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Currently, [60] fullerene derivatives are the focus of considerable research due to their important
roles in many fields, especially material science. In this study, we synthesized the following two novel
fulleropyrrolidine derivatives: Cgqy-fused N-methyl-(4-hexyloxybenzen-2-yl) pyrrolidine, (p-HOPF) and
Cgo-fused N-methyl-(2-hexyloxybenzen-2-yl) pyrrolidine, (0-HOPF). Structural assignments of the
two fullerene derivatives were made through "H NMR and FAB-MS. We also measured the optical
and electrochemical properties of p-HOPF and o-HOPF through UV/Vis spectrophotometry and
cyclic voltammetry. We found that the difference in the position of the alkoxyl substituent on the
phenyl ring greatly affects the characteristics of the molecules. In particular, from the 'H NMR
spectrum, we found that the hydrogen atoms on the carbons adjacent to the oxygens in p-HOPF
and o-HOPF have completely different chemical environments. In order to study the effects of the
substituent group positions on photovoltaic performance, photovoltaic devices were fabricated. The
highest power conversion efficiency, 0.71%, was achieved when using 0-HOPF as the electron
acceptor.
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1. INTRODUCTION salt, which is formed by the condensation of an @-amino
acid with an aldehyde. The intermediate is generated
in situ and undergoes cycloaddition with [60] Fullerene,

a process known as the Prato reaction. The fulleropyrro-

In the two decades since [60] fullerene (Cg,) was first iso-
lated and produced in bulk quantities in 1985, fullerene
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derivatives have been developed and their organic chem-
istry has been successfully studied.!"!° Chemists have been
attracted by their interesting chemistry as well as by poten-
tial applications.!'™'* Many successful methods of func-
tionalization have been explored, such as nucleophilic
additions,'* Diels-Alder reactions,'* 1,3-dipolar and other
types of cycloadditions," oxidations,' halogenations,'*
carbene and nitrene additions,”” hydrogenations,!® !’
organo-transition-metal reactions,'® and others. The 1,3-
dipolar cycloaddition of azomethine ylide is an efficient,
easily processed, and widely applied method that produces
an important class of fullerene derivatives known as the
fulleropyrrolidines.

Scheme 1 shows the formation of the simplest com-
pound of this class, N-methylfulleropyrrolidine to illus-
trate the general approach. The reactive intermediate is
generated through the decarboxylation of an immonium

*Author to whom correspondence should be addressed.
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lidines that are formed each contain a pyrrolidine ring
fused to a junction between two six-membered rings of a
fullerene sphere. '

The key features of this reaction are as follows: (a) the
reactions lead to individual [6,6]-closed isomers, and
(b) the majority of precursors are commercially avail-
able or easily prepared.!® Furthermore, functionalization
of the fullerene sphere through the Prato reaction is eas-
ily accomplished because two substituents (e.g., from the
a-amino acid moiety and the aldehyde derivative) can be
simultaneously introduced into the pyrrolidine heterocy-
cle as shown in Scheme 1. These advantages make the
Prato reaction useful for the synthesis of new fullerene
derivatives.

In this study, we designed and synthesized two novel
fulleropyrrolidine derivatives: Cgy-fused N-methyl-(4-
hexyloxybenzen-2-yl) pyrrolidine (p-HOPF) 2, and
Cgo-fused N-methyl-(2-hexyloxybenzen-2-yl) pyrrolidine
(0-HOPF) 4 (Scheme 2). Since solubility is an important
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Scheme 1. General synthetic route for N-methylfulleropyrrolidine.
prerequisite for the application of [60] fullerene deriva-
tives in common organic semiconductor devices such
as organic thin-film transistors (OTFTs), organic pho-
tovoltaics (OPVs), and devices based on light-induced
intermolecular charge separation, we introduced alkoxyl
groups onto the benzene ring to improve the solubility.
We also presumed that the electrochemical properties of
[60] fullerene could be tuned; in particular, we expected
that the LUMO energy level would be raised after mod-
ification because addends on the [60] fullerene core can
reduce the m-conjugation length and raise the LUMO
level. This change in electrochemical properties is benefi-
cial for some applications, especially OPV devices. How-
ever, the addends inevitably change the crystal packing,
typically reducing the fullerene—fullerene contact distance,
and they may also reduce the carrier mobility. In order
to minimize the impact on the crystal packing of [60]
fullerene, we attached only hexyloxy-substituted aryl rings
to the basic N-methylfulleropyrrolidine structure. The syn-
thetic routes to the fulleropyrrolidine derivatives and their
chemical structures are shown in Scheme 2.
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2. EXPERIMENTAL DETAILS
2.1. Materials

