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The radiationless decay mechanisms of cyclic alkenes CnH2n-2 (n ) 4, 5, 6), norbornene, their phenyl
derivatives, and styrene in their lowest triplet state have been investigated by unrestricted density functional,
ab initio CASSCF, and MRD-CI calculations. The potential energy surfaces of the ground (S0) and lowest
triplet state (T1) have been explored along double bond twisting and anti pyramidalization reaction pathways
to explain the experimentally observed inverse proportionality between ring size and triplet-state lifetime.
The calculations for the transition probabilities between T1 and S0 states are based on Fermi’s golden rule
including spin-orbit coupling (SOC) constants. According to the older “free-rotor model”, the hindered twist
around the double bond in small ring alkenes has been assumed so far to be the main factor determining the
T1-state lifetimes. All computational results show, however, that only a combined reaction coordinate of anti
pyramidalization and twisting at the double bond provides a low-energy pathway which reproduces the
experimentally observed transition probabilities. For the relative transition rates, the different Franck-Condon
(FC) factors in the series of compounds are found to be much more important than the SOC constants (FC-
controlled mechanism). On the basis of the theoretical model, the effect of substitution of vinylic hydrogen
atoms by phenyl groups is discussed.

1. Introduction

The radiationless decay of electronic excitation energy often
controls the efficiency of important photochemical processes.1

Especially the spin-forbidden raditionless transition from the
first excited triplet state (T1) to the singlet ground state (S0) is
very efficient in organic molecules with a carbon-carbon double
bond and thus plays an important role in a wide variety of
organic photoreactions.1 Acyclic alkenes, which usually have a
planar double bond geometry in their ground state, are expected
to reach a perpendicular twisted structure in their relaxed T1

state.1,2 In a simple picture this excited state arises by promoting
an electron from the highest occupiedπ orbital to its antibonding
π* counterpart. The reduced Coulomb repulsion between the
electrons that is no longer offset by anyπ-bonding favors a
twisted triplet geometry with two perpendicular methylenic
groups. From experiments3-5 and ab initio calculations6,7 a
perpendicular twisted structure is well known to provide an
energetic near degeneracy between S0 and T1 states for ethene.
This twisted T1 minimum constitutes a funnel geometry for spin
inversion, and it was believed that such a geometry is responsible
for an efficient T1 f S0 transition also in other alkenes. Mainly
induced by spin-orbit (SO) interaction the triplet excited alkene
changes the spin state of one of the excited electrons to become
an isoenergetic rovibrational excited ground-state molecule. This
intersystem-crossing (ISC) mechanism results for several alkenes
in the well-known cis-trans isomerization.1

Cyclic alkenes should be hindered in their ability to twist to
a perpendicular funnel geometry. The free-rotor model8 assumes
that the high ring strain of small cyclic alkenes prevents efficient

radiationless decay. The locked double bond of rigid molecules
is supposed to effect a planar triplet minimum geometry that
causes a large barrier on the T1 surface between the minimum
and the perpendicular twisted geometry and provides a sizeable
energy gap between the T1 and S0 states. According to Siebrand,9

an increased energy gap will result in an increase of the triplet-
state lifetime. This model of forced planarity was used to explain
the experimentally observed inverse proportionality between T1

state lifetimes and ring size4,8 for phenyl-substituted cyclic
alkenes.

In addition to these energetic arguments (ring strain) of the
free-rotor model, the physics of the spin-forbidden S0 f T1

transition is well known to also be determined by vibronic
resonance and spin-orbit coupling (SOC) between the two
states.1,9,10 A measure for resonance of vibronic states is the
Franck-Condon factor (FCF) between the triplet vibronic
ground state (v0′) and an isoenergetically lying highly excited
singlet state (vj, j . 0). According to Fermi’s golden rule, the
T1(v0′) f S0(vj) transition rate depends quadratically on the
spin-orbit coupling matrix element with the spin-orbit operator
HSO between the two states and on the ground-state density of
rovibronic statesFS0 with energy comparable to that of the T1-
(v0′) state:

φ represents the electronic andø the vibrational wave functions.
It is not a priori clear whether FC or SO factors will be the
dominant part of the transition rate, and thus, theoretical
considerations are required.
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Rowland and Salem11 derived simple rules to estimate the
magnitude of spin-orbit interaction for 1,2-biradicaloids such
as cycloalkenes in the T1 state. Large SOC will be favored (i)
by nonparallel vinylic pz atomic orbitals due to different orbital
angular momentum and (ii) by an ionic contribution of the
singlet wave function to enhance a spatial redistribution of
electrons with the purely covalent triplet state. However, even
for the simplest compound ethene with a very short lifetime of
about 10 ns2 for the T1 state, a quantitative description of the
ISC using the double bond twist path alone is problematic. At
the funnel geometry (90° twist) the singlet wave function is
purely covalent, and therefore SOC between T1 and S0 is
negligible (the FCFs are also very small).7,12 To explain the
experimentally observed efficient transition, distortions away
from a perpendicular twisted T1 geometry must be consid-
ered.12,13 Already Walsh14 proposed a pyramidal arrangement
of the twisted methylene groups in theππ* states which have
recently been proved by a quantum-dynamical study15 to be
important for the S1 f S0 decay of ethene. Higher SOC values
for pyramidalized geometries found byab initio calculations
of Caldwell et al.12 and Danovich et al.16 seem to corroborate
this idea.

