2P101
NPh; & EDFELEEMO S FRERUVEFREICRAT S ERHIFR

(WUOKRRETL®, RAEAH", BAKREA)
ORRKME®, HWIIKEH", RKHAS5A° WAEL®, E EXR® FEXEC

[/7]

NPh, & OV OEUL AL, Jmsfh, ik, 7

+ bEA A — R EIEHT 2 2 LT 28T LU 4
HEMERPER S LCYER Sh., JEA b IERICHIE S T Ay
Do TIHOSTIL, BREO S THEE LR 2 J‘giJ
FHAEDETND, BIZIE, Sasaki & Y ITZHATICIE f
iF % NPh; & / ~—D 5 THEIL, C-N-C 23 116° £ 2° 2 ‘_,..,J. > ¢,.) 2
ThD C MM TD L ERICHE LT, — )-‘-_‘y;J Y 3
¥, B OBRIEE DI EE NSz e T, T 9 .
TAUE NPhy B v — DS THEE R L7z, R

1) 7¢ Hartree-Fock Austin Model 1 (AM1), Hartree-Fock 9
(HF) KU #EPLBIEERFHR (DFT) &2 AV 72Ft N‘%Jj" J

FAER TIX, NPhs &/ ~— D5y TAEIEILFEBRE & 1352 J’J_{ %
720 . HLERSy O NCCC B AR AN F1H & 72 % Dy KFHE
EPRBRETHD L BNRE SNz, —F. HE
LD BBNIRBI A~ FFEBRA~ fry Ly Flgure L Optimized geometry of NPh;.
—HER L, P ZOXHIC I E TICHE S E
RRIAFZE ClX, EBRER RV —HEZRL TN EOLH Y | HEFIEREOFFEEZEL
IR T AMER DD EEZE X BND,

AWFSETIL NPhy X O O LAY (NPh,Me, NPhMe,, NMe;)iZ B L C.DFT & O post-HF
BIC L DEEREEFE LT, £72, T NGO REMEEZ AW T, BT HEELD
JihiE = R L ¥ — DfEH E 1T - 72,

[GH5H 7]

B, Gaussian 03 K U'GAMESS 71 75 A&l L7, W& f# ti2i%. DFT/B3LYP
KON MP2 %, =3 VX—24ki2iL, DFT/B3LYP, MP2 ' MP4(SDQ) % Zhn i
W, T R L —EFRLICIE, TD-DFT, CASSCF } O} MC-QDPT2 #:%{# ] L7z, TD-DFT
FHE T, 3 OB (B3LYP. BPWI1 & U'BHandHLYP) % L, FHFKEE 2R Lo,
FHRICIE 2 T OREMBEMEN L, MERELE TR F—EH TIX cc-pVDZ %, Jib
L —F R TIX cepVTZ %, ZREHEH L7z, =3 F—Z{b L OEhE = % L% —
FHECIE. SCRFEZAWTTH /) — VIS ORI R 2 B0 AT,



(R & 5%

Table 1. Important optimized parameters of NPh;, NPh,Me, NPhMe,, and NMe; using B3LYP/BS-1 and MP2/BS-1

methods. Bond lengths in A and bond angles in degrees.

NPh}(D}) NPh3(C3) NthMe(Cl) NPhMez(Cs) NMC3(C3)

B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2

N-Ph 1.422 1.416 1.437 1.429 1.427 1.420 1.392 1.404 - -
N-Me - - - - 1.457 1.458 1.450 1.456 1.454 1.456
L,-N-C 90.0 90.0 101.7%  101.7% 95.1 100.7 95.4 101.8 107.3 109.1

? fixed parameter
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[ SiEk]
1) Sasaki, Y.; Kimura, K.; Kubo, M. J. Chem. Phys. 1959, 31, 477.
2) Reva, I.; Lapinski, L.; Chattopadhyay, N.; Fausto, R. Phys. Chem. Chem. Phys. 2003, 5, 3844.
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1) Sushil K. Atreya,Planetary and Space Science,54,1177-1187(2006)

2) K.Seki, etc. ,J.Chem.Phys,100,5349-5353(1996)
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Table 1. 45 G PR O R EREIEIZ S
JoiEE R (PCM B - BAL . A)

stepO [ step 1 | step2 | step 3 | step 4

Mnl-Mn2 | 2.720 | 2.714 | 2.729 | 2.761 | 2.730

Mnl-N1 | 2.277 | 2.031 | 2.040 | 2.046 | 2.310

Mnl-N2 | 2.089 | 1.983 | 2.000 | 1.994 | 2.157

Mnl-N3 | 2.303 | 2.035 | 2.042 | 2.045 | 2.339

Mnl-O1 | 2.136 | 2.084 | 1.861 | 1.699 | 2.156

Mn2-N4 | 2.046 | 2.031 | 2.041 | 2.057 | 2.310

Mn2-N5 | 2.015 | 1.983 | 2.011 | 2.032 | 2.157 Figure 4. %7 D7 <Y 7

Mn2-N6 | 2.051 | 2.034 | 2.050 | 2.061 | 2.340

Mn2-O2 | 2.126 | 2.084 | 2.108 | 2.098 | 2.156

[GtE#ER]

Fig. 3 105 2 74 BSOS IR OIS i b 21T 2 12 d 720 . Mn OBEMIEHERAIED 5k
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NBO f#Hr OFEF, ~ > v O EREMITH XM FI~+V) E D & 217 0 /W E
(+0.1~+0.3) & 72 0 | FUGA RO -T2, £ T, ~ O 3diulEicifeE S h-E K
DL, BNFEAICHET 2B HETR, COBTOFOABEMEEZLIIK ZEIZL-T
EERIC~ U H BN FEOEM (%) Z2RO7-E A RISAT v A2 - T o s 348
E LT n itk & EMmIC—8d 5 Z R bho Tz,

DFT #HICB VT, BUSHEIA step 3 130 % 0 SCF G FIETIINR N Lov- 722 &
5. ZEEVEDORENR BT\ D & P L, MCSCF/CASPT2 ftRORIRICEAT, Ff
BIZY s> TUIHE 2 X FE2HT 5720, Mn,0, 2= v M L OBUL T tpy D N JFDJEE
% (Fig. 4 : NI~N6)% DFT #tHIC L 0 15 oo el EME IZ[EE L, B 1% NH; [Z@E# L7
PR ARG L Lz, FHERBROEMIIY BRET D,

[2E&30#k]
[1] V. K. Yachandra, K. Sauer, and M. P. Klein, Chem. Rev. 96, 2927 (1996).
[2] F. A. Armstrong, Phil. Trans. R. Soc. B 363, 1263 (2008).
[3]J. Limburg, et al., Science 283, 1524 (1999).
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77 F = RILRITHT B FRIIE T VR T T v L DB
(BEKXK 7H 71, Adtk%ik@ﬁﬂ%Q‘hﬁW%ﬁlﬁ
O &L, | Z2, —4f KIE3

§1. 5 - B

Fexlx, ThETIZ, FJVTLETOREICHLTETVANBEZRNT 2 ¥/ (Model Core
%mmMMGﬂ%V%%%Ték 2, =X F =S TERO I 2 3 L T & 72 [1-5]. MCP @
BT =r VX —o 7 MHEFEERTH 2L T, ANBRET v VIR TH Y 2203 5, Hitk
xR MiEEE ARICEATE 2 0ICH 5. HifE 2> 2 & CHRAMEFOES BV i
LV IEMEIZFEERT 52 LN TE, B, B WO AROE T EORERGc LY, BEHEE
EEAHIIY P & RFRERREE TR ZENARETH L. A0NE, 77 F= FrHicxt s
MCP DOBHFEZAT .

§2. XM ETILARAET O vIL (MCP) ZET7OVFZFRFRIZETAFER
xR MCP 5% HUN T2 ab initio 70 FHLEFHE CHEAT LI+ AAI NV =T &L
IR,

I:I( ) EhMCP + E E LCoreR(ZM _NM,Cure) (1)

i>j l] L>M

p core ><p core

hiMCP _ _IEAI' +;[V£4€P(ri)+;reBK""’” . . ] (2)
VI (r) = - Zx = Nicor [1+EA exp( ar ,K) EB Kexp( B,r IK)] (3)

ZIT, N CFEETEL, Ny, @ DTS DR DO, N, g, T L ONEETE,
pm) BB TH Y. 3) FD MCP /8T A —%— (A, a,,B,.B,.Bg.,.} 1%, #HxI
#wlY) Hartree-Fock ftHICEVEOLN AR FIIERB L OZFOHEZ R AL —2FHE 35 L9
IZHRD HD . FXFEE MCP EE HWEERE L@FO2E FHHEOEWE, 2) TR
néiou,*“%@%%% PNDOWNERBLET R X -7 MNER - (FHEEE ) oBmn
T 5. Phillips-Kelinman U ES < E@HE O ECP L #7220, ﬁ/" DOFEXFERAY MCP (£ T
T Q) RZRT LI, NEEDOHFREZFNEHE OB TELIMEO>ONEE & H
BhART Y VICTEBT D720, ﬁ%ﬁ%(%io >TtE) OEBEMREDL D ICRAIK
7oAl LE ORI E A IE L BEITTE S, MR MCP ETIE, (1) KRS THD
L olT, ZEEHE ®%%ﬁ%Wﬂ%%ﬁ%ﬁHM%Lt%%%%ﬁ?é:&Kﬁé.
TIEO’C FXER) MCP 1552 212, ab initio E1ALFHEIZBW TRy 7 L7 D E 1
D& E R/ NRIZIN 220, KB ZARRGRT ab initio ETALFRIEZ1TH 2 L BN AlEEICE
5.

ERED X 9T, MCP DBIR TIZEE F%%ﬁﬁ?é£o;,Mawﬂ7f X%
AL TS, ZhET, ﬁmﬁﬁ %%Eﬁ T H=RKuEFERHD MCP Bi¥%E1T> TV
L0, Zh O MCP BHFECIE, EAMICHHREFEO4 % HEEZRT—2 L LTHY




TWa. L, 77F=F MCP OFFIZEWTIX, 727 F= R ILRNIY 5 5 JRER 0
IEBDOIFE] 2BE L7 MCP OBIENROLND. FlxiE, Kkb(LFEITR UARENT 7
F=KRILHETHD U T 0 flinnd 6 MilcE Y BILREDCHFANERMICHEE SN TEY, 4
i BLO 6 RENLERBILEEEbNA TS, ZHREFAL, 77 F=FTEOPMHIR
REIZXTLT/NT A R T4 XE N7 MCP 28, &7 LHICHFREICHAIT TRt o &3 s
T, e LA, MERBE (44 21b) REDOITLHIZK L TNRIA N TAXEINTZEDODITN,
B =— R T DR THA D, LWVWH T LEERRTDHHEDTHDH. AT,
3 HIREER BIURRE L LT/XT XA M T A4 XE T2 MCP & Z U AHRET 2 J5 il 25 5C B £ B
WL, EOREZMRAE L7, MCP FERGEFI AT, GAMESS &Y MOLCAS 7 IZTiTo 72,

§3. #HR

#1102, BIFE L7 MCP 2~ CTRMEL 7= ThO 5D EFEEHIZHOWTRT, [AFE
IZIFZ ML LT Cao H D small core ECP % W RFDOFER &, DK3 L ~)UIZ THIXmh R
IV IANTEREFHAEOEREZ R LT ARIBFE L7 MCP 12 L 25HEMEIL, 2B TiHE
X Cao HOFHEICHRTa Ly AT MeRETHAICHLELLTRIBEDO LWHEREZRL TV,
FARIZ, U7 = KMWIZET 2L TORBERWEREZGEL Z N TE GEITR A X —
2P106 ).

