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ABSTRACT

Experimental and theoretical results of the photophysics of single rovibronic states
are reviewed. Particular emphasis is placed on the dependence of the non-radiative
rate constant on the excited rotational state. In contrast to previous pessimism it is
shown that the experimentally determined range in single rovibronic level lifetimes
can be theoretically rationalized. Quantum beats in the fluorescence decay of single
rotational states are also included. Important information about dephasing, build-up
and decay of initially excited quantum states and their coupling with the other
excited electronic state can thus be obtained.

INTRODUCTION

A transition between two electronic states can be radiative or non-radiative. Radiative
transitions are well known to depend on the electronic, vibrational and rotational state.
However, the situation is not so clear for non-radiative transitions although they have
been the subject of many recent studies by molecular physicists, chemists and
photobiologists. Experimentalists were first able to measure the canonical rate constants
in the liquid and solid phase, i.e. the rate constants averaged by the Boltzmann factor
over the rotational vibrational states in the exited electronic manifold under
consideration (Robinson and Frosch, 1962; Jortner et al., 1969; Schlag et al., 1971;
Robinson, 1974; Henry and Siebrand, 1973). It was shown that the transition rate
depends on the electronic energy gap or the amount of vibrational energy in the final
state. Later collisionless experiments were performed where individual vibrational states
could be probed (Freed, 1976; Avouris et al., 1977). The lifetime was found to depend
on the vibrational state due to Franck—Condon weighted density of states overlap
factors. So far the constraints of conservation of total energy and linear momentum
were considered. But in addition all physical processes are governed by the
conservation of angular momentum. Thus the next question was to ask if there is a
rotational dependence of the radiationless transition rate. From the experimental side
this required probing of single rotational states which became feasible with recent
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improvement in laser, molecular beam and hypersonic jet technology. With the stimulus
from the experimental findings, the theory of photophysical processes has been
developed accordingly.

This review is concerned with the experimental and theoretical aspects of the
participation of molecular rotational states in photophysical processes. Several reviews
related to this subject have appeared recently (Lee, 1977; Lee and Loper, 1980;
Howard and Schlag, 1980; Novak et al., 1980). Thus this review is restricted to the
more recent experimental and theoretical results. Because of the limited space available,
an exhaustive review of this subject is not attempted and only a number of
representative cases will be considered.

EXPERIMENTAL STUDIES

Up to 1979 there were only a few studies concerned with the fate of single rovibronic
levels in polyatomic molecules. This is mainly due to fast collisional rotational
relaxation which spreads a narrow initial excitation to a broad distribution of other
rotational states. Because of this rapid rotational relaxation it was necessary to carry
out the experiments at lower and lower ‘zero pressure’ regimes.

Another factor is that the exciting light must be sufficiently narrow and the lines
non-overlapped so that a single rovibronic state can be excited. For large molecules the
rotational lines lie within the Doppler-width. Either Doppler-free methods have to be
used or other methods which allow differentiation between the simultaneously excited
rotational levels such as measurements of resolved fluorescence have to be employed.
Such techniques were not feasible when the first investigations on rotational state
dependence were performed. Many rotational levels were excited simultaneously by a
broad-band laser in these early experiments. The laser was then tuned across the
rotational contours and any change in lifetime or quantum yield was related to the
excited state rotational distribution. The results obtained in this way are always
averaged over many rotational states and are thus not as useful as single rovibronic
level measurements. In the following therefore the broad-band studies are only briefly
mentioned and the available single rotational level measurements are reported in detail.

Broadband rotational measurements

Parmenter and Schuh (1972) investigated the rotational state dependence in benzene
and reported a negative result. The fluorescence quantum yields were measured along
the rotational contours of several vibronic bands of the benzene S, « S, transition. To
within the stated accuracy of 10% no dependence of the yield on initially excited
rotational levels was found. However, as Coveleskie and Parmenter (1978) point out,
rotational relaxation cannot be excluded. They state that no strong selection rules seem
to apply and that at the pressures used in the investigation (0.1 Torr) 40% of the
molecules undergo rotational state changes before non-radiative decay. The wide
distribution of levels so created seriously damps the sensitivity of these experiments in
detecting rotational effects.

Measurements by Boesl et al. (1975) revealed structure in the lifetime spectrum while
tuning across the electronic origin of naphthalene. Maxima in lifetime occurred at the
same positions as maxima in absorption. Howard and Schlag (1978a) measured
quantum yields along the rotational contour of naphthalene which indicated a
dependence on the excited rotational state distribution. Both naphthalene experiments
were carried out at 0.07 Torr. At this pressure Coveleskie ana Parmenter (1978)
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calculate that 65% of the S, molecules will undergo collisions which change rotational
state, if the rotational relaxation rate for benzene is used. Possibly, the cross-section is
smaller, or possibly stronger selection rules exist for AJ’, AK’ changes so that while
collisions change rotational states, they do not initially create severe disturbances of
rotational distributions.

All these experiments had the disadvantage that many rotational states were probed
simultaneously, which decreased the sensitivity of detecting rotational effects.

Single rovibronic measurements

In this section a review of measurements of single rotational state lifetimes and quantum
yields will be attempted. Diatomic and triatomic molecules have been excluded since
they very often predissociate directly after optical excitation and this mechanism will
not be discussed. Internal conversion and intersystem crossing are reported. Molecules
like formaldehyde which dissociate after excitation are included, however, since the
initial decay of the excited state is believed to be internal conversion and can thus be
treated by the models discussed in the section on theory.

Glyoxal

Parmenter and Rordorf (1978) measured single rotational quantum yields in the
vibrationless electronically excited ('4,) state of glyoxal. A narrow band argon ion
laser was used to excite several rotational states collectively, the average spacing
between rotational lines being smaller than the Doppler width. The fluorescence was
dispersed and thus it was possible to study the relative contribution to the emission of
each individual rotational state. This is a neat experiment since rotational relaxation can
easily be shown to be absent if only those rotational states emit which are directly
excited by the laser radiation. The quantum yields for five rotational levels are shown in
Table 1. They vary by more than 20%. It is not clear if this variation can be totally

TABLE 1. Quantum yields and lifetimes of single rovibronic
levels of the vibrationless electronically excited A, state of

glyoxal*
J' K’ E 0] T
(em™Y) (arb. units) (us)

5 139.93 0.93
T } 229
13 6 2.34 (+0.07)
12 6 88.60 1.04
14 8 1.13
46 5
48 5 36834 } 0.93
18 5
46 5 2.27
49 8
49 8
12 6 2.31
49 8
12 6 2.24
25 8

* Data from Parmenter and Rordorf (1978) and Michel and
Tramer (1979). /
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attributed to experimental uncertainty or is in fact a rotational effect. The range in
rotational energy which is probed is large and very different J' quantum numbers were
measured, but only K’ = 5 to 8 levels were examined. The rotational effect on quantum
yield thus does not appear to be large in glyoxal but more systematic measurements for
a wider variety of rotational states are needed.

Single rotational level lifetimes were reported by Michel and Tramer (1979) for
glyoxal and are also shown in Table 1. Because of low signal intensities the fluorescence
could not be resolved rotationally which resulted in a simultaneous lifetime
measurement of several rotational states except for the J' = 13, K’ = 6 rotational level.
Only if the lifetimes of simultaneously measured levels differ significantly will then a
biexponential decay be observed. As the decays were exponential, one can conclude -
from this and the small variation of lifetimes that the rotational effect on lifetimes in
glyoxal must be small {(~10-20%).

The effect of rotational state on collision induced intersystem crossing (CIISC) was
investigated in a hypersonic jet by Jouvet and Soep (1980). They found that CIISC is
insensitive to the initially excited rovibronic S, level with the exception of the J' = 4,
K' = 1 level for which efficient CIISC was reported.

Pyrazine

Lifetime measurements on pyrazine in a hypersonic jet, were reported by Ter Horst et
al. (1981). Single rotational excitation was not achieved, but in the R branch of the
vibrationless 'B;, « '4, transition which can be seen in Figure I the AK = 0 transitions
overlap for each different J quantum number. So it is possible to excite individual J, but
grouped K levels (K stacks). The plots of fluorescence decay versus time (Figure 33)
are strongly biexponential for large J', due to an increase of decay rate with the square
of the X quantum number. The smooth line in Figure 33 is a theoretical fit to the
experimental data and will be discussed in the section devoted to theory.

Quantum yields averaged over many rotational levels were investigated by Baba et
al. (1980). They are shown in Figure 2. It can be seen that the yield increases rapidly at
the high energy side of the Q branch. The transition energies for the Q branch are
Vo = ¥ —0.00126 (J + J 2) — 0.0001 K2, so that the low rotational quantum numbers lie
on the high energy side. Baba et al. (1980) propose that S—T coupling in pyrazine is
enhanced by increasing rotation.

From spectroscopic studies of Innes et al. (1972) it is known that pyrazine has a
large positive inertial defect &' = I? — I — I} in its !B, excited state. Negative inertial
defects can result from deviations from molecular planarity. However, positive defects
are very unusual and are tentatively attributed by Innes et al. (1972) to a mixing of the
1B,, state with a perturbing electronic state, that is, to deviations from the
Born—Oppenheimer approximation, which may be due to electronic Coriolis inter-
action. Very recently Ohta and Baba (1981) observed rotational effects on the quantum
yield and lifetime in the fluorescence from s-triazine.

Formaldehyde

The peculiarity of the formaldehyde problem has intrigued physical chemists for many
years. Formaldehyde has been called the prototype for the photochemistry of small
polyatomics but many important questions concerning the photochemical mechanism
still remained unanswered. In recent years, formaldehyde has developed into the
probing ground for theories of non-radiative (NR} decay. One may claim that it is the
best-studied molecule, its spectroscopy and chemical decay being well-documented. An



18: 24 21 January 2011

Downl oaded At:

E. W. ScHLAG, W. E. HENKE AND S. H. LIN 47

enormous amount of prerequisite information about singlet—triplet perturbation (Kusch
and Loomis, 1939; Stevens and Brand, 1973; Brand and Stevens, 1973; Brand and Liu,
1974; Birss et al., 1978; Barnett et al., 1979; Ramsay and Till, 1979), Coriolis coupling
(Parkin et al., 1962; Tanaka et al., 1975), Fermi resonance (Sethuraman et al., 1970)
and predissociation is already available from high-resolution optical spectroscopy. All
this led to the belief that it is the ideal system to investigate the rotational state
dependence of the NR rate constants.

