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We have recently studied the excited states of the simplest aryl olefin styrene (Bearpark, M. J.; Olivucci, M.;
Wilsey, S.; Bernardi, F.; Robb, M. A.J. Am. Chem. Soc.1995, 117, 6944-6953) at the CASSCF / 4-31G
level of theory. Full geometry optimization was shown to be essential in characterizing decay funnels for
internal conversion (activated) and intersystem crossing (activationless) processes in this molecule. Here,
we demonstrate that the CASSCF potential energy surfaces for styrene excited states can be simulated to an
acceptable level of accuracy using a hybrid molecular mechanics-valence bond method (MMVB), which is
many orders of magnitude less expensive computationally than CASSCF. The nonradiative deactivation of
styrene and indene from S1 is compared. Because ethylene torsions are restricted, the mechanism proposed
for styrene S1 decay (involving S1/T2, T2/T1, and T1/S0 surface crossings) is much less likely to occur in
indene. The existence of both S2/S1 and S1/S0 conical intersections is consistent with the lack of fluorescence
observed after exciting indene to S2 in the gas phase and suggests that rearrangement reactions may be due
to vibrationally excited S0*.

Introduction

The photophysics of aryl olefins such as styrene1,1 stilbene,2

R,ω-diphenylpolyenes,3 and tetraphenylethylene4 has been
studied using time-resolved spectroscopic techniques, and
differences in excited state behavior have emerged that cannot
be accounted for using the standard model of decay at a
perpendicular funnel.5 For example, the S1 f S0 decay ofcis-
stilbene can take place in less than 150 fs,2b a factor of∼1 ×
105 faster than in styrene,1b which suggests that the respective
potential energy surfaces have a markedly different topology.
Previous theoretical investigationsssemiempirical6 and ab

initio7swere limited by the fact that full geometry optimization
of critical points on excited-state potential energy surfaces could
not be carried out. Recent CASSCF work has demonstrated
the importance of relaxing geometric constraints,8 particularly
in the search for unavoided surface crossings (conical intersec-
tions9) at which decay can be fully efficient.9m For example,
calculations for the H4 system10 anticipated the location of S1/
S0 surface crossings in ethylene+ ethylene (rhomboidal
geometry8a,b) and butadiene (twisted perpendicular geometry8d).
Decay at a pericyclic minimum had previously been assumed,11

although the energy gap at such a geometry in butadiene is∼70
kcal mol-1.
In the case of styrene1,12-18 we have recently demonstrated8i

that changes in bonding within the benzene ring following
excitation cannot be neglected,5 as the two mechanisms for S1

decay set out in Scheme 1 (where1a, 1b, 1g, 1h, and1m refer
to optimized geometries of Figure 1 that we shall discuss
subsequently) show. The lowest energy pathway to efficient
internal conversion (IC) is via an S1/S0 conical intersection that
results from a distortion of the benzene ring alone8h (Scheme
1, left). Decay at this point is an activated process; a vibrational
excess energy of∼3000 cm-1 is required, the same as that for
the “channel 3”, which precludes S1 fluorescence in benzene.19

No cis-trans isomerization is detected experimentally at these
energies.12a Alternatively (Scheme 1, right), with little vibra-
tional excess energy, intersystem crossing (ISC)1,13 competes
with fluorescence14 because S1 and T2 are approximately
degenerate in the region of the S1 planar minimum. Decay from
S1 to T2 is followed by fast T2/T1 IC, leading to ISC in the
region of the twisted minimum on T1 where S0 is approximately
degenerate and cis-trans isomerization can occur. In addition,
adiabatic cis-trans isomerization can take place on S1 at
intermediate excess energies, but IC at a twisted minimum5 (not
shown in Scheme 1) is unlikely because the S1 f S0 energy
gap is so large (∼70 kcal mol-1 8i).
Full geometry optimization at the CASSCF/4-31G level of

