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Summary

The low-lying A states of trans-stilbene are investigated by means of
two-photon excitation spectroscopy. The experimental findings are com-
pared with theoretical results. From the combined information of one-
and two-photon spectroscopy we can assign at least seven excited singlet
states in the energy range below 50 000 cm™!. The newly obtained informa-
tion is discussed with regard to the mechanism proposed for the photo-
isomerization of stilbene.

1. Introduction

The photoisomerization of stilbene certainly belongs to the most
extensively studied photochemical reactions. The detailed understanding
of this reaction has always been regarded as a major goal by photochemists
and photophysicists. The model now generally accepted to describe the
basic pattern of the photoisomerization of stilbene along the singlet pathway
has been proposed by Orlandi and Siebrand {1]. In this model the first
excited singlet state 1B, which gives rise to the first strong absorption band
at about 30000 cm™! in the UV spectrum of trans-stilbene, is assumed to
increase in energy when the angle ¢ of rotation around the central double
bond increases (Fig. 1(a)). However, since the ground state of the trans form
correlates with a doubly excited configuration of the cis form and vice versa,
an avoided crossing must take place near ¢ = 90°. This avoided crossing
causes the well-known barrier in the ground states S, (about 49 kcal mol™!
for trans — cis isomerization [2]) and thus inevitably leads to a low-lying
excited A state in the vicinity of ¢ = 90°. This state has been called the
“phantom state’ lp** (where p stands for perpendicular) by Saltiel et al.
[3]. In the Orlandi—-Siebrand (OS) model the corresponding state is termed
S2 since it is assumed to lie above 1B at ¢ = 0° and ¢ = 180°. At ¢ = 90°,
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Fig. 1. Possible models for the photoisomerization of stilbene (see text).

however, S2 is expected to be the lowest excited singlet state as shown in
Fig. 1(a). Photoisomerization is then believed to proceed via a non-adiabatic
transition between the two potential surfaces followed by rapid internal
conversion to S, in the vicinity of ¢ = 90°.

The OS model explains quite well a variety of experimental observa-
tions {1, 2 -12] especially the appearance of a barrier which has to be
overcome when isomerization starts from the lowest excited singlet state of
the trans form (experimental value of about 3.5 kcal mol~! in the gas phase
[11] as well as in solution [{10]). A major disadvantage of the OS model,
however, is that it makes use of states we do not know experimentally. In
particular, we do not know to which excited A state of the trans or cis form
1p** really corresponds. The lowest excited A state (2A) of the trans and cis
form most probably does not correspond to !p**. In going from ¢ = 0° and
¢ = 180° towards ¢ = 90° the 2A state is expected to increase in energy in
a similar way as does 1B [13 - 18] (Fig. 1(b)). Thus, we have to anticipate
an avoided crossing between this A state and the S2 state of the OS model.
The latter probably corresponds to one of the higher excited A states in the
trans and in the cis form. The avoided crossing may well cause a barrier in
the lowest excited A state 2A itself, as shown in Fig. 1(b). The question
then arises whether the experimentally observed barrier [6, 10, 11] is
really due to the non-adiabatic crossing from 1B to 2A or probably due to
the barrier in 2A.

To gain a better insight into this puzzling situation, we have investi-
gated the two-photon excitation (TPE) spectrum of trans-stilbene in the
energy range 29000 - 49 000 cm™!. This spectrum should yield information
specifically on states of symmetry A. We have also studied the polarization
of the one-photon spectrum of stilbene and a closely related compound to
clarify some inconsistencies in connection with the assignment of the second
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UV band. The spectra obtained are compared with earlier measurements of
two-photon absorption [19, 20] and with the results of calculations. Finally,
the implications on the OS model are discussed.

2. Experimental details

The UV spectra were measured on a UV spectrometer Beckmann Acta
V1. For the spectra measured at 77 K a commercially available low tempera-
ture cell was used.

The polarization of the one-photon excitations was studied with the
method of luminescence polarization [21]. The degree P of polarization
obtained with this method is related to the angle « between the transition
moments of emission and absorption by
3 cos?ax—1

cos?a + 3

Under ideal conditions (no overlapping bands, no vibronic perturbation) P
is 0.5 for parallel and —1/3 for perpendicular oscillators. P was measured as
a function of the excitation energy (the absorption polarization spectrum)
with a home-made instrument [22] following the method introduced by
Dehler and Dorr [23].

