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Donor-acceptor conjugated polymers with 2-(2-ethylhexyl)-3-hexyl thienyl substituted benzo[1,2-b:4,5-
b’]dithiophene (BDT) as donor building block and 5,6-difluorobenzo[c][1,2,5]thiadiazole as acceptor
building block have been synthesized by Stille coupling polymerization. The polymerization conditions

were optimized to achieve high molecular weight polymers (number-average molecular weight, M, up to

139 kg/mol). The molecular weight dependent polymer properties were studied and compared.

Photovoltaic applications of the polymers in bulk heterojunction (BHJ) solar cells revealed that the power

conversion efficiency increased significantly (from 0.9% to 4.1%) as the M,, increased from 10 kg/mol to

73 kg/mol while further increase of the molecular weight had less influence on the solar cell performance.

Introduction

Stille coupling polymerization is one of the most widely used
polymerization methods for the synthesis of conjugated polymers
which are the basis of modern organic electronics.'” The
advantage of using Stille coupling polymerization lies in its
compatibility with various functional groups, which have made
the syntheses of numerous functional polymers possible.*
However, it is often difficult to achieve high molecular weight
polymers as a result of a combination of factors including
monomer purity and stability, degree of conversion and rate of
reaction. On the other hand, studies on the influence of
molecular weight on polymer electronic properties repeatedly
showed that bulk heterojunction (BHJ) solar cell performance
improved significantly as the molecular weight of the conjugated
polymers increased.*'" For example, BHJ solar cells based on
poly[(4,4-didodecyldithieno[3,2-b:2",3’-d]silole)-2,6-diyl-alt-

(2,1,3-benzothiadiazole)-4,7-diyl] active layer showed increased
short-circuit current density (/) from 4.2 to 17.3 mA cm? and
increased fill factor (FF) from 0.35to 0.61 as the M, increased
from 7 to 34 kg/mol.’ These changes resulted in nearly a five-fold
enhancement in the power conversion efficiency (PCE) from
1.2 to 5.9%. BHIJ solar cells using polymer fractions with number
average molecular weight, M, of 10, 18, and 31 kg/mol exhibited
PCE of 3.0%, 5.2%, and 7.5%, respectively, displaying a nearly
linear increase in solar cell performance with increasing
molecular weight.'® It was thought that polymers with high
molecular weight exhibited more isotropic films and enhanced
interconnectivity, potentially leading to larger values for charge-
carrier mobility.'” The enhanced performance in BHJ solar cells
with increasing polymer molecular weight was also attributed to
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the more favoured active layer morphology and decreased series
resistance. ' However, in the aforementioned studies, the
molecular weight ranges were quite limited (with the highest M,
around only 30 kg/mol). Questions may be raised: “Can the solar
cell performance increase linearly with the molecular weight, or
there is a limit beyond which the performance saturates?” To
address these questions, conjugated polymers of extremely high
molecular weight need to be synthesized. In this work, we
optimized the Stille coupling polymerization conditions to get
extremely high molecular weight donor-acceptor conjugated
polymers and studied their molecular-weight-dependent BHIJ
solar cell performances.

Benzo[1,2-b:4,5-b’]dithiophene (BDT) based conjugated
polymers are frequently used in BHJ solar cells as donor
materials.>*> By replacing the substituent of 2-ethylhexyloxy
group with 2-(2-ethylhexyl)thienyl group, the PCE increased
from 6.43% to 7.59%.%° The introduction of two alkyl chains on
the same thiophene ring were found to enhance the solubility and
processability of the resulting polymers.'* %’
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Fig. 1 Chemical structures of compound 1 and 2 and the Stille
polymerization for conjugated polymer P1.
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Polymer Chemistry

Table 1 The Stille coupling polymerization conditions and the resulting polymer molecular weights of P1.”

b ¢ monomer chloroform fraction
entry catalyst temperature’ . solvent .

