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The calculation of Hessian matrices for the out-of-plane modes ofcis-1,3,5-hexatriene (CHT)in the 11A1,
21A1, and 11B1 states is reported at the equilibrium geometry of the electronic ground state. The complete-
active-space self-consistent-field (CASSCF) electronic structure model is employed.π and σ orbitals are
included in the active space to account for the mixing of both types of molecular orbitals at nonplanar
conformations of CHT. On the basis of the Hessian matrices and the resulting approximate normal frequencies,
an interpretation of recent spectroscopic evidence for the valence excited states of CHT is attempted. In
particular, we make assignments of transitions in the low-frequency region of thehV + hV resonance enhanced
multiphoton ionization (REMPI) spectrum of the 21A1 state. The predicted excited-state frequencies appear to
be accurate and normal coordinate rotations induced by electronic excitation are shown to play an important
role for the intensity distributions observed by REMPI and resonance Raman spectroscopy.

I. Introduction

We have recently reported investigations1,2 of the vibronic
coupling between the 21A1 and 11B1 states of cis-1,3,5-hexatriene
(CHT) (the first singly excitedπ f π* state is also frequently
provided with the label “11B2”; for brief discussions of this issue,
see Refs 1 and 3. Only modes ofa1 andb1 symmetry are able
to couple in first order to the 11A1 f 21A1 and 11A1 f 11B1

transitions if vibronic interactions with other electronic states
are not exactly included in the Hamiltonian for the nuclear
motion. The characterization of the potential energy surfaces
and the dynamical calculations in Refs 1 and 2 have therefore
been restricted to subspaces spanned by normal coordinates
transforming according to these two irreducible representations
of the C2V point group.

The resonance Raman (RR) emission of the 21A1
5,6 and 11B1

5,6

states of vapor phase CHT, as well as information obtained by
high-resolution techniques such as resonance enhanced mul-
tiphoton ionization (REMPI),7,8 fluorescence excitation9 and
direct absorption spectroscopy10,11 of both states in free jet
expansions, indicate, however, that out-of-plane displacements
contribute to the respective intensity distributions. This is
particularly true of the low-frequency portion of thehV + hV
REMPI spectrum of the 21A1 state7,8 and the enhancement of
Raman profiles of torsional modes for excitation energies on
resonance with the 11B1 state of CHT.5,6

Many aspects of the involvement of out-of-plane distortions
in the spectroscopy of the low-lying valence states of CHT are
far from resolved.4,6-8 The model calculations presented in Refs
1 and 2 do not explicitly account for effects induced by
vibrations ofa2 and b2 symmetry and no excited-state force
fields of high accuracy have been reported in the literature to
support an interpretation of the spectroscopic results.

The observation that equilibrium geometries and Hessian
matrices of high quality are not available for excited states even

of small molecular systems is quite general. One reason for this
deficiency is that electronic structure methods based on a single
configuration state function (CSF) are frequently not appropriate
for the description of excited electronic states. Moreover, various
problems can be encountered even if a multiconfigurational
approach is attempted, for example, root flipping, adverse orbital
rotations, or inadequate selection of configurations and sym-
metry breaking phenomena to name only a few. In a system
like CHT, an obvious difficulty arises, for example, from the
mixing of π- andσ-type orbitals if a calculation of ground and
excited-state potential energies as a function of out-of-plane
coordinates is considered, leading to a strong increase in the
number of CSFs that need to be included in the configuration
interaction (CI) expansion for a description of the valence states
as compared to calculations at planar geometries.

Here, we address the problem of deriving thea2 and b2

symmetry blocks of the Hessian matrices for the 11A1, 21A1,
and 11B1 states of CHT at the ground-state equilibrium geometry
by employing the complete-active-space self-consistent-field
(CASSCF) electronic structure model12-16 with the main objec-
tives of improving the analysis of spectra and of completing
the parameter sets required for future model calculations of the
excited-state dynamics of CHT.

II. Electronic Structure Methods

Kohler et al.8 and Olivucci et al.17 have carried out geometry
optimizations and force field calculations for the 21A1 state at
the CASSCF level of theory, but frequency predictions have
been published for two modes only (in Ref 17). Complete sets
of normal frequencies in the 11B1 state have been computed by
Hemley et al.11 with the semiempirical Pariser-Parr-Pople
(PPP) Hamiltonian and by Zerbetto and Zgierski18 based on the
single excitation configuration interaction (CIS) model. In Refs
8, 11, and 17, stable equilibrium geometries were obtained in
C2V symmetry for both excited states (Ref 8 reports two
imaginary frequencies for the 21A1 minimum at the CASSCF/
STO-3G level of theory that disappear if a DZ basis set is used).
CASSCF calculations performed by Rohlfing also find a bound
C2V structure in the 21A1 state but the CASSCF and CIS methods
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predict a stabilization of the 11B1 level for a rotation around
the central CdC double bond similar to displacement along
normal coordinateQ18 (see Figure 1), that is, a twisted minimum
geometry ofC2 symmetry is postulated for the diabatically
correlated 11B state.19 Ref. 18 also predicts saddle point character
for the stationary point of the 11B1 state inC2V symmetry, but
stabilization is expected to occur along the C-C single bond
torsion coordinateQ19 (see Figure 1). The deviating CIS results
of Refs 18 and 19 can probably be explained by the larger basis
set (6-311++G(d,p) vs 6-31+G) employed by Rohlfing.

