
On the Shape of C,H,+ equipped with a pulsed molecular bean1 
source and a threshold photoelectron spec- 
trometer that used standard ZEKE pulsed- 
field ionization (ZEKE-PFI) electron optics. 

Within  the  delayed-field-ionizatio~l and 
electron-collection veeion of the saectrom- 
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eter, a pulsed bean1 of benzene, seeded a t  a 
collcelltration of 1 percent in argon, was 
crossed by the  O L I ~ ~ L I ~  of t ~ v o  frequency- 
doubled dye lasers. T h e  first laser was fixed 
on a svecific rovibronic transition from the  

The benzene molecule serves as a benchmark among the aromatic hydrocarbons and has 
been the subject of numerous experimental and theoretical studies. Despite such inten- 
sive investigations, the precise structure of the benzene cation (C,H, ') is not known. Now, 
experiments measuring high-resolution state-to-state threshold photoionization spectra 
of benzene concretely establish the terms of vibronic levels in the distorted cation that 
are split by higher order Jahn-Teller coupling between its 2E,g electronic ground state and 
v, e,, in-plane ring-bending vibrational mode. This assignment, in turn, sets the absolute 
energy phase of the vibronic pseudorotation in this coordinate and thereby offers a 
definitive experimental determination of the shape of the benzene cation. 

neutral benzene ground state (3,) to the 
first excited singlet state ( 3 , ) .  T h e  second 
dye laser scanned the  spectrum of transi- 
tions from the  selected S, rotational state to 
the thresholds for formiilg accessible rovi- 
brational states of the  cation. Each of these 
thresholds f o r m  a convergence limit for a 
complete set of Rvdhere series. 'Within a 

Molecu les  wit11 electronically degenerate the  benzene cation by ab initio calculations 
have produced varied and conflicting re- 
sults. For example, high-level ab initio 
MP-2 calculations by Raghavachari e t  nl. 
found the  apically acute BZc electronic state 
to  be lower, but this ordering reversed with 
confieuration illteraction 17). Kato e t  nl. 

few wave numbers of each limit, Stark mix- 
ing in the  weak field presented by back- 
ground ions lengthens the  lifetinles of very 
high Rydberg states. Absorption to these 
states, detected by delayed pulsed field ion- 

ground states confound conventional no-  
tions of molecular shave and the  ball-and- 
stick separability of electronic and inter- 
nuclear deerees of freedom. Nuclear mo- - 
tions coupled with electronic degeneracy 
link electronic and vibrational angular 

ization, marks the  position of each thresh- 
old and thus deternlines the spectrunl of the  
internal states of the cation (16) .  

Rovibrational structure of C,H,'. A 
broad scan of the  threshold photoioni;a- 

fou~ ld  the  BLg electronic state lower by a n  
esti~nated 240 cm-'  (8). More recently, 
Huang and L~ul~ell  have calculated that the  
B,, state is lower by about 165 c n - '  (9), 
whereas Takeshita has obtained results sim- 
ilar to those of Kato (113). 

Direct c11aracteri:ation of cation struc- 

momenta to distort symmetric structures 
and profoundly alter the  dynamics of vi- 
bration and intramolecular e n e r w  redistri- m ,  

bution (1-4). Such  instances of electronic 
degeneracy have far-reaching implications 
for chemistry. For example, coordination 
comvounds of man). transition metals, as 

t ion spectrum of benzene (Fig. 1 )  shows 
the  vibronic structure of the  cation elec- 
tronic ground state.  Ohservable 111 the  
spectrum are bands a t  f i~ndamental  fre- 

well' as open-shell ' hydrocarbon radicals 
and radical cations, colnlnonly possess de- 

ture by infrared or microwave spectroscopy 
has not vroven vracticable. Photoelectron 

quencies characteristic of v,, v,,, v4, and 
v , .  A c o m ~ l e t e  absence of h a r ~ l l o ~ l i c  ree- 

spectroscopy has provided a coarse view ( 1  1 ,  
12),  and Takeshita has applied ab initio 

ularity can  he seen a t  higher energies. A 
key pair of bands (Fig. 2 )  falls between the  
origin and the  fundamental of the  Jahn-  
Teller active mode, v,. As discussed be- 

generate or near-degenerate ground-state 
terms, and in such systems vibronic cou- 
pling formally breaks the  e lect ro~l ic  de- 
generacy, g ivi~lg  rise to  vibronic distortion 
and fluctionality, bo th  of which can  affect 
che~uical  reactivity 15). 

