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Low-lying excited states of linear all-trans
polyenes: the c—n electron correlation and the
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In this work, the electronic spectra of all-trans polyenes, from hexatriene to dodecahexaene are investigated.
Special attention is given to the challenging description of the ionic 1!Bf state. A comprehensive
wavefunction analysis of both singlet (2'A;, 1'B}, and 2'B,) and triplet excited states (1*A; and 1°By) is
performed using a range of multireference correlated methods, including multireference configuration
interaction with singles and doubles (MR-CISD) including a posteriori size-extensivity Pople correction (+P),
and the multireference averaged quadratic coupled-cluster (MR-AQCC) method. While covalent states are
well described by multi-configurational self-consistent field (MCSCF) theory, accurately describing the ionic
state requires addressing size-extensivity errors, basis set effects, and, most importantly, c—n electron correla-
tion. Taking these factors into account, MR-CISD+P and MR-AQCC results mutually corroborate that the
jonic 1'BY state is the first vertically excited state in hexatriene and octatetraene. In decapentaene,
extrapolated MR-CISD+P results indicate that the 21A§ and 1'B} states are nearly degenerate, while MR-
AQCC suggests that the ionic state lies approximately 0.2 eV below the covalent state. From a wavefunction
perspective, the ionic state is consistently well-represented by a single HOMO-LUMO excitation, whereas the
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1. Introduction

The study of linear all-trans polyenes has a long-standing tradi-
tion due to their distinctive spectral properties, which arise from
the structure of their low-lying excited-state manifold. Polyenes
serve as valuable models for chromophores in biological sys-
tems, such as carotenoids, which are crucial in photosynthetic
processes. These processes include light-harvesting, particularly
in the blue region of the visible spectrum,"* and photoprotec-
tion through dissipation of excitation energy into heat.*™
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contribution of doubly excited configurations increases with chain length for both covalent states.

Moreover, polyenes constitute a traditional set of molecules
for testing theoretical concepts and benchmarking electronic
structure methods,® '° thereby deepening the understanding of
their electronic structure. Finally, various chromophores are
built around polyene backbones inheriting their spectroscopic
properties from the underlying polyene.'”'® The three lowest
excited states, in particular, have attracted significant attention
both experimentally’®>® and theoretically.">**® This study
will focus on their description from an electronic structure
perspective.

The electronic states of linear all-trans polyenes are conve-
niently identified using the irreducible representations of the
C,n symmetry associated with their molecular framework.
Additionally, the states are labeled according to the nomencla-
ture introduced by Pariser, which is based on the alternance
symmetry derived from the Pariser-Parr-Pople®”>° model
Hamiltonian. In this approach, the linear combinations of
the two degenerate transitions yield antisymmetric (—) and
symmetric (+) states relative to the interchange of conjugated
pairs of orbitals. In valence bond theory, these states are
referred to as covalent (—) and ionic (+) states, respectively.*®
Notably, within the molecular orbital picture, distinguishing
between ionic and covalent states is less straightforward.*

This journal is © the Owner Societies 2025
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The relative ordering of the two low-lying excited singlet excited
states, ZiAg and 1'B;,, in small all-trans linear polyenes, remains a
topic of ongoing debate.?* It is generally agreed that, for the first
members of the series, the ionic 1'Bj, state is the first vertically
excited state. As the chain length increases, the covalent 2'A;
state becomes the lowest excited state. However, there is no
consensus in the literature on the exact point in the series where
this change occurs. A brief review of this aspect is provided in the
following paragraphs. The 2'A, state exhibits high covalent
character and has the same symmetry as the ground state; thus,
the transition dipole moment between these two states vanishes
entirely due to symmetry constraints, rendering this state strictly
dark in one-photon absorption experiments. In contrast, the 1'B},
state is a strongly optically allowed “bright” state with ionic
character. The third vertically excited valence singlet excited state
is the 2'By, which has a small transition dipole moment and
exhibits covalent character.?®

The wave functions of ionic states are primarily composed of
singly excited configurations, whereas those of covalent states
are more intricate, with significant contributions from doubly
excited configurations.*> This complexity is one of the main
reasons why uniformly describing the electronic spectra of linear
all-trans polyenes remains challenging from a theoretical per-
spective. Due to their nature, ionic states are relatively straight-
forward to describe using single-reference quantum chemical
methods, such as time-dependent density functional theory
(TD-DFT),>** algebraic diagrammatic construction of second
order (ADC(2)),*° and equation of motion coupled-cluster (EOM-
CCSD).”” On the other hand, covalent states require the use of
higher-level methods to capture static correlation effects effec-
tively. Multiconfiguration self-consistent field (MCSCF) and
multireference (MR) methods, in general, will be well suited
for that purpose.

However, the MCSCF method and MR configuration inter-
action with singles and doubles (MR-CISD), which effectively
capture static electron correlation effects and adequately
describes covalent states, encounter notorious accuracy issues
when applied to ionic states.”***® Specifically, excitation ener-
gies for ionic states are typically overestimated by about 1-2 eV
when using an active space that includes only valence n-
electrons and m-orbitals.’® Several strategies have been
proposed to mitigate this issue, such as expanding the active
space to include additional unoccupied n-orbitals, including c-
orbitals into the active space, and modifying the one-electron
basis set.”'*?"*? Indeed, a reasonable description of ionic
states requires an extensive treatment of the o-m electron
correlation, which can in principle not be achieved by including
correlation only in the n-space.*?

Several methods have been employed to investigate the
manifold of low-lying excited states in the series of all-trans
polyenes. Here, we provide a brief review of key results. Hirao
and co-workers,** using multireference Moller-Plesset (MRMP)
theory, found that the 2'A; and 1'B; states are nearly degen-
erate in hexatriene. In longer polyenes, however, the covalent
state becomes the first vertically excited state. This finding is
corroborated by DFT/MRCI calculations performed by Marian
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and Gilka,"* which also show that the covalent state is the
lowest singlet excited state in polyenes longer than hexatriene.