Geometry optimization and subsequent force field calculation
represents an effective strategy for acquiring information about
excited-state potential energy surfaces, but we pursue an
alternative strategy in this work for the following reason:
Second-orderS1-S2 coupling may contribute some intensity to
combination bands of modes ofa2 and b2 symmetry in the
excitation spectra of the 21A1 state in analogy to octatetraene,20,21

but we will concentrate in this study on second-order Franck-
Condon activity as excitation mechanism for out-of-plane modes
in the continuous wave (CW) absorption and RR spectra as well
as in the free jet REMPI and fluorescence excitation spectra of
the 21A1 state of CHT. This is also true for the CW spectroscopy
of the 11B1 state. We assume that the intensities of vibrations
of a2 andb2 symmetry in these spectra are largely determined
by the curvature of the excitation energy functions of the 21A1

and 11B1 states at the ground state equilibrium geometry. The
curvature of the potential energy as a function of nontotally
symmetric displacements depends in general relatively weakly
on small variations in the totally symmetric coordinates, but it
is clear that an evaluation of the excited-state Hessian matrices
at the ground-state minimum structure will yield more accurate
on- and off-diagonal quadratic vibronic coupling constants for
the out-of-plane modes than a calculation of the force fields at
the 21A1 and 11B1 equilibrium geometries. The excited state
frequencies, on the other hand, can be more accurately obtained

from these force fields as opposed to the Hessian matrices
obtained at the ground-state equilibrium structure.

We present here the complete Hessian matrices for the out-
of-plane modes of CHT in the 11A1, 21A1, and 11B1 states defined
at the equilibrium configuration of the electronic ground state
at the CASSCF level of theory (Table 1). The second derivatives
of the potential energy functions are evaluated with respect to
approximate ground-state normal coordinates derived from the
MP2/aug-cc-pVDZ force field of the 11A1 state (the MP2/aug-
cc-pVDZ equilibrium geometry and harmonic frequencies of
the 11A1 state are discussed in Ref. 1). Cartesian geometries
corresponding to finite displacements along linear combinations
of internal symmetry coordinates that resemble ground state
normal displacements as closely as possible were constructed
based on the ab initio force field by an iterative procedure.1

All electronic states considered in the present study are
valence states1,3 and can be accurately represented by the
moderately diffuse aug-cc-pVDZ basis set.22 However, a mul-
ticonfigurational approach is required for the description of the
excited states. The covalent 21A1 state is dominated by the
doubly excited (π1)2 (π2)2 (π3)0 (π4)2 CSF but a large number
of additional excitations within the valence space must be
included to properly model the compact nature of the wave
function in analogy to the correlated 21Ag state of THT.1,23,24

The singly excited (π1)2 (π2)2 (π3)1 (π4)1 CSF represents a good
zeroth-order approximation to the 11B1 wave function, but out-

Figure 1. Displacements along the sixa2 symmetry gound-state normal
coordinates of cis-1,3,5-hexatriene are shown. The geometries can be
described by theC2 point group.

TABLE 1: Parameters γkl
(n) for the Adiabatic 11A1 (11Ait ,

11Ait′), 21A1 (21A, 21Ait′), and 11B1 (11B, 11Ait′′) States of
CHT, Calculated at the (5,5) CASSCF Level of Theory and
Defined at The Equilibrium Geometry of the Electronic
Ground State in Terms of S0 Normal Coordinatesa

a2-modes (C2V f C2)

state mode Q14 Q15 Q16 Q17 Q18 Q19

11A Q14 0.0640 -0.0008 -0.0012 -0.0012 -0.0003 0.0020
Q15 0.0592 0.0024 0.0010-0.0005 -0.0003
Q16 0.0479 -0.0012 -0.0008 -0.0032
Q17 0.0418 0.0002 -0.0019
Q18 0.0198 0.0014
Q19 0.0107

21A Q14 0.0334 -0.0086 -0.0030 -0.0128 -0.0061 0.0147
Q15 0.0245 0.0030 -0.0132 0.0059 -0.0069
Q16 0.0095 0.0025 0.0029-0.0017
Q17 0.0130 0.0000 -0.0074
Q18 0.0120 0.0059
Q19 0.0182

11B Q14 0.0591 0.0005 -0.0016 -0.0067 -0.0052 0.0151
Q15 0.0471 -0.0029 -0.0184 0.0067 -0.0051
Q16 0.0463 0.0009 0.0003-0.0007
Q17 0.0285 0.0080 -0.0023
Q18 0.0115 0.0089
Q19 0.0039

b2-modes (C2V f Cs)

state mode Q32 Q33 Q34 Q35 Q36

11A′ Q32 0.0676 0.0007 0.0014-0.0002 -0.0005
Q33 0.0473 -0.0010 0.0007 0.0008
Q34 0.0491 0.0008 -0.0005
Q35 0.0374 0.0002
Q36 0.0070

21A′ Q32 0.0287 -0.0005 0.0004 0.0242-0.0086
Q33 0.0075 0.0046 -0.0043 -0.0002
Q34 0.0345 0.0140 -0.0064
Q35 0.0266 -0.0064
Q36 0.0155

11A′′ Q32 0.0606 -0.0001 -0.0021 0.0175 -0.0067
Q33 0.0470 0.0044 -0.0029 0.0006
Q34 0.0448 0.0079 -0.0066
Q35 0.0327 -0.0003
Q36 0.0081

a Units are eV.
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of-plane distortions induce vibronic interactions with other
configurations that make a multiconfigurational ansatz necessary
also for this state and consideration of dynamic electron
correlation effects has been shown to be essential to reproduce
the valence character of the ionic 11B1 wave function.1,3

