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New low band gap 2-(4-(trifluoromethyl)phenyl)-1H-
benzo|d]imidazole and benzo[1,2-c;4,5-c’]bis[1,2,5]
thiadiazole based conjugated polymers for organic
photovoltaics

M. G. Murali,* Arun D. Rao® and Praveen C. Ramamurthy**"

Two new low band gap D-A structured conjugated polymers, PBDTTBI and PBDTBBT, based on 2-(4-
and benzo[l1,2-c;4,5-c']bis[1,2,5]thiadiazole
units with benzo[1,2-b;3,4-b']dithiophene as a donor unit have been designed and synthesized via Stille
The incorporation of benzo[1,2-c;4,5-¢']bis[1,2,5]thiadiazole unit in PBDTBBT has
The optical band gap

(trifluoromethyl)phenyl)- 1 H-benzo[d]imidazole acceptor
coupling reaction.
significantly altered the optical and electrochemical properties of the polymer.
estimated from the onset absorption edge are ~1.88 eV and ~1.1 eV, respectively for PBDTTBI and
PBDTBBT. It is observed that PBDTBBT exhibited deeper HOMO energy level (—4.08 eV) with strong
intramolecular charge transfer interaction. Bulk heterojunction solar cells
configuration of ITO/PEDOT:PSS/PBDTBBT:PC;BM/Al exhibited a best power conversion efficiency of
0.67 %, with a short circuit current density of 4.9 mA c¢cm?, an open-circuit voltage of 0.54 V and a fill

fabricated with an

factor of 25 %.

Introduction

In recent years, research in the area of polymer solar cells
(PSCs) have received tremendous attention for the next
generation of renewable energy technology over traditional
systems due to their light weight, low cost solution fabrication
processing, multi-optional synthetic strategies and ease of

fabrication.'™

In particular, bulk heterojunction (BHJ)
structure incorporating organic semiconductor as electron
donating and high electron affinity fullerene derivatives such as
[6,6]-phenyl-C-butyric acid methyl ester (PC4BM or PC;,BM)
as electron accepting component has proven to be the most
successful concept in polymer solar cells.** However, the
commercialization of PSC is mainly limited due to their low
power conversion efficiency (PCE). In this view, significant
efforts have been made towards improving the efficiency of
BHIJ polymer solar cells.®™

To date, regioregular poly(3-hexylthiophene) (P3HT) and
PCBM based BHJ-PSCs are being extensively studied and
showed a significant improvement in the PCEs.>'" On the
other hand, the P3HT based PSCs exhibit relatively low open
circuit voltage (V,. ~0.6) as they can utilize only less than 25 %

of solar photons.*!!

Therefore, to harvest more photons and
tune the energy levels of the polymer, several conjugated
polymers have been developed.'>™'> With more recently, as a

result of better understanding of photon to electron conversion

This journal is © The Royal Society of Chemistry 2013

mechanism and the development of new polymeric materials,
PCE is reached greater than 10 %.'°

Common design characteristics for organic semiconductors
as a donor material with fullerene derivatives in BHJ solar cells
to show excellent photovoltaic properties are, they must possess
(i) low optical band gap with broader absorption spectrum such
that photons across a broad range of the solar spectrum may be
harvested, (ii) low lying highest occupied molecular orbital
(HOMO) for high V,. and the short circuit current (Jg), (iii)
good crystalline property and solubility for high hole mobility
and (iv) appropriate energy levels between polymer and those
of fullerene derivatives for efficient charge separation.

In this context, the effective design strategy to obtain
narrow band gap polymers is the alternate electron donor (D)
and acceptor (A) units along the conjugated polymer
backbone.'”™" Concurrently, it is possible to tune the energy
levels of HOMO and band gap of the synthesized (D-A)
polymer through proper selection of electron donor and electron
acceptor units. Generally, the polymer having “weak donor”
unit maintain a low lying HOMO energy level, while a “strong
acceptor” segment reduce the band gap via internal charge
transfer.’’ In this regard, alkoxy-substituted benzo[1,2-b:4,5-
b'ldithiophene (BDT),
demonstrated to be some of the most excellent building blocks
They possess structural

a weak electron donor has been

for efficient photovoltaic materials.?!
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symmetry and rigid planar system with extended m-electron
delocalization.?  Therefore, BDT based polymers usually
display broad absorption and improved charge carrier mobility
with deeper HOMO energy level. Many BDT based conjugated
polymers with different electron acceptor units such as, 2,1,3-
benzothiadiazole (BT)%, thieno[3,4-c]pyrrole-4,6-dione (TPD)
s thieno[3,4-b]thiophene (TT)%, diketopyrrolopyrrole (DPP)*
units were used for PSCs.

