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Accurate quantum-chemical calculations of the excitation energies and the rotatory strengths of dichalcogens
R—Ch—Ch—R (Ch =S, Se, Te) were carried out with the symmetry adapted cluster (SAC) and-SAC
configuration interaction (Cl) methods. A series of straight-chain molecules (dihydrogen dichalcogenide,
dimethyl dichalcogenide, andH)-bis(2-methylbutyl) dichalcogenide) and one cyclic molecule (RRY
dichalcogenadecalin) were adopted for comparative analysis. The calculated excitation and circular dichroism
(CD) spectra were in good agreement with experimental ones (Laur, P. H. Protreedings of the Third
International Symposium on Organic Selenium and Tellurium Compo@etgiant, D., Kirsch, G., Eds.;
Universite de Metz: Metz, 1979; pp 23299) within 0.3 eV. The fitting CD spectra also reasonably reproduced

the experimental ones. In all the molecules adopted, the first and second lowest bands were assigned to the
n—o*(Ch—Ch) transition and the third and fourth lowest bands to thet{Ch—R) transition. The first and
second lowest bands apparently depended on th€iR-Ch—R dihedral angle, suggesting that the orbital
energies of twa*(Ch—Ch) change with the RCh—Ch—R dihedral angle. This calculated trend agrees with

two empirical rules: the Crule and the quadrant rule.

1. Introduction activity (ROA), and CD, vibrational CD (VCD), and magnetic

The S-S bonds in disulfides play an important role in CD (MCD) spectra. Optical rotation is the difference in
polypeptides, proteins, and other biochemical systems. Spec-refractive index between left and right circularly polarized light
troscopic observations of several disulfide compounds have beerivhen an optically active molecule is irradiated with linearly
reported, including ultraviolet (UVA,photoelectror, circular polarized light, and CD, VCD, and MCD are the differences in

dichroism (CD)}3 nuclear magnetic resonance (NM&and absorption intensity between left and right circularly polarized
electronic diffractior?. Also, a number of calculations for  lights. These optical rotation phenomena are related to the
molecular structure? rotational barriers around the-$ absolute configurations of chiral molecules, and ROA, CD,
bonds3 excitation spectr,optical rotation'© vibrational fre- VCD, and MCD give useful information to analyze the spectra

quencies! and NMR spectfahave been carried out with both ~ of molecules as well. The CD spectra of many disulfide
semiempirical and ab initio quantum-chemical methods. Some compounds have been reportédTwo empirical rules apply
of the experimental and theoretical investigations have indicatedto these systems: the,@ule'*!5and the quadrant rufé.The
that the spectroscopic molecular properties of dichalcogens areCz rule determines the plasminus sign of the CD absorptions
correlated with the SS dihedral angle. In fact, the optical in the longest wavelength region of a chira} €ymmetrical
rotation of molecules containing-RCh—Ch—R is theoretically =~ molecule, whereas the quadrant rule fos €hromophores

determined by sin @ where@ is the dihedral angle. determines the relationship between the first and second lowest
Diselenides and ditellurides have properties analogous to thoseCD absorptions; that is, if the-RCh—Ch—R dihedral angle is
of disulfides, and have also been studied experimentallye from 0° to 9C°, the lowest excited state belongs to B symmetry

UV spectra of diselenides and ditellurides have shapes quiteand its rotatory strengttRj is positive, and the second lowest

similar to those of disulfides, although the absorption bands are excited state belongs to A symmetry andR$s negative. On

red shifted in comparison with those of disulfides. However, the other hand, if the RCh—Ch—R dihedral angle is from S0

no theoretical studies on diselenides and ditellurides have beerto 1807, the lowest excited state belongs to A symmetry and its

reported so far except for a series of works by Renugopalakrish-R is negative, and the second lowest excited state belongs to B

nan, Walter, and co-worket$13A systematic theoretical study ~ symmetry and itsR is positive. These rules have been

of dichalcogen molecules (chalcogenS, Se, Te) is therefore  reproduced by calculations of dihydrogen disulfideFor

required. diselenides and ditellurides, however, these rules have not yet
Optical activity is one of the most specific properties of chiral been investigated.

