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Abstract

The two lowest excited singlet states of trans-hexatriene and cis-hexatriene are studied by multireference perturbation theory
approaches (NEVPT2 and CASPT2) in their quasi-degenerate version (QD-NEVPT2 and MS-CASPT2). For these states,
we report spectroscopic properties such as the vertical and adiabatic excitation energies, some features of the topology of the
potential energy surfaces (PES), and the emission energies. The theoretical vertical excitation energies for the 2 IA; and 1 lB:
states of trans-hexatriene are found to be almost degenerate, with a value, ~ 5.5-5.6 eV, higher than that normally accepted
in the literature, 5.2 eV and 5.1 eV, respectively. The 2 ' A, and 1 ' B, states of cis-hexatriene are also almost degenerate and
are estimated to be at ~ 5.4-5.5 and =~ 5.5 eV, respectively, again higher than the accepted values. The adiabatic excitation
energies to the 2 lA; and 2 ' A, states can be observed experimentally (in particular for the cis isomer), and our results are in
excellent agreement with the experimental values. On the contrary, the vertical excitation energies for these states are not
directly observable in the experimental spectra and the “experimental” values are obtained by educated guesses. We show

that the hypotheses underlying these guesses are not entirely grounded.

1 Introduction

The ab initio study of small conjugated polyenes is a non-
trivial issue. For molecules like ethene, butadiene, and hex-
atriene several aspects complicate the study of the spectro-
scopic properties, namely the presence of excited states in a
narrow energetic gap with very different natures (Rydberg,
ionic, given by a HOMO-LUMO transition, or covalent,
with a multireference nature) and their equilibrium geom-
etries, which can belong to a symmetry point group different
from that of the ground state (GS) as a consequence of the
loss of planarity.

The ground state geometry of all-trans polyenes belongs
to the C,,, point group, the ground state is indicated with
1 IA;, and the first singlet excited states are labeled 2 IA; and
1 1B:. The labels “plus" and “minus" refer to the so-called
particle—hole pseudosymmetry [1-3]. The occupied orbitals
are numbered from the highest one down (using the index
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i) and the virtual orbitals from the lowest one up (index ')
and the orbitals i, i’ are called a conjugated pair. In an inde-
pendent particle model, assuming the occupied and virtual
orbital energies to be symmetrically disposed (e; = —¢;), the
energy of the configuration obtained by a i — j excitation
is equal to that obtained from a j — i’ excitation. The linear
combinations of the two degenerate configurations generate
the minus and the plus states [2]. Moreover, one can show
that the GS and the closed-shell determinants have a minus
symmetry and that the intrapairi — i’ single excitations have
a plus symmetry. Minus and plus symmetry gives an impor-
tant indication of the nature of the states: The minus states
are dominated by neutral (or covalent) electronic distribu-
tions, while plus states have essentially an ionic nature [4].
The analysis of the nature of these states in linear polyenes
and in more complex conjugated hydrocarbon molecules
becomes evident when they are described using localized
orbitals [5—11] within the frame of the orthogonal valence
bond approach [12-15]. Finally, the interaction between
minus and plus states is vanishing and the dipole transition
moment is different from zero only between states of differ-
ent minus/plus symmetry.

The relative ordering of these excited states in polyenes
is matter of discussion, since a definitive conclusion has
not been reached in the literature. The generally accepted
scheme is that for hexatriene and octatetraene the 2 IA;
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and 1 1B; states are almost degenerate [2, 16, 17], while for
longer polyenes 2'A_ is the first excited state.

For all linear conjugated polyenes in the C,, geometry,
the one photon transition 2 1A; «1 IA; is dipole forbidden
by symmetry (both for the g — g and for the particle-hole
pseudosymmetry selection rules). On the other hand, the
HOMO—-LUMO transition to the 1 IB: state is allowed
and it leads to an intense absorption in the experimental
spectrum. Since the 2 IA; and 1 'B: states are in general
close in energy this strong absorption prevents any pos-
sible experimental observation (in violation of the selec-
tion rule) of the 2 IA; 1 IA; weak transition [18, 19].
It is known that the 1 1B: excited state is nonfluorescent
in hexatriene, while octatetraene exhibits two fluorescent
emissions, without an energy gap between the absorption
and the emission spectra in gas phase [20, 21] (both pro-
cesses involve the GS and the 1 IB: state). The absence of
fluorescence in hexatriene can be justified considering the
presence of conical intersections close to the Franck—Con-
don region, which can lead to the quick depopulation of
the IIBI state. For hexatriene, the depopulation of the
1 1B: state is supposed to be induced by a totally symmet-
ric displacement toward the 1'B;-2'A_ crossing, which
involves simultaneous expansion of the double bonds and
contraction of the single bond lengths. From this region
in the PES another radiationless decay to the ground state
follows as a consequence of the vibration along non-totally
symmetric natural coordinates. Within this model, 2 IA;
is lower in energy than 1 IB:. The radiationless decay is
consistent with the non-planar geometry of the 2 lAg_ state
where the rotations and vibrations are expected to be very
easily performed. This distortion is common for short pol-
yenes but it is less pronounced with an increasing number
of double bonds, where the z conjugation is preserved
[22]. The energy gap between the two states increases with
the polyene lengths, suggesting that internal conversion
between them should be faster in shorter polyenes [23].

From the theoretical point of view different features
of the ZlAg and 1'B* , low-lying singlet excited states
complicate their study: A double excitation has a consist-
ent weight in 2 1A);; therefore, this state is in principle
poorly described by linear response methods, applied,
for instance, on the coupled cluster (CC), EOM-CC, or
DFT approaches, while for an accurate description of the
1 IBI ionic excited state different complex effects must be
taken into account, such as dynamic ¢ polarization [24-26]
and the contraction of the p atomic orbitals on the carbon
atoms [27]. For these reasons, the balanced description of
states of different nature, ionic and covalent in this case,
is a computational challenge [25, 28]. In summary, a deli-
cate equilibrium is required between the computational
cost and the requirement to have a satisfying and balanced
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inclusion of both the static and dynamic electron correla-
tion. In this paper, it is worth recalling shortly the contri-
butions of M. Persico in the field of the developments of
methods aiming to effectively compute electronic states
[29-31], to identify a diabatic representation of these
states [10, 32-34] and to perform the simulation of pho-
tochemical processes [35—42].

The spectroscopic properties of cis-hexatriene are simi-
lar to those of the trans isomer discussed before. The 2'A,
excited state reproduces the same behavior as the 2 lA; state
in the trans isomer and the 1 'B, state that of the 1 'B state.
The only difference is that in the cis isomer the absence of
an inversion center formally allows the optic transition 21A,
«1'A,, that is however very weak. Also in this system, the
complete lack of fluorescence is described in terms of cross-
ing of the excited state surfaces.

The remainder of this paper is organized as follows:
In Sect. 2, the computational details are described, and in
Sect. 3, general considerations concerning the geometries
here used for the ground states and the vertical excitation
energies are discussed. The equilibrium geometries of the
excited states of the two isomers of hexatriene and the adi-
abatic and emission energies are described in Sect. 4. A few
general comments on the comparison of the results here
obtained with the experimental data are presented in Sect. 6.
Finally, in Sect. 6 some conclusive remarks are reported.

2 Computational details

All calculations here discussed are performed with the ANO
basis set with contraction (14s9p4d)/[4s3p1d] on the carbon
atoms and (8s4p)/[2s1p] on the hydrogen atoms. In order
to check the dependence of the results on the basis set, the
calculations have been performed also with the cc-pVTZ
basis set [43], with contraction (10s5p2d1f)/[4s3p2d1f] on
the C atoms and (5s2p1d)7[3s2p1d] on the H atoms. For the
sake of conciseness and given that they do not modify the
description obtained with the ANO basis set, the cc-pVTZ
results are reported in Supplementary Information. The com-
plete active space self-consistent field (CASSCF) and com-
plete active space second-order perturbation theory [44—47]
(CASPT?2) calculations have been performed with the MOL-
CAS suite of programs [48, 49] and the n-electron valence
state perturbation theory (NEVPT2) calculation with a code
developed in our laboratory [50-54] and interfaced to the
MOLCAS suite. The active orbitals of the CASSCF wave
functions belong in all cases to the £ manifold. The active
space is here indicated with CAS (6,M) with M indicating
the number of active orbitals where the 6 active electrons
are distributed. The trend of the vertical and non-vertical
adsorptions is studied expanding the active space from 6
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to 14 active orbitals, and the same approach is used for the
emission energies. The geometries obtained at the CASSCF
level are compared, when possible, with those resulting from
an optimization at the NEVPT2 level performed with the
ORCA program [55].

The ground state of trans-hexatriene is described within
the C,,, planar geometry, while the ground state of cis-hex-
atriene within the C,, planar geometry. In CAS (6,M), the
M active orbitals are distributed in the (a,, a,, b, b,) irreps
of the C,,, symmetry group (trans-hexatriene) as (0,%,0,%)
and in the (a,, a,, b, b,) irreps of the C,, symmetry group
(cis-hexatriene) as (O,%,%,O).

