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ABSTRACT: Five new donor—acceptor copolymers containing the electron acceptor benzothiadiazole
(BTZ) linked to the electron donors fluorene (FL) or cyclopentadithiophene (CPDT) via vinylene units were
synthesized to study polymer structure—property relationships in organic photovoltaic devices. Both
alternating (P) and random copolymers (P1—P4) were prepared via Suzuki and Stille polycondensations,
respectively. The cyclopentadithiophene copolymers (P2 and P4) have smaller electrochemical band gaps
(1.79 and 1.64 ¢V) compared to the fluorene-containing copolymers (2.08 and 1.95 eV for P1 and P3).
However, the presence of CPDT raises the electrochemical HOMO energy levels (—4.83 and —4.91 eV for P2
and P4) compared to the FL copolymers (—5.06 and —5.15 eV for P1 and P3) leading to small open circuit
voltages (V) in solar cells. The primary solution and thin-film UV—vis absorption peaks of P3 and P4,
which do not contain alkylated thiophenes appended to the BTZ unit, are at lower energy and have larger
absorption coefficients than their P1 and P2 counterparts. Detailed theoretical analyses of the geometric
structure, electronic structure, and excited-state vertical transitions using density functional theory provide
direct insight into the interplay between the structural modifications and resulting electronic and optical
changes. A high molecular weight (M,, = 25 kg/mol) polymer with a large degree of polymerization (DP, =
21) was easily achieved for the random copolymer P1, leading to thin films with both a larger absorption
coefficient and a larger hole mobility compared to the analogous alternating polymer P (M, = 22 kg/mol,
DP, = 18). Animproved short circuit current and a power conversion efficiency up to 1.42% (J,. = 5.82mA/

em?, V. = 0.765 V, and FF = 0.32) were achieved in bulk heterojunction solar cells based on P1.

Introduction

The development of efficient organic photovoltaics (OPVs),
specifically bulk heterojunction (BHJ) polymer-based solar cells,
has become an active area of research in recent years due to thelr
potential as alternative, clean energy sources.' Polymer BHJ solar
cells offer the advantages of low-cost, large-scale fabrication by
solution processing techniques, and compatlblhty with flexible
and lightweight plastic substrates.” Poly(3-hexylthiophene)
(P3HT) is one of the most commonly studied donor materials,
with a power conversion efficiency (PCE) of about 5% achieved
for BHJ solar cells based on P3HT and [6,6]-phenyl C¢;-butyric
acid methyl ester (PCq;BM).> However, it is difficult to further
improve the efficiency of P3HT-based solar cells due to a limited
low-energy absorption (optical band gap ~2 eV) and a small
energy offset between the HOMO of P3HT and LUMO of
PC¢ BM.

For a polymer to serve as an effective donor material in BHJ
solar cells, a number of properties are considered necessary,
including: broad absorption from the solar spectrum for efficient
light harvesting; efficient charge transfer to the acceptor material
(typically fullerene derivatives); effective charge transport; rela-
tively deep HOMO energies to yield a large short circuit current
(Jso), fill factor (FF), and open circuit voltage (V,.).' Frontier
molecular orbital energies and optical band gaps of donor
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polymers have been tuned through the use of a variety of
backbones and side chains in order to enhance OPV efficiency.*
In particular, the combination of electron-rich and electron-poor
moieties has been successfully used to achieve low optical band
gap polymers Wlth suitable electromc energy levels. Benzothla-
diazole (BTZ),> quinoxaline (QX),® and thienopyrazine (TP)’
are commonly used acceptor unlts while cyclopentadithio-
phene (CPDT),* I fluorene (FL),%’ e and carbazole (CZ)*-h
are among the more commonly used donor units. Specifically,
polymers containing BTZ and various donor units, such as
CPDT and dithienosilole,” have been shown to be very successful
in BHIJ solar cells with PCEs of greater than 5%.

In addition to frontier molecular orbital energy and optical
band gap engineering, developing polymers with large absorption
coefficients 1s 1mportant so as to maximize the solar cell
photocurrent;'® generally, the amount of absorbed light depends
both on the absorption wavelength and on the intensity of the
absorption. Recently, we reported ACT-FL polymers with en-
hanced solar cell efficiency by increasing the optical absorption.”
Removing the imposed twists increased the HOMO—-LUMO
overlap and enhanced the absorption coefficient for the lowest
optical transition (So — S;), which is typically dominated by a
charge-transfer (HOMO — LUMO) electronic excitation.

Incorporating vinylene groups in z-conjugated systems is a
further strategy that can be effective for tuning electronic and
optical properties.® The vinylene linkage serves to planarize the
polymer backbone and extend the s-conjugation by further
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Figure 1. Structures of the vinylene-linked alternating polymer PFVTBT (P) and random polymers PFVTBT (P1), PCTVTBT (P2), PFVBT (P3), and

PCTVBT (P4), m:n = 1:1 for P1—P4 polymers.

eliminating torsional strains between the donor and acceptor
units, leading to a lower optical band gap and a more broadly
absorbing material” For example, poly(3-hexyl thienylene-
vinylene) (P3HTV)* and a vinylene-linked benzothiadiazole-
thiophene (PTVBT)®® show broader absorptions with lower band
gaps compared to their analogous polymers with thiophene
linkages. 2,7-carbazole-based vinylene-incorporating copoly-
mers°® have also been reported for solar cell applications; unfor-
tunately, solar cell efficiencies with these materials were poor
(0.2—0.8%), with the low performance attributed to an extremely
short singlet excited-state lifetime,* low molecular weight (M, =
2.8—4.3 kg/mol),* and coarse phase separation of the polymer:
PCBM blend.®® The PCEs of the recently reported vinylene-linked
4,7-diphenyl-2,1,3-benzothiadiazole-based polymers (poly(fluo-
renevinylene-alt-4,7-diphenyl-2,1,3-benzothiadiazole, PF-DBT,
and poly(phenylenevinylene-alt-4,7-diphenyl-2,1,3-benzothiadi-
azole, PP-DBT) have improved to 1.25 and 1.62%, respectively.®
PF-DBT and PP-DBT copolymers exhibit high molecular
weights (M, = 29 and 62 kg/mol, respectively), stable HOMO
levels (—5.45 and —5.23 eV, respectively), and uniform films for
polymer:PCBM blends. However, they have relatively narrow
absorption ranges and large band gaps (Aonset = ~534 and
554 nm, E,°™ = 2.32 and 2.24 eV, respectively), which limit
the photocurrent generation (Jio = 2.80 and 3.93 mA/cm?
respectively).

In this work, five new donor—acceptor copolymers containing
the electron acceptor benzothiadiazole (BTZ) linked to the elec-
tron donors fluorene (FL) or cyclopentadithiophene (CPDT) via
vinylene or vinylene—alkylated-thienylene units were designed
and synthesized for use in BHJ solar cell applications (Figure 1).
BTZ effectively lowers the polymer LUMO energy while keeping
the HOMO energy almost constant, leading to near optimum
energy levels for photovoltaic applications.'” Though the alky-
lated-thiophene units induce steric twists in the conjugated back-
bone, they could provide for more coplanar structures and
extended m-conjugation compared to the phenylene linkages
in PF-DBT and PP-DBT."" Alternating (P) and random (P1)

FL-based copolymers were investigated to compare the effects of
molecular weight and absorption coefficients on the photovoltaic
properties. To prepare the vinylene-containing donor—acceptor
copolymers (i.e., PF-DBT and PP-DBT), the Horner—Emmons
coupling reaction between dialdehyde and diphosphonate deri-
vatives is commonly used, owing to its strict regioselectivity.®<
Our polymers were synthesized by using Suzuki and Stille
polycondensations due to the facile preparation of monomers
and the greater functional group compatibility of these reaction
conditions.®® For direct comparison of the opto-electronic prop-
erties, P3, which does not contain the alkylated-thiophene groups
around BTZ, was synthesized. CPDT-based polymers (P2 and
P4) were synthesized for further comparison as lower band gaps
were expected. Cyclic voltammetry, optical absorption, and
theoretical calculations using density functional theory were
employed to characterize the structure—property relationships
of the five new polymer systems. Hole mobilities and solar cell
performance were also measured as a test of the employed poly-
mer design principles.