# 1.ThO 53 DA MLVEHICK T 5FHEMASR (CCSD(T) L)L)

Method R./A w, /cm’ D,/eV
All Electron
This study Th: [8s7p6d4flg], O: [4s3p2d1f]
1.846 921 8.79
Pseudo potential
Cao et al ® Th: [6s6p5d4f3g], O: [6s5p4d3f2g]
1.839 891 9.16
This study Th: [Ss4p4d3flg], O: [4s4p2d1f]
1.837 930 8.85
Exp. 1.840 896 9.00,8.87,8.79
a) Ref. [6]

[Z%&CHk]  [1] Y. Sakai, E. Miyoshi, M. Klobukowski, and S. Huzinaga, J. Comput. Chem. 8,
226-255 (1987), ibid 8,256-264 (1987). [2] Y. Sakai, E. Miyoshi, M. Klobukowski, and S. Huzinaga,
J. Chem. Phys. 19, 8084-8092 (1997). [3] E. Miyoshi, Y. Sakai, K. Tanaka, and M. Masamura,
THEOCHEM, 451, 73-79 (1998). [4] Y. Sakai, E. Miyoshi, and H. Tatewaki, THEOCHEM, 451,
143-150 (1998). [5] E. Miyoshi, H. Mori, R. Hirayama, Y. Osanai, T. Noro, H. Honda, and M.
Klobukowski, J. Chem. Phys. 122,074104-1-8 (2005). [6] Cao et al. J. Chem. Phys. 118, 487 (2003).

[BEE] ABFIEIE B2 B IR BT B (2 L S 3 T35 F0T9E8 O B LRI TR BR BE i (e i 77
77T 5] CERR 19-23 ) OXEZZIT TEMBL E L7z EHBE L3,



2P106
MR E 7 VNIRRT v X WIRIC K D
U 7 =)VKFI O E FAEEIC B DT
K ARSUCAIRRSE |, BREKRT #7702, Sk, BN, URBHRILT )
OfH %', & WHC, R S5 il (RS 28 s, =4 KES

(] R 3 EFT72 & BRAET D GHEFEREY O LML L LT, BIRWIZT 7 F=
REZRDBET D MR RO N TS, 77 F = FELECHEET 5521, 77F
= FE2RRICEET 2% L— ML FOBAN R BIEEN LR FELEZOND. TEk,
T F= RORBEDZITITEFRH D WVITEHRE N —REMF2HWSsTE 7. Lal,
&%%%Jr YRR b oD TR, T F = FumHRITx LTIV IERIRBDDENL

IZENTZXF L — My TORAIRBLEEN TS, RIFFETIEZDOL I RFL— 1O
ﬁﬁ%ﬁ%%@ﬁ%lﬁszé.%@ii?%l&@kbf,ﬁ%%%%ﬁ%%'ﬁ
#ZKNF—Thsb H0, NO; L7 27 F=FLDOMEIERMITEIT-T-. A#EETIE, 77
F = ROBAALFICE T 2538/ iA 2 215 5 212, [(UO,)H,0),(X,Y),]*™ (X= NO;,
Y=OH', m=0-5,n=0-1)27 7 A ¥% —E7 LOEEL, BMHEEZ RN OMERELL, %
EMERLE FHIEIC O W TiEm T 5.

(GtEAE] B HEFFHEIZBWT, 779 =RF&28 5 BICITECHEICMET 28 M4
B L, EE%%%OD*EXTnW%jJ%@E&*&V\ IHEBE LR TE by, 77F=Read
FROEAFALFREIZB W TEIRER FIWNR AT v v v b (ECP) IEBNAS VWL TE
7. L2L, ECP EIXliE FHLEOHiEEZ E L BRI L2 N TETIZ, EFHHE
ZIRFHE L CLE 9. EFHBE O KFHE 2 [ Tx 5 ECP & LT, Dolg H @ Small
Core ECP[1] N7 7 F=FILRIZOWVWTHIEEINTWD. UL, W% 2 BiE <
AR B T, FHEAMNB Ry 7 &5, 2 2 TR TIX, MxmzhEzE Y

HPOMEFHEOHBEZREER BB TE 5, L a7 MrEstwmntEs v
Nk A7 v /v (MCP) #JEA 7T 7 F= RLHEICH L THZICHTE (FA ¥ — 2P105
M) L, ab initio 3t% (MP2 + CASSCF - CASPT2 ), % ELBI%E B3LYP #£IC X
gl s TR X —FEEFE L2, 728, R RACEEND U0, OFE &I
PHBEIE CTH D D TAY VLB AERIZBE L TR,

U: MCP-tzp [4s2p4d3f] + [2p2d2f] (JRFAl#LEIL (5d)(6s)(6p)(5D)(6d)(7s)) H:O:cc—pVDZ

ZhCE A THWAIEMEZERIZIE, IROELE 22418 L 7=,

U:bs*6p-5f-6d-7s O:2s5-2p
B3LYP - MP2 #%.121%, GAMESS [2] %, CASSCF * CASPT2 (21X MOLCAS [3] Zf#
L7-.



[(#8) KIS, 727F=FK MCP OF % FitH & LT, U0 &R E (LR %
CASSCF « CASPT2 # I\ TiT>72.U=0 #i&&I%L CASSCF - CASPT2 (2B W TENZE
*, 1.641, 1.683 A T Gagliardi [4] & DOFFEFER (1.705 A (CASPT2)) &IFIE—8T 5.
T2, UODEIREEIL, £ 9 E|L £ Hartree-Fock configuration T ¥ H—ff & P
MTCRLIRCTE D Z Lo, U0 OEFIRENE—REMHGRICL > TR TE 50
T, MP2 L~ T UMD bEt A a2 L7 & 2 A, frozen core DT L - T
U=0 OFEAEENEN L. ZOZ LITHNHEFTHS, U @ 6s,6p £72 O O 2s &
DOEFHEAOBENLETHDHZ EERL, HITHEE FJE L7220,

TAMHEMREEME 2, [(UO)MH,0),* (=1-5) O 7 T AKX —FF LITx LT
B3LYP - MP2 % F\\\ CHE & (b 2 520 U XM SR E T TS 4 koD, IREVEURT
ZiTo7=. F£72, [(UO)MH,0),]* (n=1-5) BKDENLIZE>TED LS REEEZZITHD
I ECAL B R U CREA L, M L 7.

i~ [(UO,)(H,0),1* + H,0 = [(UO,)(H,0),,,]** IZBWTKDOENLIZ L D EEIE, EAL
BRI 13 E/hE< 5. FEEOMMA Ontdk [5] HOMFETHERINTND.
On¢dk © DO = R X — DAL & O FHE K5 R (10=1:-56.0 n=2:-48.7 n=3:-38.3 n=4 :-21.0
(kcal * mol™)) & RHFFE DG H AL F(n=1: -55.2

0,
30 R n=2:-479 n=3:-33.7 n=4 : -22 3(kcal - mol™))
i S I, FE—HL TV, 2o LiE, U0
%2 /,@7/ TR KA s ALY D &, RRARIC 7 5 A
: L WL TU 5. Allen[6] 5 EXAFS B
Lol ™ ™ 12T [(UO,)(HL0). 2 28KV ¢ 32
Tl AT B LR SN TR Y, 4HORR
OB bINEXET 5.
1. B2 oK=L ¥ — D2k

BONIET — 2 2+ 5 &, KoFidv =1 774
DT RYTIALIZENL L, U=0 OFEEFIZKDEL
BOBIMZHEST, 1.77 A TR 5. Z O ERE

(1.77 A) [6] i E 0 #EFHFHHEM (177 A : MP2 /
Stuttgart RSC ECP) (2 X< —EH3 5. Y HIXPCM kIC
X0 VBRI R A B0 AN TERER, B 1% NOy, OH 2. [(UO,)(H,0),** DOiiE
IZ L BROREERL L ENEIC OV TH AT 5. (MP2/MCP-tzp+cc-pVDZ) HfTiE A
% ik ¢ [1] W. Kiichle et al., J. Chem. Phys., 100 (1994) 7535. [2] M. W. Schmit e al., J. Comput.

454

AMqQD

Chem., 14 (1993) 1347. [3] G. Karlstrom et al., Comput. Mat. Sci., 28 (2003) 222. [4] L. Gagliardi et al.,
Chem. Phys. Lett., 331 (2000) 229. [5] M. Oncék et al., J. Comput. Chem., 31 (2010) 2294. [6] P. G.
Allen et al., Inorg. Chem., 36, (1997) 4676.
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F/oBRISAS—DOHEERICET SEROBR
(LABEE", LRTHREME™) OMNH VN3, M BUF™ BR HMits

[FER] 0 7ot Bplc VWL i sk 2 2B RE D A I LA WIS FE R S dL. A T A
T ate iy OMFFRIT AR AR R 2 % T TV 5, BEICZEREEMRHRE STV F
TR )T R ACRL T, K0EWT LT ThEEx RFEEOSFEERT D 2
EMFE R EZI H-Ar-F 0 FICRESND LD KB F & A F & OO ERER)
RO EDHERINTWAD[], A APEARRERFOZ &1L, mhFESEFICE EED
THIEREL 70 S BB W T EE AL E 70 D,

Fxlx, 2005 BB T & A 0 AR F & 35S L 72 Pt-Ng e O'Ng-Pt-Ng  (Ng = Ar,
Kr, Xe) {LAEWIZEET 2 @ kS ab initiof R 217V, 3¥k D Douglas-Kroll L~ /L THE %}
AR A BE LTCCSD(T)EHARIZ L VU . BERF 238 I AR+ & 10~20 keal/mold ji#}
X TREBT 252 &, Ng-Pt-NgPNEREETHLZ L, —HFBHOHH AFR ALY —FKH
DA ARFDOFHFN L VR FERT L L 2WME LT2[2], ZOMAT R LT —DRE
X dvan der WaalstH EL/EA Z &N XA 72 I TH Y . KRt o0 TE 7 v
TRy YT b L S TRAMEIE (5575p°) MR T S EEN T 0 A RIS K
JIGTERE W=D, A4 L O X0 ZEEREAER SN D,

