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The rotationally resolved spectra of the 66 108 and 6; 163 vibronic transitions of benzene at low rotational temperature are
reported and analyzed in detail. Deperturbed spectroscopic constants for the 6’ 10’ and 6’ 16’ states are reported which reproduce
the observed line positions to within experimental accuracy. The splitting of 17.9 cm-’ between the two subbands of the 6; 1%
transition and of 6.2 cm-’ for the 6; 16; transition is found to be due to vibrational I-type resonances with matrix elements of
8.91 and 2.65 cm-‘, respectively. These large resonances cause strong distortions of the rotational structure and mix the vibrational angular momentum substates v$ + 2& and v: +2&z nearly completely and the substates vz + 2 I&, and v: + 2~~61substantially. The importance of the mixing for the intramolecular vibrational redistribution (IVR) and the decay behaviour of S,
benzene is discussed.

1. Introduction

Recent improvements in experimental techniques
have allowed the observation of IR [ l-41, Raman
[ 5,6] and UV spectra [7-l 41 of the prototype organic molecule benzene with rotational resolution.
These spectra have been analyzed in great detail and
a great number of spectroscopic constants were determined with unprecedented precision for both the
So electronic ground state and the S, excited state. So
far analysis was restricted to fundamental bands in
the IR and Raman spectra and fundamental bands
and some progressions in the totally symmetric ZQ
mode in the electronic spectrum, as these transitions
are by far the strongest ones. Information on the
wealth of “background” states, i.e. all the overtones
and combination states, was only deduced through
the observed perturbations in the spectra.
These background states are, however, responsible
0301-0104/91/$03.50

for the intramolecular vibrational redistribution
(IVR) in the molecule and ultimately for the dynamics. The spectroscopic perturbations caused by anharmonic resonance and Coriolis coupling arc just the
frequency domain analogue of the time domain behaviour. It is therefore most important to understand
the character and couplings of the background states,
which typically consist of a fair number of excited vibrational quanta. In addition, these are often multiply degenerate states, since most of the low-frequency modes of benzene are themselves degenerate.
Contrary to the IR spectrum, the UV spectrum displays transitions to some of these combination states
with sufftcient intensity for experimental observation. Two of the most prominent transitions are the
6; 10; and the 66 166 bands. Both lead to sixfold degenerate rovibronic states differing in vibrational angular momentum and a strong first order HerzbergTeller induced band plus a much weaker third order
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band is expected to be seen in each case. The expected rotational structure of the bands was determined in the early work of Callomon, Dunn and Mills
[ 15 1, but no agreement with the observed spectrum
was found and hence the vibrational assignment remained uncertain. More detailed studies by Atkinson and Parmenter confirmed these difficulties [ 16 1.
A secure vibrational assignment was later reached
by Stephenson, Radloff and Rice through the observation of single vibronic level emission spectra in a
jet [ 171. They found that both symmetry allowed
components of the 6; 106 transition are seen in the
fluorescence excitation spectrum with a surprisingly
large splitting of 18 cm-’ and a nearly even intensity
ratio of 3.0 to 2.7. Similarly, for the 6; 16; transition
a splitting of 6 cm-’ and a ratio of 2.9 to 1.2 was
observed. The splittings could only be explained by
large anharmonic
constants, the intensity ratios remained unclear, and no explanation could be given
for the previously observed rotational contours. In
addition, in later work Stephenson and Rice reported
that excitation through the higher-energy component
of each transition results in a slower fluorescence decay than excitation through the lower component
[ 18 1. This was explained through selective coupling
of the different vibrational momentum components
to other S, states [ 19 1.
All the studies mentioned above were Doppler limited at best and therefore a detailed rotational analysis could not aid the understanding
of the complicated situation. We will now present sub-Doppler jet
spectra of the 6; 106 and 6h 166 transitions with virtually completely resolved rotational structure. A detailed analysis is performed which shows that the different vibrational
angular momentum
components
are strongly coupled and mixed by vibrational l-type
resonances. In support, the spectra of the 6;) 106 and
16; bands are presented. These transitions lead to the
component states of the combination
levels investigated and we can therefore obtain precise values of
all constants needed for a complete modelling. Finally, the consequences of the observed strong mixing of vibrational angular momentum substates will
be discussed.