-\ ¥(0.0) =
30876 cm-!

IS

Frequency (cm™)

F1G. 1. Fluorescence excitation spectrum of the (0,0) C-type band of the 'B,, « '4,

transition of pyrazine-h,. The ground state values J" of lines containing all the AKX

= ( transitions with K < J" are indicated in the R branch. (From Ter Horst et al.,
1981.)

The most systematic single rotational data are available for formaldehyde in its 4,
electronically excited state. Tang et al. (1977) obtained quantum yields for the 2% 4!
vibronic band by comparing absorption and fluorescence excitation spectra. Already in
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FIG. 2. A set of spectra for the 0-0 band of pyrazine vapour. (1) Fluorescence
excitation (at 9.4 mTorr pressure), (2) absorption, (3) quantum yield. (From Baba
et al., 1980.)

Formaldehyde quantum yields
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FiG. 3. Single rotational level quantum yields of the 2°4! vibrational band of the 4,
electronic state of formaldehyde. (From Tang et al., 1977.)



18: 24 21 January 2011

Downl oaded At:

E. W. ScHLAG, W. E. HENKE AND S. H. LIN 49

this early measurement a fluctuation of yields by a factor of 4 was noted and tentatively
attributed to a Coriolis interaction although the interacting level was not identified. The
quantum yields are shown in Figure 3. The 2% 4! band was also investigated by these
authors but they reported only little variation (20%) in quantum yields.

Weisshaar and Moore (1979) examined by 4° vibronic state in considerable detail.
Their data are plotted versus the rotational quantum numbers J and K_, in Figures 4
and 5 respectively. The lifetimes vary from 66 ns to 4.2 us and the authors claim that
there is no systematic variation with J', K’ or E| . By inspection of Figure 5 one can
see that there is a general trend towards increasing decay rates with increasing K
quantum number. Within each K level the lifetimes do not vary erratically but rather
go through maxima or minima. This is shown in Figure 6 for the K' = 9 levels. The
decay rates go through a maximum at J = 13, decrease to J = 17 and again increase to
J = 21. For most of the other level groups a similar trend can be observed. Another
feature can be seen from Figure 4. For J groups up to 8 the decay rates increase with K.

Formaldehyde decay rates
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F1G. 4. Single rotational level decay rates of the 4° vibrational band of formaldehyde
plotted versus J'. The numbers at the points are the K’ ; quantum numbers. (Data
from Weisshaar and Moore, 1979.)
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Fi1G. 5. Single rotational level decay rates of the 4° vibrational state of formaldehyde
plotted versus K’ ;. The numbers at the points are the J' quantum numbers. (Data
from Weisshaar and Moore, 1979.)
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For the K = 9 and 10 groups the decay rates go through maxima whereas for higher J
groups there is first a maximum and then a minimum with increasing K quantum
number.

Later Weisshaar and Moore (1980) reported single rotational lifetimes for the 4!
vibronic band, which are shown in Figures 7 and 8. They see no significant trend in
these plots besides a general increase of decay rates with J and K. For the K = 2 group
the rates increase up to J = 10 and then decrease again. All these room temperature
measurements were carried out close to the ‘zero pressure’ regime which is of the order
of one milliTorr. Luntz (1978) measured three grouped lifetimes in an effusive beam
which agree well with those mentioned above.

Formaldehyde decay rates
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Fi1G. 7. Single rotational level decay rates of the 4! vibrational state of formaldehyde
plotted versus J'. The numbers at the points are the K’ ;, quantum numbers. (Data
from Weisshaar and Moore, 1980 and Henke et al., 1982a.)

F16. 6 (Left). Single rotational level decay rates of the 4° vibrational state of form-
aldehyde with K’ , = 9 plotted versus J'. (Data from Weisshaar and Moore, 1979.)
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FIG. 8. Single rotational level decay rates of the 4! vibrational state of formaldehyde
plotted versus K’ ,. The numbers at the points refer to the J' quantum numbers.
(Data from Weisshaar and Moore, 1980 and Henke ef al., 1982a.)

It is pointed out that there could be a correlation between the single rotational decay
rates and magnetic optical activity in the 4! vibrational state of formaldehyde. Most of
the rovibronic states which have decay rates of more than 10 us~! were reported to be
active in a magnetic rotation spectrum (Ramsay and Till, 1979) whereas those with
decay rates below 10 us™! are not active. However, this correlation may be misleading
since most of the fast decay rates correspond to levels which have more than 400 cm™!
of rotational energy, whereas the slow decays are observed for levels with less than
300 cm! of rotational energy.

Shibuya et al. (1981) obtained single rotational level quantum yields for the 4!
vibronic state and they are shown in Figures 9 and 10. The yields vary by more than a
factor of 40. They decrease rapidly with increasing J’ or K’ and level off at about J' = 8
and K’ = 6. Using these quantum yields and the lifetimes from Weisshaar and Moore
(1980) it is possible to calculate the radiative decay rates which are shown in Figures 11
and 12.
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Fi1G. 9. Single rotational level quantum yields of the 4! vibrational state of

formaldehyde plotted versus J'. The numbers at the points refer to the K’ , quantum

number. Not given in the figure are the values for the 2, and 4, levels of 0.322 and

0.2 respectively because they are far out of the range. (Data from Shibuya ef al.,
' 1981.)

Selzle and Schlag (1979) reported the first lifetime measurement in a hypersonic jet
on the 22 41 band with 2470.6 cm~" excess energy. One advantage of the jet is the very
low collision rate after the isentropic expansion. Furthermore the low rotational
‘temperatures’ in a jet result in a much less congested spectrum so that clean single
rotational excitation is easily achieved. Particularly low rotational quantum numbers
can be excited and these are difficult to see precisely with room temperature
measurements. Here room temperature and jet work nicely complement each other. In
Figure 13 the experimental data for the 22 4! band are shown in the upper part of the
figure. The rates do not fluctuate much (20%), but generally the decay rates increase
with K within each J group.

The lifetimes of single rotational levels in the 4' and 4° bands of formaldehyde with
124.6 and 947.9 cm™! excess energy respectively were measured by Henke et al.
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F1G. 10. Single rotational level quantum yields of the 4' vibrational state of

formaldehyde plotted versus K’ ,. The numbers at the points refer to the J' quantum

number, without the 2, and 4, values of 0.322 and 0.2 respectively. (Data from
Shibuya et al., 1981.)

(1982a). Since the lifetimes are much longer than for the 22 4! band found by Selzle and
Schlag (1979) a careful consideration of collisions in a hypersonic jet is necessary. If
one assumes as a worst case that the translational ‘temperature’ is equal to the
rotational ‘temperature’ of 17 K which could be accurately determined by comparison
with theoretical spectra, one obtains a time between collisions of 5 us. The actual
collision rate will be even lower since translational cooling is more efficient than
rotational cooling. In this rough calculation the low energy collision cross-sections are
assumed to be as large as their room-temperature values. The validity of this
assumption was checked experimentally by comparison with room temperature
lifetimes since a few lines were measured in the jet and at room temperature. These are
compared in Table 2. It can be seen that the lifetimes agree well in the cases where clean’
excitation was achieved at room temperature. But when several rotational states were
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Fi1G. 11. Single rotational level radiative decay rates for the 4' vibrational state of
formaldehyde plotted versus J'. The numbers at the points refer to the X’ , quantum
number. (Data from Shibuya et al., 1981 and Weisshaar and Moore, 1980.)

excited (e.g. the 0,y and 3,;) the lifetimes differ. In the jet experiments it is possible to
determine the 0,, and 3,; rotational level lifetimes individually.

The 4! decay rates are shown in Figure I4. Note that the jet decay rates are also
displayed in those figures together with the room-temperature decay rates. In order to
extract the non-radiative decay rate from the experimentally determined decay rates the
radiative decay rate must be subtracted.

1 1 1
Ky = ————— (1)

Ine Texp TR
In Figure 14 the decay rates are plotted versus rotational energy. It is possible to detect
a general trend from this plot. The 0, decay rate is the slowest. Going to higher energy
in general increases the decay rates. Besides this trend there is a fluctuation of rates.
Some experimental error bars are plotted in Figure 14 from which one can conclude
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formaldehyde plotted versus K’ ;. The numbers at the points refer to the J' quantum
number. (Data from Shibuya ef al., 1981 and Weisshaar and Moore, 1980.)
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TaBLE 2. Comparison of lifetimes measured
at room temperature and in the jet for the 4!

band of formaldehyde*
Jke x, 4 T
Room temperature Jet
(us) (us)
Ogo 4.67
3 } '3.10 01
1o, (= 2,0 2.85 2.80
Loy (= 1,p) 2.66 2.34
44 0.563 0.70
2 0.875
02 0.86 ’
13,1

* Data from Weisshaar and Moore (1980) and
Henke et al. (1982a).

that these fluctuations are not merely an artefact due to the error of lifetime
determinations. Especially noteworthy are the 1,, and 1,, rotational levels, whose
lifetimes differ by a factor greater than 3 but whose difference in rotational energy is
only 0.12cm™L.

In Figures 15 and 16 the decay rates are plotted versus the rotational quantum
number J' and K',. The decay rates were normalized by dividing them by the decay
rate of the Oy, level. In the plot versus J an increase of rates up to J = 3 can be found. In
general the decay rates do not depend on K for each different J. In the plot versus K the

Formaldehyde decay rates
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FI1G. 14. Single rotational level decay rates of the 4! vibrational state of formalde-
hyde measured in a hypersonic jet. (From Henke ef al., 1981.)

