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ABSTRACT: The ability to control the lowest unoccupied
molecular orbital (LUMO) level of an electron-accepting
material is a critical parameter for producing highly efficient
polymer solar cells (PSCs). Soluble bis-adducts of C4, have
great potential for improving the Vo in PSCs because of their
high LUMO level. In this work, we have developed a novel o-
xylenyl Cgp bis-adduct (OXCBA) via a [4 + 2] cycloaddition
between Cgg and an irreversible diene intermediate from a,a’-
dibromo-o-xylene. OXCBA was successfully applied as the
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electron acceptor with poly(3-hexylthiophene) (P3HT) in a PSC, showing a high efficiency of 5.31% with V¢ of 0.83 V. This
composite showed a nearly 50% enhancement in efficiency compared to the P3HT:PCBM control device (3.68% with Vo of 0.59
V). Furthermore, tuning the molar ratio between Cy and the a,@’-dibromo-o-xylene group from 1:1 to 1:3 in the reaction scheme
enables facile control over the number of o-xylenyl solubilizing groups ultimately tethered to the fullerene, thus producing o-xylenyl
Cgo mono-, bis-, and tris-adducts (OXCMA, OXCBA, and OXCTA) with different LUMO levels. As the number of solubilizing
groups increased, V¢ values of the PBHT-based BHJ solar cells increased from 0.63 V (OXCMA) to 0.83 V (OXCBA) to 0.98 V
(OXCTA). This series of o-xylenyl C4o multiadducts provides a model system for investigating the molecular structure-device
function relationship, especially with respect to changes in the number of solubilizing groups on the electron acceptor.
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B INTRODUCTION

Polymer solar cells (PSCs) are a promising alternative for
clean and sustainable energy due to their simple fabrication,
mechanical flexibility, and potential for a low-cost, large-scale
manufacturing scheme.'* To date, the combination of poly(3-
hexylthiophene) (P3HT) as the electron donor and [6,6]-
phenyl-Cg,-butyric acid methyl ester (PCBM) as the electron
acceptor represents one of the most promising candidates for the
active layer in bulk heterojunction (BHJ) type PSCs, showing a
relatively high power conversion efficiency (PCE) of more than
4%.>° Low-bandgap conjugated polymers have also been studied
intensively in recent years with the aim of matching a greater
part of the solar spectrum in their absorption spectra and
hence harvesting more photon flux; these polymers produce
high efficiencies of more than 6—7%.” "> However, many of the
reported conjugated polymers, including P3HT, suffer from low
efficiency in photovoltaics due to loss of Vo' 1 Because
Voc is proportional to the difference between the lowest un-
occupied molecular orbital (LUMO) level of the acceptor and
the highest occu_Pied molecular orbital (HOMO) level of the
donor material,'” the use of PCBM with a relatively low-lying
LUMO level limits the V¢ of the PSCs.
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To address this problem, researchers have recently designed
and synthesized a number of fullerene derivatives with high
LUMO levels for use as electron acceptors in high Vo PSCs.'87 %
Among these electron acceptors based on fullerene, fullerene bis-
adducts, which have two solubilizing groups, effectively increase
Voc compared with P3HT:PCBM blended systems. The fullerene
bis-adducts have higher LUMO energy levels because of the re-
duction of the molecule’s electron affinity due to the presence of
fewer unsaturated bonds as compared with fullerene monoadducts.
Blom et al. reported bis-PCBM (a regioisomeric bis-adduct of
PCBM) used as an electron acceptor for PSCs.*® The Vo of the
P3HT:bis-PCBM BH]J solar cells was 0.15 V higher than that
of P3HT:PCBM because of the ~0.1 eV higher LUMO energy
level of bis-PCBM as compared to PCBM. Recently, Laird” and
Li et al?*2¢ reported a remarkable bis-adduct fullerene derivative,
indene-Cg bis-adduct (ICBA). Through the Diels—Alder reaction
of indene with the Cqo, ICBA achieves a LUMO energy level that is
0.17 eV higher than that of singly functionalized PCBM. A PSC
consisting of P3HT and ICBA demonstrated a Vo of 0.84 Vand a
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PCE of 5.44%, whereas a cell based on P3HT:PCBM displayed a
Voc of 0.58 V and a PCE of 3.88% under the same experimental
conditions.”*

