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Abstract. We have measured the electric dipole moment of isolated alkali-Cgo molecules (with alkali = Li,
Na, K, Rb, and Cs) by molecular beam deflection experiments. The dipole increases from 12.4 D for LiCgo
to 21.5 D for CsCego. These results are compared to those deduced from an analytical polarizable-ion model.
This comparison shows that there is a strong electron transfer from the alkali atom to the Cgo cage, which

is almost complete for KCgp and RbCegp.

PACS. 33.15.Kr Electric and magnetic moments (and derivatives), polarizability, and magnetic
susceptibility — 34.70.4+e Charge transfer — 61.48.+c Fullerenes and fullerene-related materials

1 Introduction

Since the discovery of synthetic routes for isolating macro-
scopic amounts of Cgy molecules [1], a lot of works have
been devoted to study their chemical and physical prop-
erties. It has been demonstrated that Cgo films become
conductive and even superconductive at low temperature,
when doped with alkali metal atoms [2,3]. The fullerene
cage easily accommodates excess charges from outer or
inner metal atoms. A remarkable example concerns the
KgCgo solid, where a six time negatively charged Cgg
molecule is predicted [4]. These spectacular results have
initiated numerous theoretical and experimental works on
isolated endohedral or exohedral metallofullerenes (metal
atoms respectively inside and outside the carbon cage).
For endohedral species, calculations predict a total elec-
tron transfer from the metal atom to the Cgo cage [5-8].
For exohedral species, an accurate prediction of charge
transfer is more difficult [9]. The main difficulty to per-
form ab initio calculations on exohedral systems, arises
from the fact that the equilibrium distance between the
metal atom and the Cgg cage is large. An extended basis
set is required to reproduce correctly the charge transfer
between the carbon cage and the alkali atom [10].
Martin and collaborators have performed an exten-
sive study of metal-coated fullerenes in the gas phase,
observing electronic and geometric shells [11]. Photo-
electron spectroscopy experiments have shown that a
strong charge transfer occurs in isolated sodium and
potassium-coated Cgy molecules [12,13]. Low-energy scat-
tering of alkali atoms on Cgg fullerenes have also led to
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valuable quantitative data for unbound system [14, 15].
The interpretation of these collision experiments with sim-
ple analytical models have allowed to describe the long-
range interaction in these systems. However, up to now,
almost no quantitative experimental results are available
on the electronic properties of a M—Cgy molecule, in par-
ticular on the interaction between the metal atom and the
fullerene cage.

In this article, we present the measurement of the per-
manent dipole moment of isolated alkali-Cgg molecules
by molecular beam deflection technique [16]. The elec-
tric dipole moment is a direct observable of the charge
transfer which occurs between the Cgg molecule and the
alkali atom. We present the experimental set-up and the
experimental results in Sections 2 and 3. In Section 4,
the charge transfer is discussed and the data are compared
to the results of an analytical polarizable-ion model, that
allows one to calculate dipole moments of alkali-Cgg in
their ionic configuration.

2 Experimental

The experimental molecular beam deflection apparatus
has been already described in details [17]. The alkali
M-Cgg clusters are produced by laser vaporization of a rod
made of = 80% of alkali halide salt (LiCl, NaCl, KBr, RbI,
and CsCl) and =~ 20% of purified Cgy powder (> 99.9%
purchased from MER corp.). We use the third harmonic
of a Nd:YAG to vaporize the rod and Neon as carrier gas.
A low laser power is used in order to avoid any fragmen-
tation of the fullerenes. With the low laser power that we
are using for the vaporization, the transfer of the alkali
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atom inside the cage can be excluded. The M-Cgp com-
pounds correspond to exohedral alkali fullerene molecules.
The clusters leave the source through a 5 cm-long nozzle.
The temperature of the nozzle can be adjusted from 150 K
to 500 K. The molecular beam is skimmed and tightly col-
limated by two slits. It is deflected in a “two-wire” electric
field configuration. The clusters are ionized 1 m after the
deflector in the extraction region of a position-sensitive
time of flight mass spectrometer. The deviation d of
a M—Cgo molecule, is determined by comparing the arrival
time at the detector measured with the electric field in the
deflector to the arrival time measured without electric field
in the deflector. In first approximation, the difference in
time At is proportional to d. The deviation d for a given
molecule of mass m with an average polarizability a and
a velocity v is given by:

KFaF
d= ¢ 0z

1
2mu? (1)
where K is a geometric factor. F'; 0F/0z are respec-
tively the field and the gradient of the electric field in
the deflector. The velocity is selected and measured with
a mechanical chopper.

