Volume 56, number 2

CHEMICAL PHYSICS LETTERS

1 June 1978

THE “PHANTOM” PHOTOCHEMICAL SINGLET STATE OF STILBENE

AND ITS DIPHENYLPOLYENE RELATIVE

Paul TAVAN and Klaus SCHULTEN

Max-Planck-Institut fiir biophysikalische Chemie, Ab'tcilzmgv fiir Spektroskopie, D 3400 Géttingen, Germany

Received 3 November 1977
Revised manuscript received 20 February 1978

Recently the conception on the cis—trans photoisomerization of stilbene has emerged that this process is governed by a
higher excited lAg state which exhibits a minimum at the perpendicular conformation crossing the lowest excited 1By, state
upon bond rotation. An evaluation of the potential surfaces governing the photoisomerization process by a PPP SCF CI
method revealed that there exists indeed such a photochemically active 1Ag state which in the planar molecule lies about
1 eV above the lowest absorption band and involves the excitations of two electrons from the SCF ground state. Extensions
of the calculations to diphenylpolyenes demonstrate that this lAg state is related to the forbidden low-lying doubly excited

’Ag state observed earlier in these molecules.

1. Introduction

The finding of a low-lying optically forbidden 1A,
state in polyenes and diphenylpolyenes [1—4] has
revived the study of polyene photochemistry. Because
of their low energy these states should be responsible
for much of the photochemical activity of these mole-
cules. A testing ground for an understanding of polyene
photochemistry is the well-known cis—trans photoiso-
merization of stilbene. During the last few years the
1Ag state mentioned above has emerged to play a car-
dinal role in this process. Saltiel et al. have postulated
a “phantom” singlet state, not identical with the low-
est optically allowed 1Bu state of the planar molecule,
to be the lowest energy state at the perpendicular con-
formation of stilbene determining thereby the low
barrier of photoisomerization [5]: Orlandi and
Siebrand suggested that this “phantom” state con-
nects with a doubly excited higher energy 1Ag state
of the planar molecule [6]. Birch and Birks have pre-
sented experimental data supporting the idea that the
photoisomerization of stilbene occurs via thermal ac-
tivation of a higher excited state [7]. Recently,
McClain and co-workers have observed a two-photon
allowed electronic transition in stilbene above the
lowest optical absorption band which has to be assign-

200

ed to a state of 1Ag symmetry [8].

In order to test the emerging picture of stilbene
photoisomerization we have carried out PPP SCF CI
calculations of the electronic potential surfaces of stil-
bene describing rotation around the central bond. The
results presented below confirm the concept put for-
ward in refs. [5—8]. We have also extended these cal-
culations to diphenylpolyenes in order to link the
findings on stilbene to the photoactivity of polyenes.

2. Theory
Only recently has it been realized that a complete

spectrum of polyenes and their derivatives is obtained
when double excitations are taken into account in a

configuration interaction (CI) treatment [3,4]. We

have therefore included in our description of the elec-
tronic states of stilbene and diphenylpolyenes all single
and double excitations in a PPP SCF CI treatment.

The calculations follow ref. [4] where it had been
shown that such treatment yields a satisfactory descrip-
tion of benzene and polyenes. The PPP parameters em-
ployed are those of ref. [4] with the choice 5 = —2.60
eV for the resonance integral at 1.397 A bond length,
and the Ohno formula for the Coulomb repulsion inte-
grals.
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3. Stilbene

In order to demonstrate the importance of double
excitations for a complete description of the 7—n*
spectrum of stilbene we compare in fig. 1 the results
of a CI calculation including only (all) single excita-
tions (S-CI) with a CI calculation which includes all
single as well as all double excitations with respect to
the SCF ground state (S + D-CI). The S-CI states are
grouped according to their covalent (lAg“ , lB; )and
ionic (1 Ag, lB:) character. The +/— attributes to the
symmetry character denote Pariser’s alternancy sym-
metry of the electronic states which in the PPP ap-
proximation arises in addition to any spatial symme-
try. Fig. 1 shows that the inclusion of double excita-
tions in addition to single excitations in a CI treat-
ment strongly lowers the covalent states relative to
the ionic states resulting in a S + D-CI spectrum dif-
fering in its ordering from the S-CI'spectrum. This
had been observed previously by several authors [9,
10,4]. Our calculations predict that there are three
excitations contributing to the lowest absorption band
of stilbene, the optically allowed lB: state and two

forbidden By and 1A7 excitations Jocalized mainly

in the benzene moieties (see below). At an energy of
about 1 eV above these states is predicted a 1A
state of a strongly double excited character. As this
state is two-photon allowed it has to be assigned to
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Fig. 1. Comparison of the energies of the conjugated n-electron

system of stilbene resulting from a CI description including all

single excitations from the SCF ground state (S-CI) and all
single and double excitations (S + D-CI).