Serrano-Andrés and coworkers,*>*® employing complete
active space second-order perturbation theory (CASPT2), sug-
gested that in terms of vertical excitation, the 1'Bf; state is the
lowest excited state in hexatriene, lying 0.18 eV below the
covalent state. In octatetraene, their results indicate that these
states are virtually degenerate, with the 2'A; state being 0.04 eV
lower than the 1'B state. This trend is further supported by
CASPT2 benchmark calculations.*” The near-degeneracy of
these two states in octatetraene is also corroborated by
N-electron valence state second-order perturbation theory
(NEVPT2) calculations.*'

The most recent database of highly accurate excitation
energies for electronic structures (QUESTDB),*® which includes
results based on coupled-cluster CCSDT and CC3 methods,
suggests that the bright 1'B}, state is the first vertically excited
state in both hexatriene and octatetraene, being 0.25 eV and
0.12 eV lower than the covalent 2'A, state, respectively. This
ordering is also obtained using CCSD and CC2 methods.*”

MR-CISD,"**® and multireference averaged quadratic
coupled-cluster (MR-AQCC)**>! calculations have been per-
formed for ethylene’ and butadiene,' the first members of
the series. In the present work, we aim to achieve an accurate
and balanced treatment of both static and dynamic electron
correlation effects in all-trans linear polyenes, ranging from
hexatriene up to dodecahexaene, using the variational MR-CISD
and MR-AQCC methods. While nonvariational extensivity cor-
rections are applied in the MR-CISD case, the MR-AQCC
method inherently accounts for higher excitations, restoring
size extensivity in an approximate yet considerably accurate
manner.>>>* We also seek to provide insights into the relative
ordering of the excited states. A detailed analysis of the wave
functions, based on the one-electron transition density matrix
calculated with respect to the ground state, is presented. In
particular, the ionic character of each state is assessed using
the Q} diagnostic, which has recently been shown to associate
large transition charges centered on individual atoms with
ionic states.’® Complementary analysis of the one-electron
transition density matrix provides insights into how the wave
functions of the excited states evolve across the series in terms
of multiconfigurational and single-excitation character.

2. Methods

2.1 Computational details

The equilibrium geometry of the ground state of linear all trans-
polyenes containing N = 6, 8, 10, and 12 n-electrons (trans,trans-
1,3,5-hexatriene, all-trans-1,3,5,7-octatetraene, all-trans-1,3,5,7,
9-decapentaene, and all-trans-1,3,5,7,9,11-dodecahexaene, herein
called hexatriene, octatetraene, decapentaene, and dodecahex-
aene, respectively) was obtained using the long-range corrected
hybrid functional o B97X-D>* with the cc-pVIZ> basis set.
Optimized geometries and analytical harmonic frequencies are
available in the ESL} Based on the optimized geometries, the

Phys. Chem. Chem. Phys., 2025, 27, 7916-7928 | 7917


https://doi.org/10.1039/d5cp00339c

Published on 01 April 2025. Downloaded on 1/21/2026 10:48:26 PM.

PCCP

singlet states 1'Ag, 2'A;, 1'B;, and 2'By, as well as the triplet
excited states 13A§ and 1°B,, were calculated at the multi-
reference levels described below. Vertical excitation energies
and oscillator strengths were computed for transitions between
the ground state and the aforementioned states of interest.
All calculations were performed strictly under C,;, symmetry
constraints.

The ground and excited states were investigated using a range
of computational methods, including state-averaged complete
active space self-consistent field (SA-CASSCF) method,*® MR-
CISD,***® and MR-AQCC’**" approaches. Where specified, the
Pople (+P) correction,” extended to the MR-CISD case, was
applied to account for size-extensivity errors. MR-AQCC calcula-
tions on excited states were conducted utilizing the vector-
following approach in which convergence to a selected eigen-
vector was achieved using the criterion of maximal overlap with a
specific root of the eigenvector of the reference space.

At the SA-CASSCEF level, six states—namely 11Ag , 21A§ , 1'B;,
2'By, 1°A;, and 1°B,—were averaged with equal weights. The
resulting set of molecular orbitals was then used for subse-
quent MR-CISD and MR-AQCC calculations. SA-CASSCF com-
putations were carried out with a standard valence active space,
encompassing all valence m-electrons and valence n-orbitals of
each molecule. To reduce the computational effort in the
subsequent MR-CISD and MR-AQCC calculations, the reference
space was constructed by splitting the m-valence space into
three parts: a CAS(6,6), a complementary restrictive active space
(RAS) for the remaining strongly occupied orbitals, and a
corresponding auxiliary (AUX) space for weakly occupied orbi-
tals of the m-valence space. Single excitations were used from
RAS into CAS and AUX orbitals and from CAS into AUX orbitals.
The specific choices used in our calculations are presented in
Table 1. The restrictions imposed on the active space under-
went extensive testing for decapentaene (Table S1, ESIt).
The RAS(2)CAS(6,6)AUX(2) scheme, which contains ten =«
orbitals, closely reproduces the results obtained with the com-
plete m-valence CAS(10,10). At both the MR-CISD and MR-
AQCC levels, generalized interacting space restrictions®® were
applied.

For computational economy, a freezing scheme of c-orbitals
was employed at both the MR-CISD and MR-AQCC levels. After
testing several freezing options for hexatriene (Table S2, ESIt), a
scheme was adopted in which 50% of the reference doubly
occupied c-orbitals—including the core orbitals on each carbon
atom, which constitute approximately 30% of the total reference
doubly occupied c-orbitals—and 50% of the reference virtual
c-orbitals were frozen. This freezing approach had no significant

Table1 Active reference space scheme utilized at the MR-CISD and MR-
AQCC levels for polyenes with N r-electrons

N Active space scheme

6 CAS(6,6)

8 RAS(1)CAS(6,6) AUX(1)
10 RAS(2)CAS(6,6) AUX(2)
12 RAS(3)CAS(6,6) AUX(3)

7918 | Phys. Chem. Chem. Phys., 2025, 27, 7916-7928
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impact on excitation energies compared to the reference calcula-
tion, where only core orbitals were frozen (Table S2, ESIT).

