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ABSTRACT: Regioselective properties of a D2d-C84 in
multistep [4 + 2] cycloadditions and the applications of bis-
functional C84 derivatives were investigated. Density functional
calculations demonstrate that an indene−C84 bisadduct is a
promising electron acceptor in organic solar cells and a C84-
bis-anthracene copolymer can be utilized as a charge-transfer
material.

The Diels−Alder (DA) reaction has served as a powerful
strategy for the derivatization of fullerenes to produce

unprecedented properties.1 However, the search for highly
regioselective derivatizations remains an important objective
because of the low regioselectivity of the C60 fullerene in
multistep cycloadditions. Indene−C60 bisadducts (IC60BA)
have been reported as electron acceptors in solar cells because
of their high photovoltaic performance.2 However, the
bisadducts have been produced as a mixture containing many
monoadducts (IC60MA) and trisadducts (IC60TA).

2 Therefore,
IC60BA must be separated from IC60MA and IC60TA, for
example, using column chromatography2 to identify the
structure and to use it as a pure sample for practical
applications.3 Another interest is fullerene polymerization.
Various polymers have been synthesized with fullerenes
attached on the main chain as pendants. However, polymers
with fullerenes in the main chain remain unexplored.4 For the
polymerization of C60, the products comprise undesirable
oligomeric species and cross-linking structures with low
molecular weights.5 Therefore, finding fullerene derivatives
that yield desirable polymers is important.
This study explored multistep derivatizations of D2d−C84 (an

abundantly produced isomer of C84) by DA reactions using
density functional theory (DFT) calculations. In contrast to C60
and C70, D2d−C84 exhibits a highly regioselective behavior in
multiadditions. The bisadducts are useful for practical
applications. Furthermore, the possible applications of C84-
based derivatives to photovoltaic solar cells and fullerene
polymers are investigated.
The multistep additions of cyclopentadiene (Cp) to D2d−C84

were first investigated to elucidate the regioselectivity: Cp was
chosen because it acts as a nucleophile. Furthermore, its small
size does not cause severe steric repulsions for multiadditions.6

All symmetry-allowed addition sites with large LUMO

coefficients on C84 were considered. These calculated results
are presented in the Supporting Information. The activation
barriers (ΔG⧧) and reaction free energies (ΔG) at room
temperature were calculated using density functional theory at
the M06-2X level (for details, see the Supporting Information).
The LUMOs of D2d-C84 are degenerate with e symmetry.7,8

A degenerate LUMO of D2d-C84 is shown in Figure 1. The

LUMO are mostly distributed at the upper part of D2d-C84
(another LUMO is distributed similarly in the lower part). As
might be apparent from frontier molecular orbital theory, it is
expected that Cp adds to the carbons having large LUMO
coefficients. In fact, the regioselective addition of Cp to the
[6,6] bond with the largest LUMO coefficients at the top of
D2d-C84 was confirmed by performing calculations for several
reaction sites (see Figure S1, Supporting Information). The
activation barrier (ΔG⧧) calculated for the most favorable
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Figure 1. LUMO distribution of C84 and C84Cp and the ΔG‡ and ΔG
(in kcal mol−1) values calculated for reactions 1 and 2.
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addition (reaction 1 in Figure 1) is 17.9 kcal mol−1. As shown
in Figure 1, the LUMO of the C84Cp monoadduct is distributed
mostly at the opposite side of Cp. For this reason, Cp added to
the carbons at the opposite side yield the C84Cp2 bisadduct.
The activation barrier for the most favorable addition (denoted
reaction 2 in Figure 1) is 18.6 kcal mol−1. This barrier is much
lower than those of 24−26 kcal mol−1 calculated for other
possible reaction sites (see Figure S2, Supporting Information),
which indicates that the addition of Cp to C84Cp proceeds in a
highly regioselective manner. In addition, the barrier for the
addition of Cp to C84Cp is only 0.7 kcal mol−1 larger than that
of 17.9 kcal mol−1 for the addition of Cp to C84. In other words,
C84Cp is as reactive toward Cp as C84. Therefore, the addition
of Cp to C84Cp is followed without a break by the addition of
Cp to C84.
The LUMO of the C84Cp2 bisadduct is localized in the

