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Excited-state geometries and electronic spectra of butadiene, acrolein, and glyoxal have been
investigated by the symmetry adapted cluster configuration interaction (SAC-CI) method in their
s-trans conformation. Valence and Rydberg states below the ionization threshold have been
precisely calculated with sufficiently flexible basis sets. Vertical and adiabatic excitation energies
were well reproduced and the detailed assignments were given taking account of the second
moments. The deviations of the vertical excitation energies from the experiment were less than
0.3 eV for all cases. The SAC-CI geometry optimization has been applied to some valence and
Rydberg excited states of these molecules in the planar structure. The optimized ground- and
excited-state geometries agree well with the available experimental values; deviations lie within
0.03 A and 0.7° for the bond lengths and angles, respectively. The force acting on the nuclei caused
by the excitations has been discussed in detail by calculating the SAC-CI electron density difference
between the ground and excited states; the geometry relaxation was well interpreted with the
electrostatic force theory. In Rydberg excitations, geometry changes were also noticed. Doubly
excited states (so-called 2 lAg states) were investigated by the SAC-CI general-R method
considering up to quadruple excitations. The characteristic geometrical changes and large energetic

relaxations were predicted for these states. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2200344]

I. INTRODUCTION

The investigations of the spectroscopy and photochem-
istry of conjugated molecules are unabated in order to clarify
the role of conjugation and the electronic properties of their
excited states have been of considerable interest for many
years. For understanding the spectroscopic properties of
m-conjugated molecules, electronic spectra of butadiene, ac-
rolein, and glyoxal are fundamental and an important sub-
ject. Therefore, various experimental techniques were ap-
plied to characterize the electronic excited states of these
molecules. The UV absorption spectra of glyoxal and ac-
rolein were first reported by Walsh and co-workers.'™ Later
on, electron impact excitation,” electron energy loss spectros-
copy (EELS),”’ UV absorption spectra,g_10 resonance Ra-
man scattering spectroscopy“ methods were applied to these
molecules. However, in some cases, contradictory results
were obtained; for example, in frans-butadiene, resonance
Raman scattering study showed that 1 IBM state is energeti-
cally higher than 2 'A . state, whereas multiphoton ionization
(MPI) or EELS experiments reported the reverse order.
Many theoretical works have also been performed to inves-
tigate the electronic spectra of these molecules.'” ™ Ab initio
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methods such as the symmetry adapted cluster configuration
interaction (SAC-CI),'® complete active space perturbation
theory to second order (CASPT2),"** multireference
Moller-Plesset (MRMP),23 and multireference configuration
interaction®** (MRCI) were utilized to calculate the vertical
excitation energies of these molecules. In the recent years,
the low-lying excited states of trans-1,3-butadiene were in-
tensively examined, in particular, the 2 1A ¢ and 1 lBu excited
states by MRCI with singles and doubles (MR-CISD) and
multireference averaged quadratic coupled cluster (MR-
AQCCQC) methods™ and the 2 lAg excited state by using a
variety of ab initio methods, complete active space self-
consistent field (CASSCF), CASPT2, multireference singles
and doubles configuration interaction (MRSDCI), and
quasidegenerate variational perturbation theory (QDVPT).31

The geometry relaxation in the excited states is of spe-
cial interest, since the excited-state geometries are respon-
sible for the shape of the absorption spectra as well as the
emission spectra. Accurate theoretical investigation on the
excited-state geometries has become pos.sible.24‘27’29 For the
present 4m-electron systems, some theoretical works were
reported for the stable geometries of the low-lying valence
excited states. However, the analytical energy gradients are
not so common to the highly correlated methods which de-
scribe both static and dynamics correlations. Among corre-
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lated methods, SAC-CI,32’33 restricted active space self-
consistent field (RASSCF),” and MRCI** energy gradients
are available. Therefore, further methodological develop-
ments and extensive applications for the excited-state geom-
etries are expected.

For 1,3-butadiene, many theoretical works have been
performed for the electronic spectra. Kitao and Nakatsuji16
studied the valence and low-lying Rydberg states in both
trans and cis forms by using the SAC-CI method. They in-
vestigated the vertical excitations and gave the reliable as-
signments for the optically allowed lBu states. They showed
that both o- and m-electron correlations are important for
calculating the various excitations. Calculation by means of
linear and quadratic response theories also has been per-
formed for the low-lying levels of this molecule.” Recently,
second order multireference perturbation theory using an op-
timized partitioning (MROPT2) was applied to calculate the
excited states of butadiene and other molecules.”® The
excited-state geometries of the valence exited states of this
molecule were also investigated. Szalay et al. studied the
planar and nonplanar structures with multiconfiguration self-
consistent field (MCSCF).** Boggio-Pasqua ef al. performed
the RASSCF calculation to examine the geometries of the
ionic and covalent excited states of butadiene.”’

For acrolein, valence and Rydberg excited states of cis-
and frans-acrolein were recently investigated by using
CASPT?2 and time-dependent density functional theory (TD-
DFT) methods.”” Accurate assignments were proposed com-
paring with the experimental results. They also studied the
solvent effect of this molecule in aqueous solution. Although
the excitation energies estimated by the CASPT2 and TD-
DFT methods agree well, the oscillator strength values differ
among these calculations. For some transitions, differences
were also found in the excitation energies between the
CASPT2 and multistate CASPT2 (MS-CASPT2) calcula-
tions. They also studied the geometry relaxation of three
lowest valence excited states with unconstrained geometry
optimizations.

For glyoxal, the SAC-CI method with direct-type algo-
rithm was applied to the singlet and triplet excited states.
The adiabatic excitations were also examined and the agree-
ments with the experimental values were encouraging. The
excitation energies for this molecule estimated by the SCE?*
CL?° and CASSCF (Ref. 36) calculations are also available
for some low-lying excited states; however, the agreement
with the experimental values was not good. For this mol-
ecule, the electron correlations were found to be important
for reproducing the order of the n*, n~, 7m-_o- and 7c_+
valence ionized st21t<es,2(”37’38 and therefore sufficient electron
correlations should be evaluated for the accurate calculations
of the excited states.

The SAC-CI method®*" has firmed its applicability in
the wide varieties of subjects in chemistry and physics, such
as in molecular spectroscopy, biological photochemistry, and
surface chemistry.41 The analytical energy gradients of the
SAC-CI method are available for various kinds of electronic
states.’>***? The method is useful for studying the excited-
state geometries, dipole moments, and vibrational frequen-
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cies of molecules. In this work, we applied the SAC-CI
method to the accurate assignments of the electronic spectra
of s-trans 1,3-butadiene, s-trans acrolein, and s-frans glyoxal
up to high energy region and to the investigation of the
excited-state geometries of these molecules. The o- and
m-electron correlations which are crucial for the proper de-
scription of the ionic and covalent excited states can be well
described by the SAC-CI method. By calculating the electron
density difference between the ground and excited states
with the SAC-CI method, the geometry relaxations in the
excited states were discussed based on the electrostatic force
(ESF) theory proposed by Nakatsuji.43

Il. COMPUTATIONAL DETAILS

The excitation energy and the excited-state geometries
for the singlet and triplet excited states were calculated. For
calculating the vertical excitations, the double-zeta basis sets
due to Huzinaga/Durming44 plus one polarization
[4s2pld/2s] were adopted with double-zeta Rydberg func-
tions for describing 3s3p3d (2s52p2d) and 4s4p orbitals
[252p] (Ref. 45) for butadiene and glyoxal, and 3s3p3d
(252p2d) orbitals for acrolein. Hence, the numbers of atomic
orbitals (AOs) were 188, 152, and 180 for butadiene, ac-
rolein, and glyoxal, respectively. The 1s orbitals of first-row
atoms and their counterpart molecular orbitals are kept fixed
and excluded from the active space, and therefore the active
spaces for calculating the vertical spectra are 172, 136, and
164 molecular orbitals (MOs).

