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The “Channel 3” phenomena in benzene were investigated concerning a model scheme as an extension of that
applied for a typical intermediate case molecule, pyrazine. Using a multiple doorway-states formalism, the difficulties in
interpreting such as insufficient density of states for the intermediate dark levels were eliminated based on a preisomerization
diagram involving a benzene isomer, most probably benzvalene. By a detailed examination of information about the title
subject in the literature concerning both experiments and theory, several questions were raised and answered while making

proposals for further study.

As a consequence of more than twenty years of research
activities,'™' at least one consensus has been reached con-
cerning the Channel 3 mechanism in benzene: It is noth-
ing but an extremely fast S;~~Sq internal conversion (IC)
through some intermediate (dark) states, as indicated by such
data as broad absorption lines, low fluorescence quantum
yields, and fast fluorescence decay rates. Among various
experimental data, rotationally resolved information seems
to be most useful. In spite of their unexpected observation
(with the dependence on the rotational quantum numbers, J
and K), they could remove various ambiguities for establish-
ing a scheme.” However, questions still remain for a more
quantitative interpretation, e.g., how to rationalize the esti-
mated density-of-states for the intermediate dark levels.'”
Also, a dispute about the nature of the intermediate states,
1.e., whether isomer levels are involved or not, has not yet
settled. Furthermore, from my point of view, most papers
appear to be written without any keen criticisms to the op-
ponents (while examining their details). Take my case as an
example: As early as in 1978, the present author proposed a
simple, but realistic, mechanism in which the energy levels
of isomer(s) are incorporated as intermediate states of the
S1~+Sp IC.? Unfortunately, this does not appear to be well
taken judging from the way my paper was cited. (For exam-
ple, I never insisted that benzvalene is formed after Channel
3 under isolated conditions.) This kind of misunderstanding
may be one of the reasons for the far-reaching establishment
of a consensus. Regarding this, few comprehensive review
papers on the Channel 3 have been published so far, though
many review papers have touched on this puzzle.

Recently, in a series of papers concerning rotational ef-
fects on radiationless transitions, Parts I—IV,?? the present
author introduced a new kind of scheme for a typical inter-
mediate-case molecule, pyrazine and its related molecule,
pyrimidine, and their deuterium (D)-substituted compounds
with successful results. The following gives its major ingre-

dients: (1) Full utilization of the molecular symmetry group
(MSG) to describe rovibronic levels. (2) Axis-switching (in
the widest meaning)®®—2? in S;+« S radiative transitions to
allow for intensity mixing among rotational levels with a
common symmetry (different in K; even without the pertur-
bation for the mixing of states). (3) Multiple doorway-states
formalism to assure above assertions. With the schemes and
formalisms based on the above novel ideas, the difficulty
(enigma)®™? to describe the rotational effects in the azines
was mostly removed. By the way, the doorway-states con-
cept had been little appreciated in this field of photophysics
in spite of its success in the field of nuclear physics. 2242

The purpose of the present paper is to apply the above
outcome in the azines to resolve the difficulties which we may
encounter in interpreting Channel 3 phenomena. Namely,
this study is a natural development of the work by the present
author in the two fields.>?®

In Section 1, experimental data, as judged to be worthwhile
by the author,>*™!9 are examined. Just like in my previous
papers,?® I pick up only a restricted number of papers and
experimental data. The criterion for choice is rather for my
convenience and may partly be ascribed to the simplicity of
the experimental data. By the way, the omitted information,
which may be found in the cited references, is what can be
interpreted with an “adequate” choice of parameters.

The important theoretical results that must be taken into
consideration, from the author’s point of view,!'—'*1"1® are
reviewed in Section 2. Here, again, clarity (e.g., more recent
one) is honored more than priority.

A theoretical framework adequate for Channel 3 is pre-
sented in Section 3 by expanding that in a previous paper
(Part 11).” Since no quantitative application of the equa-
tions (evaluation of the formulas) is intended in this paper,
only a brief summary is made in Section 3.1, while emphasiz-
ing the modifications. A detailed examination of the factors
(parameters) required to apply the formalism to benzene is
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also made in the second part, which is followed by Section
3.3 for a discussion of the MSGs of benzene and benzvalene
in a form that can suggest a correlation diagram for intercon-
version between them. These approaches just correspond to
those adopted for radiationless transitions in azines.

In the core of Section 4, case-by-case discussions of the
observations, as described in Section 1, are made by taking
into account the theoretical work presented in Sections 2 &
3. This is preceded by an emphasis on the isomer, ben-
zvalene, though the other isomers may not be completely
disregarded (Section 4.1). The success of this interpreta-
tion may be considered in two ways: (1) A further emphasis
on the capable multiple doorway-states formalism (without
the essential help of axis-switching).”® (2) Support for the
preisomerization mechanism in the Channel 3 of benzene,
which had not been well taken.”

Finally, in the last Section 5 of Conclusion, a comment
is made concerning the view of the simple S;~~So IC."'"
Further remarks are also made on various questions to be
raised while investigating the Channel 3 phenomena. A
proposal for new kinds of studies may be found as well.

1. Experimental Data Subject to Discussion

1.1. Rotationally-Resolved Spectral Data.”  As men-
tioned in Introduction, the data in this section should be the
most useful for discussing the Channel 3 mechanism.

1.1.1. Rotational Levels in the 1412 Vibrational State
of Benzene.™ By utilizing a two-photon excitation
technique, Riedle and Neusser’ observed a highly-resolved
spectrum of the 14§13 band located at 3412 cm™! above the
0,0 band under the Doppler-free condition. The obtained line
widths of the Jy levels (Jx levels with K = 0) for J = 0—
14 are consistent with fluorescence lifetimes measured later
by Schubert et al.”™ belonging to the same group. Since the
other transitions, i.e. those to the Jx (K #0) levels, have not
been detected (except for J;, i.e. Jx with K = J around J = 35
and a few unidentified levels), these levels can be regarded
as being “forbidden” components for Channel 3. Of course,
this prohibition is not perfect, as evidenced, e.g. in the rela-
tively large differences (at about one order-of-magnitude) of
widths and lifetimes between those in the 14}1) and 14§13
bands.’>"™ :

The foretoken of the Channel 3 phenomenon described
above was, by them, attributed to a Coriolis coupling of
the concerned light level (the assigned zeroth-order level)
to a dark level assessed to be broadened by the fast S;~+Sg
IC.™ An observation of the J; levels seems to indicate the
predominance of a parallel (z) Coriolis coupling. However,
the appearance of the J; levels supports a perpendicular (x, y)
Coriolis coupling. These apparently mutually inconsistent
judgments would force us to rely on their accidental deviation
from close coupling with broadened levels whose locations
are subtly dependent on the rotational quantum numbers (J
and K) of the perturbed levels. For the Jx levels with lower
J ( < 15), the nearby dark levels are only those that can be
coupled by the parallel Coriolis coupling term. However, for
the Jk levels with J = 35 (and K = J, near to the bottom of the
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group of rotational levels with acommon J), those coupled by
a perpendicular Coriolis coupling are located nearby. In other
words, the other undetected rotational levels, e.g. those with
Jx (K#0, J) have at least one broadened level at a location
close enough to couple. These may be called the “allowed”
components, in contrast with the “forbidden” components.
Hereafter, we use this terminology.

