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comes from the fact that the two lowest energy m electrons occupy an MO
composed of more contracted AQOs than do the remaining pair of = elec-
trons, so interorbital electron repulsion is smaller at the SCF level.

(25) The SCF wave function for the square singlet (eq 7) consists of two con-
figurations, when the MOs appropriate for describing the rectangle are used.
The fact that only a one-configuration SCF wave function was employed
for the rectangular singlet essentially guaranteed that the rectangular ge-
ometry would have the larger correlation energy.

(26) An excellent illustration of this fact is provided by calculations on the highly
ionic m — 7* excited singlet state of ethylene: L. E. McMurchie and E. R.
Davidson, J. Chem. Phys., 66, 2959 (1977).
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(27) An energy difference in the range of 4-8 kcal/mol between square and
rectangular singlet cyclobutadiene would be in accord with the barriers
to bond flipping in other planar [4n]annulenes?® and derivatives?® that have
been measured directly and with the estimated barrier in 1,2-diphenylcy-
clobutadiene.3®

(28) Review: J. F. M. Oth, Pure Appl. Chem., 25, 573 (1971).

(29) E. Vogel, H. Konigschofen, K. Mullen, and J. F. M. Oth, Angew. Chem., int.
Ed. Engl., 281 (1974); E. Vogel, H. Konigschofen, J. Wassen, K. Mullen,
and J. F. M. Oth, ibid., 13, 732 (1974).

(30) P. Reeves, T. Devon, and R. Pettit, J. Am. Chem. Soc., 91, 5890
(1969).
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Abstract: Potential energy curves, as functions of the torsional angle around the ethylenic bond, were obtained for the ground
and for a few singlet excited states of styrene by ab initio configuration interaction methods and an STO/3G minimal basis set
of Gaussian atomic orbitals. Limited and more extended CI computations were performed to investigate the stability of the
computed potential energy curves with respect to the size of the CI expansion and to the inclusion of ¢r* and w¢* electronic
configurations. The computed level ordering and oscillator strengths are in agreement with the available experimental data
and the first excited state is predicted to have a potential curve with a minimum at 8 = 0° (planar geometry). The inclusion of
doubly excited configurations and the variation of the C-C bond lengths in the vinyl group during internal rotation are found
to affect significantly the shape of the potential energy curves. The relevance of the theoretical results to the theory of the cis-

trans isomerization is briefly discussed.

A number of spectral properties of diphenylpolyenes have
been recently determined.*-> In particular, the fluorescence
lifetimes of these molecules were found to be much larger than
the values estimated from the measured absorption intensities.
Moreover, the apparent origins of the absorption and of the
emission spectra of diphenylpolyenes are not coincident and
have different shifts in solution. All these properties suggest
that in these molecules the emission originates from an opti-
cally forbidden state lying just below the allowed state re-
sponsible for absorption.

Experimentally, direct evidence for the existence of such a
forbidden state has been found for diphenyloctatetraene?, di-
phenylbutadiene, and the visual chromophore retinal.’

Theoretically, Pariser-Parr-Pople type computations on
the first members of the polyene series, i.e., butadiene, hexa-
triene, and octatetraene,’ support this assignment. In fact,
when doubly excited (DE) configurations are included in the
configuration interaction (CI) treatment, a singlet state of A,
symmetry, with dominant contributions from DE configura-
tions, is predicted to be the lowest singlet state and to lie just
below the optically active singly excited (SE) B, state.
Nonempirical computations on butadiene® and benzene® also
gave a similar sequence for the singlet states.

Subsequently, DE states were proposed to play an important
role in the photoisomerization reaction of stilbene.!? According
to this model, in analogy with the results of van der Lugt and
Oosterhoff on the butadiene photocyclization,!! the DE 'A,
state, which in this molecule arises from an electronic excita-
tion mainly localized in the ethylenic fragment, has higher
energy than the lowest By state for planar geometry but lower
energy for twisted geometries, thus becoming instrumental in
the process of direct photoisomerization.

0002-7863/78/1500-0392$01.00/0

In order to verify this hypothesis and to investigate the role
of DE configurations in determining the order of the excited
states, we have performed CI computations on styrene and
obtained theoretically the potential energy curves for torsion
around the double bond for the ground and for the lowest ex-
cited singlet states. Styrene was chosen rather than stilbene,
since this molecule, being smaller, makes it possible to examine
the main features of the cis-trans isomerization by more ac-
curate theoretical procedures.

