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Application of DFT+U with Magnetic Exchange Method to the
Analysis of Redox and Magnetic Properties of Cathode Materials
of Li-and Na-ion Batteries

(ESICB, Kyoto University, Kyoto " Department of Molecular Englneerlng, Kyoto University,
Kyoto ") O Maxim Shishkin" and Hirofumi Sato"

Introduction

The first principles modelling of electrochemical properties of Li- and Na-ion batteries has proven to
be quite instrumental for further advancements in battery technology. A challenging aspect of such
modelling is the need for accurate description of electronic structure and energetics of transition metal
compounds, which are commonly used as cathode materials of Li- and Na-ion batteries. Indeed,
application of a widely used DFT+U approach [1] heavily depends on adequate U parameters, capable
to provide accurate description of energetics, electronic structure and magnetic properties of materials
that contain transition metal ions. In this contribution we present the linear response method, where U
parameters of DFT+U scheme are evaluated computationally, relying on a definition of U as a double
derivative of a total energy over localized electron density [2,3]. The U parameters are calculated
iteratively, ensuring agreement of the U value, obtained by linear response method with the value of U,
used in DFT+U calculations [3]. Moreover, we further extend DFT+U framework by adding a
magnetic exchange term, which accounts for interactions between the electrons of the opposite spins.
Our calculations show that inclusion of magnetic exchange is necessary for evaluation of redox and
magnetic properties of sulphate based cathodes in a good agreement with experiment.

Theoretical framework

We have employed a rotationally invariant form of Hubbard term [1]:

Ey = HZ Tr[n!e (1 — )]
)
Ilo

where n!7 is a density matrix of I*" ion and o is a spin state of respective projectors.
U parameters are evaluated using linear response approach [2,3] as
— (-1 -1
U= o —Xx u

where x5! and y~! are the inverted matrices of non-interactive and polarized linear response
functions, explicitly defined in [2,3]. U in the above expression is equal to the diagonal element of
the difference of the inverted linear response matrices.

The magnetic exchange contribution is further added to the Hubbard term as:
u Io Io ] I I
U=EZTr[n 1-n )]+EZTr[m (m' = 1)]
lo I

where m is a magnetic moment and J is a magnetic exchange parameter. We have found that for
sulphates, magnetic exchange contribution is necessary to bring both redox potentials and magnetic
moments of Fe to a reasonable agreement with experiment.



Results
We have calculated average redox potentials of seven well characterized cathode materials, using
established expression [4]
E(LiMO,) — E(MO,) — E(Li)
e

where ¢ is a redox potential, E(LiIMO,) and E(MO,) are enthalpies of formula units of intercalated
and deintercalated compounds, E(L1i) is an enthalpy of a Li atom in Li bulk and e is the charge of an
electron.

The evaluated DFT and DFT+U redox potentials of seven well characterized materials are presented
in Fig. 1. A clear improvement of calculated values is observed when DFT+U is employed as
compared to the local DFT. On the other hand, for sulfate materials (Fig. 2) DFT+U calculations
provide quite overestimated values of redox potentials. Moreover, we find that both DFT and
DFT+U calculations provide magnetic moments of Fe of intercalated structure that are by about 0.4
up higher than those found experimentally [5]. As a remedy, we show that when magnetic exchange
contribution is included, both redox potentials (Fig. 2) and magnetic moment of Fe can be brought to
a much better agreement with experiment.
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Fig.1 Comparison of DFT and DFT+U evaluated Fig.2 Redox potentials for sulfate materials.
redox potentials with respective experimental Addition of magnetic exchange contribution
values. results in a reasonable agreement with

experiment.
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1: Structure of phenothiazine-benzothiadiazole (PTZ-BZP).
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Large active area of h-BN Monolayer induced by carbon doping
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The catalytic reactions with molecular oxygen have attracted lots of interests due to its
various crucial industrial chemical processes, such as selective oxidation and epoxidation, exhaust gas
emission control for automotive applications, oxygen reduction reaction in fuel cells, and so on.
Extensive efforts are devoted to the development of effective catalytic materials for oxygen activation.
Currently, most of the industrially used catalysts are based on precious transition metals (Pt, Pd, Ru,
etc.). Therefore, the development of effective, cheap and environment friendly catalysts based on the
nonprecious abundant elements is an emerging task for commercial market. Recently, we have
demonstrated theoretically [1] and proved experimentally that even inert and catalytically inactive
materials, h-BN can be functionalized to become active catalysts at nanoscale [2]. Our findings open
new and yet unexplored routes to design effective catalyst based on materials that have never before
been considered for catalytic applications.