Experimental Section

Materials. 4H-Cyclopenta[2,1-b:3,4-b']dithiophene,'* 2,6-di-
bromo-4,4-diethylhexyl-4 H-cyclopenta[2,1-b:3,4-b']dithiophene
7)., 2-(3-dodecyl-2-thienyl)-4,4,5,5-tetramethyl-1,3,2-dioxaboro-
lanes,”® and 4,7-dibromo-2,1,3-benzothiadiazole (8)14 were pre-
pared according to the reported procedures. N,N-Dimethylforma-
mide (DMF) and toluene were purified through the Pure Sol-MD
Standard Design Solvent Purification System, Innovative Techno-
logy Inc. trans-1,2-Bis(tributylstannyl)ethylene (4), tributyl(vinyl)-
tin, 9,9-di(2’-ethylhexyl)-2,7-dibromofluorene (6), tris[dibenzylide-
neacetone]dipalladium(0), tetrakis(triphenylphosphine)palladium
(0), Aliquat336, chlorobenzene, dimethyl sulfoxide (DMSO), po-
tassium iodide, and potassium hydroxide (KOH) were purchased
from Aldrich, Strem, TCI America, or Alfa Aesar and used without
further purification. N-Bromosuccinimide (NBS) and 9,9-didode-
cyl-2,7-dibromofluorene (3) were purchased from Aldrich and used
after recrystallization from distilled water and hexane, respectively.
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Measurements and Characterization. 'H and '*C NMR spec-
tra were recorded using Varian Inova 300, Merc 400, or Inova
500in CDCl; at 293 K. Gel permeation chromatography (GPC)
was performed in THF. Molecular weights were determined by
size exclusion chromatography with Viscotec GPC system
(Model 350 HTGPC) in THF. The calibration curve was made
with monodipersed polystyrene standards. Thermal gravimetric
analyses (TGA) were carried out using a Mettler TOLEDO
TGA/SDTA 85le at a heating rate of 10 °C/min under a
nitrogen flow of 20 mL/min. Differential scanning calorimetry
(DSC) analyses were performed on a DSC Q100 (TA In-
struments). DSC curves were recorded at a scanning rate of
10 °C min under a nitrogen flow.

Electrochemical analyses were carried out by cyclic voltam-
metry using a CHI411 instrument from CH Instruments, Inc.
The experiments were performed under a stream of argon in a
saturated solution of 0.05 M tetra-n-butylammonium hexa-
fluorophosphate (n-BuyNPF¢, from Strem Chemicals, Inc.,
recrystallized from ethanol) as a supporting electrolyte in an-
hydrous 1,2-dichlorobenzene (ODCB). The experiments were
carried out using platinum electrodes at a scan rate of 100 mV s~
against Ag wire as a pseudoreference electrode at ambient
temperature. The Fc¢/Fc™ redox couple was used as a reference
oxidation potential for the electrochemical measurements.

UV—vis—NIR absorption spectra were recorded ina UV —vis
spectrophotometer (Cary 6000i) at room temperature using a
quartz cuvette with a path length of 1 cm. Thin films for solid-
state UV—vis were prepared by drop casting on glass from
polymer solutions in ODCB. Optical band gaps were calculated
from the onset of the longest wavelength absorption bands of
the thin film. Thickness measurements were performed with a
Dektak 150 profilometer (Veeco Metrology Group).

Hole mobilities were evaluated with a diode configuration of
ITO/PEDOT:PSS/polymer/Au by taking the current—voltage
current in the range of 0—5 V and using the space charge limited
current (SCLC) model (eq 1),

J = 9epe,uV?/8L3 (1)

where is gy is the permittivity of free space, ¢, is the dielectric
constant of the polymer, u is the hole mobility, ¥ is the voltage
drop across the device, and L is the polymer thickness.'”
Tapping mode AFM investigations of the polymer films were
carried out using a Multimode Nanoscope III with Extender
electronics (Digital Instruments/Veeco Metrology Group).
Synthesis. 2,7-Bis(4' 4,55 -tetramethyl-2'-vinyl-1',3',2'-di-
oxaborate)-9,9-bis(2-dedecyl)fluorene (I). Triethyl amine (3.1 g,
30 mmol) was added to the mixture of 9,9-didodecyl-2,7-dibro-
mofluorene (2.0 g, 3.0 mmol), 4,4,5,5,-tetramethyl-2-vinyl-
1,3,2-dioxaborolane (956 mg, 6.2 mmol), palladium acetate
(34 mg, 0.15 mmol), and tri-o-tolylphosphine (184 mg, 0.2
mmol) in 40 mL of anhydrous DMF under argon. After heating
at 110 °C for 7 h, the reaction mixture was washed with brine
solution several times and the organic layer was extracted with
ethyl acetate. The organic layer was dried over MgSO,4 and the
filtrate was concentrated to be subjected to silica gel column
chromatography eluting with hexane/dichloromethane (5:1)
followed by hexane/ethyl acetate (5:1) to afford pure compound
1asa yellowish oil (167 mg, 69%). '"H NMR (300 MHz, CDCls):
0 0.58 (m, 4H), 0.86 (t, J/ = 6.6 Hz, 6H), 1.01—1.32 (m, 60H),
1.92 (m,4H), 6.22(d, J = 18.6 Hz, 2H), 7.45 (s,4H), 7.50 (d, J =
19.2 Hz, 2H), 7.63 (m, J = 8.1 Hz, 2H). '*C NMR (75 MHz,
CDCl3): 6 14.20, 22.76, 23.86, 24.90, 29.35, 29.39, 29.61, 29.67,
30.14, 31.97,40.47, 54.90, 83.39, 120.04, 121.57, 126.34, 136.66,
141.73, 150.11, 151.67. HRMS (ESI): m/z = 829.6467 (M +
Na™); caled m/z =829.6477.
4,7-Bis(3-dodecyl-2-thienyl)-2,1,3-benzothiadiazole. 4,7-Di-
bromo-2,1,3-benzothiadiazole (0.92 g, 3.13 mmol), 2-(3-dode-
cyl-2-thienyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.5 g,
6.60 mmol), tetrakis(triphenylphosphine)palladium (0) (0.185 g,
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0.16 mmol, 8.1 mol %), and Aliquat336 (0.64 g, 1.58 mmol) were
dissolved in 40 mL of toluene and stirred for 10 min under argon.
2 M aqueous solution of degassed aq. K,CO3 (16 mL) was added
and the reaction mixture was stirred at 90—95 °C for 24 h. After
removal of the solvent using a rotary evaporator, the residue was
extracted with dichloromethane and washed with brine solution.
The organic layer was dried over MgSO,. The crude product was
subjected to silica gel column chromatography eluting with
hexane/ethyl acetate (5:1) to afford 4,7-bis(3-dodecyl-2-thienyl)-
2,1,3-benzothiadiazole (1.32 g, 66%). 'H NMR (500 MHz,
CDCly): 6 0.87 (t, J = 7.5 Hz, 6H), 1.18—1.29 (m, 36H), 1.59—
1.65 (m, 4H), 2.66 (t, J = 8.0 Hz, 4H), 7.10 (d, J = 8.5 Hz, 2H),
7.44 (d, J = 9.0 Hz, 2H), 7.64 (s, 2H). '*C NMR (125 MHz,
CDCly): 6 14.22, 22.77, 29.44, 29.48, 29.54, 29.63, 29.71, 29.75,
30.81, 32.00, 125.95, 127.51, 129.31, 129.98, 132.23, 141.79,
154.36. HRMS (ESI): m/z = 637.3690 (M + H"); caled m/z =
637.3678.

4,7-Bis(5-bromo-3-dodecyl-2-thienyl)-2,1,3-benzothiadiazole (2).
To a mixture of 4,7-bis(3-dodecyl-2-thienyl)-2,1,3-benzothiadi-
azole (1.32 g, 2.07 mmol) in 10 mL of DMF was added
N-bromosuccinimide (0.81 g, 4.55 mmol) at room temperature
under an argon atmosphere. The resulting mixture was stirred for
4 h. The reaction mixture was diluted with chloroform and washed
with water several times. The organic extraction was dried with
MgSO, and evaporation in vacuo. The residue was purified by
column chromatography on silica gel with hexane/ethyl acetate
(5:1) as the eluent, yielding compound 2 as a yellow solid (yield =
1.46 g, 89%). "H NMR (400 MHz, CDCl;) 6 0.87 (t, J = 7.2 Hz,
6H), 1.19—1.29 (m, 36H), 1.58—1.62 (m, 4H), 2.61 (t, J = 8.0 Hz,
4H), 7.06 (s, 2H), 7.60 (s, 2H); '*C NMR (100 MHz, CDCl5) ¢
14.22,22.77,29.42, 29.47, 29.59, 29.70, 29.71, 29.74, 30.61, 32.00,
113.28, 126.66, 129.77, 132.06, 133.60, 142.51, 153.99; HRMS
(ESI) m/z = 793.1873 (M + H™), caled m/z =793.1889.

