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ABSTRACT: Three conjugated polymers, P1-P3, with dithiafulvalene (DTF) as side chains have been synthesized. All polymers have
good thermal stabilities. The DTF unit could be oxidized to DTF=" which was observed from cyclic voltammetry and ultraviolet—visi-
ble (UV-vis) spectra, and the oxidation process was independent of the conjugated backbone of the polymer. The strong n—n* transi-
tion absorbing band of the three polymers decreases gradually as increasing oxidation, and the resulting DTF+" species give rise to an
additional band at 750-1100 nm, which can be assigned to a distinguishing feature of the cation radical species. Photovoltaic device
based on the blend of P2 and [6,6]-phenyl-C61-butyric acid methyl ester (PC¢;BM) showed the power conversion efficiency of 1.05%
with a fill factor of 42.8%. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41508.
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INTRODUCTION

Conjugated polymers, which are comprised of two or more
n-conjugated repeat units and typically made by step-growth or
condensation polymerization reactions, are promising for the
application in organic electronics,'™ such as polymer solar cells
(PSCs),*” organic light-emitting diodes (OLEDs),® thin film
transistors (TFTs),” and microelectronics.'® The design and syn-
thesis of new conjugated polymers have attracted great attention
in the field of organic semiconductors because of their conven-
ient preparation, low processing temperature, and nearly unlim-
ited variability.'" The benefits of versatile polymer syntheses
allow for the effective tailoring of the intrinsic properties of
conjugated polymers to serve the desired purpose and address
the application needs.'*™"*

Tetrathiafulvalene (TTF) has been extensively used in modern
materials science and organic electronics.">° It is well-known
that TTF and its derivatives can exist in three stable states
(TTE®, TTF+" and TTF*")*"*? and have a strong propensity to
self-assemble into regular n-stacks.!! Dithiafulvalenes (DTFs),
similar to TTFs, exhibit unique charge transport characteristics

because of their coplanar molecular structures with strong n—n
and S++S interactions.”® Thus, grafting DTF units on conjugated
polymers may well utilize the strong self-assembling propensity
of DTFs to increase the long-range order of the conjugated
chains and improve the charge-carrier mobility of the polymers.
Recently, two similar DTF-fused conjugated polymers were
reported by Chen and coworkers.”> The polymers exhibit strong
n—7 stacking interaction and good carrier mobility. Inspired by
this work, Lin and coworkers reported three conjugated poly-
mers based on DTF moiety for PSCs,** and the power conver-
sion efficiency (PCE) reached 0.93%, which was significantly
higher than those of TTF-based polymers.'"*® To our best
knowledge, this was the only report on the photovoltaic proper-
ties of DTF-based polymers, and there is no further investiga-
tion on the spectroelectrochemical properties of DTEF-based

polymers.

In this work, considering the strong self-assembling propensity
of DTFs, this block was grafted on the polymers to increase the
long-range order of the conjugated main chains. The structures
are shown in Scheme 1. The electrochemical properties and
optical responses to electrochemical redox processes were

Additional Supporting Information may be found in the online version of this article.
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Scheme 1. Chemical structures of P1-P3.

carefully examined and the results showed that the DTF units
could be oxidized to DTF+". PSCs based on the polymers have
been fabricated and characterized. The device based on
P2:[6,6]-phenyl-C61-butyric acid methyl ester (PCq;BM) (1 : 1,
wt/wt) showed the best PCE of 1.05% with an open circuit volt-
age (V,.) of 0.80 V, a short circuit current density (J;.) of 3.07
mA cm” % and a fill factor (FF) of 42.8%, which was the highest
one among the DTF- and TTF-based polymers.

EXPERIMENTAL

Materials

All reagents and starting materials were purchased from com-
mercial sources and used without further purification unless
otherwise noted. All air and water sensitive reactions were per-
formed under nitrogen atmosphere. Toluene and tetrahydrofu-
ran (THF) were distilled from sodium, with benzophenone as
an indicator.