In the present work, we performed a systematic theoretical investigation of the catalytic
activity of the C doped /#-BN monolayer toward a reaction with molecular oxygen reactant. It is
demonstrated that C doping into B position on the A-BN monolayer (Cg@#h-BN) produces n-type
semiconductor material with noticeable catalytic activity in the large area extended far away from the
C impurity [3]. The adsorption energy of O, on Cg@#h-BN decreases slowly as shown in Fig. 1a with
the increasing in distance from the C impurity, while O, remains to get electron from Cg@#-BN (Fig.

1b) and highly activated. It is shown that a small energy gap between the occupied defect level and the



bottom of the conduction band leads to functionalization of the large area around the defect. Therefore,
to design effective BN-based catalyst using atomic doping one should introduce occupied defect states

in a close vicinity of the bottom of the conduction band.

To investigate the catalytic activity of Cg@#h-BN, the oxygen reduction reaction [3] and
oxidation reactions of CO and C,H, are considered. All these reactions can occur even at the sites far
from the doped C atom. Such effects were not observed for 2-BN monolayer doped with different
atoms such as B, N, Al, Si, Ge, Ni, Pt, Pd, and Au where O, adsorbs only in the close vicinity of the
dopant. Therefore, even small concentration of C dopants can functionalize the large surface area of
h-BN monolayer, making it a promising catalytic material.
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Fig. 1 (a) Dependence of the binding energy and on the adsorbed O, as a function of distance Rcp-g between the
Cp dopant center and the active site for O, adsorption on Cg@h-BN. (b) Isosurface of the electron density
difference induced by interaction of O, molecule with the Cg@h-BN surface, i.e. ptot(O,/ Cg@h-BN) — ptot(O,)
— ptot(Cp@h-BN).
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0.10eV Th 5 LRkdbhi (M4), LT, AuTi O C H

Z ORI T VR TR T RREEZ HIIEE LS E oD E VWD ZERTho T,
W HIL, KOFOERENZSOWT, ZD O0H FERWINT CO BV % 5. 2 TW B )
IZOWTDOEZELEFLIRELZIT) TETH D,

B~ LS L Ha0 b 0, 2O PHEFBBE e e 0OH 28400 F oAk

8\ ¢ ¢

IS : Ti-H20 + Au-O2 TS : Ti-H20 + Au-O2 FS : Ti-OH + Au-OOH
+£0.00 eV +0.10 eV —0.15eV

4 Ko F OTEMALSIS OPIHIEEIS), ERBIRERHKIE(TS). KEEFS)

[51FCER]
1]: I.X.Green, et al., J. Am. Chem. Soc., 134(30), 12717-12723(2012).
2]: M. Date, et al., Angew. Chem. Int. Ed., 43, 2129-2132(2004).
3]: H. Koga, et al., Chem. Phys. Lett., 610-611, 76(2014).
]:

[
[
[
[4]: H. Koga, et al., e-J. Surf. Sci. Nanotech., 13, 129(2015).
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Electronic Structure and Bonding Nature of Trinuclear Cr(I1) Complex
(1. FIFC, Kyoto University 2. ICAT, Hokkaido University)
oMasayuki Nakagaki', Naoki Nakatani?, Jun-ya Hasegawa?, Shigeyoshi Sakaki*

[RE]ITEY LT I (dpa) &l & L CRB-SREGEH TS g

SESERITELS ABMONTVS (AX—L4 1), Cr(l)o = kiR Y0 e
axial 20> X B 773, Cl DBE1E 2 D0 Cr-Cr i &3S fliZe st ifie 1< X