Although the use of ICBA in P3HT solar cells induced a
remarkable increase in the Vo and PCE, the synthesis of ICBA
requires the improvement for large-scale synthesis due to the
following reasons: First, a large excess of indene (mole ratio of
indene to Cgo = 20:1) is required to produce ICBA, due to the
reversible formation of its diene form during the reaction. In
addition, because of the presence of excess amounts of indene,
controlling the number of indene groups attached to the full-
erene is difficult and thus the synthesis of ICBA is accompanied
by formation of the monoadduct and tris-adduct indene full-
erenes as byproducts, requiring a multistep purification procedure.
Finally, indene and indene-derivatives are relatively expensive.

Herein, we report a new fullerene-based electron acceptor, o-
xylenyl Cy bis-adduct (OXCBA), using a,¢’-dibromo-o-xylene
as a building block. Because the diene intermediate (o-xylylene)
of a,a/-dibromo-o-xylene forms irreversibly in the dark,*’ the
OXCBA molecule can be synthesized using an exact ratio of a,ot'-
dibromo-o-xylene to fullerene (2:1) with formation of a minimal
amount of byproducts. Due to the excellent reaction control,
simple tuning of the molar ratio between Cg and o,¢’-dibromo-o-
xylene group from 1:1 to 1:3 in the reaction enables facile control
over the number of o-xylenyl solubilizing groups in final fullerene
product, thus producing the o-xylenyl Cgo mono-, bis-, and tris-
adducts (OXCMA, OXCBA, and OXCTA), each having a different
LUMO energy. o-Xylenyl Cg multiadducts were successtully applied
as the electron acceptor with poly(3-hexylthiophene) (P3HT) in a
PSC, with the finished devices showing that the progressive addition
of solubilizing groups to the fullerene results in significant increases in
their LUMO level and thus Vo (OXCMA, 0.63 V; OXCBA, 0.83 V;
and OXCTA, 098 V). In particular, the P3HT/OXCBA device
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Figure 1. UV—vis absorption spectra of PCBM (black line), OXCMA

(red line), OXCBA (blue line), and OXCTA (green line) solution (8 X
10~° mol L™ ") in 0-DCB.

showed the highest efficiency of 5.31% with V¢ of 0.83 V, which is
nearly S0% higher than the P3HT:PCBM control device (3.68%

B RESULTS AND DISCUSSION

o0-Xylenyl Cgo multiadducts were synthesized using a Diels—
Alder reaction ([4 + 2] cycloaddition) between fullerene and the
diene intermediate from @,a’-dibromo-o-xylene. (Scheme 1; see
the Supporting Information for details) It is known that the
solubilizing groups could be effectively attached to fullerene by
using a,!’-dibromo-o-xylene derivatives as diene precursor.”**
By using 1.0, 2.0, and 3.0 equivalent of ¢,¢'-dibromo-o-xylene to
Céo the crude products contained OXCMA, OXCBA, and OXCTA
as the major products, respectively. After purifying by flash silica
column chromatography (hexane/toluene eluent gradient system),
the synthesized o-xylenyl C4o multiadducts were confirmed through
"H NMR spectroscopy, MALDI-TOF mass spectrometry, and ele-
mental analysis (see Figures S1—S3 in the Supporting Information).
The thermal properties of o-xylenyl Cgo multiadducts were mea-
sured by thermal gravimetric analysis (TGA), showing high thermal
stability (see Figure S4 in the Supporting Information). The onset
points of weight loss of OXCMA, OXCBA, and OXCTA were
above 400 °C, which are similar to that of PCBM. The weight loss of
oxylenyl Cgo multiadducts at 600 °C was lower than 10% and
increased with an increase in the number of solubilizing groups in
order of OXCMA, OXCBA, and OXCTA. From differential scan-
ning calorimetry (DSC) measurement, OXCMA showed higher
melting point of 345 °C than that of PCBM (~ 285 °C) (Figure
S5). In contrast, under the same measurement condition, no
melting transition was observed for OXCBA and OXCTA including
larger number of solubilizing groups. We suggest that OXCBA and
OXCTA show weaker crystalline behaviors because of the presence
of multisolubilizing groups added to Cg that prevent close packing
between spherical Ceo>

