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Design of fulleropyrrolidine derivatives as an acceptor molecule in a thin layer
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A systematic study on the design of fulleropyrrolidine derivatives as the acceptor of photovoltaic cells
has been carried out using poly(3-hexylthiophene) (P3HT) as the model base polymer. It was found that
N-methoxyethoxyethyl-2-(2-methoxyphenyl)fulleropyrrolidine worked as a good acceptor partner with
P3HT and a high power conversion efficiency (PCE) (3.44%) was obtained; this is superior to that of the
P3HT polymer including methyl [6,6]-phenyl-C61-butylate ([C60]-PCBM) under the same

experimental conditions.

Introduction

Extensive studies have been made regarding the applications of
fullerene derivatives in the field of material sciences.! Among
such studies, the development of fullerene-based polymer solar
cells has attracted significant interest in recent years, because
fullerenes have become recognized as excellent electron acceptors
due to their unique p-electron system, excited state electronic
properties, and absorption spectra extending into most of the
visible region.>* It is well known that the fullerene generally has
a poor solubility in conventional organic solvents and this makes it
difficult to prepare fullerene-based electric devices using econom-
ical techniques such as the spin-coating procedure. Therefore, the
development of stable fullerene derivatives that show a high power
conversion efficiency (PCE) with a sufficient affinity toward or-
ganic solvents is desired. Methyl [6,6]-phenyl-C61-butylate ([C60]-
PCBM)* is known to be the best blending material among the
fullerene derivatives as the acceptor with polythiophene which
is a donor partner in polymer solar cells (Fig. 1).> Hummelen
and co-workers synthesised [C60]-PCBM derivatives substituting
electron-donating or electron-withdrawing groups on the phenyl
ring and revealed that the substituent influenced the LUMO level
of the parent fullerene; they found that differences of the LUMO
level due to the substituent were small but caused a significant
change of the open circuit voltage of the resulting solar cell.™
Troshin, Hoppe, and co-workers also synthesized various types of
methanofullerene derivatives and established that [C60]-PCBM
was the best acceptor towards P3HT polymer.'®

We were fascinated by the fulleropyrrolidines from the stand-
point of their stable nature under atmospheric conditions and ease
of producing various types of analogues.* Several examples have
been reported concerning the use of fulleropyrrolidines as the
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acceptor source of polymer solar cells and reported that PCE
values of the solar cells remained at an insufficient level.’**
However, we recognized that no systematic study had been carried
out on the design of fulleropyrrolidines as an acceptor partner in
polymer solar cells to date.

We recently reported the design of fulleropyrrolidine-imida-
zolium hybrids that have a high solubility in various types of
organic solvents and even in water.** Since the key intermediate
of our fulleropyrrolidine-imidazolium hybrid was N-methoxy-
ethoxyethyl-2-(4-(1 H-imidazol-1-yl)phenyl)fulleropyrrolidine
(FP-PhIm)** as shown in Fig. 1, we had a large quantity of this
compound on hand. Therefore, we attempted to fabricate
a polymer solar cell using FP-PhIm as the acceptor molecule
by blending in a thin film composed of poly-3-hexylthiophene
(P3HT). Fabrication of the film using the spin-coating method
was very easily accomplished due to the highly soluble nature
of the FP-PhIm in organic solvents, however, the cell showed
no characteristics as a solar cell. Since it was anticipated that
the imidazole moiety installed at the para-position of the
benzene ring might inhibit the smooth electron transfer
between the fullerene molecules, we next prepared the P3HT

FP-Phim

R'= MeOCH,CH,OCH,CH,-

Fig. 1 Fullerene derivatives as the acceptor molecule blended in the
polymer of poly-3-hexylthiophene (P3HT) for polymer solar cell.
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polymer that included the simple N-methoxyethoxyethyl-2-
phenylfulleropyrrolidine (1a) as an acceptor partner (Fig. 1).
To our satisfaction, it was found that the polymer did, in fact,
work as a solar cell. Although the solar cell performance of the
polymer using la was less than 3%, the result strongly
encouraged us to investigate the possibility of full-
eropyrrolidine derivatives as an acceptor partner with P3HT
for the polymer solar cell. We now report that several P3TH
polymers blended with a fulleropyrrolidine as acceptor func-
tion as effective solar cells that show high PCE values which
are superior to those of the combination of [C60]-PCBM and
P3HT polymer under the same experimental conditions.

