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ABSTRACT

We have carried out density functional theory (DFT) calculations to derive the microscopic parameters that describe the hole and electron transport properties in Cgg
and Cyg and their derivatives. The computed relaxation energies and the results of normal-mode analyses point out that there are no significant differences between
the electron-vibration couplings and hole-vibration couplings in the Cgg systems, where the differences between the reorganization energies for hole and electron
transfers do not exceed 10 meV, except in the case of the parent Cg system where this difference is about 40 meV. The DFT estimates of the electronic couplings for
holes and electrons in Cgo and its derivatives are also found to be very similar. Thus, our theoretical results confirm the conclusions of recent experimental in-
vestigations that underline that the Cg fullerenes should not be regarded as just n-type transporting materials but in fact are intrinsically ambipolar. The DFT
calculations performed for C7o show that the reorganization energy for hole transport is slightly lower (5 meV) than for electron transport and this difference is even
larger, up to 100 meV, in the functionalized Cy( systems. These results suggest that hole mobilities in Cyo and its derivatives could also be comparable or even larger
than the corresponding electron mobilities. In addition, the DFT calculations indicate that, with respect to unsubstituted fullerenes, the derivatization has a much
larger impact on the ionization potential energies than on the electron affinity energies, which are both reduces; therefore, chemical modifications could be further
exploited to decrease the intrinsically high IP values of C¢o and C7o and lead to a better match with the workfunctions of common electrodes, which would facilitate
hole injection.

1. Introduction instances [24-27]. For example, it was found that solution-processed

[60]-PCBM displays ambipolar transport properties with equivalent

The Cgg and Cy¢ buckminsterfullerenes have led to a remarkable
revolution in a broad range of applications including solar cells,
hydrogen gas storage, or biomedical devices due to their redox prop-
erties, stability induced by their high symmetry, and strong electron
accepting ability related to sp>-hybridized carbons [1-7]. Also, fullerene
derivatives carrying various functional groups have been exploited in
organic electronics. For instance, derivatives such as [6,6]-phenyl--
Ce1-butyric acid methyl ester ([60]-PCBM) [8], [6,6]-phenyl-C7;-butyric
acid methyl ester ([70]-PCBM) [9], and indene-Cgp bis-adduct
([60]-ICBA) [10,11] have received great attention in the field of
organic photovoltaics [10-19]. There is also a major interest in using
fullerenes and fullerenes derivatives as active materials for applications
in field-effect transistors and photodetectors [20].

In context of organic electronics, the fullerenes and their derivatives
are principally used as electron accepting and electron transporting
materials. However, it was also demonstrated that they could be
exploited as electron donor materials in organic solar cells [21-23].
Their characteristics as hole transporters were addressed in several

hole and electron mobilities of about ~1072 ecm? V1 71 [24]. It was
also reported that the bulk hole mobility of [60]-ICBA is high and
equivalent to its bulk electron mobility, ca. 3 x 103 em?vls! [25].
In a recent study, Wetzelaer and Blom concluded that fullerenes should
not be regarded as just n-type transporting materials since they are
intrinsically ambipolar [27].

In order to shed more light on the charge-transport properties of the
fullerenes, we carried out density functional theory (DFT) calculations
to derive the main microscopic parameters, i.e., the transfer integrals
and vibrational couplings, that determine hole and electron transport.
We considered two types of fullerenes, Cgo and Cyo, and their de-
rivatives: the PCBM mono- and bis-adducts, ie., [60]-PCBM, [70]-
PCBM, [60]-bis-PCBM, and [70]-bis-PCBM, as well as the mono-, bis-,
and tri-indene adducts of Cg, i.e., [60]-ICMA; [60]-ICBA and [60]-ICBA-
2; and [60]-ICTA (see Fig. 1).
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Fig. 1. Chemical structures of Cgg, C70, and their derivatives investigated in
this work.