4-Hydroxybenzaldehyde, salicylaldehyde, sodium carbon-
ate, n-bromohexane, sarcosine, 1,2-dichloroethane, 2-ethyl-
hexylbromide, anhydrous dimethylformamide, phosphorus
chloride, anhydrous o-dichlorobenzene, and fullerene were
purchased from Alfa Aesar or Aldrich. All chemicals and
solvents were analytical grade and were used without fur-
ther purification.

2.2. Measurements and Device Fabrications

'"H NMR spectra were recorded using a Varian AM-300
spectrometer, absorption spectra were obtained using a
Scinco S-3100 spectrophotometer, and fast atom bom-
bardment mass spectra (FAB-MS) were measured using a
JEOL-ZMS-DX-303 mass spectrometer. Cyclic voltamme-
try (BAS 100) was performed with a solution of tetrabuty-
lammonium tetrafluoroborate (TBABF,, 0.10 M) as the
electrolyte and the fulleropyrrolidine material (10~ M) in

Prato reaction
—_—

R = hexyl group

Scheme 2. Synthetic routes and chemical structures of p-HOPF and o-HOPF.
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1,2-dichlorobenzene; the voltammograms were collected
at a scan rate of 50 mV/s, at room temperature, and
under an argon atmosphere. A glassy carbon electrode
(0.3 mm diameter) was used as the working electrode.
Pt and Ag/AgCl electrodes were used as the counter
electrode and reference electrode, respectively. Composite
solutions of P3HT and the synthesized fulleropyrrolidine
derivatives were prepared using chlorobenzene as the sol-
vent. Polymer photovoltaic devices were fabricated with
the typical sandwich structure of ITO/PEDOT:PSS/active
layer/LiF/Al The current voltage (I-V) characteristics of
all the polymer photovoltaic cells were measured under
simulated solar light (100 mW/cm?; AM 1.5 G) provided
by an Oriel 1000 W solar simulator. The characteriza-
tions were carried out in an ambient environment, and
electrical data were recorded using a Keithley 236 source-
measure unit. The intensity of the simulated solar light
was calibrated using a standard Si photodiode detector
(PV measurements Inc.), which in turn was calibrated at
the National Renewable Energy Laboratory (NREL).

2.3. Synthesis of p-HOPF and o-HOPF
2.3.1. Synthesis of 4-(hexyloxy)Benzaldehyde (1)

4-Hydroxybenzaldehyde (5 g, 0.04 mol) and sodium car-
bonate (6.57 g, 0.06 mol) were dissolved in 50 ml of
DME, and the reaction mixture was stirred for 30 min at
room temperature. n-Bromohexane (7.39 ml, 0.053 mol)
was added to the reaction mixture, and the resulting mix-
ture was stirred for 24 h at room temperature. The reaction
mixture was extracted three times using dichloromethane
and brine. The organic layer was separated and dried with
anhydrous magnesium sulfate, and then the solvent was
removed via rotary evaporation. The crude product was
purified by column chromatography to produce a yield of
83% (7 g). '"H NMR (300 MHz, CDCl,): & (ppm) 9.87
(s, 1 H), 7.83 (d, 2 H), 7.00 (d, 2 H), 4.03 (¢, 2 H), 1.80
(m, 2 H), 1.42 (m, 2 H), 1.32 (m, 2 H), 0.89 (¢, 3 H).

2.3.2. Synthesis of Cy-Fused N-Methyl-
(4-hexyloxybenzen-2-yl) Pyrrolidine (2)

A mixture of 1 (0.06 g, 0.28 mmol), [60] fullerene (0.3 g,
0.42 mmol), and N-methylglycine (sarcosine, 0.124 g,
1.4 mmol) was dissolved in 100 ml 1,2-dichlorobenzene.
After refluxing for 24 h, the reaction was allowed to
reach room temperature, the solvent was partially vacuum
evaporated, and the residue was poured onto a silica gel
column. The black solid obtained after chromatography
(hexane/toluene eluent) was further purified by repetitive
centrifugation using methanol and hexane to yield 0.15 g
p-HOPF as a black solid (56% yield). '"H NMR (300 MHz,
CDCly): 6 (ppm) 7.69 (m, 2 H), 6.95 (d, 2 H), 4.97
(d, 1 H, J=9 Hz),4.87 (s, 1 H), 4.25 (d, | H, J =9 Hz),
3.95 (¢, 2 H), 2.79 (s, 3 H), 1.77 (m, 2 H), 1.44 (m, 2 H),
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1.33 (m, 4 H), 0.89 (¢, 3 H). FAB-MS (M + 1, C,sH,;NO):
calcd, 954; found, 955.

