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Abstract

Electronic properties of electron-doped chemically decorated Cgy fullerenes,
6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and silylmethylfullerene
(SIMEF), by a planar electrode were studied using density functional the-
ory combined with the effective screening medium method to simulate the
heterointerface between the chemically decorated Cgy and cationic counter
materials. We find that the distribution of accumulated electrons and in-
duced electric field depend on the molecular arrangement with respect to
the external electric field of the electrode. We also show that the quantum
capacitance of the molecule is sensitive to molecular arrangement owing to
the asymmetric distribution of the accumulated electrons.
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1. Introduction

Over the past three decades, fullerenes have been keeping a premier po-
sition in nanoscale sciences and technologies, because of the diversity of
their geometry and corresponding electronic properties. Fullerenes have
been widely applied as starting materials for various derivatives that form
constituents of devices. The structural variation of fullerene arises from
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the multiple possible arrangements of twelve pentagons with various num-
bers of corresponding hexagons in a hollow-cage network topology [1, 2, 3].
Owing to strong correlation between the geometry of fullerenes and their
electronic properties, the detailed electronic structure depends not only on
fullerene cage size but also on the local atomic arrangement. For example,
the electronic structures of the 24 isomers of Cg, are completely different
from each other, depending on variations in their covalent network topol-
ogy, even though each isomer has the same cage size [5, 4]. It has been
pointed out that the m electronic structures of fullerenes can be character-
ized as a spherical harmonic Yy,,: The electronic states associated with 7
electrons tend to bunch up or become degenerate with each other, reflect-
ing their approximately spherical distribution in the fullerene cage. Thus,
the 7 electron states are often naively regarded as an electron system con-
fined to the spherical shell with a nanometer scale diameter [6]. In addition,
fullerenes commonly possess a deep lowest unoccupied (LU) state compared
with that of other carbon nanomaterials and hydrocarbon molecules, owing
to the twelve pentagonal rings embedded in their cages [7]. Thus, fullerenes
can act as electron acceptors for electrochemical applications.

Pristine fullerenes have a moderate chemical reactivity arising from the
high curvature of the molecule and can be derivatized by covalently attaching
atoms [8, 9, 10, 11] or functional groups [12, 13, 14, 15, 16, 17, 18, 19] to the
cage. The spherical 7 electron network of fullerenes can also be modulated
by chemisorption of atoms and molecules, and these derivatives are known
to possess unusual electronic structures, which are completely different from
those of pristine fullerenes. These materials are also of great interests as con-
stituents for optical, optoelectronic, magnetic, and photovoltaic devices. For
organic thin film photovoltaic devices, chemically decorated fullerenes act
as an electron acceptor in blends with appropriate donor molecules. These
devices can show large open voltages owing to the deep lowest unoccupied
state of the fullerene [20, 21, 22, 23, 24, 25| and remarkable power conversion
efficiency of up to 11 percent [26]. Experiments are steadily developing the
structure and enhancing the performance of organic thin film photovoltaic
devices based on fullerene derivatives. However, the microscopic mechanism
of carrier generation and detail of the nanostructure at the heterointerfaces
remain unclear. This lack of understanding motivated our study to clarify
the electronic properties of electron-doped fullerene derivatives interfacing
with cationic materials. Thus, in this work, we aim to clarify the electronic



properties of chemically decorated fullerenes at heterointerfaces with elec-
tron doping by an electrode to simulate the cationic materials, using density
functional theory combined with the effective screening medium method.
We considered [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) and silyl-
methylfullerenes (SIMEF), which are widely used as accepter molecules in
organic thin film solar cells. Our calculations indicated that the distribution
of accumulated electrons and the induced electric field upon electron injec-
tion are sensitive to the molecular arrangement with respect to the positively
charged planar electrode, reflecting the distribution of the LU state of the
PCBM and SIMEF.

