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Alkylidenefluorene-isoindigo copolymers with
an optimized molecular conformation for spacer
manipulation, t—n stacking and their application
in efficient photovoltaic devicest

Min-Hee Choi, Kwan Wook Song and Doo Kyung Moon*

D—(n),-A-type copolymers with different thienyl spacers (n = 0—2) between alkylidenefluorene and iso-
indigo (P1, P2, P3) were synthesized via a Suzuki coupling reaction. As the number of spacers was
increased in a polymer (P1), the UV-Vis absorption maximum (1max) red-shifted, and the band gap
decreased from 1.83 to 1.64 eV. The highest occupied molecular orbital (HOMO) levels of the polymers
were increased by increasing the number of spacers. In addition, the facile intermixing due to better
accessibility with the PCBM led to an increase in the hole mobility and Jsc. In contrast to P1 and P2, when
the P3 thin films were blended with PC;oBM in the X-ray diffraction (XRD) measurement, an increased
face-on structure of the crystal was observed. The power conversion efficiency (PCE) of P3 was 3.0% and
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1. Introduction

Polymer solar cells (PSCs) have received considerable attention
in academic research and industrial application in recent years
due to their inexpensive manufacturing. In particular, the bulk
heterojunction (BHJ) system, which employs a conjugated
polymer (as the electron donor) and fullerene (as the electron
acceptor) blend, has been widely studied. For PSCs, enhanced
molecular engineering technology with n-conjugated polymers
has recently emerged as a major research area. To enhance the
power conversion efficiency (PCE) of the PSCs, the opto-
electronic properties of the mn-conjugated polymer, which is a
photoactive material, should be tuned. An ideal conjugated
polymer for PSCs should satisfy the following conditions: a
low bandgap to enlarge the absorption region in the visible
and near-infrared regions, high absorption coefficient, high
hole mobility, a suitable highest occupied molecular orbital
(HOMO)-lowest unoccupied molecular orbital (LUMO) level,
and excellent miscibility with fullerene."”” The PCE of the PSCs
was enhanced to more than 7-9% by identifying the relation-
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it reached 4.2% for the inverted device fabricated at 1: 2 ratio with PC;oBM.

ship between the chemical structure of the polymer and its
photovoltaic performance.*® To verify the state-of-the-art
device performance of the polymer, research focused on con-
trolling the crystallinity of the polymer in the solid-state at the
nanoscale is required.””

Alberto Salleo et al. reported that increased solid-state
packing via strong n-r stacking leads to high crystallinity."® In
addition, I. McCulloch et al. proposed polyalkylidenefluorenes
for application in solution-processable organic semiconduc-
tors, which have a high charge carrier mobility and environ-
mental stability. Alkylidenefluorene is an electron-rich unit
that has a rigid planar structure, and this unit increases the
n-n stacking of the resulting polymer, imparts high mobility,
decreases the HOMO level, and facilitates efficient conjugation
from the chain length direction."* The alkylidenefluorene
homopolymer has a significantly small intermolecular dis-
tance (<0.4 nm) that facilitates a coplanar conformation.'?

In a previous study, we reported that the energy level and
steric hindrance of the polymer could be adjusted according to
the location of the side chain in the D-n-A type polymer.® The
results indicated that the polymer without side chains from
the spacer and acceptor exhibited the lowest band gap due to
aggregation caused by strong n-stacking and possessed a low
solubility and molecular weight. However, when the side chain
was implemented in the spacer, the lowest PCE was observed
due to the steric hindrance and edge-on rich structure. Most
semiconducting organic materials exhibit anisotropic charge
transport properties, where the electric charge effectively
moves from the n-stacking direction.'*"*

This journal is © The Royal Society of Chemistry 2015
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In a D-A-type polymer, Mikkel Jorgensen et al. adjusted the
length of the spacer of the polymer with alkoxyphenyl-
benzothiadiazole.’® David G. Lidzey et al. published research
results based on adjusting the length of the spacer of the
anthracene-benzothiadiazole polymer. As the number of
spacers increased, the band gap decreased, and the differences
in Jsc and PCE were insignificant. UV-Vis absorption spectra
were red-shifted when the numbers of spacers were increased.
Recently, Tajima et al. reported dithienopyrrole-benzothiadi-
azole copolymers with some different opto-electric results
when a spacer was introduced. Their polymers showed blue-
shifted spectra.'®

In contrast, the solubility and energy levels of isoindigo,
which allow for implementation of various side chains with
two -N groups through lactam rings, can be easily tuned.
Furthermore, isoindigo has been successfully introduced in
the field of organic electronics to form donor-acceptor (D-A)
small molecules and polymers via a strong electron-deficient
unit."”?° Isoindigo consisted of planar moieties that can form
strong m-n stacks in the solid state. The hole and electron
mobilities of isoindigo-based D-A conjugated polymers are
0.81 and 0.66 cm® V™' s, respectively.”! However, the results
of X-ray crystal analysis of isoindigo confirmed the disadvanta-
geous generation of a steric interaction in which a twist occurs
near the central C—=C bond between two indolinones.”?
Although the implementation of one thiophene between D-A
units is known to enhance properties, limited studies have
reported the implementation of bithiophene, which has
primarily resulted in insoluble polymers.

