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Model Potential Study of Non Valence Correlation Bound Anions
of (C60)n Clusters: the Role of Electric Field Induced Charge
Transfer
Tae Hoon Choi and Kenneth D. Jordan*

A polarization model which accounts for electric field induced charge transfer between fullerene molecules is introduced.
Application of this model to the C60 dimer and trimer shows that intermolecular charge transfer makes a significant
contribution to the polarizabilities of these clusters. This polarization model is incorporated into a one electron Hamiltonian
for describing non valence correlation bound anions, allowing us to further demonstrate that intermolecular charge transfer
also results in increased stability of these anion states.

1. Introduction
Sufficiently polarizable molecules (or clusters) can form non
valence correlation bound (NVCB) anions in which the excess
electron is bound in a diffuse non valence orbital, with electron
correlation being essential for the stability of the ion.1 7 The
theoretical treatment of NVCB anions using ab initiomethods is
especially challenging since it is necessary to employ a method
for including correlation effects that does not depend on the
suitability of the Hartree Fock (HF) wave function as the starting
point and to use flexible basis sets with multiple sets of diffuse
functions. In fact, with the flexible basis sets required to
describe NVCB anions, HF calculations on the excess electron
system collapse onto the neutral plus a discretized continuum
orbital. As a result, methods such as second order Møller
Plesset perturbation theory (MP2)8 and even coupled cluster
with single and double and perturbative triple excitations
[CCSD(T)] ,9 when starting from the HF wave function, can fail to
bind the excess electron. The equation of motion coupled
cluster singles and doubles (EOM CCSD) method10 has proven
to be one of the most successful ab initio methods for
characterizing NVCB anions.

An alternative approach for describing non valence anions
is to employ a model Hamiltonian in which only the excess
electron is treated explicitly.7, 11 13 In a recent study, our group
introduced a one electron model Hamiltonian (hereafter
referred to as the VJ model) for describing NVCB anions of
fullerenes.7 The development of this model was motivated by
experimental measurements indicating the existence of NVCB
anions of C60 molecules adsorbed on the Cu (110) surface.14, 15

In the VJ model, the electron molecule potential is expressed as

(1)

where , , are electrostatic, polarization, and
repulsion terms, respectively. The correlation effects essential
for the electron binding in a many electron treatment are
incorporated through the term. Long range electrostatics
(i.e., contributions outside the overlap region) are relatively
unimportant for the NVCB anion states of fullerenes, and in the
VJ model this contribution is effectively described through the
use of atomic dipoles on the C atoms. , which is described
in detail below, allows for atom centered induced dipoles as
well as for a charge flow polarization.16 , which consists of
a single Gaussian centered on each atom, absorbs the effects of
charge penetration, exchange, and orthogonalization. The
parameters in were chosen so that the electron binding
energy (EBE) and charge distribution of the excess electron of
the NVCB anion of C60 as described by the model potential
closely match the corresponding quantities from large basis set
EOM CCSD calculations.6
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Fig. 1 The change in the charge distribution of C60 resulting
from the application of a uniform electric field of 0.001 a.u.
along the z axis. Isovalues are ±0.00003e/a.u.3.
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The motivation for the use of a polarization model allowing
for charge flow polarization is provided by Fig. 1 which depicts
the change in the charge distribution of C60 resulting from the
application of a uniform electric field of 0.001 a.u. The charge
density difference was calculated using the B3LYP density
functional method17 20 in conjunction with the cc pVTZ basis
set.21 As seen from the figure, the external field induces a
significant displacement of charge from one side of the
molecule to the other. A similar change in the charge
distribution is obtained in the HF approximation, thus the
finding of a sizable field induced intramolecular charge transfer
is not an artifact of the DFT method. These calculations and the
B3LYP and HF calculations described below were carried out
using the Gaussian 16 program.22

The polarization contribution to the energy for an isolated
fullerene molecule was described using a model introduced by
Mayer and Åstrand23:

where and refer to the induced charge and dipole
moment at site , and and are the external potential and
electric field at site . When using eqn (2) in modeling an excess
electron interacting with a molecule or cluster, and derive
from the excess electron. In order to determine the values of
the charges and induced dipoles from eqn (2), one adds a
charge conservation term via a Lagrange multiplier, and then
minimizes the polarization energy with respect to the and .

