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We have introduced the pentafluorophenyl substituted benzimidazole as a building block of conjugated

polymers for optoelectronic applications. We present the synthesis of a copolymer bearing fluorene as

the comonomer. A detailed characterization of the novel material including structural, electrochemical

and optical (using absorption, emission and time-resolved photoluminescence techniques) properties as

well as computational modeling is described. The polymer exhibits highly efficient photoluminescence

quenching when blended with fullerene derivatives (PCBM). The experimental results are compared

with the alternating fluorene copolymer (APFO-3) in order to identify structure and property relations

with the novel synthesized conjugated polymer. Early photovoltaic performance data are presented and

compared with the well established APFO-3 : PCBM material system.
Introduction

The research area of polymer–fullerene bulk heterojunction solar

cells1 has witnessed a rapid growth in the efficiency of the cells

over the last 5 years and state of the art organic solar cells

currently have power conversion efficiencies close to 10%,2–5 with

a 9.1% efficiency very recently reported by Polyera.6 Throughout

the community, one of the main interests, from a chemical

perspective, lies in the synthesis of new electron donor solar

absorbers, since fullerene and its soluble derivatives7–9 are

currently considered as the electron acceptors of choice. As

a synthetic guideline, several key aspects of the polymer have to

be chemically tailored to obtain an attractive material for opto-

electronic applications. The synthetic efforts to create new elec-

tron donor polymers were guided by the following desired

attributes of the material: (1) broad absorption covering most of

the visible light range and extending to the near-IR range up to

the predicted optimum gap for single-junction cells of 1.1 mm.10

(2) High hole mobilities for efficient charge transport with values

within an optimum range matching the electron mobilities in the

fullerenes and (3) optimum energy level spacing allowing for

efficient electron transfer to the fullerene with minimum losses to
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thermal energy, while minimizing the energy barrier to the

charge-collecting electrodes.

Fluorine has received great attention in materials science

owing to the interesting variations of the properties of materials

with fluorine incorporated into the structure.11 Its uses range

from the well-studied Teflon� and other fluorinated poly-

mers12–15 to more recent materials, such as, fluoro-graphene.16,17

The effects induced by fluorine addition in organic molecules

include, among others, high oxidative stability18 and degradation

resistance.19 There are examples of fluorinated oligomers and

polymers that have applications in organic light emitting

diodes,20,21 as well as field effect transistors.22–24 The fluorine

atom being the most electronegative element is expected to

stabilize the lowest unoccupied and the highest occupied

molecular orbitals, LUMO and HOMO, respectively, upon

incorporation into conjugated polymers. Moreover, concerning

conjugated polymers, there is an established notion that a weak

donor–strong acceptor copolymerization approach can yield

desirable optoelectronic characteristics in the end-material.25–27

As fluorine can enhance the electronegativity of a given moiety,

the use of fluorinated analogues in organic solar cells has led to

enhanced power conversion efficiencies.2,3,28–30

Based on the above considerations, we synthesized a novel

benzo[d]imidazole31 monomer that was functionalized with per-

fluorophenyl to improve its acceptor character, and then poly-

merized this with an electron donor comonomer. As compared to

benzo[1,2,5]thiadiazole, benzo[1,2,5]selenadiazole, benzo[1,2,5]-

oxadiazole and benzo[d][1,2,3]triazole, benzo[d]-imidazole is the

less explored member of this homologue family. Recently, Suh

et al. examined the properties and the primary photovoltaic
This journal is ª The Royal Society of Chemistry 2012
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performance of several dialkyl substituted 2H-benzo[d]imid-

azole-based conjugated polymers,32 while the initial properties of

alternating copolymers based on alkyl-substituted 1H-benzo[d]-

imidazole have been presented by Yamamoto and Hayashi.33

More recently, a study on blue light emitters using benzimidazole

and fluorene copolymers was published, denoting interest in this

class of materials.34

To further extend the usefulness of benzimidazoles in organic

optoelectronic devices, we postulated a new monomer scaffold,

comprising of a 2-(pentafluorophenyl) substituted benzimidazole.