2. Measurements and evaluation of the spectra
To obtain rotationally resolved spectra of the various electronic bands of interest, sub-Doppler resolution is needed. In previous work one of us was able
to show that this is possible through the combination
of an extremely narrow-band tunable UV laser with
a well collimated pulsed beam of benzene seeded in
Ar [ 111. The UV laser is a frequency-doubled
pulsedamplified single mode cw dye laser. At a frequency
width of 100 MHz (0.0033 cm-‘) in the UV up to
400 p.l of light are available. The skimmed jet apparatus is of standard design. Details of the setup were
described previously [ 111.
Excitation of the benzene molecules is either monitored by observation of the integrated UV fluorescence [ 111 to yield fluorescence excitation spectra or
by ionization with the light of a second UV laser of
fixed wavelength and a slight time delay to yield twophoton ionization spectra [ 201. For low vibrational
excess energy in the S, state the two methods produce
identical spectra. In both cases the residual Doppler
width in the jet and the line width of the laser add to
an observed width of individual rovibronic lines of
130 MHz (0.0043 cm-‘). For precise relative frequency scaling of the spectra the transmission
spectrum of a stabilized Fabry-Perot
interferometer
(FPI ) of 150 MHz free spectral range is recorded simultaneously
with the molecular spectrum. For absolute calibration the well known IZ absorption spectrum [ 2 1 ] is recorded (with a correction of - 0.0056
cm- ‘ according to ref. [ 22 ] ) .
It was previously found that already an intensity of
lo4 W/cm* is sufficient to partially saturate the
strongest transitions in the benzene spectrum [ 111.
Therefore, only a small fraction of the available excitation light is used for the recording of a strong band
like the 6; band. All the other bands investigated in
this work are much weaker, but they possess the same
ground state levels and we can hence obtain the same
amount of experimental signal by using a larger fraction of the laser light. In this way the quality of the
spectra is nearly independent
of the strength of the
transition. The eventual limit of sensitivity in fluorescence detection is given by the laser stray light, but
for the long lived states observed electronic gating can
be used to differentiate between the molecular fluorescence and the stray light. In ionization detection
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too high a light intensity would allow ionization by
the first laser and consequently broadening of the
lines, but this was not found to be a problem for the
reported bands.
Due to the limited scan range of the cw laser, a
number of overlapping scans had to be recorded to
obtain a complete spectrum of a particular band even
at the rotational temperature of less than 10 K obtained in the jet expansion. Data were carefully
merged on a VAX 8200 computer and digitally
smoothed by a polynomial filter [ 23 1. The position
of the strong lines was determined with an algorithm
given by Snyder [ 24 1. Weak features were evaluated
manually in an interactive graphical computer program. A complete list of line positions and assignments can be obtained from the authors upon request.
After assignment of the spectra, the spectroscopic
constants were extracted with the aid of the computer program SYMTOP [ 251. For the So electronic
ground state the value of B$ and the quartic centrifugal distortion constants given by Pliva and Pine [ 1 ]
were used. The value of Cd was calculated from BG
and the extrapolated inertial defect of benzene as reported by Oldani et al. [ 26 1. All ground state constants are summarized in table 1. We found that the
centrifugal distortion constants of the various excited states could not be determined significantly from
the available spectra and the changes upon electronic
excitation were therefore constrained to zero
throughout.
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The Ez,,mode vg,the E,, mode vu, and the EzUmode
vi6 in the Wilson numbering [27] correspond to vls,
vi, and vzO, respectively, in Henberg’s numbering

[281.
The nomenclature for vibronic transitions in benzene is normally given by X7, where m is the number
of quanta of vibration X present in the ‘Blu Si state
and n is the number of quanta in the ‘A,, So state. All
modes for which m or n is not equal to zero are written in succession. Labels such as X” and X,, refer to
specific vibronic levels in the excited and ground
states, respectively.
For degenerate modes the value of the vibrational
angular momentum quantum number 1 is added to
give a complete description for a transition like the
661; 16g1J2 band or the upper state of this transition, the 6 ‘If 1621+2 state. The upper signs apply to
the ( +I) component of the degenerate state that receives the AK= + 1 transitions in the perpendicular
bands observed exclusively in the vibronic spectrum
and the lower signs apply to the ( -I) component receiving the AK= - 1 transitions.
Since all bands studied in this work originate from
the vibronic ground state of the molecule, we do not
have to label So states and we can use the notation
more common in infrared spectroscopy for labeling
of the excited states. #The abovementioned vibronic
state is therefore denoted by v$ + 2 v&‘. It is implicitly assumed that all discussed states are within the
S, electronic state. For the same reason, also the usual
prime is omitted in the description of most excited
state spectroscopic constants.

3. Analysis of the spectra
3.1. Transitions to the component states
Before we start with the analysis of the various
bands observed, we want to summarize some of the
notations used. This seems necessary, since different
schemes are currently used in the IR and UV spectroscopy of benzene.
Table 1
Ground state constants of C& (cm-‘). All values from ref. [ 11,
except C, which was calculated according to ref. [ 261
&
CO

DJ
DJK
&

0.1897618
0.0948577
3.934X 10-n
-6.90x lo-*
3.21 x lo-*

Due to the symmetries of the vg, VI0and vi6 states
not only the transitions to the combination states
v6+ 2 vi0 and v6+ 2 v16are symmetry allowed but also
the transitions to the components vg, 2 v,~ and 2 vi&
The latter ones will be discussed first to obtain precise reference values of the various spectroscopic
constants.
3.1.1. The 6; band
A Doppler-limited room temperature spectrum of
the 6613 band displaying a characteristic rotational
contour was analyzed by Callomon, Dunn and Mills
(CDM ) in 1966 [ 15 1. These authors developed most
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of the theoretical framework for the understanding
of
the electronic spectrum of benzene, but the limited
resolution of their spectrum did not allow the precise
determination
of the spectroscopic constants. This
was only possible, when the sub-Doppler spectrum of
the band became available [ 111. The analysis was
performed according to the energy formula
v(i’ (J, K) = v,( v; ) + Af?[J(J+

1 )--IF]

+ACK*+2K(C[,).