concentration yield M, (kg/mol) PDI
1 Pd(PPhs), 120 °C 0.1 M toluene/DMF 5:1 13% 32.0 1.70
2 Pd(PPhs)4 150-170 °C 0.1M xylene 15% 31.5 1.21
3 Pd,(dba);, P(o-tolyl); 130 °C 0.1M chlorobenzene 77% 72.9¢ 3.514
4 Pd,(dba)s, P(o-tolyl); 130 °C 025M chlorobenzene 64% 138.9¢ 5.33¢
5 Pd,(dba);, P(o-anisolyl); 130 °C 0.1 M chlorobenzene trace

“ All the reactions were run on 0.15 mmol scale and the polymers were extracted successively with methanol, acetone, petroleum spirits, dichloromethane
and chloroform. * the catalyst loadings were 5% mol Pd(PPhs), for entry 1 and 2, 1.5 mol% Pd,(dba); and 9 mol% P(o-tolyl); for entry 3 and 4, 1.5 mol%
Pda(dba); and 9 mol% P(o-anisolyl); for entry 5. ¢ Entry 2 was heated with microwave.  Molecular weight obtained by using high-temperature GPC at

120 °C with 1,2,4-trichlorobenzene as eluent.

In this study, we use 4,8-di(2-(2-ethylhexyl)-3-hexyl-
thiophen-5-yl)-benzo[ 1,2-b:4,5-b’]dithiophene (DTBDT) as the
donor building block and 5,6-difluoro-2,1,3-benzothiadiazole
(DFBT) as the acceptor building block for the polymer (Figure 1)
with the aim of getting deep-lying highest occupied molecular
orbital (HOMO) energy level and thus high open circuit voltage
(V,.) in the BHJ solar cells.®** The bis(trimethylstannyl)-
DTBDT monomer (compound 1) was coupled with diiodo-DFBT
monomer (compound 2) wusing a variety of Stille
polycondensation  conditions to give poly[(4,8-di(2-(2-
ethylhexyl)-3-hexylthiophen-5-yl)-benzo[ 1,2-b:4,5-b’]dithio-
phene)-2,6-diyl-alt-(5,6-difluoro-2,1,3-benzothiadiazole)-4,7-
diyl] (P1) samples with different molecular weight ranges.

Synthesis and characterization
Synthesis of the polymer by Stille coupling polymerization

To ensure monomer purity for the Stille polycondensation,
compound 1 was recrystallized from dichloromethane and
isopropanol at 5 °C and compound 2 was recrystallized from
dichloromethane. The Stille coupling polymerization was first
conducted with a widely-used catalyst, Pd(PPh;),, and
toluene/DMF as the solvent. Under this condition, most of the
polymer material was isolated by Soxhlet extraction with
dichloromethane. The yield of the chloroform extract was low
(13%, see Table 1) and the M, was 32 kg/mol. Microwave
heating was used to try and increase the molecular weight and the
yield of the chloroform fraction but there was little improvement.
A more active catalyst system Pd,(dba)s/P(o-tolyl); was then used
along with chlorobenzene as solvent to better solvate the
sparingly soluble conjugated polymers.** * This condition was
found to be particularly efficient in increasing the molecular
weight and the chloroform fraction of the polymer. Polymer with
M, of 72.9 kg/mol was obtained in 77% yield. Increasing the
monomer concentration from 0.1 M to 0.25 M further increased
the M, to 1389 kg/mol (See ESI for GPC traces). Other
phosphine ligands were also tested, including P(o-anisolyl);, but
none worked as well as the P(o-tolyl); ligand.* *®37

Five samples of polymer P1, whose chemical structure was
shown in Figure 1, were collected and their optoelectronic and
photovoltaic properties were studied. The molecular weight range
of the polymer samples is shown in Table 2. Sample P1-9.6k (M,
9.6 kg/mol, PDI 1.57) was obtained from dichloromethane extract
of the reaction described in entry 2 of Table 1 while P1-17.1k
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(M, 17.1 kg/mol, PDI 1.50) was obtained from dichloromethane
extract and P1-32.0k (M, 32.0 kg/mol, PDI 1.70) was obtained
from chloroform extract of the reaction described in entry 1 of
Table 1. Samples P1-72.9k (M, 72.9 kg/mol, PDI 3.51) and P1-
138.9k (M, 138.9 kg/mol, PDI 5.33) were extracted with
chloroform from the reactions described in entry 3 and entry 4 of
Table 1 respectively. The five samples of polymer P1 showed
similar FT-IR spectra indicating the same chemical composition
(Figure S6). However, as the molecular weight increased, the 'H
NMR spectra lost some fine structures and the peaks became
broadened owing to the increased number of repeating units
(Figure S7). Differential scanning calorimetry (DSC) of the
polymers showed no thermal transitions for any of the polymers
between 25 °C and 300 °C (Figure S8).