Specifically, we expected the weak intramolecular C–F/H–N

interaction between the benzimidazole NH and the ortho fluorines

of the pentafluorophenyl to limit the torsion between the two

arenes. Computational studies at the DFTRB3LYP/631-G(d) level

of theory supported the idea that both arenes would indeed be

almost coplanar (see Fig. 1). This coplanarity can lead to extended

p delocalization and thus a reduction of the HOMO–LUMO gap

which, in addition, is stabilized by the electron withdrawing effect

of the fluorines. Consequently, 2-(2,3,4,5,6-pentafluorophenyl)-1H-

benzo[d]-imidazole (1, PFBZ) was an attractive building block for

the synthesis of new organic fluorine semiconductors.

In this work we synthesized the 4,7-dibromo-2-(2,3,4,5,6-pen-

tafluorophenyl)-1H-benzo[d]imidazole (2, Br-PFBZ) and its thio-

phene derivatives (3, TPFBZT and 4, Br-PFBZT, Scheme 1). In

addition, the optical and electrochemical properties of these

materials were investigated and compared with those of benzo

[1,2,5]thiadiazole, the D–A–D thiophene–benzo[1,2,5]thiadiazole–

thiophene (TBZT) segment and the well-studiedD–A polyfluorene

copolymer APFO-3.35,36
Results and discussion

Monomer and polymer synthesis

The reaction of 2,3,4,5,6-pentafluorobenzaldehyde with readily

prepared 3,6-dibromobenzene-1,2-diamine37 in the presence of

p-toluenesulfonic acid (p-TsOH) as the organocatalyst in dime-

thylformamide (DMF), gave the dibromo-PFBZ derivative 2 in

moderate yields (Scheme 1). The synthesis of the dithienylbenzi-

midazole 3 was achieved in moderate yields by the Stille cross-

coupling reaction between the dibromobenzimidazole 2 and

2-(tributylstannyl)thiophene using tetrakis(tri-phenylphosphine)

palladium [Pd(Ph3P)4] (5 mol%) as the catalyst. Bromination of

the dithiophene 3 was subsequently carried out using N-bromo-

succinimide (NBS) in DMF, providing the di(bromothiophene) 4

as a yellow–green fluorescent solid.

To compare the optical and electrochemical properties of the

synthesized monomers Br-PFBZ and TPFBZT, the D–A–D

thiophene–benzo[1,2,5]thiadiazole–thiophene (TBzT) segment

was also synthesized according to literature procedures.38
Fig. 1 Optimized structure of 2-(2,3,4,5,6-pentafluoro-phenyl)-1H-

benzo[d]imidazole (1, PFBZ) (top and side views) at the DFTRB3LYP/6-

31G(d) level of theory.

This journal is ª The Royal Society of Chemistry 2012
Polyfluorene copolymers are the most popular group of

materials for various optoelectronic applications, due not only to

their easy processing and excellent optoelectronic properties but

also due to the commercial availability of the diboronic diaky-

lated fluorene derivative. Taking this into account, a PFBZ-

based polyfluorene copolymer PFTPFBZT was synthesized

(Scheme 2) by the copolymerization of a diboronic bis(2-ethyl-

hexyl)-fluorene with the di(bromothiophene) 4 by the Suzuki

cross-coupling reaction, using Pd(Ph3P)4 as the catalyst and

(2 M) aq. K2CO3 as the base in DMF. The polymerization was

run at ca. 100 �C under an argon atmosphere for 72 h. After

purification using Soxhlet extraction and according to size-

exclusion chromatography (SEC) experiments based on mono-

disperse polystyrene standards, the chloroform fraction has

a molecular weight of Mw ¼ 3.1 kg mol�1 and a PDI of 1.54.

Since the experimental parameter of molecular weight plays

a crucial role in device performance,39,40 the APFO-3 sample was

also examined, and exhibited an Mn of 5000 (Mw ¼ 10 000). The

polymer PFTPFBZT shows excellent thermal stability (5% of

weight loss at 350 �C) and is completely soluble in tetrahydro-

furan (THF) and chlorinated solvents such as dichloromethane

(DCM), chloroform and chlorobenzene.
Optical characterization

The optical characterization of the synthesized materials took

place both in solution and in the solid state. Since the synthesized

polymer shares a structural resemblance to the APFO-3 copol-

ymer, the building blocks and the polymers were examined side-

by-side to help elucidate the effect of the fluorinated benzimidazole

vs. the benzothiadiazole units, both as stand-alone units and when

forming donor–acceptor–donor (D–A–D) triads with thiophene.

