The

University
o Of
+  Sheffield.

This is a repository copy of Pyrene—benzothiadiazole-based copolymers for application in
photovoltaic devices.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/103749/

Version: Accepted Version

Article:

Iraqi, A. orcid.org/0000-0003-3060-6663, Cartwright, L., Zhang, Y. et al. (2 more authors)
(2016) Pyrene—benzothiadiazole-based copolymers for application in photovoltaic devices.
Polymers for Advanced Technologies. ISSN 1042-7147

https://doi.org/10.1002/pat.3874

This is the peer reviewed version of the following article: Alqurashy, B. A., Cartwright, L.,
Iraqi, A., Zhang, Y., and Lidzey, D. G. (2016) Pyrene—benzothiadiazole-based copolymers
for application in photovoltaic devices. Polym. Adv. Technol., which has been published in
final form at http://onlinelibrary.wiley.com/doi/10.1002/pat.3874. This article may be used
for non-commercial purposes in accordance with Wiley Terms and Conditions for
Self-Archiving

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
university consortium eprints@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Pyrene-Benzothiadiazole Based Copolymers for Application in
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Abstract

The preparation and characterisation of four narrow band gap pyrene-benzothiadiazole based
alternating copolymers is presented. An investigation of the impact of attaching different
solubilising groups to the pyrene repeat units on the optical, electrochemical and thermal
properties of the resulting materials was undertaken along with studies on the aggregation of
polymer chains in the solid state. Unsurprisingly, polymers which had the smaller 2-ethylhexyl
chains attached to the pyrene units (PPgg-DTBT and PPry-DTHfBT) displayed lower molecular
weights relative to polymers with larger 2-hexyldecyl substituents (PPup-DTBT and PPgp-
DT{fBT). Despite this, the 2-ethylhexyl substituted polymers displayed narrower optical band
gaps relative to their analogous 2-hexyldecyl substituted polymers. Of all polymers synthesised,
PPry-DTBT displayed the lowest optical band gap (1.76 eV) in the series. All polymers display
degradation temperatures in excess of 300°C. Polymers with smaller alkyl chains on the pyrene
units display shallower HOMO levels which could be due to increased intramolecular charge
transfer between the donor and acceptor units. Preliminary investigations on bulk heterojunction
solar cells with a device structure ITO/PEDOT:PSS/Polymer:PC7;0BM/Ca/Al were undertaken.
Polymer/PC7BM blend ratios of 1/3 were used in these studies and have indicated that PPgy-
DTBT displayed the highest efficiency with a PCE of 1.86 %.

Introduction

Organic semiconductors have gained a tremendous amount of attention from researchers in
recent years owing to the advantages they possess over their inorganic counterparts. These

advantages include: high absorption coefficients, non-toxic and recyclable materials and can be



manufactured on lightweight, flexible substrates via low-cost solution processing methods. These
unique electrical and optical properties make organic semiconductors promising candidates for
use in organic photovoltaic cells (OPV), organic light emitting diodes (OLEDs) and organic field
effects transistors (OFETs)." "

Bulk heterojunction (BHJ) photovoltaic devices based on conjugated polymers as p-type organic
semiconductors, and fullerene derivatives as n-type organic semiconductors, have been
intensively studied in recent years. This has resulted in the efficiency of OPV BHIJ devices rising
from less than 1 % to over 10 %. The high rise in efficiencies can be attributed to the
development of conjugated polymers and the improvement in the morphology of the photoactive
layer of BHJ solar cells.>®’ Previous literature reports have shown that BHJ solar cells fabricated
from donor-acceptor (D-A) conjugated polymers yield the best efficiencies. In the D-A approach,
an electron-poor acceptor unit is copolymerised with an electron-rich donor unit. A fraction of
electronic charge is transferred between the electron-rich and electron-poor units along polymer
chains, leading to intramolecular charge transfer (ICT) and a narrow optical band gap; allowing

the polymer to absorb large portions of light from the visible spectrum.®*"°

Benzothiadiazole (BT) based copolymers have received a large amount of attention from the
academic community. High efficiencies have been reported for BHJ solar cells fabricated from
benzothiadiazole based D-A copolymers.” Recently, Liu et al reported the synthesis of highly
efficient BHJ solar cells based on benzothiadiazole-thiophene alternate copolymers.11
Efficiencies of 10.8% were achieved when the polymer, PffBT4T-20D, was blended with the
fullerene acceptor TC71BM. High efficiencies were still achieved when thick-film (250-300 nm)
polymer solar cells were fabricated. Other efficient BT based polymers include BDT-DTBTff
synthesised by You and co-workers which achieved an efficiency of 7.2 % when fabricated into

