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Quantum Monte Carlo (QMC) is a vital tool for studying many-body systems, regularly providing the
most accurate and reliable results for correlated fermionic systems of interest. The Model Space Quantum
Monte Carlo (MSQMC) is a stochastic method for solving the electronic Schrédinger equation including
excited states in extremely large Hilbert spaces. The original MSQMC method [1] is based on the
Lowdin partitioning technique splitting the entire Hilbert space into a deterministic model space and its
orthogonal complement treated stochastically. The effective Hamiltonian, H%}C{; = Hpp + HpqTpq, is
calculated based on the imaginary-time evolution of the transfer matrix,

dTqp(T

7?;( ) —(Hqq — Elqq)Tqe(7) — Hap (1)
The memory-boundary in the full CI problem due to the combinatorial scaling of the Hilbert space space
can be sidestepped in MSQMC for moderate sized systems. In this work, we show that modifying the
population dynamics within the MSQMC framework, various perturbational corrections can be obtained.
Perturbation theory provides a route to the solution of the Schrédinger equation, allowing us to approach
the exact solution in a systematic fashion based on an order-by-order expansion of the wave function and
the energy. We present stochastic perturbative expansions in single- and multi-reference with different
choices of the Hamiltonian partitioning. The MSQMC method when disabling the Q space spawning step
is capable of sampling the Epstein-Nesbet second order correction, and further changing the diagonal
Hamiltonian matrix elements to Fock matrix elements is capable of sampling the second order Mgller-
Plesset energy.
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Figure 1: Stochastic second order Mgller-Plesset (MP2) energy with respect to the MSQMC macro steps

[1] S. Ten-no, J. Chem. Phys., 138 164126 (2013).
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Fig. 1. Tllustration of the tri-Ni(II) complex Fig. 2. I-V characteristics of the complex.
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58 MR y IOV T E T EFFR %ﬁﬁb\’d‘ﬁnf%ﬁoto

HHREE, OB F A U REETO COPV, (12815 y D TH A4 X (n) IFHZK 2 1277,
%%%4Xn@ﬁk NXEAAN y®ﬁﬁﬂﬁ%htﬂ HPRIRRE TIEE O LD 0.05—0.25
EPARRIZITVVRRETH D DITx L, /w%ﬁ/h TIE &k v K& 7% (0.003-0.83) #/~RL
toﬁ Y DIED n RAFEE X 2 \ZR T, YA X n O RICHES Ty 3MERT D2 &M
D, soi n>2 TiE, FHERIEEL W O W F A REONEA KX, n=4,5 TIZAD Yy
B LT, ZOYA XEMAKSELRPTAD v 252 2B01%, LETOHZE TOMRE Y )
MR = RN b DL —ET 5[1d], yICHTHETOEMP TG ERT v BES
AN TIRIT LI A, SHFF I T P HIVRBICB W THBFBEDOSAABNRKEZ N
Wy & IEBMAIEE DR E RERS DB L TO D HEIRICBWTKE R v BEOSMM (y~DK
ERHEE) DAL ERDhoTz, RIETIE, W T4 & TP HNOZEMPZAEEIC
EoTyPERLLEZEZW LN L a ERICBIT DT AN AT I RB @B
NLO 73+ DEf & 725 Z L A SN Uiz, fET Y BEsE 5,

1x10°
2x108
5 2x107
§-3x106
Nax10°
.

~ 6x10%

8x10°
n 1 2 3 4 5 6
n

2. lyn D71 b
[1] (a) Nakano, M. et al. J. Phys. Chem. A 2005, 109, 885. (b) Nakano, M. et al. Phys. Rev. Lett. 2007, 99,

033001. (c) M. Nakano et al., J. Phys. Chem. Lett. 2015, 6, 3236. (d) M. Nakano et al., J. Chem. Phys. 1995, 103,
4175.12] (a) X. Zhu et al., J. Am. Chem. Soc. 2009, 131, 13596.
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[# 5] BODIPY #Fifik|dfl x DREEERIIZ L > T, FONNE P EAZL S ®5 Z LN ARETH
eV REE RO, D22 L, AT D ERREOHEECE OE BN EIC X 52 EOENCRE I+
I BN o TR, s, RBRDOF7 53681 HOMO-LUMO T Z 572, T VLAY
ZRAWTCRERICERILE 7o T 0 THEOBRERX, TokE%
fig B, B2 Z L CTHEEBEMICX 2 EMIEOEILEEZ FRITE,
BODIPY #FE KGRI T 2 FHEH BB OND LB XN D,

Z ZCARMZE TR, BEICARENTWD %2552 Fig.l ® Ra(n
S1I~TNCAF A, = F L, 2 F oL ERN26- VATV T = =L
ERkx I AEDETHEAL, ERELZOMEICEIDZ 70T 0 THL R B st
BT X LF—DLEDOFEEIZS>WT, DFT N TD-DFT &2 L - , .
CH BT B = & B RAT Fig.1 BODIPY €25
[FHET1E] %455 F13 Fig.l DRy, R7). R2,Re). Ra,R)ICAF NI L =F L, R, Rl F =)L
H, FOPR4IC2,6- VAT NT 2= VEEZNEIEAG LY TEALTE LS 20 O BODIPY
FHERTH D, TNT®%ETM%ﬁELTBﬂXP%% HIERE S LT 6-31+G* &2 LT, =
FTHRECIRBE O E ek A 1TV, TD-B3LYP FH5EIC X Y bt iRAE 2 RO WU A =7 MV &2 B H LT,
7'va 77 A% Gaussian09 é"ﬁﬁb\to

[FEFREEZ] Fig2 (I LzL o, 9, ReR)IZZF =L EEZEATSH L, LUMO NEEL
HOMO-LUMO gap W/h&< 725 Z k7§§2b7b>o 77 ZAUTTZF o VERBETFWSIEEE L TRAE W,
HELIZEEZBND, R,R7). Re,Re). R, R AFINLEAEALSEDIZT HOMO % LUMO
b ARLENEE T2, 2R A FLVEOEFGMHIC L 2R EENEE 2 5D, Rs,Rs). (Re,Re). (R1,R7)
DA HOMO OARZFEITIREZ 20, HOMO LUMO gap /&L o lz, HEEH BODIPY @
HOMO DO#uE AT OFEF, B L FEE LTV 2 IRFBOBLERE O K E S 3(Rs3,Rs). (R2,Re). (R1,R7)
DNEIZKREL 2D, ZONEICAF VL OMEEARRKREL 2O RLEENNE R LIZEEZ BN
BoFTRAZ26-TVATNT 2= VEAEBATAHZ LIZIARITIEEAER LN o T2, 21U,
BODIPY ‘B D n BN B UBRICHERE L TE LT, BREGENEN R0 EEZHN
Do

UL EDFE RN EHILFE LB OMASDRICL D 70 0T ¢ THLE DAL O R4 4 BT E &
O, WK RICET 20 FReHE#H 250 Z Ligksh L7,

mERE
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-4.00 - fjf

/\

o
o /CO& C (j/}

-4.50 1 {T \TV>’+:{— 4
-~

-5.00

Energy(eV)

-5.50
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1) A. Loudet et al., Chem. Rev. 107, 4891-4932 (2007)
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[#E)] Zo\7BEOT7 IaA REEITIRR—F YR, TN, ~—JFREDT InA
K=Y RAFERDOFIR E SNTWD, FX 0 "I ETH0O5% TR, BEIE-Z 0308
MEANE LR D Z ENEL TOBEDNRKERBA~DEEFE Lo TWND, "I EDESE
X, Z U ES OB BT, W - JFFERE S OMABEHO T TREE 5720, oM
MEERZH DI AN NAMNETH D, £ 2T, RFFETII/ S—F 2 Y VRO
KB L S bdar X7 LA (140 FRIL)DOH T 68~78 T H D% FEIZ Y725 NACore IZFE H L
Too BRI E 72 DB CH S, HEER, 2, 4, BXLO, 8 BRZEHELE L, KHFT
DaFENFT I ab—2a X (MD)EATV, W D & X7 E L B O & A2 E M
it s Do

[t E F1:] NACore DHEERITIEER 0 T, 11 FRENS 72 5, NACore D51 1L Protein Data
Bank 7> 5 HifF L(PDB id: 4RIL), Z % JTIZ S &R ORE g 2 4k LTz, 2R ORE b
IXE N Z 4 parallel 72 BIHRICELE L TV 5, Z > 737 B D J1351% Amber99sb, A S 137K 25000
Sy F-. JI¥EICIE TIP3P 23 fH L 7=, GROMACS-2016 % fI\WC, NPT 7 > % 7 /LC 10 ns D
MD #HEZITW, 1l ns FEO TV =7 N —%H TV 7L, X"V E%EEELE MD
AR ZITV, WIERI A B =L X — (Aw) OFRISER Lz, 2 RS OMATIZIX DSSP %
Wiz, ZEEROMHTCIE, KiORRFE B L ORER F-HOEREZ —EIlfhoTo, BE
IZR L CTE, 1 A4 ORI Z &R LR CHEHBE TR L oI L,
[FEREBE] K1 — FEMRT 2EEEOE ) ~— Y720 OVHE LR % R
T, DEROEINZ O TEIEITEM, FEEFEETED LT, B—MILVEEIN
HEMNCH D, K1 KRBT 5 ) ~—Y71- 0 0L EERAEET 2L — (E™)
Au, E™+Auz 9, DEEOEIMIEN, B/ ~—Y47200 E" XXV AILRD I LD,
By — N & DR IR L2 LIk 0 2 BRERNEEN IV ZE(TH L
Whohole, —FH,F/~v—%720 DAu

TRV IEICRD 2 s, ZEIKEKE

OHAEERIARZENITIERAT S Z & 20— ‘ —-50
Nbhot, E"“AuTLENEHET = " . =
X, B/ =YD E"H AT A E o ° * 55 E
OHEMZHENE VAR >TND I & g g
75) 6 N g%{jg & 7J‘< k 0)1:8 ;E‘L{/E)EH Q: J: 6 Z: :")‘/ 20 ¢ ' Ein“a(leﬁ aXiS) ] 4-60 E
ZELEDE v —L %/ ~—H D4 g i, Splelt s @ 5
. o rigth axis
HAEFIIC & B8 s kY | FEstigic 5 ) 8 e -
WENSINND Z ENbroTz, % B
F 1 B/ ~—H700pr— MEEK g 01 o 5
e e b5 ] e 1-710 T
DY & R AR 7= =
TR | B T s
2 Bk 5.7 2.4 degree of oligomerization
4 Bfk 7.0 0.7
8 %{Z‘: 78 05 1 :/E:\/Ei\iﬁ k Eimm\ AM\ Eimra+AM® E’g’f?fﬁ
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(S]] MEORICBIT DY 2L —T 4 U — iR OIEMI B2 RD D Z LN REZRBEm & L
T Free Complement  (FC) IEAMER STV 5 [1-7], FC #HFmTlX, ordern @ FC BB Sy, X,
MR, 2 B AER SIS ordern £ TOEBEM{p}OMHAES v, =Y M Ca"  TEES
o, JRE{CYOWRELEE LT, BHWIROLMEMEL, 7Y o 7B K-> TRk 5 Local
Schrodinger Equation (LSE)VAMMRZR S LTV 523, exact level O ENRIERIZ L CIIFE st E 2
WEE 2 G B 2NN Th . ABFSETIE LSE 54 Ve,