results to interpret low-resolution photoelec- 
tron features in terms of transitions to dis- 
tinct Bz, and B,, modificatiolls of the cation 
(10) .  T h e  data, however. are too broad to 

low, vibronic analysis establishes this pair 
of hands as the  B,,, and B,,, - + compo~len t s  of 
the  v, fundamental,  driven to  lower ener- 
gy by linear Jahn-Teller coupling. T h e  
spectrum s h o a ~ n  is produced by a scan 
from the  6 '  J '  = 2, K '  = 2, - I  resolved 
rotational level of the  S ,  state. ~ v h e r e  T ' .  

Benzene is a benchlnark molecule alnollg 
the hydrocarbons and serves as a n  impor- 
tant prototype for aromatic systems in  gen- 

determine secondary structure in the poten- 
tial, and interpretation in terms of individual 
states neglects the global nature of the vi- 
bronic coupling problem. New techniques, 
 sing zero-kinetic-energy (ZEKE) threshold 

eral. T h e  electronic configuration of the 
neutral molecule is . . . nil,, ejZ,  and many 
researchers have considered the change in 
structure uvon ionization to the doublv de- 

- ,  

K' ,  and 1 refer to total angular momentum, 
its molecule-fixed projection, and vibra- 

photoelectron discrimination, offer m ~ l c h  
higher resolution (1 3, 14),  isolating cation 
vibronic and even rotational structure (15). 
Applied to benzene, this spectroscopic meth- 
od directly addresses the question of modu- 
lation of the electronic ~ ~ o t e n t i a l  energy sur- 

generate 'El, cation ground state. Electron 
svin resonance intervretations of the  con- 

tional angular momentum,  respectively. 
Its structure is readily fit by a Hallliltoniall 

densed phase suggest static in-plane distor- 
tion to an  obtuse llllllirnu~n ( ~ v h i c h  has a 
local electronic symmetry of Bjy in the  D,,, 
point group that nlaintains the  z axis in the  
plane of the molecule) (6) .  Attempts to 

incorporating rotational constants that  
match those fit t o  spectra originating from 
higher illternleiliate rotational states. 
Unique to this set of transitions, however, 
is the  fact that  it shows sub-bands termi- 

u, 

face in the region of the v, conical intersec- 
tion and definitively resolves the controver- 
sy concerlling the relative stability of the 
and B3, configurations. 

High-resolution threshold photoioniza- 
determine the  lower energy distortion of nating o n  states ~ v i t h  rotational angular 

momentum t7roiections KT = 0 that  dis- 
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play only half the  expected rotational 
lines. As  indicated by ladders in  Fig. 2, 
odd final values of NT are apparently ab- 
sent  in  the  lower energy band, whereas 

tion. LVe resolved the rotational structure of 
excited vibrational states in C,H,+ by com- 
bining high-resolution optical-optical dou- 
ble-resonance laser excitation with delaved 

Wedum, K. Haber, and E. R. Grant are n t h e  ~ e ~ a r t h e n t  
of Chemistw, Purdue Uriversity, West Lafayette, IN 
47937, USA. pulsed field ionization to precisely distin- 

guish electrons produced very near individ- 
even N +  levels are lnissing in the  higher 
energy component.  

Vibronic potential energy. T h e  vib- 
ronic spectrum o i  C,H,+ (Fig. 1 )  is char- 
acterized by intense transitiolls to  levels of 
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ual quantum-state detailed ionization thresh- 
olds. T h e  apparatus for these experinlents 
used a differentially pumped vacuum system 
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low vibrational frequency that  are no t  
t~resent  in the  neutral molecule. Harmonic 

forces and regular level structure of the isotro- 
vic two-dimensional harmonic oscillator. 

progressions are no t  in evidence, and the  
higher energy portion of the  spectrum is 
very irregular, exhibiting a dense system of 
vibronically active states. T h e  source of 
this irregularity and spectroscopic activity 
can be readily understood in terms of the  
well-recognized vibronic coupling be- 
tween the  El ,  electronic state of the  cat- 
ion and its deeenerate vibrational modes. 