theory was essential in characterizing the structures along both
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reaction paths for styrene8i shown in Scheme 1. Ethylene torsion
without ring relaxation was insufficient (cf. ref 1). However,
such calculations are not yet practical for aryl olefins with two
or more aromatic rings because of the large number of electrons
that must be correlated. For this reason, we have developed
the molecular mechanics-valence bond (MMVB) method,20

which can be used to simulate CASSCF/4-31G calculations for
covalent states of conjugated hydrocarbons inexpensively.
MMVB has previously been used in conjunction with CASSCF
to model the decay dynamics of benzene,19 fulvene,8k and
azulene8j and to predict the existence of a benzene-like conical
intersection in [18]annulene.8l In this paper, the aim is to show
that the topology of the covalent excited states of styrene
determined with MMVB and CASSCF is the same and that the
mechanisms for excited-state decay (Scheme 18i) are reproduced
quite well from MMVB calculations alone. MMVB is therefore
a useful tool for predicting the behavior of the excited states of
larger aryl olefins, where CASSCF calculations are presently
impractical. As an illustration, we use MMVB here to contrast
the behavior of the excited states of styrene and indene221-25

in which the additional-CH2- group hinders ethylene torsion.
The consequences of this constraint for the decay of S1 indene
are evaluated.

Computational Details

MMVB 20 is a hybrid method that uses the MM2 potential26

to describe an inert molecularσ-framework. Active electronss
those involved in conjugation and newσ-bond formationsare
represented by a Heisenberg Hamiltonian27 in the space of
neutral valence bond configurations. Because of this, MMVB
can only describe covalent states, which for styrene means that
the twisted ionic minimum labeledk in ref 8i cannot be
considered here. This intermediate is not directly involved in
S1 decay1,7b,8i but may be responsible for the dual fluorescence
of styrene that can be observed.12 Ionic contributions are not
neglected completely in MMVB; their effect is included by
virtue of the parametrization against CASSCF computations.20

The S1/S0 gap for the covalent twisted minimum labeledf in
ref 8i may nevertheless be overestimated.

A general set of molecular VB parameters (derived from
CASSCF/4-31G calculations) are presently available for sp2/
sp3 carbon atoms. Energies and analytical gradients can be
calculated for the ground and valence excited states of systems
with up to 24 carbon active sites.20b Such computations take a
few seconds for styrene and indene (with 8 active sites) on
current RISC workstations. Minima on conical intersections9

are optimized using the algorithm described in ref 28b. In the
case of a singlet-triplet crossing, the intersection space9l has
the dimension (n - 1), since the derivative coupling is zero
between states of different spin multiplicity. The branching
space (in which initial motion on the lower state will take place)
is therefore one-dimensional20b,8i in this case.
We consider two mechanisms for radiationless decay in this

paper. When real surface crossings exist and are accessible,
the Landau-Zener model9h provides a semiclassical model for
fast radiationless decay. By “accessible”, we mean that there
is a reaction coordinate with a sufficiently low-energy barrier
that leads from the initial excited-state geometry to the crossing
region. In azulene,8j for example, the initial in-plane motion
on S1 is strongly directed toward an S1/S0 intersection and there
is no intervening transition structure. Radiationless decay at
such a crossing is consistent with the observed S1 lifetime of
,1 ps.32 If surface crossings are not present, or are present
but not easily accessible, the process of radiationless decay may
be better described as the transformation of electronic energy
into a manifold of vibronic states associated with the lower
electronic state. This process is governed by the density of states
and Franck-Condon factors according to the Fermi golden rule
formalism. As the energy gap gets larger the density of states
gets larger but the Franck-Condon factors become unfavorable.
As shown by Desouter-Lecomte and Lorquet,9p the probability

of radiationless decay is given as

whereê is the Massey parameter given as

whereq is a vector of nuclear displacement coordinates. The
termg(q) is the nonadiabatic coupling matrix element defined
as

