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The influence of the molecular rotation on intramolecular processes is investigated for both a non-reactive and a reactive large polyatomic 
system. The non-reactive system chosen is the Si state of benzene, C 6 H 6 . Doppler-free spectra of the 14J band show isolated rotational 
perturbations due to a highly selective coupling of the "light" zero-order states to "dark" rovibrational states within the S, state. These 
perturbations are caused by J, Κ dependent Coriolis coupling, which will induce energy randomization in the excited molecule. The 
reactive process investigated is the unimolecular dissociation of rotationally selected excited benzene cations. It is found that energy is 
completely randomized and the benzene cations behave like a statistical system. Dissociation rates are found to decrease with rotational 
quantum number, ./. It is concluded that rotational selection has to be included in precise experiments and theoretical models of 

intramolecular processes. 

I. Introduction 
The elucidation of the basic mechanism of intramolecular 

processes is only possible if the starting conditions for the 
intramolecular process under investigation are well defined. 
This condition can be fulfilled, if selected quantum states of 
the molecule are excited and the changes in the molecular 
system caused by the intramolecular process can be iden
tified. In the past a great number of investigations has been 
performed in order to find out how intramolecular processes 
depend on vibrational quantum numbers and vibrational 
energy [1]. However, relatively little is still known about 
the influence of the molecular rotation, even though rota
tional states with high J quantum numbers are populated 
in samples of large molecules at room temperature. 

In this work we report on the highly selective excitation 
of a large polyatomic system with a sufficient number of 
degrees of freedom to display a statistical behaviour. The 
selective excitation into specific rotational states allows us 
to investigate the influence of molecular rotation on different 
intramolecular processes. 

In the first part of this work we would like to report on 
the intramolecular processes in a non-reactive system. Here 
the basic mechanisms are studied which can lead to an en
ergy randomization within the excited molecule. In large 
systems with many degrees of freedom energy randomiza
tion is the primary process of a unimolecular reaction which 
can be described by statistical theories. 

In the second part of this work the influence of rotation 
on unimolecular dissociation of a reactive system is inves

tigated. Both investigations are performed for a single mo
lecular species, benzene. Neutral benzene, when excited to 
the Sj state at 40000 cm" 1 does not dissociate and displays 
selective intramolecular couplings. On the other hand, the 
benzene cations, when excited to an only slightly higher 
energy dissociate on a μ$ time scale. Thus benzene is an 
ideal system for the investigation of different kinds of intra
molecular processes in one large polyatomic system. 

II. Intramolecular Couplings in S, Benzene 

Intramolecular vibrational redistribution (IVR) in poly
atomic molecules is caused by a coupling of the excited 
"light" zero order state to one, several or many "dark" back
ground zero order states depending on the density of states. 
The density of states depends strongly on the vibrational 
excess energy. Particularly, in the low excess energy range 
it is very low and the intramolecular coupling is expected 
to be highly selective and may differ from state to state. For 
this reason the high resolution investigation of the low ex
cess energy range can yield precise information on the nature 
and the strength of the coupling process if individual states 
are observed. For the observation of individual states Dopp
ler-free techniques have to be used in the investigation of 
large molecules. 

1. Experimental Techniques 
The typical experimental set up for a Doppler-free two-photon 

experiment consists of a tunable laser light source with a frequency 
width narrower than the Doppler-width (typically a frequency sta-

Ber. Bunsenges. Phys. Chem. 92, 322-329 (1988) - © VCH Verlagsgesellschaft mbH, D-6940 Weinheim, 1988. 
0005-9021/88/0303-0322 $ 02.50/0 
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bilized single mode cw dye laser) and a gas cell that contains the 
low pressure molecular gas under investigation. Elimination of the 
Doppler-broadening is achieved by the absorption of two photons 
propagating in opposite directions [2] . Very high sensitivity can be 
accomplished by placing the gas cell within the standing light field 
of an external resonator. The scheme of a Doppler-free two-photon 
experiment with external cavity as used in our laboratory is shown 
in Fig. 1 [3] . Two-photon absorption is monitored by detection of 
UV-fluorescence from the excited level. At room temperature the 
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Fig. 1 
Experimental set up used for the recording of Doppler-free two-