If one applies eqn (2) to clusters by treating the entire
system as a supermolecule, one encounters the problem that
the amount of charge transferred between molecules increases
with their separation, which is an unphysical result. Recognizing
this, in the earlier application of the VJ model Hamiltonian
approach to characterize the NVCB anions of (C60)2, charge
transfer between the molecules was not allowed.7 In the
present study, we extend the Mayer Åstrand polarization
model to provide a more physically correct description of
charge transfer between molecules, and use the modified
model to calculate the dipole polarizabilities and electron
binding energies (EBEs) of the NVCB anions of the (C60)n, n = 2
and 3, clusters.

In the remainder of this manuscript we refer to the model
not allowing intermolecular charge transfer as the Mayer
Åstrand model, and that which treats the cluster as a
supermolecue as the “supermolecule Mayer Åstrand model”.
Finally we refer to our modified Mayer Åstrand model,
described below, as an “extended Mayer Åstrand model”.

2. Methodology
In a quantum mechanical treatment, starting from a wave
function of the form A A B, where A and B are Hartree Fock
wave functions of molecules A and B, respectively, and A

antisymmetrizes electrons between the two molecules, the
field induced charge transfer between the two molecules can
be expressed as a sum of terms involving the overlap of
occupied orbitals on one monomer with the unfilled orbitals on
the other. Thus one would expect the charge transfer to fall off
exponentially with increasing separation between the
molecules. That this is indeed the case is seen from Fig. 2 which
reports the charge transfer calculated at the B3LYP/cc pVTZ
level between two C60 molecules with their centers on the z axis
and an electric field of 0.001 a.u. in the z direction. The net
charge on each molecule was determined using the Mulliken
procedure.24 Similar values for the intermolecular charge
transfer are obtained using the Hirschfeld procedure.25 At the
minimum energy separation (center to center) between the
molecules (R = 9.75 Å)26 the B3LYP calculations predict that a
charge of 0.013 |e| is transferred from one C60 molecule to the
other due to the presence of the applied electric field. At R =
9.0 Å, which corresponds approximately to the point on the
repulsive wall of the intermolecular potential where the
interaction energy is zero, the net charge transfer is 0.06 |e|.

As seen from Fig. 2, the charge transfer obtained from the
supermolecule Mayer Åstrand model grows linearly with
increasing separation between the monomers. In extending the
Mayer Åstrand model to include intermolecular charge transfer
in a physically correct manner, we introduce a single
exponential damping factor depending on the center to center
separations of the fullerene molecules as described in the ESI.†
In spite of the simplicity of this approach, it accurately
reproduces the electric field induced charge transfer
determined from the B3LYP calculations as shown in Fig. 2. In
assessing the performance of the extended Mayer Åstrand
model for predicting the polarizabilities of the C60 dimer and
trimer, comparison is made with the results of B3LYP
calculations carried out using the cc pVTZ and cc pVQZ( f, g)

Fig. 2 Electric field induced charge transfer between two C60
molecules as a function of their center to center distance. Results
are reported from electric field of 0.001 a.u. in the z direction
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basis sets,21 where the ( f, g) indicates that the f and g functions
were omitted from the basis set.

The energies and orbitals associated with the NVCB anions
of C60 and its dimer and trimer as described by the model
Hamiltonians were calculated using a grid based discrete
variable representation (DVR) approach27 as implemented in
the PISCES code.28 In themodel Hamiltonian, described in detail
in Ref. 7, the excess electron interacts with permanent dipoles
as well as induced dipoles and induced charges on each C atom.
We refer to the model Hamiltonian based on the extended
Mayer Åstrand polarization model as the extended VJ model.