However, even weak linear coupling substan- 
tiallv alters vibrational restorine forces. T h e  
potentials are nested, and it is 1;o longer ob- 
vious to which surface the vibrational motion 
should respond. Only in the limits of large 
linear coupling and vibrational energy sub- 
stantiallv below that of the conical intersec- 

where p and 4 describe vibrational ampli- 
tude and vhase in dimensionless volar co- 

tion can we imagine vibrational motion with 
any regularity. Here, distortion forces modify 
the nature of vibration to consist of radial 
oscillation in p about a nonzero po, combined 
with an  internal rotation through all phases of 
the normal coordinates that svan the degen- 

- 
This  problem has been addressed theoret- 
ically by a n ~ u n ~ b e r  of researchers, with 

ordinates, respectively, and ic and g are the  
linear and quadratic vibronic coupling co- 
efficients. T h e  diagonal elements represent 
the  two isotrot~ic harmonic votentials of 

most recent calculations pointing to a 
multiple-mcide, multivle-electronic-state 
character of the  c:oupling a t  higher vibra- 
tional excitation ( 1  7). hluch of the  com- 

the undistorted degenerate electronic state, 
whereas nonzero off-diagonal elements give 

u 

erate vibrational mode (21). As apparent In 
Eq. 3, f ~ n i t e  values of g produce a threefold 

plexity of the  vibrational problem, howev- 
er, is well reuresellted by the  behavior of 

u u 

the  coordinate-dependent vibronic cou- 
pling terms, which distort the  adiabatic po- 
tential and alter the regular spacing of vi- 
brational levels. 

Neglecting the  nuclear kinetic energy 
terms, Pp and P,,,, and treating the  vibra- 
tional coordinates as parameters, we can 
easily diagonalize Eq. 1 to obtain the  adia- 
batic vibrational potential energy surfaces 
for a single Jahn-Teller active mode: 

barrier to this rotation, placing minima at 
values of + equal to 

the  lower freiuency modes, and the  more 
qualitative issue of the  shape of cation 
ground state invites a simpler approach. 

T h e  lowest active mode is in-plane 
C-C-C ring bending, v6. Distortion in this 
coordinate produces the  planar acute and 
obtuse D:,, structures considered in theoret- 
ical treatments of the cation geometry ( I d ) .  
Analyses of the low-resolution photoelec- 
tron spectrum (12) and of the cation-core 
vibronic structure exhibited by higher Ryd- 
berg states (19) establish this mode as the  

depending o n  the sign of g. T o  completely 
characterize the structural consequences of 
Jahn-Teller coupling in the  benzene cation, 
it is essential that we understand this fea- 
ture of the  vibronic potential. 

Vibronic energy levels. T h e  characteriza- 
tion of vibronic coupling in terms of its 
effects o n  coordinate-dependent electronic 
energy is a familiar problem in electronic 
structure theory. Experiments, however, do 
not directly measure potential energy surfac- 
es. Instead, by cataloging spectroscopic posi- 
tions, experimental measurements return 
eigenr~alues corresponding to the stationary 

main carrier of vibronic intensity in the  first 
l@@O cm-'. Thus, our analvsis of the  svec- 
trum and its implications for stable caiion 
geometries centers o n  this ring-be~lding co- 
ordinate and treats the  Jahn-Teller cou- 
pling as a single Inode problem. 

Even restricted to a single mode, Jahn-  
Teller distortion of the  vibrational noten- 

For small values of g/k, the  potential a t  low 
alnplitude simplifies to 

I 
E(p,+) = 7 Lp'  i gp2 ci?s(3+)] 2 kp (3 )  

This solution vields the familiar "sombrero" 
structure of the single-mode conical inter- 
section. where k determines the d e t ~ t h  (D) tial readily predicts irregularity in the low- 

freiluencv stTectrum. A two-dimensional dia- 
L , ,  

of the distorted minimum in relation to the  
sy~n~ne t r i c  intersection point according to 
D = 1/2ic2, and g modulates the  potential as 
a f ~ ~ n c t i o n  of the vhase of the distortion. 

