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We report a combined experimental and theoretical study of the on-ball vibrations of the singly charged C60

anion. The experimental material is �Ph4As�2ClC60, a prototypical system for studying isolated C60
− , which we

have investigated by high-resolution infrared spectroscopy in the range 50–1500 cm−1 between 6 and 300 K.
Our first-principles quantum molecular dynamics calculations provide complementary information on the
vibrational spectra as well as simulated structural information about the reduced-symmetry cage. Our com-
bined results indicate either C2h or Ci symmetry for the Jahn-Teller distorted cage. In both cases, the cage is
prolate and elongated along an axis that penetrates opposing five-membered rings. Bond-length changes are
less than 0.013 Å. Observed temperature-dependent frequency shifts of the C60

− vibrations are insufficient to
identify any ordering transition, although low-temperature softening of a T1u�4�-derived mode is substantial.
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I. INTRODUCTION

Charge transfer salts of C60, in which the fullerene mol-
ecule gains one or more excess electrons, exhibit a variety of
fascinating phenomena in which Jahn-Teller �JT� coupling1,2

between electronic and vibrational energy levels plays a cru-
cial role.3,4 In the superconducting A3C60 salts �A=alkali
metal�, the exact mechanism of superconductivity is still be-
ing clarified,5,6 but the importance of the JT effect has long
been acknowledged.7,8 Although the A4C60 compounds are
insulating, their electronic properties are also attributed to
aspects of JT electron-vibrational coupling.3,9 In the organic
ferromagnet tetrakis-dimethylaminoethylene �TDAE�-C60,

10

the orbital �orientational� ordering of closely spaced Jahn-
Teller distorted cages, known as the cooperative JT effect, is
believed to produce the ferromagnetic exchange.11–17

Although cooperative effects among JT-distorted C60 an-
ions are assumed to play a crucial role in the properties of
these materials, evidence of the actual distortion is usually
indirect and often ambiguous.18 Nuclear magnetic resonance
�NMR� data of TDAE-C60 indicate a beltlike distribution of
the electron density associated with a Jahn-Teller elongation
of the cage,19 and the contact configuration between neigh-
boring cages appears to be crucial,20 but the actual distortion
symmetry of the cage has not been experimentally deter-
mined. Among the A4C60 compounds, only in Cs4C60, which
makes a transition to a cooperative JT state at low tempera-
ture, was structural evidence found for a distortion of the
cage �D2h in this case�.21 Structural investigations searched
for a JT distortion of the C60

4− cage in K4C60 and Rb4C60, but
succeeded only in excluding distortions greater than
0.04 Å.22

In the case of an intramolecular dynamic JT effect in
charged C60,

2 structural investigations are not expected to
observe the distortion, because the ball averages to high

symmetry over very short time scales.23 If the distortion is
stabilized by crystal field interactions, however �a “static JT
effect”�,2 the reduced cage symmetry can sometimes be de-
termined by x-ray diffraction. Two materials were found to
exhibit discernible structural distortions due to a suppression
of orientational disorder and a static JT effect: �PPN+�2C60

2−

with a Ci-distorted prolate cage,24 �Ni�C5Me5�2
+��C60

− �CS2

with a C2h oblate cage.25 On the theoretical side, some in-
vestigations of the molecular JT effect in C60

n− have been lim-
ited to linear JT coupling;26,27 while others23,28–30 incorpo-
rated higher-order terms, producing a likely D5d or D3d cage
distortion. C60

− has also been investigated by ab initio
electronic-structure-based numerical simulations. The earli-
est of these simulations were either constrained31 to three
subgroups of the icosahedral group, namely D5d, D3d, and
D2h, or else found the lowest-energy distortion without any
consideration of symmetry.32 A more recent simulation33

finds a Ci distortion to be the likeliest symmetry of the singly
charged cage.

As a complement to work on materials with strongly in-
teracting C60 anions, salts of C60 with well-separated
monoanions have been investigated in order to understand
the JT effect in nearly isolated C60

− . The isostructural set
�Ph4X�2YC60 �Ph=phenyl=C6H5; X=P and Y =I, Cl, or Br;
or X=As and Y =Cl� has well-isolated C60

− cages and the
experimental advantage of being stable in air.34,35 The crystal
lattice of these materials is I4/m, with C60

− and halide anions
each at the center of a tetragonally distorted cube of Ph4X
cations.33,34,36,37 A nearly cubic symmetry embrace of phenyl
rings encapsulates each C60

− ,35 with offset face-to-face or
edge-to-face attractive interactions between Ph rings and C60
hexagons.38 Since the fourfold crystallographic symmetry is
not replicated in the Ih point group,39 there are two equiva-
lent perpendicular orientations of the C60

− cage that are ran-
domly occupied.34,36,37 Although both the disorder and the JT
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effect are reported to be static at low temperature,36,40,41 no
distortion of C60

− in �Ph4X�2YC60 has been detected by x-ray
diffraction34–37 or diffuse x-ray scattering,42 and an upper
bound of 0.01 Å has been set on deviations from an Ih sym-
metry cage.36

In addition to the structural studies, other experimental
methods have been employed to clarify the properties of the
C60 monoanion in the �Ph4X�2YC60 set of materials.33,40–58 Of
particular relevance for this paper is a previous vibrational
study of �Ph4P�2IC60 which found splitting of the T1u C60

modes and activation of silent vibrations, consistent with a
D5d or D3d JT distortion of the cage.55 Although a JT distor-
tion of C60

− was successfully confirmed, the accuracy of the
symmetry identification was limited because a strong coun-
terion vibration obscures the region of the fundamental
T1u�1� vibration and because no comparison was made to a
calculated spectrum. A JT distortion of the C60

− cage in
�Ph4X�2C60Y materials also was revealed by angular-
dependent electron spin resonance �ESR� studies, which
found an anisotropic g factor at low T.33,40,41,43 Among these
studies, however, there was no consensus as to whether the
specific distortion type was D2h

40 or a lower symmetry such
as C2h or Ci

33 �note that neither choice is consistent with the
conclusion of the vibrational study55�. The description of the
low-temperature state, the nature of a transition to that state,
and the transition temperature have also been the subject of
disagreement.33,36,40,42,55

Vibrational properties are highly sensitive to molecular
symmetry. Recent combined experimental-theoretical vibra-
tional studies of C60 polymers found considerable mixing of
the isolated neutral IhC60 modes �mode mixing� and surpris-
ingly large mode splittings in spectra of the bonded distorted
cages.59–61 In light of those unexpected results, and to ad-
dress the specific limitations of the earlier vibrational work
on the isostructural fulleride salt,55 we have undertaken a
combined experimental-theoretical examination of the vibra-
tional properties of �Ph4As�2ClC60. Experimentally,
�Ph4As�2ClC60 has the advantage over �Ph4P�2IC60 in that
both T1u�1�- and T1u�2�-derived modes appear unobscured in
the spectrum. We also wanted to address the inconsistencies
of previous �Ph4X�2C60Y studies and the ongoing need for
more information about JT distortions in charged C60.