CHEMICAL PHYSICS LETTERS

1 June 1978 _

the two-photon transition detected by McClain and
co-workers. Higher in energy are the allowed 1AY
state (rigorously allowed only in the cis conformation)
and the le state which have to be assigned to the B
and C bands of stilbene [11]. '

The energy spectrum presented in fig. 1 does not
yield proper excitation energies. For this to be
achieved triple and quadruple excitations have to be
taken into account which induce an energy lowering
of the excited states for jonic and covalent states ap-
proximately alike [12]. This lowering originates from
a ground state type correlation involving those elec-
trons not affected by the virtual excitations describing
the excited states in the S + D-CI approximation. An
estimate of the correct excited state energies account-
ing for this effect is given by the simple expression

E=Egyp +[W-n)/N]Eys,p > 1)

where E,p, stands for the CI energy (energy relative
to the SCF ground state) resulting from a S + D-CI
treatment, £y gy, for the corresponding ground state
energy and V for the number of m-electron pairs of

the conjugated m-system (i.e. V= 7 for stilbene). n de-
notes the number of correlated electron pairs disrupted
or disturbed by the electron excitation. An appropriate
choice is n = 1.5. The excitation energies resulting from
this estimate are listed in table 1. The excitation ener-
gies of the allowed transitions predicted by the S-CI
and the S + D-CI calculations are in close agreément,
reflecting the single excitation character of these tran-
sitions, and compare well with the experimental ob-
servations. The 1Ag state predicted at 5.19 eV can be

Table 1
Excitation energies of stilbene (in eV) a)

State S-CI S+ D-CI Exp.
1B 4.22 4.17 4.21 [9]
B3 5.10 4.18

Ag $5.10 4.18

1Ay 6.79 5.19 5.08 [8]
Ag 5.29 5.35 543 (9]
1B, 7.78 - 5.81

3 5.96 5.93 6.15 [9]
A3 6.83 6.11

4) Evaluated according to eq. (1).
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identified with the two- -photon absorption observed
at 41000 cm~1 (5.08 eV).

In order to elucidate the role of this state in the
photoisomerization of stilbene we have evaluated the

potential surface for bond rotation around the central _

bond.

As our calculation restricts the electronic degrees
of freedom to within the m-orbitals it solely yields the
m-electron energy contribution to the bond rotation
potential surface neglecting, for example, those con-
tributions arising from g—n coupling. Bruni et al. [13]
have argued for the case of styrene that such coupling
makes an important contribution, a result which has
been refuted by minimum basis ab initio calculations
[14]. In any case judging from the results of Bruni et
al. [13] o—m coupling should not affect the relative
ordering of the 1A and the 1B excited states which
is the feature of mterest here. In the framework of
the PPP method the bond rotation is simply accounted
for by the weakening of the twisted bond resonance
integral by means of the formula

B=8(0")cosa. )

The results of S-CI and S + D-CI calculations [the lat-
ter corrected according to eq. (1)] are compared in

fi 1g 2. The S-CI potential energies evaluated at 0°,

30°, 60° and 90° all exhibit a maximum for the per-
pendlcular (90°) conformation. The S + D-CI calcula-
tions predict a maximum at 90° for the IAE ground
state and the 1B}, IA" and 1By excited states corre-
sponding to the 4.2 eV absorptlon band of stilbene
but exhibits a minimum for the lAg state at 5.19 eV.
This state crosses the three lower excited states upon
bond rotation to become the lowest excited singlet

state at the perpendicular conformation, the “phantom”

state postulated by Saltiel et al. [5].

Although our results agree qualitatively well with
the conception of the photoisomerization process of
stilbene propounded in refs. [5~8] the quantitative
prediction concerning the barrier of photoisomeriza-
tion is not at all satisfactory. The barrier predicted by
our calculations, i.e. E(IA_ ~80°) —E(1B;, 0°), is
about 1 eV which differs from the.values of 0.08 eV
abstracted from experimental data [7] by an order of
magnitude. This error is probably mainly due to the
neglect of geometrical relaxation upon transition from
the ground to the excited state (own unpublished re-
sults; refs. [14,15]).
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Fig. 2. Potential energies for isomerization around the central
bond of stilbene predicted by a S-CI description and a § + D-CI
description corrected according to eq. (1) —the ground state
correlation energies at 0° and 90° are —1.533 ¢V and —2.259
eV, respectively.