Experimental
General

Photovoltaic devices were prepared by spin-coating the fullero-
pyrrolidine-polymer blends from chlorobenzene onto an indium
tin oxide (ITO) glass electrode as follows: to a P3HT (1.0 wt%)
solution of chlorobenzene were added fulleropyrrolidine 1 (equal
weight vs. P3HT) and silica gel (1.0 wt% vs. P3HT solution), then
the mixture was stirred for 12 h at ambient temperature. It was
then filtered through a Teflon (0.2 mm) filter. The resulting solu-
tion was applied to the surface of an ITO plate by the spin-coating
method at a thickness of ca. 100 nm and the surface was washed
with acetone and irradiated under UV light and ozone gas for
20 min to decompose the impurities. After drying under vacuum
for 20 min, the resulting plate was placed in a vacuum chamber
and the surface was coated with the electrode layers of lithium
fluoride (LiF) (4 nm) and aluminium (100 nm) by evaporation at
10~* Pa at rt. We placed the glass plate on the resulting film and
these plates were firmly fixed using a bonding agent under an
argon atmosphere to produce the solar cell. The PCE values were
obtained using the solar simulator OTENTO-SUN II (AM1.5G,
100 mW cm~2).

Materials

The [C60]-fullerene was purchased from Frontier Carbon(nanom
purple ST-A) and P3HT from Aldrich. The silica gel was
purchased from Wako Pure Chemical Industry, Ltd. (Wakogel
C-300, 45-75 mm).

N-Methoxyethoxyethyl-2-(2-methoxyphenyl) fulleropyrrolidine
(1p)

A solution of Cgy (500 mg, 0.69 mmol), [2-(2-methoxyethoxy)-
ethylamino]acetic acid** (177 mg, 1.0 mmol), and 2-methoxy-
benzaldehyde (188 mg, 1.38 mmol) in chlorobenzene (100 mL) was
stirred for 3 h at 130 °C under argon. The solvent was evaporated
under reduced pressure and the residue was purified by flash
chromatography (toluene, then CS,/ethyl acetate = 10:1)
affording the product 1p (351 mg, 0.36 mmol) as a dark brown
solid in 52% yield, and the unreacted fullerene (174 mg) was
recovered in 35% yield. Ry 0.61 (toluene/methanol = 2/1): 'H
NMR (500 MHz, ppm, CDCl3) 6 2.77-2.82 (1H, m), 3.39 (3H, s),
3.61 2H, t,J =4.5Hz), 3.69 (3H, s), 3.71-3.78 (2H, m), 3.92-4.02
(2H, m), 4.27 (1H, d, J = 9.6 Hz), 5.18 (1H, d, J = 9.6 Hz), 5.73
(1H, s), 6.85 (1H, d, J = 8.2 Hz), 7.01 (2H, t, J = 7.5 Hz), 7.20

(1H, m), 7.94 (1H, d, J = 7.8 Hz); *C NMR (125 MHz, ppm,
CDCly) 6 52.19, 54.71, 58.77, 67.45, 69.17, 70.49, 70.57, 71.96,
73.92, 75.24, 76.75, 110.67, 121.10, 125.42, 128.80, 129.74, 134.32,
135.79, 136.21, 136.31, 139.09, 139.17, 139.86, 139.96, 141.27,
141.42, 141.52, 141.69, 141.78, 141.88, 141.96, 142.00, 142.05,
142.27, 142.33, 142.36, 142.71, 142.76, 144.08, 144.13, 144.29,
144.77, 144.94, 144.97, 145.03, 145.28, 145.44, 145.59, 145.74,
145.81, 145.86, 145.90, 145.94, 146.25, 146.47, 146.96, 153.86,
153.91, 154.76, 156.72, 157.79; IR (Neat, cm ') 2864, 2827, 1489,
1460, 1425, 1284, 1244, 1179, 1109, 1048, 1026, 754, 729, 527,
MALDI-TOF-MS (matrix: SA) found 971.1526 (calcd for
C74H, NOs, exact mass: 971.1521%). For the synthesis of the
fulleropyrrolidine derivatives 1b-1z, see the ESIT.