2. Computational methodology

Density functional theory (DFT) calculations were carried out at the
B3LYP/6-31G (d,p) level with the Gaussian 16 package [28] to deter-
mine the geometrical and charge-transfer properties of Cgo, C79, and
their derivatives. Geometry optimizations of the molecules in their
neutral and charged (radical-anion and radical-cation) states were per-
formed. The intramolecular reorganization energies were determined
via examination of the potential energy surfaces for the neutral and
charged states [29] as well as via normal-mode analysis. We used the
DUSHIN program [30] to perform the decomposition into the contri-
butions of each normal mode to the total relaxation energy of the mol-
ecules and to determine the electron-vibration couplings and
Duschinsky matrices. The evaluations of the hole and electron transfer
integrals were based on the crystal structures and were derived via a
fragment orbital approach in combination with a basis set orthogonal-
ization procedure [31,32], based on the B3LYP/6-31G (d,p) results. The
rate constants for hole and electron transfers were estimated using the
semiclassical Marcus theory [33].

2
27 1 (ne) + AG)
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Here, 7, kp, T, An(e)> thee)» and AG denote the reduced Planck constant,
Boltzmann constant, temperature, reorganization energy, hole (or
electron) transfer integral, and site free-energy difference, respectively.
When the highest occupied molecular orbitals (HOMOs) and the lowest
unoccupied molecular orbitals (LUMOs) are degenerate, the hole (or
electron) transfer integrals were calculated by accounting for the exact
degeneracy of the molecular orbitals, as discussed in our earlier work
[34]:

ti((‘) = gi Z (W |H‘\I‘bj)2 @

a

where g, is the degeneracy of the ¥; and Wy; orbitals on molecules a and
b.
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3. Results and discussion
3.1. Redox properties

The highly symmetric Cgy molecule (I point group) [35] has only
two types of bonds: a double-like bond connecting two hexagonal rings
and a single-like bond connecting one pentagonal and one hexagonal
ring. The bond lengths in the optimized neutral Cgg are 1.396 A for the
double bond and 1.453 A for the single bond. Due to their high molec-
ular symmetry, the energy levels of Cgy can show high orbital de-
generacy; for instance, the LUMO level is three-fold degenerate while
the HOMO level is five-fold degenerate (see Fig. 2).

Upon addition of one electron to the three-fold degenerate LUMO
level of Cg, the symmetry of the stable geometric configurations of the
resulting anion-radical state is lowered to Dsq, D3q, or Dy, as a result of
Jahn-Teller distortions [36-38]. The lengths of the single bonds are no
longer equivalent and deviate from the original bond lengths in neutral
Ceo; the same is true for the double bonds. As a result, the size of the
fullerene cage slightly changes when an electron is added (see Fig. S1)
[39]. Similar effects take place upon oxidation of Cgg [38,40].

The Cy¢ molecule belongs to the Ds, symmetry point group and has
eight inequivalent bonds [41]. Upon reduction and oxidation, according
to our DFT calculations, the Cyq cage also slightly varies [42]. Mono- and
bis-substituted PCBM molecules based on Cgy and C79 and mono-, bis-,
and tri-indene adducts of Cgy also show changes in cage size upon
addition or removal of an electron; these geometrical changes are
related to the relaxation energies described below.

We first discuss the computed electron affinity (EA) values of the
investigated molecules, which are collected in Table 1. For the sake of
comparison, the DFT values of the HOMO and LUMO levels are given in
Table S1. As seen from Table 1, the EA of Cg is slightly lower (~0.1 eV)
than that of Cyp, which is in line with experimental data [43-47].
Introduction of the mono-, bis-, and tri-indene functional groups on the
fullerenes leads to a decrease of EA values by around 0.1 eV per number
of substitutions. Also, the electron affinity decreases upon going from
Cgo or Cy to the corresponding PCBM and bis-PCBM. These reductions
in the EA values upon attaching and increasing the number of functional
groups are also consistent with experimental results [10,48-51].

We now turn to the ionization potentials (IPs). The IP of Cg is
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Fig. 2. Energies (in eV) and wavefunctions of the frontier molecular orbitals of
neutral Cgp, as obtained at the B3LYP/6-31G (d,p) level of theory.
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Table 1

Vertical and adiabatic electron affinities (EAs) and ionization potentials (IPs) for
Ceo and Cy, and their derivatives, as calculated at the B3LYP/6-31G (d,p) level
of theory. All values are given in eV.

