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Dispersed emission from single rovibronic quantum states in SI benzene is measured after 
Doppler-free two-photon excitation under low pressure conditions (0.3 Torr). This was made 
possible by a long-term stabilization ofthe single-mode dye laser yielding astability ofbetter 
than I MHzlh. The emission spectra of unperturbed rotationallevels in the 14 land the 14111 

vibronic states reveal a great number of detailed results on Duschinsky rotation and long-range 
Fermi resonances in the electronic ground state. By contrast, it is seen that the emission 
spectra from perturbed rovibronic states are contaminated by additional bands. The analysis of 
these bands leads in most cases to an identification of the coupled dark background state and 
the responsible rotation-vibration coupling process (H42 resonances). The emission spectra 
clearly demonstrate that even for a density of states of 60 1/ cm - I, coupling in SI benzene is 
still selective and far from the statisticallimit. It is further demonstrated that the dark and the 
light states are more efficiently mixed by short-range couplings with coupling matrix elements 
of some GHz than by long-range Fermi resonances. 

J. INTRODUCTION 

One of the first indications of an intramolecular vibra
tional redistribution process (lVR) in large polyatomic 
molecules emerged from the observation of emission spectra 
under collision-free conditions. Experiments were per
formed on benzene, 1,2 para-difluorobenzene,3 and naphtha
lene.4 Dispersed emission spectra were measured after exci
tation of vibrational quantum states at different excess 
energies in theSI electronic state. While the emission spectra 
from low energy vibrational states reflected the identity of 
the excited state as expected, a striking result was found for 
vibrational states at high excess energy. A broad background 
(grass) appeared in the spectra. This was attributed to an 
energy redistribution process onto the numerous vibronic 
modes of the molecule which takes place after the initial 
excitation of the vibrational state. Since the resolution of 
excitation was limited to several 10 cm - I (Ref. I) in the 
early experiments it was not clear whether a pure vibrational 
state was prepared and to what degree hot band excitation 
contributed to the background.4 Later on it has been shown 
by the application of cooled supersonic jet techniques that 
hot band excitation alone could not account for the observed 
background.5

,6 Despite the inherent problem of rather limit
ed resolution emission spectra still present a very direct and 
visual picture of the coupling processes leading to IVR in 
large molecules. 7,8 

From the emission spectra the existence of energy redis
tribution processes in large systems could be concluded. 
However, to leam about the mechanisms responsible for 
IVR, experiments were desirable which provided a high er 
precision in the selection of the initial state. In recent work 
we have shown that Doppler-free two-photon excitation 
with aresolution of 100 MHz or better enables one to selec
tively excite single quantum states even in large molecules 
the size of benzene. 9 Homogeneous linewidths 10 and decay 

times of single defined rovibrational quantum states 11 have 
been measured for the first time with this technique. Fur
thermore, the selective coupling of the excited light zero
order state to a dark zero-order background state in SI was 
observed and the resulting quasieigenstates, split by several 
100 MHz, were resolved in the high-resolution spectra. 12 All 
experimental results revealed a distinct J,K dependence of 
the linewidths, lifetimes, and splittings and indicated that 
vibration-rotation coupling plays a dominant role in the 
process leading to IVR in benzene. The precision and selec
tivity of the Doppler-free high resolution excitation on the 
one hand and the perspicuity of dispersed emission spectros
copy on the other hand suggest to combine both techniques. 
In this work we will show that indeed this combination is 
possible. We will present the first example of dispersed emis
sion spectra originating from single rovibronic quantum 
states in a large polyatomic system. 

It will be shown that the nature of the coupled dark 
background states can be directly elucidated by these experi
ments. More important, it is seen, that within one vibronic 
state oflow excess energy, different rotational states are cou
pled to different background states. As a consequence, the 
character of the emission spectrum can change drastically 
when the excitation energy is changed by only 0.01 cm- I 

within the rotational contour of a vibronic band. These 
short-range couplings giving rise to local perturbations with
in the vibronic band are thought to be responsible for dy
namic IVR at higher excess energies. Experimental results 
are reported for various rotational states in the 141 and 14111 

vibronic states ofbenzene, C6H6 and C6D6 • 

11. EXPERIMENTAL 

The scheme of the experimental setup is shown in Fig. I. 
It consists of a tunable cw ring dye laser (Coherent CR 699) 
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FI G. 1. Experimental setup for the measurement of the dispersed fluores
cence from individual rotationallevels in the 141 and 14111 vibronic levels of 
benzene. The frequency resolved one-photon emission is observed after 
Doppler.free two-photon excitation ofC.H. (C.D.) in an external cavity. 
The long-term laser stabilization guarantees astability ofthe excitation fre
quency within ± I MHz during the monochromator scan. 

pumped by a Kr+ laser. The frequency width is 1 MHz and 
the light power around 5000 A is about 350 mW. The laser 
light is fed into an external cavity which leads to a 30-fold 
increase ofthe intensity ofthe standing wave light field need
ed for Doppler-free two-photon excitation. 1O The cell con
taining benzene vapor under apressure of typically 300 
mTorr is placed within the external cavity. Elimination of 
the Doppler broadening is achieved by the absorption of two 
photons propagating in opposite direction in the standing 
wave field of the external resonator. The external cavity is 
locked to the laser frequency by a Hänsch-CouIliaud meth
od 13 as shown schematically in Fig. 1. The UV fluorescence 
originating from the excited single rovibrational two-photon 
state ofbenzene is collimated onto the entrance slit of a 1.25 
m Czerney-Turner spectrometer (Spex Model No. 1269) 
and a photomultiplier at the exit slit detects the dispersed 
emission. The spectrometer is used in the second order of the 
grating. This means that any visible stray light (reflected in 
the first order) is seen at halfthe wavelength in the emission 
spectrum. Typically, a frequency scan of 5000 cm- I takes 
about 30 min due to the low intensity of the emitted light. 
During that time the laser frequency has to be stable within 
± 1 MHz in order to stand just on the top of the selected 

sharp two-photon line [:::: 7 MHz full width at half maxi
mum (FWHM)] and to guarantee constant excitation con
ditions for different parts of the emission spectrum. A long
term stabilization was developed to meet these experimental 
demands. Its details are described elsewhere. 14 Briefly, it 
consists of a home-built, highly stable, evacuated, and tem
perature-controlled Zerodure interferometer which pro
vides frequency standards at every 150 MHz. The laser fre
quency is locked to one ofthese standards, but in addition, it 
can be tuned over a range of about 200 MHz with an acousto
optic modulator. In this way the laser frequency can be 
tuned to any selected two-photon line and be kept there with 
astability of < 1 MHzlh. The photons monitored by the 

photomultiplier are counted and the signal is transferred to a 
minicomputer (Force 2P5). Part of the undispersed total 
UV emission is monitored with a second photomultiplier. In 
this way long-term changes in the laser power and/or laser 
frequency can be detected. 

111. RESUL TS AND DISCUSSION 
A. Doppler-free two-photon spectrum of the 14~ band 

Recently the rotational lines of the 14b two-photon 
band in benzene, C6H6, have been completely resolved. 
More than 3000 individuallines have been assigned and the 
rotational and quartic centrifugal distortion constants ofthe 
band were determined with high accuracy. 15,16 Severallocal
ized perturbations were analyzed in the rotational contour l6 

and it was found that the decay time of the perturbed states is 
considerably shorter than the decay time ofthe unperturbed 
states. II A similar analysis has been performed for perdeu
terated benzene, C6D6 • 

In Fig. 2 part of the Q branch of the 14b band in C6H6 is 
shown. Several of the rotationallines are marked by an ar
row and the final state assignment of the corresponding tran
sition is given. For these states, emission spectra have been 
measured. Final states indicated by a and bare the quasiei
genstates resulting from a coupling process ofthe light zero
order state to a dark background state. Their positions were 
found to be shifted from the calculated position ofthe corre
sponding zero-order state. The analysis of the residuals 
yields the avoided crossings curves shown in Fig. 3. The high 
resolution of Doppler-free two-photon excitation and the 
good signal-to-noise ratio makes possible the identification 
of very low intensity perturbed lines. As a result, the obser
vation ofboth quasieigenstates resulting from the mixing of 
the zero-order states is possible for a wide range of J values 
around the crossing point (see Fig. 3). From the exact posi
tion of the eigenstates the coupling matrix element of each 
pair can be determined as a function of J and constant K 
quantum numbers. 