Computational methodologies

The DFT calculations of the fulleropyrrolidine derivatives, la,
1p, 1q, 1r, 1x, and 2, were performed at the B3ALYP/6-31G* level
of theory. All of the calculations were carried out using the
Gaussian 03 suite of programs.?®

Results and discussion

We focused our investigation on the characterization of the
polymers that included the N-methoxyethoxyethyl-2-(2-aryl)-
fulleropyrrolidine derivatives as the acceptor partner with P3HT,
because these types of compounds have a good affinity toward
various types of organic solvents. Fulleropyrrolidine derivatives
were prepared following the method developed by Prato and
Maggini.™ N-Methoxyethoxyethyl glycine*** was treated with
the C60 fullerene in the presence of an aldehyde in chlorobenzene
and the mixture was heated at 130 °C for 3 h. Purification of the
desired compounds was easily accomplished by silica-gel flash
column chromatography or silica-gel thin layer chromatography;
the desired mono adduct 1 was thus obtained in acceptable
yields from 40% to 78%. The photovoltaic cells were fabricated
by spin-coating the blended film from a dichlorobenzene solu-
tion of the fulleropyrrolidine/polymer and the PCE values were
obtained using a solar simulator (AM1.5G, 100 mW cm~2). The
obtained characteristic current-voltage parameters are summa-
rized in Table 1.

We first investigated the characteristic current-voltage param-
eters of polymer solar cells composed of three isomers 1b, 1c, and
1d (entries 2-4). The power conversion efficiency (PCE) signifi-
cantly depended on the position of the methyl group on the
benzene ring and the best PCE was recorded for compound 1e¢,
which has a methyl group at the meta-position of the phenyl
group; the PCE is close to that of [C60]-PCBM.

Since it was anticipated that an electron-withdrawing group
may have a favourable effect on the acceptor functionality, we
next prepared the chlorine-, bromine-, or fluorine-substituted
compounds and tested their PCEs. As can be seen in Table 1 for
entries 5-13, the ortho-substituted compounds produced better
results than the corresponding meta- or para-substituted
compounds; in particular, a slightly better PCE compared to that
of [C60]-PCBM was recorded for the fluorine-substituted full-
eropyrrolidine 1k (entry 11). On the other hand, lower PCE
values were obtained for compounds 1n or 1o which have a very
strong electron-withdrawing CF5 group (entries 14 and 15).
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Table 1 Characteristic current-voltage parameters under Standard AM 1.5G conditions®