photon spectra of benzene 

Doppler-free spectrum of a polyatomic molecule consists of many 
thousands of rotational lines which arise from the large number of 
thermally populated ground state levels. The resulting tremendous 
number of data points is rapidly transfered to and stored in a lab 
computer with sufficient memory. A very precise and stable fre
quency calibration is provided by an evacuated and temperature-
stabilized interferometer with a free spectral range of roughly 
150 MHz which is known to 1 part in 105. With this experimental 
set up homogeneous lineshapes as narrow as 10 MHz can easily 
be measured [3] . 

To study the time decay behaviour of individual states, pulsed 
excitation with high spectral resolution and defined coherence 
width is necessary. Light with these properties is produced in our 
laboratory by pulsed amplification of the cw laser rather than by 
a pulsed oscillator with several frequency selecting elements. Typ
ically, the amplifier system contains three stages pumped by an 
excimer laser [4]. The light pulses resulting from the amplification 
process possess Fourier transform-limited bandwidth and therefore 
their coherence width is equal to the width of the frequency distri
bution and inversely proportional to the pulse length. Typically, 
pulses with a peak power of 300 KW and a frequency width of 
80 MHz are obtained with our set up [4] . 

2. Spectroscopic Results 
Part of the 14i band of C 6 H 6 is shown in Fig. 2 at a resolution 

of 10 MHz [5] . The upper state of this electronic transition it at 
1570 cm 1 vibrational excess energy. More than 600 rotational lines 
of the Q-branch are observed in the 8 cm 1 wide spectral range. 
Every line represents a transition to a single, defined rotational 

v 0 0 = 39656.90 c m " 1 C 6 H 6 

JUii 
- 4 0 

V J U J ULJ jL 
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0

 QQ 

- 6 0 

[GHz] -220 -200 -180 
Fig. 2 

Pan of the Doppler-free room temperature spectrum of the Q-branch of the 140 band of C 6 H ( V Every line corresponds to an individual 
rovibronic transition. All of these lines have been assigned 
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Born-Oppenheimer state possessing its own individual dynamic be
haviour. Even though the spectrum looks very complex it can be 
analyzed on the basis of a simple symmetric rotor approximation. 
After a computer-aided assignment of the lines, a fit to thousands 
of line positions yields values for the rotational and centrifugal 
constants with a precision two orders of magnitude greater than 
that obtainable from conventional Doppler-limited UV spectros
copy [6]. The accuracy of these constants even exceeds those of the 
ground electronic state determined from high resolution infrared 
measurements. 

More than 90% of all rotational lines of the 14i band can be 
explained using the simple symmetric rotor Hamiltonian including 
centrifugal distortion. The remaining lines deviate from their ex
pected positions. Obviously they are perturbed. This is illustrated 
in Fig. 3 where parts of the experimental spectrum (upper trace) 
are compared with the calculated one (lower trace) [7] . Instead of 
the predicted peaks J'K- = 21 1 7 and J'K- = 22 1 7 two peaks appear 
in each case, shifted by about 0.5 GHz from the calculated position. 
The two peaks are due to the coupling between pairs of zero order 
states. One member of each pair is the optically accessible light 
state. The other is a dark rovibronic state within the same electronic 
potential (Sj), which is in accidential resonance with the light zero 
order state [7] . The identity of the "dark" background state will 
be subject of further investigations described below. The observa
tion that infrequent coupling occurs only between pairs of levels is 
reasonable in view of the low density of St vibrational states (1.2 
states/cm -1) at the relatively low excess energy (1570 c m - 1 ) of the 
141 state. 