The CASSCF description is perturbatively corrected
using the NEVPT2 approach [50-53], by computing the sec-
ond-order correction to the energy with the quasi-degenerate
[54] (QD-NEVPT2) approach. Two different partitions of
the Hamiltonian, strongly contracted, SC, and partially con-
tracted, PC (QD-SC2 and QD-PC2 for the quasi-degenerate
formulation), have been implemented within the NEVPT2
method, both use the Dyall Hamiltonian [56] to define the
zeroth-order energies, while the level of contraction in the
first-order interacting space (FOIS) is different. In particu-
lar, the FOIS in PC-NEVPT?2 is larger than in SC-NEVPT2
and it is equal to the one used in CASPT2 [44-47]. The
QD-NEVPT?2 results are compared to those obtained at the
multi-state CASPT2 (MS-CASPT2) level [57]. MS-CASPT2
calculations have been performed with a real level shift [45,
47] of 0.3 hartree to mitigate the intruder state problem and
using both the original partition of the Hamiltonian [44, 45]
and the modification [46] proposed in 2004, in which the
IPEA parameter has been introduced, setting its value to
0.25 hartree. These two variants of CASPT?2 are hereafter
indicated with “IPEA = 0" and “IPEA = 0.25,” respectively.

Table 1 Bond lengths (A) and angles (degrees) for the 1 'A; state of
trans-hexatriene optimized at the CASSCF(6,6) and CASSCF(6,6)/
NEVPT?2 levels

Parameter 1 lA;
CASSCF NEVPT2

C,-C, 1344 1342
C,C, 1.458 1.448
C,-C} 1.348 1.349
C,-H, 1.075 1.078
C,-H, 1.077 1.082
C,-H, 1.078 1.085
C;-H, 1.079 1.086
0(C,C,Cy) 124.19 123.61
0(C,C5C)) 123.97 123.86
9(H,C,H,) 117.03 117.21
6(C5C,H,) 116.69 116.90

3 Vertical excitations

As a first step, the dependence of the vertical excitation ener-
gies on the computational parameters has been investigated.
To this aim, we focus on the vertical excitation energies for
the 2'A7, 1'BY, and 2'B; states of rrans-hexatriene and
for the 2'A,, 1'B,, and 2 'B, states of cis-hexatriene. The
vertical excitations are computed at the CASSCF (6,6) and
CASSCEF(6,6)/NEVPT2 optimized geometries. As it will be
discussed in Sects. 3.1 and 3.2, the ground state optimal
geometry is almost the same at the two levels of theory.
Therefore, the vertical excitations are not expected to show
a marked dependence on the method used to optimize the
geometry.

3.1 trans-hexatriene

The main geometrical parameters of frans-hexatriene are
reported in Table 1 (the C atoms are numbered from the
extremities to the center of the molecule, so that C, and C’]
are the two terminal C atoms, see Fig. 1). One promptly
notes that the two geometries are close to each other. For
a comparison with the values obtained with the cc-pVTZ
basis set, a full description of the equilibrium geometry (in
cartesian coordinates), and the values of the harmonic fre-
quencies at the equilibrium geometry, see Tables S.1, S.2,
and S.3 of Suppl. Inform., respectively.

The vertical excitation energies for the 2 IA; <1 IA;
transition are reported in Table 2. The computed values do
not vary significantly with the enlargement of the active
space (moving from 6 to 14 active orbitals) and with the
method used to optimize the geometry. At the CASSCF
level, the excitation energy is in the range 5.54-5.65 eV
and the effect of the electron correlation introduced by
the perturbation treatment is not very relevant, leading
to values in the range 5.42-5.53 eV for MS-CASPT2
(5.17-5.24 with IPEA = 0), 5.55-5.68 eV with QD-SC2
and 5.52-5.65 eV with QD-PC2. For this reason, we can

Fig. 1 Atom numbering for trans-hexatriene
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say that the GS and the 2 1Ag states are described at a very
similar level by the CASSCEF functions, since the perturba-
tion correction on the energy differences is not large (in
particular at NEVPT?2 level). Using the standard CASPT2
zeroth-order Hamiltonian (IPEA = 0.25) [46], the transi-
tion energies are closer to the values computed with QD-
NEVPT?2 and are 0.2-0.3 eV higher than the CASPT2
(IPEA = 0) results. This is a well-known behavior of the
CASPT?2 transition energies [46] with the two different
zeroth-order Hamiltonians (see, for instance, Ref. [S8-60]
for some specific cases). The partition of the Hamiltonian
based on the IPEA = 0.25 value is considered more reli-
able, even if this value has been brought into question,
both in the description of organic molecules [61, 62] and
of molecules containing transition metals [63, 64]. The
results of the present study confirm that the IPEA = 0.25
zeroth-order Hamiltonian gives better results than the
IPEA = 0.0 one. The theoretical accepted value for this
transition is 5.19 eV, obtained in a CASPT2 study. This
result has been published [65] in 1993 before the introduc-
tion of the IPEA = 0.25 zeroth-order Hamiltonian. This
value has been assumed as a benchmark theoretical value
for this transition since it reproduces the experimental
value [16] (5.21 eV) published in 1985.

Indeed, the two-photon transition to 2 lA; is not forbid-
den (even if it is very weak) but the assignment [16] of a
maximum at 5.21 eV is not obvious, in particular if one
considers the low intensity of the bands [66]. It is worth
noticing that in the theoretical study of excited states one
normally compares the computed vertical transition ener-
gies with the energy of the maximum in the absorption

Table 2 Vertical excitation energies (eV) for the 2 lA; state of trans-
hexatriene computed at the CASSCF (6,M), MS-CASPT2(IPEA =
0.25), QD-NEVPT2 (QD-SC2 and QD-PC2) levels using the CAS-
SCF and NEVPT2 geometries (see text)

21A; < 11A7
CASSCF  MS-CASPT2  QD-SC2  QD-PC2
CASSCEF(6,6) geometry
CAS (6,6) 5.629 5.529(5.213) 5.682 5.652
CAS (6.8) 5.646 5.510(5.228) 5.657 5.624
CAS (6,10)  5.645 5.484(5.233) 5.647 5.613
CAS (6,12)  5.601 5.463(5.233) 5.602 5.569
CAS (6,14)  5.592 5.460(5.241) 5.595 5.558
NEVPT2 geometry
CAS (6,6) 5.579 5.488(5.174) 5.640 5.610
CAS (6.8) 5.596 5.469(5.190) 5.616 5.583
CAS (6,10)  5.596 5.443(5.195) 5.606 5.571
CAS (6,12)  5.550 5.424(5.195) 5.559 5.527
CAS (6,14) 5543 5.420(5.202) 5.552 5.517

Values in brackets refer to CASPT2(IPEA = 0)

@ Springer

spectra. This approach is based on the implicit assumption
that there is a significant geometrical displacement pass-
ing from the equilibrium geometry of the GS to that of the
excited state, so that the vibrational wave function of the
excited state with the maximum Franck—Condon factor
has an energy for which one of the classic turning points
is close to the equilibrium geometry of the ground state
(for high vibrational quantum numbers the largest value of
the wave functions is in the region of the classical turning
points). However, this assumption does not always hold
and the absorption maximum can be at a different energy
than the vertical excitation.

Moreover, the experimental value for the vertical excita-
tion energy for this transition has not been unequivocally
defined. Indeed, warnings are reported in Ref. [16] concern-
ing the reported values. In particular, the authors state that
“the present method is prone to larger error in the region of
small absorptivity” and that “some remarkable structures
in the main band region appear to indicate the difference
between both isomers, but are not accurate enough to be ana-
lyzed to locate the 0—0 origin." The experimental knowledge
on hexatriene has been summarized by McDiarmid [67] in
1999 in a study on the electronic spectra of small linear
polyenes where it is explicitly stated that “the FC energies of
the 2 lA; «1 1A; transitions are, therefore, experimentally
unknown.” In the same work, possible values for the verti-
cal excitation energies of these systems are proposed, but
one must bear in mind that these are not true experimental
values, but rather values obtained starting from the experi-
mental data using (reasonable) hypotheses. At this point, it
is worth stressing that there is an unambiguous value which
can be obtained from the experimental spectrum, the 0-0
(adiabatic) transition energy [67—69] for the analogous state
of cis-hexatriene, and this value is 4.26 eV. This aspect is
fully discussed in Sect. 4.2, and here, we limit ourselves to
highlight that a true experimental value for the 2 1Ag_ <1 IA;
vertical transition is not available.

The importance of a reliable value for the vertical transi-
tion energy of the 2 IA; state of frans-hexatriene (and other
small polyenes) should not be underestimated. Indeed,
besides its key role in the interpretation of the spectros-
copy behavior, the complex nature of this state (with a large
content of a double excitation) makes its vertical excita-
tion energy a critical test case for new approaches aiming
to overcome the restrictions of methods where only singly
excited state are well described (such as, in general, the
linear response methods), as already pointed out for same
state of octatetraene [17]. In these studies (see Refs. [10, 59,
70-81] for a non-exhaustive list of recent examples), the use
of a reliable reference value is of paramount importance.