The quantitative description of T1 f S0 radiationless deac-
tivation of cyclic alkenes is even more complicated due to the
expected absence of a clear funnel geometry. The qualitative
predictions of the free-rotor model have several exceptions, e.g.,
the T1-state lifetime of the bicyclic alkene norbornene (NOR).
Although having a quite rigid double bond geometry in the five-
membered ring (23.6 kcal/mol ground-state strain energy17),
norbornene shows an unexpected short triplet lifetime (250 ns18)
which cannot be explained in the framework of a twist
mechanism.19

In the present paper we consider the T1 f S0 decay
mechanism of 1-phenylcycloalkenes with various ring sizes (see
Figure 1) which have been used as the experimental basis of
the free-rotor model.5,8 In particular we study the styrene
derivatives 1-phenylcyclobutene (PCB), 1-phenylcyclopentene
(PCP), and 1-phenylcyclohexene (PCH) as well as the unsub-
stituted parent compounds cyclobutene (CB), cyclopentene (CP),
and cyclohexene (CH). The phenylalkenes have been studied
with a wide variety of experimental methods in the last 20 years
such as time-resolved photoacoustic calorimetry,4 laser-flash
photolysis,5,20 oxygen and heavy-atom perturbation,4 and nano-
second flash kinetic absorption spectroscopy.2 All experiments
show a correlation between triplet lifetime and ring strain.
Adding a CH2 group to the ring reduces the ground-state strain
energy by more than 50%17,21and decreases the T1 lifetime by
more than a factor of 100 (τT1(PCB) ) 4 ms,τT1(PCP)) 15
µs, andτT1(PCH) ) 56 ns).2,4,5 The free-rotor model explains
this trend by the amount of possible twist according to Dreiding
models2 (e.g., 10° for PCP and 45° for PCH). Although this
concept seems reasonable at first sight, it cannot explain the
short triplet lifetime of PCH, which is similar to that of acyclic
alkenes such as styrene (τT1 ) 22 ns4). According to Dreiding
models, a six-membered ring cannot reach a perpendicular
twisted T1 funnel geometry.

The question about the nature of an efficient T1-state
deactivation pathway in alkenes is still not answered. Breaking
of CC single bonds in the rings, yielding biradicals, can be
excluded for the compounds considered here because of the low
T1 energies (between 50 and 60 kcal/mol for styrene derivatives
compared to>80 kcal/mol dissociation energy for CC single
bonds19,22). Because of the central role of the double bond in
the process, several reaction pathways which concentrate on
this basic chromophore have been proposed: (i) the double bond
twist coordinate,2,3,8,19 (ii) syn pyramidalization at the double
bond,12,14,23(iii) anti pyramidalization at the double bond,19 (iv)
the CdC bond stretching coordinate4 and (v) a benzene-like
1,6-biradicaloid intermediate structure.24 Our previous investiga-
tion of the potential energy surface for the double bond twist
path (i) in the bicyclic alkene norbornene19 has shown that the
surface of the T1 state is very flat and that the molecule in this
state is more flexible than previously thought. The syn pyra-
midalization (ii) of the vinylic hydrogens was found to be
energetically unfavorable compared to anti pyramidalized (iii)
twisted structures. Since bond stretching alone does not couple
triplet and singlet states13,25,26and furthermore results in very
unfavorable vibrational overlaps,27 the CdC stretching pathway
(iv) is not considered explicitly. Mechanism v is also not
examined here because it cannot explain the strong variations
of ISC in the series of cyclic compounds (this argument can
also be put forward against pathway iv).

We calculate T1 and S0 potential energy curves for twisting
and anti pyramidalization at the double bond with quantum
chemicalab initio and density functional theory (DFT) methods.
Due to the size of the molecules only a one-dimensional
consideration of the T1-S0 intersystem crossing is computa-
tionally feasible, which can, however, provide at least (semi)-
quantitative information. In this context it should be pointed
out that most of the measurements cited have been performed
in solution where an upper limit for the T1-state lifetime on the
order of milliseconds is expected due to collision-induced
deactivation with the solvent molecules.

The determination of the most efficient T1 f S0 ISC reaction
pathway should provide a theoretical model which can achieve
the following goals: (i) a semiquantitative prediction of the
observed dependence of the T1-state lifetime with the ring size
and (ii) an explanation of the the observed increase of the T1

lifetime upon substitution of vinylic hydrogen by a phenyl group.
The relationship between the T1-state lifetime and the number

of substituted vinylic hydrogen atoms has been examined in
detail for acyclic alkenes, e.g., the phenyl substitution of stilbene
(τT1(stilbene)) 50 ns,τT1(triphenylethylene)) 100 ns, andτT1-
(tetraphenylethylene)) 175 ns; for an overview see ref 2). Since
norbornene (τT1(NOR) ) 250 ns) and 2-phenylnorbornene (τT1-
(PNOR) ) 2000 ns) are the only experimentally examined
couple of unsubstituted and phenyl-substituted cyclic alkenes,
we include them as well; this continues our previous study on
norbornene.19

2. Theoretical Methods

The T1 f S0 intersystem-crossing process is investigated
along one-dimensional reaction coordinates while all remaining
geometric variables are optimized. Two possible reaction
pathways are investigated (see Figure 2): (i) The double bond
twisting pathway has been calculated with the dihedral angle
θ1 between the vinylic carbon atoms and their two neighbors
as reaction coordinate (for styrene the dihedral angle H1C1C2CR′
and a planar methylene group is used). (ii) The anti pyrami-
dalization of the vinylic carbon atoms is described with the