Entry Fullerene derivative Ar PCE (%) Jo/mA cm VoV FF

1 C¢Hs— (1a) 2.81 7.32 0.599 0.641
2 2-Me-CgHy— (1b) 3.12 7.56 0.633 0.653
3 3-Me-C¢Hy— (1¢) 3.20 7.54 0.649 0.654
4 4-Me-CgHy— (1d) 2.97 7.32 0.634 0.639
5 2-Cl-C¢Hy4— (1e) 3.03 7.54 0.627 0.642
6 3-Cl-CgHy4— (11) 2.95 7.65 0.600 0.642
7 4-CI-C¢Hy— (1g) 2.94 7.68 0.591 0.647
8 2-Br-C¢Hy4— (1h) 3.03 7.55 0.626 0.640
9 3-Br-C¢Hy— (10) 2.95 7.74 0.607 0.627
10 4-Br-CgHy— (1j) 2.87 7.66 0.597 0.627
11 2-F-C¢Hy4— (1K) 3.13 7.77 0.620 0.651
12 3-F-C¢Hy— (11) 3.02 7.84 0.607 0.635
13 4-F-C4Hy— (1m) 2.98 7.86 0.581 0.654
14 2-CF3-CgHy— (In) 2.59 7.43 0.600 0.580
15 4-CF5-C4Hy— (10) 2.25 6.79 0.550 0.602
16 2-MeO-C4Hy (1p) 3.44 7.85 0.660 0.662
17 3-MeO-CgHy— (1q) 3.09 7.49 0.635 0.650
18 4-MeOC¢H,y— (1r) 3.02 7.34 0.639 0.645
19 2,6-Di(MeO)-C¢Hjs— (1s) 0.093 2.18 0.190 0.225
20 2,4,6-Tri(MeO)-CsH,— (1t) 0.174 2.70 0.244 0.264
21 2-(n-HexylO)-CgH4— (1u) 2.56 7.71 0.644 0.516
22 3-(n-HexylO)-C¢Hy— (1v) 2.64 7.59 0.605 0.574
23 4-(n-HexylO)-C¢Hy— (1w) 1.38 5.28 0.599 0.437
24 2-Naphthyl- (1x) 3.21 7.95 0.659 0.613
25 1-Naphthyl- (1y) 2.70 7.21 0.637 0.588
26 Thienyl- (1z) 2.99 7.51 0.606 0.658
27 [C60]-PCBM 2.53 6.85 0.583 0.633
28 2 0.849 2.88 0.562 0.525

“ Since it was known that PCE values were slightly dependent on the lot of P3HT, we prepared these solar cells using the P3HT polymer having the same

lot number (Aldrich #08510JJ).

The best PCE value (3.44%) with a high J,. (7.85 mA cm~?) was
obtained when the polymer solar cell was prepared using the 2-
methoxyphenyl-substituted fulleropyrrolidine 1p as the acceptor
(entry 16). A significant reduction in the PCE was recorded using
the di-methoxy or tri-methoxy substituted compounds (entries 19
and 20). The PCEs of the hexyloxy-substituted compounds were
inferior to those of the methoxy-substituted compounds (entries
21-23); we speculated that the long alkyl chain may disturb the
favourable arrangement of these compounds in the P3HT
polymer.

For the naphthyl substituted compounds, 1x and 1y, the 2-
naphthyl-substituted fulleropyrrolidine (1x) acts as a better
acceptor (entries 24 and 25).

Lastly, we tested the thiophene substituted fulleropyrrolidine
(1z) in anticipation of a good affinity of 1z with P3HT. However,
the resulting power was not impressive; although a moderate
PCE was obtained, the polymer showed a low J. value (entry
26). It was also confirmed that the presence of an aromatic
substituent on the pyrrolidine ring is essential for the acceptor
functionality because the N-methoxyethoxyethylfulleropyrroli-
dine (2)*** showed a very poor PCE (0.849%) along with a low
Jg value (2.88 mA cm™?) (entry 28).

Fig. 2 shows that the 1p cell has the highest AM 1.5G power
conversion efficiency (PCE) of 3.44%, a short circuit current
density (J,.) of 7.85 mA c¢cm~2, an open circuit voltage (V) of
0.660 V, and a fill factor (FF) of 0.662.