The six valenceπ orbitals constitute the appropriate active
space for an accurate and consistent calculation of the 11A1,
21A1, and 11B1 valence states of planar CHT employing the
CASSCF method.1 Because we are concerned with nonplanar
geometries in this study, mixing ofπ andσ orbitals must further
be taken into account in the selection of the active space, but
the length of the CASSCF CI expansion increases rapidly with
the number of active orbitals, imposing a limit of typically 12
orbitals on the maximum size of the active space.13 Moreover,
the choice of the most importantσ orbitals for an extension of
the active space is not obvious. Linear combinations ofπ and
σ orbitals occupying a similar energy range will generally exhibit
a greater tendency to form molecular orbitals that need to be
included into the active space upon out-of-plane distortion.
However, the orbital energy criterion does not directly lead to
an unambiguous identification of a sufficiently small subset of
active σ orbitals for the electronic states under consideration.
We have therefore investigated the addition of several combina-
tions ofσ orbitals to the valenceπ active space and found that
inclusion of the twoσ orbitals energetically enframing theπ
blocks in each of the two symmetry species characteristic of
theC2 andCs point groups into the active space produces well-
balanced results. Nonzero displacement along normal coordi-
nates transforming according to thea2 and b2 irreducible
representations reduces the symmetry of the nuclear frame of
CHT from C2V to C2 and Cs (the symmetry plane being
perpendicular to the molecular plane), respectively, and we will
assign the label (5,5) to denote this active space in both point
groups. This label refers to the number of active orbitals in the
irreducible representations (A,B) and (A′,A′′) of the C2 andCs

symmetry groups, respectively. Distributing 10 electrons over
10 orbitals defines the dimensions of the CASSCF calculations.
The resulting CASSCF CI expansions comprise 9752 CSFs and
9652 CSFs for electronic states transforming according to the
A (A′) andB (A′′) irreducible representations, respectively, of
the C2 (Cs) point group. The CASSCF calculations have been
performed with the MOLCAS 4.0 package.25

If the nuclear frame of CHT can be described by theC2 (Cs)
point group, we are primarily interested in the 1A (1A′), 2A
(2A′), and 1B (1A′′) states, which are diabatically correlated to
the 11A1, 21A1, and 11B1 states inC2V symmetry. For the totally
symmetric eigenvectors, an individual optimization scheme can
be employed in the CASSCF calculations, but the convergence
of the two lowest roots ofB (A′′) symmetry can be improved
by including both in the CASSCF energy functional with equal
weights. At the state-averaged CASSCF level of theory, the first
root in theB (A′′) representation is actually not identical to the
first singly excitedπ f π* state of CHT but to another low
lying valence state of multiconfigurational character with
significant contributions from doubly excited CSFs. This state
has also been analyzed by Serrano-Andre´s et al.3 and can be
identified as the 21B1 state within theC2V point group. In the
CASSCF calculations, we observe a strong dependence of the
relative energetical ordering of both1B1 valence states on the
specification of the active space and the optimization conditions,
but the singly excitedπ f π* state is correctly predicted as
the 11B1 state at the ground-state equilibrium geometry if
dynamical electron correlation is included in the electronic

structure model via the single-state multiconfigurational second-
order perturbation theory (CASPT2) method.26

Difficulties are encountered, however, if CASPT2 calculations
are performed at nonplanar geometries and no realistic frequen-
cies could be obtained for the out-of-plane modes at this level
of theory. The problems must be related to the mixing ofπ and
σ orbitals in the wave function because accurate CASPT2
potential energy functions of all three states have been obtained
for the in-plane vibrations of CHT in Ref 1. It is clear that the
enlargement of the valenceπ active space by fourσ orbitals
cannot account for all CSFs that are relevant for a complete
zeroth-order description of the low-lying valence states at
nonplanar conformations of CHT, but inclusion of additionalσ
orbitals into the active space would lead to a prohibitive increase
of the CASSCF CI expansion length.

The limitation of the active space to 10 orbitals only impairs
the estimation of the dynamic correlation energy via CASPT2
but not the accuracy of the (5,5) CASSCF calculations, which
yield a realistic description of the out-of-plane potential energy
functions as will be seen from the discussion in the following
section. The CASSCF approach generally overestimates vertical
excitation energies, but this does not affect the computation of
Hessian matrices for the excited states which represent the
curvature of the potential energy surfaces. The 11B1 wave
function is too diffuse at the CASSCF level as mentioned above,
but this does also not appear to significantly diminish the
accuracy of the frequencies for this state.

The elementsγkl
(n) of the Hessian matricesγ presented in the

next section are the coefficients of a second-order Taylor
approximation of the adiabatic potential energy surfacesVn of
the 11A1, 21A1, and 11B1 states of CHT around theS0 equilibrium
geometry in terms of dimensionless ground-state normal coor-
dinatesQk according to

En denotes the vertical excitation energy of electronic state|φn〉,
and theγkl

(n) are formulated according to

whereĤel represents the electronic Hamiltonian operator. The
11A1, 21A1, and 11B1 states cannot interact in first order via out-
of-plane modes for symmetry reasons. The definition of a
diabatic electronic representation that differs from the adiabatic
picture is therefore not required within this three-dimensional
electronic subspace for a simulation of the dynamics of out-
of-plane vibrations. Section III will show that nuclear motion
along several normal coordinates ofa2 and b2 symmetry can
induce significant CI with higher lying states, but no unitary
transformations of adiabatic electronic state vectors to minimize
nonadiabatic couplings are performed in the present study. The
γkl

(n) coefficients compiled in Table 1 are consequently defined
with respect to an adiabatic electronic basis.