3 Electric dipole moment of alkali-Cgq
molecules

Figure 1 shows typical arrival time distribution (ATD)
profiles of RbCgg measured with and without electric field
in the deflector (24 kV and 0 kV) at two different tem-
peratures. At T' = 289 K, both ATD profiles are nearly
symmetrical. The profile obtained with the electric field
in the deflector is time shifted toward longer times of
flight. This global shift corresponds to a static polariz-
ability equal to ~ 2485 A3 for all the molecules. At lower
temperature (T = 183 K), an additional broadening of
the profile is observed when the electric field in the de-
flector is turned on. All the molecules in the beam do not
have the same polarizability a. The small oscillations ob-
served on the signal are due to ions with slightly different
masses. The polarizabilities, calculated using equation (1)
and the average deviation measured in ATD, are reported
in Figure 2 as a function of the inverse of the tempera-
ture. Experiments were performed with a voltage across
the deflector of 24 kV and for a nozzle temperature in
the range of 150-500 K. In the range of hot temperatures,
the evolution of the polarizability of RbCgg and NaCgg is
linear with respect to the inverse of the temperature. In
the range of cold temperatures, the profiles are broadened
(see Fig. 1) and the average polarizability does not follow
the linear behavior.

Recently, we have shown that, for KCgy molecules,
there is a strong permanent dipole p along the direction
joining the center of the cage to the alkali atom [16]. At
room temperature, the alkali atom, and then the direc-
tion of the electric dipole moment, can move freely on
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Fig. 1. Experimental arrival time distribution (ATD) profiles
of RbCgo molecules at two different temperatures. (0) Exper-
imental profiles without electric field in the deflector, (o) ex-
perimental profiles with electric field in the deflector (24 kV);
( ) results of simulations.
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Fig. 2. Temperature dependence of the polarizability of RbCsgg
and NaCgo molecules. The temperature of the nozzle has been
varied from 150 K to 500 K. The solid line represents a linear
fit on the first three reported data.

the surface of the cage. Without electric field, the aver-
age value of the dipole is zero. In a static electric field,
the dipole is statistically oriented toward the direction of
the electric field (paraelectricity). The average value of the
dipole is inversely proportional to the temperature, and is
given, in first approximation by the Langevin formula. All
the molecules are deviated by the same amount, which is
proportional to o = u?/3kT. Experimental data recorded
at T > 293 K are in agreement with the linear behavior
predicted for a paraelectric system.

As the temperature decreases, the hopping frequency
of the alkali atom decreases and the effect of the rotation
on the polarizability cannot be neglected. The polarizabil-
ity of a rotating alkali-Cgp molecule in a static electric field
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Table 1. Experimental permanent dipole moment (gexp) ob-
tained from deviation measurement and calculated dipole mo-
ment (pion) of alkali-Ceo at the minimum of the ionic state
curve (see Eq. (3)).

LiCego NaCgo KCso RbCso CsCeo
texp(D) 12.44£2.0 16.3+£1.6 21.5+2.2 20.6+2.1 21.5+2.2
tion(D)  20.1 21.5 24.1 24.3

Table 2. Lennard-Jones potential parameters.