[51£] TFC-LSE EIC L ABF « HF DY 2 Lb—F 4 U H—ROFE 1] O L R, ABF
JECIE, WIIBI% w, & LT Valence Bond(VB)R DB A Fv vz, £ DR, VB AL BRI A
iR 5 1 BB, in-out correlation %5 8 L Chciifb S vz #uE = 7=, LSEJEDH 7
U > 7028\ T, Local sampling 74[3,5-71& MRRT E[8] 20T %, LRV 7V v 7k
EHWE, 22T, HFOHEICHWD T v AR RPORETHEERA e 7Y
VI EEHESELTHZET, TV TN TS ENRIERT A ENTES, D
DI, a7 Mg of TS (keal/mol FEEE) 21 /29~ 5 1E LU ik 5 % 92 FH A0 70 31 LR
THDHEE L TEETHD,

[F5R] £ 1LICHEREA - HFO LR HETOHEREZ T, HfE BHOFOHRET
1%, HER R F—TREZEN 1 keal/mol LT OREE NS BTz, /K5 F TiEEL keal/mol D74
EZRHDHD, BTV T EOENIT K HEHERZEIT 0.1 keal/mol DA —X— L 720 | HEIT
IELWERRES> TS, of OEETRTLHZLE T, LOBERMIELND LGS
%o BUE, RPFEOILRIUEZITV, ZOMORICHHEHAL TWD, BELHITIND
DM ERET 5,

# 1. FC-LSE IEIC L DR+ - iy DFtH
Atom & (Std.dev. of (Std.dev. of Estimated AE
M H-square error Energy (a.u.)
Molecule H-sq. err.) Energy) exact (kcal/mol)
‘B(sp’) 109 0.493 243 +£0.005119  -24.522 622 +0.000050  -24.5226 -0.001
0 662 3.332498 +0.012642 -75.067 207 +0.000 087 -75.067 3 0.06
BH 346 0.980 871 +0.020000 -25.284 208 +£0.000022 -25.283 96 -0.155

H,O 959 5.976 942 +0.021471  -76.442 412 +0.000 787 -76.437 4 -3.14

Reference: [1] H. Nakatsuji, J. Chem. Phys., 113, 2949 (2000), [2] H. Nakatsuji, Phys. Rev. Lett. 93,
030403 (2004). [3] H. Nakatsuji, H. Nakashima, Y. Kurokawa, A. Ishikawa, Phys. Rev. Lett. 99,
240402 (2007). [4] H. Nakatsuji, Acc. Chem. Res., 45, 1480 (2012). [5] H. Nakatsuji and H.
Nakashima, TSUBAME e-Science J. 11, 8-12, 24-29 (2014). [6] H. Nakatsuji and H. Nakashima, J.
Chem. Phys. 142, 084117 (2015). [7] H. Nakatsuji and H. Nakashima, J. Chem. Phys. 142, 194101
(2015). [8] N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. M. Teller, and E. Teller, J. Chem.
Phys. 21, 1087 (1953).
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Why can Rhodium-Aluminum Bonded Complex Cleave very Strong C-O Bond:
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[Introduction] X-type boryl ligands have been studied by several groups. However, X-type alumanyl
ligand has been rear except for two examples. Recently, a pincer-type alumanyl phosphine ligand
(PAIP) and its Rh complexes were newly synthesized by Saito, Nakao, and coworkers.® Since the
alumanyl ligand is strongly o-donating and weakly Lewis-acidic, the Rh(PAIP) complex is expected to
be applied to activation and/or functionalization of organic compounds. Actually C-O bond activation
of anisole was experimentally succeeded by this Rh(PAIP) complex in the presence of hydrosilane.
However, the mechanism of this reaction is not clear. In this work, we theoretically investigated the
C-O activation of anisole to elucidate the reaction mechanism and the reason why the strong C-O bond
can be cleaved by the Rh(PAIP) complex.

[Computations] In geometry optimization, the B3PW91 functional was used. The LANL2DZ basis
sets were used for Rh, Al, and P atoms, where a single d polarization function was added to each of Al
and P atoms. The 6-31G(d) basis sets were used for other atoms, where the active H of HSiMe; was
augmented with one p polarization function. In single-point calculation for evaluating energy change,
the MO06 functional was used. In the single-point calculation, the SDD(2f) basis sets were used for Rh
atom and the 6-311G(d) basis sets were used for other atoms, where the active H was augmented with
one p polarization function and Al atom was augmented with one diffuse function and two d
polarization functions.

[Results and Discussion] There are two possible pathways in the C-O activation, Path 1 and Path 2, as
shown in Scheme 1. In Path 1, the AlI-Rh bond of Rh(PAIP) complex reacts with anisole firstly. The
C-O bond is cleaved, and Al-O and Rh-C bonds are formed. Then, hydrosilane reacts with the
Rh-OMe and Rh-phenyl moieties to afford benzene and Rh-SiMe; bond. The SiMe; group reacts with
the Rh-OMe group to form MeO-SiMe; bond through reductive elimination, to complete the catalytic
cycle. Although C-O activation is believed to be difficult, the C-O activation occurs easily in this
pathway and the rate-determining step is benzene formation (the Gibbs activation energy is 31.5
kcal/mol). Analysis of electronic processes in Path 1 discloses that the C-O activation is not oxidative
addition but a metathesis. Because the Al-Rh bond is highly polarized (Al°*-Rh®") and the Al-O bond
is strong, the Al-Rh bond is reactive toward C-O bond to perform the C-O bond activation with small

activation energy.
gy OMe

In Path 2, the Rh(PAIP) complex OMePh 4 hsime, :‘\;/—R]l;
reacts with hydrosilane via Si-H oS JAITRA A “ }
activation firstly. Then, the C-O bond l\_m_ml Path 1 SiMe;

of anisole reacts with the Rh-H bond @ ¥ 4% i OMe
to afford the Rh-OMe bond and 4“—R‘h +phome | o{_ g +©
benzene. Although the Si-H activation Rh-(PAIP) complex SiMe; T dive,

is easy, this pathway is not favorable . . Path2 .
because the C-O activation is difficult | S¢heme 1. Reaction pathways in C-O activation of anisole

with large Gibbs activation energy by Rh(PAIP) complex.
(39.6 kcal/mol). This is true because the Al atom does not participate in the C-O activation.

Reference: [1] T. Saito, N. Hara, N. Kuriakose, H. Zheng, S. Sakaki, Y. Nakao, to be puslished.



P27
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Introduction: The Suzuki—Miyaura cross-coupling reaction with nitroarenes has been succeed
recently.' The use of nitroarenes instead of haloarenes is potentially useful for synthesis of biaryls
because nitroarenes can be synthesized easier from arenes than haloarenes. However, the activation
of the C-NO, bond of nitorarenes is more difficult than that of C-X (X=F, Cl and Br) bond of
haloarenes despite of the similar bond energy of C-NO, to that of C-X bond.*> Up to now, the
fundamental understanding of the C-NO, bond activation has not been presented yet. In this study,
we wish to report the characteristic features of the oxidative addition of nitrobenzene to
palladium(0) Brettphos complex (see scheme 1).

Computation: All geometry

optimizations were performed by Qe
®oB97XD functional, using the cy
Stuttgart-Dresden-Bonn basis set CY\ e
for Pd with the effective core i ip. N Cy\—
potentials and the 6-31G(d) basis Meo. ' . Pd—NO;
sets for other atoms. Single-point '|.__‘F‘ry * 'Prff
calculations were performed, one ° .

OMe

using a set of better basis sets, in
which two f polarization Scheme 1. The oxidative addition of 1-methoxy-4-nitrobenzene
functions were added to Pd and to palladium(0) Brettphos complex

6-311G(d) basis sets were used for other atoms, where diffuse functions were added to anionic Br
atom, N and O atom of NO, group. All discussions were based on the Gibbs energy, where the
translation entropy in solution was corrected by the method of Whiteside et al.

Results and Discussion: The oxidative addition of bromobenzene occurs with the Gibbs activation
energy (AG®) of 22.3 kcal/mol and the Gibbs reaction energy (AG®) of 17.9 kcal/mol. On the other
hand, that of nitrobenzene occurs with AG®* of 30.3 kcal/mol and AG® of 2.1 kcal/mol, indicating
that the oxidative addition of nitrobenzene is more difficult than that of bromobenzene. In transition
state, distortion of bromobenzene is small because the spherical valence orbital of Br does not need
to induce large distortion. In the oxidative addition of nitrobenzene, the NO, group must change its
direction toward Pd, because it has directional sp> valence orbital. Such direction change induces
large distortion energy. This is the reason why the oxidative addition of nitrobenzene needs the large
AG* value.

It is also interesting why not usual monodentalte phosphine such as PMe; but unique
Brettphos was used experimentally. We also investigated the oxidative addition to Pd(PMe;), and
found the reason, which will be discussed in poster presentation.

Reference:

(1) Yadav, M. R.; Nagaoka, M.; Zhong, R. L.; Miyazaki, T.; Sakaki, S.; Nakao, Y. to be published.
(2) Luo, Y. R. Handbook of Bond Dissociation Energies in Organic Compounds, CRC Press:
Boca Raton, FL,: 2003.
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(7] &RV v ko —EBFRIENERET L UVENFOWTNTEZ 200, £24
U VBN CHE Z DA T A VHLENL N TRITE, FEREEO W ERT O,
Z ORISR OB OB <KFE L, BT BEIOERESH TR T ~DIGH O
D ELBRZEN(X 1), FEE, IO OFEOWIL A7 MVREBRTHIE SN TEY
Mn(I) Y L SR D — B FER LR TITIREE 2359 < TE D IRV AT ML S 415 53, Ni(ll),
Pd(I1), Pt(1)¥ L g5 (KD Z 1 S I3 FRA 72 L B T (Ry = Ry) DA HRE 2R < oD

WNAAT FABBRISH TS, SHOORRIE, (L, oo [/ \| group7 M
Mn(I) 3 L U gBIRD 2~y MiEH Ly 7 Dhan | < | orgroup 10 M

— 5@ phenolate |ZJRTE L 72 IR BED & 15 D phenolate :T\{ =\

IZJRAE LT RIE~ LB L7 — RO R 1l M B & . %,(/mgf\ B M B /K”'.“SLR?
B, Ni(ID, PdAD, PtAD¥ L KD 2~ bl % AL =)

LU BUL T O RAE IR EER OB Th B L IR ﬁh_Bu e

ENTWS [L,2], AHFJE TR LARTHRE L 7= Mn(il), .
Ni(l) ¥ L B ARBlICIN A, 785 7 &, 10 E&BERB L (R, R?) = {tBu,}t-Bu), (OMe, OMe), (OMe, Cl)
UL AT K D EIREE & RN R OE N Z B 50 1: 48 salen 454

2T 570, K 1ITRTET VRO —EBRLIRIZ DUV T 3D-RISM-SCF 7% FHVNTHFZE L 7=,

[FE] RO D %, CHCl,e CHyOH, H,O FEHEH TS IANS 1E & I Fni G 2
3D-RISM-DFT/MO6 £ TR 7=, 15 b VRIS 2 Gk & L CT—E IV =T
VIAIZE O HHET 2 IREEICKT L CIRIENE) 231 L 72 3D-RISM-2SA-GMC-QDPT &R 2170,
WEDETTFLF— L WE- R EEROB(b 2 ST = f V¥ —4E &, UK
ST DIREN IR f 2 RAES o7, MR LEHE TIL Mn/Ni 12(311111/22111/411/1) L JEE |
Tc/Pd & Re/Pt 12(311111/22111/411) & V>, Nk EEF % Stuttgart @ ECP TEE#X 72, il
VIS D JFEAF-121% ce-pVDZ LK% AV, O, N, CIIZ diffuse %k % % 72, GMC-QDPT #H T
1L U B D 18 D nififlaE & 5 D& R d ilE & E AT 25 [ OTEMEZE M ELE & V2,

[ 5] 3D-RISM-DFT/MO6 (& & % i ik ok F. Ao L v fihr 1 (R =R%)
D5, 10 R L U SEIRIT R P08 W RPEE I Tl C i E AR5 D, 7 U i
YU BN FICIE RIS 23, 7 A8 Mn(1), Te(l) ¥ L SR TIIHFRENME T L, 7
¥ AV is Al phenolate IZfRTEAL L7 & FHIRIEZ £FD, L L. Re(ll) Y L 5K TILxIFR
PEDIRTAEZ 69, 7T L BN FICIEBN T, IBREIR It Z RS 720, Mn,
Te SERIZIU EBLRIEN KRR AE T o 573, Re $EKIX “HEVREN EKEIRETH - 7o, IO
FRMEDI 5 < 72 D 12240 C P(1) < Ni(ll) < Pd(11) 3 X O Te(1H) < Mn(HN DA J(TE L 7k iE %
FE ORI IS 2 R DB AR E < 72 5, R IE 10 HEDH T PA(1) D F 235 i 1 C I it
EaRo &V ) ERERICH AT 5, 3D-RISM-2SA-GMC-QDPT #5IZ L » TH-4E & f
HEBFEREZFI L, YHIX, 260 H L7 DAV ORTEIFERTEEIC DWW THRET 5,
[1] T. Kurahashi and H. Fujii, J. Am. Chem. Soc. 2011, 133, 8307-8316.

