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ABSTRACT: Fullerene bis-adducts are increasingly being
studied to gain a high open circuit voltage (V,.) in bulk
heterojunction organic photovoltaics (OPVs). We designed
and synthesized homo and hetero bis-adduct [60]fullerenes by
combining fused cyclohexanone or a five-membered spiro-
acetalized unit (SAF;) with 1,2-dihydromethano (CH,),
indene, or [6,6]-phenyl-C¢ -butyric acid methyl ester
(PCBM). These new eight 56z fullerenes showed a rational
rise of the lowest unoccupied molecular orbital (LUMO). We
perform a systematic study on the electrochemical property,

solubility, morphology, and space-charge-limited current (SCLC) mobility. The best power conversion efficiency (PCE) of
4.43% (average, 4.36%) with the V. of 0.80 V was obtained for poly(3-hexylthiophene) (P3HT) blended with SAF;/indene
hetero bis-adduct, which is a marked advancement in PCE compared to the 0.9% of SAF; monoadduct. More importantly, we
elucidate an important role of mobility balance between hole and electron that correlates with the device PCEs. Besides, an
empirical equation to extrapolate the solubilities of hetero bis-adducts is proposed on the basis of those of counter monoadducts.
Our work offers a guide to mitigate barriers for exploring a large number of hetero bis-adduct fullerenes for efficient OPVs.

KEYWORDS: solubility, organic photovoltaic, fullerene bis-adduct, space-charge-limited current, mobility, bulk heterojunction,

poly(3-hexylthiophene), regioisomers

B INTRODUCTION

Designing new conjugated polymers and fullerenes has been a
vital theme with an ongoing strive toward highly efficient,
lightweight, and low-cost organic photovoltaic (OPV) cells.' 3
The continuing development from the early benchmark of
regioregular poly(3-hexylthiophene) (P3HT) and PCBM*~ to
low-bandgap polymers (LBPs)’~'® has pushed the power
conversion efficiencies (PCEs) to the respectful records of 9—
10% for single cells."' ™" In the high-performing tandem cells
(PCEs, 9—11%),"*"'® P3HT or LBP blended with a soluble
fullerene is used as the visible-light-absorbing top layer, where
the shallow lowest unoccupied molecular orbital (LUMO) of
fullerene is essential for a high open circuit voltage (V,,.)."”
Multiaddition of substituent to a fullerene is hitherto among
the most effective strategy for raising the LUMO level via
symmetry break. For instance, Blom et al. reported that
P3HT:bisPCBM exhibited a 0.15 V higher V. (0.73 V) than
that of P3HT:PCBM, resulting in the improved PCE of 4.5%.2°
More recently, indene Cg, bis-adduct (ICBA) and other bis-
adduct [60]fullerenes have emerged as the notable success of
56 fullerenes (PCEs, 4.7—6.5%).21_28 However, tris-, tetrakis-,
or pentakis-adducts exhibited extremely low performance, due
to the reduced short circuit current (J,.) and/or fill factor
(FF).*®73 This results from a poor bulk heterojunction (BHJ)
network and loose packing in the fullerene phase, indicative of
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the general trade-off issue between J,. (FF) and V. in fullerene-
based OPVs.

An effective way to address this issue is a design of a
multiadduct fullerene with a compact substituent. Matsuo et al.
have developed 1,2-dihydromethano (CH,) fullerene as the
most sterically compact adduct.’® Remarkably, hetero bis-
adducts of CH,/indene [60]fullerene [Cgo(CH,)(Ind)]*>” and
CH,/o-quinodimethane (QM) [60]fullerene®” ~° achieved
5.7—5.9% PCE for P3HT-based OPVs. Moreover, CH,/indene
[70]fullerene®” and tris-adduct of (CH,),/QM [60]fullerene®
boosted the PCEs to 6.4%, owing to the increased J,. (11 mA
em™) and V. (0.95 V), respectively. Another approach to
improve the electronic and packing nature of fullerene is an
isolation of bis-adduct isomers by chromatography or tethering
techniques.**™* Li et al. have investigated the effects of isomers
of dihydronaphthyl-based [60]fullerene bis-adduct (NCBA) on
device performance.*® The highest PCE of 6.3% was found for
the blend of P3HT and NCBA trans-3-isomer, because of the
shallow LUMO level and high electron mobility arisen from its
tight packing in the film state.
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In this work, we report synthesis and characterization of
hetero and homo bis-adduct [60]fullerenes based on a spiro-
acetalized unit or its precursor (cyclohexanone) in combination
with indene, PCBM, and CH, (Figure 1). S8x spiro-acetalized

MCMA CMCBA SMCBA

(58 m) (56 ) (56 m)

PCBM CPCBM  SPCBM
(587) (56 7) (56 m)

CCMA SAF,
(58 m) (58 m)

Figure 1. Chemical structures of hetero/homo bis-adduct and
monoadduct fullerenes.