4 ,4-Didodecyl-4H-cyclopenta[2,1-b:3,4-b"|dithiophene. To a
solution of 4H-cyclopenta[2,1-b:3,4-b']dithiophene (0.96 g, 5.4
mmol) in 25 mL of DMSO, 1-bromododecane (2.7 g, 10.8
mmol), a catalytic amount of potassium iodide (25 mg), and
finely ground KOH (0.96 g, 17 mmol) were added under argon.
The resulting solution was vigorously stirred at room tempera-
ture overnight. The reaction mixture was cooled to 0 °C and
25 mL of water was added. The product was extracted in ether,
followed by washing with brine solution. The ether layer was
dried with MgSO,4 and evaporation in vacuo. The residue was
purified by column chromatography on silica gel with hexane
as the eluent, yielding 4,4-didodecyl-4 H-cyclopenta[2,1-b:3,
4-b'\dithiophene as colorless liquid (yield = 2.51 g, 91%). 'H
NMR (400 MHz, CDCls): 6 0.80—1.00 (m, 10H), 1.10—1.30 (m,
36H), 1.83 (m, 4H),6.93(d,J = 4.8 Hz,2H), 7.14(d, J = 4.8 Hz,
2H). 3C NMR (100 MHz, CDCls): 0 14.38, 22.94, 24.77,29.59,
29.65, 29.84, 29.88, 30.28, 32.16, 37.96, 53.47, 121.88, 124.63,
136.65, 158.37. HRMS (ESI): m/z = 515.3747 (M + H™"); caled
m/z = 515.3740.

2,6-Dibromo-4,4-didodecyl-4 H-cyclopenta[2,1-b:3,4-b'dithio-
phene (5). NBS (0.464 g, 2.56 mmol) in 10 mL of DMF was
added dropwise to a solution of 4,4-didodecyl-4 H-cyclopenta-
[2,1-b:3,4-b'|dithiophene (0.66 g, 1.28 mmol) in 15 mL of DMF
at room temperature for 30 min under argon. The reaction mix-
ture was stirred overnight. The resulting solution was poured
into water and extracted with CH,Cl,. The crude product was
then subjected to silica column chromatography with hexane to
afford compound 5 (yield =0.50 g, 59%). '"H NMR (400 MHz,
CDCl3): 6 0.86—0.92 (m, 10H), 1.14—1.30 (m, 36H), 1.73—1.78
(m, 4H), 6.93 (s, 2H). '>*C NMR (100 MHz, CDCl5): ¢ 14.23,
22.79, 24.52, 29.44, 29.69, 29.73, 30.03, 32.01, 37.61, 55.09,
111.16, 124.65, 136.36, 156.00; HRMS (ESI): m/z = 671.1945
(M + H"Y); caled m/z =671.1950.

Poly[9,9-didodecyl-2,7-fluoreneylenevinylene-alt-4',7'-bis(3-
dodecyl-2-thienyl)-2',I' 3'-benzothiadiazole] (alternating-PFVTBT,
P). Potassium carbonate solution (2 M in water, 0.8 mL) was
added to a mixture of compound 1 (161 mg, 0.20 mmol),
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compound 2 (159 mg, 0.20 mmol), tetrakis(triphenylphos-
phine)palladium (0) (6.9 mg, 0.006 mmol), and Aliquat336
(40 mg) in 2.5 mL of toluene under argon. The reaction mixture
was frozen and degassed under vacuum three times. Then the
reaction mixture was heated to 90—95 °C and stirred for 3 days.
The polymer was end-capped with a phenyl group by an adding
excess of phenylboronic acid and bromobenzene. Crude poly-
mers were precipitated in methanol and washed with hexane and
acetone. The polymer was redissolved in 10 mL of chloroform
along with Pd(0) scavenger'® and stirred at room temperature
overnight. The polymer was collected by reprecipitation and
filtration from methanol. After washing the final product using
Soxhlet apparatus with methanol, acetone, and hexane, the poly-
mer P was obtained as a red solid (161 mg, 68%). GPC: M, =
22 kg/mol, M, =81 kg/mol, PDI =3.67. 'H NMR (500 MHz,
CDCly): ¢ 0.67 (br, 4H), 0.84—0.87 (m, 12H), 1.08—1.23 (br,
72H), 1.68 (br, 4H), 2.01 (br, 4H), 2.68 (br, 4H), 7.08—7.13 (br,
4H), 7.29—7.32 (br, 2H), 7.44—7.47 (br, 4H), 7.68 (br, 4H). Anal.
Calcd for C79H14N»S5: C, 79.87; H,9.67; N, 2.63; S, 8.10. Found:
C, 77.56; H, 9.53; N, 2.44; S, 7.58.
Poly[9,9-didodecyl-2,7-fluoreneylenevinylene-alt-4',7'-bis(3-
dodecyl-2-thienyl)-2',1' 3 -benzothiadiazole] (random-PFVTBT, PI).
Tris[dibenzylideneacetone]dipalladium(0) (9.16 mg, 0.005 mmol)
was added to a mixture of 9,9-didodecyl-2,7-dibromofluorene
(132 mg, 0.20 mmol, trans-1,2-bis(tributylstannyl)ethylene and
compound 3 (159 mg, 0.20 mmol), (3,3'-didodecyl-2,2-bithio-
phene-5,5-diyl)bis(trimethylstannane) (242 mg, 0.40 mmol), and
tri(o-tolyl)phosphine (18.3 mg, 0.06 mmol) in 4 mL of chloroben-
zene under argon. The reaction mixture was frozen and degassed
under vacuum three times. The reaction mixture was heated to
95—100 °C and stirred for 3 days. The raw product was precipi-
tated in methanol and collected by filtration. The crude polymer
was purified according to the same procedure as P. Yield =58%
(138 mg). GPC: M, =25 kg/mol, M, =40 kg/mol, PDI = 1.60. '"H
NMR (500 MHz, CDCl;): 6 0.67 (br, 4H), 0.84—0.87 (m, 12H),
1.08—1.25 (br, 72H), 1.67 (br, 4H), 2.02 (br, 4H), 2.68 (br, 4H),
7.08—7.13 (br, 4H), 7.29—7.33 (br, 2H), 7.45—7.52 (br, 4H), 7.69
(br, 4H). Anal. Calcd for C;9H;14N5S5: C, 79.87; H, 9.67; N, 2.63;
S, 8.10. Found: C, 75.93; H, 9.28; N, 2.61; S, 8.14.
Poly[2,6-(4,4-didodecyl)-4 H-cyclopenta[2,1-b:3 ,4-b'dithiophe-
neylenevinylene)-alt-4,7-bis(3-dodecyl-2-thienyl)-2,1,3-benzothi-
adiazole] (PCPDTVTBT, P2). The polymer was synthesized
following the same procedure as P1 with the respective mono-
mers. Yield = 79%. GPC: M,, = 13 kg/mol, M, = 22 kg/mol,
PDI = 1.68. "H NMR (500 MHz, CDCls): 6 0.89 (br, 4H), 0.99
(br, 4H), 1.23—1.17 (br, 72H), 1.66 (br, 4H), 1.81 (br, 4H), 2.67
(br, 48H), 7.12—6.86 (br, 8H), 7.68 (br, 2H). Anal. Calcd for
C7sH10NoSs: C, 75.07; H, 9.24; N, 2.33; S, 13.36. Found:
C,73.42; H,9.19; N, 2.29; S, 12.84.
Poly[9,9-bis(2-ethylhexyl)-2,7-fluoreneylenevinylene-alt-4,7-
(2,1,3-benzothiadiazole)] (PFVBT, P3). The polymer was syn-
thesized following the same procedure as P1 with respective the
monomers. Yield = 67%. GPC: M,, = 8.1 kg/mol, M,, = 13kg/
mol, PDI = 1.65. "H NMR (500 MHz, CDCl5): 6 0.56—0.90 (br,
26H), 1.57 (br, 4H), 1.96—2.08 (br, 4H), 7.20 (br, 2H), 7.83 (br,
1H), 7.56—7.67 (br, 6H), 7.88 (br, 1H), 8.13 (br, 1H), 8.60 (br,
1H). Anal. Calcd for C39Hy4sN-S: C, 81.48; H, 8.07; N, 4.87;
S, 5.58. Found: C, 78.06; H, 7.90; N, 3.82; S, 4.59.
Poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopental2,1-b.3,4-b']-
dithiopheneylenevinylene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCP-
DTVBT, P4). The polymer was synthesized following the same
procedure as P1 with the respective monomers. Yield = 72%.
GPC: M, ="17.6 kg/mol, M, = 15 kg/mol, PDI = 1.97. '"H NMR
(500 MHz, CDCly): 6 0.66—1.03 (br, 26H), 1.63 (br, 4H), 1.88 (br,
4H), 6.87 (br, 1H), 6.98 (br, 1H), 7.09 (br, 1H), 7.35 (br, 1H), 7.55
(br, 1H), 7.82 (br, 1H), 8.27 (br, 1H), 8.55 (br, I1H). Anal. Calcd for
C35sH4NLS5: C, 71.62; H, 7.21; N, 4.77; S, 16.39. Found: C, 68.12;
H, 6.61; N, 4.40; S, 15.05.
Fabrication and Characterization of Polymer Solar Cells.
Polymers P—P4 were codissolved with PC4;BM or PC7;BM in
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ODCB with weight ratios of 1:1 or 1:4, respectively. Glass
substrates coated with indium tin oxide (ITO) were used as
device substrates. The substrates were cleaned in detergent,
water, acetone, and isopropyl alcohol under ultrasonication
for 15 min each and dried under nitrogen (N,). The substrates
were subsequently treated with ultraviolet ozone for 15 min.
A thin layer (~30 nm) of PEDOT:PSS with a resistivity of
1 kQ-cm was spin-coated onto the substrates. After the sub-
strates were baked at 150 °C for 20 min, the polymer:PC¢, BM/
PC5,BM blends were spun at 400 rpm for 10 s and at 800 rpm for
60 s on the ITO/PEDOT:PSS substrates inside the glovebox.
The samples were left in a covered Petri dish in the glovebox at
room temperature overnight. Aluminum electrodes with 100 nm
thicknesses were deposited by thermal evaporation at pressures
of 2 x 10~ Torr. After electrode deposition, /— ¥V characteristics
were recorded in dark and under simulated 1 sun AM 1.5 radi-
ation with a Keithley 2400 source meter. Illumination was
achieved with a 91160 300 W Oriel solar simulator equipped
with a 6258 ozone-free Xe lamp and an air mass AM 1.5 G filter.
Computational Methodology. Analyses of the ground-state
structures for BTZ, CPDT, FL, and alternating oligomers of
P1—P4 (n = 1—4) were carried out using density functional
theory (DFT). The B3LYP functional'” was used in conjunction
with the 6-31G(d,p) basis set. All alkyl chains along the con-
jugated backbone were truncated to methyl groups to ease the
computational cost. Time-dependent DFT (TDDFT) calcula-
tions were performed to assess the excited-state vertical transi-
tion energies. Absorption spectra were simulated through
convolution of the vertical transition energies and oscillator
strengths with Gaussian functions characterized by a full width
at half-maximum (fwhm) of 0.5 eV. All calculations were
performed with Gaussian 03 (Revision E.01),'® and molecular
orbital density plots were generated with ArgusLab 4.0.1."

