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1. Introduction

The Jahn–Teller (JT) and pseudo-Jahn–Teller (PJT)
effects arise from the coupling of electronic and nuclear
degrees of freedom in systems with degenerate or near-
degenerate states and influences the structural and dynamic
properties of molecules, transition-metal complexes, and
solids. The variety of its physical and chemical implications
is extremely rich.[1, 2]

In electronically degenerate states of molecules and
transition-metal complexes, the JT effect lowers the potential
energy for configurations in which the arrangement of the
nuclei has a reduced symmetry. If the corresponding JT
stabilization energy is large compared to the vibrational
energy intervals, the JT effect results in a distortion of the
molecule. In organic molecules, the JTeffect is essential in the
interpretation of photochemistry and in the definition of
antiaromaticity. In solids, the JT effect has been invoked to
explain phenomena such as superconductivity and colossal
magnetoresistance.[1] The JT effect occurs in species with
unpaired electrons, in particular, radicals and biradicals. Such
molecules are usually highly reactive and play an important
role as reaction intermediates, in combustion chemistry,
atmospheric chemistry, and the chemistry of the interstellar
medium.

The first advances in the investigation of the JT effect
were of a theoretical nature. Hermann Jahn and Edward
Teller used group theory to demonstrate that a nonlinear
molecule in an orbitally degenerate state undergoes a geo-
metric distortion.[3, 4] Longuet-Higgins et al.[5,6] calculated the
vibronic energy-level structure resulting from the interaction
of a doubly degenerate electronic state (E) with one doubly

degenerate vibrational mode (e),
which is called the E�e JT effect.
They predicted the band shapes of
optical absorption spectra and pointed
at the first observable manifestations
of the JT effect in optical spectra. A

molecule subject to a JT effect can distort along several
equivalent vibrational modes giving rise to equivalent minima
on the potential-energy surface. Bersuker recognized that this
situation leads (in most cases) to a splitting of the lowest
vibronic levels by tunneling.[7] �pik and Pryce investigated
the interaction of triply degenerate electronic states (T) and
doubly (e) and triply (t) degenerate vibrational modes in
molecules of the cubic point groups, which is known as the
T�(e+t2) effect and considered for the first time the vibronic
coupling between nondegenerate electronic states, also called
the pseudo-Jahn–Teller (PJT) effect.[8]

The most detailed experimental characterization of the JT
effect has been achieved by high-resolution optical and
photoelectron spectroscopy. Optical spectroscopy has been
applied to elucidate the JT effect in several open-shell species
including Na3 and Li3. The ~AA 2E0 0 state of these species
represents the prototype of the E�e JT effect.[9] The next
higher electronic state ~BB 2A0

1 is subject to a PJT effect.[10,11]

Photoelectron spectroscopy has been used to characterize the
JT effect in a wide range of molecular cations. For instance,
the analysis of rotationally resolved PFI-ZEKE photoelec-
tron spectra of C6H6 has demonstrated that the minima of the
ground-state potential-energy surface of C6H6

+, which is
subject to the E�e JT effect, correspond to a D2h geometry
with two acute C-C-C bond angles, although the rovibronic
photoionization selection rules are adequately described in
D6h(M) symmetry.[12, 13]

The traditional “ball-and-stick” concept of molecular structure fails
when the motion of the electrons is coupled to that of the nuclei. Such a
situation arises in the Jahn–Teller (JT) effect which is very common in
open-shell molecular systems, such as radicals or ions. The JT effect is
well known to chemists as a mechanism that causes the distortion of an
otherwise symmetric system. Its implications on the dynamics of
molecules still represent unsolved problems in many cases. Herein we
review recent progress in understanding the dynamic structure of
molecular cations that have a high permutational symmetry by using
rotationally resolved photoelectron spectroscopy and group theory.
Specifically, we show how the pseudo-Jahn–Teller effect in the cyclo-
pentadienyl cation causes electronic localization and nuclear deloc-
alization. The fundamental physical mechanisms underlying the
vaguely defined concept of “antiaromaticity” are thereby elucidated.
Our investigation of the methane cation represents the first exper-
imental characterization of the JT effect in a threefold degenerate
electronic state. A special kind of isomerism resulting from the JT
effect has been discovered and is predicted to exist in all JT systems in
which the minima on the potential-energy surface are separated by
substantial barriers.
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Currently, the E�e JT effect is the best understood case
and its ramifications are well known.[1,14–18] Much less is
known about other cases, especially about molecules of higher
symmetry, in which the electronic states can have threefold or
higher degeneracies.[19] This lack of information is primarily
because of the scarcity of high-resolution spectroscopic data
that would permit the determination of the structure and
dynamics of such species.

Herein we focus on recent experimental and theoretical
progress in understanding the JT effect in highly symmetrical
molecules. We demonstrate how rotationally resolved photo-
electron spectroscopy permits the investigation of molecular
cations that, as a consequence of the JT or PJT effects, are
highly fluxional in their ground electronic state. In this
Review we also introduce a group theoretical formalism that
enables the assignment and interpretation of the experimen-
tal results.

The experiments rely on the combination of pulsed-field-
ionization zero-kinetic-energy (PFI-ZEKE) photoelectron
spectroscopy[20, 21] with double-resonance excitation schemes
involving mid-infrared, visible, and ultraviolet radiation.
These developments were essential in assigning the complex
spectra because, initially, no theoretical framework existed
that could have guided the assignment procedure. A theoret-
ically methodology has now been developed to predict the
rovibronic symmetry labels for the observed transitions of the
molecules undergoing the JTeffect. The method makes use of
ab initio quantum chemical calculations and of the complete
nuclear permutation inversion (CNPI) or the molecular
symmetry (MS) groups[22] that are adequate for describing
highly fluxional systems. The ab initio calculations are used to
predict the minimum energy structures. Symmetry correla-
tions between the CNPI or the MS group and the point group
of the distorted minimum structures are used to predict all
rovibronic levels, including their symmetry label.

For this Review, the systems we have chosen are the
methane cation, which was the first example of the JTeffect in
a triply degenerate electronic state characterized at the level
of the rotational structure, and the cyclopentadienyl cation as
it is a prototypical molecule with which to study the interplay
of the PJT effect and antiaromaticity. The methane cation

is one of the simplest systems subject to a T�(e+t2) JT effect
and the cyclopentadienyl cation displays properties influ-
enced by a complex interplay of PJT and JT effects. These
two radical cations are of fundamental importance in
chemistry and molecular physics but neither of them had
been characterized in sufficient detail to obtain definitive
structural and dynamic information, prior to the work
described herein. The reason for this situation lies in the
difficulty in producing these charged species in sufficient
quantities to allow a spectroscopic investigation at high
resolution.

Section 2 summarizes the theoretical methods used to
describe the JT and PJT effects, with emphasis on group
theory and its applications to the methane cation and the
cyclopentadienyl cation. Section 3 describes the experimental
methods, in particular the double-resonance excitation
schemes used in the assignment of the rovibronic structure
of photoelectron spectra. In Section 4, the general energy-
level structures of CH4

+ and C5H5
+ are described and

interpreted. Section 5 is dedicated to two phenomena arising
in some isotopically substituted molecules as a consequence
of the JT effect: isomerism and chirality. Section 6 presents
the applicability of the group-theoretical method to other
systems that are not subject to a JT effect. The last section
consists of a short summary and an outlook.

2. Theoretical Considerations

2.1. Vibronic Coupling and Molecular Symmetry

Neglecting spins and molecular rotations, the Hamilto-
nian of a polyatomic molecule can be written as Equation (1).

ĤH ¼ ĤHel:ð~rrÞ þ ĤHnuc:ð~QQÞ þ V̂Vð~rr; ~QQÞ ð1Þ

ĤHel:ð~rrÞ is the electronic part of the operator including the
kinetic energy of the electrons and their electrostatic inter-
actions, ĤHnuc:ð~QQÞ is the kinetic energy operator of the nuclei
and V̂Vð~rr; ~QQÞ is the potential energy operator representing the
interaction of the electrons and the nuclei and the internu-
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clear repulsion. In standard treatments of the JT effect (see
Refs. [1, 2, 17,23]), V̂Vð~rr; ~QQÞ is expanded in a Taylor series of
small displacements of the nuclei about a reference geometry
~QQ0 of highest symmetry [Eq. (2)] where Qi represents the
symmetrized displacement coordinates (or vibrational
modes). In Equation (2), and throughout this Review, we
neglect the contributions of terms containing mixed deriva-
tives in two or more coordinates (so-called bilinear and
higher-order coupling terms).

V̂Vð~rr; ~QQÞ ¼
X1

k¼0

1
k!

X3N�6

i¼1

@kV̂V
@Qk

i

 !

0

Qk
i ð2Þ

Retaining only the first term of the Taylor series V̂Vð~rr; ~QQ0Þ,
the electronic part of the Schr�dinger equation can be solved
with fixed nuclei at the reference geometry [Eq. (3)] giving a
set of energies e0i and so-called diabatic electronic wave
functions �ið~rrÞj i.

ĤHel: þ V̂Vð~rr; ~QQ0Þ
h i

�ið~rrÞj i ¼ e0i �ið~rrÞj i ð3Þ

The general solution of the Schr�dinger equation for
moving nuclei can be expanded in terms of the electronic
functions [Eq. (4)] where the expansion coefficients cið~QQÞ are
functions of the nuclear coordinates.

Yð~rr; ~QQÞ ¼
X

i

cið~QQÞ �ið~rrÞj i ð4Þ

Expressing the Schr�dinger equation corresponding to the
Hamiltonian in Equation (1) in the basis of the diabatic
electronic wave functions �ið~rrÞj i provides a system of coupled
equations [Eq. (5)] in which Wij are the elements of the
vibronic interaction matrix [Eq. (6)][1] and eið~QQÞ0 is the
eigenenergy of the diabatic electronic wave function defined
in Equation (3) at the arbitrary geometry ~QQ.

ĤHnuc: þ eið~QQÞ0 þWiið~QQÞ
h i

cið~QQÞ þ
X

j6¼i

Wijcið~QQÞ ¼ Ecið~QQÞ, ð5Þ

Wð~rr; ~QQÞ ¼ Vð~rr; ~QQÞ � Vð~rr; ~QQ0Þ ð6Þ

If the vibronic interactions can be neglected, the coupled
Equations (5) decompose into a set of simple equations that
can be solved independently for each electronic state, which is
known as the Born–Oppenheimer (BO) approximation. If the
vibronic interactions cannot be neglected, a separation is not
possible and the coupled Equations (5) must be solved
together.

The solution of a particular vibronic coupling problem is
considerably simplified by exploiting the molecular symme-
try. The operators in Equation (3) and, in particular, the
potential-energy operator in Equation (2) are invariant under
all operations of the complete nuclear permutation inversion
(CNPI) group or molecular symmetry group of the mole-
cule.[22] A nonvanishing contribution to vibronic coupling
between the electronic states of irreducible representations
GA and GB only exists for a term of order k in Equation (2) if
the relationship in Equation (7) holds.

