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The singlet excited states of oxirane and thiirane derivatives, ethylene oxide, (R)-methyloxirane, (25,3S)-dimethyl-
oxirane, ethylene sulfide, (R)-methylthiirane, and (2S,3S)-dimethylthiirane, were calculated employing the symmetry-
adapted cluster (SAC)/SAC-configuration interaction (CI) method. The rotatory strengths of the CD spectra were calcu-
lated in the velocity form, which is gauge-origin independent. Both the ultraviolet (UV) spectra and the circular dichroism
(CD) spectra obtained with the SAC-CI method were in good agreement with the experimental spectra. In oxirane deriva-
tives, the low-lying excited states were composed of excitations from n and o orbitals to s, p, and d Rydberg orbitals. The
excitation from the o orbital was especially important in (2S,3S)-dimethyloxirane because of the steric effect of the methyl
substitutions. However, in thiirane derivatives, the excitations to the low-lying excited states were only from the n orbital.
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1. Introduction

Circular dichroism (CD)' is a powerful spectroscopic
technique for determining the absolute configuration of chiral
molecules. Many theoretical approaches toward understanding
experimental CD spectra have recently been reported, including
the ab initio self-consistent field (SCF) method,>* multirefer-
ence configuration interaction (MRCI) method,* time-depend-
ent density functional theory (TDDFT),”'2 and coupled-cluster
(CC) level theories.'32!

The electronic spectra of methyl-substituted oxirane and
thiirane have been the subjects of many experimental?>*?2 and
theoretical studies.>?! Furthermore, CD spectroscopy can
provide additional information about the excited states of
substituted oxirane and thiirane derivatives. These three-
membered rings are small molecules with chiral properties
and rigid structures, and the previous theoretical studies
have shed light on the electronic structures of the ground and
excited states of methyloxirane, frans-2,3-dimethyloxirane,
methylthiirane, and frans-2,3-dimethylthiirane. Peyerimhoff
and co-workers*® reported that the theoretical CD spectra
obtained using the MRCI method reproduced the shape of
the experimental UV and CD spectra, but the calculated
peak positions were lower for the oxirane derivatives and
higher for the thiirane derivatives than those of the exper-

imental spectra. This was similar to the theoretical CD spectra
obtained by the TDDFT method.”!"»'>!% On the other hand, the
CC method">!'® gave, in general, a better agreement with the
experimental CD spectra in both the shapes and the peak
positions.

In particular, Crawford and co-workers reported system-
atic theoretical studies of optical rotatory dispersion and
electric CD spectra using CC linear-response theory (LRT).?
The CD spectra of methyloxirane and methylthiirane were in
good agreement with the experimental spectra, for both the
excitation energies and the rotatory strength.'® They extended
similar calculations to many other molecules.

Recently, the symmetry-adapted cluster-configuration inter-
action (SAC-CI) theory?*>3 has provided the CD spectra of
dichalcogen derivatives?®?° and uridine,*® in which the gauge-
variant method was used. However, a gauge-invariant method
is necessary for calculation on larger molecules, in contrast
to these small molecules. Herein, we calculate the vacuum
ultraviolet (VUV) and CD spectra of the methyl-substituted
oxirane and thiirane derivatives employing the SAC-CI theory
using a gauge-invariant method. The SAC-CI method has been
well established since 197824252733 a5 a reliable and useful
method for studying ground and excited states, ionized states,
and electron-attached states. The CCLRT is essentially the
same theory as the SAC-CI theory.
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Table 1. The Gauge-Origin Dependence of Rotatory Strength of (R)-Methyloxirane by Length and Velocity Forms

Rotatory strength?

Rotatory strength?

=004) (z = 100.04) Exptl”
State EE Osc Rotato
/eV /au Leri%th Vel(zcoity Leri%th Vel(igity EE s treng‘:lz]
/107" cgs /107 cgs /107 cgs /107" cgs /eV /1040 cgs
1'A 7.02 0.009 —10.253 —10.974 3.835 —10.974 7.08 —12.5
2'A 7.42 0.010 —0.896 —1.016 —2.348 —1.016
31A 7.48 0.016 5.355 5.238 —32.025 5.238
41A 7.67 0.011 1.898 2.108 18.044 2.108 7.70 +5.9
S'A 7.85 0.004 6.644 7.742 0.824 7.742
6'A 8.39 0.005 —0.826 —1.809 2.745 —1.809
7'A 8.44 0.029 —9.971 —8.976 56.506 —8.976 8.35 —4.1
8'A 8.52 0.002 —4.698 —4.954 —23.345 —4.954
9'A 8.64 0.006 1.210 1.349 3.684 1.349

a) lesucmerg G™' in cgs units A 3.336 x 107> CMJT! in SI units. b) From Reference 22.

2. Rotatory Strength

The rotatory strength (Rp,) of the CD spectra can be
calculated using the length-gauge expression, which is the
imaginary part of the scalar product of the electric and the
magnetic transition moments between the ground state (%) and
the excited state (¥,).>*

Roa = Im{(Wo| [L|Wa) (Wal|¥o)} )

where i is the electric dipole moment operator and 7 is the
magnetic dipole moment operator. The electric transition dipole
moment is gauge-origin independent if the ground and excited
state wave functions are orthogonal to each other. However, the
magnetic transition dipole moment is gauge-origin dependent.
For this reason, we use a different expression for the CD
rotatory strength as given by,

(WolVIWa) (Palin| o)
Ea - EO

Roa = Im{ @
which is in the velocity form and gauge-origin independent.’
Equation 1 is readily transformed to eq 2 using the Hypervirial

theorem:3¢

(WaVIWo) = (Ea — Eo){(Wal L1¥) 3

In the present work, we give the results in both the length and
velocity forms in the tables, and in only the velocity forms in
the figures.