Technically, the on-diagonalγkk
(n) coefficients are obtained

from a fit to the (5,5) CASSCF potential energies of the 11A1,
21A1, and 11B1 states as a function of theQk for displacements
∆k from 0.0 to 0.4, while the off-diagonal parametersγkl

(n) are
calculated using the formula

Vn(Qk, Ql) ≈ En + ∑
kl

γkl
(n) Qk Ql (2.1)

γkl
(n) ) 1

2 〈φn| ∂
2Ĥel

∂Qk∂Ql
|φn〉 (2.2)
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Dimensionless normal coordinate displacements∆k ) ∆l ) 0.1
from the equilibrium geometry have been employed to determine
the γkl

(n) constants.
Approximate normal frequencies for the out-of-plane vibra-

tions in the 11A1, 21A1, and 11B1 states can then be obtained
from the Hessian matricesγ by first calculating the matrixω̂2

for each state according to27

Here,ω denotes the diagonal matrix of harmonic ground-state
frequencies. The elements ofω must be the frequencies of the
normal modes in terms of which theγ matrices are defined.
Diagonalization ofω̂2 and taking the square root of the diagonal
elements yields approximate normal frequenciesω̂k in the
respective electronic state.

III. Results and Discussion

The resulting Hessian matrices for the 11A1, 21A1, and 11B1

states of CHT (Table 1) indicate pronounced differences between
ground and excited state force fields for the out-of-plane modes.
The absolute values of the off-diagonal coefficientsγkl

(n) do not
exceed 0.0032 eV in the 11A1 state, providing evidence that the
MP2 and CASSCFS0 normal coordinates are nearly parallel,
but some large normal coordinate rotations are calculated for
excitation into the 21A1 and 11B1 vibronic manifolds. For the
transition 11A1 f 21A1, Duschinsky mixing8 is particularly strong
between the pairsQ14/Q19, Q15/Q17, Q18/Q19, Q32/Q35, whereas
considerable coupling of the pairsQ17/Q18, Q18/Q19 and Q33/
Q34 is predicted upon 11A1 f 11B1 excitation.

For the calculation of approximate normal frequencies in the
11A1, 21A1, and 11B1 states according to eq 2.4, the MP2/aug-
cc-pVDZ ground-state frequencies are employed to construct
the diagonal matrixω because theγkl

(n) coefficients are defined
with respect to the corresponding normal coordinates. The
resulting frequencies for the out-of-plane vibrations in the 11A1,
21A1, and 11B1 states can be found in Table 2. A comparison of
the (5,5) CASSCF ground state frequencies with experiment
reveals generally good agreement, except for the CH2 wagging
distortionsV16 andV33, which are underestimated by more than
60 cm-1.

Massive excited-state frequency shifts are calculated for
several out-of-plane displacements at the (5,5) CASSCF level
of theory. The topology of the 21A1 and 11B1 potential energy
functions can differ so considerably from the shape of the
oscillators in the 11A1 state that an unambiguous correlation of
ground state normal vibrations with excited state modes is not
possible in all cases. In other words, large off-diagonalγkl

(n)

parameters in the excited state Hessian matrices lead to
eigenvectors ofω̂2 that are not dominated by a single basis
vector but represent linear combinations with significant
contributions from two or more basis vectors. Some of the
distortions along the ground state normal coordinates ofa2 and
b2 symmetry illustrated in Figures 1 and 2, respectively, are
therefore substantially modified in the excited states. Thea2

normal modesV18/V19 and theb2 displacementsV32/V35 resemble
symmetric/antisymmetric linear combinations of the correspond-
ing ground-state eigenvectors in the 21A1 state, for example.

Experimental information about frequencies in the 21A1 state
is available fromhV + hV REMPI,7,8 one-photon fluorescence

excitation,9 and RR spectroscopy4 in the gas phase, but the
assignment of out-of-plane modes has not been attempted in
the experimental papers4,7-9 and clearly requires theoretical
support. The CASSCF studies by Kohler et al.8 and Olivucci et
al.,17 already mentioned in section II, lead to the conclusion
that the CH2 wagging motionsV16 andV33

8 and the methylene
torsionsV17 andV35

17 could have drastically reduced frequencies
in the 21A1 state. Our calculations essentially confirm these
predictions for all four modes and will be shown to comply
with the experimental observations.

Figure 3 reproduces the low-frequency region of the free jet
hV + hV REMPI spectrum of the 21A1 state of CHT reported
by Kohler et al.8 The lowest energy feature in the 21A1 REMPI
spectrum appears as a doublet with a splitting of∼5 cm-1 and

Figure 2. Displacements along the fiveb2 symmetry gound-state
normal coordinates of cis-1,3,5-hexatriene are shown. The geometries
can be described by theCs point group.