GA � GB � Gn½ �k ð7Þ

[Gn]
k is the symmetric kth power of the irreducible represen-

tation of the vibrational mode n. The corresponding vibration
is then called “active”. Vibronic coupling between the
different components of a degenerate electronic state of
irreducible representation Gel,deg. , which is known as the Jahn–
Teller effect, is allowed along mode n if the conditions in
Equation (8) are met.

Gel;deg:

� �2� Gn½ �k ð8Þ

The coupling between a degenerate state (Gel,deg.) and a
nondegenerate state (Gel,nondeg.), the so-called pseudo-Jahn–
Teller effect, can only occur along mode n if the conditions in
Equation (9) are met.

Gel;deg: � Gel;nondeg: � Gn½ �k ð9Þ

After identification of the JT and PJT active modes, the
vibronic Hamiltonian is set up in the basis of diabatic
electronic states defined in Equation (3). The active modes
are designated by their irreducible representation Gn which
has several components g if the representation is degenerate.
The kinetic energy term of the nuclear Hamiltonian can be
expressed as Equation (10) where mn is the reduced mass of
the vibrational mode.

ĤHkin ¼
X

ng

� �h2

2mn

@2

@Q2
ng

1 ð10Þ

The potential energy term, truncated to second order, is
given by Equation (11) where Vn and Kn are the linear and
quadratic coupling constants and wn is the vibrational
frequency of the vibrational mode n. Cng

is a matrix of
Clebsch–Gordan coefficients that can be found in tables in the
literature.[24, 25]

Vð~QQÞ ¼
X

ng

1
2

mnw2
nQ2

ng
1þ VnQng

Cng
þKnQ2

ng
1

� �
ð11Þ

Adiabatic potential energy surfaces Eð~QQÞ and electronic
state vectors að~QQÞ

���
E

are obtained by solving Equation (12).

Vð~QQÞ að~QQÞ
���

E
¼ Eð~QQÞ að~QQÞ

���
E

ð12Þ

These quantities provide a simple picture of the vibronic
coupling problem that reveals its essential aspects of symme-
try and topology.

The comparison with observed energy levels requires
solving the coupled electronic–vibrational problem, which is
in general very difficult. The traditional approach consists of
representing the problem in a direct product basis of diabatic
electronic functions and harmonic oscillator functions of the
appropriate degeneracy and subsequently diagonalizing the
matrices.[5,15, 17] The vibrational basis is increased until con-
vergence is reached. The size of the matrices grows very
quickly with the magnitude of the Jahn–Teller stabilization
energy and the number of vibrational modes involved. In
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spite of efficient iterative diagonalization algorithms (e.g., the
Lanczos algorithm[26]), only a small number of modes can be
treated simultaneously if the stabilization energy is large. This
procedure is applied below to the analysis of the spectra of the
cyclopentadienyl cation. The lowest singlet state is subject to
a PJT stabilization of approximately 5000 cm�1 involving four
doubly degenerate modes. In the case of the methane cation,
which undergoes a JT stabilization of approximately
12000 cm�1 mediated by two triply and one doubly degener-
ate modes, the solution of the coupled problem is a
tremendous task, and we therefore opted for a simplified
approach based on an effective Hamiltonian and exploiting
the molecular symmetry.

2.2. The Role of Ab Initio Calculations in the Elucidation of JT
Problems

Traditional ab initio quantum chemical calculations are
performed at a frozen configuration of the nuclei according to
Equation (3) using the Born–Oppenheimer (BO) approxi-
mation. Since the JT effect results from the coupling between
nuclear and electronic degrees of freedom, which implies a
failure of the BO approximation, questioning the utility of
ab initio calculations according to Equation (3) in under-
standing JT problems is justified.

Ab initio calculations are capable of predicting the
minimum energy geometry and the amount of electronic
potential energy by which a molecule is stabilized compared
to the geometry of highest symmetry where two or more
electronic states are degenerate (the so-called JT stabilization
energy). These parameters, as well as the intersections of
electronic-potential surfaces are nowadays accessible by
specialized methods of ab initio calculation and the JT
coupling parameters can be efficiently predicted (see, e.g.
Ref. [27]). These data are essential parameters to describe the
JT effect in a molecule, but are in general insufficient to
predict the coupled nuclear and electronic dynamics and the
rovibronic energy-level structure of a molecule. Indeed, in
molecules with a high permutational symmetry, the JT effect
leads to several equivalent minima on the potential-energy
surface. If these minima are connected by low energy barriers,
large-amplitude motions take place giving rise to complex
energy-level structures. Herein, we illustrate the use of
ab initio calculations to predict the molecular geometry at
the minima of the potential-energy surface and the use of
group theory to predict the resulting rovibronic quantum
states.

The most accurate solution of the coupled electronic–
vibrational problem is given by the formalism outlined in
Section 2.1. It provides the complete solution of the vibronic
problem for arbitrary energies, including regions where
electronic surfaces intersect and the BO approximation
breaks down. In cases like that of the methane cation which
has a JT stabilization energy of approximately 1.5 eV, this
procedure is too demanding and a simpler solution is needed.
Indeed, when the JT stabilization energy is large, the BO
approximation provides an accurate description of the
nuclear dynamics in the region of the potential-energy

minima. However, one essential aspect needs consideration.
The adiabatic electronic wave function changes its character
from one equivalent minimum to another. This property can
be described by a geometric (or topological) phase[28] which
affects the energy-level structure of JT systems. In the case of
the E�e JT effect, the geometric phase reverses the energetic
ordering of vibronic levels from A below E to E below A.[9] In
the T2�(e+t2) case, it even changes the symmetry of vibronic
levels from A, F2, E to F2, F1.

[*][29]

2.3. Jahn–Teller Effects in Diradicals of Configuration e2

Diradicals which have two electrons in a degenerate
orbital form an important class of molecules which encom-
passes the so-called “antiaromatic” molecules, the simplest of
which are the cyclopropenyl anion, cyclobutadiene, and the
cyclopentadienyl cation. In the following, we briefly formu-
late the vibronic coupling theory describing these systems,
emphasizing the simplifications arising from symmetry con-
siderations. The left-hand side of Figure 1 displays the

energetic ordering of the a002, e001, and e002molecular orbitals of
C5H5

+ in the form of a Frost–Musulin diagram. In the Dnh(M)
symmetry groups in which n is odd, the ground configuration
(a002)

2(e001)
2 gives rise to the three states 3A02,

1E02, and 1A01
displayed on the right-hand side of Figure 1. The Hartree–
Fock energies of these three states are 2h + J23�K23, 2 h +

J23 + K23, and 2h + J22 + K23, respectively, where h, Jij, and Kij

represent the one-electron orbital energy, the Coulomb
integral, and the exchange integral, respectively, and the
indices designate the p molecular orbitals in order of
increasing energy[30] (by symmetry J22�J23 = 2K23).

Neglecting spin–orbit interactions and coupling with
higher-lying triplet states, the 3A02 ground electronic state of
C5H5

+ does not undergo vibronic coupling. The lowest-lying
singlet state 1E02 is degenerate and, in this state, the e01 modes
induce a linear JT effect and the e02 and e002 modes induce a

Figure 1. Left: Frost–Musulin diagram of the lowest-lying electronic
configuration of the cyclopentadienyl cation. Right: energetic ordering
of the corresponding electronic states in D5h symmetry. K23 represents
the exchange integral (see text; Figure adapted from Ref. [34]).

[*] The commonly used label for the JTE still employs the letters T or t to
designate triply degenerate electronic states and vibrational modes,
respectively, rather than the recommended F and f labels used in the
remainder of this Review.

F. Merkt and H. J. W�rnerReviews

6408 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 6404 – 6424

http://www.angewandte.org


quadratic JT effect. The e02 modes also induce a linear PJT
coupling between the 1E02 and the 1A01 states. These results and
those for higher-order vibonic interactions are summarized in
Table 1.

The coupled Hamiltonian is most conveniently set up in a
diabatic electronic basis. Using complex basis functions for
the E state and retaining only linear coupling terms, the
Hamiltonian H can be written in matrix form as Equa-
tion (13)[31] where HPJT and HJT are given by Equations (14)
and (15), respectively.

H ¼ HPJT þHJT ð13Þ

HPJT ¼ hPJT
0 1þ

EE 0
P

j
ljrje

i�j

0 EE

P
j

ljrje
�i�j

H:c: H:c: EA

0
BBBB@

1
CCCCA

ð14Þ

HJT ¼ hJT
0 1þ

0
P

n
gn1ne�iqn 0

H:c: 0 0

0 0 0

0
BB@

1
CCA ð15Þ

The degenerate vibrational modes mediating the vibronic
coupling are described by cylindrical mass-weighted dimen-
sionless normal coordinates rj, fj, and 1n, qn, which are related
to the Cartesian coordinates xj and yj (xn and yn) as indicated
in Figures 2 and 3. The first and second terms in Equa-
tion (13) represent the PJT and JT interactions, respectively
(H.c. means “Hermitian conjugate”), with linear coupling
constants lj and gn, respectively. The indices j and n label the
PJT and JT active modes, respectively. The harmonic oscil-
lator terms hPJT

0 und hJT
0 in Equations (14) and (15) take the

form of Equations (16) and (17), respectively.

hPJT
0 ¼

X

j

wj

2
� 1

rj

@

@rj
rj
@

@rj
� 1

r2
j

@2

@�2
j

þ r2
j

� �
ð16Þ

hJT
0 ¼

X

n

wn

2
� 1

1n

@

@1n
1n

@

@1n
� 1

12
n

@2

@q2
n

þ 12
n

� �
ð17Þ

The adiabatic potential-energy surfaces have a simple
appearance when only either JT or PJT displacements are
considered. In the case of a single JT-active mode with
cylindrical coordinates (1,q) a characteristic potential is
obtained for the E state [Eq. (18)] as represented in Figure 2.

VE� ð1; qÞ ¼ VE� ð1Þ ¼ VEð0Þ þ
wJT

2
12 � g1 ð18Þ

For a single PJT-active mode with cylindrical coordinates
(r,f), two of the surfaces repel each other whereas the third
remains unchanged. Assuming identical vibrational frequen-
cies in the A and E states, the potential surfaces described by
Equations (19a–c) are obtained as represented in Figure 3.

VAðr; �Þ ¼ VAðrÞ ¼

VEð0Þ þ VAð0Þ
2

þ wPJT

2
r2 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VAð0Þ � VEð0Þ

2

� 	2

þ2l2r2

s
ð19aÞ

VEy
ðr; �Þ ¼ VEy

ðrÞ ¼ VEð0Þ þ
wPJT

2
r2 ð19bÞ

VEx
ðr; �Þ ¼ VEx

ðrÞ ¼

VEð0Þ þ VAð0Þ
2

þ wPJT

2
r2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VAð0Þ � VEð0Þ

2

� 	2

þ2l2r2

s
ð19cÞ

Both the JT and PJT interactions lift the electronic
degeneracy in the 1E02 state but the effects are qualitatively
different as can be seen in Figure 4. Both e01 and e02 modes have

Table 1: Vibrational symmetries of Jahn–Teller active modes in a state of
electronic symmetry E02 and pseudo-Jahn–Teller active modes coupling a
state of electronic symmetry E02 with a state of symmetry A01 for a molecule
of symmetry D5h(M) up to third order.

