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The first part of the isomerization path on the two lowest excited states of trans and cis isomers of stilbene
and stiff stilbene is investigated by means of TD-PBE0 calculations in the gas phase and in heptane solution.
Solvent effects are taken into account by the PCM model. The excited-state optimized structures and the
computed absorption and emission frequencies are in good agreement with the available experimental results.
In all of the examined compounds, the isomerization process before barrier crossing occurs on the HOMOf
LUMO bright state, whereas the role played by other single-excitation states appears negligible. The relative
energy barriers on the isomerization paths are consistent with the experimental excited-state lifetimes, suggesting
a unifying picture of the isomerization process in stilbene-like molecules.

Several computational papers published in very recent
years1-10 have allowed a remarkable advance toward a full
understanding of the stilbene photoisomerization process,
providing the ground for interpreting the quickly growing
amount of experimental results concerning the photoexcited
behavior oftrans- andcis-stilbene.11-14

trans-Stilbene has been investigated more thoroughly, and
the basic features of its lowest-energy singlet excited states (S1,
S2) seem well assessed. The ground state (S0) equilibrium
geometry is planar (C2h symmetry), although the phenyl rings
can rotate with a very low energy cost.15,16 All of the previous
theoretical studies agree in predicting that there are three states
that could be, in principle, involved in the excited-state dynamics
following absorption in the range of 330-260 nm, correspond-
ing to its absorption spectrum.17,18

The bright state corresponds to the highest occupied molecular
orbital (HOMO)f lowest unoccupied molecular orbital (LUMO)
transition (see Figure 1), yielding to aBu state (hereafterBHL).
The second state, weakly absorbing, also has aBu symmetry
(hereafterB-) and results mainly from a combination of local
excitations on the phenyl groups, namely, from the antisym-
metric combination of the quasidegenerate HOMOf LUMO+1
and HOMO-1 f LUMO configurations. The third state isAg,
dark by symmetry, and is mainly a combination of HOMO-2
f LUMO and HOMO f LUMO+2 excitations, and in the
following will be labeled as 2A. Because of the shape of the
orbitals involved in the excitations, 2A can be considered the
symmetric counterpart of theB- state. There is also a general
consensus on the energy ordering of the above states in the
Franck-Condon (FC) region, that is

Actually, CASPT2 calculations predict thatB- is slightly more
stable than theBHL state.1 However, recent multistate-CASPT2
calculations2 restored thetraditional energy ordering, although

providing quite similar energies (3.86 and 4.17 eV) and
intensities (0.49 and 0.32) for theBHL andB- states. Experi-
mental spectra do not show mark for a second absorbing state,
suggesting that the intensity ofB- should be much smaller than
that of BHL.17

It has been established clearly that the system must cross an
energy barrier on the excited state along its photoisomerization
path. The height of the barrier has been computed recently to
be 750 cm-1 (1350 cm-1 before correction for zero point
energies),3 and this order of magnitude is compatible with the
available experimental results.19 After crossing the barrier, the
system reaches pseudoperpendicular arrangements where theS1

and S0 states come close in energy and form a conical
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BHL < B- ≈ 2A

Figure 1. Isodensity plot of thecis-stilbene frontier molecular orbitals
computed at the PBE0/6-31G* level of theory.
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intersection (CI). Although SA-2-CAS(2,2) calculations suggest
that the CI is reached upon pyramidalization at one ethylenic
carbon,8 Fuss et al.22 have recently demonstrated experimentally
that it is formed through a hula-twist mechanism, in agreement
with the prediction of molecular mechanics valence bond
(MMVB) calculations.6 At CI, the system makes a transition to
S0, producing a mixture of the trans and cis isomers. As pointed
out by Orlandi et al.,20 at pseudoperpendicular structures double
excitations can significantly contribute to the lowest excited
state. This is confirmed by the analysis of Fuss.22

The situation is less clear forcis-stilbene, which has been
investigated less thoroughly by theoretical studies.5,8 Because
of steric hindrances, it exhibits a nonplanarC2 S0 equilibrium
structure. CASPT2 calculations5 predict thatBHL is the bright
state, as intrans-stilbene, but corresponds to the S0 f S3

transition, that is, there are two almost-dark states at lower
energy. Specifically, the S0 f S1 transition is predicted to lead
to theB- state,∼0.50 eV more stable than theBHL state. Very
recent pump-probe experiments have been interpreted on the
ground of this state ordering by Fuss and co-workers.20,21After
excitation to theBHL state, an extremely fast (∼25 fs) decay to
theB- state is postulated, where the system is assumed to vibrate
in the minimum well before crossing the isomerization barrier.

However, as we have seen above, at least intrans-stilbene,
CASPT2 computations have been shown to overestimate the
stability of theB- state. Furthermore, forcis-stilbene the good
mirror image symmetry found between the absorption and
emission spectra23 would suggest that the absorbing and the
emitting state coincide. This hypothesis seems to be in
contradiction with the ultrafast nonradiative transition postulated
by Fuss.21 However, there are systems in which the assumption
that this finding always implies that the emitting state is the
lowest-energy one has been shown to be wrong.24 To sum-
marize, the excited state energy ordering incis-stilbene cannot
be considered firmly established.

