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Three new hydrogen bonding [60]methanofullerenes (PCB-#-BA, PCB-n-BA, and MPCB-#-BA) are synthesized,
characterized, and presented for measurement of the photovoltaic properties. In comparison with the PCBM
molecule, the ester group was substituted with n-butyric or #-butyric alkyl group in the two compounds. Bulk
heterojunction (BHJ) organic photovoltaic devices (OPV) employing the methanofullerenes as acceptor were
fabricated and optimized. An improvement of power conversion efficiencies (77¢) was observed upon application
in P3HT/PCB-n-BA (e = 0.78%) BHJ OPV compared to P3BHT/PCBM (e = 0.59%) without thermal

annealing with the ratio of 1:1 by weight.

Introduction

Organic solar cells have been attracting much attention around
the world within recent years. Organic photovoltaic devices
(OPVs) are considered the most promising fossils fuels alterna-
tives due to their possibility to create low-cost, flexible,
extremely light solar cells and photodetectors. Since Heeger et
al. made the first bulk heterojunction (BHJ) prototype of polymer
photovoltaic cells in 1995,! the power conversion efficiency has
been much improved,” in which the active layer consists of a
blend of electron-donating materials, for example, p-type
conjugated polymers and electron-accepting materials (n-type).
Fullerene derivatives, attributed to their excellent electron-
accepting capability, were the best currently available acceptors
for BHJ composite; PCBM ([6,6]-phenyl Cg¢;-butyric acid methyl
ester) was the most widely used methanofullerene as a standard
reference acceptor. With an optimized level tuning, band gap,
and balanced mobility, organic solar cells can reach power
conversion efficiencies about 11%.*> Many works were done to
attain efficiency approaching the magic 10%.*

Several factors are important in further improving the power
conversion efficiencies (PCE) of BHJ devices, such as UV —vis
absorption, highest-occupied molecular orbitals (HOMO), low-
est-unoccupied molecular orbitals (LUMO), and band gap
relations between the donor and the acceptor, and physical
interaction between the donor and the acceptor, manifested by
the morphology of active layer.” The ideal BHJ solar cell is
defined as a bicontinuous composite of donor and acceptor with
a maximum interfacial area for exciton dissociation and a mean
domain size commensurate with the exciton diffusion length
(5—10 nm). The two components should phase separate on a
suitable length scale to allow maximum ordering within each
phase and thus effective charge transport in continuous pathways
to the electrodes so as to minimize the recombination of free
charges.’
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Replacement of PCBM in bulk heterojunction photovoltaic
devices was rare.® Only the dihydronaphthylfullerene has thus
far been reported to give performance commensurate with
PCBM.% Substitution of the fullerene derivatives with a variety
of solubilizing groups has only induced small changes in the
electronic structure. Therefore, the focus has been to optimize
the solubilizing group to develop the right level of phase
separation with the specific polymeric donor employed.’
Herein, analogues of PCBM were designed with the aim of
improving phase separation with polymeric donors, especially
P3HT. In this kind of compounds the ester group of PCBM
was replaced by amide groups, resulting in [6,6]-phenyl Ce;-
butylsaure butyl amide (PCB--BA, PCB-n-BA, MPCB-#-BA,
Chart 1). The weak intermolular hydrogen bonding (H
bonding) between N—H=++-O=C of amide fullerenes may
influence the aggregation of the fullerene and the slight
modifications of the phenyl ring may lead to significant
changes in its solubility and the morphology of the spin-
coated films.

Experimental Section

Materials. All solvents were purified and freshly distilled
prior to use according to literature procedures and purification
handbook. Commercially available materials were used as
received unless noted. NMR spectra were obtained using Bruker
Avance 400 or 600 spectrometers. 'H NMR and *C NMR
spectra were calibrated using signals from the solvent and
reported downfield from TMS. Infrared spectra were obtained
on a Bruker Tensor-27. matrix-assisted laser desorption—ionization
time-of-flight (MALDI-TOF) spectra were obtained on a Bruker
Biflex IIT MALDI-TOF spectrometer.