In this study, alkylidenefluorene-isoindigo copolymers
were synthesized using the Suzuki coupling reaction and these
copolymers exhibit good solubility even when several thio-
phenes were employed. Thiophene and bithiophene were
applied as n-bridges between the isoindigo and the alkylidene-
fluorene donor moiety. The structure-property relationship
was observed for the length of the spacer. The results con-
firmed that the increased number of spacers decreased the
twist angle between the donor and the acceptor, which led to
an enhancement in the planarity, crystallinity, and PCBM
intercalation. By applying the polymer with the bithiophene
spacers, as an active layer, Jsc and FF increased and PCE was
increased to 4.2%.

2. Results and discussion
2.1 Polymer synthesis

Scheme 1 shows typical synthetic routes to the monomers and
polymers, as shown in Fig. 1. 9-(1-Decylundecylidene)fluorene
(D1) was used as a donor and 6,6"-dibromo-N,N'-(2-octyldode-
cyl)isoindigo (A0), which is a well-known organic dye, was
used as an acceptor. In addition, thiophene and bithiophene
were applied as conjugated linkers for the indigo derivatives in
A0 to synthesize Al and A2, respectively, as shown in
Scheme 1. Poly[2,7-bis-9-(1-decylundecylidene)fluorene-alt-
N,N'-(2-octyldodecyl)-6,6-n-isoindigo] (P1, P2, P3) were syn-
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thesized using a Suzuki coupling reaction with D1 and indigo
derivatives (A0-A2) (Fig. 1). Polymerization was performed at
90 °C for 48 h with Pd(PPh;),(0), a 2 M aqueous potassium carb-
onate solution, Aliquat 336 as a surfactant, and toluene-THF
or DMF = 1:1 as a solvent. After the polymerization was com-
plete, end-capping was performed using bromobenzene and
phenylboronic acid. The obtained powders were collected after
being re-precipitated in methanol. Purification was performed
sequentially with methanol, acetone, and chloroform using
Soxhlet apparatus. Finally, the chloroform-soluble portion was
re-precipitated in methanol. The obtained powders were
reddish black (P1), blue-black (P2), and greenish black (P3)
solids, and their yields were 76, 67, and 27%, respectively.

P1 and P2 were soluble in tetrahydrofuran (THF), chloro-
benzene, and o-dichlorobenzene, and P3 was soluble only at
an elevated temperature. The structure of the synthesized
polymer was determined using "H-NMR spectroscopy (see
Fig. S1 in ESIY). Isoindigo and the monomer of isoindigo with
thiophene and bithiophene spacers were successfully syn-
thesized, which was confirmed using the "H-NMR spectra. For
the structure of the obtained polymers, the peak corres-
ponding to P2 was determined to be between 7.08 and
6.8 ppm and 6.7-6.5 ppm due to the hydrogen atoms com-
bined with the 3,4-carbon of the aromatic thiophene spacer.
The peak corresponding to P3 was observed between 7.08 and
6.8 ppm and 6.7-6.5 ppm, which is the same peak observed
for P2, due to the hydrogen atoms combined with the 3,4-
carbon of the bithiophene spacer, and two additional hydro-
gen atoms were found compared with the number of hydrogen
atoms found in P2. In addition, the NMR spectra exhibited a
decreased resolution and increasingly broadened peaks in the
order of P1 to P3. This phenomenon is typically observed in
polymers that have several carbon types, due to overlapping of
all of the chemical shift anisotropy lines, which leads to a
broad spectrum.

Table 1 lists the results of the measurements of molecular
weights of the polymers. As shown in Table 1, P1, P2, and
P3 have average molecular weights (M,) of 21.4, 28.2, and
19.3 kDa, respectively, and broad PDI of 2.50, 2.66, and 3.80,
respectively. In comparison with P1 and P3, P2 exhibited a
high degree of polymerization due to the application of an
appropriate thiophene linker. The planarity of P1, which does
not have the spacer, decreased due to a large tilted angle
between the donor and phenyl rings of the acceptor resulting
in increased steric hindrance, which led to a low degree of
polymerization. Z. Peng et al. reported that when the distance
of the phenyl and phenyl groups is close to the backbone of
the polymers, the steric hindrance between the two groups
increases, which makes it difficult to achieve a higher mole-
cular weight.”® Therefore, studies focused on effectively
increasing the conjugation of the polymer main chain by
improving the planarity between the donor and the acceptor
through the application of a spacer (e.g., P2 and P3) have been
conducted. Jizheng Wang and David G. Lidzey et al. confirmed
that the enhanced planarity between the donor and the accep-
tor through the implementation of a spacer leads to a broad

Polym. Chem., 2015, 6, 26362646 | 2637
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Fig. 1 Isoindigo based conjugated polymers with alkylidenefluorene
donating units.

absorption range for the polymers and an excellent photo-
voltaic performance through the increased hole mobility.>*>>
However, for P3, the small side-chain moieties within the

repeating unit after the implementation of a double thiophene
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linker reduced the solubility of the polymers, which resulted
in precipitation during the polymerization, leading to a low
degree of polymerization.

