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bstract

The energy of the lowest triplet state of organic molecules is intermediate between the ground state and the first excited singlet. At the S1/S0
onical intersection, the two singlet states are degenerate. It is shown that for some molecules (ethylene, benzene, toluene and pyrrole) the T1

tate is also degenerate with the two singlet states. Moreover, the spin orbit coupling matrix element at this structure is necessarily large, so that
ntersystem crossing can be quite efficient. If the lowest triplet state is repulsive (as in the studied molecules) it may significantly contribute to the
issociation yield under certain experimental conditions.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The factors affecting intersystem crossing (ISC) have been
xtensively discussed in the photochemical literature [1,2].
l-Sayed’s rules [3] highlight the conservation of angular
omentum and Salem and Rowland [4], assuming that the
olecule has two completely localized radical-carrying orbitals
ith some p-character, they found that strong spinorbit coupling

SOC) is favored by three factors: (i) orthogonality of the axes
f the two p-orbitals, (ii) “ionic” (zwitterionic, hole-pair) char-
cter in the singlet wave function, and (iii) spatial proximity of
he two orbitals. Salem and Rowland’s original paper treated
iradicals, but their analysis can be applied to excited states as
ell. Salem’s treatment, followed by Michl [5] emphasized the

mportance of excited zwitterion singlet states and the existence
f certain geometries at which the two singlet states approach
ach other facilitating the non-radiative crossing between them.
ctual crossing (a conical intersection ConInt) requires the use
f two nuclear coordinates, and the consideration of two electron
airs. In standard organic photochemistry a four-electron system
tetra-radicaloid) is believed to often play a dominant role [6,7].
It is found that the nuclear distortions leading to the conical
ntersection often result in an increased zwitterionic character of
he ground state wave function, raising its energy considerably.

∗ Corresponding authors. Tel.: +972 26585067; fax: +972 25618033.
E-mail address: yehuda@chem.ch.huji.ac.il (Y. Haas).
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t the same time the energy of the purely covalent S1 and T1
tates is increased to a smaller degree, and a conical intersection
esults. Moreover, the lowest triplet state lies usually at an energy
ntermediate between S0 and S1. At the S0/S1 conical intersec-
ion, the two states are degenerate so that the triplet is likely to
ie at the same energy. In this communication, we show compu-
ationally that this is indeed the case for several systems. It is
hown that the spin orbit coupling (SOC) matrix element, though
uch smaller than the vibronic coupling (VC) matrix element

etween the two singlet states, is large compared to its value at
he minimum of the triplet and therefore intersystem crossing
o the triplet is in principle possible at the conical intersection.
his paper was motivated by recent experimental work in our
roup [8], in which the minor triplet channel was used to probe
he efficiency of internal conversion, which in turn is believed to
e mediated by a conical intersection. In this work it was shown
hat although the triplet is produced wit a small quantum yield
∼10−5) it leads in the presence of O2 to photo-oxidation, a
eaction that dominates the chemical yield. Other possible pho-
ochemical consequences are discussed. Some of the conical
ntersections chosen for this paper have been extensively studied
n the past and are well characterized.

. Methodology and computational details
The location of minima, transition states and S0/S1 coni-
al intersections was performed using the method previously
escribed in detail [9]. State averaged calculations were used

mailto:yehuda@chem.ch.huji.ac.il
dx.doi.org/10.1016/j.jphotochem.2007.02.005
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or the conical intersection. The energies of triplet states were
alculated at selected geometries (stationary points) as well
s at the geometry of the conical intersection. The CASSCF
ethod as implemented in the GAMESS program suite [10] was

sed for the numerical evaluation of the structures and energies
t these points. Spin-orbit coupling (SOC) calculations were
erformed with the CASSCF wave function and Pauli–Breit
amiltonian including rigorous one and two-electron terms

11,12].
The choice of active space is discussed for the individual

olecules. In general, we tried to keep roughly the same level
f theory, using mostly a full � active space with all � electrons.
he basis set used was cc-pVDZ.

. Results and discussion

.1. A general overview

Table 1 lists some of the main computational results of this
ork. Inspection of the table shows that in all molecules, a triplet

tate is very nearly degenerate with a singlet conical intersection.
he SOC matrix element, calculated at this energy, is relatively

arge especially in the case of ethylene and pyrrole. By symme-
ry, ISC between states of the same orbital wave function are
egligibly small. In the conical intersections discussed in this
ork, there is always a singlet of a different symmetry. This
rovides in principle a mechanism for the necessary spin flip.