F AR TR, AV TR —L Xt ) VRT L ORESICER L, ASFT
DEPN~AD T T AR —ITDONT, 7 TAZ—DIRIC L > THRE /) o OFEEHEN
EDOLIIELDEINIESEBEHEZITo T2,

[BtEAZE] A4r 7 A% — Pty BLOF &/ VEFBAFEA L Pty-Xe (n=1~4)
I L, B2 HNDHTRTDORAE U EEEICHOW THEERELE X ORI %2
TV, LG ZPE LT, FHRICIIDFTE T 2B3LYP R UBMK 2 L, LS
B I NR B 2 B INEE R T o v L CUTEl L7-SDD %@l L 7=, A = f /L ¥
— O RS D TIL, counterpoisedBIZ L 0 KB EAERRELMIE LT, —# DY T
A B —ZDOWTIXCCSD(THEIZ L DEHR BTV, DFTRHROFER & DIk 217 572,
DFT# % 1Z1%Gaussian09, CCSD(T)#FHIZIEMolproZffi fH L 7=,

FHRICBR L, XelXse 2B EE L5 2 L5, Pty — XeD A B U ZHFEIXP, & [F
UMEARE LTz, PtaZ 7 A —IZXeZ T HBEOWHIEE X, FFEHBICK LT
IZon-top, hollow, bridge®3FHH, EARIEOLA XL, transiz O2FEEHIZ Xe & Bl & 9
52 EICEVER LTz, fEAHERIZ OV CTIINBOEITIC X 52 B LR 21T T,



[#REERE] X 1ICDFT (B3LYP) iR CHONIZPLT T A X — DR EMIEE T,
Pt; CldDsn. P TIITNR B LZETH Y . Pty (n=1~4) 1TV FTHLOKRKE S THREE
GO RECIRBIZA YV ZHIH L 2o T2, Xek DILAWIZ W TR, WSROk
BRI CHARADI TAF—THEEICL > TXeDEETIDHLDELRNEDORHD |
my%%ﬁaﬁ&ﬁx&—@%ﬁ’iofiﬁéﬁé%ﬁ%kéckﬁb#ok
(K2), £72. WEICHE L7-2EFCCSD(T)i#5H TldPt-Xe & UXe-Pt-Xe Dt &=
*W%*ﬁ%ﬂ%ﬂﬂL4MﬂwMM?%okﬁ\Q@ﬁokMW%%TﬁJ%DT
TIX15.2, 31.5kcal/mol, BMK T[320.5, 41.1 kcal/mol& 72 . BMKIED N LY
CCSD(T)HR DOFERITIIVMEZE 5- 2 72, AT RAF—MEE R O, JYLE
BOENT L ADFTRFE DO R OEVOFERNC OV TS B G925,

o oo ! AT

Din Dy, bCZV
Sl Dol o

Din Dy Dy Dy Gy Gy Cyy Ty
AR EE b3S R msh

1. BILYPERFR TEOLNIZAE Y 7 AKX —Pt, (n=1~4) O

Pt—Xe Xe—Pt—Xe Pt,— Xe

9 @ O 9 o009

Xe— Pl P13 Pl4
®-eo 0o
X 2. B3LYPEIR TEOLNZPt,,—Xe (n=1~4) O
[&53C#Ek]

[1] L. Khriachtchev et al. , Nature, 406, 874 (2000).
[2]Y. Ono et al. , J.Chem.Phys., 123, 204321 (2005).



2P108 Wy RA o T T A BRI B3 5 BEm i o

(R KBE LY, QCRI?, Ik iCeMS®) O el L, BIINMKR 2 hREEFH 1, terEssct, fi fear B

[ =]

LA S HHE A R OM) BT L2 R BLS
M b R T A A~DIEAO MR L5 5 b P o
BB AT B, By F I bRIIL N 20 N ¢ o
= CrNBEIKIC & » T = h S kLT 2 AT | j 2139
Wit KA FRICr K85 {K(Scheme 1a)iX, —
DO BRI (A % LT, THIE & 5 AR
SRS CIHIERICE O A E Y SR L RO 2 &

PSR R F L AR T, S s i
T OCrH TREHIF AR AR W BEERY (@) By (0) Em

) " N = [M(DDP)Jo(1n® n°-CeHe)  [M(AIP)](1-1*: n*-CoH,)
ThbH AFETIIING DOEEERDOREATE L E DDP = 2-(2,6-diisopropyl)phenylamino-

4-(2,6-diisopropyl)phenylimino-2-pentenato)

RHE BB BAEH OJRR 2 ] 6 82T 5 7291 AP = 1-amino-3-imino-1-propene
MRMP2ik % I CEERINEH R 21T o 72, Scheme 1. B-#FXF b Cr (I)8h{k

[GHEHIE]

Scheme 1O DDPE. T- DR, Arz /K& CTEMR LIZAIPEENL - L, ML= 2_U P U TEE
Bz 7o BT MR Z G EICERAH Lz, B2 B0 545 A B L RBEIZ DUV CDFT(B3LYP)VA T & i
{EZ17V . DFT(B3LYP)iL & MRMP2iE % W CLEEMEZ L L7, T, MRMP2iL% W CCr
MR 2 2 ST, RERMIE Z KT, BB RO N E 113 Stuttgart-Dresden-BonnDECP T
B L, R MELEL triple zeta ORI Z H\ =, NJF1IZiFaug-cc-pVDZ %, Z DLDJFR
1T ldec-pVDZ % AL EBAEIZ W T,

ik = 55 Tablel. By D22 ME A & L 4R & At 22 E 1 (keal/mol)
FEERCTEMEINTWVWEByEBe D, FAE sc T v o .
RREIC BT 2 E A REL L& 2 A 2B otet | - - 538 247 (50.4) 106.9 | (0.0)
CIRREMEROA EAE ] 2 U 7-5HIE & THRIEN 5 Ttet - 442 335 00 (0.0) 102 (5.9

N ‘ Stet [ 66.3 186 | 0.0 385 (65) | 00 (12.1)
LTI ) (ERNO TSN DA ZHE  3et| 276 11000 199 321 (125 208 (17.5)

L — Lf:(TabIe 1)0 Bq“(“lilEIﬂﬁﬁ.Eli7ﬁlﬁ llet | 0.0 25.9 673 454 (155) 28.1 (15.1)
. FHEIA 1L MRMP2 04 B, Z Ofthix DFT(B3LYP)iAIC X 2 fb #
JRHE X ¥ DFT(B3LYP)¥%: C45.4 keal/mol R 22 i (BSLYPIRE£2
. - Table2. Ey DfZE A B RAR & AHE

Tl Y. MRMP2i% TIE15.5 keallmol R 41T 8 5 720 Ber  spipt ealimol) ’
DETOAEREOFHREIZEBW T, BEIEIEKIC SR E M Sc T v Cr
WHEETHY, —EOA Y ZHEEMOMLZENZDFT  9et] - - 0071 (68)

e I : ) 7tet | 79.4 452 | 0.0 | 578 (3.9)
(B3LYP)IE TIHIE L <FHIli C&E R o7, S HMNETD | o0y o0l 238 693 (L.9)
O BIRIZONT HEHEZIT o7& A, dET DR 3let| 00 389 210 1302 (0.6)
B2 TO IR TA By SRR S 2, | L7405 811 1215 FOO)

) _ fRELA L MRMP2 35 O R, £ O fil i3
MnDOAIZ9EIA & 72 > 7-, Figure 1alZBe,OMOX A 77 DFT(B3LYP)IEIC & 5 f




T LER LT, RHEORERD B Be TIXCrDS,*, SxHliE & X v D2 ODLUMOMFE A PEDFH A
ER L7eHBICAE 3 AT 5 2 & TRADTEALT 5 2 L R STz, 62 D#EHIR L 720, o*, my,
%, 8y, SMIE L AIPY 5 RIZ ko TREE Lo, m*LEICA BV NNDZ L T& 5729, Sc
MOEMNE TOBR-U7F I MBI EE GIREE TOA LY VIREEZID Z LN TE 5,
WIZ, EBRTAR SN TWDEIIR LT, DFT(B3LYP)E TH A B L RBEIZ XS L CHEIE & il
bzl 25, &EM CHMBEMERIF EEM 2 L729EmIEN R ZEICR Y, ERAS TPHISh D A E
VA EE LT R > T (Table2), LA L, MRMP2EHR 21T 5 L 1EIANKZEEA L L IREL 72
. 9EIHE|ZLENT6.8kcal/mol ZETHY ., T R/NLF—HJIZI~9FEEFE THIIEEL TW5D, Eor
DETDOAEREOHFEIZEB N T H B & AR, WEIFEBOZEEENEETHY , KA
% B DO EME 2 DFT(B3LYP)iE TIEIE L < Bl TE 2222 72 MRMPIEDRE RN D | Ecrld =
ECIIEEOAE ARENETF L, AOBKT—A Y NIKAE U ZEEORFE Lo TN D
LEZOLND, MHAZEMNG28KIZKBITHDAMMERE—AL FaeRDDHL42psTH Y | FEBR
R 46psd K<~ L7, F72. EorTlEZ B AD1IODm*HE & =F L > OLUMONRFE S HED
FIEAER LB 22BN 5T 5 2 LIk > TREDTBRLS LT, C-CRIEEREN1.322 A7 5
L4BOA~ L RELMVD Z LR ahiz,

CeHs Ber (AlP-CI’)z CoH, Ecr (AlP-Cl’)?_
4—*— Ty T*
LUMO \
HOMO e
YR YR
.................................. "
(b)

Figure 1. B¢, (2) )2 OY E¢; (D) MO XA 7 75

WIZ, ZODRIRDEBCrEMN TR U B U AR BEGESRIC DWW TEHE ATl 25,
SEIENIRZEIRIETH V| 2EHIF L T13.8 keal/mol ZE L 72> 7=, ZHICrEd3>D ALY
EMNEDASD A VB & [FERIC, N B a2 U CMBEMEANCHAEERA L TS Z LR L
TWb, =, Cre MnR=F L o 2 AT EERTIE, 28 H10EFLRREE THY 2.0 keal/ mol LA
I L TR Y, FERICH < mBEMERMM EEH L TW D Z RN an T,

Pk, RUBUCEAZYY  FA v FR A BRI >0 4 BRI iR AOFE B 1E
ARDH D10, REEZHZ L TLEHENLIHEHE COREDAY U LEHE A RIS EHZ &
MAMRETH D, —FH., =T L U BHATESHADOSG &3 RBE OBKAHE BE/ER R < FREER
WZIREES Z L AR LT,

[1]Tsai et. al. J. Am. Chem. Soc.,129,8066 (2007). [2]Monillas et. al. J. Am. Chem. Soc.,129,8090 (2007).
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DFHHEHEICLDKERIZBITS
IKBIIADIREZBE T 2T