2.3.3. Synthesis of 2-(hexyloxy)Benzaldehyde (3)

Salicylaldehyde (5 g, 0.04 mol) and sodium carbonate
(6.57 g, 0.06 mol) were dissolved in 50 ml of DMF, and
the reaction mixture was stirred for 30 min at room tem-
perature. n-Bromohexane (7.39 ml, 0.053 mol) was added,
and the resulting mixture was stirred for 24 h at room tem-
perature. The reaction mixture was extracted three times
using dichloromethane and brine. The organic layer was
separated and dried with anhydrous magnesium sulfate,
and the solvent was removed by rotary evaporation. The
crude product was purified by column chromatography,
affording 3 in 75.3% yield (6.37 g). '"H NMR (300 MHz,
CDCl,): 6 (ppm) 10.52 (s, 1 H), 7.82 (dd, 1 H), 7.53
(dt, 1 H), 7.02 (m, 2 H), 4.06 (¢, 2 H), 1.86~1.79 (m, 2 H),
1.50~1.37 (m, 2 H), 1.32 (m, 2 H), 0.90 (z, 3 H).

2.3.4. Synthesis of Cqy-Fused N-Methyl-
(2-hexyloxybenzen-2-yl) Pyrrolidine (4)

A mixture of 3 (0.06 g, 0.28 mmol), [60] fullerene (0.3 g,
0.42 mmol), and sarcosine (0.124 g, 1.4 mmol) was dis-
solved in 100 ml 1,2-dichlorobenzene. After refluxing for
24 h, the reaction was allowed to reach room tempera-
ture, the solvent was partially vacuum-evaporated and the
residue was loaded onto a silica gel column. The black
solid obtained after chromatography (hexane/toluene elu-
ent) was further purified by repetitive centrifugation using
methanol and hexane to yield 0.18 g p-HOPF 4 as a black
solid (67% yield). 'H NMR (300 MHz, CDCl,): & (ppm)
7.96 (dd, 1 H), 7.07 (¢, 2 H), 6.89 (d, 1 H), 5.56 (s, 1 H),
497 (d, 1 H, J =9 Hz), 431 (d, 1 H, J =9 Hz), 4.00
(td, 1 H, J =6 Hz), 3.72 (td, 1 H, J =6 Hz), 2.80
(s, 3 H), 1.44~1.25 (m, 8 H), 0.88 (3 H). FAB-MS (M +1,
C,sH,;NO): calcd, 954; found, 955.

3. RESULTS AND DISCUSSION

The novel fulleropyrrolidine derivatives (p-HOPF and
0-HOPF) displayed excellent solubility in common organic
solvents such as dichloromethane, chloroform, toluene,
chlorobenzene, and 1,2-dichlorobenzene. A combination
of "TH NMR and FAB-MS was used to assign the struc-
tures of the new compounds. The characteristic peaks
of the fulleropyrrolidine core were observed in the 'H
NMR spectra of both p-HOPF and 0-HOPF. As shown in
Figure 1(a), the two protons in the pyrrolidine ring (H,)
were clearly separated.

Owing to the 2Jyy coupling interaction, each separated
H_ was split again into a doublet with a coupling constant
as high as 9 Hz, which is consistent with other reports.?’
Additionally, the protons H were clearly split into a triplet
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Fig. 1. (a) 'H NMR spectrum of p-HOPF (2). (b) '"H NMR spectrum
of 0-HOPF (4).

by the protons H,. The 'H NMR spectrum of o-HOPF
was distinct from that of p-HOPF. In Figure 1(b), the two
protons on the carbon adjacent to the oxygen (H, and H,)
are separated, clearly indicating that the two protons reside
in distinct chemical environments.