JT activity in E02 PJT activity E02$A01
Order Gvib Order Gvib

1 e01 1 e02
2 e02, e002 2 e01, e001
3 e01, e02 3 e01, e02

Figure 2. Adiabatic potential-energy surfaces resulting from a linear
Jahn–Teller effect in a doubly degenerate electronic state induced by a
single, doubly degenerate vibrational mode [see Eq. (18)]. The param-
eters used are wJT = 800 cm�1 and g = 500 cm�1.

Figure 3. Adiabatic potential-energy surfaces resulting from a linear
pseudo-Jahn–Teller effect between a lower lying, doubly degenerate
electronic state (E) and a higher lying, nondegenerate state (A)
induced by a single, doubly degenerate vibrational mode [see
Eq. (19a–c)]. The parameters used are wPJT = 800 cm�1,
VA(0)�VE(0) = 5600 cm�1 and l = 2400 cm�1.
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two components e0x and e0y. A distortion along an e0x
component conserves C2v symmetry, whereas a distortion
along an e0y component lowers the symmetry to Cs. A
distortion from D5h to C2v symmetry splits the 1E02 state into
two components of symmetry 1A1 and 1B2 (full and dashed
lines, respectively in Figure 4). In the case of a linear JTeffect,
the potential-energy surfaces have a nonzero slope at the
point of D5h symmetry and, consequently, their ordering is
reversed when the sign of the distortion coordinate is
changed. In the case of a quadratic JT or a PJT effect, the
slope of the adiabatic electronic surfaces vanishes at the point
of highest symmetry and the ordering of the two components
is independent of the sign of the distortion coordinate. In the
present case, the lower component is totally symmetric (1A1 in
C2v) whereas the upper component has symmetry 1B2 in C2v.

The linear JT effect in an electronic state having two
electrons in two degenerate orbitals (configuration e2)
vanishes if configuration interaction is neglected.[32] The
coupling constants of the three e01 modes in the 1E02 state are
indeed found to be very small.[33,34] The linear PJTeffect in the
four modes of symmetry e02 on the contrary is very strong and
leads to a deep minimum energy trough on the lowest
potential-energy surface as shown in Figure 3. The distortion
of the molecule changes continuously along the minimum of
the surface, as shown in Figure 5a. Figure 5b illustrates the
geometric and electronic structure of the molecule if the
distortion follows an e02x distortion from the reference
geometry to the two minima. A remarkable property is the
absence of quadratic PJT coupling in the e02 modes which is
imposed by the molecular symmetry (see Table 1) and implies
that pseudorotation along the circular minimum-energy path
in Figure 3 (which corresponds to the circle depicted in
Figure 5a) is unhindered. The vibronic singlet ground-state
wave function of the cyclopentadienyl cation is thus com-
pletely delocalized over the pseudorotation path.

2.4. The Jahn–Teller Effect in a Triply Degenerate Electronic State

Threefold degenerate electronic states are common in
highly symmetric molecules with unpaired electrons such as

CH4
+ or P4

+ and especially also in transition-metal complexes.
The JT problem resulting from the configuration t1 (or t5) is
very rich and has been studied theoretically in, for example,
Ref. [24]. In a triply degenerate electronic state, the twofold
and threefold degenerate vibrational modes (e and f) are JT
active (Table 2). Distortion along a mode of vibrational
symmetry e leads to a minimum-energy geometry of tetrag-
onal symmetry, whereas distortion along an f mode results in
a trigonal minimum geometry. If JT activity is limited to the
linear term, these are the only possible minima, even when
both modes are simultaneously active.

Only when quadratic JT activity is permitted does a new
kind of minima appear, which is of lower symmetry. This case,

Figure 4. Adiabatic potential-energy surfaces arising from the linear
Jahn–Teller effect (left) and the pseudo-Jahn–Teller effect in the 1E02 and
1A01 states (right). The axes are chosen to be the x components of the
effective e01 and e02 modes that connect the D5h geometry point
(indicated by the vertical line) to the respective minima. Both modes
preserve C2v symmetry which enables the attribution of electronic
symmetries to each curve. Electronic symmetries in the D5h group are
given corresponding to the cyclopentadienyl cation.

Figure 5. a) Schematic representation of the minimum energy pseudor-
otation path in the lowest singlet state. A distortion along the e02x

dimension preserves C2v symmetry and takes the molecule to either
the allylic or dienylic structure. If vibronic coupling terms of third and
higher orders are neglected, the minimum energy path displayed is
isoenergetic. b) Electronic configurations of the ¼+ 1E02 state at D5h

symmetry (middle) and of the distorted dienylic and allylic structures
(left and right, respectively). The ordering of the a2 and b1 molecular
orbitals originating from the degenerate e001 orbital is opposite in the
dienylic and allylic structures (adapted from Ref. [34]).

Table 2: Vibrational symmetries of Jahn–Teller active modes in a state of
electronic symmetry F2 for a molecule of symmetry Td(M) up to third
order.

JT activity in F2

Order Gvib

1 e, f2

2 e, f2

3 e, f2
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which applies to the methane cation, is illustrated in Figure 6
and Figure 7. The tetrahedral configuration corresponds to a
triply degenerate conical intersection. If the molecule is
distorted along the two vibrational modes of symmetry f2 it

can reach either the structure C3v(II) or the structure C3v(I)
depicted in Figure 7. The C3v(II) structure has one short and
three long C�H bonds, and has a doubly degenerate ground
state (2E in C3v(M)) corresponding to a twofold conical
intersection and a nondegenerate first excited state (2A1 in
C3v(M)). The C3v(I) structure has one long and three short C�
H bonds and has a nondegenerate ground electronic state
(2A1 in C3v(M)) and a doubly degenerate first excited
electronic state (2E in C3v(M)). Further distortions along the
e modes lead to the C2v minimum-energy structure depicted in
Figure 6 and which is characterized by two long C�H bonds
separated by a small angle (ca. 60o) and two short C�H bonds
separated by a large angle (ca. 127o).

The total stabilization energy amounts to about
12000 cm�1.[35–37] The number of equivalent structures of a
given symmetry is determined by the ratio of the order of the
CNPI group of the molecule and the order of the point group
of the structure. The CNPI of CH4

+ has order 48 and therefore
there are eight equivalent structures of each of the two C3v

geometries displayed in Figure 7. For the D2d geometry there
are six equivalent structures and 12 for the C2v geometry. The
12 possible C2v structures fall in two sets of six structures, each
of which are mirror images of each other.[35] One of these sets
is represented in Figure 8 along with the adiabatic electronic

function corresponding to the local minimum expressed as
linear combination of the three diabatic electronic functions
jhi, j xi, and j zi. The very large stabilization energy and the
eight-dimensional space of JT active vibrations render a
complete vibronic calculation as described in Section 2.3
intractable. However, the properties of the potential-energy
surfaces suggest that simplifications are possible. Equivalent
minima are separated by relatively low barriers that permit
the interconversions of neighboring structures by tunneling.
In the following, the tunneling formalism is derived which is
then used to predict the rovibronic energy levels including
their symmetry.

The barrier height separating two enantiomeric C2v

structures has been calculated to be 5100 cm�1 at the
UMP2/cc-pVDZ level of ab initio theory (4700 cm�1 includ-
ing zero-point corrections). The barrier separating two C2v

minima in Figure 8 amounts to only 1010 cm�1 at the same
level of theory and only 410 cm�1 after zero-point correction
(although a harmonic zero-point correction is questionable

Figure 6. Equilibrium geometry of the CH4
+ ion, structure of its

highest lying, singly occupied molecular orbital at the global minimum
of the potential-energy surface at the UMP2/cc-pVDZ level of ab initio
theory and principal axes of inertia. The structure has C2v geometry
and the H-C-H bond angles and C�H bond lengths are indicated.

Figure 7. Schematic representation of the three potential-energy surfa-
ces of the methane cation arising from the Jahn–Teller effect in its 2F2

ground state. The vertical axis represents the electronic potential
energy, the horizontal axis represents effective displacement coordi-
nates, the symmetries of which are indicated. The structures corre-
sponding to the represented stationary points and their point group
are indicated below the graph.

Figure 8. Topological representation of the connectivity of the six
equivalent minimum-energy structures of C2v symmetry of CH4

+. The
vertices correspond to the C2v minimum-energy geometries and the
edges to the equivalent pseudorotation–tunneling paths connecting
the minima via low-lying Cs transition states. Four faces of the
octahedron correspond to a C3v geometry with a degenerate ground
state (structure C3v(II) of Figure 7, marked with a dot) and the other
four faces correspond to a C3v geometry with a nondegenerate ground
state (structure C3v(I) of Figure 7). The adiabatic electronic wave-
function jni is indicated below each structure as a linear combination
of the three diabatic basis functions (jxi, jhi, jzi) defined at the Td

geometry.
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for a flat potential-energy surface). The motion connecting
two enantiomeric structures corresponds to the stereomuta-
tion of the methane cation.[38,39] The resulting splittings are
estimated to be less than 10�7 cm�1 and cannot be observed at
our experimental resolution of 0.2 cm�1. The motion connect-
ing equivalent minima of a given set of six structures
corresponds to a cyclic permutation of three hydrogen
atoms also known as pseudorotation. The low barrier for
this process implies that it must be observable at our
resolution. Inspection of Figure 8 reveals that the feasible
permutation–inversion operations are of the type E, (123),
(12)(34), (12)*, (1234)* and form a group that is known as
Td(M).[22] The molecular symmetry group used in Ref. [40]
contains operations of the type E, (123), (12)(34), (12),
(1234), which is incorrect because the last two operations
involve an odd number of permutations and thus interconvert
enantiomers.

Tunneling between the six structures depicted in Figure 8
is conveniently described in a matrix representation using
direct product basis states [Eq. (20)] where jni is the
adiabatic electronic state vector in the nth potential well
(given below each structure in Figure 8) and cn represents the
vibrational ground-state function that is sharply localized in
the vicinity of the nth potential well.

�n ¼ jnijcni ð20Þ

Neglecting the overlap between the vibrational basis
functions and defining s ¼ 1=2 c1h jĤHvib c2j i and
c1h jĤHvib c1j i ¼ 0, where ĤHvib is the vibrational operator for

the lowest potential-energy surface, the effective Hamiltonian
matrix can be expressed as Equation (21)].