(HAXRET", RIKEET™) O/M#H—Z=", FIFEEIT”, REMF

1. L HB

ML/ Y —2 T 2 RIZHFET 2kO8 OKKR) 1d, mEEHTERICEY S -
CENER SN T TEIKDOEMTH D, 16> T, KIRTOMEZ T 52 &IT X
V. BEOHIREREE DL AT 5 Z &N TE DI Bl2IE, K ERER T 5K
T DRNAAKRL Y B I, EDOBIEE OEENIT ST b2, /2. Z0fE
B, lfOMFBRIEED BRI, iEOLE L L TRE THDHZ L3 mho T
W5, ZAVE TR DML, KIKF DK T DR DEH 2R TH A
LAV EWIRED S & TIThh TE -, LL, EEOKENIIFET DK+
DORNLARIT, KFZJER LTI L T\ 5, 20728, JKIKF DK T ORNARK K
5RO T HIFREE ORRRFEEN T, TNNBETDHZ LR D, ZOTNLEMIEL,
1ERf 709 5 O HFRIEFE ORRRFEAL 2 i~ 5 72 OIZIE, dKINENZ I 1T 57K F D IRIL
ROPLHA D= AL ZHFETHENEEL D,

Kigdh OK ThERES) FOHODHEH A B = X A%, Tkeda-Fukazawa 5 [3]12 &
D BEERIO RS T O, KT OZEFRNARIC OV TSRS S pinzz <,
ZDAN=RNIH LN TIHR, £ 2 TAZE T, SFEhEEZ VT, K1
hizEB T /KO ZEFRNAKD,0 L HDODYEH & 715 L 7=,

2. FHEFE

SFEN N FEIZ, MXDORTO Y 1 7' F A4l Wit~ 7=, #FHICIE. H0%
360 flEl 7> H AL DK Thig-Hic, #7fMo 7 & LTD0% L < IZHDO1 fifl 2 B L
%2 MW £ KD FDORT v i . KawamuraR T > >y /L2 H LT,
HEEE X, D2ODEAE 220, 230, 240, 250, 265 K T, HDODA 1% 220, 230,
240, 250, 260 KOTi,5 L Lz, JEHIED0, HDO#Z 0.1 MPat L, 7o 97
JVIENTPT o 7 v -,

3. FHEMER

X 11X, DFEHFEFEIC L > TR 250 KOk T hiZEi A DO D nE o sk
ZoRd s ZOEBOMNTIC LY. K IThiZEBITFB5D0DLEY A M2, &Y A b
(Tut A K5 E@EHY A N (LA MEMES) THDHZENRHALNI T2,



1 HSfENFHEICE S TR
250 KoK T hickiF 5D200
PLE OB, KD HITORF,
BAUTHE . FEHIEID200#L
1) XN A

ZDOFEFR, K ThiZEB T DD0DHEEE A 1 = XL, BFRIA D= AN EEHRA S =
RO ZFEFEIZFEIND Z ERgroTe, o, RFZETIE, D2OOBEO FERE &
BEPE ) DR OIRE R FE L R DT,

HDOIZHSWT %, DeODEGE & [FERDIENT 21T - T2 5. K ThicB T 2% ET A
c23, TutrA b, LY A b, BV A b EBEBRYA NORRIET DA~ [0
YA RERESR) THAHZ EDRHOLNI o7, TDOFEE. K T hicBIT 2HDODLHEL
AT = AL, DeODEE ERIERIZ, B TFRA =X LEERA 1 =X L0 —FEHIZ

WHEEND Z LRy noTz, £, HDODHEHBRE OIEEKRFIEEZD0D LA & FH
DO FETRD T EIT-o72 L 2 A, 255 KT CR/NBHRO WS Z 5 Z L
LMo 7o, FBETIE, ZNDOR/REZIIC, KGRI T 5 RMAZRIZ OV

Tikam 9 %o

BE IR

[1] J. R. Petit et al., Nature, 399, 429-436(1999).

[2] North Greenland Ice Core Project members, Nature, 431, 147-151(2004).

[3] T. lkeda-Fukazawa et al., Journal of Chemical Physics, 117, 3886-3896 (2002).
[4] K. Kawamura, MXDORTO, Japan Chemistry Program Exchange, #029.

[5] H. Itoh et al., Journal of Chemical Physics, 105, 2408-2413(1996).
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V3 VILOERNKEERBICHT SEBRENRDERMHAR
(EXBz - #B) O #F. KX #Hit

(]
T SRR I, MR FE a8 D i A R A JIE AR IS K o THE DI T DO AR
REEICHR D, Z OFEEEITEREAEIC D . DNA X° RNA 23RV EMEZ155 L Ebnb[1],

ATl BB o—oTHE T T, o o
WRNZED 5 fLOKFBIR A% 7 v R CEH |

L7+ Thd 5-7rturIin (K1) 12 H\N |4| H H ’ F
DT, RFEEN TS HHELEICEDL LT 3 5| N3 ﬂ
DRT Uy Vo VX —HEZEE L, g 4Q1 6 4&1 6

O N H o N H

(2351 2 MERE S TR ARG OB W A iRam T D, I I |
MR AT FAOFERIZLIVUE, Zhb H H
ZODG RO T IS 5 A MR G Ak 2
T, LarL, WEOMEIRESFEmMmE LD &,
TN E0Y 5-T A w T LD NED
IZRW 2] ZDOHFMOENL, EEILOEBEANRT T VO RIEHE IR LT 5O K
Bz blbT ZEE2RB LTS, ZOEMREDL I bD7eOEEmHEIZL > T
fRII$ 5 2 & T, RIGHREICOW T IV EFEMARMAEHROND Z ERHIRF SN D,

X1 :773 v () & 5-7104nm
77 v () O,

(Gt&E7AE]

UIUNE 5T AF T T U LOERERT Vv x LR L —H AR, LREE
(multi-state: MS) K UVHUIRTE (single-state: SS) D CASPT2 {EIC L - CEHAT 5, KB
L84 50 DZP Bi%% (TK/NOSeC-V-DZP) [3] W5, stEITETT eI Ly r—
MOLPRO 2008.1 THE{TT 5,

F9°. SS-CASPT2 ILEDRHr &y % FAVC, bt TAEKRT 20k ("nnxiRiE) 122>\ To
WIS RHE(L 21T 2. S E T 25 CASSCF WEIBIEUC VD active fE & LTI, ANEBRKD
FRRIF - DOnifE 8 DA, D), [F Ukt Z CASSCF 5 THETT 5, £z,
CASSCF L% fli» -t it b 2, FRIECRIE L "o lkiE & O O MR 2OV THIT I,
WIZ, 26 OF#EL TH LN T-EIZ DOV T, MS-CASPT2 IEIZ K A =R V¥ —D— fGHHE
% FAT9 %, CASSCF JEEBIELD active HEIL, FE LIFOmfIE 8 DICEEFEIR 1O n #liE 1
DEMATFFI DL L, 'nne kBB T2 < ' REED =X L X — 4 RFHIFH T 5,

GRED!
SS-CASPT2 (2 & B 'nnxiRBEEDHEE ML 21T 72 & 2 A, U7 VIOV TIEm R F—
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The increasing demand for faster data processing, storage and distribution can only be fulfilled
by ongoing minimization of the basic electronic devices. The traditional silicon-based technologies
used nowadays are approaching intrinsic limits in this respect, and new approaches are needed.
Photonic technology, where light is used as information carrier instead of electrons, is considered
to offer the answer. An important step towards this goal is the development of new photonic
materials with large NLO properties. Fullerene-based nano-hybrids as well as carbon
heterostructured nanotubes are considered to be a highly promising class of such materials.
Linear scaling method, O(N), are among the most reliable and cost efficient approaches available
for the calculation of the properties of large systems. Fullerene derivatives with appropriate
donors have significant second-order nonlinearity. It is known that fullerenes are excellent
acceptors.

Conventional ab initio methods require high computational recourses, even the Hartree-Fock
approximation formally scales as M4, where M is the number of basis functions. Thus various
linear scaling methods and algorithms have been developed and applied in a large variety of fields.

Unfortunately, very little is known on the performance of such approaches on the computation of
the NLO properties.

The main target of the present work is design of nano-materials for photonic applications. The
key parameters for such a design are the nonlinear optical (NLO) properties. These properties have
two contributions, the electronic and the vibrational. The vibrational contributions are usually
negligible and therefore out of the scope of the present paper. For the evaluation of electronic
contribution we used finite field methodology.

Definition of L&NLO properties
The response of a molecule to an homogeneous static electric field can be expressed in the
following way:

1 1 1
E(F)=E(0)-> uF _52041 R —;Zﬂu—kﬁﬁﬁ _EZ%JH RRRR— M
i i ik Vi

where E(0) denotes energy of a molecule without external perturbation.
The dipole moment of a molecule in the presence of uniform electric field is given by:

MF)zM(O)*Z%FJ+Zﬁiijij+Z%jleijFu+'“ )]
j ik K

The averaged (hyper) polarizabilities are defined as:
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An essential aspect of this paper is to check the performance of the linear scaling elongation
method for the computation of the NLO properties of the nanotubes and fullerene-based materials.

We improved the performance of elongation method by refining the localization scheme. After
the regional localization procedure is done there we have two sets of occupied and vacant orbitals
assigned to A and B regions. However under closer consideration one can notice the admixture of B
region orbitals in frozen A region and vise versa. This may lead to low accuracy in the calculation of
the total energy for the whole system. To circumvent this problem we move such kind of orbitals
with significant <A | B> overlap from A region into B region, where in the next elongation step they



will be localized again and placed into A region at the most. In this way we maintain the constant
number of “transferred” orbitals and avoid tailings of orbitals from the active region in the A part.
This development allowed to increase the accuracy of elongation calculation in several orders of
magnitude especially in the cases when the delocalized m-extended systems are treated.

As a starting point, we used the module, which involves the dyad of porphyrin and [60] fullerene
linked with an alkene chain. These systems represent the first example of a new class of
donor-acceptor derivatives in which m-conjugation extends from the porphyrin ring system directly
to the fullerene surface.

From the Table 1 it is clear that nature of molecular bridge which links fullerene and free-base
porphin units plays substantial role in L&NLO properties of entire fullerene-porphin system. The
polyalkene chain, enriched with =n electrons provides better conductivity within
fullerene-chromophore dyad.

One can see from the Table 1 that the Elongation Method results are in an excellent agreement
with the conventional calculations. The HF values are presented only for z component since the
molecules have been oriented along z dipole moment. In comparison with the HF results PM6
method tends to overestimate first hyperpolarizability value polarizability however it has a
qualitative agreement with ab initio polarizability value look Table 1.

Table 1 The averaged values of linear and nonlinear optical properties of H2TPP-C4H4-[60]. 4 -permanent dipole moment (debye), «
-polarizability, B,y first- and second- order hyperpolarizabilities. Hyper/polarizability values are given in atomic units.