Benzimidazole as an electron acceptor unit in D-A type
It is
interesting building block in the n-conjugated polymer system
their
photoluminescence and solvatochromism with high thermal
2728 For instance, alkyl substituted 2H-benzo[d]

imidazole and pentafluorophenyl based conjugated polymers
29-31

conjugated polymer for PSCs is less explored to date.

due to attractive chemical properties such as

stability.
In addition,

group
have received considerable

exhibited promising photovoltaic properties.

the strong electron withdrawing trifluoromethyl
containing organic molecules
interest because it can tune the properties of the material such
as chemical stability, oxidation stability, thermal stability and

solubility.**%3

Moreover, here the presence of fluorine atom
being most electronegative element is expected to stabilize the
HOMO and LUMO energy levels, upon introduction of —CF;
group into the conjugated polymer. In the literature, only few
examples where —CF; functional group is introduced into the
optoelectronic materials and used for applications such as
organic light emitting diodes, organic field-effect transistors
and organic solar cells.**?7,

The benzo[l1,2-c;4,5-c']bis[1,2,5]thiadiazole (BBT) unit is
known to possess a substantial quinoid character and allowing
for greater electron delocalization.*®** Therefore, BBT a strong
electron deficient unit has proved to be an important
intermediate compound for the synthesis of low band gap
organic materials for organic solar cell and near-infrared (NIR)
applications.*!"*?

Herein, we report the synthesis of two new D-A type
conjugated polymers (PBDTTBI and PBDTBBT), based on 2-
(4-(trifluoromethyl)phenyl)-1 H-benzo[d]imidazole and benzo
[1,2-¢;4,5-c"]bis[1,2,5]thiadiazole acceptor units with benzo
[1,2-b;3,4-b"]dithiophene donor unit. Optical, electrochemical
and photovoltaic properties of the polymers were further
investigated. The best BHJ device, from blending PBDTBBT
with PC;;BM (1:1, w/w) showed a power conversion efficiency
of 0.67 %, with a short-circuit current density of 4.9 mA cm?,

an open-circuit voltage of 0.54 V and a fill factor of 25 %.

Experimental section

Materials and methods

4,7-dibromo-2,1,3-benzothiadiazole (1) and thieno[2,3-f][1]
benzothiophene-4,8-dione (8) were synthesized according to

43,44

the reported procedure. o-Phenylenediamine, thiophene-3-

carboxylic acid, 4-(trifluoromethyl)benzaldehyde, p-toluene
sulfonic acid, tetrakis(triphenylphosphine)palladium(0) and
trimethyltin chloride were obtained from Sigma Aldrich

chemical company. n-Buli was purchased from Acros

2| J. Name., 2012, 00, 1-3

Ltd. dried
Na/benzophenone ketyl and freshly distilled. All other reagents

Organics Tetrahydrofuran was over
were purchased from commercial suppliers and used without
further purification. Regioregular P3HT (55 kDa) was
purchased from Rieke Metals, PC;;BM (>99.5 %) was obtained
from Nano-C, ITO coated glass substrates were purchased from
Delta Technologies Inc, PEDOT:PSS was from Clevios™ VP
AT 4083 and was as used.

'H and '*C NMR spectra were recorded with a BRUKER
NMR spectrometer using TMS as internal reference. Infrared
spectra of all the compounds were recorded on a NICOLET
5700 FTIR. UV-Visible absorption spectra were measured
Lambda 35
Electrochemical studies of the polymer were carried out using a
CH660D CH

recorded using a three-electrode cell system, with a glass

using a Perkin Elmer spectrophotometer.

instrument. Cyclic voltammograms were
carbon disk as working electrode, platinum wire as counter
electrode and Ag/AgCl electrode as the reference electrode.
Gel permeation chromatography (GPC) was used to obtain the
molecular weight of the polymers and was determined by
Waters make GPC instrument with reference to polystyrene
standards and THF as the eluent.

performed using Thermo Scientific Flash 2000 Organic

Elemental analyses were

Elemental Analyzer. Thermogravimetric analysis was carried
out using a TGA 2950 (TA instruments-STA 409PC) thermal
analyzer. Morphology was characterized using Bruker icon
ScanAsyst. The height of the active layer was determined
using a Bruker surface profiler (Dektak XT).

density-voltage (J-V) characteristics were measured using

The current

Keithley 4200 parameter analyzer. The solar simulator used
was Oriel Sol3A Class AAA solar simulator. For the J-V
measurements, light intensity of 1kW m™ was employed. The
intensities were calibrated using a standard Si solar cell.

Synthesis of monomers and the polymers

The synthetic route for preparing monomers and the polymers
are depicted in Scheme 1. The detailed synthetic procedure for
the synthesis of monomers and the polymers is as follows.