Characterization of optoelectronic properties

The UV-vis absorption spectra of the five fractions of P1 in
chloroform solutions and in films are shown in Figure 2. In
solution, as the M, increased from 9.6 kg/mol to 72.9 kg/mol, the
absorption maximum () increased from 651nm to 658 nm and
the onset absorption (Ayps) increased from 705 nm to 710 nm due
to the increased conjugation length. However, the A, and the
Aonset Of polymer samples with M, 72.9 kg/mol and 138.9 kg/mol
were the same, implying that an effective conjugated length for
the HOMO-LUMO energy gap was already reached at the M, of
72.9 kg/mol.’ The relative intensity of the main absorption to the
shoulder peak at 594 nm also increased possibly due to the
increased percentage of large molecular weight polymers. This
phenomenon was also observed in other polymer systems.” *® The
absorption of different fractions of P1 in solid films showed
similar trends as in the chloroform solution. The solid film A,y
increased from 656 nm to 670 nm and the A, increased from
723 nm to 741 nm, resulting in a reduction of optical energy gap
from 1.72 eV to 1.67 eV as the molecular weight increased. The
polymers showed solution emission maxima around 700 nm and
slightly red-shifted emission maxima of 714 nm in the solid films
(Figure S9).

The HOMO energy levels of the five polymer fractions were
estimated by cyclic voltammetry measurements (see Supporting
Information for experimental details, Figure S10). Owing to the
incorporated 5,6-difluoro-2,1,3-benzothiadiazole acceptor
moiety, all the polymers possessed deep-lying HOMO energy
levels (around -5.5 eV), which is promising for achieving high
¥, in organic photovoltaic cells.***! It was also observed that the
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Table 2 The optical properties and electronic energy levels of the polymers.

Polymer Chemistry

polymer M, (kg/mol)“ PDI’ UV-vis Apax(nm)” UV-vis Aonee(nm)° ~ Optical gap (eV)” Enomo (eV)* Erumo (eV)

P1-9.6k 9.6 (13.4) 1.57 (1.53) 651 (656) 705 (723) 1.72 -5.53 -3.81
P1-17.1k 17.1 (15.8) 1.50 (3.79) 653 (664) 705 (734) 1.69 -5.52 -3.83
P1-32.0k 32.0 (19.1) 1.70 (4.85) 656 (665) 707 (735) 1.69 -5.52 -3.83
P1-72.9k (72.9) (3.51) 658 (670) 710 (741) 1.67 -5.52 -3.85
P1-138.9k (138.9) (5.33) 658 (670) 710 (741) 1.67 -5.49 -3.82

“ HT-GPC data in brackets. * UV-vis absorption maxima in chloroform solution and as thin films in bracket. ¢ UV-vis onset absorption in chloroform
solution and as thin films in bracket. ¢ Calculated from thin film absorption onset. ¢ Measured using CV.” Calculated from the HOMO energy level and the

optical HOMO-LUMO gap.
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Fig. 2 UV-Vis absorption spectra of the five polymer fractions in (a)
chloroform and (b) solid film. The spectra were normalized at the
absorption maximum.

polymer fractions showed a slight HOMO level increase as the
10 molecular weight increased (Table 2). The lowest molecular
weight polymer P1-9.6k exhibited a HOMO level of -5.53 eV
while the highest molecular weight polymer P1-138.9k displayed
a HOMO level of -5.49 eV.