The cc-pVnZ (n = D, T, Q) basis sets®® were used with the
outer shell of polarization functions excluded from the triple-
and quadruple-{ basis sets, as detailed below. Extrapolation
to the complete basis set (CBS) limit was carried out using the
two-point fit approach,® as shown in eqn (1) for the excitation
energies obtained with the MR-CISD+P and MR-AQCC
methods.

Efy=———— 1)

In eqn (1), Exy represents the CBS limit excitation energy, X and
Y are the cardinal numbers for the respective basis sets, and Ex
and Ey denote the excitation energies obtained for those indivi-
dual basis sets. The cc-pVTZ basis set without the ffunction, ie.,
with contraction (10s,5p,2d)/[4s,3p,2d] (cc-pVTZ’), and the cc-
PVQZ basis set without g-function, i.e., with contraction (12s,6p,
3d,2f)/[5s,4p,3d,2f] (cc-pVQZ’) were used on carbon atoms for the
basis set extrapolation to the CBS limit. The cc-pVDZ basis set was
used on hydrogen in all cases.

Based on the optimized geometries, vertical excitation ener-
gies were also computed using second-order complete active
space perturbation theory (CASPT2)% with the cc-pVDZ basis set.
At the CASSCEF level, singlet states of the same spatial symmetry
were averaged with equal weights. The resulting set of molecular
orbitals was used for subsequent CASPT2 computations, per-
formed with IP-EA denominator shift 0.25. The SA-CASSCF and
CASPT2 computations were performed with a standard valence
CAS, including all valence m-electrons and m-orbitals of each
molecule.

Geometry optimizations were carried out using the Gaussian
16 software package.’’ MR-CISD and MR-AQCC calculations
were performed with the Columbus program system,’*®>%* with
integrals calculated by the Dalton program.®® CASPT2 calcula-
tions were conducted using the OpenMolcas software package.®®

2.2 Wavefunction descriptors

Based on the MR-CISD wavefunction, the ionic character of the
excited states, the single-excitation character, and the participa-
tion ratio of natural transition orbitals (NTOs) were evaluated.
To assess the ionic character of each state, the Qf diagnostic®®
was employed, as defined in eqn (2),

0= |di| @)
M

where the transition charge gj, on atom M is calculated as
the sum over the diagonal elements of the one-electron
transition density matrix (1TDM) between the states of inter-
est and the ground state. Large transition charges centered on
individual atoms are associated with ionic states. The Qf
values were computed based on the Léwdin-style population
analysis.®®

The participation ratio of natural transition orbitals
(PRro)®”® was used as a measure of the multiconfigurational
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character of the excited states. The PRyro is computed as
2
tr (Yor7o)
PRyro = L FU0) | ";‘)}2 (3)
tr(vorvgr)

where yo; is the 17TDM. PRyro counts how many different natural
transition orbitals (NTOs) are participating and, thus, how many
configurations are necessary to describe the excited state.
Finally, the single-excitation character, €2, defined as Q =
tr(yorvor),™>”° was calculated. Values above 0.8 computed based
on correlated ab initio methods are indicative of singly excited
states.>”" The three mentioned wavefunction descriptors were

computed using the TheoDORE 3.1.1 program package.”

3. Results and discussion
3.1 Singlet states

We begin our discussion by presenting the vertical singlet
excitation energy results. As previously mentioned, while

Table 2 Vertical singlet excitation energies of polyenes computed using
the CASSCF, MR-CISD, MR-CISD+P, MR-AQCC, and CASPT2 methods and
the cc-pVDZ basis set

Method
N State CASSCF* MR-CISD MR-CISD+P MR-AQCC CASPT2
6 21A§ 5.799 5.856 5.819 5.818 5.761
1'B],  7.609 6.412 5.827 5.833 5.564
21BJ 6.983 7.044 6.976 6.964 6.941
8 21Ag 5.080 5.144 5.002 5.065 4.956
llBﬁ 6.916 5.743 5.138 5.102 4.924
21B; 6.276 6.347 6.197 6.236 6.157
10 21A§ 4.598 4.648 4.448 4.505 4.431
11Bl+1 6.448 5.311 4.622 4.536 4.482
21BJ 5.673 5.838 5.498 5.636 5.540
12 21Ag 4.268 4.323 4.093 4.153 4.069
1'B; 6.123 4.978 4.282 4.160 4.167
21B; 5.216 5.377 5.030 5.157 5.052

“ The B, states are numbered according to wave function character, not
by energetic order.
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covalent states are well-described by the CASSCF method,
significant issues arise for the excitation energy from the
ground state to the ionic 'Bj state. Using the cc-pVDZ basis
set, CASSCF overestimates these excitation energies by 1.78 eV
for hexatriene when compared to MR-CISD+P and MR-AQCC
results (Table 2). This observation holds for the larger systems,
with MR-AQCC tending to stabilize the ionic state slightly more
than MR-CISD+P as the chain length increases. Overall, CASSCF
overestimates the excitation energies by an average of 1.81 eV,
ranging from 1.78 eV for hexatriene to 1.84 eV for dodecahex-
aene compared to MR-CISD+P results.

At the CASSCF level, the excitation energy to the ionic 1'Bj,
state is not only higher than that of the 2'A; state but also
exceeds that of the 2'By state, causing the 1'B], state to become
the second excited state of B, symmetry. Notably, this inversion
in the ordering of B, symmetry states introduces additional
challenges since, as discussed below, the ionic state in the
systems studied here should be one of the two lowest-lying
excited states when appropriate dynamic correlation is consid-
ered (Fig. 1). These artifacts of the CASSCF state ordering are
significantly corrected at the MR-AQCC and MR-CISD+P levels,
as Table 2 shows. The ionic 1'Bj; state is substantially stabilized
compared to the CASSCF results. However, the use of a larger
basis set appears to be particularly important for the ionic state.
Therefore, a more detailed discussion of the state ordering is
postponed to the respective discussion below.