molecules and is determined by optical rotation, Raman optical  certain difficulties exist in assigning the spectral bands in
*To whom correspondence should be addressed. E-mail: hada@ CD- First, the two transition energies are often close to each

metro-u.ac.jp. other. In this case, the two absorptions form one spectral band
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if the R values of those two transitions have the same sign, of the Huzinaga/Dunning full doublébasis sét for the valence

whereas the band gaps are apparently broadened if th&®two shells and the Los Alamos effective core potentials with

values have opposite signs. This makes it difficult to determine relativistic effects for the core shells. We carried out geometry

the accurate positions of the transitions. Second, the fitting optimization of all molecules from all possible initial geometries

procedures for the CD spectra are not unique and, therefore,with C; symmetry, and these geometries were convergéz) to

the unique assignment of the CD bands is often difficult. Last, symmetry.

similar to the UV spectra, conventional organic solvents make The excitation energies, oscillator strengths, d@dvere

it difficult to observe the Cotton effect of the target molecules calculated with the SAC and SACCI methods. The ground

in the short-wavelength region owing to absorption of the states were calculated with the SAC method, and the excited

solvents. In these cases, careful quantum-chemical calculationsstates were calculated with the SACI method using SD

may be helpful to analyze unknown or unassigned CD spectra. (single and double) reference configurations. The lowest five
The intensity of the CD absorptions is expressed by the excitations were calculated for each symmetry. The energy

rotatory strengthR) of the dipole length representation, which thresholds in the configuration selection sché&meere 10°

is defined as and 107 hartree for the ground and excited states, respectively,
_ except for the ground states of DCD (GhS, Se), where the
Rye = IM[[Wgluteie Wel TW el ttmag V'olJ @) thresholds were 7.& 107 hartree. The basis sets for the Ch

atoms in the SAC and SACSCI calculations were the uncon-
tracted LanL2DZ augmented by the split polarization functions
([2p2d], whereo, = 0.0659, 0.0260 andq = 0.9424, 0.3720

where W, and W, are the wave functions of the ground and
excited states, respectively, amgl andumagare the electronic

and magnetic transition dipole moment operators, respectively.for S:a, = 0.0623, 0.0246 andgy = 0.6897, 0.2723 for Sey
, Op = U , U, d— V. , U, p

So far, many CD calculations have been reported using, for _ X
example, classical physics based methods such as the dipole_ 0.0521, 0.0206 andq = 0.4750, 0.1875 for Te, respeciively)

interaction modet81° semiempirical methods!620-2lrandom and the Rydberg functions ([1s1p], whare= 0.023 ando,

L - - . = 0.020 for S; [1s] wherexs = 0.049 andas = 0.038 for Se
hase approximation (RPA3,24 the time-dependent densit ;
Eunctionrfl Ft)heory (TDDI(:T??28 the independeFr)lt particle modgl and Te, respectively). We employed the aug-cc-pVDZ basl$ set

. . for the C atoms in all the SAC and SACI calculations
with the Kohn-Sham theory? the coupled cluster linear . X '
response theory (CCLRP)2 and the single-excitation con- instead of using LanL2DZ. For the H atoms, as well as the C

figuration interaction (SECI) and single- and double-excitation atoms, we ehmploygd the aug-cc-pvDZ basis set fcf>r DHC and
configuration interaction (SDCI) theofy:32-35 These methods DMC, and the Huz[naga/Dunnmg douhlebasis set for BDC
reproduce experimental spectra qualitatively; however, the and DCD, cor13|der|ng accuracy e cqmputatlonall fea5|bll|ty.
agreement of the calculated transition energies with the experi- AI.I calculat|0n§ were carried out using the modified local
mental ones is not satisfactory. In some cases, even the sign /ersion of Gaus_smn(‘)%pr_ogram package. '_I'_he CD spectra were
of the CD strength are opposite those determined experimentally. itted by Gaussian functions for each position of the excitation.
To make a reliable theoretical assignment, one should use a )
more sophisticated theory than the previous ones, which '[akesA . 167°N, o [In16
electron correlation into consideration. @) =300 100y 7oy, x
Symmetry adapted cluster (SA€and SACG-configuration _ 2
interaction (SACG-CI)3” methods are an electron-correlation ex;{— In 16(w wja) )R
theory that can calculate both ground and excited states, @
respectively, with well-balanced accuracy. Many applications

of this theory to the ground and excited states of various systems = (4.0908x 1038)2 @ X
have been reported*° Since eq 1 requires the wave functions = alo
of the ground and excited states, the combination of the SAC ja
and SAC-CI methods is very suitable for CD calculations. In 16/ — Wjq 2
In this study, we calculated the excitation and CD spectra of exr{— —( ) )R]a 2)
12 right-handed dichalcogen compounds with the SAC and Dja a

