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I-S-1  Theoretical Studies on Circular Dichroism
Spectra of Linear and Cyclic Dichalcogenide
Compouns (Chalcogen = S, Se, Te) by the SAC
and SAC-CI Methods

SEINO, Junji1; HONDA, Yasushi1; HADA,
Masahiko2; NAKATSUJI, Hiroshi3
(1Tokyo Metropolitan Univ.; 2IMS and Tokyo
Metropolitan Univ.; 3Kyoto Univ.)

[J. Phys. Chem. submitted]

We developed a method and a computer software to
calculate circular dichroism (CD) intensity in a frame-
work of the SAC/SAC-CI theory. Four chalcogen (Ch)
compounds; dihydrogen dichalcogenide, dimethyl di-
chalcogenide, (+)-bis(2-methylbutyl) dichalcogenide,
and 2,3-(R,R) dichalcogenadecalin (chalcogen = S, Se,
Te) were treated. As shown in Figure 1, the calculated
excitation spectra were in good agreement with the
experimental ones, and the calculated CD intensities
also reproduce the observed spectra in the low-energy
region. In four compounds investigated here, the first
and the second bands are assigned to the n-σ* excita-
tions between the Ch atoms, and the third and the fourth
bands are assigned to the n-σ* excitations between the
chalcogen and carbon atoms, respectively. The change
in the spectra against the R–Ch–Ch–R dihedral angle
revealed the relation between the CD spectra and
molecular structures of the dichalcogen compounds.
These results were in accordance with the well-know
experimental rules, namely the C2 rule and the quadrant
rule. On the other hand, as the chalcogen is heavier, the
lowest two bands were calculated to be in the low-
energy region. This also agrees with the experimental
trends.

The solvent and relativistic effects were not consid-
ered in this study, although they are expected to be
important in fact. In particular, the treatment of the
singlet-triplet coupling will be essential for ditellurides.
These are interesting subjects for the study in the near
future.

Figure 1. Calculated and observed circular dichroism (CD)
spectra of 2,3-(R,R) dichalcogenadecalin (chalcogen = S, Se,
Te). The observed spectra are shown by real lines and the
calculated ones are shown by dotted lines.

I-S  Theory and Applications of Relativistic Quantum-
Chemical Methods to Molecular Properties of Compounds

Containing Heavy Elements

In our project, we have been developing accurate quantum-chemical theories and methods, we applied these
methods to calculations of circular dichroism (CD), magnetic circular dichroism (MCD), and nuclear magnetic
resonance (NMR) spectra, in which magnetic interaction and/or electron-spin density play an important role,
especially in compounds containing heavy elements. Our progresses in this period are followings. (i) Excitation and
CD spectra of dichalcogenide were calculated by the SAC-CI method and the trends of the observed CD spectra
were reproduced, and then the mechanism of the well-known C2 rule and the quadrant rule in C2 molecules were
clarified. (ii) MCD spectra of halogen molecules were calculated by the 2nd-order Douglas-Kroll relativistic method,
and some relativistic effects in MCD were discussed. (iii) 13C NMR chemical shifts of CO in various metal
complexes interacting with CO, which are models of metal enzymes in biological systems, were calculated and we
found that the trend of 13C chemical shifts of CO interacting with various metals were classified by the electron
configurations of metals.



I-S-2  Theoretical Studies on Magnetic Circular
Dichroism by the Finite Perturbation Method
with Relativistic Corrections

HONDA, Yasushi1; HADA, Masahiko2; EHARA,
Masahiro3; NAKATSUJI, Hiroshi3; MICHL, J.4
(1Tokyo Metropolitan Univ.; 2IMS and Tokyo
Metropolitan Univ.; 3Kyoto Univ.; 4Colorado Univ.)

[J. Chem. Phys. in press]