We prepared five sets of samples of the solar cell using two
P3HT polymers with different lot numbers blended with 1p or
[C60]-PCBM. The average PCE value of the former five cells was

3.38 £ 0.066% and that of the latter was 2.66 + 0.13%. Although
the performance of the solar cells was somewhat dependent on
the lot of P3HT polymer, the PCE of the P3HT/1p system was
very reproducible and the values were always superior to those of
the P3HT/[C60]-PCBM system under the same experimental
conditions (see Table S1 in ESIY). It should also be noted that "H
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Fig. 2 Current density—potential characteristics of 1p and [C60]-PCBM
solar cell devices under illumination by an AM 1.5G solar simulated light
(100 mW cm2).
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P3HT/ [C60]-PCBM = P3HT/[CB0]-PCBM
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Fig. 3 UV-vis spectra of P3HT film blended with [C60]-PCBM and that
blended with 1p (2-MeO).

and C NMR analyses confirmed that no decomposition of 1p
took place after storing it for one year under atmospheric
conditions at rt on the bench in the laboratory; fulleropyrrolidine
was indeed a very stable compound.

Fig. 3 shows the UV-vis absorption spectra of the 1p film as
well as the [C60]-PCBM film for comparison. As can be seen,
both films showed a broad —mt* absorption from 300 to 700 nm,
and the /.« of 1p is around 500 nm. In addition, very similar
spectra were obtained from films including compounds 1a to 1z.

Based on a comparison with the devices prepared from [C60]-
PCBM, the open circuit voltage of the 1p polymer increased by
ca. 0.076 V. It is recognized that V. is generally related to the
difference between the HOMO of the donor (P3HT polymer) and
LUMO of the acceptor (1p).'*"* Therefore, the higher V. of the
1p film is consistent with the higher LUMO energy levels of the
1p, since the LUMO of PCBM in P3HT is reported to be 4.3 eV
and the LUMO of 1p has been estimated to be 4.25 eV.

We have shown that several fulleropyrrolidine derivatives
work as good acceptor partners with P3HT. Furthermore, it was
found that the PCE of the solar cells depended on the position of
substituent installed on the benzene ring of the blending mate-
rials (Table 1).

It is well recognized that the acceptor function depends on the
LUMO energy level of the acceptor materials.’? Since ortho-
substituted compounds generally showed higher PCE values
compared to those of the meta- or para-substituted ones, we
conducted DFT calculations of three isomers of (methoxy-
phenyl)fulleropyrrolidines, such as 1p, 1q, 1r, and the reference
compound 2. With the objective of investigating what factor
determines the PCE of the polymer in the structural differences
of the acceptor molecules, calculations were also carried out for
1a, 1x and 1y. The typical optimized structures based on the
DFT calculation of 1p and 2 are shown in Fig. 4. We have
compared V. versus AEp ymo (eV) that shows the difference in
the LUMO energy between the reference compound 2 and that of
each material (see Fig. 5 and Table S2 in ESIt{). Hummelen et al.
reported that ortho-methoxy(2-MeO)-substituted [C60]-PCBM
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Fig. 4 Optimized structure of fulleropyrrolidine derivatives 2 and 1p by
DFT calculation at the B3LYP/6-31G* level of theory.?

showed higher LUMO with higher V. compared to that of para-
methoxy(4-MeO)-substituted [C60]-PCBM.'* Like the PCBM
derivatives, 1p (2-MeO) showed higher LUMO level than did 1r
(4-Me0), and it was found that the V. of the solar cell is directly
proportional to the LUMO energy of the four blending mate-
rials, 1p, 1q, 1r, and 1a (Fig. 5). On the contrary, no relationship
was found for V. versus AE; ymo among 1x, 1y and 1a: these
three compounds showed similar AE} yvo values with different
Ve values.

We conclude that the PCE of the polymer solar cells is deter-
mined by multiple factors, such as the LUMO energy level of the
acceptor material and structural interaction of the functional
group on the fullerene ring between the donor polymers.
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Fig. 5 Relationship between V,. and AE ymo among seven
compounds.
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Conclusion

In summary, we have carried out the rational design of
fulleropyrrolidine derivatives as the acceptor partner with poly-
3-hexylthiophene (P3HT) and established that N-methoxyethox-
yethyl-2-(2-methoxyphenyl)fulleropyrrolidine (1p) might take the
position of [C60]-PCBM. The important advantages of the use of
the fulleropyrrolidine 1p are in its stable nature under ambient
conditions and its ease of preparation; these characteristics make
it possible to reduce the production cost of large-area polymer
solar cells.