Molecule Method u, a,, B .2,

H,TPP-C4H,-[60] PM6 -4110 | 1738.28 |-10232.8

H,TPP-C4H,-[60] HF -5413 | 1556.87 | —4096.5 &
H.TPP-C4H,-[60] HF -5413 | 1556.88 | -4097.0 i%{, Joe. 63;"?)
HTPP-(C4Hy)y-[60] HF -5763 | 1836.85 | -6672.1 @u R AT Y ?%«fg
H,TPP-(C4H,)3-[60] HF -5941 | 215285 | -9925.7 o
HyTPP-(C4Hy)4-[60] HF -6.033 | 247935 |-13445.0 FIGURE 1. The structures of investigated molecules
H,TPP-(C4H,)5-[60] HF -6.085 | 2917.02 | -14847.1

HyTPP-(C4Hys[60] HF -6.111 | 3142.20 |-17667.4

*Conventional Calculations

To test the developmental code of the elongation method we recalculated the boron-nitride
carbon nanotube. The error per atom introduced by the Elongation method at the HF/STO-3G
method is tabulated in Table 2. As it can be seen from the Table 2 the modified elongation method
improves the accuracy of total energy values almost in two orders of magnitude in comparison to
the “conventional” elongation method.

Table 2 Error per Atom Introduced by the Elongation Method for boron nitride carbon nanotube at the HF/STO-3G level.

Am:: " Econv EnewElg Eourig Ao /atom | Anew/atom
112 -3654.67279190 | -3654.67279190 | -3654.67279190 | 0.00E+000 | 0.00E+000
128 -4253.10068386 | -4253.10068364 | -4253.10062052 | 4.95E-007 1.68E-009
144 -4851.70684615 | -4851.70684486 | -4851.70641856 | 2.97E-006 | 8.93E-009
160 -5450.18308411 | -5450.18307824 | -5450.18234827 | 4.60E-006 | 3.66E-008
176 -6048.76373323 | -6048.76373016 | -6048.76252686 | 6.85E-006 1.75E-008
192 -6674.65602795 | -6674.65602507 | -6674.65489856 | 5.88E-006 1.50E-008
208 -7273.24074195 | -7273.24073842 | -7273.23955368 | 5.71E-006 1.70E-008

Conclusions

The structure-property relationship has been investigated in this work by linear scaling
Elongation HF method. The H2TPP-(C4H4) n-[60] dyad was found to be the perspective candidate
for further photonic applications. The post-localization rearrangement of RLMO's has been
implemented in developmental version of elongation method and tested on both nanotube and
fullerene-porphyrin dyads. The results of the present work show that the accuracy of elongation
calculation improved in two orders of magnitude. Thus the elongation method is proved to be very
useful for studying NLO properties of highly conjugated nano-systems.
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The calculation of electronic structure of huge biomolecules is a challenge to computational chemistry.
Our group has developed elongation method '), which can sharply reduce the effort of Fock matrix
diagonalization, a bottleneck in SCF procedure, by keeping the dimension of Fork matrix almost as a
constant. Right now, Elongation method has been successfully applied to calculate band structure,
nonlinear optical properties, and electronic structure of B-type DNA with high accuracy . In this poster,
we try to extent elongation method to 2D and 3D system by calculating the electronic structure of chain A
of insulin; meanwhile, we apply elongation finite-field method ™ to investigate the nonlinear optical
properties of B-type DNA.

General elongation for 2D and 3D model

It is very crucial for elongation method widely used to treat 2D/3D system. We select insulin as model
system for its disulfide bonds which are very important to protein. Insulin is composed of two peptide
chain named A (21 amino acids) and B (30 amino acids). The two chains are linked by two disulfide
bonds, and an additional disulfide is formed within chain A. As a starting point for general elongation, we
only choose chain A and replace disulfide bond (S-S) between chain A and B by S-H (see Fig. 1). The
total energies of chain A by elongation and conventional method are listed in Table 1. Although the
judgment from one dimension to 2D/3D is maybe not efficient and reasonable enough, an acceptable

accuracy is already achieved by elongation method. A more suitable and powerful criterion is still being in
progress in our group.

Step  Atoms E.jg (hartree) AE per atom

1 113 -3423.1783048155

124 -3739.6783530369 -8.03E-13
143 -4098.0807085209 1.32E-09
152 -4733.0301279200 0.00E+00
163 -5049.5376012995 2.61E-08
182 -5407.9583070212 3.62E-08
203 -5951.2286183589 3.81E-08
220 -6398.0084160316 3.02E-08
239 -6756.4230534626 5.54E-10
10 255 -7222.6947315747 6.38E-07
11 269 -7630.9200693560 5.88E-07
FIG. 1. Structure of chain A of insulin. 12 290 -8174.1940329084 1.58E-08
13 301 -8810.0537814262 2.95E-06
14 316 -9292.1041401661 2.82E-06

O 0 1 O L AW

TABLE 1. Total energy of chain A of insulin and its error
in each elongation step. AE per atom, that is, AE per atom = AEy,/number of atoms. AE o =Eeig-Econy, total energy
difference between elongation and conventional calculation.



Elongation finite-field application

Nonlinear optical (NLO) properties of 20 units B-type DNA (structure of DNA see Fig. 2) have been
investigated by elongation finite-field method at HF/STO-3G level under the electric field of E, = 0.000,
+0.0005, -0.0005, +0.001 and -0.001 au.

“J’ !,
> B £ 2y R Py
Chain C*“% #404 Ty Ty

. X

FIG. 2. Single or double chains of 20 units B-poly(dC)-poly(dG) DNA.

The first-order NLO property (o) of DNA is nearly linear as the chain is elongated (see Fig. 3 (A)). As
it’s shown in figure 3 (B), the values of second-order NLO property of DNA are very small. We are now
investigating the reason why v values in double helix are bigger than the sum of that from isolated single
chain (see Fig. 3 (C)). We also find that the total energy increment for double helix behaves in a similar
way of that for Cytosine chain under the field (data not shown). We are now analyzing the relationship
between NLO property of double chain and that of two isolated single chains from the view point of
hydrogen-bonding between two helix chains.

NLO of DNA
(A)  (au) NLO of DNA (B) 000t
2500
5000 1600 o
1000 o 800
500 400 N — 32 A A W= GC
WA g aon &, - ¢‘
0 T T 1 T 1 T T 1T 1 1 0 +f QV_W 2
7 8 91011121314151617181920 400 7—9—11+—13—15—17 19
Number of units Number of units
(Q) (au) NLO of DNA FIG.3. Nonlinear optical properties of 20 units B-type DNA
4000000 at sto-3g basis level.
2000000 L 4 C is single chain of 20 units poly (dC).
0 - G is single chain of 20 units poly (dG).
e . . .
> 2000000 4 o GC is double chains of 20 units poly (dC) - poly (dG) DNA.
4000000 —8—G (A) The first-order NLO property of DNA.
i GC (B) The second-order NLO property of DNA.
-6000000 \/ (C) The third-order NLO property of DNA.
-8000000
Number of units
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Table 1. Calculated NMR-GIAO shielding tensor(igotropic value) [ppm] at the equilibrium distancg R

the average distancdigy> and the deuterated isotopomers’ of.s> and their isotope shifts [ppb] by
using GIAO/B3LYP/aug-cc-pVTZ.

o(Re) o(<Rx-t>)  a(<Rx-p>) 'A Exp.[11]
(a) °C of CH, 191.6B8  187.9839 - 0 0
(b) **C of CHD - - 188.2386 255 -187
(c) **C of CH,D; - - 188.4915 508 -385
(d) **C of CHD; - - 188.7474 764 -579
(e) 1*C of CDy - - 189.0039 1020 774
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An exactly solvable model of laser-molecule interaction
(The University of Tokyo) Lotstedt Erik, Kato Tsuyoshi, and O Yamanouchi Kaoru

[Introduction] Analytical solutions to the time-dependent Schrédinger equation are
in general rare. Therefore, to study time-dependent problems such as the interaction of a
molecule with a laser pulse, numerical techniques are indispensable. In particular in the
case when the strength of the laser field becomes comparable to the binding forces within
a molecule, so that perturbation theory cannot be used, direct numerical integration of
the Schrodinger equation is often the only way of obtaining information about the wave
function. However, for systems with several electrons and nuclei, grid methods become
impractical, and approximate schemes [1] must be employed instead. One difficulty with
such methods is that it may be difficult to estimate the numerical error made compared
to the exact solution. Solutions to model problems may here provide a way to test
approximate numerical schemes.

In the present contribution, we derive an exact solution to a model problem with
two electrons and two protons, coupled to an external driving field. The solution is
found for arbitrary strength, pulse shape and frequency of the applied light field. For
certain parameters, observables such as the electron density may be written down in
closed, analytic form. In the general case, finding the complete, 12-dimensional, time-
dependent wave function is reduced to the solution of a combination of one-dimensional,
static problems. Similar model problems have been considered before [2,3], although not
for laser-induced coupled electron and proton motion.

[Theoretical model] The model system consists of two pairs of particles: two elec-
trons, interacting via the Coulomb potential, and two protons, also with Coulombic in-
teraction. The electron-proton potential is modeled as a harmonic potential, and both
electrons and protons are externally confined by an additional harmonic potential. The
light-matter coupling with the laser field E(t) is included in the standard dipole form.
The Hamiltonian, with electron coordinates 71, 5 and proton coordinates R;, R,, reads
(in atomic units)

g Vh VR 1 W, W,
oM 2M |R,-R,| 2 2 fri -
w? 2 a1, W 2 2 (1)
+?[(R1—r1) + (R —12) ]+7[(R2—T1) +(Ry—13) ]
MQ? 02

+ (R%+R§)+7(r%+fr§)+E(t)-(r1+'r2—R1—R2).

By going to the new coordinates r, = (r1 +13)/2, 7_ = r1 — 19, R, = (R + Ry)/2,
R =R -Ry,7=(MR, +7,)/(1+ M), and g = R, —r,, the Hamiltonian (1) separates.
The complete, time-dependent wave function may thus be written in product form,

U(Ry, Ry, ri,ma,t) = ((r)e I (R )eT - (ro)e™ - 1o(q, 1). (2)

[Discussion]| The solutions ((r), x(R-), ¥(r_), and ¢(q,t) have all been discussed
in the literature [2,3]. In particular, the time-dependent function ¢(q,t) is the solution to



Figure 1: The electron-proton density pe,(Riz,712,t) at t = 0, for different angular mo-
mentum quantum numbers I, [, of the electrons and protons. In (a), (l,!,) = (0,0), in

(b), (lesly) = (1,0), in (), (lesly) = (0,1), and in (d), (le.1,) = (1,1).

the quantum harmonic oscillator driven by an external field, and may be written in closed
form for reasonable choices of the laser field E(¢). Finding the functions x(R-) and
Y(r_) may be reduced to finding the eigenfunctions of a static, one-dimensional problem
with potential V(z) = w?z? + 1/x.

From the wave function ¥, we calculate a few observables of interest. For a particular
choice of parameters w?+?/2 = 1/8, the electron density ps. in the direction of the applied
field (z-direction) may be written in closed, analytic form. Another interesting observable
that is easily computed is the time-dependent electron-proton density,

pep(R1Z7 Tz, t) = / dedelydrlxdlengQdZBTQ|\IJ(R17 R27 T, T2, Z€)|27 (3)

an example of which is shown in Fig. 1.