2.2 Optical and electrochemical properties

Fig. 2 shows the UV-visible spectra for the solution and film
phases of the three polymers. All of the polymers were
measured after being dissolved in chloroform at a concen-
tration of 10 pg ml™". The results are summarized in Table 2.
The maximum absorption peak (Amay) of P1 was at 321 mm in
the solution, and the absorption coefficient at this time was
calculated to be 3.0 x 10* M™' ecm™". In the film, the peak
(Amax = 330 nm) was red-shifted by 9 mm compared to that in
the solution. This red shift indicates that P1 has a strong
n-stacking tendency due to aggregation of the polymer in the
solid state. The absorption edge of P1 was at 678 nm, and the
optical band gap calculated according to this edge was 1.83 eV,

This journal is © The Royal Society of Chemistry 2015
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Table 1 Physical and thermal properties of polymers

Yield M,“ M, “ Degree of
Polymer [%] [kDa] [kDa] PDI¢ polymerization®
P1 76 21.4 53.5 2.50 16
P2 67 28.2 75.0 2.66 19
P3 27 19.3 69.5 3.80 12

“Determined by GPC in tetrahydrofuran (THF) using polystyrene
standards.

which is the largest value among those for the synthesized
polymers in this study. Therefore, when the spacer is absent
from the main chain, the polymer has the largest bandgap as
well as a correspondingly narrow absorption area. The
maximum absorption peak (4may) of P2 was at 615 nm in the
solution, and its absorption coefficient was calculated to be
4.0 x 10* M™" em™". In the film phase, the peak (Amax =
604 nm) was blue-shifted by 11 nm compared to that in the
solution. The absorption edge of P2 was at 725 nm, and the
optical band gap that was calculated according to this edge
was 1.71 eV. In addition, in comparison with P1, the absorp-
tion spectra of P2 were red-shifted by 60 nm in the solution
and by 35 nm in the film.

This confirms that P2 has a broader absorption area and a
reduced band gap compared to P1 because the thiophene
spacer was implemented between the alkylidenefluorene
donor unit and the isoindigo acceptor unit. This decrease in
the band gap is due to the effective increase in the conjugation
length of the polymers.”® The UV-visible spectra of P3 are
similar to those of P2. A maximum absorption peak (4mayx) of
P3 was determined at 622 nm in the solution, and its absorp-
tion coefficient was calculated to be 5.7 x 10* M~' em™". This
value is greater than those for the P1 and P2 polymers, indicat-
ing that P3 facilitates greater optical absorption. The peak
(Amax = 617 nm) of P3 in the film phase was blue-shifted by
5 nm compared to that in the solution. The absorption edge of
P3 was at 756 nm, and the optical band gap that was calcu-
lated according to this edge was 1.64 eV. This band gap value
is the lowest among those for the synthesized polymers in this
study.

Table 2 Optical and electrochemical data of polymers
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Fig. 2 UV-Vis absorption spectra of polymers in solution (a) and
film (b).

These results are consistent with the research results
reported by David G. Lidzey.>> By comparing the spectra of P2
and P3, the optical absorption of P3 was red-shifted in the
long-wavelength region in both the solution and film. Because
a longer © spacer was applied using bithiophene, the main
chain of the polymer forms a more planar conformation
and has an extended electronic delocalization leading to an

UV-Vis absorption

Cyclic voltammetry

CHCIj; solution Film
Polymer  Amax[Mm] A [DM]  Amax [0m] A [DM]  dongec [NM]  EP“[eV]  E9neet [V]  Eokec [V]  HOMO® [eV]  LUMOf [eV]
P1 321 453,555 330 463,569 678 1.83 1.52 —0.38 —5.89 -4.37
P2 615 376 604 389 725 1.71 1.35 -0.37 —5.72 -4.01
P3 622 447 617 447 756 1.64 1.23 -0.36 ~5.60 -3.96

“ Calculated from the intersection of the tangent on the low energetic edge of the absorption spectrum with the baseline. b oo = —[Eonset(vs.

Ag/AgCl) — Eyp(Fe/Fe” vs. Ag/AgCl)] — 4.8 eV. * LUMO = HOMO + E,,.

This journal is © The Royal Society of Chemistry 2015
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increased conjugation length. The typical UV-visible spectra of
the DA-type polymer primarily exhibit two absorption peaks.
The peak in the high-energy area (300-500 nm) is caused by
the n—-n* transition of the donor segments (alkylidenefluorene
derivatives)*” and the peak in the low-energy area
(500-800 nm) is caused by the intramolecular charge transfer
(ICT) transition (isoindigo units) between the donor and the
acceptor.”® The optical absorption spectra for P2 and P3
showed the form mentioned above, and the optical absorption
spectra for P1 showed two optical absorption peaks in the
range of 300-500 nm. Therefore, P1 exhibited a total of three
peaks. The second absorption peak for P1, which was observed
at 453 nm in the solution and at 463 nm in the film, is gener-
ated by the n—-n* transition due to aggregation of the expanded
conjugation system through the C-N-C bonds of the alkylidene-
fluorene unit.”® For P2 and P3, the effects of the expanded
conjugation due to the spacer are greater than those due to the
aggregation of the donor unit. Therefore, the n—-n* transition is
not observed due to a strong n-n* transition band. Because the
UV spectrum of P1 was red-shifted when the phase changed
from the solution to the film, the interaction between the
polymer chains was enhanced due to the aggregation in the
solid state. However, the UV spectrum of P2 and P3 tended to
be blue-shifted when the phase changed from the solution to a
film, indicating that the 2D =-stacking between the polymer
chains decreases. Therefore, the implemented spacer increases
the electron-donating characteristics, which enhances the
effects of the delocalized n-rn* transition.*®