In order to put the results in perspective, we compare them
ith the well-known case of benzene, for which the spin-orbit

nteraction has been extensively discussed as a prototype for aro-
atic compounds. Most studies considered the ISC process from

he equilibrium position of the triplet state, which in benzene is
B1u. It was concluded [13–16] that the intersystem crossing
ate constant for the transition T1–S0 in aromatic hydrocarbons
s governed by first-order Herzberg–Teller spin-orbit coupling
nd not by non-adiabatic spin-orbit coupling. Both mechanisms
re due to �� spin-orbit coupling induced by out-of-plane vibra-
ions. The SOC matrix elements were found to be of the order
f 0.3–0.6 cm−1, leading to reasonably good agreement with
xperimental results. The SOC matrix element calculated for
enzene at the ConInt is larger by an order of magnitude. We
ssign this change to the fact that in this case the two electronic
tates cross, increasing significantly the spin-orbit interaction.
n order to estimate the change in ISC rate constant, at least two

spects have to be considered. In general, the intersystem rate
onstant may be written as:

ISC(ST) = (2πh)−1|VST|2 · FC (1)

h
l
s
o

able 1
nergies (absolute in Hartree and relative to S0 minimum in eV) of some selected po

olecule (active space) S0 (min) T1 (min) S0/S1/T1 at ConInt

thylene (12/11) −78.16188 3.06(13A2) 5.68 (11A′/11A′′/13A′′)
yrrole (6,6) −208.88084 3.76(13B2) 4.35 (11A1/11A2/13A2/1
oluene (8,7) −269.83507 3.51 (13A′) 5.77 (11A′/11A′′/13A′′) 6

pin orbit coupling (SOC) matrix elements at the ConInt geometries are also listed. I
tobiology A: Chemistry 190 (2007) 200–206 201

VST is the SOC matrix element and FC is the Franck Condon
actor. The rate constant is seen to be proportional to the square
f the SOC matrix element. This factor is expected to lead to a
00-fold increase in kISC. In addition, most of the previous treat-
ents utilized the Fermi Golden Rule approach and emphasized

he role of the Franck–Condon factor, leading to the well-known
euteration enhancement effect on the phosphorescence of aro-
atic compounds. The energy gap between the T1 and S0 states

equired a substantial population of ground state vibrational lev-
ls, and the smaller number of CH stretch quanta compared to
D ones was found to explain the observed trend. At a crossing
oint, the rate constant is in general much larger, as no net elec-
ronic energy has to be partitioned to many vibrational quanta.
umerical values have to be calculated using quantum dynam-

cs and are beyond the scope of this paper. However, it can be
ssumed that the T1–S0 ISC rate at the conical intersection is
xpected to be at least 100 times faster than in the equilibrium
osition of the triplet.

The structure and energy of the prefulvene-like ConInt were
ound to be very similar to those reported before [17,18] and are
ot reproduced here. As shown in ref. [17] the lowest triplet state
n the Franck Condon region is the 3B1u one, but at the conical
ntersection geometry (Cs symmetry) it is the 13A′′ which corre-
ates in D6h symmetry with 3B2u. The results of ref. [17] showed
hat the triplet is nearly degenerate with the S0/S1 ConInt, we find
hat they are actually degenerate [19]. This follows from the fact
hat the B2u state (and the A′′ one correlating with it) is essentially
urely biradical [4], with minimal interaction between the two
lectrons that are unpaired in the triplet. Therefore, the singlet
nd triplet states are degenerate over the whole trajectory from
he FC region to the conical intersection. The SOC matrix ele-

ent calculated at the ConInt was 6.23 cm−1, much larger than
n the classical works which considered the triplet minimum
14–16].

.2. Ethylene

The singlet conical intersection of ethylene is arguably
ne of the most extensively studied, mainly in connection
ith more complicated systems such as stilbene and retinal.

n ethylene itself, photo-isomerization is not observed; rather
everal photo-dissociation pathways have been experimentally
ecorded. Recently several attempts to connect the calculated
onical intersections with the observed dissociation channels

ave been made [20]. The photo-dissociation of ethylene fol-
owing optical excitation is believed to occur on the grounds
tate potential surface following internal conversion (IC) via
ne or more conical intersections [21]. An ultrafast experiment

ints on the potential energy surface of molecules studied (CASSCF/cc-pVDZ)