Figure 1. Systems investigated and their abbreviations.
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dihedral anglesθ2 ) ∠(H2C2C1CR) ) θ3 ) ∠(R1C1C2CR′). This
coordinate contains components of pyramidalization as well as
twisting and gives a localC2 symmetry of the olefinic double
bond. (iii) For the phenyl-substituted derivatives, we additionally
investigateθ2 as a reaction coordinate only and freely optimize
θ3 (nonsymmetrical antipyramidalization pathway). All geom-
etry optimizations are carried out without any further symmetry
constraints on the electronic or geometric structure using the
eigenvector-following algorithm of Baker.28

The geometries and energies have been calculated using
unrestricted Kohn-Sham density functional theory (UDFT) with
the B3LYP hybrid exchange-correlation functional.29,30As found
previously,19 the UDFT approach is quite robust against spin
contamination of the wave functions so that the〈S2〉 expectation
values in most cases deviate by less than 0.01 from pure singlet
or triplet multiplicity. Systematic investigations on the perfor-
mance of the DFT/B3LYP approach for triplet states have not
been performed yet, but comparisons withab initio results for
smaller systems31,32 suggest that this approach is quite useful
for energetics and geometries. The TURBOMOLE33,34suite of
programs has been employed in all DFT calculations. The
Gaussian basis sets used are of split-valence quality (SV, [3s2p]/
[2s] for C and H, respectively),35 subsequently augmented with
polarization d functions at the carbon atoms (Rd ) 0.8, SV+d
basis). Prior experience has shown that this theoretical level
provides geometries and energies very similar to those ofab
initio CASSCF and multireference singles and doubles config-
uration interaction (MRD-CI) calculations.19 To check the
accuracy of the UDFT potential energy curves, we have
performed MRD-CI calculations36,37 with the DIESEL-MR-CI
program38 for the S0 and T1 states of the unsubstituted
compounds CB, CP, and CH. Harmonic vibrational frequencies
for all stationary points are calculated at the UDFT-B3LYP/
SV+d level with the GAUSSIAN 98 code.39

In addition to the different reaction coordinates we examine
the role of FCFs and SOC on the triplet-state lifetime. In our
one-dimensional model, the transition rate (see eq 1) is
proportinal to the square of (isoenergetical) T1 and S0 vibrational
wave functions weighted by the coordinate-dependent spin-
orbit coupling matrix element. The density of states is assumed
to be the same for all compounds and has been taken as the
literature value ofFS0 ) 0.2786/cm-1 for ethene.7 The rates are
calculated between (thermally populated) vibronic triplet state
levels (vi′) (i ) 0, 1, 2, ...) and excited vibronic levels of the
ground state (vj). For convenience, the FCF values in the tables
are reported for the lowest triplet v0′ level only. The vibrational
wave functions are obtained by solving the one-dimensional
Schrödinger equation numerically.40 The reduced intertial mo-
ments for the twist and anti pyramidalization motions for each
molecule are adjusted such that the one-dimensional (anhar-
monic) calculation yields the same fundamental frequency as
the harmonic (multidimensional) calculation for the S0 state.
For the larger molecules there is some ambiguity in the

assignment of the normal modes to either twisting or pyrami-
dalization motions due to a strong mixing (generally 2-4 normal
modes with twisting/pyramidalization character in the range
200-800 cm-1 are found). Test calculations using different
reduced moments, however, give final results for the lifetimes
within a deviation of 20%.

The calculations of the SOC constants are performed with
the GAUSSIAN 9839 package, which employs an approximate
one-electron spin-orbit operator with an effective nuclear
charge,Z* ) 3.6, determined previously by Koseki et al.41,42

The SOC calculations are carried out with CASSCF(2,2) wave
functions (SV+d AO basis) employing the triplet-state geometry
from UDFT calculations. Test calculations using CISDTQ(12,-
12) wave functions carried out at selected geometries gave SOC
values similar to those of the CASSCF(2,2) treatment.

The calculated T1 f S0 decay rates which are equal to the
inverse of T1-state lifetimes are weigthed by the corresponding
thermal population (Boltzman factor atT ) 300 K) of the triplet-
state levels. Because the rates are determined mainly by
transitions from the (v0′) level, the thermally averaged values
deviate by less than 10% from the zero temperature limit.

3. Results and Discussion

3.1. Twisting Coordinate.3.1.1. Cyclobutene.The S0 state
of cyclobutene is found to be planar withC2V symmetry and a
typical double bond length of 1.34 Å. Because of the four-
membered ring, the strain energy is quite high (29 kcal/mol21).
The minimum found for the T1 state has about 20° of twist,
much more than earlier expected.2 The minimum is reached
along the twisting coordinate without any barrier (see Figure
3). In the T1 state, the C1-C2 bond is strongly elongated to
1.50 Å and an anti pyramidalization of the hydrogen atoms at
C1 and C2 (θ2/3 ) -107°) is found. In the S0 as well as in the
T1 state the whole molecule accommodates the forced twist by
performing aC2-symmetrical butterfly-type structure with the

Figure 2. Definitions of reaction coordinates employed.