1.1.2. Rotational Levels in the 6' 13 Vibrational State of
Benzene.”®  Similar experiments as those mentioned above
were performed by the same group for the 6}13 one-photon
band at 3287 cm~! above the 0,0 band, i.e. slightly closer
to the onset of Channel 3 than the above. Besides fluores-
cence detection, a delayed resonance-enhanced multiphoton
ionization (MPI) technique was used for a better resolution
of the rotational structure. Here again, only a restricted
number of rotational levels were detected. Against the case
of the 1412 state, the dependence on the rotational quan-
tum numbers (J and K) is not very systematic, though the
lower K values are predominant. Therefore, they had to
assume very intricate resonance and interference conditions.
Namely, more than one dark state is thought to be involved in
the Channel 3 mechanism around the 6'13 vibrational state,
where some accidentally “forbidden” components are evi-
denced. Rashev made a more detailed consideration on this
data (Section 2.3).1”

The intricate interplay of the rotational dependence of the
coupling elements and accidental resonances which lead to
interference of possible decay channels was further empha-
sized in a later (review) paper by the same group.™ This was
done by putting together all of these experimental data on
the rotationally selective disappearance of lines, including
those in the 14412 band of 1*C4Hg, with the conclusion of its
less significant dependence on the vibrational character and
symmetry of the excited state than that on the excess energy.

1.2. Time- Domain Experiments with Picosecond
Lasers.”>*® Sumitani et al. made a picosecond fluorescence
investigation on Channel 3 decay in benzene.*® Though they
observed various transitions below and above the Channel 3
threshold, only the data on the 6} 13 band are examined here,
corresponding to the preceding Subsection 1.1.2. The decay
curve after excitation by a laser with a pulse width of 73 = 10
ps was so non-exponential that it could be reproduced by
assuming two components with 77 = 0.25 ns (weight 0.88)
and » = 2.9 ns (weight 0.12), respectively. This agreed
well to the rise curve of the hot Sy benzene observed by the
same group.” They interpreted this fluorescence decay by
using a kinetic scheme involving the S; state and another
non-fluorescent state, X, with a relatively long lifetime, that
may be identified with an isomer (located ca. 2000 cm™!
above Sy in their Fig. 5).° In opposition to this, however,
the decay curve was also interpreted as being the effective
average of the rotational levels, J and K.® By the way, the
kinetic scheme can be easily translated into its quantum-me-
chanical counterparts,”®??? including that used by Riedle
et al.” However, their estimated ratio C,/C; ~0.14 (of the
preexponential factors; not < 1) is not in conformity to the
common situation of the intermediate case with a single door-
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way state.”” This is a subject for later discussion (Subsection
4.2.2).

1.3. Deuterium Isotope Effect.®®*® The deuterium (D)
effect may be one of the important means to investigate the
protonated species.*®® O’Connor et al.® observed the flu-
orescence decay of C¢Dg with an identical apparatus and
procedures to those used for C¢Hg.>® Two kinds of differ-
ences in the Channel 3 region should be pointed out: (1)
Broader bands in both the absorption and fluorescence exci-
tation spectra of C¢Dg compared to those of C¢Hg. (2) Purely
exponential decay in C¢Dg, in contrast to the non-exponen-
tial decay in CgHg. These appear just like a manifestation of
the statistical-limit behavior in C¢Dg¢ against the near inter-
mediate-case behavior in C¢Hg that is ascribed to the higher
density of states in C4Dg than in C¢Hg around the Channel
3 region.?%27 Similar D effects are noted for pyrazines.?’¥
Although the S;~~Sg IC of benzene is well established to be
in the statistical limit, even for the S;j level, i.e. the ground
vibrational level of the S; state, this is not always the case for
the S; ~» X ~+ §¢ process involving the sparse intermediate
state X.20’26’27)

1.4. Miscellaneous.”>*'®  In the above sections, what
may be taken to be important by most people are discussed.
In this section, a collection of experimental data that drew
the author’s own attention is presented, other than those de-
scribed above.

1.4.1. Photochemistry of Benzene Isomers.”” Harman
et al. studied the photochemistry in two valence isomers of
benzene, i.e. benzvalene and Dewar benzene, detecting clean
isomerization towards benzene with high quantum yields.
From a symmetry consideration, they concluded that iso-
merization occurs in an orbitally forbidden (with the orbital
part of the purely electronic matrix element being canceled),
but spin-allowed, process, such as that by a vibronic mecha-
nism. The same would apply for the contrary processes, i.e.
interconversions of 1B,, benzene to the ground states of the
isomers that may be related to Channel 3 of benzene.

1.4.2. Isotopically Scrambled Photoproducts of 1,3,5-
Trideuteriobenzene.”® Callomon and Somers tested pos-
sible roles of valence isomers as intermediates in the uni-
molecular non-radiative relaxation of the S; state of ben-
zene, including the fast Channel 3 process, by irradiating the
260 nm absorption system of 1,3,5-trideuteriobenzene, in the
vapor phase. No evidence was found for the involvement
of the (transient) valence isomers, such as prefulvene, with
little isotopically scrambled products.>® However, this will
be critically examined in view of MSG (Subsection 4.1.2).

1.4.3. Non-Fluorescent Transient Species.'®  As de-
scribed in Section 1.2, the observed non-exponential decay®®
and rise® were interpreted as evidence of the non-fluorescent
state, X, though this was a subject for criticism.” By uti-
lizing (delayed) resonance-enhanced two-photon ionization
(RE2PI) time-of-flight (TOF) mass spectrometry, Ichimura
et al.'9 detected a transient species with a lifetime of 3.5
ns (for the 6'1° level case), which almost corresponds to
the 7 (ca. 2.9 ns) component of the fluorescence (Section
1.2). However, its contribution of 0.29-—0.67 was larger
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than that (0.12) of the 7, component. Somehow, this was
taken as being additional evidence of the non-fluorescent
transient species, against the theory of the direct S;~~»Sy IC
(Section 2.1).!V This is also the subject for a later examina-
tion (Subsection 4.2.2).