[60]fullerene monoadducts, SAF, (n = 5—7, n denotes the size
of the acetal ring)47 is a central motif throughout this work.
Previously, we have revealed that the solubility of SAF, is
controlled by the size of the acetal rings and consequent P3HT-
based OPV outputs were enhanced from the five-membered
ring SAF; (0.9%) to the seven-membered ring SAF, (4.0%),
which were rationalized by the balance between space-charge-
limited current (SCLC) hole and electron mobilities.*” In
addition, our studies*”*® and literature® have shown that a
good solubility is necessary for achieving a high PCE, while
excessive solubility turns to suppress PCE, due to the decreased
electron mobility. Having all that in mind, the least soluble
SAFg among SAF,s was chosen as the platform, because the
presence of stereoisomers and the bulky unit of bis-adduct
fullerene is expected to increase the solubility to a large extent.
We performed a systematic investigation on the electro-
chemistry, solubility, morphology, and charge carrier mobility
to consolidate the fundamental rule for designing hetero bis-
adducts of fullerene for high-performing OPVs.

B EXPERIMENTAL SECTION

Materials and Synthesis. Regioregular P3HT, fullerenes (Cg,
PCBM, and ICBA), and solvents were purchased from Aldrich Inc,
Frontier Carbon Inc., and Kishida Chemical Inc., respectively, and
were used as received. Fullerene bis-adducts shown in Figure 1 were
synthesized in a way similar to that of the previous report.*® The
details of the synthesis and compound data are provided in the
Supporting Information. The structures of fullerene bis-adducts were
determined by 'H and C NMR analysis and MALDI-TOF-MS
spectroscopy. Reduction potentials E;™¢ standardized by Fc/Fc*
couple were evaluated by cyclic voltammetry using an Ag/AgCl

electrode and Pt as the working and counter electrodes in o-
dichlorobenzene (DCB), respectively. The electrolytic solution of
tetra-n-butylammonium hexafluorophosphate electrolytic in DCB (0.1
mol dm™) was prepared. Fullerene derivative was dissolved in
electrolytic solution (107 mol dm™), and the solution was degassed
by bubbling argon for at least 1 min. The LUMO levels were
calculated from E,*¢ using LUMO level = —e (B, + 4.8).3!

Organic Photovoltaic Cell. P3HT and spiro-acetalized methano
Cyo bis-adduct (SMCBA) were dissolved in DCB at 1:0.6 wt % (1.0 wt
% DCB, 13 mg mL ™" for P3HT and 7.8 mg mL™" for SMCBA). P3HT
and other fullerene derivatives were dissolved in DCB at the ratio of
1:1 (wt %; 1.5 wt % DCB, 19.5 mg mL™! for each). An aqueous
solution of PEDOT:PSS (Clevios P VP AI 4083) after passing through
a 045 pm filter was spin-coated onto the cleaned ITIO/glass. The
substrate was annealed on a hot plate at 120 °C for 10 min in the air
followed by 180 °C annealing for 3 min in a nitrogen glovebox. The
DCB solution was then cast on top of the PEDOT:PSS buffer layer in
a glovebox by spin-coating at 1400 rpm for 15 s after passing through a
0.2 pm filter. The active layer with ca. 200 nm thickness was thermally
annealed at 150 °C for 10 min. P3HT:SMCBA were spin-coated at
1200 rpm for 60 s to form a 100 nm thick active layer. No thermal
annealing was performed for P3HT:SMCBA. A cathode consisting of
20 nm Ca and 100 nm Al layers was sequentially deposited through a
shadow mask on top of the active layers by thermal evaporation in a
vacuum chamber. The resulting device configuration was ITO (120—
160 nm)/PEDOT:PSS (45—60 nm)/active layer (ca. 100—200 nm)/
Ca (20 nm)/Al (100 nm) with an active area of 7.1 mm?® Current—
voltage (J—V) curves were measured using a source-measure unit
(ADCMT Corp., 6241A) under AM 1.5 G solar illumination at 100
mW cm™ (1 sun, monitored by a calibrated standard cell, Bunko Keiki
SM-250 KD) from a 300 W solar simulator (SAN-EI Corp., XES-
3018).5>* Atomic force microscopy (AFM) observations were
performed by a Seiko Instruments Inc. model Nanocute OP and
Nanonavi II.