(1)

The sign of the Coriolis term was chosen according
to the recipe given by Hoy and Mills [ 291.
We now include the well known rotational l-type
resonance [ 291,
(va(J,K+l)lhtlv,+(J,K-1))
=fq;F(J,

K)F(J,

in the reanalysis
where

K+ 1))

(2)

of the same experimental

spectrum,

F(J,K)=[J(J+l)-K(K-l)]“*.

of vrbrational angular momentum

Thus a simple 2 x 2 Hamiltonian
matrix was used for
the treatment of the upper state of the 6118 band,
with the diagonal elements given by eq. ( 1) and the
off-diagonal elements given by eq. (2). All assignments remained unchanged, but a somewhat better
fit resulted. The constants of the v$ state obtained
in this way are summarized in table 2.
As can be expected, no large changes occurred due
to the more detailed description. The slight change in
the value of Ck is mainly due to the value of C;
adopted (compare section 2 and table 1). We do,
however, obtain a value for q; _
3.1.2. The 1% band
The 2v10 state is triply degenerate. The 2~7, substate of bzu symmetry (including the symmetry of the
S, electronic state) does not give rise to an electronic
transition, while the e,, substate 2~7,~ gives rise to
the 1Oil: * band. The experimental spectrum of this
band is shown in fig. 1 (upper trace). The sub-Doppler resolution allows the separation of most rovibronic lines. The overall appearance of the band is
quite different from the 6118 band. This is due to the

Table 2
Spectroscopic constants of Sr benzene determined in this work. The index t can be either 10 or 16, depending on the particular state.
Values of Care dimensionless, the rotational defect A: is given in amu A’, and N is the number of lines used in the tit. All other values are
in cm-‘. u is the standard deviation of the fit. Uncertainties (where given) are in units of the last digit

VI3

38606.089

39252.766

0.181778
0.090842
5.25837(2)

38560.794

0.181741
0.090949

0.181660
0.091189

0.10101(11)

0.00273(63)

0.1753(20)
3.1404(150)

0.5788
- 0.000047
0.0960
0.37
353
=’ vs’+2&.

b, vd +2v#.

f) v; +2&r.

0.0111
0.000078
-0.1601
0.55
164
*) vz +2&.

0.0003
0.000359
-0.7313
0.61
81
‘) v: +2v$,‘.

r) vt +2&r.

3977 1.392 ‘)
39772.590 ”
39771.990 =’
0.181864
0.090968
4.80256( 10)
0.26004(8)
0.1753 rr
2.7442(59)
1.57512(l)
-7.099(23)
0.5279
0.0286
0.000036
-0.0731
0.54
392
I) Constrained value.

39080.83 1 d,
39084.1 IS =)
39082.368 I)
0.181745
0.091181
5.08388(20)
-0.03707( 10)
0.1753 ‘)
-2.0198( 102)
0.46846 ( 1)
- 1.705(50)
0.5576
-0.0041
0.000309
-0.6276
0.68
285
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would be expected to couple the 2 v z2 (J, K+ 1) and
2v:02 (J, K- 1) states, but this could not be determined from the observed spectrum and its value was
therefore constrained to zero.
With the matrix elements (3 ) and (4) the Hamiltonian matrix shown in table 3 was constructed and
used for the least-squares refinement of the constants. The Coriolis terms in the diagonal elements
were again determined according to the recipe of Hoy
and Mills [ 29 1. The constants resulting from the fit
are included in table 2. cl0 is indeed quite small as
expected. A tentative value of 39253.04 cm-’ was
obtained for vo( 2 vyo). A calculated spectrum is
shown in fig. 1 (lower trace) to demonstrate the excellent agreement between the observed and calculated line positions and intensities.

change in the magnitude of the Coriolis term in the
energy formula ( 1) which is known to dominate the
rotational structure in vibronic bands of benzene
[ 15 1. For the IQ state the value of c is quite sizeable,
but for the out-of-plane mode vlo it is expected to be
close to zero. Keeping this fact in mind, assignment
of the experimental spectrum was straightforward.
Some of the assignments of the pP branch lines are
indicated above the experimental spectrum in fig. 1.
For the treatment of the upper states the appropriate matrix element for rotational I-type resonance
[301,
(f,o,J,KIhtII,o-2,J,K-2)

W’TJ,K-l),

=,.&MU

(3)

was included. In addition, a fourth-order matrix element [30],

(~~o,J,K+lIhtl~,o+4,J,K-l)

7
8

11

5

7

8
0
9

4

6
6

8

t
6

7

1
3

0
1

2

K’=O

10;$

c,H,

K’.l

K’. 2
v, = 39 252.766(6) cm-’

L

5

7

1
2

3

L

6
7

9

3

L
5

7

J’=8

2

3

5
6

8
9

4

6
7

3.1.3. The 166 band
Description of the transition to the 2vf6 state is
quite similar to the situation for the 2vio state dis-

(4)

5

6
7
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5

K’:5

I

I

expertmental

I

r

calculated

5&f

39250

39251

39252

39253

3925L

= -0.0221

39255

[cm-‘]

Fig. 1. Rotationally resolved electronic spectrum of C,H,. Upper trace: Fluorescence excitation spectrum of the loo@-’ band at a rotational temperature of 6.5 K and a linewidth of 0.0043 cm-‘. Lower trace: Spectrum calculated with the constants obtained in the analysis
of the experimental spectrum. The spectrum is displayed upside-down for easier comparison. Above the experimental spectrum some of
the assignments of the DPbranch are shown to illustrate the organization of the spectrum.
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Table 3
Hamiltonian
matrix used for the treatment of the lO~l,$’ band of C6H6. * denotes a fourth-order
2~;~~ and 2uh2 states that could not be determined and was therefore constrained to zero
2v::(J,

coupling

matrix element between

the

K+5)