BHJ solar cell fabrication and characterization

15 The photovoltaic properties of the five polymer fractions were
investigated in BHJ solar cell devices. A schematic diagram of
the solar cells with inverted device architecture [ITO/ZnO/active
layer/MoO;/Ag] is shown in the Supporting Information. 1,2-
Dichlorobenzene (oDCB) was chosen as the processing solvent
20 owing to its good solvent properties and low evaporation rates.
An optimized blend ratio of 1:2 between polymer and PC,;;BM
acceptor was used for spin coating the active layer. The blend
film UV-vis absorption spectra showed similar profiles for
samples containing different molecular weight polymers (Figure
25 S11). The films containing higher molecular weight material
showed slightly enhanced absorption at the longer wavelength
absorption band (670 nm). This is consistent with the absorption
spectrum of the neat polymer films (Figure 2b).

The devices were studied under the illumination of AM 1.5
% G, 100 mW cm™. The current density — voltage (J-V) curves of
the polymer/PC;BM devices are displayed in Figure 3a and the
photovoltaic performance (average of 10 devices) is listed in
Table 3. The open circuit voltage (V,.) and the fill factor (FF) of
the BHJ solar cells were essentially the same for all devices
35 containing the five different molecular weight polymer samples
(Figure 3c and d). In great contrast, the short circuit current
density (J,.) increased significantly from 2.0 mA cm?to 9.9 mA
em’ as the M, increased from 9.6 kg/mol to 72.9 kg/mol (Figure
3c¢). It was found that further increase of the molecular weight did
40 not increase the J,. further, instead the P1-138.9k even showed a
slightly decreased J;. of 8.6 mA cm?. As a result, the overall
power conversion efficiency (PCE) increased from 0.85% to
4.10% as the M, increased from 9.6 kg/mol to 72.9 kg/mol and
the device containing P1-138.9k showed lower PCE than the
45 devices containing P1-72.9k. Literature reports have shown a
similar increase of PCE in the low molecular weight range (M, up
to about 30 kg/mol).” ' *? However the higher molecular weight
range has been seldom discussed with only a few examples for
donor-acceptor polymers in recent literature.** ** Our results
so showed that the PCE reached a peak value of 4.10% as the M,
increased to 72.9 kg/mol. These results indicated that a maximum
PCE could be reached at a certain molecular weight for a specific
polymer and further increase of the molecular weight might not
result in further improvements in device performance. It is
ss important to note that device fabrication optimisation, including
adjusting substrate temperature and spin coating speed, was
attempted on the high molecular weight material but failed to
give improvements in device performance.*> It is also interesting
to note that an analogous polymer system'® with M, of 22.6
6 kg/mol gave very similar device performance to that of P1-17.1k
at around 1% PCE.

The external quantum efficiencies (EQEs) of the solar cell
devices were also studied. Figure 3b shows the EQE curves of the
solar cells fabricated under the same optimized conditions as

os those used for the J-7 measurements. Clearly, the EQE values for
devices containing the high molecular weight polymers are higher
than those of low molecular weight polymer based solar cells,
which agree with the J-J measurements. The EQE curves of the
BHJ solar cells made from the polymers of higher molecular

70 weights showed significant improvement across the whole
spectral response region, indicating that the enhancement in Jg.
was mainly due to more efficient exciton dissociation and charge
collection from both the polymer and the PC7;BM domains. "

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 (a) /- characteristics of photovoltaic devices fabricated with different molecular weight P1/PC7,BM under AM 1.5G irradiation (100 mW cm™).
(b) EQE curves of the BHJ solar cells fabricated under the same optimized conditions as used for the J-J measurements. (c) M, of polymer plotted against
Jy and V. and (d) M, of polymer plotted against FF and PCE.

s Table 3 Photovoltaic properties of the BHJ solar cells based on the
polymer fractions and the hole mobility of the blend films.”