3. Results and Discussion
3.1 C60 monomer and dimer

For the C60 monomer the Mayer Åstrand model gives a
polarizability of 76 Å3 which is essentially identical to the
experimental value of 76.5 Å3.29 B3LYP calculations with the cc
pVTZ and cc pVQZ( g, f) basis sets give slightly larger
polarizability values of 78 and 82 Å3, respectively. Table 1
reports for (C60)2 at R = 9.50, 9.75, and 10.05 Å, the
polarizabilities obtained from B3LYP calculations, from the
Mayer Åstrand model with no charge transfer between the
monomers, and from the extended model allowing for
intermonomer charge transfer. For the range of distances
considered, the values of xx and yy (which are equal due to
symmetry) from the B3LYP calculations and from the two

polarization models are quite close and 7 10% smaller than
twice the polarizability of the monomer. In contrast, the zz

component grows significantly when the separation between
the two molecules is decreased from 10.05 to 9.50 Å. Also, the
zz values calculated using the model allowing for

intermolecular charge transfer closely reproduce the zz values
from the B3LYP calculations, while the model neglecting this
contribution underestimates zz, with the extent of
underestimation growing with decreasing R.

The net polarizability from the model potential calculations
has three contributions: that due to the atom centered induced
dipoles, that due to charge transfer (both intra and inter
monomer), and that due to the coupling of the point induced
dipoles and the charge flow terms. The first two contributions
are positive, while the coupling term makes a negative
contribution. As seen from Table 2, the net polarizability of C60
has contributions of 158 and 192 Å3 from the point inducible
dipoles and the charge flow, respectively. These contributions
are significantly attenuated by the cross term of 274 Å3

between the induced dipoles and charge flow contributions,
with the net polarizability being only 76 Å3. If the charge
transfer contribution is removed from the energy expression,
the polarizability from the induced dipoles is calculated to be
only 60 Å3. For the dimer, the contributions to the polarizability
from the induced dipoles and from the coupling term undergo
little change when R is decreased from 10.05 to 9.50 Å (and are
approximately twice the corresponding values of the
monomer), and the increase in zz with decreasing R is almost
entirely a consequence of intermonomer charge transfer.

Fig. 3 reports for the C60 dimer with 9.50 Å separation the
change in the charge distribution of the caused by an electric

Table 1 Polarizabilities (Å3) of the C60 monomer and the C60 dimer at R = 9.50, 9.75, and 10.05 Å

C60
(C60)2

Method
R= 9.50 Å R= 9.75 Å R= 10.05 Å

xx= yy= zz xx= yy zz xx= yy zz xx= yy zz

B3LYP/cc pVTZ 78 144 223 145 209 146 198
B3LYP/cc pVQZ( f, g) 82 149 229 150 215 151 204

Model without intermolecular CTa 76 140 199 142 188 142 183
Model with intermolecular CTa 76 140 238 142 216 142 200

aCT denotes charge transfer

Table 2 Polarizability contributions (Å3) to C60 and (C60)2, at R =
9.50, 9.75, and 10.05 Å, calculated using the extended Mayer
Åstrand model.

Contri
bution

Compo
nent

C60
(C60)2

R =
9.50 Å

R =
9.75 Å

R =
10.05 Å

Induced
dipole

xx = yy 158.0 314.3 315.0 315.1
zz 158.0 320.0 318.9 318.5

charge flow xx = yy 192.0 376.8 378.0 378.5
p zz

zz 192.0 457.1 434.9 419.4

cross term xx = yy 273.7 551.0 551.3 551.3
zz

zz 273.7 538.8 538.3 537.8

Total xx = yy 76.2 140.1 141.6 142.4
zz

zz 76.2 238.4 215.5 200.0

Table 3 Electron binding energies (meV) of the NVCB anions of
(C60)2 at R = 9.50, 9.75, and 10.05 Å