Perturbations like those shown in Fig. 3 are observed in several 
parts of the band. The analysis of the residuals of the perturbed 
lines yields the avoided crossing curves shown in Fig. 4 [5] . The 
ultra high resolution of Doppler-free two-photon excitation and the 
good signal to noise ratio achieved with the external cavity makes 
possible the identification of very low intensity perturbed lines. As 
a result the observation of both eigenstates resulting from the mix
ing of the zero order states is possible near the crossing point (Fig. 3) 
[6,7]. From the exact position of the eigenstates the coupling ma
trix element of each pair can be determined. The dependence on 
the 7, Κ quantum numbers tells us about the nature of the coupling 
process. It is found that perpendicular Coriolis coupling is respon
sible for the perturbations analyzed in the 14j band. The according 
coupling matrix element 

V= v0]/.{J+K)(J-K+i) (1) 

depends strongly on the rotational quantum numbers J, Κ and it 
is seen that the rotation strongly enhances the intramolecular cou
pling. The J and Κ independent coupling matrix element V0 was 
found to be in the order of 30 MHz which is typical for a higher 
order coupling process. Already at this early stage of the investi
gations it is noticed that rotations seem to induce the intramolec
ular coupling and hence play a by no means secondary role in 
energy redistribution processes. 

After having analyzed the nature of the coupling process, the 
symmetry selection rules and the symmetry of coupled background 
states can be evaluated. For perpendicular Coriolis coupling it 
holds 
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Fig. 3 
Two small parts of the Q-branch of the 14J band of C 6 H 6 under 
Doppler-free resolution. Upper traces: measured spectra; lower 
traces: calculated spectra. Instead of the predicted peaks J'K — 21 1 7 

and = 22,7 two peaks appear shifted from the calculated po
sition in each case. (Taken from Ref. [7]) 
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Fig. 4 
Avoided crossings found from the analysis of the highly resolved 
14Q band of C 6 H 6 shown in Fig. 2. The avoided crossings are caused 
by the Coriolis interaction of the (light) rotational states (labeled 
by the quantum numbers J and K) in the 141 vibronic state with 

dark background states in the Si potential energy surface 

Here Γ ν. ] 4 (b2 l l) is the symmetry of the light 14' state, F R v > , is the 
symmetry of a rotation perpendicular to the figure (z) axis of ben
zene, and T V v is the symmetry of the coupled background state. 
Evaluation of relation (2) yields F V v = e2u. 

In Tab. 1 all combination states with a component of e2u sym
metry and vibrational energy near the light 141 state are listed. Their 
position was calculated in the harmonic approximation. Even 
within the limited accuracy of this calculation we can be sure that 
there are only two states close enough to the 14' state to be coupled 
by matrix elements in the order of 1 GHz. These are the 6 211 1 and 
the 5]i0]\6{ states with a calculated energy mismatch of — 7 c m - 1 

and —11 c m - 1 . Due to the AK = ± 1 selection rule of perpen
dicular Coriolis coupling and slightly different rotational constants 

of the two vibrational states only a small number of rotational states 
will be in close energy match and thus give rise to the isolated 
perturbations observed. It is interesting to note that both vibra
tional states contain out-of-plane modes (v,, and v 1 6). Out-of-plane 
modes are known to be good accepting modes for the electronic 
nonradiative relaxation processes Internal Conversion (IC) and In-
tersystems Crossing (ISC) [8] . This point will turn out to become 
important when the dynamic behaviour of the perturbed states is 
studied. 

A direct test of the identity of the background states which are 
responsible for the coupling process would be to study the dispersed 
emission from the mixed states [9] . The admixture of the dark states 
should produce additional bands in the emission spectrum which 
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Table 1 
e 2„ v i b r a t i o n a l states of S] C 6 H 6 near the 14' state. The energies of the states 

were calculated in harmonic a p p r o x i m a t i o n 

energy [ c m ' ] 
deviat ion from 14 1 

(1570 c m " 1 ) 
state 

1500 - 7 0 10Ί8 1 

1512 - 5 8 ό ' ΐ ι ' ΐ ό 2 

1517 - 5 3 10'12 l 

1559 - 1 1 6 2 11 ' 

1563 - 7 5 Ί 0 Ί 6 1 

1636 66 l l 16 3 

1641 71 ΐ ' Π ' 

are fingerprints of the coupled state. The high resolution spectros
copy of this work has shown that the intramolecular coupling de
pends strongly on the rotational state. Therefore dispersed emission 
from single rotational states has to be observed. This requires, that 
the dye laser frequency remains in resonance with the molecular 
transition frequency for about 1 h, typically to a precision of 
1 MHz/h. These problems have recently been solved in our labo
ratory. First emission spectra of single rovibronic states are pre
sented in a separate publication [10]. They show that both the 
6 2 l l ' and the 5'1016' state are mixed into the 14' state at different 
positions of the 14j band. 