Characterization

"H-NMR spectra were recorded on a Bruker Advance III 600 (600
MHz). Ultraviolet-visible (UV-vis) absorption spectra were
recorded at room temperature using Hitachi U-4100 spectropho-
tometer. Cyclic voltammetry (CV) measurements were performed
on a CHI 660D electrochemical workstation. It is equipped with a
three-electrode cell consisting of a platinum disk working electrode
(2.0 mm in diameter), a saturated calomel reference electrode
(SCE), and a platinum wire counter electrode. The measurements
were carried out in anhydrous acetonitrile containing 0.1M tetrabu-
tylammonium phosphorus hexafluoride (BuyNPF4) as supporting
electrolyte under nitrogen atmosphere at a scan rate of 50 mV s~ .
Thin films were deposited from chloroform solution onto the plati-
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Figure 1. TGA thermograms of P1-P3 with a heating rate of 10°C min~"

under nitrogen atmosphere.
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num working electrodes and dried under nitrogen prior to mea-
surement. The redox potential of the ferrocene/ferrocenium (Fc/
Fc") internal reference is 0.39 V vs. SCE. The lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular orbital
(HOMO) energy levels were determined by calculating the
empirical formulas  of  Eyomo = — (Eox + 4.80 — Eypp (5e/pe+))s
Erumo = _(Ered +4.80 — E1/2,(Fc/Fc+))7 where Eox and Ereq were the
onset oxidation and reduction potentials, respectively. Thermogravi-
metric analysis (TGA) measurements were performed by a STA-409
at a heating rate of 10°C min~', under the protection of nitrogen
atmosphere. X-ray diffraction (XRD) spectra were recorded on a
Bruker D8 Advance. Gel permeation chromatography (GPC) analy-
ses were made using THF as eluant. FTIR spectra were taken on a
Nicolet 6700 spectrophotometer by using KBr pellets.

Device Fabrication

Photovoltaic devices were fabricated on 15 X 15 mm? patterned
indium tin oxide (ITO) coated glass substrates with a layered
structure of ITO/PEDOT:PSS(40 nm)/polymer:PCq;BM blend
(~80 nm)/Ca(10 nm)/Al(100 nm). The ITO coated glass sub-
strates were ultrasonically cleaned sequentially with detergent,
water, acetone, and isopropyl alcohol. The substrates were then
oxygen plasma treated for 6 min, spin coated with PEDOT:PSS
at 4000 rpm, and annealed in an oven for 20 min at 160°C.
The polymer (P1, P2, P3) and PCsBM were dissolved in
deoxygenated anhydrous o-dichlorobenzene (0-DCB) in the
weight ratios 1.5 : 1, 1 : 1 and 1 : 2 respectively and total con-
centration of the polymer/PCy;BM blending solution was 25 mg
mL ™", The solutions were stirred overnight in a nitrogen filled
glovebox. An active layer consisting of the blend of polymer
and PC4BM was then spin coated on PEDOT:PSS. Subse-
quently, Ca (10 nm) and Al (100 nm) were thermally
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Figure 2. UV-vis absorption spectra of P1-P3 in chloroform solutions
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and in thin films.
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Table 1. Optical and Thermal Properties of P1-3

Solution® Thin film Thermal
Polymer Jrmax () Jonset (M) Jemax (Nm) Jonset (NM) ES* (eV)° T4 (°C)
P1 436 521 454 540 2.30 319
P2 427 527 437 528 2.35 332
P3 410 503 424 536 2.31 310

@ Absorption data was collected in CHCl3 solution.
®Data was taken by the absorption edge of the thin film, Egpt =1240/)onset.

evaporated at a vacuum of ~2 X 10 * Pa on top of active layer
as cathode. The cathode area defines active area of the devices,
which is 0.1 cm®. Photovoltaic performance was characterized
under illumination with an AM 1.5 G (100 mW cm ™ ?) in an
argon atmosphere (<0.1 ppm H,O and O,), and current den-
sity vs. voltage (J-V) curves were recorded by Keithley 2420.
External quantum efficiencies (EQE) of solar cells were analyzed
by certified Newport incident photon conversion efficiency
(IPCE) measurement system.