18

After reviewing our experimental and calculational meth-
ods, we begin by identifying C60

− modes in the experimental
spectrum, then discuss the temperature �T� dependence of
those modes. Next we focus on a comparison of the experi-
mental spectrum with calculated spectra for differently dis-
torted cages. Finally, we compare the geometry of the simu-
lated structures with previous experimental results for both
the lattice and the enclosed cage, and summarize our results.

II. MATERIALS AND METHODS

A. Experiments

Several batches of small single crystals of �Ph4As�2ClC60

were prepared by electrocrystallization;41 the quality of
sample batches was confirmed at room temperature by ESR.
The crystals were ground up with paraffin at 77 K or mixed

with KBr at room temperature and pressed at 2000 or
20 000 psi under vacuum into homogeneous pellets for far
infrared �FIR� or middle infrared �MIR� measurements. Con-
centrations were optimized between 0.6 and 2.5 % for vari-
ous transmittance regions. Pellet samples were stored in
evacuated desiccators.

High resolution �0.25 cm−1 for FIR, 0.5 cm−1 for MIR�
transmittance spectra were taken with a Bruker IFS 66 V
Fourier transform spectrometer. We found good reproducibil-
ity among varying sample concentrations and batches, al-
though minor intensity changes occurred in some features
after repeated temperature cycling or extended storage times.
An Infrared Labs helium-cooled Si bolometer was used for
far infrared data collection and a custom Janis cold gas cry-
ostat provided stable temperature control between 6 K and
300 K. Reference scans through an identical sample mount
hole were taken at each temperature. Discrepancies between
thermometers mounted on the heater vaporizer and sample
holder were generally much less than 10%; reported tem-
peratures are from the sample holder thermometer with a
small correction for the discrepancy. For this type of cold gas
immersion cryostat with data taken as the temperature is
stepwise increased, any error would likely make the actual
sample temperature colder than the recorded temperature
value.

We measured the low temperature spectra of
AsPh4Cl-H2O and AsPh4Cl-HCl to approximate the counter-
ion of the fulleride salt. Sample pellets were prepared as
described above. Intense broad H2O peaks62,63 between 500
and 600 cm−1 make the hydrate compound ill suited for com-
parison to the fulleride salt spectrum in the FIR, and our
attempts to eliminate the water by vacuum drying failed. On
the other hand, spectra of AsPh4Cl-HCl provide a reasonable
comparison for the purpose of identifying C60

− modes below
�700 cm−1. Since the hydrate compound has fewer extra
modes in the MIR than the HCl compound, the former was
chosen for comparison to the fulleride salt in that region.

B. Calculations

Our method for these simulations of isolated C60
− is the

first-principles quantum molecular dynamics �QMD� of San-
key and Niklewski.64 The method is characterized by three
main approximations: the local density approximation
�LDA�, use of the non-self-consistent Harris energy func-
tional, and expansion of the wave function in a minimal basis
set of four pseudoatomic local orbitals �one s and three p�.
An important additional approximation is that the free-atom
local orbitals are created with the boundary condition that
their wave functions vanish at a “confinement radius” rc of
4.1 Bohr radii; this approximation restricts the number of
interacting neighbors of each atom in the molecule to the
number within a radius of 2rc �for example, each atom in Ih
C60 has 21 interacting neighbors�. The method has been well
tested for carbon, for both neutral and charged
fullerenes,32,65,66 and for fullerene polymers,59–61,67–70 as well
as for nanotubes71 and carbon solids.32,72–74

In our QMD method, equilibrium geometries are obtained
by relaxing an approximate initial structure; the relaxation is
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accomplished by imposing an artificial damping algorithm
which removes excess kinetic energy as the atoms move to-
wards the configuration having minimum potential energy.
At each step in the relaxation, we obtain the charge density
of the structure, as well as all atomic forces and the total
energy. Our simulation of C60

− begins by adding a single elec-
tron to a relaxed neutral Ih C60. The initial relaxation of the
resulting charged molecule lowers its energy by 0.013 eV
without disturbing the Ih symmetry. We are then able to pro-
duce a C60

− having any desired subgroup symmetry by pro-
viding a small random distortion �but having the desired
symmetry� and again allowing the molecule to relax; during
this relaxation the symmetry may increase, but cannot de-
crease �for example, the molecule might return to Ih symme-
try�, because the nonsymmetric force components sum to
zero. Although the distorted C60

− found by such a relaxation is
guaranteed to have not less than the desired symmetry, we
cannot insure that there are not other distorted C60

− structures
having the same symmetry and perhaps lower energy. In an
effort to find an alternate distorted C60

− having the same sym-
metry, at the end of each relaxation we multiply the final
distortion by −1, apply this “inverted� distortion to Ih C60

− ,
and rerelax. For example, the inversion of a prolate distortion
will be oblate, and vice versa; however, the subsequent re-
laxation may then restore the original character of the distor-
tion.

We have used this strategy to produce distorted C60
− mol-

ecules having the subgroup symmetries D5d, D3d, D2h, and
C2h. For each of the D2h, D3d, and D5d symmetries, the strat-
egy yields a low-energy distortion which is prolate and elon-
gated along the major symmetry axis �either of the three C2
axes in the D2h case�. For C2h we find two energetically
competitive distortions, C2h,5 and C2h,6, both of which are
prolate, but neither of which is elongated along the C2 axis;
we describe these two distortions in detail in Sec. III D. In
addition, we have produced another distortion by allowing a
period of random room-temperature thermal vibrations fol-
lowed by a relaxation; this results in a distorted C60

− having
Ci symmetry and an energy close to those for our other con-
figurations. Although standard JT theory for a T � h Jahn-
Teller system such as C60

− does not lead to Ci �Ref. 2, Chap.
2�, our simulations do not have these restrictions. Indeed, the
experimentally relevant factors which determine the realiz-
able molecular configurations are the kinetics during the
sample growth. Hence the Ci distortion must be considered.
The energies of all our distorted C60

− molecules are essen-
tially equal, approximately 0.046 eV �±0.003 eV� less than
the energy of relaxed Ih C60

− .
For the distorted molecules described above, the equilib-

rium atomic positions determined by our program cannot be
regarded as unique. There are likely to be other sets of
atomic positions having the same distortions �i.e., also pro-
late and with the same axes of elongation� and for which the
net force on every atom is also zero. For the D2h, C2h,5, and
Ci symmetries, by applying alternate initial distortions, we
have produced multiple sets of equilibrium atomic positions
for the purpose of estimating the uncertainty inherent in our
comparison of vibrational experiment and theory �as dis-
cussed in greater detail in Sec. III C�.