3,6-dibromobenzene-1,2-diamine (2)

To a solution of 4,7-dibromo-2,1,3-benzothiadiazole 1 (1 g, 3.4
mmol) in 25 ml ethyl alcohol, 2.31 g of sodium borohydride
(6.8 mmol) was added in portion wise at 0 °C. The resulting
mixture was stirred at ambient temperature for 24 h. Then, the
reaction mixture was poured into ice cold water and stirred for
1 h. The obtained solid residue was filtered off and washed
with water. The product white solid was dried under vacuum.
Yield: 80 %. '"H NMR (CDCl;, 400 MHz), § (ppm): 6.85 (s,
2H), 3.90 (s, 4 H).

4,7-dibromo-2-(4-(trifluoromethyl)phenyl)-1H-benzo[d]
imidazole (M1)

To a stirred solution of compound 2 (0.5 g, 1.8 mmol) and 4-
(trifluoromethyl)benzaldehyde (0.32 g, 1.8 mmol) in 10 ml
DMF, 0.06 g of p-toluenesulfonic acid (0.36 mmol) was added.

This journal is © The Royal Society of Chemistry 2012
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The resulting mixture was then heated at 80 °C for 1 h. After
completion of the reaction (progress of the reaction was
monitored by TLC), it was poured into a 0.05 M aq. Na,CO;
(100 ml). The obtained white precipitate was filtered off and
washed with water. The crude product was purified by column
chromatography using hexane:ethyl acetate (10:1) as the eluent.
The pure product was obtained as white crystal. Yield:80 %.
M.P: 254 °C. '"H NMR (CDCl;, 400 MHz), § (ppm): 13.59 (s,
1H), 8.56 (d, J=8Hz, 2H), 7.96 (d, J=8Hz, 2H), 7.42 (s, 2H).
CHNS: Anal. Calcd. For C4H;Br,F;N,: C, 40.03; H, 1.68; N,
13.57. Found: C, 40.88; H, 1.62; N, 13.22.

4,7-dibromo-5,6-dinitro-2,1,3-benzothiadiazole (3)

Fuming nitric acid (0.75 g, 11.1 mmol) was added drop wise
into fuming trifluoromethanesulfonic acid (7.5 g, 50 mmol) in a

NaBH p-TsOH, DMF
EOH Br
t rt
CHO
S
1
Fuming
HNO,/TFA | 50°C

; 2 Fe Aceticacid AQi

TEA/SOCI

MDC 50 C

4
N
FfL ot FfL C—>I )
(cocli), Diethylamine
/ \ MDC, rt / \ MDC, rt / \
7
0}
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S Y n-Cy)Hy
TBAB, reflux
o}
8

Br Br
HN__N (CHg ﬁn{i@[fsmcmh
M3
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Br + (CHg)ssn< Sn(CHg)y 2 4
‘ S N

M2 M3

—_—
THEF, 0 °C
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two necked flask at 0 °C. Insoluble complex 2CF;SO;H/HNO;
was produced immediately. To this reaction mixture, 4,7-
dibromo-2,1,3-benzothiodiazole 1 (1.25 g, 4.25 mmol) was
added in portion wise over a period of 20 min. The reaction
was stirred at 50 °C for 12 h. After completion of the reaction,
the reactant was slowly poured into ice cold water and then
sodium hydroxide solution was added to neutralize the excess
acid. The obtained precipitate was filtered off and washed with
water. The crude product was purified by recrystallization
using ethanol and obtained as light yellow powder.

Yield: 75 %. *C NMR (CDCl;, 100 MHz), 6 (ppm): 153.59,
145.54, 113.14.

HN /N

NP
A
N. N
S
M2

n-BuLi

n-BuLi, THE, 78°C (G )SSn SNn(CHg)s
(CH,),SnCl, 1t

Where R =-C ,H,,

Pd(PPh,),
Toluene, DMF
—_—

Reflux, 24h

n

S
//
S
HN_ N

PBDTTBI é

Pd(PPh,)

Reflux, 24h

PBDTBBT

Scheme 1

This journal is © The Royal Society of Chemistry 2012

J. Name., 2012, 00, 1-3 | 3



RSC Advances

Journal Name

ARTICLE

4,7-dibromo-2,1,3-benzothiadiazole-5,6-diamine (4)

To a stirred solution of compound 3 (1 g, 2.6 mmol) in glacial
acetic acid (20 ml), 1.75 g, of fine iron powder (31.25 mmol)
was added portion wise at 0 °C. The reaction mixture was
stirred at ambient temperature for 12 h. Then the reactant was
poured into ice cold water and the precipitate was filtered off.
The obtained product was washed with water, followed by
methanol to get yellow solid. Yield: 65 %. '"H NMR (CDCl;,
400 MHz), ¢ (ppm): 4.49 (br, s, 4H).