LiCeo NaCsgo KCso RbCso
Cs (10* au)  7.92 8.64 1250  13.40
Ci2 (10° au) 76.51 101.81 178.54  192.09

is given by [18,19]:

2 2 2.2
oo M + cos?(0)§2°1 2)
3kT 14 2272

where (2 and 6 are respectively the angular velocity of
the molecule and the angle between the molecular angu-
lar momentum axis and the axis of the electric field. 7
is the characteristic relaxation time due to the hopping
of the metal on the Cgg cage. Experimental profiles are
fitted using equations (1, 2), for every accessible value of
0 with a weight equal to 27sin(f). The rotation energy
is taken equal to (3/2)kT. The same value of y is used
for all temperatures, the value of 7 is adjusted for every
temperature. The fits shown in Figure 1 for RbCgg (full
lines) are obtained for 1 = 20.6 D. 7 follows an Arrhenius
law with an activation energy equal to 0.02 eV. Very low
surface diffusion barrier are also observed and calculated
for alkali atoms on graphite [20,21]. The upper limit cal-
culated in reference [21] for the diffusion of K atom on
graphite is 0.08 eV.

Experimental dipole moments for LiCgp, NaCgg, KCgp,
and CsCgo obtained with the fitting procedure described
above are listed in Table 1. The dipole moment increases
with the size of the alkali atom; from 12.4 D for LiCgg
to 21.5 D for CsCgp [22]. Simple physical aspects may
explain this behavior. First, alkali atomic and ionic radii
increase continuously from lithium to cesium. This induces
an increase of the equilibrium distance between the alkali
atom and the Cgy cage. Second, the electropositivity of
alkali increases from lithium to cesium. In the frame of the
Pauling model for ionic bonds, this is expected to induce
an increase of the electron transfer from the alkali to the
Cgo. Both effects will lead to an increase of the dipole
moment.

4 Discussion

To analyze these results, one needs to know the relevant
interaction forces which bind the alkali atom to the Cgg
cage. For this purpose, we propose to model the alkali-
Ceo system as a donor (alkali atom) and an acceptor (Cgo
cage). The bond in the alkali-Cgp molecules will be the re-
sult of the interaction of the covalent (Vo) and the ionic
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Fig. 3. Ionic (solid line) and covalent (dotted lines) states of
LiCso, NaCgo, KCso and RbCgo molecules (see Appendix A).
The asymptotic values of the two states are separated by the
difference between the ionization potential of the alkali atom
and the electron affinity of Ceo (Im — Acg, )-

(Vion) states. One can have a crude estimate of the poten-
tial curves of these states, using a simple analytical expan-
sion of the potentials in power of the inverse interatomic
distance (Cy,/r™) [23-25]. We describe the covalent state
of the alkali-Cgo molecules by a Lennard-Jones potential.
The ionic state will be given by the sum of a Coulombic
(—C1/r), a polarization (—Cy/r*) and a short-range repul-
sion (C1a/r'?) terms. The detail of these potentials and
the constants that we have used, are given in Appendix A
and Table 2.

Figure 3 displays the ionic and covalent potentials
calculated for LiCgy, NaCgy, KCgp and RbCgy using
equations (A.1, A.5). The potentials are plotted as a func-
tion of the distance between the center of the Cgy cage
and the alkali atom. Their asymptotic values are separated
by the difference between the ionization potential of the al-
kali atom and the electron affinity of Cgp (Im — Ay, )- The
covalent states are weakly bound (5.0-6.4 meV), while the
ionic states are strongly bound (2.1-2.4 e¢V). The curves
are similar for all the alkali-Cgy molecules, but the posi-
tion in energy of the ionic state with respect to the co-
valent state strongly depends on the alkali atom. This is
due to the strong variation of the value of (In — Acg,)
from lithium to rubidium (2.69 eV to 1.48 eV). For KCgq
and RbCgp, the minimum of the ionic state is significantly
lower in energy than the minimum of the covalent state.
In contrary, for LiCgy and NaCgg, the minimum of the co-
valent state is slightly lower in energy than the minimum
of the ionic state. The ionic and covalent state curves un-
dergo a diabatic crossing at a distance R, which varies
from 6.1 A for LiCgo to 10.0 A for RbCgo. The distance
at the minimum of the ionic curve varies from 6.19 A for
LiCgo to 6.79 A for RbCgo. At the minimum of the ionic
state, one can calculate the corresponding dipole moment.
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Taking into account the polarization contribution, espe-
cially the strong polarization of the fullerene cage, the
permanent dipole moment is given by [26]:

4
Q- + r dovq— app+
( C60 + M+) + C60 M+

(3)

p=el|r—
6 — 4acgoaM+

Calculated dipole moments, using equation (3) are given
in Table 2.