TABLE 2. Approximate Harmonic Vibrational Frequencies
of the Out-of-Plane Modes of cis-1,3,5-hexatriene in the 11A1,
21A1 and 11B1 States Obtained at the (5,5) CASSCF/
aug-cc-pVDZ Level of Theory by Employing Formula eq 2.4.
For the 11A1 State, the Calculated Values Are Compared to
Observed Fundamental (anharmonic) Frequenciesa

symmetry mode
11A1

(experiment)
11A1

(theory)
21A1

(theory)
11B1

(theory)

a2

V14 1032 [44] 1028.6 822.2 1005.4
V15 952 [44] 947.6 681.0 910.6
V16 907 [44] 841.4 377.0 822.9
V17 714 [6] 693.2 -202.3 484.8
V18 330 [5] 324.2 274.2 235.9
V19 160 [45] 163.5 90.8 -181.1

b2

V32 990 [45] 1050.7 854.7 1027.0
V33 910 [46] 843.0 354.4 856.1
V34 825 [45 809.0 685.0 775.2
V35 589 [46] 602.1 -146.5 472.4
V36 110 [45] 109.5 153.1 100.0

a Units are in cm-1

γkl
(n) )

Vn(Qk ) ∆k, Ql ) ∆t) - Vn(Qk ) ∆k, Ql ) -∆t)

4∆k∆t

(k * l) (2.3)

ω̂2 ) ω1/2(2γ)ω1/2 (2.4)
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has been shown to be a false origin (FO1) built on one quantum
of the b1 symmetry modeV31,1,2,4,29 blueshifted by 210-280
cm-1 with respect to the 0-0 level of the 21A1 oscillator.2,29

The idea that the second transition of the FO1 doublet could
represent the fundamental or the first overtone of a very low
frequency mode with a vibrational excitation energy of 5 cm-1

appears very unlikely because an extended progression in this
vibration would have been expected.8 The nonplanarity of CHT
in the electronic ground state and the possibility that the lowest
energy component of FO1 corresponds to a hot band have been
ruled out as explanations for the appearance of FO1 as a doublet
in Ref 8. The option that tunneling splitting of levelV31

1 could
be induced by a single out-of-plane displacement characterized
by a shallow double minimum potential energy function in the
excited state can also be excluded because the upper of the two
out-of-plane components would be nontotally symmetric and
the level thus vibrationally forbidden. On the basis of their own
CASSCF calculations, Kohler et al. postulate that the doublet
structure may be due to two nearly degenerate minima on the
S1 potential energy surface corresponding to distortions along
Q16 andQ33.8 The out-of-plane frequencies compiled in Table
2 suggest, however, that displacements alongQ17 andQ35 may
in reality be responsible for the splitting of FO1. This scenario
is also consistent with the doublet appearance of two bands at
∼253 cm-1 and∼258 cm-1 above FO1 (see below) and with
the 5 cm-1 splitting of a very weak feature located 280 cm-1

below FO1 that has tentatively been assigned as the 0-0
transition of the 21A1 state in Ref 29.

The next strong band in the 21A1 REMPI spectrum is located
67 cm-1 above the vibronic origin FO1 and represents a triplet
with a prominent first peak (Figure 3). This group of levels
probably corresponds to excitations based on FO12 and most
likely reflects quadratic Franck-Condon activity in one or
several out-of-plane modes because no totally symmetric mode
is expected to have such a low fundamental frequency in the
21A1 state. One possible candidate is the activation of methylene
torsions. Inspection of Table 1 suggests an identification of the
transition at 67 cm-1 with the overtoneV17

2 because of the large
reduction of the diagonal coupling coefficientγkk

(n) by nearly
70% for this mode in the 21A1 state as compared to the ground
state, leading to a considerable Franck-Condon factor for this
level. However, a prediction of the energy of theV17

2 transition
based on the Hessian matrix cannot be made due to the
imaginary frequency of this mode.

The main intensity of the 67 cm-1 band probably does not
arise from excitation of levelV35

2 because theγkk
(n) value in the

21A1 state is reduced by only 30% relative to the ground state
for this mode. We therefore infer that the Franck-Condon
factors for a transition into levelV35

2 is smaller than forV17
2 . An

identification of the feature at 67 cm-1 exclusively with level
V17

2 leads to the question of why this signal appears as a triplet.
Kohler and co-workers8 speculate that the multiplet patterns
observed for this and several other transitions in the low-energy
region of the REMPI spectrum could be induced by a lifting of
the degeneracy of torsional levels associated with two shallow
double minimum potentials in the 21A1 state via barrier
tunneling. However, if the assignment of the band at 67 cm-1

to level V17
2 is correct, then onlyV35 could modulate this

transition according to Table 2. This, however, would lead to a
doublet structure with a much weaker or completely dark upper
component for symmetry reasons.

The alternative view, that the multiplet structure of levelV17
2

arises from a rotation of CHT around theC2 axis,2 will be
examined next. This argument is supported by the similarity of
the rotational profiles of FO129 and of the vibronic origin band
of the 21Ag state of all-trans-octatetraene30 to the band at 67
cm-1 in the 21A1 REMPI spectrum of CHT. Both molecules
rotate around theC2 axis upon excitation of the false origins, a
rotational orientation consistent with an alignment of the
transition dipole moment parallel to theπ-bond axis due to
intensity borrowing from theS2 state. Free jet one-photon
fluorescence excitation spectroscopy of the 21A1 state of CHT
reveals the rotationalP andRbranches of the three lowest lying
vibronic levels9 and a contour analysis of the partially rotation-
ally resolved FO1 doublet confirms the identification as a
parallel band.29 A comparison with the rotational envelopes of
the false origins of CHT and octatetraene suggests an identifica-
tion of the triplet ranging from 62 to 77 cm-1 with the partially
resolvedR branch, whereas the much weaker feature between
57 and 62 cm-1 may represent theP branch of this rovibronic
band. This interpretation implies that the rotational resolution
in the REMPI spectrum is>2 cm-1 as compared to the<1
cm-1 spacing of the rotational transitions associated with the
vibronic origins of CHT and octatetraene evident from the
fluorescence excitation spectra in Refs 29 and 30.