The good agreement of the MS-CASPT2 (IPEA = 0.25)
values with those of NEVPT2 (both SC and PC) and the very
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small dependence on small variations of the geometrical
parameters and on the enlargement of the active space allow
us to indicate for the 2' A <1 'A_ vertical transition energy
the values 5.4 eV (CASPT2) and 5.5-5.6 eV (NEVPT2),
values higher than the generally accepted one [16] (5.21 eV).
The use of the cc-pVTZ basis set (see Table S.4 of Suppl.
Inform.) gives very similar results (in average the transition
energies increases by less than 0.1 eV). The comparison of
the findings here obtained with previously published theo-
retical results and a comment on their relationship with the
experimental observations is reported in Sect. 5.

For the 'B, symmetry, two states are close in energy
(1 lB: and 2 1B;) and they are treated together using the
quasi-degenerate PT formalism. The results are reported in
Table 3. In agreement with what observed for 2 1A; state the
results obtained with the two different optimized geometries
do not show substantial variations, unlike what reported for
the bright state of other conjugated organic systems (see,
for instance, Refs. [60, 82]). For other aspects, the 1 lB;
state shows different trends with respect to the 2 1A§ state.
Indeed, the enlargement of the active space leads to a con-
stant lowering of the 1 IB: <1 lA; vertical excitation energy
at the CASSCEF level, passing from 7.3 eV for CAS (6,6) to
6.3-6.4 eV for CAS (6,14). The introduction of the dynamic
electron correlation in a MRPT2 scheme leads to a marked
reduction of the vertical excitation energy, thus showing that
(as expected) the dynamic electron correlation is larger for
the ionic 1 'B* state than for the neutral 1 1A; ground state.
Moreover, the MRPT?2 excitation energy increases with the
enlargement of the active space, with a moderate variation
at the MS-CASPT?2 level (from 5.3 to 5.4 eV; from 4.9 to

5.2 eV with IPEA = 0.0) and a more marked variation at
the QD-SC2 (from 4.8 to 4.9 eV to 5.6 eV) and QD-PC2
(from 4.7 to 5.5 eV) levels. It is also worth noticing that,
with 6, 8, 10 active orbitals the two ‘Bu states are not cor-
rectly ordered at the CASSCEF level. Indeed, a second excited
state of the same symmetry (2 IB;, a neutral state) is placed
above the ionic 1 IB; state. With the minimum active space,
the two roots are inverted at the CASSCEF level. This is of
course an artifact due to the lack of the electron correlation,
a deficiency which is reduced by enlarging the active space
[25]. With the CAS(6,12) and CAS(6,14) active spaces the
two !B, states have the correct ordering at the CASSCF
level. One can note that the vertical excitation energies to
the 2 lAg_ and 1 'B* excited states computed at the highest
levels (MRPT?2 on the CAS (6,14) CASSCF wave functions)
are almost degenerate: ~5.4 eV with MS-CASPT2(IPEA =
0.25) (5.4 eV; ~5.2 eV with IPEA = 0.0), ~ 5.6 eV with
QC-SC2 and ~5.5 with QC-PC2. As found for the 2 IA;
state, the use of the cc-pVTZ basis set (see Table S.5 of
Suppl. Inform.) gives very similar results with an increase
of the transition energies of by 0.1-0.15 eV. These results
indicate that the two states are virtually degenerate in the
Franck—Condon zone.

Finally, it is worth highlighting that also for this transi-
tion, the experimental reference value [8§3-85] (~4.9 eV)
concerns the 0-0 transition (it is the most intense in the
vibrational progression) and it is considered as a reference
for the vertical excitation under the assumption that the
vertical and adiabatic excitation energies coincide. The evi-
dence of the present study (see also Sect. 4.1) indicates that
also for this state care must be exerted when the maximum

Table 3 Vertical excitation energies (eV) for the 1 IBI state of trans-hexatriene computed at the CASSCF (6,M), MS-CASPT2(IPEA = 0.25),
QD-NEVPT2 (QD-SC2 and QD-PC2) levels using the CASSCF and NEVPT?2 geometries (see text)

IIB;W—IIA; 21B;<—11A;
CASSCF MS-CASPT2 QD-SC2 QD-PC2 2 CASSCF MS-CASPT2 QD-SC2 QD-PC22
CASSCEF(6,6) geometry
CAS (6,6) 6.859 5.300(4.901) 4.876 4.708 6.807 6.579(6.161) 6.769 6.735
CAS (6.8) 6.920 5.337(4.938) 5.377 5.274 6.667 6.679(6.452) 6.671 6.686
CAS (6,10) 6.761 5.343(5.031) 5.522 5.394 6.611 6.530(6.324) 6.587 6.611
CAS (6.12) 6.508 5.339(5.107) 5.591 5.427 6.619 6.534(6.319) 6.560 6.554
CAS (6.14) 6.381 5.389(5.187) 5.646 5.507 6.604 6.504(6.289) 6.541 6.544
NEVPT2 geometry
CAS (6,6) 7.272 5.263(4.861) 4.846 4.676 6.786 6.560(6.147) 6.747 6.713
CAS (6,8) 6.895 5.307(4.915) 5.348 5.245 6.630 6.657(6.429) 6.649 6.663
CAS (6,10) 6.725 5.301(4.991) 5.499 5.364 6.575 6.517(6.315) 6.554 6.583
CAS (6,12) 6.468 5.319(5.093) 5.558 5.398 6.593 6.504(6.287) 6.540 6.530
CAS (6,14) 6.342 5.363(5.165) 5.615 5.478 6.579 6.478(6.263) 6.518 6.520

Values in brackets refer to CASPT2 performed with IPEA =0
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in the adsorption spectrum is directly compared with the
vertical excitation energy.

Also in this case, the comparison of the findings here
obtained with previously published theoretical results and
their relationship with the experimental observations is
reported in Sect. 5.

3.2 cis-hexatriene

The parameters for the equilibrium geometry of the ground
state of cis-hexatriene computed at the CASSCF(6,6) and
the CASSCF(6,6)/NEVPT2 level within the C,, symmetry
point group are reported in Table 4. The C atoms are num-
bered as for the trans isomer, see Fig. 2. For a comparison
with the values obtained with the cc-pVTZ basis set, a full
description of the equilibrium geometry (in cartesian coor-
dinates), and the values of the harmonic frequencies at the
equilibrium geometry, see Tables S.6, S.7, and S.8 of Suppl.
Inform., respectively.

As mentioned in Sect. 1, even if the transition to the 2 1Al
state is formally dipole allowed, its oscillator strength is so
small that it cannot be observed. It is possible to reach this
state in a two-photon experiment, but it is difficult to iden-
tify a possible value for the vertical excitation energy (see
the comments reported in Sect. 3.1). From the experimen-
tal point of view [67-69], the 00 transition energy can be
identified without ambiguities and its value is 4.26 eV. The
vertical excitation energy is expected to be markedly higher,
given the important variation of the 2 ' A, energy when pass-
ing from the FC region to the 2 A, equilibrium geometry
(see Sect. 4.2).

The vertical excitation energies to the 2! A, state com-
puted in the present work are listed in Table 5. Ab initio
calculations performed at the CASPT2 level identify the
vertical 2'A, < 1A, transition at 5.04 eV [86] and it is
relevant to stress that this result has been obtained before the
introduction of the IPEA = 0.25 modification of the zeroth-
order Hamiltonian. Our CASPT?2 values with IPEA = 0 are

Fig.2 Atom numbering for cis-hexatriene
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Table4 Bond lengths (A) and angles (degrees) for the 1'A, state of
cis-hexatriene optimized at the CASSCF(6,6) and CASSCF(6,6)/
NEVPT?2 levels

Parameter 1A,

CASSCF NEVPT
C,-C, 1.344 1342
C,-C, 1.461 1.450
C3—Cg 1.351 1.352
C,-H, 1.075 1080
C,-H, 1.077 1.081
C,-H, 1.075 1.083
C,H, 1.077 1.084
0(C,C,Cs) 123.31 12272
9(C2C3C’3) 127.04 126.49
9(H,C,H,) 117.00 117.21
0(C;C,H;) 118.20 118.47

close to this value, which is increased to ~5.4 eV when the
IPEA = 0.25 zeroth-order Hamiltonian is used.