while |q̆| is the magnitude of the velocity along the reaction
pathq and∆E is the energy gap between the two statesΨ1

andΨ2. Unless∆E is less than a few kJ mol-1, the decay
probability predicted in this model9h is vanishing small.
However, as we approach a point where the surfaces actually
cross, the decay probability becomes unity. If real crossing
points exist and are accessible (see ref 8 for many examples),
decay at these points should predominate over the transformation
of electronic to vibrational energy via the Fermi golden rule
formalism when an energy gap is present. Associated with this
process the energy gap law (see p 76 of ref 9r), which for
internal conversion has the form

and typical IC rates for aromatic hydrocarbons are found to be
105-106 s-1 (ref 9s, p 130).

Figure 1. Styrene: relaxed MMVB planar singlet structures on S0

(1a), S1 (1b), and S2 (1c). All bond lengths are in angstroms. CASSCF/
4-31G measurements are from ref 8i in parentheses. Energies are in
Table 1.

P) exp[-(π/4)ê] (1)
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kIC = 1013 exp{-4.5∆ES1-S0} (4)
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The results of ab initio CASSCF/4-31G geometry optimiza-
tions for styrene have already been published.8i For comparison
in this study, planar structures were optimized for the S0 and
S1 states of indene at the CASSCF/3-21G level. The same
active space of eight electrons in eightπ-orbitals was used for
styrene and indene. Analytical frequency calculations were
carried out at both indene geometries to establish that they are
energy minima. (The frequencies have been published else-
where.30)

Results and Discussion

The MMVB structures for styrene1 and indene2 presented
here will be labeled sequentiallya-m (following the notation
used in ref 8i).
Styrene. All of the minima and conical intersectionsa-m

previously characterized for the valence excited states of styrene
with CASSCF8i have been located with MMVB. The CASSCF
and MMVB optimized geometries, the gradient of T2 at the S1/
T2 crossing, and the gradient difference at the T2/T1 conical
intersection are collected in Figures 1-7. In Table 1 we give
the energies of S0, T1, T2, S1, and S2 for the optimized
geometriesa-m. MMVB reproduces the CASSCF ordering
of states at each point, and the relative energiessapart from
structures with puckered benzene rings such as1j, 1l, and
1msdiffer only by (10% or so. Experimentally, the S2 and

S3 bands overlap.16 One is ionic,6a,bthe other is a valence state
with ionic character similar to the S2 state of benzene.8h (S1 is
Lb and S2 is La in the Platt notation). MMVB was parametrized
from CASSCF/4-31G calculations, and it appears from Table
1 that both methods overestimate the relative energies for styrene
S2 equally.
Figures 1 and 3 show that the nature of the geometry changes

on 0-0 excitation are correctly reproduced by MMVB. In S1

(1b) this involves uniform benzene-like8h ring expansion
together with a small butadiene-like14c increase in ethylene bond
length and decrease in the ethylene-benzene bond length. All
of these changes have been identified from the sharp absorption
and fluorescence spectra14 of the near-vertical15a S0 f S1
transition.
Table 1 shows that the MMVB S1 and T2 states are

approximately degenerate at1b. Since1b is a minimum on
S1, it is also a minimum on an (n- 1) dimensional S1/T2 surface
crossing and spin-forbidden decay may eventually take place.
This is consistent with the experimental observation that a
nonradiative decay path operates in styrene at 77K13a,b,1aand
that the measured quantum yield for ISC at 298K is∼0.5.13c,1b
The MMVB gradient on T2 at 1b is shown in Figure 2 and is
identical with the CASSCF gradient.8i It consists of ethylene
expansion and anti-quinoid ring distortion, pointing toward the
T2 minimum 1e.
The diffuse absorption of S215 suggests that rapid IC to S1

takes place. MMVB and CASSCF8i both find that the S2 and
S1 states are almost degenerate at the S2 planar minimum1c
(Table 1), suggesting that barrierless IC to S1 can take place
after initial excitation to S2. Subsequent pathways on S1 lead
either to the planar minimum1b or a twisted minimum1f
(Figure 4) with a quinoid ring structure.5,17 The energy
difference between1b and1f is effectively the barrier height
for adiabatic isomerization on S1 and is 14 kcal mol-1 with