Method of Computation

The bond lengths of the benzene ring and all bond angles
were fixed to standard values (Rcc = 1.397 A, Rcy = 1.084
A, ZCCC = /HCC = 120°). The torsional coordinate 8 of the
methylene around the double bond and the C-C (R;) and
C=C (Ry) bond distances'? in the vinyl group were allowed
to vary by taking

6 =0, 40, 80°
R,=1467A — AR
Rys=1344A + AR
AR =0,0.04,0.08 A (1)

The three AR values are appropriate respectively to the
ground, to the first SE state,'2 and to the DE state of ethylenic
type, where the molecule is better described as Ar=—=CH*
CH,. The molecular orbitals (MOs) were expressed as linear
combinations of STO/3G atomic orbitals.!? CI energies of two
levels of accuracy were next computed for nine molecular
geometries in order to obtain two-dimensional sections of the
potential energy surfaces of the ground and lowest excited
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Table I. Relative Energies (au) of Sq, Sy, So, and S;. States of Styrene and Major Contribution to the CI Wave Functions®

Energies
State Limited CI Extended CI Wave functions
(a) So 0.0 (—303.881 50) 0.0 (—303.959 30) [0]
S 0.289 60 0.205 94 0.56 [28,30] — 0.59(27,29]
S, 0.361 13 0.291 60 0.38 [28,31] — 0.43(26,29] + 0.55[28 28,29 29]
S; 0.345 44 0.348 91 [28,29]
(b) So 0.116 51 0.105 79 0.85[0] — 0.46[28 28,29 29]
S 0.307 26 0.269 26 0.54[28,30] + 0.38[27,29] — 0.53(28 28,29 30]
—0.35[27 28,29 29] + 0.57[26 28,29 30]
S, 0.323 14 0.271 14 0.37[0] — 0.26[28,31] + 0.35[26,29] + 0.67(28 28,29 29]
+0.31[27 28,29 30]
S3 0.356 24 0.354 08 [28,29]
(c) So 0.116 22 0.104 07
S, 0.307 24 0.266 33
S, 0.32301 0.274 37
S3 0.35216 0.347 54

a(a) AR = 0,0 =0° (b) AR =0.08 &, 6 =80° (c) AR = 0.08 A, 6 = 80° with ¢=* and = ¢* configurations included. In parentheses the

total molecular energy of the Sq state.

%——q)ao

Figure 1. Correlation diagram of the highest occupied and of the lowest
virtual MOs of the styrene with the MOs of benzene and ethylene.

electronic states in the Born-Oppenheimer approximation. The
simpler CI expansion includes the SE and DE configurations
of lower energies involving electronic excitations from the six
highest occupied to the five lowest virtual MOs. The more
accurate CI includes all second-order interactions larger than
5 X 103,14 For twisted geometries, the separation of the MOs
into ¢ and 7 symmetries is no longer possible and therefore g
and wo* configurations contribute to the potential energy of
the molecule. The importance of these effects has been esti-
mated by including in the CI expansion the excitations from
the bonding and to the antibonding ¢ MOs localized in the
vinyl group. The number of configurations employed is ~70

in the simpler CI and ~700 in the more accurate description.
The approximate procedure described in ref 14 was used to
solve the secular equation.

Although transition energies computed with minimal orbital
bases are generally much higher than the experimental values,
the energy sequence and the energy difference between the
lowest SE and DE states in Table [ is believed to be correct. For
the benzene molecule the energy difference between the lowest
SE !B, and DE 'E,, states, which is estimated as 3.36 eV in
the minimal basis description,!> becomes 3.33 eV in the more
accurate computation with an extended set of atomic orbitals
by Hay and Shavitt.!6

Results

A. Ground State Molecular Orbitals. As in Hiickel-type
calculations the MOs {¢} of styrene have the C,, pseudosym-
metry of the monosubstituted benzene derivatives. Only one
of the two E 3 MOs of the benzene molecule may interact with
the ethylenic = bonding MO and the two resulting MOs de-
scribe the conjugation between the benzene ring and the sub-
stituent. ¢sg is mainly localized on the ring and the ¢¢ on the
ethylenic fragment. Similarly the interaction of one of the two
E,, benzene MOs and the 7* ethylene MO generates in styrene
two MOs with bonding and antibonding character with respect
to the aryl-ethylene bond. All remaining = MOs of benzene
keep their identity in styrene. The orbital scheme in Figure |
is consistent with the photoelectron spectrum of the molecule.'?
@19 and @40 are the highest occupied and the lowest virtual o
MO:s of the terminal methylene group. The electronic excita-
tions from/to these MOs are expected, for energy and sym-
metry reasons, to contribute to the potential curves of the
molecule more than all remaining ox* and wo* configura-
tions.