Once an equilibrium geometry of a desired symmetry is
obtained, the normal modes are calculated in the harmonic

approximation: one at a time, the atoms are given small dis-
placements and the resulting QMD atomic forces per unit
displacement yield the harmonic force constants. In the re-
gion 300–700 cm−1, there are two IR-active modes and
eleven non-IR-active Ih C60 modes; the frequencies we cal-
culate for these modes are in excellent agreement with the
corresponding experimental values,75 giving us confidence in
using our calculated C60

− frequencies for comparison with
experiment in this range. IR strengths are calculated within
the linear electric-dipole-moment approximation: in this
case, individual atoms are again given small displacements
and the resulting QMD dipole moments per unit displace-
ment yield the effective charges. The effective charges are
multiplied by the normal mode displacements to produce the
mode dipole moments, the squares of which give the relative
areas of the modes’ IR lines. These temperature-independent
�-function strengths are given Lorentzian broadening to pro-
duce a theoretical IR spectrum for each equilibrium geom-
etry. As detailed in Sec. 2.3 of Ref. 75, our calculated IR
intensities are much more uncertain than our calculated fre-
quencies; hence, in our assignments we make only limited
use of the intensity information, as described in Sec. III C.

III. RESULTS AND DISCUSSION

A. Identification of C60
− features

The first task in understanding the vibrational data is to
identify features attributable to the C60

− anion, which we ac-
complish by comparing spectra of the fulleride salt
�Ph4As�2ClC60 and the appropriate counterion AsPh4Cl-HCl
or AsPh4Cl-H2O, as shown in Figs. 1�a� and 2�a�. We assign
C60

− modes as those features present in the fulleride salt spec-
trum but missing in the counterion spectrum; they are
marked by square dots in the figures. The identification of
some features is ambiguous because of small frequency
shifts or intensity differences between the two spectra. To aid
in the assignment process, it is instructional to review known
vibrations of molecular groups contained in the counterion
and to compare our �Ph4As�2ClC60 spectra with published
data of the isostructural fulleride salt, �Ph4P�2IC60, and its
counterion, Ph4PI.55,58

The large number of counterion features throughout the
FIR and MIR are vibrational modes of the substituted phenyl
rings �C6H5-X�.76–78 These vibrations consist of in- and out-
of-plane deformations of the six-membered carbon rings and
associated H atoms, as well as modes that involve significant
movement of the substituted atom X �X=As or P in the two
different versions of the fulleride salt�, making those mode
frequencies sensitive to the mass of X.76 The X sensitivity
accounts for significant differences between some phenyl
ring modes in Ph4PI and AsPh4Cl-HCl, especially in the FIR
region. Most notably, the strong phenyl ring vibration at
526 cm−1 that obscures the T1u�1�-derived modes in
�Ph4P�2IC60 shifts away from that frequency in
�Ph4As�2ClC60, making the latter material a better choice for
study of the fulleride anion vibrations. Because intramolecu-
lar modes of C60

− should be relatively insensitive to the coun-
terion environment, only when features not in the counterion
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spectrum are found at the same frequency in the two versions
of the fulleride salt are they candidates for C60

− vibrations.
Since we are concerned with intramolecular C60

− modes sen-
sitive to the on-ball symmetry distortion, we do not attempt
to assign features below 200 cm−1.

Based on these considerations, we identify three sets of
features positively attributable to C60

− in the FIR spectrum
�50–650 cm−1� of �Ph4As�2ClC60: a narrow doublet at 397.9
and 398.6 cm−1, a widely split multiplet at 504, 525, and
529 cm−1, and a strong doublet centered at 575.1 and
578.6 cm−1. These features are shown magnified in Fig. 1�b�.
Each of these meets the above criterion for identifying C60

−

modes in �Ph4As�2ClC60 and all are within 1 cm−1 of the
corresponding observable C60

− frequencies in �Ph4P�2IC60,
55

except for the 529 cm−1 mode, which shifts by 3 cm−1. These
seven positively identified FIR C60

− features are listed in col-
umn one of Table I.

Identification of C60
− modes is more difficult in the MIR

region �650–1500 cm−1� due to the abundance of counterion
phenyl ring modes throughout �Fig. 2�. We are able to use the
criterion for identifying C60

− modes for a narrow doublet at
665 cm−1 �also listed in column one of Table I�, a multiplet
grouped near 1175 cm−1, and a strong feature at 1387 cm−1,
all shown magnified in Fig. 2�b�. Wide splitting of the
1387 cm−1 C60

− mode probably accounts for some nearby fea-

tures but remains unconfirmed because there are counterion
modes in the same region. Although the 1175 cm−1 feature
also overlaps with some weak counterion modes, its fivefold
splitting �Fig. 2�b�� may be due solely to C60

− , since it appears
identically in �Ph4P�2IC60.

58 Other potential C60
− modes in

this region appear at 727 and 974 cm−1 but are too close in
frequency to counterion modes to assign with confidence.
One puzzling feature is a sharp and moderately strong peak
at 842 cm−1 that meets our criterion for C60

− modes but has
no recognizable counterpart in the calculated vibrations of
C60

− . This feature does occur, albeit somewhat more weakly,
in the Ph4PI counterion spectrum58 and also as a weak mul-
tiplet in the MIR hydrochloride counterion spectrum �not
shown�, although not the hydrate counterion spectrum. It
may be an activated phenyl ring mode, since it coincides
with a known Raman-active Ph frequency �non-
X-sensitive�.76

As is evident by close inspection of the data in Figs. 1–3,
the primary features of �Ph4As�2ClC60 spectrum are overlaid
by a large number of reproducible small sharp peaks �seen
most clearly in Fig. 3�, which we call the “fine structure.”
These small well-defined features appear throughout the FIR
region in proximity to both C60

− and counterion modes, and to
a lesser extent in the MIR. Such fine structure appears to a
much lesser degree in the pure counterion spectra. Because
of the ubiquity of the fine structure and its presence in re-
gions where no C60

− modes are IR-active �such as between
400–500 cm−1, see Table I�, we conclude that such structure

FIG. 1. �a� Far infrared low-temperature transmittance spectra of
�Ph4As�2ClC60 �T=6 K� and of the counterion AsPh4Cl-HCl
�T�40 K�, in pressed paraffin pellets. Both spectra exhibit interfer-
ence fringes in the low wave number �frequency� region. C60

− modes
are marked with solid square dots. The asterisk indicates a paraffin
mode. �b� Magnified views of C60

− vibrational features in
�Ph4As�2ClC60 at room temperature �dashed� and T=6 K �solid�.
Arrows points to weak features whose identification is ambiguous.

FIG. 2. �a� Middle infrared transmittance spectra at T=6 K of
�Ph4As�2ClC60 and of the counterion AsPh4Cl-H2O, in pressed par-
affin pellets. C60

− modes are marked with solid square dots. �b�
Magnified views of C60

− vibrational features in �Ph4As�2ClC60 at
room temperature �dashed� and T=6 K �solid�.
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is not due to the fulleride anion; perhaps it is due to some
interaction that weakly activates counterion modes. We dis-
miss contamination as a source because the same fine struc-

ture appears in spectra of multiple sample pellets from
�Ph4As�2ClC60 samples grown in different years. Although
published spectra55 of the isostructural salt �Ph4P�2IC60 show

TABLE I. Vibrational mode assignments for Ci- and C2h,5-distorted C60
− . Experimental frequencies ��� �ambiguous C60

− modes are in
parentheses�, calculated frequencies �an asterisk indicates the intensity is an order of magnitude less than that of other modes in the same
symmetry group�, errors, mode symmetries, and parent symmetries for each simulated distortion. The mode error= �calculated �
−experimental �� / experimental �; the average error is found from the magnitudes of the mode errors. Some of the C2h,5 calculated frequen-
cies are shown out of order so that assigned modes are in the same row for both symmetry cages.