FiG. 13 (Left). Single rotational level decay rates of the 22 4! vibrational state of
formaldehyde measured in a hypersonic jet. (Data from Selzle and Schlag, 1979.)
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Formaldehyde decay rates
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FiG. 15. Single rotational level decay rates of the 4! vibrational state of formaldehyde
measured in a hypersonic jet. (From Henke ef al., 1982a.)

decay rates again increase with K but no systematic variation with J for a single K can
be found.

The 4! spectra in Figure 17 are compared to a calculated spectrum. This spectrum
was obtained with an asymmetric rotor program, the constants were taken from Job ef
al. (1969). The ortho-para nuclear hyperfine states were shown not to relax but stay at
their room temperature ratio. We estimate the rotational temperature to be 17 K and
2K for the He and Ar carrier gas, respectively. Under our conditions, Ar cools the
molecules to lower rotational temperatures than He, an Ar pressure below 0.1 atmi is

Formaldehyde decay rates
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FiG. 16. Single rotational level decay rates of the 4! vibrational state of formaldehyde
measured in a hypersonic jet. (From Henke ef al., 1982a.)
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sufficient for a rotational temperature of 17 K. The vibrational temperature was
estimated to be 150 K by comparing the intensities of the 4} band with the 49 hot band
and assuming the same Franck—Condon factors.

In the experimental spectrum of Figure 17b two transitions are missing. Both these
transitions originate from the same upper state: 3,,. Three transitions are allowed from
the 3, upper state: the 7P, (4) transition to 4 ,,, the R, (2) to 2,, and *Q, (3) to 3,,. The
first two are not observed in the spectrum. The third transition overlaps with the PP, (1)
transition, and it cannot be decided if it is present or not. One can take the missing

4321 R Formaldehyde 4} 17K calculated

£ =P 315
1.0-, POy 1’2{3 4157 |pR;
PRy

234 5 ra, 12‘”;%:6”‘[‘33 21

T s mﬂ !
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1. 01
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FiG. 17. Fluorescence excitation spectrum of the 4! band for formaldehyde in a
hypersonic jet. (a) Calculated spectrum, (b) formaldehyde seeded in 0.5 atm of
helium, (c) formaldehyde seeded in 0.5 atm of argon. (From Henke et al., 1982a.) -
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transitions as evidence for a low quantum yield which is caused by strong coupling to a
non-radiating state. Since

= D1y (2

where 7, is the radiative lifetime, one expects a short lifetime for this state. Note that for
the determination of ® one assumes here that the absorbed intensity is as large as
calculated theoretically. This is a valid assumption which has been checked
experimentally by Fairchild e al. (1980). The transitions "Q, (5), 'Q, (3), 'Q,_ (4) and
"R,_ (2) are all missing, too, so the states 5,,, 3,;, 4,, and 3,;, respectively, probably
have low quantum yields and short lifetimes. Another possible explanation for the
missing transitions could be a perturbation in absorption.

The 43 decay rates are shown in Figures 18 and 19. It can be seen that within each J
group the rates decrease with increasing K. It has been shown by Henke et al. (1981b)
that this is expected if a Coriolis interaction takes place (see the section on theory). In
fact an interacting level, the v, vibrational state was found whose origin is only 52 cm™!
below the 43 origin as can be seen from Figure 20. Note that the intensities in the 6
band decrease towards the high energy side and the reverse is true for the 43 band. The
discrepancy between the calculated and measured spectrum in Figure 20 is large. The
line positions maich well, but the intensities do not. If one aftributes this to the
drastically different quantum yields of individual rotational states and assumes that the
quantum yield is proportional to the experimentally determined lifetimes, and corrects
the intensities to a constant quantum yield, then the agreement between calculated and
measured spectra is better. The calculated spectra were obtained from an asymmetric
rotor program with rotational constants taken from Job et al. (1969) for the 43 band
and from Henke et al. (1982a) for the 6] band.

Texp

Formaldehyde decay rates
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FiG. 18. Single rotational level decay rates of the 4% vibrational state of formaldehyde
in a hypersonic jet. The values in brackets are estimated decay rates only, as
mentioned in the text. (From Henke ef al., 1982a.)
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Formaldehyde decay rates
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F1G. 19. Same as Figure 18 but plotted against K" , instead of J'.

Deuterated formaldehyde

Weisshaar and Moore (1980) and Shibuya et al. (1981) reported lifetime and quantum
yield measurements for the 4% 41, 43 and 2' 43 band of deuterated formaldehyde. Those
rotational levels for which single rotational excitation was achieved are shown in Table
3, and the data for the 2! 43 band are displayed in Figures 21 and 22. In general the
lifetimes are longer than in protonated formaldehyde and closer to the radiative lifetime.
Secondly the lifetimes fluctuate much less. But if the vibrational excess energy is
increased the fluctuation in lifetimes increases. The lifetimes vary by a factor of 4 in the
2! 4% band with 1847 cm™! of vibrational excess energy. This is in contrast to
protonated formaldehyde for which much less fluctuation was found at high excess
energy; the lifetimes of the 22 4! band change by only 20%. For some rotational levels

Formaldehyde 6} and 43 jet spectrum

, 251+ 220 . 221¢2% (a) (b)
69 43

Intensity

r

Angstrom 3439.5 3426.9
Angstrom

F1G. 20. Fluorescence excitation spectrum of the 4% and 6! vibrational bands of
formaldehyde in a hypersonic jet. (a) Calculated spectrum, (b) experimental. (From
Henke et al., 1982a.)
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of the 4! band, lifetimes and quantum yields were measured so that radiative lifetimes
can be obtained, which are also shown in Table 3.

S, aromatics

Recently Coveleskie er al. (1981) studied vibrational redistribution in 10 different S,
aromatics in the collision-free regime. Redistribution first becomes important with
between 1000-2000 cm™! of excess energy. From S, rotational level widths in high
resolution absorption studies, redistribution lifetimes were identified and the import-
ance of rotational levels to redistribution in these systems was shown.

Quantum beats

One of the elementary steps in a photochemical reaction sequence is the coupling of the
initial excited states to final accepting states, a process about which little is known in
spite of a decade of intense effort. Most tests are gross comparisons of measured or
deduced lifetimes averaged over many states. State-by-state tests of individual states for

TABLE 3. Lifetimes of single rovibronic levels of D,CO*

J! K’ T (1] Tp
(us) (arb. units) (arb. units)

4° band E, =0cm™!
14 2 7.6

5 2 6.6
19 8 8.1
14 10 6.2
16 8 7.2
13 8 5.54

4! band E ;=69 cm™!
12 9 5.08 1.18 4.31
13 9 4.96 1.58 3.14
14 9 4.14 1.05 3.94
15 9 4.92 2.23 2.21
16 9 5.06 0.98 5.16
15 5 4.5 1.35 3.33
10 4 6.9
14 4 6.3

5 5 6.5
13 5 6.5
16 5 5.0

4*  band E,, =669 cm™!

5 5 2.46
11 9 1.97
12 9 1.31
13 9 1.09
14 9 1.62
14 11 1.79

* Data from Weisshaar and Moore (1980).
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such lateral transitions are largely absent. Ideally one would like to measure under
Doppler-free and collision-free conditions the spacing between individually prepared
initial and coupled final states, the decay rates, the coupling matrix elements, etc. One
approach to this is to look for quantum beats.

The search for quantum beats in polyatomic molecules is old. Recently Chaiken et al.
(1979) and Gurnick et al. (1981a) have observed quantum beats in the fluorescence of
biacetyl and methylglyoxal in its first excited singlet state. They show that they are true
intramolecular quantum beats due to coupling between singlet and triplet in contrast to

Deuterated formaidehyde decay rates
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F1G. 21. Single rotational level decay rates of the 243 vibrational band of deuterated
formaldehyde. (Data from Weisshaar and Moore, 1980.)

quantum beats in atoms and diatomics. Furthermore the states involved are very
narrow compared to the coupling matrix elements and a coherent superposition of
states is created by the laser pulse. They analysed quantum beats from many rotational
states and found that the singlet—triplet coupling energies lie between 0 and 12 MHz
(Figure 23). The singlet—triplet spacing was found to vary between O to 44 MHz. They
also determined lifetimes of individual rotational states and these are given in Table 4.
In Figure 24 the dependence of quantum beats on the distance from the nozzle is
shown.

Very recently quantum beats have been found in triatomics. Brucat and Zare (1981)
observed Zeeman beats in the NO, %8B, excited state. They studied the population and
alignment decay of individual hyperfine levels. Sharfin ez al. (1981) observed quantum
beats in fluorescence of individual rovibronic states of the SO, C('B,) state in a
hypersonic beam.

Another method for the study of singlet—triplet coupling was reported by Lombardi et
al. (1980). Level anticrossing and optical radio frequency double resonance techniques
were used to study singlet—triplet interactions of single rotational states of S, glyoxal.
Due to space limitations this will not be discussed here.
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Deuterated formaldehyde decay rates
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Fi1G. 22. Same as Figure 21 but plotted against XK' | instead of J'.

The effect of collision and magnetic field on the quantum beat in biacetyl was
investigated by Henke et al. (1981a). By comparing the beat and its Fourier transform
to the theoretical model (see theory section) they obtained the lifetime, the spacing
between the coupled states, the coupling energy and the dephasing rate constant. In
Figure 25 the quantum beat and its Fourier transform for the 2,, excited state in the
vibrational band 273 cm™! above the origin of the first singlet of biacetyl are shown.
The assignment of the 2,, rotational state is not absolutely certain. The 273 cm™!
vibrational band was simulated with an asymmetric rotor program and rotational

28

24

20

| U N N S SN A R IIIIIIJI#IL]

1
0] 2 4 6 8 10 12 14 16 18 20 22
Coupling (MHz)

FIG. 23. A histogram of singlet-triplet coupling energies for methylglyoxal
22 000 cm™! above its S, ground state. (From Gurnick ez al., 1981.)
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constants which were obtained from comparing the O cm—! and 160 cm™! vibrational
bands. These constants agree well with those calculated from the moments of inertia of
a postulated molecular structure. The experimental spectrum of the 273 cm~! band is
perturbed and cannot be compared well to the calculated spectrum. However, there is
some agreement and from this the 2, rotational assignment for the excited state results.