The elucidation of the exact state ordering in the FC region
is relevant not only for interpreting the excited-state dynamics
of stilbene but also for understanding what physicochemical
factors are responsible for the energy barriers on theS1 state.
In fact, according to the most accepted explanations, at least in
trans-stilbene, this barrier arises from the interaction of theBHL

state with either the double-excited state20 or with theB- state.1

Additional information on the excited state of stilbene has
been obtained by studying stilbene-like molecules modified
properly. One of the most commonly investigated is 2,3,2′,3′-
tetrahydro-[1,1′]-biindanylidene, shortly named hereafter as stiff
stilbene or simply stiff (see Figure 2), concerning both its
vertical transitions17 and its transf cis photoisomerization.28,29

The same discrepancies found in the description of thecis-
stilbene excited dynamics are found in stiff stilbene. In fact,
also for this molecule, Fuss et al. have invoked the presence of
a low-lying almost-dark state to give account of some results
of pump-probe experiments on its trans isomer (trans-stiff).22

However, according to the measurements of Hohlneicher et al.,17

the brightBHL is the lowest excited state intrans-stiff, whereas
the weakly absorbingB- state lies∼0.6 eV above it.

We therefore decided to reconsider the behavior of the lowest
energy states of stilbene and stiff stilbene in detail. To this aim,
we performed a density functional theory (DFT) and time-
dependent DFT (TD-DFT) study ofS0, S1, andS2 in the gas
phase and in apolar solution, focusing our attention on the first
part of the isomerization path. By a critical comparison of our
results with the available experimental data, our aim is to

indicate what the most plausible excited-state energy ordering
in the FC region is. Furthermore, we will monitor how the
energy and the nature of the lowest excited states change during
the first step of the photoisomerization process, that is, forθ in
the range 0-60°, getting information on the initial excited-state
dynamics. This will help to shed some light on the chemical-
physical factors responsible for the presence of a barrier on the
isomerization path. This study will give us the opportunity to
reexamine the behavior of the trans isomers of stilbene and stiff
stilbene, which we have studied previously at the TD-DFT
level,9,10 looking for a common and unifying description of the
first part of the photoisomerization process in stilbene-like
molecules, in which the role played by electronic and steric
factors is critically evaluated. We will present equilibrium
structures, relaxed paths as a function of the reactive torsion,
and two-dimensional (2D) scans on theS1 and S2 surfaces,
providing information that at the present level of theory is not
available in the literature, to our knowledge. Actually, the task

Figure 2. Schematic drawing and atom labeling ofS0 minima of the
four compounds under study: (a)trans-stilbene (b)cis-stilbene (c)
trans-stiff (d) cis-stiff.

Isomers of Stilbene and Stiff Stilbene J. Phys. Chem. A, Vol. 109, No. 44, 200510059



of exploring a large region of the potential energy surfaces (PES)
of two excited states, together with the good results obtained
previously ontrans-stilbene, prompt us to resort to TD-DFT
calculations. The well-known deficiencies of TD-DFT in treating
double excited states and conical intersections, which would
make any analysis of the phantom state less reliable, should
not affect this study, which explores region of the PES where
the weight of double excited states should not be relevant and
with S0/S1 energy gaps larger than 2 eV.

1. Computational Details

In this work, we utilized DFT and TD-DFT methods,30

employing the PBE031 functional provided by the Gaussian03
package,32 except for excited-state optimization where we
utilized the TURBOMOLE package.33 Despite the absence of
adjustable parameters, when employed in TD-DFT calculations,
PBE0 (TD-PBE0) has already provided excitation spectra in
very good agreement with the available experimental results.9,34

Ground-state geometry optimizations have been performed with
the standard 6-31G(d) basis set, whereas excited-state optimiza-
tions with TURBOMOLE utilize the SV(P) basis set, whose
quality is comparable with that of the 6-31G(d) one.33 All of
the stationary points have been characterized by the vibrational
frequency analysis, checking that the minima and the transition
states exhibit zero and one imaginary frequency, respectively.
The energies of the different states at the optimized structures
have been refined adopting larger basis sets, 6-31+G(d,p) and
6-3111-G(2d,2p). Bulk solvent effects on the ground and the
excited states have been taken into account by means of the
polarizable continuum model (PCM).36 In this model, the
molecule is embedded in a cavity surrounded by an infinite
dielectric, with the dielectric constant of the solvent (we have
usedn-heptane, dielectric constant 1.92). The cavity of the solute
is defined in terms of interlocking spheres centered on nonhy-
drogen atoms, whose radii are optimized according to the UAHF
model.35 PCM/TD-PBE0 calculations have been performed
according to the procedure outlined in ref 37.

Wiberg bond orders38 have been calculated on the ground of
the natural bond orbital (NBO) analysis.39

2. Results

2.1. Ground-State Absorption.The main parameters of the
ground-state geometries computed at the PBE0/6-31G(d) level
for cis-stilbene are reported in Table 1 (see Figure 2 for atom
labeling; the optimized geometries forcis- and trans-stilbene
can be found in the Supporting Information). In contrast totrans-

stilbene, the steric hindrance between the phenyl rings causes
a nonplanarC2 equilibrium geometry forS0 cis-stilbene, and
the computedφ dihedral (35.0°) is close to those measured by
gas-phase electron diffraction experiments (43.2°).40 The re-
maining geometrical parameters are also in good agreement with
the available experimental and previous computational results.5

It is relevant for our following analysis that the large value of
the R bond angle is predicted correctly.