It has been established that the band gap of the acceptor
between the LUMO and HOMO strongly depends on the donor
polymer; in fact, several more efficient polymers superior to P3HT
have been developed using [C60]-PCBM as the acceptor.'®?
Therefore, we expect that we will be able to develop efficient donor
polymers which are appropriate for our fulleropyrrolidine deriv-
atives. Further investigation into the development of novel donor
polymers as a partner of our fulleropyrrolidine will allow the
creation of even more efficient solar cells in the near future.

Acknowledgements

The computations were performed at the Research Center for
Computational Science in Okazaki (Japan).

Notes and references

1 (a) M. Prato and M. Maggini, Acc. Chem. Res., 1998, 31, 519-526; (b)
F. Diederich and R. Kessinger, Acc. Chem. Res., 1999, 32, 537-545;
(¢) Z. Zhou and S. R. Wilson, Curr. Org. Chem., 2005, 9, 789-811.

2 N. S. Sariciftci, L. Smilowitz, A. J. Heeger and F. Wudl, Science,
1992, 258, 1474-1476.

3 (a) H. Imahori and Y. Sakata, Adv. Mater., 1997, 9, 537-546; (b)
S. Giines, H. Neugebauer and N. S. Sariciftci, Chem. Rev., 2007,
107, 1324-1338.

4 J. C. Hummelen, B. W. Knight, F. LePeq, F. Wudl, J. Yao and
C. L. Wilkins, J. Org. Chem., 1995, 60, 532-538.

5 F. Padinger, R. S. Rittberger and N. S. Sariciftci, Adv. Funct. Mater.,
2003, 13, 85-88.

6 M. M. Wienk, J. M. Kroon, W. J. H. Verhees, J. Knol,
J. C. Hummelen, P. A. vanHal and R. A. J. Janssen, Angew. Chem.,
Int. Ed., 2003, 42, 3371-3375.

7 C. Shi, Y. Yao, Y. Yang and Q. Pei, J. Am. Chem. Soc., 2006, 128,
8980-8986.

8 J. Y. Kim, S. H. Kim, H.-H. Lee, K. Lee, W. Ma, X. Gong and
A. J. Heeger, Adv. Mater., 2006, 18, 572-576.

9 N. Camaioni, L. Garlaschelli, A. Geri, M. Maggini, G. Possamai and
G. J. Ridolfi, J. Mater. Chem., 2002, 12, 2065-2070.

10 J. Y. Kim, K. Lee, N. E. Coates, D. Moses, T.-Q. Nguyen, M. Dante
and A. J. Hegger, Science, 2007, 317, 222-225.

11 L. Martijn, G.-J. A. H. Wetzelaer, F. B. Kooistra, S. C. Veenstra,
J. C. Hummelen and P. W. M. Blom, Adv. Mater., 2008, 20, 2116—
2119.

12 C.-P. Chen, S.-H. Chan, T. C. Chao, C. Ting and B.-T. Ko, J. 4m.
Chem. Soc., 2008, 130, 12828-12833.

13 S.-H. Chan, C.-P. Chen, T. C. Chao, C. Ting, C.-S. Lin and B.-T. Ko,
Macromolecules, 2008, 41, 5519-5526.

14 F. B. Kooistra, J. Knol, F. Kastenberg, L. M. Popescu,
W. J. H. Verhees, J. M. Kroon and J. C. Hummelen, Org. Lett.,
2007, 9, 551-554.

15 (a) P. A. Troshin, H. Hoppe, J. Renz, M. Egginger, J. Yu. Mayorova,
A. E. Goryachev, A. S. Peregudov, R. N. Lyubovskaya, G. Gobsh,
N. S. Sariciftci and V. F. Razumov, Adv. Funct. Mater., 2009, 19,
779-788; (b) J. A. Renz, P. A. Troshin, G. Gobsch, V. F. Razumov
and H. Hoppe, Phys. Status Solidi RRL, 2008, 2(6), 263-265.