Size-extensivity corrections play a significant role in describing
the low-lying excited-state manifold in these systems. A closer
inspection of Table 2, comparing uncorrected MR-CISD with MR-
CISD+P values, reveals that the size-extensivity correction is more
pronounced for the ionic state. This state is stabilized by values
ranging from 0.58 eV for hexatriene to 0.70 eV for dodecahexaene,
with stabilization consistently increasing as the system size grows
(Table 2). Covalent states, on the other hand, are less affected by
this correction. Specifically, the ZlAg state is stabilized by 0.04 eV
in hexatriene and 0.23 eV in dodecahexaene. For the 2'B] state,
the stabilization ranges from 0.07 eV for hexatriene to 0.35 eV for

a b c
7 MR-CISD+P 7 MR-AQCC 7 CASPT2
6 6 6 21B—
5 1\ 3 5 )
~ ) ~ N — —1lp+
Lg e\\\ rﬁ \\ Lg \\‘\ 1 B“
\\—\ 4 ‘\‘
5 ju— 5 _\ 5 3 ; - 2|A_
Y 1}
\‘\\_ \i \
3 \ 3,
— . _—
4 4 4 =
6 8 10 12 6 8 10 12 6 8 10 12
N N N

Fig. 1 Vertical singlet excitation energies of polyenes with N t-electrons computed using (a) MR-CISD+P, (b) MR-AQCC, and (c) CASPT2. Calculations
were performed with the cc-pVDZ basis set. Numerical data are available in Table 2.
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Table 3 Singlet excitation energies (eV) of polyenes with N n-electrons,
calculated at the MR-CISD+P and MR-AQCC levels using the cc-pVDZ
(AEcc—pvpz). cC-pVTZ’ (AEcc_pyrz), and cc-pVQZ' (AEcc-pyaz!) basis sets

MR-CISD+P MR-AQCC

N State AEcc-pVDZ AECC-pVTZ/ AEcc-pVQZ' AECc-pVDZ AEcc-pVTZ’ AECC»pVQZ'

6 2'A; 5.819 5.793 5.776 5.818 5.783 5.755
1'B;, 5.827 5.638 5.584 5.833 5.620 5.504
2'B; 6.976 6.907 6.895 6.964 6.813 6.648

8 2'A; 5.002 4.984 4.988 5.065 5.036 5.025
1'B; 5.138 4.975 4.941 5.102 4.904 4.804
2'B; 6.197 6.168 6.180 6.236 6.152 6.079

10 2'A; 4.448 4.427 — 4.505 4.465 —
1'B;, 4.622 4.480 — 4.536 4.332 —
2'B; 5.498 5.479 — 5.636 5.549 —

12 2'A; 4.093  4.026° — 4.153  4.084°
1'B 4.282 4139 — 4.160 3.962°
2'B; 5.030 5.075%  — 5.157 5189  —

¢ Estimated result based on a fit of excitation energies across the series
(Fig. S4, ESI).

dodecahexaene (Table 2). These results are depicted graphically in
Fig. S1 (ESTt).

To assess the influence of the basis set on the excitation
energies and to discuss the relative ordering of the two low-lying
excited states across the series, extrapolation to the complete
basis set (CBS) limit was performed using the two-point fit
approach (eqn (1)) based on MR-CISD+P and MR-AQCC calcula-
tions. The results obtained with the cc-pvDZ, cc-pVTZ/, and cc-
pVQZ’ basis sets are presented in Table 3 for MR-CISD+P and
MR-AQCC. The extrapolated values, derived from the double- to

Table 4 MR-CISD+P and MR-AQCC vertical singlet excitation energies
(in eV) of polyenes with N m-electrons at the CBS limit. Values were
computed by extrapolating from the double-{ cc-pVDZ to the triple-{

cc-pVTZ' (DT) and from the triple-{ cc-pVTZ’ to the quadruple-{ cc-
pVQZ' (TQ). Reference theoretical values are provided for comparison

MR-CISD+P MR-AQCC
N  State AEZ:  AEfG,  AE%: AE%, TBE®  CASPT2
6 2'A;  5.781 5.765  5.768 5.734  5.62° 5.57°
1'B},  5.559 5.543  5.530 5420 5.37° 5317
2'B,  6.879 6.886  6.749 6.528 — —
8 2'A; 4977 4991  5.025 5016  4.907 4.74°
g .
1'B;, 4906  4.917 4.820 4.731 4.78¢ 4.70
2'B;  6.156 6.188  6.117 6.026 — —
10 2'A; 4418 — 4449  — — —
1'B!  4.420 — 4.246 — — —
2'B,  5.471 — 5.513 — — —
12 2'A;  4.019° — 4.070°  — — —
1'B;  4.080° 3.883¢ — —
2'B,  5.082°¢ 5.166% — —

“ Estimated result based on a fit of excitation energies across the series
(Fig. S5, ESI). ” Theoretical best estimates (TBE) collected from ref. 48,
computed as “A/SB + [B/TB — B/SB],” where A/SB is the excitation energy
computed with a method A in a smaller basis (SB), and B/SB and B/TB are
excitation energies computed with a method B in the small basis and
target basis TB, respectively. © CCSDT/AVDZ + [CC3/AVTZ-CC3/AVDZ).
¢ CCSDT/6-31+G(d) + [CC3/AVTZ-CC3/6-31+G(d)]. ¢ Collected from ref.73
aug-cc-pVTZ basis set./ Collected from ref. 47 TZVP basis set.
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triple-{ basis set (AEgy) and the triple- to quadruple-{ basis set
(AErq) extrapolation, are summarized in Table 4.

The first major observation is that the two low-lying excited
states are affected differently when additional polarization
functions are added to the basis set (Table 3). Let us first
consider expanding the basis set from double- to triple-{. For
hexatriene, the 21A§ state is stabilized by 0.03 eV, whereas
the ionic state is stabilized by approximately 0.2 eV based on
MR-AQCC results—a similar trend is observed with MR-CISD+P
results. For octatetraene and decapentaene, at the MR-AQCC
level, a similar trend is seen: the covalent state is stabilized by
about 0.03-0.04 eV, while the ionic state is stabilized by about
0.2 €V. On the other hand, for the results obtained at the
MR-CISD+P level, the behavior changes slightly as the chain
length increases. While the covalent state is still stabilized by
0.02-0.03 eV, in agreement with MR-AQCC results, the stabili-
zation of the ionic state decreases slightly with chain length,
specifically, by 0.19 eV, 0.16 eV, and 0.14 eV in hexatriene,
octatetraene, and decapentaene, respectively.