RESULTS AND DISCUSSION

Synthesis and Characterization

Synthetic routes (Supporting Information Scheme S1) and
details for the monomers and polymers are described in Sup-
porting Information. P1 and P2 were synthesized by palladium-
catalyzed Stille coupling reactions. P3 was obtained through the
palladium-catalyzed Suzuki coupling method. Typical IR spectra
for the polymers are shown in Supporting Information Figure
S1. All the polymers showed characteristic IR absorption bands
of S—C=C stretching (1530 cm™ ') and S—C stretching (1448,
1260 cm ™ '). The typical IR spectra of P1 showed characteristic
band associated with C—O at around 1034 cm ™ '>>?° The
structures of polymers were further determined with 'H-NMR
spectra, which are consistent with the proposed ones. The peaks
due to aromatic protons appear at around J 8.5-6.5 ppm. The
peaks at around 6 3.0 ppm are attributed to the CH,—S groups
and those at around ¢ 4.4-4.0 ppm are due to the O—CH,
group (P1). The three polymers are soluble in common organic
solvents, such as chloroform, chlorobenzene (CB), and o-DCB.
The molecular weight and polydispersity index (PDI) were
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determined by GPC with calibration against polystyrene stand-
ards. The number average molecular weight of P1, P2, and P3
was found to be 50.3, 49.2, and 12.7 kg mol ™', with PDI of 1.8,
1.7, and 2.5, respectively. The obtained high molar masses and
narrow PDI of P1 and P2 are generally helpful to improve PSC
performance by enhancing J,. and FE*’

Thermal Properties

Thermal stabilities of the polymers were determined by TGA
under nitrogen atmosphere at a heating rate of 10°C min™ .
The three polymers show good stability with onset decomposi-
tion temperatures corresponding to 5% weight loss at 319°C,
332°C, and 310°C, respectively, as shown in Figure 1. Obviously,
the thermal stability of these polymers is adequate for their

applications in PSCs and other optoelectronic devices.?®

Optical and Electrochemical Properties

The optical properties of the three polymers were investigated
by UV-vis absorption spectroscopy. The absorption spectra of
P1-P3 in chloroform solutions and thin solid films are shown
in Figure 2. In dilute chloroform solutions, the absorption
peaks of P1, P2, and P3 located at 436 nm, 427 nm, and
410 nm, respectively. In films, the absorption peak of P1 is
located at about 454 nm, P2 at 437 nm, and P3 at 424 nm. The
detailed data are summarized in Table I. The absorption spectra
of P1, P2, and P3 in films are broader and red-shifted relative
to those in solutions, which is ascribed to the enhanced inter-
molecular interactions between the polymer main chains®® and
the strong self-assembling propensity of DTF side chains. The
optical band gap (E;Pt) of P1, P2, and P3 can be estimated at

Figure 3. Cyclic voltammograms (a) and HOMO and LUMO energy levels (b) of P1-P3.
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Polymer Ered JLUMO (V/eV) E%L [HOMO (V/eV) E%X2 [HOMO-1 (V/eV) EET (eV) EES (eV)
P1 -0.80/-3.61 0.86/-5.27 1.58/-5.99 1.66 2.38
P2 -0.77/-3.64 0.80/-5.21 1.63/-6.04 1.57 2.40
P3 -0.84/-3.57 0.83/-5.24 1.53/-5.94 1.67 2.37

HOMO = —(E + 4.41) eV and LUMO = —(E + 4.41) eV, where Efed, 9 are calculated vs. SCE. E5¢ = LUMO-HOMO.
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Figure 4. UV—vis absorption spectra of P1 (a), P2 (b), and P3 (c) during

chemical oxidation by the successive addition of FeCl; as an oxidant in

CHCl; at room temperature. Symbol * denotes unreacted FeCls.
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2.30, 2.35, and 2.31 eV, respectively, from their onset absorption
in the thin films.

