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Accurate quantum-chemical calculations of electro-magnetic molecular properties
including electron-correlation and QED
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i The outline of this research project is summarized as the following three
items.
(L)Effective internal electric field in molecules, which interacts with electron®s electric dipole
moment (eEDM) which is concerned with the CP violation, was calculated by the well-correlated
relativistic quantum-chemical method. The QED effect is also considered approximately. (2)The
accuracy assessment of quantum-chemical calculations for electric part of the nuclear Shiff moment
(NSM) was carried out. (3) The natural perturbation orbital (NPO) method, which is suitable for
analysis of molecular properties, was developed This method was applied to the surface-enhanced
RAMAN scattering, C-13 NMR chemical shift of various benzene compounds, and IR spectrum intensity of
CO adsorbed on Pd surface.

NMR



Dirac

Dirac

10DK/ 10DK NMR
10DK  MP2 NMR

DFT

ZORA-DFT NMR
DFT
Plumbole
Pb-NMR
ZORA-DFT
Hartree-Fock exchange
500ppm
exchange
(35% )
DFT
DFT
NMR
DFT

GUHF-CCSD
NMR

QED

Quantum Electrodynamics (QED)

Au
CCSD(
spdfghik) 0.0285eV QED
-0.0255eV QED
QED
(PNC)
NMR QED 107ppm
NMR
NMR
30

p-electron d-hole

Tt (0}

( )
(2002 )
Dirac
milestone
SO
SAC-CI
10DK/
B s100
o,
L som
) SO
e
o | 2800
v 2TIHE
—
o | a0
o
E RLctin
E%J Z4THD
.,.ﬂ 23
(=i
Hartree-Fock Exchange H.28
[#. Pb{k%<-7 38 Hartree—Fock ZZ#IgH 2|2
T 58T
Generalized UHF reference
Dirac-CCSD
Table 1. The lonization Potential, 1P, and the Electron
Affinity, EA, of the Au Atom from the CCSD Calculations® of
Eliav et al.*® and Landau et al.*”
Proterty NonRel Rel Exptl Exptl-Rel QED
IP 7.057 9.197 9.22554(2) 0.0285 -0.0255
EA 1.283 2.295 2.30861(3) 0.014
QED
QED
NMR CHIBrClI C-13
Pb- FI-NMR QED
NMR
NMR
d-d
Kaupp



€Y
&)

(10DK)

EDM S-PS

(PNC)

1)(@)
Douglas- Kroll(IODK)
DMRG 3 (1)
Pb Pt NMR
(4) 4
EDM
scalar(S-PS) 2
QED
EDM
4.1
(EDW) Charge-Parity(CP)
EDM (NSM)
NSM CP
(¢9)
Gauss
NSM ¢
(sl—ep()Ip)
— 2 "1 n 1 (™ 3 "
= —e?(s|n|p) fo E<r">f0 Usp dr + 1, (rn—3f0 Ugpr dr—f0 U
e Z P T
n n=r/r ) parity
Ugp (1)
Usp(r) = fs(Nf,(r) + g5 (N gp(r)
f@r) g@) Large Small
rn

(OB E))
NMR

Electron Dipole Moment (EDM)
Scalar-Pseudo Scalar

T 1 T T
Sy Ugpdr rn—3f0nUsp ridr — [["Ug, dr

3) 2 Gauss s, p
s D p7S ATPZ 3exp(=a,mn?) 3w eTf(\J a,’(ylrn) 1
21 CeCy NgN/™ | — T + 572 -
' 4a'rn? 8a'yy T 2ag
3 3 1
= Sl GCPNENT (=22 + Sa it — ah o+
() Gauss @)
C N g
erf(x) @) T 2
@
rn
€))