From the energetic point of view,cis-stilbene is predicted
by PBE0/6-311+G(2d,2p)//PBE0/6-31G(d) calculation to be less
stable than the trans isomer by 4.42 kcal/mol (in the gas phase)
and 4.60 kcal/mol (in heptane). These values are in very good
agreement with the∆H measured in apolar solvent (4.59( 0.09
kcal/mol).5 This is a comforting result that supports the reliability
of our computational approach in reproducing the subtle balance
of steric hindrances and delocalization effects on the relative
energy of stilbene isomers. By comparison, the energy difference
computed in vacuo at the CASPT2 level is only 0.10 kcal/mol,5

whereas CASSCF results are in good agreement with the
experiment.5,8

The main parameters of the computed equilibrium geometry
of cis- and trans-stiff stilbene are reported in Tables 2 and 3
(see the Supporting Information for the optimized geometries).
For both compounds, they are close to that determined by X-ray

TABLE 1: Main Geometrical Parameters of the S0 (PBE0/
6-31G(d) Geometry Optimizations),S1, and S2 (TD-PBE0/
SV(P) Geometry Optimizations) Minima of cis-Stilbenea

S0 S1
b S2

calcd exptlc

C1-C1′ 1.346 1.334 1.417 1.390
C1-C2 1.470 1.489 1.412 1.432
C2-C3 1.402 1.398 1.428 1.418
C7-C2 1.403 1.398 1.447 1.424
R 130.4 129.5 124.8 127.4
C1-C2-C3 119.0 120.9 120.4
C6-C7-C2 120.7 120.3 117.2
C7-C2-C1 122.8 122.0 122.4
θ -6.9 34.3 20.5
φ 35.0 43.0 11.6 21.8

a Bond distances in Å, bond angles and dihedral angles in degrees.
b Phenyl hydrogen atoms are kept coplanar with the phenyl ring.c Gas-
phase electron diffraction40

TABLE 2: Main Geometrical Parameters of the S0 (PBE0/
6-31G(d) Geometry Optimizations) andS2 (TD-PBE0/SV(P)
Geometry Optimizations) Minima of trans-Stiffa

S0 S2

calcd exptlb

C1-C1′ 1.353 1.349 1.407
C1-C2 1.468 1.470 1.440
C1-C2′ 1.468 1.470 1.436
C2-C3 1.407 1.396 1.422
C7-C2 1.400 1.396 1.416
C3-C4 1.387 1.376 1.390
C7-C6 1.392 1.378 1.390
C3′-C4′ 1.387 1.376 1.435
C7′-C6′ 1.392 1.378 1.427
R 127.7 128.7 127.7
R′ 127.7 128.7 128.1
C1-C2-C3 109.7 110.3 109.4
C6-C7-C2 119.2 118.5 119.0
C7-C2-C1 131.1 131.2 131.6
θ 178.9 174.9
φ 166.8 179.8 171.7

a Bond distances in Å, bond angles and dihedral angles in degrees.
b From ref 41.

TABLE 3: Main Geometrical Parameters of the S0 (PBE0/
6-31G(d) Geometry Optimizations),S1, and S2 (TD-PBE0/
SV(P) Geometry Optimizations) Minima of cis-Stiffa

S0 S1 S2

calcd exptlb

C1-C1′ 1.352 1.335 1.423 1.404
C1-C2 1.470 1.466 1.414 1.433
C2-C3 1.406 1.396 1.427 1.432
C7-C2 1.399 1.396 1.426 1.401
R 131.8 129.3 125.5 130.9
C1-C2-C3 109.4 110.3 110.2 108.0
C6-C7-C2 119.5 119.9 118.1 122.3
C7-C2-C1 131.0 131.2 129.7 129.5
θ 9.2 43.1 25.3
φ 20.5 5.2 14.8

a Bond distances in Å, bond angles and dihedral angles in degrees.
b From ref 42.
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diffraction.41,42 Because of the geometrical constraints of the
ethylenic bridge, theφ andφ′ dihedrals incis-stiff (as that of
trans-stiff) are closer to planarity than incis-stilbene; however,
in agreement with experiments, a not negligible departure from
planarity is predicted.

The optimized geometries have been used to compute (see
Table 4) the vertical excitation energies (VEE) ofcis-stilbene
andcis-stiff by means of TD-PBE0 calculations in the gas phase
and PCM/TD-PBE0 calculations in heptane. For comparison,
the results obtained for the trans isomers at the same level of
theory are also reported.

TD-PBE0 calculations provide a description of the lowest
energy states ofcis-stilbene, which are very similar to those
we have found previously fortrans-stilbene.9,10 It is predicted
that the lowest energy transition is strong and leads to theBHL

state. In agreement with experimental results, the relative
absorption is less intense and significantly blue-shifted with
respect to the corresponding band intrans-stilbene (∼0.1-0.2
eV). The blue-shift is probably due to the larger deviation from
the planarity of the phenyl substituent. Because of the shape of
the frontier orbitals, rotation of the phenyl substituents increases
the stability of the HOMO and decreases that of the LUMO,
leading to a larger HOMOf LUMO transition energy.

According to our calculation, the S0 f S2 transition is very
weak and∼0.5 eV blue-shifted with respect to the S0 f S1

one. As intrans-stilbene, it corresponds to theB- state.
Finally, S3 is the 2A state described above, even if there are

additional, although small, contributions from different excita-
tions. At the FC point, incis-stilbeneS3 is less stable by∼0.25
eV thanS2, whereas intrans-stilbene these two states are almost
degenerate. The reason is that incis-stilbene LUMO+1,
involved in the transition toS2, is stabilized by a bonding
interaction between the two phenyl rings, absent in LUMO+2,
involved in the transition toS3 (see Figure 1).

A quantitative comparison with the experiments is not easy
because the experimental band is broad and structureless, with
a maximum around 4.45 eV, that is,∼0.4 eV blue-shifted with
respect to our computed VEE. Part of this discrepancy is surely
due to the rotation of the phenyl rings, which is very easy inS0

but requires a much higher energy expense inBHL (see below).
In fact, as we show in the next section, when one compares the
0-0 transition energy, not dependent on thermal distributions,
the agreement with experiment is better with a difference of
∼0.2 eV.