The information on the coupling process between light 
and dark zero-order states discussed so far has been found 
from an analysis of line positions in the two-photon excita
tion spectrum. The unperturbed and perturbed character 
and the identity of the coupled background states will now 
be investigated from the dispersed emission of selected 
states. 

B. Emission spectra from single rotational states in the 
141 state 
1. Unperturbed states 

Emission spectra were first measured for unperturbed 
rotational states in the 141 vibronic state ofC6H6 and C6D6 

at a vibrational excess energy of 1571 and 1567 ern-I, re
spectively. The laser frequency was scanned to the maxi
mum of the selected individual two-photon line and locked 
to this frequency by the technique described in Sec. 11. Then 
the emission spectrum was measured. 

a. 99 state in C6 H6 • In Fig. 4 the UV emission spectrum 
resulting from the 141

, J K' = 99 state of C6H6 at a resolution 
of20 cm -I is shown. The strong peak on the right.hand side 
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of the spectrum marked by an asterisk results from stray 
light ofthe exciting visible light (19 828 cm- I

) which gives 
rise to a peak at the apparent frequency of 39 652 cm - I. This 
is due to the fact that the visible light is observed in the first 
order of the grating, while the UV emission is seen in the 
second order. The peak serves for absolute calibration ofthe 
frequency scale to aprecision of better than 10 cm - I. The 
emission spectrum consists of three strong peaks and several 
additional small features. It is weIl separated from the stray 
light peak since the absorption mechanism (two-photon) is 
different from the emission process (one-photon) and the 
inducing modes V l4 ofthe two-photon-absorption and v6 0f 

the one-photon-emission differ strongly in frequency. 
(i) The dominant features are readily assigned as the 

expected 14: 6~ 1~ progression bands. 17 The appearance of 
one quantum of v 6 in the final state is necessary to induce the 
one-photon emission from the SI' 141 vibronic state. The 

".7 1(=12 °0 • ....................................... -.......... ~ .... ... 
1(.'6 ......... __ • 
- .. 00

0
""'0'0 

".13 ". -_o· .... ·o··········ro;;;· 

2 GHz 

K=10 00. 1<=14 
_ .... o.o •• _ ..... ~. 

-2 GHz 

'.1 ~_ ..... __ ..... -.... -
K='S 0 •• -., _._ ..... _ .. ~ ... 

1'. 
K=20 K=11 _ ............................ ~ 

10 10 30 ,0 1.10 20 30 ,0 10 30 '0 

FIG. 3. ResiduaJs found from the analysis ofline positions in the 14~ band 
ofC6H6 (taken from Ref. 16). The arrows indicate the states whose emis
sion spectra were measured. 

39656.90 (5) cm- I 

FIG. 2. Blue part ofthe Qbranchofthe 14~ 
two-photon excitation spectrum of C6H6• 

Transitions which have been selected for 
measurement of dispersed ftuorescence are 
indicated. 

intensity ratio of the four v I progressions observed is elose to 
that found for emission spectra from the 0° state. 18 

(ii) Most ofthe small peaks in the spectrum are due to 
other inducing vibrations for the one-photon emission. This 
is analogous to the additional bands in the emission spec
trum from the 0° level observed by Parmenter and co
workers. 1

,19 Both the 0° level as weIl as the 141 level do not 
contain a one-photon inducing mode and thus the one-pho
ton emission has to be induced by suitable vibrations. The 
resulting transitions which are observed in the spectrum of 
Fig. 4 are 14: 16~, 14: 1O~6~, 14: 1l~16~, 14:9~, 14: 1O~, 
14: 17~, 14: 7~. The verticallines at the bottom of the spec-
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FIG. 4. Single rovibronic level emission spectrum ofthe rotational stateJ;". 
= 99 in the vibronic level 14 ' ofC6H6 • The peak produced by laser stray 

light in the first order of the grating is marked by an asterisk. It represents 
the two-photon excitation energy. The verticaJ markers indicate the calcu
lated transition frequencies of the assigned transitions. Transitions denoted 
by D are due to Duschinsky rotation ofthe V" and V15 normal coordinates 
in the excited (S,) state vs the ground (So) state. FG indicates long-range 
Fermi resonances in the So state. IOn has to be added to every assignment 
and indicates the observed progression members due to the V, (a,.) vibra
tion. 
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trum mark the expected transition frequencies of these 
bands when calculated from the harmonie vibrational fre
quencies.20 It is seen that they agree weIl with the experimen
tally observed peak positions and it is further seen that near
ly all peaks, even in the somewhat congested range of the 
spectrum below 37 000 cm -I, can be assigned. 

(iii) The two distinct peaks to the blue of the dominant 
14: 6~ band need a more detailed discussion. They are not 
present in the emission spectrum from the 0° level in Refs. 1 
and 19. Obviously, they are typical for the additional V l4 

vibration in both the excited and the ground state ofthe one
photon emission band. The peak 74 cm -I to the blue of the 
14: 6~ band can be assigned on the basis of our previous hot 
band two-photon spectra.21 In these spectra a surprisingly 
strong 16°110°1 band was observed. We concluded that it 
gains its intensity from long-range anharmonic coupling of 
the 101161 state (1245 cm -I) to the 141 state (1309 cm -I) 
(FG) rather than by second-order Herzberg-Teller cou
pling of the two-photon transition. This previous conclusion 
is confirmed by the appearance of the 14~ 1 O~ 16~ 6~ emission 
band in Fig. 4. From the two-photon hot band spectrum it is 
known that there is a frequency shift of 18 cm - I of the 
10116161 state which was supposed to be due to the Fermi 
resonance. In Fig. 4 the transition frequency to an unper
turbed 161101 state is marked by asolid verticalline. It is 
somewhat offfrom the observed peak position. Only, ifwe 
take into account the measured frequency shift of the 1 O~ 16~ 
two-photon transition, perfect agreement with the measured 
transition frequency is found. 

The peak 158 cm - I to the red of the 14: 6~ band is as
signed as the 14~ 15~6? transition. It is due to a Duschinsky 
rotation (D) ofthe normal coordinate surfaces ofthe excited 
SI and the ground So electronic state. This Duschinsky rota
tion was first concluded from intensity anomalies in the two
photon cold band and hot band spectrum of our previous 
work.21 It c~n be described by 

(1) 

where Jij are the elements of the Duschinsky matrix J and 
the Q 's are the respective normal coordinates. The ratio of 
the intensities ofthe 14: 6? and 14~ 15?6? bands is given as 

I(14~15?6?) 

I( 14: 6?) 
(2) 

From the theoretical work ofMetz et a/. 22 a value ofO.20 
is predicted for the ratio while the results of Krogh-Jesper
sen et a/.23 would predict a value ofO.06. Due to the Fermi 
resonance between 14161 and 16110161 discussed above, 
1(14: 6?> has to be replaced by 1(14: 6?) 
+ I( 14~ 1O? 16?6?) in Eq. (2). The evaluation ofthe experi
mental spectrum gives a value for I(14~ 15~6?)1 
[(l(14:6?>+I(14~1O?16?6?>] of 0.16±0.02 which 
seems to favor the calculation ofMetz et a/. 22 However, both 
the work ofMetz et a/. 22 and Krogh-Jespersen et a/. 23 did not 
consider anharmonic effects, which have been proposed to 
be of great importance in this context.24 

(iv) In summary, from this analysis it is clear that the 
observed perturbations result from a coupling in the ground 

state. We may conclude that there is no contribution to the 
141, J;". = 99 state in C6H6 resulting from a coupling to 
background states in SI' This state represents a pure zero
order state. 

b. 2117 state in C6 D6 • In Fig. 5 the emission spectrum 
from the J ;... = 21 17 state in the 141 vibronic state of C6D6 at 
aresolution of 50 cm -I is shown. This rotational state was 
chosen as an unperturbed state since it corresponds to a 
strong rotational line which does not show any deviation 
from the theoretically expected position. 

