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Rotational perturbations are identified in Doppler-free two-photon spectra of the 14’ 9 and 14r 0 1’ 9 vibronic bands in 
ChH6. Evidence is found that Coriolis coupling between some of the rotational levels of two distinct vibrational states with- 
in St is the mechanism responsible. Thin coupling mechanism is thought to be responsible for irreversible intramolecular 
relaxation at higher excess energies and higher vibrational state densities. 

1. introduction 

Recently it was noted that relaxation rates of ben- 

zene S, vibronic levels deduced from fluorescence 

yield measurements [1] differ from those deduced 

from b.i&er-resolution band contour measurements 

[3]. This deviation might be explained by intramolec- 

ular vibrational relaxation (IVR) prior to electronic 
relaxation in this excess energy range. 

Prior information on IVR at high vibrational excess 
energies was drawn from frequency-resolved emission 
spectra [3] (for a review, see ref. [4]) under ambient 

gas and cooled supersonic beam conditions, as well as 

from oscillatory (quantum beat) emission behaviour 

[5]. In none of these studies have single rovibronic 

states been populated. And indeed rotational effects 
in IVR were deemed to be of minor importance_ 

In a Doppler-free two-photon experiment we were, 
however, able to show [6,7], that the relaxation be- 

haviour of benzene in the “channel three” region [Z] 
(above 3000 cm-r vibrational excess energy) is strong- 
ly dependent on the rotation of the molecule, leading 
even to the absence of many rotational lines in the 
fluorescence excitation spectrum. Indirect evidence 
of rotationally dependent relaxation has also recently 
been reported for the case of pyrimidine [8]_ In ben- 
zene Coriolis coupling seems to be responsible for the 
absence of many rotational lines in the spectrum [6] 

as well as for an increase in the homogeneous linewidth 
with increasing rotational quantum numbers of the re- 
maining lines, as seen in our ultra-highly resolved 
spectra (Av < 10 MHz) [7] _ It was concluded, that 
the observed features could be explained by IVR fol- 
lowed by a fast non-radiative electronic relaxation 

process [6,7] _ 
In order to clarify the mechanism of the coupling 

responsible for IVR in more detail, it is significant to 
study not only the high excess ener,y range as has 
been done so far but also the range of low excess en- 
ergies. At low excess energies the density of back- 
ground states is expected to be so small that the cou- 
pling responsible for the relaxation process exists only 

for distinct molecular levels which are accidentally in 
resonance with perturbing background states. There- 
fore, an irreversible relaxation process does not exist 
for these states at low excess energies. This situation 
is well known as the “small molecule” limit and cou- 
pling results, for example, in heterogeneous perturba- 
tions of the spectrum rather than in a broadening of 
lines. 

Perturbations have been extensively studied for 
small molecules consisting of only a few atoms (see, 
for example ref. [9])_ However, for the case of larger 
polyatornic molecules they have so far not been ob- 
served since the rotational lines could not be resolved, 
due to Doppler broadening. 
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Recently we demonstrated that with Doppler-free 
two-photon spectroscopy, the rotational structure of 
the electronic spectrum of benzene can be completely 
resolved [lo] _ The increased spectral resolution of 

the present work allows a detailed analysis of the spec- 
trum and heterogeneous perturbations are found at 

relatively low excess energies in S, . The matrix ele- 
ments of the coupling process responsible for the het- 
erogenedus perturbations are measured and the origin 
of the coupling process discussed- 

2. Experimental 

The apparatus used in this work is similar to that 
described previously [7]. Q-branch spectra were mea- 
sured with a cw K.r+-laser-pumped single-mode dye 
laser. The overall experimental resolution in this case 

is about 6 MHz. For the weak S branch we used a 
pulsed light source consisting of the cw dye-laser sys- 
tem and two nitrogen-laser-pumped amplifiers accord- 
ing to our previous work [l 11. This provides the nec- 
essary high peak power, but with an increased frequen- 
cy width of 170 MHz. 