Considering stiff stilbene, the nature and the energy of the
electronic transitions are very similar in the cis and trans isomer
because of the fact that they are both planar inS0. The energy
ordering at the FC point for the two isomers is the same, that
is., BHL < 2A ≈ B- and the intensity of theB- transition is

larger than that in stilbene, in agreement with the fact that it
has been detected experimentally fortrans-stiff.17 From the
quantitative point of view, the most remarkable difference
betweencis-stiff and cis-stilbene concerns the transition to
BHL: in cis-stiff, in agreement with experiments, it is red-shifted
with respect totrans-stiff. This result is probably due to the
interaction with the axial CH bonds of the vicinal methylenic
group, which stabilizes the LUMO slightly and destabilizes the
HOMO. In the cis isomer, this interaction is expected to be
stronger because the CH bond is closer to being perpendicular
to the ethylene plane (i.e., better aligned with theπ system),
and, as a consequence of the interaction, the CH bond length is
slightly longer.

To summarize, our computational approach gives a picture
in good agreement with the available experimental results. From
the quantitative point of view, both the differences between the
cis/trans isomers and the effect of the saturated bridge (in stiff
stilbene) on the VEE are very well reproduced, whereas the
error on the absolute VEE is∼0.2 eV, except for the case of
cis-stilbene, where the larger error is probably motivated by
thermal effects, as discussed above.

Concerning the ordering of the states incis-stilbene, the
broadness of the absorption spectra do not allow one to
unambiguously ascertain if the energy order predicted by TD-
PBE0 calculations is correct. In addition, the lack of accurate
absorption spectra forcis-stiff avoid the possibility to directly
test the reliability of TD-PBE0 as was done fortrans-stilbene.
For this isomer, the picture provided by TD/PBE0 corresponds
fully to the experimental one. In fact, fortrans-stilbene it
predicts the presence of a single strong peak (BHL) in the range
of 3.5-4.8 eV, whereas theB- and 2A transitions, both with
an energy of∼4.7 eV, have vanishing oscillator strengths. Only
one strong transition is indeed detectable in the UV-Vis spectra
under 4.8 eV, and its position is in good agreement with our
computed value. Intrans-stiff, instead, theB- transition has a
larger oscillator strength than its counterpart intrans-stilbene,
and in fact experimental spectra show the presence of a weak
band∼0.7 blue-shifted with respect to the strong absorption
peak around 3.8 eV,17 and TD-PBE0 results agree nicely with
experiments in this case also.

As a final remark, it is worthwhile to notice that the adoption
of PCM allows one to predict a solvent red shift on the
absorption maxima in good agreement with the experimental
data (0.2 eV, see the discussion in our previous work9),
confirming the usefulness of suitable continuum models for
describing solvent effects on electronic spectra.

2.2. Excited-State Potential Energy Surface.To describe
the first steps along the isomerization path, we have performed
a relaxed TD-PBE0//TD-PBE0/SV(P) scan of the excited (PES)

TABLE 4: Vertical Excitation Energies (in eV) Calculated by TD/PBE0 Calculations on the Geometries Optimized in the Gas
Phase at the PBE0/6-31G(d) Levela

6-311+G(2d,2p)

6-31+g(d,p) heptane

trans cis trans cis trans cis

stilbene
BHL 3.98(0.93) 4.12(0.37) 3.94(0.91) 4.09(0.36) 3.84(1.04) 4.04 (0.44)
B- 4.65(0.02) 4.66(0.00) 4.60(0.03) 4.61(0.00) 4.60(0.03) 4.61 (0.00)
2A 4.67(0.00) 4.90(0.00) 4.62(0.00) 4.87(0.00) 4.62(0.00) 4.87(0.00)

stiff stilbene
BHL 3.87(0.82) 3.71(0.51) 3.83(0.80) 3.67(0.49) 3.74(0.94) 3.60(0.59)
2A 4.42(0.00) 4.48(0.01) 4.38(0.00) 4.45(0.01) 4.38(0.00) 4.44(0.02)
B- 4.53(0.06) 4.50(0.05) 4.53(0.05) 4.46(0.05) 4.52(0.05) 4.46(0.06)

a Oscillator strength is given in parentheses.
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S1 andS2 as a function of theθ dihedral, which is varied between
0° and ∼65°. Figure 3 reports the paths for both isomers of
stilbene and stiff stilbene.

cis-Stilbene. TheS1 (BHL) curve forcis-stilbene has been built
imposing that phenyl hydrogen atoms H3 and H′3 are coplanar
to the phenyl rings. Without this constraint, a TD-PBE0
geometry optimization starting from the FC structure (i.e., the
S0 equilibrium geometry) deforms the molecule in the direction
of the ring closure leading to dihydro-phenantrene (DHP), with
a progressive narrowing of theS1/S0 energy gap that indicates
the approach to a conical intersection that cannot be character-
ized at the TD-DFT level. A detailed characterization of this
conical intersection was presented at the MMVB level of
theory,6 and in agreement with those results, our calculations
suggest that pyramidalization of the C7/C′7 atoms together with
rotation of dihedralsæ andæ′ and the closure of theR andR′
angles play the most relevant role in the first steps of this
photocyclization process.

TheBHL state at the PBE0/SV(P) level exhibits a shallowC2

minimum atθ ) 34.3°, see Table 1, which increases to∼40.0°
when refining the energies with larger basis sets (see Figure
3). TD-PBE0 predicts that this structure is unstable with respect
to the out-of-plane motion of the phenyl. However, the analysis
of Raman resonant (RR) experiments predicts a minimum of
the emittingstate withθ ) 37°.43 Furthermore, the computed
0-0 excitation energy and fluorescence energy (see Table 5)
are in good agreement with the results obtained by fitting the
experimental spectra43 (within 0.2 eV). Those evidences support
the idea thatBHL is the emitting state incis-stilbene and that

the pseudominimum on the curve of Figure 3 is representative
of a real minimum or, at least, of a metastable species.