SOC (cm−1) H
•

+ R
•

9.15 (11A′/13A′′) 4.49(13A′)
3B1) 11.65 (11A1/13B1) 3.67 (11A1/13A2) 3.24(13A2)
.04 (11A′′/13A′/13A′′) 4.54 (11A′/13A′′) 4.06(13A′)

n the last column the energy of the dissociated radical pair is listed.
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order of magnitude larger. In addition, the density of states on
S0 is much larger than on the T1 surface, so that statistically the
contribution of the triplet state is expected to be minor under

Fig. 2. A potential energy diagram showing triplet levels along the two coor-
Fig. 1. The calculated structures of some s

22] reported a lifetime of 30 ± 10 fs for the S1 state; the short
ifetime was assigned to rapid IC followed by dissociation. The
nvolvement of a triplet state has been usually neglected, assum-
ng that intersystem crossing (ISC) is negligibly small compared
o IC. Several recent high level calculations consider the singlet

anifold only [23–26].
Our calculations show (Table 1), that the (13A′′) triplet state

s indeed degenerate with the two singlet states at the H-atom
igration conical intersection [27–29]. A transition to the triplet

tate might result in a lower ion yield due to a smaller photo-
onization cross-section. This might be one possible reason for
he non-statistical nature of the dissociation process suggested
y the calculations of ref. [26].

Fig. 1 shows schematically some of the structures relevant to
his work calculated on the triplet and singlet surfaces (omitting
ydberg states which are not relevant for this discussion). Fig. 2
isplays the calculated energy surface along the two coordinates
eading to the conical intersection, highlighting the triplet state
ritical points. Cs symmetry was used throughout as the ConInt
ransforms in this symmetry group. Franck–Condon excitation
eads to the 21A′ state at about 7.7 eV (experimental value). This

state (Mulliken notation) tends to distort to a perpendicular
iradical form of A′′ symmetry (B1 in D2d). At its minimum,
his species is a saddle point—a transition state between the two
lanar isomers of ethylene. The 11A′/11A′′ ConInt is reached by a
ombined motion along both the H migration coordinate and also
he torsion coordinate leading to the carbene (11A′) minimum.
s shown by the calculation, a 3A′′ state is degenerate (within the
omputational error) with the 11A′/11A′′ ConInt at the geometry
hown in Fig. 1. The energy of this ConInt (5.68 eV) is higher
han the dissociation energy on the S0 surface (4.49 eV), which
s also the energy of the dissociated pair (CH2CH• + H•) triplet.

d
s
t
f
F

s on the ethylene potential energy surface.

Lee and co-workers interpreted their molecular beam photo-
issociation data as occurring on the ground state surface.
ccording to our results, some molecules have a chance to cross

o the T1 state, which is dissociative at any energy. In order to
stimate the importance of this channel, dynamic calculations
ave to be carried out. The calculated SOC matrix element at
he conical intersection is 11.65 cm−1, much smaller than the
ibronic coupling which in similar systems was found to be an
inates leading to the conical intersection. In addition two coordinates are
chematically highlighted: In pink, the transition from leading from the triplet
ransition state (TS) to the ConInt and a coordinate (leading to CH bond fission)
rom the ConInt. The dissociation can take place on the S0 or T1 surfaces. See
ig. 1 for the structures of the different species.
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ollision-free conditions. The situation may change when colli-
ions are allowed: collisions may actually stabilize the ground
tate molecules by driving them to below the dissociation limit.
n the case of the triplet, collisions will normally assist the dis-
ociation. Thus, although the quantum yield of triplet molecules
ay be small, the chemical yield may be significant.
The possibility for crossing to the triplet at the conical inter-

ection is built into the system, as shown in our calculations. The
A′′ and 3A′′ states are almost degenerate at almost any position
f the migrating H atom, as long as the electrons are largely
ccupying two orthogonal nearly degenerate MOs. However,
he coupling between them is negligibly small due to symmetry.
n contrast with the negligible SOC for two states of the same
ymmetry but different spins, the ConInt provides an opportu-
ity for interaction between the lowest triplet and a singlet of
ifferent symmetry.

Caldwell et al. pointed out that for symmetry reasons the SOC
atrix element vanishes at the perpendicular geometry [30].
anovich et al. [31] emphasized the importance of pyramidal-

zation for promoting ISC. Our numerical value is close to theirs,
s we used the updated GAMESS program. It is clear that a sim-
lar treatment can be extended to larger ethylene derivatives,
ncluding cyclic ones in which torsion is limited [32].