TPE spectra for circularly polarized laser light and linearly polarized
laser light with two-photon cross sections 6z and 61+ respectively were
obtained with an experimental set-up which is described in detail in ref. 24.
Data points were taken in steps of 5 A in the range 4000 - 6800 A. The
sample was trans-stilbene in ethanol solution (about 1073 M) at room tem-
perature. The two-photon polarization parameter

which can only have values in the range between 0 and 3/2 was used as a
symmetry indicator [25].

The symmetries for different geometries of stilbene are given in Table
1. When only next-neighbour interactions and the orientation of the 7 lobes
are considered, higher symmetries (D,,, D, and D,,) are derived, which we
refer to as ‘‘topological symmetries’’. For a molecule such as stilbene, where
the deviation from the topological symmetry is not very large, the electronic
states clearly resemble those in the corresponding higher symmetry.

The components of the two-photon transition tensor transform as the
products of the coordinates. For all final states with B symmetry the diago-
nal elements of the two-photon transition tensor vanish. All allowed two-
photon transitions to final B states should therefore have an {2 value of 3/2
[25]. For allowed two-photon transitions to final A states usually a much
lower 2 value is found, often close to 2/3 [24, 26]. This value indicates
that one diagonal element is dominant [25, 27]. For molecules belonging to
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TABLE 1

Symmetries for the different possible geometries of stilbene?

Molecular symmetry

Can (¢ = 0°,0 = 0°, 180°)

A, A, B, B,
x2, y2, 22, xy z xz, yz x, ¥
A B

2, x2, y2, 22, xy X, y, X2, ¥z

A, A, B, B,

z, x2, y2, 22 Xy x, Xz ¥y, yz

Topological symmetry
Doy (¢p=0°,6 = 0°, 180°)

Ag Bijg By Bag Ay By, Bz By

1;1---«
|
+
>
2
_N
<
ul\)
N
[ ]
|
N
2
=

xy xz yz

D, (¢ * 0°, 90° 180°
and/or 8 = 0°, 180°)

A Bg Bz B3

: 8 : x2,y%, 22  z xy @y xz @ x yz

Doy (¢ = 90% 8 = 0°, 180°)
A A, B, B, E

x?+y2 22— x2—y?2 oz xy x, ¥ X2, y2

20nly symmetrical twists of the phenyl rings are considered. The x axis is taken in the
direction of the central C=C bond. Thus the x axis is the same for all possible geometries.
It should be noted that this leads to an unconventional labelling of the axis in cis-stilbene.
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point groups C,, and C,, however, the tensor element which transforms as
xy belongs to A, and A respectively. If this element is dominant for a given
transition, the §2 value will be close to 3/2 in spite of the fact that the final
state is an A state. This may happen if the final state evolves mainly from a
state which is B4, B; or B, in the corresponding topological symmetry.

In solution the ground state of trans-stilbene is certainly not planar.
The angle 8 by which the phenyl rings are twisted with respect to the plane
of the central double bond is assumed to be somewhat smaller [13, 28]
than in the gas phase (8 = 33° [29]). As a result of this non-planarity the
mutual exclusive selection rules for one- and two-photon allowed transitions
which hold for planar trans-stilbene (point group, C,;) are no longer valid
and two-photon transitions to those final B states which are responsible
for the prominent bands in the one-photon spectrum [13, 28] may gain
some intensity.

3. Calculations

To support our interpretation and assignment of excited singlet states,
we have performed complete neglect of differential overlap/S (CNDO/S)
calculations, both in the original [30] and in an extended [27, 31] version
(Table 2). The standard CNDO/S procedure was employed with 60 singly
excited configurations using the Mataga—Nishimoto approximation [32]
for electron repulsion integrals (SCI/M 60). The extended scheme includes
200 energy-selected singly and doubly excited configurations (SDCI) and
makes use of the Pariser—Parr formula [33]. All other parameters in both
procedures are taken from the final parameter set of the CNDO/S method
[834]. Two-photon cross sections are calculated using a value of 5 X 10715 s
for the line shape function [27].

The results of two SDCI calculations are presented for planar trans-
stilbene: one in which only w#* excitations are included (SDCI/P 2007#™*)
and one which also takes into account other excitations (SDCI/P 200). The
SDCI/P 200nn* scheme was found to give very valuable two-photon cross
sections in recent applications [26]. The input geometry was obtained from
X-ray data [35]. The differences between the two calculations are only
minor. In the SDCI/P 20077™* calculation the excitation energies are shifted
more or less parallel by approximately 2500 cm™! towards higher energy as
a result of the stronger stabilization of the ground state (a discussion of
this problem is given in ref. 16). As in the other examples studied recently
[26] the calculated absolute 8§ values become smaller with extension of
the configuration interaction, but the relative values do not change very
much.