Space-Charge-Limited Current. The device structures of SCLC
were the ITO/PEDOT:PSS/active layer (ca. 90—200 nm)/Au for
hole, and Al/Active layer (ca. 100—230 nm)/LiF/Al for electron,
respectively. The other procedures are the same with the OPV device
fabrication. The active layer (blend of P3HT and fullerene) was
prepared under the optimized condition. The hole or electron mobility
was determined by fitting the J—V curve into Mott—Gurney law (J =
9,601 V?/(84d°)), where g, is the permittivity of free space, &, is the
relative dielectric constant of the material, u is the hole (or electron)
mobility, V is the voltage, and d is the layer thickness.>*%¢

Bl RESULTS AND DISCUSSION

Synthesis. The hetero bis-adducts with cyclohexanone and
five-membered acetalized ring were synthesized according to
the slightly modified method of the reference®® (upper panel of
Scheme 1). The Diels—Alder reactions of representative S8z
fullerene derivatives, 1,2-dihydromethano Cg monoadduct
(MCMA),*® indene Cq, monoadduct (ICMA), and PCBM
were carried out in DCB in the presence of excess 2-
trimethylsilyloxy-1,3-butadiene (1.5—2.0 equiv) at reflux
temperature for 1.5 h. The resulting [2 + 4] bis-adducts were
readily decomposed on silica gel column chromatography to
afford cyclohexanone-fused fullerene bis-adduct derivatives:
cyclohexanone methano Cg, bis-adduct (CMCBA), cyclo-
hexanone indene Cg, bis-adduct (CICBA), and cyclohexanone
phenyl-Cg,-butylic acid methyl ester (CPCBM), in moderate
yields (36—70%). Subsequently, these cyclohexanone-fused
fullerenes were reacted with 1,2-ethylenediol in the presence of
TiCl, (ca. 20 equiv) in DCB/tetrahydrofuran (THF)/1,2-
ethylenediol (5/5/1 (v/v/v)) at 40 °C for 16 h, which affords
spiro-acetalized methano Cg, bis-adduct (SMCBA), spiro-
acetalized indene Cg, bis-adduct (SICBA), and spiro-acetalized
phenyl-Cg;-butylic acid methyl ester (SPCBM) in good yields
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Scheme 1. Synthesis of Fullerene Bis-Adducts®
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“The values in the brackets are the yield.

(85—92%). The homo bis-adducts of cyclohexanone Cg, bis-
adduct (CCBA) and spiro-acetalized Cg, bis-adduct (SCBA)
were also prepared according to the lower panel of Scheme 1.

After purification by silica gel column chromatography (CS,/
ethyl acetate eluent gradient system), the fullerene bis-adducts
were characterized by '"H NMR, *C NMR, MALDI-TOF-MS,
and HPLC (Supporting Information Figures S1—S8). It should
be mentioned that all products contain a mixture of
regioisomers, because of the possible eight or nine positions
of the secondary substituent for homo or hetero bis-adducts,
respectively (Figure 2a).>’~> Additionally, the regioisomers of

0 5 10 15 20

Time / min

Figure 2. Eight possible regioisomers of a Cg, bis-adduct substituted
with (a) a symmetrical added and (b) an unsymmetrical added. (c)
HPLC chromatograms detected by COSMOSIL Buckyprep column of
CICBA (dotted line) and SICBA (solid line).