The light absorption ability of electron acceptors is of great
importance in determining their potential contribution to Jsc in
PSCs. The absorption spectra of PCBM, OXCMA, OXCBA, and
OXCTA solutions (8 X 107> mol L") in o-dichlorobenzene, in
the visible region (380—800 nm) are shown in Figure 1. Interest-
ingly, o-xylenyl Cg multiadducts absorb more visible light between
400 and 500 nm than does PCBM at the same concentration.
Furthermore, as the number of solubilizing groups in the fullerene
increases, the light absorption intensity in the visible region also
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Figure 2. Cyclic voltammograms of PCBM (black line), OXCMA
(red line), OXCBA (blue line), and OXCTA (green line) in 0-DCB
with 0.1 M [NBu*][BF*] at 10 mV s~ ".

Table 1. Electrochemical Properties of PCBM, OXCMA,
OXCBA, and OXCTA

electron acceptors E; (V) E, (V) E.™ (V) LUMO (eV)
PCBM —1.14 —1.54 —-0.97 —3.83
OXCgoMA ~112  —151 —0.97 ~3.83
OXCgoBA ~133  —172 114 ~3.66
OXCgoTA —1.47 —1.85 —1.30 —3.50

increases. From these results, higher values of Js¢ in the PSCs are
expected to result from the use of o-xylenyl Cyo multiadducts with a
greater number of solubilizing groups.

The LUMO/HOMO levels of fullerene derivatives are among
the most important factors that determine the potential of these
compounds as electron acceptors in photovoltaic cells. The
electrochemical properties of PCBM, OXCMA, OXCBA, and
OXCTA were therefore carefully measured using cyclic voltam-
metry (CV). The CV curves of the four different electron
acceptor materials are shown in Figure 2, and the electrochemical
properties of these materials are summarized in Table 1. PCBM,
OXCMA, and OXCBA exhibit three quasi-reversible reduction
waves in the negative potential range from 0 to —2.5 V. On the
other hand, OXCTA shows two quasi-reversible reduction waves
in the same range, as reducing the number of sp” carbons in
fullerene results in a loss of reversibility for one of the one-
electron reduction events.>' In the case of OXCMA, the first
(E,) and second (E,) reduction potentials are almost identical
to those of PCBM. In contrast, the E; and E, of OXCBA
and OXCTA are negatively shifted by about 0.21 and 0.34 V,
respectively, relative to OXCMA.

The LUMO energy levels of the fullerene-based electron
acceptors were estimated from their onset reduction potentials.
The onset reduction potentials (E,.4°") of PCBM, OXCMA,
OXCBA, and OXCTA are —0.97, —0.97, —1.14, and —1.30 V,
respectively, vs Fc/Fc”. As shown in Table 1, whereas OXCMA has
a LUMO level at the same energy relative to that of PCBM (—3.83
eV), OXCBA has a higher LUMO level by 0.17 eV as compared to
the monoadduct fullerenes PCBM and OXCMA. Furthermore, the
LUMO level of OXCTA (—3.50 V) is the highest among the four
fullerene-based electron acceptors. The higher LUMO levels of
OXCBA and OXCTA are attributed to the presence of the extra
solubilizing groups and the resulting decrease in the sp> orbital
number (the PCBM and OXCMA have 58 sp” orbitals, whereas the

OXCBA and OXCTA have 56 and 54 sp” orbitals, respectively) and
the electron affinity of the fullerene. The higher LUMO energy
levels found in OXCBA and OXCTA are desirable because they lead
to higher values of Vo in BHJ-type organic solar cell devices.