SAC—CI methods. The target molecules were dihydrogen

dichalcogenide (DHC), dimethyl dichalcogenide (DMG);){ whereAe andR;, are given in mot'-cm™* and estcmrerg G,
bis(2-methylbutyl) dichalcogenide (BMC), and 2R#R)-dichal- respectivelywja and R are the excitation energies betwegen
cogenadecalin (DCD). Three kinds of chalcogen atoms (S, Se,anda and the rotatory strengths, respectively, and a fitting

and Te) were adopted, and the molecular structures are showrParameter taken from the bandwidth of the experimental
in Figure 1a. The objectives of this study were as follows: (1) spectrum.

to compare the excitation and CD spectra calculated with the ~We used the dipole length representation for calculations of
SAC and SAG-CI methods with the experimental ones from rotatory strengths, and this representation has the gauge origin
ref 1 and discuss the accuracy of the calculated results, (2) toproblem. Therefore, we have confirmed that this problem is
assign each band of these molecules, and (3) to examine thesmall for the molecule we employed.

dependences of the spectral trends on the type of chalcogen

atom. The details of the calculation methods are described in 3. Results

section 2. We present the excitation and CD spectra of the 12 Optimized Geometries. We summarize in Table 1 the

dichalcogen molecules in section 3 and discuss the results ingniimized geometric parameters of the 12 dichalcogen mol-
detail in section 4. A conclusion is given in section 5. ecules, DHC, DMC, BMC, and DCD. The-S5, Se-Se, and
Te—Te bond lengths are almost the same for all the molecules,
and as expected, the €ICh bond lengths follow the ordeg-s

All ground-state geometries were optimized by MP2 using < rse-se < I'te—Te. The optimized dihedral angles of-RCh—
LanL2DZz*42with polarization functiong? LanL2DZ consists Ch—R in the straight-chain compounds (DHC, DMC, and BMC)

2. Computational Details
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(a) Ch—=Ch, /Ch—Ch_,,
H/ ///H HaC //CHg
(+)-dihydrogen dichalcogenide (+)-dimethyl dichalcogenide
(DHC) (DMC)
Ch—Cl_l
4 ,

R=CH,CH(CH3)CH,CH;

H
2,3-(R,R)-dichalcogenadecalin
(DCD)

(+)-bis(2-methylbutyl) dichalcogenide
(BDC)

(b)

(+)-bis(2-methylbutyl) dichalcogenide
(BDC)
Figure 1. (a) Structures of 12 right-handed dichalcogen molecules

(Ch = S, Se, Te). (b) Most stable conformation of)tbis(2-
methylbutyl) dichalcogneide (Ci S, Se, Te).

are ca. 90, whereas the dihedral angles of the cyclic compound
(DCD) are ca. 68 These bond lengths and dihedral angles agree
satisfactorily with the experiments and previous calcula-
tions313.2021.290 s mentioned above, the CD spectra of disulfide

compounds strongly depend on the molecular conformations,

in particular, the dihedral angles offCh—Ch—R .17 Therefore,

it is worthwhile to study the relationship betwe&and the

geometric parameters. This will be discussed later.
Dihydrogen Dichalcogenide (DHC).DHC is a straight-chain
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the first and second lowest excited states, which are expressed
as 2A and 1B, respectively, are almost degenerate energetically,
and both states are assigned to the transitions from the two n
chalcogen orbitals to the*(Ch—Ch) orbital, namely, fro*-
(Ch—Ch). The signs oR are negative for the 2A state and
positive for the 1B state. The third and fourth lowest excited
states, which are 2B and 3A, respectively, are also degenerate
energetically, and both states are assignedto*(Ch—H). The
signs ofR are positive and negative for the 3A and 2B states,
respectively, contrary to the lowest two states. Rhealues of
these four low-lying excitations are comparable to each other
irrespective of the Ch atoms; e.g., tRealues are 15.14, 17.05,
and 22.06 (10%° cgs unit) in the 1B state and 65.65, 57.51,
and 41.74 in the 3A state, when Ck S, Se, and Te,
respectively. On the other hand, the excitation energies of the
four low-lying states are shifted to the lower energy region when
the Ch atom is replaced with a heavier atom. The fifth and sixth
excitations are assigned again teaf(Ch—Ch), although the
signs and values d® largely depend on the chalcogens. Figure

2 shows the calculated excitation energies (left) Rn(ight).