Results and Discussion

Synthesis. Synthetic routes for the vinylene-linked copo-
lymers (P-P4) are shown in Scheme 1. Alternating copolymer
P was synthesized via a Suzuki polycondensation reaction,
where BTZ was used as the electron acceptor unit and FL
was the electron donor unit. Alkyl thiophene units were used
to improve the solubility of the copolymers. The Suzuki
coupling between 2,7-bis(4’,4',5,5',-tetramethyl-2’-vinyl-
1',3,2’-dioxaborate)-9,9-bis(2-dedecyl)fluorene (1) and di-
bromo compound 2 yielded polymer P with a number-
averaged molecular weight (M},) of 22 kg/mol and polydis-
persity index (PDI) of 3.7 as determined by gel permeation
chromatography (GPC) (Table 1). Unlike the alternating
copolymer P, the random copolymer of P1 was synthesized
by a Stille polycondensation reaction between 9,9-didodecyl-
2,7-dibromofluorene (3), dibromo compound 2, and trans-
1,2-bis(tributylstannyl)ethylene (4). The ratio of m:n in P1
was modulated by controlling the monomer ratio (1:1). The
m:n ratio was determined to be 1:1 by the integral areas of
—CH,— peaks of alkyl groups at fluorene (FL) and thio-
phene units in the polymers, which appear at 2.01 and 2.68
ppm, respectively, in the '"H NMR spectra (Figure S1). P1
had a slightly larger number-averaged molecular weight and
degree of polymerization (M, =25 kg/mol, DP,=21) than P
(M, =22 kg/mol, DP,, = 18). During the molecular weight
optimization process, higher molecular weight polymers
were achieved from the random polymerization, which was
probably due to the use of higher-purity starting materials;
we therefore followed the random polymerization procedure
for the remaining polymers (P2 - P4). Copolymer P2 was also
synthesized by a Stille reaction using 2,6-dibromo-4,4-bis-
(2-ethylhexyl)-4 H-cyclopenta[2,1-b:3,4-b']dithiophene (5) to
give a smaller band gap (1.79 eV) compared to polymer P1
(2.08 eV) incorporating FL.



Article

Macromolecules, Vol. 43, No. 16, 2010 6689

Scheme 1. Synthesis of the Vinylene-Incorporated Copolymers alternating-PFVTBT (P), random-PFVTBT (P1), PCTVTBT (P2), PFVBT (P3),

and PCTVBT (P4)
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“Reagents and condition: (i) Pd(PPhs)y, 2 M aqueous K,CO;, Aliquat336, toluene, 90—95 °C, 3 days; (ii) Pdy(dba)s, tris(o-tolyl)phosphine,

chlorobenzene, 95—100 °C, 3 days.

Table 1. Molecular Weights and Optical and Electrochemical Properties of Polymers P—P4

polymer M, (kg/mol)* PDI* pp,” HOMO®™ (eV)“/ LUMO™ (eV)™/ ES (V)
P 22 3.67 18 -5.13 —2.98 2.15
P1 25 1.60 21 —5.06 —2.98 2.08
P2 13 1.68 11 —4.83 —3.04 1.79
P3 8.1 1.65 14 -5.15 —3.20 1.95
P4 7.6 1.97 13 —4.91 —3.27 1.64

“Determined from GPC using THF as an eluent and polystyrenes as the standards. ® Degree of polymerization (DP,) = M,, of polymer/molecular
weight of repeating unit. “ Measured from cyclic voltammetry in ODCB and calibrated based on the oxidation potential of the Fc/Fc™ redox couple.

¢—HOMO®* = IP”; —~LUMO™* = EA™.

4,7-Dibromo-2,1,3-benzothiadiazole (8) and trans-vinyltin
(4) were copolymerized with dibromofluorene (6) or dibro-
mocyclopnetadithiophene (7) to synthesize random compoly-
mers P3 and P4, respectively. These polymers were
intentionally synthesized without the adjacent alkylated thio-
phenes to see if the absorption coefficient would be improved
as previously reported for the TP-based ACT-FL polymer.”
In order to improve the solubility of these copolymers,
branched alkyl chains (i.e., 2-ethylhexyl groups) were used
instead of the linear dodecyl alkyl chains on the donor units.
While the polymers P1 and P2 containing dodecyl thiophene
had M, of 25 kg/mol and 13 kg/mol, respectively, the molec-
ular weight of copolymers P3 and P4 were relatively low
(M, = 8.1 and 7.6 kg/mol, respectively) (Table 1). The
low molecular weights of P3 and P4 were indeed due to their
low solubility. Processing of these polymers was difficult from
solution. Thus, improving the molecular weights of P3 and P4
will yield polymers with even lower solubility.

In all cases, the polymers were precipitated from the
reaction mixtures into methanol. The precipitate was filtered

and redissolved in chloroform with palladium scavenger to
remove any residual palladium catalyst.'® Reprecipitation in
methanol followed by a washing of the final products with
methanol, acetone, and hexane in a Soxhlet apparatus
yielded 58—79% for P—P4. The polymers were soluble in
tetrahydrofuran (THF), chloroform, chlorobenzene, and
ODCB. The thermal characteristics of P—P4 were deter-
mined by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). The polymers showed good
thermal stability with 5% weight loss temperature (7Ty)
between 316 and 358 °C under nitrogen: 358, 349, 345, 330,
and 316 °C for P, P1, P2, P3, and P4, respectively (Figure
S2). The lack of a thermal transition signal in the DSC
measurements in the temperature range of 30 - 300 °C
indicates that the five polymers are amorphous. This amor-
phous nature was confirmed by grazing-incidence X-ray
scattering (GIXS) studies, which showed no diffraction
pattern for both annealed and unannealed films.

