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The singlet and triplet valence and Rydberg excitations of trans- and cis-butadiene are studied using SAC/SAC CI theory with
a large number of active MOs. The 1 'B,, state of the trans form is calculated to lie 6.39 eV above the ground state, which compares
with the experimental peak maximum at 5.92 eV. The 1 'B, state of the cis form is calculated to be 5.55 eV higher, which differs
by 0.29 eV from the experimental value for the corresponding state of cyclopentadiene. The calculated second moments in the
out-of-plane direction are 44 (trans) and 27 au (cis) in comparison with the experimental value of 22 au for the ground states of
both forms. The calculated oscillator strength for the 1'B, state of the trans form, 0.466, also agrees well with the experimental

value of ~0.4.

Using SAC (symmetry adapted cluster) and SAC
CI theories [1-5], we have been able to study elec-
tron correlation in the excited and ionized states of
conjugated m-electron systems incorporating a large
amount of c-electron correlation [4]. Theoretical
results are reported here on the valence n »n* and
Rydberg excitations of trans- and cis-butadiene.

We used the same geometries as Buenker and
Whitten [6] (the trans geometry is derived from ex-
perimental data [7]). Two basis sets were used: Ba-
sis set I consists of the [5s2p/2s] set of Huzinaga—
Dunning [8] plus diffuse p, functions (0.07469,
0.03477, 0.01075) and polarization d functions
(1.322,0.3916) on each carbon [8]. Basis set II con-
sists of the [ 5s2p/2s] set of Huzinaga-Dunning plus
diffuse p (0.07469) and p, functions (0.03477,
0.01075) and polarization d function (0.3916) on
each carbon. The numbers of AOs are 116 (I) and
100 (II). The active space consisted of the 36 © +
64 ¢ (I) and 28 n+60 o (II) SCF MOs calculated
for the ground state. The dimensions after configu-
ration selection [3] are shown in table 1. For the ©
space, the thresholds 4, and 4. were both 1 X 1073 au
in all of the present calculations. For the configu-

' To whom correspondence should be addressed.

rations arising additionally in the & + ¢ calculations,
we adopted 3 10~° au for A, and A..

The theoretical and experimental results are sum-
marized in tables 2 and 3, and depicted in figs. 1 and
2. The electronic part of the second moment is shown
in figs. 3 and 4. The x axis is in the out-of-plane di-
rection. The ground state energies of the = SAC
wavefunction with basis set I are —155.00428 (trans)
and —154.99051 au (cis). The values with basis set
ITare —154.98108 (trans) and —154.96723 au (cis).
The ground state energies of the ®+oc SAC wave-
function with basis set I are —155.18483 (trans) and
—155.17588 au (cis). The values with basis set 11
are —155.14598 (trans) and —155.13639 au (cis).
These values are used as the reference ground state
energies. The study of Buenker, Shih and
Peyerimhoff [11] for the trans form and that of Shih,
Buenker and Peyerimhoff [ 10] for the cis are prob-
ably the most reliable theoretical results so far re-
ported. The experimental data for the trans form are
taken from the electron energy-loss spectroscopy
(EELS) data of Flicker et al. [9] and the values cor-
respond to the peak maxima. For the cis form, the
EELS data for cyclopentadiene of Fruehdz et al. [13]
and those for the trans form are compared. Data for
the np,. transitions of cyclopentadiene are taken from
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Table 1

Dimensions of the SAC and SAC CI calculations on butadiene
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State Basis set | Basis set II
36n 36n+640 28w 28n+60c
trans
ground 'A, 354 4367 314 4101
excited 'A, 692 5326 589 5764
'B, 604 5202 569 5664
A, 710 11777
B, 718 10896
cis
ground 'A, 340 4187 293 4041
excited 'A,; 574 5142 546 5507
'B, 578 5067 538 5490
A, 662 10845
°B, 708 10793

the summary of the ultraviolet spectrum by Derrick
et al. [14].

o electron correlation plays a crucial role in the
ionic valence excited states of the m-conjugated sys-
tems [4]. This effect is as large as 1.36 ¢V for the
1'B,(V) state of the trans form and 0.70 eV for the
1'B,(V) state of the cis form. These figures are ex-
traordinarily large, as seen in tables 2 and 3 in com-
parison with those for the other valence and Rydberg
excited states studied here. It has long been known
that the ionic valence excited 1 'B, state of trans-bu-
tadiene is calculated by ab initio methods to be higher
by 1-2 eV than the experimental value [6,10,11,15].
In the present SAC CI calculation, this state is cal-
culated at 6.39-6.43 eV, which reproduces the ex-
perimental value to within 0.47-0.51 eV. The
corresponding 1'B, state of the cis form is calculated
at 5.55 eV, which differs by 0.29 eV from the ex-
perimental value for the corresponding state of cy-
clopentadiene. We note that the results of the two
different basis sets are quite similar.