3. Computational Details

The ground state geometries of the oxirane and thiirane de-
rivatives were optimized with Gaussian0337 using the density-
functional theory (DFT)***! with B3LYP functional*>*? for the
6-31G(d,p) basis set.*** For the SAC/SAC-CI calculations, the
basis functions employed were cc-pVTZ***7 sets plus double
Rydberg functions*® for the C, O, S, and H atoms of the three-
membered rings, and cc-pVDZ***" sets plus double Rydberg
functions for the methyl substitutions. Double Rydberg s and p
functions were placed at the center of gravity. In the calculations
of (R)-methyloxirane, we employed cc-pVTZ sets plus double
Rydberg functions for the C, O, and H atoms of the three-
membered rings, and cc-pVDZ sets for the methyl substitutions

to verify the gauge-origin dependence described below.

In the SAC-CI calculations, the core orbitals of the C, O, and
S atoms were treated as frozen orbitals, and all singles and
selected doubles were included. Perturbation selection®® was
carried out with the threshold sets of 1 x 107 hartree for both
the SAC and SAC-CI calculations. The SAC-CI CD spectra
were convoluted with Gaussian envelopes for description of the
Frank—Condon widths and the resolution of the spectrometer.
The full width at half maximum (FWHM) of the Gaussian was
0.4 eV. The gauge origin was placed at the center of gravity in
all calculations except for those checking for the gauge-origin
dependence.

4. Results and Discussion

4.1 Gauge-Origin Dependence. Table 1 shows the gauge-
origin dependence of the rotatory strengths of (R)-methyl-
oxirane, which are calculated in both length and velocity forms
at z=0.0 and 100.0A. The gauge origin is at the center of
gravity for z=0.0A and is 100.0 A away from the center of
gravity for z = 100.0 A. Both results in the velocity and length
forms are similar for z = 0.0 A; however, the results in the
length form for z=100.0A are significantly different from
those at z=0.0A. Both the signs and absolute values are
different, while both results in the velocity form are the same,
i.e., gauge-origin independent. If we calculate for small
molecules such as the present three-membered rings, we can
get reliable results in both length and velocity forms when the
gauge origin is at the center of gravity or oxygen atom.
However, if we calculate for large molecules such as biological
molecules, the results in velocity form are more reliable than
those in length form, because we do not know where the gauge
origin should be. In the present results, we show the results in
only the velocity form in the figures and in both forms in the
tables for comparison. Both results are similar because the
gauge origin is at the center of gravity.

4.2 Ground States and the Difference between the
Oxirane and Thiirane Derivatives.  Figure 1 shows the
orbital energies of the Hartree-Fock MOs in the HOMO and
next-HOMO regions of the oxirane and thiirane derivatives. In
oxirane derivatives, the HOMO and next-HOMO are the ¢ and
n(O) orbitals, respectively, and their energies are nearly the
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Figure 1. The orbital energies of (a) oxirane and (b)

thiirane derivatives. (EO: ethylene oxide, RMO: (R)-
methyloxirane, SSDMO: (28,3S)-dimethyloxirane, ES:
ethylene sulfide, RMT: (R)-methylthiirane, SSDMT:
(28,35)-dimethylthiirane)

same in ethylene oxide (EO). However, the methyl substitu-
tions make the orbital energies of both the o and n(O) orbitals
high, and the energy gap between the HOMO and next-HOMO
becomes larger than that of EO (0.002 au), to 0.014 au in (R)-
methyloxirane (RMO) and to 0.019au in (28S,3S)-dimethyl-
oxirane (SSDMO). The methyl substitutions affect the o orbital
more than the n(O) orbital, because the o orbital has a large
amplitude on the carbon atoms of the three-membered rings
while the n(O) orbital has the amplitude on the oxygen atom.
Although the excitation from the n(O) orbital is lowest, the
excitation from the o orbital is also important in the low-lying
excited states. Furthermore, the excited states from the o orbital
are lower in RMO and SSDMO than in EO.

In the thiirane derivatives, the HOMO is the n(S) orbital,
which is perpendicular to the plane of the three-membered ring
like the n(O) orbital, and its energy is higher than that of the
n(O) orbital of the oxirane derivatives by 0.1 au The next-
HOMO is the n(S),, which is on the plane of the three-
membered ring. However, the o orbital has a similar energy to
that in the oxirane derivatives. The n(S) and n(S), orbitals are
less stable than n(O) because they are 4p orbitals. Although the
methyl substitution affects the n(S) orbital a little, the o and
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n(S), orbitals are greatly affected through the carbon atoms of
the three-membered ring. The lowest excited state is the
excitation from the n(S), and there exist no excited states from
the o orbital below 8.0eV.

All of the excited states of the oxirane derivatives are
excitations to the Rydberg states in the energy range calculated
in the present work, because the methyl substitutions make the
orbital energies of both the o and o* orbitals higher. However,
the first excited states of the thiirane derivatives are the
excitation from the o to the o orbital, and some Rydberg
excited states also contain the excitation to the valence orbital
(0™*). The reason for this is shown in Figure 1. The o* orbital is
stable in the thiirane derivatives more than 0.1 au, compared
with that of the oxirane derivatives, although the o orbital of the
thiirane derivatives is less stable than that of the oxirane
derivatives by a little. The bond length between the carbon and
oxygen is about 1.434 A in the oxirane derivatives, while that
between the carbon and sulfur is about 1.845 A in the thiirane
derivatives. This leads to the unstable nonbonding (n(S)) and
the stable antibonding (0™) orbitals in the thiirane derivatives.
The methyl substitutions make the orbital energy of the o™
orbital lower in the thiirane derivatives, opposite to that in the
oxirane derivatives, because the bond length between the carbon
and sulfur is longer in SSDMT than in ES by about 0.016 A.