vicinity of the equator (see Figure S3, Supporting Information).
Accordingly, Cp adds to the [6,6] bonds in the vicinity of the
equator to yield the C84Cp3 trisadduct. The smallest barrier for
the additions is 24.2 kcal mol−1 (see Figure S3, Supporting
Information). Furthermore, as shown in Figures S4−S7
(Supporting Information), the smallest barrier for the addition
of Cp to C84Cpn is 24.5 (n = 3), 25.4 (n = 4), 25.2 (n = 5), 33.1
(n = 6) kcal mol−1, respectively. All these barriers are larger
than that for the addition of Cp to C84Cp, suggesting that the
C84Cp2 bisadduct is most abundantly produced. Therefore,
similar bisadducts were examined for application to photo-
voltaic solar cells and fullerene polymers.
In the last two decades, derivatives of C60 such as [6,6]-

phenyl-C61-butyric acid methyl ester (PC61BM) and IC60BA
shown in Figure 22,9 were widely used as electron acceptors for

polymer solar cell (PSC) devices.10 Recently, efforts have been
undertaken to find the derivatives of other fullerenes. For
example, a C84-based derivative PC85BM (an analogue of
PC61BM) shown in Figure 2 was inferred as an alternative
acceptor in PSC devices because of the strong and broad
absorption in the visible region.11 However, the lower LUMO
energy level of PC85BM engenders poor power conversion
efficiency (PCE) for the photovoltaic devices in practice.11

Therefore, we tested the photovoltaic performance of an
indene-C84 bisadduct (IC84BA) obtainable by DA reactions, as
shown in Figure 2. For comparison, the popular PC61BM,
IC60BA, IC60MA, and PC85BM shown in Figure 2 were also
considered. IC60BA was obtained as a mixture because of its low
regioselectivity.3 Therefore, six isomers were considered for
IC60BA, which are denoted IC60BA-x (x = a−f) in Figure S8
(Supporting Information). Energy differences among the
isomers are only 0.5 kcal mol−1. The barriers for the formation
of the isomers are all of 10.8−11.2 kcal mol−1 (see Figure S8,
Supporting Information).
The PCE of PSC devices is proportional to the open circuit

voltage (Voc), short circuit current density (Jsc), and fill factor

(FF) of the device.12 For the PSC device with P3HT13 as a
representative polymer donor, the high LUMO level, broad
visible-NIR absorption, and high charge carrier mobility of the
acceptor are essential to achieve a high photovoltaic efficacy.14

The calculated LUMO energy levels are presented in Table 1.

Apparently, IC60BA has the highest LUMO level (ca. −2.28
eV), irrespective of the kind of isomer (Table S1, Supporting
Information). In contrast, PC85BM has the lowest LUMO level
(−3.02 eV). Additionally, the LUMO level (−2.61 eV) of
IC84BA is lower than that of IC60BA but differs little from that
(−2.57 eV) of PC61BM. For the two derivatives with the similar
property of LUMO level, the density of states (DOS) were
calculated and we found that IC84BA possesses a slightly higher
Fermi level than that of PC61BM (see Figure S9, Supporting
Information).15 These results suggest that IC84BA and PC61BM
may exhibit very similar Voc’s in PSCs.
For solar cells, the charge mobility is as important as the

open circuit voltage. The experimental value of Jsc is correlated
with the reorganization energy (λ), which is defined as a sum of
electron and hole components: λsum = λe + λh.

16,17 Small λ
values correspond to large Jsc values for devices.17 The
calculated λ values are presented in Table 1. It is noteworthy
that IC84BA shows the smallest λe and λsum values. In contrast,
PC85BM exhibits the largest λe and λsum: the λe is even larger
than the λh, which suggests that PC85BM is unsuitable as an
electron carrier in solar cells.
Absorption spectra of the fullerene derivatives shown in

Figure 3, as calculated using the time-dependent (TD) M06-2X

method, are shown in Figure 3. Figure S10 (Supporting
Information) shows that the absorption spectra of IC60BA-x (x
= a−f) are very similar. Therefore, the absorption spectrum
calculated for ICBA-a is shown in Figure 3 as a representative
example. Figure 3 shows that PC61BM, IC60MA, and IC60BA
show the absorption bands in the UV region and only IC60BA
shows weak absorptions in the visible region at 400−800 nm.

Figure 2. Fullerene derivatives.