Hvib ¼

0 s �s s �s 0

s 0 s 0 �s s

�s s 0 �s 0 s

s 0 �s 0 s s

�s �s 0 s 0 s

0 s s s s 0

0
BBBBBBBBBB@

1
CCCCCCCCCCA

ð21Þ

The tunneling eigenstates of CH4
+ are obtained by

diagonalizing Hvib and form two sets of triply degenerate
levels with eigenvalues EF2

and EF1
[Eq. (22)] separated by

the tunneling splitting d = 4 j s j (s is negative).

EF2
¼ þ2s

EF1
¼ �2s

ð22Þ

The subscript indicates the symmetry of the vibronic
wavefunction in the Td(M) group. The high permutational
symmetry of CH4

+ is responsible for the equality of all matrix
elements cih jĤHvib cij i and all tunneling elements cih jĤHvib cj

�� 
.
Each component of the triply degenerate vibronic wave-
functions has amplitudes in four of the minima.[41]

The vibronic ground-state wavefunctions of both the
cyclopentadienyl cation and the methane cation are delocal-
ized over areas of the potential-energy surfaces that corre-
spond to different but equivalent molecular structures. Group

theoretical methods can be used to predict the symmetries of
the vibronic wavefunctions. First, the barriers separating
equivalent minima are assumed to be infinitely high and the
symmetry of the vibronic wavefunction is determined locally.
Since the molecule is rigid and in its ground vibrational state,
it must be classified in the point group of the distorted
structure and the vibronic symmetry is the same as its
electronic symmetry. This is B2 in the case of CH4

+, as can be
seen from the structure of the singly occupied molecular
orbital displayed in Figure 6. In defining the symmetry, we
have used the C2v character table given in Ref. [42]. If
tunneling is taken into account, the vibronic symmetries must
be classified in the CNPI or the MS group and are obtained by
correlating the irreducible representations of C2v to Td(M). B2

becomes F2�F1 which is in agreement with the result of the
tunneling matrix in Equation (21). This procedure can also be
used to derive the vibronic symmetries of the partially
deuterated methane cations, as will be explained in Sec-
tion 5.1.

3. Experimental Methods

The investigation of molecular ions by direct spectroscopy
is a challenging task. Indeed, the repulsion forces between
cations in a gas sample limit their concentration to below
1010 cm�3, and cause undesired Doppler broadenings of the
transitions. Moreover, the techniques used to generate the
cations (electron impact ionization, discharges, etc.) are
neither chemically nor state selective and the extraction of
relevant spectral features from experimental data represents
a real challenge. In photoelectron spectroscopy, the cation
energy-level structure is measured from the neutral ground
state of the molecule. Efficient and chemically selective
routes exist to produce neutral species and supersonic
expansions can lead to the population of only the lowest
quantum states. Moreover, the photoionizing transitions to
specific cationic states can be detected with almost 100%
efficiency by measuring the electrons.

In PFI-ZEKE photoelectron spectroscopy, electrons pro-
duced by the electric field ionization of very high Rydberg
states (principal quantum number n� 300) are measured as a
function of the wavenumber of a tunable light source.[20, 21, 43,44]

The lines in a PFI-ZEKE photoelectron spectrum are located
just below each ionization threshold and thus directly map out
the relative positions of the ionic energy levels. To obtain the
field-free ionization thresholds, a correction has to be
applied.[45]

The experimental setup has been described in Ref. [37].
Briefly, the neutral molecules in a supersonic expansion are
photoexcited inside a stack of resistively coupled extraction
plates. For photoionization measurements, the produced ions
are extracted using a pulsed voltage toward a multichannel
plate detector where they are detected mass-selectively. For
PFI-ZEKE experiments, an electric field pulse sequence
consisting typically of a discrimination pulse of + 0.05 Vcm�1

and a detection pulse of �0.2 V cm�1 delayed by 3 ms with
respect to photoexcitation was used, resulting in a resolution
of 0.3 cm�1.
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To simplify the PFI-ZEKE photoelectron spectra and to
provide an experimental assignment of the rovibronic sym-
metry of the observed cationic levels, various double-reso-
nance excitation schemes were used. The resonance-
enhanced two-photon excitation/ionization experiments
were carried out using two tunable laser sources. The laser
beams crossed the molecular beam at right angles in a
counter-propagating arrangement. By scanning the first laser
at a constant wavenumber of the second laser, spectra of the
intermediate state were recorded. PFI-ZEKE photoelectron
spectra were measured from selected vibrational levels of the
intermediate level by fixing the wavenumber of the first laser
at the appropriate spectral position and scanning the wave-
number of the second laser.

Two schemes were used to assign the nuclear spin species
and the rovibronic symmetry of the ionic levels experimen-
tally. The first technique, that we call “ZEKE-dip” spectros-
copy (by analogy with ion-dip spectroscopy[46]) was applied to
assign the rovibronic symmetries of the levels of the methane
cation. It consists in holding the vacuum-UV (VUV) fre-
quency at the position of a given line in the single-photon PFI-
ZEKE photoelectron spectrum, and monitoring the depletion
of the photoelectron signal at specific frequencies of an IR
laser that is resonant with rovibrational transitions in the n3 or
2n3 bands of neutral methane. A depletion of up to 50 % of the
original signal indicated that the IR and the VUV photo-
electronic transitions had a common rovibrational lower level
that is easily identifiable by comparison with the well-known
IR spectrum of CH4.

[47] In the second technique, the IR
frequency was held at the position of specific lines of the IR
spectrum, and the VUV frequency was scanned across the
ionization thresholds. With these two methods, nuclear spin
symmetries could be assigned to most lines in the PFI-ZEKE
photoelectron spectrum (the nuclear spin symmetry is
assumed to be conserved during photoionization).

The investigation of the cyclopentadienyl cation required
the production of the cyclopentadienyl radical under con-
ditions that are compatible with PFI-ZEKE photoelectron
spectroscopy. Such a source has been developed recently.[48]

The cyclopentadienyl radicals were produced by photolysis of
cyclopentadiene with the 248 nm output of a KrF excimer
laser (Lambda Physik, CompEx) in a quartz capillary
mounted at the end of a pulsed nozzle.[34, 48, 49] The cyclo-
pentadienyl radicals were cooled in the pulsed supersonic
expansion into vacuum to rotational temperatures around
8 K. The supersonic beam was skimmed and then intersected
by the VUV laser beam at right angles in the photoionization
region. Cyclopentadiene was produced from dicyclopenta-
diene (Fluka) through distillation and stored at �78 8C until
used. It was introduced in a stream of neat helium into the
nozzle reservoir at a stagnation pressure of 5 bar.

4. Comparison with Experimental Data

The theoretical considerations presented in Section 2
explained how the JT and PJT effects lower the potential
energy for nuclear arrangements of reduced symmetry. In
CH4

+ and C5H5
+ and their deuterated isotopologues, different

equivalent minima appear with small to vanishing barriers
between them. Consequently, a molecule subject to a JTeffect
often samples several equivalent distorted geometries which
results in complex spectra. This section illustrates the
spectroscopic signatures of this fluxionality caused by the JT
effect. The spectroscopic experiments serve the purpose of
determining the quantum-level structure of the molecular
cation including nuclear spin symmetry which provides
information on the structure and the dynamics of the
molecule.

4.1. Cyclopentadienyl Cation

Prior to our investigations by PFI-ZEKE photoelectron
spectroscopy[34, 49] the cyclopentadienyl cation had only been
studied in the condensed phase by electron paramagnetic
resonance spectroscopy.[50] The excitation schemes used in our
experiments are represented in Figure 9. Direct one-photon

excitation in the VUV from the X̃ 2E001 ground state of the
cyclopentadienyl radical enabled us to record the PFI-ZEKE
photoelectron spectrum of the ground state of the cyclo-
pentadienyl cation.[49] The spectrum is dominated by the
transition to the vibrational ground state of the cation. Since
the Jahn–Teller distortion of the electronic 2E001 ground state of
the radical is relatively weak, this observation indicates that
the X̃+ 3A02 ground state of the cyclopentadienyl cation is
insignificantly distorted away from the D5h structure. A
second excitation scheme was used to characterize higher
lying electronic states. (1 + 1’)-two-photon resonant excita-
tion through different vibrational levels of the electronically

Figure 9. One- and two-photon excitation schemes used to record
photoionization and PFI-ZEKE photoelectron spectra of the cyclopenta-
dienyl radical. The positions of the low-lying electronic states of the
cyclopentadienyl radical and cation are represented on the left-hand
side by the horizontal lines next to the corresponding spectroscopic
and symmetry labels. The main electronic configurations of the p

molecular orbitals from which the electronic states derive are repre-
sented schematically in the central column. The right-hand side
represents schematic cuts through the potential energy surface of the
electronic states along nuclear displacements of e02 symmetry (adapted
from Ref. [34]).
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excited ffi 2A00
2 state of the neutral radical gave access to a

dense progression of vibrational levels beginning about
1500 cm�1 above the measured origin of the 3A02 state.[49]

Figures 10 a and b show the PFI-ZEKE photoelectron spectra
recorded following excitation through the vibrational ground

state of the 2A002 state of the neutral radicals C5H5 and C5D5,
respectively. The vertical arrows on the low wavenumber side
of Figure 10 correspond to the positions where the origin of
the 3A02 has been observed in the single-photon PFI-ZEKE
experiments.[49] The origins of the ~XX

þ  ~XX photoelectron
band systems are not observed in the two-photon experiments
but several vibrationally excited levels of the X̃+ 3A02 elec-
tronic state are observed: 142, 21, 131, 141, 101, and 132 in C5H5

+

and 21, 82 in C5D5
+. At a total wavenumber of approximately

69500 cm�1, the origin of the ¼+ 1E02 ~XX photoelectron band
system is observed in both molecules as a rather weak line
(labeled “j = 0”) immediately followed by a much more
intense line (labeled j = 1) and further weak lines. A second
similar group of lines is observed at higher wavenumbers
around 70 400 cm�1. The lines of these two progressions are
assigned in terms of the quantum number j which stands for
the vibronic angular momentum.[34] The upper progression is
attributed to the excited vibrational level with one quantum
of excitation along the radical dimension of the potential
trough displayed in Figure 3. The separation between the two
lowest lines in the progressions amounts to only 71 cm�1 in
C5H5

+ and 70 cm�1 in C5D5
+ which is characteristic of a very

strong PJT distortion and the associated free pseudorotation
of the nuclear framework (see Figure 5). The motion along
the trough in the lowest potential surface of Figure 3 is indeed
expected to be unhindered as explained in Section 2.3. From
the experimental observations it can be concluded that the
quantized states corresponding to this motion have an energy

proportional to j2 with integer values of the vibronic-angular-
momentum quantum numbers (j = 0,1,2…). In the case of a
strong JT (as opposed to a PJT) distortion, the energy would
also be proportional to j2 but with half-integer values of j (1/2,
3/2…; see also Refs. [9–11]). The assignment of the spectra
displayed in Figure 10 relied on ab initio quantum chemical
calculations, vibronic coupling calculations, and rotationally
resolved measurements.[34]