Not only were the rotational resolution in the REMPI
spectrum lower, it is striking that the band at 67 cm-1 would
appear as the only vibronic transition with a pronounced
rotational structure as can be seen from Figure 3. The combina-
tion of two properties may contribute to a selective enhancement
of rotational features of this particular level: (i) A lifetimeτ1(E)
of >5 ps and (ii) the fact that an out-of-plane vibration is excited.
τ1(E) has been estimated to lie between 5 ps and 15 ns on
resonance with the first band in the 21A1 REMPI spectrum, then
decreases to 2.5 ps at 770 cm-1 above FO1 and reaches an
asymptotic value of∼730 fs beyond 4000 cm-1 excess
vibrational energy.31-33

The strong dependence ofτ1(E) on the excitation energy can
be inferred from a comparison of the intensity ratios of
corresponding signals in REMPI and fluorescence excitation
spectra. The intensity ratio is close to one for the transition at
67 cm-1 but drops to 0.45 and 0.2 for the bands at 152 cm-1

and 245-265 cm-1, respectively.9 The reduction ofτ1(E) with
increasing excess vibrational energy obviously quenches the
fluorescence emission more effectively than the REMPI ioniza-
tion yield. However, a possible lifetime- and consequently
energy-dependent rotational resolution in the REMPI spectrum

Figure 3. The 11A1 f 21A1 transition of cis-1,3,5-hexatriene: low-
frequency region of the experimentalhV + hV REMPI excitation
spectrum (in supersonic jet expansion) (Ref 8) with tentative assignment
of prominent peaks.
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cannot explain the absence of a rotational structure for FO1. It
can only be speculated that activation of the methylene torsions
may lead to an increased sensitivity of the REMPI method to
rotational features, but a mechanism to support this hypothesis
cannot be provided at present.

Finally, we discuss the idea that the triplet at 67 cm-1 may
correspond to a group of two or three nearly degenerate vibronic
bands. This option may seem unlikely considering the regular,
equidistantly spaced level structure but cannot be disproved
based on the available data. The strong first transition must then
again be assigned as the first overtone ofV17 if this version is
accepted, whereas at least one of the much weaker satellites at
∼71 cm-1 and∼75 cm-1 may result from excitation of the level
V35

2 (see Table 2).
The band at 152 cm-1 above FO1 is again built on levelV31

1 2

and can be attributed to the fundamental of the totally symmetric
vibration V13, whereas the complex feature ranging from 245
to 265 cm-1 probably corresponds to two vibronic transitions,
a doublet centered at∼253 cm-1 and characterized by a width
of ∼7 cm-1 with an additional splitting of each peak by∼1
cm-1 and another doublet with components located at∼253
cm-1 and∼262 cm-1. One of the doublets can be tentatively
identified as a second false origin level,V30

1 or FO2, with an
excess vibrational energy of 475-545 cm-1 relative to the true
or electronic origin of the 21A1 state.2 The second doublet will
be assigned to another false origin, FO3, induced by second-
order 21A1-11B1 coupling via modesV16 and V36. An excess
vibrational energy of∼530 cm-1 is projected for this combina-
tion level in Table 2. The splittings of FO1, FO2, and FO3 are
therefore of similar magnitude, and in particular for FO1 and
FO3 also the intensity ratios, suggesting that all three transitions
are modulated by the same out-of-plane modes. The origin of
the additional splitting of FO2 by∼1 cm-1 is not clear. Table
7 in Ref 1 predicts a 21A1-11B1 coupling activity forV31 that is
3.4 times higher than that ofV30, but the ratio of the integrated
REMPI intensities of FO1 and FO2+ FO3 is 13:1.8 The low
intensity of FO2 + FO3 is likely a consequence of the
dependence of the photoionization yield onτ1(E).

A group of three nearly equidistantly spaced peaks ranging
from 350 to 370 cm-1 above FO1 represents another contribu-
tion to the intensity distribution in the low-frequency region of
the 21A1 REMPI spectrum shown in Figure 3. All three levels
are built on FO1 because no mode ofb1 symmetry or
combination of modes ofa2 andb2 symmetries of appropriate
frequencies is present to promote a fourth false origin in this
energy domain and no significant vibronic activity based on
FO2/FO3 is expected at these excess vibrational energies. We
propose here the identification of this triplet with levelV12

1

assuming that the frequency ofV12 in the excited state is reduced
by ∼30 cm-1 with respect to the electronic ground state. The
linear Franck-Condon activity in the totally symmetric mode
V12 in the 21A1 state has been predicted to exceed that ofV13 so
that the fundamental ofV12 is expected to appear in the REMPI
spectrum.1 The observation that the transitionV12

1 appears with
the same integrated intensity in the REMPI spectrum thanV13

1 8

despite a greater coupling strength ofV12 in the 21A1 state as
compared toV13 can again be explained by the dependence of
the REMPI intensities onτ1(E). Modulation by out-of-plane
vibrations is likely responsible for the appearance of levelV12

1

as a triplet.
Kohler et al. note the absence of multiplet features analogous

to those observed for CHT in the REMPI spectra of theS1 states
of alkyl substituted hexatrienes. Alkyl substitution can lead to
a significant modification of the potential energy functions for

out-of-plane modes and to a quenching of level splittings evident
in the spectra of the unsubstituted CHT molecule.