4,8-dibromobenzo(1,2-c;4,5-¢’)bis(1,2,5)thiadiazole (M2)

To a stirred solution of compound 4 (0.5 g, 1.54 mmol) in 10
ml of dichloromethane, 0.86 ml of triethylamine (6.17 mmol)
was added under inert atmosphere. To this solution, 0.22 ml of
thionyl chloride (3.1 mmol) was added drop wise at 0 °C. The
reaction mixture was stirred at 50 °C for 12 h. After
completion of the reaction, the reactant was poured into ice
cold water and acidified with concentrated HCl. The obtained
solid product was filtered off, washed with water and followed
by methanol. The crude product was purified by column
chromatography using hexane:ethyl acetate (10:2) as the eluent.
The pure product was obtained as dark red solid. Yield: 70 %
M.P: 254 °C. CHNS: Anal. Calcd. For C¢Br,N,S,: C, 20.47; N,
15.92; S, 18.22. Found C, 20.66; N, 16.10; S, 18.34.

4,8-didodecyloxybenzo(1,2-b;3,4-b")dithiophene (9)

To a stirred solution of compound 8 (1 g, 4.4 mmol) and zinc
powder (0.64 g, 9.8 mmol) in 15 ml of water, 4 g of NaOH was
added at ambient temperature. The reaction mixture was heated
to reflux for 1 h. To this stirred solution, 1-bromdodecane
(3.16 ml, 13.2 mmol)
tetrabutylammonium bromide (TBAB) were added.

amount of
The
reaction mixture was refluxed for 10 h. After completion of the

and a catalytic

reaction, the reactant was cooled to ambient temperature and
poured into ice cold water. The aqueous layer was extracted
with diethyl ether. The organic phase was dried over anhydrous
MgSO, and concentrated.

purified by column chromatography using hexane as the eluent.

Finally, the crude product was

The pure product was obtained as white solid. Yield: 80 %. 'H
NMR (CDCl;, 400 MHz), 6 (ppm): 7.47 (d, 2H), 7.36 (d, 2H),
4.27 (t, 4H), 1.87(quintuple, 4H), 1.56 (m, 4H), 1.42-1.27 (m,
32H), 0.89 (t, 6H).

2,6-bis(trimethyltin)-4,8-didodecyloxybenzo[1,2-b;3,4-b']di
thiophene (M3)

To a stirred solution of compound 9 (0.5 g, 0.9 mmol) in 10 ml
of freshly distilled THF, 1.23 ml of n-butyllithium (1.98 mmol,

This journal is © The Royal Society of Chemistry 2013
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1.6 M in n-hexane) was added drop wise at —78 °C under inert
atmosphere. The reactant was stirred at same temperature for 1
h. To this stirred solution, 1.98 ml of trimethyltin chloride
(1.98 mmol, 1 M in n-hexane) was added in one portion. The
reaction mixture was stirred at ambient temperature for 12 h.
Then, it was poured into water and extracted with diethyl ether.
The organic phase was washed with water three times, dried
over anhydrous MgSO, and concentrated. The crude product
was recrystallized using ethyl alcohol three times to obtain
colorless needle crystal. Yield: 75 %. 'H NMR (CDCl,, 400
MHz), ¢ (ppm): 7.45 (s, 2H), 4.22 (t, 4H), 1.86 (quintuple, 4H),
1.55 (m, 4H), 1.54 (m, 4H), 1.40-1.25 (m, 32H), 0.89 (t, 6H),
0.44 (s, 18 H).

General procedure for the synthesis of polymers using Stille
coupling reaction

Monomer M1 (105 mg, 0.25 mmol) and monomer M3 (221
mg, 0.25 mmol) were dissolved in 10 ml of toluene and 2 ml of
DMEF. The stirred solution was flushed with nitrogen for 20
min and then Pd(PPhj3); (15 mg) was added. The reaction
mixture was again flushed with nitrogen for 20 min and it was
refluxed for 24 h under nitrogen atmosphere. The reactant was
cooled to ambient temperature and the polymer was
precipitated by addition of 100 mL of methanol and filtered off.
The crude polymer was subjected to soxhlet extraction with
methanol, hexane and chloroform. The polymer was recovered
as a solid sample from the chloroform fraction by rotary
evaporation. The red colored polymer (PBDTTBI) was dried
under vacuum at 40 °C for 12 h. Similarly, the polymer
PBDTBBT was synthesized according to the above mentioned
procedure. Yield: 40-60 %. The polymer PBDTTBI was
partially soluble in chloroform and DMSO-d6 solvent so we
have characterized it by FTIR.

PBDTTBI: FTIR, v (cm™): 3435 (-NH), 2924 and 2853 (-C-H),
1619 (-C=C-), 1599 (-C-N), 1428, 1359, 1323, 1168 (-C-O-),
1127, 1062, 846.

PBDTBBT: 'H NMR (CDCls, 400 MHz), § (ppm): 7.50 (s,
2H), 4.3 (t, 4H), 1.85 (quintuple, 4H), 1.52 (m, 4H), 1.40-1.28
(m, 32H), 0.86 (t, 6H).