The results in Table 5 closely recall what observed for
the vertical transition to the 2 IA; state of the trans iso-
mer. Indeed, at all levels of calculation one notes a small
dependence of the computed values on the dimension of
the active space and on the method used to optimize the
ground state geometry. Moreover, NEVPT2 (both flavors)
and CASPT2 (with IPEA = 0.25) give rather close values.
Finally, the MRPT?2 values are in general close (or very close
for the largest active spaces) to the CASSCF values, thus

Table 5 Vertical excitation energies (eV) for the 2'A, state of cis-
hexatriene computed at the CASSCF (6,M), MS-CASPT2(IPEA =
0.25), QD-NEVPT2 (QD-SC2 and QD-PC2) level using the CASSCF
and NEVPT2 geometries

21A, <114,
CASSCF  MS-CASPT2 QD-SC2  QD-PC2
CASSCEF(6,6) geometry
CAS (6,6) 5.651 5.514(5.179) 5.682 5.648
CAS (6,8) 5.596 5.461(5.164) 5.546 5.516
CAS (6,10)  5.581 5.466(5.200) 5.545 5514
CAS (6,12)  5.554 5.408(5.168) 5.544 5.506
CAS (6,14)  5.550 5.401(5.174) 5.521 5.484
NEVPT2 geometry
CAS (6,6) 5.597 5.467(5.134) 5.635 5.601
CAS (6,8) 5.536 5.413(5.118) 5.495 5.465
CAS (6,10)  5.523 5.419(5.156) 5.494 5.463
CAS (6,12)  5.497 5.361(5.123) 5.494 5.457
CAS (6,14) 5495 5.354(5.128) 5.472 5.435

Values in brackets refer to CASPT2 performed with IPEA =0
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indicating that the dynamic correlation of the electrons is
very similar for the two states, or, in other words, that the
CASSCEF description of the two states is well balanced. It
is worth noticing that following the classification reported
in Sect. 1 both states involved in the transition are neutral.
These results allow to indicate for the 2'A; < 1A, vertical
transition energy the values 5.4 eV (CASPT2) and 5.4-5.5
eV (NEVPT2), very close to the values found for trans-
hexatriene. The use of the cc-pVTZ basis set (see Table S.9
of Suppl. Inform.) gives very similar results, only slightly
higher by 0.05-0.10 eV. These results are further discussed
in Sect. 5.

The vertical excitation energies for the 1 'B, < 1'A, tran-
sition are reported in Table 6 (see Table S.10 of Suppl.
Inform. for the values with the cc-pVTZ basis set). Also for
this state a behavior analogous to that found for the trans
isomer is observed. Indeed, the first two states (1 1B2 and
2'B,) in this symmetry are close in energy, thus requiring
the use of the quasi-degenerate version of PT2. The CAS-
SCF transition energy to the 1'B, state shows a gradual
lowering when the active space is enlarged (with an inver-
sion of the order of the two states for all active spaces) and
the opposite behavior is in general found for the PT2 values
(this is more clear at the NEVPT?2 level). Passing from the
CASSCEF to the PT2 description one notes a marked lower-
ing of the vertical excitation energy, showing that the ionic
1 !B, state has a larger dynamic electron correlation than the
neutral 1' A, state. Finally, the best values for the 1 'B, verti-
cal excitation energy (those obtained with the largest active
space) are 5.4 eV (CASPT2(IPEA = 0.25); 5.2 with IPEA
= 0.0) and 5.5-5.6 eV (NEVPT2), very close to the values

obtained for the 2'A, state. The 1 'B, and 2 ' A, states are
therefore virtually degenerate. These results are discussed
in Sect. 5.

4 Excited state geometry optimizations,
adiabatic transition energies, and vertical
emission energies

In this section, we report the equilibrium geometries of the
two relevant excited states for both isomers. This allows to
compute the adiabatic excitations and vertical emission ener-
gies. The geometry optimization for these two states is not
trivial, therefore ad hoc solutions must be used and they are
hereafter described. When possible, the vibrational frequen-
cies are obtained at the optimized geometry and in these
cases the zero point vibrational energies (ZPE) are taken
into account for the calculation of the adiabatic transition
energies. Finally, vertical emission energies are computed
at the optimized geometries of the excited states. As done
for the vertical transition energies, the values obtained at
different levels of theory, that is, CASSCF, MS-CASPT2,
and QD-NEVPT?2, are compared.

4.1 trans-hexatriene

The 2 lA; state has been optimized firstly under the C,, sym-
metry constraint. At this optimal geometry one imaginary
frequency has been found. A rotation of the terminal CH,
groups, which breaks the planarity of the molecule, induces
a geometry relaxation that leads to a non-planar minimum

Table 6 Vertical excitation energies (eV) for the 1 1B2 and 2 lB2 states of cis-hexatriene computed at the CASSCF (6,M), MS-CASPT2 (IPEA =
0.25), QD-NEVPT2 (QD-SC2 and QD-PC2) levels using the CASSCF and NEVPT?2 geometries

1'B,«1'A, 21B,«1'A,

CASSCF MS-CASPT2 QD-SC2 QD-PC2 CASSCF MS-CASPT2 QD-SC2 QD-PC2
CASSCEF(6,6) geom.
CAS (6,6) 6.833 5.297(4.890) 4.895 4.725 7.317 6.740(6.355) 6.899 6.878
CAS (6,8) 6.662 5.297(4.878) 5.298 5.179 6.921 6.739(6.343) 6.733 6.774
CAS (6,10) 6.604 5.359(5.058) 5.432 5.311 6.828 6.744(6.508) 6.786 6.794
CAS (6,12) 6.467 5.471(5.265) 5.569 5.442 6.799 6.683(6.412) 6.860 6.808
CAS (6,14) 6.408 5.436(5.148) 5.633 5.493 6.757 6.679(6.366) 6.757 6.747

CAS MS-CASPT2 QD-SC2 QD-PC2 CAS MS-CASPT2 QD-SC2 QD-PC2
NEVPT2 geom.
CAS (6,6) 6.812 5.259(4.852) 4.862 4.689 7.281 6.725(6.342) 6.884 6.864
CAS (6,8) 6.758 5.305(4.916) 5.263 5.146 6.888 6.812(6.583) 6.717 6.757
CAS (6,10) 6.562 5.342(5.052) 5.396 5.280 6.803 6.719(6.476) 6.776 6.778
CAS (6,12) 6.428 5.442(5.241) 5.531 5.408 6.775 6.667(6.393) 6.843 6.792
CAS (6,14) 6.370 5.409(5.204) 5.598 5.462 6.736 6.660(6.423) 6.743 6.732

Values in brackets refer to CASPT2 performed with IPEA = 0
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with all vibrational frequencies being real. The C,;, minimum
is a saddle point between two minima of C, and C, sym-
metries. However, the imaginary frequency is very small
(the surface along this normal mode is rather flat). Similar
results have been obtained also with the cc-pVTZ basis set.
In previous studies [25], this state has been optimized within
the C, symmetry. The carbon skeleton is almost identical to
the minimum C,,, structure and only one of the two terminal
hydrogens is out of the molecular plane by 14 degrees [25].

In the non-symmetric optimized geometry, obtained in
this work, the HI-C1-C2-H3 atoms form a dihedral angle
of 7.63 degrees. This result has been obtained with a CAS-
SCF geometry optimization. When the angle is reduced to
zero by mean of a rigid rotation around the C—CH, bond,
the CASSCF energy for the state is essentially the same (the
energy variation is lower than 0.01 eV). Given the quasi
degeneracy between the two structures the topology of
the PES for the 2 ]A; state in the region around the energy
minimum may change by minor changes in the computa-
tional strategy (basis set, active space, etc.). So it is not clear
whether the true minimum is planar or not [25].

In our opinion, the detailed description of the topology of
the PES around the minimum is not really relevant to under-
stand the spectroscopic behavior of this system, while it is
very important to describe the photochemical fate of a mol-
ecule reaching this region. It is worth recalling that in pres-
ence of a flat PES along a normal coordinate, the concept of
nuclear geometry loses relevance given that the nuclear wave
function is more delocalized than in the case of a potential

Table 7 Bond lengths (10\) and angles (degrees) for the 21A; state
of trans-hexatriene obtained without any symmetry constraint (at
CASSCF and NEVPT?2 levels) and with the C,, symmetry constraint
(CASSCF)

Parameter 21 A;

No symmetry Cy,

CASSCF NEVPT2 CASSCF
C,-C, 1.467 1.455 1.467
C,-Cy 1.387 1.379 1.387
C3—C; 1.436 1.434 1.437
C,—C}, 1.387 1.379 1.387
Cc,-C, 1.467 1.455 1.467
C,—H, 1.072 1.078 1.072
C,-H, 1.074 1.079 1.074
C,-H; 1.076 1.085 1.076
C;-H, 1.078 1.085 1.078
0(C,C,C5) 124.03 123.69 124.05
0(C,C5Cy) 124.28 124.00 124.26
0H,CH,) 118.44 118.43 118.52
0(C;C,H;) 118.77 118.54 118.76

@ Springer

with a marked increase moving from the minimum (as the
harmonic potential). Moreover, in such a case the harmonic
approximation cannot be applied. These considerations sug-
gest a reasonable (and simplified) computational approach
for the adiabatic excitation energies based on the imposition
of a C,;, equilibrium geometry for the 2 lA; excited state.