[2] Y. Shimazaki, T. D. P. Stack, and T. Storr, Inorg. Chem. 2009, 48, 8383-8392.
[3] S. Aono et al., J. Chem. Theory Comput. 2014, 10, 1062-1073.
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KB TFITEDBALIZ LV KRG T DOHLERT D720, LA BREHIARERE S5 AR
Y= TR — DM E S, BRI TARBAEREONE 5 XX Z i s 35 N Lk
BEOBIR A LI L SN TV B, AR Ve,

B R0 — B AR T O T NV

W L5 70 SO % A 7 2 (4 R i f&w%gﬁmm

THY ., ZOAEREER OO 2L MecN \Qx/xﬁﬁh

T, ZHETEL OEBRBIEHIC L 0 fi por H2+VeONa
WA KR ORI O WA TDNTE 0 PN

7oo AT, MIBIXNiFelE Frbid— o STEM

Y ZfiL LT NiFe itz G L, 20 Ao MeOH-+Na*
DS IR D GIED b & AR T 0 -

AT YT s RIEN R TR L =
HIEERL,ABICE Ry F—En 7ﬂx
Ni-R KIZHHYS 3256 RV FHEEEE

BLZ E-. 20 R RPREENS .

(HE FY R (H) O5lEHE, Q)5 | EBRTHRZSNTVSNiFel b R o2 —
7R by (H) &RELKRELERSED  pas L gtk k30 TIRIL ORI A 2 1
ZEMAETHDHZ L, SHIZB)ETOD

Sl EKEDBARIRER Z LB LT,

AR D BB, BELEEGEZ AW, ROSHEOFEM A2 iFIH 35 &3z, &S
WEOHBTZ R VX —HER LEREMEZRFET S EThD, IHIC, ZRENOHREIE
DEAEEETHARE OISR ZH LN T2 ThH D, FHEDOFEME LT, Wikl
KON 2L X —FE X BP86 (LA Z W TITV ., FRICERIRREIZ DU Cid, Artificial Force
Induced Reaction {£ % H VTR D 72 T (BB IRRE 2 HERIAE & & L CTH W TG ik &
1To7-, WIEZNSIT implicit solvation model T& % SMD THUY A=, &\ BENCLE /RS
ML R F— I~ — D ABRIC LV EE LT,

HEOMEL LT, K1ICREHDSTEPL” I2BWTIE, MEfEe L TR Th
D72 b= UL, BARFEDS I X0 BERL L 721 KFE T2 Fe IZ side-on THES T D 03,
ZDKEBLSFOREA LIZIREEIX, 7 F= MU ARENL LTZIREE, BN D 7RV IREE & R
BN FR I B EVEICRIT D12, KB OIEMAICIE, B E ORIFFFMA L Z LA
Hfg <z, £/, TOBEMNLFDRUVRIED 3d 43 FHLED S, BAKIE S AHIED Fe iI2H D
T2OKFEN NI T/< | FellfEAT DI ENTRIESNT, ZTHUXEFEOFHEIZ L - T Ni IZHE
A LR, BEMENPRINS[NIFelt RrZh—EoiEEdn s ®pes, S5, Ni-R /K
IS5 R RRBEIZBONTYH, B RU K2 Fe IZBINL L TWD Z A%, ZER & [RER,
AR CTHLRENTZ, B KUY RHERBEAD S O 10-Methylacridinium A 412k bt RU RD5| &
BET, REREH Lo AL =2 NE LT 50K, 7a b rFEOBRIT., Kk
ML CHITT DI RENT, BETEHICHTAINSBEETIE, 7ot r~0 1 E1
%R T DR E LT, (a) BTEBEEIN T 0 N BENIHIT L TR Z 2 BB RIGBRE & |
(b) TDOWDEMERISS, (¢) v b R EBFBINAKEZBRTFBIANBEILONDIN, ZNH0
IBEDKINBEERETH DI ELEDOFIRTH D,

MeCN

. _P(oE,
{yF‘i\P(OEt)S
P(OEt),
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BRI ORI LA L > TEOBELHFMENRES M ET 52 ML TND
[1,2], BIZ X, &E&ES k{mf“/jﬁad)ttfi%;é Seebeck ££4% S 1%, ¥ ¥ U 77 @ Boltzmann ik i
%yf%)%%’v V Tb(ﬁ&?ﬁf” g(e) ZFEDITT D THH I 4L, IKICITIE U7z g(e) DR OEN

DNENEE S MR I C TRV B 2 N E 9 2 kﬁ% FHY I 2L —ya ik VLN -> T
io V[34]. "NU—T 77 % So (olTEXUREFR) &% ¥ U 7 @ Boltzmann ik e & B 1
h EFHROFEAIC i@%ﬁﬁﬁbf%é — 7T, BNEEBRO/NT —~ U AR HERIT

HEfEX ZT = (S2o /)T 2T 572 DI1I21E, MR x=+ D E VDT 7+ / /Tﬁjﬁﬁﬁr
5@@%@@&9?&%%%#5%%ﬂ%6( YL A 5- T ke 1T Seebeck FREXREIREIZ
U?@BNmmm%%ﬁ%ﬁ#%E%K%%ﬂé%#725~w®ﬁﬁﬁ¥ﬁmﬁﬁﬁé7
) AT, BIERTHZEORBE I N EHHBITREFRE), ®H50IEEN LD EL
RHGELH Y AR L DT+ ) OE T CIADIFE LM E - T ZT DfEICK X 705
BERTTZENBESND, KFETIET U a2 2B ITTIE L= O 7 + /7 MGtk %
fiEHT L. BMERO 7 4 ) P 5 HHigh ~ D @%%W?é

EFRETOT 4 /) MeWICET 2l E DM f 1L, IREAR V.7 ORKE T TO
Boltzmann it 52

() (200, )2y g

ot ), Lot dt dt a o aT dt
7=, 74 /) 2 HIMRRHEE T Planck 73 fe IZHEV, EEI R TEX 5 (Vif=0)
EAGE L FAUE, UG EUS X0 BRI 9 & W CER R 2 R TS BN E L, ik
%T?%Té:&ﬁiofﬁ6§$®7ﬁ/V#ﬁ#@@ﬁ

Ky = jr(g)vz(g) &, (e)de =7 [V (g) egph(g)dg v?C, =IvC,

k%ﬁéhéo::f\WQﬁ7¢//m%ﬁg\%wai7¢//%?%F CLlTHE B
TEHHEITRTHY, 74/ VR X—e ICBETHENIZEFTET + ) L DA%

AN=F D Lnb, BMEERIET 4/ 2R F—KF LR WERTH D LT 2,

Sy ary, vylarFsy—hr YIarF I UALYORETIN (X T Y TR

¥ RIIKFERSR) 2oV, BEPLBEEEEEER (DFPT i5) [BlICX VY 7+ / Vo e £ oIk

?%Egﬁ@%ﬁ%btoW@i7¢//\ﬁ@%ﬁ%héﬁLf%%m Kpn 1D V2CLIZHH

W4 2 53 V() (Fol T) egun()de % BUNERE 5y xw#ﬁbtxmmnﬂﬁ“mpaﬁéﬁié

BRI TIE VA(e) DMRITTEBTIRICBDENMIGT DB /NS WDIZK L, gp(e) DIIRITE:

TP CIADRIRIC i@k%<§&éoﬁ%kbf &nﬁﬂmémi&%\ﬁ#k%<ﬁé

ZERESNT, IT W LS L OISR E T 2 5N H Y | LREOESEOB

ﬁ&ﬁﬁ#éoﬁﬁb%\7*//m%®ﬁﬁfi7¢//ﬁﬁ@ﬁﬁﬁ%@ﬁwﬁﬁﬁﬁ

BIC &% ZT M LD/ > TEY o apn DRFATOD 72 812 IR FF ] 00 7 EHPEH R AT X T

bo, YIalb—var7T—2REOHEMILEAERT D,

[1] L. D. Hicks and M. S. Dresselhaus, Phys. Rev. B 47, 12727; 16631 (1993).

[2] P. Pichanusakorn and P. Bandaru, Mater. Sci. Eng. R 67, 19 (2010).

[3] K. Nakamura, Jpn. J. Appl. Phys. 55, 06GJ07 (2016).

[4] K. Nakamura, Solid State Phenom. 258, 77 (2017); Jpn. J. Appl. Phys., in press.