Oligomer Geometric Structure Calculations. To gain in-
sight into the polymer structure—property relationships,
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ground-state geometry optimizations of FL, CPDT, BTZ,
BTZ-bis(thiophene) (BTZ-bt), and oligomers (n = 1—4) of
P1—P4 were carried out using density functional theory at
the B3LYP/6-31G(d,p) level; select bond lengths for FL,
CPDT, BTZ, BTZ-bt, and the P1—P4 monomers are de-
tailed in the Supporting Information (Table S1). Alternating
(versus random) donor—acceptor oligomer structures were
used to ease the computational analysis (vide infra). As the
individual components were assembled to build the larger
oligomer structures, slight changes in bond length versus the
isolated structures were observed. In particular, there was
generally some decrease of the native bond-length alterna-
tion of the individual structures; an exception to this was the
FL subunit, which underwent stronger bond-length alterna-
tion on insertion into the polymer. The influence of hetero-
cycle orientation — as the components comprising the
conjugated backbone can be envisioned to take an approxi-
mate 0°(syn-conformation) or 180° (anti-conformation) ori-
entation with respect to each other — was detailed as a check
for the component pair BTZ-bt. The preferred orientation is
the 180° conformation, with the energetic stabilization vs the
0° conformation being on the order of 0.1 kcal/mol. Virtually
no difference in bond length is observed for the two orienta-
tions; however, the total dipole moment was considerably
reduced for the 180° orientation (0.31 D) versus the 0°
orientation (2.66 D). The alkyl substitution on the thiophene
subunits results in a considerable twist of approximately
45—47° between the thiophene and BTZ units in the oligo-
mers.

Electrochemical Properties and Electronic Structure. Oxi-
dation and reduction potentials for P—P4 in ODCB were
obtained using cyclic voltammetry (CV), as summarized in
Table 1. The electrochemical HOMO—LUMO energy gap
was determined as the difference between the onsets of the
oxidation and reduction potentials (EgEIEC = E, o™ —
E;eq®™Y). Ionization potential (IP®* ~ —HOMO®*, assuming
that Koopmans’ theorem holds)®® and electron affinity
(EA™ ~ —LUMO™) energies were estimated from the
onset potential for oxidation and reduction, respectively,
and calibrated against the oxidation potential of Fc/Fc™ (4.8 eV
below the vacuum level). The HOMO®*~LUMO™ gap
of P1 (Egelec =2.08 eV) is lower than the gap of P (Egelec =
2.15 eV), and reflects the extended conjugation length of
polymer P1 (DP,=18 and 21 for P and P1, respectively). The
HOMO®* levels of P2 and P4 containing the CPDT unit
(—4.83 eV and —4.91 eV, respectively) are higher than those
of P1 and P3 (—5.06 eV and —5.15 eV, respectively) with the
FL donor unit, indicative of the stronger electron-donating
ability of CPDT (Figure 2). Interestingly, both the HOMO®*
and LUMO™ energy levels of P3 and P4, which lack
thiophene groups, are lower (~0.1 ¢V in HOMO®* and
~0.2 eV in LUMO™%) compared to their respective P1 and
P2 counterparts. The degree of lowering the LUMO™ energy
levels is larger (~0.2 eV) than that of lowering the HOMO®*
energy levels (~0.1 eV) between P1/P3 and P2/P4, resulting in
lower band gaps in P3 and P4 (Egelec = 1.95 and 1.64 eV,
respectively). The deeper energeric stabilization of the
LUMO™ energies of P3 and P4 can be attributed to the more
planar structure, thus allowing for stronger coupling between
neighboring BTZ units (vide infia).

To better understand the evolution of the oxidation and
reduction potentials, the electronic structures of the alter-
nating polymer series (as isolated oligomers) were evaluated
using DFT at the B3LYP/6-31G(d,p) level of theory; the
HOMO and LUMO energies and HOMO—LUMO energy
gaps (E,) are given in Table 2; pictorial representations of the
frontier molecular orbitals of FL, CPDT, BTZ, BTZ-bt, and
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Figure 2. Cyclic voltammetry of polymers P—P4 in 0.05 M TBAPFq
in ODCB.

Table 2. Frontier Molecular Orbital Energies and HOMO—-LUMO
Energy Gaps (E,) As Determined at the B3LYP/6-31G(d,p) Level

of Theory

HOMO-1 HOMO LUMO LUMO+I E,

n (eV) (eV) (eV) (eV) (eV)

FL —5.74 —0.76 4.98
CPDT —5.19 —1.02 4.17
BTZ —6.62 —2.35 4.27
BTZ-bt —5.61 —2.48 3.13
P1 1 —5.56 —5.02 —2.55 —1.64 2.47
2 —5.07 —4.86 —2.58 —2.54 2.28

3 —4.92 —4.83 —2.59 —2.56 2.24

4 —4.87 —4.81 —2.60 —2.58 2.21

P2 1 —5.47 —4.75 —2.53 -1.8 2.22
2 —4.78 —4.55 —2.60 —2.53 1.95

3 —4.62 —4.52 —2.63 —2.57 1.89

4 —4.57 —4.51 —2.65 —2.60 1.86

P3 1 —6.14 —5.19 —2.54 —1.34 2.65
2 —5.33 —4.91 —2.66 —2.51 2.25

3 —5.07 —4.84 —2.71 —2.58 2.13

4 —4.95 —4.80 —2.73 —2.64 2.07

P4 1 —5.98 —4.89 —2.55 —1.56 2.34
2 —5.07 —4.56 —2.76 —2.49 1.80

3 —4.77 —4.46 —2.85 —2.63 1.61

4 —4.62 —4.42 —2.89 -2.73 1.53

the P1—P4 monomers are shown in Figure 3. The individual
FL, CPDT, and BTZ units have relatively large E,’s (~4 eV),
with the HOMO and LUMO energies of BTZ being lower, as
expected. On substitution with bis(thiophene), the HOMO
of BTZ destabilizes by 1 eV, while the LUMO stabilizes by
0.13 eV. Thus, the interaction between BTZ and the thio-
phene substituents reduces £, considerably (down to 3.13 eV).
Comparison of the HOMO and LUMO energies of the
P1—P4 monomers indicates that the addition of thiophene
units to the polymer backbone in P1 and P2 slightly desta-
bilizes the HOMO energies (~0.2 eV), while the LUMO
energies remain virtually unchanged compared to their
counterparts P3 and P4. The pictorial representations of
the molecular orbital densities in Figure 3 show that while
the HOMO is completely delocalized across the FL/CPDT
and BTZ units in P3 and P4, the sizable twist between the
thiophene units and the BTZ prevents full delocalization in
P1 and P2; the thiophene unit adjacent to the FL/CPDT
units possesses considerable HOMO electron density. The
LUMO in each monomer is principally localized on BTZ,
hence the minimal impact of the donor substituent on the
LUMO energies in the series.

As the oligomer length is increased to the dimer, E,
reduces by ~0.2—0.5 eV and decreases further (though at a
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Figure 3. Pictorial representations of the frontier molecular orbitals for
FL, CPDT, BTZ, BTZ-bt, and P1—P4 monomers.
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Figure 4. HOMO and LUMO wave functions of the (a) P/P1, (b) P2,
(c) P3, and (d) P4 trimer model systems calculated at the B3LYP/
6-31G(d,p) level of theory.

slower pace) in the trimer and tetramer. Pictorial representa-
tions of the HOMO and LUMO wave functions of the
P1—P4 trimers are shown in Figure 4 (Figure S4 for dimer
and tetramer). In P1 and P2, the HOMO is principally
localized on units consisting of thiophene—vinyl—FL/CPDT—
vinyl—thiophene. The large twist along the polymer backbones
prevents further conjugation across the s-system. In P3 and
P4, the higher degree of coplanarity due to the absence of the
alkylated thiophenes allows the HOMO to be conjugated
through the BTZ units. While the LUMOs are principally
localized on the BTZ, the more planar backbone in P3 and P4
allows for stronger coupling between neighboring BTZ units,
resulting in a slight energetic stabilization of the LUMO
energies. The trend in E, for the oligomer series follows
P1 > P3 > P2 > P4, which corresponds well with the experi-
mental data (Table 1). These results indicate that addition of
the alkylated thiophene units increases E, (P1 > P3and P2 >
P4), while CPDT provides a significant reduction in £, (P1 >
P2 and P3 > P4) versus FL.