Q(K+4,

K+5)
0

Zvp,(J,

K+3)

Q(K+2,

K+3)

2U;b2(J, K+l)

0

0

*

~v&,~(J,K-I)

0

0

0

Q(K-

0

0

0

1, K-2)

2&,(J,
Q(K-3,

K-3)
K-4)

2v;b2(J, K-5)

~U:~(J,K)=V,,(~V:~)+AB[(J(J+~)-K~]+ACK~+~K(C~,,,),
2u~,(J,K)=u0(2&)+AB[J(J+l)-K*]+ACK*,
Q(K,K+l)=(l/fi)q:,F(J,K)F(J,K+l),
F(J,K)=[J(J+l)-K(K-l)]“2

cussed above. The only difference is that the ( +I)
state is now the 2 v:,* state and the ( -I) state is the
2 VG’ state, i.e. the observed band is correctly identified as the 16,$1z2 transition. This is due to the fact
that the symmetry of vi0 is E,, while v,~ is of Ezu symmetry. An experimental spectrum was available only
for part of this band and therefore the effect of the
rotational I resonance was not included in the analysis. Instead, the energy of the 2v&* (J, K) states was
described by
1) -K2]

E(J, K) = v0 +B;[J(J+

+ CvK2 T 2KC;c;,

.

(5)

The minus sign in eq. ( 5 ) is to be used for the ( + I)
substate and the plus sign for the ( -I) one. Furthermore it is found that c & = + 2(;, + The appearance of
the 1661$’ band is very similar to that of the 10: /,T2
band. This indicates right away that (ia is very small
in magnitude, in accord with the out-of-plane character of vi6. Indeed, the result of the lit of the spectroscopic constants to the observed line positions (shown
in table 2) gives cl6 = 0.0003.
The fairly large rotational defect,

(6)
of -0.7313 amuA2foundforthe2vi6
St&might&
first sight be taken as indication of a perturbation
in
the 166/z* band which was not properly accounted
for. However, comparison with the recent calculation of rotational defects in So benzene [ 3 1 ] shows
that excitation of the vi6 mode should indeed produce a sizeable rotational defect.

3.2. Transitions to combination states
Both the v6+2 vi0 and the v6+ 2vi6 states are sixfold degenerate and they give rise to two bands each
in the electronic spectrum [ 171. Since previous authors have attempted to analyze the rotational contours of these bands separately, but have encountered serious problems doing so [ 15,16 1, we will first
perform a similar analysis for the rotationally
resolved spectra available now. This will help to understand why these earlier attempts could not be successful and give important
hints on the correct
Hamiltonian
for the treatment of the combination
states considered.
3.2.1. Separate analysis of the 66 lo’, subbands
The symmetry of the vibrational angular momentum substates of the v6+ 2 vi0 vibronic State is e,, for
the vz +2vyo and I$ + 2~?~* components
and
b,,+ bzU for vz +2vFz (all including the Bzu symmetry of the S, electronic state). Therefore, the
6;1$ lO,$Q transition
allowed by first-order Herzberg-Teller coupling and the third-order 6; 1; 1OX/Z*
transition are expected to be seen as perpendicular
bands, the latter being much weaker. From dispersed
emission spectra at jet conditions it was found [ 17 ]
that indeed two bands with vibrational
assignment
6; 106 appear at 39762 cm-’ and 39780 cm-‘. However, these two bands are of nearly equal intensity and
the splitting of 18 cm- ’ is unexpectedly large.
If the simple energy formula ( 5 ) is used for the description of each upper state, i.e. if the splitting of the
two el, states is considered to be purely vibronic, a
prediction can be made about the rotational struc-
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ture of these bands, We just have to calculate the expected value of (ia from the known values of C6and
CL0(see table 2) and remember that the rotational
structure of the vibronic bands of benzene is almost
exclusively determined by this quantity [ 15 1. For the
vz +2vp6 state we expect C&Z -&= -0.5788 and
the band should be very similar to the 6618 band. For
the v$ +2~&~ state C&XI&+~C,~= +0.6010 is expected and the rotational structure of the band should
be quite different from both the 6Al$ band reported
previously [ 111 and the 1OilOr band shown in fig. 1.
We were now able to record the rotationally resolved fluorescence excitation spectrum of both bands
at a rotational temperature of 6 K. The spectra are
shown in fig. 2. The lower-energy band is labeled as
a-band, the higher energy one as b-band since the assignment of the vibrational angular momentum character is not yet known. Neither band is in agreement
with the above explained expectation of the rota-
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tional structure. Instead, both are very similar to the
1Oglz2 band in appearance and we can conclude that
C!=. has to be close to zero for both bands. The rotationally resolved spectra confirm the old impressions
from Doppler-limited contour spectra [ 15,161.
To get a more quantitative understanding of the
situation, the two 64 106 bands were assigned and the
effective spectroscopic constants determined according to.eq. (5). The results of the separate fits for the
a- and the b-band are shown in table 4 and a number
of conclusions can be drawn from them:
( 1) The standard deviation r~of each lit is much
larger than the one of the previously discussed bands.
There ~7was about equal to the estimated accuracy of
our frequency calibration. The large value of 0 does
not stem from statistically distributed deviations, but
rather a clear J and K dependence is found. We can
hence conclude that the simple model used for the
interpretation is not correct. However, it still is ac-