cyclohexanone-fused fullerenes are doubled, due to their
unsymmetric structures (Figure 2b). For instance, at least six
regioisomers exist in CICBA and SICBA, as dictated from the
HPLC chromatograms (Figure 2c and Supporting Information
Figure S9) and “C NMR spectra in the range of carbonyl
group (6 = 210 ppm) and acetalized carbon (6 = 110 ppm)
(Supporting Information Figures S5 and $6). Similarly, CCBA/
SCBA/CMCBA/SMCBA and CPCBM/SPCBM have three
and five regioisomers, respectively. These regioisomers allow
good solubility suitable for OPV application. The thermogravi-

metric analysis (TGA) of monoadduct (SAF;) has been
performed previously, where its weight loss was not observed
until 350 °C.>° This excellent thermal stability comparable to
PCBM® is due to the small strain energy of the five-membered
spiro-acetalized ring,

Energy Level and Solubility. The photophysical proper-
ties of the bis- and mono-adduct Cg4, were evaluated by UV—vis
photoabsorption spectroscopy. As shown in Supporting
Information Figure S10, the bis-adducts in dilute toluene
solutions (2 X 107 mol dm™) displayed a stronger and
broader absorption than monoadducts in the visible region, by
virtue of resolved degeneracy via symmetry break. The optical
bandgaps of fullerenes estimated from the absorption edge
indicated a reasonable increase by 0.12—0.15 eV in 567 hetero
bis-adducts compared to their 587 mono-adduct precursors
(Table 1 and Supporting Information Figure S11). Acetaliza-
tion of cyclohexanone expanded the bandgap by 0.02—0.07 €V,
due 4t7048the electron-donating ability of the spiro-acetalized
unit. "’

Table 1. Electrochemical Properties and Solubilities

solubility/
compound  E,/eéV* E! ,/V® LUMO/eV® HOMO/eV?  (wt %)°
Ceo 1.84  —1.09 -371 —5.55
ccmA” 185  —117 —3.71 —5.56 0.5
SAFJS 190  —1.19 361 —5.51 0.2
SCBA 217 136 —344 -5.61 22
CCBA 215 —127 —-3.53 —5.68 23
MCMA 190  —119 361 —5.51 0.1
SMCBA 212  -132 —3.48 -5.61 0.7
CMCBA 205  —128 —3.52 —5.57 0.9
ICMA 187  -121 —-3.59 —5.46 0.8
SICBA 214 —136 —3.44 —5.58 3.6
CICBA 210 —130 —-3.50 —5.60 5.1
ICBA 215 —136 —3.44 —5.59 6.6
PCBM 190  —1.19 —-3.61 —5.51 1.0
SPCBM 214  -131 —3.49 —-5.63 7.0
CPCBM 212 —127 —-3.53 —5.65 10

“Optical bandgap energy evaluated from the absorption edge in DCB.
bThe first reduction wave in DCB relative to Fc/Fct. “LUMO levels
evaluated by CV in DCB via LUMO = —e(4.8 + E'.,y). “HOMO was
calculated by subtracting E, from the LUMO. “In toluene.*Taken from
ref 47.

A rise of LUMO levels is a pronounced advantage of
fullerene bis-addition. The LUMOs were measured by cyclic
voltammetry (CV) in DCB using an Ag/AgCl electrode and Pt
as the working and counter electrodes, respectively (Table 1).
All compounds exhibited two or three reversible one-electron-
reduction waves, where the change of electric potential is
reasonably explained by the reduction of the 7-electron system
and electron affinity of substituent (Supporting Information
Table S1 and Figure S12). For instance, addition of a
cyclohexanone group to ICMA (587) raised the LUMO level
by 0.1 eV, simply owing to the shrinkage of the fullerene 7-
system (56r). Acetalization of CICBA yielding SICBA further
lifted the LUMO level by 0.05 eV due to the electron-donating
nature of the spiro-acetalized moiety. A similar trend was
observed for the CH, and PCBM series. The highest occupied
molecular orbital (HOMO) energies were calculated by
subtracting the optical bandgap from the LUMO in solutions.
The LUMO and HOMO levels of the fullerenes are
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Figure 3. LUMO and HOMO energy levels of fullerenes, which were evaluated by CV in DCB and subtraction of E, from the LUMO, respectively.
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Figure 4. (a) J—V curves for P3HT:fullerene (1:1 or 1:0.6 (w/w)) devices under AM 1.5G (100 mW cm™2). (b) EQE spectra of the devices. (c) V.
vs LUMO levels measured by CV in DCB. The solid line is an eye-guide. (d) PCE vs solubility of fullerene in toluene. The solid lines in ¢ and d are
eye-guides. The solid black triangles in ¢ and d represent SAF;, ketone, and PCBM, respectively, taken from ref 47.