The geometrical parameters of the equilibrium geom-
etry of the 2 lA; state are reported in Table 7 for a full
optimization without symmetry constraint (at CASSCF
and NEVPT2 levels) and with the C,, symmetry con-
straint (CASSCF). The results show that the NEVPT2
optimized geometry is very close to the CASSCF one and
that the symmetry constraint has practically no effect on
the main geometrical parameters. In both the 1 IA; and
2 IA; states there is a clear distinction between single and
double bonds, but in the 2 lAg state they are reversed with
respect to the ground state. This consideration allows to
understand why the rotation around the terminal C—CH,
bonds can occur in the 2 IA; state: After the bond order
inversion the terminal bond is a single bond and the rota-
tion around it is almost barrierless.

The main geometrical values obtained with the cc-pVTZ
basis set, a full description of the equilibrium geometry
(in cartesian coordinates), and the values of the real har-
monic frequencies at the equilibrium geometry of the 2 lA;
state, are reported in Tables S.11, S.12, and S.13 of Suppl.
Inform., respectively.

The adiabatic transition energies (00 transitions) for the
2 IA; state are reported in Table 8 using the CASSCF and
NEVPT?2 fully optimized (no symmetry constraint) 2 IA;
equilibrium geometries. All considerations reported for the
2 lA; <1 lAg‘ vertical transition energy of trans-hexatriene,
concerning the dependence on the active space dimension,
on the geometry and on the MRPT2 method, are valid also
for this case. One promptly notes that these values are sig-
nificantly lower than the vertical excitation energies (see
Table 2). This indicates that the energy of the 2 ]A; state
decreases considerably moving from the equilibrium geom-
etry of the ground state to the optimized minimum on its
PES. Focusing on the largest active space, this difference
is as large as 1.0 eV (CASPT2) and 1.0-1.1 eV (NEVPT2).
Once the zero point vibrational energy correction for the
two states, A(ZPVE), is considered, the difference between
the vertical and the adiabatic excitations is about 1.2 eV
(CASPT2) and 1.2-1.3 eV (NEVPT2), in good agreement
with the early estimation (1.2 eV) of Cave and Davidson
[87].

Concerning the comparison of the present results with
the experimental observations, we highlight again that this
comparison is not trivial. In 1990 Buma et al have per-
formed an experimental study [69] to locate the 2 1A; state
for trans-hexatriene and cis-hexatriene and they stated that
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Table 8 Adiabatic excitation energies (eV) for the 2 lA; «1 lA; transition of trans-hexatriene computed at the CASSCF(6,6) and NEVPT? ref-

erence geometries (obtained without any symmetry constraint)

2 IA; «1 IA;

CASSCF MS-CASPT2 QD-SC2 QD-PC2
CAS(6,6) geometry

A (ZPVE)= -0.212eV
CAS (6,6) 4.170 4.261(3.945) 4.399 4.380
CAS (6,8) 4.193 4.247(3.963) 4.372 4.351
CAS (6,10) 4.200 4.224(3.962) 4.360 4.339
CAS (6,12) 4.191 4.209(3.967) 4.389 4.338
CAS (6,14) 4.156 4.210(3.979) 4.343 4.342

CASSCF MS-CASPT2 QD-SC2 QD-PC2
NEVPT2 geometry

A (ZPVE)= -0.200 eV
CAS (6,6) 4.206 4.256(3.929) 4416 4.398
CAS (6,8) 4.227 4.240(3.947) 4.389 4.368
CAS (6,10) 4.232 4.202(3.942) 4374 4.352
CAS (6,12) 4.223 4.192(3.957) 4.406 4.353
CAS (6,14) 4.193 4.195(3.952) 4.341 4.347

A (ZPVE) is included. CASPT2 values are computed with the IPEA = 0.25 zeroth-order Hamiltonian. Values in brackets refer to CASPT?2 per-

formed with IPEA =0

for trans-hexatriene “limitations on our present signal-to-
noise ratio have prevented us from making an unambiguous
assignment of the origin, but we know that it must have
an energy > 34038 cm™',” corresponding to 4.22 eV. The
best value obtained in this study, CASPT2 and NEVPT2 on
CAS(6,14), are in the range 4.20-4.35 eV (see Table 8), in
very good agreement with the experimental finding.

Looking at the values obtained for the vertical emission
energies (Table 9) it is possible to note also an important
increase of the ground state energy proceeding from its opti-
mized minimum to the equilibrium geometry of the excited
state. This destabilization can be computed as the differ-
ence between the adiabatic excitation energy (without the
A(ZPVE) term) and the vertical emission energy, obtaining
0.8-0.9 eV for the CASSCF geometry and 1.2 eV for the
NEVPT?2 geometry. This difference between the values at
the two geometries comes from the fact that the small energy
changes along some normal mode observed for the 2 IA;
PES (which makes the adiabatic transition energy almost
independent on the method used to optimize the geometry)
is not reproduced in the 1 IA; PES, which is much higher in
energy at the 2 lAg NEVPT?2 optimal geometry than at the
2'A; CASSCF optimal geometry.

The values computed with the cc-pVTZ basis set (see
Tables S.14 and S.15 of Suppl. Inform.) show only minor
variations (of the order or less than 0.1 eV) with respect to
those here discussed.

Vertical Excitation

Energy

Vertical Emission

Adiabatic (0-0) Excitation

Internuclear distance

Fig.3 Vertical excitation and emission energies (green and purple,
respectively) and adiabatic 0-0 excitation energy (red) for a model
diatomic molecule. The ground and the excited states are described
by two Morse potentials

These results show that care must be taken when con-
sidering the “mirror image symmetry” [88] rule in which
it is supposed that the difference between the adiabatic
and the vertical excitation energies is the same as the dif-
ference between the adiabatic excitation and the vertical
emission energies. This rule is often use to obtain “experi-
mental” value for the vertical excitation energy [67, 88]

@ Springer
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Vertical Excitation
(mirror image symmetry rule)

Energy

Vertical Emission

Adiabatic (0-0) Excitation

Internuclear distance

Fig.4 Vertical excitation and emission energies (green and purple,
respectively) and adiabatic 00 excitation energy (red) for a model
diatomic molecule. The ground and the excited states are described
by two Morse potentials. The vertical excitation energy is obtained
using the mirror image symmetry rule, where the excited state energy
curve at the left of its equilibrium geometry (for shorter internuclear
distances, in blue in figure) is estimated by the mirror image of the
ground state energy curve at the right of its equilibrium geometry (for
larger internuclear distances)

and one should bear in mind that in this case the “experi-
mental vertical excitation energy” could have a consider-
able error [2, 17]. A schematic representation of the hazard
related to the use of the mirror image symmetry rule is
reported in Figs. 3 and 4. These figures are obtained for a
model diatomic systems where the ground and the excited
states are described by two Morse potentials and highlight
the fact that the vertical excitation energy obtained with
the mirror image symmetry rule can be lower than the
actual vertical excitation energy.

On the other hand, all other considerations reported for
the vertical transition energies to the 2 lA; state (see the
comments at Table 2 in Sect. 3.1) apply also for the verti-
cal emission energies (Table 9).

The adiabatic transition energies and the vertical emis-
sion energies have been obtained also using the optimal C,,
CASSCEF (6,6) equilibrium geometry for the 2 IA; state.
This strategy has been used in the past, see, for instance,
Ref. [87]. Our results (see Tables S.14 and S.15 of Suppl.
Inform.) indicate that values are very close to those obtained
with the fully optimized geometry (the variation is limited
to a few hundredths of an eV). Therefore, the use of the C,,
constraint in the geometry optimization, which implies a
strong reduction of the computational cost of both the geom-
etry optimization and the calculation of the excited state
energies, modifies only marginally the results.

The spectroscopic experimental information available for
the strongly allowed 1'B; < 1'A_" transition is inadequate

@ Springer

Table9 Vertical emission energies (eV) for the 1 lA; «2 lA; tran-
sition of trans-hexatriene calculated at the 2 lA; CASSCF and
NEVPT2 optimized geometries

1'AT < 21A°
3 3

CASSCF MS-CASPT2 QD-SC2 QD-PC2

CASSCEF(6,6) geometry

CAS (6,6) 3.519 3.636(3.400) 3.732 3.717
CAS (6,8) 3.520 3.628(3.414) 3.707 3.691
CAS (6,10) 3.506 3.615(3.419) 3.681 3.665
CAS (6,12) 3.525 3.607(3.422) 3.678 3.662
CAS (6,14) 3.509 3.608(3.432) 3.670 3.657
NEVPT2 geometry
CAS (6,6) 3.168 3.274(3.047) 3.369 3.356
CAS (6,8) 3.167 3.265(3.060) 3.343 3.329
CAS (6,10) 3.150 3.248(3.063) 3.317 3.303
CAS (6,12) 3.168 3.240(3.072) 3.316 3.301
CAS (6,14) 3.165 3.239(3.069) 3.303 3.290

CASPT?2 values are computed with the IPEA = 0.25 zeroth-order
Hamiltonian. Values in brackets refer to CASPT2 performed with
IPEA =0

to accurately establish the nature of upper state equilibrium
geometry. However, the lack of a detectable fluorescence can
be interpreted in terms of a substantially twisted equilibrium
geometry for the 1 IBZ state.