Focusing on H, or H, in 0o-HOPF, we see intuitively
that each resonance is split into a doublet with a coupling
constant of 9 Hz and is further split into a triplet with
a coupling constant as high as 6 Hz. (CJyuy = *Jyps =
6 Hz). This process is vividly illustrated in Figure 2(b). We
attributed this phenomenon to steric hindrance between the
alkoxyl chain and the nitrogen methyl group. In 0o-HOPF,
the methyl group and proton h (H, or H,) are close
enough for a repulsive interaction and, because of this
steric hindrance, the free rotation of the bond between O

J. Nanosci. Nanotechnol. 13, 3474-3479, 2013
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Fig. 2. (a) Expansion of '"H NMR spectrum of o-HOPF in the region
from 3.8 to 3.6 ppm. (b) Spin-spin splitting and coupling constants for
protons H, and H, in o-HOPF.

and C, is somewhat restricted, leaving the protons H, and
H, inequivalent.

We recorded the UV-Vis spectra of o-HOPF and
p-HOPF in 1,2-dichlorobenzene solution (1075 M) to
determine their optical properties. As shown in Figure 3,
[60] Fullerene exhibited an absorption peak at around
330 nm. Absorption has also been observed in the long-
wavelength region, as high as 900 nm (not shown); this
could be considered characteristic property of fullerene-
containing compounds. The absorptions of p-HOPF and
0-HOPF were distinct from those of [60] Fullerene. There
were no apparent absorption peaks around 330 nm, how-
ever, a broad absorption shoulder was observed around
330 nm, and the absorption intensities of these fulleropy-
rrolidine derivatives were much lower than that of [60]
fullerene. Furthermore, the long-wavelength region con-
tained some absorption, as shown in the inset of Figure 3,
that is similar to that found in the [60] Fullerene spec-
trum. This further indicates the successful connection of
the alkoxyl phenyl moiety to the Cg, core. Although struc-
tural modification did not improve the absorption ability
of the fullerenes, it is apparent that the optical properties
were significantly affected.
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Fig. 3. UV-visible absorption spectra of [60] Fullerene, p-HOPF, and
0-HOPF in 1,2 dichlorobenzene (10~ M).

The electrochemical properties of fullerenes are very
important: electronic energy levels (especially the LUMO
level) of fullerene derivatives are crucial to their applica-
tions. Therefore, we collected the cyclic voltammograms
of p-HOPF (2) and o0-HOPF (4) in 1,2-dichlorobenzene
solution with TBABF, as the electrolyte. p-HOPF,
0-HOPF, and [60] Fullerene displayed multiple-quasi-
reversible one-electron reduction waves, as shown in
Figure 4.

These reduction waves were attributed to the fullerene
core, and the first reduction potentials (E!*®) were found
to correspond to the LUMO energy levels of the fullerene
derivatives. Both of the first reduction potentials of the
novel fulleropyrrolidine derivatives were shifted to neg-
ative values with respect to the parent [60] Fullerene.
This indicates that the LUMO energy levels of p-HOPF
and 0-HOPF are raised relative to [60] Fullerene. The
measured electrochemical properties are listed in Table 1.
The LUMO energy levels were calculated from the onset
reduction potentials (Eg., (onset)) on the basis of the
reference energy level of ferrocene (4.8 eV below the

Current (mA)

-2.0 -1.5 -1.0 -0.5 0.0
Voltage (V)

Fig. 4. Cyclic voltammograms of [60] Fullerene, p-HOPF, and
0-HOPE.
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Table I. Summary of electrochemical properties of [60] Fullerene,
p-HOPF, and o-HOPF.

Eey (V) Egy (V) Eg

red Te

0 (V) Egy (V) Ege (V) LUMO (eV)

Ceo -095 —-135 —1.82 - —-0.76 -3.78
p-HOPE -1.04 —-131 —143 -199 -0.90 —3.65
0o-HOPE —-1.06 -133 —-146 =202 —-0.89 —3.64

vacuum level; the vacuum level is defined as zero).2!:?

LUMO = —[(Ege (onset) — Eg.) +4.8] (eV), where
E;. is the potential of the external standard, the fer-
rocene/ferrocenium ion (Foc/Foc+) couple. The value of
E;,. determined under the same conditions was about
260 mV versus Ag/AgCl. The values of Eg. (onset) for
p-HOPF and o-HOPF were —890 and —904 mV, respec-
tively. Thus, the LUMO energy levels of p-HOPF and o-
HOPF relative to the vacuum level were estimated to be
—3.65 and —3.64 eV, respectively. The LUMO energy lev-
els of these two fulleropyrrolidine derivatives were much
higher than that of [60] Fullerene (—3.78 eV) measured
under the same conditions. However, there are no signif-
icant differences in the electrochemical properties of o-
HOPF and p-HOPF, indicating that the substituent position
of the alkoxyl phenyl group has very little influence on the
electronic energy levels of the C.