Sym
metry

R = 9.50 Å R = 9.75 Å R = 10.05 Å
without
CTa

with
CTa

without
CTa

with
CTa

without
CTa

with
CTa

g 244 263 250 263 253 261

u 104 126 98 112 96 105

u 65 76 62 69 59 63

g 0 4 2 7 5 8
aCT denotes charge transfer
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field of 0.001 a.u. along the z axis. Results are reported for both
B3LYP/cc pVTZ calculations and for the extended Mayer Åstrand
model. The charge distribution changes are analyzed in two
different ways. The right hand side of Fig. 3a plots the
difference of the B3LYP/cc pVTZ charge densities of the dimer
calculated with andwithout the electric field. The left hand side
of this figure reports the associated changes in the atomic
charges from Mulliken analysis of the B3LYP charge distribution

and from the extended Mayer Åstrand model. From Fig. 3a it is
seen that, except for the atoms of the two molecules that are
closest to one another, the extendedMayer Åstrand model and
the B3LYP calculations yield very similar changes in the charges
as a result of the application of the electric field. In Fig. 3b, the
charge density differences are corrected to remove the field
induced changes in the non interacting monomers. The right
hand side of this figure reports the quantity

where is the charge density. The associated changes in the
atomic charges are reported in the left hand side of Fig. 3b. The
results reported in Fig. 3b show that the charge rearrangements
of the "contact" atoms of the twomolecules are in the direction
opposite that of the net charge transfer, and that it is the
changes in the charges of the more distant atoms that is
responsible for the intermolecular charge transfer in the
expected direction. From the left hand side of Fig. 3b, it can be
seen that roughly the same charge is transferred from all non
contact C atoms of one C60 molecule to the non contact C atoms
of the other C60 molecule.

We now examine the impact of electric field induced charge
transfer on the EBEs of the NVCB anions of the C60 dimer,
reporting results obtained from the model potential with and
without inclusion of intermolecular charge transfer. The results
of these calculations at dimer separations of 9.50, 9.75 and 10.0
Å are reported in Table 3. Over this range of distances, the
calculations locate four NVCB anion states, two of g symmetry,
and one each of u and u symmetry, with the second g anion
state being only marginally bound. At R = 9.75 Å, the
calculations with the extended VJ model give EBEs of 263, 112,
and 69 meV for the lowest energy g, u, and u NVCB anion
states, respectively. These should be compared to the 130 meV
EBE calculated using the VJ model for the Ag NVCB anion of C60.
As expected, the EBEs of the various NVCB anion states are
enhanced by the inclusion of intermonomer charge transfer,
with the enhancement growing with decreasing separation
between the two C60 molecules.  

3.2 C60 trimer

Both linear and equilateral triangular structures were
considered for (C60)3. The structures of the C60 trimers were

Fig. 3 The changes in the atomic charges and the charge
distribution of the C60 dimer with 9.5 Å separation caused by an
electric field of 0.001 a.u. along the z axis. (a) The left hand side
shows changes in the atomic charges from B3LYP calculations and
from the extended Mayer Åstrand model. The right hand side
shows the field induced changes in the charge density at the
B3LYP/cc pVTZ level. (b) Same as (a) except that the field induced
changes in the charge (left) and charge distributions (right) of the
non interacting monomers are subtracted from those shown in
(a). Isovalues for the charge density differences are
±0.00003e/a.u.3. The atoms are numbered starting from the top
of the upper molecule to the bottom of the lower molecule.

Table 4 Polarizabilities (Å3) of the linear and equilateral triangular C60 trimer at R = 9.50, 9.75, and 10.05 Å

Molecule Method
R = 9.50 Å R = 9.75 Å R = 10.05 Å

xx ( yy) zz xx ( yy) zz xx ( yy) zz

(C60)3
linear

B3LYP/cc pVTZ 210 394 211 357 213 330
B3LYP/cc pVQZ( f, g) 217 403 218 366 220 339

Model without intermolecular CTa 205 322 206 310 208 299
Model with intermolecular CTa 205 437 206 378 208 339

(C60)3
triangular

B3LYP/cc pVTZ 311 (301) 202 294 (287) 204 279 (274) 205
B3LYP/cc pVQZ( f, g) 319 (309) 209 302 (294) 210 287 (282) 212

Model without intermolecular CTa 262 197 258 199 254 201
Model with intermolecular CTa 312 197 291 199 275 201

aCT denotes charge transfer
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generated by adding amonomer to the C60 dimer oriented along
the z direction as shown in Fig. 4. The dipole polarizabilities of
the two forms of the C60 trimer with intermonomer separations
of 9.50, 9.75 and 10.05 Å are reported in Table 4. Comparison
of the results obtained from B3LYP calculations for the linear
trimer with those for the dimer reveals that the zz component
of the polarizability grows more rapidly with decreasing R for
the trimer than for the dimer. Comparison of the results of the
calculations with the Mayer Åstrand and extended Mayer
Åstrand models reveals that this is a consequence of
intermolecular charge transfer. Qualitatively, this can be
understood in terms of the larger separation of the transferred
charge in the linear trimer than in the dimer with equivalent
intermonomer separations.