Optical Properties. The optical properties of P—P4 were
investigated in solution (ODCB) and in thin films, Table 3.
For the alternating polymer P and the random polymer P1,
the normalized absorption spectra in ODCB and absorption
coefficient in the thin films are shown in Figure 5. The absorp-
tion of P1 was red-shifted in both solution (E,"™ = 2.07 eV)
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Table 3. Optical Properties of Polymers P—P4

solution” thin films

lmax j‘Ol]SCt Egopt lmax A‘onsct Egopt

polymer (nm) (nm) eV’ (am) (nm) (eV)?
P 478 576 2.15 479 581 2.13
P1 502 600 2.07 500 617 2.01
P2 568 698 1.78 569 714 1.74
P3 540 633 1.96 533 659 1.88
P4 637 761 1.63 637 791 1.57

“Measured from UV—vis absorption in ODCB solution. ® Estimated
from the onset of the absorption spectra.

and thin film (E,°™ = 2.01 eV) versus P (E,°™ = 2.15 eV in
solution and 2.13 eV in thin film). It is worth noting that the
absorption coefficient of P1is 1.2 x 10° cm™ ', ~1.3x larger
than that of P at all wavelengths. The stronger absorption is
attributed to the higher molecular weight and degree of po-
lymerization of P1, which can influence intermolecular pack-
ing. The fact that the solid-state spectrum (Aypse; = 617 nm) of
P1 is more red-shifted than the solution spectrum (Agpse; =
600 nm) suggests that the P1 polymer backbone has more
ordered interchain packing compared to P (Agpset = 576 nm in
solution and 581 nm in thin film).?' In comparison to PF-DBT
and PP-DBT (which contain phenyl groups, E,°*" = 2.32 and
2.24 eV, respectively), the absorption spectra of P and P1 were
red-shifted (28 - 83 nm in thin films, £,°™ =2.13 and 2.01 eV,
respectively) due to being less sterlcally hindered structures.
Further, P and P1 showed larger absorption coefficients
(9.2 x 10° and 1.2 x 10° cm™ !, respectively) than PF-DBT
and PP-DBT (5.2 x 10* and 6.8 x 10* cm ™', respectively).
Although both P and P1 show broad absorption in the region
0f 300—650 nm and lower band gaps compared to PF-DBT and
PP-DBT, the A, values (479 and 500 nm for P and P1,
respectively) are still small compared to A, (545 nm) of the
poly[2,7-(9-(2'-ethylhexyl)-9-hexylfluorene)-alt-5,5-(4',7'-di-2-
thienyl-2',1’,3'-benzothiadiazole)] (PFDTBT) in the thin film. 22
The reduced A,,.x vs PFDTBT is related to the twisted (~45°)
polymer backbone caused by the steric hindrance of the
dodecyl substituents in the vicinity of the BTZ-thiophene
linkages, which affects the planarity of the polymer backbone
and reduces the conjugation length (vide supra).>

The absorption spectra of the random polymers P1-P4 are
shown in Figure 6. The polymers P2 and P4 incorporating
CPDT units have red-shifted absorptions compared to ana-
logous copolymer containing FL units (P1 and P3) in both
solution and thin-film. The longer wavelength peaks of
polymers P3 and P4, which lack adjacent alkyl thiophenes
around the BTZ units, are red-shifted compared to P1 and
P2, respectively. Thus, the optical band gaps of P3 and P4
(1.88 and 1.57 eV, respectively) are smaller than P1 and P2
(2.01 and 1.74 eV, respectively) (Table 2). In addition, poly-
mers P3 and P4 show larger absorption coefficients (8.3 x
10* cm ™" and 1.3 x 10° em™ !, respectively) at longer wave-
length in thin films (Figure 6b) compared to the absorption
coefficients of the P1 and P2 (6.9 x 10* cm ™' and 9.0 x 10*
cm” ', respectively). The larger absorption coefficients for
the primary absorptions are attributed to the enhanced
HOMO—-LUMO overlap, resulting from a more delocalized
molecular orbital density for both HOMO and LUMO wave
functions of P3 and P4 irrespective of their lower molecular
weights (vide supra).”* We addltronally note that the ener-
getic differences between E, ele¢ and E,°"" are small, indica-
ting that these materials may have very small exciton binding
energies; further study to better assess this point is required.

Calculated excited-state vertical transition energies, oscil-
lator strengths, and transition electronic configurations as
determined with TDDFT at the B3LYP/6-31G(d,p) level of
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Figure 5. Absorption spectra of polymers P and P1 (a) in ODCB and (b) of the thin films. Absorption coefficients of the thin films were obtained using

the equation (optical density x In10)/thickness.
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Figure 6. Absorption spectra of polymers P1—P4: (a) in ODCB and (b) of the thin films.

Table 4. Excited-State Vertical Transition Energies (E, €V), Oscillator Strengths (Arbitrary Units), and Electronic Configuration of the First
Excited State As Determined with TDDFT at the B3LYP/6-31G(d,p) Level of Theory

n Ewq (€V)  f(au) configuration
P1 1 2.09 0.46 HOMO — LUMO [0.67]
2 1.93 .23 HOMO — LUMO [0.57]; HOMO — LUMO+1 [0.31]; HOMO-1 — LUMO+1 [0.20]
3 1.88 1.65 HOMO — LUMO [0.57]; HOMO — LUMO+1 [0.23]; HOMO-1 — LUMO+1 [0.16]; HOMO-1 — LUMO+2 [0.15];
HOMO-2 — LUMO+2 [0.12]
4 1.86 2.15 HOMO — LUMO [0.53]; HOMO — LUMO+1 [0.21]; HOMO-1 — LUMO [0.12]; HOMO-1 — LUMO+1 [0.23];
HOMO-1 — LUMO+2 [0.16]; HOMO-2 — LUMO+3 [0.11]
P2 1 1.89 0.48 HOMO — LUMO [0.67]
2 1.66 1.92  HOMO — LUMO [0.65]; HOMO — LUMO+1 [0.12]; HOMO-1 — LUMO+1 [0.13]
3 1.58 3.13 HOMO — LUMO [0.63]; HOMO-1 — LUMO+1 [0.19]
4 1.55 4.33  HOMO — LUMO [0.59]; HOMO — LUMO+1 [0.11]; HOMO-1 — LUMO+1 [0.26]; HOMO-2 — LUMO+2 [0.11]
P3 1 2.34 0.51 HOMO — LUMO [0.64]; HOMO — LUMO+1 [0.12]
2 1.97 1.88  HOMO — LUMO [0.64]
3 1.84 3.10 HOMO — LUMO [0.64]; HOMO — LUMO+1 [0.13]; HOMO-1 — LUMO [0.12]
4 1.78 421  HOMO — LUMO [0.61]; HOMO — LUMO+1 [0.17]; HOMO-1 — LUMO [0.12]; HOMO-1 — LUMO+1 [0.16]
P4 1 2.13 0.63 HOMO — LUMO [0.62]; HOMO — LUMO+1 [0.16]
2 1.62 241 HOMO — LUMO [0.63]
3 1.40 3.89  HOMO — LUMO [0.64]; HOMO-1 — LUMO+1 [0.11]
4 1.30 5.03  HOMO — LUMO [0.64]; HOMO-1 — LUMO+1 [0.15]

theory are given in Table 4. For the P1—P4 oligomer series,
the Sy — S; transition is primarily a HOMO — LUMO
transition (57%—90%), though other close-lying valence
molecular orbitals (in particular, HOMO-2, HOMO-1,
LUMO+1, and LUMO+2) do contribute to the excitation;
this is especially true for the longer oligomeric structures. As
with the molecular orbital energies, a significant decrease in

vertical transition energy occurs on going from the monomer
to dimer structure, with the drop leveling off considerably on
extension to the trimer and tetramer. The trend in E,. for
the four oligomer series follows P1 > P3 > P2 > P4, which
is similar to the trends in HOMO—LUMO gaps. A substan-
tial increase in oscillator strength also occurs as the number
of repeat units increases through the tetramer.
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Figure 7. Simulated absorption spectra for the alternating oligomer (n = 1—4) constructs of P1—P4 as determined with TDDFT at the B3LYP/

6-31G(d,p) level.