EDM

Parity

PNC

CAS
IODK-MP2

IODK-CASPT2

Dirac-CCSD

Scalar-Pseudo

o)

d3rn}



TIF HgF*, HgO, RaF*, Ra0 Dirac-Fock
@ O Xr?
Ra0 HOMO
@ ) (_2) 2.0E-05
Fig.1 NSM — Exact
————— Xr2 ;
(1.0~1.5x 10 a.u.) B LSEOS L Xp 2 b X0
% Xr2+X, 2+ . A Xyr, 0 "’
Fig.1 2 g 1opos Xrl X rtt . X rf
'% Xr2 X, rt+ . X I’,,"’(,),,/’ N
2 E 55 Xr2+X,rt+ ...+{(%r;f50 /
5| Fitting X r,2+ X7, 4 X558
50 ....... "f?j‘” .
0.0E+00
0.0E+00 5.0E-05 1.0E-04 1.5E-04
1, (a.u.)
Fig.1 The electronic state term of RaO
7,,(0~1.5x 10 a.u.)
6
HOMO
4.2. (EDW) Eeff
QED
4.1 EDM EDM Eeff
Yb, Hg, Ra Eeff
s-p Dirac-CCSD
Eeff QED
4 Dirac-CCSD QED (vP)
Uehling (SE) Flambaum
Dirac U0,%*, UNO*, NN, 2p->5F
7.3eV QED
(2p>5fF) QED
QED QED QED
Uo,* 17051.293 17044.007 -7.285
UNO* 17050.658 17043.372 -7.286
NN, 17050.383 17043.097 -7.286
AuH Au Qzz Dirac-CCSD(T)/Qz 1.625au(
1.456au) 0.036au QED
Eeff QED 1
2% Gaunt
QED
4.3(a) C-13 NMR

BC-NMR



10
€
& 5
£ 0
£
T‘: 5
E 10 m expt. (CDCI3)
g m expt. (DMSO-d6)
© .15 ™ calc.
&
° -20
0-NH2 m-NH2 p-NH2 0-NO2 m-NO2 p-NO2
2. 3.
BC-NMR
4.3(b) Pd Cco
IR
4 Pd Co Co
2
c-0, -1 atop Co
low-coordinate Pd
Cco
Co
° Cf.. ° f'.o @ o'o. .fo’of.
atop model low-coordinate model # # % *
4. Pd CcoO
5.COonPd
atop low-coordinate
4.4 Be (EO)
( + N + )
o (0) T2 p (0)
Ceo ‘Be p (0) 1.7% ( 1.5%
) p (0)
p (0)
Be 2s(Be)
Be p (0
)
p (0) (i) 2s
p (0) (i) 2s
p (0) 0.5%
Ceo Be P (0)
Be
Dirac-CCSD-CASPT2 DMRG

EC



18 18 0 2

Yamada Kento Nishikubo Ryosuke Oga Hikaru Ogomi Yuhei Hayase Shuzi Kanno Shohei Imamura 5

Yutaka Hada Masahiko Saeki Akinori

Anomalous Dielectric Behavior of a Pb/Sn Perovskite: Effect of Trapped Charges on Complex 2018

Photoconductivity

ACS Photonics 3189 3197
DOl

10.1021/acsphotonics.8b00422

Shimizu Toshihiko Hashimoto Kenro Hada Masahiko Miyazaki Mitsuhiko Fujii Masaaki 20

A theoretical study on the size-dependence of ground-state proton transfer in phenol?ammonia 2018

clusters

Physical Chemistry Chemical Physics 3265 3276
DOl

10.1039/C7CP05247B

Kanno Shohei Imamura Yutaka Hada Masahiko 122

First-Principles Calculations of the Rotational Motion and Hydrogen Bond Capability of Large 2018

Organic Cations in Hybrid Perovskites

The Journal of Physical Chemistry C

15966 15972

DOl
10.1021/acs. jpcc.8b05570

Imamura Yutaka Tashiro Motomichi Katouda Michio Hada Masahiko 707
Extrapolation of polymer gap by combining cluster and periodic boundary condition calculations 2018
with H?ckel theory

Chemical Physics Letters 44 48

DOl
10.1016/j .cplett.2018.07.023




Sunaga A. Prasannaa V. S. Abe M. Hada M. Das B. P.