For the excited-state geometry calculations, we included
the 3s3p Rydberg functions [2s2p] (Ref. 45) along with
DZI1P basis for all these three molecules. The minimum-
orbital deformation (MOD) method with frozen-core orbitals
was adopted in the SAC-CI geometry optimization. There-
fore, the active spaces used in the geometry optimization
step are 11 occupied MOs for each molecule and 89, 85, and
81 unoccupied MOs for 1,3-butadiene, acrolein, and glyoxal,
respectively.

Since the present valence and Rydberg excited states are
dominantly described by single excitations, we used the
SD-R calculations. To reduce the computational effort, the
perturbation selection scheme was adopted.46 The LevelTh-
ree accuracy was adopted to calculate the large number of
excited states accurately. The threshold of the linked terms
for the ground state was set to \,=1.0X 1075. The unlinked
terms were described as the product of the linked operators
with SDCI coefficients larger than 0.005. For excited states,
the threshold of the linked doubles was set to A,=1.0
X 1077, The thresholds of the CI coefficients for calculating
the unlinked operators were 0.05 and 0.00 for the R and S
operators, respectively.

The SAC-CI geometry optimization was performed with
the CI-singles (CIS) optimized parameters as the initial ge-
ometry. The initial geometries of CIS calculations were due
to experimental ones.*’ The geometry optimizations were re-
stricted to planar structures for all molecules. The SAC-CI
general-R calculations,** including up to quadruple excita-
tions, were also performed for estimating vertical excitation
energies and optimized geometries of the doubly excited
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TABLE 1. Vertical excitation energy (AE in eV), oscillator strength (f), and the electronic part of second moment ((r?) in a.u.) of s-trans 1,3-butadiene for
various singlet transitions using [4s2p1d/2s]+[2s2p2d|(n=3)+[2s2p](n=4) basis set.

SAC-CI
SAC-CI® MR- MR-CC DC-MR

State/nature Expt. AE f ()  CASPT2* (previous) MROPT® RASSCF® AQCC® MRSDCIf CI-PS¢  SD-CI"

XA 0.0000 3419

8 . .
2'A, (V.me—c+)! 6.56  0.0000 3519 6274 7.05 6.83 6.93 6.60 6.24 6.53 6.40
6.55 6.78

3'4, (me—c-—3d,) 7485 747 0.0000 490.0  7.47 7.38

4'A, (me_c-—3d,,) 7.805  7.84 0.0000 549.2 7.86

5'A, (me_c-—4d,) 8.22  0.0000 661.1

6'A, (me_c-—4d,) 8.57 0.0000 576.6

1'B, (mc_c-—35) 621" 6.8 0.0000 3950 629 6.32

2'B, (me—c-—3dp22) 7285 728 00000 4714 730

7.30'

3'B, (mc—c-—3d,,) 733 0.0000 467.8

4'B, (me_c-—3d2) 742 0.0000 4659

5'B, (mc_c-—4s) 7.64 0.0000 579.6

6'B, (Te_c-—4da_y2) 8.05 0.0000 730.8

7'B, (me—c-—4d,) 8.13  0.0000 674.8

8'B, (me—c-—4d2) 8.19  0.0000 613.1

1A, (me_c-—3p,) 6.64' 645 0.0000 3962  6.56 6.56

2'A, (Te—c-—3p,) 6.80' 6.65 0.0350 4244  6.69 6.74

314, (Tec-—4py) 7770 0.0017 5724

4'A, (Te—c-—4p,) 778 0.0098 637.8

5'A, (Te_c-—4f2y) 7.93  0.0000 595.6

6'A, (Te—c-—4f2) 7.97  0.0001 585.2

714, (Te—c-—4f,2) 8.05 0.0066 546.0

814, (Te—c-—4f.2) .14 0.0000 5334

1'B, (V, me—c-) 5925 633 0.6467 366.1 623 6.43 6.52 6.60 6.36

6.25™

2'B, (me—_c-—3p.) 707 7.08 02453 4138 670 7.08 7.02

3B, (me—c-—4p,) 786" 790 0.0016 5879  7.79 7.91

4'B, (me_c-—4f2,) 8.00° 8.05 0.0059 526.8

5'B, (Te—c-—4f ) 8.18" 812 0.0176 549.9

6'B, (mc_c-—4f.3) 8.14 0.0061 532.1

“Reference 21.
PReference 16.
‘Reference 28.
Reference 29.
‘Reference 30.
'References 24 and 25.
€Reference 55.

states. The GAUSSIAN 03 suite of programs49 has been utilized
for the SAC-CI calculations. Interested readers may glean
much information from the articles*' and references therein.

lll. ELECTRONIC SPECTRA
OF S-TRANS 1,3-BUTADIENE

In this section, we first discuss the valence and Rydberg
excited states of s-trans 1,3-butadiene. The SAC-CI results
of the singlet and triplet excited states are summarized for
the vertical excitations in Tables I and II, respectively, with
the experimental and other theoretical values. The calculated
ionization threshold is 8.80 eV with the present basis set in
comparison with the experimental one, 9.09 eV.%" The devia-
tions of the vertical excitation energies from the experimen-
tal values are less than 0.3 eV in all cases. For the
single photon process, the transitions to A, or B, states are
optically allowed and the transitions to g-symmetry state are
forbidden.

"Reference 31.

ISAC-CI general-R calculation.
JReference 51.

References 4-6.

'References 9 and 53.
"Reference 10.

Strong absorption for the 1 'B, state was observed ex-
perimentally at 6.25 eV,'" which is 0.08 eV lower than our
value of 6.33 eV. Other theoretical values for this transition
are 6.60 eV (Ref. 29) (RASSCF), 6.23 eV,2"*2 6.06 eV (Ref.
51) (CASPT2), 590 eV (Ref. 52) (TDDFT), and 6.18 eV
(Ref. 30) (MR-AQCC). Thus most of the recent theoretical
values are converging at 6.2 eV for this ionic state. From the
SD-R calculations, we found that the contributions of doubly
excited configurations were significant to the 2 lAg state.
Hence, for this state, we performed the SAC-CI general-R
calculations and obtained a value of 6.56 eV. This state, as
reported by Doering and McDiarmid,”™ is of valence char-
acter, which corroborates our result. Some experiments have
assigned this state at quite low energy, ranging from a value
of 5.4 to 5.8 eV.""** The EELS experiment reported a value
of 7.08 eV (Ref. 4) or 7.3 eV (Refs. 5 and 9) for this state.
Our value is in good agreement with the value (6.53 eV)
obtained by the MR consistent correlation CI perturbation
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TABLE II. Vertical excitation energy (AE in eV) and the electronic part of
second moment ((+?) in a.u.) of s-trans 1,3-butadiene for triplet transitions
by the SAC-CI method with [4s2p1d/2s]+[252p2d)(n=3)+[252p](n=4)
basis set.