(i) The strong peaks are due to the 14: 6? 1~ progres
sion. Most ofthe small peaks are analogous to the additional 
peaks in the emission spectrum from the 0° level ofRef. 19. 
In this way the 14: 11?16?, 14: 16~, 14:9~, 14: 17~, and 
14: 7? transitions can be assigned. 

(ii) The remaining peaks at 37295 and 37 590 cm-I, 
respectively, need a more detailed discussion. First we have 
to check whether a Duschinsky rotation between modes V I4 

and V I5 is also observed in C6D6 (such as C6H6 ). The transi
tion 14~ 15?6? would beexpected at 38 450cm- l

. Clearly no 
peak is seen at this position in the spectrum. This lack of 
Duschinsky rotation in C6D6 is in perfect agreement with 
the results of Metz et a/.22 and Krogh-Jespersen et al. 23 

which would lead to a ratioI( 14~ 15~6? )II( 14: 6~) ofO.OO9 
and 0.000 1, respectively. Even the 14~ 15? 6? I? band with an 
expected position at 37 505 cm - I cannot explain the two 
peaks under discussion. 

Next, known long-range anharmonic couplings or 
ground-state Fermi resonances (FG) have to be considered. 
This effect has been observed not only for C6H6 but also for 
C6D6 in our previous two-photon hot band measurements.21 

As a result, the peak at 37 295 cm -I is assigned as the 
14~ 1O? 16? 6? I? transition. It agrees weIl with the expected 
transition frequency. 

Since the second peak at 37 590 cm -I cannot be ex
plained by either Duschinsky rotation or by anharmonic 
coupling in the ground state, the only explanation left is a 
coupling in the excited 141, J;". = 21 17 state. No deviation 
from the position of this state within the rotational contour is 
observed and therefore this coupling obviously does not re-

(6°6 141 J~.= 21 17 , 
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FIG. 5. Emission spectrum from the rotational state JA:, = 21'7 ofthe 14' 
state ofC6D6 • Transitions resulting from long-range anharmonic couplings 
in the So (S,) state are labeled by FG (FE). IOn must be added to every 
assignment. The origin of the band progression 14~ I ffi 16~ 6~ I ~ at 38 263 
cm -, is not marked. 
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sult in a rotational perturbation but rather might be an an
harmonie eoupling whieh shifts all rotational lines by the 
same amount. This would be the ease, e.g., for a long-range 
Fermi resonanee in the SI state. This hypothesis is further 
eorroborated by additional emission spectra measured for 
the unperturbed IS8 , 216, and 2424 states. Even though the 
eorresponding rotationallines reveal no deviation from the 
expeeted zero-order position, their emission spectra display 
the additional peak at 37590 em- I

• We eheeked all eombi
nation states with b2u symmetry near the 141 (b2u ) state. 
Combination states with more than two vibrational quanta 
were not eonsidered sinee their eoupling matrix element 
would be too small to aeeount for a long- range Fermi reso
nanee. Within ± 100 em -I there is only one state of b2u 

symmetry. This is the IS 19 1 state at about 1571 em- I
• The 

frequeney ofthis state is uneertain due to the badly known v; 
frequeney.25 The transition frequeney for the resulting 
IS: 9: 6? transition is 37591 em- I and in perfeet agreement 
with the peak marked by FE in Fig. 5. A further eonfirma
tion of this assignment is given by eomparison with C6H6. 
There, no excited state long-range Fermi resonanee is ob
served. Due to the small deuterium isotope effeet ofthe 141 

state (C6H6:1571 em- I
, C6D6:1567 em- I

) on the one hand 
and the much stronger isotope effects in the IS 191 state, the 
energy differenceofthe 141 and the IS I91 state in C6H6 is 679 
em - I. Furthermore, it is found for C6H6 that there are no 
other combination states of b2u symmetry with two vibra
tional quanta within ± 100 cm- I from the 141 state. The 
only background state which may give rise to a long-range 
Fermi resonance is present in C6D6 and is indeed detected 
and seen by the emission spectroscopy. 

2. Rotationally resolved emission spectra 

In the preceding subsection the vibrational character of 
the bands in the emission spectrum has been discussed. Now, 
we would like to identify the rotational structure of the emis
sion bands. This is expected to be possible under the exeita
tion conditions ofthe Doppler-free experiment leading to the 
excitation of defined single rotational states. For this reason 
the emission spectrum generally should consist of six lines 
resulting from llJ = J' - J" = - 1,0, + I (P,Q,R) and 
!:J..K = K' - K" = - I, + I (p,r) transitions for a perpen
dicular one-photon transition. 26 J' (J") and K' (K") are 
the rotational quantum numbers of the respective state in the 
SI (So) electronic state. Since the 141 state is nondegenerate 
(l' = 0, see below) and the final vibrational state in So is 
degenerate, the respective rotational energies E ;ot in the ex
cited state and E ;~t in the electronie ground state can be 
written as 

E ;ot = B '[J'(J' + 1) - K,2/2J, (3) 

E;~t =B"[J"(J" + 1) _K,,2/2] -B"I"s"K". (4) 

The implied assumption of C = B /2 is certainly valid 
for the accuracy ofthe emission spectra discussed. The rota
tional energy ofthe degenerate So vibrational state [Eq. (4) ] 
contains the additional Coriolis term which depends on the 
vibrational angular momentum component denoted by the 
I " quantum number and the Coriolis coupling constant S " . 
According to Callomon et al. 26 only transitions with 

!:J..l = I' - I" = - I" = !:J..K are allowed and therefore the 
ehange in rotational energy can be directly calculated for all 
six possible lines from Eqs. (3) and ( 4 ). The relative intensi
ties of these lines are determined by the Hönl-London fae
tors.27 It is found, that within a good approximation the in
tensities ofrR and P P lines are equal as weIl as forP Rand rp, 

and rQ and P Q lines, respectively. These resuIts allow us to 
discuss two limiting cases of the inftuenee of the rotational 
structure on the emission bands. 

(i) If the rotational strueture is not resolved, the posi
tion of the maximum of the band will coincide closely with 
the center of gravity of all six lines and may show a displace
ment from the rotationless position given by the vibronic 
frequencies alone. To calculate the center of gravity, the 
mentioned equality of the intensities of pairs of lines is used 
and the average of the change of rotational energy for each 
pair calculated: 

1/2' [!:J..Erot (rR) + !:J..Erot (PP)] 

= E ;01 - B " . [J' (J' + 1) - K '2/2 + s" + 1 J, (5) 

1/2· [!:J..Erot (PR) + !:J..Erot CP)] 

= E ;ot - B " . [J' (J' + I) - K,2 /2 + s" + ! J, (6) 

1/2' [!:J..Erot (rQ) + !:J..Erot (PQ)] 

= E ;ot - B " . [J' (J' + 1) - K,2 /2 + s" - ~]. (7) 

The three expressions [Eqs. (5)-(7)] differ only by the 
termB" (s" ± !) from thechangeinrotational energy ofthe 
q Q transition of the Doppler-free excitation. Since 
IB" (s" ± !) I< 0.3 cm -I, a shift ofthe emission band from 
the rotationless origin by nearly the same amount as the dis
placement ofthe Doppler-free excitation line from the rota
tionless origin of the excitation band is expected. This dis
placement is nearly independent of S ". 

(ii) For J' = K' statesonlythe rR andPP lines willcarry 
significant intensity. Their splitting is given by 

!:J..Erot (rR ) - !:J..Erot (PP) 

=2'B"'[2J' + 1 +K'(s" -1)]. (S) 

This splitting depends linearly on J' = K' and is strongly 
dependent on the value of s" whieh differs for different vi
brational states. 