For dodecahexaene, computational cost constraints pre-
vented the use of basis sets larger than the double-{ cc-pVDZ.
However, a crude estimate for the excitation energies using the
cc-pVTZ’ basis set was made for N = 12 using a power function
fit (see Section 2.1 of the ESIf). This estimate suggests that
these trends hold for dodecahexaene. While the covalent state
is stabilized by 0.07 eV at both the MR-AQCC and MR-CISD+P
levels, the ionic state is stabilized by 0.2 eV at the MR-AQCC
level and by 0.14 eV at the MR-CISD+P level. It is worth noting
that, while the stabilization of the ionic state is consistent with
what is observed for the smaller members of the series at both
levels, the stabilization predicted for the covalent state is larger
than the 0.02-0.03 eV observed for the smaller members of the
series when expanding the basis set from double- to triple-{.

Using the cc-pVTZ basis set, our MR-AQCC results indicate
that the ionic state is the first vertically excited state in
hexatriene, octatetraene, decapentaene, and dodecahexaene,
lying 0.16 €V, 0.13 €V, 0.13 eV, and 0.12 eV below the covalent
2'A; state, respectively. In contrast, MR-CISD+P results suggest
that the ionic state is the first vertically excited state in
hexatriene, that the two low-lying excited states are nearly
degenerate in octatetraene, and that the covalent 2'A, state
lies below the ionic state by 0.05 eV in decapentaene and by
0.11 eV in dodecahexaene.

When comparing triple-{ and quadruple-{ basis set results,
as expected, the stabilization effect is smaller than when
expanding from the double- to triple-{ basis set. For hexatriene,
at the MR-AQCC level, the covalent state is stabilized by about
0.03 eV, while the ionic state is stabilized by approximately
0.12 eV. At the MR-CISD+P level, the covalent state is stabilized
by 0.02 eV and the ionic state by 0.05 eV. For octatetraene, the
covalent state shows a negligible effect from basis set expansion
at both the MR-AQCC and MR-CISD+P levels. The ionic state,
on the other hand, is further stabilized: by 0.10 eV at the
MR-AQCC level, and by 0.03 eV at the MR-CISD+P level.

Using the cc-pVQZ basis set, MR-AQCC results show that the
ionic state is the first vertically excited state in hexatriene and
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Fig. 2 Vertical singlet excitation energies of polyenes with N n-electrons, obtained by extrapolating MR-AQCC results to the complete basis set limit
using (a), (b) DT and (c), (d) TQ extrapolations. The height of the lighter shaded bar indicates the difference between excitation energies obtained with the
smaller and larger basis sets. The height of the darker shaded bar represents the difference between the larger basis set result and the extrapolated CBS

value (represented by the marker).

octatetraene, lying 0.25 eV and 0.22 eV below the covalent 2'A;
state, respectively. MR-CISD+P results indicate the same order-
ing, with a splitting between the two low-lying excited states of
0.19 eV and 0.05 eV in hexatriene and octatetraene, respectively.
The results obtained for the different basis sets are shown
graphically in Fig. 2 for MR-AQCC and in Fig. S2 (ESIY) for
MR-CISD+P.

Benchmark theoretical vertical excitation energy values are
available for hexatriene and octatetraene (Table 4). In addition
to data from the QUESTDB database of highly accurate excita-
tion energies,*® reference CASPT2 results for the ionic state
were collected from the benchmark for electronically excited
states in ref. 47, whereas CASPT2 results for the covalent state
were taken from the reference energies for double excitations
collection in ref. 73 All collected reference values were com-
puted using triple-{ basis sets.

For hexatriene, the theoretical best estimates (TBE) from the
QUESTDB database*® predict the ionic state to lie 0.25 eV below
the covalent 2'A; state (Table 4). This aligns with the reference
CASPT2 values, which predict the ionic state to lie 0.26 eV below
the covalent state. The AEpy extrapolated excitation energies
based on MR-AQCC results suggest the ionic state lies 0.24 eV
below the covalent state, while the equivalent value based on
MR-CISD+P computation is 0.22 eV. For the AEy, extrapolated
values, the relative differences between the two low-lying states
are 0.31 eV at the MR-AQCC level and 0.22 eV at the MR-CISD+P
level, with the ionic state being the first vertically excited state.
The agreement between the reference theoretical values and
our extrapolated results provides strong evidence that the ionic
state is the first vertically excited state in hexatriene.

For octatetraene, data from the QUESTDB database indicate
that the ionic state lies 0.12 eV below the covalent 21A§ state
(Table 4). The reference CASPT2 results suggest that these
states are nearly degenerate, with the ionic state lying only
0.04 eV below the covalent state, a difference within chemical
accuracy. The AEpy extrapolated excitation energies based on

This journal is © the Owner Societies 2025

MR-AQCC and MR-CISD+P results suggest that the ionic state
lies below the covalent state by 0.21 eV and 0.07 eV, respec-
tively. The AErq extrapolated values show the same trend as the
AEgy extrapolated values, with relative differences between the
two states of 0.29 eV at the MR-AQCC level and 0.07 eV at the
MR-CISD+P level. Our MR-AQCC results suggest that the 1'Bj;
state is the first vertically excited state in octatetraene, whereas
MR-CISD+P, while suggesting the same ordering, shows a split-
ting of only 0.07 eV between the two low-lying excited states.

For decapentaene, excitation energies were obtained using
double- and triple-{ basis sets. Calculations with a quadruple-{
basis set were not feasible, precluding a more reliable AEtq
extrapolation. Based on AEgy values, MR-AQCC results indicate
that the ionic state remains lower than the covalent 2'A; state
by approximately 0.20 eV (Table 4). MR-CISD+P results predict
that the 2'A, and 1'By; states are virtually degenerate, with the
splitting between the two states within chemical accuracy.

For dodecahexaene, the computational cost associated with
using basis sets larger than the double-{ cc-pVDZ prevented an
accurate assignment of the relative ordering of the two low-
lying excited states. However, a crude estimate for the AEpy
extrapolated results made for N = 12 using a power function fit
(Fig. S5, ESIt) indicates that, at the MR-AQCC level, the ionic
state is the first vertically excited state, lying 0.19 eV below the
covalent 2'A, state. The MR-CISD+P estimates suggest that the
covalent 2'A, state is the first vertically excited state, lying
0.06 eV below the ionic state.