To study the influence of non-planarity, results of an SDCI/P 200 cal-
culation with phenyl rings twisted symmetrically by 6 = 20° are given in
Table 3. The bond lengths and bond angles are the same as in the planar
form. For the lowest eight excited states the influence of non-planarity is
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TABLE 3

Calculated excitation energies E and transition parameters for & = 20°

Symmetry SDCI/P 200
E f 11 Q D (%)
(X103 ecm™!) (X107 cm? 5)

1A 0 — — — 1
1B* 36.1 0.90 0.0001 1.50 1
2B~ 38.1 0.007 0.21 1.50 2
2A” 38.1 0.0007 1.0 1.50 2
3AY 42.4 0.0002 8.1 0.77 1
4A™ 48.1 0.0001 197 0.75 21
3Bt 46.9 0.49 0.03 1.50 1
5A* 50.9 0.11 0.07 0.97 7
4B* 51.2 0.74 0.01 1.50 7
5B 52.7 0.12 0.24 1.50 12
6B 54.0 0.09 0.08 1.50 1
7B 56.2 0.22 0.23 1.50 5
6A 57.2 0.001 7.4 1.36 15
8B 57.3 0.03 1.4 1.50 17
TA 57.7 0.0002 49 0.88 5
8A 58.1 0 14 0.85 2
9A 58.4 0 6.3 0.84 2
10A 58.6 0.0002 129 0.83 15

small in contrast with the results obtained by Olbrich [18]. Only in the
region where the first on* excitations appear in the planar form (1B; and
2B,) do deviations between the two calculations become obvious. As ex-
pected, two-photon transitions to states evolving from B, states of the planar
trans form are no longer forbidden but their intensity is still very low.

As far as possible a pseudoparity classification ‘“‘plus’ or “minus” is
assigned to the low-lying excited states [36] in spite of the fact that the
pairing theorem does not hold in the CNDO/S method [37]. No multiplicity
index is supplied with state symbols since we deal only with singlet states

in this study (for information on photoisomerization along the triplet
pathway see refs. 2 and 3).

4. Results

The TPE spectrum of trans-stilbene is shown in Fig. 2. In Fig. 3 the
TPE spectrum is compared with the one-photon spectrum on a logarithmic
scale. Included in Fig. 3 are the UV spectra of trans-stilbene and trans-
indanylidenindane measured in 3-methylpentane at 77 K. In trans-indanyl-
idenindane the angle 8 is expected to be close to zero because of the pres-
ence of the five-membered rings. The UV spectra of trans-stilbene and trans-
indanylidenindane are very similar (only the vibrational structure is more
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Fig. 2. TPE spectra of trans-stilbene: (a) two-photon polarization parameter £2; (b)
excitation spectrum for linearly polarized photons of equal energy (811 17 is in arbitrary
units; 7} is the fluorescence quantum vield).

pronounced in trans-indanylidenindane as a result of the more rigid skeleton)
in accordance with the theoretical prediction that torsion of the phenyl
rings up to about 30° has only a minor influence on the calculated spectrum.
The three bands in the UV spectrum of trans-stilbene are labelled I, II and
IIT instead of the usual labelling A, B and C since the latter may cause
confusion with the symmetry assignment.

The absorption polarization spectra of trans-stilbene and tragns-indanyl-
idenindane could be measured down to the beginning of band II (Fig. 3).
Over the whole range of band I the degree P of polarization is nearly con-
stant and close to the limiting value of 0.5 for both compounds. This indi-
cates that vibronic coupling via non-totally-symmetric vibrations only makes
a small contribution to the intensity of band I. At the beginning of band II
P drops to a value of 0.1. This value corresponds to an angle & between
the transition moments of transitions I and II of about 45°. « is most prob-
ably even greater, since perturbations always reduce the absolute values
of P. A similar result (o= 53°) was found by Yogev and Margulies [38]
from measurements of the dichroism of 4,4'-dimethylstilbene embedded
in stretched polyethylene foils. The decrease in P at the beginning of band II
is even more pronounced in trans-indanylidenindane. The measured P value
of —0.06 corresponds to an angle of about 60°. Band III again is polarized
mainly in the direction of the long axis [38].