10,12,13,14
BHJ solar cells. ™ =

Polycyclic aromatic hydrocarbons (PAHs) have found widespread use in OPV and OLED

devices."> Compared to other PAHs such as naphthalene and anthracene,'®'”'®

pyrene-based
conjugated polymers have received little attention from researchers. Pyrene is a planar,
symmetrical, electron rich unit that possesses an extended m-conjugated system. Thus, pyrene
molecules may exhibit strong m-m stacking and a high degree of crystallinity which could

promote charge carrier mobility. Furthermore, the electron rich nature of pyrene means that the



pyrene-unit can be polymerised with electron-deficient units forming the advantageous D-A
arrangement discussed above. The pyrene unit can be polymerised through the 2,7-poitions."*°
Furthermore, the optical and electronic properties of pyrene units can be altered by
functionalising the 4,5,9,10-positions of pyrene with different substituents. Yang and co-workers
synthesised a series pyrene-diketopyrrolopyrrole based copolymers for use in OFETs.
P(DTDPP-alt-(2,7)PY) displayed a narrow optical band gap of 1.65eV and hole mobilities of
0.23 cm® V' s'.2! Hwang et al reported the synthesis of pyrene based alternate copolymers.*
BHIJ solar cells fabricated from these polymers displayed efficiencies up to 5.04%. They
synthesised a terpolymer, PBDTDTBT that comprised carbazole, benzothiadiazole and pyrene
repeat units. PBDTDTBT was compared to the well-studied polymer, PCDTBT. The
researchers found that PBDTDTBT displayed higher charge transport abilities when compared
to PCDTBT, a consequence of incorporating pyrene units. Solar cells based on PBDTDTBT
displayed efficiencies of 3.34 %, which is higher than that of solar cells fabricated from

PCDTBT using similar conditions. Furthermore, the introduction of pyrene resulted in the

polymers displaying higher open circuit voltages.**

Herein, we report the preparation of four D-A polymers comprising pyrene-benzothiadiazole
repeat units. Poly(4,5,9,10-tetrakis((2-hexyldecyl)oxy)-pyrene-2,7-diyl-alt-(4,7-dithiophen-2-yl)-
2’,1’,3’-benzothiadiazole-5,5-diyl] (PPup-DTBT), poly(4,5,9,10-tetrakis((2-
hexyldecyl)oxy)pyrene-2,7-diyl-alt-(5,6-difluoro-4,7-di(thiophen-2-yl1)-2°,1°,3°-
benzothiadiazole-5,5-diyl] (PPup-DTHfBT), poly(4,5,9,10-tetrakis((2-ethylhexyl)oxy)pyrene-
2,7-diyl-alt-(4,7-dithiophen-2-yl)-2°,1°,3’-benzothiadiazole-5,5-diyl] (PPgu-DTBT) and poly-
4,5,9,10-tetrakis((2-ethylhexyl)oxy)pyrene-2,7-diyl-alt-(5,6-difluoro-4,7-di(thiophen-2-yl)-
2’,1’,3’-benzothiadiazole-5,5-diyl] (PPgu-DTffBT) were synthesised by Stille polymerisation
(Scheme 1). The properties of the polymers were investigated and their performance in BHJ
photovoltaic devices was assessed. Polymers that had smaller alkyl chains attached to the pyrene
unit displayed narrower optical band gaps, shallower HOMO levels and improved n-n stacking
in solid state. BHJ solar cells fabricated from PPyp-DTBT, PPgu-DTBT, PPyp-DTHfBT and
PPry-DTHBT displayed efficiencies of 0.98, 1.86, 0.66 and 0.83 %, respectively.



Results and Discussion

Polymer Synthesis: The preparation of monomers 2,7-dibromo-4,5,9,10-tetrakis((2-
hexyldecyl)oxy)pyrene (4) and 2,7-dibromo-4,5,9,10-tetrakis((2-ethylhexyl)oxy)pyrene (5) is
depicted in Scheme 2. Both pyrene monomers were synthesised starting from the commercially
available pyrene. The pyrene was oxidised at the 4,5,9,10-positions using RuCl;.xH,O and
NalOy. Intermediate 2 was brominated at the 2,7-positions using N-bromosuccinimide (NBS) to
yield 3. The final step of the synthesis involved attaching the solubilising alkyl chains to the
4,59,10 positions to afford 4 and 5 respectively. 4,7-Bis(5-(trimethylstannyl)thiophen-2-
yl)benzo[c] [1,2,5]thiadiazole (DTBT) and 5,6-difluoro-4,7-bis(5-(trimethyl stannyl)thiophen-2-

yl)benzo[c][1,2,5]thiadiazole (DTBT) were prepared according to literature procedures.'*

All polymers were prepared via Stille coupling using Pd(OAc), and tri(0-tolyl)phosphine as the
catalyst and toluene as the solvent. All polymerisations, with the exception of PPgy-DTfBT,
were conducted over 48 hours. Polymerisation of PPgy-DTfBT was stopped after 2 hours, as
after this time polymer precipitation was observed as a result of its lower solubility. The crude
polymers were purified via Soxhlet extraction using methanol, acetone, hexane, toluene and
chloroform. The methanol, acetone and hexane fractions,removed catalyst residues, inorganic
impurities and low molecular weight oligomers/polymers. The toluene fractions were collected
for PPypDTBT and PPyp-DTHfBT. In contrast, the chloroform fraction was collected for PPgy-
DTBT, and PPgu-DTHfBT, a consequence of the smaller alkyl chain on the pyrene repeat units
which provide lower solubility in toluene fractions on Soxhlet extraction. The number-average
molecular weights (M,) and weigh-average molecular weighs (M,,) were determined via gel
permeation chromatography (GPC) at 140°C using 1,2,4-trichlorobenzene as the eluent. A series
of polystyrene standards were used as the internal standards and the results are outlined in Table
1. Unsurprisingly, polymers that are substituted with the short 2-ethylhexyl chains displayed
lower molecular weights relative to polymers that are substituted with the larger 2-hexyldecyl
alkyl chains. Clearly, the incorporation of larger alkyl chains on the pyrene units inhibits
intermolecular interactions between polymer chains aiding the formation of processable polymer

materials with higher molecular weight. Interestingly, PPgu-DTffBT displayed a lower M,