4.3 VUV Spectrum of Oxirane (EO). Table 2 shows the
excitation energies (EE), oscillator strengths (Osc), second
moments (%), and the nature of the excitation of the SAC-CI
results for EO, which are compared with the experimental
spectrum in Figure 2. Fine structure is observed in the first
three (I, 11, and IIT) bands in the experimental spectrum. In the
absorption spectrum of EO, the first (I) band is assigned to the
1'B, state (7.25¢€V), which is the excitation from the n(O) to
the 3s Rydberg orbital. Next, there are three states that are the
excitations from the n(O) to the 3p Rydberg orbitals. The 2'B;
state (7.44 V) is a shoulder peak of the first (I), the 1'A, state
(7.74 V) has no intensity, and the 1'A; state (7.88eV) is the
second (IT) band at 7.89eV. The 2'A; state is calculated at
8.40 eV and corresponds to the excitation from the o to the 3s
Rydberg orbital. This state is assigned to the shoulder peak of
the second (II, 7.89 ¢V) band. The third (IIT) band (8.64 ¢V) is
assigned to the 3'A; state (8.70eV), which is the excitation
from the o to the 3p Rydberg orbital. Vibrational structure is
observed in the three (I, II, and III) bands of the experimental
spectrum. The fourth (IV) band, with the strongest intensity, is
assigned to the 1'B, state (8.85¢V) and 2'B, state (8.95¢eV),
which are the excitations from the n(O) to the 3d Rydberg
orbital, and from the o to the 3p Rydberg orbital, respectively.
The excitation to the valence is slightly mixed in the 2'B; and
3'A; states. Therefore their states have a strong intensity.

There are numerous peaks in the region higher than the fourth
(IV) band. We can assign another four (V, VI, VII, and VIII)
bands. The fifth (V) band is assigned to the 5'A; state (9.17 V),
which is the excitation from the n(O) to the 4p Rydberg orbital.
The sixth (VI) band is assigned to three states (10'By, 7'A, and
11'B; states), which are calculated at 9.64 eV and the excitations
from the n(O) to the 4d or 5s Rydberg orbitals. The seventh
(VII) band is assigned to the 4'B, state (9.79 eV), and the eighth
(VIID) band is assigned to the 5'B, state (9.90eV). The 4'B,
state is the excitation from the n(O) to the 4d Rydberg orbital,
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Table 2. Excited States of Ethylene Oxide (Oxirane) : (a) VUV experimental spectrum
—e(r¥)  Nature of Exptl? E 10fF
States EE/eV Osc/au /au excitation EE/eV § §
XA, 0 0 411 2 1
1'B, 725 0.013  —82.0 n(O)— 3s 7.24 (I) g i
2'B, 7.44  0.030 -72.2 n(0)— 3p,V T 5f
1'A, 774  0.000 —90.3 n(O)— 3p,V s r
1A, 7.88  0.020 —-95.2 n(0)— 3p 7.89 (1) @ i
2'A; 840 0011 —825 o©-—3s L
21A, 844 0000 —78.6 n(O)— 3dV 0
31B, 8.62 0.003 —1334 n(0O)— 3d
31A, 8.70  0.035 -76.2 o— 3p,V 8.64 (III) 0.1
1'B, 885 0023 —153.1 n(O)— 3d 3 (b) VUV SAC-CI spectrum
4B, 891  0.003 —164.7 n(0O)— 3d ~
2B, 895 0033 —975 c— 3p 8.96 (IV) = v (10'B,+7'A,+11'B,)
4'A; 898  0.002 —160.9 n(O)— 3d g
5'B, 899 0.005 —2444 n(0)—> 4s Z0.05[ 3'A, 71
6'B,  9.02 0003 —1213 c— 3p g 2B, 4 ’ sp
7'B;  9.05 0.001 —247.5 n(O)—> 4s = | va, 2 g4B] 2
314, 9.09  0.000 —2112 n(O)— 4d,V g 1I'B, 21A,
51A;  9.17  0.007 —340.5 n(O)— 4p 9.10 (V) | L 5|‘A1 | | |
4'A, 918  0.000 —294.8 n(O)— 4p,V 0 : —- e
8'B; 952 0.001 —370.2 n(0)— 4p 7 8 9 10 1
5'A, 9.57 0.000 —219.2 n(0)—4d Excitation energy / eV
6'A; 958 0000 -221.1 n(O)—>4d . _ %
3B, 9,60 0.001 —220.6 n(O)— 4d Figure 2 (a) Experimental”” and (b) SAC-CI VUV spectra
9'B, 961 0000 -2287 n(O)— 4d of oxirane.
1
6 ?2 9610000 —2508 n(0)—4d a negative sign in the range between 8.1 and 8.9eV.
10'B;  9.64 0.002 —4353 n(O)— 5s . . 1
7IA, 9.64 0001 —230.9 n(0)— 4d 9.55 (V1) The.ﬁrst 1) pan.d is assigned to the.I A state (7.01eV),
11'B, 9.64 0002 —2440 n(O)— 4d Whl.Ch is t.he e).(mtatlon from the n(O) orblta.l to the 3s Rydberg
7'A, 975  0.000 —515.6 n(O)— 5p orbital. Vibrational structures are observed in the experimental
8IA, 977 0005 —495.1 n(0)— 5p VUV and CD spectra. The second (IT) CD band is composed of
4'B, 979  0.020 —260.2 n(O)— 4d 9.68 (VII) one negative (2'A state at 7.49 eV) and three positive (3, 4, and
12'B;  9.81 0.004 —3454 n(0)— 4p 5'A states at 7.56, 7.71, and 7.87 eV) peaks. The 2, 3, and 4'A
9'A, 9.83 0.002 —140.1 o— 3d states correspond to excitations from the n(O) orbital to the 3p
5B, 990 0.022 -—1253 oc—3d,V 9.87 (VIII) Rydberg orbitals, and the 5'A state is the excitation from the &
8'A, 995 0.000 —-2463 n(0)— 4d,V to the 3s Rydberg orbital. The rotatory strength is relatively
13'B;  9.99  0.007 —270.3 n(0O)— 4d weak for the 2'A state compared with those for the 3, 4, and

a) From Reference 50.

and the 5'B, state is the excitation from the o to the 3d Rydberg
orbital. Thus the excitations to the 3d, 4s, 4p, and 4d Rydberg
orbitals are important in the region higher than the strongest
peak (VI). Therefore, to study the peaks in the higher region, the
basis set used in the calculations must include higher Rydberg
orbitals than those in the present calculations.