Synthesis and Characterization. Experimental and charac-
terization conditions, synthetic details and concrete data were
showed in the Supporting Information. The [6,6]-phenyl Cg-
butylsaure butyl amide were synthesized according to the
method developed by Hummelen et al.’” (Scheme S1 of
Supporting Information). General method for a diazomethane
addition to Cgp: A mixture of hydrazono (I mmol), freshly
prepared sodium methoxide (1 mmol) and dry pyridine (15 mL)
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CHART 1: Structures of PCBM, PCB-t-BA, PCB-n-BA, and MPCB-t-BA

PCBM R=n-butyl PCB-t-BA
t-butyl PCB-n-BA

was placed under nitrogen and stirred at room temperature for
30 min. Then a solution of Cgy (1 mmol) in 1,2-dichlorobenzene
(oDCB) (50 mL) was added. The mixture was stirred at 80 °C
for 12—24 h and then removed solvent in vacuo. The crude
product was chromatographed on silica gel by 0—50% ethyl
acetate in toluene as eluent. The mono portion was collected
and then resolved in oDCB and refluxed for 24 h to ensure
completely change from [5,6] open shell to [6,6] close shell
methanofullerenes. After the removal of oDCB in vacuo, the
product was precipitated with MeOH, centrifuged, and decanted.
The remaining pellet was washed twice with methanol and then
dried under vacuo at 100 °C for 24 h, resulting in [6,6]-phenyl
Ce;-butylsaure t-butyl amide (PCB-t-BA), [6,6]-phenyl Cg;-
butylsaure n-butyl amide (PCB-n-BA), and (4-methoxyl)phenyl
[6,6]-Ce;-butylsaure #-butyl amide (MPCB-#-BA)) (Chart 1). The
signals for the fullerene sp? carbons at 80.4 ppm (PCB--BA),
78.9 ppm (PCB-n-BA), and 80.4 ppm (MPCB-t-BA) in *C
NMR spectra indicate Cy; symmetry. MALDI-TOF-MS gave the
M*, according to the calculated value of m/z of all the
synthesized Cg derivatives. The FT-IR spectra showed absorp-
tion features at 1642 cm™' (PCB--BA), 1641 cm™! (PCB-n-
BA), and 1647 cm™!' (MPCB-#-BA) indicating the amide bond
and 526 cm™! indicating the fullerene core. The FT-IR spectra
showed absorption features at 3301 cm™! (PCB-t-BA), 3322
cm™! (PCB-n-BA), and 3325 cm™! (MPCB-#-BA) and weak
absorption at 3490—3400 cm™! indicative a distinct shift to
lower frequencies due to H bonding in solid state. The detailed
proving of H bonding existence inter the amide fullerenes was
showed in the Supporting Information.

(4-Methoxyl)phenyl [6,6]-Cg-butylsaure #-Butyl Amide
(4a). '"H NMR (CDCls, 400 MHz) 6 (ppm): 7.83 (d, J = 8.42
Hz, 2 H), 7.05 (d, J = 8.44 Hz, 2 H), 5.26 (s, NH), 3.90 (s, 3
H), 2.85 (t, /=791 Hz, 2 H), 2.29 (t, J = 7.46 Hz, 2 H), 2.20
(m, 2 H), 1.36 (s, 9 H). *C NMR (CDCl;, 100 MHz) 6 (ppm):
172.0, 159.3, 149.1, 148.2, 146.1, 145.3, 145.3, 145.2, 145.2,
145.0, 144.9, 144.8, 144.8, 144.6, 144.5, 144.1, 143.9, 143.2,
143.2, 143.1, 143.0, 142.4, 142.4, 142.3, 142.2, 141.7, 140.9,
138.2, 133.4, 128.4, 114.0, 80.4 (bridgehead C), 55.51, 51.66,
51.42, 37.35, 33.99, 29.02. IR (KBr) = v (cm™'): 3325 (m),
2957 (m), 2923 (m), 1647 (s), 1611 (m), 1541 (m), 1511 (s),
1453 (m), 1428 (m), 1250 (s), 1178 (m), 1155 (m), 1107 (w),
1031 (m), 827 (m), 802 (m), 554 (m), 526 (s). MALDI-TOF
m/z 0.981.5 (M"7); caled. (Cy5sHpNO), 981.17.

[6,6]-Phenyl Cg;-butylsaure t-Butyl Amide (4b). 'H NMR
(CDCl3, 600 MHz) 6 (ppm): 7.98 (d, J = 7.22 Hz, 2 H), 7.56
(t,J=7.40Hz, 2 H), 7.45 (t, / = 7.14 Hz, 1 H), 5.08 (s, 1 H),
1.90 (t, J = 7.20 Hz, 2 H), 1.605 (m, 2 H), 1.40 (m, 2 H), 1.37
(s, 9 H). 1*C NMR (CDCl;, 100 MHz) 6 (ppm): 167.0, 147.8,
146.9, 144.9, 144.1, 144.1, 144.0, 144.0, 143.8, 143.7, 143.6,
143.6, 143.4, 143.4, 143.0, 142.7, 142.1, 142.0, 142.0, 141.9,