(5,300 Da) relative to its non-fluorinated analogue, PPgg-DTBT (12,800 Da). Previous literature
has shown that the incorporation of fluorine on the benzothiadiazole-unit results in stronger n-n
stacking interactions and aggregation of polymers chains, which limits the final molecular
weight of the polymer.”** However, PPup-DTfBT (20,700 Da) did not display a lower M,
relative to its non-fluorinated analogue, PPyp-DTBT (20,500 Da). It is speculated that the large
2-hexyldecyl chains are long enough to break these additional interactions, in solution,

facilitating the formation of a high molecular weight material.

UV-vis absorption spectroscopy: The optical properties of all polymers were investigated by
UV-vis spectroscopy in dilute chloroform solutions (Figure 1a) and film states (Figure 1b). The
optical band gaps of the polymers were calculated from their onsets of absorption in films. The
data is summarised in Table 1. All UV-vis spectra display two main absorption bands. The band
at shorter wavelengths can be attributed to n-n* transitions whereas the absorption bands at
longer wavelengths can be attributed to intramolecular charge transfer (ICT) between the
electron-rich pyrene units flanked by thiophene rings and the electron-deficient benzothiadiazole
units. In solutions, the ICT absorption maxima are located at 531, 538, 526 and 521 nm for
PPup-DTBT, PPgy-DTBT, PPyp-DTHfBT and PPey-DTHBT, respectively. When cast into
films these maxima are red-shifted to 571, 585, 562 and 564 nm for PPup-DTBT, PPgg-DTBT,
PPup-DTHBT and PPey-DTHBT, respectively. The bathochromic shifts can be attributed to the
polymers adopting more planar conformations in the solid state, which extends the electronic
conjugation along the backbone of polymers. When cast into films, polymers with shorter alkyl
chains, PPgg-DTBT and PPey-DTHfBT, display more red-shifted absorption maxima relative to
their analogous polymers, PPup-DTBT and PPyp-DT{fBT. Furthermore, all fluorinated
polymers display a hypsochromic shift relative to their non-fluorinated polymers. This

phenomenon has been reported in previous literature.**

A very small shoulder appeared at shorter wavelength for all polymers. This was located at 346
and 348 nm in solution and film states, respectively. This phenomenon has been observed in
most donor-acceptor conjugated polymers containing DTBT units.'” The UV-vis spectra of
PPup-DTHIBT and PPru-DTHBT both display a small shoulder peak at ~500 nm in solid state.
PPry-DTBT also displays a shoulder peak in this region, however, it is not as pronounced.

Interestingly, this shoulder peak is completely absent in PPyp-DTBT. Previous work has



speculated that the incorporation of fluorine substituents yield additional intermolecular
interactions between fluorine substituents with neighbouring aromatic chains. Thus, the polymer
adopts a more planar conformation with improved stacking between polymer chains.** It is
possible that the short 2-ethylhexyl chains in PPgyg-DTBT allow a similar n-n stacking of
polymer chains to occur all be it to a much reduced level. In contrast, the large alkyl chains
attached to PPyp-DTBT disrupt intermolecular interactions resulting in a higher degree of

structural and electronic disorder which is displayed in the broad, ill-resolved absorption bands.

The optical band gaps of PPup-DTBT, PPry-DTBT, PPyp-DTfBT and PPry-DTHBT were
estimated to be 1.77, 1.74, 1.84 and 1.81 eV, respectively. PPgyg-DTBT and PPgy-DTHfBT
displayed narrower optical band gaps relative to their analogous polymers, PPup-DTBT and
PPup-DTHIBT. The rational for this can be linked to the size of the solubilising chain attached to
the pyrene donor-units on the respective polymers. It is also noted that the band gaps of the non-
fluorinated polymers (PPup-DTBT and PPgy-DTBT) are narrower than those of their
fluorinated analogues (PPup-DTffBT and PPgy-DTIBT) as a consequence of deeper HOMO

levels in the fluorinated polymers (see below).

PPup-DTBT, PPry-DTBT, PPyp-DTHBT and PPry-DTHfBT are analogous polymers to the
benzothiadiazole-anthracene based polymer PPATBT synthesised by Almeataq et al.'®, which
uses an anthracene functionalised with 4-dodecyloxybenzene as the donor polyaromatic
hydrocarbon unit, instead of pyrene and which has an optical band gap of 1.84 eV, or to the
fluorinated benzothiadiazole-anthracene based polymer PTATfBT synthesised by Cartwright
and co-workers,”” which has a band gap of 1.92 eV. It is speculated that the additional cyclic
aromatic ring in pyrene units for polymers described in this study extends the electron
conjugation, yielding more planar polymer backbones which improves n-n stacking in the solid

state.

Thermal Properties: Thermogravimetric analysis (TGA) was used to investigate the thermal
properties of the polymers synthesised within this report. All polymers display degradation
temperatures (5% weight loss) in excess of 320°C. PPup-DTBT, PPgu-DTBT, PPyp-DTHBT
and PPgy-DTHfBT displayed degradation temperatures of 328, 322, 328 and 320°C, respectively.
All initial weight losses can be attributed to the loss of alkyl chains from the pyrene donor-unit.