HOMO and LUMO energy levels of the polymers are crucial
for the selection of appropriate acceptor materials in PSCs. CV
was employed to evaluate the electrochemical properties and
electronic energy levels of polymers. Figure 3(a) shows the cyclic
voltammograms of the polymers and similar electrochemical
characteristics were recorded. The onsets of reduction peak of
P1, P2, and P3 were observed at —0.80, —0.77, and —0.84 V
vs. SCE, corresponding LUMO levels at —3.61, —3.64, and
—3.57 eV. The energy differences in the LUMO levels of P1/
PCq,BM, P2/PC¢BM, and P3/PC4BM were 0.49, 0.46, and
0.53 eV, suggesting that the photo-excited electrons can effec-
tively transfer from the polymers to PCg;BM.*! As shown in
Figure 3(a), the polymers display two oxidation processes. The
onsets of the first oxidation of P1, P2, and P3 were observed at
0.86, 0.80, and 0.83 V vs. SCE, corresponding HOMO levels at
—5.27, —5.21, and —5.24 eV. The band gaps of polymers nor-
mally can be deduced by CV from the difference of the onsets
of oxidation and reduction processes.'> As a result, the electro-
chemical band gap (Eglc) of 1.66, 1.57, and 1.67 eV for P1, P2,
and P3 can be obtained, which were much lower than those of
E;Pt. Similar phenomenon had been found by Hou et al,'!
Berridge et al.,’® and Skabara et al.,”> when they studied the
electrochemical properties of some TTF-containing polymers.
Considering the strong electron donating ability of bis
(thioether)-substituted dithiol, we assume that the first oxida-
tion process evolves from the bis(thioether)-substituted dithiol,
and the electrochemical process is independent of the conju-
gated main chain, which should not be used in the determina-
tion of the band gaps of the polymers.'"*>** The onsets of the
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Figure 5. UV-vis absorption spectra of P1-P3 on ITO glass in the neutral
and cationic states.
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Table III. PSCs Device Performance with Configuration of ITO/PEDOT : PSS/Polymer : PCq;BM/Ca/Al

Active layer Ratio Ve (V) Joe (MA cm™2) FF (%) PCE (%)
P1:PCg1BM i15edl 0.85 1.51 30.65 0.39
P2:PCs41BM 1:1 0.80 3.07 42.83 1.05
P3:PCs1BM il:2 0.61 1.05 24.59 0.16

second oxidation of P1, P2, and P3 were observed at 1.58, 1.63,
and 1.53 V vs. SCE, and corresponding HOMO-1 levels at
—5.99, —6.04, and —5.94 eV. When the onset of the second
oxidation peak is used for estimating the electrochemical band
gap (E), then the Egyobtained is 2.38, 2.40, and 2.37 eV for
P1, P2, and P3, respectively, which are in close agreement with
EgP'. Relevant data are summarized in Table II, and the elec-
tronic energy level diagram of the three polymers
PCq,BM™ is depicted in Figure 3(b).

and

Previous works showed that the TTF units could be oxidized to
TTF", and TTE-" gave rise to an additional band at 800-1100 nm
in the UV-vis spectra.'”?*** In order to probe the optical
responses of DTF to chemical redox processes, UV-vis spectra
analysis on the three polymers after oxidation by FeCl; in CHCl;
solution was also conducted. As shown in Figure 4(a), upon
increasing oxidation, the strong n—n* transition absorbing band of
P1 at 436 nm decreases gradually and two new bands evolve at 315
and 367 nm, which are assigned to unreacted FeCl; (Supporting
Information Figure S2). One can observe that P2 and P3 show sim-
ilar absorption changes when increasing the oxidant [Figure 4(b,c].