The CD spectra fitted by the Gaussian function in eq 2 are also
shown, although the experimental spectra have been not
reported. Basically, the spectral shapes of S, Se, and Te
molecules are similar to each other, although a red shift of the
spectral bands occurs as the Ch atom is replaced with a heavier
atom, as shown in Table 1.

The empirical G rule predicts that, in a right-handed
molecule, the lowest excited A state shows the negative Cotton
effect whereas the lowest B state shows the positive Cotton
effect1415The present calculations & agree with the grule.

Dimethyl Dichalcogenide (DMC). Both excitation and CD
spectra of DMC have been studied using several theoretical

molecule as shown in Figure 1, and the rotational energy barriersmethods, whereas only the UV spectra obtained experimentally
around the ChCh bond are quite small. Therefore, racemization have been reported. The excitation energies, the oscillator
easily occurs between left- and right-handed molecules. Owing strengths, and the rotatory strengths of DMC are shown in Table
to this racemization, the experimental CD spectrum of DHC 3. Our results show good agreement with the experimental ones,
could not be observed. However, the calculafRedalues for compared with the previous work that used the Cl meftfod.
DHC are useful for comparative study because DHC is the There are several analogies between the spectra of DMC and
simplest dichalcogen molecule. Moreover, the calculations of those of DHC. The first and second lowest excited states are
DHC have been reported in several theoretical stutfiés. assigned to rro*(Ch—Ch). The signs oR are negative and
Table 2 lists the excitation energies, oscillator strengths, positive for symmetry A and B excitations, respectively,
rotatory strengths, and assignments of DHC for the lowest six showing agreement with the,@ule. Furthermore, their values
singlet transitions calculated with the SAC and SACI are almost constant irrespective of the Ch atoms. The third and
methods. In the case of dihydrogen disulfide (Gh S), fourth lowest excitations are assigned to the transitions from n
compared with a previous work that used semiempirical CNDO, on the Ch atoms te* on the Ch-C bonds (r-¢*(Ch—C)).
the SAC and SAE CI methods comparatively well reproduced TheR values also have the same signs and magnitudes, except
the experimental position of the first lowest peak. In all cases, for the 3A state for dimethyl disulfide (C# S). The 4A and

TABLE 1: Geometric Parameterst Optimized by the MP2 Method Using the LanL2DZP Basis Set together with the
Experimental Values

compound Ch I'ch—ch I'R—ch Och-ch-r ¢(dihedral?

DHC S 2.08 (2.055) 1.36 (1.327 97.22 (91.3) 91.03 (90.06)
Se 2.35 1.48 95.61 90.14
Te 2.72 1.67 95.02 89.06

DMC S 2.07 (2.022) 1.82 (1.806) 101.14 (104.%) 83.97 (83.6)
Se 2.34 1.96 (1.954) 98.80 (98.8) 84.02
Te 2.71 2.15 97.01 85.57

BDC S 2.07 1.83 100.86 84.86
Se 2.34 1.97 98.19 83.64
Te 2.71 2.17 95.61 83.86

DCD S 2.08 1.83 97.48 58.34-60.07
Se 2.35 1.97 93.72 55.25
Te 2.72 2.17 88.83 52.11

2Bond lengths are given in angstroms, and angleand¢ are given in degreeg.Dihedral angles of RCh—Ch—R. ¢ Values in parentheses
are experimental ones from ref ZValues in parentheses are experimental ones from ref\t8lue in parentheses is experimental one from ref
3.
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TABLE 2: Excitation Energies AE in eV, Oscillator Strength f in au, Rotatory Strength R in 10740 cgs unit, and Assignment of

Seino et al.