4.4 VUV and CD Spectra of (R)-Methyloxirane (RMO)
and (25,35)-Dimethyloxirane (SSDMO). Table 3 shows the
EE, Osc, rotatory strengths in both the length and velocity
forms, (%), and the nature of the excitation for RMO. Figure 3
shows for RMO the experimental VUV and CD spectra com-
pared directly with the SAC-CI results. The SAC-CI absorption
peak is shown by a vertical line proportional to the calculated
intensity at the calculated excitation energy. There are three
principal bands in the experimental CD and VUV spectra. The
first one (I) is observed in the range between 7.0 and 7.2 eV and
has a rotatory strength with a negative sign. The second (II) is
observed in the range between 7.5 and 8.0 ¢V and has a rotatory
strength with a positive sign. The third (III) is a broad band with

5'A states, so that the rotatory strength becomes positive in the
range between 7.5 and 8.0 eV. The third (IIT) band is composed
of 10 states, of which the 10'A state (8.44 eV) is the excitation
from the o to the 3p Rydberg orbital, and has the strongest
rotatory and oscillator strengths. The CD spectrum is negative
because most strong peaks in the 10 states are negative.

The theoretical SAC-CI results and the experimental results
of SSDMO are shown and compared in Table 4 and Figure 4.
Four (I, 11, III, and V) bands are observed in the experimental
CD spectrum. The first (I) band is positive in the range between
6.9 and 7.1 eV, the second (II) band is negative at 7.35 eV, and
the third (III) band is positive in the range between 7.5 and
8.0eV. A fourth (IV) band is negative in the range between 8.1
and 8.4 eV. The second (II) and third (II) bands appear as one
peak in the VUV spectrum.

The first (I) band is assigned to the 1'B state (7.07¢eV),
which is the excitation from the n(O) to the 3s Rydberg orbital.
Vibrational structures are observed in the experimental VUV
and CD spectra as for RMO. The second (II) band corresponds
to the 1'A state (7.39 eV), which is the excitation from the n(O)
to the 3p Rydberg orbital. The 2'B (7.53eV) and the 2'A
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Table 3. Excited States of (R)-Methyloxirane
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Rotatory strength?) Exptl®
State EE Length Velocity Ose —elr) Nat.ure. of EE Rotatory
/eV /10740(: S /10740(: S /au /au excitation Jev strength
g g /10—40 cgs
X'A 0.00 0 0 0 —-57.3
1'A 7.01 —10.492 —11.446 0.008 —120.4 n(0)—3s  7.08 (I) —12.5
2'A 7.49 —-3.95 —4.925 0.015 —117.9 n(0O) — 3p
31A 7.56 4.865 4.787 0.013 —132.3 n(0O) — 3p
41A 7.71 5.463 6.117 0.013 —145.9 n(O)—3p 7.70 (1) +5.9
S'A 7.87 6.716 7.653 0.006 —120.3 c— 3s 7.85 (1)
6'A 8.29 0.619 0.672 0.003 —204.5 n(0) — 3d
7'A 8.34 1.721 1.771 0.002 —197.8 n(0) — 3d
8'A 8.36 —3.624 —3.794 0.005 -210.6 n(0) — 3d
9'A 8.42 —2.867 —3.647 0.005 —210.7 n(0) — 3d
10'A 8.44 —10.302 —9.662 0.024 —145.5 c—3p 8.35 (III) —4.1
11'A 8.46 —2.006 —2.468 0.010 —145.6 c— 3p
12'A 8.50 —-1.319 —1.336 0.001 —267.9 n(0) — 3d
13'A 8.51 —-0.137 0.169 0.003 —266.0 n(0) — 3d
14'A 8.53 0.806 0.520 0.001 —146.1 c— 3p
15'A 8.65 1.431 1.357 0.003 —341.6 n(0) — 4s
a) lesucmerg G! in cgs units A~ 3.336 x 107> CMJT! in SI units. b) From Reference 22.
Table 4. Excited States of (2S,3S)-Dimethyloxirane
Rotatory strength? Exptl
State EE Length Velocity Osc —e(r?) Nat_ure_ of EE Rotatory
/eV 10~ 40 g /10_400 S /au /au excitation Jev strength
g g /10—40 cgs
XA 0 0 0 0 -72.1
1'B 7.07 10.496 12.534 0.010 —138.0 n(0) — 3s 6.97 () +9.48
1'A 7.39 —10.457 —10.368 0.008 —148.7 n(0) — 3p 7.35 () —0.13
2'B 7.53 5.878 7.086 0.009 —1493 n(0) — 3p 7.56 (III)
2!A 7.66 11.726 11.602 0.004 —137.9 6 — 3s 7.70 (I1) +6.18
3'A 7.70 0.713 0.513 0.000 —192.1 n(0O) — 3p
3B 7.99 —1.309 —0.299 0.005 —148.8 c—3p
4'B 8.15 —0.024 —0.175 0.011 —231.7 n(0) — 3d
5'B 8.22 —10.772 —11.151 0.011 —180.6 c— 3p 8.15 (IV) —2.12
41A 8.25 9.175 8.749 0.012 —162.5 c—3p
6'B 8.25 —0.536 —0.315 0.003 —248.0 n(0) — 3d
7'B 8.29 —2.523 —2.882 0.002 —239.6 n(0) — 3d 8.31 (IV)
51A 8.33 —2.266 —1.767 0.001 —207.5 n(0) — 3d
8'B 8.43 0.752 0.706 0.003 —381.2 n(0) — 4s
6'A 8.45 —4.018 —3.474 0.002 —454.5 n(0) — 4p
9'B 8.52 3.306 3.730 0.006 —412.9 n(0) — 4p
7'A 8.61 1.094 1.082 0.000 —535.6 n(O) — 4p
8'A 8.79 —0.948 —1.461 0.001 —229.5 o — 3d
10'B 8.82 —0.460 —0.721 0.000 —206.9 c— 3d
91A 8.90 —0.801 —0.840 0.001 —255.9 c— 3d
11'B 8.92 2.626 2.363 0.009 —234.6 c— 3p
10'A 8.97 —1.041 —1.025 0.003 —263.2 c— 3d

a) lesucmerg G! in cgs units & 3.336 x 107> CMIT~! in SI units. b) From Reference 5.