To test these predictions emission spectra were reeorded 
with increased spectral resolution. In Fig. 6 the emission 
spectrum from the J!C = 3333 state is shown under varying 
resolution ofthe dispersing monochromator. Under a reso
lution of!:J..v = 20 cm -I the vibrational structure ofthe emis
sion spectrum, which is only partially resolved und er 50 
cm - 1 resolution, is completely resolved. It resembles the 
structure of the 99 state emission spectrum discussed in the 
preceding subsection. Thus, it is apparent that the 3333 state 
in 141 is unperturbed. The additional features in the emission 
spectrum result from Duschinsky rotation and Fermi reson
ances in the ground electronic state (see above). 

We would like to emphasize that on the blue side of the 
14: 6? transition a ftat base line is observed with no noise on 
it. Apparently, there is no stray light present in the spectrum. 
Hence, it is concluded, that the irregular peak structure in 
the red part of the emission spectra represents areal struc-
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ture rather than noise or stray light. This will be shown to be 
important for the discussion of the emission spectra of the 
14)1) state at higher excess energy. 

At the bottom ofFig. 6 the two strong peaks 14: 6~ and 
14: 6~ 1 ~ are shown under an increased resolution of Av = 5 
cm - 1. It is clearly seen that additional structure is resolved. 
Two peaks separated by 21 cm -) are observed in the 14: 6~ 
emission band and three peaks in the 14: 6~ 1~ band. First, 
the splitting according to Bq. (8) was calculated for the 
14l6~ band. The value of {; It for the 14)61 state is not known, 
but it is expected to be nearly equal to (;6" = 0.575 known 
from previous work ofHollinger and Welsh.28 The value of 
B " was taken equal to the value of B ~ determined by Pliva 
and Johns?9 This leads to a calculated splitting of 20.1 
cm - ) , in perfect agreement with the observed splitting. This 
means, that the two sharp peaks observed under 5 cm-) 
resolution are indeed the transitions to the J K" = 3232 and 
J K' = 3434 rotational states. 

The situation in the emission structure around 36750 
cm - ) is somewhat more complicated. There are three peaks 
observed, wbile only two (r Rand P P) lines would be expect
ed. However, it has to be taken into account that there is a 
well-known Fermi resonance between the 6)1) and the 8) 
state with a coupling matrix element of 9 cm - ).30 It can 

35000 37000 39000 lem-1] 

C6H6 T 
11.' 60 ,0 

' , n 

,1.' 

J'K,:3333 8V = 50 em-' 

* 

* 

36800 37000 37600 37800 [em-'] 

FIG. 6. Dispersed ftuorescence from theJ", = 3333 state in the 14'levelof 
C6H6 measured under varying resolution of the dispersing spectrometer. 
The highly resolved spectrum at the bottom (Av = 5 cm - • ) is shown on an 
extended frequency seale. An additional transition appears in the first pro
gression member 14: 6~ 1 ~ due to the Fermi resonance between the states 
14,6,1. and 14.8 •. 

safely be assumed l7 that a similarly strong coupling exists 
between the states 14)6)1) and 14.8). We calculated the en
ergies of the eigenstates in analogy to the Fermi dyad 
6)1)/8).3),32 There will be transitions to theJK" = (3434 )a, 

(3232 )a' (3434 )b' and (3232h states with expected frequen
cies of 36 725, 36 744, 36738, and 36 757 cm -), respective
ly. a (h) denotes the quasieigenstate at higher (lower) ener
gy. The middle two lines are not resolved in the experimental 
spectrum, but give rise to the slightly broadened central fea
ture. The observed distance of the other two lines from tbis 
central peak is in excellent agreement with the predicted one. 
These lines are again single rotational transitions. 

The rotational splitting of the emission lines of the 
14: 6~ band was investigated for increasing J' in a systematic 
way. In Figs. 7 (a)-7(c) the resulting emission spectra are 
shown for upper states with J' K' and increasing J' 
(I' = 9, 33,75). It is seen that the two strongemission lines 
resulting from the r Rand PP transitions are separated for 
I' > 33 under the chosen experimental resolution of Av = 20 
cm -I. The stick spectrum represents the calculated posi
tions and intensities of the respective transitions. The arrow 
indicates the position of the rotationless transition. The ex
pected small shift of the center of gravity of the lines with 
increasing rotational quantum number is clearly seen. This 
makes clear that even for a resolution not sufficient to re
solve the rotational structure ofthe emission bands the posi
tion oftheir maximum relative to the pure vibrational transi
tion frequency can be weH understood. It is negligible for low 

a) 

~ 
JL 

, 300em-' 
r------; 

b) 

Jl.. , 

FlG. 7. Rotational structure ofthe 14: 6~ emission bands from fOUT differ
ent J ". levels measured under a resolution of 20 cm - '. The sticks below 
each spectrum represent the calculated individual rotational transitions. 
The calcu1ated position of the rotationless origin in the emission band is 
indicated by the arrows. 
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rotational states like the J;;'. = 99 state. For excited states 
with K' strongly differing from J' the rotational structure 
cannot as easily be resolved, but instead is seen as a broaden
ing ofthe observed band. This is demonstrated for J ;;.. = 469 

in Fig. 7(d). 

3. Perturbed states 

The analysis of rotationalline positions in the 14~ band 
of C6H6 led to the avoided crossings shown in Fig. 3. Emis
sion spectra were measured for several perturbed states 10-
cated near the crossing point of the term curves. 

a. 2117 and 2217 states. In Fig. 8 the emission spectra of 
the J;;'. = 188 and the (21 17 ) astate are shown for compari
son. Both spectra were recorded at aresolution of 50 cm - 1. 

The corresponding two-photon excitation lines are only sep
arated by less than 1 GHz (see the left-hand side ofFig. 8). 
From the analysis of the line positions the 188 state was 
found to be unperturbed, whereas the (21 17 ) a line was found 
to be strongly perturbed and shifted by 0.42 GHz from the 
position calculated from the semirigid Hamiltonian with the 
constants of our recent work. 12,15 The unperturbed vs per
turbed character of the 188 and the (21 17 ) astate is fully 
corroborated by the emission spectra. The emission spec
trum oftheJ;;'. = 188 state atthe bottom ofFig. 8 is identi
cal with the spectrum of the J ;;.. = 99 state shown in Fig. 4. 
It is thus typical for an unperturbed state. The emission spec
trum from the (21 17 )a state, however, shows additional fea
tures between the main 14: 6~ 1~ progression bands which 
are not present in the spectrum of unperturbed states. It is 
interesting to note that emission spectra are seen to vary 
strongly within a few GHz of the rotational contour of the 
excitation spectrum. Emission spectra taken with Doppler
limited resolution of the excitation would be the superposi
tion of differing emission spectra resulting from the various 
states simultaneously excited. 

TWO -PHOTON 
SPECTRUM 

14'0 

-80 -79 

b,IGHz) 

EMISSION SPECTRA 

35000 36000 37000 38000 39000 Icm-I I 

FIG. 8. Left-hand side: Part ofthe 14b two-photon excitation spectrum of 
C6 H6 • The upper rotational state of the corresponding transition is given on 
top of each line. Right-hand side: Comparison of the emission spectra from 
the perturbed state J;". = (21'7). and the unperturbed state J;". = 18. in 
the 141 state of C6H 6 • The corresponding transitions in the excitation spec
trum are marked byarrows and are separated by less then I GHz. The addi
tional band system in the upper spectrum is caused by the coupling of the 
light 141

, 21 17 state to a dark background state. 