Fabrication and characterization of photovoltaic devices

Initially, the ITO-coated glass substrates (70—150 Qsq") were
consecutively cleaned in isopropyl alcohol, acetone and soap
solution under sonication for ~5 min. The cleaned substrate
was then washed with deionized water and subsequently dried
over nitrogen gas. Cleaned ITO substrate was UV-ozone
treated and PEDOT:PSS was spin coated at 3000 rpm for 60

sec. Finally, the spin coated samples were annealed at 110

J. Name., 2013, 00, 1-3 | 4
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°C for 15 min before being transferred into a glove box with
less than 1 ppm of oxygen and moisture.

Inside the glove box, solution of binary blend
PBDTTBI:PC;;BM and PBDTBBT:PC;;BM with a 1:1 weight
ratio, 7.5 mg of each material was dissolved in 1 ml of 1,2-
dichlorobenzene. The obtained blend solution was stirred at
ambient temperature for ~12 h. The blend solution was spin-
coated on transferred ITO substrate at 1000 rpm for 60 sec.
The fabricated active layer was annealed at 150 °C for 15 min
on a hot plate. This aids in the phase separation of polymer and
PCBM, which in turn helps in establishing a well functioning
bulk heterojunction. The active layers of all the devices had a
comparable thickness in the range of about 200 nm as
determined by profilometer. Finally, the cathode aluminum
layer (100 nm) was deposited by thermal evaporation under
vacuum (8 x 107 torr). The fabricated solar cell has an active

area of 9 mm?>.

Results and discussion

Monomer and polymer synthesis

The synthetic route of polymers PBDTTBI and PBDTBBT are
depicted in Scheme 1. The compound 3,6-dibromobenzene-
1,2-diamine (2) was synthesized by treating 4,7-dibromo-2,1,3-
benzothiadiazole (1) with sodium borohydride at 0 °C. The
obtained product 2 was taken as such for the next without any
further purification.

To prepare CF; functionalized monomer M1, the compound
2 was reacted with 4-(trifluoromethyl)benzaldehyde in the
presence of p-TsOH as the organocatalyst in DMF at 80 °C for
1 h. Synthesis of 4,8-dibromobenzol[1,2-c¢;4,5-c’]bis[1,2,5]
thiadiazole monomer (M2) was achieved via a three step
procedure. Initially, nitration reaction was carried out to
compound 1 using fuming HNO;/CF;SO3;H at 50 °C to yield
dinitro compound 3. Further, the reduction of compound 3
using iron powder in acetic acid afforded the compound 4 with
a good yield. Finally, cyclization reaction was performed to
compound 4 using triethylamine and thionyl chloride in
dichloromethane at 50 °C afforded the monomer M2.

To synthesize thieno[2,3-f][1]benzothiophene-4,8-dione (8),
initially the compound thiophene-3-carboxylic acid (5) was
converted into its acid chloride 6 using oxalyl chloride. Then
the compound 6 was reacted with diethylamine in

afforded the  N,N-diethylthiophene-3-
Compound 7 was cyclized using n-BuL.i in

dichloromethane
carboxamide (7).
anhydrous THF under inert atmosphere to obtain compound 8.
Synthesis of monomer M3 involves two steps. First, alkylation
reaction was carried out by treating compound 8 with 1-
bromododecane in the presence of zinc, NaOH and a catalytic
amount of TBAB in water under reflux condition afforded the
compound 9. Stannylated monomer M3 was prepared in a
simple and straightforward reaction using trimethyltin chloride
and n-BuLi in freshly distilled THF at —78 °C under inert
atmosphere. The target D-A type polymers PBDTTBI and
PBDTBBT were prepared via a Pd(0)-mediated Stille coupling
reaction between brominated monomers (M1 or M2) and the

This journal is © The Royal Society of Chemistry 2012
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bis(trimethylstannyl) substituted monomer M3 in good yield
(40-60 %).
methanol, hexane and chloroform in sequence.

The crude polymers were soxhlet-extracted with
Finally, the
titled polymers were recovered by reprecipitation from their

concentrated chloroform solutions using methanol. The
resulting polymers showed good solubility in organic solvents
such as chlorobenzene, THF, 1,2-dichlorobenzene etc. The

molecular weight and polydispersity index (PDI) of the
polymers were measured by gel permeation chromatography
(GPC) using polystyrene as the standard and THF as the eluent.
The number-average molecular weight (M,) = 11400 and PDI =
2.8 for PBDTTBI, M, = 18200 and PDI = 2.4 for PBDTBBT.

The thermal properties of the polymers were investigated
using thermal gravimetric analysis (TGA) and were carried out
under nitrogen atmosphere at a heating rate of 10 °C min™. As
shown in the Fig. 1, the polymers showed good thermal
stability with onset decomposition temperature (5 % weight) is
~310 °C and ~275 °C, respectively for PBDTTBI and
PBDTBBT. Further, an abrupt weight loss was observed as the
temperature was increased above their onset decomposition
temperature, indicating the decomposition of the polymer
backbone.

