stacking induced
by the orientation of the cyanobiphenyl mesogens after
thermal treatment at LC states [30]. And the same situa-
tion happens in the case of blend system (Fig. 2B). From
the spectra, we can conclude that all of the LC annealed
films show the best absorptions than their counterpart
species.

The photoluminescence (PL) spectra of the thin films of
copolymer PTcbpTT and with PCBM blend produced by
excitation with the 430 nm are presented in Fig. 3. The
polymers, whether annealed or not, show excellent PL
emission, owning to the radiative deactivation of the exci-
ton without dissociation or non-radiative deactivation. The
luminescences from the blend samples with the copolymer
and PCBM in the films state are almost quenched com-
pletely. Relating to the PL intensity of the corresponding
pure polymer films, the PL quenching efficiencies in blend
films are beyond 92%, and that of the LC state treated film
reaches the highest value of 95%. This PL quenching behav-
ior can be explained by intermolecular electron transfer
from the photoexcited copolymers to the PCBM. Compare
with the other blends (the blend films as-cast, annealing
below and beyond the LC state), the LC annealed copoly-
mers tend to form a better pathway for electrons and holes
for transporting.

Fig. 1. The mesomorphic textures observed by POM at (A) 55 °C for MTcbp and (B) 160 °C for PTcbpTT under cooling from melt state (cooling rate: 1 °C/

min).
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Fig. 2. Optical absorption of thin films of (A) PTcbpTT and (B) PTcbpTT:PCBM under different temperature annealing on a quartz plate.

2.4. Electrochemical study

The electrochemical property is one of the most impor-
tant properties of the conjugated polymers, and many
applications of the conjugated polymers depend on the
electrochemical properties. We studied the redox poten-
tials of the polymer by cyclic voltammetry (CV). Fig. S7
shows the cyclic voltammogram of the copolymer film on
the Pt electrode. The HOMO energy level of PTcbpTT is cal-
culated to be —5.28 eV based on the onset potential for oxi-
dation at around 0.88eV. The LUMO energy level is
approximately estimated by subtracting the band gap va-
lue from the corresponding HOMO level. The optical
band-gap (Eg‘”) deduced from the absorption edge of thin
film spectra is 1.93 eV. So, we can know that the LUMO
energy level is —3.35eV. LUMO offsets of the acceptor
and donor must be sufficiently large enough to guarantee
energetically efficient charge transfer and, therefore, de-
vices exhibiting higher current output. Fig. 4 reveals that
the LUMO energy level of our copolymer is 0.95 eV higher
than the LUMO energy level of PCBM, which is well above
the required energy for efficient charge separation. It is

worthy to note that, in comparison with P3HT, known as
the most promising donor, the extra benefit of the copoly-
mer observed from much lower HOMO level would render
a higher value of V.. in the fabricated device and enhance
the device stability as well.

2.5. Film morphology

The mixing morphology of the polymer and PCBM com-
posite film has proven to be extremely important in deter-
mining the photovoltaic properties of PSCs, which mainly
affects the interpenetrated network of the donor and the
acceptor [31]. The morphology of the active layer was veri-
fied by transmission electron microscopy (TEM). Fig. 5
shows morphology of the films of copolymer blended with
PCBM as described. Relatively dark regions in the TEM
image indicate PCBM-rich regions or aggregates [32]. For
the blend before annealing, the interpenetrating networks
are not well developed. Both the copolymers and the PCBM
aggregate and form serious largescale phase separation
(Fig. 5A). After thermal annealing at LC state (160 °C) for
1h, a fully mixed morphology was formed, and the
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Fig. 3. Photoluminescent spectra for (A) the copolymer films and (B) blend films of copolymer:PCBM (1:1 wt.%) under different temperature annealing on a
quartz plate (/ex =430 nm).
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Fig. 4. Energy-level diagram showing the HOMO and LUMO energy levels of PTcbpTT, P3HT, and PCBM.

morphology of the interpenetrating donor-acceptor net- the self-organization of the PTcbpTT chains oriented in the
works becomes clearer and easily visible, which arises from liquid-crystalline phase. This microscale morphology leads
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Fig. 5. TEM images of the PTcbpTT:PCBM (1:1 wt.%) blend films spin-cast from DCB (A) before and (B) after annealing at their liquid-crystalline state (the

inset shows the macroscale domains).

to the formation of highly ordered domains on the macro-
scale (Figs. 5B and S8).