_ l ι ι ι ι I ι ι ι ι I ι ι ι Ι 

Ο 200 400 [n s ] 600 

Fig. 5 
Decay behaviour of different individual rotational states in the 14' 
vibronic state of C 6 H 6 measured by fluorescence detection. All un
perturbed states display an exponential decay with the same decay 
time. Perturbed states such as J K = (249)a show a considerably 
faster decay due to the shorter decay time of the coupled, dark zero-

order state 

3. Dynamic Behaviour of Individual Quantum States 

So far we have discussed the coupling to other rovibra
tional levels within the same electronic potential (intrastate 
coupling). This is highly selective, but it does not lead to 
any irreversible dynamic IVR process in the low excess en
ergy region discussed. The coherent excitation of both quasi-
eigenstates resulting from the coupling process (see Fig. 3) 
would lead to an oscillatory behaviour of the zero order 
state population and quantum beats would be observed. 
However, the information obtainable from such a time-re
solved measurement with large coherence width has already 
been obtained from the spectroscopic analysis of the line 
splitting and no additional information is expected from this 
coherent excitation. Instead we are interested in the decay 
of the individual quasi-eigenstates resulting from the cou
pling to the dark background state. I f a dark state and a 
light state are mixed the decay behaviour of the resulting 
quasi-eigenstates should differ from that of the light state, 
because the dynamic behaviour of the background state is 
expected to be different from that of the light state. This is 
due to the different vibrational nature of the dark and the 
light states. With the pulsed set up individual rotational 
levels in the 14' vibronic state can be populated and their 
decay behaviour observed under collisionless conditions 
[4,11]. This is demonstrated in Fig. 5, where the decay be
haviour of several individual rotational states (JK = 196, 
67 6 I, 43 6 ,1 η) within the 141 state is shown [5]. For all states 
that were found unperturbed in the spectroscopic analysis 
a single exponential decay is found and the decay time of 
τ = 135 ns is independent of the rotational quantum num
bers / and K. This is in good agreement with the assumption 
that the decay of the levels is determined by the radiative 
decay and more strongly by the coupling to the T t triplet 
state in the statistical limit [4] . 

On the contrary, for states found to be perturbed a sig
nificantly shorter decay time is found [4] . For example, the 

J K = (249)a state resulting from the coupling of the J K = 
249 rotational state of the 141 vibronic state to the dark 
rovibronic state has a decay time of only 87 ns. The decay 
is again single exponential. It can be concluded that the dark 
zero order state decays much faster and due to the mixed 
vibronic nature of the observed quasi-eigenstate its shorter 
decay time results. The corresponding coupling scheme is 
shown in Fig. 6 [4] . A light zero order state with narrow 
bandwidth is coupled to a broader dark state. The linewidth 
of the zero order states is due to an electronic nonradiative 
process (ISC, IC) in the statistical limit. At the crossing point 
of the term curves the resulting linewidth of the quasi-ei
genstates is just the average of the zero order state line-
widths. It is seen that there exist vibrational states in Si at 
the vibrational excess energy of the light state that possess 
much faster decay rates. These states can not be directly 

ZERO ORDER STATES - QUASI EIGENSTATES 

Fig. 6 
Coupling scheme of the light zero-order state |/> with the dark 
zero-order state \d}. Both zero-order states have different linewidths 
due to a faster electronic nonradiative relaxation process of the 
dark zero-order state (yd > y{). The linewidths ya and yb of the re
sulting quasi-eigenstates are shown on the right side for degenerate 
zero-order states, i.e. at the crossing point. (Taken from Ref. [4]) 
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excited and their observation is only possible through the 
analysis of perturbations. A reasonable explanation for the 
broader linewidth (or shorter decay time) of the dark back
ground state is given by the vibrational character of these 
states. The spectroscopic analysis described above has 
shown that the coupled dark states contain quanta of out-
of-plane modes. These are known to strongly enhance the 
electronic nonradiative relaxation process and decrease the 
decay time [8] . 