The (21 17 ) astate is one eigenstate resulting from the 
coupling of the light 21 17 state with a still unknown dark 
background state which is in accidental resonance. The oth
er eigenstate (21 17 )b gives rise to a second line in the two
photon excitation spectrum which is located between the 
transitions leading to the unperturbed 19 11 and 187 states 
(see the left-hand side of Figs. 8 and 9). The (21 17 ) b line is 
somewhat smaller than the (21 17 ) a line since it is not exact1y 
at the crossing point of the term curves and contains more 
character of the dark background state than of the light 21 17 

state. This is nicely confirmed by the emission spectra of 
both components shown in Fig. 9. It is seen that in both 
spectra the additional band system appears which is charac
teristic of the dark state mixed in. In the emission spectrum 
ofthe (21 17 ) b component the relative intensity of the addi
tional band system is somewhat higher than in the (21 17 ) a 

spectrum. This is in line with the increased dark character of 
this component. 

The additional band system appearing in the emission 
spectra of the perturbed states is a fingerprint of the dark 
zero-order state mixed in. It is now used to identify the cou
pled dark background state. In Fig. 10 the emission spec
trum of the J;;'. = (22 17 ) astate is presented. As the 22 17 

state is further apart from the crossing point of the term 
curves than is the 21 17 state (see Fig. 3), the (22 17 ) a compo
nent contains an even stronger additional band system 
which is used for analysis ofthe dark state. All possible com
bination states with ungerade parity in the range 1571 ± 50 
cm - 1 were calculated in harmonie approximation. The 
range of ± 50 cm - 1 was chosen since it is not expected that 
combination states which are apart more than 50 cm -1 in 
harmonie approximation for J',K' = 0 can come to exact 
resonance with the 141 light state for a J',K' value populated 
at room temperature. Ungerade parity was chosen since all 
possible low or high order coupling processes should couple 
only states of the same (ungerade) parity. In the chosen 

TWO -PHOTON 
SPECTRUM 

14'0 

-8' - 80 -79 

älJ (GHz! 

EMISSION SPECTRA 

34000 35000 36000 37000 38000 Ic .,;'1 

FIG. 9. Left-hand side: Part ofthe 14b two-photon excitation spectrum of 
C6H6 • (21 17 ). and (21 17 ) b indicate the two quasieigenstates resulting from 
the coupling of the light 21 17 state to a dark rovibronic background state in 
SI' Right-hand side: Emission spectra of the two quasieigenstates (21 17 ). 

and (21 17 )b' 
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(6H6 141 
J'K':12217Ja 

i I i i I i I i i i I i i I 
35000 l6000 37000 38000 39000 

"---I--+---'--+-t---...L--++t--'---1416~I 
"----~~----+~---~-L-6~~\ 

"-----~----01...------6~111 

i 

FIG. 10. Emission spectrum from the perturbedJ;". = (22 17). state in the 
14' level of C.H •. I ~ has to be added to every assignment. The solid marker 
lines indicate the calculated positions ofthe assigned transitions, the dashed 
marker indicates the observed position of the peak maximum of the 
62 ,11',10

, transition. See the text for explanation of the difference. 

interval 13 ungerade combination states are located. Only 
for one state the transition frequencies were found to coin
eide with the positions of the measured band systems. This is 
the 62 11 1 state which contains a 2u and e2u symmetry species 
and is located - 11 cm- 1 from the 141 state in harmonic 
approximation. The two e2u components 62 (I = ± 2) 11 1 

are allowed to couple to the 141 (b2u ) state with a AK = ± 1 
selection rule, like it is given, e.g., for perpendicular Coriolis 
coupling.27 Two emission band systems 6i 11: 1 ~ and 
6~ 11: 1 ~ are expected for this state and indeed two band sys
tems are observed in Fig. 10. The position and intensity of 
the two band systems, however, need a detailed discussion. 

(i) 6~ 11: : The expected transition frequency coincides 
almost exactly with the stronger red peak in the emission 
spectrum. 

(ii) 6i 11:: The origin of this band system should be 
located at 38362 cm -I. No indication ofa peak is seen there. 
Instead, the 6i 11: 1 ~ band forms the origin of this system. 
This is similar to the 6i system ofRef. 19 and may originate 
from the small Franck-Condon factor of the 6i 11: transi
tion. In addition, there is a striking red shift of 70 cm - I of 
the measured peak and the expected transition frequency 
(see dashed line in Fig. 10). A reasonable explanation for 
this red shift might be given by a Fermi resonance of the 
6111 111 state with the 8111 1 state. This would be similar to 
the Fermi resonance ofthe 1416111 and the 14181 state (see 
Fig. 6) and could lead to arepulsion of both states and the 
observed frequency shift. However, the frequency shift ofthe 
6111 111 state is 70 cm -1 and therefore a factor of 6 larger 
than the frequency shift observed for the 1416111 transition. 
The confirmation of large anharmonic couplings like this 
should be the subject of forthcoming theoretical investiga
tions. 

Another possible explanation of the peak assigned as 
6i 11: 1 ~ can be deduced from very recent results of Page et 
al.33 They deduced a value for the frequency of vi from IR
UV double resonance spectra of combination states which 
differs by 104 cm - I from the value predieted by the calcula
tion of Robey and Schlag.34 This frequency value would 
place the state 31161 (e2u ) just 5 cm- 1 below the 141 state. 

The frequency ofthe 3: 16: 6~ emission band would perfectly 
fit our observed peak. However, assuming solely a coupling 
to the 31161 state the appearance of the second stronger peak 
to the blue, whieh can nicely be explained by the assignment 
6~ 11: would not be understandable. A hypothetical remedy 
for this problem would be a Fermi resonance of 62 11 1 and 
31161 which in turn couples by higher order rotation-vibra
tion coupling to 141 and then gives rise to the observed emis
sion pattern. 

b. 469 and 3515 states in C6 H6 • In Fig. 11 the emission 
spectraofthetwoeigenstatesJ~, = (469 )a and (35 1S )a are 
presented. The residuals of Fig. 3 indicate that both state 
positions are shifted from the position of the zero-order 
states and thus both states are coupled to dark background 
states. It is seen that again additional band systems appear in 
the emission spectrum which are identieal to those shown 
above in Fig. 10. It is thus clear that these perturbations are 
caused by the same background states (62 11 1 and/or 31161

). 

Obviously several crossings of the term curves of these states 
and the 141 state occur for different J ' ,K ' levels. 

c. 259 state. For the K' = 9 states a second crossing is 
observed whieh is located at a relatively low J level 
(21 < J' < 33; see Fig. 3). The emission spectrum of the 
(259 )a component is shown in Fig. 12. In addition to the 
band system resulting from the light 141 state another sys
tem is recognized which differs, however, from the already 
known additional band system in Figs. 10 and 11. The addi
tional peak at 36 816 cm -I is not far from the 14: 6~ 1~ tran
sition. It can be readily and unambiguously assigned as the 
5: 10: 16: 6~ transition. This transition is due to the coupling 
ofthe 141 state to the 51101161 state whieh is one ofthe 13 
ungerade combination states within the interval 1571 ± 50 
cm - I. It is located - 7 cm -I from the 141 state in harmonie 
approximation and contains vibrational angular momentum 
components of alu' a 2u ' and e2u symmetry. Since no quan
tum of v 6 is part of the combination state only one emission 
band system is expected and indeed observed. 

d. 2929 state in C6 D6 • The analysis of rotationalline posi
tions in the 14b band of C6D6 shows that the 2929 line is 

, I i 

35000 
i I i i i I 

l6000 37000 
, I ' 

38000 
, I ' 

39000 

1416~1 
~--~~---+ ........... --------"'.- 6~111 

"--___ --'-___ -01... _____ 6~111 

FIG. 11. Emission spectra from the perturbed J;". = (46,,). and J;". 
= (35,,). rotational states in the 14' state of C.H •. 1 ~ has to be added to 

every assignment. The solid marker lines indicate the calculated positions of 
the assigned transitions. 
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(6H6 141 Ji<'= (259 )a , I , , 
I 

, , , I , , , , I , , I , , , 
J5000 l6000 17000 1BOOO 19000 

* 

FIG. 12. Emission spectrum from the perturbed state J~. = (259 ). in the 
14' level of C6H6 • I ~ has to be added to every assignment. 