r

39760

39761

39762

39763

3976L

6',106b

Fig. 2. Sub-Doppler fluorescence excitation spectrum of the two components a and b of the 6; 10: vibronic transition of C6Hs. Note the
splitting of about 18 cm-’ between the two bands. The origin of this splitting and the identification of the two bands is discussed in the
text.
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Table 4
Effective spectroscopic
constants for the 6’ lo2 and 6’16’ states of CsH6 (in cm-‘). Each state gives rise to two bands (labeled a and b)
m the electronic spectrum due to the splitting of the nominally degenerate vibrational angular momentum components.
These bands are
analyzed separately. For details see text. In addition to the value of the band origin ~a, the rotational constants B: and CL, and the
effective Coriolis couplmg coefficient CLn, also the deviation Cl -B:/2
from the planarity condition and the resulting rotational defect
d: are given. u is the standard devration of the fit and N the number of lines used m the tit. Au denotes the observed splitting of the
vtbrational angular components

“0
B:
c:
C:-B;/2
d: (amu AZ)
I&r
10%
N
Av(6’10*)=17.861

6’10’a

6’10*b

6’16’a

6’16zb

39763.061
0.181941
0.090398
-0.000572
1.1735
-0.0083
2.02
209

39780.922
0.181778
0.09 154 1
0.000653
- 1.3223
0.0654
2.07
198

39079.356
0.181746
0.089941
-0.000932
1.9227
-0.2869
5.59
180

39085.588
0.181722
0.092572
0.001711
- 3.4295
0.29 13
3.60
105

cm-‘,Av(6’16*)=6.232cm-’

curate enough to make the bands appear quite regular at Doppler-limited
resolution.
(2) The values of c&r are quite close to zero, contrary to expectation.
(3 ) The splitting of the band origins is 17.861
cm- ‘, in perfect agreement with the value deduced
from the low-resolution experiments [ 17 1.
(4) The values of BI, which should be equal according to theory, do differ slightly. The values of
C”, which should also be equal, differ quite strongly
and large rotational defects A: result for the two
bands. Interestingly, one of them is positive and the
other one negative.
All these results indicate that the simple modeling
of the vg+2vro state performed so far is not sufficient. The expected large values and opposite signs of
Cff seem to cancel and large effective rotational defects of opposite sign result. This situation bears a lot
of resemblance to the Fermi dyad vB/v6 + v1 in ground
state benzene [ 5,6 1. However, a simple anharmonic
resonance is not possible between the v$ + 2 up0 and
vz + 2 vl+o’states.
3.2.2. Separate analysis of the 6; 165 subbands
The situation of the possible 6: 16; transitions is
quite similar to that discussed for the 6; 106 bands.
Only changes in the signs of the 1 quantum numbers
result due to the differing symmetry of vro and v,~.
The strong 6;1,1 16?jg band should be characterized

by Ckfiz -&=

-0.5788 and the weaker 6Alz 16$lJ2
band by [ Lffz &2&=
+0.5782.
The two bands at 39078 cm-’ and 39084 cm-’
previously assigned as 6; 16: transitions
[ 17 ] were
measured with sub-Doppler resolution. The rotationally resolved two-photon ionization spectra are shown
in fig. 3. The b-band is displayed at some magnification since it is considerably weaker [ 17 1. Again, the
expectations on the rotational structure given by the
calculated values of [& cannot be confirmed. The aband appears somewhat intermediate
between the
6; l,T and the 10; 18 2 bands.
This impression is confirmed by a detailed assignment and a fit according to eq. (5). The results are
included in table 4. The standard deviations of the
fits are even worse than in the 66 10; bands and the
resulting rotational
defects of opposite sign extremely large. Such large and differing values can certainly not be real for the different vibrational angular
momentum components of the same vibronic state.
The values of i & are about half of what is expected.
In summary, the simple modeling of the bands again
does not account properly for the observed rotational
structure of the 6; 16: bands.
3.2.3.
The
above
tween

Cornparehensive analysis of the 66 lo’, bands
separate analysis of the 6h 106 bands discussed
led to the conclusion that strong coupling bethe substates of v6+2vr0 might be responsible
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C6H6
6bl6:

a

I ’
39 076

r ’

v I
39077

8 ‘

6'01620
b

i
39 08L

39085

39086

Fig. 3. Sub-Doppler two-photon ionization spectrum of the two components a and b of the 6: 16: vibronic transition of C6H6. Note the
splitting of about 6 cm-’ between the two bands. For clarity the weaker b-band is displayed with increased vertical scale.

for the observed situation. Selective couplings of the
substates to other S, states, as was postulated previously [ 19 ] seems unlikely due to the very symmetric
appearance of the perturbations. The rotational l-type
resonances, eqs. (2) and (3), are certainly too weak
to account for the large splitting observed and anharmanic resonance is not possible for states differing in
I quantum numbers. What is left to third order of approximation
are therefore vibrational l-type resonances [ 301. For the states under discussion it can
be determined with the help of the Amat rule [ 301
that the matrix element