The instability of the active layer hinders the applica-
tion of organic solar cells greatly. Many efforts, such as
developing thermo-cleavable polymers [33], elevating the
T, temperature of donor materials [34-36] and forming
the crosslinked structures via photocross-linking [18,37]
or thermal cross-linking [19,20], have been demonstrated
to improve the stability of the active layer. Among those
methods mentioned above, photocrosslinking does not
interfere with the morphology and the thermal annealing
that is often needed during device optimization. Thus,
the photocrosslinking method was conducted in our active
layer and its impact on morphology of the films was fur-
ther investigated by the insolubility of the film in organic
solvents as monitored by UV-vis absorption spectra.
Namely, thin films of the pristine copolymer and the
copolymer:PCBM mixture were prepared by spin-coating
on quartz substrates, then exposured under UV
(2=254nm, 1.9 mW/cm?) for 0 or 30 min. And pre-an-
nealed (from mesogen state) blend films with or without
UV treatment are also present for comparison. The irradi-
ated copolymer films were immersed into DCB for 5 min,
followed by rinsing with acetone for a few minutes and
then dried under a stream of nitrogen. The UV-vis spectra
were measured again in order to check the amount of
copolymers remaining on the substrates. Fig. 6A shows
the UV-vis spectra of the pristine polymer films before
and after the solvent immersion. The film without expo-
sured under UV radiation has only a slight absorption after
the solvent immersion, suggesting that PTcbpTT was al-
most completely dissolved in DCB. On the other hand,
the PTcbpTT undergoing UV radiation still remained a
strong absorption with about a half of intensity respect
to untreated film, indicative of a photocrosslinked struc-
ture emerging in the copolymer. We thus speculate that
the PTcbpTT copolymers are crosslinked via a radical
mechanism initiated by the photochemical cleavage of

the C-Br bonds under deep-UV irradiation at 254 nm
[38-40]. Similar insolubility of PTcbpTT was also observed
in the polymer:PCBM mixture film with and without
annealing (Fig. 6B). The absorption of both PTcbpTT and
PCBM disappeared completely in the PTcbpTT:PCBM film
which without exposured under UV after the immersion
into DCB. In contrast, the polymer PTcbpTT in blend films
exposured under UV remained its strong light absorption
property at ~500 nm after the immersion, while PCBM also
present a moderate absorption at 330 nm, as shown in
Fig. 6C. This suggests that the result cross-linking net work
formed in the blend films not only enhanced the polymer
stability, but also prevent the extraction of PCBM from
the film to some extent. Furthermore, the absorption bands
shapes of the cross-linked and uncross-linked blends with
pre-annealing are very similar and no significant shifts in
the peak maximum are observed. This is suggestive of little
morphology disturbance and the high ordered nanostruc-
ture driven by the crystallization of the mesogen-contain-
ing polymer and PCBM molecule net work.

2.6. PSC device performances

The current-voltage characteristics under illumination
for PV devices with various organic solvents treatment
are shown in Fig. 7A. The parameters for these PV cells
are summarized in Table 1. It can be seen that the Js. of
the PV cell with DCB vapor treatment is larger than those
of chloroform (CF) and chlorobenzene (CB)-treated devices.
The improvement is attributed to the more efficient self-
organization of PTcbpTT. The PCE of the PV cells with CF,
CB and DCB treatment are 0.2%, 0.3% and 0.5%, respectively.
Although the DCB treatment can effectively induce
PTcbpTT chains self-organizing into the more ordered
structure, the performance of the PV cells is still poor.
Post-thermal annealing from LC states (160 °C) of the PV
cells is carried out to further improve the device perfor-
mance. After liquid-crystalline temperature annealing,
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Fig. 6. UV-vis absorption spectra of (A) PTcbpTT, (B) PTcbpTT:PCBM (1:1 wt.%) and (C) all of the photocrosslinked films before and after the immersion into

DCB.

the V,. of the DCB-treated solar cell is very similar to that significantly increased from 2.30 and 0.272 to 3.74 and
of devices before annealing, whereas its J;c and the FF 0.436 upon annealing, respectively. As a result, the PCE
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Fig. 7. (A) J-V curves of the copolymer photovoltaic cells based on PTcbpTT:PCBM (1:1 wt.%) as-prepared from different solvents and after annealing at
their liquid-crystalline state under the illumination of AM 1.5, 100 mW/cm?. (B) Incident photon-to-current efficiency (IPCE) of photovoltaic cell calculated
from the photocurrent under short-circuit condition based on PTcbpTT:PCBM (1:1 wt.%) cast from DCB and annealing at their liquid-crystalline state.