2. Theoretical Results to Be Taken into Account

As discussed in the preceding Section, and will be dis-
cussed later, the dispute concerning the nature of the interme-
diate state in Channel 3, i.e. whether isomers are involved or
not, cannot be settled by the experimental data alone. There-
fore, the theoretical data to support the both schemes will be
examined. ,

2.1. Calculation of the Rates of Pure S;~+Sy IC.1Y A
calculation of the excess energy dependence of the rates of
radiationless transitions and of its D effect is one of the
important means to clarify their mechanisms, in spite of the
difficulty to reproduce the absolute experimental decay rates.
In a series of papers, Hornburger et al. did this for the S;~+Sg
IC of benzene, with results in fairly good correspondences to
the experimental data. The most significant outcome may be
the larger contribution of the by, type out-of-plane skeletal
v4 vibration at higher excess energies. Thus, they suggested
no need to assume a contribution of the isomer levels for
Channel 3.

2.2. Theoretical Calculation of Potential Energy
Surfaces.””® By such as the MCSCF-CI method on
the MIDI4 basis, Kato calculated the (16-dimensional) po-
tential-energy surfaces of benzene around the reaction path
for the (S;) benzene-prefulvene interconversion retaining Cy
symmetry (the disrotatory path), and found a crossing point
(surface) between S; and Sy.!® Thus, the observed steep rise
of the decay rates above the crossing point could be inter-
preted by a surface-hopping transition through a tunneling
mechanism. .

A more detailed calculation was performed in a recent
paper by Sobolewski et al.'® using complete-active-space
SCF and multireference CI techniques, that appeared near
the end of this work. The conical intersection of the lowest
n* excited singlet surface with the Sy surface was mapped
out in rwo dimensions: the reaction coordinate to prefulvene
of a’ symmetry for the C; point group and the coordinate
of maximum coupling of a” symmetry perpendicular to it.
Thus, an ultra-fast internal conversion through the funnel
is naturally introduced.'® However, with only these double-
layered potential surfaces, little description can be made of
the phenomena after passing through the funnel. By the way,
this calculation is in conformity to speculation (predictive
discussion) by the present author (Subsection 4.1.1).1%%

In a more recent paper by Palmer et al.,'* potential sur-
faces extending to the region of C; symmetry, including the
area of the isomer, benzvalene (of C,, symmetry), were ac-
tually obtained on an MC-SCF/4-31G basis. The following
gives the major conclusions concerning the reaction path:

(1) The ground-state potential-energy surface along the
reaction path between benzene and benzvalene has a flat
diradicaloid region (named as “prebenzvalene’) correspond-
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ing to prefulvene. However, prefulvene, itself, is a transition
state.

(2) The S; reaction path from benzene toward prefulvene
contains an excited-state minimum with Dgj; symmetry and
a transition state between this minimum and a prefulvene
diradicaloid located on the ground-state surface. A cone is
found between the transition state and prefulvene.

Thus, as summarized in their Scheme 1II, the computed S;
reaction path involves passage over the transition state, fol-
lowed by areturn to the ground state via a fully efficient decay
through the conical intersection region near to “prebenzva-
lene”. By the way, it should not be overlooked that Channel
3 is the radiationless transition in the isolated condition, i.e.
with conservation of energy high enough to distribute even
over the area of unstable prefulvene. In conclusion, this cal-
culation is more close to my conjecture just mentioned above
(Subsection 4.1.1)."%

2.3. An Analysis of the Interaction Mechanism for the
Rotational Levels in the 6! 13 State of Benzene.” Rashev
carried out a detailed analysis of the data described in Subsec-
tion 1.1.2. First of all, in this case, an anharmonic coupling
term is shown to be predominant over the z Coriolis cou-
pling term by means of a numerical analysis and group-the-
oretical consideration. (Though the perpendicular Coriolis
coupling may have any contribution in a form different from
that of anharmonic coupling, there is no experimental evi-
dence to support this possibility). Therefore, the observed
dependence on the rotational quantum numbers has to be
interpreted based on the fortuities in the distributions of the
locations of the energy levels and of their coupling matrix
elements, mostly by anharmonic terms, reinforcing the argu-
ments given in Section 1.1(.2). However, difficulties remain
in interpreting the density of states for the intermediate dark
levels reduced from the experimental data: The density of
vibrational levels p, calculated by using available spectro-
scopical data (of course, below the Channel 3) is at least one
order-of-magnitude less than that required.

2.4. Calculation of the Rotational Lines in the Fluo-
rescence Excitation Spectra of the 14112 band of S; Ben-
zene.'® In a more recent paper,'®® which drew my attention
after submission of the initial version of this paper, Helman
and Marcus calculated the excitation spectra for various J
and K under several assumptions, and succeeded in repro-
ducing the observed spectra (of the forbidden component, at
least; Subsection 1.1.1). Their assumptions and conclusions
may be classified as follows:

(1) The transition is assumed to be a (pure) internal con-
version from an single quasi molecular eigenstate in Sy to a
set of molecular eigenstates in Sg. Furthermore,

(2) no nearby dark state is assumed, even off-resonantly,
while the contribution of various dark levels is taken into
account only in a perturbing expansion. These assumptions
are apparently beyond the scope of what is discussed in Sub-
section 1.1.1, where an explicit contribution of the dark state
is assumed.

(3) For both initial and final states, a perturbation expan-
sion is applied on the basis of rigid-rotor harmonic-escillator

Rotational Effects on Channel 3 in Benzene

(RRHO) states. These states may be taken to correspond to
the diabatic Born—Oppenheimer (DBO) basis that takes ac-
count of neither the isomer levels nor the anharmonicity
towards isomerization, as described later (Section 3.1).

All of these assessments may be adequate, at least for
the forbidden component. Furthermore, the success of this
calculation should be regarded as supporting evidence for
assumption (2) of no nearby dark level for the forbidden
component, as just described above. However, their calcu-
lation also predicted some lines (e.g., Jx lines with K = 1
or 2 (besides K = 0) for lower J) that are not evident in the
observed excitation spectra. Therefore, the outcome of this
calculation should also be considered as additional evidence
of the dark state that is prerequisite for the allowed compo-
nent, though the authors themselves did not noted this.