A tendency toward an average bond lengths, intermedi-
ate between a single and a double bond, has been suggested
[25, 89, 90]. Moreover the central bond seems to become
formally a single bond and in this case it is reasonable to ask
whether a planar structure could represent a true minimum
for this state. The rotation around the central bond can be
assumed as the main mechanism involved in the quenching
of fluorescence.

From the computational point of view, the geometry opti-
mization of the 1 'B state is more difficult than for the 2 IA;
state. Indeed, the two lowest states of B, symmetry are in
general mixed at CASSCEF level and therefore the relative
order of the roots can vary during the optimization proce-
dure (root flipping problem). Moreover, the 1 lB: state is
virtually degenerate with the 2 lA; state: For this reason, a
geometry optimization without symmetry constraints (una-
ble to distinguish the two states) should take into account
also this difficulty.

We have therefore decided to perform the geometry
optimization for this state with the C,, symmetry con-
straint. This reduces some of the possible problems, like
the interaction of the state under study with the low-lying
ZIA; state, and it remains a reasonable choice if one
considers that in the experimental spectrum the vibronic
progression is not very pronounced. Moreover, as dis-
cussed in Ref. [25], the knowledge of the optimized planar
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Table 10 Bond lengths (A) and angles (degrees) for the 1 !B} state
of trans-hexatriene computed at the CASSCF(2,2) and RASSCF (see
text) level

Table 11 Adiabatic excitation energies (eV) for the 1'B} « 1 ‘A;
transition of frans-hexatriene calculated with the C,, CASSCF (2,2)
and RASSCEF (see text) optimized geometry for the 1 IB: state

Parameter 1B} 1'Bf <1 IA;
CASSCF(2,2) RASSCF CASSCF  MS-CASPT2  QD-SC2  QD-PC2

C,-C, 1.384 1.396 CAS (2,2) geom.

C,—C; 1.392 1.405 CAS (6,6) 7.008 4.972(4.573) 4.517 4.349

c3_c’3 1.417 1.431 CAS (6,8) 6.478 5.164(4.897) 4.994 4.934

C,-H, 1.073 1.077 CAS (6,10)  6.392 5.135(4.901) 5.156 5.064

C,-H, 1.075 1.080 CAS (6,12)  6.246 5.066(4.850) 5.246 5.111

C,-H, 1.079 1.079 CAS (6,14)  6.121 5.088(4.886) 5.320 5.186

C,-H, 1.076 1.079 RASSCF geom.

6(C,C,Cy) 127.19 126.29 CAS (6,6) 7.009 4.971(4.569) 4.482 4318

6(C,C5Cy) 122.09 122.72 CAS (6,8) 6.487 5.181(4.934) 4.967 4.905

6(H,C,H,) 118.06 118.30 CAS (6,10)  6.380 5.160(4.942) 5.119 5.039

6(C;C,H;) 116.44 116.60 CAS (6,12) 6.240 5.126(4.933) 5.201 5.090
CAS (6,14)  6.117 5.177(5.002) 5.265 5.165

structure allows to identify the energetic effects of signifi-
cant changes in the bond lengths in this excited state. The
geometry optimization has been performed at to different
levels. The simplest is CAS (2,2) (only the HOMO and
LUMO orbitals are active): With this active space, only
one state of 'B, symmetry can be described and the prob-
lem of state mixing is therefore avoided by construction.
As an alternative, we have considered a small modification
of the strategy proposed in Ref. [25]: The 1 lB: state is
described with a RASSCF wave function, in which RAS
2 is made up of 6 x orbitals, RAS1 contains 12 ¢ orbitals
and RAS3 12 o* orbitals. As indicated in Ref. [25] only
one hole and one electron have been allowed in RAS1 and
RAS3, respectively. With this strategy the wave function
accounts for the dynamics o polarization [25-27, 87], an
important effect which is particularly relevant for the ionic
states, as 1 lB:. The introduction of this effect stabilizes
the 1'B} state more than the close-lying (neutral) 2'B;
state, making 1 IBI the lowest state in this symmetry and
thus allowing to perform the geometry optimization. The
geometrical parameters are listed in Table 10. The two
strategies gives similar geometries, which correspond to
a structure where the C,-C, and C,-C; bond lengths are
intermediate between the typical single and double bond
lengths, while the C;-C5 bond is almost a single bond.
Using these optimized geometries one can consider that
the computed values are upper bound for the 1 'B} « 1 IA;
adiabatic transition energies. Moreover, it has not been
possible to obtain the 2 lB; vibrational frequencies and
thus to evaluate the ZPVE correction (supposed to reduce
the excitation energy).

The main geometrical values obtained with the cc-
pVTZ basis set and a full description of the equilibrium
geometry (in cartesian coordinates) of the 1 IB: state,

CASPT?2 values are computed with the IPEA = 0.25 zeroth-order
Hamiltonian. Values in brackets refer to CASPT2 performed with
IPEA =0

are reported in Tables S.16 and S.17 of Suppl. Inform.,
respectively.

The adiabatic excitations (reported in Table 11) are
lower in energy than the vertical excitations by 0.3-0.4 eV
and this seems to confirm the general assumption that the
two values are rather close to each other [91]. This result

Table 12 Vertical emission energies (eV) for the 1 1A; «1 IB: transi-
tion of trans-hexatriene computed with the C,, optimized geometry
for the 1 'Bstate

1 ]A; <1 'B:

CASSCF MS-CASPT2 QD-SC2 QD-PC2
CAS (2,2) geometry
CAS (6,6) 6.717 4.678(4.715) 4.238 4.073
CAS (6,8) 6.171 4.911(4.675) 4.653 4.653
CAS (6,10) 6.083 4.887(4.678) 4.863 4.772
CAS (6,12) 5.964 4.812(4.616) 4918 4.812
CAS (6,14) 5.819 4.841(4.661) 5.048 4.923
RASSCEF geometry
CAS (6,6) 6.695 4.683(4.352) 4.172 4.009
CAS (6,8) 6.153 4.898(4.686)  4.655 4.595
CAS (6,10) 6.042 4.822(4.694) 4.799 4.720
CAS (6,12) 5.927 4.842(4.675) 4.856 4.764
CAS (6,14) 5.784 4.903(4.753)  4.967 4.876

CASPT?2 values are computed with the IPEA = 0.25 zeroth-order
Hamiltonian. Values in brackets refer to CASPT2 performed with
IPEA =0
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is in reasonable agreement with the previous finding of a
relaxation energy of 0.55 eV [25, 87]. Of course, it is not
easy to compare the results with the experimental value of
4.93 eV [20, 84, 85], because there are crucial uncertain-
ties about the quality of the optimized geometry and about
the lack of information from the frequency analysis. None-
theless, assuming a negative ZPVE correction of —0.1/—
0.2 eV (similar to the values obtained for the 2 IA; state),
we can consider the NEVPT2 and the CASPT?2 results for
the 1'B? state satisfactory.

The vertical emissions are reported in Table 12. From
these values, we can estimate a destabilization of 0.2-0.3
eV for the ground state at the 1 1B: optimized geometry
with respect to its equilibrium geometry.

The values computed with the cc-pVTZ basis set (see
Tables S.18 and S.19 of Suppl. Inform.) show only minor
variations with respect to those here discussed.

4.2 cis-hexatriene

The strategy reported in the previous section has been
applied also to cis-hexatriene, performing the geometry
optimization for the first two excited states. The 2 lA] state,
optimized at the CASSCF (6,6) level within the C,, sym-
metry constraint, is characterized by two imaginary vibra-
tional frequencies. All considerations previously reported
for the PES of the 2 IA; state of the trans isomer are still
valid. Indeed, also for this isomer two minima have been
identified, which are virtually degenerate and show a very
low stabilization if compared to the C,, optimized structure.
Starting from the C,, minimum, the 2 ' A, state is stabilized
by an out-of-plane rotation of the terminal hydrogen atoms
which at the optimal geometry are about 10-20 degrees out
of the molecular plane. The rest of the molecule is, to a good
approximation, still planar and differs from the ground state

Table 13 Bond lengths (A) and angles (degrees) for the 2 ' A, state of
cis-hexatriene

214,

NEVPT CASSCF
c,-C, 1.456 1.468
C,—C, 1.376 1.385
C,—C, 1.446 1.445
C,-H, 1.078 1.072
C,-H, 1.079 1.074
C,-H, 1.074 1.074
C,-H, 1.076 1.077
0(C,C,Cy) 122.89 123.32
0(C,C5C)) 122.89 126.86
0(H,C,H,) 118.47 118.52
0(C5C,Hs) 119.83 119.93

@ Springer

Table 14 Adiabatic excitation energies (eV) for the 21A; « 1'A,
transition of cis-hexatriene computed with the C,, CASSCF (6,6)
optimized geometry for the 2 ' A, state with A (ZPVE)= —0.225 eV
included

Parameter 21A, <114,
CASSCF  MS-CASPT2  QD-SC2  QD-PC2
A (ZPVE)= -0.225
CAS (6,6) 4.147 4.171(3.712) 4374 4.353
CAS (6,8) 4.141 4.150(3.788) 4278 4.255
CAS (6,10)  4.125 4.147(3.784) 4.293 4.272
CAS (6,12)  4.142 4.136(3.848) 4.355 4311
CAS (6,14)  4.147 4.143(3.911) 4.260 4.230

CASPT?2 values are computed with the IPEA = 0.25 zeroth-order
Hamiltonian. Values in brackets refer to CASPT2 performed with
IPEA =0

structure merely by the modification of the bond lengths
within the carbon skeleton. Moreover, the exact topology of
the PES of this state in the region of the energy minimum is
expected to depend on the computational parameters, such
as the basis set, for example. The molecule in the 2 1A1 state
is assumed to be very flexible [68].