Molecule VEA AEA VIP AIP
Coo 2.00 2.06 7.23 7.14
[60]-PCBM 1.92 2.00 6.82 6.74
[60]-bis-PCBM 1.86 1.94 6.55 6.47
[60]-ICMA 1.89 1.96 6.78 6.72
[60]-ICBA 1.80 1.87 6.50 6.43
[60]-ICBA-2 1.72 1.79 6.54 6.47
[60]-ICTA 1.65 1.72 6.31 6.24
Cro 2.08 2.15 7.10 7.02
[70]-PCBM 1.97 2.06 6.69 6.63
[70]-bis-PCBM 1.87 1.98 6.37 6.31

slightly higher than that of Cyo, which is consistent with the reported
experimental data [52,53]. Upon introducing functional groups, the IP
value decreases continuously with their number [52-54]. These results
imply that the functionalized fullerenes can more easily donate electrons
compared to Cgo and Cyg. Overall, as seen from Table 1, the function-
alization of Cgo and Cyo has a much larger effect on the molecular IP than
on the EA. Indeed, in both Cgo and Cy series, the EA values vary by at
most 0.35 eV, while the IP values vary by over 0.9 eV.

It is important to note that the present calculations do not include the
effect on the EA and IP values of the electronic polarization due to a
solid-state environment (this effect can in each case exceed 1 eV) [55].
The experimental IP values of Cgg and Cy( in the solid state are 6.17 eV
and 6.35 eV, respectively [55-57]. These values are significantly larger
than the workfunctions (about 5 eV) of the anodes that are typically used
in organic electronic devices [58]. The consequence is very large in-
jections barriers for holes in the case of fullerene semiconductors, which
appears to be the main reason why hole transport in fullerenes is chal-
lenging to observe [27]. For the sake of comparison, we note that the IP
of pentacene, one of the prominent hole-transporting materials, is about
5 eV [59]. From Table 1, among the series of fullerenes we considered,
[60]-ICBA and [60]-ICTA are expected to exhibit the lowest hole in-
jection barriers when considering conventional anodes such as
indium-tin oxide.

3.2. Relaxation energies

We recall that, in charge transport theory, the electron (hole)-
vibrational couplings and related reorganization energies represent a
major set of microscopic parameters [29]. According to Marcus theory, a
lower reorganization energy leads to a lower hopping barrier for charge
transfer, see Eq. (1). The calculated relaxation energies and the associ-
ated reorganization energies [29] for Cgg, Cy0, and their derivatives,
corresponding to the geometrical changes between neutral and charged

Table 2

Relaxation energies (in meV) for the neutral state and anion state, Ay and, 44, and
reorganization energies, A, in Cgp and Cyo, and their derivatives, as computed
using the adiabatic potential surfaces of both neutral and anion states and
normal-mode analyses.
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molecules related to an electron or a hole transfer event, are listed in
Tables 2 and 3, respectively. The results obtained from
adiabatic-potential-surface (AES) analyses and normal-mode (NM) an-
alyses are in very good mutual agreement. In the case of electron
transport, the estimated reorganization energy of Cgg, 0.135 eV (see
Table 2), is consistent with the results of previous calculations, 0.132 eV
[60] and 0.140 eV [61]. Upon adding one or two phenyl butyric acid
methyl ester functional groups to Cgo, the reorganization energy in-
creases in each case by some 10 meV. The reorganization energies of
[60]-ICMA and [60]-ICBA are very close to that of Cgo and slightly
smaller than in [60]-PCBM. The largest reorganization energies among
the Cgo derivatives are found for [60]-ICBA-2 and [60]-ICTA. On the
other hand, the reorganization energy of the Cyg-based molecules in-
creases by ~35 meV every time a PCBM functional group is added.
Overall, in the case of electron transfer, the reorganization energies of
Cyp and its derivatives are larger than in the related Cgp molecules.

Interestingly, the reorganization energies for holes (see Table 3)
decrease when adding functional groups to the fullerenes, which is
opposite to the trend observed for electrons. For instance, the 1 value
for Cg is estimated to be about 178 meV, while for [60]-ICBA it reduces
to 135 meV. Also, the reorganization energies estimated for hole
transport in Cyg and its derivatives are smaller than in the corresponding
Ceo molecules.