PPru-DTBT and PPgu-DTHfBT both display second weight loss peaks at 530 and 513 °C,



respectively. This second weight loss peak corresponds to degradation of the polymer backbone.
Interestingly, this second weight loss peak is absent in both PPyp-DTBT and PPyp-DTfBT. It
is speculated that the larger 2-hexyldecyl chain is significantly less volatile, when combusted,
relative to the 2-ethylhexyl chain. Thus, as PPyp-DTBT and PPup-DTffBT degrade a char layer
is formed over the virgin polymer which acts as a thermal insulator owing to its low thermal
conductivity. Consequently, the char layer reduces the heat flux reaching the virgin polymer.
Furthermore, as the surface temperature of the char increases there will be a significant increase

in re-radiation losses. Both of these processes retard thermal degradation of the polymer.°

Cyclic Voltammetry: Cyclic voltammetry was used to characterise the frontier energy levels of
PPup-DTBT, PPry-DTBT, PPyp-DTHfBT and PPry.DTfBT. Studies were carried out on
drop-cast polymer films in acetonitrile and tetrabutylammonium perchlorate as electrolyte
(Figure 3). The onsets of oxidation and reduction were used to assess the HOMO and LUMO
energy levels of the polymers. The values of these (vs. vacuum) along with the electrochemical
energy band gaps calculated from the difference of their HOMO and LUMO levels are shown in
Table 1. All fluorinated polymers display deeper HOMO levels relative to their non-fluorinated
counterparts; a consequence of attaching electron withdrawing substituents to the
benzothiadiazole unit. This phenomenon has been observed in previous literature.”® It is
speculated that the lower HOMO levels of fluorinated polymers should result in a higher open
circuit voltage (Vo) in photovoltaic devices. Furthermore, the polymers should display better
oxidative stability relative to their non-fluorinated counterparts. The HOMO/LUMO levels of
PPup-DTHBT and PPgy-DTHIBT were positioned at -5.60/-3.28 eV and -5.53/-3.55 eV,
respectively. Clearly, the LUMO level of PPgy-DTHfBT is positioned further from the vacuum
level than that of PPup-DTHfBT. It is speculated that this is a consequence of attaching larger
alkyl chains to the pyrene-units which lead to lower electronic delocalisation. The shallower
HOMO level of PPgu-DTHBT is a consequence of attaching shorter 2-ethyl hexyl chains to the
pyrene-units. It is hypothesised that the shorter alkyl chains in PPgg-DTHfBT facilitate improved
intermolecular interactions and a more planar polymer backbone which facilitates intramolecular
charge transfer between the electron deficient and electron donating units. This phenomenon is
repeated in the non-fluorinated polymers PPyp-DTBT and PPgy-DTBT. Their HOMO/LUMO
levels are positioned at -5.50/-3.28 eV and -5.45/-3.55, respectively. The electrochemical band
gaps of PPup-DTBT, PPey-DTBT, PPup-DTHfBT and PPru.DTHfBT were estimated to be



2.22,1.90, 2.32 and 1.98 eV, respectively. The electrochemical band gaps are significantly larger
than the optical band gaps. Previous literature has shown this is a consequence of an additional

interfacial barrier between the polymer films and electrode surface.”

Powder X-ray diffraction (PXRD): The molecular organisation of PPyp-DTBT, PPgy-DTBT,
PPup-DTHBT and PPy DTHBT in the solid state were probed via powder X-ray diffraction
patterns (PXRD) (Figure 4). The PXRD pattern of PPup-DTBT and PPup-DTHfBT both display
broad, diffuse features in the wide angle region at 20.7° and a poorly resolved peak in the small
angle region at 3.67°. These correspond to a m-m stacking distance of 4.29 A and a lamellar
distance of ~24.0 A, respectively.”* Previous literature reports have shown that fluorination of
the benzothiadiazole unit yields a decrease in the n-m stacking distance.?*?+% PPup-DTfBT
does not follow this reported trend. It is speculated that the large 2-hexyldecyl negate the effects
fluorination has on the m-m stacking properties of the polymer in the solid state. Thus, PPyp-
DTHBT possesses the same number and extent of intermolecular interactions as PPyp-DTBT.
PPpu-DTBT and PPgy-DTHfBT display lamellar stacking distances of 18.0 and 17.9 A,
respectively, and m-m stacking distances of 3.81 and 3.59 A, respectively. Unsurprisingly,
polymers that have 2-ethylhexyl chains attached to the pyrene-unit possess smaller lamellar
stacking distances relative to polymers that have 2-hexyldecyl chains attached to the pyrene unit.
The smaller n-r stacking distance of PPgg-DTHfBT, relative to PPgg-DTBT, can be attributed to
the incorporation of fluorine. Previous literature has reported this phenomenon.”* The smaller
stacking distance and more resolved peaks in PPgg-DTHfBT relative to PPgg-DTBT suggest the