Figure 3. Potential energy curves (energies in kilocalories per mole
relative to the minimum of the S0 state) along the double bond twisting
coordinate in cyclobutene and cyclopentene at the UDFT-B3LYP level.
Open (filled) symbols correspond to triplet (singlet) states. Correspond-
ing T1-S0 spin-orbit matrix elements plotted along the same coordinate
are shown in the lower figure.
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C2 and CR atoms remaining fixed and C1 and CR′ moving
symmetrically above the former molecular plane.

The potential energy curve of the S0 state is well separated
from that of the T1 state along the entire path. In Figure 3, the
dependence of SOC constants along the reaction coordinate is
also presented. After a maximum SOC of 2.5 cm-1 at θ1 ) 10°
the values decrease monotonically to a minimum of 1.0 cm-1

at θ1 ) 70°.
3.1.2. Cyclopentene.The ground-state structure of cyclopen-

tene hasCs symmetry with a ring-puckering angle C2CR′CâCR
of 21.0° (exptl, 23.3° 14). The strain energy of the ground state
has been calculated to be about 7 kcal/mol.17 A planar structure
is about 0.5 kcal/mol less stable than theCs-symmetric
enveloped geometry,17,43 which demonstrates the increased
flexibility of CP relative to CB. Although the potential energy
curves shown in Figure 3 are quite similar to those of CB, we
observe distinct differences due to released strain. The minimum
of the T1 state shifts to larger twist angles (about 35°), and a
smaller anti pyramidalization of the hydrogen atoms at C1 and
C2 (θ2 ) -109°) is found. The experimentally determined
vertical triplet energy of 79 kcal/mol4 is in good agreement with
the theoretical results (UDFT-B3LYP, 78.0 kcal/mol), demon-
strating the reliability of the DFT approach. The shape of the
SOC function resembles that of CB, but the values are generally
about 1 cm-1 lower. Especially at energetically favorable
geometries for ISC (θ1 ) 60-90°) the SOC values are found
to be very small (<0.5 cm-1).

3.1.3. Cyclohexene.For the ground-statecis-isomer of CH
two conformations have been published by Allinger and
Sprague17 and Strickland and Caldwell.44 Strickland and Cald-
well investigated a half-chair and a half-boat structure, and in
accordance with our results they found the half-chair to be the
most stable structure.

Cyclohexene is the first alkene in our series for which atrans-
isomer should be considered in addition to thecis-isomer.
However, no experimental indications for the existence oftrans-
CH as a discrete chemical species have been reported to date,
although Dauben et al.45 proved the formation oftrans-1-
phenylcyclohexene upon flash pyrolysis of thecis-isomer. From
molecular mechanics calculations, Allinger and Sprague17

predict thetrans-isomer of CH to be 42 kcal/mol less stable
than thecis-species. They could not find a transition state for
the trans f cis isomerization but estimated a barrier of about
13 kcal/mol. On the basis of MNDO calculations Maier and
Schleyer46 concluded that thetrans-isomer does not exist.
Verbeek47 calculatedC2-symmetrical structures ofcis- andtrans-
isomers using GVB/STO-3G and MRD-CI/6-31G* methods and
found a transition state which is 10 kcal/mol less stable than
the trans-isomer. At the DFT level we findtrans-CH to be a
minimum with a lowest harmonic vibrational frequency of 269
cm-1. The barrier, however, is less than<1 kcal/mol so that
the existence oftrans-CH as a discrete species is quenstionable.
The DFT-B3LYP S0 structure has a twist angle of 87.9° and
strongly anti pyramidalized hydrogen atoms at C1 and C2 (θ2/3

) -43.9°) in agreement with the X-ray structure given by
Dauben et al.45 Isomerization energies have been theoretically
studied using several force field, semiempirical, andab initio
methods due to missing experimental data:44 MM3 provides 35.0
kcal/mol, AM1 59.4 kcal/mol, PM3 56.9 kcal/mol, and HF/6-
31G 73.6 kcal/mol. From our DFT and MRD-CI calculations
we obtain isomerization energies of 54.4 and 55.7 kcal/mol,
respectively.

The calculated T1-state minimum of CH shows the expected
large twist angle (θ1 ) 52.4°). The C1-C2 bond is elongated

to 1.47 Å, and the anti pyramidalization of the hydrogen atoms
at C1 and C2 (θ2 ) -101°) decreases relative to that of the S0

state. The potential energy curves are shown in Figure 4.
Contrary to the S0 curves computed for CB and CP, we observe
a very flat region near 90° of twist, which corresponds to the
trans-isomer. As for CB and CP we observe no barrier on the
T1 surface in going from the nontwisted structure to the
minimum. The shape of the T1 and S0 potential curves can be
interpreted as the sum of dumbbell curves forcis-trans
isomerization and of a steeply rising curve due to ring strain
for twist angles above 90°.3,48 The experimentally observed
vertical triplet energy of 80.5 kcal/mol4 is in reasonable
agreement with our results (UDFT-B3LYP, 76.7 kcal/mol;
MRD-CI, 76.0 kcal/mol). To demonstrate the reliability of the
DFT approach, we present a comparison of UDFT and MRD-
CI energies in Figure 4. As found before for CB and CP the
UDFT energies of the S0 (only one value at 90° shown) and T1
states are very close to those at the MRD-CI level even for
twist angles>60° (where the S0 state of ethene corresponds to
a pure biradical). The functional dependence of the SOC values
along the reaction coordinate is very similar to those of CP.