Transition for ( +)-Dihydrogen Dichalcogenide (DHC) (Ch= S, Se, Te) Calculated with SAC and SAE CI Methods

S

Se Te
SAC-CI2 CNDCP exptF SAC-CI2 SAC-CI2
1 AE 5.06 4.00 4.96 4.15 3.38
f 0.0028 0.0093 0.0088
R —4.95 —274.07 17.05 22.06
n,—0o*(Ch—Ch), 2A n—o*(Ch—Ch), 2A n—o*(Ch—Ch), 1B n—o*(Ch—Ch), 1B
2 AE 5.08 4.02 4.16 3.39
f 0.0126 0.0027 0.0023
R 15.14 181.50 —9.22 —-11.10
n—o*(Ch—Ch), 1B n—o*(Ch—Ch), 1B n—o0*(Ch—Ch), 2A n—o0*(Ch—Ch), 2A
3 AE 6.18 4.89 5.57 4.82
f 0.0185 0.0160 0.0113
R —71.01 113.89 57.51 —-47.75
n,—0*(Ch—H), 2B n—o*(Ch—H), 2B n—o*(Ch—H), 3A n,—o*(Ch—H), 2B
4 AE 6.18 4.92 5.59 4.84
f 0.0162 0.0164 0.0129
R 65.65 —18.52 —61.66 41.74
n—o*(Ch—H), 3A n—0*(Ch—H), 3A n—o*(Ch—H), 2B n—o*(Ch—H), 3A
5 AE 7.14 6.46 5.55
f 0.0021 0.0037 0.0044
R —-21.10 —1.98 —38.50
n,—o*(Ch—Ch), 4A n—o*(Ch—Ch), 3B n—o*(Ch—Ch), 3B
6 AE 7.15 6.48 5.59
f 0.0107 0.0001 0.0020
R 21.02 —4.16 28.51
n.—o*(Ch—Ch), 3B n—o*(Ch—Ch), 4A n—o*(Ch—Ch), 4A
a Present work? Reference 9¢ References 21 and 47.
H\
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Figure 2. UV (left) and CD (right) spectra calculated with SAC and SACI methods for dihydrogen dichalcogenide (DHC).

3B states are assigned to the a¥(Ch—C) transitions in the much larger in DMC than in DHC. The energy differences are
case of Ch=S, and the transitions from n to Rydberg orbitals 0.21, 0.20, and 0.13 eV when GhS, Se, and Te, respectively,
on the Ch atoms in the cases of EfSe and Te. The excitation = whereas they are almost zero for DHC.

energies are red shifted in all cases as the Ch atoms become On the left side of Figure 3, the observed and calculated
heavier. We note here one difference from DHC: The energy excitation spectra of DMC are drawn for each dichalcogenide.
differences between the first and second lowest excitations areThe energy positions of the calculated bands are in good
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TABLE 3: Excitation Energies AE in eV, Oscillator Strength f in au, Rotatory Strength R in 10740 cgs unit, and Assignment of
Transition for ( +)-Dimethyl Dichalcogenide (DMC) (Ch= S, Se, Te) Calculated with SAC and SAE C| Methods

S Se Te
SAC—CI2 Clb exptr SAC—CI2 exptF SAC—CI2 exptF
1 AE 4.85 5.93 4.96 3.96 3.96 3.23 3.06
f 0.0140 0.0160 0.0079 0.0071
R 23.22 27.40 21.76 27.48
n—o*(Ch—Ch), 1B n—o*(Ch—Ch), 1B n—o*(Ch—Ch), 1B n—o*(Ch—Ch), 1B
2 AE 5.06 6.23 4.16 3.36
f 0.0011 0.0067 0.0013 0.0010
R —6.35 —26.40 —-10.17 —11.39
n,—o*(Ch—Ch), 2A n—o*(Ch—Ch), 2A n—o0*(Ch—Ch), 2A n—o*(Ch—Ch), 2A
3 AE 6.04 7.66 5.50 4.60
f 0.0071 0.0110 0.0002 0.0011
R 9.76 —34.60 —2.07 —5.49
n—o*(Ch—C), 3A 2B n—o*(Ch—C), 3A n—o*(Ch—C), 3A
4 AE 6.20 7.75 5.52 459
f 0.0039 0.0040 0.0029 0.0034
R —28.29 13.00 —19.85 —34.56
n,—o*(Ch—C), 2B 3A n—o*(Ch—C), 2B n—o*(Ch—C), 2B
5 AE 6.24 5.69 5.20
f 0.0064 0.0281 0.0221
R 27.60 56.39 54.18
n.—o*(Ch—C), 4A n—s, 4A n—s, 3B
6 AE 6.37 5.89 5.21
f 0.0452 0.0504 0.0546
R —26.89 —53.81 86.51
n,—o*(Ch—C), 3B n—p, 3B n—p, 4A
a Present work? Reference 34¢ Reference 1.
HaC_
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0.25 40 200
calc. 30| calc. 150
0.2 |
20 100
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Figure 3. SAC and SAC-CI calculated and observedV (left) and CD (right) spectra for dimethyl dichalcogenide (DMC).