polymer adopts a more crystalline structure in the solid state. >****

Photovoltaic properties: Preliminary studies on the photovoltaic properties of the four polymers
were undertaken. Bulk heterojunction solar cells were fabricated with a device architecture of
Glass/ITO/PEDOT:PSS/Polymer:PC70)BM/Ca/Al using a mixture of Polymer:PC;)BM in a
weight ratio of 1:3 in chlorobenzene as the processing solvent. A detailed device fabrication is
outlined in the experimental section. The current density-voltage (J-V) characteristic curves from
these devices are displayed in Figure 5. The device parameters are depicted in Table 2. The V.
values for polymers with 2-hexyldecyl substituents PPyp-DTBT and PPyp-DTfBT are found to
be higher (0.90 and 0.93 V respectively) than those of polymers with the smaller 2-ethylhexyl
substituents PPgg-DTBT and PPryg.DTHBT (0.74 and 0.79 V respectively). This can be partly



explained with their deeper HOMO energy levels (-5.50 and -5.60 eV for PPyp-DTBT and
PPup-DTHIBT respectively vs. -5.45 and -5.53 eV for PPgy-DTBT and PPy DTHBT
respectively). All polymers exhibit modest efficiencies. PPgu-DTBT boasted the highest
efficiency in this series of polymers with a PCE of 1.86 %, FF of 60.58 % and a Js of 4.14
mA/cm’. In contrast, the equivalent polymer, which has the larger 2-hexyldecyl chains attached
to the pyrene units PPgp-DTBT demonstrated a PCE of 0.98 %, a FF of 45.81 % and a J. of
2.38 mA c¢cm?. The higher Js. and FF of PPgu-DTBT, relative to those of PPyp-DTBT, are
presumably a result of the smaller 2-ethylhexyl substituents attached to its pyrene repeat units.
As shown from the X-ray diffraction studies, the smaller alkyl chains yield a smaller amount of
steric hindrance which should improve the packing of polymer chains in the photoactive layer of
the photovoltaic device. The improved stacking should yield improved charge mobility and
extraction in photovoltaic devices fabricated from PPgg-DTBT, relative to those fabricated form
PPyp-DTBT. It is worth noting that a similar phenomenon is observed when comparing the two

analogous polymers, PPyp-DTffBT and PPgy-DTHfBT.

Conclusions

Four novel pyrene-benzothiadiazole alternating copolymers were synthesised via Stille coupling.
2-Hexyldecyl or 2-ethylhexyl chains were attached to the pyrene moiety to assess the impact this
had on the properties of the resulting polymers. All polymers displayed good solubility in
common organic solvents. GPC analysis showed that incorporation of 2-hexyldecyl chains
allowed polymers to be obtained with higher molecular weights and enabled the additional
intermolecular interactions brought about by fluorination of the benzothiadiazole moieties along
polymer chains to be overcame. Thus, PPyp-DTBT and PPup-DTHfBT displayed similar
number average molecular weights. PPgg-DTBT and PPgy-DTHfBT displayed narrower optical
band gaps relative to their analogous polymers, PPyp-DTBT and PPyp-DTHfBT. Additionally,
PPru-DTBT and PPgy-DTHfBT displayed shallower HOMO levels relative to their analogous
polymers. Both of these phenomena can be attributed to shorter alkyl chains being attached to the
pyrene donor. The shorter alkyl chains are less disrupting to intermolecular interactions when
compared to the larger alkyl chains. Thus, polymers bearing shorter alkyl chains adopt a more

planar structure in the solid state. This hypothesis was confirmed with powder X-ray diffraction



studies which showed polymers bearing 2-ethylhexyl chains possessed smaller lamellar and n-nt
stacking distances relative to polymers bearing 2-hexyldecyl chains. Bulk heterojunction solar
cells were fabricated from all polymers. PC70BM was used as the electron acceptor and blends of
polymer:PC;oBM ratios of 1:3 were investigated. All polymers displayed modest efficiencies.
PPru-DTBT displayed the highest efficiency with a PCE of 1.86 %. Further studies into the

optimisation of the photovoltaic properties of these promising materials are underway.

Experimental

Materials: All materials were purchased from commercial suppliers and used as received, unless
otherwise stated. Toluene was dried and distilled over sodium under an inert argon atmosphere.
Acetonitrile was dried and distilled over phosphorous pentoxide and stored under an inert
atmosphere with molecular sieves (3 A). Pyrene-4,5,9,10-tetraone (2),”*?' 2,7-dibromopyrene-
4,5,9,10-tetraone (3) and 2,7-dibromo-4,5,9,10-tetrakis((2-hexyldecyl) oxy)pyrene (4)20 were

synthesised according to literature procedures.

Measurements: 'H and C nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker AV 400 (400 MHz) using chloroform-d (CDCls). 'H-NMR of the polymers were
recorded on Bruker Avance III HD 500 (500 MHz) spectrometer at 100°C using 1,2-
dideutrotetrachloroethance as the solvent. Coupling constants are given in Hertz (Hz). Carbon,
hydrogen, nitrogen and sulphur elemental analysis was performed on a Perkin Elmer 2400 series
11 CHNS/O analyser. Analysis of halides was undertaken using the Schoniger flask combustion
method. GPC analysis was conducted on polymer solutions using 1,2,4-trichlorobenzene at
140°C as the eluent. Polymer samples were spiked with toluene as a reference. GPC curves were
obtained using a Viscotek GPCmax VE2001 GPC solvent/sample module and a Waters 410
Differential Refractometer, which was calibrated using a series of narrow polystyrene standards
(Polymer Laboratories). TGA curves were obtained using a Perkin Elmer TGA-I
Thermogravimetric Analyser at a scan rate of 10°C min" under an inert nitrogen atmosphere.
Powder X-ray diffraction samples were recorded on a Bruker D8 advance diffractometer with a
CuKo radiation source (1.5418 A, rated as 1.6 kW). The scanning angle was conducted over the
range 2-40°. UV-visible absorption spectra were recorded using a Hitachi U-2010 Double Bean