1.0r—

| 1 ] i i T 1 | L e
0.0 1.0 2.0 3.0 4.0

Time (microseconds)

F1G. 24. Quantum beat patterns of the 2|, rotational state in the 160 cm™' excess

energy vibrational level of biacetyl. The distances from the nozzle are 186, 140, 93,

70 and 47 nozzle diameters from top to bottom. All decays at distances closer than

186 nozzle diameters are divided by the one which was obtained at 186 nozzle
diameters. (From Chaiken et al., 1981.)
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The energy relaxation time which is probably shortened by collisions was determined
from the fluorescence decay. The value for this particular beat is 1.25 us, the rate
0.80 MHz. If the linewidth is only due to energy relaxation, it shouid be

1
Av= =0.13 MHz.
2nt

In the Fourier spectrum of the time decay a linewidth of 0.72 MHz (FWHM) was
obtained.

The linewidth is more than five times broader than expected from a pure energy
relaxation, indicating that there is a large amount of phase relaxation. This phase
relaxation is probably due to the fact that the jet is not collision free at the position of
the measurement, 100 nozzle diameters from the nozzle. The linewidth of collisional
dephasing v, depends on the collision frequency Z.

VA
Ay, =— ?3)
n

The collision rate per molecule per unit of distance is a function of temperature, density,
mean velocity and collision cross-section. If one applies the equations for an adiabatic
expansion one obtains

—8/3
Av, = (An)e ({5} @

TaBLE 4. Lifetimes of single rovibronic
levels in methylglyoxal and biacetyl*®

Je x; T
(us)
Methylglyoxal E, =85cm™*

01 1.5

1, 2.1
1y 1.9
202 3.0
2, 1.9

Methylglyoxal E =13Tcm™!
| 1.9
lio 1.9
25 2.8
2 1.7
Biacetyl E,,=0cm™!

0Ogo 5.0
1 3.7

1 8.7

Biacetyl E,, =160 cm™!

1y 5.0
202 4.4
4.1

11

* Data from Chaiken et al. (1981).
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Quantum beat of biacety!
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FiG. 25. (a) Quantum beat of the 2, rotational state in the 273 cm™" excess energy
vibrational level of biacetyl seeded in 5 atm of helium at 100 nozzle diameters from
a pulsed 200 ym diameter nozzle. (b) Fourier transform of (a) without modification.

This equation only holds until the free jet is formed, where the collision rate starts to be
too low to establish equilibrium. This point is reached at about 30 nozzle diameters
under our experimental conditions (pressure 3.5 atm, nozzle 200 #m). From this point
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onwards the temperature and the velocity do not decrease any more, but the density
does. So one would expect

, s
Av, = (Av)), (3) Q)

Note that this equation implies that there are collisions to cause dephasing, although
there are not enough collisions to establish equilibrium. In Figure 26 the experimental
quantum beats at different nozzle distances are shown and in Figure 27 the dephasing
rate is plotted against the nozzle distance. The two points for the smallest nozzie
distance have a large error since the short lifetimes preclude an exact observation of the
beat. The curve does not vary in the region between 60 to 150 nozzle diameters in
disagreement with expectations. It appears as if the collision frequency does not change
beyond a distance of 60 nozzle diameters. It is likely that hot background gas of
4 mTorr pressure produces these collisions. Note that there are several uncertainties in

Quantum beats at different nozzie distances
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FiG. 26. Quantum beats of the 1,, rotational state of the 273 cm™! excess energy
vibrational band of biacetyl seeded in 5 atm of helium at different distances from the
200 zm diameter nozzle.
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the above calculations, as for example the temperature or energy dependence of the
collision cross-section, the non-Maxwellian velocity distribution etc., but this will not
influence our conclusions drastically.

A magnetic field was also applied in the study of the quantum beats in biacetyl by
Henke et al. (1981). If triplets are involved one might expect that the triplet levels shift
in energy and therefore the beat frequency, which corresponds to the energy difference
between the coupled states, was expected to change. In Figure 28 we display the
quantum beats of the 2, rotational state at different magnetic fields. The highest
magnetic field in this figure is 70 Gauss. For a free electron, this field should shift the
beat frequency by 210 MHz. But as can be seen from Figure 28 the beat frequency
changes much less. This occurs because the spin is not completely decoupled from the
molecular frame. Another possibility is that the M|, triplet substate is involved which is
not influenced by the magnetic field.

Looking again at Figure 28 one sees that the beat disappears as the magnetic field
increases because the fluorescence intensity disappears. The first fast peak, however, is
(Henke et al., 1980). A weak field of 70 Gauss is enough to quench most of the
fluorescence. Another interesting fact is that the beat becomes less pronounced at
11.2 Gauss, but more pronounced again at 14 Gauss.

THEORY

As discussed in the previous section, recent experiments on SRVL lifetimes of
polyatomic molecules indicate that non-radiative (NR) transitions not only differ for
various SVL’s but are also strongly dependent on the rotational states involved. Thus
our present understanding of the radiationless transitions depends upon a correct
characterization of all states of the molecule including rotational levels. In this section,
the theory of SRVL radiationless transitions will be discussed. Howard and Schlag
(1976, 1978a, 1978b, 1980) suggested a systematic approach to the effects of

Linewidth versus nozzle distance
273 ¢m band of biacetyl
o rotational level

Linewidth (MHz)
N

0 50 100 150 200
Distance in nozzle diameters

Ox

FI1G. 27. Linewidth of the quantum beat of Figure 26 versus distance from the
nozzle. The linewidths were determined as mentioned in the text.
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Quantum beats at different magnetic fields
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FiG. 28. Quantum beats of Figure 25 at different magnetic fields, which were
oriented along the direction of propagation of the laser.

conservation of angular momentum and of rotational interactions in an isolated
molecule undergoing radiationless transition. Later Novak and Rice (1979, 1980)
extended this analysis, provided a treatment of the effect of Coriolis coupling on internal
conversion in rotating molecules and investigated the effects on the rate of intersystem
crossing of rotational state dependence of spin—orbit coupling, of differences in
moments of inertia between the coupled electronic states, of Coriolis coupling, and of
vibration—rotation interaction in the initial state (Novak et al., 1980).

Recently Henke et al. (1981b) have extended the theory of Howard and Schlag, and
Novak and Rice to study the following effects.

1. The effect of rotational energy gap on the SRVL NR rate constant.

2. The effect of the vibration—rotation coupling through the change of moment of
inertia.

3. The effect of the vibration—rotation coupling through the Coriolis interaction.

4, The dynamical effect of intramolecular vibrational dephasing (i.e., the damping
effect) (that is, the small or intermediate molecule case).

5. The electric field effect on the SRVL NR rate.



18: 24 21 January 2011

Downl oaded At:

E. W. ScHLAG, W. E. HENKE AND S. H. LIN 71

They have applied their theoretical results to interpret the recent experimental data of
SRVL lifetimes of formaldehyde and pyrazine; the agreement between theory and
experiment is found to be reasonably good. It is believed that the theoretical method can
now be used for analysing the experimental results of SRVL NR rate measurements. In
this paper, the main results of the theory will be presented.

For the present discussion, only bound states will be considered and for convenience
we restrict ourselves to symmetric top molecules. However, the theory to be presented
in this paper can be generalized to treat other types of molecules. The total angular
momentum due to molecular rotation of a symmetric top molecule is characterized by
the quantum number J and its projection on the symmetric top axis is denoted by K. In
large, symmetric top molecules they are usually good quantum numbers.

Let N represent the total angular momentum including spin § and P, the projection of
N on the symmetric top axis. For the case in which the quantum numbers J, K, Nand §
are good, they characterize a state by la SNJK) where o represents all other quantum
numbers. This set of good quantum numbers implies a Hund’s case (b) angular
momentum coupling scheme, i.e.,

- - —>

J=N-—S ®)

Note that J and not N is used to denote the total angular momentum excluding spin.

Now if the electron spin is strongly coupled to the molecular frame, Hund’s case (a)
generally applies. In this coupling scheme, the quantum numbers S, S,, N and P are
good and a molecular state is described by the wavefunction la .S, NP). We note that
for high rotational quantum numbers J/, no molecule is well described in Hund’s case (a)
and that in the solid phase, .S is generally the only operator responsible for molecular
angular momentum and thus the quantum numbers S and S, will be the good quantum
numbers.

It should be noted that the above discussion has not included the nuclear spin

operator?,’which we can add to N to produce—ﬁ

Internal conversion

For a singlet state, since S = 0, Eq. (6) reduces to
- —

N=J @)
It follows that N =J and K = P. For internal conversion (IC) between any two singlet
states, the rate constant of a SRVL (bv JKM) can, in general, be expressed as

2n
W s = — Z Kav'J'K'M' A" boJKM Y2 X DBy ks — Eppiisr)  (8)
h VKM .
where D is a function of energy difference and width of the involved states, and A’
represents the perturbation that induces the radiationless transition and M represents
the magnetic quantum number along the space-fixed Z-axis. Depending on whether we
are concerned with the symmetric rotor or asymmetric rotor, the rotational quantum
number K will be different. In general, in the absence of an external field one can only
observe W, ,..ie.

W 1
bk =S ; W onarm 9
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In a large molecule, one can usually make the approximation
27 VTYROIA | BT 2
W sk = - Z WKav'J'K'M'\H' | boJKMY? + 8(E .y ne — Epyens)  (10)
VI K'M’
where d(x) is the delta function. In the absence of an external field, E,,;,, becomes
EvaK .

_ The matrix elements involved in Eq. (8) depend on the choice of interaction operator
H' or alternatively, on the choice of representation of the zeroth order wavefunctions.
For large molecules, it is generally agreed that a Born—Oppenheimer (BO) basis set with
spin uncoupled from the molecular frame is the most appropriate. Transitions between
zeroth order states can be induced by Ty (or Hj,, the so-called BO coupling), the
nuclear kinetic energy operator.