Table 2. OPV Performances of P3HT:Fullerene Devices under AM 1.5G (100 mW cm™2)

entry
CCMA®“*
SAF,*Y
SCBA®
CCBA*
SMCBA®
CMCBA“
SICBA”
CICBA”
SPCBM*
CPCBM*
ICBA”
PCBM“

Jie Usear)/ (mA em™)?
7.55 (7.51)
3.55 (3.48)
473 (4.74)
1.55 (1.53)
7.73 (7.44)
8.28 (8.58)
8.84 (8.82)
8.15 (8.12)
4.08 (4.00)
7.01 (6.99)
8.54 (8.60)
9.06 (8.97)

]Sccalc/(mA Cm_z) (]SC/}SCca]c)e

5.09 (0.93)
1.63 (0.95)
692 (1.12)
6.84 (1.21)
8.36 (1.06)
7.67 (1.06)
426 (0.96)
6.83 (1.03)
8.77 (0.97)
8.64 (1.05)

Voe (Vo) /V?

0.52 (0.52)
0.61 (0.61)
0.73 (0.72)
0.54 (0.53)
0.80 (0.80)
0.66 (0.65)
0.80 (0.80)
0.72 (0.72)
0.72 (0.72)
0.67 (0.67)
0.81 (0.81)
0.58 (0.58)

FF (FF,)"
0.67 (0.67)
0.42 (0.42)
0.47 (0.45)
0.46 (0.44)
0.55 (0.50)
0.69 (0.66)
0.63 (0.62)
0.66 (0.66)
0.54 (0.54)
0.69 (0.69)
0.69 (0.69)
0.71 (0.70)

PCE (PCE,,)/%* R, (nm)’
2.62 (2.59 + 0.03) 7.3
0.90 (0.89 + 0.01)

1.62 (1.59 + 0.03) 12.7
0.38 (0.36 + 0.02) 14.9
341 (320 + 0.21) S5
3.73 (3.69 + 0.04) 8.9
4.43 (4.36 + 0.07) 64
3.87 (3.82 + 0.05) 7.6
1.59 (1.56 + 0.03) 5.4
3.20 (3.19 + 0.01) 4.9
4.81 (4.76 + 0.05) 115
3.75 (3.72 + 0.03) 5.6

“P3HT:fullerene = 1:1 (wt %) processed from DCB (ITO/PEDOT:PSS/active layer/ Ca/Al). Annealed at 150 °C for 10 min. bTaken from ref 47.
“P3HT:fullerene = 1:0.6 (wt %) processed from DCB. No post-thermal annealing. “The averaged values in the brackets were evaluated from at least
three devices. ], is a calculated J,. from EQE spectrum.”/Surface roughness in a 2 X 2 um® AFM topological image (Supporting Information Figure

S14).
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summarized in Figure 3. The HOMO levels of bis-adducts
remained mostly unchanged in the range from —5.51 to —5.68
eV.

The solubilities in toluene showed a wide variation ranging
from 0.7 to 10 wt %. The indene- and PCBM-based hetero bis-
adducts possess the higher solubilities (3.6—10 wt %) than their
mono-adducts (PCBM, 1.5 wt %; ICMA, 0.8 wt %). The
solubilities of spiro-acetalized hetero bis-adducts are slightly less
than the cyclohexanone hetero bis-adducts, probably because
the five-membered acetal ring restricts the flipping motion
between boat and chair conformations. The homo bis-adducts
of CCBA and SCBA are quite soluble (2.3 and 2.2 wt %), while
the hetero bis-adducts of CH, and cyclohexanone/spiro-acetal
(CMCBA and SMCBA) showed the reduced solubilites of 0.9
and 0.7 wt %, respectively. They are even comparable to the
monoadducts of PCBM (1.0 wt %) and ICMA (0.8 wt %), due
to the low solubility of CH, mono-adduct (MCMA, 0.1 wt %).
However, all of the hetero and homo bis-adducts have enough
solubilities in DCB for OPV device fabrication,*” and thus they
could be relevant to a detailed investigation on the solubility-
device performance relationship.