[5] X. Gonze, Phys. Rev. A 52, 1086 (1995); Phys. Rev. B 55, 10337 (1997).
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AFFETIE=F > N BB E ERBEIZ FRFICIO ) T VEZREL, =% B
WEMBENCY) Y F DL, W F N7 L VWS TEBEOR T T RN EH~5, =%
FAREETIIFRS HFES N TV D EFN, AL F— L0 b @b & — [EEE 2 40{] |12
BADOPREERY . THUCHRT 2 — LY ADIHERBER TR TH 5, SR«
IRRT A= =B EEL LIV X o BEI O — L U ANRNEFBEIO 2 —
LU ANOEALT DB, EOEEN S R AW e B B 2T 5 ORI LT,
% 5 5% @ Hamiltonian[1]/%

Hy => e e ><e [+ & ¢, ><c; [+ D3, | ><e, |
i j i

@)
+Ztij ¢, ><c; |+Zz<ij (g ><c, [+]c; ><e )
ij 1]

Tho, |e>, |Cj>5i%2(b%“ﬂ'%'§ﬁ@:r—3?“/hf/ﬁi . BFHOEMBENIREZ RS,

BTy N RIEBIIY A NEFORERIELY, EMEENRELDH 5 YA FOEE R
725 A N® LUMO #iE I E) L7 fRAE 4 ﬁ%#éo
Z D%z B ESR) SRR X(HEOM)[2] 2 W THiEHT 45, HEOM T3k L EBREDOHAEERH %
IO S 2N TES, ZOLZHMHLTHEOM Z5EMIZAHELS 2 & T, =% v
O BEINEMBEINCED XL I L T ONERIELT-, ZOfRRICLD L, EMBE
@bﬁ@Uﬁbéﬁﬁu@i%/k/w/7)/775@%% ENFREEIR D EDN o T X
2 1 IRDEEITHI ORI R Z R T, KB THRITZ= S v b RED, FERITEMNE
BREDIRIEE 2R T,