B. Single Configuration Energies. The potential curves of
the singlet configurations with lowest energy are plotted in
Figure 2 as functions of the torsional angle and of the bond
lengths variation AR, since they provide a better understanding
of the CI effects to be discussed below. The first excited con-
figuration is [28,29].'8 This is mainly a #—=* excitation in
the ethylenic double bond region with a strong reduction of the
relevant bond order as shown by its flat potential curve. The
SE configurations [27,29] and [28,30] do not affect the bond
order of the ethylene moiety and, therefore, exhibit torsional
behavior similar to that of the ground configuration. The DE
configuration [28 28,29 29] is correlated with the ground
configuration, the two being degenerate at 90°. The energy
variation of the two configurations with 6 is similar to that
observed for the corresponding configurations in ethylene and
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Figure 2. Potential curves for single determinant (left) and CI wave
functions. Curves within the same bracket refer to the same state for dif-
ferent C-C bond lengths in the vinyl group: AR = 0 full line; AR = 0.04
A, dashed line; AR = 0.08 A, dotted line. Two different scales are adopted
in the lower and in the upper part of the figure.

their behavior may be similarly explained. Other DE config-
urations show an energy minimum at 8§ = 90°, but this is less
pronounced than that observed for the [28 28, 29 29] config-
uration.

C. Configuration Interaction Energies. The CI mixes states
with identical pseudosymmetry leading to the potential curves
displayed in Figure 2. The ground and the [28 28,29 29] DE
configurations have the largest interaction within “A;” con-
figurations. The resulting barrier to the internal rotation in the
ground state is much smaller than in the single configuration
description. The complementary state, [28 28,29 29], with
minor contributions from [28,31], [26,29], and [27 28,29 30]
configurations, is the second excited state (S;) and has a
twisted equilibrium geometry with § = 90°, where it is nearly
degenerate with S;. The first excited state S; is the linear
combination of the two “B,” configurations [27,29] and
[28,30] with important contributions from DE configurations
[28 28,29 30] and [27 28,29 30] and [27 28,29 29]. The po-
tential energy curve of S| has only a shallow minimum at 8 =
0°, since SE and DE energy curves have opposite behavior with
8. The description of the first excited singlet states and the
potential curves are sufficiently stable with respect to the size
of the CI expansion. For comparison, essential numerical data
concerning the restricted and the more extended CI are re-
ported in Table I for two geometries. The variation of the bond
lengths in the vinyl group has large effects on the computed
transition energies and on the torsional energies of the mole-
cule, which, in the ground state, is reduced by as much as 20
kcal/mol, by changing AR.

D. Effect of on* and wo* Configurations. The main features
of the potential curves along the torsional coordinate in con-

jugated molecules are generally believed to be governed by the
m—m* electronic excitations. For this reason, most ab initio
and semiempirical computations of torsional barriers in these
molecules were performed under the assumption of a complete
o/ separability. In this respect, an exception is the calculation
on styrene by Bruni et al.,'® based on the CIPST method2® and
on the CNDO parametrization, which indicates that ¢—*
and =—¢* excitations affect substantially the potential curves
of the ground and lowest excited states. To investigate this
point, excitations involving the MOs o5 and ¢49 were added
to the configurational bases. As shown by the comparison with
the previous CI results (Table I) the energy variation due to
the added configurations is less than 2 kcal/mol in the ground
state, and has similar values in the S| and'S; states and a
slightly larger value in Sa. Since we have estimated from the
MO coefficients that 40% of the relevant on* and wo* con-
figurations have been included by this procedure, we conclude
that their contributions to the torsional barriers of the molecule
are similar in the Sg, S|, and S, states and not higher than 10
kcal/mol. Therefore, these energy terms cannot produce either
a crossing of the potential energy curves S; and S; or an ab-
solute minimum at the twisted geometry in the S, potential
curve.

Discussion

The barrier to the internal rotation of styrene in the ground
state is evaluated to be 71 kcal/mol, which should be compared
to the measured torsional barriers of ethylene (63 kcal/mol)?!
and stilbene (48 kcal/mol).22 The equilibrium geometry of S,
is estimated to be planar and the geometry of the vinyl group
in the excited state S, corresponds to AR = 0.04 A.

These results are in agreement with the rotational contour
analysis of the 0-0 band in the S,<Sg transition!223 but not
with the potential curve hypothesized by Hui and Rice.24 These
authors have been able to measure the fluorescence lifetimes
from single vibronic levels of S;. With the assumption that the
rate of nonradiative process may be taken equal to that of a
similar molecule not showing rotational isomerism (ethynyl-
benzene), the isomerization rate constant was estimated to be
2.X 107 5™, to be independent of the vibrational energy excess,
and to exhibit a weak inverse deuterium effect.