4. Summary 

In this section we have shown that intramolecular cou
pling in a large polyatomic molecule can be highly selective 
if the excess energy is not too high. Using Doppler-free high 
resolution techniques we were able to investigate not only 
the coupling process but also the dynamic behaviour of se
lected states. In this way the nature of the coupling and the 
size of the coupling matrix elements were found. It was 
shown that the intrastate coupling depends strongly on the 
rotation of the molecule. Two effects were found to be re
sponsible for the rotational selectivity: 

i) Accidental resonance of the excited light state with dark 
background states are only present for some of the ro
tational states and missing for others. This produces a 
strong variation of the coupling from one rotational level 
to the other which cannot be described in a simple way. 

ii) It has been found for benzene that all perturbations ob
served in the rotational structure of the bands at low 
excess energy are due to Coriolis forces. These are 
strongly dependent on the rotation and therefore the cou
pling matrix element itself depends strongly on the ro
tational quantum number. 

The first effect is a general property of every molecule as 
long as the intramolecular process under consideration is 
not in the statistical limit, i.e. the density of background 
states is not too high. This situation is always given for small 
molecules but we have shown that it is also present in large 
molecules if the excess energy in the electronic state under 
consideration is sufficiently low. 

The second effect is typical for a Coriolis coupling process 
and would not be expected e.g. for anharmonic coupling. 
Even though only a couple of bands have been analyzed in 
detail, Doppler-free spectra have shown that most of the 
couplings involving matrix elements below 1 GHz are due 
to Coriolis interaction rather than to anharmonicity. Ad
ditional information from low resolution techniques has also 
suggested Coriolis coupling in many other molecules [12]. 
Coriolis coupling is of particular importance in energy ran
domization as it can lead not only to a change of vibrational 
quantum numbers but also of Κ rotational quantum num
bers. Randomization of Κ quantum numbers (Admixing) is 
often assumed in unimolecular reaction according to a sta
tistical model [13]. 

III. Rotationally Resolved Unimolecular Decay Rates 

1. Statistical Decay of C 6 H 6

+ 

In the preceding section rotational effects were studied for 
intramolecular couplings in a non-reactive system. Now we 

would like to investigate whether rotation also has an influ
ence on the unimolecular dissociation rate of a large statis
tical system. For a statistical system energy randomization 
over all vibrational degrees of freedom prior to dissociation 
is generally assumed. This randomization is believed to be 
caused by a large number of intramolecular couplings, prob
ably in the statistical limit, which lead to a complete mixing 
of all vibrational levels for each J quantum number. It is 
the purpose of this section to clarify whether there is still a 
rotational dependence of the reactive decay rate under these 
conditions. 

The molecular system chosen for this investigation is the 
benzene cation. Charged molecules like the benzene cation 
are very suitable for the study of unimolecular reactions due 
to a number of experimental advantages. Ionized systems 
can be detected with high sensitivity in a mass spectrometer. 
Also charged products of a dissociation reaction are nearly 
automatically monitored in the mass spectrum. The only 
major difficulty in this type of experiment is to produce 
molecular ions with a defined internal energy and in a se
lected rotational state, the prerequisite for a precise inves
tigation of an intramolecular process, i.e. the dissociation of 
C 6 H 6

+ . Conventional ion sources do not easily allow this 
selection. 