3. Theory

As introduced, this Section is divided into three sections,
the first two of which match Sections 3 & 4 of “Part 112
Namely, the first one is devoted to expanding the Theo-
retical Framework developed for pyrazine and its related
molecules™ to apply for the present system, i.e. benzene
in the Channel 3 region. The second is for drawing more
realistic pictures of what is actually happening. Finally, a
discussion of the MSGs of the two species, i.e. benzene and
benzvalene, is made as may be related to the possible “corre-
lation diagram” (about correspondent to the combination of
Fig. 1 of Ref. 3 and Fig. 3 of Ref: 4b).

3.1. Formalism. The whole scheme that the author be-
lieves to be most adequate is presented from the beginning,
without mentioning any other possible alternatives. Support
for this theory can be found in the successful interpretation
of the experimental facts to be made in Section 4. Instead
of rederiving Eqs. 1—30 by modifying those in Part II, only
those portions to be modified are emphasized. For that pur-
pose, to sketch an illustration, i.e. to show a modified version
of Fig. 1 in Part I (as the simplest symbolical expression)
may be most suitable. From Fig. 1 of this paper, two dis-
sipative continua, i.e. radiative {r} and non-radiative {c}
continua to be drawn at the left and at right sides, respec-
tively, are omitted in order to emphasize the difference and
to avoid any complex appearance of the figure. In short,
the states, {r}, so, {s} with discrete Ny (=2, in this figure)
members, {i} with N; (=4, in the figure) members, and {c}
represent the zeroth-order states assumed to be adequate for
describing the dynamics in benzene: |r > for the system
composed of a molecule in a (lower) rovibrational level of
the ground state and a photon, |so > and |s > for fluores-
cent levels, |i > for an isomer level, and |c > for a higher
rovibrational level in the ground state, respectively (vide in-
fra). (For details concerning the scheme as represented by
this figure, the reader is encouraged to consult Ref. 20b.)
However, in contrast to the case of azines, the zeroth-order
states are not the eigenstates of the conventional Hamiltonian
(e.g. Egs. 6 in Part II). Rather, for them (except for {r}), a
more crude Hamiltonian should be imagined to correspond
to the real zeroth-order states (wavepackets, as illustrated
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in Fig. 1 of Ref. 3). The strongest evidence for this assess-
ment may be traced to the actual existence of benzvalene as a
chemical identity with a heat of formation well below the S;
benzene.*'® Comments on the possible alternative isomers
for {i} will be given later (Section 5). Namely, new zeroth-
order and perturbing (residual) Hamiltonians are defined as
follows:

Ho=Hsppo — Homn + H + HE + HS + HE (1a)

V= HS, + Hopy + HSo + Hso + He, + HE + HE. (1b)

The most significant differences of these equations from
the previous Egs. 6 in Part II are in the first terms of the
both equations: For the first Eq. 1a, the subscript PSDBO
against PSABO for pure-spin adiabatic Born—Oppenheimer
(approximation). The DBO (diabatic B-O) basis set formed
by eigenfunctions of Hy in the present DBO approximation
is believed to be suitable for describing either the nearly
degenerate electronic states or those involved in chemical
reactions with level crossings.>?® Therefore, the first term in
the second Eq. 1b, i.e. the H, (vibronic; the superscript e to
indicate electronic-state dependency is abbreviated hereafter)
term works to couple the rovibrational levels of different elec-
tronic states at the extent beyond the Herzberg-Teller (HT)
expansion (5o as to pass through the barrier).?® The anhar-
monic term, H,p, is nearly equivalent to Hi,, in the previous
equations, but does not always give rise to an intramolecular
vibrational energy redistribution (IVR) (vide infra).?*?% For
example, the major anharmonic terms evident in the vibra-
tional structure, including Fermi resonances, such as cubic
terms, are already contained in Hepsppo. (The harmonic
approximation is a too crude approximation to be used in the
field of molecular spectroscopy, and, accordingly, of molec-
ular photophysics.) As in Part II, |r > =g, k, e > represents
a system composed of a molecule (benzene) in a lower rovi-
bronic level, g = (g, v, r) belonging to the ground electronic
state, g = So and of a photon denoted by (k, ). The initial
state |rp > = |go, ko, eo > belongs to this group {r}. How-
ever, |so > represents a molecule (plus a vacuum electromag-
netic field) in a state (within the S, state) directly coupled
to |rp > radiatively, i.e. in a spectroscopically assigned level.
Its nearby states within the S; state, as represented by {s},
are possibly coupled to the s state with the H,y, (other than
those already included) and/or H,, (vibration-rotation inter-
action Hamiltonian, including Hc,, for Coriolis coupling)
term. Though {s} are not coupled to rg, their coupling
among themselves and with various {r} states is not for-
bidden. If the number of {s} states, i.e. N;, is big enough,
so—{s} coupling may then cause a radiationless transition,
called IVR.29 Actually this is not the case, however, with
N < 10,” against the {r} states in pyrazines where com-
plete scrambling by H,, could be assumed, probably with
the predominant help of Hgo and Hs; (Hpss) for spin-orbit
and hyperfine interactions.”” The {s} states are subsequently
coupled to {i} states, i.e. rovibrational levels on the DBO po-
tential of the isomer, benzvalene by H.,. A similar coupling
scheme exists between {i} and {c}. If the sequential de-
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So {s} {5
Fig. 1. An energy level scheme for the doorway-states for-
malism concerning the rotational effect on the Channel 3
mechanism in benzene. The difference in the thickness of
the lines, connecting the levels, is to hint the variation of
the coupling strengths.

cay {s}—{i}-~{c} is to be observed, it may be called as
“preisomerization”, regardless of whether the isomer is de-
tected or not.!*® The above formalism (under the assumption
of the isomer) is a complete one, in view of the complemen-
tarity principle of quantum mechanics (independent of the
choice of basis set).?® However, for more detailed descrip-
tions, we may have to rely on other basis sets, like rovibra-
tional levels on the ABO potential (for faster convergence),*®
as will be done later.

Now that a modification of the scheme is made to ap-
ply for the present system, the next thing to do is to derive
the corresponding modified equations. At first sight, a di-
rect application seems to be difficult, since one more step
is added in the new scheme. However, a close examination
of the derivation reveals that the formalism is not depen-
dent on the number of steps (i.e., on the choice of basis sets
in conformity to the complementarity principle of quantum
mechanics). Actually, prediagonalization within the set of
so and {s} shown in the new Fig. 1 immediately reduces it
to the old Fig. 1 (of Part I).?®® Therefore, the importance of
the doorway-states description is again emphasized, though
the role of axis-switching is now taken over by the actual
coupling, Hyy, or Hy,. Since we do not intend to evaluate
the equations, no more talk is necessary, except for pointing
out that the forms of Eqs. 19 and 29 as principal concluding
equations in Part II, are not modified at all. The first Eq. 19
contains the interference effect in multiple transitions con-
nected with various doorway states, i.e. manifesting IVR in
this case. The second Eqs. 29 contain interfering contribu-
tions from the independently decaying levels as eigenfunc-
tions of an effective hamiltonian, Hee (similar to Eq. 21 in
Section 3.6 of Part IT) manifesting non-exponential (multiple
exponential) decay. A detailed examination of the experi-
mental data using the schemes will be made in Section 4 in
forms dependent on the experimental details.