Intermolecular charge transfer is also found to be
important for the in plane polarization of the equilateral
triangular C60 trimer. Although the changes in xx and yy of the
equilateral trimer due to the inclusion of intermolecular charge
transfer are only about half as large as that in zz of the linear
trimer, the charge transfer contributions are approximately the
same for the average polarizability = 1/3( xx + yy + zz), of the
two structures. Table 5 reports the contributions of the induced
point dipoles, the charge flow, and the coupling term to the net
polarizabilities of the (C60)3 clusters. As was found for the dimer,

the strongest distance dependence is displayed by the charge
flow contribution.

Table 6 reports the EBEs of the linear and equilateral
triangular forms of (C60)3 for intermonomer separations of 9.50,
9.75, and 10.05 Å. Five NVCB anions, two of g symmetry, two
of u symmetry, and one of u symmetry, are predicted for the
linear trimer. The binding energies of all five anions are
enhanced by the inclusion of intermolecular charge transfer in
the polarization model, with the percentage enhancement
being smallest for the most strongly bound anion and growing
in importance as one progresses to more weakly bound anion
states, being 43% for the second u anion at R = 9.75 Å. The
model Hamiltonian calculations also give five NVCB anions for
the equilateral triangular form of the C60 trimer. Two are of A1'
symmetry, two of E' symmetry, and one of A2" symmetry. As
for the linear form of the trimer the inclusion of electric field
induced intermolecular charge transfer is most important for
the NVBC anions with the smallest EBEs, with the percentages
increases for the second A1' and second E' anion states being 47
and 112%, respectively.

Fig. 5 reports the energies of the two most stable NVCB
anion states of (C60)2 and of the two structures for (C60)3 for
separations ranging from 9.50 to 12 Å. For each of the three
systems, it is seen that the intermolecular charge transfer
contribution to the EBE ceases to be important for separations

Fig. 4 The geometries of linear and triangular (C60)3 with 9.75
Å separation.

Fig. 5 The energies of the two most stable NVCB anion states for
(a) (C60)2 (b) linear (C60)3, and (c) equilateral triangular (C60)3 as a
function of the intermonomer distances. Results are reported for
the VJ model (solid line) and the extended VJ model allowing for
intermolecular charge transfer (dashed line).

Table 5 Polarizability contributions (Å3) calculated using the extended Mayer Åstrand model for (C60)3 at R = 9.50, 9.75, and 10.05 Å

Contribution Component
(C60)3 linear (C60)3 triangular

R = 9.50 Å R = 9.75 Å R = 10.05 Å R = 9.50 Å R = 9.75 Å R = 10.05 Å

Induced dipole xx = yy 471.4 471.9 472.1 477.4 476.7 476.2

zz 481.6 480.5 479.5 470.7 471.2 471.6

charge flow xx = yy 562.3 563.4 564.7 657.7 632.0 614.3
zz 754.6 693.9 656.4 558.4 559.7 561.0

cross term xx = yy 829.0 829.2 829.1 823.1 818.1 815.8

zz 798.7 796.3 797.1 832.1 832.2 831.9

Total xx = yy 204.7 206.1 207.8 312.0 290.5 274.7

zz 437.5 378.1 338.8 197.0 198.8 200.7
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greater than 11 Å. Fig. 6 plots for each of the three clusters
considered the enhancement of the EBE of the most stable
NVCB anion vs. the enhancement of the polarizability resulting
from the inclusion of intermolecular charge transfer. For the
two structures considered for the trimer there is a near linear
relation between these two quantities, with approximately the
same slope for the two isomers. For small polarizability
enhancements the corresponding curve for the dimer closely
follows those of the trimers, but for larger polarizability
enhancements, the curve for the dimer deviates from linear.