B EN; TR R b 9 —HREVIE TG PG Sh T 5, X o
SRS R 2B EIRZ P OMATHY , TOMBERET -~ OO
A E RS RMS B G2 b o kL RS RED L E R Rt

bd, LML, ZNETO BEEDL S O TLEHSRBH A

BT OLLBMEOBEEEDNRE SN TE 0, 20O =R CIIEENREEIEIC L 50
BT, ZSBUGRZBE LIZEmMEI I TON TR LT, B HIRESHE S0 PR
E ARG

AW TIE, BB IC SV 72 DMRG-CASSCF/CASPT?2 % HWTE P LL R4 B
B BT DEROE IRRE DM 2 37 7=,

[ 3% k] M &b 12 13 DFT(B3PWOL) #5 2 M W, = R /L ¥ — 3 812 1%
DMRG-CASSCF/CASPT2 i£% H Tz, £ 72 RTELHLE(LMO) & v /2 CASCIHIEIZ L b A
G347 B O A IR B B3~ 2 fif#iT 247 > 72, CASSCF DIEMEZERIIL T R LT — D@ ey Bl
BAFRS d #uE12 B 12 $ul) % Hvic, &R OWNE 11X Stuttgart-Dresden-Bonn @
ECP CE Xz, JRl#LEIZIT triple zeta JEECRIM A V2, £ OMOFETI2IX, B
RE%0% Tl ce-pvDZ & vy, CASPT2 £ TlE N O Cl JFi+121% DZP % C KON H JRF121%
DZ B % iz,

[#5 R K OB L] DFT JEIC L A& (L2 1T o 7o fE R, Cl 85K, Ny 85RO T2 5D
Cr-Cr fi 5RO SN LW B EMENE DT, TOMAERITENTI 2.464A KO}
2.461A TH Y | <G A RO Cl 85RO 2.365A L 0 £ 49 0.1A Buv, Cl§&Rlck
TCrCriaREZASHIRT v v Lli# %X 112777, DMRG-CASSCF £ CliX DFT 14
L0 A EN BRI SN 7223, DMRG-CASPT2 £ TlE 2.41A 1 THRUNMT /2 0 | EBR K
ICIEWVAERDZE BTz, Na$EIRIZOW T, EBREZ ki RUZ4 CrCr fi A R 22 (LS RT
VU R VR AR L722Y (K2) . DFT & O CASSCF 1 Tl FE s Frid (32 IE I AL E T
Toho7o, LI L., DMRG-CASPT2 (5 Tlix—J5®D Cr-Cr i A ofA L v ¢ 0.24 A
FEXTFIEIE 235 DAV T, Z OFEXRFMEGE TR FEE L 0 & 2 < f#2)22(0.9 keal/mol) R4 E T d

272,



B~
o

~DFT(B3PW91I) ) =DFT(B3PW91)
~DMRG-CASSCF —DMRG-CASSCF

~DMRG-CASPT2 ~DMRG-CASPT2

=] [\S]
< (=]

o g
= =)

1
N
f=]

R(Cr>-Cr?) = 2.512A

o
o

H¥TAILF— (kcal/mol)
b o < !
(== o

T 4ILF— (kcal/mol)

exp. exp.
234 238 242 246 250 2.08 2.18 2.28 2.38

R(Cr!l-Cr3) / A R(Cr'-Cr?) / A
1.Cl 85RO kI D Cr-Cr i & & 2. N3 85RO IEXIFRtEE D Cr-Cr i A &
AT v LR, Nt
Cl 2 O¥ N3 ##5f&D> CASSCF HAR#EZ (X13) Tixo e §MA 1D, n M2 5Dt 4 >

DOFEEMERIE DFENR SN2, F2 SR T SR & 1T R0 | Lo Cr 770l
a2 B ERVIEREATE MO 23 4 SIEET 5, xtFitEE Th 5 Cl 85K TIFTFEAME MO 13 2D
Cr R IZIEREL L, FEREAME MO XM EIIL D (K 33), — 7, FERTFREE CTH D Na SR

TIXAEAPERLE IS S EEEE O ) Cr-Cr N JRfEL L. FERE A PERLE IR EICH A RO RV
T ORIGD CrJHRFIZREAL LTS (X 3b), RfEL#E % V7= CASCHEZTTUV, B

BT AREBEADAE LV EEEZRD-LEZA, Cl AT, Ko Crt? H+1% 3.27
DAY &, FRO CrP 3R Cr S IZMAE DAY 255 %265, RAefkE LT5HIEA
LD, . ML O NagBRIZB W T L, R0 Cri(3.61)721F T ZEEAICHES
T 5 CrQ74) K OHF RO Cri(-236)Ic b RE QALY BE LD, 2D O SR DK
FEAPERE O SO RS S5 T P AEQR09) &V SRS FEE KX <, Cr-Cr % H
FEADESE U7z Cr SR IR WVVE FIREER O Z LAV R E T,

(a) X=CI $&{K (b) X=N;, $&{&

: : JAX ;
P9 (0 ) (Plo(o 8‘1) (P11(0 81) (Plz(o 52) (P9 (0 96)  ©,0(0.79) (911(0 79) (Plz(o 52)

Y

@3(100) 0o (1. )<p7(10) 05 (108)  05(1.00) ¢;(1.00) 9(1.00) ; (100

4 > a - - + ¥ ‘V.