.3. Toluene

The lowest triplet state of toluene has been characterized in
everal solid state and gas phase environments. Haaland and
ieman [33] showed from the analysis of the vibronic structure
f the phosphorescence spectrum that its structure is nearly C2V

nd that it transforms as the B1 irreducible representation. The
olecule is distorted to a quinoidal ring (two short bonds and

our long ones), with the methyl group lying at the apex of two
ong bonds and out of the plane of the ring. The non-planarity of
he molecule reduces the symmetry to Cs symmetry, but the small
ut of plane angle (3.6◦) allowed the analysis to be carried out in
2V. The 0 0 band of the phosphorescence lies at 28994 cm−1

3.59 eV), lower than the dissociation energy of the CH bond, as
easured in the gas phase (3.89 eV) or of the CC bond (4.50 eV).
owever, since excitation of the first singlet–singlet band of

oluene (the 11A1–11B2 transition) occurs at about 4.68 eV [34]
he molecule has enough energy to dissociate, or to undergo
ther chemical transformations such as ring expansion to cyclo-
eptatriene. As shown by Dietz et al. [35] the system transforms
o the triplet state even under collision free conditions, upon
xcitation of the 0 0 band. The ISC yield is 0.64 and the inter-
ystem crossing rate constant 8.5 × 106 s−1. The fluorescence
ield is 30% so that at this energy the internal conversion to
he ground state is much slower (the IC yield is about 10 times
maller). This rather slow rate of ISC is strongly increased in the
resence of heave gases in supersonic cooled clusters, reaching
bout 3 × 108 s−1 in krypton clusters [36]. Even these rates are
uch smaller than IC rates expected at conical intersections.

Most kinetic data on the dissociation reaction were obtained

n the gas phase upon excitation at 193 nm (6.4 eV). The main
eaction is cleavage of one of the CH bonds of the methyl
roup and CH3 elimination [37–43] but isotope scrambling

a
n
w
a
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xperiments [44] showed that some molecules readily undergo
somerization to cycloheptatriene and re-aromatization prior to
issociation. The results have been analyzed in terms of reac-
ions on the singlet state manifold, assuming that the dissociation
s from vibrationally excited ground state molecules. The tran-
ition from the higher singlet states to S0 are believed to involve
onical intersections.

In our computations, the active space was seven orbitals with
ight electrons: the orbitals were the six � orbitals (3 occupied
nd 3 unoccupied) and the occupied � pseudo orbital of the
ethyl group (i.e. eight electrons in seven orbitals). The struc-

ure of the calculated S0/S1 conical intersection is similar to
hat found for benzene [17,45]. The ground state potential curve
11A′ in Cs symmetry) crosses the S1 state (11A′′ in Cs sym-
etry). The minimum of the latter state, which is related to the

1B2u state of benzene at 4.73 eV (calculated, 4.67 eV experi-
entally [34]) transforms through a low barrier to a prefulvene

tructure at which it is degenerate with the ground state. At this
onInt we found that a triplet state is also degenerate with the

wo singlet states; this is a 3A′′ which at this point is T1, but at the
C region was T2. In fact the 11A′′ and 13A′′ states are degenerate
long the entire coordinate leading from the minimum geome-
ry to the prefulvene structure, which is, on the singlet surface, a
ransition state between two benzvalene isomers. On the triplet
urface, the prefulvene structure is a minimum. The calculated
tructures of the species are shown in Fig. 3.

In contrast with case of benzene, there exists a low energy
issociation process to H atom plus benzyl radical; the required
nergy is much lower than that required for a CH bond cleavage
n benzene due to the resonance stability of the benzyl radical.
his is reaction takes place either on the S0 surface or the T1
ne. This triplet state is of A′ symmetry and is separated from
he T1(A′) minimum by a barrier. This triplet may be reached
ia the T1/T2 (3A′/3A′′) ConInt (Fig. 3) which lies a little higher
0.3 eV) than the prefulvenic conical intersection which is also
egenerate with the A′′ triplet. Therefore, our results show that
n the gas phase, an electronically excited toluene molecule may
issociate via the triplet state, in agreement with experimental
ata (especially when a heavy atom is adjacent to the molecule)
35].

The T1/T2 ConInt has an antiquinoid structure (Fig. 3) and
s thus different from the prefulvene ConInt and also from the
uinoid ConInt discussed in ref. [45] leading to Dewar benzene.