SAC-CI

_— SAc-cr
State/nature Expt™ AE (r*  MRCI® (previous)
1A, (V, me_c+) 491 508 3441 495 5.15
2°A, (Te—c-—3s) 736 4442 722
374, (Te—c-—3d,) 742 4747 7.26
4°A, (Te_c-—3d,,) 7.99 4772
5°A, (me_c-—4d,) 8.17 590.1
6°A, (Te_c-—4d,) 857 655.1
1°B, (me_c-—35) 6.14 3934  6.17
2°B, (me_c-—3d2.2) 726 4702  7.29
3°B, (mc—c-—3d,,) 732 464.0
4°B, (me—c-—3d,) 7.40 4642
5°B, (me_c-—4s) 7.62 5762
6°B, (me_c-—4d,2_2) 8.04 7288
7°B, (me_c-—4d,,) 812 6702
8B, (me_c-—4d2) 8.16 617.9
1°4, (me_c-—3p,) 645 3965  6.48
2°A, (me—c-—3p,) 681 661 4213  6.67
34, (me_c-—4p,) 7.69 5653
434, (Te—c-—4p)) 776 5580
5°A, (Te—c-—4f2) 777 4292
6°A, (Te—c-—4f2) 792 592.9
7°A, (me_c-—4f,2) 797 586.6
84, (mc_c-—4f:2) 8.04 5426
1°B, (V, me—c-) 322 320 3425 3.24 3.48
2°B, (mc_c-—3p.) 679 4180 755 6.65
3B, (me_c-—4p.) 7.89 5848  7.92 7.83
4°B, (me_c-—4f2) 803 561.7
5°B, (Te—c-—4fyy2) 8.06 524.8
6°B, (mc_c-—4f) 8.13 5224

“Reference 17.
dReference 16.

“References 4-6.
"Reference 2.

selected (MR-CCCI-PS),” and 6.40 eV of DC-MRSDCI
(Ref. 31) and 6.55 eV of MR-AQCC calculations.”> MROPT
(Ref. 28) calculation estimated this state at 6.83 eV, MRS-
DCI estimated value of 6.77 eV,25 and CASPT?2 calculation
reported a value of 6.27 eV.>! The CASPT2 tends to predict
low excitation energy, especially for the doubly excited
states.

Analyzing the electronic part of the second moment (r2),
we found that both the 1 'B, state with (+2)=366.1 a.u. and
the 2 lAg state with (#?)=351.9 a.u. have purely valence
character as reported in the previous studies. By including
o- and 7r-electron correlations, reliable values of {(+?) can be
obtained for these ionic and covalent states. The z compo-
nent of the second moment was calculated to be (z?)
=35.5 a.u. for the 1 'B, state and (z2)=73.0 a.u. for the 2 'B,,
state. In the previous SAC-CI calculation,16 these values
were (z2)=44 and 65 a.u., for the 1 lBu and 2 IBM states,
respectively. Kitao and Nakatsuji16 showed that 7- and
og-electron correlations are important for the ionic valence
excited states of trams-butadiene and the wave function
of the ionic valence excited state expands like a Rydberg
state without o-electron correlations. In the present calcula-
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tion, therefore, the o-electron correlation was also well de-
scribed.

We obtained the ionic 1'B, state energetically lower
than the covalent 2 'A . state which is supported by most of
the previous computations and experiments. The oscillator
strength was calculated to be 0.65 for the 1 'B,, state in com-
parison with the observed™® value (=0.4) and the previous
SAC-CI (Ref. 16) value (0.47) showed quite good agree-
ment. The present oscillator strength is in good agreement
with the CASCI value of 0.69 of Serrano-Andres er al.*' It
differs, however, by an order from the corresponding value
of 0.07 by Buenker ef al’’ with MRCIL The oscillator
strength of 0.245 for the 2 IBM state agrees well with the
previous SAC-CI (Ref. 16) value of 0.234.

Next, we discuss the Rydberg excited states, which are
calculated in high accuracy by the SAC-CI method. As com-
pared in Tables I and II, the present results agree very well
with the experimental values. We calculated the 2 'B, state at
7.08 eV as mc_c-—3p, Rydberg transition which agrees
very well with the experimental value, 7.07 eV.*® Other 3p
Rydberg transitions were obtained at 6.45 and 6.65 eV in A,
symmetry, for x and y components, respectively, whose os-
cillator strengths are small. Rydberg 3s state, 1 1Bg, was cal-
culated to be 6.18 eV, in good agreement with the experi-
mental value of 6.21 eV.” Transitions to 3d Rydberg states
are all dipole forbidden, Ag and B, states, and they were
calculated in the energy region of 7.28-7.84 eV above the
ground state. The 3dx2_y2, 3dyz, and 3d,, states were calcu-
lated to be 7.28, 7.47, and 7.84 eV, in comparison with the
experimental‘P6 values of 7.28, 7.48, and 7.80 eV, respec-
tively.

For the transitions to n=4, Rydberg 4s, 4p, and 4d states
were obtained in the energy regions of 7.64, 7.70-7.90, and
8.05-8.57 eV, respectively. Since the Rydberg functions of
lower angular momentum was placed on each carbon, Ryd-
berg 4f states were described in the present calculation. We
also confirmed the present assignment by other SAC-CI cal-
culations with 4f Rydberg function placed on the center of
molecule. Experimentally, Doering and McDiarmid’ reported
an optically allowed Rydberg (4f) transition at 8.18 eV. We
have assigned this transition to mc_c—4f,,, state calculated
at 8.12 eV.

Now, we discuss the triplet excited states corresponding
to the singlet excited states for which we performed calcula-
tions. The lowest two triplet states, i.e., 1 3Bu and 1 A o Were
observed experimentally4’5 and the theoretical results show
good agreement with the experiment; the present values are
3.20 and 5.08 eV, in comparison with the experimental val-
ues of 3.22 and 4.91 eV, respectively. For the triplet Rydberg
states, Price and Walsh? reported the transition at 6.81 eV,
which was assigned to the 7-_c-—3s Rydberg transition.
For this transition, we calculated the 3p, triplet excited state
(2°A, state) at 6.61 eV. The CI calculation performed by
Shih et al."’ reported a value of 6.67 eV for the same tran-
sition, which agrees well with the present values. Our assign-
ment of 7c_c-— 3p, for the 2 B, state also corroborates the
previous SAC-CI assignment 3pm by Kitao and Nakatsuji;](’
the excitation energy differs by an amount of 0.14 eV.
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FIG. 1. Geometries for the ground and excited states of s-trans 1,3-
butadiene optimized by the SAC-CI method. Bond lengths and angles are in
A and degree, respectively.

IV. GROUND- AND EXCITED-STATE GEOMETRIES
OF S-TRANS 1,3-BUTADIENE

The equilibrium geometries for the ground and some ex-
cited states of butadiene optimized by the SAC-CI method
are displayed in Fig. 1. The ground state of trans-butadiene
has the planar C,,, structure and the excited-state geometries
are examined with restricting the C,,, structure, though non-
planar structures were reported to be stable in some excited
states.”’ Recently, it was reported that the T, (1 °B,) state of
butadiene has planar structure.”® In Table 11, we summarlzed
the comparison of the C—C bond length and CCC bond
angles with the experimental and other theoretical values.
The adiabatic transition energies are given in Table IV.

The optimized ground-state geometry is in excellent
agreement with the experimental one.”” The terminal
C,=C, bond length is deviated by only 0.005 A from the
experimental value and we got the same C,—C5 bond length
as the experimental one. The RASSCF calculation” showed
deviations of 0.011 and 0.003 A for C,=C, and C,-C4
bond lengths, respectively, while the CASPT2 (Ref. 59) es-
timation deviates by 0.008 and 0.011 A. The CCC bond
angle in the present study shows the deviation of 0.5° from
the experimental value.

For the excited states, planar C,, structure is interesting
to examine the large geometrical change, although stable
nonplanar structures were found in some excited states, for
example, the C, structure was found to be a minimum in the
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TABLE III. Comparison of optimized geometries for s-frans 1,3-butadiene
using [4s2p1d/2s]+[2s2p](n=3) basis set. Bond length and angle are in A
and degree, respectively.