16 M. Meneghetti, R. Signorini, M. Zerbetto, R. Bozio, M. Maggini,
G. Scorrano, M. Prato, G. Brusatin, E. Menegazzo and
M. Guglielmi, Synth. Met., 1997, 86, 2353-2354.

17 J. L. Segura, E. M. Priego, N. Martin, C. Luo and D. M. Guldi, Org.
Lett., 2000, 2, 4021-4024.

18 J. L. Segura, E. M. Priego and N. Martin, Tetrahedron Lett., 2000, 41,
7737-7741.

19 A.Dhanabalan, J. Knol, J. C. Hummelen and R. A. J. Janssen, Synth.
Met., 2001, 119, 519-522.

20 S. Bosi, M. Prato, M. Carano, F. Paolucci, D. M. Guldi,
M. Meneghetti, R. Signorini and R. Bozio, Nonlinear Opt., 2001,
27, 367-376.

21 H.-P. Zeng, T. Wang, A. S. D. Sandanayaka, Y. Araki and O. Ito,
J. Phys. Chem. A, 2005, 109, 4713-4720.

22 G. Possamai, S. Marcuz, M. Maggini, E. Menna, L. Franco,
M. Ruzzi, S. Ceola, C. Corvaja, G. Ridolfi, A. Geri, N. Camaioni,
D. M. Guldi, R. Sens and T. Gessner, Chem.—FEur. J., 2005, 11,
5765-5776.

23 G. Rotas and N. Tagmatsrchis, Tetrahedron Lett., 2009, 50, 398-401.

24 T. Itoh, M. Mishiro, K. Matsumoto, S. Hayase, M. Kawatsura and
M. Morimoto, Tetrahedron, 2008, 64, 1823-1828.

25 P. Sofou, Y. Elemes, E. Panou-Pomonis, A. Stavrakoudis,
V. Tsikaris, C. Sakarellos, M. Sakarellos-Daitsiotis, M. Maggini,
F. Formaggio and C. Toniolo, Tetrahedron, 2004, 60, 2823-2828.

26 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr, T. Vreven,
K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi,
V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega,
G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts,
R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli,
J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth,
P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich,
A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz,
Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov,
G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson,
W. Chen, M. W. Wong, C. Gonzalez, and J. A. Pople, Gaussian 03,
Revision E.01, Gaussian, Inc., Wallingford CT, 2004.

9230 | J. Mater. Chem., 2010, 20, 9226-9230

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/c0jm01565b

	Design of fulleropyrrolidine derivatives as an acceptor molecule in a thin layer organic solar cellElectronic supplementary information (ESI)...
	Design of fulleropyrrolidine derivatives as an acceptor molecule in a thin layer organic solar cellElectronic supplementary information (ESI)...
	Design of fulleropyrrolidine derivatives as an acceptor molecule in a thin layer organic solar cellElectronic supplementary information (ESI)...
	Design of fulleropyrrolidine derivatives as an acceptor molecule in a thin layer organic solar cellElectronic supplementary information (ESI)...
	Design of fulleropyrrolidine derivatives as an acceptor molecule in a thin layer organic solar cellElectronic supplementary information (ESI)...
	Design of fulleropyrrolidine derivatives as an acceptor molecule in a thin layer organic solar cellElectronic supplementary information (ESI)...
	Design of fulleropyrrolidine derivatives as an acceptor molecule in a thin layer organic solar cellElectronic supplementary information (ESI)...

	Design of fulleropyrrolidine derivatives as an acceptor molecule in a thin layer organic solar cellElectronic supplementary information (ESI)...
	Design of fulleropyrrolidine derivatives as an acceptor molecule in a thin layer organic solar cellElectronic supplementary information (ESI)...
	Design of fulleropyrrolidine derivatives as an acceptor molecule in a thin layer organic solar cellElectronic supplementary information (ESI)...