We have also used the exact wave function ¥ to study the accuracy of the Born-
Oppenheimer approximation (BOA) applied to this model. We find that the BOA is in
most cases very good, except if the system is driven resonantly, that is, if the carrier
laser frequency equals the eigenfrequency of the system. In this case, the system absorbs
energy, which results in that the expectation value of the dipole moment continues to
oscillate after the laser pulse has passed. Use of the BOA to calculate the dipole moment
predicts a too low frequency for this oscillation.

[References]
[1] T. Kato and K. Yamanouchi, J. Chem. Phys. 131, 164118 (2009).
[2] M. Taut, Phys. Rev. A 48, 3561 (1993).
[3] O. Kidun and D. Bauer, J. Phys. B 40, 779 (2007).
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Table 1 H,CO orbital energies (hartree) and their differences (eV) from neutral state.

Main Neutral Cation

Orbital nature 0Ols? Cls? 02s*

1 Ols -19.150 -23.505 (-118.49) -20.071 (-25.04) -20.224  (-29.21)
2 Cls -10.276 -11.124  (-23.07) -13.626 (-91.17) -11.191  (-24.91)
3 02s -1.072 -2.189 (-30.40) -1.990 (-24.98) -2.009 (-25.51)
4 C2s -0.641 -1.613  (-26.46) -1.535 (-24.32) -1.386 (-20.27)
5 T -0.503 -1.534 (-28.05) -1.409 (-24.65) -1.359  (-23.28)
6 o -0.461 -1.318 (-24.68) -1.319  (-23.33) -1.277 (-23.57)
7 T -0.411 -1.532  (-29.15) -1.305 (-24.33) -1.331  (-23.68)
8 n -0.278 -1.128  (-23.13) -1.067 (-21.47) -1.091 (-22.11)
9 T* -0.060 -0.845 (-21.34) -0.930 (-23.66) -0.844 (-21.33)
10 Rydberg 0.005 -0.552  (-15.15) -0.564 (-15.49) -0.511 (-14.04)
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FEEME T 2 L —JEN D EEHNTE 5 2 L2 ERT 5, Hio, BETE, TR
N E W T 25 RITEE LT HWNHRA A AL X D ME - OEFLE R OB 2170, liE 1 hhi
TRNLF =D ONTHET D T ETH D,

Table 2 Excitation energies and oscillator strengths of neutral and cationic states of H,CO molecule.

Main Neutral Cation
Transition Ols™ Cls* 0257
Ag f Ae f Ag f Ae f

8(n)—9(n*) 4.00 0.000 537 (1.37) 0.000 1.03  (-2.98) 0.000 4.51 (0.50) 0.000
8(n)—10(Ry) 6.71 0.034 13.95 (7.24) 0.004 12.45 (5.74) 0.051 14.07 (7.37) 0.001
6(c)—9(*) 9.15  0.000 12.14 (2.43) 0.139 8.95 (-0.20) 0.018 10.10  (0.40) 0.009
7(1)—9(n*) 9.70  0.102 17.59 (8.43) 0.051 11.53  (1.82) 0.095 13.94 (4.79) 0.142
5(m)—9(n*) 10.12  0.000 16.54  (6.43) 0.000 10.71  (0.59) 0.000 11.61 (1.49) 0.000

[1] L. Young et al., Nature, 466, 56 (2010).
[2] M. Hoener et al., Phys. Rev. Lett., 104, 253002 (2010).
3] Ak, IFTER, 5 13 [EE LR A (ELIR), 1P08 (2010).
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QM/MM/RISM EifIZ &k 5

DNA A4 U3 —AL—2 3V DEM
(5 FHE, AR OF EfiAE "2, FEH 2

[#%Z] VREEBEDFITAZ v 7 L= DNA HEGEIZ AV IATe A o Z—H L —
va v EMEINABSEKZ T, DNA A X —HhL—3 3 % DNA HEOWHE
BELTHLNTEY, BEORGHIIPUEERICEDb> T, £, aFz 1 v
A —J1L— 952 & T, AFEEFBICEHET 2 AL H 0 | B FDOH
BT LFEMICHEE DERZED TS, L, ZOMME, FrCEIEES 05
RPESS DNA-A > # — 1 L —Z — 8RO TOREEICES U TR 72584537
ZLFEINTVD

AR TIET 7 VP rFERD—>THDH 7 r 77 B (PR)D, Y d DNA K
Nt T HA o H—Tb—3 3 ORI 21T 572, DNA & PRIIFEFEM O
-t FHAEEHTLZENL L TWD EEX B, EYRFIO DT & T LFaHEN
VETHDH, £, A X =T L— 3 2D PR OKFI, DNA OfE&EE(LIZ &
éwﬁﬁﬁmizw# DEA I EEAWRERO BB R LX—Z2bE AEL 57

IHAEEAZIE LS B bRtz by, F 2T, RBFE TRy 0%k
%hm#ﬁ%&f%éQWMMk@W@mﬁﬁ%@ & Cd D RISM Hiif & fl A Ao
72 QM/MM/RISM Fa5 %2 W TR 217> 7=, [1] QM/MM/RISM H &5 13 K HIES F
D JSTE AL 2 B AL FRNC R 2 2B TR EFET DI T I2 20T HHE
G EE ST TR Rl A ok D R TH Y . AREICR L LZERTH
Do

[71E]  OM/MM/RISM ¥ TIER A 3 SOOIy T TR oY, . &b

T

) QM fEiER, = ZIZiEEIC

ﬁﬁ%@%&ﬁéiﬂé DT
SIS TH]R S MM fEE, = 2

K87 R DNA O E 823
B U7 WS ATEESAL A & £ 1
5o W ODDOEES 5 Z 2T
GOLGAELH D, MEICETOR
i AE b % RISM fEI N8 5,

A9 TIiE DNA & L T
deca[dA-dT], & deca[dG-dC], ® _i#
D OELH] RO, KEIKF TO
mm&R@é%%ﬁ@E%i*w

—BAv =N L=, £, PR
&[mA:mMPR@ IR D KR
HCOREE Z R biEIc LD Rk

oo ZTDOEZE, PR, DNA BELTY = QW/MM/RISM & - TR >Nt RESNT (R
BT R— A F T T MM fH  CEFFENT (ER)




& L, FRELE RISM SBIRICE ® -, ZZTHRE (PR BELUVDNA)ZLET MM &
LD EHAEaAXAME2HEOTEOTHD, DL, BONTMEITKL
QM/MM/RISM GHRE ATV B =1L =21k, S /30 36 K O A0 O fighT 217
ST, 2T, QM FEERICIZ PR & F D Ik D 2 H A MM 8151213 DNA
DFRY DERGY LTI T o B— A F % B4 T RISM SIS Z D 72,

DNA (357 1 ¥5/3F A —% & LT Amber99 %, /Ki% SPC/E, A 4> 1% OPLS, PR
I% GAFF ZH\ 7z, & LFFHIZI1E GAMESS(US)% ., RISM #t& 134U )=
— R& MW,

[#55] BHZLVEF—Z(LOM S GC Oy AT LV 58V PR Bt 2R
FTZENbhoTz, ZHUIINETCOEREKOFHEREL —HT5, F7-. 86
IR RTINS AT T 2B OV TR A L. PR DK EARERR O B =% /L
XF—2RKELF& RIFTWBZ LR booTz,

(2% 3CHK]

1. Norio Yoshida, Yasuomi Kiyota, Fumio Hirata, "The electronic-structure theory of a
large-molecular system in solution: Application to the intercalation of proflavine with
solvated DNA", J. Mol. Liquids, In Press.
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NIRRT e Y D FNKE S ARSI R 5
AIMD FHEEIZ K B HF%E
FER AR T ALREEFR* O THE &%, &Kk fith**

[FF] »THhyexdro—fThd it Z2F4FH%(POSS), [RSIO; 5], n =4,
6, 8, 10,... (T,) 1T PN AT RIS E X RS E 2 A LEN - EREM (LA & L Tb
N ORI SN TN D, ITFERXITEONTHEEEZRIH L72KEITES 5\
TR E L CORRENMERI R 2 A& LT, KRED TRAE, FIZIEIN T Tok
T T ARSI OWT O EZHED TS, TOMIEOFREL LT, 4RIL, FiFl
D—EHDKFE TEROFERZWE 2 TITEEOKFE S TAERBISE D FHhHD
ELT, KEFGTFEOUBLENIICKERFZFHALEROIE (H+ H@T,, n=8
and 12) OBFFERE R 2545, JiEE LTI ab initio 4y F#LIE R L O ab initio 4y
TE )% (AIMD) E%E W=,

[HHEFE] HFotEdiiEt & AIMD #H5IT 6-31G* JLERI%k % AV 7= UHF L
YL TAT72 572, AIMD FHRE T 3 DDOKFBIRFDRIEY; & 72 5 AR A NyFIid, S h
EHEIED Ty (O XfFRME) & ZNE D RE e THEES T8 BER & 10 BEROE )
SIERL SV D Tip (Dag RFRME) D —FEFH D POSS % H\ =,

T2, HOENLO—DDOKENTENE LT THEEIC ZFH OKERTE/HA
TLHHE (WIS I2oWTh, miRElE FEE (1) KRR FHAOEBRRE (2F
mb) oEoLMLUIAT, (2) 2TOAMAl GFAm F 2.5 A ORREE) 2 5KERT
FAD TR —[FREE L) LXK EREH =R LFXF -5 H2 TEDITFLH, O D
FHiEZRHW=, (2) O R LX—[L Ts Tlix 60 keal/mol. T, Tl 23 kcal/mol TH 5,
AIMD ftE DX A L AT w1203 fs & Lz, M. 7127 F Al Gamess 2 L7,




(H+ H @Tg (Hy+ H@Tq5 W TSforH + Hy@T o

X 1 UHF/6-31G*L X)L TR D 7=~ Hy AR L BBINEE S

[BRLELZ] OH+HLOTFHR : 3OOKERFITIH O T & L CUILEREELE
RN ERNBNTWNAN, DIREEONT CHITT D SIS ORKERME LTo
BIEEROLZENE, BLXOH+HH, R ~DOMNZOEBEHFRLH720, HITIZA->TH
WA E N TNERICIFIET DA W TSR 21T o 72, £3. IR
BB IIRFE 1 L KRB F 2355 3.5 A BN 7 BEHEE NG OV, o F LR & DM
CHAEAERIZR OGN NT & 2R LT,