The TPE spectrum shows three distinct bands (labelled a, b and c)
below 44 000 cm™!. Towards higher energies we observe some structure be-
tween 44 000 and 47 000 cm ™! (band d) and a strong increase in two-photon
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Fig. 3. (a) One- and two-photon absorption of frans-stilbene at room temperature (sol-
vent, ethanol) ( ) and absorption and absorption polarization gpectra of trans-stilbene
(- - --) and trans-indanylidenindane (—- —) at 77 K (solvent, 3-methylpentane); (b) two-
photon polarization parameter (room temperature; solvent, ethanol).

absorption above 47000 cm™! (e). The energy distance between this
increase and the onset of band I corresponds perfectly to the onset of the
transient absorption observed by Greene et al. [9].

The intense band ¢ around 40 500 cm ™! has been observed in an early
investigation by Stachelek et al. [19] and also later by Fuke et al. [20], but
no structure was seen by these researchers. The absolute two-photon cross
section at 39000 cm™! was determined to be 12 X 1075 cm? s (photon
molecule)™ [39]. This leads to about 14 X 1075% cm* s (photon molecule)™!
for the maximum at 40 500 cm™!, with the assumption of a constant fluores-
cence quantum yield 77. However, Fuke et al, [20] have compared the TPE
spectrum with results obtained from the thermal lensing method. From this
comparison, they concluded that the quantum yield drops by a factor of
about 10 between 38 000 and 44 000 cm™!. From the data given by Fuke
et al. a band maximum at about 42000 cm™! and a cross section of about
60 X 1075 cm* s (photon molecule)™! are estimated.
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Stachelek et al. [19] assigned the strong two-photon allowed band
around 40500 cm™! (band c in our notation) to the 1A, ~> 2A, transition.
This assignment was questioned by Orlandi et al. [17] since they find
another low-lying A_ state in their theoretical study. Orlandi et al. [17]
assign band c to 1A; = 3A;. Our spectrum reveals two bands (a and b) at
lower energies than band c. Most of the intensity of these two bands must
result from transitions into A states since {2 remains below 1.0 over the
whole spectrum. As discussed earlier, transitions to B states must lead to
maxima in £2 (see Table 1). The shallow maximum in the £ curve between
32500 and 35000 cm™! may be due either to a B state which gains some
two-photon intensity because of the non-planarity of the molecule or to an
A state for which the cross section is dominated by the xy element of the
two-photon transition tensor.

Finally we have to deal with the possibility that band a is not really
connected with an excited state of symmetry A. Since the onsets of one-
and two-photon absorption are very close, band a could in principle be
related to 1B, the state responsible for band I in the one-pheton spectrum.
If this is true, nearly all the two-photon intensity must result from vibronic
coupling induced by b vibrations. However, on the basis of the measured
absolute 8 value at 39000 cm™! [39] the cross section found for band a
exceeds 1 X 1075¢ cm*? s (photon molecule)™!. Such a value is fairly high for
a purely vibronically induced two-photon transition. High resolution low
temperature measurements are being carried out to clarify this subject
further.

5. Discussion

To compare our experimental results with the outcome of theoretical
investigations, we describe the low-lying excited states of stilbene in the
framework of the exciton model [40]. A similar description has been used
in the pioneering work of Dyck and McClure [13] and later also by Orlandi
et al. [17]. In the exciton model the excited states of a molecule which
consists of several well-defined subunits are described as linear combinations
of the excited states of these subunits. To obtain sufficient quantitative
results excitations from one subunit to the others must be included (charge
exchange type of excitations) [40, 41] in addition to the local excitations.
To characterize a low-lying excited state, however, it is usually sufficient to
specify only the most important contributions from the local excitations.
The main advantage of such a characterization is its independence of the
calculated energetic order, a fact specifically helpful in comparing results
of different theoretical treatments.

To establish how to characterize the low-lying excited states of trans-
stilbene, we start with two benzene molecules in the correct orientation
(Fig. 4(b)). If only interactions via long-range Coulomb forces are included,
the resulting combinations of the local excited states L,, L, and B, of
benzene (Fig. 4(a)) split as shown in Fig. 4(b). The same nomenclature is
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Fig. 4. Electronic energy levels of trans-stilbene as derived from those of two benzene
molecules and ethylene. The symbols on the right-hand side show the final assignment.

used as in the paper of Orlandi et al. [17], e.g. +L, = 27V?{L,(phenyl 1) +
L.(phenyl 2)}. As long as D,, symmetry is retained, the nr* excited states of
the ethylene moiety E can interact only with the B3, combinations —L, and
—B, (Fig. 4(c)). The states thus derived from the exciton model are then
correlated with those obtained: from our SDCI/P 20077* calculation (Fig.
4(d)). Since the deviation from the idealized topological symmetry D, is
not very large the mixing between the B,, and B;, states (which both
become B, in C,, symmetry) as well as that between the B,; and A, states
(which both become A;) are not very strong. Correspondingly the calculated
transition moments for the B,,-derived states are still oriented mainly paral-
lel to the “long” axis of the molecule whereas the transition moments of
B,,-derived states lie more parallel to the ‘‘short’’ axis. A similar result has
been found in other calculations. The results of several calculations are
listed in Table 4.