Doppler-free two-photon excitation spectra were 
measured by reflecting back the incident laser beam 
with a confocal mirror. A Doppler-free signal is ob- 
tained when the foci of both the incoming and reflected 
beam overlap in the fluorescence cell containiug the 

benzene vapour under a pressure of 1.5 Torr. In order 
to reduce the background in the spectrum polarization 
of both the incoming and reflected light beams can 

be chosen either linear or circular by polarizers and a 
A/4 delay plate. The frequency scale of the measured 
spectra is calibrated with a temperature-controlled 
interferometer with a free spectral range of 1.4962 
GHz and a finesse of better than 50. Frequencies are 
accurate to about 50 MHz. 

3. Results and discussion 

The rotational structure of the Q branch of the 
totally symmetric (AK = 0) 1410 and 1410110 two- 
photon bands in C6H6 have been measured over 150 
GHz to the red of the rotational origin. 

3-l. 14’, band 

In recent work we have shown that the spectrum 

of the 14l o band can be well reproduced with a set 

of rotational constants AB = Bk - Bi and AC = CL 
- Ci up to -70 GHz if a rotational defect is taken 
into account [lo] _ First discrepancies, which seem to 
be irregular at first sighht are observed for several lines 
between -70 and -100 GHz. As au example two 
small portions of the spectrum in this frequency range 

are shown in fig. 1. In the lower part of the figure the 
spectrum is plotted as calculated from the best set of 

rotational constants found in a complete analysis of 
the band [12]. In the upper trace the corresponding 
part of the measured spectrum is shown. Comparison 
of the measured and calculated spectrunl shows agee- 

ment for most of the lines. Only one line (.$ = 3,1 t7 
and&, = 2217) in each calculated part of the spectrum 
is not found at the expected position in the experi- 
mental spectrum_ A closer inspection shows that in- 
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Fig. 1. Two partsof the Q branch of the 14l e two-photon band 
of C6H6 under high resolution. Upper traces: measured 
Doppler-free spectra; lower traces: calculated spectra. Instead 
of the predicted peaks Jk = 2117 and Jk = 2217 iwo peaks 
appear shifted by about 0.5 GHz from the calculated position 
in each case. 
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stead of the single line two additional new lines appear 
which are shifted by about 500 MHz to both sides of 
the calcuiated position. The sum of the intensity of 
both lines is about 90% of the expected intensity of 
the missing lines. Between 40 and - 130 GHz devia- 
tins of experimental line positions from calculated 
positions as shown in fig 1 are found for lines with 
K’ = 17 and J’ from 17 to 26. All other lines agree 
well with the calculated positions. In the left part of 
fig. 2 the residuals (observed minus calculated) of the 
frequency are plotted for four different K’ values (K’ 
= 0,3,16 and 17) andJ’ up to 25. If two components 
of a line are observed for one value of J’ and K’, the 
stronger one is marked as 0, the weaker one as 0. For 
K’ = 0, 3 and 16 the residuals are close to zero within 
experimental error. This means that the corresponding 
lines are found at the expected position_ For K’ = 17, 
however, the residuals shown in fig. 2 represent the 
typical shape of an avoided crossing curve with the 
crossing point between J’ = 21 and J’ = 22. The fre- 

-2 0 

I-‘&. 2. Residuals (observed -calculated) of the frequenciesof 
rotational lines in the 14r o and 14lo 1’ o two-photon bands 
of C,H,j as a function of the fiial-state quantum number J’ 
for several K’. If twq components of a rotational line in the 
Q branch are observed the weaker is marked by o, the stronger 
by 0. Additional residuals found from the S branch of the 
14’0 1’0 band are marked by X (see fig. 3). 

quency distance of the split lines is 1. I GHz at the 
crossing point, which corresponds to a coupling ma- 
trix element of V= 0.55 GHz. 

3.2. 1410110 band 

The situation in the Q-branch of this band is quite 
similar to the 14l, fundamental band: agreement of 
the calculated spectrum with the measured spectrum 
is obtained with a slightly different set of rotational 
constants (owing to the vibrational dependence of the 
rotational constants) [11,12] for nearly all lines up 
to -70 GHz from the rotational origin. Deviations 
from calculated line positions are found for lines with 
K’ = 3 and J’ between 10 and 23. In fig. 2 (right part) 
the residuals (observed minus calculated) of line fre- 
quencies are plotted for lines with K’ = 0,2,3 and 17. 