The decomposition of the relaxation energies into the contributions
from the normal modes is shown in Fig. 3 for Cgp and Cy¢ and in
Figs. S2-S4 for the other molecules. The results of the normal-mode
calculations indicate that, in the case of electron transport, the relaxa-
tion energies in Cgp mainly arise from high-frequency vibrations (1400-
1600 cm ™ 1); the largest contributions come from modes at 1472 cm ™!
(21%), corresponding to a symmetric G=C stretching mode, 1425 cm ™!
(21%), and 1584 cm~! (18%). These results are consistent with previous
studies on Cgp [62-64] indicating that the large electron-vibrational
couplings are due to Hg modes. In the case of hole transport, both
high-frequency and low-frequency (200-400 cm™') vibrations partici-
pate in the reorganization energy, with the largest contributions coming
from modes at 261 cm™! (42%), 1425 cm™! (19%), and 1584 cm™!
(15%). When going from Cgp to [60]-bis-PCBM, the contribution of
low-energy modes to the reorganization energy increases in the case of
electrons while it decreases for holes. In the Cyy derivatives, normal
modes in two distinct ranges, 200-800 cm ™' and 1000-1600 cm ™},
contribute to the relaxation energies of both holes and electrons.

The comparison of the values listed in Tables 2 and 3 indicates that,
for Cgp, the reorganization energy for hole transport is about 40 meV
larger than in the case of electron transport. According to the normal-
mode analyses, this difference is due to large contributions from low-
frequency modes in the case of hole transfer. In the Cgo derivatives,
the reorganization energies for holes are also larger than for electron
transport; however, the related energy differences do not exceed 10

Table 3

Relaxation energies (in meV) for the neutral state and cation state, Ay and A¢, and
reorganization energies, A, in Ce, C70, and their derivatives, as computed using
the adiabatic potential surfaces of both neutral and cation states and normal-
mode analysis.

Molecule Adiabatic potential surface Normal-mode analysis Molecule Adiabatic potential surface Normal-mode analysis
N Aa Ao N da e In A In N i In
Ceo 70 65 135 68 67 135 Ceo 90 88 178 88 88 176
[60]-PCBM 72 72 144 73 72 145 [60]-PCBM 76 74 150 76 75 151
[60]-bis-PCBM 79 80 159 80 82 162 [60]-bis-PCBM 76 74 150 76 74 150
[60]-ICMA 69 68 137 69 68 127 [60]-ICMA 71 69 140 71 69 140
[60]-ICBA 69 69 138 70 69 139 [60]-ICBA 68 67 135 68 67 135
[60]-ICBA-2 75 74 149 75 74 149 [60]-ICBA-2 73 71 144 73 71 144
[60]-ICTA 75 74 149 75 74 149 [60]-ICTA 76 74 150 77 75 152
Cyo 80 67 147 80 77 157 Cyo 62 80 142 63 60 123
[70]-PCBM 95 90 185 95 94 189 [70]-PCBM 59 59 118 59 60 119
[70]-bis-PCBM 105 116 221 106 105 211 [70]-bis-PCBM 61 61 122 60 62 122
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Fig. 3. Individual contributions of the normal modes of Cgp and Cyo to the
relaxation energies (a) in the case of electron transport and (b) in the case of
hole transport.

meV. In the case of Cy, the reorganization energy for hole transfer is
slightly smaller (5 meV) than that for electron transfer; however, this
difference increases up to 100 meV in the [70]-PCBM and [70]-bis-
PCBM.

Finally, it is important to bear in mind that, according to our pre-
vious investigations [65,66] the chemical functionalization of the ful-
lerenes can significantly increase the static disorder in the material. Such
an increase in disorder would be detrimental to the charge-transport
properties [29].

3.3. Electronic couplings

We focus now on a discussion of the transfer integrals, i.e., electronic

(b)
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couplings. The transfer integrals are the second major set of microscopic
parameters (in addition to the electron (hole)-vibrational couplings)
that define the charge-transport properties [29]. To compute these
couplings, the knowledge of the geometry configurations of the pairs of
molecules involved in an electron (hole) transfer event is needed. Here,
our calculations are based on the experimental crystal structures. Since
only the crystal structures of Cgg [67], [60]-PCBM [68], and [60]-ICBA
[69] are available, the results discussed below are limited to these three
systems (see Fig. 4).