Beyond the twist at theθ dihedral, the main change with
respect to theS0 equilibrium structure involves theæ and æ′

Figure 3. S1 andS2 energy profiles for both isomers of stilbene and stiff stilbene obtained by TD-PBE0/SV(P) partial optimizations at fixedθ
dihedrals. Energies are reported in the gas-phase (squares and circles, for the 6-31+G(d,p) and the 6-311+G(2d,2p) basis set, respectively) and in
n-heptane (triangles, 6-311+G(2d,2p) basis set).

TABLE 5: Experimental and Calculated 0-0 Transition
and Fluorescence Energy (in eV) for trans and cis Isomers
of Stilbene and Stiff Stilbene

0-0 transition energy calculated

6-31+G(d,p) 6-311+G(2d,2p)

gas phase gas phase heptane exptl

stilbene
trans 3.68 3.69 3.57 3.81,a 3.85b

cis 3.39c 3.41c 3.36c 3.57d

stiff
trans 3.65,a 3.66b

cis 3.22 3.23 3.16 3.52a

fluorescence maxima calculated

6-31+G(d,p) 6-311+G(2d,2p) exptl

gas phase gas phase heptane

stilbene
trans 3.39 3.35 3.24 ∼3.50e, 3.71b

cis 2.48c 2.45c 2.41c ∼2.85f

stiff
trans 3.60b

cis 2.39 2.36 2.29

a In 3MP17. b In n-hexane56. c Estimated, S1 minima with hydrogen
planar.d From a fitting of the experimental spectrum43. e In n-hexane29.
f In n-hexane44.
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torsions that move toward planarity, theR andR′ bond angles
that become sensibly narrower (∼6°), and the C1-C′1 and C1-
C2/C′1-C′2 bond lengths that decrease and increase, respec-
tively, by about 0.06 Å. Significant but minor changes also take
place on the benzenic bonds, and all are easily understandable
by looking at the difference of the HOMO and LUMO orbitals
(see Figure 1) involved in theS0/S1 transition.

At θ larger than the minimum value, theBHL curve retains
the C2 symmetry and slowly increases up toθ ) 62°. After
this point, the energy of the state drops and TD-PBE0 geometry
optimizations suffer from severe convergence problems, prob-
ably because of the proximity of theS1/S0 CI. Nevertheless, a
partially relaxed single-point calculation forθ ) 65° confirms
that the energy ofBHL decreases with respect toθ ) 62°,
suggesting that this point is a saddle point on the isomerization
path. The estimated energy barrier is in the range of 100-200
cm-1, depending on the basis set size and on the inclusion of
solvent effects. These values are consistent with the experimental
estimates of the energy barrier that are in the 0-400 cm-1

range.25-27 It is important to notice that, because of the large
geometry shift associated with theS0 f BHL transition, after
excitation thecis-stilbene is vibrationally hot. As a consequence,
it is not surprising that some experimental studies predict that
the photoisomerization path would be barrierless in the gas
phase.44

Also, the curve onS2 preserves theC2 symmetry (B- state)
(see Figure 3). It is rather different from that seen onBHL. As
expected, rotating theθ angle causes the energy ofB- to
increase more steeply, indicating a much larger barrier to the
isomerization. This is due to the fact that the double-bond
character of theC1-C′1 bond decreases less inB- than inBHL.
This feature also explains why theB- minimum is found atθ
) 20.5°, significatively less rotated than theBHL one. In addition,
the shifts along the other coordinates with respect to theS0

equilibrium structure are less pronounced than they are for the
BHL minimum. The computed fluorescence maximum fromBHL

is significantly lower (about 0.45 eV) than the experimental
estimate, an error very similar to that reported for the maximum
absorption spectrum. As a consequence, our calculations match
the experimental Stokes shift (exptl∼1.6 eV, computed 1.63
eV) almost perfectly.

trans-Stilbene. Full-relaxed excited-state geometry optimiza-
tions allow one to locate an energy minimum on both theS1

and S2 states (see the Supporting Information). ForS1 (BHL),
the predicted geometry is planar (C2h symmetry) and similar to
that obtained at a more approximate level, as discussed already
in our previous paper.10 With respect to those predictions, a
difference is seen forS2 because by relaxing theC2-symmetry
constrain aC1 global minimum is found (see the Supporting
Information for detailed data), although at the TD-PBE0/SV-
(P) level it is only 1.1 kcal/mol more stable than theC2 one. It
corresponds to theMbenzminimum obtained by MMVB theory6

and is probably due to the interaction between the almost
degenerateB- and 2A states. The 0-0 excitation and fluores-
cence energies found for theBHL minimum are in good
agreement with the available experimental data: they are
underestimated by∼0.2 eV in line with the discrepancy found
for the VEE. This result not only confirms thatBHL is the
emitting state intrans-stilbene but further supports the reliability
of our computational approach.