When examining the Br-PFBZ in DCM (Fig. 2), a single

absorption peak at 298 nm is seen. The peak is slightly blue-shifted

compared to the benzothiadiazole’s absorption at 308 nm. Upon

synthesizing the D–A–D triads the optical characteristics change.

The main absorption of the thiophene–benzothiadiazole–thio-

phene triad appears at 279 nm, blue-shifted compared to the

pristine benzothiadiazole, while a weaker peak at lower energies

(447 nm) appears. On the other hand, the fluorinated benzimid-

azole, when coupled to thiophene, (TPFBZT) exhibits its main

absorption at longer wavelengths i.e. at 340 nm with a weaker,

blue-shifted peak at 260 nm compared to benzothiadiazole.

The polymer PFTPFBZT in solution and thin film exhibits

single absorption peaks at 431 and 451 nm, respectively. In

contrast, the APFO-3 spectrum shows two well-resolved peaks at

383 and 530 nm. The two-peak absorption is typically considered

as an optical signature of a successful push–pull molecule inter-

action41,42 exhibiting intramolecular charge transfer. The single-

peaked spectrum and the relatively large optical bandgap of

2.25 eV of PFTPFBZT indicate a rather unsuccessful application

of the donor–acceptor approach. Furthermore, when compared to

established light harvesting polymers such as regioregular

RR-P3HT andAPFO-3, the newly synthesized PFTPFBZT shows

a lower absorption coefficient by a factor of �2 (Fig. 3).

The emission of the fluorinated polymer when resonantly

excited to the peak of the absorption (450 nm) exhibits a single

broad peak at 575 nm (Fig. 4a). The spectrum contains visible

vibronics equidistant in energy by �0.11 eV. When blended with
Polym. Chem., 2012, 3, 2236–2243 | 2237
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Scheme 1 Synthetic route to the pentafluorophenyl monomer 4 (Br-TPFBZT).

Fig. 2 Absorption spectra in DCM of the monomers Br-PFBZ (solid

line) and TPFBZT (-�-) in comparison to the APFO-3 building blocks of

benzo[1,2,5]thiadiazole (-:-) and thiophene–benzothiadiazole–thio-

phene (dashed line).
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[6,6]-phenyl C61 butyricacid methyl ester (PCBM) in a 1 : 3

blend, a highly efficient polymer emission quenching (�two

orders of magnitude) was observed. The weak remnant blend

emission does not originate from the conjugated polymer under

study, but comes almost exclusively from the PCBM component.

As seen on the normalized spectra (Fig. S6, ESI†), the blend

emission contains fluorescence due to the singlet PCBM exciton

at wavelengths larger than 700 nm, while a higher energy band at

510–530 nm is visible for both PCBM and the blend. Bradley

et al.43 have attributed the emission that appears at the film

regions of high concentration in PCBM to the inter-chain charge

transfer of fullerene excitons.

Fluorescence lifetime measurements (Fig. 4) were conducted

on the PFTPFBZT conjugated polymer. The material was

excited at 375 nm (3.31 eV) and the time evolution of the fluo-

rescence was monitored using a time-correlated single photon

counting (TCSPC) system (�50 ps time resolution). The decays
Scheme 2 Synthetic route to the polymer PFTPFBZT.

2238 | Polym. Chem., 2012, 3, 2236–2243 This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Normalized absorption spectra (left) of PFTPFBZT in DCM (solid line) and in solid state (---) compared to APFO-3 in DCM (dashed line) and

in solid state (-:-). Absorption coefficient spectra (right) of PFPFBZT (solid line) compared to RR-P3HT (dashed line) and APFO-3 (dotted line).
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at the peaks of 4 different vibronics (550, 578, 608 and 645 nm)

were probed (two are shown) and similar kinetics were obtained

at all energies. All decays are described by a double exponential

model:

I(t) ¼ I1e
�t/t
1 + I2e

�t/t
2

with a fast dominant decay t1 in the range of 60–90 ps and

a relative amplitude [I1/(I1 + I2)] of 90–95%, and a significantly

slower decay t2 in the range of 900–1100 ps with a relative

amplitude [I2/(I1 + I2)] of 5–10%. The dominant, fast decay is

most likely to be due to an efficient non-radiative quenching of

the photoexcited excitons while the longer decay can be attrib-

uted to the radiative exciton recombination. Based on the above,

a rough estimation of 5–10% for the quantum yield of the fluo-

rescence for the PFTPFBZT conjugated polymer can be

obtained. The interpretation is further supported by a compara-

tive side-by-side fluorescence study of the PFTPFBZT films with

RR-P3HT films of equal thickness. When the films are excited at

440 nm, where both materials exhibit approximately equal

absorption coefficients, the integrated emission from the two

conjugated polymers under investigation (spectra not shown) is

comparable, which indicates a low emission quantum yield of

PFTPFBZT, comparable to that observed in the RR-P3HT

films (�2%).44
Fig. 4 (a) Emission spectra of PFTPFBZT in the solid state (---) and wh

PFTPFBZT performed at room temperature, in the solid state, at lem ¼ 578

This journal is ª The Royal Society of Chemistry 2012
Electrochemical characterization

Electrochemical studies on the conjugated polymers under study

were performed to elucidate the energy levels and the differen-

tiation induced by the chemical modification. A standard three-

electrode cell was used with Ag/AgCl as a reference electrode and

a Pt wire and Pt mesh as the working and counter electrodes,

respectively. Differential pulse voltammetry was used to mini-

mize the influence of the capacitive current.

Upon electrochemical examination of the synthesized mate-

rials (Fig. 5), the dibromopentafluorophenylbenzimidazole

Br-PFBZ exhibits a reversible reduction at �1.85 V and an

irreversible oxidation procedure at 1.43 V. This yields HOMO

and LUMO energy levels of 6.33 and 3.25 eV, respectively. When

thiophene was attached to the fluorinated benzimidazole, a sharp

electrochemical differentiation was observed. There are two

oxidation peaks, one corresponding to irreversible oxidation

located at E1/2 ¼ 0.81 V and one corresponding to reversible

oxidation with an E1/2 ¼ 1.12 V. The reversible behavior can

probably be attributed to the thiophene moiety, since the

Br-PFBZ did not show similar features when examined. Also, no

clear reduction process was witnessed. The HOMO from the

onset of the oxidation process was calculated at 5.67 eV, signif-

icantly shifted compared to Br-PFBZ. When polymerizing with

fluorene, according to the donor–acceptor approach we expected
en blended with PCBM (solid line). (b) Fluorescence lifetime decay of

nm (:) and lem ¼ 643 nm (�).

Polym. Chem., 2012, 3, 2236–2243 | 2239
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Fig. 5 Differential pulse voltammetry oxidation and reduction runs on

Br-PFBZ and Br-TPFBZT in solution (0.1 M TBAPF6 in DCM) and the

copolymer PFTPFBZT in thin film (0.1 M TBAPF6 in acetonitrile). Step

height: 25 mV, step width: 5 mV, pulse height: 50 ms, pulse width: 100 ms.

All potentials vs. Fc/Fc+.

Fig. 6 J–V characteristics under illumination of organic photovoltaic

devices based on PFTPFBZT : PCBM at 1 : 3 (-:-) and 1 : 4 (---) ratio

compositions by weight (w/w) and compared with APFO-3 : PCBM

(solid line) 1 : 4 (w/w) that was used as reference organic solar cell device

system.
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the characteristic fluorene oxidation peak to be present. This was

evident when the commercially available APFO-3 was tested,

exhibiting a reversible oxidation at 0.70 V yielding a HOMO of

5.80 eV in good agreement with the values reported by Ingan€as

and co-workers.45,46 However, the synthesized PFTPFBZT more

closely resembles the parent Br-TPFBZT molecule, exhibiting

two non-reversible oxidations at 0.87 and 1.42 V. The oxidation

onset denotes that the calculated HOMO lies at around 5.60 eV.