, L  

batic basis of electro~lic states, in which the 
nuclear kinetic energy is diagonal, yields a 
vibrational Ha~niltonian in terms of elec- 
tronic matrix elements. These can be ex- That Jahn-Teller coupling can produce ir- 

regularity in the vibrational spectrum is clear 
from this potential. When  coupling is zero, 
the potential offers the ~vell-defined restoring 

panded in a Taylor series to the second order 
about a reference configuration, the natural 
choice being the one of highest symmetry, 
to yield the standard result (1 ,  4 ,  20) 

Fig. 1. Low-resolution ZEKE-PFI 
threshold photoionization spectrum I: 
of benzene observed n transitions 1 00 
from the 6. level of the first exc~ted 
singlet state of the neutral molecule, 
showing the vibronic structure of - 
the cation ground electronic state, ,$ 1 i 

I , .  , , , 8 , , , , 1 
36290 36300 36310 36320 36330 

Ionizing laser energy (cm-') 

Fig. 2. High-resolution ZEKE-PFI threshold photo- 
ionization spectrum of benzene in the region 350 
cm-'  above the adiabatic threshold observed in 
transitions from the single selected rotational state 
J' = 2, K' = 2, -1 of the 6' level in the first excited 
snget state of the neutral molecule. We sharp- 
ened the resolution by using stepped-pulse field 
ionization (16). Rotational structure associated 
with these transitions was assigned according to 
the ladders presented above each band. 

500 1000 1500 

Ion energy (cm-I) 
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states of those potentials. It is therefore im- 
portant to  take the model beyond potentials 
to obtain theoretical eigen.i.alues for compar- 
ison to experiment. 

T o  achieve this, it is necessarv to include 
the nuclear kinetic'energy and di,igonalise in 
a basis of isotrovic two-dimensional harmon- 
ic oscillator eigenf~inctiotns of the utncoupled 
Hamiltonian. Solutions give tlne vibronic " 

energy levels and ivave functions, sorted on 
the basis of a half-odd integral quantum 
number, j, consistent with the double-valued 
electronic eigenstates of Eq. 1. For finite 
linear-plus-quadratic coupling, the problern 
block factors.according to j' = j mod 3. 

Figure 3 shows the results in the for111 of a 
correlat~on diagram in k for g = 0. T h e  ground 
state is doubly degenerate, with term symme- 
t1-y El,. Tlne first Jalnn-Teller exc~ted state (6' 
in our s~ngle-mode rnodel for C,H,+) is vi- 
bronically fourfold degenerate in the limit of 
zero coupling. \V~tln increas~ng v a l ~ e s  of k, 
this quartet of excited states spl~ts to form a 
doubly degenerate radial oscillator level, Eln 
6'(]' = 1/2), and a pan of excited pseudoro- 
tation levels, BIZ 6' (312) and B2, 6' (3/2), 
wh~cln for zero g remain acc~dentally degener- 
ate. ,4 vert~cal dashed 11ne on the correlation 
diagram ind~cates values of k iC.88) and of - 
h a r ~ n o n ~ c  frequency, o (536 cm-I), that cen- 
ter corresponding e~gen.i.alues on posit~ons as- 
signed experi~nentally for these bands. LY~tln 
the inclusion of finite quadratic coupling (g = 

0.02), c o m p ~ ~ t e d  6' (312) pos~tions sp l~ t  to f ~ t  
with the fine structure observed experirnen- 
tally in the region 350 cm--' abo1.e the orlgln. 