3.1.4. Phenylcycloalkenes.The potential energy curves for
the S0 and T1 states and the T1 minimum geometries of the
phenylcycloalkenes and styrene are summarized in Figure 5.
We have also included results for styrene in the figure, which
shows the expected minimum (maximum) at a fully twisted
geometry for the T1 (S0) state. There is no need for a detailed
discussion of the individual compounds because of a very close
resemblance of the potential energy curves to those of the
unsubstituted molecules. Due to conjugative effects and some
change of the biradicalic character from 1,2 to 1,6, the T1-state
energies are generally lowered by about 15 kcal/mol compared
to those of the unsubstituted systems. All T1-state potential
curves show a minimum, and no barrier is found betweenθ1 )

Figure 4. Potential energy curves (energies in kilocalories per mole
relative to the minimum of the S0 state) along the double bond twisting
coordinate in cyclohexene at the UDFT-B3LYP and MRD-CI levels.
The MRD-CI energies have been obtained in single-point calculations
employing the UDFT geometries. Open (filled) symbols correspond
to triplet (singlet) states. Corresponding T1-S0 spin-orbit matrix
elements plotted along the same coordinate are shown in the lower
figure. The MRD-CI calculations for the S0 state have been performed
only at θ1 ) 0° and 88°, respectively.
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0° and the minimum. Except for styrene, no crossing point with
the S0 state is found. The SOC constants increase with increasing
twist angle to a maximum at about 45° and reach a minimum
around 90°. The maximum SOC values are slightly lower
compared to those of the corresponding unsubstituted com-
pounds. Thus, our results confirm earlier conclusions based on
calculations for ethene7,16 that SOC is very inefficient for
geometries near the twisting funnel and even zero for a twisting
angle of 90°. The T1-state geometries differ substantially from
those of the unsubstituted alkenes: the styrene chromophore is
distorted in a quinoid manner, and only the carbon atom C2

pyramidalizes (see Figures 2 and 5). The amount of anti
pyramidalization decreases in the series as PCB> PCP> PCH.
This can be explained by the Coulomb repulsion between the
two unpaired electrons in the triplet state which try to avoid
each other. In the small ring compounds this is possible solely
by pyramidalization while the large compounds have the ability
to twist.

The T1 states of the phenylalkenes are well studied experi-
mentally.4,8,20,45,49Ni et al.4 measured vertical (E(T1

v)) and 0-0
triplet excitation (E(T1

e)) energies for styrene, PCP, and PCH.
For styrene we obtainE(T1

v) ) 61.4 kcal/mol andE(T1
e) )

54.2 kcal/mol (experiment, 60.8 and 51.2 kcal/mol, respectively).
For PCP Ni et al.4 find the T1

e energy to be nearly identical to
E(T1

v) ) 59 kcal/mol, which is in good agreement with the
calculated data (E(T1

v) ) 59.4 kcal/mol,E(T1
e) ) 59.1 kcal/

mol). For PCH the experimental data for the vertical (E(T1
v) )

60.8 kcal/mol) and relaxed T1 (E(T1
e) ) 56.4 kcal/mol) energies

differ quite substantially, which is confirmed by the UDFT
calculations (E(T1

v) ) 60.8 kcal/mol,E(T1
e) ) 54.3 kcal/mol).

In agreement with Dauben et al.45 we find a trans minimum
structure for the S0 state of PCH (θ1 ) 88.0°, θ2 ) -61.1°, θ3

) -40.3°), a tiny barrier fortransf cis isomerization, and an
isomerization energy of 51.7 kcal/mol (experiment, 47.0 kcal/
mol44).

3.1.5. Discussion.The most important data characterizing the
T1-state geometries along the double bond twist reaction
pathway for the investigated alkenes are summarized in Table
1.

First of all we notice a very good agreement between theory
and experiment for the excitation energies. The increased ability
of the larger rings to twist is documented by an increasedθ1

value for the T1-state minimum, thereby reducing the energy
gap relative to that of the S0 state. Theθ1 value for the bicyclic
compound norbornene is even smaller (12°) than that of CB
(20°). The phenyl-substituted carbon rings tend to be less
flexible (i.e., have lowerθ1 values), which can be explained by
the conjugation of the benzene ring with the double bond. Thus,
PCB is planar in the T1 state while PCP and PCH show
significant anti pyramidalization of the vinylic hydrogen atoms
in addition to the double bond twist. Qualitatively, the shape
of the potential curves seems to be in line with the free-rotor
model.

The calculated SOC constants show no trend with respect to
ring size and thus cannot explain the different ISC efficiencies.
According to Siebrand9 the FCFs control the intersystem-
crossing rates if the SOC constants are small (<1 cm-1). To
check this hypothesis, one-dimensional FCFs as the square of
the overlap between isoenergetical lying vibrational wave
functions are calculated and are given in Table 2. In addition,
the fundamental vibrational frequenciesωS0 and ωT1 and
calculated and experimental T1-state lifetimes are discussed.

The vibrational states for the S0 states become isoenergetic
with the lowest level of the T1 state for vibrational quantum
numbers between 60 and 80 in the different molecules. Except
for styrene, all FCF values are below 10-8. As a result, the
thermally averaged T1-state lifetimes are very long, i.e., reaching
seconds for the unsubstituted compounds and PCB and mil-
liseconds for NOR, PCP, and PCH. Furthermore, neither the
FCF values nor the calculated lifetimes reflect the observed trend

Figure 5. Potential energy curves (energies in kilocalories per mole
relative to the minimum of the S0 state) along the double bond twisting
coordinate in the 1-phenylcycloalkenes and styrene at the UDFT/B3LYP
level. Open (filled) symbols correspond to triplet (singlet) states. The
optimized T1 minimum geometries illustrate the increasing perpen-
dicularity of the substituted methylene moieties with increasing ring
size. Corresponding T1-S0 spin-orbit matrix elements plotted along
the same coordinate are shown in the lower figure.