100

——PBDTTBI
——PBDTBBT

95
90
85|

80 -

Weight (%)

75

70

200 300
Temperature (°C)

Fig. 1 TGA plot of PBDTTBI and PBDTBBT with a heating rate of 10 °C/min
under N, atmosphere

100 400 500

Optical properties

UV-Vis absorption spectroscopy was used to investigate the
photophysical properties of the polymer. The absorption
spectra of the polymers in dilute chlorobenzene solution and as
spin coated film on glass plates are as shown in the Fig. 2. The
polymer PBDTTBI exhibited an absorption profile with two
major peaks with slightly different absorption maxima and
which could be attributed to the m—n* transition in the polymer
the solution form, PBDTTBI displayed

absorption bands at 510 and 550 nm, whereas it showed

backbone. In

absorption peaks at 514 and 560 nm in their film state (Fig. 2a).
The observed slight red shift and broader absorption band for
PBDTTBI film as compared to its solution state could be
credited to their better planarity and stronger electronic
interaction between the individual polymer chains.

J. Name., 2012, 00, 1-3 | 5
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PBDTBBT, characteristic

absorption bands were observed at 384 and ~520-1100 nm

In case of polymer two
(Fig. 2b) The observed band at the shorter wavelength region
could be due to the m—=n* transition state from the BDT

4541 whereas the peak in the

repeating unit in the polymer chain
longer wavelength region could be attributed to the strong
intramolecular charge transfer interaction between electron
donor BDT and acceptor BBT unit in the polymer*®. Optical
band gap (E,*™), defined by the onset absorption spectra of the
polymer film was found to be ~1.88 and ~1.1 eV, respectively
for PBDTTBI and PBDTBBT. As s result of large quinoid
structure of BBT molecule in the D-A-D segment of
PBDTBBT, it showed a narrow band gap (~1.1 eV) in

comparison to that of PBDTTBL*"*° Moreover, the absorption

1ok PBDTTBI
’ a) —=— solution
5l —=— film
S 0.8
[0]
[&]
G
2 0.6
o
(7]
Ke]
©
- 0.4
[0]
0
©
£ 02
[e]
zZ
0.0 ! ! !
400 500 600 700
Wavelength (nm)
10k b) PBDTBBT
—=— solution
—=— film

o o o
IN o o

Normalised absorbance (a.u)
o
[

600 800 1000
Wavelength (nm)

400

Fig. 2 Optical absorption spectra of a) PBDTTBI and b) PBDTBBT both in
solution and thin film

region of PBDTBBT film in the longer wavelength region was
broader as compare to its solution state presumably due to the
n-stacking effect. It was observed that absorption spectrum of
PBDTBBT is almost completely covered the entire near—IR
region, which further demonstrates the polymer can absorb
most of the photons of the solar spectrum with the lowest
energy. Overall these results indicate that polymer PBDTBBT
is expected to show improved photovoltaic performance in
comparison to that of PBDTTBI.

6 | J. Name., 2012, 00, 1-3

Electrochemical properties

Electrochemical cyclic voltammetry (CV) was employed to
determine the HOMO and LUMO energy levels of the polymer,
which were estimated from the point where the current signal of
oxidation and reduction potential start to deviate from the
baseline.”® Cyclic voltammograms of polymer were recorded
by spin coating the polymer solution on glassy carbon (GC)
disk with 0.1 M
hexafluorophosphate in CH3;CN as the electrolyte at a scan rate
of 100 mV s
ferrocene/ferrocenium (Fc/Fc+) was measured under the same
conditions and it was located at 0.11 V to the Ag/AgCl
It was assumed that the redox potential of Fc/Fc+
has an absolute energy level of —4.80 eV to vacuum.’’ The
HOMO and LUMO energy levels of the polymer were
calculated according to the following equation®

electrode tetrabutylammonium

For calibration, the redox potential of

electrode.

Ejomo = —(Eq —E . +4.80) eV
Epomo =—(E5 —E . +4.80)eV

As shown in the Fig. 3a, PBDTTBI exhibited p-doping
process and the onset oxidation potential is observed at 0.31 V
vs Ag/Ag". Nevertheless, polymer did not show any sharp
potential for reduction process. Therefore, the LUMO value of
the polymer was calculated using their optical band gap [E;ymo
= Euomo — E;."] eV. The calculated HOMO and LUMO levels
were found to be —5.0 and —3.12 eV, respectively.

The onset oxidation and reduction potential values of
PBDTBBT were estimated to be 0.68 and -0.63 V, respectively

(Fig. 3b.). The HOMO and LUMO energy levels were
determined to be —5.37 and —4.06 eV, respectively. The
observed deeper HOMO and LUMO energy level for

PBDTBBT could be resulted from their strong electron
withdrawing BBT unit in their back bone. The electrochemical
band gap (E,”™) of the polymers were ~1.88 and ~1.31 eV,
respectively for PBDTTBI and PBDTBBT. The estimated
values were consistent with the optical band gap obtained from
UV-Vis studies and the values are summarized in Table 1. The
energy levels of the polymer and PC;;BM as calculated from
electrochemistry are summarized in Fig. 4.