Given that the situation closely resembles that of the
2 IA; state of trans-hexatriene for which we have verified
that the adiabatic excitation energies do not depend on the
use of the exact or of the C,, optimal geometry and that
the values obtained with the NEVPT2 geometry are very
close to those computed at the CASSCF geometry, we have
chosen to discuss here the adiabatic excitations and the ver-
tical emissions using for the 2'A, state the C,, CASSCF
optimized geometry (the parameters are in Table 13; more
details concerning the comparison with the cc-pVTZ basis
set and the cartesian coordinates of the equilibrium geome-
tries are reported in Tables S.20 and S.21 of Suppl. Inform.).

The results are reported in Tables 14 (adiabatic excitation
energies) and 15 (vertical emission energies). It is worth

Table 15 Vertical emission energies (eV) for the 1 'A; < 2 A, transi-
tion of cis-hexatriene computed with the C,, optimized geometry for
the 21A, state

1A, <21A,

CASSCF  MS-CASPT2  QD-SC2  QD-PC2
CAS (6,6)  3.494 3.560(3.192)  3.706 3.689
CAS (6,8)  3.491 3.531(3.244)  3.680 3.663
CAS (6,10)  3.454 3.534(3.238)  3.652 3.636
CAS (6,12) 3473 3.540(3.209)  3.649 3.633
CAS (6,14) 3458 3.558(3.378)  3.601 3.588

CASPT?2 values are computed with the IPEA = 0.25 zeroth-order
Hamiltonian. Values in brackets refer to CASPT2 performed with
IPEA =0
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Table 16 Bond lengths (A) and angles (degrees) for the 1'B, state of
cis-hexatriene computed at the CASSCF(2,2) and RASSCF (see text)
level

Table 18 Vertical emission energies (eV) for the 1 'A; « 1 !B, transi-
tion of cis-hexatriene computed with the C,, optimized geometry for
the 1 'B, state

Parameter 1'B, 1'A,«<1'B,
CASSCF(2,2) RASSCF CASSCF  MS-CASPT2 QD-SC2  QD-PC2

C,-C, 1.384 1.394 CAS (2,2) geometry

C,—C; 1.393 1.405 CAS (6,6) 6.704 4.739(4.382)  4.244 4.086

C3—C; 1.420 1.437 CAS (6,8) 6.164 4.931(4.684)  4.688 4.625

C,-H, 1.075 1.078 CAS (6,10)  6.009 4.898(4.689)  4.834 4.747

C,-H, 1.075 1.080 CAS (6,12) 5.834 4.840(4.625) 4.984 4.845

C,-H, 1.076 1.078 CAS (6,14)  5.778 4.718(4.486)  5.086 4.896

C,-H, 1.076 1.079 RASSCF geometry

6(C,C,Cy) 126.29 125.25 CAS (6,6) 6.664 4.662(4.3006) 4.148 3.990

9(C2C3CQ) 125.93 125.83 CAS (6,8) 6.133 4.872(4.646) 4.607 4.548

6(H,C,H,) 118.02 118.17 CAS (6,10)  5.963 4.851(4.667)  4.746 4.668

6(C,C,H;) 118.03 117.86 CAS (6,12)  5.815 4.872(4.709)  4.839 4.746
CAS (6,14) 5779 3.830(4.655)  4.929 4.822

highlighting that the 0-0 adiabatic excitation energy has
been directly measured (4.26 eV [67-69]) and it is, there-
fore, one of the experimental values known without any
ambiguity. The computed values are in very good agree-
ment with this value (4.1 eV for CASPT2 and 4.2-4.3 eV
for NEVPT2) and this agreement is confirmed also for the
values computed with the cc-pVTZ basis set which show a
small increase of the computed transition energies (of the
order of 0.1 eV, see Tables S.22 and S.23 of Suppl. Inform.).

As found for trans-hexatriene, one can note a marked
decrease of the energy of the 2! A, state moving from the
equilibrium geometry of the ground state to that of the 2' A,

Table 17 Adiabatic excitation energies (eV) for the 1!B, « 1!A,;
transition of cis-hexatriene computed with the C,, CASSCF (2,2) and
RASSCF optimized geometries for the 1 !B, state

1'By«1'A,
CASSCF  MS-CASPT2  QD-SC2  QD-PC2
CAS (2,2) geometry
CAS (6,6) 6.964 4.964(4.575) 4.491 4.331
CAS (6,8) 6.428 5.162(4.884) 4.679 4.816
CAS (6,10)  6.266 5.113(4.879) 5.055 4.967
CAS (6,12)  6.111 5.054(4.818) 5.241 5.093
CAS (6,14)  6.047 4.920(4.669) 5.339 5.138
RASSCF geometry
CAS (6,6) 6.995 4.950(4.554) 4.459 4.299
CAS (6,8) 6.450 5.170(4.907) 4.852 4.792
CAS (6,10)  6.285 5.126(4.911) 5.025 4.947
CAS (6,12)  6.138 5.145(4.956) 5.189 5.074
CAS (6,14)  6.118 5.104(4.905) 5.238 5.120

CASPT?2 values are computed with the IPEA = 0.25 zeroth-order
Hamiltonian. Values in brackets refer to a CASPT2 calculation with
the IPEA = 0 zeroth-order Hamiltonian

CASPT?2 values are computed with the IPEA = 0.25 zeroth-order
Hamiltonian. Values in brackets refer to CASPT2 performed with
IPEA =0

state (1.2—-1.3 eV, compare the value in Table 14 without the
A (ZPVE) term with those in Table 5) and a marked increase
of the ground state energy along the same nuclear displace-
ment (0.8-0.9 eV, compare the value in Table 14 without the
A (ZPVE) term with those in Table 15). The two variations
are, however, rather different, thus questioning also for the
21A, state of cis-hexatriene the possible use of the mirror
image symmetry rule [88].

The strategy applied in Sect. 4.1 for the geometry
optimization of the ionic 1 IB;“ state of trans-hexatriene
(optimization at the CASSCF (2,2) and RASSCEF levels)
has been applied also for the 1B, state of cis-hexatriene
without any problem in the convergence procedure. The
main geometrical parameters are reported in Table 16 (see
Tables S.24 and S.25 of Suppl. Inform. for the comparison
with the cc-pVTZ basis set and the cartesian coordinates
of the equilibrium geometries) and one can note that the
central C—C bond is almost a single bond (in particular at
the RASSCEF level), while the other C—C bonds are inter-
mediate between a single and a double bond. Also in this
case, we have not been able to compute the vibrational
frequencies at the optimal C,, geometry.

The 1'B, « 1'A, adiabatic excitation energies are
reported in Table 17, while the 1'A| < 1B, vertical emis-
sion energies are in Table 18. The dependence of the transi-
tion energies on the computational details (dimension of the
active space, inclusion of the dynamic correlation, geom-
etry) strictly follows what reported in Sect. 4.1 for the 1 ]B;r
state of trans-hexatriene (see the comments on the values in
Tables 11 and 12).

@ Springer
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For the 1 !B, « 1!A, adiabatic excitation energy com-
puted with the largest active space at the CASSCF (2,2)
geometry, one notes a slightly worse agreement of the
various MRPT2: The SC-NEVPT?2 value differs from the
PC-NEVPT2 one by 0.2 eV and the same is true compar-
ing PC-NEVPT2 and CASPT2(IPEA = 0.25). This behav-
ior anomalous in this study. Our best estimations for this
quantity is 5.1-5.2 eV from the NEVPT2 results and 5.1
eV for CASPT2(IPEA = 0.25). These values are in good
agreement with the experimental value, 4.92 eV [83, 92],
if one considers that the zero point vibrational energy cor-
rection has not been taken into account and that this quan-
tity is expected to be negative, in the range —0.1/—0.2 eV.
The experimental value corresponds to the first and more
intense peak in the experimental spectrum. For this reason,
this value has been also indicated as the experimental ver-
tical excitation energy. Our study reveals that the vertical
and adiabatic 1 'B, < 1'A, are actually rather close, but
they differ by at least by ~ 0.3-0.4 eV (NEVPT2) and ~
0.2-0.3 eV (CASPT2).

Finally, for the vertical 1'A; < 1'B, emission energy,
the best estimation is 4.8—4.9 eV (NEVPT2) and 4.9 eV
(CASPT2(IPEA = 0.25)), indicating that the ground state
is destabilized by 0.2-0.3 eV passing from its equilibrium
geometry to the 1 'B, equilibrium geometry (constrained to
belong the C,, symmetry).