Taking into account the optical bandgap of 2.25 eV (calculated

from the UV-vis spectrum), the LUMO of the copolymer lies at

around 3.35 eV. We note that in order to synthesize low bandgap

polymers following the so-called donor–acceptor approach,47,48

special attention has to be paid to the energy levels of the

comonomers used. Electrochemical studies of the comonomer

Br-TPFBZT reveal that the HOMO of the monomer could not

effectively engineer the desirable bandgap of the end-polymer

when coupled with fluorene. Electrochemical data, along with

the optical data, support the notion that the push–pull intra-

molecular interaction does not take place in the synthesized

polymer and a variation of the acceptor moiety is probably

needed to achieve the desired effect.
2240 | Polym. Chem., 2012, 3, 2236–2243
Photovoltaic performance

The PFTPFBZT conjugated polymer was evaluated in terms of

its power conversion efficiency performance on polymer–

fullerene bulk heterojunction solar cells relevant to the reference

APFO-3–fullerene-based bulk heterojunction solar cells. Fig. 6

summarizes the representative J–V characteristics under

100 mW cm�2 irradiance for organic solar cells using APFO-3–

PCBM and PFTPFBZT : PCBM photoactive layers.

The photovoltaic parameters measured at 1.5 A.M. condi-

tions, namely open circuit voltage (Voc), short circuit current

density (Jsc), fill factor (FF) and power conversion efficiency

(PCE) of the polymer–fullerene-based solar cells under study are

summarised in Table 1.

Based on the polymer characteristics and the theoretical model

prediction, the PFTPFBZT : PCBM bulk heterojunction organic

solar cells can achieve a maximum power conversion efficiency

(PCE) in the range of 2.5%. The early investigations on the device

performance show that PFTPFBZT : PCBM-based bulk heter-

ojunction solar cells exhibit modest power conversion efficiencies

of 0.24% compared to the 1.75% PCE achieved for the reference

APFO-3 : PCBM-based bulk heterojunction solar cells. When

PFTPFBZT : PCBM was used as the photo-active layer, lower

Voc values in comparison to devices with APFO-3 : PCBM were

obtained. This could be partially explained by the difference in

the HOMO of the two fluorene-based copolymers. The Voc

values achieved are significantly lower than the theoretical

maximum potential, indicating possible recombination losses. In

combination with the low FF values obtained, the results indi-

cate morphological limitation for both PFTPFBZT : PCBM

(1 : 3) and (1 : 4), (w/w) concentrations. The low Jsc values for

PFTPFBZT : PCBM-based solar cells are due in part to the

moderate Eg of 2.25 eV, which was calculated from the UV-vis

spectrum. The modest molecular weights could have also

impacted the performance of the devices. However, based on our

study, we believe that increasing the molecular weights of our

benzimidazole material will not lead to significantly superior
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Summary of the photovoltaic parameters acquired from illu-
minated J–V device characteristics

Blend Voc (V)
Jsc
(mA cm�2) FF (%) PCE (%)

APFO-3 : PCBM (1 : 4) 0.96 4.49 40.5 1.75
PFTPFBZT : PCBM (1 : 3) 0.47 1.33 36 0.22
PFTPFBZT : PCBM (1 : 4) 0.49 1.25 38.8 0.24
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properties for the photovoltaic devices reported. The fabricated

photovoltaic devices reported provide an initial photovoltaic loss

analysis for the PFTPFBZT : PCBM-based solar cells and serve

as a guideline for comparison to well-established polymers with

structural similarities. In summary, the initial investigations

suggest that morphological limitations and moderate Eg are the

main factors limiting the PCE of PFTPFBZT : PCBM-based

solar cells compared to other high performance conjugated

polymer–fullerene-based material systems.

Experimental

Computational procedure

The geometry of 2-(2,3,4,5,6-pentafluorophenyl)-1H-benzo[d]

imidazole (PFBZ) was fully optimized and analytical second

derivatives were computed using vibrational analysis to confirm

each stationary point to be a minimum by yielding zero imagi-

nary frequencies at the DFT RB3LYP/6-31G(d) level of

theory.49,50 The possibility of internal instability in the singlet

wave function was investigated using stability calculations. All

the above computations were performed using the Gaussian 03

suite of programs.51

Instrumentation

Melting points were determined using a TA Instruments DSC

Q1000 with samples hermetically sealed in aluminium pans under

an argon atmosphere using heating rates of 5 �C min�1, and are

defined by their onset and peak temperatures. 1H NMR spectra

were recorded on a Bruker Avance 500 machine at 500 MHz.