MPCB-t-BA

141.2, 141.2, 141.1, 141.1, 140.0, 139.71, 136.5, 135.8, 131.2,
127.4, 127.3, 78.9, 70.8, 51.0, 37.7, 36.2, 29.5. IR (KBr) = v
(cm™1): 3301 (m), 2958 (s), 2924 (s), 2867 (m), 1726 (m), 1642
(s), 1547 (m), 1450 (s), 1428 (m),1282 (m), 1262 (m), 1121
(m), 1075 (m), 801 (m), 756 (m), 700 (m), 573 (w), 550 (w),
526 (s). MALDI-TOF m/z 951.4(M™); calcd. (C;5H,NO),
951.96.

[6,6]-Phenyl-Cg;-butylsaure n-Butyl Amide (4c¢). (CDCl;,
400 MHz) 0 (ppm): 7.93 (d, J = 7.75 Hz, 2 H), 7.54 (t, J =
7.70 Hz, 2 H), 7.47 (t, J = 6.98 Hz, 1 H), 5.40 (s, 1 H), 3.25
(q, J = 6.65 Hz, 2 H), 2.90 (t, J = 8.00 Hz, 2 H), 2.35 (t, J =
7.37 Hz, 2 H), 2.207 (m, 2 H), 1.48 (m, 2 H), 1.342 (m, J =
7.46 Hz, 2 H), 0.926 (t, J = 7.28 Hz, 3 H). '*C NMR (CDCl,,
100 MHz) 6 (ppm): 172.0, 159.3, 149.1, 148.2, 146.1, 145.3,
145.3, 145.2, 145.2, 145.0, 144.9, 144.8, 144.8, 144.6, 144.5,
144.1, 143.9, 143.2, 143.2, 143.1, 143.0, 142.4, 142.4, 142.3,
142.2, 141.7, 140.9, 138.2, 137.8, 133.4, 128.4, 114.0, 80.4,
55.5,51.7, 51.4, 37.4, 34.0, 29.0. IR (KBr) = v (cm™}): 3322
(m), 2954 (m), 2926 (m), 2864 (m), 1641 (s), 1545 (m), 1494
(w), 1447 (m), 1428 (m), 1377 (m), 1261 (w), 1185 (m), 1160
(m), 1074 (w), 1025 (w), 799 (m), 698 (m), 586 (m), 573 (m),
550 (m), 526 (s). MALDI-TOF CCA m/z 951.5(M"); calcd.
(C75sH21NO), 951.96.

UV—Vis, Cyclic Voltammetry, and Thermal Analysis.
UV—vis spectra were recorded using JASCO V-570 spectro-
photometer in toluene solution. Cyclic voltammetry data were
recorded by CHI 660b. The Cg, derivatives were studied by
cyclic voltammetry at 30 °C in oDCB solutions. The reduction
potential values are 0.5 (E;, + E,) in V vs ferrocene (Fe)/Fc™;
107* to 1073 M in oDCB solution; TBAPF; (tetrabutyl am-
monium hexafluorophosphate 0.1 M) was used as supporting
electrolyte, Pt wire as counterelectrode, Ag wire as reference
electrode, and glassy carbon as work electrode; a scan rate of
10 mV/s was used; room temperature was ~30 °C. Differential
scanning calorimetry (DSC) data were recorded by PerkinElmer
Diamond DSC (N536—0022) F.T.; thermal gravity analysis
(TGA) data were recorded by Shimadzu DTG-60; samples were
kept at 100 °C in vacuo for 24 h before thermal analysis.

Device Fabrication and Photovoltaic Characterization. The
typical device structure used in this study was a sandwich
structure with ITO/PEDOT as a hole-collecting electrode and
Al as an electron-collecting electrode. In the structure of the
devices, the active layer has a thickness of 100 nm, as
determined by surface profilometer (Tencor, ALFA-Step 500).
Indium/tin oxide (ITO) was used as the anode and a 50-nm
thick poly (ethylene dioxythiophene)/polystyrenesulfonic acid
(PEDOT-PSS, Batron-P, Bayer AG) layer was incorporated
between the ITO and the active layer to reduce device leakage.
Methanofullerenes as acceptor were dissolved in oDCB solution.
P3HT (Aldrich) was dissolved in oDCB solution. Both solutions
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TABLE 1: Electrochemical Data