TABLE 1: Styrene MMVB Energies/Eh (Top Line) at
MMVB Optimized Geometriesa

structure S0 T1 T2 S1 S2

1a,M,b S0 -0.44270 -0.35747 -0.29075 -0.28656 -0.21719
-93.3 -39.9 2.0 4.6 48.2
(-104.7) (-28.5) (-2.9) (5.6) (46.2)

1b,M, S1 -0.43501 -0.36025 -0.29504 -0.29394
-88.5 -41.6 -0.7 0.0

(-4.8) (0.0)
1c,M, S2 -0.40863 -0.26359 -0.26079

-72.0 19.0 20.8
(21.2)e

1d,M, T1 -0.36558
-45.0
(-41.6)

1e,M, T2 -0.35172 -0.31073

-36.3 -10.5
(-10.3)

1f, X,c S1/T2 -0.35770 -0.35768 -0.27161 -0.27161
-40.0 -40.0 14.0 14.0
(-59.0)d (15.2) (17.0)

1g, X, T1/T2 -0.31752 -0.31664
-14.8 -14.2
(-11.5) (-10.5)

1h,X, S0/T1 -0.36612 -0.36610
-45.3 -45.3
(-48.3) (-47.6)

1j, X, S0/T1 -0.26581 -0.26578
17.7 17.7
(3.9) (3.2)

1l, X, S0/S1 -0.24862 -0.24742
28.4 29.2
(42.3) (43.7)

1m,X, S0/S1 -0.24467 -0.24457
30.9 31.0
(24.6) (28.2)

a Styrene MMVB geometries are shown in Figures 1-7. Energies
are relative to the styrene planar S1 minimum 1b/kcal mol-1 (middle
line). Relative energies are calculated at the CASSCF/4-31G level for
optimized geometries taken from ref 8i /kcal mol-1 (bottom line).bM
) planar minimum.cX ) surface crossing.d 6-31G* value.8i eFurther
optimization at CASSCF/4-31G level8i leads to a slightly twisted S2/S1
intersection with roots 19.0 (S0) and 22.0 (S1) kcal mol-1 above the S1
planar minimum1b.

Figure 2. Styrene: MMVB gradient on T2 at the S1/T2 planar crossing
1b.

Figure 3. Styrene: relaxed MMVB planar triplet structures on T1 (1d)
and T2 (1e). All bond lengths are in angstroms. CASSCF/4-31G
measurements are from ref 8i in parentheses. Energies are in Table 1.

Photophysics of Styrene and Indene J. Phys. Chem. A, Vol. 101, No. 45, 19978397



MMVB and 17 kcal mol-1 with CASSCF/4-31G. Both methods
show that the S1 f S0 gap at1f is too large (see Computational
Details section and ref 9h) for IC to be likely at this point
(although S1 and T2 are degenerate, suggesting that ISC may
take place8i,13c).
Figure 2 shows that the T1 and T2 planar minima are well

reproduced at the MMVB level with the exception of the change
in ethylene bond length. This may be due to a small imbalance
in the parametrization of MMVB when the VB interaction is
weak, leading to a bond length nearer to the MM minimum for
a C-C single bond. However, both MMVB and CASSCF
suggest that1e is not the lowest energy point on the T2 surface,
which is instead a T2/T1 conical intersection1g (Figure 4 and
Scheme 1). Both methods find that the derivative coupling and
gradient difference vectors are parallel at this geometry, which
means that the crossing is effectively (n - 1) dimensional8i at
this point. The direction that lifts the degeneracy at1g is shown
in Figure 5; there is no component of rotation about the ethylene
or ethylene-benzene bonds but uniform ring and ethylene
expansion.
The energy difference between spectroscopic and relaxed T1

states in styrene is known to be about 10 kcal mol-1.31a-e

MMVB underestimates this difference but correctly finds a T1/
S0 crossing1h (Figure 4 and Scheme 1) at a perpendicular
geometry to be the lowest energy point on T1. This is consistent
with the observed lack of phosphorescence from T1.13a,b