Experimental
� �cm−1�

Simulated Ci Simulated C2h,5

�
�cm−1�

Error
%

Mode
symmetry

Ih parent
symmetry %

�
�cm−1�

Error
%

Mode
symmetry

Ih Parent
symmetry %

329.0 Au T3u�1� 96.8 328.6 Bu T3u�1� 98.1

331.3 Au T3u�1� 97.7 330.5 Au T3u�1� 96.1

331.8 Au T3u�1� 97.4 332.6 Bu T3u�1� 96.4

342.5 Au Gu�1� 96.8 342.5 Au Gu�1� 99.4

343.7 Au Gu�1� 96.9 342.6 Au Gu�1� 96.4

344.2 Au Gu�1� 98.4 343.1 Bu Gu�1� 97.0

345.2 Au Gu�1� 98.9 343.3 Bu Gu�1� 97.6

397.8 390.7 −1.79 Au Hu�1� 99.6 391.7 −1.53 Au Hu�1� 99.8

398.6 392.7 −1.47 Au Hu�1� 99.7 392.2 −1.61 Bu Hu�1� 99.3

�401.7� 395.9 −1.44 Au Hu�1� 99.7 395.4 −1.56 Au Hu�1� 99.7

398.2* Au Hu�1� 99.7 396.4* Bu Hu�1� 99.7

401.2* Au Hu�1� 99.9 400.0* Au Hu�1� 99.7

�502.7�
503.5 505.5 +0.39 Au T1u�1� 99.2 505.8 +0.46 Bu T1u�1� 99.2

515.7 Au Hu�2� 87.8 515.7* Au Hu�2� 84.1

T1u�1� 8.8 T1u�1� 13.9

518.6* Au T1u�1� 50.0 519.4 Au T1u�1� 67.5

Hu�2� 48.0 Hu�2� 31.6

519.9 Au T1u�1� 58.5 520.8* Bu T1u�1� 71.3

Hu�2� 40.9 Hu�2� 27.0

523.2 Au Hu�2� 62.8 525.5* Au Hu�2� 96.5

T1u�1� 35.5

525.2 524.2 −0.19 Au Hu�2� 60.9 522.6 −0.48 Bu Hu�2� 72.0

T1u�1� 36.4 T1u�1� 26.8

526.8* Au Hu�2� 97.8 525.9* Au Hu�2� 97.9

529.2 527.0 −0.41 Au Hu�2� 90.5 523.7 −1.03 Au Hu�2� 82.3

T1u�1� 8.5 T1u�1� 14.7

�573.0� 555.2 −3.11 Au T1u�2� 96.0 555.5 �3.04 Bu T1u�2� 98.2

575.1 557.1 −3.13 Au T1u�2� 94.6 556.5 −3.23 Au T1u�2� 95.3

578.6 562.9 −2.71 Au T1u�2� 99.4 559.3 −3.33 Bu T1u�2� 99.8

644.3* Au Hu�3� 99.4 643.6 Bu Hu�3� 99.6

644.9 Au Hu�3� 99.6 645.0 Au Hu�3� 99.7

646.2 Au Hu�3� 99.7 645.3* Bu Hu�3� 99.1

664.1 652.0 −1.83 Au Hu�3� 99.3 647.5 −2.50 Au Hu�3� 99.6

665.2 654.2 −1.66 Au Hu�3� 99.5 651.1 −2.11 Au Hu�3� 99.3

688.3* Au T3u�2� 97.2 687.3 Bu T3u�2� 92.4

689.4* Au T3u�2� 93.0 687.6 Au T3u�2� 95.2

692.4 Au T3u�2� 96.7 693.8 Bu T3u�2� 98.1

Average error 1.65 1.90
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almost no fine structure, it could be easily obscured by the
large interference fringing and greater noise of that data.
Since we cannot confidently discriminate between unidenti-
fied fine structure and weak features of C60

− , we neglect the
abundant fine structure and limit our discussion to the most
intense vibrations. The few exceptions are indicated by ar-
rows in Fig. 1�b�: two small peaks, at 401.7 and 502.7 cm−1,
that occur in both fulleride salt spectra79 adjacent to identi-
fied C60

− features, and a rather rounded shoulder at 573 cm−1

�unlike the narrow fine-structure peaks�. Since these three
peaks are potential C60

− features, they are listed in parentheses
in column 1 of Table I.

B. Temperature dependence of C60
− vibrations

We studied the detailed temperature dependence of the
FIR C60

− modes in �Ph4As�2ClC60 in order to look for an
ordering transition reported in previous vibrational,55

structural,36,42 and ESR studies33,40,41,43,47 of the
�Ph4X�2YC60 materials. Figures 3�a�–3�d� show how the in-
tensity and splitting of C60

− modes develop with decreasing T.
The insets trace the frequency changes with temperature of
the inverted peak minima.

Figures 3�a�–3�c� show substantial increases in intensity
and sharpness of the C60

− peaks with decreasing T, as was
observed previously in �Ph4P�2IC60.

55 The narrow doublet
splitting of the 398 cm−1 vibration below 200 K �Fig. 3�a��
strongly resembles the behavior of the same feature in
�Ph4P�2IC60, in which it splits below about 125 K.55 In both
materials, the lower frequency component softens �decreases
in frequency� with decreasing T. The different splitting tem-
peratures may be due to a combination of several factors:
different ultimate splitting separation, slightly different mea-
surement resolutions, and the thermometry of different cool-
ing systems. Since both data sets appear to be resolution
limited, an undetected doublet nature of this mode may per-
sist to even higher temperatures, adding uncertainty to the
assigned splitting temperatures.

The 504 cm−1 C60
− mode �Fig. 3�b�� shows no frequency

shift with T, although it sharpens and intensifies with de-
creasing T and has a T-dependent shoulder on each side. The
C60

− multiplet at 527 cm−1, obscured in �Ph4P�2IC60 data by a
strong counterion mode,55 shows complex behavior with de-
creasing T in �Ph4As�2ClC60 �Fig. 3�c��. At room tempera-
ture, this feature includes additional structures at 511 and
517 cm−1 �Fig. 1�b�� that disappear as T decreases and are
replaced at low temperature by two major inverted peaks at
525 and 529 cm−1, overlaid by multiple fine-structure fea-
tures. The 525 cm−1 branch, formed by two merging modes,
has little T-induced frequency shift, whereas the 529 cm−1

branch hardens �increases in frequency� with decreasing T
below 200 K.