The relatively small energy change of ground and 1'B,
states when moving from the ground state equilibrium
geometry to that of the 1B, state confirms the hypothesis
(deduced from the vibrational progression in the experimen-
tal spectrum) that the two geometries are rather close to
each other.

Also, for cis-hexatriene the results obtained with the cc-
pVTZ confirm the conclusions here reported, in general with
the excitation energies only slightly higher (see Tables S.26
and S.27 of Suppl. Inform.).

Table 19 Trans-hexatriene: comparison of the transition energies (eV) obtained in this work (best estimates) with those obtained in previous

theoretical works and with the experimental value

Method vert. 2 ]A; <1 'A; vert. 1'B¥ <1 ]A; adiab. 2 'A; «1 lA; adiab.1'B¥ <1 'A;
SC-NEVPT2 5.55-5.59 5.62-5.65 434 5.26-5.32
PC-NEVPT2 5.55-5.59 5.48-5.51 434 5.16-5.19
CASPT2(IPEA = 0.25) 5.42-5.46 5.36-5.39 4.19-421 5.09-5.18
CASPT2(IPEA = 0.0) 5.20-5.24 5.17-5.19 3.95-3.98 4.89-5.00
CC3[59] 572 5.58
CCSDR@3)/cc-pVDZ 1+5 [91] 6.06 5.40
CASPT2 5.19 [65] 5.21 [70] 5.42 5.04 [86] 5.01 [65] 5.08 [70]
[59] 5.52 [76] 5.31[59] 5.34 [76]

MSCAS(10,10)PT2 [78] 5.45 5.19
DFT-SSMRPT(6,6)/cc-pVQZ [79] 4.99 478
RSPT2(8,8) [93] 5.01 5.12 432
NEVPT2 [76] 55-56 4.84-4.94
SC-NEVPT?2 [70] 5.60 535
RASSCF(32,13+6+19) [25] 446
CI[87] 452
Experimental 5.21[16] 4.93 [83-85] 5.08 [16] >4.22 [69] 4.93 [83-85]
Table20 Cis-hexatriene: vert.2'A, < 1'A, vert.1'B,«1'A, adiab.2'A,<1'A, adiab.1'B,<1'A,
comparison of the transition
energies (eV) obtained in this SC-NEVPT2 547-5.52 5.60-5.63 426 5.24-5.34
E’l‘(’)rst g’&j;:g';‘na;se)v?gfsl PC-NEVPT2 5.43-5.48 5.46-5.49 423 5.12-5.14
theoretical works and with the CASPT2(IPEA = 0.25) 5.35-5.40 5.41-5.44 4.14 5.10
experimental value CASPT2(IPEA =0.0) 5.13-5.17 5.15-5.20 391 4.90

RSPT2(10,10) [93]  5.00 530 429 4.94

Experimental 4.92 [83, 92] 4.26 [67-69] 4.92 [83, 92]
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5 Interpretation of the experimental data
and comparison with previous theoretical
works

The transition energies obtained in the present study,
together with the values from a selection of previously pub-
lished theoretical works and from experimental studies, are
reported in Table 19 for trans-hexatriene and Table 20 for
cis-hexatriene.

In order to discuss these results, it is worth recalling that to
the aim of the present work, there are only a few experimental
values which are clearly defined, all concern adiabatic (0-0)
transitions. In details, they are: the adiabatic 1 IB: «1'A-
transition of trans-hexatriene (4.93 eV [83-85]), the adiabatic
1B, < 1A, transition of cis-hexatriene (4.92 [83, 92]), and
the adiabatic 2 ' A~ «1 ' A~ transition of trans-hexatriene (4.26
eV [67-69]). Moreover, the adiabatic 2'A; <1 !A, transition
of cis-hexatriene has a clear experimental indication (> 4.22
eV [69]).

From the theoretical point of view, the adiabatic transitions
to the ionic states (1 'B* and 1'B, for trans-hexatriene and
cis-hexatriene, respectively) are difficult to reproduce at a very
high level, because the full geometry optimization for these
states is a very difficult task. Moreover, the two states involved
in the transition have a different nature (ionic for the excited
state, neutral for the ground state), and this implies that the
dynamic electron correlation is also different, both quantita-
tively (larger in the ionic state) and qualitatively (the dynamic
o polarization is more important in the ionic state).

On the contrary, the adiabatic transitions to the neu-
tral states (2'A~ and 2'A, for trans-hexatriene and cis-
hexatriene, respectively) can be computed at a high level,
given that the equilibrium geometry for these states can be
obtained and that the two states involved in the transition
have the same nature (neutral) and also very similar dynamic
electron correlation energies. These adiabatic transitions are
very well reproduced by our approach with values which
remain relatively stable by changing the computational
details.

This is a pivotal achievement of the present work: For
an experimental value which is known without ambiguity
(it is directly extracted from the experimental spectrum)
the approach here used (atomic basis set, geometry opti-
mization, strategy for the inclusion of the static and of the
dynamic electron correlation) gives results very close to the
experimental finding.

For the adiabatic transition to the ionic bright states
(1'B¥ and 1'B, for trans-hexatriene and cis-hexatriene,
respectively), the results here obtained are also in reason-
able agreement with the experimental values, if one takes
into account that the true equilibrium geometry of these
states has not been found and that the lack of the vibrational

frequencies prevent us from estimating the zero vibrational
energy difference between the two states.

The good agreement for these values allows to look with
more attention at the vertical excitation energies, where a
partial disagreement between our results and the “experi-
mental” values seems to emerge. The analysis of this par-
tial disagreement must take into account the fact that for
both isomers of hexatriene the vertical excitation energies
are not directly observable in the experimental spectra, but
are obtained from the data extracted from the experimental
spectra by means of some educated guesses.

6 Conclusions

In this work, the main aspects of the spectroscopy of hex-
atriene have been considered within a multireference pertur-
bation theory (MRPT) approach. As a first aspect, one can
consider the comparison of two different MRPT2 theories,
CASPT2 (IPEA = 0.25) and NEVPT?2. These two different
MRPT?2 approaches show in general a very good agreement,
in particular with large active space (as already observed, see
Refs. [60, 94] for a few examples). For the smallest active
spaces, the excitation energies (both vertical and adiabatic)
are very close for the 2 ' A~ state of trans-hexatriene and for
the 2' A, state of cis-hexatriene, while for the 1'B state of
trans-hexatriene and for the 1 ' B, state of cis-hexatriene they
give quite different transition energies. The agreement is
recovered also for these states by enlarging the active space.
On the contrary, CASPT2 (IPEA = 0.0) gives constantly
lower values (of both CASPT2 (IPEA = 0.25) and NEVPT2)
for the transition energies. In all cases, the vertical excitation
energies do not show a marked dependence on the level of
theory (NEVPT2 or CASSCEF) used to optimize the ground
state geometry. The good agreement of the CASPT2 (IPEA
= 0.25) and NEVPT2 approaches with the experimental data
(the adiabatic transitions) shows that the modification pro-
posed in CASPT2 with the introduction of the IPEA shift
[46] is effective (at least for the systems here considered) and
gives better results than the original version.

A second aspect considered is the geometry optimization
of the covalent excited states (2 IA; for the trans isomer,
2 1Al for the cis isomer). In these states, a clear inversion
of single and double bonds occurs. Even if the frequency
analysis indicates an equilibrium geometry where the sym-
metry of the ground state is lost (the molecule is no longer
planar), the rotations of the terminal C—CH, groups is essen-
tially barrierless and the energy of the state does not vary
appreciably. So, there are no practical reasons to choose a
fully optimized geometry and it is possible to consider for
this state a geometry with the same symmetry as the ground
state.
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The most challenging issue has been the geometry opti-
mization of the ionic excited states, as described in Sect. 4.1.
The solution adopted is based on the assumption of the pres-
ervation of the symmetry of the ground state equilibrium
geometry. This choice is partially justified by the vibrational
progression of the experimental spectrum. The key question
is how to obtain a balanced treatment of the two states of B,
and B, symmetry for frans- and cis-hexatriene, respectively,
and to avoid the root flipping problem during the optimiza-
tion process. We have used two different strategies (one of
which proposed in Ref. [25]) to perform this task and the
final geometries are rather close to each other, as happens
also for the excitation energies. With these strategies an
upper bound for the adiabatic excitation energies is obtained.
The results do not markedly differ from the vertical excita-
tion energies and can be considered satisfactory, especially
if one considers that the ZPVE correction is not included.

The vertical excitation energies reported in this work for both
isomers, while confirming that the first two excited states of hex-
atriene are in general virtually degenerate in the Franck—Con-
don region, are higher than the reference previously published
values. In this case, what is reported as “‘experimental values”
are actually educated guesses from the experimental data using
some assumption. The good agreement with the experimental
values found for the adiabatic transition energies and the pres-
ence of not fully grounded assumptions in the definition of the
“experimental values” for the vertical excitation energies makes
reliable the values here computed.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00214-023-03064-y.
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