To conclude our considerations of out-of-plane activity in
the 21A1 state of CHT, we will analyze the origin of the massive
frequency shifts. The decrease of frequencies ofa2 modes can
be related to the coupling of the 21A1 state with states of1A2

symmetry because the direct product of the irreducible repre-
sentations of these vibrations and of the electronic states contains
the totally symmetric representation

Possible coupling partners are the 11A2 (3pσ), 21A2 (3dδ), and
31A2 (3s) Rydberg states3 with experimentally determined
vertical excitation energies of 6.08 eV,35-38 6.51 eV,35-39 and
7.40 eV,39 respectively. Vibronic interactions of compact valence
states with diffuse Rydberg states are generally not very strong,
but 〈y2〉 expectation values (y being the coordinate perpendicular
to the molecular plane) close to 50a0

2 have been obtained at
the CASSCF level of theory for all three1A2 states in Ref 3.
The 1A2 Rydberg states are consequently predicted to be
relatively localized so that vibronic coupling with the 21A1 state
(〈y2〉 ) 33.8 a0

2 3) may in fact be pronounced along certain
displacements ofa2 symmetry.

Modes that transform according to the symmetry speciesb2

of theC2V point group can stabilize the 21A1 state via interaction
with the proximate 11B2 (3s), 21B2 (3pσ), 31B2 (3dδ), and 41B2

(3dσ) Rydberg states3 (experimental vertical excitation ener-
gies: 5.66 eV,35 5.88 eV,39 6.60 eV,39 and 6.79 eV,39 respec-
tively) because

The 〈y2〉 expectation values of CASSCF wave functions of the
first three states of1B2 symmetry are also close to 50a0

2 3 and,
therefore, quite compact for Rydberg excitations, a result that
supports the idea of significant valence-Rydberg interaction
through selected modes ofb2 symmetry. The mode with the
lowest frequency in the ground state, in this caseV36, represents
an exception as the single out-of-plane vibration with a positive
frequency shift in the 21A1 state. Normal coordinate rotations
cannot be invoked to account for this effect. An argument based
on bond order reorganization following the electronic transition
is complicated by the fact that a frequency increase and decrease
is calculated for the single-bond torsionsV36 and V19, respec-
tively, in the 21A1 state. A comparison of the distortionsQ19

andQ36 (see Figures 1 and 2) suggests that electronic repulsion
effects are critical for the excited-state frequencies of both
modes.

Ascribing the frequency shifts in the 21A1 state to vibronic
interactions with higher lying configurations thus represents not
the only possible way to analyze the computational results. An
alternative interpretation can be given that attempts to rationalize
the frequency changes in terms of electronic structure differences
between ground and excited state. The 11A1 f 21A1 transition
leads to modifications of the rotational constants for CHT that
are consistent with a significant bond order reversal upon
excitation.29 For example, in this picture, the dramatically
reduced frequencies of methylene torsions in the 21A1 state can
be explained by a substantial weakening of the terminal double
bonds present in ground-state CHT.

The differentiation between intrastate and interstate effects
as origins of the excited-state frequency shifts is a semantic
one, of course, because this classification depends on the
perspective of the viewer, in the same way that diabatic and

A1 X a2 X A2 ⊃ A1 (3.1)

A1 X b2 X b2 ⊃ A1 (3.2)
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adiabatic electronic representations are different descriptions of
the same physical situation. The idea of an “isolated” 21A1 state
clearly can only serve as an abstract model because vibronic
interactions with other electronic states have to be considered
in the calculation of the potential energy functions.

Information about the normal frequencies of the 11B1 state is
available from absorption10 and RR spectroscopy5,6 as well as
from electronic structure calculations.11,18,19From a fit to the
gas-phase absorption envelope of the 11B1 state based on vapor
phase RR spectra, Amstrup et al.5 and Ci and Myers6 estimate
the fundamental frequencies of several modes ofa1, a2, andb2

symmetry in the 11B1 state. Ref 6 reports identical frequencies
in ground and excited states forV14, V15, andV17. For V14 and
V15, this is in agreement with Table 2 and the calculations in
Refs 11 and 18. However, theory predicts a frequency reduction
for V17 by 13%5 to 30% (Ref 18 and Table 2). The following
frequency shifts in the 11B1 state have been obtained from RR
scattering for other out-of-plane vibrations: forV18, from -12%5

to -25%,6 for V19, from -51%5 to +15%,6 and forV35, -27%.5

From electronic structure theory, moderate to considerable
excited-state frequency reductions are predicted for the torsional
modesV18, V19, and V35 by the CIS,18,19 CASSCF19 and PPP
models.11 The different sources thus agree that the out-of-plane
frequencies are generally lower in the 11B1 state than in the
11A1 state, a result also confirmed by the present study (Table
2). Although Amstrup et al.5 assume a 11B1 potential surface
that is bound with respect to all twisting coordinates, a
stabilizing effect of the C-C single bonds and methylene
torsions on the 11B1 state has been predicted by Ci and Myers.6