The unexpected intensity distribution originates from the
fact that the photoionizing transition from the 2A00

2 state to the
1E02 state of the cation is forbidden, as it is formally a two-
electron transition (see Figure 9). The allowed photoionizing
transitions from the 2A002 state lead to the formation of ions in
the 1E01 and 3E01 states with the configuration ((a002)

1 (e001)
3 (e002)

0).
According to Equation (7) the 1E01 state of this configuration
and the 1E02 state are vibronically coupled by modes of
symmetry e01�e02 = e01 + e02. Consequently, the e02 modes that
mediate the strong PJT effect also induce a Herzberg–Teller
intensity borrowing that enables the observation of the
transitions to the 1E02 state. This mechanism primarily lends
intensity to the vibronic levels of symmetry e01 or e02 with j> 0
but not to the j = 0 level which is of a01 vibronic symmetry.[34]

Our investigations of the cyclopentadienyl cation by high-
resolution photoelectron spectroscopy provide the following
picture of the structure and dynamics of this prototypical
molecule. The ground state is of 3A02 symmetry and has a
minimum-energy geometry belonging to the D5h point group.
This result contrasts with the naive expectation that an
antiaromatic molecule should have C�C bonds of unequal
lengths in its ground electronic state. The first excited
electronic state is of symmetry 1E02. It is subject to a strong
PJT interaction with the next-higher singlet state of symmetry
1A01 which stabilizes its lower component by approximately
4000 cm�1. The potential-energy surface of the lower compo-
nent of the 1E02 state is thus characterized by a deep trough (as
shown schematically in Figure 3) that gives rise to free
pseudorotation. In the cyclopentadienyl cation, the PJT effect
thus causes a high fluxionality of the molecule by allowing a
complete delocalization of the nuclear wavefunction.

This insight allows us to precisely describe the implica-
tions of antiaromaticity on a molecule. The triplet electronic
state resulting from the lowest lying (e2) electronic config-
uration does not distort because it is nondegenerate and no
other triplet state results from this configuration. Thus all the
C�C bond lengths are equal. The three singlet states (one 1A01
state and the two components of the E02 state) may distort to
geometries with unequal C�C bond lengths, but only through
PJT interactions (see Figure 5). The corresponding stabiliza-
tion may lower one singlet state below the triplet state, as is
the case in cyclobutadiene.[51, 52] In the cyclopentadienyl
cation, the stabilization energy is not large enough to lower
the singlet state below the triplet state which results in an
undistorted triplet ground state. The chemical intuition of
unequal bond lengths for an antiaromatic electronic config-
uration is thus only applicable to the lowest singlet state of
these molecules. In this state, C5H5

+ distorts to form a dienylic
and an allylic structure (see Figure 5b) which results in a
localization of the electronic wavefunction and a delocaliza-
tion of the nuclear wavefunction. The PJT effect can thus be

Figure 10. Two-photon resonant PFI-ZEKE photoelectron spectra
recorded through the vibrationless level of the ffi 2A002 state of a) C5H5

and b) C5D5. Vertical arrows mark the positions of the adiabatic
ionization thresholds corresponding to the formation of the X̃+ 3A02 and
lower component of the ¼+ 1E02 states. The horizontal axis corresponds
to the sum of the wavenumbers of both lasers. Excited vibrational
levels of the X̃+ 3A02 state are assigned in harmonic notation whereas
the pseudorotational levels of the lower component of the ¼+ 1E02 state
are assigned in terms of the vibronic angular-momentum quantum
number j (adapted from Ref. [34]).
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interpreted as the way the molecule takes to avoid the
unfavorable antiaromatic electronic structure.

4.2. Methane Cation

The single-photon PFI-ZEKE photoelectron spectrum of
methane is shown in Figure 11 (top trace). In spite of its
simple appearance the rotational structure of this spectrum

has long remained unassigned after its first observation in
1999.[53] An experimental assignment of the nuclear spin
symmetries using infrared-VUV double-resonance methods
has eventually permitted the assignment of the spectrum and
enabled the characterization of the dynamics induced by the
JT effect.[29, 41] The experimental technique was described in
Section 3 and consisted of two complementary methods. The
first relied on fixing the VUV laser wavenumber at the
position of a selected line of the PFI-ZEKE photoelectron
spectrum and using an IR laser to saturate a rovibrational
transition in the ground electronic state of the neutral
molecule. A decrease of the PFI-ZEKE photoelectron
signal indicated that the two transitions shared a common
initial state, namely the lower state of the IR transition. This
method allowed the identification of the rotational level of
the vibronic ground state of methane (presented as symmetry
labels above the lines of the top spectrum in Figure 11) from
which the PFI-ZEKE transition originated. The second
method consisted of exciting a specific rotational level of a
vibrationally excited level of the neutral molecule and
recording the PFI-ZEKE photoelectron spectrum from that
selected level.

12CH4 and 12CH4
+ have three nuclear spin isomers with the

nuclear spin symmetries in Td(M) of A1 (meta, I = 2), E (para,

I = 0), and F2 (ortho, I = 1).[54, 55] Meta methane exists in levels
of rovibronic symmetry A1 or A2, para methane in levels of
symmetry E and ortho methane in levels of symmetry F1

or F2. Under the jet-cooled conditions of our experiments,
only the three lowest rotational levels of the neutral vibronic
ground state are populated, corresponding to the rotational
quantum numbers and nuclear spin symmetries J = 0 (A1), J =

1 (F2), and J = 2 (E). Because electric dipole transitions only
connect levels of the same nuclear spin symmetry, the
identification of the initial state of the PFI-ZEKE photo-
electron transition permits the assignment of the nuclear spin
symmetry in the cation, that is, the rovibronic symmetry
without the index (A1 and A2 are not distinguished, nor F1 and
F2). In the case of a resonant two-photon excitation, the first
transition can only populate levels of the same nuclear spin
symmetry as the initial level and the same principle applies.

The spectra obtained after two-photon resonant excita-
tion are displayed in the four lower traces of Figure 11. The
knowledge of the initial state allows a map of the energy
levels to be constructed on an absolute energy scale (sorted by
nuclear spin symmetry) which can then be compared with
calculations. The result is displayed in Figure 12 where the

left-hand side (Figure 12 a) represents the experimentally
determined level positions with respect to the neutral
rovibronic ground state, and the right-hand side (Figure 12b)
the results of a calculation using an effective rotation-
tunneling Hamiltonian.[29, 41] There is a one-to-one corre-
spondence between the calculated and experimental values of
the levels of A and E symmetry up to N+ = 3. The calculations
predict more F levels than observed experimentally, but the
grouping of calculated F levels reflects the experimental
structure. It is likely that not all levels could be observed as a
result of the resolution and sensitivity limits of the experi-
ment. The adjustable parameters in the model Hamiltonian of
Refs. [29,41] were 1) three rotational constants (A = 6.40(13),
B = 5.55(9), C = 4.03(6) cm�1) that essentially correspond to
the rotational constants of the distorted C2v structure of the
potential minima, 2) the tunneling splitting (d = 4 j s j=

Figure 11. Top trace: Single-photon PFI-ZEKE photoelectron spectrum
of CH4 in the region of the adiabatic ionization threshold obtained
using electric field pulses of + 86 mVcm�1 and �138 mVcm�1. Lower
traces: two-photon IR+ VUV PFI-ZEKE PE spectra recorded through
selected rotational levels of the n3 fundamental using electric field
pulses of + 17 mVcm�1 and �860 mVcm�1. The selected rotational
line of the vibrational transition to the intermediate level is indicated
above the spectra. The letters A, E, and F correspond to the
experimentally assigned nuclear spin symmetries (A1, E, or F2; adapted
from Ref. [41]).

Figure 12. Comparison of the experimentally determined level structure
of CH4

+ (a) with the eigenvalues of a tunnel–rotation Hamiltonian (b;
see Ref. [29]). The wavenumber scale is defined with respect to the
ground state of CH4 (adapted from Ref. [41]).
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16.4(40) cm�1) defined in Equation (22), and 3) the ionization
energy EI/(hc) = 101 752(15) cm�1. The comparison between
the calculations and the experiment suggests that the effective
rotation–tunneling Hamiltonian captures the essential aspects
of the dynamics of the molecule and correctly incorporates
the Jahn–Teller effect. The structure and dynamics of the
ground state of CH4

+ are characterized by a large-amplitude
tunneling motion connecting equivalent minima of C2v

geometry. The N+ = 0 ground state of CH4
+ is a tunneling

doublet of triply degenerate levels and the lowest level has
nuclear spin symmetry F2 (also F2 rovibronic symmetry
according to the theoretical considerations presented in
Section 2.4).

The results of our investigations of the methane cation by
high-resolution photoelectron spectroscopy can thus be
summarized in terms of a dynamic structure. The JT effect
causes a distortion of the molecule away from the tetrahedral
symmetry towards a distorted structure of C2v symmetry.
Rather than a single minimum, there are two enantiomeric
sets of six equivalent minima and the molecule may be
described as having a highly fluxional structure resulting from
the tunneling between the structures of each set on the
picosecond time scale. The sequence of tunneling levels, F2

below F1, is characteristic of the JT effect in a threefold
degenerate electronic state, and results from a geometric
phase effect.[29] The level structure for tunneling between six
equivalent minima on a nondegenerate electronic surface (as
in the case of a PJT effect with an electronically nondegen-
erate lower state) would be A1, F2, E.

Without the JTeffect, CH4
+ would have a rigid tetrahedral

structure and the electron hole in the valence shell would be
delocalized over three equivalent molecular orbitals of
symmetry f2 (aligned along the three C2 axes of the molecule).
In the presence of the JT effect, the electron hole is localized
in a single molecular orbital (see Figure 6) while the nuclear
wavefunctions are delocalized over 12 equivalent potential-
energy minima of C2v symmetry. The methane cation shares
several common properties with the cyclopentadienyl cation.
The JT effect induces a high fluxionality of the molecular
structure and causes simultaneously an electronic localization
and a nuclear delocalization. In both cases, the JT (or PJT)
distortions can be rationalized by chemical intuition: in the
case of the 1E02 state of the cyclopentadienyl cation the
distortion enables the molecule to avoid the unfavorable
delocalized antiaromatic electronic structure by forming
dienylic and allylic structures. In the case of CH4

+, the
distortion towards a CH2

+-H2 complex (see Figure 6) can be
understood by consideration of the low ionization energy of
CH2.