To further investigate their optical responses to electrochemical
redox processes, the UV-vis absorption spectra of polymer films
were characterized in both neutral and oxidized states. The
measurements were performed on the thin films of the three
polymers which were spin-coated onto ITO glass. In our experi-
ments, each UV-vis spectral scan was performed after the elec-
trolysis of an analyte at a controlled voltage [1.1, 1.4, and 1.2 V
for P1, P2, and P3 respectively, which were the first oxidation
peak potential obtained from Figure 3(a)] for at least 180 s to
ensure the electric current attained a constant value.® As such,
the systems examined by UV-vis spectroscopy can be deemed

-
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Figure 6. J-V curves of polymer/PCqs;BM-based regular single solar cells
under AM 1.5 G illumination, 100 mW cm ™ 2.
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as having arrived at equilibrium. As shown in Figure 5, the thin
film of P1 (neutral state) showed a strongly absorbing n—m*
transition band at 454 nm. After being subjected to electrolysis
at 1.1 V for 180 s, the thin film color of P1 was observed to
change from yellow to brown. The UV-vis spectrum of oxidized
P1 shows a new broad low-energy band covering the spectral
range of 750-1100 nm. Meanwhile the absorption peak at
454 nm is greatly attenuated which agrees with the UV-vis
spectra of P1 when it was oxidized by FeCl; in solution. P2 and
P3 show similar absorption changes as increasing oxidation.
reports involving absorption studies on TTF-
containing polymers'?*** have also shown that upon oxida-
tion, the resulting TTF+" species give rise to an additional band
at 800-1100 nm, which can be assigned to a unique feature of
the cation radical species. Thus, we assume that the new broad
band should be assigned to DTF oxidation species (DTE-").
The results are consistent with the cyclic voltammograms.

Previous

Photovoltaic Performance

The bulk heterojunction PSCs were fabricated to investigate the
photovoltaic effects of the polymers with a device structure of ITO/
PEDOT:PSS/polymer:PCq;BM  /Ca/Al, and measured under a
simulated AM 1.5 G illumination of 100 mW c¢m™ 2. The optimized
blend weight ratios of P1 (P2, P3) and PCsBM were 1.5: 1 (1: 1,
1 : 2). The active layers of these devices were spin-coated from the
0-DCB solutions of corresponding blends. The V,. J,, FE and
PCE of the devices are listed in Table III and their J-V curves are
shown in Figure 6. Due to the lower HOMO level of the polymers,
our systems show higher V. values when compared with TTF-
fused polymers reported in the literature (V,. = 0.42-0.52 V)20
P2 exhibited the best PCE of 1.05% with a V.. of 0.80 V, a J,. of
3.07 mA cm” 2, and an FF of 42.8%. As depicted by CVs and UV-
vis absorption spectra, DTF can be oxidized to DTF+¥, the resulting
formation of DTF+* may lead to increase in rigidity of the conju-
gated polymer side chain and conformational changes in the poly-
3736 which may lead
to decreases in exciton propagation lengths. This may be the poten-
tial reason for the small J;. and low PCE. Although the PCE and FF
are relatively low, to our best knowledge, it is the highest one
among the reported TTF-fused ensembles'"* and DTEF-fused
ensembles.”* EQE curves of the devices based on these polymers
prepared through the optimal fabrication process are shown in
Supporting Information Figure S3. Due to the wide optical band
gaps of the polymers, the three devices show a narrow response
range, only covering from 320 to 550 nm.

mer due to the on-site Coulombic repulsion,

CONCLUSIONS

Three DTF-fused polymers were synthesized and characterized.
These polymers have good thermal stability with decomposition
temperatures higher than 300°C. The electrochemical characteristics

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41508
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and UV-vis absorption spectroscopy indicated that the DTF moiety
could be oxidized to DTF+", and the process was independent of the
conjugated main chain of the polymer. Upon increasing oxidation,
the strong m—n* transition absorbing band of the three polymers
decreases gradually, and the resulting DTF+ " species give rise to an
additional band at 750-1100 nm, which can be assigned to a distin-
guishing feature of the cation radical species. The photovoltaic effect
of the polymers was investigated, and P2 exhibited the best PCE of
1.05%, higher than all the reported TTF-fused and DTF-fused
ensembles. More efforts to increase the optical absorbance and thus
improve the photovoltaic performance of DTF containing polymers
are currently on going in our group.
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