Deuterated solvents were used for homonuclear lock and the

signals are referenced to the deuterated solvent peaks. Low

resolution (EI) mass spectra were recorded on a Shimadzu Q2010

GC-MS with a direct inlet probe. Microanalysis was performed

at London Metropolitan University on a Perkin Elmer 2400

Series II CHN Analyzer.

Number-average (Mn) and weight-average (Mw) were deter-

mined by Agilent Technologies 1200 series GPC running in

chlorobenzene at 80 �C, using two PL mixed B columns in series,

and calibrated against narrow polydispersity polystyrene

standards.

Film absorption was carried out on a Lambda 1050 UV-vis/

NIR spectrophotometer (Perkin Elmer). Steady-state and time-

resolved fluorescence were measured on a NanoLog FL3 spec-

trofluorometer (Horiba Jobin Yvon). Steady-state spectra were

excited by an Ozone-free 450 W Xenon Lamp. Time-resolved

fluorescence was measured by the time-correlated single-photon

counting (TCSPC) method using a picosecond laser diode as an

excitation source (NanoLED, 375 nm). The system exhibits

a time-resolution of 50 ps after reconvolution with the laser
This journal is ª The Royal Society of Chemistry 2012
excitation pulses using the DAS6 (Horiba Jobin Yvon) software

analysis package.

Cyclic voltammetry studies were performed using a standard

three-electrode cell under argon atmosphere. All measurements

were performed with Ar bubbling into the electrochemical cell for

15 min. 10 s prior to the measurements the Ar was turned to

‘‘blanket mode’’. Platinum wire (99.99%) was used as working

electrode and platinum gauze (55 mesh, 99.9%) as counter elec-

trode. Ag/AgCl was used as a reference electrode. Tetrabuty-

lammoniumhexafluorophosphate (TBAPF6, 98%)was used as the

electrolyte and was recrystallized three times from acetone and

dried in vacuum at ca. 100 �C before each experiment. Measure-

ments were recorded using anEG&GPrincetonAppliedResearch

potensiostat/galvanostat Model Verstastat 4 connected to

a personal computer running VersaStudio software. The scan rate

was kept constant for all CV runs at 100 mV s�1, while for differ-

ential pulse voltammetrymeasurements, the following parameters

were used: step height 25 mV; step width 5 mV; pulse height 50 ms

and pulse width 100 ms. All the results were calibrated using

commercially available ferrocene (purified by sublimation) as an

internal standard. All the polymer samples were studied in the

solid state by forming a thin film on the working electrode from

a viscous DCM solution of the polymer and subsequent drying of

the electrode. To calculate HOMO/LUMO levels using the

potentials obtained, the following equations52 were used

EHOMO ¼ �(E[ox vs. Fc/Fc+] + 5.1) (eV)

ELUMO ¼ �(E[red vs. Fc/Fc+] + 5.1) (eV)

When a reversible process was observed, the E1/2 was consid-

ered, whereas in a non-reversible process the onset of the peak

was used in the calculation.

For device preparation, pre-patterned ITO substrates were

cleaned primarily with acetone and then with isopropanol in an

ultra sonic bath for 10 min. Afterwards a thin layer of PEDOT/

PSS (Clevios� PH) was doctor bladed on top with a measured

thickness of 50 nm. Thermal annealing of the deposited layer was

performed to ensure the removal of any residual solvent from the

deposited film. On top of that, the optically active layer consisted

of APFO-3 and PFTPFBZT blended with PCBM at different

ratios in each case was deposited. Polymers and PCBM were

separately diluted overnight in chlorobenzene at 70 �C and were

mixed 1 h prior to deposition. Various parameters were used to

achieve an average thickness of 70 nm for both layers. Thickness

measurements, performed with a Veeco profilometer, were fol-

lowed by thermal deposition of a bi-metal cathode, which con-

sisted of 1 nm of LiF and 80 nm of Al. The effective photovoltaic

area was defined by the geometrical overlapping between the

anode and cathode and was measured to be 9 mm2. A Keithley

2420 source meter recorded the current density vs. voltage (J–V)

characteristics under 100 mW cm�2 irradiance and at 1.5 A.M.

conditions with a Newport solar simulator.
Materials

Toluene was distilled from metallic sodium and benzophenone,

DMF was distilled with calcium chloride and NBS was
Polym. Chem., 2012, 3, 2236–2243 | 2241
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recrystallized (H2O) prior to use. All the other solvents and

reagents were obtained from Aldrich and were used without

further purification. APFO-3 was purchased from Luminescence

Technology Corporation and used without further purification.