These results have been interpreted?* by assuming a po-
tential curve in the Sy state with an absolute minimum at 8 =
90° and a relative minimum at § = 0°. The Stoke’s shift (518
cm™!) measured in solution between the origins of the §;<Sg
absorption and of the Sg«—S, emission was taken in support
of the proposed potential curve.

In our opinion, the Stoke’s shift is not by itself a proof of the
existence of a second minimum of the potential curve. [t could
be due to solute-solvent interactions, since the shift is not ob-
served in the gaseous phase. In fact, the 0-0 band of the fluo-
rescence vapor spectrum has been assigned to the 347 56-cm™!
band,?5 which is nearly coincident with the 347 59-cm™! 0-0
absorption band.

A potential curve for S, with a low torsional barrier at § =
90° is an alternative hypothesis which accounts for the inten-
sity distribution in the S;«—S¢ absorption spectrum and ex-
plains, according to the theory of radiationless transitions,26
the lack of a direct isotope effect in the isomerization rate
constant in the high-temperature limit (Av < £7). The value
of the isomerization rate constant, which is 103 smaller than
the usual preexponential factor for motions on the same energy
curve, does indeed suggest a small barrier of the order of 6
kcal/mol. Since entropy effects may contribute substantially
to the free-energy change of the molecule upon torsion,?” and
since the use of a more flexible orbital basis in the CI compu-
tations, together with a more complete geometry optimization
and the full inclusion of the on* and wo* configurations, is
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Table II. (2) Computed and (b) Experimental Oscillator Strengths
for the S;«Sq, S,+Sg, and S35, Transitions

Oscillator strengths

Transition a b Polarization
S1<Sq 83X 1073 20X 1072 Long axis30
S,<Sq 5.0%x 1074
S3‘—So 0.613! 0.24

likely to reduce the computed torsional barriers in the ground
and first excited states, the value of the barrier obtained in the
present study (16 kcal/mol) for the S, state is compatible with
the hypothesis of a low torsional barrier in this state.

The ethylenic SE state is not involved in the isomerization
process of styrene as it lies at higher energies for all geometries.
In this connection, the most important difference with respect
to the semiempirical energies and wave functions of ref 19 is
the almost pure character of the ethylenic SE state S3, while
benzene- and ethylene-like excitations are strongly mixed in
the CIPSI wave functions. Since all essential interactions are
believed to be included in the present treatment, we attribute
the difference to the empirical parametrization used in ref 19,
where standard CNDOQO/2 parameters have been adopted.

The transition moments and the polarizations of the lowest
transitions provide a sensitive test of the accuracy of the de-
scription of the excited states. It is well known that standard
calculations including only SE configurations yield the wrong
polarization ratio for the lowest weak electronic transition of
styrene.?® Theoretical and experimental values for the oscil-
lator strengths of the lowest energy transitions of styrene are
given in Table II. Both the magnitudes of the oscillator
strengths and the polarizations of the two transitions S;«<So,
S3<Sg are correctly predicted. The Sy«—S, transition has not
been observed experimentally since it is weak and conceivably
hidden by the strong S3<—Sg transition. The long axis polar-
ization of the S;<—S, transition deserves some comments, since
it contrasts with the local “B;” symmetry of the excited state.
In fact, the two components of the S| state (see Table I) give
contributions of nearly equal magnitude and opposite sign to
the short axis component of the transition dipole. Therefore
charge transfer from or to the substituent determines the long
axis polarization of the transition dipole. It should be also no-
ticed that the corresponding transition in Dg, symmetry is
forbidden.

As to the general problem of the role of DE configurations
in describing the lowest excited states and, therefore, the
photochemical behavior of these molecules, these calculations
show, in agreement with previous work,32 that DE configu-
rations are essential in this connection. In the specific case
considered, the mixing of the DE configurations strongly af-
fects the nature of the lowest excited state and its barrier
height. Even if the covalent DE S state lies in the region of the
lowest singlet state as found for polyenes, the involvement of
the S, energy surface in the isomerization reaction is not re-

quired by our energy diagram. However, given the small energy
difference involved it is possible that in similar molecules, as
found for diphenylpolyenes, the S, state becomes the lowest
excited singlet state. Its role in cis-trans isomerization is ex-
pected to become important, especially when the S, potential
energy curve exhibits a higher barrier at § = 90°, Stilbene, for
which low-temperature high-resolution spectra®? suggest a
barrier of 30-40 kcal/mol at § = 90° for the S, state, could
belong to this class of molecules.
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