No vibration—rotation interaction

First we consider the case in which the vibration—rotation interaction can be ignored. In
this case, using the adiabatic approximation we have

|bUTKM > = ®,®,, ¥xns (11)
lav' 'K'M' > =0,®,, Yyinss (12)

where ®@,, @, are electronic wavefunctions, @qw@av" vibrational wavefunctions and
Y omo YJ,K,M,, rotational wavefunctions. If Hj, which is responsible for internal
conversion does not involve the molecular rotation, then

(av'J'K'M' B 1boJKM) = (@, @D ,,| Hlyo| D, DPp,> {¥yixae| Yircary
= <<Da ®av’|ﬁ{30|®b ®bv> 5.1/' 51(1(' 5MM’ (13)

That is, we obtain the selection rules AJ =0, AK =0, AM =0.
Substituting Eq. (13) into Eq. (8) yields

2n .
vaJK = 7 2|<(Da@av’|Hl/30|q)b@bv>‘2 X 5(Eav’J’K' _EvaK) (14)

for the large molecule case. Here it is assumed that no external field is present. From
Eq. (14) we can see that the rotational dependence of the SRVL NR rate constant is
through the energy gap E,,,x — E,,x which in turn depends on the difference in
moments of inertia between the two electronic states. This effect was first pointed out by
Howard and Schlag (1978b).

Using the relation

a(I)ba@)bv ®bv ‘
20,00, )~ & B IR0

(15)

<(I)a®av’ lgflio‘q)b@bv> =—h Z <q)a®av’ I

where

R,(ab) = h2<d)ta®b
i(a - a"azi%
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Eq. (14) becomes

vaJK ZIZ <@av’|R( b)l @b"

>,25(Eav’J’K’ ——EvaK) (16)

This equation is quite general and can be used for actual numerical calculation.
However, it is often convenient to have approximate analytical expressions that can be
used to interpret the experimental results. For this purpose, the displaced-oscillator
model and the Condon approximation are commonly used. In this case, we find (Henke
et al., 1982b; Lin, 1973)

IC,(ab)1?
Wik = Z T exp(—3 Z AZ) j dt expl} x Z A2 oy 4 (W, bk + wi)]ﬁv(t)
amn
where

waJK bk = =W b + w(rot) w rot)

A, is the dimensionless normal coordinate displacement and
Jo@® = [(w; + 1) + v, e 1] Z Z H——L X (cos w;t — 1)% (18)

’ (v, — n)! (m)})?

n =0 i
Here

Cy(ab) = A/% Ryab).

To evaluate the integral in Eq. (17) the saddle-point method can be used. In this case,
we obtain (Henke et al., 1982b)

W ok = Z Wy 000 () pruxc () (19)

and
— exp(zt?‘ (rot) ) (20)

Equation (20) describes the rotational dependence of the NR rate constant in a given
vibronic manifold: it depends only on the rotational energy difference w{5?,,. Notice
that £} is determined by

Wpg — W; = Z 1 A} w; exp(itf w)) @n
J

To demonstrate the rotational dependence of the SRVL NR rate based on the use of the
displaced oscillator model the numerical calculation will be performed for the following
cases. The first case is

= 1000 cm ™!, A} =0.1, Wy, =28 000 cm™! (22)
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and the total number of accepting modes is six. For the moments of inertia we use:
Ground state:

A=9405, B=C=1215cm™ (a)
Excited state:

A=87518, B=C=1068cm™! (b)
The second case is to use the following moments of inertia:

Ground state:

-~

A=B=0.1896 cm™, C= (©

Nltuz

Excited state:

~

A=B8=0.1813cm™, C= @

lel

Other physical constants are the same as the first case except for the number of
accepting modes which is changed to 30. The numerical results are shown in Figure 29.
To show the effect of the coupling strength (determined by the magnitude of A?) on the
SRVL NR rate constant, we repeat the above calculations by changing A? from 0.1 to
0.05; the results are also shown in Figure 29 (Henke et al., 1982b).

Needless to say, the theoretical results presented above can be used for not only the
rotational effect but also the vibronic effect on the NR rate constant, i.e., the vJK
dependence of the NR rate constant (Heller et al., 1972) In the case where the
vibration—rotation interaction is negligible and A, '0 that is used does not depend on
molecular rotation (because the Coriolis coupling in T}, can also induce a radiationless
transition), the selection rules AJ = 0, AK = 0 and AM 0 hold, and the rotational
dependence of the SRVL NR rate in a given vibronic manifold is only through the
rotational energy gap w{ ,x for a symmetric rotor. Furthermore, from Egs. (20) and
(21), one can predict that the rotational (JK) dependence of the NR rate constant is
approximately the same regardless of the vibronic manifolds (b¥"). This provides a way
to analyse the experimental data of the SRVL NR rate constant W, ..

Notice that in Figure 29a the maximum J value is 15, while in Figure 29b the
maximum J value is 80. From Figure 29a and b we can see that the rotational
dependence of SRVL NR rates is significant, the weaker coupling case (smaller A}
values) shows a stronger rotational dependence and the smaller the rotational constant
changes between the two electronic states, the smaller the rotational effect on SRVL
NR rates.

It should be noted that the numerlcal calculation presented in this section is based on
the use of Eq. (17) in which the changes in normal frequency between the two electronic
states are not taken into account; for practical interpretation of experimental results this
effect may not be negligible.

In the above discussion, we have treated only the IC between singlet states. However,
the same results should apply to IC of spin states of other multiplicities provided that
A’ in Eq. (8) does not involve spin operators.

Effect of vibration—rotation coupling through the change of moments of inertia

Notice that the rotational Hamiltonian of a symmetric rotor can be expressed as
(Kroto, 1975):
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H,= B(Q)J? + AB(Q)J? (23)

AB(Q) may be positive or negative depending on whether the rotor is prolate or

oblate. The moments of inertia are in general a function of normal coordinates.

WBVJIK/WBVOO

WBVIK/WBV0OO

Rotational energy gap effect

2.5
v
2.0+ - m D q
. u} o
AJE: 0.05 m-mﬂggmm m
1.5 ‘ a gHR o2 ”
Aj2=01
1.0
0. 5+
0.0 T T
0.0 50.0 100.0 150.0
Energy gap in wavenumbers
(a)
Rotational energy gap effect
1.5
Aj2=0.05 I
—_— [P
1.0-g=
0.5+
OO Y [}
0.0 30.0 860.0

Energy gap in wavenumbers
(b)

F1G. 29. (a) The effect of rotational energy gap. Parameters for the calculation were
(cm™"): lower curve: 4 = 9.045, B = C = 1.215; excited state: 4 = 8.7518, B=C
= 1.068; number of accepting modes: 6; A} = 0.1; J,,, = 15; upper curve: same
parameters but A} = 0.05. (b) Parameters: lower curve: 4 = B = 0.1896, C = B/2;
excited state 4 = B = (.1813, C = B/2; number of accepting modes: 30; A7 = 0.1;

Jmax = 80; upper curve: same parameters, but A7 = 0.05.
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Expanding B(Q) and AB(Q) in power series of normal coordinates Q; yields

H=HR+1 (24
where
A° = B(0)J? + AB(0)J? (25)
and AR
A = — 2y 26
=20 (aQ, ) ) @)

H; represents the vibration—rotation coupling through the changes of moments of
inertia.

If the internal conversion is induced by a perturbation that does not involve the
molecular rotation, then the effect of A can easily be included in the calculation of the
SRVL NR rate W, ;. Due to the normal coordinate dependence of A, the vibrational
wavefunction will be affected. For example, if the molecular vibration is harmonic, then
the linear dependence of H! on normal coordinates will affect the vibrational
wavefunction by shifting the normal coordinate,

Q,UK) = Q; + AQ,(JK) @7

where

70, 0, K Z] n? (28)

represents the normal coordinate shift induced by /. The resulting vibrational
wavefunction is still harmonic with Q, being replaced by Q,(JK) given by Eq. (27). To
show this effect on the SRVL NR rate explicitly, let us consider the displaced oscillator
model; in the Condon approximation and for a symmetric rotor, we find (Henke et al.,
1982b)

1 [3 O0AB
AQj(JK)-— —JWJ+ D+

IC{ab)|
Wk = Z_E}%“_)__ pl—z 1A UK) f dt explt x Z A(JK)? et

i J
+ it (wa,, + o) foux(®) (29)
where
0,0 AIK)Y
Fo® = expt @500 [0, + 1) + vy 0] x Z nNZ 15— myt oy

(cos w; t — 1) (30)

1
ATK) = A+ ——— Aaj 31)

Vhoj

L[ @B 0B J[(8ABY  [AB\ 1 .
e ) Jroo o)

For the purpose of numerical calculation to see the effect of vibration—rotation coupling
through the change of moments of inertia on the SRVL NR rate, we consider the case

and
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that there is only one promoting mode and v = 0, the lowest vibronic level, and again
use the model described in the previous section (see Eqs. (a) to (d)). In addition, we need
to specify Aa . or equivalently,

Aayy
h w?

J

A=0o,J(J+ 1)+ BK? (33)

Here we shall for convenience assume that o, and §; are the same for all the modes and
o;=f;=0.25 x 1075,

The numerical results are shown in Figure 30. Now due to the vibration—rotation
coupling, the SRVL NR rate does not vary monotonically in a single-valued way with
the rotational energy gap as shown in Figure 29. This type of the vibration—rotation
coupling effect depends on the changes of moments of inertia with respect to normal
coordinates between the two electronic states involved (see for example Aa;, in Eq. (33).
Depending on the magnitude of Ag,,, this effect on the SRVL NR rate can be
significant. Depending on the signs of Aa;, the contribution from the effect of
vibration—rotation coupling through the changes of moments of inertia can increase or
decrease the SRVL NR rates with the increasing (/, K) values. Furthermore, because of
the Aay, involvement in A(JK) (see for example Eqs. (29) and (30) this effect may
become stronger at higher vibronic levels (i.e. larger v; values).