Table 1

Photovoltaic properties of bulk heterojunction solar cells based on PTcbpTT:PCBM (1:1 wt.%) before and after annealing at their liquid-crystalline state.
Compositions of active layer Voc (V) Jsc (mA/cm?) FF PCE (%)
As-cast (CF) 0.665 1.10 0.283 0.2
As-cast (CB) 0.733 1.54 0.259 03
As-cast (DCB) 0.748 2.30 0.272 0.5
As-cast (DCB), 160 °C annealed 0.731 3.74 0.436 1.2
As-cast (DCB), 160 °C annealed, 30 min UV 0.732 3.73 0.418 1.1

increased from 0.5% to 1.2%. Post-thermal annealing of the
solvent vapor-treated devices favors activating PCBM mol-
ecules to diffuse and aggregate for better electron trans-
port, and LC annealing can simultaneously enhance the
packing arrangement of PTcbpTT induced by cyanobiphe-
nyl mesogens and reduce the density of defects at the
interface to facilitate the hole transport [41,42]. Interest-
ingly, after further photocrosslinking performed on the
LC-annealing device, all of the performance parameters

remain no obvious change in respect with the LC-annealing
devices, implying the morphology of the active layer did
not be disturbance by crosslinking net work, which is con-
sistent with the UV absorption mentioned above and
polarizing optical micrographic analysis (discuss later).
The incident photon-to-current efficiency (IPCE) spectra
of the DCB-treated solar cell annealing at LC state shows
two maxima peaks with values of ~18% and ~22% at a
wavelength of 345 and 440 nm, respectively (Fig. 7B).
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Fig. 8 shows the thermal stability of a PTcbpTT:PCBM BH]
device compared to that of P3HT:PCBM. Two different sam-
ples of PTcbpTT:PCBM were prepared from DCB. One film
was used without exposure to UV light while another one
was exposed to UV light for 30 min, prior to Al deposition.
A P3HT:PCBM blended device was also prepared; which
was not exposed to UV light and served as a control sample.
The device performance of the pristine-P3HT:PCBM blend

A

decreased rapidly to a third of its initial efficiency value
after 40h at 150°C. Similarly, a control sample of
PTcbpTT:PCBM without any UV treatment also showed a
rapid decrease in device performance at 150 °C as observed
for the P3HT:PCBM blend device. In contrast, the perfor-
mance of the PTcbpTT:PCBM device treated by UV
irradiation exhibits a very stable device performance
(~75% initial device efficiency) even after 40 h (~two days)

Fig. 9. Optical microscopy images of PTcbpTT:PCBM (1:1 wt.%) blends (A) as cast with no thermal annealing, (B) after 24 h annealing at 150 °C without
exposure to UV and (C) after 24 h annealing at 150 °C following exposure to UV for 30 min.
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of annealing at 150 °C. This result clearly shows that the
photocrosslinking concept holds promise for thermally sta-
ble high performance devices.

Polarizing optical micrographic images of PTcbpTT:
PCBM (1:1 wt.%) under a variety of conditions described
the function of photocrosslinking nanostructure on the de-
vice stability. The images shown in Fig. 9A and B demon-
strate that thermal annealing at 150°C induces a big
aggregated domain of many needle-like PCBM crystals in
the blend film from the untreated film, which response for
the sharp decreased performance when annealed at high
temperature. In contrast, in Fig. 9C the optical micrograph
of the PTcbpTT:PCBM blend crosslinked by UV treatment
shows an homogeneous film free of dark PCBM crystals,
even heated to 150 °C. These optical micrographs confirm
that the photocrosslinking of PTcbpTT copolymers dramat-
ically suppresses large phase segregation and maintains the
well-ordered nanoscale morphology.

3. Conclusions

In this work, we have intramolecularly incorporated the
mesogenic cyanobiphenyl to photocrosslinkable polythio-
phenes for the purpose of highly stable and ordered li-
quid-crystalline conjugated materials, PTcbpTT. The
spontaneous orientation of cyanobiphenyl mesogen en-
dows the copolymer and copolymer:PCBM blend films with
a well ordered morphology and enhanced properties. The
thermal treatment, especially from the liquid-crystalline
state, favors the more ordered nanoscale morphology. After
radiation by UV, the blend film formed a cross-linking net
work which cannot only enhance the polymer stability,
but also maintain the ordering nanostructure. Without ex-
tended optimization, a power conversion efficiency of
1.2% and a high V,. of 0.731 V were achieved by using the
PTcbpTT:PCBM (1:1 wt.%) blend annealed from the liquid-
crystalline state as the active layer, which is superior to that
of the copolymer cells as-prepared (0.5%) under the same
experimental conditions. It is observed that the thermal
annealing in liquid crystalline of the PTcbpTT:PCBM film,
leads to an overall enhanced photovoltaic performance,
including J,., FF, and PCE. A clear advantage of the photo-
crosslinking strategy is that crosslinking can be decoupled
from thermal annealing, a valuable feature for BH] solar
cells that require some annealing to achieve optimum nano-
morphology before crosslinking, and freeze this optimum
morphology and preserve long term performance.
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