In all the calculations except those of Olbrich [18] the lowest excited
B state is —L, + E. Since the calculated transition moments indicate 1A —
—L, + E to be fully allowed this transition is usually assigned to band I.
—L,, can never be associated with this intense band since it is a combination
of nearly unperturbed local L, states. The transition 1A — —L, is expected
to be weak and preferably polarized perpendicular to the long axis in con-
trast with the experimental findings [38].

In spite of the vigorous theoretical and experimental investigations of
the one-photon spectrum of trans-stilbene the assignment of bands II and
III still causes problems. In most of the more recent publications [14, 42 -
44] band II is assigned to 1A - —B, + E and band III to 1A - —B,,. Fol-
lowing this assignment band II should be polarized mainly parallel and
band III more or less perpendicular to the long axis. This clearly contradicts
the experimental observations discussed in Section 4. We therefore have to
look for a different explanation.
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The only reasonable assignment which is in accordance with polariza-
tion in the direction of the short axis for band II is 1A > —B,,. The cal-
culated angle between the transition moments of 1A —+—B, and 1A —>
—L, + E is 55° for planar trans-stilbene. This value compares quite well
with the experimental data.

For band III we are then left with two different possibilities.

(a) Band III results from 1A - —B, + E. Such an assignment has been
discussed in earlier investigations [28, 45] but among the more recent
calculations only the ab initio calculation of Orlandi et al. [17] with its
unrealistic high excitation energies yields such a result.

(b) Band III is due to transitions to the states 5B, 6B and 7B. These
evolve from the 1A, — 5B, transition of the planar system (see Tables 2 and
3). All three are polarized mainly in the direction of the long axis.

As a consequence of assignment (b) it has to be assumed that band I is
a superposition of the transitions 1A - —L, +E and 1A - —B, + E. Since
both transitions are polarized parallel to the long axis such a superposition
does not contradict the nearly constant polarization found for band I.

For the following reasons we favour assignment (b).

(i) If assignment (a) is correct, different semiempirical methods, which
usually describe the order of low-lying one-photon allowed transitions of
conjugated 7 systems quite well, all predict the wrong sequence.

(ii) Assignment (b) is in accordance with the close energetic neigh-
bourhood of the states 4A (+B,) and 3B (—B, + E) predicted by our cal-
culations.

(iii) Since —B, is the second combination of benzene states which
strongly interacts with the nn* excited state of the ethylene moiety 1A —
—B, + E (the second conjugation band in Suzuki’s terminology [28]) is
expected to lie at lower energies than 1A - —B, and not at higher energies
(Fig. 4).

From the low-lying excited states of symmetry B we are now only left
with —L,,. There is no reason to assume that this state lies at higher energies
than L, in benzene itself. This gives an upper limit of about 38 000 cm™!
or 4.7 eV. Correspondingly most of the calculations yield —L,, as the second
B state but the energetic distance from 1B varies between nearly 0 and 0.5
eV, when the unrealistic high energy values found by Orlandi et al. [17] are
disregarded. Several hints can be found in the literature [15, 38], which
confirm the existence of a weak transition polarized in the direction of the
short axis, which is hidden under the strong band I.

For the states of symmetry A the most convincing assignment is to
correlate the intense two-photon absorption (band c) around 40 500 cm™!
with the third excited A state, +B,. This differs from the assignment given
by Orlandi et al. [17] who correlated this band with the second excited
A state +L,. However, only the experimental spectrum of Stachelek et al.
[19] was available to Orlandi et al. [17] and they did not know that two
other bands appear in the TPE spectrum below that around 40500 cm™!.
In addition Orlandi et al. did not calculate two-photon cross sections. The
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qualitative estimate of two-photon intensities given by these researchers
holds as well for +L, as it does for +B,. In the Pariser—Parr—Pople approxi-
mation, however, +L, is a “‘plus’’ state. Thus the 1A — +L, transition should
be forbidden in the limit of perfect pairing [36, 46]. +B,, in contrast, is a
‘“minus’’ state and the two-photon transition 1A — +B, is allowed under
pseudoparity selection rules [47].