PA A 1A . £
9 (1 48) o, (1.19) 03 (1 19) ¢y (1.04) ¢ (1.48) o, (1.21) (Pﬁl 21) ¢} (1. 04)
¥ 3. (a.) Cr3(dpa)4C|2 &U(b) Crg(dpa)4(N3)2 > CASSCF E %iﬂiﬁo Tﬁgmqu&i Eﬁ;&%i‘%j‘o

[1] F. A. Cotton, L. M. Daniels, C. A. Murillo, and I. Pascual, J. Am. Chem. Soc. 1997, 119, 10223.
[2] Y. Turov, J. F. Berry, Dalton Trans., 2012, 41, 8153.
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Active site occupation behavior by counter anion
in olefin polymerization reaction catalyzed by pincer Hf complex
(Graduate School of Information Science, Nagoya University*, JST-CREST?,
ESICB, Kyoto University®)
OK. Matsumoto?, K. S. Sandhya'- 2, M. Takayanagi®: 2,
N. Kogal:- 2, M. Nagaoka!- 2. 3

[Fi@m] £ —Algko - Th D c e
(pyridylamide) HF(IV)85{k 1 13iT4F, AL 7 ¢ > "\ '52 F A
EARIS OB LT 2Ty it L SOy
RS HED BRI ST DAL T B, 12 24 B 0 O I FJ:XFF :
BRZEIC L AUE, 50K 112 1 0 & 5 7eis (b 2 4% 1 2 '
CHMBETEME R R, 850K 1 (ZBARE B(CoFs)s 2 '

2 55T Me 52| X B CHF AL & 7D, 2 o 5@ T
B F A R R BT HE ST % F5 > T 0 | O H&f@)—N 1% FF@ ;F&?f:

ZHNEMR & 2o TRISEITT %, —H T, O 3 ) FFTETF
B Me A 5| &< Z Tt T =44 & X

72D, XMT = A 41X T A OIEMR L ORI
SIOVER B R & Fp o7 0 JEMAL TE L D4 A 1 : (Pyridylamide) Hf(IV)$5 {4 1 OB fikE 2
Uk B T AT S 4 NI i Loty TR

WERRETHD 23 (K2), -7, IEHERETH
HDAFH L DOWEDHZIHT | 7 =4 DZEHE
fEVE ISR A T T EE 2 D, FEEELH
WD BRI KA U CIETEN LT 5 2 L35
BRIICHE ST D 45 BLEnb, A4 vt
DO & IR DS OTE M & 6D B BB 22 (K]
T THDLEEZLNDN, T ORI e fiit 13
HETIIRV, Z 2 TR TIE D I 2L —
2V EAVWTIRIRT TOA U OIR DTN %
fEHT L7z,

[FiE] £9. HEIRELEKE (OFT) 2HWUOEERTHL T A OffiEE . 1 TFA4r-T =4
M., B FF %/ ~—HMOGI JMHAR AR Z i~z LEEEIZIE M06 & Fvy, JRERIHUT H, C.
N, O J&71Z1% 6-31G(d,p). Hf JLFIZIXARINERAR T > v ¥ /LIRS LANL2DZ & f s & F v

73



7. DFT ftHEOFERIZE ST, LAY GAFF (general AMBER force field) % % &12/87 X —
BEFRST D LT ATFA L OFNIGE, hTF -7 =F W ATFF -/ ~—HD5y
TN R LT, T LT, 1dDA A%k 3, £/ ~v—L L T2F L6051, wWikEL LT
NTH 180 FINDIRDETNVREME L, FEINY (MD) FHRE L LY 22 (REMD)
R E1T 72, MD FFETIZ 400K, 1L4AMPaD NPT 7 U ¥ v 7V EHWTC L2~ 72D b7
Vs FNUEFEL, T L7, E£7-. REMD G TIE 392K 725 800K £ TD 34 D L7 1 %
MEL, 1vaplior 7V haHiz 50,000 FT-72 ET, 400 KIZKITFDH 79227 MY &
fiRMT LTz