UV/Visible Spectrophotometer. Polymer solutions were made using chloroform and measured



using quartz cuvettes (path length = 1x10” m). Thin films, used for absorption spectra were
prepared by drop-casting solutions onto quartz plates using 1 mg cm™ polymer solutions that
were prepared with chloroform. Cyclic voltammograms were recorded using a Princeton Applied
Research Model 263A Potentiostat/Galvanostat. A three electrode system was employed
comprising a Pt disc, platinum wire and Ag/Ag" as the working electrode, counter electrode and
reference electrode, respectively. Measurements were conducted in a tetrabutylammonium
perchlorate acetonitrile solution (0.1 mol dm™) on polymer films that were prepared by drop
casting polymer solution. Ferrocene was employed as the reference redox system; in accordance
with IUPAC’s recommendations. The energy level of Fc/Fc™ was assumed at —4.8 eV to vacuum.
The half-wave potential of Fc/Fc™ redox couple was found to be 0.08 V vs. Ag/Ag’ reference
electrode. The HOMO energy levels of polymers were estimated by equation: Egomo= — (4.8 —
E12. rerer + Eox, onset)- Eox, onset is the onset oxidation potential relative to the Ag/Ag” reference
electrode. The LUMO energy levels of polymers were calculated using the equation: Eymo= —
(4.8 — E1/2, FeFet T Ered. onset)- Eredonset 18 the onset reduction potential relative to the Ag/Ag+

reference electrode.

Fabrication and testing of BHJ polymer solar cells: The polymers and PC;,BM were
dissolved in chlorobenzene, and were then put on a hot plate held at 70 °C overnight with stirring
to allow dissolution. The polymer:fullerene blend ratios were 1:3. Photovoltaic devices were
fabricated onto pre-patterned ITO glass substrates (20 ohms per square) that were supplied by
Ossila Limited. The ITO/glass substrates were first cleaned by sonication in dilute NaOH
followed by IPA. A 30 nm thick PEDOT:PSS layer was spin-coated onto the ITO/glass
substrates. These were then transferred to a hot-plate held at 120 °C for 10 minutes before being
transferred to a nitrogen glove-box. All active layers were spin cast onto the
glass/ITO/PEDOT:PSS substrate. The devices were then transferred into a thermal evaporator for
deposition of a cathode (5 nm of calcium followed by a 100 nm of aluminium evaporated at a
base pressure of ~10" mbar). The cathode was deposited through a shadow-mask producing a
series of independent pixels. Devices were encapsulated using a glass slide and epoxy glue
before testing. PCEs were determined using a Newport 92251A-1000 AM 1.5 solar simulator.
An NREL calibrated silicon cell was used to calibrate the power output to 100 mW cm * at 25

°C. An aperture mask having an area of 2.06 mm?® was placed over devices to define the test area.



EQE values were determined over the wavelength range of interest by comparing the

photocurrent of the OPV cell to a reference silicon photodiode having a known spectral response.

Preparation of monomers and polymers:

2,7-Dibromo-4,5,9,10-tetrakis((2-ethylhexyl)oxy)pyrene (5): 2,7-dibromopyrene-4,5,9,10-
tetraone (1.5 g, 3.57 mmol), Na,S,04 (7.25 g, 41.66 mmol), n-BusNBr (1.44 g, 4.46 mmol), H,O
(12 mL) and THF (24 mL) were placed in a round bottom flask and stirred for 10 minutes at
25°C. Once the time had elapsed, 2-ethylhexyl bromide (4.54 g, 23.5 mmol) and aq. KOH (12
mL of 8.0 M aqueous solution, 96 mmol) were added to the mixture. The mixture was stirred for
5 hours at 70 °C. Upon completion, the reaction was quenched with brine. The crude material
was extracted with THF. The organic layer was washed with brine (3 x 100 mL). The organic
layer was separated, dried (MgSO,) and the solvent removed in vacuo. The crude material was
purified via silica gel column chromatography using petroleum ether as the eluent to yield 2,7-
dibromo-4,5,9,10-tetrakis((2-ethylhexyl)oxy)pyrene as yellow oil (1.8 g, 2.06 mmol, 46.26 %).**
'H NMR (400 MHz, CDCl3): (8u/ppm) 8.54 (s, 4H), 4.19 (d, J = 6.0 Hz, 8H), 2.00-1.89 (m, 4H),
1.80-1.37 (m, 32H), 1.06 (t, J = 7.31 Hz, 12H), 0.98 (t, ] = 6.95 Hz, 12H). °C NMR (400 MHz,
CDCL): (6c¢/ppm) 144.06, 130.18, 121.90, 121.13, 118.95, 40.75, 30.59, 29.17, 23.91, 23.18,
14.12, 11.22 GC-MS: mass calcd. for C4sH7,Br,O4 872.37, found 872.5. Elem. Anal. Calcd. for
CsoH136Br0: C 66.05, H 8.31, Br 18.31; found C 66.23, H 8.22, Br 18.42.