Figure 3�d� shows the strongest FIR C60
− vibration in

�Ph4As�2ClC60, which consists of a doublet at 575.1 and
578.6 cm−1 plus a low-energy shoulder and other nearby fine
structure. If the ambiguous shoulder at 573 cm−1 is taken to
be an intrinsic part of the multiplet, it would make this C60

−

feature a triplet. The pronounced doublet splitting increases
with decreasing T due to softening of the lower-energy
branch and hardening of the higher branch. The softening of
the lower-energy branch is not monotonic, however, but re-
verses an initial hardening trend below 200 K. The same
type of reversal is exhibited by this mode in �Ph4P�2IC60

around 150 K.55

We did not follow the temperature dependence of the MIR
modes in detail because of the difficulty in positively identi-
fying all the C60

− modes. However, a comparison of the room-
temperature and low-temperature data �Fig. 2�b�� reveals that
both the 665 cm−1 narrow doublet and the 1175 cm−1 multi-
plet intensify and split increasingly with decreasing T, due to
softening of several branches while others harden or remain
at constant frequency. In contrast, the very strong 1387 cm−1

fullerene anion mode does not split, but downshifts more
than any of the other modes, by 4 cm−1 from room tempera-
ture to 6 K.

Since the temperature-induced transition was suggested to
be a bulk phenomenon,55 we reviewed as well the
temperature-dependent behavior of the counterion modes. In
general, the low-T behavior of counterion modes in the ful-
leride salt is comparable to their behavior in the isolated
counterion materials �not shown�. Of the numerous counter-
ion modes throughout the FIR and MIR frequency ranges,

FIG. 3. �a�–�d� Temperature dependence of the C60
− modes in

�Ph4As�2ClC60. Insets show the temperature-dependent shifts of the
major inverted peak wave numbers �frequencies�. Asterisks indicate
weaker features also followed in the insets. The T=248 K spectrum
has been shifted vertically to account for an offset artifact due to
experimental conditions. �d� Since the peak is saturated due to the
sample concentration, the wave numbers �frequencies� in the inset
are taken from data on a lower concentration sample that allowed
better determination of the peak minima.
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most either harden or remain constant in frequency as the
temperature is decreased, although nearly half of the multi-
plets have one or two low-energy components that soften as
part of the increased splitting of the mode at low T. We
conclude that although some minor aspects of the behavior
of the counterion are unique in the fulleride salt, most behav-
iors are consistent and thus are probably unrelated to the
presence of the fullerene anion.

To summarize, we find that the T dependences of a few
C60

− modes of �Ph4As�2ClC60 exhibit subtle behavioral
changes near 200 K and some modes soften with decreasing
temperature, usually associated with increased mode split-
ting. We discuss the anomalous softening of the 1386 cm−1

mode below, and here address the question of a possible
T-induced transition near 200 K. The small magnitude of
T-induced changes rules out a possible symmetry change in
the cage with temperature, which would be manifest in
marked changes in the splitting and complexity of the spec-
trum. In �Ph4P�2IC60, several weak vibrational mode changes
observed near 140 K were assumed to be associated with the
sharp ESR g-factor anisotropy transition at the same
temperature.55 The same type of ESR transition occurs at
125 K in �Ph4As�2ClC60,

40,57 whereas our strongest vibra-
tional evidence is for a transition at 200 K. The disagreement
in transition temperatures in �Ph4As�2ClC60 suggests that the
agreement between ESR and vibrational data in the isostruc-
tural material may be coincidental. The reported narrowing
of the 13C NMR line at T=180 K in �Ph4P�2IC60, �Ref. 54�
�not investigated in �Ph4As�2ClC60� is in better agreement
with our dominant transition temperature of 200 K. How-
ever, other reported transitions observed by ESR, NMR, and
differential scanning calorimetry �DSC� all occur at lower T
in �Ph4As�2ClC60 than in �Ph4P�2IC60,

57 making this agree-
ment also suspect.

The weakness of the T-induced vibrational changes and
lack of consistency with other results prevent us from shed-
ding any light on the reported ESR transition in the
�Ph4X�2YC60 materials. The absence of an obvious transition
in the vibrational data is not surprising, however. Although it
was originally identified as a dynamic-to-static JT
transition,41 recent studies have attributed it to either an ori-
entational glass transition �with static disorder below TC�,36

an orientational ordering transition with ordered domains be-
low TC,42 or to a cessation of pulsating deformations of a
given distortion on a single cage.33 Since none of the latter
three requires a symmetry change of the cage, if any one of
these is correct then the transition will be invisible in the
vibrational spectrum unless there are simultaneous changes
in the cage-lattice interactions. As discussed in Sec. III D, we
expect these interactions in �Ph4As�2ClC60 to be weak and
have little effect on the intramolecular modes,39 consistent
with the weak temperature dependence we observe.

Although the observed temperature-dependent behavior in
�Ph4As�2ClC60 is generally weak, and thus no phase transi-
tion can be identified, the exceptional T-dependent softening
of the intense 1386 cm−1 vibration deserves attention. Antici-
pating our assignments in the next section, we note that this
mode is derived from the Ih C60 T1u�4� mode, which has the
greatest double-bond stretching aspect of all the IR modes in

Ih C60.
80 Softening of vibrational frequencies with decreasing

T is unexpected because the usual volume contraction with
decreasing T causes bonds to stiffen and frequencies to
harden.81 This softening of the T1u�4�-derived mode in
�Ph4As�2ClC60 is likely associated with an unusual expan-
sion of the fullerene anion with decreasing T in this com-
pound. According to the reported radii and bond lengths in
an x-ray diffraction study of C60

− in �Ph4As�2ClC60 �Table I in
Ref. 36�, the average fullerene cage radius increases by 0.6%
from 295 K to 120 K, driven in particular by a 1.4% in-
crease in length of the double bonds between six-membered
rings. �The distortion of the cage was below the resolution
limit of the measurements.36� Lengthening the double bonds
would be expected to soften the vibrations that involve
stretching of these bonds, consistent with the T dependence
we observe for the T1u�4�-derived mode. Recently, Kwon
et al. predicted a universal phenomenon of volume expan-
sion in low-dimensional structures at low temperature due to
vibrational and/or structural deformations that allow for the
dominance of entropy over internal energy in the low-T
regime.82 More calculations are needed to determine if their
model can quantitatively explain the observed cage expan-
sion and mode softening of C60

− in �Ph4As�2ClC60.

C. Comparison of calculated and experimental spectra

In order to identify the particular distortion of C60
− in

�Ph4As�2ClC60, we calculated the IR vibrations for the simu-
lated distortions listed in Sec. II B, namely D5d, D3d, D2h,
C2h,6, C2h,5, and Ci. The calculated IR spectra of these six
distortions are shown in Fig. 4, along with that of Ih C60 and
the experimental C60

− absorbance spectrum at T=6 K. For
each of the D2h, C2h,5, and Ci symmetries, we calculated IR
spectra for multiple sets of equilibrium atomic positions �see
the discussion in Sec. II B�; for each of these three symme-
tries, a selected spectrum is shown, but the alternate calcu-
lated spectra were quite similar in each case. The spectral
region shown is from 300 to 700 cm−1, which encompasses
all experimental C60

− modes identified in the FIR region and
one MIR positively identified C60

− doublet that has no over-
lapping counterion modes. The lower-symmetry calculated
spectra appear to correspond better with the experimental
spectrum; however, as discussed in Sec. II B, we primarily
use the calculated frequencies, and only an order-of-
magnitude intensity comparison from these spectra, when
making assignments.