For K’ = 2 and 17 the residuals are close to zero, i.e. 
no perturbation is present for lines with these K’ val- 
ues_ But for K’ = 3 in the range 3 <J’ < 23 a rotation- 
al perturbation is found with the crossing point be- 
tween J’ = 15 and J’ = 16 and a frequency splitting of 
1.4 GHz which corresponds to a coupling matrix ele- 
ment Y = 0.7 GHz. For this perturbation the second 
weak component again can be observed in the neigh- 
bourhood of the crossing point. 

III order definitely to exclude the improbable pos- 
sibility that the observed perturbations are due to a 
coupling within the ground state, two different checks 

have been performed. 
(i) In the lower right-hand part of fig. 2 the residuals 

ofalllinesofthe1410110bandwithK’=17andJ’ 
from 17 to 25 are shown. In constrast to the left-hand 
part, where the-residuals for the same rotational lines 
in the 14l o fundamental band are shown, no rotation- 
al perturbations are observed for these lines in the 
1410110 band. Both series of rotational lines have 
common ground states. It is clear that the observed 
perturbation of the K’ = 17 lines is due to a coupling 
of rotational states with K’ = 17 in the 14l vibronic 
state in S 1. The same procedure can be performed for 
the K’ = 3 lines. Corn 

P 
arison of the residuals of the 

K’=31inesinthe14_0and1410110bandmakesit 
clear that the coupling occurs in the final 14ll’ state. 

(ii) In addition the ori _ 
?m 

of the perturbation of 
theK’=3linesinthe14 O1lObandischeckedina 
somewhat different way. Rotational transitions with 
J’ quantum numbers near the crossing point can be 
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Fig. 3. Part of the S branch of the 14r 0 1’0 two-photon band of CeHg measured with a pulsed apparatus [ 111 with both photons 
circularIy polarized in the same sense. The measuredK structure of three subbands withJ’ = 13,14 and 15 is shown_ The calculated K 
structure is marked at the top and it is seen that for each J’ value the line with K’ = 3 is shifted from the predicted position 

well identified in the S branch of the 1410 1’ o two- 
photon band. Since the AJ selection rules in the Q 
and S branch differ, transitions leading to the same 

final state start from a different ground-state level. 
Thus, a comparison of the crossing point position in 
the Q branch with that of the S branch enables us to 
decide whether the coupling occurs in the ground or 
the excited state. In fig. 3 the corresponding part of 
the S braf.ch spectrum is shown. Due to the weak in- 
tensity of the S branch [13] the spectrum has been 
measured with the pulsed apparatus with a reduced 
spectral resolution_ In this case the linewidth is 170 
MHz. 

It is immediately seen that the K structure of the 
transitions withJ’ = 13,14 and 15 is not as regular as 
it should be if no perturbation were present. In this 
case the distance of neighbouring K lines should in- 
crease quadratically for a planar symmetric top [I41 
as is indicated above for each sub-baud in fig. 3. The 
residuals found from the S branch are plotted in fig. 2 
as a function of J’ and marked by X. It is seen that 
the rotational perturbations in the Q-branch and the 
S branch appear for the same final-state rotational 

state quantum numbers J’, K’ and it is clear that this 
perturbation is due to a coupling in the final state. 

4. Discussion 

The experimental results show that in the S, state 
of benzene selective coupling to some other “dark 
states” is present at low excess energies (1570 and 
2492 cm-l)_ Since perturbations are observed for a 
particular K’ value (K’ = 17 in 1410 and K’ = 3 in 

14l o 1’ o) and lines with neighbouring K’ values do 
not reveal a perturbation (see K’ = 16 of 14’, and K’ 
= 2 of 14l o 1 lo in fig. 2) we may exclude the selection 
rule AK = 0 for the coupling process. 