Table 1 Summary of optical and electrochemical properties of polymers

Polymer Aabs Aavs | Aonset | Ee™ | HOMO | LUMO
solution film | film | (eV) (eV) (eV)
(nm) (nm) | (nm)
PBDTTBI 510/ 514/ | 660 1.88 -5.0 -3.12
550 560
PBDTBBT 361/ 368/ | 1128 1.1 -5.37 -4.06
911 911
It is known that the open circuit voltage V,,. is one of main
contributor in estimating the efficiency of PSCs. The V,. is

directly related with the difference between HOMO energy
level of electron donor, conjugated polymer, and the LUMO

This journal is © The Royal Society of Chemistry 2012
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energy level of the electron acceptor, fullerene derivatives. The
obtained deep HOMO energy level of PBDTBBT (-5.37 eV)
was desired for achieving a higher V,. in the BHJ PSCs and
made this a promising candidate for use as electron donor
material. It is obvious that the LUMO energy level of the D-A
type polymer is strongly dependent upon the electron accepting
unit (A). Here the polymer PBDTBBT showed a deeper
LUMO level and is quiet close to that of PCBM with an offset
of 0.1-0.2 V, which indicates that the electron transfer between
polymer to PCBM may not be so effective since it is generally
should be ~0.3-0.4 eV.>*>*

6.0x10°
a) PBDTTBI

4.0x10°

2.0x10°

< 00}

415 -1.0 05 00 05 1.0 15 20
E (V)

-2.0

8.0x10°

b)

PBDTBBT

4.0x10°

< 00

A

o

X<

=

S,
o
T

-8.0x10° , . .
2.0 -1.5 -1.0

1 1 1 1
-05 00 05 10 15 20
E(V)
Fig. 3 Cyclic voltammogram of a) PBDTTBI and b) PBDTBBT film on glassy
carbon electrode in 0.1 mol/L BuyNPF4, CH;CN solution
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Molecular orbital calculations

To investigate the electron distribution of the frontier orbitals of
the polymer, density functional theory (DFT) calculations were
performed at the B3ALYP/6-311G (d) level. The long alkyl side
chains in the repeating unit of the polymer were replaced with
methyl group and their electron density distribution was
estimated. The optimized geometry of polymer PBDTTBI and
PBDTBBT is as shown in Fig. 5 and 6. In both the polymers,
the electron density of HOMO is distributed along the entire
m—conjugated system, indicates that HOMO energy level is
affected by both electron donor and acceptor units (Fig. 5b and
6b). The localization of the electron density of LUMO in
PBDTTBI is more pronounced on the benzo[d]imidazole ring
with trifluoromethyl substitution (Fig. 5c¢).

In case of PBDTBBT, the electron density of LUMO is
distributed on thiadiazole ring (Fig. 6¢). The theoretically
predicted HOMO/LUMO levels of the polymers were found to
be —4.89/-2.99 and —4.62/—4.16 eV, respectively for PBDTTBI
and PBDTBBT. The present DFT computed predicted
HOMO/LUMO values of the polymer were slightly differ than
The observed trend
could be due to various effects such as conformational order in

their experimentally calculated values.

bulk state, effect of solvent and electrolyte which were not
taken into account.’’  The strong electron withdrawing
thiadiazole ring based polymer PBDTBBT exhibited lowest
LUMO
experimentally.

value, which follows a similar trend observed

Fig. 5 The optimized geometries of PBDTTBI (a) and their HOMO (b), LUMO
(c) by DFT methods at the B3LYP/6-311G level

3126V
406 eV
g = -43eV Al
= m 43eV
=
e a)
A~ =
ITO x =
4.7eV &
Y PEDOTPSS s ooy 2
— -5. vV
52eV 3:37e
-6.1eV

Fig. 4 Energy levels [eV] of the electrodes, PBDTTBI, PBDTBBT and PCBM

Fig. 6 The optimized geometries of PBDTBBT (a) and their HOMO (b), LUMO
(c) by DFT methods at the B3LYP/6-311G level

This journal is © The Royal Society of Chemistry 2012

Photovoltaic properties and active layer morphology

The photovoltaic properties of the polymers were investigated
in BHJ solar cell devices and the device structure is
ITO/PEDOT:PSS(~50 nm)/polymer:PC;;BM/Al (100 nm).
The devices were measured under AM 1.5 G (100 mW cm™>)
illumination. The current density—voltage (J—V) characteristics
of the BHIJ solar cell devices are displayed in Fig. 7 and the
photovoltaic properties are summarized in Table 2. The device
based on PBDTTBI:PC;;BM (1:1, w/w) exhibited a PCE of