In Table I we present the experimental frequencies in the
300–700 cm−1 region, and compare them with the calculated
frequencies for the two C60

− symmetries that are ultimately
preferred by our comparisons of theory and experiment, in-
cluding the geometry comparison presented in Sec. III D.
Table I also shows how the calculated vibrational mode pat-
terns can be expanded in terms of the calculated modes of
Ih C60; we refer to the Ih C60 modes as the “parent” vibra-
tional modes of the lower-symmetry C60

− modes. In this spec-
tral region there are four groups of calculated modes: those
with H1u�1� parents, those with mixed Hu�2�−T1u�1� parent-
age, those with T1u�2� parents, and those with Hu�3� parents.
Most calculated C60

− modes are derived from the single-
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parent icosahedral mode having the nearest frequency, and
the calculated splitting of vibrations derived from degenerate
Ih C60 parent modes is generally small: 1–8 cm−1 in C2h,5
symmetry and 3–10 cm−1 in Ci. The significant exception is
the region of calculated frequencies between 506 and
526 cm−1, in which T1u�1� and Hu�2� parent symmetries are
strongly mixed, presumably due to the close proximity of the
parent modes in the Ih C60 spectrum. In C2h,5 C60

− , five of the
eight calculated modes contain more than a 10% contribution
from the nondominant parent symmetry �four of the eight for
Ci C60

− �. Furthermore, the calculated downshift of the lowest
frequency T1u�1�-derived component is an unexpectedly
large 16 cm−1 �from 522 to 506 cm−1 in both symmetries�.
Large splittings and shifts have been found before for the
severely-distorted covalently bonded balls in the high-
pressure high-temperature C60 polymers,59–61 but seem sur-
prising for the small molecular JT distortion of the isolated
singly charged anion.

In order to quantitatively determine which distortion best
matches the experimental vibration spectrum, we first as-
signed individual calculated modes of a given distortion to
the experimental C60

− features. Since several of the distortion
spectra have many more calculated modes than experimental
features, we established a set procedure83 for assigning the
experimental peaks to the calculated modes. We then deter-
mined the average error �defined in the caption of Table I� of
the calculated vibrational frequencies for each symmetry dis-
tortion.

Some distortions have too few calculated modes, so that
physically reasonable assignments for all positively identi-
fied C60

− features cannot be made; those distortions are elimi-
nated immediately. D5d symmetry is eliminated because its
Hu-derived modes are all singlets, whereas we observe dou-
blet features at typical Hu frequencies �Table I�. The D3d
distortion is also eliminated if we take the 401.7 cm−1 small
peak and 573.0 cm−1 shoulder to be components of C60

− fea-
tures, since triplet splitting of these features is not replicated

in the D3d Hu�1�- and T1u�2�-derived modes. None of the
distortions has a calculated mode that can reasonably be as-
signed to the ambiguous shoulder at 502.7 cm−1 so it remains
unassigned and does not serve to distinguish among the dif-
ferent symmetries. When we do include the other two am-
biguous C60

− modes at 401.7 and 573 cm−1 in our assign-
ments, we determine average errors of 2.0%, 1.8%, 1.6%,
and 1.6% for the D2h, C2h,5, C2h,6, and Ci distortions, respec-
tively. If we do not assign the ambiguous C60

− modes, the D3d
distortion is no longer automatically eliminated and has an
error of 2.0%. In this case, the errors for the others are 2.0%,
1.7%, 1.4%, and 1.4%, respectively. The estimated uncer-
tainties in all the average errors are �0.06%, as determined
by error calculations on multiple equivalent distortions.84

The C2h,6 and Ci distortions are thus slightly preferred by the
quantitative vibrational comparison, indicating that the C60

−

cage is of lower symmetry than any of the Ih direct subgroup
�D5d, D3d, and D2h� distortions. As discussed in Sec. III D,
however, a geometric comparison eliminates the C2h,6, D3d,
and D2h distortions, while consideration of the lattice sym-
metry points to a C2h,5 or Ci distortion. Thus, Table I com-
pares the frequency assignments of the Ci and C2h,5 distorted
cages.

We successfully assign many of the experimental C60
−

modes based on the calculated spectra, with only minor dif-
ferences between the C2h,5 and Ci distortions. The surprising
appearance �noted above� of a T1u�1�-derived mode at
506 cm−1 in the calculated spectra is now appealing because
it has a clear experimental counterpart at 503.5 cm−1 �Fig.
3�b��, a feature which was previously unidentified in the
�Ph4P�2IC60 spectrum.55 The narrow doublet �possible trip-
let� at 398 cm−1 �Fig. 3�a�� is seen to be of Hu�1� parentage,
silent in neutral C60 but newly activated in a lower symmetry
cage. If we take the shoulder at 573 cm−1 to be a C60

− mode
�Fig. 3�d�� rather than neglect it as a fine-structure feature
�see discussion in Sec. III A�, then the experimental feature
is consistent with the calculated T1u�2�-derived triplet be-

FIG. 4. Vertically offset calculated absorbance
spectra of D5d, D3d, D2h, C2h,6, C2h,5, and Ci C60

− ,
as well as Ih C60, compared with the experimental
C60

− absorbance as determined from the transmit-
tance of �Ph4As�2ClC60. In the experimental
spectrum, the counterion modes are removed and
replaced by straight lines and a linear baseline is
subtracted to remove the paraffin matrix
absorption.
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tween 555 and 563 cm−1. The doublet at 665 cm−1 �Fig.
2�b�� is almost certainly Hu�3� derived. More uncertainty ex-
ists for the exact assignments of the 525 and 529 cm−1 fea-
tures, due to the many mixed Hu�2� -T1u�1�-derived modes.
As noted before, of the features identified in this work as C60

−

vibrations, only the ambiguous low-energy shoulder at
502.7 cm−1 has no possible assignment among our calculated
modes. In contrast, many calculated features are missing
from the experimental spectrum, probably because the actual
intensities make them too weak to be observed. Some of the
T3u�1�- and Gu�1�-derived modes may be obscured by strong
counterion modes.

As we found previously in work on neutral C60
vibrations,75 our calculated frequencies in this region are
consistently lower than the experimental ones. For neutral
isolated Ih C60, our frequencies in this region range from
0–3.5 % low, with an average of 1.2%, consistent with the
errors shown in Table I. The one exception is the aforemen-
tioned strongly downshifted T1u�1�-derived mode �at
505.8 cm−1 for C2h,5 and 505.2 cm−1 for Ci�, which has a
calculated frequency slightly higher �less than 0.5%� than the
peak to which it is assigned.