Energy ordering of the 6 l  (312) states and 
phase of the vibronic pseudorotation poten- 
tial. The correlat~on diagram in Fig. 3   den ti- 

u u 

fies the states that appear in the spectrum at a 
cation energy of 350 c m ~ '  as the pair of 
pseudorotation levels B,,, B2, 6' (312) split by 
nonzero quadratic coupling. T h ~ s  f ~ t  to the 
vibron~c spectrum, however, does not assign 
the order of these terms. A high-resolution 
ZEKE scan (Fie. 2) shows a dist~nctive rota- , " ,  

tional structure for transitions in this system 
that terminate on levels with KL = 0. In the 
lower energy component of the doublet, only 
levels for which N+ is even appear, whereas 
the upper component shows transitions only 
to levels for \v111c11 iV' is odd. The  cause for 
this d~fference can be established by consid- 
ering the nuclear-spin statistical weights of 
the indi.i.idua1 rotat~onal levels In states nit11 
vibronic symmetry B,, and BZ, 

In the mo!ecular point group DGhr tlne 
symmetry species of the rovibronic states with 
projections K = 0 alternate depe~ldence on 
the total angular momentum quantum num- 
ber. For a state with vibron~c symmetry B,,, 
levels for nrhich N is even have r o ~ ~ b r o n ~ c  
symmetry B1,, whereas those levels for which 
N is odd have ro.i.ibronic symmetry BZ, In a 
state with vibronic symmetry Bz,, this order is 
reversed. For benzene, Fermi-D~rac nuclear- 

spin statistics permit only those wave func- 
tions with total svrnlnetrv B, , where the svm- 

, L  

metry of the toial wave function is deier- 
mined b y t h e  product of the rovibronic sym- 
lnetry with that of the nuclear-spin wave 
f~inction. 

T h e  2, nuclear-sum wave funct~ons of 
benzene span a reducible representation of 
the D,,, point group with a decolnposition 
r,, = 13Al t A, t 7B, t 3B2 t 9El  + 
11E2 (22,  23). T o  conform with the  re- 
quirements of nuclear-spin statistics, rovi- 
bronic states with symmetry species B,, 
must have a nuclear-spin symmetry of A, ,  
whereas those with rovibronic symmetry 
B2, must have a nuclear-spin symmetry of 
A2.  Considering nuclear-spin degeneracy 
factors, states with rovibronic sylnrnetry BIg 
w ~ l l  be 13 times Inore abundant than states 
w ~ t h  ro.i.ibronic sylnmetry Bz,. 

In the spectrum In Fig. 2, tlhe posit~ons of 
the missing lines are indeed marked by weak 
structure. The  strong (B,,) l~nes  in the lower 
cornvonent are even. T h ~ s  unambieuouslv as- " 
signs that state the vibronic sylnmetry Big. In 
the upper component, the lines with rovi- 
bronic sylnmetry B,, correspond to odd values 
of N, establishing that state as .i.ibronically 
B , ~ .  Rotational structure in the ZEKE svec- 

L!? 

truln thus directly determines the energy or- 
der~ng of the quadratically split 6' (312) levels 
of the benzene catlon as B2, above B1,. 

Sign of g and the phase of the vibronic 
pseudorotation. A relation between the  
sign of g and the  energy ordering of the  
le.i.els can be established by examining co- 
efficients in the .i.ibronic eigenvectors 
of Eq. I ,  which have the form 

where the  basis fu~nctions are defined 111 

terms of vibrational angular momentum, I,  
and electronic angular momentum, ;I, and 
transform under the  operations of the D6,, 
point group according to  

1 A >  x e'l"z 114 ( 5 )  

T h e  D61, projection operators establish ei- 
genvector sylnrnetrles for these 2 7  periodic 
eigenfunctions of tlne E lg  C3 ezg Hami l ton-  
an  according to 