.4. Pyrrole

The triplet states of pyrrole were observed by electron diffrac-
ion, yet no record of phosphorescence is known to us. High-level
b initio calculations were performed on the molecule [46–48],
eaching very good agreement with experiment. The absorption
pectrum in the 5.5–6.5 eV region was found to include several
alence and Rydberg states, with the intensity due mainly to ��*
nd Rydberg states. As the NH bond is lengthened these states

re coupled to ��* states, which become the lowest energy ones
ear the dissociation limit (experimental value 4.07 eV [49]). It
as found that the NH bond dissociation occurs adiabatically,

nd that the pyrrolyl radical acts as a spectator to the NH bond
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Fig. 3. The calculated structures of some species on the toluene potential

Table 2
Structures and relative energies of some pyrrole states, CASSCF(6,6)/cc-pVDZ

State NH NC2 C2C3 C3C4 Energy (eV)

11A1 0.995 1.368 1.375 1.430 0
Exp [53] 0.996 1.370 1.382 1.417 0
13B2 min 0.991 1.415 1.475 1.355 4.03
ConInt: 11A1/11A2/

13A2/13B1

1.715 1.374 1.391 1.459 4.34
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[55]; its excitation spectrum was very narrow and was assigned
to the 11A2(3s) Rydberg state. At higher energies on the onset
of valence states an efficient radiationless channel was opened,
eliminating the fluorescence. The absence of fluorescence was
3A2 Diss 1.338 1.466 1.359 3.24
3B1 Diss 1.386 1.366 1.492 3.70

issociation process [50]. This means that the excess energy
vailable in the molecule is not redistributed statistically, as
xpected from standard theories of chemical reaction (RRKM),
ut goes selectively to the NH bond dissociation energy, as
redicted by Sobolewski et al. [51].

Since we were interested mostly in the triplet states, we used
modest (6,6) active space (five � orbitals plus the �*NH anti-

onding orbital). The structures obtained are summarized in
able 2 and Fig. 4 shows schematically the shapes of the pyrrolyl
adicals of A2 and B1 symmetry calculated at the dissociation

ig. 4. The calculated structures of the A2 and B1 states of pyrrole at the disso-
iation limit.

F
t
f
s

energy surface. The 3A′/3A′′ ConInt is a triplet degeneracy (T1/T2).

imit. It is seen that for the ground state excellent agreement with
xperimental results [52] are obtained.

Fig. 5 displays the calculated energy level diagram along the
H distance.
As seen from Fig. 5, the two spin components of the states

A2 and 1B1 are nearly degenerate along the RNH coordinate.
his follows from the fact that the two electrons occupy two
on-interacting orbitals. The absorption spectrum of pyrrole in
he 5–6 eV range is complex, but the strongest transition is to the
1B2(��*) state, which crosses over to one or both ��* states.

Neither fluorescence nor phosphorescence was reported for
yrrole. Fluorescence was observed for the N-methyl derivative
ig. 5. A partial energy level diagram for pyrrole based on the calculations of
his work. The Franck–Condon energies were not calculated, and were taken
rom the experimental work of ref. [54] as interpreted in ref. [47] (Rydberg
tates excluded).
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ssigned to the coupling between the initially excited state (��*)
nd dissociative ��* states leading to cleavage of the N H bond
51]. The crossing between the states is an ultrafast process tak-
ng place through a conical intersection at an estimated 30 fs time
eriod [56]. It was assumed that the dissociation takes place on
he singlet manifold, as the transition to the triplet was consid-
red to be on a much slower time scale. Picosecond intersystem
rossing (ISC) is known in the case of another aza-aromatic,
yridine [57,58]. This rapid ISC is assigned to the strong cou-
ling between the n�* singlet and the close-lying ��* triplet
ccording to El Sayed’s rules [3]. In the case of pyrrole, the
easoning underlying the El Sayed rules (conservation of angu-
ar momentum during intersystem crossing) applies for the two
tates A2 and B1.

As an aside we note that the triply degenerate singlet state
ound for pyrrole may be connected with the fact that the pyrrolyl
adical is a quasi Jahn–Teller system having 5� electrons in a
ve membered ring. The general case of higher degeneracy was
iscussed by us some time ago [59], this appears to be another
xample of the general case.

. Conclusion

The transition to the triplet states when internal conversion
s rapid has been in general neglected. As shown here situations

ay arise in which the triplet is populated and may contribute to
he observed dynamics. Dissociation reactions are of particular
nterest in this context as triplet states are often dissociative.
xamples are already available in the literature, primarily when
eavy atoms are involved, but also in phenyl derivatives such as
thylbenzene and para-fluoroethylbenzene [60].
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