To elucidate the relationship between the molecular structure of
the fullerene derivatives and the performance of solar cell devices,
BHJ-type PSCs (ITO/PEDOT:PSS/P3HT:electron acceptor/
LiF/Al) were fabricated based on blends of these fullerene deriva-
tives with P3HT, and their performances were measured. Figure 3a
shows the current density versus voltage (J— V) curves of the devices
under AM 1.5 illumination at 100 mW cm ™. Table 2 summarizes
the device characteristics of the P3HT-based BHJ solar cells mixed
with PCBM, OXCMA, OXCBA, and OXCTA as electron accep-
tors. The P3HT:OXCMA device exhibited a peak performance of
3.60% (Voo, 0.63 V; Jsc, 9.63 mW cm™ % FE, 0.59; and PCE,
3.60%) at a P3BHT:OXCMA weight ratio of 1:0.6, and its perfor-
mance was almost identical to that of the P3HT:PCBM control
device (Voc, 0.59 V; Jsc, 947 mW cm™ % FF, 0.66; and PCE,
3.68%) at a PBHT:PCBM weight ratio of 1:0.7. It should be noted
that the P3HT:OXCBA device outperformed (Voc, 0.83 V; Jsc,
103 mW cm™ 2 FF, 0.62; and PCE, 5.31%) the P3HT /monoadduct
fullerene (PCBM and OXCMA) devices. The dramatic increase in
the PCE of the PBHT:OXCBA device was mainly due to an increase
in Vo (its value increased by 0.24 V compared to that of the P3HT:
PCBM device), which is caused by the higher LUMO level of
the OXCBA molecule. The trend for the increase of V5 and device
performance observed in this study is similar to that observed in the
related ICBA-based devices reported in the literature.>>*® The
slightly increased Jsc of OXCMA and OXCBA also resulted in an
increase in PCE compared with PCBM. These results are well
matched with the enhanced light absorption of OXCMA and
OXCBA as compared with PCBM in the visible region. Of particular
interest is that the use of OXCTA as an electron acceptor produced
a further increase in Vo of 0.98 V. To the best of our knowledge,
this is the highest V¢ reported to date for polythiophene- and
fullerene-based BHJ-type PSCs. It is well-known that Vo is mainly
determined by the difference between the LUMO level of the
electron acceptor and the HOMO level of the electron donor.** The
increase in the LUMO levels of OXCMA, OXCBA and OXCTA
(—3.83, —3.66, and —3.50 eV, respectively) results in increasing
gaps between the LUMO level of each fullerene derivative and the
HOMO level of P3HT, causing an increase in the V¢ for the
OXCMA, OXCBA, to OXCTA devices. Also, the OXCBA showed
remarkable long-term stability during 18 months in encapsulated
PSCs at room temperature without illumination. The long-term
stability data are summarized in Figure S6 and Table S1 in the
Supporting Information.

External quantum efficiencies (EQEs) were measured under
optimized device conditions for PZHT:PCBM, OXCMA, OXCBA,
and OXCTA, as shown in Figure 3b. Between 400 and 650 nm, the
maximum EQEs of P3HT:OXCMA, OXCBA, and OXCTA de-
vices are 55.5, 59.9, and 42.1% at 510 nm, respectively, and 53.1% at
490 nm in the case of P3BHT:PCBM. The EQE value of the
OXCBA-based device is higher than that for PCBM, which is partly
a result of better absorption of the OXCBA molecule as shown
in Figure 1. The measured Jsc for the four PSC devices are well
matched with integrated Jsc (P3HT:0XC¢MA, 9.36 mA cm %
OXCBA, 10.1 mA cm™ % OXCTA, 6.74 mA cm ™ % and PCBM,
9.31 mA cm ) obtained from the EQE spectrum within a
2% error.

One advantage of this system is that this series of o-xylenyl Cg
multiadducts provides a model system for investigating the
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Figure 3. (a) Current density—voltage curves and (b) external quantum efficiencies (EQEs) of OPVs based on P3HT:PCBM (wt ratio = 1:0.7), P3HT:
OXCMA (1:0.6), PZHT:OXCBA (1:0.6), and P3HT:0XCTA (1:0.8) BHJ devices under AM 1.5 illumination at 100 mW cm ™%