Simulated absorption profiles for the monomer, dimer,
trimer, and tetramer structures based on the TDDFT vertical
transition energies are given in Figure 7, while Figure 8
shows the transition dipole moments as a function of wave-
length of the vertical transitions for the oligomers (n = 1—4).
The simulated absorption profiles show two prominent —
one low energy and one high energy — absorption peaks, in
agreement with the empirical spectra. As can be seen from
the calculated absorption profiles, the relative maximum
peak position for the longest wavelength is not well repro-
duced for the monomer structure: while the energy of the first
excited state from the empirical spectra follows P1 > P3 >
P2 > P4 (Figure 6b), the calculated energy of the P1 and P4
monomers are too large with respect to P3 and P2, respec-
tively. This should serve as a note of caution as donor—
acceptor polymer optical properties have been previously
predicted solely based on quantum chemical analysis of
monomeric structures, whose properties are known to de-
viate substantially from those of longer oligomers.”* Going
to the dimer structure improves the comparison consider-
ably, though the first transitions of P1 and P3 are virtually
stacked on top of each other. Continuing to the trimer and
tetramer structures further improves the correspondence
between the theoretical and empirical results (Figure 6b).
In particular, the trends of the empirically determined ab-
sorption wavelengths appear to be well reproduced as the
conjugated path is extended and the oligomer begins to
better resemble the polymer. It is expected that the calculated

absorption properties will continue to red shift until the
effective conjugation length of the polymer is reached.?**’
Note, however, that the peak positions of the calculated
absorption peaks are red-shifted versus the empirical data;
this is a known problem with vertical transition energies
determined with TDDFT using the B3LYP functional, and is
a function of the propensity of B3LYP to favor delocalized
solutions due to the self-interaction error in density func-
tional theory.”®?” We also note the sizable increase in the
transition dipole moment of the principal, low energy ab-
sorption peak with increasing oligomer size, which is indica-
tive of the larger spatial overlap between the primary x—*
orbitals involved in the transitions; it is expected that the
continual increase in transition dipole moment will level off
at the effective conjugation length of the polymer. In addi-
tion, the oligomer structures without the alkylated thiophene
units (P3 and P4) possess transitions with the largest transi-
tion dipole moments, again showing the importance of an
extended conjugated path free from the influence of torsions
on the optical properties.

Asnoted above, Figures 7 and 8 also reveal the presence of
a second, higher-energy peak with considerable transition
dipole moment, in agreement with the empirical spectra.
Analysis of the electronic configurations indicates that the
second peak is primarily a 7—s* transition localized on the
donor segments, with the unoccupied s7* orbital also having
substantial electron density on the thiadiazole fragment of
BTZ. Again, the transition dipole moment associated with
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the second absorption increases both with oligomer size and
planarity of the oligomer backbone.

As noted above, the theoretical analyses of the random
polymers P1—P4 were carried out using alternating oligo-
mers, as determining theoretical data for all possible random
polymer distributions of the donor—acceptor components
would be a difficult task. Indeed, it is difficult to know
whether the random polymerization procedure would lead
to a polymer with a more regioregular donor—acceptor
(D—A) polymer configuration, a more regiorandom D—A
polymer configuration, a more block D—A polymer config-
uration, or some variation thereof. The proportionality of
these segment types within the polymer could have an impact
on the electronic structure, electrostatics, and optical proper-
ties. For the purpose of this work, the calculations were
performed to gain insight into the geometric, electronic, and
optical properties of the studied polymers. Therefore, realiz-
ing the difficulty of the above, calculations on regioregular
D—A oligmers were used as a first approximation to describe
these properties for the polymer series. Very good correla-
tion between the electronic structure, oxidation and reduc-
tion energies, and optical properties (including trends for
both the vertical transition energies and transition dipole
moments, which correlate to the absorption coefficients)
were found for P1—P4. For example, the empirically deter-
mined HOMO—LUMO gaps derived from electrochemical
measurements reveal that the transport gaps of P (regio-
regular) and P1 (regiorandom) differ by 0.07 eV, while the
gap differs by 0.3 eV on going from P1 to P2 through the use

of different donor units. This trend is reproduced well via the
density functional theory calculations. In addition to provid-
ing information pertaining to the trends, the density func-
tional theory calculations provide valuable insight that could
not be gained by experiment alone. For example, the larger
computed transition dipole moments for P2 and P4
(compared to P1 and P3, respectively) were determined to
be a function of larger spatial overlap between the primary
n—m* orbitals involved in the first vertical transition, which
in turn was a function of the greater degree of planarity and
greater conjugation path length that evolved with the re-
moval of the alkylated thiophene units from the conjugated
backbone. Thus, in spite of the necessary simplifications that
were made, the theoretical analyses of the geometric struc-
ture, electronic structure, and excited-state vertical transi-
tions presented provide direct insight into the interplay
between the structural modifications and resulting electronic
and optical changes.

Hole Mobility. Hole mobilities for P—P4 were measured
using the space charge limited current (SCLC) model'* with a
device structure of ITO/PEDOT:PSS/polymer/Au. Hole
mobilities of 1.3 x 107> ecm?/(V s), 1.0 x 107> em?/(V s),
1.4 x 1077 em?/(V s), and 8.5 x 107° ecm?/(V s) were
measured for P1, P2, P3, and P4, respectively. Even though
the mobilities of amorphous polymers P1—P4 are not as high
as that of crystalline PBHTV (1.6x 10~* cm?/(V s)),%® they
are comparable with amorphous phenylenevinylene polymers,
such as poly[2-methoxy-5-(3’ ,7’—dimethyloxg)-p-phenylene-
vinylene] (MDMO-PPV) (5 x 10”7 cm?/(V's)).% It is noteworthy
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Figure 9. (a) /—V curves of P—P4 based solar cell devices under illumination with AM 1.5 G solar simulated light (100 mW/cm?). (b) External quantum

efficiency (EQE) of the PSCs.

that P1 and P2 have higher mobilities than P3 and P4,
though the P1 and P2 polymer backbones are more twisted.
Itis also important to recognize that all of these polymers are
amorphous. According to these observations, it seems that
the measured SCLC mobilities are scaling with the molecular
weights and the length of s-conjugation units of these
amorphous polymers. In comparison to P1 and P3, P1 has a
larger molecular weight and degree of polymerization (M, =
25kg/mol, DP, =21) than P3 (M, = 8.1 kg/mol, DP,, = 14),
indicating more extended s-conjugation units. In the case of
P2 and P4, P2 has a slightly increased conjugated path
due to the thiophene groups appended to BTZ, although
DP,, of P2 is smaller than P4. The effect of molecular weight
and degree of polymerization was also observed between the
polymers P and P1 (M, =22 and 25 kg/mol, DP,=18 and 21
for P and P1, respectively): the diode mobility of P1 is
an order of magnitude larger compared to that of P (¢giode =
1.2 x 10~% cm?/(V s)). This indicates that the charge carrier
mobility of amorphous polymers is most likely a function of
the molecular weight (the length of z-conjugation units),
which can influence interchain polymer packing, film-form-
ing quality, and intrachain hopping.**!'' However, a more
detailed study with a same amorphous polymer with differ-
ent molecular weight will be required to draw any general
conclusion. In general, charge carrier mobility depends on
many parameters, such as direction of packing or 77— stack-
ing distance in crystalline or semicrystalline polymers.”*
Interestingly, recently reported polymer hole mobilities (i.e.,
P3HT and bithiazole-based copolymers)'*®!! that exhibit
crystalline patterns in X-ray diffraction also show charge-carrier
mobility dependence with molecular weight.

Photovoltaic Properties. Bulk heterojunction photovoltaic
devices were fabricated with a structure of ITO/PED-
OT—PSS/polymer:PCBM/AI, using a polymer:fullerene-
derivative blend in a weight ratio of 1:1 or 1:4 w/w, to investi-
gate photovoltaic performance in polymer solar cells (PSC).
Figure 9 shows the /—V curves and external quantum
efficiency (EQE) for solar cells under simulated 1 sun AM
1.5 G radiation (100 mW/cm?); optimized photovoltaic
properties are summarized in Table 5. Random polymer
P1 has a larger short circuit current (Jo = 5.82 mA/cm?)
compared to the alternating polymer P (J. = 4.05 mA /cm?).
This difference originates from the stronger absorption and
larger hole mobility of P1, considering the minor differences
in open circuit voltage (V,.) and fill factor (FF) between

Table 5. Photovoltaic Properties of Polymer Solar Cells”

polymers fgiode (cm*/(V 8))” Voe (V) Jic (mA/em?) FF (%) PCE (%)

P 12x107° 0.785 4.05 028  0.84
P1 13x107° 0.765 5.82 032 1.42¢
P2 1.0 x 1073 0.495 2.03 032  0.32
P3 1.4%1077 0.675 1.49 036  0.36%¢
P4 8.5%x107° 0.525 4.42 041 095

“Optimum devices were fabricated with polymer:PC;BM (1:4).
® Devices spin-coated from polymer solution in ODCB. ¢ Annealed at
100 °C for 5 min.  Using P3:PC¢BM (1:1) blend.