According to our previous partial TD/PBE0 geometry opti-
mizations,10 an energy barrier is also predicted for the photo-
isomerization oftrans-stilbene. Its value onBHL is predicted to
be in the 500-850 cm-1 range, somewhat underestimated with

respect to previous computational studies (which report a value
of 750 cm-1 after correction for the zero-point energy, which
tends to lower the barrier). The comparison of the results
between cis and trans isomers is consistent with the available
experimental results that show a much slower photoisomeriza-
tion in trans-stilbene than incis-stilbene.11,45

Stiff Stilbene. In Figure 3, we report the relaxed path on the
S1 andS2 surfaces ofcis- andtrans-stiff as a function of theθ
dihedral. Although aC1 path collapses onC2 structures onS1

and can thus be labeled with theC2 symbol BHL, the path
remainsC1 on S2. The closeness of theS2 andS3 states for both
isomers confirms that the loss of theC2 symmetry, also seen in
trans-stilbene but not incis-stilbene, can be ascribed to aB-/2A
interaction. The computed curves for both isomers of stiff
stilbene are qualitatively more similar to those obtained forcis-
stilbene than fortrans-stilbene. Forcis-stiff, because of the
presence of the saturated cycle, the pathway analogue to that
leading to DHP incis-stilbene is not easily accessible. As a
consequence, a shallow true-minimum is found on theBHL

curve, without imposing any geometry constraint (see Table 3).
Table 5 shows a good agreement between the computed 0-0
and the available experimental results, supporting the reliability
of our computational approach. Because of the similarity in the
nature of the electronic excitations, it is not surprising that the
most relevant geometry changes caused by theS0 f BHL

transition (see Table 3) are similar to those found forcis-stilbene.
Also, for cis-stiff a small barrier on the isomerization path of
BHL is predicted, but its value is estimated in the 50-100 cm-1

range, that is, even smaller than that predicted forcis-stilbene.
For trans-stiff the minimum onBHL disappears, and conse-
quently the barrier also vanishes, in line with the lifetime of
the excited state shorter than that incis- and trans-stilbene.21

As found for stilbene, the isomerization path onS2 appears
unfeasible because by twistingθ the energy increases steeply.
This is true on both the fully relaxedC1 paths shown in Figure
3 and onC2 constrained paths, directly associable to theB-
state, which are slightly higher in energy and are not shown
for lack of space.

2.3. Initial Motion on the Excited Surface of cis-Stilbene.
To gain more insight on the motions involved in the initial
dynamics ofcis-stilbene after the excitation, we computed
several 2D scans ofS1 andS2 at the TD-PBE0/6-31G(d) level,
varying two coordinates and freezing all of the others to the
values of the FC structure. We considered theθ, æ, æ′, R, and
R′ coordinates. In Figure 4, we report the contour lines of the
S0, S1, andS2 surfaces for theC2-symmetry scans (θ, æ), (æ,
R), and (R, θ), where for the symmetry constrainR′ ) R and
æ′ ) æ. Notice that to better put minima and barriers into
evidence the contour lines have a variable spacing, as indicated
by the energy values on the isopotential curves. The FC point
is indicated by a black spot. It is important to stress that the
closely lyingS2 andS3 (adiabatic) states, at the present level of
theory, do not preserve the same symmetry character (A or B)
at all of the scanned nuclear structures. On the contrary, they
exchange the symmetry character, suggesting that crossing
occurs between the corresponding diabatic (symmetry preserv-
ing) states and that nonadiabatic effects can be important in
the nuclear dynamics on these states.

2D (æ, θ) scan. TheS0 surface is very anharmonic along the
æ coordinate and is much flatter toward values larger than the
equilibrium one (FC point) than toward smaller values. An
increase ofæ from 35° to 50° costs∼0.1 eV onS0, ∼0.5 eV
onS1, and∼0.4 eV onS2, supporting the fact that thermal effects
increase the absorption maximum. TheS2 surface appears bound
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and unreactive (considering the energy of the FC point, the
system cannot twist to more thanθ ≈ 40°). On the contrary,
on theS1 surface it is evident that by a coupledθ-æ motion
the system can reach a shallow minimum and, after crossing a
very small barrier, it can twist further theθ angle approaching
a pseudoperpendicular arrangement. Here the system should find
theS1/S0 conical intersection, which is not computable with the
TDDFT approach.

2D (R, æ) Scan.The 2D scans show that these two motions
are clearly coupled on all three surfaces. As in previous scans,
theS0 surface appears very flat for twisting theæ angle toward
values larger than that of the FC structure. From such a structure,
the coupled motion appears to have a larger amplitude onS1

than onS2 (compare the region spanned by the contours at 4.8
eV on S2 and at 4.3 eV onS1 where the FC point approxima-
tively resides). As specified above, in the scan reported we
imposed∆æ ) ∆æ′ and ∆R ) ∆R′, thus constructing two
a-symmetry coordinates that preserve theC2 symmetry of the
FC structure. We also performed a different scan along
b-symmetry coordinates defined by∆æ ) -∆æ′ and ∆R )
-∆R′, which removes the molecularC2 symmetry. These results
(not reported for lack of space) show that from the FC structure
there is no driving force to remove theC2 symmetry along these
coordinates on either theS1 or S2 surface.

2D (θ, R) Scan.These plots put in better evidence why the
motion alongR is expected to have a wider amplitude onS1

than onS2 because on the former surface the larger shift of the
equilibrium position with respect to the FC structure is apparent.

Once more, theθ twisting appears much more constrained on
S2 than onS1, where in any case a barrier is seen. Notice that
this barrier is not the lowest barrier for twistingθ, which is
reached by a simultaneous motion along theæ andæ′ coordi-
nates (see the left column of Figure 4).