=S,,,,[(V,+f~+l+l)X(V~-l~+lTl)
x(v,~+f,~+l~l)(v,~-110+1+1)1’/2

(7)

should be nonvanishing.
The vibrational factor in eq.
( 7 ) amounts to ,/% and we can hence expect even a
reasonably sized S,,,, to cause a large effect. We
therefore included the matrix element

and the rotational I-type resonances (2 ) and ( 3 ) in
the description of the Y~+~v,,, states. The J-dependent correction term &,,, is the sum of two fourthorder terms [ 301 which cannot be determined separately. The resulting Hamiltonian
matrix is shown in
table 5. It should be noted that the same values of
B: and C” are assumed for all substates.
Using this Hamiltonian,
a combined fit of the parameters to all the observed lines in the a- and b-band
of the 6; 10; transition was possible. The resulting
values of the spectroscopic constants are included in
table 2. In addition, the following points are noted:
( 1) The standard deviation of the Iit is comparable to our accuracy of calibration. There are no systematic deviations as in the separate fits and no strong
correlation between any of the parameters is found.
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Table 5
Hamiltonian

matrix used for the treatment

of the 6; 10: bands of C6H6

v, +2l&qK+2)
K+2)

~6’ +2v$(J,

Q,o(K+ 1, K+2)
0

S(K)
0

Q6(K+l,

i

K)
u, +2&K)
QlO(K-1,

K)

0

Q,o(K- 1, K)

Qe(K- 1, K)

0

0

0

v6’+2v~,(K)=v,(v,r
u$ +2v;i(K)=v,(u$
v: +2v;:(K)=v,(v,’

ug++2&,(K-2)

S(K-2)
Q6(K-2,K-3)

QlO(K-2,

K-3)

vg++2u$(K-4)

+2v:,)+AB[J(J+l)-KZ]+ACK2+2K(C&,),
+~v~~)+AB[J(J+~)-K~]+ACK~T~K(C~~)~~K(C~~~),
+2u;:)+AB[J(J+I)-KZ]+ACKZT2K(CC,)k4K(C~,,),

Qs(K,K+l)=tq6F(J,K)F(J,K+l),
F(J,K)=[J(J+l)-K(K-l)]“‘,

u, +2v;d’(K-2)

Q,,(K,K+l)=(lI~)q:,F(J,K)F(J,K+l).
S(K)=J~~~,,,,+~,.,O[J(J+~)-K*I

(2) The resulting value of the rotational defect of
the vg + 2 vi0 state is quite small. It is very close to the
sum of the rotational defects of the v6 and 2 vlo states
as would be expected for a small rotational defect of
the vibrationless S, state (see below).
( 3 ) The values of & and cl0 found from the analysis of this complex level system are rather close to
those obtained from the 6: and 10; bands.
( 3 ) qa was constrained to the value obtained from
the analysis of the 6110’ band. The value of qTo turns
out quite close to the one found in the 1OiZ,T* band.
(4) The separation of the unperturbed
us+ + 2 v&
and V$ + 2 v fo2 substates is reduced to 1.198 cm - ‘.
This is a much more reasonable anharmonic splitting
than the large effective splitting postulated before
[ 17 1. The effective separation of the bands is mostly
due to the vibrational l-type resonance.
In summary, we believe all these observations to
be overwhelming
proof for the correctness of our
Hamiltonian.
It is therewith shown that vibrational
f-type resonance can effectively couple different vibrational angular momentum components of combination states of benzene. The magnitude of S, 1oitself
is not extremely large, but the prefactor of @
makes
the resulting effect quite sizeable.
3.2.4. Comprehensive analysis of the 66 166 bands
Transfer of the comprehensive
analysis of the
66 102 bands to the 6; 16; bands is straightforward.
Because of the symmetry of vL6 the appropriate matrix element for vibrational f-type resonance is [ 301

X(U16+1,6+1Tl)(u,6-1~~+1~1)]~‘*

(9)

and this results in the matrix element

=J32

1) -K21

&.16+&,16]J(J+

(10)

to be included in the Hamiltonian.
In addition, the
rotational I-type resonance ( 3 ) has be replaced by

=&q%F(J,

K)F(J,

K-l).

(11)

The resulting Hamiltonian
matrix is shown in table
6. Again note that the rotational constants are set
equal for all the substates.
The combined fit of the parameters to all the lines
of the a- and b-band of the 6; 166 transition resulted
in the values shown in table 2. The fit is again good
despite the increased difficulties encountered
with
these bands in the separate analysis. The values of &
and Cl6 are remarkably close to those obtained from
the component bands. The rotational defect is sizeable, but quite similar to that of the 2vi6 state. The
value of q 16 seems reasonable. All these points can be
taken as proof for the correct interpretation
of the
complicated level scheme.
The value of R6,,6 is smaller than that of S,,,, by a
factor of 3.4. On the other hand, the deperturbed
splitting of 3.284 cm-’ between the vz +2v?, and
uf + 2 ~$6’ substates is larger by a factor of 2.7. This
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Table 6
Hamiltonian matrix used for the treatment of the 6; 16; bands of CsHs
UC

+2Vie*(K+2)

Q&K+l,

K+2)

v: +2v$(J,

Qw(K+l,

K+2)

R(K)
0

0
0

i

0

Q&K-

K)
v; +2&(K)
Q&K1, K)

0

Qs(K-I,K)
0

I, K)

v; +2v:d’(K-2)
R(K-2)
Qs(K-2,

results in less mixing of the zero-order wave functions and a smaller relative intensity of the b-band
than in the 6h 10; transition. To illustrate this point,
we have calculated the spectrum of the 6; 16; transition with the correct Hamiltonian and the newly determined spectroscopic constants under the assumption that only the ZJ~+ 2vp6 state contributes any
oscillator strength. The result is shown in the upper
trace of fig. 4 and compared to the experimental
spectrum (lower trace). It is clearly seen that the bband (at higher energy) is much weaker. In this band
we also find that the P branch is considerably weaker
than the R branch. This is due to the fact that the
( + I) states which contribute most of the intensity of
the R branch are more heavily mixed. The mixing between the states will be discussed in more detail below.