[56]

5. Isomerism and Chirality

5.1. Isomerism in CH3D
+ and CH2D2

+

Partial isotopic substitution reduces the symmetry of the
vibrational Hamiltonian without affecting the electronic
degrees of freedom. It provides additional insights into
vibronic coupling problems because the permutational sym-

metry is reduced and vibrational zero-point energy effects
make otherwise equivalent minima distinguishable. Partial
isotopic substitution of JT systems has been a very useful tool
in determining the distorted equilibrium structure of mole-
cules undergoing an E�e Jahn–Teller effect, such as the
cyclooctatetraene anion,[57] the benzene anion,[58] benzene,[59]

and the cyclopentadienyl radical.[60]

Partial deuteration of CH4
+ removes the equivalence of

the six minima represented in Figure 8 because of the
different zero-point energies of the resulting structures. If
the hydrogen atom labeled “4” in Figure 8 is replaced by a
deuterium atom, the structures 1, 2, and 3 remain equivalent,
as do minima 4, 5, and 6 but the two sets are distinguishable.
In the treatment that led to Equation (21), the tunneling
matrix elements presented in Equation (23) must be consid-
ered for CH3D

+.

cih jĤH cij i ¼ 0 for i 2 f1,2,3g
cih jĤH cij i ¼ D for i 2 f4,5,6g

1=2 cih jĤH cj

�� 
¼ s for i6¼j, fi,jg 2 f1,2,3g

1=2 cih jĤH cj

�� 
¼ s0 for i 6¼j, fi,jg 2 f4,5,6g

1=2 cih jĤH cj

�� 
¼ s00 for i6¼j, i 2 f1,2,3g, j 2 f4,5,6g or vice versa

ð23Þ

The subscripts i and j refer to the structures drawn in
Figure 8, s, s’, and s’’ are all negative, and D corresponds to
the zero-point energy difference between the structures of
both sets. The tunneling matrix for CH3D

+ thus takes the form
given in Equation (24)[*] and has the eigenvalues given by
Equations (25).

Hvib ¼

0 s �s s00 �s00 0

s 0 s 0 �s00 s00

�s s 0 �s00 0 s00

s00 0 �s00 D s0 s0

�s00 �s00 0 s0 D s0

0 s00 s00 s0 s0 D

0

BBBBBBBBBB@

1

CCCCCCCCCCA

ð24Þ

EE ¼
1
2

s � s0 þ D� Sð Þ ð25aÞ

EA2
¼ �2s ð25bÞ

EA1
¼ 2s0 þ D ð25cÞ

EE ¼
1
2

s � s0 þ Dþ Sð Þ ð25dÞ

In Equations (25a)–(25d), the symmetry labels given as
subscripts correspond to the irreducible representations of
the corresponding eigenvectors in C3v(M), and S is defined by
Equation (26)[**].

S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s þ s0ð Þ2þ12s002 � 2 s þ s0ð ÞDþ D2

q
ð26Þ

[*] Equation (4) of Ref. [61] represents the tunneling matrix corre-
sponding to Figure 1 of that article, but with structures 4 and 5
reversed.

[**] Note that Equations (6) and (7) in Ref. [61] have been mistyped.
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In the limit j s j , js’ j , j s’’ j! D Equation (27) is obtained
and the eigenvalues converge to those presented in Equa-
tions (28).

S � D� s þ s0ð Þ þ s þ s0ð Þ2þ12s002

2D
� D� s þ s0ð Þ ð27Þ

EE ¼ s ð28aÞ

EA2
¼ �2s ð28bÞ

EA1
¼ 2s0 þ D ð28cÞ

EE ¼ �s0 þ D ð28dÞ

These energy levels correspond to two tunneling pairs
((E,A2) and (A1,E), respectively) with tunneling splittings d =

3 js j and d’= 3 j s’ j , respectively. The tunneling states are
represented schematically in Figure 13. If jD j is large
compared to the tunneling matrix elements as is the case in
CH3D

+, the interconversion of one of the equilibrium
structures 1, 2, and 3 into one of the structures 4, 5, and 6 is
suppressed and two isomers exist. Minima 1, 2, and 3 have a
short C�D bond and are designated as CH3Ds

+ whereas
minima 4, 5,and 6 have a long C�D bond and are designated
as CH3D‘

+.

The vibronic symmetries can also be predicted by group
theory as outlined in Section 2. The ordering of the orbitals
and the shape of the singly occupied molecular orbital of
CH4

+ is not significantly affected by deuteration. Classifica-
tion of the electronic symmetry of this orbital in the Cs point
group appropriate to CH3D

+ at the minimum-energy geom-
etry gives A’’ for CH3Ds

+ where the plane of symmetry
contains the two short bonds and A’ for CH3D‘

+ where the
plane of symmetry contains the two long bonds. By correlat-
ing these symmetries to the molecular symmetry group

corresponding to feasible permutations of the three protons
(C3v(M)) the tunneling splittings A2�E for CH3Ds

+ and A1�E
for CH3D‘

+ are predicted in accordance with the tunneling
calculations described above.

The PFI-ZEKE photoelectron spectrum of CH3D is
displayed in Figure 14. The bands labeled A and B have
been assigned to the isomers CH3Ds

+ and CH3D‘
+, respec-

tively, on the basis of their tunnel–rotational structures.[61]

Band A consists of transitions to a tunneling doublet of
vibronic levels E and A2 whereas band B consists of transi-
tions to a tunneling doublet A1 and E. The experimentally
determined zero-point energy difference amounts to
121(1) cm�1 which agrees with the value of 114 cm�1 calcu-
lated at the CCSD(T)/cc-pVTZ level of ab initio theory. The
tunneling splittings (equal to j 3s(’) j ) are much smaller and
amount to 9.6 and 6.6 cm�1, respectively, as determined from
the experimental spectrum. In each of these isomers, the
hydrogen atoms exchange on a picosecond time scale and are
therefore equivalent on the time scale of our experiments.
Hence, CH3D

+ indeed appears to have two distinct isomers
that must have different chemical properties.

The symmetry is lowered even further if two hydrogen
atoms are replaced by deuterium atoms. In the treatment that
led to Equation (21), the tunneling matrix elements in
Equation (29) must therefore be considered for CH2D2

+.

cih jĤH cij i ¼ 0 for i ¼ 1

cih jĤH cij i ¼ D for i 2 f2,3,4,5g
cih jĤH cij i ¼ D0 for i ¼ 6

1=2 cih jĤH cj

�� 
¼ s for i6¼j, fi,jg 2 f2,3,4,5g

1=2 cih jĤH cj

�� 
¼ s0 for i 6¼j, i ¼ 1, j 2 f2,3,4,5g or vice versa

1=2 cih jĤH cj

�� 
¼ s00 for i6¼j, i ¼ 6, j 2 f2,3,4,5g or vice versa,

ð29Þ

In Equation (29) the subscripts i and j refer to the
structures in Figure 8, s, s’ und s’’ are all negative, and D

Figure 13. Tunneling levels of CH3D
+ with zero total angular momen-

tum (solid lines). The quantities s und s’ represent the tunneling
integrals for the isomers CH3Ds

+ and CH3D‘
+, respectively, ZPED

stands for the zero-point energy difference between these isomers, and
D describes the zero-point energy difference in the absence of
tunneling (adapted from Ref. [61]).

Figure 14. PFI-ZEKE photoelectron spectrum (solid line) and photoio-
nization spectrum (dashed line) of CH3D. The PFI-ZEKE photoelectron
spectrum was recorded using a sequence of pulsed electric fields of
+ 35 mVcm�1 and �130 mVcm�1. The two bands are assigned to the
two isomers CH3D‘

+ and CH3Ds
+.
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and D’ correspond to the zero-point energy difference
between the structures 1 and 2–5 and between 1 and 6,
respectively. The tunneling matrix for CH2D2

+ thus takes the
form given by Equation (30) and has the eigenvalues (and
approximate values in the case (js’ j , j s’’ j ) ! (D, D’)) given
by Equations (31).

Htun ¼

0 s0 �s0 s0 �s0 0

s0 D s 0 �s s00

�s0 s D �s 0 s00

s0 0 �s D s s00

�s0 �s 0 s D s00

0 s00 s00 s00 s00 D0

0
BBBBBBBBBB@

1
CCCCCCCCCCA

ð30Þ

EB2
¼ 1

2
D� S1ð Þ � � 4s02

D
ð31aÞ

EA1
¼ 2s þ D ð31bÞ

EB1
¼ 1

2
Dþ D0 � S2ð Þ � D� 4s002

D0 � D
ð31cÞ

EB2
¼ 1

2
Dþ S1ð Þ � Dþ 4s02

D
ð31dÞ

EA2
¼ �2s þ D ð31eÞ

EB1
¼ 1

2
Dþ D0 þ S2ð Þ � D0 þ 4s002

D0 � D
ð31fÞ

S1 and S2 are given by Equations (32).

S1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ 16s02ð Þ

q

S2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 � 2DD0 þ D02 þ 16s002ð Þ

q ð32Þ

In the limit (js’ j , j s’’ j ) ! (D, D’), the eigenvalues can be
further approximated by Equations (33 a–f)

EB2
¼ 0 ð33aÞ

EA1
¼ 2s þ D ð33bÞ

EB1
¼ D ð33cÞ

EB2
¼ D ð33dÞ

EA2
¼ �2s þ D ð33eÞ

EB1
¼ D0 ð33fÞ

and the corresponding eigenvectors are given by Equa-
tion (34) where the columns represent the eigenvectors in the
same order as the eigenvalues given in Equation (33). The
first and the last eigenvalues correspond to eigenvectors that
are localized in minima 1 and 6, belonging to the isomers
CH‘H‘DsDs

+ and CHsHsD‘D‘
+, respectively. The four inter-

mediate eigenvalues correspond to the isomer CH‘HsD‘Ds
+ as

shown schematically in Figure 15.

U ¼ 1
2

2 0 0 0 0 0

0 �1 1 �1 1 0

0 �1 1 1 �1 0

0 1 1 �1 �1 0

0 1 1 1 1 0

0 0 0 0 0 2

0
BBBBBBBBBB@

1
CCCCCCCCCCA

ð34Þ

Figure 16 shows the PFI-ZEKE photoelectron spectrum
of CH2D2 in the region of the adiabatic ionization threshold.
Three bands labeled A, B, and C can be distinguished that
have a very different (tunnel-)rotational structure. The
separation between the centers of the bands A and B amounts
to approximately 130 cm�1 and the separation between the
bands A and C is 240 cm�1. The calculated difference in zero-

Figure 15. Tunneling levels of CH2D2
+ with zero total angular momen-

tum (solid lines). The quantity s represents the tunneling integral for
the isomers CH‘HsD‘Ds

+. D and D’ describe the zero-point energy
differences in the absence of tunneling.

Figure 16. PFI-ZEKE photoelectron spectrum of CH2D2. The PFI-ZEKE
photoelectron spectrum was recorded using a sequence of pulsed
electric fields of + 35 mVcm�1 and �160 mVcm�1. The three bands are
assigned to the three isomers CH‘H‘DsDs

+, CH‘HsD‘Ds
+, and

CHsHsD‘D‘
+.
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point energies between the isomers CH‘H‘DsDs
+ and

CH‘HsD‘Ds
+ is 115 cm�1 and that between CH‘H‘DsDs

+ and
CHsHsD‘D‘

+ is 220 cm�1 at the UMP2/cc-pVDZ level of
ab initio theory. Consequently, the attribution of bands A, B,
and C to the three isomers appears justified.