2,7-Dibromo-4,5,9,10-tetrakis((2-hexyldecyl)oxy)pyrene (4): The titled product was
synthesised as described previously in the preparation of 5. The product was obtained as
colourless oil (0.400 g, 0.30mmol, 50.66%).>* "H NMR (400 MHz, CDCls): (8u/ppm) 8.54 (s,
4H), 4.18 (d, J = 6.06 Hz, 8H), 2.02-1.93 (m, 4H), 1.72-1.61 (m, 8H); 1.60-1.5 (m, 12H), 1.48-
1.22 (m, 76H), 0.91 (t, J = 6.65 Hz, 24H). °C NMR (400 MHz, CDCI3): (8¢/ppm) 143.99,
130.16, 121.89, 121.13, 118.89, 39.33, 31.94, 31.45, 30.21, 29.86, 29.70, 29.41, 27.00, 26.96,
22.74, 22.70, 14.12. GC-MS: mass calcd. for CgoH36Br,O4 1321, found 1321.2. Elem. Anal.
Calcd. for CgoH;36Br2O: C 72.70, H 10.37, Br 12.09; found C 73.22, H 10.47, Br 11.98.



Poly(4,5,9,10-tetrakis((2-hexyldecyl)oxy)-pyrene-2,7-diyl-alt-(4,7-dithiophen-2-yl)- 2°,1°,3’-
benzothiadiazole-5,5-diyl] (PPyp-DTBT): A mixture of 2,7-dibromo-4,5,9,10-tetrakis((2-
hexyldecyl)oxy)pyrene (5) (160 mg, 0.12 mmol), 4,7-bis(5-(trimethylstanyl)thiophene-2-
yl)benzo[c][1,2,5]thiadiazole (75 mg, 0.12 mmol), Pd(OAc), (2.00 mg, 8.9 umol) and tri(0-
tolyl)phosphine (5.38 mg, 17.7 umol) were placed in a one neck round bottom flask and placed
under an inert argon atmosphere. Anhydrous toluene (10 mL) was added, the system was
degassed and placed under an inert argon atmosphere. The reaction was heated to 100°C and left
to stir for 48 hours. Upon completion, the reaction was allowed to cool to room temperature. 2-
(Tributylstannyl)thiophene (11.7 pL, 0.037 mmol) was added, the system was degassed and the
solution refluxed for 1 hour. Upon completion, the reaction was cooled to room temperature and
2-bromothiophene (45.1 mg, 0.28 mmol) was added. The reaction vessel was degassed again and
the solution refluxed for a further 1 hour. Upon completion, the reaction was cooled to room
temperature. Chloroform (250 mL) was then added to the reaction mixture followed by addition
of an ammonium hydroxide solution (28% in H,O, 40 mL) and the mixture was stirred at 60°C
for 3 hour. The mixture was cooled and the organic phase was separated and washed with water
(5 x 100 mL). The organic phase was collected, concentrated to 40 mL in vacuo and precipitated
in methanol (300 mL). The solids were filtered through a membrane and subjected to Soxhlet
extraction in turn with methanol, acetone, hexane and toluene. The toluene fraction was
concentrated in vacuo and precipitated in methanol. The precipitate was stirred overnight. The
pure polymer was filtered through a membrane filter and collected as a dark purple solid (65 mg,
37 %). GPC toluene fraction: M, = 20,500 Da; M, = 30,200 Da; PDI = 1.47. 'H NMR (500
MHz, C;D,Cls, 100°C): (du/ppm) 8.83 (s, 4H), 8.35 (br.d, 2H), 8.00 (br.s, 2H), 7.80 (br.d, 2H),
4.30 (br.d, 8H), 2.20-2.00 (m, 4H), 1.90-1.75 (m, 4H), 1.75-1.20 (m, 90H), 0.90 (br.t, 24H).
Elem. Anal. Calcd. for CosH14N>O4S;5: C 77.20, H 9.90, N 1.90, S 6.58. Found: C 75.49, H 9.24,
N 1.98, S 8.12.

Poly(4,5,9,10-tetrakis((2-hexyldecyl)oxy)pyrene-2,7-diyl-alt-(5,6-difluoro-4,7-di(thiophen-2-
yD)-2°,1°,3’-benzothiadiazole-5,5-diyl] (PPup-DTHfBT): The titled product was synthesised as
described previously in the preparation of PPyp-DTBT. The product was obtained as a dark
purple solid (115 mg, 64 %). GPC toluene fraction: M, = 20,700 Da; My, = 40,400 Da; PDI =
1.95. "H NMR (500 MHz, C,D,Cly, 100°C): (8y/ppm) 8.86 (br.s, 4H), 8.50 (br.d, 2H), 7.83 (br.d,
2H), 4.30 (br.d, 8H), 2.20-2.00 (m, 4H), 1.90-1.75 (m, 4H), 1.75-1.20 (m, 90H), 0.90 (br.t, 24H).



Elem. Anal. Calcd. for CosH14,FoN>O4S3: C 75.35, H 9.55, N 1.87, S 6.41. Found C 72.13, H
8.90, N 2.38, S 8.02.