There is an additional T1/S0 crossing1j similar to the one
previously located in benzene,28b which is illustrated in Figure
6. Although the MMVB and CASSCF geometries are in good
agreement ((0.02 Å), MMVB overestimates the energy of this
structure relative to1b by 14 kcal mol-1 compared with
CASSCF. The relative energy of the S1/S0 intersections1l and
1m are also overestimated by a similar amount, although the
geometries are good. MMVB overestimating CASSCF energies

points to a deficiency in part of the parametrization, but the
CASSCF values themselves for1j-1m are also overestimates;
in benzene, the energy difference between planar S1 minimum
and S1/S0 conical intersection resembling1mwas calculated to
be 23 kcal mol-1 with CASSCF/4-31G, compared with the
experimental activation energy of 8 kcal mol-1 (3000 cm-1).
Indene. Indene 221-25 and styrene1 contain the same

chromophores, but in the former the CdC bond is prevented
from twisting by being incorporated into a five-membered ring.
This leads to qualitative differences in the photochemical decay
mechanisms (aside from the possibility of rearrangement in
indene).
The MMVB planar singlet and triplet indene structures2a-

2e illustrated in Figures 8-10 show very similar structural
changes to styrene1a-1eon excitation. (CASSCF computa-
tions have been performed only for the S0 and S1 minima.) The
vertical nature of the S0 f S1 transition is consistent with
structured absorption/fluorescence and the observation of the
0-0 band at 77 K.13a Structure2b is a minimum on S130 and
also a minimum on the S1/T2 intersection with a gradient on T2
(Figure 9) identical with that of styrene (Figure 2).
As with styrene, decay from S1 to T2 may compete with

fluorescence. In indene, however, the T2/T1 conical intersection
2g is over 22 kcal mol-1 above2b, whereas1g is 14 kcal mol-1

below 1b in styrene. This is a result of twisting in the five-
membered ring being hindered, which must be offset by an anti-
quinoid ring distortion leading to crossing at a much higher
energy on the T2/T1 intersection seam. Accelerated T2 f T1
decay via such a crossing is therefore unlikely in indene, and
the Fermi golden rule is a better description of this process.
The derivative coupling and gradient difference vectors at2g
are illustrated in Figure 12 and are no longer parallel as in
styrene (1g). Because ethylene twisting is suppressed, no
twisted S1 minimum5 could be located in indene. Searches for
a twisted S1/T2 crossing resembling1f always led the planar
S1/T2 crossing2b.
The planar structure2d is the lowest energy point on the

indene T1 surface. This is consistent with the fact that the

Figure 4. Styrene: MMVB twisted minimum on S1 (1f), T2/T1 conical
intersection (1g), and T0/S1 crossing (1h). All bond lengths are in
angstroms. CASSCF/4-31G measurements are from ref 8i in paren-
theses. Energies are in Table 1.

Figure 5. Styrene: MMVB gradient difference vector at the T2/T1
conical intersection1g.

Figure 6. Styrene: MMVB benzene-like T1/S0 intersection1j. All bond
lengths are in angstroms. CASSCF/4-31G measurements are from ref
8i in parentheses. Energies are in Table 1.