TABLE 1: Excitation Energies and Dihedral Angles θ (for
Definitions, See Figure 2) for the T1 State of the Investigated
Olefines

compd

E(T1)
(vert/min)
(kcal/mol)

E(T1)(exptl)
(vert/min)
(kcal/mol)

θ1

(deg)
θ2/3

(deg)

CB 74.0/70.7 -/- 20.0 -106.7/-106.7a

CP 77.9/72.1 79.44/- 35.0 -109.2/-109.2a

CH 76.7/65.2 80.54/- 52.0 -101.6/-101.6a

NOR 73.0/68.7 72.318/60.618 11.8 -121.3/-128.2
PCB 59.5/59.5 -/- 0.0 -179.5/-179.9
PCP 59.4/59.1 59.24/58.94 20.0 -155.3/-142.6
PCH 60.8/54.3 60.84/56.44 50.0 -126.1/-102.1
STYR 61.4/54.2 60.824/51.224 90.0 -89.1/-93.4

aThe structures haveC2 symmetry.

TABLE 2: Franck -Condon Factors, Fundamental
Vibrational Frequencies ω, and Calculated and
Experimental T1-State Lifetimes for the Double Bond
Twisting Reaction Path

compd
ωS0

(cm-1)
ωT1

(cm-1) FCF
τT1(calcd)

(s)
τT1(exptl)

(s)

CB 398.2 345.5 2.96× 10-10 2.95
CP 395.5 344.2 1.46× 10-8 2.07
CH 398.1 444.9 1.31× 10-9 2.32
NOR 477.4 598.7 3.50× 10-11 9.00× 10-2 2.50× 10-7 18

PCB 242.7 115.0 2.25× 10-12 1.34 3.60× 10-3 8

PCP 257.4 6.6 4.23× 10-11 7.00× 10-2 1.50× 10-5 4

PCH 257.4 361.0 3.82× 10-11 8.00× 10-2 5.60× 10-8 4

STYR 1026.7 386.1 5.24× 10-4 5.78× 10-9 2.20× 10-8 4
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with ring size. Only for styrene, which is not hindered in the
ability to twist, we find good agreement between theory and
experiment (6 and 22 ns, respectively) [the good agreement on
an absolute time scale is fortuitous due to compensating errors
in the assumed density of states (too low) and the FCFs for the
neglected modes (which are not unity)]. The calculated data
for this compound (SOC) 0.03 cm-1 at θ1 ) 90°, FCF )
5.24× 10-4) indicate a FC-controlled ISC mechanism. Because
of the striking disagreement of the theoretical predictions with
the experimental observations for the cyclic compounds, we
conclude that a pure double bond twist reaction path is not
responsible for the ISC. The main reason for this behavior is
the absence of a crossing or touching point between the T1 and
S0 potential curves.

There is theoretical and experimental evidence that additional
motions other than twist play an important role in the ISC
process. All T1 minimum geometries for the twist reaction
coordinate as well as the X-ray structure oftrans-PCH show
large anti pyramidalization at the double bond. Substitution of
these vinylic hydrogen atoms is experimentally known2 to have
a large influence on the T1-state lifetime. Furthermore, SOC
increases for ethene by pyramidalization at the carbon atoms.16

Thus, we investigate an anti pyramidalization coordinate which
contains components of both anti pyramidalization and twist.
This coordinate closely resembles the normal modes of the
molecules in the 200-800 cm-1 range which are of mixed twist/
anti pyramidalization character.

3.2. Anti Pyramidalization Coordinate. 3.2.1. Cyclobutene,
Cyclopentene, and Cyclohexene. The potential energy curves
for the S0 and T1 states along theC2-symmetrical anti pyrami-
dalization coordinateθ2 for CB, CP, and CH are shown in Figure
6. The potential curves differ substantially from those along
the pure double bond twist reaction coordinate. Note that the
minima in S0 and T1 correspond to those shown for the twist
coordinate; i.e., the multidimensional surfaces are now explored
from the minima along another direction.

The energy of the S0 state increases more strongly compared
to the twist coordinate, and the ordering of the steepness for
the different compounds is reversed (i.e., CH> CP > CB).
The potential energy curves for the T1 state are extremely flat;
i.e., the energy increases by less than 5-10 kcal/mol from the
minimum to either 0° or 100°. All S0 curves touch the T1-state
curve in the region of the T1 minimum (CB atθ2 ) 110°, CP
at θ2 ) 100°, and CH atθ2 ) 90°), and it seems that the anti
pyramidalization pathway provides a funnel for ISC much more
effectively than the twisting coordinate. As expected, the
position of the touching point moves toward the minimum with
decreasing rigidity of the ring. The potential curve for the S0

state of CH shows a second minimum at aboutθ2 ) 135°
corresponding to thetrans-isomer.