P- and P1-based solar cells. Power conversion efficiencies of
0.84% and 1.42% for P and P1, respectively, were achieved
(Table 5). The blend of polymer P1:PC;;BM produced a
larger EQE, up to 38%, at 375—450 nm compared to P:
PC7,BM based cells (26% at 375—450 nm), indicating more
efficient generation of charge carriers in the P1 device
(Figure 9b).

As described above, the reasons behind the higher PCE for
random P1 are stronger absorption (larger absorption co-
efficient) in the UV—vis region of the solar spectrum and a
higher charge (hole) carrier mobility, which were attributed
to the higher molecular weight of P1 compared to P. For the
photovoltaic performance of polymer solar cells, molecular
weight plays a significant role in controlling PCE.*' in
addition to regioregularity.® Since the vinylene polymers
are not very rigid, and in this case regioregularity does not
promote a great deal of crystallinity; therefore, other factors
(e.g., molecular weight) play a greater role. We believe that if
the molecular weights of P2—P4 could be improved, a higher
PCE should be expected than their alternating polymers. As
summarized in Table 1, higher molecular weight polymers
(P1 versus P) were achieved from the random polymeriza-
tion; we therefore followed the random polymerization
procedure for the remaining polymers (P2—P4). Addition-
ally, the molecular weights of P3 and P4 were limited by poor
solubility.

Comparing PSC’s with the random copolymers P1—P4,
the best performance was the 1.42% PCE for the PI:
PC;BM (1:4 w/w) blend, with J,. of 5.82 mA/ecm?, Vo, of
0.765 V, and FF of 0.32 (Table 5). The FF is low in the P1-
based cells even after extensive morphology optimization,
and may be due to low diode mobility in the polymer. P3 has
a larger absorption coefficient at longer wavelength com-
pared to P1; however, Ji. in the P3 solar cell device was
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reduced to 1.49 mAj/ecm? resulting in a 0.36% PCE
(Figure 9a). This may be attrlbuted to the even lower diode
mobility (Ugioge = 1.4 x 1077 cm?/(V s)) originating from the
low molecular weight of P3 (M, = 8.1 kg/mol). Moreover,
the maximum absorption coefficient of P1 is larger than that
of P3. Though no transition temperature was observed in the
DSC measurements of P1 and P3, thermal annealing of the
solar cells helped to enhance device efficiency (in particular
through improvements in V. and current density, see Table
S2).'“ Specifically, the PCE of the P1 device was enhanced to
1.42% from 1.13% upon annealing of the device at 100 °C
for 5 min.

Comparing the solar cell performance of devices based on
CPDT contammg polymers P2 and P4, P4 showed a larger
PCE 0f0.95% owing to the larger J,. (4.42 mA /cm?), which is
ascribed to stronger light absorption (larger absorption
coefficient) in the thin film that leads to the generation of
more excitons, as shown in Figure 9a. Although the hole
mobility of P4 s slightly lower than that of P2 due to a lower
molecular weight (M, = 7.6 kg/mol), stronger absorption
(1.4 times) compensates the limited hole mobility on J in the
devices. EQE measurements (Figure 9b) confirm better
charge collection in solar cells based on P4 owing to the
red-shifted and stronger absorption. Whereas the CPDT
polymers, specifically P4, absorb light in a broad spectral
range (300—800 nm), the low V. (0.525 V), which results
from the higher HOMO energies, severely limits the solar cell
performance (PCE = 0.95%).

From this study, it is evident that solar cell performance
depends on a careful balance among the molecular weight,
absorption coefficient, charge carrier mobility, and HOMO
energy level of the polymers. For different D—A monomer
ratios (assuming a similar molecular weight distribution), we
would expect changes to the electronic and optical properties
of the polymers — e.g., in the case of a 1:2 D—A ratio we
might be able to decrease optical band gaps, however,
the HOMO energy level would be higher and potentially
lead to lower V,.. Additionally, the absorption coefficient
at longer wavelengths could be made lower with increased
incorporation of BTZ-bt (benzothiadiazole—bis-alkylated
thiophene).

The morphology of the polymer:PCBM blend has a con-
siderable impact on the efficiency of bulk heterojunction
solar cells. A nanoscale, bicontinuous network of donor and
acceptor materials is crucial to increasing the interfacial area
and maximizing charge separation.'® Atomic force micro-
scope (AFM) height images of the blends P1—P4 and full-
erene derivatives are shown in Figure 10. Though there are
variations in the solar cell performance of polymer P1—P4:
PCBM films, all blends formed smooth films with small root-
mean-square (rms) roughness (0.38, 0.36, 0.40, and 0.58 nm,
respectively), which suggests fine phase separations that
should maximize the interfacial area. However, AFM only
provides the top surface-morphology of the active layers. It
has been shown that vertical phase segregation of donor and
acceptor can significantly impact solar cell performance, a
feature that cannot be easily probed by AFM.*

Summary and Conclusions

Five new vinylene-incorporating donor—acceptor copolymers
were successfully synthesized for use in photovoltaic applications.
Solar cell performance depends on the interplay between absorp-
tion coefficient, hole mobility, and HOMO energy level. Absorp-
tion in the random FL-based copolymer P1 was red-shifted by 36
nm and enhanced compared to the alternating copolymer P (o =
9.6 x 10*em ' and 1.2 x 10° ecm™! at 395 nm for P and P1,

Ko et al.

Figure 10. AFM height images of (a) P1:PC;BM (1:4), (b) P2:
PC7BM (1:4), (c) P3:PC¢BM (1:1), and (d) P4:PC7;BM (1:4) blend.

respectively). The strength of the optical absorption was im-
proved at longer wavelengths by removing the adjacent alkylated
thiophene groups around the acceptor core (BTZ) in copolymers
due to the better HOMO—LUMO overlap. Although copoly-
mer P3 had a smaller optical band ap and stronger absorption
(Eq clee = 1.95e¢V, a0 = 8.3 x 10*cm™ at 533 nm) compared to P1
(E, Soec _ 908 eV, o = 6.9 x 10* cm™ " at 506 nm), P1 showed
ldrger PCE (J,.=5.82mA/cm? V,.=0.765V, FF = 0.32, PCE =
1.42%) in solar cell devices, most likely due to the larger hole
moblhty of the polymer (tgioge=1.3 x 107> cm?/(V s) and 1.4 x
1077 em?/(V s) for P1 and P3, respectively). The HOMO energy
levels of the FL-based polymers (P1 and P3) were deeper (ca.
~0.2—0.3 eV) compared to those of CPDT-based polymers (P2
and P4), leading to a significant increase in V.. As confirmed by
quantum-chemical calculations, copolymer P4, which lacks al-
kylated thiophene groups around the BTZ core, showed stronger
absorption (0=1.3 x 10~° at 637 nm) resulting in the larger
short current density (Jy. = 4 42 mA/cm?) compared to P2 (J.=
2.03 mA/em?). However, the low ¥V, (0.525 V) originating from
the high HOMO energy limited the solar cell performance
(0.95%) of the device based on P4. DFT calculations of the
oligomers of P1—P4 provided detailed insight into the interplay
between the structural modifications and optoelectronic pro-
perties.

Solar cell performance depends on the interplay of absorption
coefficient, charge mobility, and frontier molecular orbital en-
ergy. Even though we were able to improve the absorption
coefficient and push the principal absorption to longer wave-
lengths by removing the alkylated-thiophene units, the low
molecular weight of P3 limited the hole mobility and led to a
small Ji.. Furthermore, P4 possesses superior absorption proper-
ties (large absorption coefficient at long wavelengths) compared
to P2; however, the higher HOMO energy leads to a low V. and
limits solar cell performance. Nevertheless, the solar cell effi-
ciency for P1 is among the better performing vinylene incorpo-
rated polymers.®
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