Recently, OPVs based on interpenetrating blends of
donors and acceptors sandwiched between two asymmet-
ric contacts (two metals with different work functions)
have become very popular. Therefore, owing to their excel-
lent solubility in common organic solvents and higher
LUMO energy levels, which are beneficial for improving
the open circuit voltage (V,..) of photovoltaic cells, our
novel fulleropyrrolidine derivatives, p-HOPF and o-HOPF,
have potential as electron acceptors for the preparation of
organic solar cells. Thus, photovoltaic cells were prepared
with P3HT as the electron donor. In this study, we varied
the weight ratio of the donor and acceptor, and we fabri-
cated devices using different annealing temperatures and
annealing times. Organic solar cells based on o-HOPF and
p-HOPF as electron acceptors showed similar photovoltaic
performances. Cells with o-HOPF as the acceptor and a
composite ratio of 1:0.5 at the pristine state showed the
best photovoltaic performance: a short circuit current (J,,)
of 0.55 mA/cm?, an open circuit voltage (V,.) of 0.52 V,
a fill factor (FF) of 0.25, and a power conversion effi-
ciency (PCE) of 0.71%. Figure 5 shows the photovoltaic
performance of this device under AM 1.5 G illumina-
tion (intensity: 100 mW cm~2); the relative parameters are
summarized in Table II.

The short-circuit currents and the open-circuit voltages
of the devices were similar to those of devices based on
P3HT/PC,,BM. However, the PCE was somewhat lower
at the pristine state than that of the P3HT/PC,; BM sys-
tem because of the lower FF. Unfortunately, V,. and J
decreased rapidly after annealing. Furthermore, the PCE
decreased even more severely when we increased the

J. Nanosci. Nanotechnol. 13, 3474-3479, 2013
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Fig. 5. Current voltage (I-V) curves of the devices with P3HT/0o-HOPF
(1:0.5) after different annealing temperatures and annealing times.

Table II. Summary of photovoltaic performance of P3HT/o-HOPF
(1:0.5) devices after different annealing temperatures and annealing
times.

V,. (V) J.(mA/em?) FF (%) PCE (%)

PCBM (pristine)* 0.54 5.5 454 1.4
0-HOPF (pristine)” 0.52 5.5 249 0.71
0-HOPF(100 °C 5 min)*  0.46 4.0 25.1 0.47
oHOPF(100 °C 10 min)®  0.39 32 25.6 0.32
0-HOPF(120 °C 5 min)*  0.35 33 253 0.29
oHOPF(120 °C 10 min)>  0.33 32 249 0.26

Notes: “The ratio of P3BHT:PCBM is 1:1 w/w; ?The ratio of P3HT:0-HOPF is
1:0.5 w/w.

annealing temperature or extended the annealing time. The
V.. and J were particularly reduced if we enhanced the
ratio of p-HOPF or 0-HOPF in the active layer. These
observations were ascribed to the low thermal stability of
the fulleropyrrolidine derivatives.

4. CONCLUSIONS

Two novel fullerene derivatives p-HOPF and o-HOPF
were synthesized for the first time, and their structures
were assigned using 'H NMR and FAB-MS. Both deriva-
tives showed good solubility in common organic sol-
vents. We report herein the effects that the position of an
alkoxylphenyl group attached to the fulleropyrrolidine core
have on its optical and electrochemical properties. Given
their improved solubility in common organic solvents and

J. Nanosci. Nanotechnol. 13, 3474-3479, 2013

ideal electrochemical properties, these new fulleropyrroli-
dine derivatives were evaluated to determine their potential
as novel electron acceptors for donor/acceptor bulk het-
erojunction photovoltaic cells. Thus, we fabricated OPV
cells with ITO/PEDOT:PSS/active layer /LiF/Al configu-
rations, and the highest PCE, 0.71%, was obtained for a
device based on o-HOPF. We believe that better photo-
voltaic performance can be achieved if we further modify
the molecular structure to achieve higher thermal stability.
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