State/nature Method Cc=C Cc-C /. CCC
X'a, SAC-CI 1.340 1.465 123.8
Expt.* 1.345 1.465 1233

RASSCF’ 1.351 1.468 123.9

CASPT2° 1.348 1.454 123.6

2'A, (V.me_c+) sac-cr 1.442 1.427 1233
RASSCF’ 1.501 1.421 123.0

CASPT2° 1.499 1.418 123.4

LB, (V,me_c) SAC-CI 1.411 1.397 124.1
RASSCPF® 1.414 1.495 1222

CASPT2° 1.421 1.399 124.1

1°B, (V,me_c-) SAC-CI 1.445 1.370 124.5
MCQR® 1.457 1.361 1243

1A, (V. me_c+) SAC-CI 1.415 1.523 1225
MCQR® 1.435 1.477 122.9

“Reference 47.
PReference 29.
“Reference 59.

dSAC-CI general-R calculation.
‘Reference 77.

RASSCF work by Boggio-Pasqua et al.”® For the doubly
excited valence 2 'A o state, we performed the SAC-CI
general-R optimization. For this state C=C bond length in-
creases by 0.102 A and the C—C bond length decreases by
0.035 A. The C=C bond length is deviated by ~0.059 A
from that of the CASPT2 (1.501 A) and RASSCF (1.499 A)
estimations.” But the C—C bond length and ZCCC show
good agreement.

Noticeable elongations by 0.071, 0.105, and 0.075 A of
the C;=C, bond length were calculated for the other va-

TABLE IV. Adiabatic and vertical excitation energy (in eV) for excited
states of s-trans 1,3-butadiene using [452p1d/2s]+[2s2p](n=3) basis set.

State/nature Method Vertical Adiabatic
2'A, (V.me_c+) SAC-CI* 6.56 5.38
CASSCF’ 6.63 5.30
CASPT2" 6.25 5.02
RASSCF 6.93 5.81
CASPT2¢ - 5.37
1'B, (V,Te—c-) SAC-CI 6.36 6.03
Expt e 5.73

Expt.’ 6.25 e

CASPT2¢ “e 6.18
RASSCF* 6.60 6.22
MRCI® 6.70 6.44
2'B, (me_c-—3p.) SAC-CI 7.13 6.91
B, (me_c-—4p.) SAC-CI 8.21 7.96
1A, (me—c-—3p)) SAC-CI 6.50 6.29
2'A, (me—c-—3p,) SAC-CI 6.68 6.46
1'B, (me_c-—3s) SAC-CI 6.17 5.99
1°B, (V,7mc_c-) SAC-CI 321 2.62
1A, (V,me_c+) SAC-CI 5.07 470
1°B, (me—c-—35) SAC-CI 6.12 5.94

*SAC-CI general-R calculation.
PReference 31.
“Reference 29.
dReference 59.

‘Reference 60; Nonplanar confor-
mation.

fReference 10.

#References 24 and 25.
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lence excited states, 1 lBu, 1 3Bu, and 1A - respectively. For
the 13Bu and ISBM states, the C,—C; bond lengths were
calculated to shrink by 0.068 and 0.095 A, respectively,
while the C,—C; bond length of 1 3Ag state elongated by
0.058 A. The SAC-CI geometries of the 1 lBu state in Cy,
structure are in fairly good agreement with those of CASPT2
by Page and Olivucci®® and RASSCF (Ref. 59) calculations.
Discrepancy was found for only the 2~ CCC in the RASSCF
calculation by an amount of 1.9°. The C;=C, bond length
increases for every excited state due to the reduction in bond
order and this is more clearly explained by the SAC-CI den-
sity difference as discussed below. The change in £ CCC is
not unique among the excited states. For 1 'B, and 1°B,
states, the CCC bond angle increases slightly and for other
cases it decreases as shown in Fig. 1.

Among the triplet excited states for which SAC-CI ge-
ometry optimization was performed, the maximum energy
lowering due to geometry relaxation is obtained for the 1 SBM
state as 0.59 eV. The energy lowering for the 1 ]Bu and 1 °A <
states were calculated to be 0.33 and 0.37 eV, respectively.
Adiabatic energy for the 1 lBu state in C,;, structure has been
examined by several authors. The CASPT?2 calculation pre-
dicted it as 6.18 eV,” and the RASSCF calculation placed it
at 6.22 eV.” These values deviate by ~0.2 eV from the
present value of 6.03 eV, whereas the MRCI gave much
higher energy, 6.44 ev.H Experimentally, the adiabatic exci-
tation energy for the 1 lBu state was measured as 5.73 eV,
which is lower than the theoretical values; nonplanar C,
structure should be responsible for this energy. The 2 lAg
state showed large relaxation energy, 1.18 eV, because of
large geometry change such as the increase of the
C,=C, (C;=C,) bond length by 0.102 A. Adiabatic tran-
sition energy for this state obtained in the present calculation
is 5.38 eV which is in agreement with the CASSCF value of
5.30 eV.?! The CASPT?2 calculated values are 5.02 eV (Ref.
31) and 5.37 eV.”’

The SAC-CI geometry optimization was also performed
for several Rydberg excited states in C,, structure; the ge-
ometry changes of the Rydberg states were smaller than
those of the valence excited states as expected. For the Ry-
dberg states, the elongation of the C;—C, bond is around
0.04—0.05 A, while for the valence excited states it is around
0.1 A as mentioned above. Similarly, the change in the
C,—C; bond length is larger for the valence states than the
Rydberg states. The electron density distribution is much
more affected by the valence excitation than the Rydberg
excitation. The C-H bonds decrease in length in the excited
states. The HC,H bond angles increase by 0.6°-1.7°, while
C,C3H bond angles decrease by 0.1°-2.7° in the excited
states.

These changes in the geometry due to excitation can be
explained using ESF theory proposed by Nakatsuji.43 We dis-
cuss here some of the geometry changes in the excited states
of butadiene based on the ESF theory. The electron density
differences between the ground and excited states are shown
in Fig. 2. The electron density in the C;=C, (C;=C,) bond
region decreases and that in the C,—C; bond region in-
creases. More precisely, the electron density in the o-bond
region increases and the density in the m-bond region de-

J. Chem. Phys. 125, 014316 (2006)

B, I’B,

FIG. 2. (Color) SAC-CI electron density difference between the ground and
excited states of s-frans 1,3-butadiene. Blue: decrement; red: increment
(interval=0.003).

creases in general. As a consequence, the C;=C, (C;=C,)
bond increases in length and the C,—C5 bond decreases. For
the excited 1 'B, and 1 *B,, states comparatively large incre-
ment in electron density was obtained which is supported by
the change in C,—C; bond. Similarly, the C,—H; bond de-
creases in length for the 1 'B gand 1 B . excited states due to
an increase of electron density along this bond region. Be-
cause of the decrement of electron density in the
C,=C, (C3=C,) bond region, the exchange (EC) force
along this bond decreases, resulting to an increment of the
£HCH (LHC4H) for all the excited states.

V. ELECTRONIC SPECTRA OF S-TRANS ACROLEIN

The SAC-CI results of the singlet and triplet excited
states of acrolein for vertical transition are summarized in
Tables V and VI, respectively. The first ionization potential
(IP) obtained from the present calculation was 9.82 eV, in
comparison with the experimental value of 10.10 eV The
Hartree-Fock orbital sequence of acrolein is expressed as
(12a")*(1a")?*(13a’)*(2a")*(3a")° and the absorption of ac-
rolein is due to the 7 electrons and nonbonding oxygen elec-
trons, i.e., excitations from the 24” and 13a’ MOs, respec-
tively. Therefore, valence excited states of 2a”—3a"(A’, 7
— ), 13a’ —3a"(A",n— "), and Rydberg excited states
appear below the ionization threshold.
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TABLE V. Vertical excitation energy (AE in eV), oscillator strength (f), and the electronic part of second
moment ((+2) in a.u.) for the singlet transitions in s-trans acrolein using [4s2p1d/2s]+[25s2p2d](n=3) basis set.