Photovoltaic Outputs and Fullerene Solubility. The
OPV performances of P3HT:bis-adduct (1:1 (w/w) or 1:0.6
(w/w)) were evaluated in a normal cell structure, according to
the previous protocol.>>>® The active layers with 100—200 nm
in thickness were prepared by spin-coating of DCB solutions,
followed by solvent annealing in a covered Petri dish and
thermal annealing at 150 °C for 10 min. Figure 4a shows the
current density versus voltage (J—V) curves under AM 1.5G
illumination at 100 mW cm™ (Table 2). It should be
emphasized that SICBA exhibited the high PCE of 4.43%
(PCE,, = 4.36 + 0.07%) with J,. of 8.84 mA cm™%, V,_ of 0.80
V, and FF of 0.60, which is a remarkable enhancement from the
corresponding mono-adduct (P3HT:SAF;, PCE = 0.9%)."
The best PCE was, however, lower than the high-performing
P3HT:ICBA reference (PCE,,, = 4.81%; PCE, = 476 +
0.05%), ascribed to the reduced FF. CICBA, the cyclohexanone
precursor of SICBA was ranked at the second highest PCE of
3.87% (PCE,, = 3.82 & 0.05%), where the reduced V,_ (0.72 V)
is mainly responsible for the lower PCE of CICBA. The V.
reduction from spiro-acetalized to cyclohexanone was generally
observed in other hetero/homo bis-adducts and consistent with
the deeper LUMO levels of the latter. The external quantum
efficiency (EQE) spectra were almost similar except for the
low-performing SPCBM, SCBA, and CCBA (Figure 4b),
corresponding to their low Js found in the J—V curves of
Figure 4a. The calculated J (=].5%) from the relevant EQE
spectra are mostly in good agreement with the J s under 1 sun
within +7% (Table 2). The relatively large difference found for
SMCBA and CMCBA (12 and 21% lower J . than J,,
respectively) is probably caused by the degradation of the
device after the JV curve measurements under 1 sun.

Figure 4c plots the V,. as a function of LUMO level
estimated by CV in DCB. The excellent linearity agrees with
the LUMO dependence of fullerene on V,.*' and with the well-
established relationship between V__ and difference of HOMO
of donor and LUMO of acceptor. As previously mentioned, V,_
generally increased from cyclohexanone to the spiro-acetalized
unit for all of the hetero bis-adducts, reflecting the electron-
donating nature of the latter. The homo bis-adducts of SCBA
and CCBA showed ca. 0.1 V lower V,_ than the straight line,
due to the low J.

In a sharp contrast, PCE showed an asymmetric convex curve
against the solubility of fullerene (Figure 4d) with the
maximum at ca. 6.6 wt % (ICBA). Such a parabolic curve has
been reported in other fullerene derivatives,*****>® clearly
demonstrating that excessive solubility degrades a PCE. Atomic
force microscopy (AFM) images shown in Figure S (phase)

CCBA(0.38%) SCBA(1.62%) CMCBA(3.73%)

b 71 (c)

L Y] _ b~ W el 9 Ve s
SMCBA(3.41%) CICBA(3.87%) SICBA(4.43%)
@) | 5 §

Figure S. AFM phase images of P3HT:fullerene films at the OPV
optimal condition. Images are observed for P3HT films blended with
(a) CCBA, (b) SCBA, (c) CMCBA, (d) SMCBA, (e) CICBA, (f)
SICBA, (g) CPCBM, (h) SPCBM, and (i) ICBA, respectively. The
values in the brackets are the best PCE (Table 2). The image size is 2
X 2 pm>,

and Supporting Information Figure S14 (topography) indicate
no significant phase separation between polymer and fullerene,
while CCBA and SCBA have a larger surface roughness (R,
12—15 nm) than the other bis-adducts (5—9 nm, Table 2). In
fact, these two homo bis-adducts have a tendency of rather
aggregation, resulting in the decrease of device performance.
The insignificant change in morphology except for these homo
bis-adducts suggests that the OPV performances are dominated
by electronic factors rather than morphology.