0.7 0.7
he el ...... el ......
o6l ™ 27 i &2
&L e3 —-—- 06 f e3-——-—
“ & —— Ly & —-
ol . 1 thy Cy
. . C; — 05l " o~ G —
~~~~~ AN
________ i \y -|r \ N
5 o4 T &5 044 ; l" “,a ‘)l B e e e T SR ——
-2 e T SO B [ T R N g aL T Tu Py
3 ke ] T A
g T ————————————— g EHEAYAS
L B o3l i
_____ HA
Pt I":-'”
0.2+ Sl 0.2-Hi U,
ST T
1%
o1 [l 1
14 ,/ 0.1*} S ———
s I =
0 7 0_% T T T ! 1 [ [
T T T T T T T T T

o
=
o
~
=}
w
=}
s
=}
wu
=}
o |
=}
~
S
=
=}
o
=}
=
1=}
=}
o

10 20 30 40 50 60 70 80 90 100
time[1/w,] time[1/mwg]

X 1xTX by U TREHNES 2% by U TRRNEES

FEICIE, =X R URROD TN TN Ko TERBETHDOTIERL, BEICL-T

EBERNEREI S NS Z LICLD, RMICEMBEIDNERIND Z BT,
BRICBWTTEMDBEI R EEFat — LU A, KORENY A I 7 A5 2 5%

IZOWTiEmT A TETH D,

[1] A.G.Dijkstra,Y.Tanimura,J.Chem.Phys.142,212423(2015)

[2] M.Tanaka,Y.Tanimura,132,214502(2010)
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- #E % /) (Quantum ElectroDynamics,QED) I3 D& i —>ThH D, I 7 vz

%Eb‘?ﬁ IR T 52 EMTELE R ELSHOLN TN D, QED R o TR A AT

IR AR T 2 0ENH D03, QED TR FEZEZIMV D Z &N TE Ry, £ZTH
~“/T’7Tf£ Valb—T 4 e LTRSS %800 L7 Rigged QED M2 STV 5,

ARS8 Tl Primary Rigged QED[1] & FEIZN A 7% 2 sy A B/ L & L CRiik 3 2% BREmIC
EONWTYIalb—va a7, RYbn=v s, KFEFEF HF 5. LiZT7AZ =L
ST/ DB R ORI IR AR Lo, SHEICIIFRA BB LWL T v s T LNy r—y
QEDynamics[2] & Ff L 7=,

RY hr=UAZRNRE L TCHESEOHEZ BB OREMBE LI ANLTITH, 2
NETIZETNFOFE LB L TTF = v/ TETWALKERTOFEISE KT HZ &
T, RV M= LOFEO S ZBEE L, FHRRR O BB O MR L FHE T
5&9 EL<3~74/&éMTwéﬂ%ﬁETé

DA LT TAE—ERRE LT, OB FRICESW IR ETHIE A ML
X?‘/V/I/%'VE[S]\ HEE) T )L — B ORISR 2 5 T 5, R L&Y Rigged
QED (Z81F B A FITxt L& /172 @ WO WRHEZ I D 2 &L T/HRD, EFA ML XA
T IVEE & ‘ﬁiﬁi*/vﬂ?“—%“f”%%h%h‘t(l) 2V ()| A

W 7 s (T 2 '|' r .T ,-'_.?_ 7
s MZ% L B L I L WY L)

B.LI”O'.L- 31 Ox! koLl ¢ ol Ok
h? o
ny(F) = —E vi-_t,i-'g{'r')ﬁt;?( ]—f—ﬁm (7) - i (7)] )

BT ANLVRT UV VIRREE @lfm BT R bLERES OSSR B S
PEIZOW BT D, F72. %@@ﬁi*/l/ﬂ?“—%ﬂﬁ%fﬁ%ﬁrkﬁb$xb X 512 electronic
interface[3] (B = RV X —EEEN 0 & 72 5 1H) DALE Z iR T 5,

B

[1] A. Tachibana, “Electronic Stress with Spin Vorticity” , Concepts and Methods in Modern
Theoretical Chemistry: Electronic Structure and Reactivity (Atoms, Molecules, and
Clusters); Eds. by S. K. Ghosh and P. K. Chattaraj; Taylor & Francis / CRC Press, Chapter
12, pp. 235-251 (2013).

2] QEDynamics, M. Senami, K. Ichikawa, and A. Tachibana
(http://www.tachibana.kues.kyoto-u.ac.jp/qed).

[3] A. Tachibana, J. Chem. Phys. 115, 8 (2001)
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Quantum Electrodynamics(O 00000, QED)0D0O0O0OODOOOOOOOOODOOOOO
gboogbooda. bbobboobooboobuoooboboobooboooobooabo,oboo
000 Rigged QED 13|00 000000000 O0OOOODODOO.

0 - . .
STL(2) = Lo(@) + 711(2) (1)

000 () 000000000000, L(x)000000000000000. +%(z)00
00000000000000,00000000000000000000000000

A

H,(z) = (2)

N | =
/N
L
=t
<
g
—~~
8
~
o
o
8
~—
<
—~
8
~
+
.
St
2
&
<
g
—~
&
<
—~
8
~
———

L(w)ZE(w)ﬁ(w)Jrgj(fv)xB(w) (3)
gooooooboooooooooooocoooooboooooooooon.
o:<m@>+@%@> (4)

+9()00000000000000000000000000, SO symmetric00000.
00 (,)000000000000. 00, 0000000000000 O00. DbooUoo
O000D000000000 AL ATDOD AL(x)DDODODDDOOOO0OO.

AL(z) = € (z) (AD(2)po(z) + Do(w)Ap(x) + AD(z) Ap()) ()

0000 400 ALAF 000000000000 000OD0DDO0000, 00000
AL(x)0000000000 e00000000O0OOOO,0000000DAO.

goon

[1] A. Tachibana, J. Chem. Phys. 115, 3497 (2001).

[2] A. Tachibana, J. Mol. Model. 11, 301 (2005).

[3] A. Tachibana, J. Mol. Struct. : THEOCHEM 943, 138 (2010).

[4] H. Nozaki, M. Senami, K. Ichikawa, and A. Tachibana, Jpn. J. Appl. Phys. 55 08PEO1
(2016).
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[Introduction] RFEIKAE T AREI%(TDDF) p(r,t) &, FFED DT (A) % R AU EE U 72 R
FIZBWT, B t =0 TE r THEEL TWTTB), Kl ¢t =t THOME r I/
BT 5MERET LT TH S, ZOB, oF AINGOREZRZL, 7F BIXIEFHNIC
LT %, TDDF Z2RD 22 LIk D, A-B 7 7 RAY—DFme, MILNTOSFDILHEE
WOWT, XDFEMAMMAAREE 25 2 EBXHEFETE %5, TDDF XA TR T
Smoluchowski FRA[IC X il I N 5,

%an:DV-WMnﬂ+pMﬂVﬂNM (1)

D FIEREL, Ur) PR Ty vV THY, Ulr) = —kgTlogg(r) (g(r) 1F22[E 5540
BI%L) L B S 5. Smoluchowski HEAIZEH C 2 S5HE6N TV 3 TS b, 4 Z2IGH
BIDE S T 5038, RSB g(r) ZHWTEEI NS Ur) ZHW7H541C TDDF
RO IMEGNIIZ E A E L, Ziud, R ZEMEMICEL 2oI1I2id(@) A v 7y FELT
w2 gr) 7 IciEs»rTchbsr 2 L, RUOG) FY 7 ME DV - [p(r,t)VU(r)] ZEfER
WCZE L CRHRT 2 205D 2 ONERI N2 72D TH 5. AWUETIE, WEDOEDTTT
AR Z VT, o OREZ R L 2 BEEZRFEL. 2L T AFEZ1L.0M
LiClOy/ = F L v A — AR % — b+ (EC)BMEAERT O EC IR L T2 LiTOJAEIc#EA L
7-.

[Computational details] 1.0 M LiClO,/EC H® EC FFAD Li" D22 [E 5 BI% g(r) % 3D-
RISM/KH EIC K DEME L 72, 7, LiTOIEBRE D £ LT 5.86x10°% em? s™F ZERAL
7. ZHUFEC t Li'OBHBEREONTH 5, FHEZAIE 10 fs & L7,

[Results and Discussion] EC ICFLNZ L TV 2 Li DR EIKAESBIEL p(r,t)% Fig. 1127
F. t<10 ps TIE L2 EC 258N 2 HIICIAELL, ¢ > 10 ps 2254 IC EC DT—7F
WIBEEGHZ AR DR > T E VI FERPB SN, £/, TR, ZEHEaE I
B TOEIENICLE RPN TE D, KO BB AR 2R T 2 Z &3 H
K-,

p(r,t) > 1073

t=0ps t=1ps t =10 ps t =50 ps

Figure 1: EC IZBIAZ L T\ 5 Li' ORBHKAE S AMBIEL p(r,t). X v > 2ldp(r,t) > 1070 D
HERL T2,

[References]
[1] S.—H. Chong, C.-Y. Son, and S. Lee, Phys. Rev. E, 83, 041201 (2011).
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CuRuUBEYI SRF—D#EE BFIKE MEEHE
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YV D B, e AR OFEFERS O fRbRE T D700 B RS R AR R S
NTEY, BEEOMHHABEKBCRENES KD LN TS, ik, BRI CITuEm
BV — R L ZE R (NO) R TTIT KT D ARBEIEME 2 R T HR LN TV D, S DITHRIT, SHk 1
(PR (1/10~1/100 B2 ) DOLT =0 L EBELT 5 2 & ¢, BEHEYET A G bIEREN, Hl
B EAOR 72 VT =0 A L R THEIZH LT 2FEARE SN, Ziud, BEhEARLEC
BT 2HENRBOFE M THDLIN, MEBONLT =7 AN ED X 512 L THEEMED
M 2R B > TWDEDONRHATH S, £Z T, CURU BEDEELEIREEL Y T A X —
ETNEARATTET VO DFT HREICL D BLE L, MBHEMER EO A D =X A Z/HEF LT,

7T AL —FT )L LTIL, feo il 135 [R5 72 5 AR oS & iz, e T
=y NE, FFHREWETaT - Ve VEEERID E B OND 2D, Cuss 7 T AKX —DHI 13
JFif%RuTEEHZT-, 72720, VT =0 NI hep EENLZETH H728, hep #1ED Rugs
FaTICEA LAy ak—Ly N REEEREEOTT LB LT, PWI1 GGA/DND @
&M DMolP 7'u 7' J A CEHE A T o T, £72, AT 7T /LTI, Cu(ll) a2l 0 Hi L, 2x2
DA—=N—ENLZHNTHEEETEE L, F3,. 4EDO8 4% Ru CEZHx, a7 -
v U A B L 72, PW91 GGA/PAW 5:f:, VASP 7'1 7' A CRIEZ{T -T2,

il SNT=7 7 A X —OfEEEKIRT, Cus . HEARIO#EIX, RKiEZ 80 12
Hd 2%, — 5T, hepHi&ED Rus 2 a 7ICEAT S & 7T AX—HE&EITAIL, Co TN TE
LD, ZOBEREIC 84 RN U, iEMER SISV A M7 0 15D KB 3 O 13
Nl £72. RUZEATS L HAPEO LB ERY . 7522 —F, LB bEhe
T ol FEEL LT, Cu/Cu(iydH A 7 /W2 X% NO EITRENN ) L5 = & 3T
X5, IEMESIZERIT D N-O fifBiZ3tHE 35 &, hep i Ru 2 a2 7 ICE AT 5 Z & T, ML
T RLEF—IN 2.6 keal molME T 55 RE2157-, AT TETNLDOHRETHLY TAX—FT )L
ERBEDREFRZ S TN D,

hep-Ru@Cu(111)

Cuyszs I CuinRuy; Coy

(surface atoms) = 80 (surface atoms) = 84
8 coordinated = 60 5 coordinated = 2 8 coordinated = 18
9 coordinated = 20 6 coordinated = 8 9 coordinated = 12
7 coordinated =40 10 coordinated = 4

R. Fukuda, N. Takagi, S. Sakaki, M. Ehara, J. Phys. Chem. C 121, 300-307 (2017).
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(5] iz, 7 b MR A V- Li A AU clE, VIR ERIC T % S
BRE S COEGCFERONZ LY, BRRIER OB S 2 MTE T fif 2 I3 2 ERE
iR (SED) MENTERL S D[1]. Bl DL HE D O EBRIFZER2,3)C X 5 &, BiEROMEIRE
EEELT S LIk, LiA A EMO SEL B &N E ST A 7 VDK
B g5 2 ERHE S, L LAaRD, HIEEDEWA SEI HIEARIC S 2 5 iR
MRICOVWTITELZR o TWRV, 2 TARIFZETIE, Fox BB LIZIBETE T IV
7 (MC) /48115 (MD) i (Red Moon #£) [4-6]% VT, Li A A &AM
1 C O SEI E U X T DR R 2 R L~ Bk LTz,

[$3h & HIE] ARHT T, BECT b= b sedvmionen e e
UL (AN), EBREICY F 7L A(7 VA1 A rEEm e

NAR=INA IR (LIFSA) 73572 % SR & 1k - \ :
FAMEOREEREL-HEET L (K1 &
) 2R\, AR T, wmEDOERT —X
KRB LFEHFE O BTSN T, SEL JHIEAL
WO FONEREEEZEE L Ty Ia b —v

2 EATT. X1 AKIal—ary0iEEsEsrL
[FER L 552)] mREEMK (5.0moll") 28 2

WX, FSA MO R IT 0 R 0 GOl I HETT L7212,
TR DB T RN & HICHEFT L TEFIREEIC
BET S, Z0LE, EEIREICET D IGE
B DB B FEZE M A & 1K 2 TR, DRk
B, BRSO ARY TH D CN & CHy D43 A
E— 7 XA GERmH) ISFELTERY, HEH
KDAERD TH D FSHOMNII/MA (BRI
CTET 5 2 L vl o 7. RS, AZFERERIT, 2ol
FHERIRMED B X BB T (XpS) % P2 SENRARA 7y OB B 22 R oo A
FAWTZFEZBRIC K 2BHGE R E b < —8T 5[2,3]. £/, HAROERY (FS,04N, F) DO
FEVIIE IS EE DN > THRT B Z E N o7, UL EL Y, KIFEORER, &L Bk
TlX, EITHEBEROERM DY TR L TR 2 K X C, ZEXR SEl N S
HEWHZEE, FHT LU b CTHERIIZH LM L.

(&% k]
[1] K. Xu, Chem. Rev., 114, 11503 (2014).
[2] Y. Yamada, K. Furukawa, K. Sodeyama, K. Kikuchi, M. Yaegashi, Y. Tateyama, A. Yamada, J. Am.
Chem. Soc., 136, 5039 (2014).
[3] Y. Yamada, C. H. Chiang, K. Sodeyama, J. Wang, Y. Tateyama, A. Yadama, ChemElectroChem, 2,
1687 (2015).
[4] M. Nagaoka, Y. Suzuki, T. Okamoto, N. Takenaka, Chem. Phys. Lett., 583, 80 (2013).
[5] N. Takenaka, Y. Suzuki, H. Sakai, M. Nagaoka, J. Phys. Chem. C, 118, 10874 (2014).