J. Name., 2012, 00, 1-3 | 7
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Fig. 7 J-V characteristics of PBDTTBI:PC7BM and PBDTBBT:PC7;,BM (1:1,
w/w) blend films

0.8 1.0

0.14 % with a Jof 1.1 mA cm™, V.. of 0.5 V and a FF of 27.6
%. The blend film PBDTBBT:PC;BM (1:1, w/w) having
broad UV-Vis absorption spectra showed a moderately high
PCE of 0.67 % with a J,. of 4.9 mA cm™, V. of 0.54 V and a
FF 25.0 %. The V,. of the PBDTBBT:PC;;BM device was
relatively high, which could be attributed to their low lying
HOMO energy level. In addition, the polymer PBDTBBT
absorbed strongly in visible and the NIR region, which yielded
in moderately high J,. value for the resulting device. At higher
content of PC;;BM in the active layer, the polymer and PCBM
phases are separated into larger domains and also the domain
sizes increases with increase in the PCBM fraction. As a result,
this reduces the heterojunction interface area for exciton
dissociation and consequently led to the low J,. value and poor
device performance.”> Here also similar trend was observed for
blend films at higher PCBM content (1:1.5, 1:2 w/w). This
observation was further supported by the morphological
studies.

The morphology of the active layer is important for the
performance of BHJ solar cells. To investigate the morphology
of the blend films,
experiments were performed.

atomic force microscopy (AFM)
The polymer:PC;;BM blend
films with different weight ratios were spin coated from 1,2-
the glass/ITO/PEDOT:PSS

substrate and the AFM images are as shown in Fig. 8. The

dichlorobenzene solution onto
surface roughness (Rgrys) of the AFM topographic images was
~5.15 and ~0.53 nm, respectively for PBDTTBI:PC;BM (1:1,
w/w) and PBDTBBT:PC;,BM (1:1, w/w) blends. Nevertheless,
the phase images of the blend films did not show uniform nano-
scaled phase separated interpenetrating D-A network. This
indicates that excessive phase separation may happen, which
can limit device performance. Although polymers exhibited
broad absorption spectra with deep HOMO energy levels, the
observed low PCEs of polymer solar cells could be resulted
from poor quality and homogeneity of the blend films.>%8
Moreover, the observed low FF and poor device performance of

the polymer solar cell fabricated on the ITO coated glass plate

8 | J. Name., 2012, 00, 1-3

could be due to their high resistance. Therefore, it is believed
that device engineering such as annealing optimization, additive
and device architecture optimization can enhance the device
performance.

Table 2 Summary of PSCs performances of devices based on PBDTTBI:
PC7BM and PBDTBBT:PC7;BM

Polymer Jsc Voc FF Efficiency

(mA cm) ) (%) (%)
PBDTTBI (1:1, w/w) 1.1 0.5 27.6 0.14
PBDTTBI (1:1.5, w/w) 0.43 0.48 26 0.06
PBDTTBI (1:2, w/w) 0.1 0.47 27 0.01
PBDTBBT (1:1, w/w) 4.9 0.54 25 0.67
PBDTBBT (1:1.5, w/w) 3.6 0.6 30 0.64
PBDTBBT (1:2, w/w) 2.44 0.6 28 0.43

0.0 1.0 ym 0.0

Fig. 8 AFM height images of polymer:PC7;BM blend films on ITO/PEDOT:PSS:
(a) PBDTTBI:PC;;BM (b) PBDTBBT:PC;;BM; AFM phase images of
polymer:PC7,BM blend films on ITO/PEDOT:PSS: (c) PBDTTBI:PC7BM (d)
PBDTBBT:PC;,BM

Conclusions

In summary, we have designed and synthesized two novel D-A
(PBDTTBI and PBDTBBT) containing
common donor segment (BDT) with 2-(4-(trifluoromethyl)
benzo[1,2-c¢;4,5-c']bis

organic
applications. The polymer PBDTBBT showed a narrow band

type polymers
phenyl)-1H-benzo[d]imidazole  and

[1,2,5]thiadiazole acceptor units for solar cell
gap and broader absorption spectra with a deeper HOMO
energy level. The photovoltaic properties of polymers were
investigated in typical BHJ devices using PC;BM as an
A moderately high PCE of 0.64 %, with a short
circuit current density of 4.9 mA cm™, open-circuit voltage of
0.54 V, and a fill factor of 25 % was achieved for PBDTBBT,

could be as a benefit of their broad absorption spectra. These

acceptor.

studies demonstrate that introducing BBT unit having large
quinoid structure in D-A-D type polymer is an effective design

This journal is © The Royal Society of Chemistry 2012

Page 8 of 10




Page 9 of 10

strategy to achieve low band gap with broad absorption for PSC
applications.
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