To confirm the effects of the thiophene spacer on the differ-
ence in the energy level, cyclic voltammograms of thin films
for P1-P3 were obtained with 0.1 M tetrabutylammonium
hexafluorophosphate (TBAHFP) in an acetonitrile solution.
The measurement results are shown in Fig. 3 and summarized
in Table 2. The oxidation onset potentials (Egnser) of P1, P2,
and P3 were +1.52, +1.35, and +1.23 V, respectively, and their
calculated HOMO levels were —5.89, —5.72, and —5.60 eV,
respectively. Because the air oxidation threshold was —5.27 eV,

—P1
—P2
—P3

—fOrTOCONO

Current (mA )

08 00 0s 10 15
Potential ( V vs Ag/AgCl )

Current (mA)

-2 -1 0 1 2
Potential ( V vs Ag/AgCl )

Fig. 3 Cyclic voltammograms of polymers.
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the HOMO level should be less than this value to ensure the
oxidation stability of the materials.*'

By increasing the amount of thiophene implemented in the
spacer, the HOMO energy level of the polymers tended to
increase from 5.89 to —5.60 eV because the increased thio-
phene spacers led to an increase in the electron-donating pro-
perties. These results are consistent with those reported by
You’s group that the HOMO level of the polymers in the push-
pull system is primarily determined by the donor strength®?
and with those reported by Lidzey et al. that the HOMO level
increased due to the electron-donating properties of the thio-
phene spacer.>>>? In our previous study, the photovoltaic pro-
perties were investigated by synthesizing a D-n-A polymer
series, such as poly[alkylidenefluorene-alt-di-2-thienyl-2,1,3-
benzothiadiazole].® The results of this study indicated that
when the octoxy side chain was applied in benzothiadiazole,
which served as an acceptor, the difference in the HOMO level
of the polymers was insignificant. In addition, when an alkyl
side chain was employed in the spacer, the HOMO level was
deep, and the difference in the HOMO level was between 0.04
and 0.15 eV. However, in this paper, the HOMO level of the
polymers increased by +0.29 eV due to an increase in the
number of spacers, which confirmed that the HOMO level of
the polymers was affected more by the number of spacers (the
strength of donating properties of main chains of polymers)
than by side-chain effects.

The LUMO levels calculated based on the differences in the
HOMO energy levels and optical band gap energies of P1, P2,
and P3 were —4.37 eV, —4.01 and —3.96 eV, respectively. The
LUMO energy levels of the P2 and P3 polymers are within a
reasonable range because the LUMO energy levels are far
greater than those of PC,,BM (approximately —4.3 eV). But P1
showed deeper LUMO energy levels compared to PCBM and
the energy difference (AE) between the LUMO of the donor
and the LUMO of the acceptor was only 0.07 eV. The Jsc of PSC
with P1: PC,,BM suggests poor charge generation.

2.3 Computational study of polymers

Simulations using density functional theory (DFT) were con-
ducted to identify the electrical properties, molecular geome-
tries, and electron density of the state distribution of the
synthesized polymers. The DFT calculations were performed
using Gaussian 09 with the hybrid B3LYP correlation func-
tional and split valence 6-31G(d) basis set. Oligomers with two
repeating units were selected for the calculation. The calcu-
lated HOMO and LUMO orbitals are shown in Fig. 4.

The HOMO orbitals are delocalized in the polymer main
chain, and the LUMO orbitals are localized in the acceptor
indigo dye due to the structural characteristics of the quinoid
formed between the non-bonding electron pairs of nitrogen
and sulfur, which exhibit electron-withdrawing character-
istics.>® As measured using a cyclic voltammogram, the lowest
HOMO level (—5.24 eV) was obtained for P1, and the highest
HOMO level (—4.86 eV) was obtained for P3 due to an increase
in the electron-donating properties of the thiophene spacer.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Calculated LUMO and HOMO orbitals for the dimer models of
the polymers.

Table 3 Calculated parameters

Dihedral angle (°)

Polymer 1 2 3 HOMO®" [eV]  LUMO®" [eV]
P1 355  — — —5.24 -2.79
P2 242 234 239  -5.01 —2.86
P3 259 208  19.6  —4.86 -2.81

The dihedral angles between the two spacer groups and the
central isoindigo core and alkylidenefluorene were measured
according to Fig. 4, and the results are summarized in Table 3.
Based on these results, the internal steric hindrance of the
polymers was observed according to the different lengths of
the spacers. Dihedral angle 1 of P1 was 35.5° and dihedral
angle 1 of P2 and P3 was 24.2° and 25.9°, respectively, which
decreased by 10° or more compared to that in the absence of
the spacer. Therefore, the steric hindrance of P1 was signifi-
cantly greater than that of the other two polymers. In addition,
dihedral angles 2 and 3 of P2 were 23.4° and 23.9°, respecti-
vely, and dihedral angles 2 and 3 of P3 were 20.8° and 19.6°,
respectively. As the length of the spacer increased, the tilting
angle of the polymers decreased because P3, which has a
longer bithiophene spacer than P2, provides broader space in
which the side chains can be released in the alkylidenefluor-
ene and isoindigo core to ensure solubility of the polymers.
The steric hindrance effectively decreases the n-n stacking
between the polymers and the charge transport.®®

Therefore, the implementation of a = linker reduces the
steric hindrance between the alkylidenefluorene and the iso-
indigo core, the tilt angles decrease more as longer spacers are
applied. Increased tilt angles break the conjugation reducing
the current density during device manufacturing. Therefore,
the current density of P3 will be the highest during the manu-
facture of OPV cells.