Recently, however, we were able to show that vibrational 
state selected benzene cations can be produced by reso
nance-enhanced two-photon ionization via selected inter
mediate states [14—16]. The state selection was proved by 
energy analysis of the photoelectrons [17,18]. These state-
selected ions are further excited with a second laser of var
iable photon energy (5.0 — 5.5 eV) to a defined internal en
ergy slightly above the threshold of the four dissociation 
channels of lowest energy [19]: 

Q H 6

+ — C 6 H 5

+ + Η (3) 

C 6 H 6

+ — Q H 4

+ + H 2 (4) 

Q H 6

+ — C4H4+ + C 2 H 2 (5) 

Q H 6

+ -> C 3 H 3

+ + C 3 H 3 (6) 

The decay rate constant of the excited ions was measured 
with a special technique based on a kinetic energy analysis 
in the reflecting field of a reflectron time-of-flight mass spec
trometer [15,20]. A slow metastable decay of the ions on a 
μ8 time scale was observed. It was found that Η-loss chan
nels (Eqs. (3), (4)) as well as C-loss channels (Eqs. (5), (6)) show 
the same dissocation rate constant and thus are competing 
and originate from the vibrationally highly excited electronic 
ground state of the cation. 

The total decay rate constant was measured as a function 
of variable but sharply defined energy. As all four channels 
are competing the total decay rate is given by the sum of 
the individual decay rates of all channels. The individual 
decay rate constants were derived from the total decay rate 
constant and the individual branching ratios. The results 
are shown in Fig. 7. A smooth increase of the decay rate 
constants as a function of internal energy is seen. This is 
typical for a statistical decay. The solid lines in Fig. 7 rep
resent the results of RRKM fits to the experimental data. 



Η. J. Neusser et al.: Rotationally Resolved Intramolecular Processes in Benzene 327 

The frequencies and threshold energies have been chosen so 
that they are in line with isotopic results [21]. For this 
reason we believe to have established a reliable set of pa
rameters. In particular, it turned out that all vibrations have 
to be taken into account and thus participate in the energy 
redistribution process. In addition to the vibrational energy 
selection discussed so far, also experiments with rotational 
selection were performed at 5.3 eV internal energy (dashed 
line in Fig. 7). This is explained in the following section. 

frequency of the first laser. The steps of excitation discussed 
above are summarized in Fig. 9. 

INTERNAL E N E R G Y | e V ) 

Fig. 7 
Decay rate as a function of the internal energy. Details see text 

2. Rotational Selection 
For two-photon ionization via the 6? hot band photo-

electron energy analysis has shown, that the benzene cations 
are produced almost exclusively in their vibrational ground 
state [17,18]. Additional rotational selection is achieved by 
tuning the first laser to different parts in the rotational con
tour of the band [22]. For selection of low J levels up to 
J = 20 a cooled supersonic beam is used. Higher J levels are 
excited in an effusive molecular beam. 

In Fig. 8 a Fortrat analysis (top) of the R-branch of the 
6? hot band transition is shown for a rotational temperature 
of 25 K. The middle trace represents the corresponding cal
culated spectrum, whereas at the bottom the experimental 
spectrum is shown. It is clearly seen that in the R-branch 
various transitions with constant J" and different K" are 
superimposed at certain transition frequencies and give rise 
to the series of peaks in the spectrum. These peaks represent 
transitions with constant J " . When the laser frequency is 
tuned to one of the peaks, J levels are selectively excited in 
the Sj intermediate state of neutral benzene. This / selection 
is largely conserved in the following two absorption steps. 
In the photoionization there is a low probability for electron 
waves with large angular momentum (p,d-waves) and as
sociated large change of J . The one-photon excitation of the 
ions changes their J quantum number by at most ± 1. As a 
result slowly dissociating benzene cations are produced in 
a small range of J levels. The variation of their dissociation 
rate as a function of./ can be observed by variation of the 

C 6 H 6 

Q- B r a n c h 

' .J '=J* 

4 & 

CALCULATION » , !| fl 
J* =10. 11 11 , ! ! l 

[cm" 1 ] 

Fig. 8 
Fortrat analysis (top), calculated spectrum (middle) and measured 
spectrum (bottom) of the R-branch of the 6?-hot band transition in 
benzene, C 6 H 6 . The size of the squares in the Fortrat analysis reflects 
the intensity of an individual rovibronic transition. The superpo
sition of rotational transitions with common J forms a peak in the 
spectrum. The rotational temperature is 25 K. (Taken from Ref. 