shifted by 0.5 GHz from the zero-order position. This is a 
strong indication for the perturbed character ofthis line. For 
confirmation the emission spectrum from the (2929 ) astate 
was measured and is displayed in Fig. 13. A comparison with 
the emission spectrum from the unperturbed 21 17 state (see 
Fig. 5) shows that the spectrum in Fig. 13 is contaminated 
by two additional bands with peak positions at 37 499 and 
37295 cm-I. For identification the procedure described in 
Sec. I was applied. Due to its lower vibrational frequencies 
the density of states in C6 D6 is by a factor of 3-4 higher than 
in C6H6 and 47 ungerade states are located in the chosen 
frequency interval 1567 ± 50 cm - I. However, in this range 
there exists only one state which leads to emission bands 
whose transition frequencies agree with the experimental 
ones within the experimental accuracy of ± 10 cm - I. This 
is the4I6I18 I statewhich is located at 1568 cm- I in harmon
ic approximation. The two additional band systems are as
signed as the 4: 18: 66 and the 4: 18: 61 transitions. The ap
pearance of two additional band systems caused by one 
coupled state is due to the v 6 quantum present in the coupled 
dark 4118161 state. 

4. Summary for the 141 state 

From emission spectroscopy it is found that the 141 state 
in C6H6 is not perturbed by long-range Fermi resonances. As 
a consequence more than 90% ofthe rovibronic states repre-

(6°6 141 Ji<'= (2929)0 
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FIG. 13. Dispersed ftuorescence from the perturbed stateJ~. = (2929 )a in 
the 14' state ofC6D6 • I~ has to be added to every assignment. 

sent pure zero-order states inSI' However, about 10% ofthe 
rovibronic states are perturbed by short-range coupling to 
dark background states in SI' Emission spectroscopy of se
lected perturbed states has enabled us to identify some ofthe 
coupled states. It is interesting to note that in every case 
investigated the coupled state is composed of three vibra
tional quanta and includes an e2u symmetry component. 
From this and the rotationa11y dependent coupling matrix 
element we conclude that the couplings are produced by H42 

resonances35 due to a higher order vibration-rotation cou
pling. The mixing is quite effective. For states at the crossing 
point a 50:50 mixture of the light and the dark states is evi
dent from the emission spectra. 

The situation is somewhat different in C6D6 . Even for 
rotationallines which do not show a shift from the expected 
position emission spectroscopy reveals a contamination by a 
combination state of two vibrational quanta. As this conta
mination is present for many nonshifted lines it is concluded 
that long-range anharmonic coupling is responsible for the 
mixing and leads to an homogenous shift of a11 rotational 
lines. This is not detected in the analysis of the rotationalline 
positions. Due to the isotopic shift ofthe vibrational frequen
cies the long-range anharmonic coupling to this state is not 
present in C6H6 • In addition, from emission spectroscopy we 
learn that vibration-rotation coupling by H42 resonances 
causes rotational perturbations in C6D6 • These short-range 
couplings lead to a much stronger and more effective mixing 
of the light and the dark zero-order states than the long
range Fermi resonances. This is clearly demonstrated by the 
appearance of strong additional bands in the emission spec
tra. 

C. Emission spectra from single rotatlonal states in the 
14'1' state 
1. Unperturbed states 

a. 2323 state in C6 H6 • In Fig. 14 the emission spectrum 
from the 141

, J ;... = 2323 rotational state is shown. The cor
responding rotationalline in the Q branch of the 146 16 band 
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FIG. 14. Dispersed ftuorescence from the rotational state J~. = 232, in the 
14' I' vibronic state of C6H6 • D indicates transition due to a Duschinsky 
rotation of the normal coordinate surfaces in the excited (S,) vs ground 
electronic state (So). FG (FE) is a long-range Fermi resonance in the 
ground (excited) electronic state. I ~ has to be added to the assignments 
which are marked by FE, otherwise I ~. 
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was not found to be shifted from the zero-order position 
within the rotational contour. Hence, this line does not dis
playa rotational perturbation. Most of the features in Fig. 14 
are identical with those of the emission spectrum from un
perturbed rotational states in the 141 state. In addition, two 
band systems appear with peaks at 37318 and 36 974 cm -I, 
respectively. These band systems are also found for other 
unperturbed states (e.g., 2217 ), Thus, it is argued that they 
are produced by a long-range Fermi resonance in the excited 
state. It has been shown in our previous work21 that the 14111 

state in C6H6 is coupled to the 14116117 1 state by long range 
anharmonic coupling. This gives rise to a "shadow" progres
sion in the two-photon excitation spectrum. A similar situa
tion arises for C6D6 , where long-range anharmonic interac
tion of the 14111 state with the 141102 state occurs. The 
energy difference of the 14111 state and the 14116117 1 state is 
32 (89) cm- I and the 141102 state 237 (29) cm- I for C6H6 

(C6D6 ), respectively. 
Both the Fermi resonances with the 14116117 1 and the 

141102 state are detected in the emission spectrum of C6H6 . 

However, it is surprising that the coupling to the 141102 

state, which is 237 cm- I apart, can lead to an observable 
contamination in the emission spectrum. The emission spec
trum shown in Fig. 14 is a direct corroboration of our pre
vious assignment ofthe "shadow" progressions and demon
strates its sensitivity for detection of mixing of states. The 
Franck-Condon factors ofthe 14: 671~ progression band are 
found to be different from those ofthe 14: 671~ progression 
shown in Fig. 4. This is similar to what has been found by 
Knight et al. 19 for the 66 1 ~ and 66 1 ~ progression bands. By 
contrast, the Franck-Condon factors ofthe band system re
sulting from the coupled 14116117 1 state resemble those of 
the 14: 671~ band system in Fig. 4, since there is no VI vibra
tion present in the excited state. 

In Fig. 14 a background in the emission spectrum is 
observed, which increases for decreasing transition frequen
cies and displays a maximum at 36 200 cm - I. Its integrated 
area is 0.8 of the integrated area of all sharp peaks in the 
emission spectrum. We would like to emphasize again that 
the emission spectrum in Fig. 14 was measured after excita
tion of a single defined two-photon line, i.e., of a defined 
rovibronic state ofthe molecule. Thus, the background can
not be the result of a hot band congestion or of an incoherent 
simultaneous excitation of several levels whose emission 
bands may overlap. The origin of the background in our 
measurements will be discussed in more detail below. 

b. 1818 state in C6 D6 • In Fig. 15 the emission spectrum 
from the 18 18 state in the 14111 vibronic state of C6D6 is 
shown. Recently, we found that the 14616 band in C6D6 is 
strongly perturbed. 15 This was demonstrated by the statisti
cal analysis ofline intensities. Only the J I = K I lines, which 
are the strongest lines in the Q branch of the 146 16 band, 
could be assigned since their position is not affected by a 
coupling process. Most ofthe features in the spectrum ofFig. 
15 are identical to those shown in Fig. 5 for the 141 state. The 
additional two band systems are attributed to long-range 
Fermi resonances to the 141102 and 14116117 1 states which 
are displaced by 29 and 89 cm - I, respectively from the 14111 

state. The anharmonic coupling to the 141102 state was as-
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FIG. 15. Dispersed ftuorescence from the rotational state J~, = 18'8 in the 
14'1' vibronic state ofC.Db • FG (FE) is a long-range Fermi resonance in 
the ground (excited) electronic state. 1 ~ has to be added to the assignments 
14: \O~6~ and 14: 16: 17:6~,otherwise I~. 

sumed to lead to the "shadow" progression bands in the two
photon excitation spectrum in our previous work.21 

From the emission spectra of the 14111 states in C6H6 

and C6D6 it is seen that both states are only weakly contami
nated by long-range coupling. In both emission spectra 
(Figs. 14 and 15) there is a background, which is peaked 
around 36 000 cm - I. 