This journal is © The Royal Society of Chemistry 2015
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2.4 XRD measurement

To better understand the ordering characteristics of thin films
and the = linker effect of the polymer, X-ray diffraction
measurements were conducted at annealing temperatures.
X-ray diffraction measurements of the polymer films,
measured in the out-of-plane mode, were used to analyse the
ordering structure in Fig. 5(a).

The thin film of P1 and P2 measured in the out-of-plane
mode exhibited clear, sharp diffraction peaks at 4.32° and
4.52°, which indicates the formation of a (100) lamellar struc-
ture with high crystallinity. The results of calculation using
Bragg’s law (4 = 2dsin#) indicated that the highly ordered
(100) lamellar d-spacings (d;) were 20.43 and 19.53 A. However,
unlike the other two polymers, P3 exhibited a small (100) peak
at 4.76°, and the d, calculated for this state was 18.54 A. This is
in good agreement with Erjun Zhou and Keisuke Tajima’s
work. Erjun Zhou et al. reported dithienopyrrole-based donor-
acceptor type copolymers with various thienyl spacers. In the
out-of-plane XRD measurement, the polymer which does not
have a spacer showed a diffraction peak near 6°. But on
increasing the number of spacers, the polymers did not show
(100) diffraction peaks.'® The broad diffraction peaks of the
(010) crystal planes, which are related to the n—r stacking, were
observed at 20.97°, 21.89°, and 24.48° for P1, P2, and P3,
respectively. The n—r stacking distances (d,) of P1, P2, and P3
were 4.2, 4.1, and 3.6 A, respectively. The d;- and d,-spacing
(i.e. the distances between the polymer chains of the P1-P3
polymers) decreased when going from P1 to P3. This result is
in agreement with the DFT results where the tilt angle
decreased as the spacer became longer, alleviating the
steric hindrance between the alkylidenefluorene and the iso-
indigo core.

XRD measurements were conducted to validate the struc-
tural arrangement of the PCBM and polymer blended films
(Fig. 5(b)). Strong (010) diffraction peaks due to the crystalli-
nity of fullerene were measured at 18.81°, 18.61°, and 18.53° in
the out-of-plane measurements of the polymer : PC,,BM blend
films. The interlamellar spacings of the P1-P3:PC;,BM thin
films calculated using the 26 value of the (010) peaks were
4.72, 4.77, and 4.79 A, respectively. These values increase by
0.52, 0.67, and 1.12 A, respectively, compared with the d, value
measured in the polymer thin film. This result means that
PC,,BM has penetrated deeply between the polymer chains.*®
However, PC,,BM did not penetrate the intermolecular struc-
ture of P1 and P2, and they exist separately. In addition, the
intensity of the (100) peak decreased for the diffraction peak of
the P1 and P2 polymer thin films, confirming that blending
with PC;,BM interrupted the molecular arrangement of P1
and P2. However, a higher order of the lamellar scattering was
observed in the P3:PC,,BM blend film, because the intensity
of the (100) peak, which was recorded to be very low when only
the P3 polymer was measured, increased when PC,,BM
was added.

Fig. 3(c) and (d) present the XRD profiles of the polymer
and polymer: PCBM blended thin films measured in the
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Fig. 5 X-ray diffraction pattern of polymers on a silicon wafer and a polymer : PC;0BM blend on silicon wafer out-of-plane mode (a, b) and in-plane

mode (c, d).

in-plane mode, respectively. The XRD profiles for P3 in the in-
plane mode had one diffraction peak at a low (20 = 4.14°)
angle, which suggests that the P3 thin films formed a face-on
structure. In contrast, the thin film of P1 and P2 showed XRD
peaks at both low and high angles in the in-plane mode,
demonstrating that this crystal structure had a mixed bimodal
orientation. In Fig. 3(d), all of polymer:PCBM blend films
showed XRD peaks at both low and high angles in the in-plane
mode. The P3:PCBM blended thin film showed the strongest
diffraction peak at 4.29° in the in-plane mode. But low angle
diffraction peaks tended to decrease in the in-plane mode XRD
profile with the decreasing number of spacers. It means that
the predominant crystalline structure within polymer : PC,,BM
blend films was changed from edge-on to face-on when the
number of spacers was increased.

2.5 Photovoltaic properties

To determine the photovoltaic (PV) properties as a function of
the spacer, BHJ PSCs were fabricated. Fig. 6(a) shows the J-V
curves of the BHJ PCSs, and Fig. 6(b) shows the incident
photon to charge carrier efficiency (IPCE). The PV properties of
the three polymers were evaluated by manufacturing PSC
devices with ITO/PEDOT :PSS/polymer : PC,,BM/BaF,/Ba/Al
structures. All of the fabricated devices were encapsulated in a
glove box. The J-V characteristics were measured under an
ambient atmosphere with an active area of 4 mm?, and their
performances were measured under 100 mW cm > AM 1.5 G
illumination. The ratio of the polymer to PC,,BM was adjusted
from 1:1 to 1:4 (by weight) and the optimized conditions

2642 | Polym. Chem., 2015, 6, 2636-2646

were 1:4 (P1, P2) and 1:2 (P3). The polymer active layers were
spin-coated from solutions in o-dichlorobenzene (ODCB).
Table 4 and Table S21 summarize the photovoltaic response
data including Vog, Jsc, FF, and PCEs. OPV current density—
voltage (/-V) plots, under standard illumination, for the solar
cells based on P1-P3:PC,,BM active blends are shown in
Fig. 6.