[(BRLBZIMD HETHLAL I
ZV=7 MU BT LR, X3
R T A C o A v OIEME A D
X7 =A L ADRBET D 2 & & A
M7z, STAFAML FIRT20
LCxt7 =4 4 5 Hf i1 12l
Lot (M3 (@) 226, FIRFD
A THRNLL7-ME (K3 (b)) ~d
BAENEZ D, D%, =F L UM
IEPEH OB LoD, %t T =4
AN HE R ofiEEL (K3 (o),
figdERie (M3 (d) EL D, Z
DOEHETIL, TEMERD DT =F
4 DEEET S Z L IC K AR L ELT
VI ey AN S s e R VA N %4
EALT RV F — THE S, fREEDS
ettt S, £72. REMD FHR O
Han G | [ 3 TR Ak T = o 3 F /) ~—DORL & BRI, TEER XY =4
L DI DR LTy T SR O

HMTHDLIEDRINT, EHIZ, Me ZHWWT T =42 405 HF Jii - IZBAr L7 iE (a) 206
IRBERE LN LD Me 2B ST =A4 0 2 AW D55 1213 MR K 0 BH AL,
R PETEYED ) D CHEE TE 5, ZOHEEIL, T =A L LT Me J:& A S 72 [B(CeFs)a] %
HAnsd e KVIRE - SR CTESKCHETT 5 & W) FRER LEAS L TnD 45 Y HD3E
RTINSO EE D, M3 OO R T FE R 2 e T D,

[ZZ3CHR]

[1] Froese, R.D.J.; Hustad, P.D.J; Kuhlman, R.L.; Wenzel, T.T., J. Am. Chem. Soc. 2007, 129 (25), 7831-7840.
[2] Zuccaccia, C.; Busico, V.; Cipullo, R.; Talarico, G.; Froese, R.D.J.; Vosejpka, P.C.; Hustad, P.D.; Macchioni,
A., Organometallics 2009, 28 (18), 5445-5458.

[3] Zuccaccia, C.; Macchioni, A.; Busico, V.; Cipullo, R.; Talarico, G.; Alfano, F.; Boone, H. W.; Frazier, K. A.;
Hustad, P.D.; Stevens, J.C.; Vosejpka, P. C.; Abboud, K.A., J. Am. Chem. Soc. 2008, 130 (31), 10354-10368.

[4] Domski. G.J.; Lobkovsky, E.B.; Coates, G.W., Macromolecules, 2007, 40 (9), 3510-3513

[5] Busico, V.; Cipullo, R.; Pellecchia, R.; Rongo, L.; Talarico, G.; Macchioni, A.; Zuccaccia, C.; Froese, R.D.J.;
Hustad, P.D., Macromolecules 2009, 42 (13), 4369-4373.
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Development of rapid QM /MM approach based on the
density-functional tight-binding method

(IMS*, Sokendai®) O Hiroaki Nishizawa', Hisashi Okumura'?

() BUAEIRE Z W72k g T Of@iricix, 2708 (MM) 12 &5 d85 78)717% (MD) A4 <
Awoing, & EICEERNTIESEASA A VP EERZHZRZTIerH 50, 27 h52HWEHA
TIFERS T LR8BI A VOMBEAZ AP ITNDADL I VR TERY, ZOXIBRZHD S FiE
EUTKHELHEIAND ML= RATHS, —#Ha%2ETHFE (QM) BIZEY %> QM/MM HEH
FEHINTWS, UL UBREERSLEAETTO QM H 50k QM/MM FHHETIEFHE I 2 b EORED
U %, Coulomb HIFJHEENIEFHITELS, @F, BUEMWIZHELWHRAGEO LW EBRHIoNT
W3, %2 T Coulomb HDFHEIZIZ Ewald D AE [1] AW SN HY, FEZERH & @k FEM O 2
A2 MERIHIOERIZH Y, QM/MM GHEZHAWTMD ¥ alb—Ya v aiF5BICidfdgie s,
AL Tl MD FHRICBEWTIA K W 535 particle mesh Ewald (PME) ¥ [2] 2 QM 5158
AU, @z QM/MM GHEFIEORFZTS ., QM GHEIIHMEVEIE I X b THIRHK & WHE»E S
N5 EENBEBERHAE (DFTB) ¥ (3] 28 U7z, & SICARFIEZ EARD T~EH L, BUEBGEES O
BT, [4]