SAC-CI CASPT2" MS-CASPT2°

Expt.!
State/nature AE  AE F ) AE N AE TDDFT®
x'a’ 299.5
2'A" (V, 7o) 6.42 692 03660 3143 694 0.6550 6.10
3'A (V, meo) 8.16 0.0948 3105 7.43 0.0140 7.80 8.20
4'A" (ng—3s) 710  7.19 02355 3366 675 0.0390 6.97
5'A" (no—3p,) 758 7.61 0.0420 3575 7.39 0.0110 7.55
6'A" (no—3p,) 777 783 0.0072 3816 7.26 0.0680 7.49
7'A" (Te_c—3p,) 837 848 0.0078 3540 8.04 0.0470 7.91
814" (mo_c—3d,,) 849 858 0.0118 4430 7.73 0.0050 8.45
9'A" (no—3d,2_,2) 8.60 0.0004 4255 8.19 0.0001 9.18
10'A" (ng—3d,2) 8.69 0.0024 4348 827 0.0018 9.29
11'A" (no—3d,,) 8.80 0.0013 462.0 7.92 0.0120 8.29
12'A" (me_c—3d,,) 8.84 0.0545 3742 932 0.0580 9.44
1'A” (V,ng) 3.77  3.83 0.0001 2987 3.63 0.0000 3.63
2'A" (V,np) 7.40 0.0000 3157 626 0.0006 6.26
3'A" (e —35) 777  7.67 00546 3486 7.6 0.0520 7.76
414" (no—3p,) 7.86  0.0013 3568 7.74 0.0006 7.74
5'A" (mre—c—3py) 8.13  0.0003 348.8 827 0.0000 8.26
6 'A" (mey,—3p,) 8.55 0.0003 3243 8.66 0.0006 8.65
7A" (7o —3d2) 839 859 0.0022 3687 9.48 0.0000 9.48
8'A” (no—3d,,) 8.62 0.0000 4179 858 0.0001 8.46
9'A" (ny—3d,,) 8.93 0.0000 4165 845 0.0000 8.58
10'A" (e —3d,2_2) 9.14 0.0142 3723 936 0.0007 9.36
114" (me—c—3d,,) 930 0.0000 4162 9.58 0.0090 9.58

“Reference 3.
PReference 27.
“SAC-CI general-R calculation.

Walsh® reported the absorption spectra of the valence
and various Rydberg states for s-frans acrolein. The present
results of the vertical transition energies are in good agree-
ment with the values of Walsh. The only other observed tran-
sition energy for the lowest 1'A” state was reported by
Becker et al.'*> We calculated this lowest singlet state at
3.83 eV which shows a fairly good agreement with the ob-
served values, 3.76 (Ref. 3) and 3.75 eV.'? This is a valence
excitation from nq orbital with very small oscillator strength
of 0.0001. Historically, Dykstra and Schaefer III (Ref. 61)
studied the low-lying singlet and triplet states of acrolein by
the ASCF method and calculated lower excitation energies.
Very recently, a detailed theoretical investigation on the elec-
tronic spectra of acrolein was performed by Aquilante et al”’
using the CASPT2 and TDDFT levels of theories. Excitation
energies for the lowest 1 'A” state were estimated as 3.63,
3.63, and 3.66 eV by using CASPT2, MS-CASPT2, and
TDDFT, respectively. The oscillator strength for this transi-
tion was calculated to be 0.000 23 by TDDFT.

Lowest m— 7 excitation, 2 147 state, was observed at
6.42 eV,3 which is lower than our computed value of
6.92 eV. The MS-CASPT (Ref. 27) calculation estimated
this state at 6.10 eV whereas CASPT2 and TDDFT (Ref. 27)
predicted this state at 6.94 and 6.35 eV, respectively. This
state corresponds to the 1 lBu state of butadiene, isoelec-
tronic molecule, calculated at 6.33 eV. We obtained this tran-
sition dominantly as valence character which is in agreement
with the CASPT?2 result,27 although this state interacts with

TABLE VI. Vertical transition energy (AE in V) and the electronic part of
second moment ((r?) in a.u.) for the triplet states in s-trans acrolein using
[452p1d/2s]+[252p2d](n=3) basis set.

SAC-CI CASPT2*  CASSCF*
State/nature AE ) AE AE
134" (V,7me_¢) 3.87 300.4 3.81 3.93
23A" (V, 7o) 6.21 299.9
334" (ng—3s) 670 3421
43A" (no—3p,) 7.21 351.4
534" (no—3p,) 744 3735
6°A" (me_c—3p.) 8.12 392.7
73A" (Te—c—3d,.) 8.14 3544
834" (no—3do2.,) 843 4762
9°A" (no—3d,,) 8.57 520.0
10°A" (me_c—3d,,) 8.63 342.8
11347 (ng—3d.2) 8.65 5364
134" (V,ne) 3.61 298.8 3.39 3.73
23A" (me_c—35) 7.36 335.0
334" (no—3p,) 7.65 3476
43A" (me—c—3p,) 790 3474
5°A" (mcn,—3p.) 8.25 3433
6°A" (ng—3d,.) 8.32 395.0
73A" (Te—c—3d,y) 834  375.1
834" (V,0c_0) 8.53 3015
9°A" (np—3d,.) 8.87  483.0
10°A" (me_c—3d.2) 8.90 384.0
1134 (mre_c—3d,2) 9.01 495.7

“Reference 27.
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no— 3s transition as seen from the second moments and the
oscillator strengths. This mixing of Rydberg character was
also reported experimentally in some previous studies.'>%
Two more valence excited states, 2 'A” and 3 'A’ at 6.26 and
7.43 eV, respectively, were also reported in the CASPT2
calculation.”” We also got transitions of valence character at
740eV (2'A" ng— ") and 8.16 eV (3 'A’,nc—o— 7).
The TDDFT, CASPT2, and MS-CASPT?2 methods estimated
the 3 'A’ state at 8.20, 7.43, and 7.80 eV, respectively.27 For
2'A" state, the discrepancy between the present and
CASPT2 values is quite large; even the higher R operators
by general-R calculation did not have effect on the result.

Several Rydberg states are also calculated and the theo-
retical excitation energies are in excellent agreement with the
experimental values; this agreement can be recognized by
the comparison with the CASPT2 results.”” The excitations
from ng to Rydberg 3s, 3p,, and 3p, were calculated as 7.19,
7.61, and 7.83 eV, respectively, in comparison with the ex-
perimental values of 7.10, 7.58, and 7.77 eV, respectively.3
The transitions from 7 orbital were predicted in higher en-
ergy region, reflecting the binding energies as 8.48 and
7.67 eV for m— 3p, and m— 3s states, respectively, and the
corresponding experimental values are 8.51 and 7.75 eV,
respectively.3 We also calculated the transitions to Rydberg
3d states and the oscillator strength of these transitions are
reasonably small as seen in Table V. Comparing with the
assignments by the CASPT?2 calculation, the molecular axis
is different between the present and CASPT2 works, other-
wise the present assignment almost agree with the CASPT2
assignments.27 However, for some Rydberg states, the calcu-
lated excitation energies are very different from the CASPT2
values. It was noted that the MS-CASPT2 is reliable for
these Rydberg states.”” We also compared the MS-CASPT2
(Ref. 27) values in Table V and found better agreement for
these Rydberg excitations. However, still a large difference,
~0.6 eV, exists for some Rydberg states, e.g., 'A’(ng
—3d.) and 1A’(no—>3dxy). The assignments for a few
higher Rydberg states are also different. We believe that the
SAC-CI results for Rydberg states are reliable based on
many previous calculations.*®

For the triplet excited states, the lowest triplet 1 *A”(ng
— ") state was calculated to be 3.61 eV. The CASSCF and
CASPT2 calculations reported values as 3.73 and 3.39 eV,
respectively.27 We estimated the second triplet state,
13A" (me_c—7"), at 3.87 eV, which is in good agreement
with the previous theoretical results, CASSCF (3.93 V) and
CASPT2 (3.81 eV).”” We also calculated higher triplet ex-
cited states of Rydberg transitions, which are 0.2-0.5 eV
lower than the corresponding singlet excited states. Unfortu-
nately, there are no experimental and theoretical information
for the higher triplet states for this molecule.