4. Discussion
The comprehensive analysis of the 6;10$ and
66 166 bands has provided us with a precise picture of
the zero-order states and the couplings between them.
The matrix formalism used for this analysis complicates the physical understanding of the level structure and we will therefore proceed now to give a qualitative description of the level shifts encountered. This
should help to understand the observed band structure and the level mixing.
Inspection of the Hamiltonians (tables 5 and 6)
and the newly determined values of the spectroscopic
constants (table 2) tells us that coupling to the
vz + 2 v &’ and v$ + 2 vTh2substates is quite small

v: +2&K-2)
K-3)

Q&K-2,

K-3)

v: +2v::(K-4)

compared to the coupling between the other two substates of each combination state. We can therefore
neglect these states in the present qualitative discussion. We can also neglect the rotational f-type resonances ( 2 ) , ( 3 ) and ( 11) since they are much weaker
than the vibrational ones. What is left, is strong coupling by the vibrational l-type resonance S,,,, between the v; + 2 vyOand vz +2 ZJ:,~states and between the v6++ 2v& and v; + 2vs2 states and
correspondingly for the v6+ 2 v, 6 States.
The spacing between the v; + 2vp0 (J, K) and
vg++ 2v &2(J, K) zero-order rovibronic states is independent of J but depends strongly on Kdue to the
opposite sign of the Coriolis term 2K( Cc,). The term
4K( Cc,,) can be neglected at present. The spacing is
1.198 cm - ’ for K= 0 and decreases by 0.192 1 cm- ’
for an increase in K by I. This results in a crossing of
the term curves between K= 5 and K= 6. The vibrational I-type resonance causes repulsion of the levels
that is strongest for the closest spaced levels, i.e. it is
K dependent. This K dependence is seen as a reduction of the term linear in K, the Coriolis term, in the
separate analysis of the subbands. However, the correction is not purely linear in K and a large K2 term
is left which is interpreted as a change in CL and a
smaller one of opposite sign in BI. The observed large
rotational defect results. Similarly, the spacing between the v$ +2vy, (J, K) and v; -t2vk2 (J, K)
states increases by 0.192 1 cm-’ for an increase in K
by 1 and less repulsion results for higher K values.
The influence on the effective constants is as before.
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Fig. 4. Comparison between the experimental spectrum of the 6; 16: vibronic transition and the spectrum calculated according to the
detailed analysis explained in the text. The appearance of the two subbands leading to differmg vibrational angular momentum components of the 6’ 16* state is due to strong vibrational l-type resonance and the consequent mixing of the zero-order states.

For the r6+2 vL6states the SitUatiOn iS Shihr.
The
+2& (J, K) and V; +2VTb2 (J, K) States IllOVe
apart with increasing
value of K. The ZJ; +
2 vy6 (J, K) and vz +2 vk2 states move closer together as K increases, but due to the larger zero-order
splitting the crossing does not occur until about
K= 17, a value not observed under jet conditions. The
coupling element R6,r6 is also smaller than &iO and
overall smaller but still important shifts of states and
changes between the zero-order and the effective
constants result.
In summary, in both the 6h 10; and the 6; 16; transitions we see the effects of strong level crossings. The
rotationally
independent
matrix elements ( 7 ) and
(9) have a strong influence on the observed rotational structure due to the opposite signs of the Coriolis terms for the zero-order states.
So far we have only discussed the spectral shifts
caused by the couplings. However, the couplings also
cause strong mixing of the zero-order wavefunctions.
To discuss the mixing we want to define the content
v6+

of a zero-order function in the eigenfunction
as the
square of the appropriate expansion coefftcient.
The content of the v; + 2vyo state in the ( +1)
states of the 6; 1O$a band is found to decrease from
0.528 for K= 1 to 0.499 for K= 6 and further beyond,
with the balance due to the I$ + 2vh2 state. In the bband the situation is just turned around. For the ( -I)
states of the 6; lOga band we find the content of the
vt + 2vp0 state to increase from 0.52 1 for K=O to
0.578 for K=8 and further beyond. The balance is
due to the v; + 2v~* state and the situation again
turned around for the b-band. There is no appreciable J dependence of the mixing.
Due to the larger zero-order splitting and the weaker
vibrational
f-type resonance, mixing is not quite as
strong in the upper states of the 6; 16; bands. The
content of v; + 2 $6 states in the ( + I) levels of the
64 16ga band is found to decrease from 0.750 for K= 1
to 0.614 for K= 8. The balance is due to the
vz + 2 vet state. At K= 17 the mixing would be even.
For the ( -I) states the content of the vg++ 2 $6 state
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increases from 0.76 1 for K= 0 to 0.840 for K= 8. The
remainder is due to the v; +2vG2 state. Again the
situation is just turned around for the b-band since
the upper states of the b-band are the companion eigenstates of the upper states of the a-band.
In summary, the mixing of the zero-order states
vz +2v$, and vS++2vfo2 is nearly complete for the
upper states of the observed 6; 10; transitions. The
vibrational angular momentum character of the S,
states accessed through these bands is no more defined. For the vz + 2 & and vb + 2 vTh2states mixing is about 3 to 1 and it is still meaningful to assign
1quantum numbers to the observed 6h 16: bands. The
lower energy a-band is indeed mainly the 6618 16gc
transition and the higher-energy b-band the
661: 16; 182 transition. These labels are also shown in
fig. 4.
As a last point, we want to discuss the possibility
to extract some further spectroscopic constants of S,
benzene from our precise results. We could hope to
determine some of the anharmonic constants x,, and
gij for the vibrational modes investigated, but close
inspection shows us that this is not possible due to
the insufficient accuracy of the necessary reference
values, particularly the pure electronic transition frequency. We can, however, determine values for Bb
and Cb which are not available so far.
We start with the well known formula
Bg=B,B-