(#5%] DFTB/MM D& 3V F—2 A TD L 5I12E T,

E(I))FTB/MM _ E;:})IE;EB + EE)EI[‘B + EiDOiITB/MM 4 ELDJFTB/MM + EMM (1)

HBixEnFih, DFTB OEHEEMHE E/EF O T %)V ¥ — & Coulomb T 1)L ¥ —, DFTB/MM D
Coulomb TAXNLF—2 LI TR IVF—, MM OIZAXLF—TH>d, MERKC L r V¥ —e %
155 7-91Z, Fock {74 F L &E2 0415 8§ ZH\\WT, ANIZxRT DFTB ARERZ2# <,

FC =eSC (2)
ZZT, T 2Mi#EXZ MLELT,
Fu = Hy\, + Su(Qrsp + Qsy) (3)
O = 2P TR L0 (Rr) + Qunor (4)
QM (MM) QM(MM) A
pPETBOMM) (R ) zJ: AquDJFTB(MM) _ ; ZJ: |RI——1;J;+T\ (5)

TH5, pld Coulomb HOFETH Y, ZDFHRIZ Ewald DHIEIZ & D FE2EM (prear), WikF22[H]
(Precip), HCHEMEM (pseir) P 3 DIZHEUTIT D0 I T precip FATFTD XS I2RI N5,

1 Z exp [—m%|m|?/a?]

precin(R) = exp [~ 2rim - Ry] S(~m) (6)

m#0
m LT RZ ML, VRN TORE, ok Ewald O HEOIRERET 57 A =X TH 5,
S(m) FHEER T L L TEHRSIND, T2 T precip & PME 2T 272012, Hirzic

S(m) = exp [—2mim - Ry] (7)



REHRTSH, INEHAVWT PME LHEOFE2 2 52T,

Ki—1Ky;—1Ksz—1

precip(RI) ~ Z Z Z @(mlymZa m3) : (9 * Q)(m17m27m3) (8)
m1=0m2=0m3z=0
Q(k1, k2, ki3) = My, (ur — k) My, (u — ko) Moy, (u3 — ks) (9)

ERDBZZENTES, 2IT, Ky, Ky, K3 ZEUAERT MLDZY v RO, M, (z) 120 <z <ny
DX [T DMl % £ B-spline B TH 5.,

[(REER] AT (PME/PME) & AB(1-16) 2 9T, oo 0m e 0
HENA A, K 12,954 HFH SR BRICHA L, fkiE - e
(Ewald/Ewald) & H#U 72, fHEidB 1 I2mR 9 g2 v
THH, #HiLMD % 300 K T90 ns 75 Z & TWEL 7=,
DFTB #2213 30b /$5 A — &, MM #8213 AMBER
parm99SB % A\, AB(1-16) 7 T #gh 1 A4 > % QM
%, K& ¥% MM g E LT DFTB/MM &t %175 7=,
Ewald 380D /$5 A — & o %, Ewald/Ewald T
IANBENE S o = 0.03278 A7, PME/PME T3
Tewt = 14.0A T erfe(arcy)/rews DY 1072 /ag A (ag 1%
Bohr ¥4%) £ 75 o = 0.2810A" ' &M/, PME 3% ’
DASGA—=RIF K = Ky = K3 = 64, nyy =8 £ L7z, M1 HRELROME

# 112 Ewald/Ewald £ PME/PME % i\ 7= & & @, pMM » (DFTB o) 3 S p5 [ % 5 1,
PME/PME Tl SCC %+ 2L 22z pPEIB %3k 572, (OFIB 0atflizfinm\, pREIP o
BIFEIE SCC EHARM DT 0.005 s £RD 5N D, Ewald DSHETHNWSE /N T A—X o i, fHLFK
V& EFFEAM, NS Ve ST TR ORI T 5, PME/PME TIEKEW o 2 H
WTW5 728, Ewald/Ewald (2R THEEMOFFERE (pMM, (PITB) Bl hTna Z L 2b