Polymer’ Vo (V) (o o) FF(%) PCE(%) nﬁ‘;/VS)

P19.6k  004+0.02 20+0.1 4542 0.85+0.05 2.5x10°
PI-17.1k  089+0.05 3.5+03 40+3 1254020 54x10°
P1-320k 0924002 74402 4742 3354020 2.6x107
PL-729k 0894001 99402 4542 4.10+0.15 3.7x107
P1-1389k 09240.01 8.6+03 4842 3.80020 3.8x10°

“ The weight ratio of P1/PC7BM was 1:2 and the average values (10
devices) are shown with standard deviation. ” Measured by using the
space-charge-limited current (SCLC) method (see SI).

To gain further insight into the PCE change as a result of the
different polymer molecular weights, the hole mobility was
derived using the space-charge-limited current (SCLC) method,
with a hole-only device configuration of ITO/PEDOT:PSS/
polymer:PC; BM/Au. The mobility data in Table 3 clearly
showed that the hole mobility was enhanced when the molecular
weight increased, which is consistent with the improved J;. and
photovoltaic performance of the BHJ solar cells.”® In particular,
the hole mobility increased 10 times as the M, increased from 9.6
kg/mol to 32.0 kg/mol, while from 32.0 kg/mol to 138.9 kg/mol,
the hole mobility only increased by 46%. Furthermore, the P1-
729k and P1-138.9k polymers displayed very similar hole
mobility of 3.7 x 107 and 3.8 x 10° em® V''s!, respectively.
These results suggested that the hole mobility was not linearly
dependent on the molecular weight, especially in the high
molecular weight range. A ‘saturated’ hole mobility can be
reached at a certain molecular weight for a specific polymer.
Recent studies revealed that low molecular weight conjugated
polymers can form solid films with crystalline domains
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surrounded by a disordered phase, but these domains remain
largely disconnected from each other, resulting in charge-
transport bottlenecks at the amorphous grain boundaries.* ¥’ In
contrast, in high molecular weight conjugated polymers, even
though the long-range order in the crystalline domains is
compromised, the interconnectivity is greatly improved as a
result of the rigid and sufficiently long chains that link the
domains, like bridges that link islands which can improve the
mobility.*%#’

Morphological studies

To understand the hole mobility change and to study the
morphology of the blend films of P1 fractions and PC;BM,
tapping mode atomic force microscopy (AFM) studies were
conducted (Figure 4). The P1/PC,;;BM blend films with polymers
of different molecular weight exhibited different topographies,
and the root-mean-square roughness (R,,,) increased as the
molecular weight increased (R,,,;: P1-9.6k, 1.3 nm; P1-17.1k, 2.9
nm; P1-32.0k, 4.1 nm; P1-72.9k, 8.4 nm; P1-138.9k, 9.5 nm).
Since the polymer length was in the nanometer scale, random
orientation of the polymer backbone could lead to the increase in
roughness. The difference in the phase images was even evident.
The blend film prepared with the lowest molecular weight
polymer, P1-9.6k and PC; BM, showed a clear, phase-separated
morphology with finer, fibrous nanoscale domains (Figure 4f),
while this feature was gradually lost as the molecular weight
increased (Figure 4g-j). This could be related to polymer chain
conformation and inter-chain interactions of P1. As the polymer
molecular weight increased, its solubility decreased and it tended
to form aggregates.”® As a result, the domain size became larger.
It should be noted that the domain sizes were still comparable to
the exciton diffusion length, so the mobility as well as the solar
cell performance were not diminished.'® *2

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 AFM images of P1/PC7,BM (1:2 weight ratio) films. (a) and (f) P1-9.6K/PC7BM; (b) and (g)

b L0

; (¢) and (h), P1-32.0K/PC7BM;

A B

7. n

P1-17.1K/PC; BM

¥ . o

(d) and (i) P1-72.9K/PC7;BM; (e) and (j) P1-138.9K/PC7BM. (a)-(e) are height images; (f)-(j) are phase images. All images are 2 X 2 um.

Meanwhile, less discontinuous phase separation was observed
when the M, increased to 32.0 kg/mol. The blend films of the
P1-72.9k and P1-138.9k showed similar phase images with
extended polymer chains promoting interconnectivity between
neighbouring fiber domains, reducing grain boundaries and thus
facilitating charge carrier transport.*” This result was also
consistent with the similar hole mobility of P1-72.9k and P1-
138.9k obtained by SCLC measurements.