WIZ, Tg & T OMWZTHTO H+Hy 0 FRDOIREEZ AT REREZK 11T/, T
F ORI 1125 DERICHEREE DR Ao D | Z OREEIIER TH 5 KHE
Ji+ & Ho@Ts & 9 51.4 keal/mol REE T - 7=, ZHE . H,@Ts N EUGHTD H + H@Ts
£V 713 kcal/mol HLZETHSTGE LB TH D, £/o, DIWEED/ NI W
DT ERTOEBHI 7V —OEA L VR VEL L TWD, —F, T TiEX 1 ik
2 DRRIC, KFEDT LAKREFRTA T FRUCENL L= BERNE SN, B S +
SPTFIRER N DA H HICH 0 6F ., TF, EHE (., &) O=1Y 0¥
WG O OREEREILITI R T Z OMIEICHE DA W, RISHTO KRR F & KB T
BEARMH@T 1) DARAEL D 151 keal/mol NZETH Y . 2> THHRAIZ KR E W28 Ty
OEFBRIZHEAR TREEE T/ N E 0,

U bEDFENL, H+ Hy i3 F R OBMBLE 1T ZDIIRSOKR E SITHIRFET D75,
MINTIETZ UV —DO5E X0 RNLEICRD Z ENRINT,
) H+ H,@T, )& ® AIMD 5 : H+ Hy (3B ART o vy Ve R0, nI
IR CIIM IR 24 0 IR U COKR LSS Z D Z LB HifF SN 5, AIMD &
FIZEY . h@Ts ~DKFBRFOFAILESNORFFAOLARETH Y, T (R
D) DFATITHIZ/E E A KERFEH =R ALFXF -2 52 THEN TSN LTS
D ENRENT, IS (1) ICKDATIEH+Hy o0 7RI 1 /DR B
HEZ TR ST EE ETEI LI, &fF (2) TIEAKFESFLAKRERTF L OMDI
FAHDREF A SN2 H+ Ho@T1, D AIMD FHEOFE B HOWTITY HREET 5,
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KesA B O LF v o RIVDEBA A U FEET A MBI 5 BN G A
(ZHEKPEL) O=% Br - Fi &R

(7] BARE KD KesA B U 7 AF % - xouid, Ml Dflfast~ K A 4 % BRI B
T 5, WA, KA A RED BRI 5 “FREO X #EE (PDB ID : 1IK4C & OV 1K4D) S E X 4u1],
Xy BT 4 —DOWNEIZ—EFT (Seay) « A AV EIRT 4 L Z —DONERIZ U E T (S1, S2,83,84) . A A
VBIRT 4 NV H — O I T (S0, Sex) D KA AU AT A MRS (K 1D, ZE T,
BIRA A2 DT R ORIROMREIL, RIS B FHEICL VRS T 5,

AT BEIRT 4V —

/-
Top view Side view

X 1. KesA 71V 7 LF v o 3D X #AERE (PDBID : 1K4C) [1]

A F IR T 4 Z—DOREEITHIIN O KA A BEICI VBT EEZLNTEY (X 2),
BRI CO IKAC HEIEIX K A A v 2@ 503 KR EE T O 1K4AD #3E 1X K A A &%l L7,
K'A 4 OBRAEEEE O 2 D0 5121, Fv U RANOERA A U BElcxd 5
TRVX—EREAR Tl A LENH D, L LD, &FA 4 OFBICES LW bKS T
OB KFBF DB S e 72 X IE DN DIRET 5 2 LI T 220, AIFFE T, KesA
VT LT X RNDERA TR ERFTT 27200 BB E LT, KA A RO Na'A
F AR U CTEENBEAEGHRIC L V&R A AU EEY A oL Rk L T\ 5,

>

- ke e Bkl f
o) (o), oy, Cop _, (o
Z \/ ~ T At T E’ oy

1t |

X 2. KA A DOFBBIZEIT S KesA BV 7 LF ¥ o L OREEZE

[F+5] KesA BV UL F v o xiid S 7a=y O HERENTEBY, vy ET 0 —1%
(T74-T75, 1100, F103-G104, T107) 4. A A 3R 7 1 )L H —1X (T75-V76-G77-Y78-G79) , DT 3 J figg



iz b2, K'A A D 8KFMEENRF ¥ BT 4 —NO K' A A VAT A FThY, ~TF RE
DA NVRZNVERBNA A BIRT 4 VE—NO KA AU A MR T D, XBEEND
FrET A —MOA AT BIRT AV E— 2T 27 X /B4 8RZ2EI ML (Y 3), KEHFF
TR L CET V1 & Lo B EEPLBIEREH 513 B3LYP 1443 U, 2 BI%UE 6-31G* (K, Na, O)
& 3-221G(C,N, H) Z fv 7=,

PDB ID : 1K4C PDBID : 1K4D
Xy T 4 — AFERT 4 F—
3. KSANV LT ¥ RNADFx BT 4 — KA U RIRT 4V —O X HtEE1]

XX ET 4 —DOXBHEETIZIK A A O ETICAEToOKRSFRBHISNTWAD, Hic4
DK FZHTT N FIZBIMLTEH 1 2K FE2EZE LT, &RA A2 OKFIKDEA X,
T107 L KRERESTHREE (HEE 1) & F103 L RERASTHoME(HE 2) #ET LT,

A A ERT 4 W —NDOEFA T AT A (8 )1 0
BT DA A VEEM - @A A, W K5F) 1E, 1KAC 1 G79 / O\ G79
HETIE M (SHW(S2)M'(S3) W (S4) & W(SIHM'(S2) W(S3) v7s F=© o 0=
M'(S4). 1K4D & CTIEM (SDW(SI)M' (S4) Th D, Zh —0 0=
B DFEA A VEFNCKE LT, k5 T ORFR T 4 % i N
R 4 % —DH A RO N A1 < B (u O d) 508 L visl™ g | VIS
IKAC B uu, ud, du, dd FiZii & 1KAD HEE O u, d Bl % ms 0,0 ]
ALz, £72. XEHEETIZ SO A FoO KA Ao kic4
FHOKS TRBEBENTHY . ZREDOKSTLEF AT OH HO

\ X 4. KesA U 7 LT ¥ RLdD
B L7z, SO A FETET 2K FIZONWT A AR (F o BIR T 4 L2 —NOLE R

T 4 Lo —DRTTF L ARELT HRAEZE L, B 1AV Wat b
BEBIT G79-W-Y78 Z U D& (& 1), [l —8{T G79-W-Y78 ZIER T DM (HiE 2) |
G79-W-W ZTEd HiiE (& 3) . Y78-W-W ZJER§ 241 ik 4) 2t L7,

[#ER] =70 FOMEREIT, ~7F FEHEZ KT 5 KERFOME A EE L TEITLT
Wb, BOX ¥ BT 4 — KO, AU EIRT 4 VZ—IZKkT BT N T Of&EIZTZENE st
INTEY, A FIEIRT 4L FZ —1F 1K4AD H1E7Y 1K4C #§iE £ D K 50 keal/mol ZE T %,
XY BT 4 —O&BEA TR EMEIT, BEbO@RPEETCIE, MHE1P/EE2 LV LEETH
D, AFRIRT 4 VE—D&ERA F UREEREEIL, Ral{b 0@ T B Tl g3 L4 N
il G2 LV BEETHD, BRTIEH, S ET 4 —KRUOA FUEIRT 0L X—D 1K4D
HEIEIZOWT, FEROFEMEZHET 5,

[1] Y. Zhou, J. H. Morais-Cabral, A. Kaufman, R. MacKinnon, Nature, 414, 43-48 (2001).
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Mn/Fe % RNR [ZH 1} DEEFRDFI- & SEEREMHED
WHPREEICEE T S ERFET R
(ZEKBET)  OHMBH, HEad <, ZHEH

[F] VAXZ LAF RLE 7 2 —BRNR)IZVARXZ VATF ReT4F T VARX T LATF RIZE
T DEER T 5 BERIEMUICHEFR /3 1 2 LB & 375 TR RNR T < M HAFZER R S TE Y |
R2 “HEKIZHLE 2L TF I VT U hNE TEHEELIT> TV D, — 7, Ie B RNR Ti,
Mn(IV)/Fe(II)3F 1 2V T 2 F1 VOBREREE 21T > TV D 2 & 3ol S, £ 05 & X
PABIEMRNT N 22 SHUT[1], R ER 2779 Mn & Fe I3FAR £7213 OH A A2 X » THBEEIN T
WD ESHTWDA, @EEFOM¥ & B IRRER X OB T L < Do TWery, Scheme 1
(R K 912 Mn(I)/Fe(l) (ZFEFRIS LOEF2MINT 5 2 & 1Z K- T Mn(IV)/Fe(IID)IZ 2 V) filfiyg
P32 & S TWA[2], Mn(ID)/Fe(ID) DT EMAGIZ T2 288, Mn(IV)/Fe(Il) D 73 FH#iE & &
TIRBEDAEI . Mn(IV)/Fe(IIT) DEEE1E DA 2 H 7Y
(2. AHFFETIE Mn(IT)/Fe(IT) DR SETEMAL O AT B P
Th HIBFMINRIED 531 & EIRREOHERAY
21T > 72,

[E7 V7 LEHHEFIE] Figure 1 13 X #AEEMHTGEEH Z S L ITHEE L2 ET L Th 5,
Glu68, Glul01l, Glul67, Glu202 {Z CH;COO (2, Hisl04, His205 [ A F /LA I X — /LT,
Tyrl751X 7 = / —/L1Z, MYR % CH;CH,COO |2 & #t 2 7=, Mn(Il)/Fe(Il) DEEZETEMA L O AT
Bt L LT, X MRS TRENTWA ST ODMER T2V rx ., Mn(l)& Fe(ll) & @
FICEER S 2 BE LTz, 2 ORI L7202 iRBE L X S EMT O SNz 5720
MERIR I kT 5 B2 b5, EHREFHAIZIX, hybrid B EEPLEIEE T 5 B3LYP
HEEEH LU, RBIEM%EE LT, Mn & Fe (2% Wachters @ DZ %, ZILUUSNDFEAI21X 6-31G*
W, B7e D A B U ELE 2 5D Mn(I)/Fe(I) % DK A &7 IKAE(LS) % broken symmetry (BS)
ETRD, ENZIUTKIGET D @A B RBEHS) 2 38 % O FERIFRIE TR D72, Wik ¢
%, XTFF RERRICORD D FITEE Lo TORF I35k L-, 351213, Gaussian
03 Zff I L7z,

[ 5 & B 23] Figure 1 (ZR S V72 X MREHT ORI Tl Fe JR X 6 BAfZ T 523, Mn R+
VLI H D 6 AL TlE72 <. Glu68, Glul0l, Hisl04, MYR315, O 2°H D 5EINLTH D DA
M CTdH 5, Mn(I)/Fe(INZFEFE ST 2 (1 Ui HIRA B L RRED 2 EHIEIRAE 2 M & (b
L7=®D7 Figure 2 T& 5, Mn-Fe ] OFEE 2 Jii-1-1% Mn-di-u-oxo-Fe Tlx72 <, Mn-O-O-Fe ™
DiEREE T3 D, Mn-Fe OJFFRHIFEEEIL 3.742 A TH Y . Mn(IV)/Fe(lID)IZ5HT 2 X #tidk
DR HIFEEED 3.574 A LV TR 2o T, R 2R TIX 1410A TH VRS X
DOHBELVITEL o TND, BERICR T, Boh-Ex X fEEsRo TRy,
R 2T ZEORVEED R L CIIMEEN D Z LD, Mn-Fe BIZITEESE 2 R 7-F 7=
TR L 1T RFNBARAIRTHDL EEXDINLD,

02 e
Mn(IT)/Fe(IT)-R2 L» L» Mn(IV)/Fe(III)-R2
Scheme 1. Mn(IT)/Fe(I) D4 TG AL



Table 1. Low and high spin states for two complexes in two different spin

configurations.
(C,2S+ 1) AE” <5 J9 Oxidation State
Lis (-1,2) 0.00  4.1425 -9 Mn(I11)-O0(2-)-Fe(11I)
Lus (-1, 10) 0.51  0.1299 Mn(I11)-O0(2-)-Fe(1II)
205 (-1,2) 454  3.1784 Mn(IIT)-00(2-)-Fe(I1I)
2us (-1, 8) 377  0.2234 26 Mn(III)-O0(2-)-Fe(III)

a) Total charge and spin multiplicity. b) Relative energy in unit of kcal/mol.
¢) Spin contamination. d) Spin coupling constant in cm’.