3.2. Description of the Channel 3 Phenomena. The
first thing to do is to identify the molecular doorway state,
Ny, as a superposition of all of the excited states weighted by
its strength of radiative coupling with the initial ground state,
8o (as defined by Eqgs. 15 of Part I). In the present case, it is
nothing but the zeroth-order state, sg, as defined in the above
section and shown in Fig. 1. Against the case of azines,
where axis-switching is a primary cause of depolarization,?
the doorway states used to describe the present case are com-
posed of sq and {s}, all with different shapes (vibrational
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structures) of fluorescence spectra to be able to exhibit IVR.
In any case, the decay process after ps laser excitation can
be interpreted as a sequential decay that consists of the IVR
and subsequent two-step isomerizations, at least formally.”
However, all of the steps (i.e. zero order states) may not be
well distinguished from one another, depending on the mag-
nitudes of the coupling matrix elements {v;;} and the energy
separations {AE;} with {i#} = {so, {s}, {i}, {c}}, and of

course, on the densities of states to establish the number of

coupled states, N; and Nj, and the total number, i.e. their
sum, N;+N;+1. Since {c} are almost continuous, the pa-
rameters involving them, including N, should be used only
for a model representation of the real event.2%?%*" The ob-
served fast and slow decay components” may be ascribed
to the fastest and slowest steps of the decay (including de-
phasing) process, respectively, just like in kinetics, whose
identifications are made in the next Section 4,2%2627

The next necessary thing to do is to describe the resonance
(quasieigenstate), as observed in the high resolution spectra.”
Their data remind us of similar data for the azines by Meerts
etal. including spectra composed of those for transitions into
bunches of molecular eigenstates (MESs) observed in pyra-
zine for lower J (=0—4).? Here, in benzene, a Lorentzian
takes over the bunch (in pyrazine) with a width orders-of-
magnitude larger than that of the MES in the latter. The MES
of the azine is a mixture of {s} and {¢} where triplet compo-
nents are predominant.”® In the present case, the resonance
may be either the rovibronic level in the S; state under the
DBO approximation (after Hyp, or Hy,, i.e. a mixture of s
and {s}) or that on the ABO potential surface around the S;
benzene (after H,, too, partially extending to the g state of
benzvalene, i.e. that of s, {s}, and {i}), to be represented as
the eigenfunction of the effective hamiltonian Hegr (preceding
Section 3.1). Considering high-density of states correspond-
ing to the excess energy of ca. 20000 cm ™!, a full extension
towards benzvalene, i.e. full inclusion of {i} states, should
be disregarded. In other words, the resonances cannot be
simply described as eigenstates (to be named as MESs) of
another effective Hamiltonian on the full so+{s}+{i} basis,
that may be represented as HY, (in correspondence to Eq. 30
in Section 3.7 of Ref. 20b). This Hamiltonian was originally
introduced to apply for the azine on the {s}+{¢} basis. (Even
complete scrambling could be assumed for pyrazines, due to
Hso, Hy;, and even Hyg.2”) To say more strictly, the majority
of {i} with n; members (N;—n; < n;; on the DBO basis that
might be either out of coupling with {s} or strongly cou-
pled to {c}) has to be excluded. Actually, only a few (0—
2 7) resonances are identified for each observed band (sg),”
though the number of resonances, ng, could be as many as
Ng+N;—n;+1. Contrary to this, the Ng+N;—ns—n;+1 hidden
resonances (not detected yer 7) might be distributed over the
whole ABO potential surface (Subsection 4.2.2).

Finally, possible reasons for the too high density of states
(Section 2.3) are enlisted: (1) &; in addition to N;. (2)
Rovibronic levels on the ABO potential just described above.
These are our presumptions. More detailed specific discus-
sions will be made in the next Section 4. Especially, support
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for the latter, i.e. (2) will be found in Subsection 4.2.2.

3.3. MSG of Benzene and Benzvalene.  Group theory
demands that the rotating non-rigid molecule is described by
the MSG.2Y Namely, its wavefunctions can always be made
to belong to the symmetry representation of MSG. This is the
reason why we need this section. Since many review papers
are available on the (point-) group theoretical discussion of
these molecules,***1?%2) only what are to be adopted in the
following discussion are described here.

3.3.1. MSG of Benzene. With a combination of Refs. 5
and 20, little is to be discussed here except for pointing out
that benzene belongs to Dg,(M) MSG. Another important
fact is that it is an oblate type symmetric top whose rotational
level is described by two rotational quantum numbers, J & k
with rotational constants, A (=B) & C (=A/2). Concerning
the rotational effect, nuclear and rotational symmetry num-
bers, 0, = 0; = 6 should also be mentioned that is contained
in the formula of the effective density of states for higher J
with the rotational factor, (2J+1)/¢0.2Y

3.3.2. MSG of Benzvalene. Benzvalene belongs to
C,(M) MSG and is an asymmetric top with the label Jg g,
for the rotational level. This applies unless this molecule is
excited into a higher vibrational level where a description
based on large-amplitude vibrations would be required.'®
Benzvalene in the Channel 3 region does have the large
excess energy. Therefore, we must use wavefunctions be-
longing to Dg,(M) instead of C,,(M) (Subsection 4.1.2).

3.3.3. Correlation Diagram between Benzene and Ben-
zvalene and Selection Rules for Their Interconversion.
These species are different from each other in both sym-
metries and directions of the principal symmetry axes (z’s;
not of rotation). Therefore, little group-theoretical restric-
tion is imposed upon the coupling between their rovibronic
levels, as illustrated in Fig. 1 of Ref. 3, unless we are to dis-
cuss the actual (absolute) value of the matrix element, e.g.
to see whether it is orbitally forbidden (Subsections 1.4.1
and 1.4.2)). Thus, the only group theoretical restriction is
between their rotational levels with AJ =0 and with little on
K, due to axis-switching (including axis-interchange).”*—2?

Therefore, we don’t need to cite the correlation diagram.**

4. Discussion

This section is devoted to interpret the experimental data
described in Section 1 based on the theory developed in the
last Section. Therefore, what has to be confirmed is the
adequacy of this theory, including several assumptions on
which the former is based.