(7.66¢V) states are assigned to 7.56 and 7.70 eV of the third
(1IT) band, respectively. The 2'B state is the excitation from the
n(O) to the 3p Rydberg orbital, and the 2'A state is the
excitation from the o to the 3s Rydberg orbital. The excited
state from the o orbital in SSDMO appears in the energy region
below that of EO or RMO because the o orbital is less stable in

SSDMO than in EO or RMO. The second (II) band is observed
to be very weak because of the first and third bands with a
strong positive sign. The fourth (IV) band is composed of eight
states. The 4'B state (8.15eV) has a strong oscillator strength
but its rotatory strength is almost zero. The 5'B (8.22 eV) and
4'A (8.25 eV) states, which are excitations from the o to the 3p
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CI VUV spectra, (b) the experimental?> CD spectrum, and
(c) the SAC-CI CD spectrum of (R)-methyloxirane.

Rydberg orbitals, have strong oscillator and rotatory strengths
and corresponds to the peak at 8.15 eV of the experimental CD
spectrum. However, the fourth (IV) band of the CD spectrum is
not strong compared with the VUV spectrum, because the 5'B
is negative and the 4'A is positive in rotatory strength. The 7'B
(8.29¢V) and the 5'A (8.33 V) states are excitations from the
n(O) to the 3d Rydberg orbitals and correspond to the peak
at 8.3eV of the experimental CD spectrum. Three states of
the 8'B (8.43eV), 6'A (8.45eV), and 9'B (8.52¢V) states
correspond the shoulder peaks of the fourth (IV) band. In RMO
and SSDMO, the valence orbital are not mixed with the
Rydberg orbital, which is different from the case of EO.

4.5 Comparison of Oxirane (EQ) and Substituted
Methyloxiranes (RMO and SSDMO). Figure 5 compares
the excitation energies of EO, RMO, and SSDMO. The excita-

Figure 4. (a) Comparison of the experimental® and SAC-CI
VUV spectra, (b) the experimental’> CD spectrum, and (c)
the SAC-CI CD spectrum of (25,3S5)-dimethyloxirane.

tion energies from the n(O) to the 3s Rydberg orbitals are
7.25eVin EO, 7.01 eV in RMO, and 7.07 ¢V in SSDMO. These
energies are shifted lower by 0.2 eV by methyl substitutions.

In Figure 5, there are three peaks that correspond to the
excitations from the n(O) to the 3p Rydberg orbitals. Two states
are not affected by the methyl substitutions, but the 1'A; state
(7.88¢eV) in EO corresponds to the 3'A state (7.56eV) in
RMO, and to the 1'A state (7.39 eV) in SSDMO. The excitation
energies are again lowered by methyl substitutions, because the
node of the p Rydberg orbital is horizontal on the three-
membered ring plane in EO, but is not horizontal because of
the methyl substitutions in RMO and SSDMO.

The excitation from the o to the 3s Rydberg state is the 2!A;
state (8.40eV) in EO, the 5'A state (7.87 ¢V) in RMO, and the
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Figure 5. The excitation energies of oxirane derivatives.

2! A state (7.66 V) in SSDMO. The methyl substitutions affect
the o orbital more significantly than the n(O) orbital, as shown
in Figure 1. This is because the o orbital is on the plane of the
three-membered ring in EO, but inclines from the plane in both
RMO and SSDMO. Therefore, the energy of the o orbital is
highest in SSDMO and lowest in EO.

There are three peaks that correspond to the excitations from
the o to the 3p Rydberg orbitals. The 3'A; state (8.70eV),
the 2'B, state (8.95eV), and the 6'B; state (9.02eV) in
EO correspond to the 10'A state (8.44¢V), the 14'A state
(8.53eV), and the 11'A state (8.46eV) in RMO, and the 4'A
state (8.25eV), the 5'B state (8.22¢V), and the 3'B state
(7.99eV) in SSDMO. These states are shifted because of the
excitation from the o orbital. In particular, the 3'B state
(7.99¢V) in SSDMO is shifted by 1.0eV, because it corre-
sponds to the excitation from the o to the p Rydberg orbital
with an inclination of the node.

The 1'B, state (8.85eV), the excitation from the n(O) to
the 3d Rydberg orbital in EO, corresponds to the 4'B state
(8.15eV) in SSDMO, however, there is no state with a strong
intensity corresponding to the excitation to the 3d Rydberg
orbital in RMO.

4.6 VUV Spectra of Thiirane (Ethylene Sulfide: ES).
Figure 6 and Table 5 show the theoretical and experimental
results for ES. The low-lying excited states are the excitation
from n(S) and the lowest excited state from the o orbital is the
9'A, state (8.54¢eV). The first excited state is the 1'A, state
(4.94¢V) with no intensity that corresponds to the excitation
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Figure 6. (a) Experimental®! and (b) SAC-CI VUV spectra
of thiirane.

from the n(S) to the o™ orbital. This is very different from EO,
because the molecular orbital energy of the o™ of ES is lower
than that of EO by 0.09 au. However, this state is not observed
in either ES or EO because it is a forbidden transition.

Three (I, II, and III) bands with vibrational structure are
observed in the range below 7.5¢eV in the experimental VUV
spectrum. There are two peaks in the range below 6.0 eV, which
is the first (I) band observed in the VUV spectrum. The 1'B;
state (5.86eV), with a very weak intensity, is the excitation
from the n(S) to the 4p Rydberg orbital. The 2'B; state
(5.96¢V) has a strong intensity, which is the excitation from
the n(S) to the 4s Rydberg orbital. These two excited states also
mix with the excitation to the o™ orbital and have a large
second moment, because the valence orbitals in the thiirane
derivatives are lower than those in the oxirane derivatives.

The 1'A; state (6.45 eV), also with a strong intensity, and the
2'A, state (6.66¢eV) are calculated at approximately 6.45¢V.
Both states correspond to the excitation from the n(S) to the 4p
Rydberg orbitals and the second (II) band observed in the VUV
spectrum.