agreement with the experimental ones. The intensity of the right side of Figure 3 shows the calculated CD spectra of DMC.
second lowest peak is much higher than that of the first lowest The spectral shapes are similar among the chalcogenides,
peak, in accordance with the experimental trends. Thus, thealthough the intensities in the short-wavelength region are
calculated results well reproduce the experimental spectra. Theincreased as the Ch atoms become heavier. One can also see
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TABLE 4: Excitation Energies AE in eV, Oscillator Strength f in au, Rotatory Strength R in 10740 cgs unit, and Assignment of
Transition for 2,3-(R,R)-Dichalcogenadecalin (DCD) (Ch= S, Se, Te) Calculated with SAC and SAECI Methods

S Se Te
SAC-CI2 cca exptF SAC-CI2 exptF SAC-CI2
1 AE 4.13 4.15 4.20 3.24 3.40 2.40
f 0.0114 0.0046 0.0034
R —7.26 —-18.80 23.51 26.89
n.—o*(Ch—Ch), 1B n—o*(Ch—Ch), 1B n—o*(Ch—Ch), 1B n—o*(Ch—Ch), 1B
2 AE 5.24 5.14 5.10 4.29 4.50 3.27
f 0.0005 0.0002 0.0001
R 26.56 11.00 —4.59 —3.90
n,—o*(Ch—Ch), 2A n—o0*(Ch—Ch), 2A n—o0*(Ch—Ch), 2A n—o*(Ch—Ch), 2A
3 AE 5.64 5.51 5.48 5.20 3.91
f 0.0074 0.0271 0.001
R 28.58 -1.20 42.41 —2.51
n—o*(Ch—C), 3A n—o*(Ch—C), 3A n—o*(Ch—C), 3A n—o*(Ch—C), 3A
4 AE 5.87 5.97 5.99 5.50 5.60 4.57
f 0.0273 0.0183 0.0033
R 10.78 —41.00 —19.95 —33.39
n—o*(Ch—C), 4A n—s, 4A n—o*(Ch—C), 2B n—o*(Ch—C), 2B
5 AE 6.09 6.02 5.85 4.90
f 0.0077 0.0330 0.0336
R 3.72 —10.20 —5.47 86.52
n—p, 2B n—p, 2B n—o*(Ch—Ch), 3B n—o*(Ch—C), 3B
6 AE 6.56 6.33 6.02 5.11
f 0.0001 0.0103 0.0281
R —-1.09 32.80 34.45 73.38
n—p, 3B n—p, 3B n—o*(Ch—Ch), 4B n—s, 4A

a Present work? Reference 25¢ Reference 1.