A theoretical method for calculating magnetic circu-
lar dichroism (MCD) of molecules was presented. We
examined the numerical accuracy and the stability of the
finite perturbation (FP) method and the sum-over-state
(SOS) perturbation method. The relativistic effects were
shown to be important for the MCD spectra of mol-
ecules containing heavy elements. Calculations using
the FP and the SOS methods were carried out for
ethylene, para- and ortho-benzoquinone (BQ), showing
that the FP method was superior to the SOS method, as
expected. The differences were not negligible, and even
the signs of the terms obtained by the two methods were
opposite for the lowest π-π* states of ethylene. The
relativistic effect was examined using the second-order
Douglas-Kroll Hamiltonians for the three n-π* states
(3Π1u, 3Π0u, and 1Πu) of each of the halogen molecules
I2, Br2, Cl2, and F2. The relativistic effects became
important for the MCD spectra of heavy molecules: the
Faraday terms of I2 and Br2 were strongly affected by
the relativistic effects, while the effect was negligible
for Cl2 and F2. The spin-free relativistic Hamiltonian
incorporating the one-electron spin-orbit term gave the
results similar to the full relativistic case, indicating that
the relativistic effects induced by the two-electron spin-
orbit term in MCD are small. In all calculations, the
signs of the Faraday terms agreed with those of the
experimental values, although some of their absolute
values were overestimated compared to the experi-
ments. This was thought to be mainly due to a lack of
electron correlation. A two-component quasi-relativistic
theory based on the Douglas-Kroll-Hess transformation
is developed in order to study a magnetic shielding
constant. The Hamiltonian that is proposed in this study
is considering the relativistic effect on magnetic vector
potential with the Douglas-Kroll theory. The present
Hamiltonian can be applied to calculation of magnetic
shielding constants, without further expansion in powers
of c–1. The calculated results indicated that the relativis-
tic corrections are essential to the theoretical treatments
of MCD for molecules containing heavy atoms.

I-S-3  13C NMR Chemical Shifts of Small
Molecules Interacting with Metal Complexes in
Heme Proteins and Metal Enzymes

HADA, Masahiko1; KUZUOKA, Chie2

(1IMS and Tokyo Metropolitan Univ.; 2Tokyo
Metropolitan Univ.)

[J. Comput. Chem., Jpn. to be submitted]

We treated (a) the paramagnetic 13C NMR chemical
shifts of CN anion interacting with model complexes of

ferric heme proteins and (b) diamagnetic 13C NMR of
CO interacting with various imidazole-metal complexes
which act as a model of metal enzymes in various
biological systems. 

(a) The observed paramagnetic carbon-13 chemical
shifts of cyanide in ferric porphyrin complexes were
recently reported by Fujii. When the trans ligand is a
cyanide anion, the shift is –2500 ppm from TMS. When
replaced with an imidazole ligand, the shift becomes
–4000 ppm. We can observe these chemical shifts over
a very wide range. This wide variation of chemical
shifts is essentially due to the spin density of the
resonance carbon in these open-shell paramagnetic
molecules. Therefore, we can use these cyanide-carbon
NMR chemical shifts as a probe for testing various
heme-protein environments. The trends of 13C chemical
shifts in these systems should be clarified by the
theoretical methods. The objectives of this theme are
followings. (i) Using an accurate quantum-chemical
method, SAC/SAC-CI, we present accurate energy-
levels for ferric (dxy)2(dxz,yz)3 and (dxy)1(dxz,yz)4 in bis
(cyanide)porphyrinato Iron(III) [FeP(CN)2], bis
(cyanide)(meso-tetraethyl) porphyrinato Iron(III)
[FeTEP(CN)2], and (cyanide) (imidazole) porphyrinato-
Iron(III) [FeP(CN-Im)]. (ii) We calculate the para-
magnetic 13C NMR chemical shifts of iron-bound 13CN
of the above three complexes, both in the ground and
low-lying excited states including the ferric (dxy)2

(dxz,yz)3 and (dxy)1(dxz,yz)4 configurations. Then we show
the relations between the calculated 13C chemical shifts,
the electronic configurations, and the ruffling of the
porphyrin rings.

First, we analyzed the 13C chemical shifts of CO in
some typical excited states. The temperature dependent
Fermi contact term plays an important role to control
the 13C chemical shifts of CO by transferring the
electron-spin density from the d-orbital of Fe to the CN
ligand. This mechanism depends on the electronic
configurations of Fe, and is affected sensitively by the
trans-ligands.

Second, the effect of deviation of porphyrin ring.
The D4h structure becomes the S4 structure by replacing
hydrogen atoms with methyl or ethyl groups. The
electronic ground state is the B2 state, though it is the Eg
state in the D4 structure. We found that the ruffling of
porphyrin ring drastically affect the chemical shifts of
Fe-bounded CN. The total trend of the NMR shifts is
controlled by both changing electronic states and ruffl-
ing of porphyrin ring.

(b) Various metal-imidazole complexes in metal
enzymes interact with CO, were investigated by observ-
ing the NMR chemical shifts of 13C of CO. MIm3(CO)2
(M = Cr2+, Fe2+, Cu+, Zn2+; Im = Imidazole) were used
as a model of metal-enzymes. The calculated NMR
chemical shifts agree well with the downfield shift
observed experimentally in Cu+. The trend of the 13C
NMR chemical shifts were explained by the d-d transi-
tion mechanism, namely by the 2nd-order perturbation
theory for the paramagnetic term.
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