[6] N. Takenaka, H. Sakai, Y. Suzuki, P. Uppula, M. Nagaoka, J. Phys. Chem. C, 119, 18046 (2015).
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T ALFEROSOMEINIZ BV T, E b E5H (Quantum Mechanics: QM) & 43 -8 /1755t
% (Molecular Dynamics: MD) ##ilAG o7& 10 TEIIFEHE (QM-MD) 23 )A< FIIF &
NTWN5, ZO QM-MD [FL5 G DR EESCEBR IR RE Z BRI T 5 72O D F 72 BT
XHDH2HO0, BIFEOIARNPRRKENT 00O KEMRZRICHEAT 5 ENE LN E W
o MENFET D,

ZDX ) RMEE RIS DD, B REOSETIL T T 7 A MyffuE (Fragment
Molecular Orbital: FMO) £ NREFE STz, ZOTFEIL, T T2 N OND/NE7g 7
TR RAZHGEIL, “TITANRYR (B )" BXWY I TARRT (XA
~—=)" ODHBEORNLZRORELZRHT L2 LT, EROBFHELIVHE R N2 TIF5
TFETH D,

£72. QM-MD DAL DUBINORA SN TS, ==2— b RIS iy +8 )
FRHADOGBIZB W T, KREEZR RPN OB R VX — 2R LR T S
FOOFENRBERINTEX, FOF0O—22, ERAY<UVRTICEAANTIHRT Vv
TNERANDZ EICEY, HRHZ VX —ZEW Lo B2 e 25 “YEiET o7
JUERRY N5 %, ZOFET. BT R LFX—22MW Lo HHEEATRES T 52 L T, HE
TRVX—RNRIEIZHE E 5 2 & 2T, IRIAWVHEEZERORKR Z e & ¥ 5,

JERET T B B ORMEE R T 572 DICA AR FETIEH S OO, QM-MD
IZBWTHRIHEND Z ENFEFEITDIn, ZORH & LT, BlE QM-MD #HEIZRIHA IS
R0 T ARy =V FEO, TR TREASINRTELTHATE 20
ZEThHEEBEZILND,

T THAIX, EEABRTHE 0T Ly =D 125 ThD “GAMESS-US” |2 i
MD TEDLNTEXIIET VT IUNED 1 D ThHD “L 7Y By 7)o 7k

(Replica-Exchange Umbrella Sampling: REUS) @7 Z#E A L7z, £/ FMOkE “L 7 U IR
#asy 18 HE: (REMD) BIE” 35 k(8 REUS #fAEbE D Z &I Lz, 4lH,
GAMESS-US IZBWTREUS # Wiz~ v T LT A RyFD7 1 b BEIFHEORR R L .
VIHTFe % BB D T 1 75 bRy ir—V T 5 “DFTB+B” (2 REUS 238 A LEFHH L= 50 &
D &R, £7-. FMO L REMD Z W= F 7 7 =0 DT A FEFE O R4 77,

[1] K. Kitaura, E. lkeo, T. Asada, T. Nakano, M. Uebayasi, Chem. Phys. Lett. 313 (1999)
701-706.

[2] U.H. Hansmann, Y. Okamoto, Curr. Opin. Struct. Biol. 9 (1999) 177-183.

[3] A. Mitsutake, Y. Sugita, Y. Okamoto, Biopolym. - Pept. Sci. Sect. 60 (2001) 96-123.

[4] Y. Sugita, A. Kitao, Y. Okamoto, J. Chem. Phys. 113 (2000) 6042—6051.

[5] K. Hukushima, K. Nemoto, J. Phys. Soc. Japan 65 (1996) 1604—-1608.

[6] Y. Sugita, Y. Okamoto, Chem. Phys. Lett. 314 (1999) 141-151.

[7] B. Aradi, B. Hourahine, T. Frauenheim, J. Phys. Chem. A 111 (2007) 5678-5684.

[8] S.lIto, S. Irle, Y. Okamoto, Comput. Phys. Commun. 204 (2016) 1-10.
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DNA @ X 5 mERGTF OB NG %A T 256, 0 FHND R L 5o —E L 725
DD EETH BB, TN TRD G IC 33 CTERA & FHERM T ~HEH 7 v+ OfiE
BELTL %, B 7 vy 7EFTART Y v AL Tlk, BEROGTE27 0y 701K o8E L,
COMEZRHT 2 THEEZIRET 3, 7 vy 727 ALOFEIZ. DNA 43+ 8 12
SHEA R O FBMEIC B CEEE L 7=,

X LAF VEf R, HE, FAF )R-,V vBEESICHEIL, o7 ay s
DFEAER L 72, —EHEGDERCEHEFZMML <, HERELZ, 7uy 707D
JRF-EMIZ, BERT vy vRBEEICK YRk, CoRE fHINL 72 HIETIX, el
WRICIIED D o7z, BRTAHBEL, 2B—ETRT vy rREbEIC L VR,
N o DigE LTI, MP2/6-31+G*51 A S L L 72, ST A v F — D5 7N/ HR O §FHif 1
BLTiE, o0t n 2l 2iTo T3, (1) 7w v 75T O & — FHE MR T A1F
Iz CIHEiT 225, 7uy 20 THNO L QREEICHINT S, cnick Y, Effe FHEN
WTO_EHY v FREMT S EBAHETH B, (2) FHRUUG T — FAE DU 1 2 E R X
ECiHiT 225, £EREZHEKL T3 ETFRIOb DIERNAT 2, Try 70 THOFHR
WG~ — B FAH BAE I, R AEEZR VAL ICHETH B, Fit. e
THAFEORAEHD T AV F —FHfiic iz, CHARMM J185% w7z,

ST ey 7 ETART VY LOFHIIZ, Y X7 1L AF FANNN)EZ 9> 7Tm Yy 7
I ELCfTo72, 22T, NNN & LT, CCC, GGG, GTC, GAC w7z, +V X7~
LAF FBHROMEERAT AL ¥ —0fHiiiZ, N A A v (Na)ofH YL TfT- 7z, FEE
D FEMi xS & 35 BT LEEE
IZid. MP2/6-31+G*% F v 7=,
G778y JETIURT VY
NORHERER X, HAEEHR A
NMF - HEFT Ve W
W& — XY F DI BT
bROVHBMEEZR Lz, 07
vy 7E7TNME, BERSGTFDI
WIGHEEICE N R ik Th 5
LWnwz b,

S. Nakagawa, P. Mark, H. A gren, "Recipe of Polarized One-electron Potential Optimization for
Development of Polarizable Force Fields", J. Chem. Theory Comput., 2007, 3, 1947-1959.

GTC3Na+ GAG3Na+
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Foxix, AR, BREERED0 FEN 1A 2 W TKRENE Co 7 7 — L > (Ha@Coo)[2] D
BB EITV, KFEBARICE L TR R Z2 G Testi/igima 1T > 72[3.4], £/, £ 2 T
DITABE AT 2 VT, KBIRIZBIT D65 7 FOFHE & 2O 21TV, EMEMIC
EBRE[S|OFRNEY 7 hEFHRT L EHIC, KFBRF-ETOLFEY T v, 77— 2D
VED WM X O EMERS D525 /A TRB Y . o, £D 9 BRSO &5 7 F
— L VIRBEROBFIED EORB TR T ~KEED
WTY 7 FLTWAZ & &R LEE[3,6].

NS DR THWTW DSRS0 T AT & RO
B — XRBIC L 0 AR L7285 LN R 73R O A0 BISS . T
B RO EEMTHL L E2FALE-TETHY B
SRR OB RO OELEEBDICEETH LN TE D,
ZDOFTIEITHEEASWTHE L7z Ho@Co DKFELAAZ K 1I1TRT,
(AT < T 272D LIc LA siianwTd s,) =
DI, KBS FRRT 3 ¥ VI HLEERF R LY
M UAMANZ B LTWD 2 EBbhs, 1 R T8
ARFZETIE. LR AR R A E 2 C LFy 7 Mot FEOL IV R
VAL OFERE 21T\, 7T — L > ® HOMO-LUMO ¥ B3 5i7z Ha@Ceo (2
v TR L) EYNCERT S 2 LA TE B MOGHF LN E vy BT SACGRIE A,
HZ LT, L EERMNREFEY 7 NoFBREZHE L., 2L,
DRTORREIZEBW TS 7 NOEEMBRFEN TE o ERFERN, 77— 00
HOMO-LUMO ¥ v » 7O KFHiiic K-> T, 77— b OFE D FREMERES D3 i/ Nl S 4172
EEBEZONTTOThH D, EEICHEORR., #Hx ObFs 7 NOMEICKIERSGEN RS
TR, 77— L NEBSGORRIZET 5 L0 ERENRBLENAHREIZ 25 T2,

R 7 FRATARE B O W TIARERICTHRE ZITO TETH D,

L EB TN

[1] Shiga, M., Tachikawa, M., Miura, S., Chem. Phys. Letts. 332, 396 (2000).

[2] Komatsu, K., Murata, M., Murata, Y., Science 307, 238 (2005).

[3] in preparation.

[4] % 18 [MIEE G b Rlime  3L04

[5] Chen, J. Y.-C., Marti, A. A., Turro, N. J., Komatsu, K., Murata, Y., Lawler, R. G., J. Phys. Chem. B, 114,
14689 (2010).

[6] 5 10 215y b7 itame  1P108
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YA A AW FEICARR S D5 T OB HEFR BN T DI 2 Y B & O 5 — G
(X, FECRREOFRICHRTENLTWD, — T THA 20 7O XA 4 AICBEIT 2 IEIL, %
DIEIYWIHFEIC DWW T E THEACITONL TV D, 2D ERT — X OMHIZIL, —DyT
WA FTRE CE B Z S0 E R EENLETH D, T E THFILICEE (CBF) 41X,
Z O RJEFBNTHEFR GTO(cGTO) 72 £ 2 IV k& 72001 DA A oAb W fE o RAE D
FaOFREISHINTE 2, ZOFEL, FEIREICH L TRE L CE Ly FRESOET
FIBOF AL AT O F FHFURRBIZIIEA TE S L WO FEE 2 FFD, & ZADNERD CBF ik
TR BRI A B DI L2 Wb DO TH 772, ORI fE o 3513~ AT E
EEZLNTE T, &2 CTABIIE T CBF LI X 2 Wi OFt R FiE 2 % L[],

WA A A WEFEIL, N B RAGEEIREED, O HEFDFREEO T MICHRBL . 7%
DD N-1 BEFIA A IRBET & U CTHR D% O BT Rt % v 7= 9 g kR Be il B RE 2~ 0D 18
BE—RA MZRVFMEND, ZOOMIREBOINMMA S DY, o EEEERICB T 5
AIEBEIREE(L, m) OO T EET (OF D SITHIBERGMEMT=T) Kod,,p~DiE
BT — A FDynr = (Pl @) EEZ D, ZHETOMZER]IN G, WYII®EIR L7= CBF %
s Z T, FERRMY 2 b—F 4 U T —HRAOMEN 5 THEIC B W TRBERFET
XHZEMbroTWD, FIZ T, Dyr xR Y 2 b—F ¢ VT — RO CRBLT
DT EMTEIUL, ERIEREEBEMO S CHMOBEEN R ARICRD, 7. 9 FONE
NIV R=T UHNZ QRO NI =T U HNO L0 O EAEFAEVICSEI L, & HICHV %
HNO = AN=1 4 hy & | HARBED N-1 0 AN LB FH—B IV =7 U hyD
fi& LCERBLT 5, "Two potential " A Z AT 5 & . Dypr = (A(@YN L) |n@l + VD Y%
B (AXEOI PR AE ), 2 2T ON " NIHY 1D, £20pMIiZhyOEARBEETH Y | yO
IR OIEREIL Y 2 L—T ¢ > H— RO R R 2T Th D,

(E—HYD =y, 0))
OmMEFET D720 TR E LT, o FHEBICRIE L U7 FEB s (r) & SRR B Y, (7)
DOFEZEIEFWIE L L CHEOHRKRA Y 2 L —F 4 v =X e E 2 5,
(& = Ay (1) = s(r) Yy (7) (2)
SONEBETHDZ L 2FMAT D L. Im, ™IZhyDEABEETH Y . @umIZHBT 5
ZENRbnrD, MUNCHEILEZITO & o) = Imy,, (r) & TE 5, “two potential AU
AT D&,
Dimr = (AP Imipy,,) [ud) + V@ ) 3)
2155, ROWTIFERKEY 2 L —F 4 v H—HRRRXOMTH D, L WD 5| HpREE~
DEBE—AY MWt RTELZEERL TS,

dTHT L TIEEE GTO % ¢, B L OPDZHf LT .
IZ cGTO #AWCEE LEH OXA Ffbickt+s
IV RT A —F OFHEAE R % Brosolo H[3)IC L 5EF 16

FUEE B L& 25, BB 3 (Figure 1), %

BRI 2T HREERT D,

[1]JR.Matsuzaki, S.Yabushita, submitted. [2]R.Matsuzaki, 12 o
S.Yabushita, J.Comp.Chem. 38, 910 (2017) [3] M.Brosolo, . . . . . =
P.Decleva Chem.Phys. 159, 185 (1992) oo 05 10 15 20 25 30

Photoelectron Enerav/a.u.
Figure 1 Hjf Ot A A Avloxt3 5B GMH T
A =% BOFHEM(GTO) & STHRE[3] (ref) D b
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[PIMD] (3Bt ([ESCAFSERT8E N B RIR 7 e fs geag) & = o LRI I
Fo TMBIZEHE S NI STV Ial—va iR d st —7rY—2 V7
=7 C9, Z@ MPIFortran 90 (Z3-5< 71 7 Z AL Apache 2.0 License DO#iH T, E727z
THEETHY Y=L, RN ET, (22— FOMRBIT 23 TITRE, =27V
X190 X—, Zofth, 2 —HF—HPRKBICHED ONLBELH Y £3,)

B Ia2l—3 3 FE

M i ., BEEREENT, 7+ VA
FOSTRBEHEZR « A R v 71k

TR - LY o ASHaE

AR - RS BN A

s L pFEV TR, N Ty R e ' T A

Y BE /) B haA RBXQNY 7 - RU ~—2 18 )15k
FEWrENE) ) G EN 1A, =T 2 X - Ry BTk
HETZRVX—3E A X - X477 Rk, WA T8 1505

By T
T X LF——%E (NVE). IRE —E (NVT). ES—%E (NPT). J5/1—7%E (NtT)

W5 2
BBEA, EEEESR L', SEATAmEE L)

| NNV

55— R B L - SMASH

H i )T - AMBER, CHARMM, OPLS. EAM

thoa—KEDA 2 —7=—R (F—JFH) : GAMESS, GAUSSIAN, MOLPRO, ORCA,
TURBOMOLE, VASP

fthoa—REDA 7 —T7x2—A CERERAY) : DFTB. MOPAC

~/)VF R —)LiE  ONIOM, QM/MM

2—P—EROV T L—F

BMPIMD = — FOEHEB L OE LS
REI L (A AR 02068 7 aAE)
PIMD =— KD E k&
ARt (AR - BT b2 — K SMASH @ BH¥E
Sergi Ruiz-Barragan &1 (JL—/L K%) : PIMD-SMASH A > % — 7 = A AB%

WY =7H% Ak
http://ccse.jaea.go.jp/ja/download/pimd/index.jp.html ( H AFE
http://ccse.jaea.go.jp/ja/download/pimd/index.en.html (JEFE
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[EE] &= R OB A EE(HFCC) & MRS I RS 2 72D, mg A amik % A