Effect of Coriolis coupling
Notice that the Coriolis interaction can in general be expressed as (Kroto, 1975):

Bip=-)" M—Im— =-> g Z g— &3 Qb — Qub) (34)

where I, represents moments of inertia, M, rotational angular momentum operators,
1, vibrational angular momentum operators and &3 Coriolis coupling constants.

Centrifugal effect

3.0+
ju
u]
o m
m uj

(o) m m O

: [ujul
e LN
2 g o e
= %%m%mmm
x B By 2 0,0
2 %%mm
2

1. T T

50.0 100.0 150.0

Rotational energy gap (cm™)

" F16. 30. Effect of vibration—rotation coupling through the change of moment of
inertia. (See text for parameters for the calculation.)



18: 24 21 January 2011

Downl oaded At:

78 Rotational fine structure in dynamic photophysical processes

To treat the effect of Coriolis coupling on the NR rate constant we first consider the
case of the Coriolis coupling that involves only two degenerate vibrational modes and
for simplicity assume that the Coriolis interaction takes the form

. M, i, 7 )
Hl=— = (Qih—QP) (35)

z Z

i.e., only z-components of vibrational and rotational angular momenta are coupled.

For the case that the rotational quantum number J remains unchanged by the
Coriolis interaction and for low vibrational quantum numbers (v, = 0, v, = 1) one can
use the perturbation method if the rotational energy separation is larger than the
magnitude of the Coriolis interaction (Henke et al., 1981b). Next we discuss the effect
of H!,, on the final states (i.e., the dynamical effect) in the SRVL NR rates; this effect

was first treated by Novak and Rice (1980) for ISC. One obtains for IC (Henke et al.,
1982b)

vaK - Z

IC; (ab)’ exp(— Z A2 J dt expl} Z A} exp(itw;) + il(Wapy, pxc + @)

o Kszi S NN ———

(36)

Here, for simplicity, we have only treated the case of the lowest vibronic level. As can
be seen from Eq. (36), the effect of the Coriolis coupling is significant when the
vibrational modes involved in A/, are degenerate. For example, if only degenerate Q,
and Q, are involved in A, as given by Eq. (35), Eq (36) becomes

Cor

|Cy(ab)!
Work = Z %— exp(—3 Z A J dt explt Z A? exp(zta),) + (00 4yx aix + @]

i —o0

AR

Z

(i)

}

(37

exp [——K 2

The correction factor due to the Coriolis coupling F; ., can be evaluated by using the
saddle-point method, (Henke et al.,1981b).

kckl *
— 7

z

2
Fico= exp[ K? ] (38)

where the saddle-point value ¢} is determined by Eq. (21).

From the above discussion of the Coriolis coupling effect, for a given J value the
SRVL NR rate decreases with increasing values of K2 Notice that the effect of A, 0
SRVL NR rates for higher vibronic levels and for the case of {}’ # 0 and/or {§}’ # 0
has not been studied.
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Application

In the previous sections the theoretical treatment of the SRVL NR rate dependence on
rotation was given. Here the results are discussed in view of recent experimental results.

In 4] and 4} bands of formaldehyde it was found, that the lifetimes generally decrease
with increasing rotation as shown in the experimental section. From the theoretical
treatment of the SRVL NR rates (i.e. ignoring the vibration—rotation interaction) it was
shown that the SRVL NR rates should depend only on the rotational energy gap,
0%, (see Eq. (17) or Eq. (20)). As can be seen from Figure 29a, this effect is
significant. The decay rate for the maximum value of the rotational quantum number in
the calculation is approximately twice as fast as for the lowest rotational quantum
number. But it was shown that the SRVL lifetimes of H,CO do not just depend on the
rotational energy gap. The effect of the rotational energy gap is small for the rotational
levels which were observed in the jet experiments. Therefore the centrifugal effect, or the
vibration—rotation coupling due to change of moments of inertia is considered to
explain the lifetimes. In Figure 31 the 4} experimental decay rates are compared to the
theoretical model. The calculation is based on Eq. (29) and the application of the
saddle-point method, i.e., f,,, (¢*) for the v, mode. For this purpose, from Eq. (29) we

Formaldehyde decay rates
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Fi1G. 31. Comparison between experimental (upper trace) and calculated SRVL NR
rate constants for the 4° band of formaldehyde. (From Henke ef al., 1982b.)
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can see that it is necessary to know A, and Aq,;, (see Eq. (33)). A, can be estimated
from the vibrational effect alone. The average decay rates increase by a factor of
roughly 30 if one compares the 4! and 42 vibrational levels. From this we obtain 1A, =
0.05. Within the 47 level the decay rates of rotational levels vary as shown in Figure 31.
To interpret this rotational dependence, a, = 1.00 x 10~* and f§, = —1.00 x 10~* have
been chosen. Experimental and theoretical results are compared in Figure 31. As can
been seen from this figure the 4° decay rates can be reasonably explained.

Figure 32 shows the experimental SRVL decay rates of the 224! level of
formaldehyde. In this case the decay rates increase with K for each value of J; this can
be explained by a different sign of f, in Eq. (33). The input parameters for the
calculated decay rates are |A,| = 0.300, o, = 1.00 x 10~* and f§, = 2.00 x 10=% In this
case, the agreement between theory and experiment is again reasonable. It should be
noted that the K dependence in the 2%4! band is reversed compared to that in the 43
band. Another explanation to that presented above (i.e. the different signs of §; in the
two different bands) is that there exists a Coriolis coupling in the 43 band. The
interacting level is the 6! state as shown in the experimental section. From Eq. (37) one

Formaldehyde decay rates
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Fi1G. 32. Comparison between experimental (upper trace) and calculated SRVL NR
rate constants for the 224! band of formaldehyde. Experimental values are taken
from Selzle and Schiag (1979).
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can see that in this case the SRVL NR rate is expected to decrease with increasing X,
which is the case for the 4° decay rates. A crude estimation of A;in H,CO based on the
internal coordinates and equilibrium nuclear geometries in the S, and S, electronic
states shows that in fact A, is larger than A, as predicted above.

From Figures 31 and 32 we can see that the discrepancy between experiment and
theory still exists. This may be in part due to the fact that formaldehyde is not a
symmetric rotor and in part due to the use of the conventional Condon approximation
and the displaced harmonic oscillator model. To fully analyse the SRVL lifetime data of
H,CO, it requires to take into account explicitly the interaction between the inversion
mode (v, mode) of the '4, state and the '4, state with rotation and other vibrational
modes. A promising treatment of this type of interaction has been given (Moule and
Rao, 1973).

For an intermediate size or small molecule the damping effect (or effect of vibrational
dephasing) plays an important role in the calculation of the collision-free NR rate
constant. In this case, the energy matching is only required to within the level width.
That is, in this case, W, (in the absence of an external field) should be calculated by
using Eq. (8). This case has been treated by Henke et al. (1982b) by assuming that the
damping constants vary linearly with the vibrational quantum numbers.

The effect of an electric field on SRVL lifetimes of formaldehyde has been measured
by Weisshaar and Moore (1980) and is found to be significant in the field strength range

0-4.6 kV/cm. The electric field effect on radiative and NR rates of large molecules (Lin

et al., 1980; Strek, 1978; Lin, 1975) and SRVL NR rates of small or intermediate-size
molecules (Henke et al., 1981) has been treated theoretically. It has been shown that the
electric field can induce NR transitions, and can affect NR rates through its effect on
wavefunctions and energy gap involved in the Lorentzian; i.e. the electric field can shift
the energy matching out of resonance which may be quite important for small or
intermediate size molecules.

Intersystem crossing

As discussed in the previous section, for a great number of polyatomic molecules, the
quantum numbers J, K, N and S are good quantum numbers; they can be used to
characterize a single rovibronic state |bv.SNJK) (i.e., Hund’s case (b)). The SRVL NR
rate for the state (bvSNJK) can then be expressed as:

W, =3?E Kav’'S'N'J'K' 1B 1buSNIKY12 D(E —E 39
bvsNIK = Z (av v > (Eppsnix avswgx) 39)

VIN'I'K?

where S # S'. For ISC, the spin—orbit coupling Hy, or vibronic spin—orbit coupling is
commonly used to calculate the NR rates (Hallin and Merer, 1977; Henry and
Siebrand, 1971; Lin, 1966).

To calculate the matrix elements involved in Eq. (39) it is often convenient to use a
basis set in Hund’s case (a). The case (b) wavefunctions can be expanded in terms of the
case a wavefunctions,

lav'S'N'J'K'y=3 (S'— S!N'P'|S'N'J'K")lav'S' — S!N'P") (40)

PS:

where (S’ — S!N'P'IS'N'J'K') represents the Clebsch—Cordon coefficient which is
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related to the Wigner 3 — J symbol by

N T S’
(S’—SZ'N’P’IS’N’J'K')=(—1)”"5"’"(2-"+1)%(},, X s') (41)

Substituting Eq. (40) into Eq. (41) yields

N T S’
lav'S"N'J'K' Y = —DV' -8 K (2] + 1 lav'S' — S|N'P’
a b sz;( ) ( )(P’ k' —S’) av 'N'P")
(42)

z

No vibration—rotation interaction

In this case, angular momentufm must be conserved for all internal degrees of freedom
of the molecule in bound states of isolated molecules; i.e., no internal progess can alter
N, the total angular momentum including spin and P, the projection of N on the sym-
metric top axis. In other words, we have the selection rules AV = 0 and AP = 0 for ISC
and IC. ;

For most ISC’s observed in experiments the singlet state is involved in either the
initial state or the final state. Notice that the singlet wavefunctions are the same in
Hund’s case (a) and (b) since S = 0. In this case, the matrix element in Eq. (39)
becomes

N g S
(av'S'N'J'K'| A" | boSNIKY = 3 (—1)¥'~S'"~K'(2J" + 1)1/2( ke s')
P'S! - T

(av'S’ — S.N'P'|H},|bvOOJK 43)

Using the selection rules of AN = 0 and AP = 0, we obtain N' =Jand P' = K. It
follows that

N A
(av'S'N'J'K' ' \buSNJKY =Y (—1Y 5K (2J' + 1)V (
) K —K' —8§

z

{av'S' — S!1HL,1bv00) (44)

Rotation selection rules can be obtained from the Wigner 3—/ symbol involved in Eq.
(44),

ie.,
J—=J'<S' <J+J (45)

and
K=K+ 85! (46)

For single—triplet transitions, we have S’ = 1 and (Howard and Schlag, 1978b, 1980)
A =+1,0; AK=+1,0 47

From Eq. (39) we note that if the Franck—Condon factors to all final vibrational states
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are equal and if one can neglect the rotational energy gap dependence, then the
following sum rule applies:

> Q)+ 1) oSy 1 (48)
+ =
JK K -K' -3,

Thus if the Franck—Condon weighted density of states is constant in the energy region
scanned by the rotational states, then the ISC rate constant will be independent of
rotational state selection (Howard and Schlag, 1978b, 1980).