D6, 

Po': ( 1 v 1 ;I>) = C XB', 
R 

and 

Do, 

PI3-c ( 1  v I Ai>) = 2 X 

1 , , 8 , , , 8 , , , , ,d 
0 1 2 3 4 

Linear coupling parameter 

Fig. 3. Correlation dlagram showlng the level 
structure of the angle-mode near  Jahn-Teller 
problem (g = 0) as afuncton of the Inear coupng 
parameter k Vbratonal energy and k are present- 
ed In reduced unlts In whlch the vlbratlona fre- 
quency IS 1 

where XE'fi is the character of sylnmetry 
operation R belonging to the  ~rreducible 
representatlon Big. Following a similarity 
transformat~on of Eq. 1 (24) and d~agonal-  
ization in the  syrn~netrized basis, we find for 
g > 0 that tlne lowest eigenvector in the  j' 
= 312 block transforms accord~ng to Eq. 5 
and thus confor~ns w ~ t h  a vibronic synnme- 
try of B,,. Therefore, the order~ng estab- 
lished experunentally, BIg below BLg, f ~ t s  
with the solution for pos~tive values of g 
(relative to k ) .  This ulaces tlne three m ~ n i -  
ma at the  normal coordinate phase angles 

b ~ ~ t  leaves a Car t e s~an  refererence for the  
pseudorotation phase, as well as the  local 
electronic structure a t  the  distorted mini- 
mum energy geometry, as yet undefined. 

Cartesian phase of the threefold mini- 
mum. In a model that confines higher order u 

coupling to u,, the global minirnum energy 
conf~guration of C,H61 n.111 correspond to 
one of two ring-bent DZll structures obtained 
bv linear combination of dis~lacements in 
this doubly degenerate normal mode. T h e  
qua1itati.i.e structure, acute or obtuse with 
respect to C-C-C ap~ca l  angles, and the 
local electronic configuration within the  
~n in i~nurn  correlate slnoothly from very weak 
coupling to strong. In the strong coupling 
limit, q~~adra t i c  wells In the  pseudorotation 
trough trap a threefold, near-degenerate 
ground state cornposed of the DG1, degenerate 
ground state plus the lower member of the  6' 
(312) doublet, separated by the pse~idorota- 
tion tunneling frequency. Tlne .i.ibronic sym- 
metries of these levels in strong coupling 
must reflect the local electronic syrnrnetry of 
the well. Thus, correlat~ng back, the  exper- 
imental spectroscopic level structure ob- 
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to a C-C-C angle of 118.1 degrees. The 

1 .  . . . . . . .  . . . . . . I  
0 2 4 6 

Pseudorotation phase (radians) 

Fig. 4. Diagram showing the energy of the zero 
point and the first few excited vibrational levels in 
the v, normal coordinate compared with the mod- 
ulation of the radial minimum of the potential en- 
ergy surface as a function of phase angle in the 
pseudorotation coordinate. 

served under weak or even very weak cou- 
pling conditions must signify the Cartesian 
phase of the quadratic modulation. 

These results experimentally establish 
the vibronic symmetries for the levels con- 
stituting this triad in Dsh: El, and B,,. Dis- 
torting to a local Dzh symmetry while retain- 
ing the z axis in the plane of the molecule 
yields correlating vibronic levels, B2, + B3, 
and B,,, respectively. This experimental set 
is to be compared with zero-point vibronic 
svmmetries derived from threefold minima 
possessing either of the possible local DZh 
electronic terms, B,, or B39. 

This reduction must be viewed with 
care, however, because for a conical inter- 
section, Berry's phase (25) requires a vi- 
bronically degenerate ground state (26). A 
resolution of this avvarent conflict can be 

L L 

found in recent work by Zwanziger and 
Grant (20). which shows that auadratic . . .  
coupling introduces three additional inter- 
sections. These lie on a radius p = 2k/g, 
which marks a sharp transition between 
Jahn-Teller behavior, characterized by half- 
odd integral angular momentum (degener- 
ate ground state), and Renner-Teller be- 
havior with integral aneular momentum - - 
(nondegenerate ground state). Thus, carry- 
ing the correlation to sufficiently large val- 
ues of g, one encounters a limit in which 
the three outer degenerate points on the 
potential lie close to the origin and which 
thus must play a role in defining the to- 
pological phase of any adiabatically sepa- 
rable evolution of the vibrational phase. 
With evolution about all four intersec- 
tions, the associated geometric phase is 
even, and the appropriate correlation lim- 
it for the ground state is nondegenerate. 