98

Enhancement factors of parity- and time-reversal-violating effects for monofluorides

2018

Physical Review A

042511(1-6)

DOl
10.1103/PhysRevA.98.042511

Nakatani Naoki Hada Masahiko 40

Can large active- space CASSCF calculation make sense to the reaction analysis of iron complex? 2018

A benchmark study of methane oxidation reaction by Fe0 +

Journal of Computational Chemistry 414 420
DOl

10.1002/jcc.25640

Sunaga A. Abe M. Hada M. Das B. P. 95

Analysis of large effective electric fields of weakly polar molecules for electron electric- 2017

dipole-moment searches

Physical Review A 012502 (6pages)
DOl

10.1103/PhysRevA.95.012502

Nakada Marisa Kuwabara Takuya Furukawa Shunsuke Hada Masahiko Minoura Mao Saito Masaichi 8

Synthesis and reactivity of a ruthenocene-type complex bearing an aromatic 1 -ligand with the 2017

heaviest group 14 element

Chemical Science 3092 3097

DOl
10.1039/C6SC04843A




Saito Masaichi Akiba Tomoki Furukawa Shunsuke Minoura Mao Hada Masahiko Yoshikawa Hiroshi 36

Y.

Anisotropic Crystals Based on a Main-Group Coordination Polymer with Alignment of Rigid Tt 2017

Skeletons

Organometallics 2487 2490
DOl

10.1021/acs.organomet. 7b00217

Imamura Yutaka Tashiro Motomichi Katouda Michio Hada Masahiko 121

Automatic High-Throughput Screening Scheme for Organic Photovoltaics: Estimating the Orbital 2017

Energies of Polymers from Oligomers and Evaluating the Photovoltaic Characteristics

The Journal of Physical Chemistry C

28275 28286

DOl
10.1021/acs. jpcc.7b08446

Velloth Archana Imamura Yutaka Kodama Takeshi Hada Masahiko

121

Quantum Chemical Study on Endohedral Heteronuclear Dimetallofullerene M1IM2@1h-C80 toward
Molecular Design

2017

The Journal of Physical Chemistry C

27700 27708

DOl
10.1021/acs. jpcc.7b08302

Kanno Shohei Imamura Yutaka Saeki Akinori Hada Masahiko

121

Rotational Energy Barriers and Relaxation Times of the Organic Cation in Cubic Methylammonium
Lead/Tin Halide Perovskites from First Principles

2017

The Journal of Physical Chemistry C

14051 14059

DOl
10.1021/acs. jpcc. 7b04589




Tada Tsukasa Fukushima Takanori Hada Masahiko Majima Yutaka 121

Quantum Chemical Studies on Electron-Accepting Overcrowded Ethylene with a Polarizable Skeleton 2017

The Journal of Physical Chemistry A 7797 7806
DOl

10.1021/acs. jpca.7b09172

SUNAGA Ayaki ABE Minori HADA Masahiko 16

Theoretical Study of Formulation of Hyperfine Coupling Constant in Four-component 2017

Relativistic Framework

Journal of Computer Chemistry, Japan 81 82
DOl

10.2477/jccj .2017-0034

MIYAMOTO Masaya OYAMA Yuki HADA Masahiko 16

Analysis of Electron Spin Density Induced by External Static Magnetic Field in 2017

Closed-shell Heavy Atomic Systems

Journal of Computer Chemistry, Japan 91 92
DOl

10.2477/jccj .2017-0031

Yoshizawa Terutaka Hada Masahiko 147

Calculations of nuclear magnetic shielding constants based on the exact two-component 2017

relativistic method

The Journal of Chemical Physics

154104 154104

DOl
10.1063/1.5001256




Kanno Shohei Imamura Yutaka Hada Masahiko

121

Theoretical Study on Rotational Controllability of Organic Cations in Organic?Inorganic Hybrid
Perovskites: Hydrogen Bonds and Halogen Substitution