2. Methods and Models

In the present work, theoretical calculations were performed using density
functional theory (DFT) [27, 28] implemented in the STATE package [29]. To
express the exchange correlation potential among the interacting electrons,
the local density approximation was applied with the Perdew-Wang func-
tional form fitting to the Quantum Monte Carlo results on the homogeneous
electron gas [30, 31]. We used an ultrasoft pseudopotential to describe the
interactions between the valence electrons and the ions generated by the Van-
derbilt scheme [32]. The valence wave functions and deficit charge density
were expanded by a plane-wave basis set with cutoff energies of 25 and 225
Ry, respectively. The I point sampling was adopted to perform the Brillouin
zone integration. Structural optimization was performed until the remain-
ing force acting on each atom was less than 5 mRy/A. To investigate the
electronic properties of an individual electron-doped molecule, each molecule
was well separated from its periodic images in a cuboidal cell with lattice
parameters of a = b =21.77 and ¢ =25 A for PCBM and a = b =22.03 and
c =24 A for SIMEF. We adopted the effective screening medium (ESM) [33]
method to solve the Poisson equation including the excess electrons injected
by the electrode within the framework of the DFT with the plane-wave basis
set.

To simulate the PCBM and SIMEF located at the heterointerface with
cationic donor molecules in an organic photovoltaic device, we considered a
structural model of PCBM and SIMEF located below a planar electrode by
4.0 A vacuum spacing simulated by an effective screening medium, which can
dope electrons into PCBM and SIMEF by inducing a counter charge on the
electrode surface (Fig. 1). To investigate the effect of molecular arrangement



Figure 1: Schematic structures of PCBM with (a) tail-to-head and (b) head-to-tail ar-
rangements to the electrode. Schematic structures of SIMEF with (c) tail-to-head and (d)
head-to-tail arrangements to the electrode. Brown, red, blue, and white balls denote C,
O, Si, and H atoms, respectively. Horizontal lines just above the fullerenes indicate the
planar electrode.

on the electron accumulation, we considered two molecular orientations, the
tail-to-head and head-to-tail arrangements, of PCBM and SIMEF with re-
spect to the electrode. Under the theoretical setup, we inject up to 1 electron
with a gate voltage, which corresponded approximately to 3.5 and 1.5 V for
the tail-to-head and head-to-tail arrangements, respectively. During the cal-
culations under the conditions with an excess electron, the geometries of
PCBM and SIMEF were kept the same as those with zero electric field, be-
cause the forces acting on each atom were smaller than the defined criterion
for the force cutoff.

3. Results and discussion

Figure 2 shows the electrostatic potential of PCBM and SIMEF without
an excess electron. The electrostatic potential at the head (Cg) moiety is
higher than that at the tail (functional groups) moiety by 0.22 and 0.23 V for
PCBM and SIMEF, respectively, owing to the asymmetric shape and compo-
sition of the fullerene derivatives. This result indicates that the PCBM and
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Figure 2: Contour plots of the electrostatic potential of neutral (a) PCBM and (b) SIMEF.
Each contour represents higher or lower by 0.01 in the density of the adjacent contour lines.

SIMEF have an intrinsic dipole moment between the head and tail moieties,
with a value of 0.60 and 0.63 D for PCBM and SIMEF, respectively. These
values are smaller than those of pentamethyl Cgg and pentaphenyl Cgg by
approximately 1.3 and 0.3 , respectively [34]. Thus, the electrostatic proper-
ties of the electron-doped molecules may be expected to be sensitive to their
relative molecular arrangement with a respect to a cationic counter material,
as for the case of pentaorgano Cgy under an external electric field.
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Figure 3: Electronic energy levels and isosurfaces of squared wave function of the HO and
LU states of neutral (a) PCBM and (b) SIMEF. Energies are measured from that of the
vacuum level.

Figure 3 shows the electronic energy levels of PCBM and SIMEF without
an excess electron. The electronic structures around the Fermi level of these
two molecules qualitatively exhibit the same features. The gaps between the
highest occupied (HO) and LU states of the molecules were 1.58 and 1.43 eV
for PCBM and SIMEF, respectively. Furthermore, the energy levels of the



LU state of these molecules were the same, indicating that they may give
the same open voltage when used as counter donor materials in photovoltaic
devices. Note that the LU state of these molecules is deeper than that of typ-
ical polycyclic hydrocarbon molecules, which are commonly used as electron
donors. Thus, a sufficient charge separation may be expected to allow for
the application of PCBM and SIMEF as acceptors. The similarities of the
electronic structure around the HO and LU indicate that the electronic states
around the gap of these molecules are associated with states distributed on
the Cgp moiety. In both molecules, the HO and LU state are distributed on
the Cgp moiety with a 7 electron nature, such that the injected electron is
expected to be accommodated in the fullerene cage. However, these elec-
tronic states do not possess a wave function component distributed over the
functional groups.