Conclusions

The influence of the molecular weight on the properties of the
donor-acceptor conjugated polymers is a very important
consideration when comparing materials. In this work, we
optimized the Stille coupling polymerization conditions to
synthesize donor-acceptor conjugated polymers of extremely high
molecular weight. Our results made possible the comparison of
conjugated polymer properties in a large range of molecular
weights. In our series of polymers, the absorption maximum red
shifted from 651 nm to 658 nm as the M, increased from 9.6
kg/mol to 72.9 kg/mol while further increase of the molecular
weight did not cause red-shift of the absorption maximum. This
phenomenon indicated that a maximum conjugation length was
achieved at a certain molecular weight. The BHJ solar cell
efficiency increased drastically in the low molecular weight range
(from 9.6 kg/mol to 32.0 kg/mol) while in high molecular weight
range, the enhancement was less significant. A peak PCE value of
4.25% was achieved at a M, of 72.9 kg/mol. The SCLC
measurement suggested a ten-fold increase of the hole mobility as
the M, increased from 9.6 kg/mol to 32.0 kg/mol. However,
further increase the M, to 138.9 kg/mol only increase the hole
mobility by 46%. All in all, the results indicated that there is a
finite limit to the benefit of increasing polymer molecular weight
on the charge transport properties of the material and BHJ solar
cell performance.

Experimental

Unless noted, all materials were reagent grade and used as
received without further purification. The synthesis of monomers
1 and 2 have been reported in literature." *° All the other starting
compounds and reagents are commercially available.
Experimental methods and instruments and detailed
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characterization can be found in the ESI.

General procedure for the polymer synthesis. The
bis(trimethylstannyl) compound 1 (0.15 mmol), the diiodo
compound 2 (0.15 mmol), and the Pd catalyst (the molar ratios of
the respective catalysts were listed in Table 1) were added to a 10
mL microwave tube under nitrogen. Dry solvent was then added
via a syringe and the reaction mixture was purged with nitrogen
for 5 min. The reaction tube was then heated to the reaction
temperature (Table 1) for polymerization. After the
polymerization was finished, a drop of phenyltrimethyl tin was
added as end capping reagent and the end capping process took 2
hours. Bromobenzene was then added and the reaction mixture
was stirred for another 2 hours. After cooling to room
temperature, the polymer was precipitated by addition of 50 mL
methanol, filtered through a Soxhlet thimble. The precipitate was
then subjected to Soxhlet extraction with methanol, acetone,
hexanes, dichloromethane and chloroform. The polymer was
recovered as solid from the chloroform fraction by precipitation
from methanol. The solid was dried under vacuum. The
molecular weights and yields are listed in Table 1. The IR and 'H
NMR spectra can be found in the ESI.

Fabrication of the BHJ polymer solar cells. Polymer solar
cells were processed on pre-patterned indium tin oxide (ITO)
coated glass substrates with a sheet resistance of 15 Q per square.
First a 30 nm thick layer of ZnO nanopaticles (average size ~ 9
nm) was deposited on the ultrasonically cleaned ITO substrates.
Active layer was deposited by spin coating an oDCB solution
containing 10 mg of polymer and 20 mg of phenyl-C;;-butyric
acid methyl ester (PC;;BM). The films were then transferred to a
metal evaporation chamber where MoO; (10 nm) and Ag (100
nm) were deposited through a shadow mask (active area was 0.1
cm?®) at approximately 1 x 10 torr. Film thickness was
determined by Veeco Dektak 150 Surface Profiler. The current
density-voltage measurements of the devices were carried out
using a 1 kW Oriel solar simulator with an AM 1.5G filter as the
light source in conjunction with a Keithley 2400 source meter.
For accurate measurement, the illumination intensity was set to
100 mW/cm?® and was calibrated using a reference silicon solar
cell (PV measurements Inc.) certified by the National Renewable
Energy Laboratory.
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