The results in Table 4 incorporate all relevant effects neces-
sary for accurately describing both the ionic and covalent
states, including c-electron correlation, size-extensivity correc-
tion, and basis set effects. Thus, these results represent a
comprehensive and well-balanced description of vertical excita-
tion energies. In summary, compared to excitation energies
obtained at the MR-AQCC and MR-CISD+P levels using the
cc-pVDZ basis set (Table 2), the significant stabilization of the
ionic state relative to the covalent 2'A; state—caused by
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including larger shells of polarization functions—leads to the
1'B;, state becoming the first vertically excited state in hexatriene
and octatetraene. This state ordering, obtained at both the MR-
AQCC and MR-CISD+P levels, agrees well with the reference TBE
and CASPT2 values (Table 4). Extrapolated MR-AQCC results
show somewhat better numerical agreement with the aforemen-
tioned reference data. Beyond octatetraene (Table 4), MR-AQCC
consistently stabilizes the ionic state further, which remains
slightly lower in energy than the covalent state for the polyene
sizes investigated here. Extrapolated MR-CISD+P results
(Table 4) suggest a slightly different picture, as they stabilize
the ionic state less. The two lowest excited states are virtually
degenerate in decapentaene, with the covalent 2'A; state being
the first vertically excited state in longer polyenes. The extra-
polated results are shown graphically in Fig. 2 for MR-AQCC
calculations and Fig. S2 (ESIt) for MR-CISD+P calculations.
The accuracy of experimental estimates for vertical excita-

tion energies varies significantly between the 1'B; and 2'Ag

states due to their differing accessibility in one-photon pro-
cesses. The 1'Bj; state is easily observed in one-photon absorp-
tion experiments, whereas the 2'A; state is optically dark,
requiring more sophisticated detection techniques. Experi-
mental estimates for the excitation energies for the 2'A,; state
have been extensively debated in the literature.”®**® These
estimates are made using the mirror-image symmetry rule,
which assumes that the energy difference between the (0-0)
and vertical excitation energies is equal to the difference
between the (0-0) and fluorescence intensity maximum—i.e.,
vertical excitation energies are estimated as (0-0) + [(0-0) —
fluorescence intensity maximum]. However, this approximation
is valid only under the assumption that the potential energy
surfaces of the 1'A; and 2'A, states are sufficiently similar—a
condition that is not necessarily true for polyenes. Indeed, theore-
tical studies show that this approach can significantly underesti-
mate the excitation energy due to substantial differences in the
potential energy surfaces of the electronic states involved.**”*

On the other hand, the experimental vertical excitation
energy to the ionic 1'Bj state is typically estimated from the
absorption spectrum, where the maximum of the absorption band
associated with the 1'B; « 1'A; excitation—which, in this case,
also represents the origin peak—is often compared with theore-
tical vertical excitation energies. However, it has been previously
demonstrated that vertical excitation energies at the ground-state
minimum are blue-shifted relative to the band maximum by about
0.2 eV.”” For hexatriene and octatetraene, gas-phase spectra or
high-resolution spectra of the jet-cooled compound are
available,>"*>7%8 whereas for decapentaene and dodecahexaene
fewer experimental data are available. An extrapolation to the gas
phase from the origins of the two lowestlying excited states
measured in the condensed phase was carried out by D’Amico
and coworkers for decapentaene and dodecahexaene.? This extra-
polation has been shown to be in good agreement with gas-phase
data for decapentaene.”

Experimental gas-phase estimates for vertical singlet excita-
tion energies of linear all-trans polyenes are presented in
Table 5. For hexatriene, when comparing the experimental

7922 | Phys. Chem. Chem. Phys., 2025, 27, 7916-7928

View Article Online

Paper

estimates for the 1'B;, state with the AEZ, extrapolated results
obtained at the MR-AQCC level (Table 4)—which best match
the reference theoretical values—our calculated vertical excita-
tion energy for the ionic state in hexatriene is 0.49 eV higher
than the experimental estimate. The reference TBE from
QUESTDB is 0.44 eV higher, while the reference CASPT2 result
is 0.38 eV higher than the experimental estimate. These refer-
ence theoretical values are in good agreement with our find-
ings. Taking into account that vertical excitation energies are
estimated to be around 0.2 eV higher than the experimental
band maximum,” our calculated values also show good agree-
ment with the experimental estimate.

In octatetraene, our AEr, extrapolated MR-AQCC results for
the 1'Bj, state suggest a vertical excitation energy that is 0.32 eV
higher than the experimental band maximum (Tables 4 and 5).
The reference TBE from QUESTDB is 0.37 eV higher, while the
CASPT2 result is 0.29 eV higher than the experimental estimate.
Again, these findings are consistent with our results and are in
good agreement with the experimental estimate, assuming, as
before, that vertical excitation energies are blue-shifted relative
to the band maximum by about 0.2 eV.””> For the vertical
excitation energy to the covalent 2'A, state, the AEry extra-
polated results indicate that the experimental estimate based
on the mirror-image symmetry rule underestimates the vertical
excitation energy by 0.94 eV. This underestimation is 0.82 eV
based on the QUESTDB reference, and 0.66 eV based on the
CASPT?2 reference result.

In decapentaene, AEQy extrapolated MR-AQCC results pre-
dict that the vertical excitation energy for the 1'B; state is
0.27 eV higher than the band maximum (Tables 4 and 5). For
the ZlAg state, the extrapolated result suggests that the experi-
mental estimate based on the mirror-image symmetry rule
underestimates the vertical excitation energy by 0.97 eV, con-
sistent with what was observed for octatetraene.