WAHRBENHDHZ ENHLN TS, L, RTIEFQDOKRE é & HFCC 1281 A HEx)Fm
RO K E S OFMBICEIT 2 RO RIFZEIT D7 < FIEX RIS HFCC (2 R IT T2
% AT EY 72 T CHBL U7 A TR JEI A7 AE L7220,

FEAR XA 72 HFCC D% ETH L, Fermi-contact (FC)TETH- 2 Hh 5, La>L. Dirac JiE
DIRFIFFfRIIRZ ETHREL T D720, §B%E & T FC I, 4 o HxtamIZ 1) 5 HFCC
DOFRA L L THY)TIEAeV, R TIE, 4 soExtimic b HATEE72 HFCC DR A4 EH
L CIFMxam 72 RN & el U, HFCC FHRIC IS DM RIFR R D Z A2 RE L 72,

a

rel.

[AiE] AWFECEI Lz, HKERREOKZELR 71281 5 HFCC ()£ XA R,
= 2o g gy BB SN [20N ] ¥
272' eIN e/’ N rB small NR,1s

= (W, [cea- AP, )
i '{I’Z[ h-(za) 1)} ‘PNR'15> 1)
N ZE T 5 TR 2D &, QB EFELN5,
73
Aonrel, = ﬂ ge gNlBeﬁN : _[Z]<\PNR,1S LIINR,1s> 2

= (x§ + yN)/|rN| ,Neman = (1 — (1 = (Za)?)Y/?)/Za L B 7=, N (% Dirac fF DAL EEL .
a = 1/13713 IS IE . PNr 15/ FEEERAE DK KR 10 Schrodinger fif T 5, {30 HIEH
AR I T DR TH Y | [1OHFIIEE I23 T 2%t GEFExER) 2R TH 5,
(1), (2)% AW T HFCC GHRIZ I T 2 HExHm &0 R A MEE L7,

s

|:|I

350
[RE] X 1 ICESRED A FHLURTI1C
BU BARTRIRO% 527, W L ogew 000 [T MMERROI
5, 100X (RO KO /KE)O F250 | —a— gﬁigiﬁﬁé
EToH 5, MR A%, Z=30 Tl% 8%, Z=40 {gzoo i R,
TILISNIRETH Y AN IER THE & T i }j]%
HeERVERHRPENBEL TS,z B0 T
SV EHREHRO GFHERDT 550 R
BT BT MR R ORI L Ak T
FIFRF OMKFRN R DO EETD 5 BRI 17%1%

BT IC B0 DA TH D, Y H I
FAR B A SRR 12 551 5 1R T 0 20 40 60 8 100

ROFGLRETHTETH 5, WTE 52
4 1. HFCC #5351 2 A
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LIZT®HIZ

CH3NHzPblg (23 S 2 ARE-TEE A 7 U v RXa 7 A4 F RV KGERIZ, 20%
B2 DNELENRETEE L TND, ZNEDORE T A A MINER O MR -8R b g
LTCRWRIEEEZ oI b 6T, FEFICEWVF ¥ U TIEBER 10 pm)°F v U 7 FHm( >
1 us)ZaRd, IO DOE X, M CHEMY T A PNHERATHZEICE>Txy U T
M RGO BMDER S, Fr VT REEFEMET L EICERT S E TS TWA[L], *
7z, CHsNHsPblz 1 CHsNHs* (MA)D[RlfE = % /L F —fEEEIL 9.1kimolt TH ¥V . MA [Tk T
ﬁ%mﬁ%ﬁfé:k%bmofwém
L2rL, MA OEESGEENIE FREICRE SEET L LM Twhaicb s 3, {fFE~<n >
AHA N HE DT MA ORIESES)ZEE T 5 EFERIRGHIKARI T O TR, & 2 TARIFZE CTIE
B FEHEE I X o T cubic FHD MAPbI; F10 MA D [E[#ET 3L X —[EEE A2 FE L a7 2
714+ MABX;z (B =Pb, Sn; X = I, Br, Cl)1 > MA D [RIHEIEE) W T & AR LTz,
2ETE

MA O [Elfis[EEE I E AR ST DFT FHEICE D RkD7-, P To MA Ofidh %
R 2B b s, BEMAICOWT MA 1 C, NJRFIXEE L, tholsi1 & EHE ik
BRSE TR —2FHE L, FEAICOVWTHE LN R F =D MA O[nl#xfEEE
ZRE LTz, £, MA OEIHREEFIFFFIX Arrhenius DL S PRI L 72,

3%%&%%

A5 72 MA OEEREEE L 330 K 12315 MA ORI FIFE % Table 1 (2759, MAPbI3
¢@MA@E%&%i9Mnm1T%D\%%ﬁ@iﬂmd%&#% IR —H LT\, iE#hfiE
Hrint, Polg"B A& DY 7 R 7 4 / - F— RO—E2 MA O - [FliRE# & fEE L TEY . MA®D
[ AEE |2 Pbls~H %@%ﬁﬁﬁﬂﬁ%#é ERTFREND, 5T, MA ORFERIZHE N-H- - -
| KFBFEAETEKT D 72D12, FIZ Po-I-Pb £ fE— K& U(%h BRENELZ ERNbo o7z,
INHDOFERND . MA I Polg "B HICIABEFI L TV D K 9 Z2IREBICH VY . MA DO[alixES 2Bk
T2 X ITHHBERMT S Z L CRIERFEEENME T35 2 LN TRIND,

MAPbXs 1 D Pb?* % SN ICEHLT 5 &, ~aF bAoA A X OFEHIZH 57 MA Olalix
FEREIIRE K oot £ MA DA o Th D a X oAb A F o X BT D &
MA D[EIFEREEE X "< Br < CIOEIZHEIN L7z, IREMFENT 25 | MA OFES) & 55 L T 5 BXy
BRDY 7 N7+ ) F— FOEBENEWIEE, MA OEEREREN KX S 225 2 &3
ol SO EhD, BXTHRAES . MA O paple 1 MA oo [FlHEEE & G
BCFROREEREmN B LIS WX T A h A — —
MEZ, MA DEIRRSERIINT 5 L FREND.  Xm2n1 | EIRRERE [ RIS

330 K 12815 MA O[alfizkE iR 2 b4 5 /kImolt  /ps (330 K)
\r%m%mwﬁmm71ﬁ4L(jMA@@ MAPDI; 9 39
HaAE AN~ 10ps BREETH VY, ¥+ U 7 DOJEH) MASnIs 10 4.6
(ZX LT MABFRECHELAY D EHIFFS LD, MAPDBrs 11 6.6
—J7 Cre MW= Tl MA ORESEFFFIE  \asnBr, ¥ or
RESHEMLTEY, MA OFEMICE DT v U MAPBC i o

7 A ORI T2 Z ERRBINT-,
[1] H. Zhu et al., Science, 2016, 353, 1409. MASNCls 22 176.1
[2] T. Chen et al., Phys. Chem. Chem. Phys., 2015, 17, 31278.
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[F] R B oRMALRIKIER TIX, 2014 4R12FEF (L, (U9, AiE. K¥E4E2 GRRM/SCC-
DFTB 7’11 7' A[1] (EBEREEZRIE(SHS 15)[2] & BRIy FilEE A HEE) 2B% L. 1/ —
RCO DFT & CIXREETH > 7= B o0 BE 2 B LR IRRIC OV THE L TEBY .,
SCC-DFTB & L~L T, ) 14EMTE LK 7000 8 (1o H) % DFT i L-~UL
(B3LYP/6-311G(d, p)) CT#& 4 fidfci b L 2004 fE 0 bk (K 1o/ H) 25T,

Al B — R (256 =27) & MV TEHRPTREZ: NeoGRRM 7' 12 7' Z A[31% HIV T DFT &t
B~ (B3LYP/6-31G(d) T, 66 HEFET 1643 fl (X 1 HHDOAFI), HF 8 L~UL (RHF/6-
31G) T, 12 HERE T 2728 i (B4 1 HOOH) DEMEEEZSE LI, KiFIZEE(b Lo FalsE
T %, 600 kJ/mol £+iT £ TIXLARTAS & L7z BPEARE R & 2 —E LT Y, 1000 kJ/mol XV /&
W RNV =IO R LZEREI IO EVEL RN ERbroTo, 12, CHiDRTIEED
FEL AL TERVB U E TRy TR E3FRICEERBMEEROMIZIE, &%, £ 120
~170 kI/mol FRE D K E = RV XF—7E% 4 L T2, 3% HLIBEORZE E 72— 3L X —FERIC
frEd % 3,4-dimethylene cyclobutene [LFHHE L~ /L CIAFE N K & < &L CTnie, FRAliAz S
PR BMEIR Tl b 228 72 BAMEIRIL DFT 3R LUV CTULETORE F & da—E9 2 330 kl/mol TH
D EMWGo T,

F7-. LTS O B ERBIZIZ T B F L =070 DEBEEARE L (] 212 kJ/mol @
BEhE) NP AT AL, Repé XA 7L LTINS B U ApuRfEE ., fildz H
WITH RIS T 5 2 R T TICHE Lz, AR X0 EVEE LYY (MP2/cecpVTZ) T
LT EFLY =0T bR B URERSNARBEPFIET DI L AR LI L bl T 5,

1800 GRRM-// o 3 ‘@
RHF/|6-31G level (¢) &~ 9 )

SO Leg? 0 ,a¥y 0 u \%
e \ # £Q2735 Ky = 4
8 \ b/

1400

e

GR
B3LYP/6-31G(d) (4) 1000

° ©
£1200 £
S~
2 = 800
~ ~
1000
& 5
Q [
& 800 / & 600
Q Q
> =
T 600 k]
& g 400
400 2| 2
]
Y Q@ 200
200 Q-
> d
Fl <9
0 & 0
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000

Isomers Isomers

X1 EMEAEEHROBRRHLER (X : 24K, AKX : 0~200 kd/mol DIEKDIEREK & 7k
FL U EHFPORE U ~DEK)

[1] H. Tokoyama, H. Yamakado, S. Maeda, and K. Ohno, Chem. Lett. 2014 43(5), 702-704; H.
Tokoyama, H. Yamakado, S. Maeda, and K. Ohno, Bull. Chem. Soc. Jpn. 2015 88, 1284-1290.

[2] K. Ohno, S. Maeda, Chem. Phys. Lett. 2004, 384, 277; S. Maeda, K. Ohno, J. Phys. Chem. A,
2005, 109, 5742; K. Ohno, S. Maeda, J. Phys. Chem. A, 2006, 110, 8933; S. Maeda, K. Ohno,
K. Morokuma, Phys. Chem. Chem. Phys. 2013, 15, 3683.

[38]1 Ky &n—, & 16 [ EFERZ, 2013,1P05.
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WFAEA) OH LK ER L= C-HEMIERGIZH TS EHIR
O #EE ™ dkf ZeKT, dug bt 25m mat, =% HH 1
VRORSEEF T, 2 BORELTAF, %JST-CREST, “&i K ESICB
nakai@waseda.jp
[#2] C-HIEMAV R SIE, S Z W TRIEMEZ: C-H a2 BRI L. REHHE
e ERELSGINTH D, EREGIX, BT Ao MA Y UL [Ir(1)] S T4 tEr vy
2 [Rh(D)] fRBEIZHOWT, < OFEEFICH T HEWIEEL R L T 72[1,2], D —2IZ. Ir(l)
i X 5417 4 v E AW sp® C-H IEMEERUGA ® H[3], ARSiE, RISEDOE N sp?
C-H iEAZMET, sp® CH #5A 2 BIRMNTIEME L% 2 &0 Rh()EE T TIEFOS AN LT L 72
W E R EDREREND D, AFZETIE, BEFEEIS I D ()

BEORh WMIEOIS A H =X AOMAZ A L, o, LU
DG RITH T B HRR BRI B LT, T 24T o 7. VRN
[FHHEIIE] AW Cix, LT ORI ZEHRF LT, N i
u [iread).] % N P T Ti <R N
YT meme— TR T WY \ee -
O N &
AITBRIA & 72 2 & @es AL, F0@J@I2xt L cyclooctadiene ¥ & S e o h
CHEA AT« VR BINAP B2 LIStk Chs, — ook § bttt
WORSIEZ OSER & FE & OFUL TRBUC L VG E D, AR A R

H

ST Fig.\ 1 12773 Chalk—Harrod ### Tiizbfo\ Dlr(111)-H & Fig. 1. Chalk_Harrod mechanism
KE AT 2L, @A L7 4 OB A, £ LT, of a cationic Ir-catalyzed C-H
QR OB ITTHINEE CHEITT 5 Z L BRI LTV A[3), activation reaction.

AW TITZ NG ORISFBERIZK L, HHE

80

R LUEBIRIEE MO6-2X ILBIEZ AV & @ e L

DFT #t5IC L sk, Ir B8 LR %, AT E R R o e
FREOE X ORISR SDD I K W BilioTe, 7 B v &= —
OMOTRISH LT 681G A, 5% & o p
VABLANRL (chlorobenzene; HLifE =R 5.621) (i g © T . T T o, 7 N e
BT 7Lk ) EIE LT, e
[# % £ 5%] Fig. 212 Ir 5 L ORh ARBLC K
DIRIGHMT=RAE—FAT 7T nkmd, 5% i
PRSI B (Fig. 2(2) Tl miFIckEA 3% i 2 e
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Fig. 1. Procedure of machine learning for kinetic
energy functional.
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Fig. 2. Relationship in kinetic energy density
given by kinetic energy functionals (KEF) and
KS-DFT.

Table 1. Errors of ML kinetic energies from value
given by KS-DFT (in hartree).

-12 -10 -8

Mol. TF TFOvW ML KS
CHs  —3.761 —0.124 —0.247 40.243
H.O0  —6970 —0.572 0.160  76.053
NH3 —5243  —0.337 0.075 56.235
MAE 5.325 0.344 0.161
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IR DA~ & L HO T 1 b N EEERE SN D[], Z ORERA U D A RIERN S+
@7Dk/&ﬁﬁmi&%@T@IZ»%~%&@5MH7?/y/*JA%®AW&E

R &S, LR ->TC, BRIZBIFTS 7 v b rdi#Es o1 - i1+ LUV THRAT 5 =

ENE, B AR X L BT DR 2 BfR S 5 ECEHRETH H. AR TIE
FFIZBR D 2BIBO 7 1 b UBENCE 5325 7 1 b Ul (proton releasing group, PRG)IZAT
ETHRE T N OEIRDEVNCER T 5. RO RIEOKATHIEL Y, ZORE T 0

(2 K3 5 H LAY 72 continuum band [1]4% 1800-2000 cm™ OHRENFEIE (B S LTV 5 23,
%ﬁfu%yﬁMGmﬁwfgmiﬁﬁ/“fﬁfbfkmioﬁgﬂ%rﬁ®b+“ Zfi
B AU TWRYN, 2 2T, ARBFE TIE B BN BA R0 S# (DC-DFTB) 47 8 /1 7 (MD)
15[2)% T BR 24R(F) 3,800 JR ) & (L FANCHI O o T KRFBEMD R 2 L—2 3
ZFITL, PRGIZBWTIEREA LIERE T v N DIEEI X A F I 7 ADENT 21T - 1=,

LA AR D& i A& (PDB ID: lueq [3]) &2 AIHINLE & L, MIHIREZI CTHREI 7 12 b 275 Glul94
Kﬁﬁ#ékﬁﬁbtﬁﬁ%?w@DomW&MD%%4%pyiﬁbt&:%,%%7DF

A PRG ND 2 DO 7K 2 UER(Glul9%4 & Glu204) D % S22 15 3 5 B4 (proton
shuttling) 3l S 172 (Fig. 1). REI7'1 o & 2507 2 I UIRABHIEEIR ) & O OR