At this point the question about the nature of the 
coupled state has to be discussed_ Does the coupling 
process take place betweenstates withIn S, (intrastate) 
or is the coupled state from another electronic mani- 
fold (interstate)? Candidates for an interstate coupling 
are the So(‘AI& Tlc’Blu) and TJ3El,,) states. So 
and T, may immediately be excluded due to their very 
high density of states at an excess energy of about 
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40000 and ICI000 cm-l, respectively_ It would be hard 
tom understand how the observed extreme selectivity 
of the coupling process, which combines only two dis- 
tinct states due to an accidental resonance, could take 

place in the quasi-continuum of So and T, states_ The 
third possibility for an interstate (spin-orbit) coupling, 
to the T2(3E1,) state, has to be considered in more 
detail- The position of the T, state was found to be 
36400 + 200 cm-l [15] and therefore the vibrational 
excess energy of a coupled state would be between 
3000 and 4000 cm-l, it is conceivable that for the 
density of states in this excess energy range, selective 
coupling to a single state is possible_ However, it has 
to be taken into account that probably all vibrational 
levels in T2 are broadened due to the strong vibronic 
coupling to the T, state [16]. The vibronic coupling 
to the T, state is expected to be strong due to the 
small energy gap between T, and T, . If the coupling 
observed in our experiment were due to a spin-orbit 
interaction with a broadened vibrational level in the 

3ElU state, a broadening of lines near the crossing 
point should be observed. The reason for this would 
be that at the crossing point both states are mixed and 
the broadened triplet state coupled in with 50% prob- 
ability_ If ys and ya are the homogeneous collision- 

free linewidths of the zero-order singlet state and triplet 
state, respectively, at the crossing point the linewidth 
should be (TV +.m)f2 if the coupling matrix element 
V > -ye - ~~ (strong coupling &nit) [ 171. To check 
this, the measured homogeneous linewidths of the 
transitions, particularly near the crossing point, have 
been considered in more detaii. Our experiments have 
been performed at a pressure of 1-5 Torr yielding a 
collisional broadening of 22.5 MHz for the colbsion- 
broadening parameter of 15 MHz/Torr found in our 
recent work [7]. Our measured value of 25 i_ 3 MHz 
for the homogeneous linewidth is in good agreement 
with the expected value if the difference of 2.5 f 3 

MHz is attributed to the finite resolution of 6 MHz 
(Gaussian distribution) of our apparatus [7] as well 
as to the rather smail relaxation linewidths (Lorentzian) 
of 1.3 (2.4) MHz typical for the 14r (141lr) two- 
photon state. This linewidth can be deduced from our 
previous lifetime measurements integrated over many 
rotational states in the 14” and 14ll’ vibronic state 
[IS]. Within the experimental error of + 3 MHz no in- 
crease of the homogeneous relaxation linewidth is 
found at the crossing point where strong mixing occurs. 
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From this result, it is concluded that the linewidth yp 
of the zero-order coupled state does not differ very 
much from the linewidth 7s of the zero-order excited 
state and the coupled state has the dynamic behaviour 

typical for an S1 state in this excess energy range. From 
this result we may exclude that spin-orbit coupling 
to a vibronic state in Tz is responsible for the observed 
rotational perturbations. An unambiguous identifica- 
tion of the coupled state would be possible by apply- 
ing a magnetic field, thus checking whether the cou- 
pled state has a magnetic moment due to nr -zero spin. 

The only possibility left is then an intrastate cou- 
pling to other vibrational states within S, with the se- 
lection rule AJ = 0 and AK # 0. Since AK # 0, anhar- 
manic mixing as the responsible coupling process is 
excluded_ A possible coupling process which allows 

L& f 0 is ~r~ndjc~~ Coriolis coupling [19] and 
we tentatively conclude that perpendicuku Coriolis 
coupling to dark vibrational states within S, is re- 
sponsible for the observed rotational perturbations 
(heterogeneous perturbation). This is an important re- 
sult in view of OUT recent results on non-radiative pro- 
cesses in the “channel three-’ region at even higher ex- 
cess energies [6,7] _ There we have shown that Coriolis 
coupling is a significant primary process in intraniolec- 

ular vibronic relaxation of S, benzene. 
Next, we have to check whether vibrational states 

of roper symmet~ are in the vicinity of the excited 
14 f and 14l1 I states. We have calculated the positions 
of combination states which contain the symmetry 
species I’” = ezu necessary for perpendicular Coriolis 
coupling &.&_with the excited vibrational bz,, state 
in benzene (D& (rb @ ry, @ rR 2 al,l- 