compounds E' e B

Ceo —1.120 —1.512 —1.982
PCBM —1.175 —1.553 —2.058
PCB-t-BA —1.167 —1.535 —2.036
PCB-n-BA —1.167 —1.536 —2.036
MPCB--BA —1.168 —1.536 —2.052

were mixed to give the calculated weight ratio of donor material
to acceptor material, while the solution for the third type of
cells was added with extra 2.5% 1,12-diiodododecane (DI,) by
weight. The blend solution was spin coated onto the top of
PEDOT-PSS. Finally, Parts of cells were thermally evaporated
onto the top of the photoactive polymer blend. The deposition
rates and the thickness of the evaporation layers were monitored
by a thickness/rate meter (Sycon). The deposition rates for
aluminum were usually 0.01—0.02 nm/s. The crossing area
between the cathode and the anode define the sensing area.
Unless otherwise specified, 0.04 cm? active area was typically
used in this study. All the fabrication steps were carried out in
a nitrogen glovebox. The I—V characteristics in the dark and
under illumination were measured with a Keithley 236 source-
measure unit. Photocurrent was measured under a solar simulator
with AM 1.5 illumination (100 mW/cm?) under atmosphere.

Atomic Force Microscopy (AFM), Optical Microscope
(OM), and Scanning Electronic Microscopy Energy-Disper-
sive Spectrometry (SEM-EDS). AFM measurements were
carried out with Multimode Nanoscope controller IIla (Veeco
Inc.) operated in tapping mode. OM data were recorded by
Nikon eclipe E600 and Nikon E4500. SEM images were taken
with Hitachi S-4300 or Hitachi S-4800. EDS data were obtained
by Hitachi S-4800.

Results and Discussions

Electrochemical Properties. All four Cq derivatives showed
similar cyclic voltammograms with three quasireversible reduc-
tion waves in the potential ranging from —0.3 to —2.0 V.
Reduction potentials were listed in Table 1. The reduction
potentials of methanofullerene derivatives are shifted to more
negative values with respect to Cgy because of the decrease of
the number of 7 electrons and the release of strain energy.® It
was reported that the attached reductive group influences the
redox property of [60]fullerene derivatives.” The reduction
potential of PCB-#-BA and PCB-n-BA are almost same, because
of similar structure and no electron push or pull group
difference; methoxy groups in the para position of the phenyl
ring can lead to a slightly decrease of the reduction potential.*
The reduction potentials of these amide fullerenes are slightly
positive than that of PCBM.

UV—Vis Measurement. The UV —vis spectra of the fullerene
derivatives compared with that of the pure Cqy in toluene
solution was shown in Figure 1. The amide derivatives showed
sharp peak at 434 nm, 1 nm red-shift compared with that of
PCBM. Broad peaks ranging from 450 to 650 nm were also
observed. The absorption at 696 nm for PCB-#-BA, 697 nm for
PCB-n-BA, and MPCB-#-BA are specific to [6,6] addition in
Ceo core. It is noted that the absorption profiles for the amide
derivatives are very close to that of PCBM. The results showed
that there is no dramatic change in the band structure for the
amide derivatives as consistent with the analogical structures,
meanwhile convincing the analogue of E! .

TGA. TGA (see Figure S3 of Supporting Information) and
DSC of four fullerene derivatives were measured to understand
the thermal stability of the fullerene derivatives. TGA results
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Figure 1. Normalized UV—vis absorbance spectra of fullerene
derivatives in toluene.

indicate that all fullerene derivatives have a thermal decomposi-
tion temperature higher than 250 °C. The DSC measurement
of PCBM molecule shows a crystallization peak at 280 °C,
without any other transition between 20 and 340 °C. However,
no crystallization or glass transitions (7;) were observed in the
curves of other methanofullerenes between 20 and 280 °C,
which suggests that they are amphorous materials.'”

Organic Photovoltaic Devices Performance. The perfor-
mance of photovoltaic devices of P3HT/fullerene was investi-
gated using classical ITO/PEDOT:PSS/P3HT:fullerenes/Al struc-
ture. To optimize the photovoltaic devices, we have successfully
fabricated three classes of devices. Figure 2 showed a com-
parison of the JV curves of PCB--BA, PCB-n-BA, MPCB-#-
BA, and PCBM-based BHJ devices with three cell conditions.