In Figure 6 we also present the SOC constants along this
coordinate. Starting with small SOC values atθ2 ) 0°, they
increase to a maximum at 60°, i.e., near the T1 minima (CB,
2.6 cm-1; CP, 1.1 cm-1; CH, 1.1 cm-1). Although the SOC
values decrease for larger values of the reaction coordinate,
nevertheless the SOC values near the anti pyramidalized T1 state
minimum geometries are definitely higher (>0.5 cm-1) com-
pared to corresponding points on the twist reaction path. These
findings, together with large FCF due to touching of the curves
near the T1 minimum, explain the extremely short liftimes (<1
ns) calculated for CB and CP. A similar value may also be
expected for CH but could not be calculated in our model
because of the appearance of the second minimum on the T1

surface.
3.2.2. Phenylcycloalkenes.First, we investigated the T1 and

S0 potential energy curves along the anti pyramidalization/twist
coordinate in the same manner as for the unsubstituted cyclic
alkenes (θ2 ) θ3, i.e., localC2 symmetry). The calculated triplet
and singlet potential curves (not shown) resemble those of the
unsubstituted parent molecules with extreme flat but more
repulsive triplet curves. The T1-S0 crossing points were also
found at similarθ2 values (PCB,θ2 ) 78°; PCP,θ2 ) 70°;
PCB,θ2 ) 62°). The T1 minima, however, were always found
at θ2/3 ) 0°. Because the minima of the T1 and S0 states are
located exactly above each other and the potentials are quite
harmonic, we calculate very low FCF values of<10-10.
Furthermore, the trend of the FCF (e.g., PCP> PCH) does not
reflect the observed trend of the ISC efficiencies. Thus, we can
conclude that the ISC reaction on this coordinate seems to be
very inefficient for the phenyl-substituted compounds while it
is the most reliable pathway for the unsubstituted systems. This
difference can be traced back to the conjugation between the
benzene ring and the double bond, which further increases in
the T1 state. Increasingθ2/3 results in a loss of conjugative
interaction and thus in energetically very unfavorable situations
at larger values for the reaction coordinate.

Therefore, we investigate the T1 and S0 potential curves along
the reaction coordinateθ3 alone, which yields a nonsymmetrical
anti pyramidalization at the carbon atom C2 (see Figure 7 and
Table 3). These potential curves show a slightly different shape
along positive and negative directions due to the unsymmetrical
arrangement of the pyramidalizing hydrogen atom with respect
to the two rings.

The shape of the T1 and S0 potential curves for PCB is very
similar to that of the symmetrical situation, i.e., a T1 minimum
at 0° and no crossing point. The FCF values are only slightly
larger compared to the pure twist coordinate (FCF(twist)) 2.25
× 10-12, FCF(anti pyramidalization)) 8.01 × 10-11). The
higher SOC values explain the decrease of the calculated T1-

Figure 6. Potential energy curves (energies in kilocalories per mole
relative to the minimum of the S0 state) along the symetrical anti
pyramidalization coordinate (θ2 ) θ3) of cyclobutene, cyclopentene,
and cyclohexene and at the UDFT-B3LYP level. Open (filled) symbols
correspond to triplet (singlet) states. The arrows indicate the position
of the triplet-state geometries shown. Corresponding T1-S0 spin-orbit
matrix elements plotted along the same coordinate are shown in the
lower figure.
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state lifetime from 1.34 s for the twist path to 40 ms. This result
is in reasonable agreement with the experimental lifetime of
3.6 ms.8

The S0 potential curve of PCP is slightly steeper compared
to that of PCB, and we find a very shallow minimum of 0.1
kcal/mol depth atθ2 ) -50° for the T1 state. As a result we
calculate a FCF value 3 orders of magnitude larger than that of
PCB. The calculated liftime of 37.5µs is in good agreement
with the the experimental value of about 15µs.8

The trend in the shape of the T1-state potential curves
continues for PCH. The curve has deeper minima which are
moved to larger values of the reaction coordinate (|θ2| ≈ 90°),
which is quite close to the T1-S0 crossing points at|θ2| ≈ 110°.
The FCF value increases by 4 orders of magnitude compared
to that of PCP, and the the calculated lifetime decreases to 6.4
ns. Again, this theoretical result is in reasonable agreement with
the experimental value of about 56 ns.8

In summary we can conclude that this pathway not only
provides the correct trend for the ISC efficiencies for the three

compounds but also gives a surprisingly good agreement
between theory and experiment for the lifetime shortening with
ring size.

3.2.3. Norbornene and 2-Phenylnorbornene. The calculated
T1-state lifetimes for the unsubstituted alkenes (see Table 3)
are significantly shorter than for the phenyl-substituted deriva-
tives. From experiments done with phenyl-substituted ethenes
(for details see ref 2) it has been supposed that the replacement
of hydrogen at the double bond by an organic group increases
the T1-state lifetime monotonically. The only experimental data
for a pair of cyclic alkenes are available for norbornene and
2-phenylnorbornene (PNOR). The simulation of this effect may
serve as a further test for the validity of our theoretical model.
The calculated T1 and S0 potential curves and SOC constants
for the two bicyclic alkenes are presented in Figure 8.