Under such circumstances, it is justifi- 
able to construct the vibronic levels of the 
threefold minimum by first distorting the 
molecule in normal coordinates of v, to a 

Fig. 5. A three-dimensional view of the potential 
surface (Eq. 3) in the normal coordinate space of 
v,, with a Cartesian representation of the pseudo- 
rotation at the energy of the zero point, including 
nodal patterns for the highest occupied molecular 
orbitals in the pseudorotation sequence: acute 
(B,,), obtuse (B,,), and acute (B,,). 

DZh configuration and then applying the 
local electronic symmetry of the minimum. 
Correlation of the first two pure vibrational 
levels from Dsh to DZh yields a, + a, + b,,. 
A direct product with B3,, the local term for 
an obtuse minimum, gives B2, + B3, + B3,, 
which does not agree with the structure ., 
observed experimentally. Multiplication by 
the B2, term of the acute minimum, on the 
other hand, gives B + B2, + B,,, which 2s 
fits with the experimental splitting. We 
thus conclude that the experimental order- 
ing of the quadratically split 6' (312) states, 
B,, beneath B,,, demands a distorted ben- 
zene cation structure with a locally B2, 
(acute) global minimum. 

We reach the same conclusion if we 
construct the zero-point triad by taking lin- 
ear combinations of Gaussian functions 
centered on the threefold minima in the 
~seudorotation coordinate 6. This vroce- 
hure yields a pair of vibrkonal 
states-one of which is doubly degenerate 
and the other of which is totally symmet- 
ric-displaced by the tunneling interaction. 
Bv its vibronic term. this s ~ l i t  comvonent 
thus directly reflects the local electronic 
svmmetrv of the ~seudorotation well. Rota- 
tional structure establishes that the vibronic 
symmetry of the split component of the 
ground-state triad in this case is B,,, which 
correlates to B,, in DZh symmetry, thus di- 
rectly indicating a B2, local minimum. 

The shape of C6H6+. The magnitude of 
the coupling parameters derived from the fit 
of the computed positions to the experi- 
mental spectrum provides an important 
added perspective. From k and w, we can 
calculate the amplitude and egrgy of the 
distortion-that is, po = 0.12 A and D = 
wk2/2 = 208 cm-'. For + = 0, assuming no 
C-C bond displacement, this corresponds 

" " 
cation is definitely distorted by linear Jahn- 
Teller coupling in w6, but the effect of qua- 
dratic coupling is very small (Fig. 4). From 
rotational intensities in the spectrum, we 
know that the wells in the pseudorotation 
coordinate correspond with local B1, elec- 
tronic configurations (B,, in DZh symme- 
try), whereas the saddle points are locally 
B2, (B3, in DZh). The energy difference 
between these stationary points on the po- 
tential provides a barrier to pseudorotation. 
For the coupling parameters that fit the 
vibronic structure of C6H6+, however, this 
modulation amounts to only 8 cm-'. This 
small barrier is far less than the 413 cm-' 
zero-point energy in v, alone. The zero- 
point energy in fact lies above the point of 
intersection. Fieure 5 shows a three-dimen- - 
sional view of the potential surface in the 
normal coordinate space of v,, with a Car- 
tesian representation of the pseudorotation 
at the energy of the zero point. Obviously, 
the vibrational wave function of the ben- 
zene cation ground state will remain largely 
unaffected by such a small deviation of the 
potential from cylindrical symmetry. Thus, 
there seems little cause to view C6H6+ in 
terms of D2h structures with locally nonde- 
generate electronic configurations. 

In summary, examination of patterns ap- 
parent in rotationally resolved threshold 
photoionization spectra resolves a decades- 
old question on the shape of the benzene 
cation. Absolute vibronic symmetries as- 
signed to bands split by quadratic coupling 
establish that the global minimum is acute 
DZh. Complete analysis of the vibronic 
spectrum, however, further shows that the 
energy difference between distortion iso- 
mers on the pseudorotation coordinate are 
no greater than a few percent of the zero- 
point energy in that coordinate alone. 
Thus, the search for the shape of C,H,+ 
now leads not to a vronouncement on 
structure, but to the realization that the 
cation is fluctional, dynamically coupled, 
and necessarily viewed in D6h symmetry. 
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