The isomers CH‘H‘DsDs
+ and CHsHsD‘D‘

+ have C2v

symmetry and their ground electronic states have 2B2 and
2B1 symmetry, respectively. Because these isomers are “rigid”
on the time scale of our measurements,[62] their ground
vibronic state must also have B2 (B1) symmetry, in agreement
with results of the tunneling calculations. The structure of
isomer CH‘HsD‘Ds

+ has no symmetry elements and therefore
belongs to the C1 point group. Since the tunneling motion
connecting the four equivalent minima (2, 3, 4, and 5 in
Figure 8) is feasible, the molecular symmetry group of this
isomer is C2v(M). C1 has a single irreducible representation
that correlates with A1�A2�B1�B2 in C2v(M) and the
vibronic symmetries resulting from tunneling correspond to
the four irreducible representations of C2v(M) as obtained
above.

5.2. The Jahn–Teller Effect and Chirality in C2H4
+ and CH2D2

+

The parity-violating nature of the electro-weak interac-
tion is responsible for a small energy difference between two
enantiomeric structures.[38,39, 63, 64] The influence of this effect
on the dynamics of a chiral molecule depends on the relative
magnitude of the parity-violating effect and the size of the
tunneling splitting associated with stereomutation.

In many chiral molecules, such as methane derivatives
with four different substituents or heavier analogues of
hydrogen peroxide, tunneling splittings can be very small
and two cases must be distinguished:[39, 63] 1) If the parity-
violating energy difference between the two enantiomers is
much smaller than the splitting resulting from tunneling, then
this splitting dominates the dynamics of the molecule in its
ground state. The vibronic ground state of the molecule is
delocalized over both minima of the potential energy surface.
2) If the tunneling splitting is much smaller than the parity-
violating energy difference, the parity violation causes a
localization of the vibronic ground state wavefunction in the
potential-energy well corresponding to the more stable
enantiomer. The next higher vibronic state is localized in
the minimum corresponding to the other enantiomer. In this
case the parity-violating interaction effectively breaks the
symmetry of the molecule. The energy difference between the
two enantiomeric structures induced by the electro-weak
interactions effectively suppresses tunneling just like the
difference in zero-point energies suppresses tunneling
between minima corresponding to different isomers in
CH3D

+.
Distortions of the molecular geometry by the JTeffect can

induce chirality and in this section we discuss the cases of
C2H4

+ and CH2D2
+. The ethylene cation has a nonplanar

equilibrium structure.[65, 66] The lowest potential-energy surfa-
ces are represented schematically in Figure 17. Using the
planar D2h geometry as reference, the nonplanarity is a result
of the vibronic coupling between the ~XX 2B3u and ~AA 2B3g

mediated by the torsional mode of irreducible representation
Au. Alternatively, the distortion can also be considered to
result from a JT effect that splits the ground ~XX 2E state of D2d

geometry into two components of symmetry 2B3 and 2B2 in D2

geometry. The 2B3 component becomes the ~XX 2B3u state at the
planar geometry, whereas the 2B2 component becomes the
~CC 2B2u state (not shown).

Assuming that the barriers at both the D2h and the D2d

geometry are impenetrable, the appropriate symmetry group
for C2H4

+ is D2. The electronic ground state is of 2B3 geometry.
Assuming that tunneling through the barrier at planarity (D2h

geometry) is feasible then the appropriate molecular symme-
try group changes to D2h(M), and the ground vibronic state
splits into the tunneling doublet B3u�B3g which has indeed
been observed experimentally.[66] If, on the contrary, tunneling
were only possible through the barrier at D2d geometry, the
appropriate molecular symmetry group would be D2d(M), and
the vibronic ground state would have E symmetry. Therefore,
even if the barrier at D2d geometry were very low, there would
not be any signature of tunneling. This situation is encoun-
tered in the allene cation.[67]

Since tunneling through the barrier at the D2d geometry
can be ignored, the dynamics of C2H4

+ can be qualitatively
described by the two-minimum potential shown in Figure 17.
The minimum energy structure has D2 geometry and is chiral
in the same way as H2O2, H2S2, Cl2S2, are chiral.[68–70] The
structures corresponding to two adjacent minima are enan-
tiomers of each other. The lowering of symmetry resulting
from vibronic coupling thus induces chirality in a system that
would otherwise be achiral. In the ethylene cation, the
splitting associated with the tunneling motion through the D2h

barrier amounts to 83.7(5) cm�1 which corresponds to a
stereomutation time of 200 fs. This motion clearly dominates
the dynamics of the ground state of C2H4

+ and the separation
of enantiomers is not possible. C2H4

+ clearly belongs to the
first category of chiral molecules mentioned above. Indeed,
the energy difference between the two enantiomeric struc-

Figure 17. Schematic representation of the lowest potential-energy
surfaces of the ethylene cation (C2H4

+). The vertical axis represents the
electronic potential energy and the horizontal axis the angle q between
the two CH2 planes.
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tures of C2H4
+ caused by the electro-weak interaction is

expected to be on the order of 10�13 cm�1 (which is the order
of magnitude that was calculated for allene[71]). Substitution
of the H atoms in C2H4

+ by heavier atoms may, however,
provide further examples of molecules in the second category
mentioned above.

The substituted methane derivatives represent an impor-
tant class of chiral molecules.[38] Methane itself is not chiral in
its ground vibronic state but its stereomutation, that is, the
process that converts a structure with four numbered hydro-
gen atoms into its enantiomer, is important in understanding
the dynamics of this class of chiral molecules. In the ground
state of CH4, the tunneling splitting resulting from this motion
is expected to be very small because of the very high barrier
(	 35000 cm�1) for stereomutation.[72] In CH4

+, the barrier for
stereomutation is much lower.[35] We have calculated the
lowest potential-energy surface of CH4

+ at the UMP2/cc-
pVDZ level of ab initio theory along the reaction path
connecting a C2v minimum energy structure to its enantio-
meric structure using the algorithm implemented in Gaus-
sian03.[73] The maximum of the reaction path corresponds to a
structure of Cs geometry that is very similar to the one
described in Ref. [35]. The purely electronic-barrier height is
found to be 5100 cm�1 (4700 cm�1 after harmonic zero-point
correction). The estimation of the tunneling splitting associ-
ated with stereomutation was performed using a WKB
method[74] and the calculated reaction path and gave the
value 10�7 cm�1 for this splitting.

What are the spectroscopic manifestations of stereomu-
tation tunneling in CH4

+? To obtain the appropriate molec-
ular symmetry group, Td(M) has to be extended to include
operations that interconvert enantiomeric structures. The
appropriate group contains all permutation-inversion oper-
ations of four particles and is designated S4*

[38] (Ref. [75] uses
a different notation). The correlation of irreducible repre-
sentations including spin-statistical weights for CH4

+ and
CD4

+ are given in Tables 3 and 4, respectively. The Tables

show that in CH4
+, only the levels of rovibronic symmetry E

will be split by stereomutation tunneling, whereas in CD4
+,

the E, the F1, and the F2 levels will be split. The statistical
weights of (+ ) and (�) parity sublevels is equal in the
E levels but different in the F1 and F2 levels.

The classification of chirality discussed so far is sufficient
to describe the ground-state dynamics of chiral molecules
characterized by tunneling between two minima correspond-
ing to enantiomeric structures. The isomer CH‘HsD‘Ds

+ of
CH2D2

+ represents a special case of chirality, where eight
potential-energy minima are isoenergetic if electro-weak
interactions are ignored.

As explained in Section 4 in the discussion of CH4
+, it can

be expected that the potential-energy barriers separating the
four structures shown in Figure 18 are much lower than the
barrier for stereomutation. Consequently, the discussion will

be restricted to these four minima. As discussed in Sec-
tion 5.1, tunneling between these four minima leads to a
splitting of the four-fold degenerate ground vibronic state into
a 1 + 2 + 1 pattern where the vibronic symmetries are A1, B1,
B2, and A2. An inspection of the structures in Figure 18
reveals that directly adjacent structures are enantiomers of
each other. Structures at opposite vertices of the diagram are
identical except for the numbering of their substituents. The
enantiomers can be labeled according to the nomenclature of
axially chiral compounds (e.g., the asymmetrically substituted
allene derivatives) because the substituent positions are
pairwise equivalent in CH2D2

+. The structure corresponding
to minimum 2 would thus be labeled (S)-CH‘HsD‘Ds

+

whereas minimum 5 corresponds to (R)-CH‘HsD‘Ds
+. Clearly,

the fast pseudorotational tunneling connecting neighboring
minima interconverts enantiomeric structures. In the follow-
ing, we shall investigate how the tunneling dynamics affects
the chirality of CH‘HsD‘Ds

+ that is induced by the JT effect.
A closer inspection of the vibronic eigenfunctions asso-

ciated with the B1 and B2 levels [see Eq. (34)] shows that they

Table 3: Correlation table of the rovibronic symmetries from the Td(M) to
the S4* molecular symmetry group including nuclear spin statistical
weights for 12CH4

+.

Td(M) S4*

A1(5) A1
+(0)�A2

�(5)
A2(5) A2

+(5)�A1
�(0)

E(2) E+(1)�E�(1)
F1(3) F1

+(3)�F2
�(0)

F2(3) F2
+(0)�F1

�(3)

Table 4: Correlation table of the rovibronic symmetries from the Td(M) to
the S4* molecular symmetry group including nuclear spin statistical
weights for 12CD4

+.

Td(M) S4*

A1 (15) A1
+(15)�A2

�(0)
A2 (15) A2

+(0)�A1
�(15)

E(12) E+(6)�E�(6)
F1 (18) F1

+(3)�F2
�(15)

F2 (18) F2
+(15)�F1

�(3)

Figure 18. Topological representation of four equivalent minima of the
isomer CH‘HsD‘Ds

+ of CH2D2
+. The vertices correspond to the C1

minimum-energy geometries and the edges to the equivalent pseudo-
rotation–tunneling paths connecting the minima. Neighboring struc-
tures are enantiomers (disregarding the numbering) but diametrically
opposed structures are identical. The chirality nomenclature used for
axially chiral systems has been applied to label the structures.
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correspond to symmetric and antisymmetric combinations of
structures 2, 4 and 3, 5, respectively. Indeed, the symmetric
linear combination of the B1 and B2 functions is 1ffiffi

2
p (0,1,0,1)

and the antisymmetric combination is 1ffiffi
2
p (1,0,1,0) (where the

numbers in parentheses are the coefficients of the wave-
function in the basis {f2,f3,f4,f5} of localized vibronic
functions analogous to that defined in Equation (20) for
CH4

+). The first wavefunction corresponds to a pure R-
enantiomer and the second to a pure S-enantiomer. A
coherent superposition with the appropriate relative phase
of the B2 and B1 vibronic levels would thus correspond to a
single enantiomer.