molecular structure-device function relationship, particularly
with regards to the effect of the number of solubilizing groups,
on the opto-electronic properties of the fullerene derivatives. The
donor/acceptor weight ratio of P3HT:electron acceptor in
blended films was carefully tuned, while the concentration of
P3HT in the blend solution was fixed to 15 mg/mL to produce
the similar film thickness (~120 nm). Interestingly, the optimum
donor:acceptor weight ratio for the device consisting of different
fullerene derivative blends with P3HT was varied from 1:0.6 to
1:0.8 as shown in Table 2. It was found that a higher weight ratio
of fullerene derivatives was required as the number of solubilizing
groups was increased from OXCMA, OXCBA, to OXCTA. This
could be explained by the fact that different fullerene derivatives
of OXCMA, OXCBA, and OXCTA show a decrease in the
weight fraction of the Cq, molecule, whereas the molecular
weight (MW) of OXCMA, OXCBA, and OXCTA increases
from 832.8 to 928.5 to 1032.6, respectively. The weight fraction
of the C4y molecule (Fcgp) in each P3HT:electron acceptor
blend can be calculated from the weight of the C4p part (Wcg0)
to the total weight of the P3HT:electron acceptor blend
(Wpatr + Wacceptor) as in the following equation

Weeo
WP3HT + Wacceptor)

Wacceptor WC60
(WP3HT + Wacceptor) Wacceptor

Fceo = (

Therefore, Fcg for the best device of PAHT:OXCMA (P3HT:
OXCMA, weight ratio = 1:0.6) is calculated to be 0.32S. In-
terestingly, under the best device conditions Fcgo for P3HT:
OXCBA (1:0.65) and P3HT:OXCTA (1:0.8) are found to be
very similar (0.306 and 0.310, respectively). This suggests that
the amount of Cgy molecules required for the best device
performance is very similar in P3BHT:OXCMA, OXCBA, and
OXCTA devices used in our study. This trend is consistent with
the previous finding in the system of P3HT:bis-PCBM."**°

To gain insight into the operation of BHJ solar cells, the
charge-carrier mobilities of the P3HT:fullerene derivative blends
were measured under the best conditions for each device. The
space-charge-limited current (SCLC) mobility measures the hole
and electron mobility in the direction perpendicular to the
electrodes; thus, it is the most representative measurement of
charge-carrier mobility for solar cells. To measure the hole and
electron mobilities of different fullerene derivative blends with

Table 2. Device Characteristics of Solar Cells Composed of
P3HT as Electron Donor and Four Fullerene Electron Ac-
ceptors with Various Weight Ratio under AM 1.5 G-Simulated
Solar Illumination (100 mW cm ™ %)

active layer (w/w) Voc (V) Jsc (mAcm™>) FE  PCE (%)
P3HT:PCBM (1:0.6) 0.59 8.95 0.62 3.28
P3HT:PCBM (1:0.7) 0.59 9.47 0.66 3.68
P3HT:PCBM (1:0.8) 0.59 9.07 0.67 3.58
P3HT:0XCMA (1:0.6) 0.63 9.63 0.59 3.60
P3HT:0XCMA (1:0.7) 0.62 9.17 0.59 3.37
P3HT:0XCMA (1:0.8) 0.64 8.93 0.57 3.22
P3HT:OXCBA (1:0.6) 0.83 103 0.62 5.31
P3HT:OXCBA (1:0.7) 0.81 10.0 0.64 521
P3HT:OXCBA (1:0.8) 0.80 9.18 0.65 4.81
P3HT:0XCTA (1:0.6) 0.95 6.95 0.36 2.37
P3HT:0XCTA (1:0.7) 0.95 6.84 0.38 2.47
P3HT:0XCTA (1:0.8) 0.98 6.79 0.40 2.63