4.1. Support for an Isomer, Benzvalene. No directevi-
dence of the involvement of the isomer including benzvalene
is given in the literature. However, there is much indirect
experimental evidence,** as already mentioned." Recent
theoretical calculations of potential curves>—'% also appear
to be consistent with this assessment. Most significantly, it
could successfully interpret the experimental facts, while no
evidence is indicated in the published papers to disprove the
isomer. A few observations concerning this dispute are given
below.
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4.1.1. A Schematic Diagram with Level Crossings.>'> 1%
As implied in the first paragraph of Section 3, the location
of the benzvalene g state in between the Sp and S; states
of benzene could be taken as the strongest evidence of the
schematic diagram as of Fig. 1 in Ref. 3. (The Scheme II in
Ref. 14a may be regarded as its improved version, with more
refined details; vide infra.) With a detailed inspection of the
potential surfaces of the S; benzene and the Sy benzvalene
by taking account of the spectroscopical data on molecular
vibrations,?**>%2) the author has located a saddle point for
their interconversion just below the “unstable ground state”
of prefulvene that may exist near to a cone in multidimen-
sional potential surface (Section 5).!?

Accordingly, the recently calculated potential curves
(surfaces) of benzene are worth examining.”>~'* Actually,
they appear to reinforce the above assumption. Since the
crossing point between the S; benzene (extending to the
virtual So prefulvene) and the Sy benzene is located under
the restriction of C; symmetry, a simple application of the
Jahn—Teller effect?” would predict saddle points at lower en-
ergy that could be continuous to the potential energy surfaces
of the g state of benzvalene. In actuality, their calculations
found the avoided crossing or the cone for the a” displace-
ment, depending on the scale of the computation.’*~!* This
statement is equivalent to saying that prefulvene is not an
intermediate state for the S; to benzvalene interconversion,
though it might be a transient species in the condensed phase,
e.g. for the S, to fulvene reaction.>® Actually, the most re-
cent calculation by Palmer et al.'*d (with their Scheme I,
while finding a shallow minimum of “prebenzvalene”) is
just in conformity to this speculation.

4.1.2. Interconversions Retaining Dg,(M) Symmetry.
Now that the diagram 1is established, we can go ahead to
make a more detailed discussion while appealing to the clas-
sical concepts in the field of radiationless transitions, such
as promoting and accepting modes and densities of states.”®
Just like the case in azines,”” MSG plays an important role
in benzene that belongs to Ds,(M). Suppose that a molecule
is excited into the lowest rotational (0g) level in the 6'13
state of S;. It must belong to an irreducible representation,
Bou xegg Xarg = By, of the Dgp(M) MSG. Without colliding
to another molecule, the system has to retain its symmetry
property in the most period of the Channel 3 decay proc-
ess. (Exception may be at the final step of the decay after
excitation into the “forbidden” component with the long flu-
orescence lifetime.) Therefore, severe restrictions must be
placed upon the couplings. A discussion of this kind was
actually done on Hyy, and Hy, couplings for the case of the
6'1% level based on the molecular point group (MPG).!”
Here, its effect on the effective density of states is examined.
As to the S| benzene, no practical difference is seen in the
descriptions between MPG and MSG, at the zeroth order.
However, this is not the case for the other species. Cer-
tainly, Dg,(M)-type vibronic wavefunctions representing the
hot (highly vibrationally excited) benzvalene can be approxi-
mately represented by linear combinations of vibronic wave-
functions belonging to thar with a point group of C,.” Then,
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due to the enormous difference in the geometry that allows
for significant scrambling, most of the formal selection rule
may be reduced to that of only MSG, e.g., AJ =0 only for
the set of rotational angular momentum quantum numbers,
due to strong effect of the axis-switching (on the non-radia-
tive transition) equivalent to that of H, (Subsection 4.2.1).29
However, in actuality, not all the level is accessible from the
initial state due to the lack of efficient promoting and accept-
ing modes, here again by the enormous geometry change.?®
Therefore, the effective density of states for the final states
may not be as large as that predicted for benzvalene in the
Channel 3 region with an excess energy of ca. 20000 cm™!
(Section 3.2); for vibrational wavefunctions of the efficient fi-
nal states have to be distributed near the saddle point. One of
the most effective coupling modes between the Sq and the iso-
mer may be that with vibrational angular momentum, e.g., [1o
(I16) mode originated from an e, (e2,) type out-of-plane v1g
(v16) vibrations (for benzene),*>> though the other modes
of out-of-plane vibrations such as by, type v4 mode may be
important as well. Imagine a potential energy surface (torus)
containing 6 minima of benzvalenes (belonging to the Cy,
MPG). These species over the minima would convert to one
another, possibly through a combination of vibrational co-
ordinates of the modes, such as /;g + ;5 (for benzene) over
6 barriers, whose saddle points are located near to the feer
of prefulvenes (with shallow minima of prebenzvalenes'*
.19 A similar argument would be applied to the case of
the interconversion from benzvalene (prebenzvalene) to Sg
benzene.

The experiment on the possible isotopically scrambled
photoproducts of 1,3,5-trideuteriobenzene with a negative
result might have been taken to show no involvement of
an isomer, like benzvalene.”® However, this can also be in-
terpreted if we assume the retention of D3,(M) symmetry
during the sequential decay (Section 3.3). Imagine a 1,2,4-
trideuteriobenzene molecule after being relaxed into the So
state, (i.e., over the Sy potential minima of C; symmetry of
MPGQG) belonging to one of the irreducible representation of
the D3, (M) MSG, instead of C;(M). It must be in a highly ex-
cited vibrational state with many quanta of the out-of-plane
vibrations to retain the higher symmetry of Ds,(M). There-
fore, its vibrational density of states must be much smaller
than that of 1,3,5-trideuteriobenzene (of D3, MPG) with the
same excess energy. Furthermore, its C—H stretching vibra-
tions can be good accepting modes for the interconversion (to
the g state of the 1,3,5-substitute). Thus, the Franck—Condon
weighted density of states?® would be much larger for the
1,3,5-substitute than the 1,2,4-substitute. Indirect evidence
of the apparent severe restriction on the so—{s}—{i} cou-
pling, as revealed below (Subsection 4.2.2), that might work
for the partial survival of the scheme so—{s}—{c} may also
be interpreted by MSG in addition to the lack of efficient
modes.

4.2, Interpretation of the Selected Experimental
Data.™ It is still necessary to interpret the experimen-
tal facts, as reviewed in Section 1. This has to be done
based on the theoretical framework, as presented in Section
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3, with full utilization of the knowledge developed above,
including that in Section 2. Only a portion of them are se-
lected, by omitting rather obvious points, as indicated in a
few subsections of Section 2.