3. Discussion

3.1. Energy Barrier on the Photoisomerization Path.As
we have discussed in Section 2.3, TD-PBE0 computations
predict the existence of a barrier to the photoisomerization on
S1 (BHL) for both stilbene and stiff stilbene. Its height decreases
going fromtrans-stilbene (500-850 cm-1) to cis-stilbene (130-
230 cm-1), to cis-stiff (50-150 cm-1), and finally to trans-
stiff (no barrier). The relative heights are in full agreement with
the experimental measures of the times needed to overcome
them, which are several ps (depending on the excited wave-
length)46,47 for trans-stilbene,∼300 fs for cis-stilbene,21 and
∼180 fs for trans-stiff.22 As noted above, the absolute height
of the barrier fortrans-stilbene is probably underestimated, and
the same could happen for the other cases (in particular, a very
small barrier is also plausible fortrans-stiff).

Because TD-PBE0 reproduces the energy barriers semiquan-
titatively, it is possible to put forward some hypothesis on their
physical nature. TheBHL state always corresponds to the lowest
energy transition, and its nature does not change significantly
before reaching the saddle point. The transition always has a
dominant, though slightly decreasing, HOMOf LUMO
character. The weight of different excitations is always smaller

Figure 4. Two-dimensionalC2-symmetry scans of theS0 (bottom),S1 (central), andS2 (upper)cis-stilbene electronic surfaces, obtained at the
TD-PBE0/6-31G(d) level varying two coordinates and freezing all of the others to the FC structure values. Left panels: (æ, θ) scan (æ′ ) æ′);
central panels: (R, æ) scan (R′ ) R′,æ′ ) æ′); right panels (θ, R) scan (R′ ) R′)
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than 0.1 and, at this level of theory, there is no indication that
the barrier is due to the interaction with an upper electronic
state. In particular, because TD-DFT does not consider double
excitations, the barrier it found cannot be explained by the
interaction with the double-excited state invoked by Orlandi.20

Therefore, the presence (or absence) of the barrier seems to
be mainly anintrinsic feature of theBHL state, although its height
can of course be modulated by the interaction with other states.
Actually, in stilbene-like molecules both the HOMO and the
LUMO are not fully localized on the central ethylenic moiety
but receive significant contributions from the phenyl rings. As
a consequence, in contrast with ethylene, C1-C′1 bonds retain
a significant double-bond character in theBHL state. At theS0

equilibrium geometry, for example,cis-stilbene exhibits a
Wiberg bond index equal to 1.82 inS0, 1.38 inBHL, and 1.57
in B-. For comparison, in the ground electronic state, the Wiberg
bond index between bonded carbon atoms in the phenyl rings
is ∼1.4. However, in theBHL minimum the C1-C′1 bonds is
∼1.41 Å, suggesting a partial double-bond character, which
would explain the presence of a barrier on the isomerization
path. Interestingly, because of the larger steric repulsion C1-
C′1 bond orders in both isomers of stiff stilbene are smaller, as
mirrored by the longer bond distances. As an example, incis-
stiff Wiberg bond index is 1.59 already in theS0 state and
becomes 1.21 onBHL, suggesting a smaller barrier for the
isomerization.

The interplay between the residual double-bond character
(preferring a planar arrangement) and the steric hindrances
between the phenyl substituents (preferring a perpendicular
arrangement), besides influencing the C1-C′1 bond strength,
represents the cause of the barrier to the isomerization at the
TD-DFT level of theory. Furthermore, the barrier height is
different in the four compounds examined as a result of the
different steric hindrances they suffer. Intrans-stilbene these
are much smaller than those incis-stilbene, and the former
compound indeed exhibits the largest barrier. On the contrary,
highly sterically hinderedcis- and trans-stiff exhibit a very
small, if not vanishing, barrier.

3.2. Interpretation of the Excited-State Pump-Probe
Experiments on cis-Stilbene. Our computations allow us to
comment on the results of the pump-probe experiments of Fuss
et al.21,22on cis-stilbene, with a pump at 270 nm (4.6 eV), and
probes of different carrier frequency (810 or 2100 nm) that
induce a multiphoton ionization of the molecule. These mea-
surements indicate that, after the excitation, the wavepacket
oscillates with two main frequencies, 240 and 56 cm-1, and
cross the barrier in theθ-twisting direction in∼300 fs. By
comparison with previous experiments,48 the oscillations were
assigned to motions alongR, coupled with someæ component
(240 cm-1) and alongæ (56 cm-1). On the basis of the CASPT2
results of Molina et al.,5 which identify the strongly absorbing
BHL state with theS3 state, the authors assume that the initial
excitation is onS3. They postulate the occurrence of an ultrafast
S3 f S1 transition and that the observed periodic vibrations take
place on theS1 (B-) surface before crossing the barrier toward
θ ) 90°.

The existence of such aS3 f S1 transition cannot be
considered certain because on one hand it must be so fast (<25
fs) to be not detected and, on the other hand, the authors state
that its introduction worsens the quality of the fits of their
experimental data. Our results suggest a different interpretation
of their data. The pulse at 4.6 eV excitescis-stilbene almost
exclusively on theBHL state (the others states are almost dark),

which, according to TD-DFT, is theS1 state. After excitation,
the system stays on theBHL surface and can follow two
pathways49-51 (i) a decay toward a conical intersection leading
to DHP or (ii) a coupled motion alongθ and æ toward the
stationary point reported above on theBHL curve. From this
structure, after crossing a small energy barrier (130-230 cm-1),
it can further twist theθ angle and reach pseudoperpendicular
arrangements where it accesses theS1/S0 conical intersection
responsible for the cis-trans photoisomerization. The 300-fs
time, indicated by Fuss et al.21,22 as the time for crossing the
barrier along path ii, agrees much better with the small barrier
we found onBHL than with the steep increase of the energy
documented forB- at the twist ofθ. This supports our thesis
that the barrier crossed is indeed onBHL.