Fig. 7 depicts the orbitals occupied by the excess
electron in the NVCB anion states of the C60 dimer and the linear
C60 trimer at an intermonomer separation of 9.75 Å. As noted
above, for the C60 molecule the only stable NVCB anion is the s
like Ag state with the p like NVCB anion being slightly unbound
(i.e., metastable). Were the NVCB anion states of (C60)2 and
linear (C60)3 derived solely from linear combinations of the s like

NVCB anion state for C60, one would expect to see a single
bound ( g) NVCB anion of (C60)2 and two ( g and u) NVCB
anions of linear (C60)3. Both the dimer and trimer display more
NVCB anions than this due to the states derived from the
metastable p like non valence anion state of C60 and due to sp
hybridization. We note also that if we use the EBEs of the u

NVCB anions of (C60)2 and linear (C60)3 to determine and
parameters for a Huckel model for the type NVCB orbitals,
this simple analysis predicts the p type NVCB anion of C60 to be
unbound by ~50 meV, consistent with our model potential
calculations that predict it to be unbound.

The orbitals associated with the NVCB anion states of the
triangular C60 trimer are shown in Fig. 8. The most stable NVCB
orbital of a1' symmetry for the equilateral trimer is dominated
by the bonding combination of the s type NVCB anion orbitals
of C60. However, the e' orbitals associated with the next most
stable NVCB anion display considerable sp hybridization and, as

Table 6 Electron binding energies (meV) of the NVCB anions of (C60)3.

Symmetry R = 9.50 Å R = 9.75 Å R = 10.05 Å
without CTa with CTa without CT with CTa without CT with CTa

(C60)3
linear

g 303 342 302 326 303 317
u 202 237 204 225 208 220
u 109 134 104 118 98 106
g 79 112 77 96 76 88
u 15 36 14 20 14 22

(C60)3
triangular

a1' 331 372 339 365 351 367
e' 170 209 167 192 166 180
a2" 156 182 152 168 147 157
a1' 24 48 32 47 42 52
e' 16 46 16 34 16 27

aCT denotes charge transfer

Fig. 7 Orbitals associated with the NVCB anion states of the C60
dimer and the linear C60 trimer at an intermonomer separation of
9.75 Å. The orbital isosurfaces enclose 90% of the charge of the
excess electron.

Fig. 6 Relation between the enhancement of the EBE of the most
stable NVCB anions of (C60)2 and the linear and triangular forms of
(C60)3, and the enhancement in the polarizability as a result of
inclusion of intermolecular charge transfer. The values on the
horizontal axis are zz for (C60)2 and linear (C60)3 and xx + yy for
triangular (C60)3.
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a result, are more stable than were only the s type orbital
associated with the Ag NVCB anion of the C60 monomers
involved. The energy of the a2'' like NVCB anion orbital of the
equilateral trimer falls energetically close to where one would
expect based on the location of the p type non valence anion of
C60 and the u NVCB anion of (C60)2. The second a1' NVCB orbital
of (C60)3 is essentially a bonding combination of the p type NVCB
anion of the C60 monomers. The second degenerate e' NVCB
anion orbital of the equilateral trimer also derives from a
combination of the p type NVCB orbitals of the monomers.

4. Conclusions
In this study the polarizability model of Ref. 23 is extended to
account for electric field induced intermolecular charge
transfer in C60 clusters. This extended polarization model was
incorporated in amodel Hamiltonian for describing non valence
correlation bound anions. It is found that, at the potential
energy minimum of the C60 dimer, the inclusion of the charge
transfer term leads to a 15% increase in the zz value of the
dimer. For the C60 trimer, the contribution of intermolecular
charge flow to the average polarizabilities is even more
important. This increase of the polarizabilities is accompanied
by a 5 15% increase in the EBEs of the low energy NVCB anion
states of the C60 dimer and trimer. The inclusion of
intermolecular charge transfer is found to be even more
important for excited NVCB anion states with small EBEs.
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Orbitals associated with the non valence correlation bound anions of the C60 dimer and linear trimer
from calculations allowing charge transfer.
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