The 3'B; state is calculated at 7.12 ¢V in the third (IIT) band,
which is the excitation from the n(S) to the 4d Rydberg orbital.
States with very small oscillator strength are calculated in the
region of the fourth band (VI). Three states (7'B;, 2'B,, and
4'A; states) with some oscillator strength are calculated at
around 8.0 eV corresponding to the fifth band (V). The 2'B, and
4'A, states are the excitation from n(S), to the 4p Rydberg and
the valence orbitals. However, there is no state with a strong
oscillator strength corresponding to the sixth band (VI). Thus,
many states beyond 8 eV are calculated, but their assignments
are made difficult because of the complicated nature of this
spectrum and the lack of basis functions in this calculation.
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Table 5. Excited States of Ethylene Sulfide (Thiirane) (a) VUV spectra -
States EE Osc —e(r?)  Nature of Exptl? 5 0.05[  (Exptl + SAC-CI)
/eV /au /au  excitation EE/eV <

XA, 0 0 582 50041 ne,
1'A; 494 0000  —645 n(S)— o* 5 003k
1'B; 586  0.000 —93.0 n(S)— 4p,V K g
2'B, 596  0.052 —942 n(S)—>4s,V  5.84(]) S o0k
1A, 645  0.035 —113.9 n(S)— 4p 6.45 (IT) =
2'A, 666  0.000 —118.6 n(S)— 4p,V g 0.01F I
3'B, 712 0017 —147.6 n(S)— 4d 7.13 (1) 1A
41B,; 737  0.001 —174.6 n(S)— 4d 0 e ,
1'B, 738  0.000 —1722 n(S)— 4d 5 6 7
3'A, 741 0.000 —178.1 n(S)— 4p,V
51B1 7.45 0.000 —212.7 n(S) — 4s,V 20 (b) CD spectrum
21A, 746  0.007 —188.5 n(S)— 4p 15[  (Exptl) v
6'B, 759 0.001 —2942 n(S)— 5s } 7.50 (IV) T I H.C -
31A 771 0.008 —3550 n(S)— 5p s 10 8=,

1
4'A, 771 0.000 —361.7 n(S)— 5p E st \/
7'B, 797 0.020 —369.8 n(S)— 5s = S
2'B, 7.99  0.026 —88.6 n(S), — 4p,V } 8.04 (V) g 0
414, 8.02  0.026 —99.0 n(S), — 4p,V @ LT
8'B, 8.05 0.001 —295.0 n(S)— 4d <5
5'A, 8.07 0.000 —294.6 n(S)— 4d 10 I
3'B, 8.09  0.004 —232.0 n(S)—4d : , :
5'A; 810 0.007 —230.8 n(S)— 4d -15 5 6 .
9'B, 811  0.001 —268.0 n(S)— 4d
6'A, 8.11  0.000 —241.2 n(S)— 4d C ] 4
6'A, 812 0011 2187 n(S)— 4d % 107 (¢) CD spectrum
10'B; 8.15 0.008 —344.1 n(S)— 4d ; (SAC-CD)
4'B, 827  0.001 —177.9 n(S)— 4d,V S s | 2R
7'A, 828  0.000 —5282 n(S)— 6p = =
A, 829  0.003 —457.8 n(S)— 6p o 0=
11'B; 830  0.000 —2844 n(S)— 4d 5 0 g
8'A, 834  0.000 —300.8 n(S)— 4d = &
5B, 836 0.001 —183.2 n(S)— 4d,V g 5 128
12'B, 842 0000 —3722 n(S)— 4p =
8'A, 844 0020 —3103 n(S)— 4p E 10 14
61B2 8.46 0.052 -91.5 n(S)2 — 4S,V T I T T
9'A, 854 0047 —1040 o—>4s 5 6 7
13'B; 8.59 0.023 —394.1 n(S)— 5p Excitation energy / eV
9'A; 865  0.000 —294.7 n(S)— 4d . _ _ -
7'B, 8.65 0.000 —2959 n(S)— 4d Figure 7. (a) Comparison of th§ expen6mental and SAC-
141B, .67 0.002  —2972 n(S)— 4d CI VUV spectra, (b) the experimental® CD spectrum, and
10A, 875 0.000 —113.8 n(S), — 4p (c) the SAC-CI CD spectrum of (R)-methylthiirane.
10'A; 882  0.127 —100.6 o — 4s,V
11'A, 895  0.000 —309.4 n(S)— 5d

a) From Reference 51.

4.7 VUV and CD Spectra of (R)-Methylthiirane (RMT)
and (25,35)-Dimethylthiirane (SSDMT). Figure 7 shows
the experimental and SAC-CI VUV and CD spectra of RMT,
and Table 6 shows the details. There are four (I, II, III, and IV)
bands up to 7.5¢eV in the experimental CD spectrum. The first
(I) band is not observed at around 5eV in the experimental
VUV spectrum and has a very small rotatory strength with a
negative sign. The second (II) band is observed in the range
between 5.64 and 6.34¢V and has a rotatory strength with a
negative sign. The third (III) band is observed in the range
between 6.34 and 7.00eV and has maxima at 6.4eV in the
experimental VUV spectrum and at 6.65 eV in the experimental

CD spectrum. The fourth (IV) band has a rotatory strength with
a positive sign in the range above 7.0 eV.

The first (I) band, with a very small negative intensity, is
assigned to the 1'A state and is calculated at 5.09 eV with very
small oscillator and rotatory strengths. In the experimental
VUV spectrum, we cannot see a peak in this region. It
corresponds to the valence excitation from the n(S) to the o*
orbital and the first excited state of ES. This type of state is not
observed in ES because it is a forbidden transition.