Within 5100 cm-??rf the 14l vibzgonal origin 
we fmd 16 combination states with an e2u symmetry 
component_ The distance of the closest combination 
band has been calculated to be 7 cm-l. it is, however, 
hard to decide on a particular combination band out 
of this ensemble due to the uncertainties of the vibra- 
tional frequencies_ Errors of several 10 cm-l have to 
be taken into account since several vibrational fre- 
quencies are not known from experiment and had to 
be calculated from the excited-state force field [20] _ 
All combination states in the energy range under con- 
sideration contain at least 2 vibrational quanta, some 
of them up to 5. This means that only higher-order 
Coriolis coupling processes can mix the optically ex- 

cited 14’ and the dark states under consideration. 



Volume 110, number 5 CHEMICAL PHYSICS LETTERS 12 October 1984 

This is in qualitative agreement with the rather small 
value of the coupling matrix element of 0.55 GHz. 

For the 14’ 1’ state at 2492 cm-’ excess energy, 
the density of states with an e2u symmetry component 
increases drastically. Within 220 cm-l we find already 
29 states each at least containing 3 and some even 7 
vibrational quanta. Even though it is not possible to 
fiid and identify a particular state to be responsible 
for the observed coupling process, since the vibration- 
al frequencies are too uncertain, it is seen that there 
exist several states with proper symmetry within the 
energy interval of some cm-l. This remainiig energy 
mismatch of the pure vibrational frequencies can then 
be compensated when rotations are excited due to 
the somewhat different rotational constants of the 
couple states and a AK # 0 selection rule. In this way 
it is possible to compensate for some cm-t and even 
more if AK > 1 as could be the case in a higher-order 
coupling process. 

5. Summary and conclusion 

In this work a very high resolution spectrum of part 
of the 1410 and 1410110 vibronic bands (S1 f So) 
of C,H, has been measured_ The very high resolution 
of v/Au = 5 X lo7 has become available through 
Doppler-free two-photon spectroscopy_ The analysis 
of the spectra reveals several heterogeneous perturba- 
tions_ Two of them appearing at the lowest rotational 
energy in the 14l (E,, = 57.6 cm-l) and 14l, 1 lo 
(E,, = 48.8 cm- f, band are analyzed in detail. Cou- 
pling matrix elements V of about 0.55 and 0.7 GHz, 
respectively, are found. From the measured K depen- 
dence of the heterogeneous perturbations and the 
measured homogeneous linewidths near the crossing 
point, it is concluded that the interaction of two vi- 
brational states within the S, electronic state coupled 
via perpendicular Coriolis coupling is observed_ This 
result is in line with our recent results in the 14l o lZo 
band at the higher excess energy of 3412 cm-l [7]. 
There it has been found that the homogeneous line- 
width of rotational lines is strongly dependent on K 
and J and Coriolis coupling (within S1) plays an im- 
portant role in the relaxation process. 

In conclusion, it is now possible to investigate spec- 
troscopic perturbations in larger polyatomic molecules 
as has been done in the past for much smaller mole- 

cules. This has become feasible due to the application 
of high-resolution Doppler-free two-photon absorption 
in molecular spectroscopy. Precise information about 
intrastate and interstate coupling mechanisms is of 
great importance for the understanding of the intra- 
molecular relaxation process. Coupling between distinct 
vibrational states as observed in this work might be 
the precursor of the intramolecular vibrational relaxa- 
tion process at small excess energies where even in a 
larger polyatomic molecule the density of vibrational 
states is rather low and not sufficient for an irrevers- 
ible relaxation process. 

A detailed analysis of the benzene spectrum at 
higher excess energy is in progress, with the aim to 
clarify how the increasing density of states influences 
the intrastate coupling and the intramolecular relaxa- 
tion behaviour. Doppler-free two-photon spectroscopy 
here becomes crucial for the analysis of the molecular 
dynamics, since it allows the resolution of single rota- 
tional lines. 
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