We first consider the case where tunneling between
inequivalent minima is negligible [s’= s’’= 0 in Eq. (30)]. In
this case, the B1 and B2 levels are exactly degenerate and,
consequently, the associated wavefunction can be chosen
arbitrarily. Each enantiomer of CH‘HsD‘Ds

+ would have a
very long stereomutation time and could be isolated. How-
ever, the tunneling between inequivalent minima removes
this accidental degeneracy and results in a splitting
E(B2)�E(B1)� 4(s’2/D + s’’2/(D’�D)). The tunneling ele-
ments are expected to be on the order of 1 cm�1 whereas
the zero-point energy differences are close to 100 cm�1. The
splitting of the nearly degenerate B2 and B1 levels will
therefore be on the order of 0.1 cm�1. An investigation, at
high resolution, of the tunneling–rotational structure of
band B in the spectrum shown in Figure 16 corresponding to
the CH‘HsD‘Ds

+ isomer would thus reveal interesting details
about the unusual dynamics of chirality in this molecule.

6. A Related Fluxional System without Jahn–Teller
Effects: CH5

+

The group theoretical methods used above to predict the
vibronic symmetries of tunneling levels in vibronically
coupled systems have a broader range of applicability. They
can also be applied to rovibronic states, are useful in the
construction of correlation diagrams,[41, 61] and may be used to
treat non-Jahn–Teller fluxional systems. An important mol-
ecule that is closely related to the methane cation is
protonated methane (CH5

+), which is similar to CH4
+ in

that its hydrogen atoms exchange on a (sub)picosecond
timescale. However, its ground electronic state has a closed-
shell electronic structure, and CH5

+ is therefore not subject to
a JTeffect. CH5

+ has been of considerable interest to chemists
because it is the prototype of hypercoordinated carboca-
tions[76] and plays an important role in the chemistry of the
interstellar medium.[77] Its infrared spectrum has been
observed in laboratory experiments[78–80] but has not been
conclusively assigned to date, though progress has been made
recently towards establishing its vibrational energy-level
structure theoretically.[81]

The lowest potential-energy surface of CH5
+ is very flat

and has several stationary points that lie close in energy (see,
e.g., Refs. [82–87]) and are represented schematically in
Figure 19. Recent calculations agree on a global minimum-
energy structure of Cs symmetry and first-order saddle points
of symmetries Cs and C2v (the three structures are labeled

Cs(I), Cs(II), and C2v in Figure 19 and their relative electronic
potential energies are indicated) but the ordering may change
depending on the magnitude of the applied zero-point energy
correction. A tunneling description is thus probably not fully
adequate for the ground electronic state of CH5

+. However,
the strategy outlined in this Review, especially the group
theoretical symmetry correlations, the determination of
nuclear spin symmetries, and partial isotopic substitution
are expected to provide additional help in the assignment of
the complex spectra of CH5

+ and its partially deuterated
isotopologues.

We first assume that structure Cs(I) represented in
Figure 19 is the global minimum-energy structure after zero-
point correction. This structure belongs to the Cs point group
and since the molecule has a closed-shell electronic structure,
the irreducible representation of its rovibronic symmetry can
only be A’. The CNPI group of CH5

+ is G240 = S5�{E,E*}. By
correlating the appropriate Cs point group to G240, it is found
that tunneling between all equivalent minima splits the
ground state into ten sublevels with non-zero nuclear spin
statistical weights (in parentheses) and degeneracies 1, 4, and
5, respectively: A2

�(6)�G2
+(4)�3G2

�(4)�2H2
+(2)�3H2

�(2).
The lowest-lying rotationally excited level (101 in asymmetric
top notation, rovibronic symmetry A’’ in the Cs point group)
splits into A2

+(6)�3G2
+(4)�G2

�(4)�3H2
+(2)�2 H2

�(2) (see
also Ref. [88]). If, however, the structure of C2v symmetry is
the global minimum, the splitting of the ground state resulting
from tunneling between the equivalent minima will be
different. In the C2v point group, the symmetry of the
rovibronic ground state must be A1 and the correlation to
G240 gives A2

�(6)�2G2
�(4)�H2

+(2)�2H2
�(2), which is qual-

itatively different from the splitting obtained in the case of a
minimum of Cs symmetry. The determination of nuclear spin
symmetries as we have carried out for CH4

+ and the
identification of the rovibronic symmetries resulting from
tunneling would therefore simplify the assignment of the
high-resolution infrared spectra.[78, 80]

As shown above, partial isotopic substitution suppresses
tunneling between inequivalent minima in the methane
cation which leads to the existence of isomers: two in the
case of CH3D

+ and CD3H
+ and three in the case of CH2D2

+.
In the case of CH5

+, assuming the Cs structure (I) to be the
minimum-energy geometry (see Figure 19), it is possible to

Figure 19. Stationary points of the lowest potential-energy surface of
CH5

+. Structure Cs(I) corresponds to a global-electronic-potential
minimum whereas structures Cs(II) and C2v correspond to low-lying
saddle-points. The electronic potential-energy differences indicated are
taken from Ref. [86].
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predict the number of isomers. This structure has only two
equivalent hydrogen atoms, which are below and above the
plane in Figure 19. CH4D

+ and CHD4
+ could thus have four

isomers. If the only H (or D) atom occupies one of the two
equivalent positions, a chiral structure results. CH3D2

+ and
CH2D3

+ could have seven isomers. If the two equivalent
positions are occupied by two different isotopes the structure
is chiral. There may therefore be three different chiral
structures for both CH3D2

+ and CH2D3
+ (without counting

the enantiomers).
Whether partial deuteration of CH5

+ induces isomerism
or not depends on the heights of the barriers and the
differences in the vibrational zero-point corrections. The
purely electronic barrier heights are known from accurate
ab initio calculations[86] and are indicated in Figure 19. They
are low compared to the case of CH4

+ and therefore, the
vibrational zero-point energy corrections are expected to
become dominant. The calculations reported in Refs. [89–91]
indicate that deuteration partially suppresses tunneling but
the effect may be too small to induce an isomerism of the kind
discussed above for the methane cation. Indeed, the vibra-
tional wavefunctions may well have amplitude in minima
corresponding to several distinct isomeric structures.

Partial deuteration could nevertheless facilitate the
assignment of the infrared spectrum. First, the distinct
stretching frequencies of the C�H and C�D chromophores
will reduce spectral congestion. Moreover, the inequivalence
of the different minima induced by different zero-point-
energy corrections leads to a partial localization of the
nuclear wavefunctions and therefore a higher rigidity of the
molecule. In the case of the methane cation, the inspection of
the PFI-ZEKE photoelectron spectra of CH2D2

+ and CH3D
+

immediately reveals the existence of three and two isomers,
respectively, which establishes the C2v symmetry of the
minimum energy structure.

7. Summary and Outlook

The theorem formulated by Jahn and Teller[3] namely that
“All non-linear nuclear configurations are unstable for an
orbitally degenerate electronic state” and reformulated by
Jahn[4] “A configuration of a polyatomic molecule for an
electronic state having orbital degeneracy cannot be stable with
respect to all displacements of the nuclei unless in the original
configuration the nuclei all lie on a straight line” does not
contain explicit indications on the (equilibrium) nuclear
configuration nor on the chemical reasons or the mechanisms
for the spontaneous distortion of the nuclear framework. The
manifestations of the theorem are much more diverse than
the simplicity of the theorem suggests. As is often the case in
molecular physics, each molecule represents a special case.

In molecules with a high degree of permutational
symmetry, such as those considered in this Review, several
equivalent distorted minimum-energy structures result from
the Jahn–Teller effect, often connected by a network of
tunneling paths and mechanisms. When the energy barriers
separating the minimum-energy structures are low, the Jahn–
Teller effect results in a high fluxionality of the molecule. The

corresponding quantum-level structures are complex and
cannot be measured, analyzed, or predicted with the standard
methods used for rigid molecules. Experimentally, the use of
double-resonance methods, which enable the transitions
observed in a spectrum to be grouped according to the
nuclear spin symmetry, greatly facilitate initial assignments.

Photoelectron spectroscopy offers distinct advantages for
the study of molecular cations that are subject to the JTeffect.
Many vibrational states are accessible, particularly those
associated with the JT active modes, and high-resolution
methods, such as PFI-ZEKE photoelectron spectroscopy, give
access to their rotational energy level structure. Theoretically,
the point groups adequate for rigid molecules can no longer
be used to classify the quantum levels and have to be replaced
by the molecular symmetry groups.[22] The quantum-level
structure resulting from the tunneling dynamics can be
qualitatively predicted by correlating the point group of the
distorted structure to the molecular symmetry group of the
fluxional molecule. In conjunction with ab initio quantum
chemical calculations, this methodology permits the predic-
tion and classification of the complete rovibronic structure.

Isotopic substitutions are an essential tool in studies of the
tunneling dynamics of highly symmetric molecules. They
allow the permutational symmetry to be reduced and remove
the energetic equivalence of potential-energy minima without
affecting the nature of the electronic potential-energy surfa-
ces. Isotopic substitution enables the zero-point energies of
otherwise equivalent structures to be changed and allows the
consequences of the reduced degree of degeneracy on the
dynamics of the molecule to be investigated. In particular we
have shown that it can suppress some tunneling paths at low
energies, thereby inducing rigidity of the nuclear framework
and giving rise to unusual forms of isomerism and chirality.

Herein we concentrated on two fundamental cations, the
methane cation and the cyclopentadienyl cation, which are
representative examples of the diversity of spectral, struc-
tural, and dynamic manifestations of the JT effect in highly
symmetric molecules. The common aspect of the JT effect in
both cations is that it leads to a partial localization of the
electronic wavefunctions and to a delocalization of the
nuclear wavefunctions over several equivalent configurations.
We have determined how these molecular cations distort and
have rationalized the distortions using chemical intuition. The
methane cation distorts to a structure resembling a van der
Waals complex of CH2

+ and H2, which can be attributed to the
low ionization energy of CH2 and the strength of the bond of
H2. The cyclopentadienyl cation in its lowest singlet state
distorts to dienylic and allylic structures that permit the
localization of electrons and avoid the delocalized antiaro-
matic structure.

In future, as theoretical and computational tools improve,
the treatment of an increasing number of degrees of freedom
will become possible using highly accurate ab initio quantum-
chemical calculations and numerically exact computations of
vibrational energy levels. Experimentally, the measurements
of spectra at higher resolution would be desirable, particularly
in view of observing spin–orbit and spin–rotational structures
and, to date, unobserved tunneling splittings, which would
allow an even more precise characterization of the nuclear
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structure and dynamics. In particular, direct spectroscopic
measurements in the microwave and IR ranges would ideally
complement the information obtained by photoelectron
spectroscopy.

The JT effect and its consequences on the rovibronic
quantum-level structure and dynamics of larger highly
symmetric molecules, such as symmetrically substituted
transition metals or C60

+, remain largely uncharacterized.
Obtaining information on these systems constitutes an
immense challenge, both theoretically and experimentally,
and will hopefully continue to stimulate experimental and
theoretical progress.
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