The second (I) band, with a negative intensity in the
experimental CD spectrum, is assigned to the 2'A (5.85eV)
and 3'A (6.05 eV) states, which are excitations from the n(S) to
the 4s and 4p Rydberg orbitals, respectively. The 3'A state has
the strongest oscillator strength in the SAC-CI UV spectrum
and the strongest rotatory strength in the SAC-CI CD spectrum.
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Table 6. Excited States of (R)-Methylthiirane

Bull. Chem. Soc. Jpn. Vol. 82, No. 10 (2009) 1223

Rotatory strength? Exptl®

EE o —e(?)  Nature of
State Length Velocity 5¢ elr) amre o EE Rotatory

/eV 1040 /1040 /au /au excitation Jev strength

/ ces ces ¢ /10740 cgs

X'A 0.00 0 0 0 —75.2
1'A 5.09 —1.893 —1.170 0.000 -83.7 n(S)— o* 4.25/5.25 () —-0.2
2'A 5.85 —1.484 —4.061 0.017 —129.8 n(S)— 4s,V
31A 6.05 —5.115 —5.935 0.039 —118.8 n(S)— 4p,V } 5:64/6.34 (IN) =93
41A 6.39 —2.090 —2.979 0.015 —152.0 n(S)— 4p,V
5'A 6.61 1.960 2.709 0.001  —176.0 n(S)— 4p,V } 6.34/7.00 (Itl) +6.2
6'A 7.03 4.201 3.395 0.004 —-211.1 n(S)— 4d
7'A 7.16 0.160 —0.600 0.000 —218.6 n(S)— 4d
81A 7.18 0.878 0.946 0.005 —2184 n(S)— 4d
9'A 7.20 0.694 0.397 0.003 —-217.1 n(S)— 4d
10'A 721 —-2.162 —2.533 0.008 —218.8 n(S)— 4p 7.00/7.54 (IV) +9.7
11'A  7.30 0.172 0.060 0.004 —3514 n(S)— 5s
12'A 734 —0.512 —0.693 0.006 —2859 n(S)— 4d
13'A 742 0.266 0.111 0.004 —433.8 n(S)— 5p
14'A 7.50 1.425 1.333 0.002 —4742 n(S)— 5p

a) lesucmerg G™! in cgs units &~ 3.336 x 1075CMIT™

These states are actually excitations to mixtures of the Rydberg
and the o* orbitals. Therefore, they have small second
moments and strong oscillator strengths.

The third (II) band, with a positive intensity in the
experimental CD spectrum, is assigned to the 4'A (6.39¢eV)
and 5'A (6.61 eV) states. These peaks correspond to excitations
from the n(S) to 4p Rydberg orbitals. The 4'A state has a large
oscillator strength and is in good agreement with the strongest
peak in the 6.34 to 7.00eV range of the experimental VUV
spectrum, while the 5'A state has a large positive rotatory
strength and is in good agreement with the strongest peak in the
third (IIT) band of the experimental CD spectrum. The 4'A state
is in agreement with the peak at 6.4 ¢V but has a negative sign
in the SAC-CI CD spectrum. The sign of the rotatory strength
of the 4'A state may change upon using different basis sets,
because this state has a positive sign in the CD calculations
using EOM-CCSD, B3LYP, and MRCI with different basis
sets from the present calculation.'® However, the rotatory
strength of the 4'A state is also negative in the SAC-CI
calculation with aug-cc-pVDZ. Therefore, there is also a
possibility that the 4'A state is assigned to the second (II) band,
because the second (IT) band is negative in the experimental CD
spectrum. A study of the vibrational structure is required to
clarify this discrepancy further.

The 6'A state (7.03 eV) is the lowest peak of the fourth (IV)
band and corresponds to the excitation to the 4d Rydberg
orbital. There are nine states calculated in the fourth band.
These states are the excitations from the n(S) to 4p, 4d, 5s, and
5p Rydberg orbitals, and they require a more extensive basis set
for full clarification, because the rotatory strength of the 7'A
state is positive in the length form and negative in the velocity
form.

Figure 8 and Table 7 compare the SAC-CI results for
SSDMT with the experimental spectra; there are two weak (I
and IIT) and three strong (II, IV, and V) bands up to 7.5¢V in
the experimental CD spectrum. The first (I) band is very weak,

in SI units. b) From Reference 22.

similar to the case of RMT. The second (II) band is observed in
the range between 5.64 and 6.36 eV and has a rotatory strength
with a positive sign. The third (II) band with weak positive
rotatory strength is observed in the range between 6.51 and
6.64 V. The fourth (IV) band is observed in the range between
6.65 and 7.23 eV and has a rotatory strength with a negative
sign. The fifth (V) band has a rotatory strength with a positive
sign in the range above 7.24eV.

The first (I) band is the 1'A state calculated at 5.09 eV, which
corresponds to the excitation from the n(S) to the o™ orbital.
However, this state is not observed in the experimental VUV
spectrum and is also very weak in the experimental CD
spectrum compared with other states.

The 1'B, 2'B, and 2'A states are assigned to the second (IT)
band. The 1'B state (5.90eV) is the excitation from the n(S) to
the 4s Rydberg orbital. The 2'B (6.16¢eV), 2'A (6.28 eV), and
3'A (6.51eV) states correspond to excitations from the n(S) to
the 4p Rydberg orbitals. The 1'B state has the strongest
oscillator strength. However, the 2'B state has the strongest
rotatory strength, and the 1'B state is the second strongest
state in the SAC-CI CD spectrum. Therefore, a study of the
vibrational structure may be required to clarify this discrepancy
further for SSDMT.

The 3'A state, with a very weak rotatory strength and no
oscillator strength, is assigned to the third (III) band. This band
is not observed in the experimental VUV spectrum because this
band is in the middle between the second (IT) and fourth (IV)
strong bands.

There are 12 states in the fourth (IV) and fifth (V) band
regions. They correspond to excitations from the n(S) to 4s, 4p,
4d, 5s, and 5p Rydberg orbitals. There is no state with a strong
intensity. The lower five states of these states are assigned to
the fourth (IV) band, because the sum of the rotatory strengths
is negative. The other seven states are assigned to the fifth (V)
band. However, a more extensive basis set is needed for full
clarification of the fourth and fifth bands.
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Figure 8. (a) Comparison of the experimental??> and SAC-
CI VUV spectra, (b) the experimental® CD spectrum, and
(c) the SAC-CI CD spectrum of (2S,3S5)-dimethylthiirane.

In thiirane derivatives, the SAC-CI spectra are in good
agreement with the experimental spectra in below 7eV.
However, the shapes of the SAC-CI spectra are different from
those of experimental spectra in higher excitation energy
region. This may be due to the lack of more diffuse basis sets.