Bt D725 FOSERE & LT B =%/ ¥ —ih# % Fig. 2 (277", Proton shuttling ® H =R /L- ¥
—PEEED R ST 1 keal/mol TH Y, ZAUIRE T 1 F o BNHEE L2 DDOIVH I DM
THRENLLTND I EEZRL TS, REIT 1 b OlE A CARBIRS% O Fourier 25#2 X V)
ROTIRERIEH LA Fig. 3 1287, 2 &V, &% 1 k@ proton shuttling (ZH KT 5
BhIEEN XAV IRV GEIR IC L S 2 E N S NI o T, FEETIE, BR OFRIMRUL AT |
/D@iﬁﬁ%t% IZBi41 % continuum band [1]& DOFHBURIZ OV T b ikim L7= .

4.0 o
ArgSZ . =
§1 LA
% 20F 2
Glu194 Glu204 & ol I
. , - é 0.2 1
‘ﬁ\ﬁfﬁid . s . | | ‘
10 -05 00 05 10 0 500 1000 1500
‘ Reaction coordinate Ar (A) Frequency (cm™")
Figure 1. Structure of proton Figure 2. Free energy profile Figure 3. Vibrational density
releasing group (PRG) in of the reaction coordinate of states for the excess
bacteriorhodopsin (BR). for proton shuttling in PRG. proton in PRG.

[1] O. P. Emst, D. T. Lodowski, M. Elstner, P. Hegemann, L. S. Brown and H. Kandori, Chem. Rev., 114,
126 (2014). [2] H. Nakai, A. W. Sakti, and Y. Nishimura, J. Phys. Chem. B, 120, 217 (2016). [3] T
Kouyama, T. Nishikawa, T. Tokuhisa and H. Okumura, J. Mol. Biol., 335, 531 (2004).
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a7y d, AEEED 2 OORFHPEGEH TRHIINCBEICHRT 2mAF LA
L. ¥7UEEMOER[A): SICHEH SN TWS, 7 a7 7 v OREBO—212BW X v i
TT258EHO b L EBNRH Y | ZORMLKIEOR Z ) 0T JIIRBHOR SOKF
B - BUESH ORI IR T A2 Z BN BNTWVWA[2], AR TIE, 27 a7 7 ORI
NARHNCE T DR A - LV TRL 2 E R AR E LT, o FEN)FE(MD)Y R =
L— 3 S < BMAC RS OB B O T S IEPE(L B =R VX — DR 21T o 72,

FHEHERE LIy 7 n 7 7 o oRERE Figure 1 1071, 244G 0O FE 813, #EH n = 10-14
BEXOm=3 4 L7k, IR LG TEMMZUEERFD MD =2 —33 3 U,
DFTB3/30B L ~L[3,4] CHEAT L7z, W OFREIZ, 2FIFIRE L AE DR TBIROET
LRI o 7o, BPALRISOIEVE(L B B =L ¥ —%, well-tempered metadynamics
EE] TSRO BN D BRIV F—HTEND RIS o7z, ZEHO D & NEE 2Ll $ 57
D DEERIZERT ., B AT RS T [7] % FH - BB O ffdT s B F B UE8RA £
DY OO =AKTET ML LT,

TEMEAL B B L ¥ — O RE & EBREO ik 4 Table 1 12777, n=111225W\W T, 7%
DIEMALEH TR L X —DKE SDONEF1>3>2> )TN0 FHOKEFRAFEESISLTEY,
SRR DO B BHELDOE Z V0T S O—RTHDH I ENRBE Iz, £z, 3 1T 5
VI ab—ya VRN D AUESE R < A2 BITE N TRMACEG AT Lo & ) fE)
BT, BIRZEE)OMRMNT OFEM & ARSI 5F 8213, YARKT L TETH D,

R Table 1. Calculated and experimental free energies of

R
(CHy)3 activation (kJ/mol) for isomerization reaction of
Qi) ‘ cyclophanes. Note that n = m + 7 for entries 2 and 4.
2/n
(CHy),, Entry n Calculated Experiment[2]

%

\\ Gas phase  Solution
1 ) 1 11 126 116 1128
R R 2 11 115 - 1018
S S 3 11 117 109 -
» iy | 4 11 90 i :
), N \\ N 3 10 130 - -
\\ (CH,),, 3 11 117 109 -
3 12 90 - -
3 4 3 13 87 - -
Figure 1. Calculated cyclophanes (1, 2) 3 14 80 - -
and pyridinophanes (3, 4) (R = CHs). ®R = oxazolidinone auxiliary.

[1] N. Kanomata, R. Sakaguchi, K. Sekine, S. Yamashita, H. Tanaka, Adv. Synth. Catal. 352, 2966
(2010). [2] Y. Miyashita, K. Kimura, K. Ueshima, N. Kanomata, 28th International Symposium on
Chiral Discrmination, P54 (2016). [3] M. Gaus, Q. Cui, M. Elstner, J. Chem. Theory Comput. 7, 931
(2011). [4] M. Gaus, A. Goez, M. Elstner, J. Chem. Theory Comput. 9, 338 (2013). [5] H. Nishizawa,
Y. Nishimura, M. Kobayashi, S. Irle, H. Nakai, J. Comput. Chem. 37, 1983 (2016). [6] A. Barducci, G.
Bussi, M. Parrinello, Phys. Rev. Lett. 100, 020603 (2008). [7] L. Molgedey, H. G. Schuster, Phys. Rev.
Lett. 72, 3634 (1994).
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Introduction * Motivation:

The Density-Functional Tight-Binding (DFTB) method has been successfully applied to many
fields including biochemistry and material science. One of the challenges of the development of the
DFTB method is the parameterization. The recent developed and largest DFTB parameterization set 30b

for (bio-)organic systems has been extensively
tested successfully applied to many
applications; the extension of this
parameterization set to transition metals have not
been developed until recent years started with Zn

and
however,

and Cu. To speed up the parameterization process,
several automatized parameterization schemes
have been proposed recently, along which a
comprehensive toolkit named ADPT[1] has also
been developed for creating/optimizing DFTB
parameterizations in an automatized fashion by
reproducing desired training data obtained with
reference DFT method.

The goal of this research is to extend or refine

Figure 1. Electronic band structures of four phases of bulk Pt metal
computed with optimized DFTB Pt parameter and
DFT(PBEsol).

the current largest parameterization set 30b to several transition metals which are not available or reliable

in the current state. The first parameterization targets are Pd and Pt transition metals.

Method * Computational Details

The reference DFT data for parameterization of Pd
and Pt metals have been obtained using the VASP package
with PBEsol functional. The electronic DFTB parameters
have been optimized to the electronic band structures
from DFT. The DFTB metal-metal repulsive potentials
have been optimized using the energy-vs-volume (E-V)
curves of several bulk phases and the experimental 26

cohesive energies of the metals.
Results * Discussion

The optimized Pd and Pt metal parameters are capable
for describing the band structures (Figure 1) and geometrical
parameters of various bulk phases. The surface energy of
low-index Pd metal are reasonable. The geometries of high-
symmetric and Wulff-constructed metal clusters up to 1000
atoms optimized using the new obtained DFTB parameters
have shown good transferability and asymptotic properties 251

from cluster to bulk system. (Figure 2)
References

[1] CP Chou, Y Nishimura, CC Fan, G Mazur, S Irle, H
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Figure 2. Average bond length (top) and cohesive energies
(bottom) of the geometrical optimized Pd clusters in
comparison with the DFT (GGA and LDA) results.
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D A FERGENL 2 KB EHL L2 OO NARZ RFr L7z H1I-6 (22T, B3LYP/6-31G(d)
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NZEh 2 72, HBRI2, Hickel FH5IZHBVT LUMO O = VX —HEN. DORE Y 32 H % 4y F-#iE
FAEEROBAENSEER L, =X —UEN EROEPUARE A 2 B2 LT,

[#5F - BE] (V)7 A BLEEMEEZ £ Sil-6, 3 X UGG EZ FF7- 720 H1-6 O Tt
HEOHEL & HITLUMO O R VX —HERLN RS2 2 LR ahole, ZO/RENLTA
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(B, : mEES, J : AESHEHRE T, o) : L—F— UL ZOMHKHR,

aa, : RO TUMTAT - BEWSY, 6 : 5 W& L—F =D~ FAD7RTH)
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ZECE BN L o T4 5, BlEEOFEMT BRI
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TD Schrodinger /5 233 ORERIEAF SRR 0/ ot WP (1) = AP (D) 1% LT, (T Ab) I3 RFFH]
FEREHH T exp(FIAAL/ h) Z AV TREB &5, ZAUC Euler DA Zw A LS 5 & IfH
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~ R .
f(A)=—sin"'(a A+b 1
(A) PN Thee (a,A+D) (1)
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Introduction
Hexangonal Boron Nitride (2-BN) surface has attracted lots of attention as a potential catalyst for the
reaction involving O, molecule. We have shown that the catalytic inert #-BN surface can be
functionalized to be catalytically active by introducing defects and additional supports[1]. It is shown
that #-BN surface with vacancy or impurity can effectively affect the catalytic activity of adsorbed
gold clusters. The interaction between h-BN surface and gold clusters can affect the reaction barrier
and reaction pathways of CO oxidation reaction by molecular oxygen. The catalytic activity of h-BN
surface can also be highly promoted by coating on metal surfaces. Recently, through a cooperation
with experimental group, we have shown that the 2-BN monolayer on Au surface (h-BN/Au) has
shown high activity to oxygen reduction reaction (ORR)[2]. By introducing gold nanoparticles on
h-BN/Au (Au,/h-BN/Au), both ORR and hydrogen evolution reaction (HER) [3] can occur
effectively as shown in Figure 1. Moreover, for HER, Au,/A-BN/Au

4H*+0,+4e>2H,0 surface shows competitive activity with Pt which is the best catalyst
H,0->1/20, + H,

until now. However, the reaction mechanism and influence factor for

HER on Au, /A-BN/Au on is still not clear.

Method and Discussion:

In the present work, we demonstrated theoretically the catalytic

CaLLLLeLd ¥ N activity of Au,/h-BN/Au (n = 1~8) for HER using DFT at the GGA
tttt&heﬂ&ttt level with PBE functional. All the energetically low-lying isomers

Figure 1. Scheme of HER and for gold cluster are considered in order to obtain the stable geometry
ORR on Au,/h-BN/Au

of Au,/h-BN/Au. The size effect of supported gold cluster, reaction
sites, charge effects and interface effects between h-BN and gold cluster have been investigated. The

detailed results will be presented in poster presentation.
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