2. Perturbed ststes in C.H. snd C.D. 

In our recent workl2 we analyzed a rotational perturba
tion in the Doppler-free rotational line spectrum of the 
14616 band of C6H6 • Nonzero residuals were found for 
K I = 3 lines in the range 10 < J I < 23 with an approximate 
crossing point of the term curves at J I = 16. The emission 
spectrum from the (163 ) b eigenstate is shown in Fig. 16. 
Comparison ofFig. 16 with the emission spectrum from an 
unperturbed state in Fig. 14 reveals that the emission spec
trum is contaminated by a strong sharp additional band sys
tem, marked by X, with its origin at 38 217 cm -I. In order to 
analyze the coupled dark state which gives rise to the addi-

[6 H6 14111 Ji<,=(1631b 
I 

, , 
I 

, , 
I 
, , , , 

I 
, 

I 
, , , , 

I 
, , 

I 
, 

34000 35000 36000 37000 38000 39000 40000 

L---~----~-----L--__ ~________x 

FIG. 16. Emission spectrum of the perturbed rotational state J~, = (l6J ) b 

in the 14'1' state of C.H.l ~ has to be added to the assignment. X indicates 
an additional band system which arises due to a coupling of the light state to 
a dark background state, probably a rotational state of the 3 '16'1' vibronic 
state (for explanation, see the text). 
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tional band system a11 harmonie combination states in the 
vicinity of the 14111 state together with the resulting emis
sion frequencies were considered. The excess energy of the 
14111 stateis 2493 ern-I. Asaconsequenceofthehigh excess 
energy of this state the density of states is now 18 1/ cm -I. 
129 ungerade combination states were found in the frequen
cy interval 2493 ± 50 cm -I according to the harmonie cal
culation.20 No agreement of any of the resulting transition 
frequencies with the measured ones was found within the 
experimental accuracy. Hence, we are not able to unambigu
ously identify the coupled state on the basis of the used fre
quencies. 20 There are, however, several arguments which 
lead to an approximative description of the coupled state. 

(i) The band origin is close to the origin ofthe 14: 6~ I! 
progression band. From this it is clear that the combination 
state cannot include a great number of vibrational quanta. A 
great number of vibrational quanta would lead to a strong 
red shift of the origin as vibrational frequencies generally 
increase in the ground state. Here, it has been assumed that 
Franck-Condon factors are largest for emission to a final 
state with equal number of vibrational quanta. 

(ii) The Franck-Condon factors for the X band system 
are identieal to those ofthe 14: 1!6~ band system and thus 
typieal for emission from an excited state including one 
quantum of vi. This conclusion is in complete agreement 
with the sma11 red shift observed for the additional band 
system. Here, the Franck-Condon factor for emission is lar
gest ifthe VI quantum is not excited in the ground state. This 
leads to a high transition frequency which is indeed observed 
in the experiment. If both the light 14111 and the still un
known dark X I state include one quantum of v I' the X I state 
should also be a candidate for short-range coupling in the 141 

state. 
These arguments lead us back to the investigation ofthe 

dark state perturbing the 141 vibronic state. We mentioned 
at that point, that the recent determination of the frequency 
of v~ (Ref. 33 ) would place the 31161 state in close resonance 
with the 141 state and therefore it folIows, that also the 
3116111 state would be in close resonance with the 14111 

state. The emission band 3: 16: 6~ 16 would be expected con
sequently at 38 219 cm -I and therewith in perfect agree
ment with the observed band position (38217 cm-I). The 
3116 111 state would meet a11 the criteria deduced above and 
there is no problem of an additional band system to be ex
plained like in the case of the perturbed 141 states. It re
mains, however, to be seen, whether the new determination 
of the v~ frequency33 stands up to further consistency tests. 

Even though the unambiguous assignment of the cou
pled dark state is not straightforward for the 14111 state at 
2493 ern-I excess energy it is without doubt that there still 
exists a highly selective coupling at this high excess energy 
with high density of background states (18 1/ cm - I ). The 
emission spectrum displays distinct features which can only 
be explained by a coupling between pairs of states. In addi
tion to this selective coupling the spectrum in Fig. 16 dis
plays a broad background with maximum at 36 200 cm -I. 
The integrated area of this background is a factor of 1.05 of 
the integrated area of a11 sharp peaks in the spectrum. Before 
we sha11 discuss the origin of this background we would like 

(6°6 14111 JK,= ? 
i I i I i i i I i i I i i I i i I i 

3S000 36000 37000 38000 39000 40000 

L-____ ~ ____ L-____ L-____________ y 

FIG. 17. Emission spectrum ofan unidentified rotational state in the 14111 

state of C6D6• 1~ has to be added to the assignment. The additional band 
system labeled by Y is produced by a coupling to an unknown dark back
ground state. 

to briefly report on results for C6D6 • 

In Fig. 17 the emission spectrum from a perturbed rota
tional state in the 14111 state of C6D6 is shown. This rota
tional state cannot be assigned because of the perturbed 
character ofthe rotationalline structure ofthe 14~ 1~ band. 15 

It is located at - 44 GHz to the red of the rotationless ori
gin. In addition to the 14: 6~ I! band system due to the light 
14111 character of this state another even stronger band sys
tem (Y) appears. Because ofthe high density ofbackground 
states (60 1/ cm - I) it is not possible to unambiguously iden
tify the coupled background state on the basis of the ob
served transition frequency. We measured the emission 
spectra from four other perturbed states which are located 
between 40 and 60 GHz to the red of the rotationless origin 
of the 14~ 1~ band. All emission spectra display the same 
additional bands (Y), however, with varying intensity. 
From this we may conclude that most ofthe rotational states 
in the 14111 state are perturbed by selective coupling to only 
one dark background state. The degree of coupling va ries 
strongly from one rotational state to another and results in 
the strongly perturbed character ofthe rotational contour of 
this band. Most likely, this random coupling is responsible 
for the line intensity distribution of this band discussed in 
our recent work. 15 

The origin of the additional band system (Y) is about 
1200 cm- I to the red ofthe 14: 6~ 1~ origin. This is different 
from the situation in the 14111 state of C6H6 (see Fig. 16) 
where the red shift is only about 450 cm - I. In addition, the 
Franck-Condon behavior ofthe progressions ofthe Yband 
differs from that of the X band in C6H6• From both points we 
conclude that the coupled dark background state does not 
contain a quantum of the VI vibration. For this reason the 
observed resonance is present only in the 14111 state but does 
not exist in the 141 fundamental state. This explains why the 
14~ 1~ band in C6D6 is so strongly perturbed, whereas the 
14~ band is not. A possible candidate for the dark back
ground state which perturbs so efficiently the 14~ 1~ band in 
C6D6 might be the 153 state of b2u symmetry which is located 
only 4 cm - I from the 14111 state in the harmonie approxi
mation. Thetransition frequency ofthe 15~ 6~ band is 37680 
cm - 1. This is shifted by 60 cm - I from the band in the emis
sion spectrum (see Fig. 17). This discrepancy is not the un-
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certainty of the experiment, so that only a tentative assign
ment can be given. The shift might be produced by 
anharmonicities. 

3. The origin of the background 

In the preceding subsection we have shown that the in
trastate coupling is still highly selective in C6H6 and C6D 6 at 
an excess energy of more than 2400 cm - I with a density of 
states of 18 and 60 l!cm- I

, respectively. However, in addi
tion to this selective coupling a background was observed, 
which appears to be smaller in the emission spectrum from 
the 141 state. The question is whether this background is 
produced by frequent intrastate coupling. In previous work 
the appearance of a background was interpreted as an indi
cation for the presence ofIVR. 1-3 In this experiment, which 
guarantees precise excitation conditions we have shown, 
that for an excess energy, which leads to the appearance of a 
background at the same time selective coupling for distinct 
states is observed. 