Effect of vibration—rotation coupling through the change of moments of inertia

As can be seen from the discussion of the previous sections, in the absence of
interaction between the rotational and vibrational degrees of freedom the rotational
effect on SRVL NR rates mainly comes through the rotational energy gap. To treat the
effect of vibration—rotation coupling on SRVL NR rates, it is often convenient to use
the correlation-function form of W, . (Fischer, 1970)

W ymsnok = glz— f dt (bvSNJKIH'(0)A' (1) buSNJK ) (49)
where )
A'(f) = exp (% Ha)H’ exp (— % H,,) (50)

and A, and H, represent the rovibronic Hamiltonians of the a electronic state and b
electronic state, respectively. Using Eq. (49) it is easy to choose or change the basis set
of the final electronic state.

We now consider the effect of the change of moments of inertia on SRVL ISC rates.
In this case, the Hamiltonian for the vibration-rotation coupling is given on page 76.
To show this effect on the SRVL NR explicity, we treat the displaced oscillator model.
In the Condon approximation we find for the case in which the initial state is singlet,

J

1 ® .
W svo0rx = vass,JK = ﬁl C(0S") 1% exp |— > %Aj(JK)Z] x [ dt CXP[%Z Aj(JK)2 el
o ]

+ itwaJK,bJK] fggJK (5 1)

where A, (JK) and f§),, are defined on page 76, and
1C(0S")12 =3 1{b00I A, \aS" S’y (52)
st

Notice that (500|H},laS'S.) represents the matrix element of the spin—orbit coupling.
Novak and Rice (1980) treated this vibration—rotation interaction effect on ISC first.
However, they have only considered the case v = 0, i.e., the lowest vibronic manifold
and their results are somewhat different from that given in Eq. (52) due to the different
choice of adiabatic basis sets.
The SRVL NR rate W, q,x given by Eq. (52) can again be evaluated by using the
saddle-point method; the results are similar to those given by Eqs. (20) and (21).
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Effect of Coriolis coupling

The general expression for the Coriolis coupling is given by Eq. (34), but so far only the
special case of the effect of

Cor Z Z 21 7 (QIP Qk pl) (53)

on ISC has been treated in the literature (Novak and Rice, 1980; Novak er al., 1980).

The effect of HL,, in the initial state for the calculation of W,,,,. can be treated in a

similar manner as that presented on page 77 for IC, but this has not been done. .
The dynamical effect generated by H,, (i.e., the effect of H/ . on the final states) has

been studied by Novak and Rice (1980) for ISC but only for the v = O case. The v # 0
cases have not been treated. For the v = 0 case, W, is given by

1
W pooix = o — 1C(08")? exp(— iz A}) j dt exp [EZ A? exp (itw;) + itw gy 4k — K*
—Q0
Sy (. e
(w; — wy)

As in the case of IC, the SRVL NR rate decreases with increasing K? values when the
rotational energy gap is small.

2
] (54)

Application

Recently it was found experimentally that the NR rate constants decrease proportion-
ally to K? in the case of pyrazine-h, and pyrazine-h,d, (Ter Horst ef al., 1981; Baba et
al., 1980). This is what one expects from the treatment of the vibration—rotation
couphng through the change of moment of inertia (Eq. (51)) and from the Coriolis
interaction (Eq. (54)). The energy gap effect is dependent on the difference between the
moments of inertia of the initial and final electronic states which is small in the case of
pyrazine (Innes ef al., 1972). The energy gap effect can therefore be ruled out. The rates
in pyrazine increase by a factor of 60 if one compares the K = 0 and K = 10 rotational
levels (Ter Horst, 1981). This can be explained by the vibration—rotation coupling
through the change in the moments of inertia. In Figure 33 the experimental time decay
of Ter Horst et al. (1981) are compared to calculated decay curves based on Eq. (51).
The contributions due to the different excited K rotational levels were weighted by line
strength, nuclear statistical weight and Boltzmann factor (Ter Horst et al., 1981).
13

J J+1)P?-K 1 .
InNH=1 —_— —Wy t) X ——— (BJ(J + 1) —1BK?
) oK=Z_JgJK T+ 1) exp(—Wp,x t) X exp T (BJ( ) —% )
(55)

The input parameters in this case are A;=0.005, a; =35 x 1077 and ;=3 x 107°. The
dependence on K“ is significantly stronger than on J for this molecule. In this case, the
rotational energy gap dependence is not very significant. From Figure 33 we can see
that the agreement between theoretical and experimental results is reasonably good.

In concluding the discussion of the theory of SRVL NR rates, we would like to point
out that although the explicit expressions for SRVL NR rates are presented only for the
case of a displaced oscillator model in this paper, the theory can be generalized to treat
the cases of displaced—distorted oscillators, anharmonic effect, etc. It is hoped that with
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Time (ns) Time (ns)

FiG. 33. Comparison between experimental and calculated time decays of pyra-
zine h,. Experimental data are taken from Ter Horst et al. (1981). The smooth line
is the theory.

the theoretical developments of Howard and Schlag, Novak and Rice and Henke et al.
enough progress has been made that the theoretical method can now be used for
analysing the experimental results of SRVL NR rate measurements.

From the discussion given in the experimental section, we can see that the radiative
lifetimes can also exhibit the rotational effect. Although a similar treatment as that
presented in the theory section can be applied to SRVL radiative processes, this has not
been carried out. The SVL radiative process has been treated by Fleming ef al. (1973).

Quantum beat

The quantum beat phenomenon represents a dramatic example of the superposition
principle of quantum mechanics (or quantum interference). It has been observed with
relative ease in atoms and diatomic molecules (Haroche, 1976; Wallenstein ef al.,
1974), where the excited state level density is so sparse that it is readily possible to focus
upon a pair of interfering levels. On the other hand, in large molecules, the excited state
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level density can become very large so that it is virtually impossible not to coherently
excite a superposition of a great number of excited levels, thereby washing out quantum
beat phenomena. As mentioned in the previous section, intramolecular quantum beats
in polyatomic molecules were first observed by Chaiken et al. (1979) by measuring the
time-resolved fluorescence of biacetyl excited to single rovibronic states of the first
excited singlet state.

To treat quantum beats theoretically, both the Schrodmger equation method (Jortner

et al., 1969; Villaeys and Freed, 1976; Rhodes, 1969, 1977; Grigolini and Lami, 1978;
Delory and Tric, 1974; Zir and Rhodes, 1976) and the density matrix method (Miller,
1973; Lendi, 1980; Haberkorn ef al., 1980; Selzle ef al., 1981; Kono et al., 1981) have
been developed. Only the density matrix method will be discussed h\ere As dlscussed in
the experimental section, the quantum beats of molecules exhibit pressure (or collision)
dependence and are affected by magnetic fields. It has been shown that the statistical
properties of the incident light reflect the time development of the excited states
(Rhodes, 1969, 1971, 1980; Langhoff, 1977; Langhoff and Robinson, 1973a, 1973b,
1974; Berg et al., 1974; Friedman and Hochstrasser, 1974; Tramer and Voltz, 1979);
the coherent excitation is essential to understand the quantum beats in the fluorescence.
In order to take into account these effects on quantum beats it is convenient to employ
the density matrix method.

The starting point of the density matrix method is to consider an isolated system (or
total system) which can be divided into a ‘system of interest’ (i.e., degrees of freedom of
interest) and a ‘reservoir’ (i.e., irrelevant degrees of freedom) and to eliminate the
irrelevant part of the density matrix to obtain the equation of motion for the reduced
density matrix of the subsystem (or simply system) (Louisell, 1973; Lin and Eyring,
1977; Mukamel, 1979; Grigolini, 1981).

The time dependence of the density matrix of the total system (or isolated system) is
determined by the Liouville equation of motion

dp i ..

D - ) =~ iLp (56)

dt /]
in which I represents the Liouville operator. The total system consists of a part called
the system of interest with Hamiltonian H_ and of a reservoir with Hamiltonian H,. If
we let H, represent the interaction between the two parts, then the Hamiltonian of the
total system can be written as

H=A 6+ A, +H, 7N
In accordance with Eq. (76), the corresponding Liouville operator takes the form
L=L,+L,+L, (58)
Notice that the density matrix of the system of interest at time ¢ can be obtained by
8 =T, 1 p(d)] (59)

where T, represents the operation of carrying out a trace over the quantum states of the

reservoir. Many approaches have been developed to eliminate the reservoir variables to
obtain the equation of motion for p** (¢); it can in general be expressed as

dp®
dt

=—iLl,p — ft dr (M(D)p(t — ) (60)
0

where (M, (7)) is the memory kernel.
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In the Markoff approximation, Eq. (60) reduces to
d‘é(s)
dt

where I is the so-called damping operator, and related to the memory kernel by

=—il p'9—£p® 61

= }Odr (M, (D) exp (itL,) (62)
0

The calculation of the matrix elements of I" and the memory kernel has been well
developed (Louisell, 1973; Ben-Reuven, 1975; Cukier and Deutch, 1969; Lin and
Eyring, 1977; Mukamel, 1978). »

Equations (60) and (61) can be used to treat relaxation processes. It should be noted
that the diagonal matrix element p$) describes the population of the system, while the
off-diagonal matrix element p{), describes the phase of the system and is closely related
to the line-width and line-shape in optical spectra.