1 a,B(u,+~d,)=B~s

c &?vs
s

(12)

where Bs can be either B or C. From ( 12) we can
deduce that
Bg=Bfl(va)+B@(2v,,,)-BB(va+2v,,,).

(13)

This yields
Bb=0.181655 cm-‘,
Co = 0.090823 cm --I

(14)

and a value of db = 0.0092 amu A2 for the rotational
defect of the zero point S, state. An analogous evaluation using the rotational constants of the states containing 2 vi 6 yields
Bb=0.181693 cm-‘,
Co =0.090850 cm-’

(15)
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and a value of A&= - 0.0071 amu A2 for the rotational defect.
We do not know how accurate eq. ( 12) is for the
S, state of a large molecule like benzene. However,
the differences in the rotational constants of various
vibronic states are known [ 111 to be larger by more
than one order of magnitude than the differences between ( 14 ) and ( 15 ) . This may be an indication that
the above determined values are fairly reliable. Until
better estimates are available, they might be of some
use. The fact that the rotational defect A; turns out
to be very small is certainly significant and a strong
indication for the planarity of S, benzene.

5. Summary and conclusion
We have presented rotationally resolved sub-Doppler spectra of the 6b 10; and 6; 16; transitions of
benzene. Both vibronic transitions give rise to two
well separated bands which were previously believed
to be due to transitions to different vibrational angular momentum substates of the sixfold degenerate
combination states split by anharmonic terms. Detailed analysis of these bands shows that the
and v$ +2vfo2 substates and the
VgT
+2&
and
vS++2vFh2 substates are instead
VgT+2&
strongly coupled by vibrational l-type resonance. The
rotationally independent resonances strongly influence the rotational structure of the transitions due to
the differing contribution of Coriolis coupling to the
energy of each zero-order state and are responsible
for the observed overall splittings. Furthermore, the
resonances are found to mix the vibrational angular
momentum character of the substates nearly completely for the vg+ 2 vIo states and quite substantially
for the vg+ 2 vi 6 states.
Since there is nothing special about the particular
combination states investigated in this work, we believe that similarly strong resonances should also be
present for many other multiply degenerate combination states in benzene. Contrary to the impression
one gets from an inspection of the IR or UV spectrum, where transitions to combination states are not
dominant, the multiply degenerate combination states
present the majority of vibrational levels in a molecule like benzene already at moderate vibrational excess energies. The newly observed vibrational l-type
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resonances might therefore be just as important for
the IVR and state mixing in the molecule as the well
known anharmonic resonances and Coriolis coupling.
The implications
for the decay behavior of electronically excited benzene could also be considerable. It was recently found that pumping the lower-energy band of the 6; 166 transition with limited spectral
resolution results in an observed decay time of 73 ns,
while pumping the upper component gives a decay
time of 80 ns [ 18 1. Similarly, differing values of 44
ns and 55 ns were found for the 6; 106 transitions and
for a number of bands in C6D6 [ 18 1. Since the mixing of the vibrational
angular momentum
components was not known, this observation
was interpreted as selective coupling of the two zero-order
substates to other S, states [ 193. The faster decay of
the lower energy components was rationalized by the
idea that it is more strongly mixed with states of
higher excess energy possessing faster nonradiative
decay rates [ 19 1.
In view of our new understanding
we cannot confirm this concept. The nearly complete mixing of the
substates is incompatible with the observed 20% differences, even though we predict rotationally
resolved decay time measurements
to produce still
larger variations. Such experiments have been successfully performed for other vibronic states of benzene [ 11-131. The vg+2vi0 and vg+2vr6 states
would indeed provide an unique opportunity for detailed investigation of the influence of mode mixing
on the nonradiative
decay of benzene. Variation of
the degree of mixing could be obtained by variation
of the K quantum number and for fixed K a variation
in J would cause a detuning with respect to the background states. Furthermore,
both eigenstates resulting from the coupling of the zero-order states could
be investigated by excitation through either one of the
subbands. No other such perfect situation of smoothly
varying level crossing has been found up to date in
the spectrum of benzene and our theoretical understanding of the nonradiative decay of benzene would
greatly profit from such an investigation. Particularly
the clear observation of interference effects in the decay, which were both predicted theoretically [ 321 and
invoked for the interpretation
of highly perturbed
spectra [ 13,141, would be of great interest.
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