VI. GROUND- AND EXCITED-STATE GEOMETRIES
OF S-TRANS ACROLEIN

Optimized geometries for the ground state and several
excited states of s-tfrans acrolein are displayed in Fig. 3 and
the comparison of geometries has been done in Table VIIL
The adiabatic transition energies are shown in Table VIII.

J. Chem. Phys. 125, 014316 (2006)
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FIG. 3. Geometries for the ground and excited states of s-trans acrolein
optimized by the SAC-CI method. Bond lengths and angles are in A and
degree, respectively.

The ground state geometry agrees very well with the experi-
mental geometry due to Blom and Bauder.*> The C 1—-C,,
C,=C3, and C;=0 bond lengths of the ground state agree
within 0.005, 0.004, and 0.005 A, respectively, with the cor-
responding experimental values, while 2C,;C,C; and
£ C,C O are deviated by 0.5° and 0.4°, respectively. The
present results for the ground state show good agreement
with the CASPT2.”’

The excited-state geometries were examined by the
CASPT2 (Ref. 27) method for three low-lying singlet and
triplet states; 1 'A” and 1 °A” states were found to be planar
and 1A’ state nonplanar. The SAC-CI geometry optimiza-
tion was performed for five excited states of valence charac-
ter, namely, 1 'A”, 214", 134", 234", and 1 *A” states in the
planar structure. Among these states, the 13A" and 234’
states, both of which correspond to 7— 7 transition, were
calculated to be lowered by 0.41 and 0.64 eV, respectively,
due to geometry relaxation. In the case of 1 'A” state we
adopted the localized molecular orbital (LMO) method to
compute the adiabatic transition energy. Using LMO we ob-
tained improvement of the transition energy, 3.38 eV, which
is deviated by 0.33 eV from the corresponding experimental
result of 3.05 eV.* For the other states, 2 'A’, and 13A”
states, the energy stabilizations due to geometry relaxation
were quite small 0.03—-0.1 eV. We got a value of 3.42 eV for
the 1 3A” state, corresponding available experimental value is
3.01 eV." In the ASCF calculation,” the energy obtained
lowering for 1 A’ and 1 °A” states were as large as 1.11 and
0.68 eV, respectively.

For the first singlet excited 1 'A” state, good agreement
was obtained between the experimental and computed geo-
metrics. In this case, we got the same values as the experi-
ment for the C,—=C; bond length and LC1C2C3.64 The
C,-C, and C;=0 bond lengths are deviated by 0.025 and
0.032 A, respectively, from the experimental values.** For all

Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



014316-9 Butadiene, acrolein, and glyoxal

J. Chem. Phys. 125, 014316 (2006)

TABLE VII. Comparison of optimized geometries of ground and four excited states for s-frans acrolein using
[4s2p1d/2s]+[2s2p] (n=3) basis set. The bond length and bond angle are in A and degree, respectively.

State/nature Method C,-C, C,=C; C,=0 £CC,Cy £C,C,0
x'a’ SAC-CI 1.475 1.341 1214 120.3 123.8
Expt.* 1.470 1.345 1.219 119.8 123.4
CASPT2" 1.467 1.344 1.222 120.5 1242
PBEO" 1.471 1.332 1.204 120.7 124.4
1'A" (V,ng) SAC-CI 1.435 1.350 1.288 125.0 1243
Expt.© 1.460 1.350 1.320 125.0 125.0
CASPT2° 1.381 1.393 1.342 123.0 120.0
134" (V,7e—¢) SAC-CI 1.423 1.509 1.236 124.0 1229
CASPT2° 1.437 1.457 1.231 - -
134" (V,ne) SAC-C1 1.441 1.345 1.287 1253 122.9
CASPT2" 1.393 1.380 1.328 e e

“Reference 62.
"Reference 27.
“Reference 64.

the excited states reported here, the C;—C, bond was pre-
dicted to be contracted relative to the ground state whereas
the change in C,=O bond was negligible. For the 2 'A” and
134" states the C,=—C; bond increases by 0.114 and
0.168 A, respectively. This is a clear evidence of me_c
— " transition. A noticeable change, 3.7°, of the 2 C,C,C;
was also predicted for these states, whereas the £ C,C,0 is
changed by 1.2° and 0.9°, respectively. Similarly, 1 'A” and
1 3A” states correspond to no— 7" transition where an elon-
gation of C,=O0 bond length by 0.074 A and an increment
of the £C,C,C5 by 4.7° and 5°, respectively, were obtained.
Most of the SCF optimized geometries of Dykstra and
Schaefer III (Ref. 61) for excited states agree with the
present data. However, there are deviations in some cases.
For example, in the excited 1°A’ state, the C;=—O bond
length is deviated by 0.16 A. The C-H bonds decrease in
length in the excited states. Large decrement of the 2 C,C,H
was obtained, 1.5°-4.2°, in particular for the 2 TA" excited
state, 4.2°. On the other hand, the C,C;H bond angles
opened around 1°-6°; maximum change, 6°, was obtained
for the excited 1 °A” state.

For acrolein, we also calculated the electron density dif-
ference and applied the ESF theory to interpret the geometri-
cal changes. The SAC-CI electronic density differences are
displayed in Fig. 4. For the 2 'A” and 1 *A’ states, the elec-
tron density decreases in the 7 region of C,=Cj bond.

TABLE VIII. Adiabatic excitation energy (in eV) of s-frans acrolein using
[4s2p1d/2s]+[2s2p] (n=3) basis set.

Adiabatic
Vertical

State/nature SAC-CI Expt. SAC-CI CASPT2*
114" (V,ne) 3.84 3.05° 3.38 3.12
214" (V,me_c) 6.95 6.92

1347 (V, 7c_c) 3.73 3.32 1.46
234" (V, 7o) 6.04 5.40

134" (V,ne) 3.53 3.01° 3.42 2.92

“Reference 27.
PReference 64.
“Reference 14; 0-0 transition energies.

Hence, the change of EC force occurs and the C,—=C; bond
length increases. The opposite effect was obtained for the
C,—C, bond due to the increase of electron density in this
o-bond region. The 2C,;C,C; increases also due to the
change in the EC force. On the other hand, the ~C,C,0O
decreases slightly due to the change in atomic dipole (AD)
force as the electron density of the lone pair of oxygen in-
creases. The C;=O0 bond increases whereas the C;-C,
bond decreases as the changes in the electron density and
consequently the changes in the EC force in these bond re-
gions are opposite.

VIl. ELECTRONIC SPECTRA OF S-TRANS GLYOXAL

Vertical transition energies below the ionization thresh-
old of s-trans glyoxal are summarized in Tables IX and X for
singlet and triplet states, respectively. The first IP was calcu-
lated to be 10.49 eV, in agreement with the experimental
value of 10.60 eV.” Glyoxal has delocalized 7 electrons and

2'A"

13An

FIG. 4. (Color) SAC-CI electron density difference between the ground and
excited states of s-tfrans acrolein. Blue: decrement; red: increment
(interval=0.003).
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TABLE IX. Vertical excitation energy (AE in eV), oscillator strength (f), and the electronic part of second
moment ({(+?) in a.u.) for the singlet transitions in s-trans glyoxal using [4s2pld/2s]+[2s2p2d](n=3)

+[252p](n=4) basis set.