(a) (b)

Figure 4: Isosurfaces of distribution of accumulated electrons by hole injection into the
PCBM with (a) tail-to-head and (b) head-to-tail molecular arrangements, and those into
SIMEF with (c) tail-to-head and (d) head-to-tail molecular arrangements, respectively. In
all cases, a single electron is injected into the fullerene.

Figure 4 shows the isosurfaces of accumulated electrons in PCBM and
SIMEF with two different molecular arrangements with respect to the elec-
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trode. We find that the distribution of the accumulated electrons showed
differences depending on the molecular arrangement with respect to the elec-
trode for both fullerene molecules. However, the results did not show any
dependence on the type of molecular species. The accumulated electrons
localized on the Cgy moiety of PCBM and SIMEF with a head-to-tail ar-
rangement. In contrast, for the tail-to-head molecular arrangement, the ac-
cumulated electrons extended throughout the PCBM and SIMEF. Moreover,
in this case, the accumulated carrier oscillated in the functional group owing
to the charge redistribution in this region. The LU state localized Cgy moi-
ety can accommodate injected electrons under the head-to-tail arrangement;
however, for the tail-to-head arrangement, holes in the electrode cause an
electrostatic induction in the functional group moiety, which does not have
wave function amplitude in low excited states, and coincidentally injects elec-
trons into the Cgy moiety. These findings indicate that electron injection is
sensitive to the molecular arrangement with respect to the electrode. Note
that the intermolecular arrangement may complicate the carrier accumula-
tion and induced electric field, because carrier accumulation is sensitive to
the molecular arrangement with respect to the electric field [35, 36].

Figure 5: Contour and vector plots of electrostatic potential and electric field, respectively,
of PCBM with (a) tail-to-head and (b) head-to-tail molecular arrangements, and those of
SIMEF with (c) tail-to-head and (d) head-to-tail molecular arrangements, under electron
doping.



Figure 5 shows contour plots of electrostatic potential and vector plots
of the induced electric field with single electron doping. We find that the in-
duced electric field also depends on the molecular arrangement with respect
to the electrode owing to the distribution of accumulated carriers, which also
depends on the molecular arrangement. For the head-to-tail arrangement
with single electron doping, the electric field concentrates on the Cgg moiety
leading to a strong electric field between the molecule and the electrode for
both molecules. The strong electric field is ascribed to the localized nature
of accumulated electrons on the Cgy moiety. In contrast, for the tail-to-
head arrangement, the electric field is weak and extends to the Cgy moiety,
which is situated opposite to the electrode irrespective of the functional group
species. Thus, the electric field between the fullerene derivatives and the
donor molecules is sensitive to their relative molecular arrangement, indicat-
ing that precise control of the arrangement between the acceptor and donor
molecules could further enhance charge separation at the heterointerface.
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Figure 6: Quantum capacitance of PCBM and SIMEF as a function of the number of in-
jected electrons under the tail-to-head and head-to-tail arrangements. Blue circles, red
squares, green circles, and light blue squares denote the capacitances of PCBM with
tail-to-head and head-to-tail, and SIMEF with tail-to-head and head-to-tail molecular
arrangements, respectively.

Figure 6 shows the quantum capacitance of PCBM and SIMEF as a func-
tion of the number of electrons injected by the electrode. In both molecules
the electron concentration at the Cgg moiety caused the capacitance for the
head-to-tail arrangement to be higher than that for the tail-to-head arrange-
ment. On the other hand, the capacitance was insensitive to the functional
group type, because PCBM and SIMEF both have similar electronic struc-
tures around the HO-LU gap.



4. Conclusions

In summary, we investigated the electronic properties of PCBM and
SIMEF under an external electric field using density functional theory com-
bined with the effective screening medium method. We find that PCBM
and SIMEF have intrinsic dipole moments of 0.60 and 0.63 D, respectively,
because of their asymmetric molecular shape. The LU state of the molecule
is distributed on the Cgg moiety irrespective of the functional groups at-
tached Cgg, so that the electronic properties are sensitive to the molecular
arrangement with respect to the electrode for electron doping. The distri-
bution of accumulated carriers and induced electric field also depend on the
molecular arrangement owing to the LU state localized on the Cgy moiety.
Furthermore, the quantum capacitance of the molecule is sensitive to molec-
ular arrangement rather than the type of molecular species. Our results give
theoretical insight into the microscopic donor-acceptor interface that exists
at the heterojunction of organic photovoltaic devices.
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