the energy shifts of the peaks depending on the Ch atoms inexperimental spectral shapes, and the excitation energy differ-
the long-wavelength region in the excitation and CD spectra, ences are less than 0.3 eV. The second lowest peak of the
in accordance with experimental trends. experimental UV spectra consists of three or more excitations.
2,3-R,R)-Dichalcogenadecalin (DCD)DCD is a typical and The right side of Figure 4 shows the calculated CD spectra and
simple cyclic dichalcogen compound whose UV and CD spectra the corresponding experimental spectra. The calculated results
have been measured experimentally. Z%¢dithiadecalin has show good agreement with the experiment for each molecule,
been studied by several quantum-chemical methddsyever, suggesting that the assignments by the present calculations are
it should be noted that we adopted here a series of enantiomershighly reliable.
2,3-RR)-dichalcogenadecalins, for comparison with each other.  (+)-Bis(2-methylbutyl) Dichalcogenide (BDC).Generally,
The CD spectra of these right-handed molecules have the samét is expected that some acyclic compounds have many
intensities as those of the left-handed 25%)-dichalcogena- conformations that are almost degenerate in energy. Therefore,
decalin, but opposite signs. we carried out geometry optimization of BDC from all possible
The calculated results are listed in Table 4. The excitation initial conformations using the MP2/LanL2DZP method. As a
energies of 2,3§9-dithiadecalin are similar to those of the result, we determined the most stable conformation as shown
previous coupled cluster calculation including single and in Figure 1b, whose energy is lower by 5 kJ/mol or more
approximate double excitations (CC2), although Bhealues compared with the other conformations. Then, considering the
and their assignments are different. The SAT excitation thermal population, the lowest conformation is dominant.
energies for dithiadecalin and diselenadecalin are similar to the Therefore, we calculated only the most stable conformations
experimental values in all cases, suggesting that our calculationsfor BDC.
are reliable. DCD also shows analogous trends to DMC  The calculated results are listed in Table 5. The low-lying
concerning the assignments, the signs and magnitudesaoid 1B and 2A states are assigned to theoti(Ch—Ch) transitions,
the energy shift due to the change of Ch atoms; that is, the first and the 3A and 2B states are assigned-+tef{Ch—C), except
and second lowest excited states (1B and 2A) are assigned tdor the case of Chk= S. The 4A and 3B states are assigned to
n—o*(Ch—Ch), and the third and fourth lowest ones (3A and the transitions from n to various characters, due to the large
2B) are assigned to+u*(Ch—C). The signs and magnitudes mixing betweenc* and Rydberg orbitals. The signs and
of R for the lowest two excitations (1B and 2A) are the same magnitudes oR for the lowest two states are consistent with
among S, Se, and Te compounds, showing applicability of the the G rule, irrespective of the Ch atoms. The energy red shift
C, rule. The red shift due to heavy Ch atoms is also observed as Ch becomes heavier was also calculated. The energy
in DCD. One unique feature in DCD is that the energy differences of BDC between 1B and 2A excited states are 0.26,
differences between the first and second lowest excited states0.28, and 0.20 eV when Gh S, Se, and Te, respectively. These
(1B and 2A) are relatively large in comparison with those of values have the same magnitude as those of DMC, although
straight-chain compounds. The calculated energy differences arghey are somewhat underestimated compared with the experi-
1.11, 1.05, and 0.87 eV when GhS, Se, and Te, respectively. mental values. Comparing BDC with DMC, the magnitudes and
These values well reproduce the experimental values, 0.9 andsigns of theR values of the third and fourth lowest excitations
1.1 eV, inthe cases of Ch S and Se, respectively. On the left for BDC are different from those for DMC, probably because
side of Figure 4, the experimental and theoretical excitation the o*(Ch—C) orbital is largely sensitive to the substituted
spectra are depicted. The calculated spectra well reproduce theroup.
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Figure 4. SAC and SAC-CI calculated and observetlV (left) and CD (right) spectra for 2,3R)-dichalcogenadecalin (DCD).

TABLE 5: Excitation Energies AE in eV, Oscillator Strength f in au, Rotatory Strength R in 1074° cgs unit, and Assignment of
Transition for ( +)-Bis(2-methylbutyl) Dichalcogenide (BDC) (Ch= S, Se, Te) Calculated with SAC and SAECI Methods

S Se Te
SAC-CI2 exptP SAC-CI2 exptP SAC-CI? exptpP
1 AE 4.38 4.60 3.54 3.60 2.90 3.05
f 0.0176 0.0095 0.0078
R 19.16 18.77 24.70
n—o*(Ch—Ch), 1B n—o*(Ch—Ch), 1B n—o*(Ch—Ch), 1B
2 AE 4.64 5.20 3.82 4.30 3.10 3.42
f 0.0007 0.0008 0.0008
R —-3.92 —6.16 -7.23
np—o*(Ch—Ch), 2A n—o*(Ch—Ch), 2A n—o*(Ch—Ch), 2A
3 AE 5.66 5.29 4.46 4.64
f 0.0005 0.0015 0.0000
R 1.96 11.47 -0.62
n.—o*(Ch—C), 3A n—o*(Ch—C), 3A n—o*(Ch—C), 3A
4 AE 5.77 5.40 4.52 4.66
f 0.0034 0.0005 0.0003
R 17.06 3.78 —6.05
n—p, 4A n—o*(Ch—C), 2B n—o*(Ch—C), 2B
5 AE 5.86 5.58 5.02
f 0.0142 0.0109 0.0072
R -11.22 30.46 38.82
n—s, 2B n—o*(Ch—Ch), 4A n—o*(Ch—C), 3B
6 AE 6.04 5.73 5.70 5.16
f 0.0028 0.0231 0.0000
R -10.34 —40.29 -1.63
n,—o*(Ch—C), 3B n—o*(Ch—C), 3B n—o*(Ch—C), 4A

a Present work? Reference 1.