From this point of view, the imaginary frequency forV19 given
in Table 2 is consistent with Ref 6, despite the moderate
frequency increase postulated forV19 by Ci and Myers. Ab initio
calculations by Zerbetto and Zgierski also indicate that the 11B1

energy is stabilized byQ19.18

It has been noted in section II that out-of-plane Hessian
matrices are generally not expected to vary significantly with
totally symmetric coordinates if the displacements are small.
The dependence of the potential energy on normal coordinate
Q18 appears to change strongly in the 11B1 state, however, if
evaluated at the substantially different minima of the 11A1 and
11B1 states. CIS and CASSCF calculations carried out by
Rohlfing indicate that the optimizedC2V structure of the 11B1

state could be unstable with respect to a distortion alongQ18,
contrary to Refs 11 and 18. The equilibrium geometry of the
diabatically correlated 11B state is proposed to correspond to a
configuration ofC2 symmetry that is twisted by 90° around the
central CdC bond in Ref 19 (see also Ref 40). It is obviously
important in this case to differentiate where in coordinate space
the Hessian matrix for the 11B1 state is evaluated. The intensities
of transitions in the RR and absorption spectra of the 11B1 state
reflect the excited-state Hessian matrix at the equilibrium
geometry of the electronic ground state. The assumption of an
imaginary frequency for modeV18 at the minimum of the 11B1

state is therefore absolutely consistent with the results of gas-
phase RR spectroscopy5,6 and the calculations performed for
this work.

An analysis of Duschinsky mixing upon 11A1 f 11B1

excitation can be found in the semiempirical study by Hemley
et al.11 and in the RR investigation by Amstrup et al.5 Ref 11
only considers totally symmetric modes and predicts strong
normal coordinate rotations betweenV8 andV9 and betweenV9

andV10. The considerable mixing ofV8 andV9 is also confirmed
by a simulation of the 11B1 RR excitation profiles in Ref 2.

The Duschinsky mixing betweenV18 and V19 inferred by
Amstrup et al. is large but not as pronounced as suggested by
Table 1.

Vibronic interaction of the 11B1 state with the nearby1B2

Rydberg states represents an obvious mechanism for the reduced
11B1 frequencies ofa2 modes in the vapor phase

By analogy, a strong frequency reduction ofV35 in the 11B1 state
can be interpreted as being due to the coupling of the 11B1 state
with the adjacent1A2 Rydberg states

The 11B1 valence state (〈y2〉 ) 41.0a0
2 at the CASSCF level of

theory;3 this value will shrink if dynamical electron correlation
is included) is less compact than the 21A1 state so that significant
interaction with moderately diffuse Rydberg states can be
expected.

RR measurements of CHT in solution carried out by Ci and
Myers further demonstrate that the gas-phase frequency shifts
for a2 modes in the 11B1 state are systematically reduced in
polarizable media. This means that the ground and excited-state
force constants converge with increasing polarizability of the
solvent,6 while the energy for the 11A1f11B1 transition de-
creases. The origin band for excitation into the ionic 11B1 state
(calculated dipole moment+0.421 au3,41) is red shifted by
-2367 cm-1 in cyclohexane at room temperature,6 for example.
By contrast, the covalent 21A1 state (calculated dipole moment
-0.097 au3,41) is known to be relatively insensitive to solvent
effects,42 which leads to a significant decrease of the vertical
21A1-11B1 energy difference in polarizable solvents, enhancing
the vibronic coupling between the two states.6 A parallel increase
of the energy separating the 11B1 and1B2 states could provide
a mechanism for the intensity quenching upon solvation
observed in the 11B1 RR spectra for bands involving vibrations
of a2 symmetry. Unfortunately, no measurements of solvent shift
effects on1B2 Rydberg states are available. The dipole moments
of -2.026 au and+2.172 au calculated for the 11B2 and 21B2

Rydberg states, respectively, are large, but the wave functions
are also more diffuse than that of the 11B1 valence state,3,41 so
that it is difficult to predict the magnitude of stabilization of
the 11B2 and 21B2 states in polarizable media without an
extensive simulation. An analogous frequency increase in the
condensed phase may be the reason for the suppression of RR
activity in the au modes recorded for the 11Bu state of THT,
induced by a hypothetical enlargement of the 11Bu-11Bg energy
difference in polarizable liquids.43 It might, therefore, prove
worthwhile to model solvent shift effects on the RR spectros-
copy of CHT and THT using, for example, molecular mechanics
techniques.

In summary, the (5,5) CASSCF model appears to yield
Hessian matrices for the 21A1 and 11B1 potential energies as a
function of the out-of-plane coordinates that agree satisfactorily
with the spectroscopic observations of both excited states. It is
clear that a higher-order description of the out-of-plane potential
energy functions is required to fully resolve the individual
contributions of vibrations, barrier tunneling and possibly also
rotations to the intriguing multiplet patterns in the low-frequency
region of the REMPI spectrum of the 21A1 state. The Duschinsky
mixing of out-of-plane modes in the excited states is of great
importance for an understanding of the intensity distributions
in RR and excitation spectra of the 21A1 and 11B1 states. An
attempt to include dynamic electron correlation into the

B1 X a2 X B2 ⊃ A1 (3.3)

B1 X b2 X A2 ⊃ A1 (3.4)
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electronic structure model via the CASPT2 method based on
(5,5) CASSCF reference functions was not successful. An
extension of the active space would probably be required but
is presently not feasible. The discussion in this section has shown
that CI in particular with low-lying Rydberg configurations
induces significant frequency shifts of out-of-plane modes in
the 21A1 and 11B1 states. The option to consider these strong
couplings more accurately by treating the interacting states in
a balanced way appears to be interesting but imposes serious
difficulties from an electronic structure perspective.
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