The importance of photoisomerization in many

~ photochemical and photobiological reactions call for

more detailed quantum chemical studies as have been
carried out recently [14,16,17].

4. Diphenylpolyenes

- In order to link the mechanism of stilbene photo-
isomerization with the photobehaviour of diphenyl-
polyenes we have carried out S + D-CI calculations on
diphenylpolyenes (diphenylbutadiene to diphenyl-
decapentaene) to determine which electronic excita-
tion in these molecules is related to the photochemical-
ly active lA_ state of stilbene. For this purpose we
have adopted however, an artificial Dy, symmetry
for the diphenylpolyenes, i.e. we assumed the angles
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Table 2
S + D-CI energies ) of diphenylpolyenes ¢—(CyHj),,—¢
adopting Doy, symmetry (in eV)

State n=1 n=2 n=3 n=4 n=35

ground state

v —-1.545 -1.777 -2.002 -2.220 -2.432
phenyl ring states ‘ ,
1B2u 3858 3.821  3.807 3.802  3.800
'Big 3.862  3.821  3.807 3.802  3.800
'Bi, 5804 5576 5462 5405 5370

183, 5.870 5.594 5.468 5.408 5.370

ionic “polyene” states

gt 3.896 3455  3.110 2.847  2.646

'Af 5035  4.805 4.540  4.247  3.958
13, 5432 5350 5.167 4.994  4.805
covalent “polyene” states .

1Ay 4.835  4.035 3495 3.156 2.942
!B3u 5.604 4922 4382 3920 3.569
A5 5.328  4.693  4.580 4.211
B3 5.309  5.044 4.724
v 5232  4.833

a) Energies with respect to the SCF ground state.

between adjacent C—C bonds of the polyene moieties
to have the value 180° rather than the real 120° value.
This approximation increases the number of symmetry
classes of the electronic transitions thereby decreasing
greatly the computational effort and affects only
slightly the predicted CI energy values and properties
of the electronic states (e.g. the largest error in the

CI energies is less than 0.17 V). The D,;, symmetry
has the additional advantage that it bears the charac-

~ terization of its Bjg and By, states as excitations in-
volving only the phenyl rings.

Table 2 lists the CI energies of the electronic states
of the diphenylpolyenes. The excited states have been
ordered in three groups, involving excitations in the
phenyl rings, and involving ionic and covalent excita-
tions affecting the polyene moieties. The phenyl ring
excitations are found to depend only weakly on the
polyene length. The lB‘;u states constitute the polyene
type IB: states, the lowest state being responsible for
the strong absorption band of the polyenes. The lAg
states become optically allowed upon cis—trans isomer-
ization, i.e. these states constitute the so-called cis
band. The low-lying covalent states (1B, 1A;) in-
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crease in number as the polyene length increases. In
the case of diphenyldecapentaene five covalent states
are found in the same energy range as the three lowest
ionic states none of which is being accounted for by a
S-CI description. The covalent states are predicted,
however, all to lie above the lowest 1B}, state. For
example in the case of diphenyloctatetraene the calcu-
lated LA excited state lies 0.31 eV above the 183,
state whereas experimental observation places it below
this state [1].

In order to explain this deficiency of the S + D-CI
description we compare in table 3 the Cl-energies of
the polyene-type states of diphenyldecapentaene with
those of the polyene-decapentaene the latter being de-
scribed by a S + D-CI calculation as well as by a CI
calculation including also all triple and quadruple exci-
tations (S + D + T + Q-CI). Table 3 links the 1B3u and -
1Ag transitions of diphenyldecapentaene to their
counterparts in decapentaene. In the latter molecule
the LA, covalent excited state is predicted by the
S + D-CI calculation to lie below the optically allow-
ed 1B$ state. However, the energy difference resulting
from such calculation decreases for longer polyenes
and, in fact, for C;gH,, the lAg" state is placed above
the 1BI state. This peculiar behaviour originates from
the fact that the S + D-CI basis is too limited to de-
scribe the excited 1Ag state properly. Table 3 shows
that an S + D + T + Q-CI description of decapentaene
lowers the energy of the 1 A7 state relative to the 1B,