Mobility Balance. In order to elucidate how the bis-adduct
structures and their electronic features affect the OPV
performances, charge carrier mobilities of the blend films
were investigated by SCLC technique (Supporting Information
Figure $13).>*7%° Table 3 lists the hole mobility (i), electron
mobility (i), and their ratio (p./py,). Charge carrier mobilities
exhibited a large variation by the orders of magnitude from 1077
to 107> cm® V™' 57! for holes (Figure 6a) and 10~® to 107 cm®
V™! s7! for electrons (Figure 6b). The PCE vs p, or . displays
mostly scattered plots; however, a strong positive correlation
was deciphered for the PCE vs y,/u;, ranging from 107> to 107"
(Figure 6¢). This highlights the superiority of mobility balance
in the devices’ performance, in good accordance with the
simulation reported by Kotlarski and Blom®* and experiments
of our previous monoadduct fullerenes.*”*® Surprisingly, the
correlation of mobility balance vs PCE can be interpolated
among not only the high-performing bis-adducts but also the
monoadducts of SAF;, CCMA, and PCBM, although the PCEs
contain the large difference of V. (ca. 0.5—0.8 V). This
correlation is observable in multiadduct fullerenes,® the
thermal annealing process of P3HT:PCBM,* and its p/n
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Table 3. SCLC Hole and Electron Mobilities and Their
Balance in P3HT:Fullerene

acceptor uy/(ecm? V71 g7 uo/(cm? V7is™h) e/
CCMA 22 % 1074 4.6 x 1077 2.1 %1073
SAF* 1.1x 107* 1.5 x 107 14 x 107°
SCBA 45x 1073 3.0 x 1074 6.7 X 1072
CCBA 69 x 1073 6.7 X 107¢ 9.7 x 107*
SMCBA 52 % 1077 34 %1078 6.5 % 107
CMCBA 14 x 1073 54 %1075 3.9 x 1072
SICBA 28 x 1073 12 x 1073 0.40
CICBA 12 x 1073 5.7 X 1075 48 x 1072
SPCBM 28 X 1073 34 x107° 12 x 1072
CPCBM 2.0%x 1073 1.9 x 107* 9.5 x 1072
ICBA 49 x 1073 1.1 x 1073 22
PCBM 5.5 x 107 1.5 x 1073 2.7

“Taken from ref 47.

composition.*® SMCBA, of which active layer thickness was ca.
100 nm (others are ca. 200 nm) and the p/n ratio was 1:0.6
(others are 1:1), displayed exceptionally low yy, and p, on the
order of 1078~1077 cm® V™! 571, Nonetheless, the y,/u;, (6.5 X
107%) and PCE (3.4%) of SMCBA lies on the general PCE
trend found for the other fullerenes. This reiterates that the
mobility balance rather than the absolute value of mobility is a
key factor of solar cell performance. It should be noted that a
thin active layer is necessary to maximize PCE in the case of
low charge carrier mobilities such as for SMCBA. When a
P3HT:SMCBA device was fabricated with 200 nm thickness
and 1:1 p/n blend ratio, the PCE was considerably decreased to

ca. 0.5%. The similar results have been reported for other
multiadduct fullerenes (ca. 100 nm thickness and 1:0.6 p/n
blend ratio),””?%***** although the underlying cause is
complicated (interplay of mobility, lifetime, thickness, and
BH]J structure) and not unraveled.

On the other hand, we need to mention that the low-
performing bis-adducts of SPCBM (PCE,,,, = 1.59%), SCBA
(PCE,,,, = 1.62%), and CCBA (PCE,,,, = 0.38%) are far below
the general line. Indeed, these three bis-adducts are also the
exceptional group in the PCE plot with solubility shown in
Figure 4d. They have moderate solubilities, high hole
mobilities, and moderate electron mobilities, and thus the
PCEs should be at least doubled. The reason for the low PCEs
of these three bis-adducts is elusive. The presence of unknown
impurity might impair the OPV outputs, because SPCBM and
CCBA show slightly lower HPLC purities (97% and 98%) than
the others (99—99.5%) (Supporting Information Figure S9).