(i) It is not straightforward to interpret the background 
in our emission spectra as the result of a coupling process in 
the statisticallimit or at least to many states due to the fol
lowing arguments. The spectral resolution in the emission 
spectra from the 14111 state is better than 50 cm -I • In order 
to produce an unresolved broad background the different 
emission bands should be located at an average distance of 50 
cm - I. Every emission band would be expected to displaya 
progression band every 993 cm - I (946 cm - I) in C6H 6 

(C6D 6 ). From that, it is clear, that at least 20 emission bands 
should be located within 993 cm - land thus a coupling to 
more than 20 states should occur. Frequent couplings like 
this cannot be explained on the basis of the low density of 
background states which is 18 l!cm- 1 for C6H 6 and 60 
l!cm- 1 for C6D6 and the small coupling matrix elements 
expected for the higher order coupling processes which 
would be responsible for the frequent couplings. We have 
explicitly shown by a detailed spectral analysis for C6H6 that 
couplings with coupling matrix elements around 1 GHz still 
lead to selective coupling between pairs of states. Hence, for 
the low density of states, it is very unlikely, that a defined 
rovibrational state can be coupled to 20 states if at the same 
time this state is selectively coupled to a single dark state by a 
coupling matrix element of some GHz. This is further cor
roborated by the high-resolution Doppler-free two-photon 
excitation spectra presented in our previous work. 12

•
15 Cou

pling to many states would result in additionallines in the 
excitation spectrum as the light character of the 14111 state 
would be distributed on many resulting eigenstates. No addi
tionallines are observed in the Doppler-free two-photon ex
citation spectrum even for the very high resolution in the 
order of 10 MHz. In addition, no line broadening in excess of 
5 MHz was found. These experimental results would only 
permit a frequent coupling with coupling matrix elements of 
less than 10 MHz. It is, however, not clear, how frequent 
couplings with matrix elements in the order of 10 MHz can 
occur if the average spacing of dark background states is 
more than 1 GHz. From this it is very unlikely that the ob
served background is due to IVR in the excited state. 

(ii) In order to explain the origin of the background 

another effect has to be taken into account. This is emission 
from states originally not excited by the laser light but popu
lated by collisions. After several collisions, emission from 
the thermalized SI state occurs. In a separate experiment we 
have checked the amount of ftuorescence after collisional 
deactivation and from the thermalized SI level. It was found 
that the maximum of the emission from the thermalized SI 
level is located around 36 000 cm - I in C6H6• This corre
sponds to the 6? I? band and several sequence bands. It was 
further found that for apressure of 2.5 Torr the integrated 
emission from the originally populated 141

, J 1.:, , level (reso
nant emission) is 0.2 ofthe integrated area ofthe nonreson
ant emission after collisional depopulation of the originally 
excited level. The measurements ofthis work have been per
formed at apressure of about 0.25 Torr. For this pressure the 
ratio of resonant ftuorescence and nonresonant emission is 
estimated to be 2.6. This is in very good agreement with the 
experimental result shown in Fig. 4. There, the integrated 
area ofthe sharp resonant emission is found to be 2.6 ofthe 
area of the background from nonresonant emission. 

The situation is somewhat different for the 14111
, JI.:" 

levels. Firstly, the quantum yield for ftuorescence is de
creased by 40% (Ref. 36) due to the higher excess energy, 
whereas that of the states populated by collisions at lower 
excess energy may not. Secondly, additional bands due to 
long-range coupling appear, which may overlap and contrib
ute to the unresolved background around 36 000 cm - I. As a 
consequence, relative intensity of the nonresonant emission 
increases. Hence, the increase of a factor of 2 in the unre
solved background observed for the 14111 state as compared 
to the 141 state can be qualitatively explained by nonreson
ant emission. In summary, it seems more likely that the ob
served background in the emission spectra from the 14111 

level results from nonresonant emission rather than from an 
IVR process in the excited state. 

IV. SUMMARY AND CONCLUSION 

In this work we presented emission spectra from several 
defined rovibronic states at different excess energies in ben
zene. The combination ofDoppler-free two-photon absorp
tion and a long-term frequency stabilization of the exciting 
single-mode dye laser enabled us to selectively excite defined 
quantum states and to measure the dispersed emission spec
tra from these states. Emission spectra reveal a great number 
of detailed results on Duschinsky rotation and Fermi reson
ances in the ground state. 

For a low excess energyof1571 cm- I it is seen thatmost 
of the rotational states in the 141 vibronic state of C6H 6 are 
"pure" states, i.e., no additional vibrational character due to 
a long-range anharmonic coupling is mixed in. Some of the 
investigated states have been identified as perturbed ones 
from the analysis of the line positions in the Doppler-free 
two-photon excitation spectrum. Emission spectra from 
these states clearly demonstrate that additional vibrational 
character from a dark background state is mixed in by selec
tive coupling between pairs of states and leads to localized 
perturbations ofthe rovibronic band by dark states. The cou
pled background states were identified on the basis of the 

J. ehern. Phys., Vol. 90, No. 11, 1 June 1989 



Downloaded 09 Oct 2008 to 129.187.254.47. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

6006 SChubert, Riedle, and Neusser: Rovibronic states in S, benzene 

typical emission bands. They are combination states includ
ing three vibrational quanta. The mechanism responsible for 
the mixing of states is a H42 resonance due to high-order 
rotation-vibration interaction. For states near the crossing 
point ofthe term curves a very efficient (50:50) mixing of 
the light and the dark state is found. Basically the same result 
is present in the 141 state in C6D6 even though there is a 
negligible contamination ( < 10%) of all rotational states by 
a long-range anharmonic coupling. In addition, very effi
cient mixing is detected for several states due to short-range 
high-order rotation-vibration interaction. 

In the 14111 vibronic state at a higher excess energy of 
2493 cm -I in C6H6 and 2445 cm -I in C6D6 all rotational 
states are moderately contaminated due to long-range an
harmonic interaction. The density of states at this excess 
energy has increased to 18 1/ cm - land 60 1/ cm - I in C6H6 

and C6D6 , respectively. For this reason it might be argued 
that frequent couplings to several background states can oc
cur. Emission spectra clearly demonstrate that even for a 
total density of states of 60 1/ cm - I the coupling is very se
lective and occurs between pairs of states. This is deduced 
from the appearance of sharp additional peaks in the emis
sion spectrum after excitation of rotationallines which have 
been found to be strongly perturbed in the Doppler-free two
photon excitation spectrum. 12

•
15 Even under sharp excita

tion conditions and only selective couplings present some 
broad band background is observed in the emission spectra. 
This simultaneously observed background is believed to be 
due to nonresonant fluorescence from states populated by 
collisions rather than to a coupling of many states or to a 
coupling in the statistical limit. With this result in mind it 
appears to be questionable, whether a background appearing 
in emission spectra can always be interpreted as caused by 
IVR. 

The spectroscopic reSUltS of this work yield basic infor
mation for the understanding of the intramolecular-vibra
tional redistribution process (IVR). 

(i) Short-range couplings lead to a more effective mix
ing of light and dark states in SI than is observed for long
range Fermi resonances. 

(ii) High-order rotation-vibration interaction is an im
portant mechanism for the mixing of states. 

(iii) Even for densities of states as high as 60 1/cm- 1 

coupling is found to be very selective and leads to the interac
tion of pairs of states. 

In view ofthese results it is conc1uded that dynamic IVR 
due to coupling within a single electronic potential surface is 
possible only for much higher density of states present only 
at even higher excess energies. In SI benzene the sufficient 
density of states would be reached not below 4000 cm - I of 
vibrational excess energy. This conclusion is in good agree
ment with recent results from chemical timing experiments 
of Longfellow et al.37 and decay time measurements in our 
group.38 From the chemical timing experiments an unex
pectedly low density of coupled states was found for the 61

}2 

and 6113 states ofC6H6 at an excess energy of2370 cm -I and 
3290 cm -I, respectively. Decay times of various rotational 
states in the 14112 vibronic state were found to vary strongly 
with the rotational quantum number J. This was explained 

by a selective coupling to a single, strongly broadened vi
bronic background state in SI rather than by a coupling to 
many vibronic states in SI' 
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