In dodecahexaene, based on our estimate for the AEJ:
extrapolated MR-AQCC results (Table 4), the vertical excitation

Table 5 Experimental estimates for gas-phase vertical excitation energies
(eV) for the two lowest excited singlet states of polyenes with N m-
electrons

N State Experimental data
6 2'A; —
11B§ 4.93% 4.93°
8 2'A; 4.08°
1'B;, 4.41% 4.41°
10 2'Ag 3.48
1'B], 3.98%
12 2'Ag 2.9
1'B;, 3.65%

“ Absorption band maximum.*' ? Absorption band maximum of the jet-
cooled compound.’® ¢ Estimated assuming mirror symmetry between
absorption and emission.®® ¢ Absorption band maximum of the jet-cooled
compound.”” ¢ Absorption band maximum of the jet-cooled compound.”
f Estimated assuming mirror symmetry between absorption and emission.
Vibronic patterns for the gas and condensed phases are assumed to be
similar.® ¢ Absorption band maximum in the condensed phase. Extrapo-
lated to gas phase using solvent shift theory.**
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energy for the 1'Bj state is predicted to be 0.23 eV higher than
the band maximum (Tables 1 and 5). Our results for the
covalent ZlAg state suggest that the experimental estimate
based on the mirror-image symmetry rule underestimates the
vertical excitation energy by 1.16 eV, in agreement with what
was observed for the smaller members of the series.

3.2 Triplet states

The two lowest triplet states-1°A; and 1°By-are covalent states.
Similar to the singlet covalent states, these triplet states are
well-described without the need for extensive dynamic correla-
tion treatments. Considering all the polyenes studied, SA-
CASSCF results exhibit an average difference of 0.08 eV for
the 1°A, state and 0.04 eV for the 1°B, state compared to MR-
CISD+P values (Table 6). When compared to MR-AQCC results,
the average differences are 0.08 eV and 0.05 eV for the 1°A, and
1°By states, respectively.

The differences between MR-CISD+P, MR-AQCC, and
CASPT?2 results for both the 1°A; and 1°B,, states do not exceed
0.05 eV (Table 6). This indicates that these triplet states are
reliably calculated using these methods. The CASSCF results
are in close agreement with those obtained using MR-CISD+P,
MR-AQCC, and CASPT?2 (Table 6), suggesting that o-n electron
correlation does not significantly impact the description of
these states. The primary exception is the excitation energy to
the 13Ag’ state of hexatriene, where the CASSCF result under-
estimates the energy by approximately 0.18 eV compared to MR-
CISD+P and MR-AQCC.

Size-extensivity corrections also have no significant effect on
the vertical excitation energies of the 13Ag and 1°By states for
the systems studied. The MR-CISD results are not significantly
different from the size-extensivity-corrected MR-CISD+P values
(Table 6). Likewise, the addition of polarization functions to the
basis set does not substantially change the vertical excitation
energies for these states when using either the MR-CISD+P
(Table S3, ESIt) or MR-AQCC (Table S4, ESIT) methods.

Experimental data for hexatriene and octatetraene are avail-
able from low-energy electron impact spectra and electron
energy loss spectra, respectively (Table 7). In comparison with
MR-AQCC results for hexatriene (Table 6), the calculated results
predict excitation energies that are 0.34 eV and 0.49 eV higher

Table 6 Vertical triplet excitation energies of polyenes with N n-electrons
computed using CASSCF, MR-CISD, MR-CISD+P, MR-AQCC, and CASPT2
methods. Calculations were performed with the cc-pVDZ basis set

Method
N State CASSCF MR-CISD MR-CISD+P MR-AQCC CASPT2
6 13B; 2.860 2.940 2.948 2.945 2.941
13A; 4.421 4.574 4.608 4.598 4.553
8 13BL_‘ 2.539 2.563 2.581 2.562 2.569
13A§ 3.845 3.931 3.933 3.928 3.925
10 13B; 2.330 2.321 2.330 2.294 2.335
13Ag 3.429 3.502 3.465 3.466 3.466
12 13B; 2.193 2.169 2.182 2.137 2.178
13A§ 3.121 3.182 3.116 3.121 3.140
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Table 7 Experimental estimates for gas-phase vertical excitation energies
(eV) for the two lowest triplet states of polyenes with N r-electrons

N State Experimental data
6 1°B; 2.61¢

1°A; 4.11¢
8 1°B, 2.10°

1°A; 3.55”

“ Band maximum of low-energy electron impact spectrum.®’ * Band
maximum of electron energy-loss spectrum.®?

than the band maximum for the 1°B, and 1°A, states, respec-
tively. For octatetraene, the MR-AQCC results suggest that the
excitation energies are 0.46 eV and 0.38 eV higher than the
band maximum of the electron energy loss spectrum for the
1°B, and 1°A, states, respectively.

3.3 Wavefunction analysis

We now shift our focus to analyzing the wave functions of
the polyenes, with particular emphasis on the singlet states.
Fig. S3-S6 (ESIt) illustrate the hole and electron natural transition
orbitals (NTOs) computed at the MR-CISD level for each system.
The transition densities for the excited states 2'A;, 1'By, and 2'B,
of hexatriene, calculated with respect to the ground state, are
shown in Fig. 3. Transition densities for all the systems are depicted
in Fig. S7 (ESIY}).

Examination of the transition density (Fig. 3) shows that for
covalent states, the transition densities are centered along the
bonds, while for the ionic state, they are localized on the atoms.
In covalent states, transition density contributions from either
side of an atom tend to cancel out, resulting in a net zero
transition charge g}, (transition charge values are available in
Section S5 of ESIt). In contrast, ionic states exhibit non-
vanishing transition charges on individual atoms. Moreover,
the importance of o-n electron correlation is evident not only
in the excitation energies but also in the transition densities.
The transition density of the ionic state at the MR-CISD level
shows distinct c-contributions that are absent in the CASSCF
transition density. This observation holds consistently across
all polyenes investigated.

These c-contributions are associated with the reduction of
transition density self-repulsion. Self-repulsion is generally
large when there is significant spatial overlap between the
involved orbitals and becomes smaller when the orbitals are
spatially separated.*>”"#378> The role of transition density self-
repulsion has been investigated by Kimber and Plasser.*"”">
Their works demonstrate that, while the self-repulsion term
raises the excitation energy, it can be compensated by co*
excitations. Consequently, the inclusion of c-contributions in
the wavefunction reduces the energetic penalty of the pure
HOMO-LUMO transition,*® lowering the excitation energy and
resulting in reduced oscillator strengths, as observed in MR-
CISD calculations compared to CASSCF results (Table S5, ESIT).