In P1, the open circuit voltage (Voc) was 1.0 V, the short-
circuit current density (Jsc) was 0.07 mA ecm?, and the FF was
49.1% to yield a PCE of 0.04%. In P2, a PCE of 0.66% was
observed at a Vo of 0.858 V, a Jsc of 1.4 mA cm™2, and an FF
of 54.2%, and P3 exhibited a PCE of 3.0% at a Vo of 0.798 V, a
Jsc of 7.3 mA cm ™2, and a FF of 51.6%. Because the exciton dis-
sociation rate was low due to the low extinction coefficient,
wide band gap, and excessive steric hindrance, low Jsc values
were recorded resulting in a low PCE for P1. When the spacer
was used, the band gap decreased, and the extinction coeffi-
cient increased due to the increase in conjugation length and
planarity, which caused an increase in Jsc and device perform-
ance values. When PC;,BM was blended with P1-P3, the regu-
larity of the molecular arrangement of P1 and P2 decreased
while P3 formed a higher-order lamellar structure.’” This
result is in good agreement with the increase in crystallinity
where the active layer of P3:PC,,BM exhibits a rich face-on
structure, as shown in the XRD measurement in Fig. 5.
However, the Vo decreases. The V¢ values of the devices
created from the polymer:PC,,BM (ie., blending the P1-P3
polymers) were recorded to be 1.0, 0.858 and 0.798 V, respecti-
vely. The Voc is determined according to the difference

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 J-V curves of the PSC based on polymer : PC;oBM (a) under the
illumination of AM 1.5G, 100 mW cm™2. The IPCE spectra of the PSC
based on polymer : PC,,BM (b).

between the HOMO energy level in the polymers and
the LUMO energy levels in PCBM. P1 exhibited the highest
Voc because it has a deeperlying HOMO level. The
electron-donating characteristics were reinforced in P2 and
P3 with the implementation of the spacers, leading
to increases in the HOMO level with a reduction in the
Voc values.

These devices exhibited adequately wide EQE graphs in the
visible region (300-700 nm) and large EQE values in the absor-
bance range of 300-750 nm but lower values above 750 nm.

Table 4 Photovoltaic properties of polymers
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The P3: PC;,BM blend-based devices exhibited the highest
EQE (up to 43.5%) at 460 nm, which is in agreement with the
result for the highest photocurrent value. P1 and P2 showed
4.85% and 9.77% EQE, respectively.

Therefore, changes in the energy level of the polymers and
steric hindrance are dependent on the implementation of a
spacer and its length.

P3, which has the highest HOMO level due to bithiophene,
exhibited the lowest Voc. But the small steric hindrance con-
tributed to the increasing Jsc greatly by the approach of the
PCBM resulting in an increase in the crystallinity.

To optimize and enhance the performance of the P3 device,
3 vol% 1,8-diiodooctane (DIO) was added as the solvent addi-
tive. It leads to a significant 10% enhancement in PCE with a
simultaneous improvement in Js¢ (7.3-7.5 mA cm™?) and FF
(51.6-55.2%). Recently post-deposition methanol treatment
has proven to be an effective method to obtain nanoscale mor-
phology for the active layer by controlling the phase separation
between the donor and the acceptor. Methanol has been
widely used in surface engineering by incorporation of an
interlayer in BHJ PSCs.*® As shown in Fig. 6(a), after treating
the active layer with methanol, the PCE increased from 3.3 to
3.6% for the P3 device. It showed a slightly increased Jsc from
7.5 to 7.7 mA cm ™2 and a FF from 55.2 to 57.6%. The PC,,BM
molecules may migrate upside more easily between the
polymer chains by methanol treatment, which then effectively
increases the interfacial area between the polymers and the
PC;0BM molecules with maintaining nanoscopically con-
nected each domain. This is supported by the results of the
morphology studies (Fig. 7).

Compared with conventional OPVs, inverted type devices
can also take advantage of the vertical phase separation and
concentration gradient in the active layer, which is naturally
self-encapsulated because air-stable metals are used as the
top electrode.’® So we manufactured inverted PSC devices
with ITO/ZnO/P3 : PC,,BM/M00O;/Ag structures, and PCE
was increased to 4.0%. It showed a Jsc = 8.2 mA cm™ and a
FF = 58.7%.

2.6 Morphology analysis and charge carrier mobility

The hole mobility of the polymer is very important for the
photovoltaic performance of BHJ solar cells. We used a space
charge limited current (SCLC) model, which is based on the
Poole-Frenkel law, to determine the hole mobility in blends

Polymer Device structure  Solvent + additive  Solvent treatment PC,,BM ratios Vo [V] Jsc[mAem™]  FF [%] PCE [%]

P1 Conventional ODCB + none None 1:4 1.0 0.07 +0.003 49.1+£1.4 0.04 £0.006

P2 Conventional ODCB + none None 1:4 0.858 + 0.02 1.4+0.2 54.2+1.4 0.66 £0.04

P3 Conventional ODCB + none None 1:2 0.798 + 0.02 7.3+0.3 51.6+0.9 3.00+0.1

P3 Conventional CB + DIO None 1:2 0.778 + 0.02 7.5+£0.2 55.2+2.0 3.3+x0.1
Conventional CB + DIO MeOH 0.778 + 0.02 7.7+0.2 57.6 +0.2 3.6+0.2
Inverted CB + DIO None 0.798 8.2 +£0.3 58.7+£0.7 4.0 +0.2

This journal is © The Royal Society of Chemistry 2015
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RMS = 1.41 nm

Fig. 7 Topographic AFM images of polymer : PC;,BM (a) P3: PC;oBM 1:2 w/w with DIO (2 x 2 pmz), (b) P3:PC,0BM 1:2 w/w with DIO + MeOH

treatment (2 x 2 pm?).

containing the polymer and PC,,BM. The result can be
obtained by plotting In(JL*/V?) vs. (V/L)"* and is shown in
ESL.T Herein, J refers to the current density, d refers to the
thickness of the device, and V = V51 — Vi, Where V,pp is the
applied potential and Vj; is the built-in potential. Hole-only
devices were fabricated with a diode configuration of
ITO (170 nm)/PEDOT:PSS (40 nm)/polymer : PC,,BM/Mo0O;
(30 nm)/Al (100 nm).