2017

The Journal of Physical Chemistry C

26188 26195

DOl
10.1021/acs. jpcc.7b07721

Yi Jun Yang Wenhong Sun Wen-Hua Nomura Kotohiro Hada Masahiko 121
Vanadium NMR Chemical Shifts of (Imido)vanadium(V) Dichloride Complexes with Imidazolin-2- 2017
iminato and Imidazolidin-2-iminato Ligands: Cooperation with Quantum-Chemical Calculations and

Multiple Linear Regression Analyses

The Journal of Physical Chemistry A 9099 9105

DOl
10.1021/acs. jpca.7b08328

14 8 14

A.Sunaga, M. Abe, B. P. Da , M. Hada

Analysis of enhancement factors of electron EDM and scalar-pseudoscalar interaction for atoms and molecules

7th Japan-Czech-Slovakia (JCS) Symposium on Theoretical Chemistry

2018

S. Kanno, Y. Imamura, M. Hada

Novel Material Search Scheme by Informatics: Application to Perovskite Solar Cell

Computational Chemistry meets Artificial Intelligence (CC2A1-2018)

2018




A. Sunaga, M. Abe, B. P. Das, M. Hada

Relativistic study of parity and time reversal symmetry-violating interaction using atoms and molecules

6th International Congress of Quantum Chemistry (1CQC)

2018

M. Abe

Relativistic ab initio calculations of uranium isotope fractionations

Uranium-Biogeo Conference 2018

2018

M. Hada

Metal NMR Chemical Shifts and Analyses in the Framework of Non-Relativistic and Relativistic Theories

International Conference on Emerging Advanced Nanomaterials (ICEAN) 2018

2018

S. Kanno, Y. Imamura, M. Hada

Novel Perovskite Material Search by Materials Informatics: Application to Water Splitting Photocatalyst and Solar Cell

International Conference on Emerging Advanced Nanomaterials (ICEAN) 2018

2018




N. Nakatani, J.Yi, M.Hada

Theoretical studies on the XANES spectra of transition metal complexes

The 4th China-Japan-Korea Workshop on Theoretical & Computational Chemistry (CJK-WTCC4)

2018

Jun Yi, N.Nakatani, M.Hada, K.Tsutsumi,K.Nomura

A TD-DFT Study of the XANES spectra for Vanadium Complex Catalyst in Polyolefin Reaction

Pure and Applied Chemistry International Conference 2019 (PACCON)

2019

M. Abe

Relativistic Quantum Chemical Calculations of Nuclear Electic Dipole Moments in Diamagnetic Molecules

The 11th International Workshop on Fundamental Physics Using Atoms (FPUA),

2019

M. Hada

Quantum-Chemical Calculations on NMR chemical shifts of Molecules Containing Lead

The Collaborative Conference on Materials Research (CCMR2017)

2017




M. Hada

Relativistic Quantum-Chemical Calculations of NMR Chemical Shifts in Molecules Containing Heavy Metals

The EMN Meeting on Computation and Theory 2017

2017

A. Sunaga, M. Abe, M. Hada

Anomalous increase of relativistic effect for hyperfine coupling constant of outer orbitals

The 12th International Conference on Relativistic Effects in Heavy-Element Chemistry and Physics(REHE)

2017

T. Tsutsui, M. Abe, B. P. Das, M. Hada

Effective electric field for electron’ s electric dipole moment in BiO molecule: fcomparison between Dirac CCSD and CASPT2

The 12th International Conference on Relativistic Effects in Heavy-Element Chemistry and Physics(REHE)

2017

A. Sunaga, M. Abe, M. Hada

Analysis of hyperfine structure in Dirac theory: anomalous increase of relativistic contraction of outer orbitals

The 11th Triennial Congress of the World Association of Theoretical and Computational Chemists(WATOC)

2017




(Toyota Kazuo)

(60347482) (24402)
(Abe Minori)

(60534485) (22604)
(Tada Tsukaza)

(10793474) (22604)
(Nakatani Naoki)

(00723529) (22604)
(Fujii Hiroshi)

(80228957) (14602)