Although we do not attempt to assign in detail the multi-
plet splittings of the 1175 and 1387 cm−1 features because of
their overlap with counterion modes, they have obvious par-
entage in the T1u�3� and T1u�4� Ih C60 fundamental modes.
We calculate fivefold splitting of T1u�3� �mixed with nearby
Hu and T3u modes�, consistent with the observed multiplet in
Fig. 2�b� �minus the fine structure�. The strong experimental
T1u�4�-derived feature at 1386 cm−1 is downshifted 41 cm−1

from its location in Ih C60. Such charge-induced softening
and intensity enhancement has been observed previously in
�Ph4P�2IC60

46 and in the AnC60 compounds85 and leaves little
doubt as to its identification.

The FIR vibrational spectrum of the JT-distorted isolated
C60

− cage in �Ph4As�2ClC60 contrasts sharply with the spectra
of the bonded distorted balls of the high-pressure high-
temperature �HPHT� C60 polymers and linear charged poly-
mer, which also have been assigned using QMD
calculations.59–61 Vibrations of the unbonded mildly distorted
balls in �Ph4As�2ClC60 show much less splitting and mixing
of parent modes, due to the much smaller degree of distor-
tion, even though we find a lower cage symmetry than in the
bonded C60 polymers. For example, no significant three-way
mixing of Ih parent modes was calculated for C2h,5 or Ci C60

− ,
although such mixing of T1u�1�, T1u�2�, and Hu�3� was com-
mon in the HPHT polymers.60,61 Due to such multiple mix-
ing, the modes of partial T1u�2� parentage are spread across
more than 90 cm−1 in the orthorhombic C60 polymer �con-
taining D2h bonded balls61�, whereas in the isolated C60

− cage
of �Ph4As�2ClC60, T1u�2�-derived modes are essentially of
single parentage and are split only by 8 cm−1. On the other
hand, T1u�1�-derived modes are mixed with Hu�2� and ap-
pear over a range of 22 cm−1 in the Ci-distorted cage. This
unexpectedly large splitting, despite the small distortion,
may be related to the excess charge on the cage. When the
charged and uncharged linear C60 chains were compared, it
was found that the charged RbC60 chain exhibited wider
separation of modes in this frequency region compared to the

neutral HPHT C60 chain.61 In sum, even for isolated cages in
which the distortion magnitude is small, we find that the
vibrational spectrum is complex and that first-principles
QMD calculations yield a fuller understanding of the vibra-
tional properties.

D. Geometry of C2h,5-distorted C60
−

The approximate geometry of the distorted C60
− cage in

�Ph4As�2ClC60 is known from the combined results of x-ray
diffraction and ESR, which have identified the orientation
and anisotropy of the cage within the lattice,
respectively.36,40 Visual inspection of Fig. 3 in Ref. 40 shows
that the distorted cage is elongated along an axis penetrating
two opposing five-membered rings.

Figure 5�a� qualitatively displays the radial aspect of our
calculated C2h,6 and C2h,5 distortions and Fig. 5�b� shows the
displacements of the atoms projected onto the plane of the
page, on a scale enhanced by a factor of 20. In the C2h,6 cage,
the elongation axis penetrates two opposing six-membered

FIG. 5. �Color� Representations of the simulations of C60
− dis-

tortions having C2h,6 and C2h,5 symmetries. �a� Qualitative color
representations of the radial distortions. Red indicates atoms with
an outward radial distortion, green indicates atoms with an inward
radial distortion, and blue indicates atoms with comparatively small
radial distortions �less than 0.005 Å�. The extended lines indicate
the positions of the C2 symmetry axes. The C2h,6 distortion is elon-
gated along an axis through opposing sixfold rings, while the C2h,5

distortion is elongated along an axis through opposing fivefold
rings. �b� Quantitative representation of the distortions, magnified
by factor of 20. Empty circles represent the distorted atomic posi-
tions; filled circles represent the calculated atomic positions of
Ih-symmetric C60

− . The extended lines �dashed� indicate the approxi-
mate positions of the axes of elongation. The views are along the C2

symmetry axes. In �b�, it is clear that the distortions are not purely
radial, but have substantial tangential character. As explained in
Sec. II B of the text, for neither C2h,5 nor C2h,6 can the atomic
positions shown here, particularly away from the elongation axis,
be regarded as unique.

JAHN-TELLER DISTORTION OF C60
− IN �Ph… PHYSICAL REVIEW B 75, 125402 �2007�

125402-9



rings, whereas the C2h,5 cage is elongated along an axis that
penetrates two opposing five-membered rings. The Ci cage
�not shown� is also elongated along an axis through five-
membered rings. Of special note is the fact that the elonga-
tion axis does not coincide with the C2 symmetry axis in
either of the C2h symmetry cages, as can be seen in Fig. 5�b�.
In that figure, each C2 axis is directed out of the page, pass-
ing through the center of the double bond between six-
membered rings, while the elongation axis is in the plane of
the page. Both the C2h,6 and C2h,5 distortions contrast sharply
with our higher symmetry distorted structures, D5d, D3d, and
D2h, for which the elongation axis always coincides with the
principal symmetry axis, as found in previous calculations.31

The distinction between the elongation axis and the symme-
try axis in the C2h cages can be understood by observing that
each of the C2h,6- and C2h,5-distorted cage shapes is a pertur-
bation on a higher-symmetry distorted cage, C2h,6 being de-
rived from D3d and C2h,5 from D5d. In each case, the elonga-
tion axis is preserved whereas all symmetry elements are
destroyed except for a mirror plane containing the elongation
axis and a perpendicular twofold rotation axis.

In Fig. 5�b�, the C2h cages are displayed with an orienta-
tion chosen deliberately to coincide with the cage orientation
in Fig. 3 of Ref. 40, so that the C2h,5 cage may be overlaid on
the latter, showing the significant agreement between the cal-
culated and experimentally determined distortions. The Ci
cage shows equally good agreement. In contrast, the C2h,6,
D3d, and D2h cages have an incorrect elongation axis and can
be immediately dismissed. Kodama et al.33 also found that
the C60

− cage in �Ph4P�2YC60 materials has C2h or Ci symme-
try, based on ESR experiments and ab initio molecular or-
bital calculations. The authors of Ref. 40 concluded that the
distortion was of D2h symmetry, based on ESR data that were
gathered by rotation of the sample around two perpendicular
axes and revealed a nonaxial g tensor. An even lower sym-
metry distortion could not be excluded, however, due to the
limited angular range of the ESR measurements,40 and the
lower-symmetry �C2h or Ci� cage is a central result of the
present paper.

Changes in individual bond lengths can be discerned
qualitatively from the atomic displacements as shown in Fig.
5�b�. The distorted C60

− cage produces a variety of bond
lengths clustered around the two Ih bond lengths: the short
double bonds between six-membered rings and the longer
single bonds on the edges of five-membered rings. For Ci
and C2h,5 C60

− , the bond lengths are presented quantitatively
in Fig. 6, which shows the range of calculated bond lengths
of the distorted cages as well as the two bond lengths of Ih
C60. The greatest bond length change between either of the
distorted C60

− cages and the Ih C60 ball is the shortening of a
few single bonds by 0.012–0.013 Å in the C2h,5 cage. All
other changes are less than or equal to 0.01 Å, and all
changes are less than 1%. It is noteworthy that such tiny
percent changes in the bonding configuration of this highly
symmetric molecule have such a profound effect on the vi-
brational properties, attesting to the value of vibrational
spectroscopy for investigating symmetry changes of C60.