P3HT, the ITO/PEDOT:PSS/blend/Au and ITO/CS,CO;/
blend/LiF /Al devices were fabricated for hole-only and electron-
only devices, respectively. Fabrication and J—V curves of hole-
and electron-only devices are described in Figure 4. Table 3
summarizes the hole and electron mobilities, as well as the ratio
of the hole-to-electron mobilities (/4. ) of the devices based on
P3HT blended with PCBM, OXCMA, OXCBA, and OXCTA
under their optimized best device conditions. While all the
devices showed similar hole mobilities (~3 x 10™* cm®> V*
s~ "), there were significant differences in the electron mobilities
between the devices. Whereas the electron mobilities of P3HT:
PCBM, P3HT:OXCMA, and P3HT:0OXCBA showed similar
values of approximately 2 x 10~ * cm® V™ 's ™, further addition
of o-xylenyl solubilizing groups (P3HT:OXCTA) resulted in a
lowering of the electron mobility by 2 orders of magnitude. This
result is consistent with previous findings for devices using tris-
PCBM>*** and likely results from an increase in disorder in the
fullerene phase due to the addition of the side chains and the
presence of a higher number of isomers possible for the tris-
adducts, both of which prevent efficient packing between full-
erenes and decrease electron transport through the fullerene
phase. The parameter that represents the ratio of the hole-to-
electron mobilities (u,/4.) in the polymer:acceptor blends is
crucial to understanding the optoelectronic properties of BHJ
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Figure 4. Measured space-charge-limited J—V characteristics of the PSHT:PCBM/OXCMA/OXCBA/OXCTA blend devices under dark conditions
using the optimized device condition for (a) hole- and (b) electron-only devices.

Table 3. Calculated Hole and Electron Mobility Values and
Electron-Hole Ratio of P3HT:PCBM/OXCMA/OXCBA/OX
CTA System at Optimized Condition by SCLC Method

blend system ty (cm> Vo lsTh te (em®> VisTh Un/the

P3HT:PCBM 298 x 10°* 231 x10°* 1.29
P3HT:0XCMA 3.69 x 10°* 234 x 107 1.58
P3HT:0OXCBA 3.08 x 10°* 2.09 x 10°* 1.47
P3HT:0XCTA 331 x 107 1.00 x 10°° 331

solar cells, particularly with respect to the fill factor. Whereas
P3HT:PCBM, P3HT:OXCMA, and P3HT:OXCBA exhibited
relatively well-balanced p,/ 1t values, the PZHT:OXCTA device
showed an unbalanced ratio of uy,/u. due to its lower electron
mobility. It is known that balanced charge-carrier transport is an
important factor for increasing the fill factor (FF) in BHJ solar
cells.>** When charge transport in the device is unbalanced, as is
found for P3HT:OXCTA, charge accumulation could occur in
the device, and the photocurrent could be space-charge-limited.
Therefore, the unbalanced uy,/u. value could be one of the
reasons for the lower Jsc and FF in the P3BHT:OXCTA device as
compared with the other devices studied here.

B CONCLUSIONS

In summary, we successfully synthesized a series of o-xylenyl
Cso multiadducts as novel electron acceptors using a,a’-dibro-
mo-o-xylene as a solubilizing group. The number of solubilizing
groups was easily controlled by adjusting the molar ratio between
Cso and the a,0/-dibromo-o-xylene group from 1:1 to 1:3 in the
synthesis to produce the o-xylenyl Cgo mono-, bis-, and tris-
adducts (OXCMA, OXCBA, and OXCTA). We have studied the
effect of the number of solubilizing groups attached to the
fullerene on the light absorption and electrochemical properties,
and have made correlations between the number of solubilizing
groups and the parameters for photovoltaic performance, especially
Voc. As the LUMO energy level of the o-xylenyl Cyo multiadducts
gradually rose from OXCMA (—3.83 eV) to OXCBA (—3.66 eV)
to OXCTA (—3.50 eV), the V¢ values of the P3AHT-based BHJ
solar cells also increased from 0.63 V (OXCMA) to 0.83 V
(OXCBA) to 0.98 V (OXCTA). To the best of our knowledge,
this value is the highest V5 reported to date for polythiophene- and
fullerene-based BHJ-type organic solar cell devices. Although the
P3HT:OXCTA device showed an extremely high Vo of 0.98 V,
the P3HT:OXCBA device showed the best PCE of 5.31%. The

depressed performance of the P3HT:OXTCA cell relative to the
P3HT:OXCBA cell was a result of lower Jsc and FF due to its
unbalanced hole and electron mobilities. From these results,
OXCBA has great possibility for replacing PCBM as an electron
acceptor for PSCs and may contribute to advancing the commer-
cialization of PSCs.
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