real

Mo, —J, WHETEHTORERE (o), Cop’) & Ewald O LTI AN 5. U
72U PME TIZEAAA%EITS 2T, REMOFELFHET Z0ENRL 425728, PME/PME T
i Ewald/Ewald & D /N WVEIEIZ N T precip 2RKDD Z LW TE, AFEOBEHIZLD, #
FIEIZHAT Coulomb HDFHE % 169.4 fFE#E LT 5 Z LTI L7z, £ 2 121F Coulomb T )V
¥—, DFTB/MM Q& T3 )L¥ —& Mulliken ##fD Ewald/Ewald %> 5 O GH%E %2 R U 72,
Wi % s 5 £ bh D & 512, Mulliken B2 FIHINIRE 100 IFTRODD Z e TE, %
7z, DFTB/MM QO E T2 V¥ —% 107 B, A FOMAETRD S Z LTI L7z, YHIZHOFHE L
MD FREOFERE I THE T 5,

A N y — o~ N
R Yo v s F e Yy S0 O

#1 p, ¢, DFTB DEHERE [f) #2 Coulomb TAxNVF¥—, EBFIXILX— [Ey] &
Mulliken #fif > Ewald/Ewald & 0¥t a4

Ewald/Ewald PME/PME

MM 18.504 0171 Ewald/Ewald PME/PME
Procip 25.157 0.069 B P —3.641034 —3.641034
reall DHCRITE 0.124 0.015  ERETE ~14.502066 ~14.502057
DFTB
recip 0.164 - ERETR/MM ~701.211465  —701.211464
SCC 7+ 1.280 1285 Arag) [x10-9 ) 0.000164
DFTB MM
PP P 4p 43.949 0.260

[1] P. P. Ewald, Ann. Phys., 369 (1921) 253.

[2] U. Essmann, L. Perera, M. L. Berkowitz, J. Chem. Phys., 103 (1995) 8577.

[3] M. Elstner, D. Porezag, G. Jungnickel, J. Elsner, M. Haugk, T. Frauenheim, S. Suhai, G. Seifert,
Phys. Rev. B, 58 (1998) 7260.

[4] H. Nishizawa, H. Okumura, J. Comput. Chem., submitted.
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Theoretical study on self-assembly in metal-ligand system
(Graduate School of Engineering, Kyoto Univ.”, Graduate School of Information Science,
Nagoya Univ.”, ESICB, Kyoto Univ.”)
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oYoshihiro Matsumura”, Satoru luchi™™, Hirofumi Sato™

[FFiw] B OGN BRMICHA B2 > TnE, —BMR FEAIRD L)
RICHERT D, ZHUTERR - T/ ~T V7@ LR TH 5. EA RO
PR LD T ORIESCEBERE N HE S & X1, EO XD 7 RIRZR TS
DHEEITL TV DD, HDEWE, EITLARVONEHET A2 ENEETH LN, £
D12 DL IFAETE T, B ORI RIZIEF IR ST\ D, FFICEEEEET
PR T D P RIRILERIC L 2B REE R 720, HRESE & REERZ 270 <
FERGEFEIZEE L CIIE & A Ebhro TV,

HOEAIZHGRNICT 77— 352 L ERES TIER W, BIe oA 7r—1dH
HVNEENLL EORFRRIA 7 — LV CRZDBRTH L7700, HENRS Y Ialb—
Va VEREIXEIT TE R, B A — L oRIEICR LT, MnO T RV X—H
T EAETE L EBBIRIE TR T, MistamIc S W kM T 2 HIER A TH D [1].
LL, BEESRD LI 012 KR TIE, =X —mMBIEFITHEMELL, 295
L7 7u—F bR/ TRV, 20X ) 2L, BRI T &R RISV
T2 b D THY, Pk ETH 5.

WA, B RZFOMN 7 —"7
X, &F-BAL R0 CES KX

e’y

SISV B R O PR % hil
SRR el A e S e A gher
FIEABTE LT [2. B TO 53 5, 2% e
AR BT, Rice T 658,
CEADOEERENH~ 51T i =

50, B e s aper O TSIMXJT = [MeLg 4 241X]
SN A[REIC > TE TV A, Figure 1: Self-assembly of octahedron coordination capsule,

= ¢, AR CIE, Figure 1 [MeLg]*?*. Tridentate ligand (L), Pd ion (M?*), Pyridine (X).