Using the isolated-line approximation (Baranger, 1958a,b; Yee and Gustafson,
1978), the matrix elements of I can be expressed as

m#n
rmx:m: = Z ! me:nn (63)
m .
and
an:mn = %(rmm:mm + r’l”-‘”ﬂ) + ngir::mn (64)
where —I',,,..,. Tepresents the rate constant for the transition n » m, I, .., the total

decay rate constant, I',,,.., the dephasing rate constant and I''9). . the so-called pure
dephasing rate constant. R

It should be noted that in finding the matrix elements for I we need the basis set for
the system of interest. The choice of basis sets is determined by experiment. For this
purpose, the Hamiltonian of the system of interest is often written as

B =A'+H (65)
and one can choose the eigenfunctions of H? or the eigenfunctions of H, as a basis set
(Mukamel, 1978).

Suppose we choose the eigenfunctions of H? as a basis set. Then the master equations

in the isolated-line approximation can be obtained from Eq. (61) as (Haberkorn et al.,
1980)

dp i
_d_:_n_z—ﬁz(H;m’ pn'n_pnn’H’n’n)_ZFn’n’pn'n (66)
n’ n'
and
Apn . i , ,
dt = (lwmn + I‘mn)pmn - E Z (Hmn pn’.r_t — Pumn Hn’n) (67

Where for convenience we use. the notations
Pun = Pffrz’ 1_‘n:n’ = rnn:n’n” an = Fm”-'m",etc'

It should be noted that Kono et al. (1981) have used the molecular eigenstates as a
basis set to study quantum beats.
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In particular we consider the three-level system (or pseudo two-level system) with a
representing the ground state and m and n denoting the states in which the quantum
interference takes place. In this case we may assume that

H, =0, H =0 (68)

which means that there is no interaction of n and m with the ground state, respectively,
and the master equations are given by

dp i
d:n = E (H;zm Prin = Prm H;nn) - Fn :nPun— l—‘n :m Pram (69)
- i
dt T ;_l (H;nn Pum — Pmn H;lm) - I‘m:m Pmm — rm-"l Prn (70)
and
dp i
d':n =7 (iwmﬂ’ + rmn)pmn * _}; H;nn (pmm - prm) (71)

where w,,,, = w,, + (H!,, — H,, )/h. Here for simplicity, the excitation source has
been assumed to be removed. For comparison, the Schrodinger equation approach for
this model is given in the Appendix.

The above master equations can be applied not only to quantum beats, but also to
steady state and time-resolved level anticrossing LAC (Lombardi et al., 1980, 1981a,b;
Haberkorn et al., 1980), level crossing, double resonance, MOMRIE (Beyer and
Kleinpoppen, 1978) etc. For example, to apply the master equation approach to
LAC, we may choose A’ to be due to the interaction of the molecule (or atom) with the
applied external field. For the treatment of the time-resolved LAC, we have to solve the
master equations given above; in this case, the quantum beat can usually be observed
(Haberkorn et al., 1980).

For the treatment of the conventional steady state LAC, we have to solve the master
equations resulting from setting

d d
p nn — 0 an d p mn
dt dt

The fluorescence intensity 7(¢) of a dipole transition can be expressed in terms of g (¢)
as (Haroche, 1976; Kono et al., 1981)

IO=KX TIpPQuf) {Slu]
7

=0 (72)

(73)

n#n'
:KZ Z ‘.unf‘z an Kzzzlﬂn'f':ufnpnn’
fon f nn
where K represents the proportionality constant, g is the dipole operator and f denotes
the final states after emission. For example, let us apply Eq. (73) to the pseudo two-level
system. In this case, Eq. (73) reduces to

I(t) = K(Iﬂnalz nn + I:umaiz m’l) + K(:una':uam pmn + luma':uan pnm) (74)
If u,,, = O (that is, only one of the excited state is dipole-allowed), then we obtain
I(t) = Klp,,%p,, (1) (75)

In this case, we only need p,,(f) to describe the quantum beat decay.
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The analytical solution of the pseudo two-level problem can be carried out only when
r'% = 0 (i.e., the pure dephasing does not exist, and I',,., = T,.,, = 0). This has been
accomplished and applied to quantum beats (Lendi, 1980; Haberkorn et al., 1980;
Henke et al., 1981) and time-resolved LAC (Haberkorn et al., 1980). However, this
solution is very complicated. For the purpose of the qualitative understanding of
quantum beats and time-resolved LAC, we can make a further assumption I'y.., = [,
(i.e., either the total decay rates are equal, or an average decay rate is introduced); in
this case, we obtain

t e T 2 2
pL&.)) = [(w;,fn + w IH;,,,,I2) + e |H}, |2 cos A, t} (76)
pnn mh

where

4
A, =w? + - |H!, 2%
Here for simplicity, it has been assumed that the system is initially populated at #.

From Eq. (76), we can see that the larger the energy gap w},,, the less pronounced is
the quantum beat and in the weak coupling limit |H/,,| < w!,,, the beat disappears. For
w,,, = O or the strong coupling limit |H},,| > w},, one gets a complete modulation.
Instead of dealing with the quantum beat decay curves, it is often convenient to analyse
the corresponding Fourier spectra to obtain the physical constants, I',...o T'yins Do
w!, and H!, . For this purpose, let us carry out the Fourier transformation of Eq. (76).

) © p) 2. 1 2 \H,,12
= [ dte™* = w?, +— |H,, 1| +
plwy= | diet = A | o, \ et e e
1 1 an
+
(w—A,)P+T2, (0+A,,)Y+TI2,

This indicates that the Fourier spectrum consists of the half-Lorentzian through the
term (w? + I'2,)"! whose width is determined by I, the dephasing constant, and the
full-Lorentzian through the term [(w — A,,,)* + I'%,]~! whose maximum position is
determined by the beat frequency, and whose width is determined by I’,,,,. Other useful
information will be the relative height of the two Lorentzian peaks, which is determined

by
h? w?
42
|H!,,|?

The features of quantum beats discussed above are shown in Figure 34. The theory fits
the experimental results quite satisfactorily. The master equations of many-level
systems have been solved numerically for the case in which the pumping process can be
described as a rate constant and for the case in which the pumping process is due to a
classical radiation field (Selzle et al., 1981; Haberkorn et al., 1980). The physical
constants of biacetyl determined by analysing the experimental data with the numerical
solution of the master equations are presented in Table 5.

The collision (or pressure) effect on quantum beats has been observed. This effect
can also be qualitatively understood by using Eq. (76). If p,, (), represents p,,(7) at
pressure P, then

pnn (t)P — pnn (O)P
pnn (t)o pnn (0)0
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Quantum beat in biacetyl

Experimental
>
2
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Theoretical
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Microseconds

F1G. 34. Comparison between experimental and calculated quantum beat results.
Experimental: 1,, rotational state in the 273 cm~! excess energy vibrational state.
Theoretical: input parameters of Table 5 for zero magnetic field.

This indicates that the ratio of the two decay curves at two different pressures will
approximately cancel the beat phenomenon and from the resulting exponential decay as
a function of pressure, we can determine the collisional rate constant. This feature is
observed experimentally and is shown in Figure 24 (Chaiken et al., 1981).

Henke et al. (1981) have observed the magnetic field effect on quantum beats in
biacetyl. The experimental data have also been analysed by solving the master

TABLE 5. Quantum beat parameters in
MHz for the 1, rotational state of the
273 cm~! excess energy vibrational state
measured at 100 nozzle diameters and
biacetyl seeded in 5 atm of He. The beat
is displayed in Figure 34

H=0G H=4G
H}, 111 1.11
O 2.46 237
0.50 0.80
T 1.40 2.66

m:n
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equations numerically and the quantum beat parameters obtained are presented in
Table 5.

In concluding the discussion of this section, we would like to point out a number of
theoretical problems which need to be solved, e.g. SRVL radiative rates, the effect of
normal frequency displacement and anharmonicity on SRVL NR rates, vibration—-
rotation coupling in large amplitude vibrations, a better treatment of the effect of the
Coriolis coupling on SRVL radiative and non-radiative rates, the magnetic field effect
on photophysical processes of collision free molecules (Selzle et al., 1979; Lin and
Fujimura, 1979), etc.
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APPENDIX

If we let u, and u,, represent the eigenfunctions of A? then in the Wigner—Weisskopf
approximation for

Y =c,(Ou, + c,n(Duy, (A-1)
we have
de, L i
el (o}, + $y,)c, — 7 H,,cp (A-2)
and
dc,, L i
o (iw!, + 4y,)Cm — n H,c, (A-3)

where y, and y,, represent the total decay rates of the n and m states, respectively. ¥,
and y,, originate from the coupling of the system with the heat bath (e.g. radiation field,
other irrelevant degrees of freedom etc).

Using the definition of the density matrix,

Pam@) =€, (D (D);  puulD) =, (Dci (1) (A-4)
and the time-dependent Schrédinger equation

o¥
(B + YO = ih— (A-5)
we obtain
APun i
=3 ’m 'mn an;nn — /nFPnn A-6
0 h( Prn— P )= VuP, (A-6)

dp n i
= ( ) P t ﬁ H;nn(pmm - pnn) (A'7)
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etc. Equations.(A-6) and (A-7) should be compared with Eqs. (66) and (68); we can see
that if we set ', = ¢ ana I'9) = 0, Eqgs. (66) and (68) reduce to Eqgs. (A-6) and (A-7),
respectively. In other words, using the ordinary Schrédinger equation approach it is
difficult to take into account the pure dephasing.
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NOTE ADDED IN PROOF

Lambert et al. (1981) published quantum beats in anthracene after submission of this
manuscript. These beats very likely are caused by interference of two singlet levels and
thus more resemble those known from atoms or diatomics
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