First, we fabricated cells with the ratio of 1:4 for P3HT:
fullerene by weight. The performance was much lower than we
expected, showed in Figures 2a and 3. The cell performance of
no-annealing and postanneal was different, the highest PCE
(0.45%) of MPCB-#-BA was slightly higher than that 0.42% of
PCBM, whose phase segregation scale were analogous. How-
ever, anneal thoroughly destroyed the active layer composed
of P3HT and amide fullerene with PCE of almost zero, while
PCBM achieved 1.55%. OM in Figure 4 showed there were
plenty of amide fullerene crystals on the surface of active layer
when the devices were annealed, which means the phase
separation was fairly large-scaled and contributed to inefficient
charge transfer and separation. AFM in Figure 5, AFM section
analysis in Figure S4 of Supporting Information, and SEM-
EDS in Figure S6 of Supporting Information also verified'! the
aggregation with size up to hundreds of micrometers in length,
two to ten micrometers in width, and several hundred nanome-
ters in height; the aggregation was attributed to the strong H
bonding between amide fullerene.

To resolve the large-scale phase separation and serious
aggregations of amide fullerenes, we decreased the proportion
of fullerene to 1:1 as suggested by Manca et al.'' We found
that the cell performance of the no-annealing cell of amide
fullerenes and PCBM increased, and PCB-n-BA’s performance
(0.78%) was higher than PCBM (0.59%). JV curves, PCE, and
Voc were shown in Figures 2b, 3, and 4; AFM images were
shown in Figure S5 of Supporting Information .Hydrogen
bonding assembly is a good way to fabrication of molecular
arrays and shapes for efficient intermolecular energy and
electron transfer between donor and acceptor units due to its
high selectivity and directionality.'”> The uniform and order
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morphology of the polymer:fullerene is an important factor to
higher power conversion efficiencies.>'* The calculation studies
also showed that the self-assembly of PCBM on the gold surface
was mainly controlled by weak hydrogen bonding between the
PCBM tails.!* Although PCBM is a crystallizable molecule, it
is very difficult to nucleate homogeneously within the whole
film to form nanoscale crystals. Consequently, the composite
film is either very homogeneous without obvious phase separa-
tion or PCBM crystallizes into crystals with several micrometers
upon conventional thermal annealing, leading to large-scale
phase separation in the film." In our case, the amide hydrogen
bonding can help the fullerene moiety to stack as homogeneous
and order domain in the photoactive layer so as to create short

and continuous pathways for electron transport. So hydrogen
bonding interaction can results in the molecular aggregates
orderly for improving the performance of the resulted devices.
However, with thermal annealing, the strong amide hydrogen
bonding interaction can lead to large-scale phase separation and
the PCE of the postannealing amide fullerene cell increased
slightly from 0 to 0.04%, which was much lower than 1.04%
of PCBM. AFM

By addition of a few volumes of alkanedithiols or haloge-
nalkanes in the solution used to spin-cast films comprising of
polymer and fullerene derivatives, the cell performance may
be increased obviously through altering the bulk heterojunction
morphology, which enable morphological control in active layer
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Figure 4. OM of four typical morphology on the surface of BHJ solar cell. (a) P3HT:PCB-n-BA = 1:4 with DI, as cast; (b) PAHT:PCB-n-BA =
1:4 annealed; (c) P3HT:PCB-n-BA = 1:1 as cast; (d) P3BHT:PCBM = 1:4 with DI, as cast.
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Figure 5. AFM topology images (500 nm x 500 nm) of films cast
from oDCB solution with the ratio of 1:4 of P3HT: fullerenes by
weight.

when thermal annealing is either undesirable or ineffective.'®
As annealing was ineffective to amide fullerenes, we tried to
add 2.5% of DI, to the mixed solution whose weight ratio was
1:4 with the ratio of 1:4 of P3HT:fullerenes by weight.
Unfortunately, the cell performance of amide fullerene deriva-
tives was not improved while PCBM achieved the highest
efficiency of 1.77%, which suggested that DI, did not restrain
the strong aggregation trend of amide methanofullerenes leading
to big-scale phase separation, revealed by an AFM image in
Figure S7 of Supporting Information.

Conclusions

The synthesis, characterization, and application of three
new amide [60]methanofullerenes (PCB-7-BA, PCB-n-BA,

and MPCB-#-BA) as new acceptors in BHJ solar cells were
discussed. The power conversion efficiency was measured
of P3HT/PCB-n-BA without thermal annealing to show a
value of 7. = 0.78%. The bulk heterojunction photovoltaic
cells of P3BHT/PCBM were also fabricated for comparison
(0.59%). P3HT/PCB-n-BA showed a significant improvement
in power conversion efficiencies. The result indicates that
the hydrogen-bonding interaction can results in the molecular
aggregates orderly for improving the performance of the
resulted devices.
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