4.8 Comparison of Oxirane and Thiirane Derivatives. In
thiirane derivatives, all excited states correspond to excitations
from the n(S) below 7.5¢V, because the orbital energy gap
between the o and the n(S) orbitals is greater than 0.07 au. The
first weak states correspond to the excitation to the 6™ orbital,
because the o™ orbitals of the thiirane derivatives are much
lower than those of the oxirane derivatives. The second band
corresponds to the excitation to the 4s (plus 4p) Rydberg orbital
with strong oscillator and rotatory strengths, because these
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excited states are mixed with the o orbital. The third band is
the excitation to the 3p Rydberg orbital, and the fourth is the
excitation to the 4d Rydberg orbital plus other unidentified
states. Thus it is easy to understand the excited states of the
thiirane derivatives in the low-lying region.

In oxirane derivatives, the excitation from the o orbital is
important even in the lower region, because the orbital energy
gap between the o and the n(O) orbitals is less than 0.02 au (less
than 0.002 au in EQ). Therefore, the fifth excited state (2'A,,
8.40¢V) is the excitation from the o orbital in EO, while the
lowest excited states corresponding to the excitations from the o
and n(S), orbitals are the 35th (9'A;, 8.54¢V) and 16th (2'B,,
7.99 eV) states in ES, respectively. Therefore, the excited states
corresponding to the excitations from the ¢ and n(S), orbitals
do not appear in our calculations of RMT and SSDMT, because
the excited states are only calculated up to 7.5¢eV.

5. Conclusion

In the present work, we have studied both the VUV and CD
spectra of oxirane (EO, RMO, and SSDMO) and thiirane (ES,
RMT, and SSDMT) derivatives, using the SAC-CI method. The
results are in good agreement with the experimental VUV and
CD spectra, and the nature of the CD spectra was shown to be
very different from that of the VUV spectra. This has clearly
deepened the understanding of the electronic structures of the
compounds studied. The differences between the SAC-CI
results and experimental values are within about 0.1 eV in low-
lying excited states. The relative intensities of the SAC-CI
spectra are also parallel with those of the experimental spectra.

When the gauge origin was placed at the center of gravity,
the two rotatory strengths in the length and velocity forms were
nearly identical. However, when the gauge origin was placed
away from the center of gravity, the rotatory strengths in the
length form were significantly different from those in the
velocity form.

In the oxirane derivatives, the lowest band was composed of
the excitation from the n(O) to the 3s Rydberg orbitals. In EO,
the second band was the excitation from the n(O) to the 3p
Rydberg orbital, and the third band was the excitation from the
o to the 3p Rydberg orbital. In RMO, the second band is
composed of the excitation of the n(O) to the 3p Rydberg
orbital and the o to the 3s Rydberg orbital, and the third band
corresponds to the excitation from the o to the 3p Rydberg
orbital. In SSDMO, the second band is the excitation from the
n(O) to the 3p Rydberg orbital, the third band is the excitation
from the o to the 3s Rydberg orbital, and the fourth band is the
excitation from the o to the 3p Rydberg orbital. The excitation
energies from the o orbital are lower in SSDMO than in EO,
because the orbital energy of the o orbital is raised by the
methyl substitution.

In the thiirane derivatives, all bands are composed of the
excitation from the n(S) orbital, because the orbital energies of
the n(S) are destabilized by approximately 0.1 au. The lowest
excited state is the excitation to the o™ orbital at around 5.0 eV.
The second band (the first strong band) corresponds to the
excitation to the 4s (plus 4p) Rydberg orbital, and the third
band (the second strong band) is the excitation to the 4p
Rydberg orbital. There is no state displaying an excitation from
the o orbital below 8.0eV.
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Table 7. Excited States of (2S,3S)-Dimethylthiirane

Bull. Chem. Soc. Jpn. Vol. 82, No. 10 (2009)

Rotatory strength? Exptl?
State EE Length Velocity Ose —elr) Nat_ure_ of EE Rotatory
/eV 10~ 40 g 10~ 40 s /au /au excitation Jev strength
g g /10—40 cgs
XA 0 0 0 0 —-90.5
1'A 5.09 —3.198 —2.418 0.000 -97.5 n(S)— o* 4.73/5.10 () —0.1
1'B 5.90 2.791 5.784 0.031 —156.5 n(S)— 4s
2'B 6.16 17.379 20.320 0.020 —149.1 n(S)— 4p 5.64/6.36 (1) +5.3
21A 6.28 2.574 2.480 0.017 —-167.7 n(S) — 4p,V
3'A 6.51 1.596 0.323 0.000 —209.3 n(S)— 4p 6.51/6.64 (1II) +0.2
3'B 6.90 —5.018 —4.503 0.000 —-212.9 n(S)— 4d
4B 7.00 —3.633 —2.626 0.003 —242.8 n(S)— 4d
41A 7.04 1.103 2.061 0.001 —2414 n(S)— 4p 6.65/7.23 (IV) —7.2
5'B 7.04 —2.694 —1.955 0.003 —261.3 n(S)— 4d
51A 7.11 —2.574 —2.502 0.013 —270.9 n(S)— 4p
6'B 7.15 3.835 4.933 0.001 —297.9 n(S) — 4s
7'B 7.21 1.279 1.393 0.013 —398.3 n(S)— 5s
6'A 7.28 —0.167 —0.151 0.002 —461.7 n(S)— 5p
7'A 7.38 —0.458 —0.677 0.000 —538.8 n(S)— 5p 7.24/7.70 (V) +4.5
8'B 7.53 —-3.386 —2.492 0.003 —506.1 n(S)— 5s
8'A 7.59 —0.189 —0.140 0.000 —3329 n(S)— 4d
9'A 7.63 0.067 0.062 0.002 —326.1 n(S)— 4d
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a) lesucmerg G™! in cgs units & 3.336 x 107>CMIJT~! in SI units. b) From Reference 22.

We thank Dr. R. Fukuda for the discussion. The computa-
tions were performed using Research Center for Computational
Science, Okazaki, Japan.
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