Tetrakis(triphenylphosphine)palladium [Pd(Ph3P)4]
53 and 3,6-

dibromobenzene-1,2-diamine37 were synthesized according to

literature procedures.
Monomer synthesis

4,7-Dibromo-2-(2,3,4,5,6-pentafluorophenyl)-1H-benzo-[d]imid-

azole (2). 2,3,4,5,6-Pentafluorobenzaldehyde (500.0 mg,

2.55 mmol) and 3,6-dibromobenzene-1,2-diamine (678.3 mg,

2.55 mmol) were thoroughly mixed in DMF (10 mL), then

p-TsOH (97 mg, 0.51 mmol) was added and the stirred solution

was then heated at ca. 80 �C for 45 min (monitored by TLC). On

completion, the reaction mixture was allowed to cool to ca. 20 �C
and then added dropwise into a vigorously stirred 0.05 M aq.

Na2CO3 (100 mL). The precipitate that formed was collected by

filtration, washed (H2O) and dried. Column chromatography

over silica gel (cyclohexane–EtOAc, 3 : 1) afforded compound 2

(0.76 g, 74%). Mp (DSC) onset: 317.55 �C, peak: 318.86 �C.
Elemental analysis found: C, 35.23; H, 0.61; N, 6.27%. Calc. for

C13H3Br2F5N2: C, 35.33; H, 0.68; N, 6.34%. 1HNMR (500MHz,

DMSO-d6, ppm): dH ¼ 8.40 (s, 1H), 7.38 (s, 2H). m/z (EI) 444

(M+ + 4, 51%), 442 (M+ + 2, 100), 440 (M+, 51), 363 (11), 361

(11), 278 (32), 276 (70), 274 (36), 221 (13), 197 (14), 195 (15), 170

(18), 168 (21), 116 (31), 89 (40), 62 (38), 52 (8).

2-(2,3,4,5,6-Pentafluorophenyl)-4,7-di(thien-2-yl)-1H-benzo[d]imid-

azole (3). 2-(Tributylstannyl)thiophene (1.58 g, 4.24 mmol) and

4,7-dibromo-2-(2,3,4,5,6-pentafluorophen-yl)-1H-benzo[d]imid-

azole (2) (0.75 g, 1.69 mmol) were dissolved in dry toluene

(18 mL). Then, Pd(Ph3P)4 (9.80 mg, 5 mol%) was added and the

stirred reaction mixture was heated at ca. 110 �C for 1 day under

an argon atmosphere. On cooling to ca. 20 �C, the reaction

mixture was filtered (celite) and the volatiles were removed

in vacuo. The residue was washed (EtOH), filtered and then

recrystallized (from cyclohexane) to give compound 3 as a yellow

solid (0.91 g, 48%). Mp (DSC) onset: 203.20 �C, peak: 224.69 �C
(decomp.). Elemental analysis found: C, 56.17; H, 2.00; N,

6.23%. Calc. for C21H9F5N2S2: C, 56.25; H, 2.02; N, 6.25%. 1H

NMR (500 MHz, CDCl3, ppm): dH ¼ 10.10 (s, 1H), 8.24 (s, 1H),

7.67 (d, 1H), 7.64 (d, 1H), 7.45–7.39 (m, 3H), 7.22–7.20 (m, 2H).

m/z (EI) 448 (M+, 100%), 403 (8), 282 (69), 237 (12), 224 (14), 209

(5), 202 (9), 141 (8), 119 (6), 69 (5).