4.2.1. Rotationally-Resolved Spectral Data.”  As de-
scribed in Sections 1.1, 2.3, and 3.2, the two sets of data
only suggest complexities in the coupling between light and
dark zeroth-order states with randomly distributed {v;} and
{AE;} values with {i#j} = {so, {s}. {i}}, depending on the
properties and locations of the vibrational levels, as illus-
trated in Fig. 1. It is still necessary to determine whether the
resonance is within S; or extended towards the benzvalene
area (Section 3.2). In the case of the 6'13 state, two facts
are noted: (1) Insufficient density of states (of the zeroth or-
der), at more than one order-of-magnitude (Section 2.3). (2)
Evidence of non-fluorescent transient species (Sections 1.2
and 1.4.3). These can easily be interpreted if we assume the
coupling between {s} and {i} beyond DBO approximation,
at least partially (Section 3; with possible assistance of the
axis-switching). Thus, the dark state may be identified as
rovibronic levels on the ABO potential surface either around
the S; benzene or extended towards benzvalene (or prebenz-
valene). With little evidence of a higher density of states than
that of the 6'1° state (of e, symmetry), the same is expected
for the 14!12 state (of by, symmetry) located only 125 cm™!
above the former. Actually, the larger number (4 x2) of the
available e;; modes than that (2x 1) of the by, or a;; modes
would suggest rather the opposite case,?>!” as appears to be
consistent with the observation.”

One remark may be made on the conceivable alternative
to Hyy (Hcor): The significant axis-switching between S; (so;
The {s} states are not always required to be involved.) and
the isomer ({i}) can predict the same selectivity, letting the
effective density of the final states (belonging to the isomer)
be /pr = ((27+1)/0)p!, (for larger J) with the vibrational den-
sity of state p, and the symmetry number ¢ = ¢, = 6 under
the assumption of Dg,(M) symmetry (Subsection 4.1.2).209

4.2.2. The Non-Exponential Decay.”'®  If the theory
in Section 3 is applied, the observed short (fluorescence) de-
cay component should be interpreted as an average of those
in the incoherent decays of various doorway sg states, i.e.
with various Jy and Kj, including those observed in high
resolution spectra.®® If {c} is not explicitly taken into ac-
count assuming a slow virtual (zeroth order) {i}—{c} de-
cay, as had been done for a {¢t}-~{c} decay in pyrazine, the
doorway state, s, is shown to decay biexponentially with
the ratio of preexponential factors (Ns+1)/N; (< 1).29 Pro-
vided that this is applied for the 6! 1° state with the intensity
ratio, C»/Cy =0.14,° N;~7(Ns;+1) is derived, indicating
apparent severe selectivity for the so—{s}—{i} coupling in
addition to such as those of MSG and AJ =0 (Subsection
4.1.2). Namely, the coefficient of ca. 7 (not > 1) is defi-
nitely against the premise for the scheme of the intermediate
case as symbolically represented by the Fig. 1.*” Therefore,
a large number (Ng+N;—ns—n;+1) of hidden resonances not
detected by fluorescence measurement have to be assumed
for consistency, requiring an explicit involvement of {i} for
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smaller quantum yields, i.e. for faster decay than the direct
S1~+So IC (Section 3.2). By the way, actual evaluation of the
formula to reproduce the decay is not so straightforward; the
intensity ratio between the 7; and 7; components seems to be
strongly dependent on the rotational levels. For example, it is
almost certain that the relative contribution of the forbidden
components to the intensity of the long-lived component is
larger than that of the allowed component. However, in order
to interpret the whole intensity of the long-lived component
by the contribution of the observed bands in high-resolution
spectra, the weight (0.12) on the 7, component (for the 6'1°
case), i.e. the relative value of C, appears to be a little too big
with more than 5-times the ratio between the number of ob-
served transitions (bright resonances, Fig. 5 of Ref. 7¢) and
that of possible transitions (sg) at room temperature: With a
rotational constant, B’ = 0.18 cm™!, i.e. with (J) ~ 40 from
(E(J, k), /B =(5/6)J(J+1)~2(In 2)(200/0.18)~1500, the
ratio is estimated to be ca. 150/(40x80x2)~0.02.2751D
Therefore, most of the 7, component of less than 0.10 (ca.
0.12—0.02) to 0.12 (subject to the uncertainty due to ambigu-
ities while determining individual parameters in kinetics®®)
has to be ascribed to the X state with lifetimes longer than
average, even after excitation into the allowed components
(as appears to be consistent with the observation: Subsection
1.4.319),

The following is a set of conclusions after the elimination
procedures: (1) In spite of the ambiguities in the estimated
numbers (with too many parameters to be set, intuitively), the
combination of speculations in this subsection and in Sub-
section 1.4.3 should be regarded as being sound evidence of
the non-fluorescent transient species that could be identified
with the hot benzvalene (which can be excited into S; by the
probe laser of 4 =272 nm*!®) or else such as prebenzvalene.
(2) The larger contribution of the long-lived species in RE2PI
TOF mass spectrometry compared to that assumed for the flu-
orescence decay, though not thoroughly consistent with the
rise of hot benzene, can be taken as evidence of a hidden res-
onance (Sections 1.2, 1.4.3, and 3.2). (3) The long-lived hot
benzvalene (or prebenzvalene), which has to be accessible
from {s}, but not counted for n; (Section 3.2), nevertheless
non-fluorescent, i.e. with a hint of the transient state for the
isomerization might be what is represented as a group of
wavefunctions to form a wavepacket near the saddle point,
to say more specific, a standing wave trapped in the torus of
benzvalenes'® (Subsection 4.1.2 ; or prebenzvalenes). From
all this, the density of the resonances, observed and hidden
put together, can be assumed to be close to that of the dark
levels, larger than the estimated value based on the spectral
data. It would be rather close to that on the DBO potential
surface (Section 2.4). Almost equivalently, the final state
for the decay of the allowed sy state is believed to be the
{i} states, where the {s} state work as intermediate (virtual)
states for perturbation, though the so—{s}—{i} scheme may
partially survive (Subsection 4.1.2).

4.23. Deuterium Isotope Effect.””  Not much can be
discussed about the D effect described in Section 1.3, except
for pointing out the faster rise in the density of states along
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with an increase in the excess energy in the D substituted
compound than that without D substitution.”*® Namely, even
right after the onset of Channel 3, the statistical limit is
attained due to a sufficient density of states for both {s} and
{i} (and for {c}): All of the light level is coupled to more
than one nearby dark state, and so on. This would allow
the smooth sequential S;~»X~-Sy decay process. This may
also be a reason for the possible difficulty in measuring the
high-resolution spectra of the D substituted benzenes at the
Channel 3 region (with no report in literature) just like the
case in the azines (with only one report®®® ?). By the way,
symmetry numbers of perdeuterated benzene are counted to
be g, = 0; =6, the same as those of perprotonated benzene.?*?