The excitation spectra (left) and CD spectra (right), which well the experimental ones on the whole, although some band
are observed and fitted with calculated results, are plotted in intensities are overestimated compared with the experimental
Figure 5. The fitted excitation spectra show good agreement ones. On the other hand, the energy differences of the first and
with the observed ones, although underestimations of the bandsecond lowest states are small and Rhealues show opposite
energies are found. The calculated CD spectra also reproducesigns; as a result, these band positions seem to be shifted owing
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Figure 5. SAC and SAC-CI calculated and observetdV (left) and CD (right) spectra for)-bis(2-methylbutyl) dichalcogenide (BDC).
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molecular orbital (LUMO) is as*(Ch—Ch) orbital in S, Se,

and Te molecules, this figure can be applied to all the molecules
treated. Whewr—-ch-ch-r is varied from 0 to 18, the energy

of the n orbital of symmetry b @) is increased because the
overlap between the electron lobes of the two Ch atoms becomes
large. By contrast, for the n orbital of symmetry @)(the MO
energy is decreased because repulsion between the lobes
becomes large agr—ch-cn-r is increased. Whempr—ch-ch-r

is 9C°, the energies of the two n orbitals are degenerate. On the
other hand, the* orbital energy is almost constant irrespective

of ¢r-—ch-ch-r- The n-o*(Ch—Ch) excitation energies ap-
proximately correspond to the energy differences between the
n ando* orbitals. Whengr-ch-ch-r is less than 99 the first
lowest excitation is assigned tg+to*(Ch—Ch) and the second

is assigned togt+-o*(Ch—Ch). This leads to the negative Cotton
effect. By contrast, whegpr—ch-ch-r IS greater than 90 the

first and second lowest excitations are assignedtaf(Ch—

Ch) and g—0*(Ch—Ch), respectively, giving the positive Cotton
effect. Whenpr_ch-cn-r is nearly 90, the two n-g*(Ch—Ch)

to cancellation of their intensities. The results indicate that we excitations are degenerate and the negative and positive

should be careful in determining the accurate positions of

excitations in the experimental CD spectra.

4. Discussion

contributions of the two states cancel each other. Consequently,
the CD intensity becomes nearly zero. These trends are called
the quadrant rulés

Table 6 shows the dihedral angles about the-Ch bonds,

Using quantum-chemical methods, we have shown that the $r-ch-ch-r, and the energy differences between the first and
CD spectra of disulfides, diselenides, and ditellurides depend second lowest excitations calculated with SAC and SAT
on the molecular geometries, especially the dihedral angle aboutmethods for the 12 dichalcogen molecules. The experimental
the Ch—Ch bonds ¢r-cn-cn-r). This phenomenon is analyzed
in terms of the molecular orbitals (MOs). Figure 6 shows the lowest bands are also listed in this table. Table 6 indicates that
relationship betweepr-cn-ch-r and the MO energies associ-
ated with the r-0*(Ch—Ch) transitions of dihydrogen disulfide.
Since the highest occupied molecular orbital (HOMO) and the atoms, and the first and second lowest excitations are almost
next HOMO are two n orbitals and the lowest unoccupied degenerate. The signs of tRevalues are opposite, accounting

values of the energy differences between the first and second

the results of the energy differences agree with the quadrant
rule. For DHC ¢r-ch-ch-r IS Nearly 90 irrespective of the Ch
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TABLE 6: Dihedral Angles about the Ch—Ch Bonds and (4) The calculated results agreed with the empirical rules such
Ene_rgy_ Differences between the First and Second Lowest as the G rule and the quadrant rule for all the molecules
xcitations investigated.
dihedral angle energy difference (eV)
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Se 84.02 0.22
Te 85.57 0.13
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