Table 3
Comparison of CI energies @) (in eV) of diphenyldecapentaene
and decapentaene

Djp-diphenyldecapentaene  Decapentaene
state S + D-CI state S+D<CI S+D+T
+Q<CI
Az -2.432 Ag -1.250 -1.366
183, 2.646 1BS 3452 2913
'Ag 3.958 TAg 5242 4.409
1By 4.805 By 6.365  5.486
Az 2.942 Az 3221 2.308
B3, 3.569 1B 4.008  3.200
1Az 4.211 Az 4.785  3.968
B3y 4.732 1By 5.242 4425
1Ag 4.833 v 5391  4.395

a) Energies with respect to SCF ground state.
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state by 0.4 eV. This is due to the large contribution
of open-shell triple and quadruple excitations to the
wavefunction of the excited ! A state. For a proper
description of the lBJr 1A level spacing which has
been observed to place the 1A‘ state above the 1B+
@ B3u) state for dlphenylbutadlene and below this
state from diphenyloctatetraene onward [18] one
needs therefore to include triple and quadruple exci-
tations in the expansion of the 1 A7 state. Another
contribution to this level spacing comes from coordi-
nate relaxation in the excited states (unpublished re- -
sults; ref. [19]).

5. Conclusion

We have confirmed on the basis of a calculation of
the potential surfaces governing the photoisomeriza-
tion of stilbene that this process involves a crossing to
a higher excited state of 1A symmetry and doubly
excited character. In showmg this we have demon-
strated that the inclusion of double excitations in a
CI treatment is necessary for a qualitatively correct
description of the excited state potential surfaces. The
photochemically active 1A state of stilbene corre-
sponds to the low-lying 1Ag state in diphenylpolyenes
observed by Hudson and Kohler suggesting a similarly
important role of this state for the photochemistry of
polyenes.

Acknowledgement
We acknowledge the use of the computational

facilities of the Gesellschaft fiir wissenschaftliche
Datenverarbeitung mbH, Gottingen.

204

CHEMICAL PHYSICS LETTERS

1 June 1978

References

[1] B.S. Hudson and B.E. Kohler, Chem. Phys. Letters 14
(1972) 299, J. Chem. Phys. 59 (1973) 4984.

{2] R.L. Christensen and B.E. Kohler, Photochem. Photo-
biol. 18 (1973) 293.

[3] K. Schulten and M. Karplus, Chem. Phys. Letters 14
(1972) 305.

(4] K. Schulten, I. Ohmine and M. Karplus, J. Chem. Phys.
64 (1976) 4422.

. 5] J. Saltiel, J.D. Agostino, E.D. Megarity, L. Metts, K.R.

Neuberger, M. Wrighton and O.C. Zafarion, Org. Photo-
chem. 3 (1971) 1.

[6] G. Orlandi and W. Siebrand, Chem. Phys. Letters 30
(1975) 352. _

[7] D.J.S. Birch and J.B. Birks, Chem. Phys. Letters 38
(1976) 432.

[8] Th.M. Stachelek, Th.A. Pazoha, W.M. McClain and R.P.
Drucker, J. Chem. Phys. 66 (1977) 4540.

[[9] K. Schulten Ph. D. Thesis, Harvard University (1974).

[10} J. CiZek, J. Paldus and L. Hubag, Intern. J. Quantum
Chem. 8 (1974) 951.

[11] H. Suzuki, Bull. Chem. Soc. Japan 33 (1960) 379.

[12] 1. Ohmine, M. Karplus and K. Schulten, J. Chem. Phys.,
to be published. )

[13] M.C. Bruni, F. Momicchioli, I. Baraldi and J. Langlet,
Chem. Phys. Letters 36 (1975) 484.

{14] G.L. Bendazzoli, G. Orlandi, P. Palmieri and G. Poggl,
J. Am. Chem: Soc., to be published.

[15] A. Warshel, private communication.

[16] V. Bonatié-Koutecky, P. Bruckmann, P. Hiberty, J.
Koutecky, C. Leforestier and L. Salem, Angew. Chem.
Intern. Ed. 14 (1975) 575;

P. Bruckmann and L. Salem, J. Am. Chem. Soc. 98
(1976) 5037.

[17] M.C. Bruni, J.P. Daudey, J. Langlet, J.P. Malrieu and
F. Momicchioli, J. Am. Chem. Soc. 99 (1977), to be
published.

[18] B.S. Hudson, private communication.

[19] M. Karplus, private communication.