4.3. Transient States Assessed to Exist.  In contrast
to the simple scheme set in Section 3.1, the observed data
indicate rather complex Channel 3 phenomena dependent on
the experimental conditions. In concluding this Section 4,
the presumed (observed) transient states are listed below:
(1) The doorway state N, as defined in the first paragraph
of Section 3.2.2 As stated in Subsection 4.2.2, the short-
lived component (0.25 ns) of the biexponential decay has to
be ascribed mostly to this state (so) with slight contribution
from the {s} states, though we have to assume hidden res-
onances to which it dephases. If the number of the bright
resonances, ng, is large enough, this would be observed as
(not so fast) IVR followed by the very fast decay processes
(in view of kinetics, Section 3.2). Actually, the single ex-
ponential decay observed at higher excess energy (> 4500
cm™ 1)’ can easily be interpreted assuming this situation of
the statistical limit. (2) The bright (observed) resonances
described as the forbidden components with distributed life-
times 7’s (log (7/ns) = 0~1) for the 6'13 state.”® (3) The
non-fluorescent transient species assessed to be observed
with lifetimes 7’s (log (z/ns) ~0.5) for the 6113 state.%%!®
This is believed to be ascribed to hidden resonances, though
not fully, i.e. most probably to the hot benzvalene or less
probably to (hot) prebenzvalene, considering the estimated
density of states (Section 3.2).

5. Concluding Remarks

In concluding this paper, one comment should be made
concerning the proposal by Riedle et al.,” as illustrated
by their Fig. 4 in Ref. 7b that appears to be approved by
Hornburger et al.'” and Rashev.'” Actually, their scheme is
what can be described by the present theory, just by remov-
ing {i} from the scheme, i.e. by replacing {i} in Fig. 1 with
{c}. Thus, Ns+1 resonances with distributed peak locations
{E;} and widths {I}} as defined by Eqs. 23 in Part II are
predicted. Different from the case of pyrazine (—dp; not
—dy)'™ these resonances might be overlapped with one an-
other, though no evidence of the interference like the Fano
effect to exhibit the asymmetric line shapes is noted so far.”
The observed lines on the broad background in the high-
resolution spectra could be easily interpreted by resonances
with exceptionally small widths, /;. The most significant
drawback in their scheme was the difficulty in interpreting
the predicted density of states, p,. However, this difficulty
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can be easily removed by introducing the isomer levels into
the scheme, either directly or indirectly. Namely, N;+1 is
now replaced by Ng+N;—n;+1 (Section 3.2).

Through Sections 3 and 4, the Channel 3 problem is suc-
cessfully answered in a self-consistent form. However, ques-
tions still remain especially on the details. For example, even
the nature of the (allowed) resonance, e.g. whether it is on
the DBO potential or on the ABO potential (Section 3.2), is
not well established, though the author’s preference is to the
latter at least for the allowed component (Subsection 4.2.2).
This is probably dependent on the excited energy level, 5o, i.e.
on the quantum numbers, vy and ry (Jo, Ko) (Do not confuse
with go: Section 3.2), as will be the subject for future study.
Also the scheme with the direct coupling of sq to {i} assisted
by the axis-switching (Subsections 4.1.2 and 4.2.1) without
passing through or mediated by {s} is one of the alternatives
that may not be discarded. Though benzvalene (including
prebenzvalene) is chosen as a plausible candidate for the
intermediate species, the other possibilities may not be com-
pletely disregarded. This is almost obvious by just imaging
complex multidimensional potential surfaces involving the
S7 and Sy benzene and the various benzene isomers (never
calculated so far). The followings gives conclusions that [
derived concerning possible alternative isomers while play-
ing with a molecular model flexible enough to convert into
the various benzene isomers and keeping the knowledge in
the literature such as Refs. 2, 3, 4, 5, 15, 28, and 29 in my
mind:

(1) Prefulvene. This appears to be a chemical species
with a well-defined biradical-type chemical formula. (If you
manipulate a molecular model of benzvalene to convert it into
another form of benzvalene, prefulvene may be affirmed as
an intermediate transient structure.) However, as discussed
in Subsection 4.1.1, it is not stable in view of both the energy
and the shape of the (ABO) potential surface. Actually, no
evidence of prefulvene is noted in vapor phase, though it
could be an intermediate species for the isomerization in the
condensed phase (Subsection 4.1.1).

(2) Dewar benzene. This is the strongest alternative to
benzvalene. However, the latter was judged to be more
probable, as described above, e.g. in Subsection 4.1.2.

(3) Fulvene. This is the most stable benzene isomer
(next to benzene). However, isomerization reactions of this
molecule o and from benzene require “rearrangements” of
chemical bonds in both directions in contrast to the cases of
valence isomers, i.e., benzvalene and Dewar benzene (with
no cleavage of o bond in the reactions from benzene). There-
fore, location of a crossing surface of DBO type potential
surfaces between benzene and fulvene would be extremely
high as was already discussed. (The other isomer has to work
as a mediator.)"* >

As an almost obvious conclusion, more detailed studies
concerning both experimental and theoretical aspects, while
paying attention to the schemes like that developed here, will
be required to obtain further insight into this problem. One
of the most desired experiments may be observations of the
fluorescence decay curves after excitation into the individ-
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ual rotational levels using a transform-limited ps laser that
played an important role in the case of pyrazine.?®*” Then,
dephasing into Ng+N; —n;+1 resonances, for both the allowed
and forbidden components, could be detected in the non-ex-
ponential decay. Since little information has been obtained
for the broad structureless absorption band, i.e. for the for-
bidden component except for the indirect evidences of the X
state, this would be a valuable experiment to perform. As
for theory, new kinds of devices, i.e. new kinds of concepts
or mathematical formulas should hopefully be developed
for a better description, in addition to larger scale compu-
tations. In this respect, a “classical wavepacket” dynamics
calculation, as applied for benzene, should be noted: Most
trajectories after decay via an S;/Sy conical intersection were
shown to lead back to Sy benzene without reaching the re-
gion of the prefulvene intermediate.'*® Though this does not
take account of the D¢, (M) symmetry, it may give some idea
complementary to the quantum mechanical description just
made above based on the classical concepts of radiationless
transitions (Subsection 4.1.2).
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