As anticipated, progressively reducing the degree of o-n
electron correlation by freezing c-orbitals at the CI step has
noticeable effects on transition densities (Fig. 4(a)) and
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Fig. 3 Transition densities (isovalue: £0.002 a.u.) between the ground state and the excited states ZIA;, 1'B}, and 2'By of hexatriene, computed at the
CASSCF and MR-CISD levels of theory. Transition charges on carbon atoms are displayed.

excitation energies (Fig. 4(b)). Freezing 50% of reference doubly
occupied c-orbitals and 50% of reference virtual c-orbitals has
minimal impact on the excitation energies or transition den-
sities. However, as the percentage of frozen oc-orbitals
increases, the o-contributions in the transition densities van-
ish, the excitation energies increase, and size-extensivity correc-
tions become less effective.

Lastly, we examine the evolution of the wavefunction across
the polyene series in terms of ionic character (Qf), multiconfi-
gurational character (PRyro), and single-excitation character

a
core orbitals frozen 60% of o orbitals frozen
50% of o orbitals frozen 70% of o orbitals frozen
b
8.0
CASSCF
7.5
~ 70 — MR-CISD
% —
P MR-CISD+P
<65 — —_—
’ - I = — MR-AQCC

6.0

C-1s 50 60 70 80 90 100
% of o-orbitals frozen

Fig. 4 Influence of freezing o-orbitals in hexatriene on (a) transition
densities (isovalue: +0.002 a.u.) between the ground state and the 1'B};
state, and (b) excitation energies computed at the MR-CISD level with the
cc-pVDZ basis set. The percentage of c-orbitals refers to the percentage
of reference doubly occupied o-orbitals and the corresponding percen-
tage of reference virtual o-orbitals frozen. C-1s indicates that only carbon
core orbitals were frozen.
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(Q). The results for these descriptors are summarized in
Table 8.

The results in Table 8 suggest that the descriptors for excitation
to the ionic state change only slightly across the polyene series. The
Qf values effectively distinguish the ionic state from the covalent
states by indicating significant transition charges localized on
individual atoms, as has been observed in other systems.*® Addi-
tionally, the NTO participation ratio (PRxto) shows that the ionic
state is predominantly described by a single pair of hole and
electron NTOs, which is consistent with the fact that these are
predominant HOMO-LUMO transitions. The single-excitation char-
acter (Q2), with values higher than 0.8, emphasizes its singly-excited
nature with only minor correlation contributions.

In contrast, the covalent states exhibit more pronounced changes
in their wavefunction descriptors throughout the series. The multi-
configurational character of the 2'A; state remains nearly constant,
while for the 2'By state it increases slightly as the chain lengthens.
Regarding the single-excitation character €, we note that this value is
below 0.5 for both covalent states of all molecules investigated,
highlighting that these states possess more than 50% double
excitation character. In addition, we note that the single-excitation
character slightly decreases suggesting that the contribution of

Table 8 Characterization of excited states based on ionic character Qg,
single-excitation character Q, and NTO participation ratio PRyto calcu-
lated from the MR-CISD wave function

N State Q} PRyro Q

6 2'A, 0.089 1.994 0.404
1'B;, 0.872 1.087 0.871
2'B; 0.117 1.994 0.468

8 2'A; 0.090 2.029 0.368
1'B;, 0.879 1.101 0.854
2'By 0.148 2.158 0.402

10 2'A; 0.078 2.062 0.344
1'B;, 0.889 1.119 0.839
2'B; 0.120 2.176 0.366

12 2'A; 0.071 2.094 0.324
1'B], 0.914 1.137 0.829
2'By 0.129 2.247 0.350
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doubly excited configurations grows with the length of the chain for
both the ZlAg and 2'B states.

4. Conclusions

The relative position of the ionic 1'B{, excited state in polyenes is
strongly influenced by the level of theory employed due to the
more sensitive nature of this state with respect to electron
correlation and orbital relaxation effects. Thus, a proper descrip-
tion of ionic states requires a combination of factors at the
variational MR-CISD and MR-AQCC levels. Polarization through
enhanced o-n electron correlation significantly stabilizes the
ionic state, whereas covalent states are already well described
with an adequate treatment of non-dynamic correlation invol-
ving valence m-orbitals. Expanding the basis set to include larger
polarization shells further stabilizes the ionic state but has
minimal effect on covalent states. Additionally, size-extensivity
corrections play a crucial role in stabilizing the ionic state.
Therefore, an accurate description of the ionic state requires
extensive treatment of o-n electron correlation, a sufficiently
large basis set, and the inclusion of size-extensivity corrections.

Based on these considerations, MR-CISD+P and MR-AQCC
provide mutually consistent predictions that the 1'B], state is
the first excited state in hexatriene and octatetraene. These
findings align with theoretical reference benchmark values. For
decapentaene, extrapolated MR-CISD+P results suggest that the
2'A; and 1'B; states are nearly degenerate, while MR-AQCC
indicates that the ionic state lies approximately 0.2 eV below
the covalent state. For dodecahexaene, the high computational
cost associated with using an appropriate basis set precluded
an accurate assignment of the ordering of the two low-lying
states. However, our findings using the cc-pVDZ basis set
suggest that the covalent 2'A, state is the lowest excited state,
lying 0.2 eV below the ionic state at the MR-CISD+P level, while
MR-AQCC results suggest that these states are virtually degen-
erate. The triplet states 1°A; and 1°B, are already well-
described at the CASSCF level and can be reliably calculated
using MR-CISD, MR-AQCC, or CASPT2.

Wavefunction analysis further revealed how the character of
the wavefunctions evolves across the series in terms of ionic
character, multiconfigurational character, and single-excitation
character. The ionic state remains consistently well-represented
by a single HOMO-LUMO excitation, whereas the contribution
of doubly excited configurations increases with chain length for
both covalent states. Notably, the 2'By state exhibits an increas-
ingly multiconfigurational character as the chain lengthens.
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