If band c is assigned to 1A — +B, the natural assignment for band b
is 1A = +L,. The ratio of the calculated two-photon cross sections as well
as the calculated £2 values are in excellent agreement with experiment,
especially if we take into account the observation of Fuke et al. [20].

Finally we have to deal with the assignment of band a. All calculations
and even the old qualitative discussion of Dyck and McClure {13] predict
the lowest excited A state to be +L,, which again is a ““minus’’ state. From
our calculations we obtain a two-photon cross section of about 1 X 1075°
cm* s (photon molecule)™ and an 2 value of 1.5 for the corresponding
transition. The latter value clearly shows that the xy element of the two-
photon transition tensor is dominant in this case in accordance with the
B,; character of +L,, in the topological D,;, symmetry. In the experiment
we do not find an £ value of 1.5 but we observe the shallow maximum be-
tween 32500 and 35000 cm™!, showing that there is at least some of the
theoretically predicted intensity. We therefore conclude that most of the
two-photon intensity observed between 32 500 and 35 000 cm™! results from
the transition 1A — +L, but that the long wavelength part of band a is due
to vibronic coupling.

Because of the high density of calculated states with energies higher
than 6 eV, we do not attempt to make definite assignments for structures
d and e. Candidates are the higher excited A states (6A - 10A) listed in
Table 2. Because of the non-planarity of trans-stilbene in solution, strong
mixing between on* and ww* excitations is probable in this energy range
(the results for 8 = 0° and 6 = 20° should be compared in Tables 2 and 3).
The closely spaced states 7A - 10A account quite well for the strong increase
in two-photon absorption observed above 47 000 cm™?! (e). The calculated
oscillator strength (0 = 20°) for a transition from the lowest excited singlet
state 1B into this group of A states is about 0.1. For all lower-lying S, = S,
transitions except S, = 4A the calculated f values are very small. The f value
calculated for 1B = 4A is about 0.3. Thus, a transient absorption should be
dete::table around 10000 cm™! in addition to that observed around 20 000
cm - [9).

6. Implications to photochemistry

The analysis given above requires a modification of some details of the
OS model. As mentioned in Section 1 it is generally accepted that the
lowest electronically excited state in the vicinity of the perpendicular con-
formation (¢ = 90°) is an A state. As mentioned earlier this state is termed
1p** by Saltiel et al. [3]). In going from the perpendicular conformation
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1A 1
9=0° b=90° ¢=180°
trans s

Fig. 5. Modified version of the OS model. The curves for the excited states are not

extended towards ¢ = 180° since enough experimental information is not yet available
for the cis form.

to either the trans or the cis form the energy of p** increases. However,
to which excited state of these forms does 'p** really correspond? From
our findings together with the results of the theoretical investigations it is
most probable that 'p** corresponds to the third excited A state (4A) of
trans-stilbene, as shown in Fig. 5. The calculations of Tavan and Schulten
[16], Orlandi et al. [17] and Olbrich [18] all show that the lowest excited
A state (2A) increases in energy with increasing ¢ starting from ¢ = 0°. A
similar behaviour is indicated in the calculations of Tavan and Schulten [16]
and Olbrich [18] for 3A. In our calculations 4A is the first excited state
which contains larger contributions of doubly excited configurations,
contributions which are expected to become dominant in 'p**. The most
convincing argument in favour of a direct correlation between 4A of the
trans form and !p** is the observation of Fuke et al. [20] that direct popu-
lation of 4 A leads to a drastic decrease in the fluorescence quantum yield.
The correlation of 4A of the trans form with 'p** leads to two avoided
crossings between ¢ = 0° and ¢ = 90° which most probably introduce a
barrier towards rotation around the central double bond in the lowest
excited A state (2A) (Fig. 5). This immediately leads to the question raised
in Section 1 about the nature of the experimentally observed barrier. If the
0-0 transitions of 1B and 2A are close together, as indicated by one calcu-
lation, the observed barrier may be directly related to the barrier in the
lowest excited A state. If, however, 2A lies about 2000 cm™! above 1B, as
estimated from our low resolution spectra, the barrier must result from the
non-adiabatic crossing of 1B and 2A. In this case the crossing must occur
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at relatively high twist angles ¢. To decide between these two possibilities
it is absolutely necessary to localize precisely the ZA state of the trans form.
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