Our calculations do not distinguish energetically among
the different possible JT distortions of C60

− , consistent with
the picture that the isolated molecule could dynamically
sample all of the possible distortions, even at low
temperature.2,31,32 ESR and x-ray diffraction results, how-
ever, indicate static distortion and orientational disorder of
C60

− in �Ph4As�2ClC60,
36,40 implying that interactions between

the fullerene anion and surrounding counterions stabilize a
given distortion and orientation of the cage at low T. It is
therefore important to consider the lattice site symmetry at
the location of the cage. In a static perfect lattice, any point
symmetry operation of the cage must also be a point sym-
metry operation for the lattice. In our case, with static orien-
tational disorder present, this can be achieved by averaging
over the disorder. In �Ph4As�2ClC60, the C60

− cages are lo-
cated at 4 /m �C4h� sites,34 in which the fourfold rotation axis
lies along the unit cell c axis and the mirror plane is parallel
to the ab plane. The most exact match of C60

− molecular
symmetry to the lattice site symmetry is provided by a C2h
distortion of the ball, with the C2 axis aligned along the cell

FIG. 6. Calculated bond-length distributions
for neutral Ih C60 and for Ci and C2h,5 C60

− . The
bond lengths of the distorted C60

− cages are clus-
tered around the two Ih C60 bond lengths.
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c axis and the cage mirror plane coincident with the mirror
plane of the lattice. These conditions are met by our simu-
lated C2h,5 distortion, oriented as shown in Fig. 5�b�, with the
lattice c axis pointing out of the page as in Fig. 3 of Ref. 40.
A 50-50 random mixture of the two static energetically
equivalent 90° orientations of the cage �consistent with ESR
data40� provides the additional twofold rotation to restore, on
average, the fourfold lattice site symmetry. The Ci distorted
cage lacks the mirror plane and rotational symmetry of the
lattice site, but a fourfold orientational disorder of the cage
with equal random occupancy of 0, 90, 180, and 270 degree
rotations around the crystal c axis also will effectively re-
store those symmetries, on average. Such additional orienta-
tional disorder at 180° would not have been observable by
recent x-ray diffraction experiments, since it would require a
detectable distortion which was not achieved.36 Thus, our
simulated Ci distorted cage, with its rotation and elongation
axes similarly oriented as for C2h,5, and with the fourfold
orientational disorder just described, can also satisfy the
symmetry constraints of the lattice. In contrast, D5d, D3d, and
D2h distorted cages all have too high symmetry for that re-
quired by the site.

We now review the case for each of the C2h,5 and Ci
distortions. The Ci vibrational comparisons are slightly more
favorable than those for C2h,5 �Table I�, although the com-
parisons are limited by the lack of accurate calculated inten-
sities. Both C2h,5 and Ci have an elongation axis through
five-membered rings that is consistent with the ESR data.40

Since lattice symmetry considerations do not distinguish de-
finitively between the two symmetry cages, neither can be
ruled out on that basis. The Ci cage requires somewhat more
elaborate orientational disorder than the C2h,5 cage, however,
which makes it seem less probable. A Ci distorted cage might
also be argued against on the grounds that standard JT theory
does not lead to a Ci distortion of C60

− .2 As discussed in Sec.
II B, however, the actual molecular configuration in the
sample is determined by the growth kinetics, and is not lim-
ited to JT-theory approximations. Summarizing, the symme-
try arguments seem to favor C2h,5, while our experimental-
theoretical vibrational comparisons slightly favor Ci, and
neither can be ruled out at present.

It is interesting to compare our system to other materials
with statically distorted C60

− cages. In the case of the ordered
fulleride salts �PPN+�2C60

2− and �Ni�C5Me5�2
+��C60

− �CS2,
which have known C60

− distortions, the cage symmetries do
in fact match the lattice site symmetry, as required by lattice
periodicity. These are materials with significant cage-lattice
interactions, as indicated by the suppression of orientational
disorder.24,25 Our system, �Ph4As�2ClC60, has presumably
weaker interactions, as indicated by the persistence of orien-
tational disorder and smaller distortion of the C60

− cage.36 As
we have seen, the orientational disorder allows for a lower
symmetry cage than the lattice site symmetry. In the case of
the ferromagnet TDAE-C60, the cages reside at sites of in-
version �Ci� symmetry and the system is ordered at low
temperature.20 Thus our present results suggest that the C60

−

anion would have a Ci-distorted equilibrium configuration in
this material. In fact, since our simulated Ci distortion has an
elongation axis through opposing five-membered rings, it
agrees with the proposed antiferro-rotative structure of Fig.
5�a� in Ref. 20 in which the elongated cage aligns alternately
along the �001� and �110� directions. Since the C60

− cage is
oriented within the TDAE-C60 lattice such that five-
membered rings also face nearly the same �001� and �110�
directions,20 a Ci distortion is consistent with the proposed
elongation orientations.

IV. CONCLUSION

We have made a combined experimental-theoretical in-
vestigation of the vibrational properties of �Ph4As�2ClC60,
which contains the isolated C60

− anion in a nearly isotropic
environment.34 The experimental high-resolution C60

− vibra-
tional spectrum is complex, indicative of a reduced cage
symmetry, and requires the complementary information of
our QMD calculations to assign the C60

− modes. Calculated
mode splittings are surprisingly wide in the region of mixed
T1u�1�- and Hu�2�-derived vibrations and are confirmed in
the experimental spectrum. Anomalous softening �4 cm−1� of
the T1u�4�-derived mode occurs with decreasing temperature,
but other T-dependent changes in the vibrational properties
are too weak to identify a temperature-induced ordering tran-
sition. Comparing the experimental and calculated vibra-
tional spectra allows us to identify a C2h or Ci symmetry of
the distorted singly charged cage, with Ci slightly favored.
The static orientational disorder of C60

− cages in
�Ph4As�2ClC60

36,40 requires us to consider if the distortion
matches the lattice site symmetry. Although both C2h and Ci
cages can satisfy the C4h site symmetry by averaging over
random orientational disorder, the required disorder is some-
what more elaborate for the Ci cage. On this basis, C2h is
slightly favored, and we therefore rule out neither symmetry
molecule. Both of our preferred simulated C60

− cage struc-
tures are elongated along an axis penetrating opposing five-
membered rings, in agreement with the experimental elonga-
tion determined by g-factor anisotropy of C60

− in
�Ph4As�2ClC60.

40 Calculated maximum bond length changes
in the C2h and Ci cages are not more than 0.013 Å; it is
therefore not surprising that structural investigations have
been unable to detect the distortion directly.36

Note added in proof. In the final version of this paper, we
inadvertently omitted a mention of vibrational studies that
found specific reduced symmetries of the charged cages in
the A4C60 compounds.9,86
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