SAC-CI
Expt. SAC-CI*

State/nature AE AE f () (previous) CASSCPF®

X'a, 0.00 268.8

2'A, (V.nge) 566 00000  269.4

3'A, (ngr—3s)° 6.55 0.0000 343.9

414, (ngr—3d2) 883 00000 3580

514, (ngr—3d,_ ) 9.03 00000 4002

64, (ngr—4s) 9.07 00000  415.1

7', (nov—3d,,) 924 00000  463.0

1'B, (V.no-) 42944654630 468 00000 2673 4.97 436

2'B, (V.ng) 7.10.% 7.45" 754 00000 2727

3'B, (no+—3d,.) 903 00000 3887

4'B, (no+—3d,.) 9.16  0.0000  416.0

5'B, (gcor—3p,) 9.77 0.0000 408.5

1'A, (V.ng-) 2.8 310 00002 267.2 3.53 3.21

2'A, (ng+—3p,) 8.11 00026 3254

3'4, (V,0c0-) 8.83 0.0004 270.5

4'A, (V,0c0-) 924 00013  284.1

5'4, (ng+—4p,) 939 00020 5163

1'B, (ng+—3p,) 7.9¢ 783 00889  316.1 9.78

2'B, (no+—3p,) 8.17 0.0362 326.8

3'B, (V,mco) 886 04311 2717

4'B, (nor—4p,) 928 00253 5116

5'B, (no+—4p,) 934 00247 5082

“Reference 19.

PReference 36.

“SAC-CI general-R calculation.
dReference 7.

lone-pair electrons on the oxygen atom. The lone pair orbit-
als constitute n* and n~ orbitals. The valence MOs are nt*, n~,
Tc—o-» and 7c_q+ in the order of increasing IP experimen-
tally proposed by Turner,”” which is in agreement with the
present SAC-CI results. The previous systematic SAC-CI
study65 on the valence shell of 47r-conjugated molecules also
gave the same ordering for these states. Therefore, the exci-
tations corresponding to 7— 7 transition are relatively
higher in energy than those of n— 7"; the order of valence
shell is important for the correct assignments of the excited
states.

The first singlet and triplet A, (n— ") states were ex-
perimentally observed and well established. We have calcu-
lated these states at 3.10 and 2.63 eV which deviate by 0.30
and 0.13 eV, respectively, from the corresponding observed
values, 2.8 and 2.5 eV;7 the agreement is better than the
previous SAC-CI calculation." The valence 1 lBg state was
calculated at 4.68 eV in the present calculation and was char-
acterized as the excitation from the ng+ orbital. This result is
corroborated by some experimental works such as the
electron-impact spectroscopy of Verhaart and Brongersma;7
the experimental values were reported as 427 446 and
4.63 eV (Ref. 67) for this state. This state was also reported
by other theoretical calculations,18 however, the estimated
values range widely as 3.47,18 3.96,68 4.97,19 and 4.36 eV.%

In higher energy region, we obtained the Rydberg tran-
sition 1 'B, (n*—3p,) at 7.83 eV which agrees with the ob-
served state at 7.9 eV by Verhaart and Brongersma,7 but,

“Reference 78.
Reference 66.
£References 1 and 70.
"Reference 69.

TABLE X. Vertical excitation energy (AE in eV) and the electronic part of
second moment ((+?) in a.u.) for the triplet transitions in s-trans glyoxal
using [4s2p1d/2s]+[252p2d](n=3)+[25s2p](n=4) basis set.

SAC-CI
Expt.* SAC-CI®

State/nature AE AE () (previous) CI° CASSCF

1A, (V, me_o9) 6.31 268.1

274, (ng+—3s) 739 308.6

374, (ng+—3dp) 8.74 3392

4°A, (ngr—3d,2_y2) 8.98 382.8

5°A, (ngr—4s) 9.04 421.7

6°A, (ng+—3d,,) 923 451.1

1°B, (V.ng-) 3.8 412 2672 413 458  3.64

2°B, (V.ng+) 7.42 2718

3°B, (V,0c0v) 8.85 2755

4°B, (ng+—3d,,) 9.03 381.3

5°B, (ng+—3d,,) 920 403.7

134, (V,ng+) 25 263 267.1 2.9 286 253

234, (V,0¢0-) 8.05 267.8

334, (ng+—3p.) 8.09 324.4

434, (V,ng-) 8.91 270.1

534, (ng+—4p.) 9.37 525.6

1°B, (V,mc_o-) 52 535 2676 543 511

2B, (ng+—3p,) 7.65 307.5

3°B, (no+—3p,) 8.06 319.4

43B, (ng+—4p,) 921 4883

5°B, (nor—4p,) 929 501.4

“Reference 20.
dReference 36.

“Reference 7.
PReference 19.
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TABLE XI. Comparison of optimized geometries for the ground state of
s-trans glyoxal using [4s2p1d/2s]+[2s2p](n=3) basis set. Bond length and
angle are in A and degree, respectively.

State/nature Method Cc-C C=0 «2CCO «CCH

X'A, SAC-CI 1527 1208 1211 114.9
Expt.* 1530  1.205 1209 1137
Expt.” 1527 1202 1212 1155
CCSD* 1524 1203 1212 1154

1A, (V,ngs)  SAC-CI 1500 1227 1238 1136
Expt.* 1481 1242 1236 1123
Expt.? 1460 1252 1237 1140

EOMEE-CCSD* 1.496  1.229 1235 114.0

“Reference 74.
PReference 75.
“Reference 76.

their assignment was different as 7— 7 transition. Robin®
assigned a diffuse band at 7.75 eV in Walsh’s 170 optical
spectrum to n*— 3p Rydberg state. We also performed the
general-R calculations for the lowest two states of A, sym-
metry. We obtained the valence 2 1A state at a Value of
5.66 eV and 3 lA (n* H3s) Rydberg transmon at a value of
6.55 eV Leclerq et al reported a low value of 4.95 eV for
the 2 B state. Robin® ass1gned the n*—3s Rydberg state at
7.45 eV But we assigned this peak as the valence 2 B state
which we obtained at 7.54 eV.

The low-lying triplet states were predicted in the order
of ‘A,<°B, < SBg in SCF (Ref. 71) and the previous
SAC-CI calculations,19 whereas in the present SAC-CI and
previous CI (Ref. 20) studies, the ordering of the levels was
calculated to be XA < %B < 3B We obtained a very strong
m— 7 valence transmon 3 B, W1th the oscillator strength of
0.431, however, there is no expenmental evidence for this
transition, since this state lies in high energy region just be-
low the ionization threshold.

VIll. GROUND—AND EXCITED-STATE GEOMETRIES
OF S-TRANS GLYOXAL

Comparison of the optimized geometries with the avail-
able experimental and other theoretical values has been made
in Table XI. Optimized geometries and adiabatic excitation
energies are displayed in Fig. 5 and Table XII, respectively.
Herzberg72 reported that Sy, S}, and T states of trans-glyoxal
have C,, planar structure. This planar structure for the S, and
S, states of s-trans glyoxal was also confirmed by other ex-
perimental works.”"* Again, the SAC-CI ground state ge-
ometry agrees very well with the experimental observations
of Paldus and Ramasay74 and Briss et al.” Deviations of the
C—C and C=0 bond lengths from experimental values are
0.003 and 0.008 A, respectively.” 2 CCO and 2 CCH also
deviate very less from the experimental values, within 0.1°
and 0.6°, respectively.75 The CCSD calculation of Stanton
and Gauss'® for the ground state of glyoxal using TZ2P basis
set also gave the same results.

Experimental geometry due to Paldus and Ramasay74 for
the lAu excited state agrees well with our computed geom-
etries. In the excited states, the C=0O bond is elongated and
the CC bond decreases in length. The increments of the

J. Chem. Phys. 125, 014316 (2006)
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FIG. 5. Geometries for the ground and excited states of s-trans glyoxal
optimized by the SAC-CI method. Bond lengths and angles are in A and
degree, respectively.