For both compounds the T1 and S0 potential energy curves
resemble those of CP and PCP, respectively. For NOR, the S0-
state potential curve is slightly steeper than for CP, and therefore
the S0 curve crosses the T1 state at larger values of the reaction
coordinate (θ2 ) 96°). The T1 potential curve of NOR is
extremely flat and shifted by about 3 kcal/mol to lower T1-
state energies compared to that of CP. The calculated excitation
energyE(T1

v) of NOR (E(T1
v) ) 74.4 kcal/mol) is in good

agreement with the experimental value of 72.3 kcal/mol.18

Because the SOC values for NOR and CP are very simlar and
the potential curves of NOR result in a lower FCF (CP, 6.63×
10-2; NOR, 1.04× 10-3), we arrive at a longer calculated T1-
state liftime of about 2.9 ns (CP, 0.05 ns), which is in qualitative
agreement with the short experimental lifetime of 250 ns.18 This
result confirms our previous conclusion19that the lifetime of NOR
cannot be explained within a twist-only mechanism. The
comparison with CP clearly shows that the increased calculated
lifetime for NOR results from a higher rigidity of the bicyclic
compared to the monocyclic ring system.

For PNOR, which behaves in all respects very similar to PCP,
we calculate a T1-state lifetime of about 130µs, which is not
too far away from the experimental estimation of>2 µs. Thus,
our approach is also able to reproduce at least semiquantitatively
the observed substituent effect (increased T1-state lifetime due

Figure 7. Potential energy curves (energies in kilocalories per mole
relative to the minimum of the S0 state) along the anti pyramidalization
coordinate (θ2 * θ3) of 1-phenylcyclobutene, 1-phenylcyclopentene,
and 1-phenylcyclohexene. Open (filled) symbols correspond to triplet
(singlet) states. The arrows indicate the position of the triplet-state
geometries shown. Corresponding T1-S0 spin-orbit matrix elements
plotted along the same coordinate are shown in the lower figure.

TABLE 3: Franck -Condon Factors, Fundamental
Vibrational Frequencies ω, and Calculated and
Experimental T1-State Lifetimes for the Combined Twist/
Anti Pyramidalization Pathway

compd
ωS0

(cm-1)
ωT1

(cm-1) FCF
τT1(calcd)

(s)
τT1(exptl)

(s)

θ2 ) θ3 Pathway with LocalC2 Symmetry
CB 946.2 651.4 2.25× 10-2 1.35× 10-10

CP 977.8 539.7 6.63× 10-2 4.58× 10-11

CH 1002.1 565.2 a a
NOR 900.7 569.3 1.04× 10-3 2.93× 10-9 2.50× 10-7 18

θ2 * θ3 Pathway
PCB 884.7 267.3 8.01× 10-11 4.00× 10-2 3.60× 10-3 18

PCP 841.0 206.3 8.12× 10-8 3.75× 10-5 1.50× 10-5 4

PCH 879.0 464.6 4.80× 10-4 6.36× 10-9 5.60× 10-8 4

PNOR 870.4 277.0 2.64× 10-8 1.15× 10-4 g2.00× 10-6 5

aDue to the second minimum on the S0 surface, no isoenergetically
lying vibrational wave functions for the T1 and S0 states can be found.

Figure 8. Potential energy curves (energies in kilocalories per mole
relative to the minimum of the S0 state) along the anti-pyramidalization
coordinate (θ2 * θ3) of norbornene and 2-phenylnorbornene. Open
(filled) symbols correspond to triplet (singlet) states. Corresponding
T1-S0 spin-orbit matrix elements plotted along the same coordinate
are shown in the lower figure.
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to phenyl substitution). The main reason for this is, as for the
other pairs of compounds, the stronger preference of the
phenylalkenes for a planar T1-state geometry.

4. Conclusions

We have investigated the lowest singlet (S0) and triplet (T1)
state potential energy surfaces for distortions of the double bond
of the cyclic alkenes CnH2n-2 (n ) 4, 5, 6), their 1-phenyl-
substituted derivatives, norbornene, and 1-phenylnorbornene,
and styrene. UDFT calculations andab initio MRD-CI methods
provide very similar results for different structures and states.
The vertical and adiabatic excitation energies from the UDFT
treatments are in good agreement (errors<2-3 kcal/mol) with
the experimental data.

In agreement with predictions of the simple free-rotor model,
the released strain in larger cycloalkenes results in a larger ability
to twist. The small FCFs and energetically unfavorable lying
crossing points between S0 and T1 surfaces, however, exclude
this pathway for an explanation of the efficient ISC in the
alkenes. The anti pyramidalization of the vinylic hydrogens
combined with a double bond twisting provides a low-energy
pathway which leads to a T1-S0 surface crossing or touching
near the minimum of the T1 state for all compounds studied.
The calculated FCFs for this pathway are at least 6 (cycloalk-
enes) or 3 (phenylcycloalkenes) magnitudes larger than for the
twisting coordinate. Although the computed SOCs near the T1-
S0 crossing points decrease with increasing ring size, our
calculations correctly predict a proportionality between the T1

f S0 ISC efficiency and the ring size. Furthermore, our one-
dimensional model (which is the basic approximation used) also
yields a very good agreement between calculated and experi-
mental T1-state lifetimes.

In conclusion we can say that the free-rotor model gives the
right answer for the wrong reason: the twisting motion (on
which the model was based) alone cannot explain the observed
trends. Only together with the pyramidalization at the double
bond carbon atoms, which becomes easier for the larger rings
(as also for the twist), can reliable theoretical results be obtained.
The experimentally observed influence of vinylic hydrogen
substitution by phenyl groups (increasing T1-state lifetime) could
also be reproduced. The reason for this can again be traced back
to a change of the potential curves induced by a preferred
planarity of the T1 state in the phenyl-substituted compounds
(conjugation effect). Siebrands rule9 that the ISC is dominated
by the FCF if the SOC is weak is fully confirmed by our
calculations.
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