As mentioned above, the frontier molecular orbitals of the systems
we study here can be several-fold degenerate, leading to multiple
transfer integrals describing charge transfer in the related molecular
pairs. Therefore, for the sake of clarity, we report in Table 4 a single
effective transfer integral computed in the way described in the Meth-
odology section. As seen from Table 4, the largest values of the transfer
integrals computed for electron transfer in Cgo, [60]-PCBM, and [60]-
ICBA are comparable and in the range of 15-26 meV. The same trend
is observed for the transfer integrals describing hole transport, which are
in the range of 20-31 meV. Overall, the DFT results point to transfer
integrals for holes and electrons in Cgo, [60]-PCBM, and [60]-ICBA as
having comparable values. These results, taken together in Eq. (1) with
those derived for the reorganization energies, yield comparable hole and
electron transfer rate constants, see Table 5.

Lastly, we note that, while the crystal structures for the Cyo materials
are unavailable and therefore we did not provide estimates for the
transfer integrals in these systems, field-effect transistor measurements
have shown that the electron mobilities in C;9 and [70]-PCBM are
comparable to the values measured for their corresponding Ceo-fullerene
counterparts [70]. These results strongly suggest that the electronic
couplings for electrons in the Cyq-fullerene crystals should be similar to
the values listed in Table 4 for the Cgo systems.

4. Conclusions

The charge-transfer properties of the Cgo and Cy( fullerenes and their
PCBM and indene derivatives, have been evaluated at the density
functional theory level. Our results show that the adducts have a much
larger effect on the IP energy than on the EA energy of the substituted

Table 4
Transfer integrals (in meV) for holes and electrons, as calculated for the pairs of
molecules shown in the unit cells of Fig. 4.

Coo [60]-PCBM [60]-ICBA-2

th te th te th e
Pair 1 20.1 25.6 23.4 2.32 28.0 14.6
Pair 2 17.9 22.8 2.49 0.36 4.20 0.49
Pair 3 20.2 22.0 1.22 0.68 29.2 6.10
Pair 4 31.0 24.4 13.4 12.4
Pair 5 6.36 1.45 7.80 7.27
Pair 6 0.19 1.39
Pair 7 28.0 14.6

Fig. 4. Illustration of the molecular pairs in the crystals of (a) Cgg, (b) [60]-PCBM, and (c) [60]-ICBA-2, considered for the calculations of the transfer integrals.
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Table 5
Rate constants (in s 1) calculated for hole transfer (k;) and electron transfer (k,),
using the largest transfer integrals in Cgo, [60]-PCBM, and [60]-ICBA-2.

Ceo [60]-PCBM [60]-ICBA-2
logky 12.5 13.0 13.0
logk, 12.9 12.8 12.4

fullerenes. For example, when going from Cgp to ICTA, the IP value
decreases by about 0.9 eV. Thus, chemical modifications could be
further exploited to reduce the intrinsically high IP values of Cgg and Cyo
and better match the workfunctions of common electrodes.

Our calculations indicate that the reorganization energies for hole
transport in the Cgo derivatives are larger than those for electron
transfer. Cyo has smaller hole relaxation energies compared to Cgo and
substitution leads to even smaller relaxation energies; the opposite trend
is obtained in the case of reduction. The results of normal-mode analyses
characterize the hole-related relaxation energies of Cgp and its de-
rivatives as mainly due to high-energy vibrations (1400-1600 cm™1); in
Cy0 and its derivatives, modes in both the 200-800 cm ™! and 1000-1600
em™! ranges contribute to the reorganization energies. In the case of
electron transport, low-energy and high-energy modes both participate
in the reorganization energies of Cgg and Cy(. Overall, our calculations
point out that, in most of the investigated systems, there are no major
differences between the electron-vibration couplings and hole-
vibrational couplings since the related differences between reorganiza-
tion energies for holes and electrons do not exceed 10 meV. The ex-
ceptions are Cgo, [70]-PCBM, and [70]-bis-PCBM, where the differences
between reorganization energies increase to ca. 40, 70, and 100 meV,
respectively.

We also estimated the transfer integrals for both hole transport and
electron transport in Cgg, [60]-PCBM, and [60]-ICBA. As for the vibra-
tional couplings, the DFT estimates of the transfer integrals for holes and
electrons are similar. Thus, our theoretical results confirm the conclu-
sions of recent experimental investigations [27] that charge transport at
least in the Cg fullerenes is intrinsically ambipolar. While additional
investigations would be welcome to provide for the fullerene systems a
more comprehensive understanding of the charge-transport properties
and of the ways to better control them, we hope that the recognition by
the organic electronics community that fullerenes can conduct holes as
effectively as electrons will lead to new applications of these fascinating
materials.
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