For KCgp and RbCgg, calculated dipoles are in rela-
tive good agreement with experimental values. This shows
that, as expected from Figure 3, there is a strong charge
transfer from the alkali atom to the Cgo cage. The ionic
state is the configuration of lowest energy and the per-
manent dipole is close to the permanent dipole calcu-
lated for MTCj, with equation (3). In contrary, values
obtained from equation (3), for LiCgy and NaCpgo signif-
icantly overestimate experimental values. There is not a
complete charge transfer. This is in agreement with the
prediction of our simple model (see Fig. 3). It is clear
from this figure, that an accurate description of the bond-
ing needs to take into account the interaction between the
ionic and covalent states. The coupling between these two
states will lead to a partial ionic character of the bonding.
A partial charge transfer for Na atom and a total charge
transfer for heavier alkali atoms have also been observed
or calculated for alkali-doped fullerides and alkali atoms
on graphite [27,28].

In summary, we have measured the electric dipole mo-
ment of isolated alkali MCgp molecules (with M =Li, Na,
K, Rb, and Cs) by molecular beam deflection experiments.
They are in the range 12.4-21.5 D from LiCgy to CsCgp.
These results are in qualitative agreement with a simple
analysis of ionic and covalent potential curves for the in-
teraction of the alkali atom with the Cgy cage. We hope
that our results will stimulate the development of models
able to correctly describe the interaction of a Cgy molecule
with a metal atom.

The authors wish to thank F. Spiegelmann for fruitful
discussions.

Appendix A: Formulas for the ionic
and covalent potentials of the alkali-Cgg
molecules

The covalent state of alkali-Cgg molecules is described by
a Lennard-Jones (12-6) potential :

Cia  Cs
Veov = T2 6 (A1)
where r is the distance between the alkali atom and the
center of the cage. Cs and Cio are the usual Lennard-
Jones parameters. Cg is calculated using the well-known

London dispersion formula [14]:

WMWCq
wM + Weg,

CG = ghOéMOzCGO (AQ)
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where o and w are the static polarizabilities and the char-
acteristic dipole transition frequencies, which are avail-
able in the literature for the alkali atoms and Cgg [29].
The parameter Ci5 is extracted from Cg by:

012 = 0-1?/106006 (A3)
where oMy, is the collision parameter given by the usual
combination rule [30]:

1
OMCg¢o = 5 (UMM + UCGOCGO) (A4)

2

0CewCeo = 9.59 A [31] and oy are deduced from scat-
tering measurements of alkali atom on rare gases (oMM =
5.85 A [32], 6.37 A [33], 6.89 A [34], and 6.90 A [33],
respectively for Li, Na, K, and Rb). The Lennard-Jones
parameters for the alkali-Cgg systems are listed in Table 2.

The ionic state of alkali-Cgg molecules is given by a
polarizable-ion potential. The potential is described by
the sum of a Coulombic, a polarization and a short-range
repulsion terms:

Cio 1 (ac&) + on+)

Vvion = - - - 27"4

+ I — ACGO (A5)

riz p

where a- and apg+ are the ion polarizabilities (ay+ =
60

0.029, 0.179, 0.83, and 1.40 A3 [35], respectively for Lit,
Nat, KT, and Rb™). For Cg,, we use the experimen-
tal polarizability of the neutral Cgg fullerene (ac,, =
76.5 A [36]). One would expect the polarizability of Cg,
to be slightly higher than the polarizability of Cgo. This
would lower the calculated dipoles. We use the same short-
range potential (C1a/r'?) for the ionic state than for the
covalent state. In fact, the short-range interaction param-
eter is essentially driven by the dimension of the Cgg cage,
which is quite the same for the negatively charged cage.
Finally, the asymptotic values of the two states are sepa-
rated by the difference between the ionization potential of
the alkali atom and the electron affinity of Cgo (In—Acy, )-
We did not find reliable experimental values for the colli-
sion parameter of Cs—Cgg.
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