An interesting effect of the o-electron correlation
is seen for the 2'A, (V) state of the cis form. The cal-
culated excitation energy for the n +o wavefunction
is higher by 0.77 eV than that for the n alone. The
final value differs by 0.35 eV from the experimental
value for the corresponding state of cyclopentadiene.
This behaviour is similar to that for the T(B,,) state
of ethylene [16]. This is because the state under con-
sideration is less ionic than the ground state. The ef-

fect for the 1'A,(V) state is 0.07 eV in the same
direction.

In table 2 some other low-lying valence n »n* and
Rydberg excitations of the trans form are shown for
the singlet and triplet states. The agreement between
theory and experiment is excellent for these states,
and the final average deviation is ~0.2 eV. For the
cis form, the deviations from the experimental data
given in table 3 are defined as the difference from
the corresponding state of cyclopentadiene, if avail-
able, but if not, the data of the trans form are used.
The final average deviation is ~ 0.2 eV. The basis set
dependence is also very small for both trans and cis
forms.

From the experimental study on the 1,3-diene,
McDiarmid and Doering found that the B, state of
the s-cis compounds was ~0.5 eV lower in energy
than that of the corresponding s-trans compound
[17]. Our theoretical results for trans- and cis-bu-
tadiene support this observation. The total energy of
the ground state of the trans form (1'A,) is lower by
0.26 eV than that of the cis form (1'A,), but the first
valence excited state of the trans form (1'B,) is
higher by 0.58 eV than that of the cis form (1'B,).

Within the © SAC CI treatment, the mixing of the
valence and Rydberg states is large for the first and
second 'B, states of trans-butadiene. This mixing is
resolved by the inclusion of 6-electron correlation as
seen in fig. 3. The second moment changes from 61
au (n SAC CI) to 44 au (1 + o SAC CI). On the other
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Fig. 1. Comparison of the theoretical and experimental excitation energies of trans-butadiene. BSP refers to the results reported in ref.
[11] and the experimental data are taken from ref. [9].

hand, for the cis form, there is a

density distributions of the valence and Rydberg ex-
cited states, as shown in fig. 4, so that the interaction
between the first and second !B, states of the cis form

clear split in the
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is smaller than that of the trans form. It is well known
that the wavefunction of ionic valence states of &
conjugated systems can be expanded like a Rydberg
state when only m-electron correlation is included,

Fig. 2. Comparison of the theoretical and experimental excitation energies of cis-butadiene. SBP refers to the resplts reported in ref. [10]
and the experimental data are taken from refs. [9,13,14].
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Fig. 3. Schematic summary of the 36 © and 36 n +64 ¢ SAC CI
results for the electronic part of the second moment of trans-bu-
tadiene. The x axis is perpendicular to the molecular plane.

but shrinks to a quasi-valence state after the inclu-
sion of o-electron correlation [16]. This character-
istic behaviour is very clearly seen in the present SAC
CI results for the 1'B, state of the trans form. The
calculated oscillator strength for this state with the
SAC and SAC CI wavefunctions is 0.466, which
shows good agreement with the experimental value,

B
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Fig. 4. Schematic summary of the 36 n and 36 n +64 ¢ SAC CI
results for the electronic part of the second moment of cis-buta-
diene. The x axis is perpendicular to the molecular plane.
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~0.4 [18]. The calculated value for the 2'B, state
is 0.234.

Further remarkable changes are seen in fig. 3«for
the 2'A,(V) and 4'A,(3d;) states of the trans form
and in fig. 4 for the 3'A,(V) and 4'A,(3d;) states
of the cis form. Considerable mixing of n* and 3d;
orbitals is observed for these states after the inclu-
sion of o-electron correlation. This is reflected in the
electronic part of the second moment.

After completion of this manuscript, we found re-
sults for the singlet states by Cave and Davidson [12]
based on a large scale CI calculation. They are cited
in tables 2 and 3. Their results for the transition en-
ergy and the second moment using a CI of dimen-
sion 83000 are 6.08 eV and 55.95 au for the 1'B,
state of the trans form, and with a CI of dimension
50000 are 5.55 eV and 30.20 au for the 1'B, state of
the cis form. These results are excellent and seem to
resolve, together with our own values, the theoretical
difficulty in reproducing the 1'B,(n—n*) state of
trans-butadiene. We note that their second moments
are somewhat larger than ours. For excited states of
'A, and 'A, symmetries, large differences are seen
between our results and theirs. Further details of the
present study will be published in the near future.

The calculations were carried out at the Computer
Centers of the Institute for Molecular Science. This
study has been partially supported by a Grant-in-Aid
for Scientific Research from the Ministry of Edu-
cation, Science, and Culture.
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