4,7-Bis(5-bromothien-2-yl)-2-(2,3,4,5,6-pentafluoro-phenyl)-1H-

benzo[d]imidazole (4). 2-(2,3,4,5,6-Pentafluoro-phenyl)-4,7-

di(thien-2-yl)-1H-benzo[d]imidazole (3) (0.45 g, 0.65 mmol) was

dissolved in DMF (15 mL) under argon in the dark and NBS

(0.268 g, 1.51 mmol) was added portion-wise. The resulting

solution was stirred at ca. 20 �C under argon for an additional 2

h. Then, it was extracted (EtOAc) and the organic phase washed

with KOH (10 wt%) and water, then dried (Na2SO4). The vola-

tiles were then removed in vacuo and recrystallization (from

acetone) of the residue gave compound 4 as a yellow–green solid

(0.30 g, 77%). Mp (DSC) onset: 189.18 �C, peak: 191.33 �C.
Elemental analysis found: C, 41.57; H, 1.01; N, 4.52%. Calc. for
2242 | Polym. Chem., 2012, 3, 2236–2243
C21H7Br2F5N2S2: C, 41.61; H, 1.16; N, 4.62%. 1H NMR (500

MHz, CDCl3, ppm): dH ¼ 9.88 (s, 1H), 8.17 (s, 1H), 7.55 (d, 1H),

7.46–7.41 (m, 2H), 7.16–7.11 (m, 2H). m/z (EI) 608 (M+ + 4,

59%), 606 (M+ + 2, 100), 604 (M+, 50), 528 (13), 526 (14), 446

(12), 442 (42), 440 (80), 438 (39), 414 (22), 360 (13), 303 (12), 280

(28), 235 (17), 223 (27), 209 (10), 179 (15), 164 (13), 140 (38), 118

(20), 104 (13), 91 (11), 69 (15).

Polymer synthesis (PFTPFBZT)

In a carefully degassed flask, diboronic bis(2-ethylhexyl)-fluorene

(173 mg, 0.36 mmol) and 4,7-dibromo-2-(2,3,4,5,6-penta-

fluorophenyl)-1H-benzo[d]imidazole (6) (220 mg, 0.36 mmol)

along with Pd(Ph3P)4 (21 mg, 5 mol%) were mixed. Deareated

DMF (20 mL) and 2 M aq. K2CO3 (3 mL) were added and the

mixture was heated to ca. 120 �C and stirred for 3 days. The

mixture was then allowed to cool to ca. 20 �C, filtered to remove

the catalyst, and then EtOAc (100 mL) and H2O (30 mL) were

added. The mixture was washed (EtOAc, 3 � 100 mL) and the

organic layer was separated, dried (Na2SO4) and concentrated

in vacuo. Purification using Soxhlet extraction with MeOH

(200 mL) for 1 day, then hexane (200 mL) for 1 day and finally

with CHCl3 (200 mL) for 1 day afforded the higher Mw fraction

(70.6 mg). 1H NMR (500MHz, CDCl3, ppm): dH¼ 7.83–7.39 (br

m, 12H), 3.32–2.94 (m, 6H), 2.11, 2.04 (m, 8H), 1.67 (br m, 4H),

0.88–0.56 (br m, 16H).

Conclusions

A novel polymer bearing the pentafluorophenyl moiety as a side

chain has been synthesized. The aim was to produce a strong

acceptor monomer owing to the presence of multiple fluorine

atoms. The idea of creating D–A–D triads with a thiophene

moiety prior to polymerization was used to increase the intra-

molecular interaction. Upon copolymerization with fluorene via

Suzuki coupling, a copolymer with a relatively high bandgap of

2.25 eV was obtained. Optical and electrochemical character-

ization strengthened the notion that intramolecular interactions

probably did not take place, resulting in a minimal lowering of

the energy bandgap. Efficient quenching of the polymer emission

within a blend with PCBM indicates, however, the presence of

a fast exciton dissociation at the polymer–fullerene hetero-

interfaces. Photovoltaic efficiency measurements were carried

out with PC60BM and showed a power conversion efficiency of

0.24%, compared to 1.75% for the APFO-3 : PCBM-based

devices, indicating that in addition to the unfavorable bandgap,

there are morphological limitations. Synthetic attempts at using

the pentafluorophenyl moiety as a building block whilst opti-

mizing the side chains, aiming at improved solubility and hope-

fully shifting the energy levels to more favorable values, are

currently under way to achieve higher power conversion effi-

ciency values.
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