According to Fig. $2-S4% for In(JL*/V?) vs. (V/L)"/* and the
equation, the hole mobilities of the three blended polymers
are 5.76 x 107, 4.61 x 10™* and 1.97 x 10> ecm* V"' s

The P3: PCBM blend exhibited the highest mobility due to
the high crystalline morphology of the blend film and the
larger planar structure of the polymer.

The surface morphology of the polymer blend is another
critical factor that determines the efficiency of PSCs. Therefore,
the morphologies of the polymer:PCBM blend films were
characterized using atomic force microscopy (AFM) and are
shown in Fig. S7.

The dark-colored and light-colored areas correspond to the
PCBM domains and polymers, respectively. The surfaces of the
P3:PC,,BM blended films were smooth with nanoscale fea-
tures. The good intermixing between the polymer and PC,,BM
resulted in the optimal formation of channels in the polymers.
This result is in agreement with the high Jsc in P3. However,
the black dots due to the high aggregation of the PCBM
domain were observed in the P1 and P2 blend films. A signifi-
cant phase separation was observed, especially in P1, which
had the roughest surface with a root-mean-square (RMS)
roughness of 7 nm. This is due to the difficulty PCBM experi-
ences approaching the polymer chain due to significant steric
hindrance. When a long =n-linker was implemented in the
polymer backbone for P1-P3, the RMS roughness tended to
decrease, and Js¢ increased.

We also directly examined the surface morphology with and
without methanol exposure via AFM. The AFM topography
images are shown in Fig. 7.

In the case of P3: PC,,BM blends, it could be observed that
the blend film without solvent exposure exhibited relatively

2644 | Polym. Chem., 2015, 6, 2636-2646

clear phase separation between the polymer and PC,,BM with
relatively large (100 — 500 nm) PC,,BM globular clusters that
may originate during the drying of the film. In contrast, after
solvent treatment, the surface of the blend film demonstrated
a more uniform distribution of P3 and PC,,BM, and the for-
mation of interpenetrating morphologies at the small scale of
100 — 200 nm PC,,BM clusters for the methanol-treated
device. This relatively smooth surface and more fine structure
are beneficial to the charge transportation, thus leading to an
increase in Jsc and the device efficiency.

3. Experimental
3.1 Materials

All starting materials were purchased from Sigma Aldrich and
Alfar Aesar and used without further purification. Toluene and
tetrahydrofuran (THF) were distilled from benzophenone ketyl
and sodium. The following compounds were synthesized by
following modified literature procedures: 2,7-bis(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-y1)-9-(1-decylundecylidene)fluorene
(AF),>”*°  6,6"-dibromo-N,N'-(2-octyldodecyl)isoindigo  (A0),**
and 2T.*

3.2 Polymerization

3.2.1 Poly[2,7-bis-9-(1-decylundecylidene)fluorene-alt-N,N'-
(2-octyldodecyl)-6,6"-isoindigo] (P1). Reddish black solid,
0.285 g (yield = 76%). "H NMR (400 MHz, CDCl;, d): 9.30-9.25
(m, 2H), 8.08 (s, 2H), 7.91-7.89 (m, 2H), 7.45 (m, 2H),
7.37-7.34 (m, 2H), 7.08 (m, 2H), 3.77 (m, 4H), 2.91 (m, 3H),
2.00-1.82 (d, 2H), 1.40-1.21 (m, 92H), 0.83 (s, 18H).

3.2.2  Poly[2,7-bis-9-(1-decylundecylidene)fluorene-alt-N,N'-
(2-octyldodecyl)-6,6"-dithiphen-2-yl-isoindigo] (P2). Blue black
solid, 0.29 g (yield = 67%). 'H NMR (400 MHz, CDCl;, d):
9.15-8.95 (m, 2H), 8.10-6.80 (m, 12H), 6.70-6.50 (m, 2H),
3.80-3.60 (m, 4H), 2.95-2.65 (m, 4H), 2.00-0.95 (m, 98H),
0.95-0.65 (s, 16H).

3.2.3 Poly[2,7-bis-9-(1-decylundecylidene)fluorene-alt-
N,N'-(2-octyldodecyl)-6,6"-di-2,2"-bithiphen-5-yl-isoindigo] (P3).

This journal is © The Royal Society of Chemistry 2015
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Greenish black solid, 0.14 g (yield = 27%). "H NMR (400 MHz,
CDCls, d): 9.15-8.95 (m, 2H), 8.10-6.80 (m, 14H), 6.70-6.50
(m, 2H), 3.80-3.60 (m, 4H), 2.95-2.65 (m, 3H), 2.00-0.95
(m, 98H), 0.95-0.65 (s, 16H).