C=0 bond length are 0.062, 0.095, and 0.116 A for the
llBg, 1°A o and 13BM states, respectively. The corresponding
decrements in the C—C bond length are 0.119, 0.014, and
0.141 A, respectively. The CCH bond angles are increased
by 4°, 4.6°, and 5.3°, respectively, for these states, although
the change of the CCO bond angles are comparatively small,
2°,2.2°, and 0.7°, respectively. For the doubly excited 21Ag
state, the general-R optimization was performed and large
relaxation energy was obtained, 1.77 eV. This is due to sig-
nificant changes in the C=0 and C-C bond lengths, by
0.117 and 0.156 A, respectively. Large amount of energy
lowering, 0.75 and 1.22 eV, due to geometry relaxation was
also calculated for the 13Ag and 13Bu states, respectively.
Similar trend was reported by the previous SAC-CI
calculation'® and CI calculations®®" for the 1°B,, state. On
the other hand, the energy lowering for the llBg states was
small, although the geometry change was large. Good agree-
ment was obtained for the adiabatic transition energy of the
1°B . state with the previous SAC-CI calculation."’ However,
the present adiabatic transition energy deviates by 0.26 eV
from previous SAC-CI calculation for the 1 'Bg state.

The C=0 bond length increases due to a reduction in
bond order while the C—C bond distance contracts and the
CCO and CCH angles open. The C-H bond lengths shrink in
the excited states. To interpret these geometry changes using
ESF theory, we have displayed, in Fig. 6, the electron density
difference between the ground and excited states. For these
excitations, the electron density in the C—C o-bond region
increases. As a result EC force increases along the C-C
bond, and the C—C bond length decreases. On the other hand,
in the C=O0O 7-bond region, the electron density decreases
and the C=0O bond length increases. Again the change of
the electron density on O atoms results to a change of AD
force. Hence, the CCH bond angles increases. A shrink in the
C-H bond lengths is also observed due the change of EC
force.
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TABLE XII. Adiabatic excitation energy (in eV) for the excited states of s-trans glyoxal using [4s2p1d/2s]

+[252p](n=3) basis set.

SAC-CI*

SAC-CI (previous) SCF® CI®
State/nature Vertical ~Adiabatic ~ Vertical ~Adiabatic  Vertical ~Adiabatic  Vertical Adiabatic
214, (V.ng)* 5.66 3.89
1 3Bg (V,ng+) 4.05 4.03 4.97 4.3 5.75
1 'Au (V,ng+) 3.04 3.06 3.53 3.36 3.92 3.85
13Ag (V. Te—or) 6.32 557
1 3Bu (V,ngo-) 4.09 3.65 4.13 3.56 5.31 4.51 4.58 3.63
1 SAu (V,ng+) 2.62 2.68 2.90 2.73 3.38 3.33 2.86 2.70
1 3Bu (V,mc—o-) 5.23 4.01 543 3.77 4.09 1.84 5.11 3.12

“Reference 19.
References 20, 26, and 61.

IX. THE 2 1Ag STATE

In this work, doubly excited states, so-called 2 A ¢
states, of these three molecules were investigated by the
general-R method. For butadiene, vertical excitation of this
state has been intensively studied by some theoretical
works.***" The present calculation predicted the vertical
transition energy of 6.56 eV, in agreement with other recent
theoretical  calculations such  as MR—CCCI—PS,55
DC—MRSDCI,3 ' and MR—AQCC.30 It was important to in-
clude up to quadruple excitation operators in the general-R
calculation. For acrolein, the corresponding state was calcu-
lated in the higher energy region at 8.16 eV. The 2 'A o states

1’B,

1°A,

FIG. 6. (Color) SAC-CI electron density difference between the ground and
excited states of s-frans glyoxal. Blue: decrement; red: increment (interval
=0.003).

‘Reference 17.
dSAc-C1 general-R calculation.

of butadiene and acrolein were characterized as the 7— 7"
transition with moderate contributions by doubles whose
SAC-CI coefficients are ~0.3. On the other hand, the 2 A ¢
state of glyoxal is characterized as pure (ngs+, ngr— m , )
double excitation. This is because there is no singly excited
state interacting with this state in the same energy region.
This 2 1Ag state of glyoxal was predicted to be very low at
5.66 eV, which is reasonable if we consider the 1 3Au state,
no+— 7, exist at 2.63 eV. It should be noted that this is the
first reliable theoretical calculation of this state to our best
knowledge.

The equilibrium structures of these 2 'A . states for buta-
diene and glyoxal were also evaluated by the SAC-CI geom-
etry optimization and the characteristic geometrical changes
were predicted. For butadiene, the CC bond length of the
2 1Ag state increases by 0.102 A, which is much larger than
other singlet states. The same is true for the CO bond length
of glyoxal: the CO bond elongation was calculated to be
0.117 A, while the CC bond length of this state shrinks by
0.156 A. This large geometrical change is reasonable; the
same change was obtained for the 1A, state, ng+— 7 tran-
sition. The relaxation energies of these states were calculated
to be very large, 1.18 and 1.77 eV for butadiene and glyoxal,
respectively, which are much larger than other singly excited
states.

X. COMPARISON OF THE EXCITED STATES

The calculated excitation energies of vertical singlet and
triplet transitions of butadiene, acrolein, and glyoxal are
compared in Fig. 7. The valence ionized states are in the
order of 7 <, for butadiene, n < <, for acrolein, and
n*<n~ < <, for glyoxal in the increasing order of IPs.
Therefore, for butadiene, the low-lying valence excited states
are of m— " character, while for acrolein and glyoxal, the
low-lying states are of n— " character. The transition en-
ergy of the lowest 7— 7 excitation increases in the order of
butadiene, acrolein, and glyoxal, reflecting the IPs of the
lowest 7 states. The correspondence of the m— 7 excita-
tions among these molecules was shown by dotted lines in
Fig. 7. In the case of acrolein and glyoxal, the 7— 7 tran-
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FIG. 7. Comparison among the lowest 7— 7" and n— 7" transitions.

sitions correspond to the excitations from more deeply bound
Te—o MOs. The lowest n— " transitions of glyoxal are
lower in energy than that of acrolein.

XI. CONCLUSION

The SAC-CI method has been successfully applied to
calculate the electronic spectra and the excited-state geom-
etries of 1,3-butadiene, acrolein, and glyoxal in their s-trans
conformation. Theoretical spectra including valence and Ry-
dberg excited states agree well with the experimental spectra
and the detailed assignments were proposed with the analysis
of second moment. The deviations of the vertical excitation
energies from the experiment were less than 0.3 eV for all
cases. For the doubly excited states the general-R calcula-
tions including up to quadruple excitations were performed.
The calculated excitation energy of this 2 'A . state for buta-
diene is in good agreement with those of the recent calcula-
tions. The 2 'A o state of glyoxal was found to be pure double
excitation: this is the first reliable theoretical prediction of
this state.

The stable structures have been studied for some valence
and Rydberg excited states in the planar structure. The opti-
mized ground- and excited-state geometries agree well with
the available experimental values; deviations lie within
0.03 A and 0.7° for the bond lengths and angles, respec-
tively. The geometry relaxation in valence excited states are
as large as ~0.1 A in C-C and C=0 bond lengths and
those of Rydberg excited states are about ~0.05 A. For dou-
bly excited states, characteristic geometrical changes and
large energetic relaxations were predicted. The force acting
on the nuclei caused by the excitations has been discussed in
detail by calculating the SAC-CI electron density difference
between the ground and excited states; the geometry relax-
ation was well interpreted in the light of the electrostatic
force theory.
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