Table 1. LUMO Energy Levels (in eV) and Reorganization
Energies (λ, in eV) of Fullerene Derivatives

PC61BM IC60MA IC60BA-x
a PC85BM IC84BA

LUMO −2.57 −2.54 −2.28 to −2.29 −3.02 −2.61
λe 0.184 0.173 0.191 to 0.193 0.247 0.146
λh 0.220 0.219 0.208 to 0.244 0.226 0.217
λsum 0.404 0.392 0.399 to 0.417 0.473 0.353

aEach value of IC60BA-x (x = a−f) is listed in Table S1 (Supporting
Information).

Figure 3. Calculated absorption spectra of fullerene derivatives. Inset:
Enlarged absorption spectra in the visible region at 400−800 nm.
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These are consistent with experimental observations.2 The C84
derivatives, PC85BM and IC84BA, show red-shifted absorptions
of 300−400 nm and strong absorptions in the visible region. As
the inset of Figure 3 shows, PC85BM and IC84BA, respectively,
exhibit strong absorption peaks near 550 and 500 nm. These
results suggest that PC85BM and IC84BA provide better
sunlight absorption and higher current output for devices
than PC61BM, IC60MA, or IC60BA.
In fact, the proposed IC84BA exhibits much higher charge

mobility and stronger absorptions in the visible region than the
widely used PC61BM and IC60BA. Therefore, IC84BA is
expected to act as a much better electron acceptor in solar
cells. In addition, it is noteworthy that IC84BA is obtainable in a
highly regioselective manner (see Figure S11, Supporting
Information), as in the C84Cp2 case: the purification is easy for
practical use, which contrasts against the fact that six isomers
are produced in the same yield for the widely used IC60BA.

3

In addition to the promising photovoltaic performance, we
investigated the application of C84 to fullerene polymerization.
Because of the regioselective bisaddition property, C84 can react
with bis-diene molecules that contain two diene units in each
monomer to generate the linear copolymers.18 Here the bis-
anthracene derivative 1 shown in Figure 4 was chosen as a bis-

diene monomer because it does not cause the undesirable
diene−diene homocoupling reactions and because it has been
proved to react readily with C60 to afford the fullerene-bis-diene
alternating copolymers.18

The copolymerization processes are depicted in Figure 5,
together with the HOMO and LUMO of each reactant. As
emphasized already, C84 has highly localized LUMOs. As Figure
5a shows, the HOMO of 1 is localized on one of two
anthracene units. Because of the HOMO−LUMO interaction,
the cycloaddition of 1 to C84 proceeds in a highly stereo-
selective way to yield the cycloadduct 2 shown in Figure 5b,
with a low activation barrier of ΔG‡ = 18.1 kcal mol−1. The
HOMO and LUMO of 2 are localized, respectively, on the

anthracene and C84 moieties. Therefore, dimerization of 2 by
the DA reaction takes place in a stereoselective manner to yield
adduct 3 shown in Figure 5c. The barrier of 20.2 kcal mol−1 for
the dimerization is only 2.1 kcal mol−1 higher that for the
addition of 1 to C84. It is noteworthy that the HOMO and
LUMO of 3 are again localized, respectively, on the anthracene
and C84 moieties. In addition, the HOMO and LUMO levels of
3 differ little from those of 2. Therefore, 3 can also dimerize in
a strereoselective way with a low barrier, as does 2. Apparently,
repetition of such dimerization engenders a polymer with C84 in
the main chain, as shown in Figure 5d.
The HOMO and LUMO of the polymer are expected to be

spatially separated, as is apparent from those of 2 and 3.
Therefore, the polymer simultaneously possesses hole-trans-
porting and electron-transporting properties.19 Integrating
different types of charge-transporting groups into a single
molecular material can enhance the charge transfer perform-
ance because of the balanced transports of both carriers. It is
therefore inferred that the designed C84 main-chain polymers
might be useful as charge transfer bipolar materials in field
effect transistors (FETs) and polymer memory devices.20,21

In summary, the regioselective derivatization of C84 and
applications of the bisadducts were investigated. A newly
designed IC84BA was demonstrated as a promising electron-
accepting component in high-performance solar cells. More-
over, a C84-bis-anthracene Diels−Alder copolymerization
strategy was elucidated theoretically, thereby providing new
insights into the synthesis of functionalized fullerene main-
chain polymers.
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Figure 4. Bis-anthracene derivative, labeled as 1.

Figure 5. Copolymerization processes between C84 and bis-anthracene 1. Hydrogens are omitted for clarity.
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