3.3 Measurements

The "H-NMR (400 MHz) spectra were recorded using a Briiker
AMX400 spectrometer in CDCl;, and the chemical shifts were
recorded in units of ppm with TMS as the internal standard.
The absorption spectra were recorded using an Agilent 8453
UV-visible spectroscopy system. The solutions that were used
for the UV-visible spectroscopy measurements were dissolved
in chloroform at a concentration of 10 pg ml™". The films were
drop-coated from the chloroform solution onto a quartz sub-
strate. All of the GPC analyses were carried out using THF as
the eluent and a polystyrene standard as the reference. The
TGA measurements were performed using a TG 209 F3
thermogravimetric analyzer. The cyclic voltammetric waves
were produced using a Zahner IM6eX electrochemical work-
station with a 0.1 M acetonitrile (substituted with nitrogen for
20 min) solution containing tetrabutylammonium hexafluoro-
phosphate (Buy,NPFs) as the electrolyte at a constant scan rate
of 50 mV s™'. ITO, a Pt wire, and silver/silver chloride [Ag in
0.1 M KCl] were used as the working, counter, and reference
electrodes, respectively. The electrochemical potential was cali-
brated against Fc/Fc'. The HOMO levels of the polymers were
determined using the oxidation onset value. Onset potentials
are values obtained from the intersection of the two tangents
drawn at the rising current and the baseline changing current
of the CV curves. The LUMO levels were calculated from the
differences between the HOMO energy levels and the optical
band-gaps, which were determined using the UV-Vis absorp-
tion onset values in the films. The current density-voltage
(J-V) curves of the photovoltaic devices were measured using a
computer-controlled Keithley 2400 source measurement unit
(SMU) that was equipped with a Class A Oriel Solar Simulator
under illumination of AM 1.5G (100 mW c¢m™>). Topographic
images of the active layers were obtained through atomic force
microscopy (AFM) in tapping mode under ambient conditions
using an XE-100 instrument.

3.4 Photovoltaic cell fabrication and treatment

All the bulk-heterojunction PV cells were prepared using the
following device fabrication procedure. The glass/indium tin
oxide (ITO) substrates [Sanyo, Japan (10 Q y )] were sequen-
tially patterned lithographically, cleaned with a detergent,
ultrasonicated in deionized water, acetone, and isopropyl
alcohol, dried on a hot plate at 120 °C for 10 min, and treated
with oxygen plasma for 10 min to improve the contact angle
just before film coating. Poly(3,4-ethylene-dioxythiophene):
poly(styrene-sulfonate) (PEDOT : PSS, Baytron P 4083 Bayer AG)
was passed through a 0.45 mm filter before being deposited
on ITO at a thickness of ca. 32 nm by spin-coating at 4000 rpm
in air, and then dried at 120 °C for 20 min inside a glove box.
A blend of 1-(3-methoxycarbonyl)propyl-1-phenyl-[6,6]-C71
(PC;oBM) and the polymer [1:1 (w/w), 1:4 (w/w)] at a concen-

This journal is © The Royal Society of Chemistry 2015
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tration of 7.5 mg mL™" in chlorobenzene was stirred overnight,
filtered through a 0.2 mm poly(tetrafluoroethylene) (PTFE)
filter, and then spin-coated (500-3000 rpm, 30 s) on top of the
PEDOT: PSS layer. The device was completed by depositing
thin layers of BaF, (1 nm) and Ba (2 nm) as an electron injec-
tion cathode, followed by the deposition of a 200 nm thick
aluminum layer at a pressure less than 107° torr. The active
area of the device was 4 mm®. Finally, the cell was encapsu-
lated using UV-curing glue (Nagase, Japan).

The hole-only devices were fabricated with a diode configur-
ation of ITO (170 nm)/PEDOT : PSS (40 nm)/Polymer : PC,,BM/
MoO; (30 nm)/Al (100 nm). The hole mobility of the active
layers was calculated from the SCLC using the J-V curves of
the hole-only devices in the dark as follows:

J79 Vze 0.89, /-
= —¢&& — exX . —
g réohie) 73 XP EoL

where ¢, is the permittivity of free space (8.85 x 10™** F cm™),
¢ is the dielectric constant (assumed to be 3, which is a typical
value for conjugated polymers) of the polymer, u is the zero-
field mobility of holes (electrons), L is the film thickness, and
V' = Vappt — Vi + Vi, Where V) is the applied voltage to the
device, V; is the voltage drop due to the series resistance across
the electrodes, and Vy,; is the built-in voltage.

4. Conclusions

In this study, we successfully synthesized three polymers (i.e.
P1, P2, and P3) with alkylidene fluorene as the donor and iso-
indigo derivatives as acceptors using the Suzuki coupling reac-
tion by adjusting the thiophene spacer length. As the number
of thiophene spacers increased, the band gap of polymers
decreased and the HOMO level tended to increase. Although
P1 and P2 exhibited edge-on rich orientation in the XRD
measurements, when the polymers were blended with
PC;oBM, P1 and P2 only exhibited a peak due to the crystalli-
nity of PC;,BM and a substantial decrease in the (100) peak of
the polymer. P3 allowed for easier access of PC;,BM, and an
increased face-on crystallinity peak was observed in in-plane
mode of XRD measurements. Although Vo decreased due to
the increase in the HOMO level resulting from the implemen-
tation of the bithiophene spacer, the best performance was
observed when PCE = 4.2% in the P3: PC,,BM structure (1:2,
wiw).
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