Experimental data indicate a 0.1 yield of DHP, a 0.35 yield
of trans isomer, and a 0.55 yield of recovery of reactant.52

Because TD-PBE0 free optimization from the FC structure leads
directly onto the DHP-formation channel, these data suggest
that either TD-DFT fails to see an existing barrier to DHP or
that the cisf trans process is favored by a pure dynamic factor,
determined by the wavepacket initial acceleration and the kinetic
energy it can acquire in the dynamics. Actually, as shown by
the 2D scans in the previous section, the initial acceleration
surely has a component along the coupledθ-φ motion leading
toward the barrier to isomerization.

Concerning the vibrations observed by Fuss,21 our 2D scans
suggest that an FC wavepacket will oscillate alongR and φ

(preserving aC2 symmetry) both on theS2 and on theS1(BHL)
surface, but with larger amplitudes on the latter surface. This
finding, confimed by experiments,53 further supports the idea
that the motion in the first 300-fs window after the pulse is
entirely on theS1(BHL) surface.

The interpretation proposed here allows one to avoid the
assumption of the extremely fast (BHL/B-) (S3/S1 according to
CASPT2) transition. TD-PBE0 results suggest that such an
ultrafast transition is unlikely because theBHL and B- states
are well separated in energy (with the former being the more
stable) along the preferential path followed by the system right
after the excitation onBHL (see Figure 4).

Consideringtrans-stiff, investigated by the same authors in
ref 22, the picture suggested by TD-DFT is similar. However,
for this molecule the barrier onBHL is smaller (according to
TD-PBE0 vanishingly small) and thus the system twists more
quickly than incis-stilbene (in∼180 fs, according to Fuss).22

The subsequent dynamics toward the conical intersection is
slower as witnessed by the experimental decay time (∼800 fs).

If the isomerization takes place directly on theBHL state both
for cis-stilbene andtrans-stiff, then the nature of the process
leading to the 150-fs decay time observed by Fuss22 in trans-
stiff and ascribed to theBHL f B- transition remains to be
explained. In this respect we notice that: (i) theB- state in
trans-stiff has a larger oscillator strength than that incis-stilbene
and the exciting wavelength at 270 nm (4.6 eV) provides enough
energy to excite it (the experimentalS0 f B- band is at 4.29
eV, indeed),17 (ii) femtosecond photoelectron spectroscopy of
trans-stilbene excited at 266 nm gives rise not only to a 19-ps
decay because of the isomerization process but also to a much
faster decay with a time constant of∼100 fs.10 This latter decay
has been interpreted as coming from the excitation of theB-

state, which then decays toward the 2A or theBHL states. An
analogous explanation is also plausible for the signal decaying
with 150 fs intrans-stiff, where, for example, the effect of the
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2A/B- interaction is already evident in the loss of theC2

symmetry of theS2 equilibrium structure (see the previous
sections).

4. Concluding Remarks

On the basis of the present computational results and the
available experiments, several arguments strongly suggest that
the dynamics after the optical excitation ofcis-stilbene until
the barrier crossing involves only theS1 BHL: (1) In contrast to
BHL, the large energy barrier onB- is not compatible with a
fast photoisomerization process. Moreover, the relative height
of the barriers found onBHL are in qualitative agreement with
the experimental excited-state lifetimes (see the previous
section). (2) The analysis of the excited-state stationary points
and the 2D energy surface forcis-stilbene shows thatBHL is
fully compatible (more thanB-) with the observed vibrational
features, namely, the oscillation with frequencies 240 and 56
cm-1. (3) The good mirror symmetry of the absorption and the
emission spectra suggests that the absorbing and emitting state
are the same. (4) A possible additional relaxation step,BHL f
B-, in cis-stilbene soon after the electronic excitation worsens
the quality of the fit of the experimental data, as reported by
Fuss et al.21 and should be very fast (e25 fs) because it is not
detected experimentally. This requires the existence of a conical
intersection very close to the FC region. TD-DFT results do
not see indications for such a conical intersection and indeed
suggest that it is not necessary to postulate its existence.

Our computations concerningtrans-stilbene and stiff stilbene
are also in good agreement with the available experimental
results, providing a unifying picture to the photoisomerization
path of trans and cis isomers of stilbene and stiff stilbene,
consistent with the experimental determination of the energy
barrier and of the excited-state lifetimes. In all of the examined
compounds, the first part of the isomerization path (i.e., for
twisting ofθ up to∼50°) occurs on theBHL bright state, whereas
the subtle balance between electronic and steric factors rules
the different energy barrier and, thus, the different photoisomer-
ization time. A careful analysis of the effect of different
substituents54 on the height of the barrier could further validate
this picture and will be addressed in a future work.

Obviously, the intrinsic limitations of TD-DFT do not allow
one to get reliable information on the behavior for strongly
twisted geometries, where the role played by double-excited
states should be relevant. This lack could also lead to under-
estimate the energy barrier for the isomerization path because
for θ ≈ 60° an electronic interaction between theBHL and the
double-excited state might be possible.

It will thus be very interesting to further check the accuracy
of our computations by using methods more sophisticated than
TD-DFT. Unfortunately, the ordering of states provided for
stilbene by the usually more reliable CASPT2 method is not in
agreement with the available experimental results, suggesting
the use of MS-CASPT2. However, a thorough exploration of
the PES of the three lowest excited states of stilbene and stiff
stilbene at this level of theory is computationally very expensive,
making the very recent attempts of including double excited
states within TD-DFT interesting.55

Supporting Information Available: Tables with the Car-
tesian coordinates of the different minima located onS0, S1,
andS2 surfaces for cis and trans isomers of stilbene and stiff
stilbene. This material is available free of charge via the Internet
at http://pubs.acs.org.
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