Figure 7. Styrene: MMVB S1/S0 conical intersection structures1l
and1m. All bond lengths are in angstroms. CASSCF/4-31G measure-
ments are from ref 8i in parentheses. Energies are in Table 1.
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spectroscopic and relaxed energies for T1 are identical,31a,b in
contrast to styrene. The geometry for ISC via a surface-crossing
mechanismsthe T1/S0 crossing point2hsis over 30 kcal mol-1

higher in energy and unlikely to be accessible. Caldwell has
further shown31c that T1 decay is unaffected by heavy atom
substituents and that ISC is inefficient, leading to a microsecond
lifetime.
The broad S2 absorption of indene implies rapid IC to S1,24

which accords with the S2 indene minimum2c being a point
on the S2/S1 intersection (as with styrene). Subsequent rapid
S1/S0 IC explains the lack of S1 fluorescence after exciting
indene to S2 in the gas phase,25 since vibrationally excited S1
indene can decay at one of four S1/S0 conical intersections2mI-
2mIV (Figure 13) resembling1m. A conical intersection like

styrene1l could not be located for indene. However, such a
crossing may be important in the S1 decay of benzocycloalka-
dienes with larger rings, e.g., benzocyclooctadiene,13a in which
the ethylene group is twisted with respect to the ring by an angle
approaching 90°, promoting IC.33

Conclusion

The topology of the excited-state potential energy surfaces
for styrene predicted by MMVB and CASSCF is identical. Both

Figure 8. Indene: relaxed MMVB planar singlet structures on S0 (2a),
S1 (2b), and S2 (2c). All bond lengths are in angstroms. CASSCF/3-
21G measurements in parentheses. Energies are in Table 2.

Figure 9. Indene: MMVB gradient on T2 at the S1/T2 planar crossing
2b.

Figure 10. Indene: relaxed MMVB planar triplet structures on T1 (2d)
and T2 (2e). All bond lengths are in angstroms. Energies are in Table
2.

TABLE 2: Indene MMVB Energies/Eh (Top Line) at
MMVB Optimized Geometriesa

structure S0 T1 T2 S1 S2

2a, M,b S0 -0.43267 -0.34699 -0.28184 -0.27609 -0.21382
-93.8 -40.0 0.9 4.5 43.6

2b,M, S1 -0.42528 -0.34968 -0.28552 -0.28324
-89.1 -41.7 -1.4 0.0

2c,M, S2 -0.40199 -0.25618 -0.25549

-74.5 17.0 17.4

2d,M, T1 -0.35488
-45.0

2e,M, T2 -0.34235 -0.30151
-37.1 -11.5

2g, X,c T1/T2 -0.24843 -0.24670
21.8 22.9

2h, X, S0/T1 -0.30392 -0.30389
-13.0 -13.0

2mI, X, S0/S1 -0.22078 -0.22077
39.2 39.2

2mII , X,
S0/S1

-0.22140 -0.22134

38.8 38.8

2mIII , X,
S0/S1

-0.21827 -0.21825

40.8 40.8
2mIV , X,

S0/S1
-0.22384 -0.22370

37.2 37.4

a Indene MMVB geometries are shown in Figures 8-13. Energies
are relative to the indene planar S1 minimum 2b/kcal mol-1 (bottom
line). bM ) planar minimum.c X ) surface crossing.

Figure 11. Indene: MMVB T2/T1 conical intersection (2g) and T0/S1
crossing (2h). All bond lengths are in angstroms. Energies are in Table
2.
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mechanisms set out in Scheme 1 for S1 decay could have been
deduced without CASSCF calculations, which are many orders
of magnitude more expensive computationally. In particular,
both methods suggest that the energy gap at a twisted S2-like
structure on S15 is too large for IC to be likely.
For indene, the five-membered ring restricts the torsions that

are required for the nonradiative deactivation of S1 via S1/T2,
T2/T1, and T1/S0 surface crossings. MMVB predicts that a T2/
T1 conical intersection is inaccessible. The existence of both
S2/S1 and S1/S0 conical intersections is consistent with the lack
of fluorescence observed after exciting indene to S2 in the gas
phase and suggests that rearrangement reactions may be due to
vibrationally excited S0*.
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