R ENmRSE S 720 B OES KIS EBRRIICHZE L [3] BAL 7 L, X
EBITRUSEMIZIE Y v () 0T, ZORTEZ A RISITEAKICIZT T
VO UGN EWZ D, TS L b 6T, KISIZEET 2 EA IR X - TG
SHET P FE I BV U D RN ERINTTRBEINTEY, HFOZ KN ENEET
HDH. DTETAERHEEL, RIBAT=ALEFT]RAZ LT, O L9 R0RE25T
FREIICEH ST LT,

[ FET V] GR-FALFHORE Z WU L, 720, HOCEREEROZEOME
DTV X —FHR A RN EEIC AT 272018, BCEAERDET NIV E=T



YHuouzB AL [4].

_ ES EX CT Aux
Ho =Hyo +HG  +HG  +HE  +Hy  +H

FiDDOFE—HIZ, ?ﬂiﬁéé@% Fr M¥* OIHTHhDH. £7-, Y ITENAL T (L £721F X)
ZRL, VIZY FORISENMN THHE Y D (B #F£9. E 1T M* L Y O
“7FHE1/EﬁH BmHB LOENIEE MY -y ORISR L OVERBEIHETH 5.

B HEOENL T EOMAEAEMEE L OV FIAEAEERIZIE, Hi 8 GAFF 2 Hu
L. FEANTHIIMEHE K TH Y, M L BN O N R o EEEE R ) 2 e LT,
RTA—=HZL, R [MX? DEALFAFEESR L CIE LT,

[FER L EZR] [PdsLeX]?" D4r+NAL % T8 IX
MR ED TN F—T a7 7 A s TS 1L £ g 2 b

/1/7% Figure 2 [Z/R"7. £72, FIRREDHE » Lo INT 1X
ZEITDH PPN BALFES D RARE )
V—%me3ﬂ%bf%é.%ﬁ%§
AR Z DT L EREHLIEb D 1 ;
ThD. £ IZT, Nx, NLIZZNZNEANL 5| st

(keal/mol)

+ X, L D N F+ThHrI LaE , L— " ookt

Prec 1L Prec 0

BRLTHY, B IEERE HTHS
NEBL  FEATEREAS i E WD & % Figure 2: Energy profile of intra-molecular reaction

RKLTWD. process of [PdsLsX]'"

Figure 2 O = X)L ¥—7" 1 7 7 A )L, l\l . 1~| v l\iL/NX
Prec 0 DT RN X—A AL 5L DT NL_PI“fi_NX ..‘/P‘{Z/l\x Np oo /P c<
& %. Figure 3 {2759 & 912, Prec 0 /L3 NN N N NN
D N & 120D Nx & 4BRMLTVD Pd* Prec0 TS 1L Prec 1L
WZXF LT, £l N 23 i) 55 < B . . )
LTV AHETH D, BT 3y FEITITN | e -
HECH D, [PhLeX]Z AT D Mo M NTHL e
WD 723 2 OLBITE < BT 5 Ny 1T w N N
Nx HIZF R 315, 26 N B Nx Ts1X INT 1X PrecF
EXPITALET D NL D3O ETA218Y Figure 3: Topology of Pd?*-N bond of reaction
D BRI D3I D3> TN 5. Figure 2 128 center in [PdsLgX]'?".

WG, Prec 0 ZEYEIC TS 1L, Prec 1L & I T 58K Tk, NLIRI £ ASHd 5.
—5, TS1X, INT 1X & AICHEITT DR CTlE, NL & Nx MAZH#A3 5. TS 1X & INT 1X
TFEE O FAR e o—I13Z b7y (Figure 3) , Pd**-Nx O EEEA 0.36 A BEinL Tw
4. INT 1X Ox /L —|L 24.9 keal/mol & ELEHIE DS, SefRBO 72 ARk & & 2 6
N %22 E 7 Prec F (-5.1 keal/mol, Figure 3) 28 222> T 5,

TRV X—[EEE Y, EICHEITT AR LD L AD I 5.8 keal/mol K& < FERFRT
b5, b EARNZRERE [MXJ + [X] = [MX* + [X] (ZRFFTH D, [EhEL 17.4
kcal/mol &, ZEICHEITT HRE LD é 512 4.7 keal/mol /hE W, Z D X9z,
[PdsLsX]'?* AT 550 FNOF KD - DICREREEN K E < 720, IERFRIC/R .
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