Poly(4,5,9,10-tetrakis((2-ethylhexyl)oxy)pyrene-2,7-diyl-alt-(4,7-dithiophen-2-yl)-2°,1°,3’-
benzothiadiazole-5,5-diyl] (PPgu-DTBT): The titled product was synthesised as described
previously in the preparation of PPyp-DTBT. The product was obtained as a dark purple solid
(38 mg, 35 %). GPC chloroform fraction: M,, = 12,800 Da; My, = 20,000 Da; PDI = 1.56. 'H
NMR (500 MHz, C,D,Cls, 100°C): (6u/ppm) 8.80 (br.s, 4H), 8.27 (br.d, 2H), 8.00 (br.s, 2H),
7.73 (br.d, 2H), 4.3 (br.d, 8H), 2.05 (m, 4H), 1.94-1.27 (m, 32H), 1.14 (br.t, 12H), 0.98 (t, 12H).
Elem. Anal. Calcd. for Cs;H73N,04S3: C 73.62, H 7.77, N 2.77, S 9.51. Found C 77.48, H 10.52,
N 1.49, S 5.24.

Poly-4,5,9,10-tetrakis((2-ethylhexyl)oxy)pyrene-2,7-diyl-alt-(5,6-difluoro-4,7-di(thiophen-2-
yD)- 2°,1°,3’-benzothiadiazole-5,5-diyl] (PPgy-DTfBT): The titled product was synthesised as
described previously in the preparation of PPyp-DTBT. The product was obtained as a dark
purple solid (30 mg, 24 %). GPC chloroform fraction: M, = 5,300 Da; M,, = 6,300 Da; PDI =
1.18. "H NMR (500 MHz, C,D,Cls, 100°C): (8u/ppm) 8.85 (br.s, 4H), 8.50 (br.d, 2H), 7.82 (br.d,
2H), 4.3 (br.d, 8H), 2.05 (m, 4H), 1.94-1.27 (m, 32H), 1.14 (br.t, 12H), 0.98 (t, 12H). Elem.
Anal. Calcd. For CeH76F2N204S3: C 71.09, H 7.31, N 2.67, S 9.18. Found C 62.00, H 6.40, N
2.60, S 9.00.
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PPyp-DTBT PPgy-DTBT

PPyp-DTHBT PPgy-DTHBT

Scheme 1: Polymer structures.

1 2 3 4: R = 2-Hexyldecyl
5: R = 2-Ethylhexyl

Scheme 2. (a) RuCly.xH,0, NalO,, DCM, H,0, MeCN; (b) NBS, H,SO; (c) Na,S,0,, n-Bu;NBr, KOH,
THF, H,0, R-Br.

Table 1. GPC, UV-vis absorption and electrochemical data for PPyp-DTBT, PPgg-DTBT, PPyp-
DTffBT and PPyy-DTHfBT.

c c )\'max (nm) d e f elec
Polymer M, (Da) MyDa) PDI —__ E,.,(eV) HOMO (eV) LUMO (eV)' E,““(eV)?
Solution  Film
PPyy-DTBT? 12,800 22,000 1.72 538 585 1.76 -5.45 -3.55 1.90
PPy-DTHBT? 5,300 6,300 1.19 521 564 1.81 -5.53 -3.55 1.98
PPy»-DTBT® 20,500 30,200 1.47 531 571 1.79 -5.50 -3.28 2.22
PPyp-DTEBT® 20,700 40,400 1.95 526 562 1.84 -5.60 -3.28 2.32

* Measurements conducted on the chloroform fraction of the polymers. ® Measurements conducted on the toluene fraction of the polymers. ¢ GPC
conducted in 1,2,4-trichlorobenzene at 140°C using a differential refractive index (DRI) method. ¢ Optical band gap determined from the onset of
the absorption band in thin film. ¢ HOMO level determined from the onset of oxidation. ' LUMO level determined from the onset of reduction.

Electrochemical band gap.
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Figure 1. Normalised absorption spectra of PPgp-DTBT, PPgg-DTBT, PPyp-DTHBT and PPgy.
DTIfBT in: (a) chloroform solutions; and (b) thin films.
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Figure 2: TGA curves of PPyp-DTBT, PPgy-DTBT, PPyp-DTHBT and PPy DTFBT.
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Figure 3. Cyclic voltammograms of thin films of PPgp-DTBT, PPgy-DTBT, PPyp-DTHBT and PPgy.

DTSfBT on platinum disc electrodes (area 0.031 cm?) at a scan rate of 100 mV s™ in acetonitrile /

tetrabutyl ammonium perchlorate (0.1 mol dm™).
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Figure 4. PXRD patterns of PPyp-DTBT, PPry-DTBT, PPup-DTHfBT and PPry-DTHfBT.

Table 2. Device Performance of the four polymers PPyp-DTBT, PPgy-DTBT, PPyp-DTHBT and PPgy-

DTffBT. Chlorobenzene was used as the processing solvent and all polymer:PC,,BM blend ratios were

1:3.

Polymer J,c (A ecm?) Ve (V) FF (%) PCE (%)
PPry-DTBT 4.14 0.74 60.58 1.86
PPy-DTHfBT 2.28 0.79 46.06 0.83
PPyp-DTBT 238 0.90 45.81 0.98
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Figure 5. The J-V characteristic curves of PPyp-DTBT, PPgy-DTBT, PPyp-DTHBT and PPgy-DTIBT.