Guide for Efficient Hetero Bis-Adduct Fullerene.
Through the comprehensive characterization of hetero/homo
bis-adducts of [60]fullerene, we identified the solubility as the
rough indicator of PCE and mobility balance as the more
precise factor (note that there are a few exceptions). The
charge carrier mobilities are the results of device outputs after
careful optimization of processing conditions including thick-
ness, p/n blend, and solvent. However, solubility is a
fundamental property which can be evaluated without device
engineering. Therefore, a simple method to predict the
solubility of hetero bis-adduct fullerene from the corresponding
mono-adducts is useful for designing novel fullerene acceptors.
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4 4
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Figure 6. PCE vs logarithmic plots of SCLC (a) hole mobility (y},), (b) electron mobility (g, ), and (c) their balance (¢./,). The device parameters
of SAF; were taken from ref 47. The solid line is an eye-guide. (d) Plot of experimental solubility of hetero bis-adduct [60]fullerenes in toluene, S,
vs the sums of solubilities of relevant monoadducts in toluene, S, and S,,. The solid line is eq 1 (see text). The values in the brackets are the
maximum PCE (Table 2). The correspondence of the colorized symbols in a—d is shown in the inset of c. The black triangles in a—c are mono-

adduct fullerenes.
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Figure 6d shows the experimentally evaluated solubilities of
hetero bis-adduct [60]fullerenes, S, (wt % in toluene) as a
function of the sum of solubilities of respective monoadduct
[60]fullerenes, S,,; and S,,. For example, the x-axis value (1.0
wt %) of SICBA (S, = 3.6 wt %) was calculated by adding
ICMA (S,,, = 0.8 wt %, Table 1) and SAF (S, = 0.2 wt %).*’
Interestingly, Sy;, seems to increase superlinearly with S, + S.,,
indicative of the cooperative enhancement via two solubilizing
substituents and the presence of regioisomers. On the basis of
the six hetero bis-adducts evaluated in this study, the following
empirical equation was deduced.

Sbis = a(Sml + Sm2)2 (1)

where a is the prefactor approximated to be 4 (wt %)™ We
note that the validity of this equation is limited in Sy < 10 wt
%. In the present study, the solubilities of hetero bis-adducts
(Spis) giving the first and second highest PCEs of SICBA and
CICBA were 3.6 and 5.1 wt %, respectively. The PCEs of
P3HT-based OPVs blended with Cg¢(CH,)(Ind) and
Cs(CH,)(QM) were 5.9 and 5.0%, where their solubilities
were 4.0 wt % in toluene.*” Thus, the most optimal solubility of
hetero bis-adduct is expected around 4 wt % drawn by the
yellow area in Figure 6d, which corresponds to S, + S, = 1 wt
% (=8.7 mg mL™! in toluene). Interestingly, this solubility is
close to that of PCBM (1.0 wt % in toluene) which is the most
compatible fullerene with a wide range of p-type semi-
conductors. Note that the PCBM solubility in chlorobenzene
(4.3 wt %, 50 mg mL™") is much higher than that in toluene.®’
It should be mentioned that the solubility is not the sole
determinant but other complicated factors such as interaction
and miscibility with polymer, driving force for formation of
fullerene pure domain, and film processability markedly
influence the device performances. Troshin et al. have clarified
the unusual double branched dependence of PCE on the
fullerene solubility, which also depends on the counter polymer
and solvent to a large extent.”” However, the empirical
relationship can serve as one of the design guides for the
development of efficient OPV fullerenes, because the molecular
design of hetero bis-adduct has a myriad of combinations.

Bl CONCLUSION

We performed a systematic study on the [60]fullerene homo
bis-adducts of cyclohexanone or five-membered spiro-acetalized
ring (SAF;) and their hetero bis-adducts with CH,, indene, and
PCBM. These 567 bis-adducts rationally gave advantages in
both solubility and LUMO level. The best PCE of 4.43%
(PCE,, = 4.36 + 0.07%) was obtained for P3HT:SICBA,
mainly due to the high V,. (0.80 V). The OPV device
performances were found to correlate roughly with the
solubility and more precisely with the SCLC mobility balance
of holes and electrons, although there were a few exceptions
associated with elusive factors (e.g., impurity and anomalous
change of film quality). Based on the characterization of
solubility and P3HT-based OPV device, we proposed the
empirical equation to estimate the optimal solubility for hetero
bis-adduct [60]fullerenes on the basis of the total solubility of
respective monoadduct. It would be helpful for a coarse
screening and designing of bis-adduct fullerenes for efficient
OPV.
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