[22]) 

s,p electrons ^ ^ ^ ^ ^ / 0 r ) 

CgHg ^ 6 H 6 Fragments 

Fig. 9 
Schematic energy diagram of the two-laser pump-pump experiment 
for production of vibrational and rotational state selected benzene 
ions C 6 H 6

+ in a resonance enhanced two-photon ionization process 
via the 6?-transition. J selection is achieved by tuning laser 1 to 
defined but varying positions in the rotational contour of the 6? 
band. 200 ns later a second laser with fixed energy hv2 excites the 
so produced ions to an energy level above dissociation threshold, 

where metastable decay takes place 
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3. Decay Rates 
Total decay rates have been measured for various selected 

J levels and a constant photon energy (5.3 eV) of the second 
laser. For increasing J quantum numbers (and rotational 
energy) of the benzene cation the total energy increases since 
the frequency of the second laser is kept constant. To com
pensate for this effect the measured decay rate constants 
were normalized to a constant total energy. This can be 
readily performed using the energy-dependence of the total 
decay rate shown in Fig. 7. In Fig. 10 the normalized decay 
rate constants are plotted as a function of / . We observe a 
decrease of the decay rate constant by more than 30% when 
J is increased from 2 to 58. The horizontal lines in Fig. 10 
represent the width of the J distribution. For / > 20 (effusive 
beam) a complete J selection is no longer possible and 
bunches of J are excited. 

10 20 
ROTATIONAL QUANTUM NUMBER J 

Fig. 10 
Measured rotational dependence of the total decay rate constant. 
Experimental results are normalized to a constant total energy 
Ε = 5.3 eV. J selection is achieved by resonance enhanced two-
photon ionization in a cooled supersonic jet ( • ) and in a room 
temperature effusive molecular beam ( · ) . The solid line is a nu

merical result from a modified RRKM model 

The solid line in Fig. 10 represents the theoretical J de
pendence of the total decay rate obtained from a RRKM 
model modified to include the J dependence of the decay 
rate [22]. In these calculations tight activated complexes 
and a complete randomization of Κ quantum numbers have 
been assumed. Theory shows that the main contributions 
to the rotational effect in the total decay rate originate from 
the Η-loss (Eq. (3)) and the C 2 H 2 loss (Eq. (5)) channels. This 
is due to a moderate rotational effect but a large branching 
ratio of the Η-loss channel and to a strong rotational effect 
in the C 2 H 2 dissociation with a relatively small branching 
ratio [15,22]. In view of the assumptions made in the model 
calculations surprisingly good agreement of the theoretical 
and experimental results is found. 

4. Summary 

The technique of resonance-enhanced two-photon ioni
zation enabled us to produce J selected benzene cations with 
an energy content of 5.3 eV. This internal energy is 1.1 to 
1.6 eV above the thresholds of four dissociation channels 
and sufficient to induce a slow reactive decay of the ions. 

Measurement of the J dependence of the decay rate allowed 
us for the first time to investigate the influence of the mo
lecular rotation on the unimolecular dissociation of a large 
statistical system. It was found that there exists a measurable 
rotational effect in the total decay rate even for the relatively 
high internal energies of our experiment. The decay rate is 
found to decrease by about 30% when J is increased from 
2 to 58. This rotational effect can be described by a modified 
RRKM model assuming tight activated complexes and Ad
mixing. Theory predicts an even stronger rotational de
pendence closer to the dissociation threshold [22,23]. 

IV. Concluding Remarks 
The investigation of rotationally resolved intramolecular 

processes in neutral benzene and benzene ions yields basic 
information on the underlying general mechanisms. Rota
tion was found to induce the energy randomization by / , Κ 
dependent Coriolis coupling. Moreover, even, if energy is 
completely randomized in a statistical system independent 
of the rotational quantum numbers excited, rotations are by 
no means negligible in the unimolecular dissociation kinet
ics. Dissociation rates are found to decrease with rotational 
quantum number / even for moderate excess energy above 
threshold. Hence it is evident that rotational selection has 
to be included in forthcoming experiments and theoretical 
models. 
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