MYR315
< Glu202

: Glul67

H15104 Gl 101} ;

h < His205
MYR = myristic acid: CH3(CH2)12COOH Mn=-4.073 Fe=4245 00 =0.401
Figure 1. Modeling of Mn(IV)/Fe(III) based on X-ray (3EE4) Figure 2. Optimized geometry of 1; g.

Table 1 KV, 1.5 TiE. <S> 1% 4.1425 TH 5 Z & 7 b RBEMERY 72 spin coupling 73 4 E1F
45 Z LRI S, BRHLERENT S Mn/Fe 138 %4 DEFNZNLENO d#uEZ 56 L
72 Mn(Il)/Fe(Il) T 5, M 25 F1E Mn & Fe 2»5 NN 1 HOEFHABE L7Z 002-)
TH D, 1 sIRBEITKIINT D E A E L ARAED 10 I (1ys)lE, Table 1 LV, 1 sIRBEL D  0.51
kcal/mol &= /L X —IREETH 5,

1 s T Mn(IID)/Fe(IDEJR 1D ZFNENDAE U NETO d PulilClilE SN-mA e
IRRETH DAY, Fe JHTFITHk L TIL 28 up and down A B2 234 &L L 1 H O d@LL%’:E
BHLIEAEAC ARENARETH D, DA UEEIZHT % Mn(IIL)/Fe(IID) DAL 2 £ L R HE
B AE UREED 205 & 2us TH D, 215 1TH31T D Mn-Fe BT 3.747 A, 0-O FEEfI 1. 390A T
HhH, WHEL LITRRL > T, BAELRENMEZ L L RAEL Y 0.77 keal/mol ZE TH 5o 2us
1L 1s £V b 3.77 keal/mol H=R/LF—"Th D Z & 026 Mn(IIT)/Fe(IIN) D & JF - 237 A B 2R
ETH Y KRR LIZIBRA B R L s NERIREETH D EEZE X NS,

E%??/ﬁ AL DOIBFETIX, Mn & Fe lZIZNFNmAE U RE TEITTHEE2Z 6N, 214

DE L TIET IR 2R X, 2O 7 v h AL > TO-0 BiFRET D3], L= -> T,

X #4#E D Mn-O-Fe @ O X OH TiE7e<, O BB LTV D EHiIf S5,

EBGN
[1] C. S. Andersson et al., PNAS, 105, 5633 (2009). PDB ID: 3EE4.
[2] W. Jiang et al., Science, 316, 1188 (2007).
[3]Y. Yoshioka et al., J. Inorg. Biochemistry, 101, 1410 (2007).
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So B LS IREEIZH D OEC D STEMEERNAL Ok S & Ik hE
B9 2 B LR E
(CHEAFT) OfBEth, —AEH SR

UF] AR ORBGERITCEOGZ T 52 < DR IITER S BN E T 5, KL aFIH
L TR F 2l S DM O BOSH ISR T EFRTI, K F 0 BERER 3~ D UE
TR % i3 2 SOSTEVEE AR, BEE R AEE A IR(OEC)BFE L T\ 5, OEC X 4 5D Mn
AFNB7 D MnCaOy BERTH D, ZDOMIES A 7 V1T Kok HIZE D So/nh Sy EFTD 5
DORFEZIET, S47 D SoDIBBED L& O, BT 5 LIBEINTWD(IX 1), OEC DHEIX X
RO FRBEDMRN T2 DI K < D2 TWRWAS | ABFFE TIESEEF LN F = 73 kR Mn;CaO,4
1 3.5 A DREED X #AEiEPDBId: 1S5L) 2 £ L72(IX 2), SotRBED Mn A A > OMiEX1,
1L, IV, IV) & 2 WNEAIL 1L 1L IV)2MER STV D08, EL L 0/MA DT THLNDLNLRN D
Z. EO Mn A F B EDETH 200 HFFE ST, ARIFFETIEL, Sy & S REED OEC
D JISTEMNL O X O IRREBIZ DWW TRRE LT,

Tyrl61 Asp61
- 2H,0 r’:
€ 2
- S, (L, 111, TV, IV) GlIn165 Mn4
hyv Roz or
. o (ILTIL I, TV Glu333
S; H* S, ) Hisl9y Ala344 !
— H+
(S
H h 14
€
H+
hv S2< 7; S 1 ,
- Asp342
e hv P His337
1. Kok #1 7 /b 2. X #A%E&(PDBId: 1S5L)

FHEGIE] BEtLoeT E, K2 O X BEED) D Asp342, Glul89, Glu354, Glu333 (L¥f
A A Aspl70 I ZEEREA 4> . His332, His190, His337 I3A 2 ¥ —/LH&, Tyrl6l 17 =/ —/L
5. BCT I3ZREEA 4. Ala344 13 C R, Leud43 17 /%0 Arg357137 v oAb Li=7 7 =
U3 Asp6l IEEERE, GInl65 XA/ AT I KELTET /AL LTz, Mn A A 0Zx%F L CREUL
Nl RO KD TEMZAT-H D% SIRE(EEMIL 0)EE LT, S RE~DERETIZ, —&
FRE ST Tyrl6l 1L Mn 7 7 2 X —IZ L DIBIIL S 4L, [FIRFIC Asp6l 2267w bt d
[1], EAUTKHET D K DI Mnd IR T 2K b7 20 RE, RE D 1270
b D% SOREB(EEMIT 0) & AE Lz, MdEmaEklL, 7 IV BEREOXTTF FEGIZORN 5
JRT-ZEE L, KA E (LS)IRAED OEC (2% L T Broken Symmetry 4% 7= UB3LYP £ L >
THFAIATENTZ, So & SIREEDAVY U ZEEITZNEN2 &1 & LT, FERIZIE Mn |2 Wachters



D DZ %, C. N. O, Ca, HIT 631G*ZH\ /=, & TCTOHEIZIX Gaussian03 Z{#HH L 7=,

DRER - B2 2 LITHRFET L7 Sy, SpREE S X B EIZH1T 5 OEC @ Mn-Mn #ElfZ ~7, X
PAEE XS FT L E CTh D S RIEICKHE LT Y . Mn—mono-u-oxo-Mn FEEEIX LW — & 7R3 03,
Mn—di-g-oxo-Mn BEEfEIE 0.16-0.20 A OEIPHOREN R Hiv7e, Fafbigh O iEZ X 3 1277,
Sy RREDRE S b TlE, Mnl DK F7235 71 h A Glul89 ~B#E) L OH 28EL L7z, Sk
REOMERIE(L TS Mnl OKSF726 OH ABALL, S 512 Mnd ([ZEAZ9 2% OH X Mn3 DIK5y
Fb7ue hRBEILAKSFIZREY, ROV Mn3 (2 OH 2B L7z, =20 OH X
Mnl—di-g-oxo-Mn3 i ElZdH D, AE IS Mn EICRELTEY, TOAEEEND Mn O
ik 2R ET D Z LN TE D, S IRFETIZ(Mnl, Mn2, Mn3, Mn4) = (IV, IIL, III, IIH) T& v . (11, 111, 1V,
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[Z75 3R]
[1] M. H. V. Huynh et al., Chem. Rev. 107, 5004 (2007).
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[23%EC#k]  [1] Imada, Y.; Yuasa, M.; Nakamura, I.; Murahashi, S-1. J. Org. Chem. 1994, 59,
2282. [2] Detz, R. J.; Delville, M. M. E.; Hiemstra, H.; van Maarseveen, J. H. Angew. Chem., Int. Ed.
2008, 47,3777. [3] Hattori, G.; Matsuzawa, H.; Miyake, Y.; Nishibayashi, Y. Angew. Chem., Int. Ed.
2008, 47,3781. [4] Hattori, G.; Sakata, K.; Matsuzawa, H.; Tanabe, Y.; Miyake, Y.; Nishibayashi, Y.
J. Am. Chem. Soc. 2010, 132, in press.
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3.5 - giz ;2 %. D%V, 6kcal/mol DT F/LF—DiE

3 - ggé IZ BDT 45D A 45 & BF R ThOT X%

2.5 1 dis 5.0 LR —ZEIHY TS,

% . 2 : 412 Hollow %1 ~Z BDT 43 7 N ERIC
§ L A LT & o5 &S B L ORI
05 - Enlilc. MAazRo L5 K01, HEE

0 - 7N 1.8A~3.4A F CIIEAMAEL 251

0 1 2 3t B SRTERESN S R TND Z L,

Voltage (V) 5. —J7, ¥EOTEREA 3.6A & 5.0A DKEDE
TMENIEFICRELS 2o TS, AR bR
BEN R R DI O CTERMN /NS RDHD
WEECH 2 BARFERITE 5 Tixpv. iUk, B Z2 R T 2BICEm & 4+ O AE
MERBLDDOTHDEN, TORRIZSFHD LUMO O#jE T % /L ¥ —L4E MO HOMO O
TR X —ZHWTHAL TWD 72, #EHBERREWE 2 A TIRZE OFFE T IENEE
LTWAHHLThD. LrL, EEHREEENSEWE ZATIEN T & EMROMAEIER TG %
NE—ZHWTHAET LI ENAMRETHD. £H7T5Z L TRABEHNRWE ZATIXEE
FNCAREMERE r Il D, 2B ICET 2507 b NS OFE S A b OFRERITYS B #ftE T
5.

4 . Hollow %A h COEWE

(%5 3R]

[1] M. A. Reed et al. Science 278,252 (1997).



2P129
VUt a=T R FREmTOTE hor T AT 77— IR
CERBET*, BT ARBET*)O/N I *, A= (LyE*, (L FSE—*, ZSREB%x (1] 15w

[F] ERE D FERENEMPERC) 1T #i# A 12 —40~150°C D IR EEFLPH, MG S T o ifiis
MEBENTND, Lo LEROBMERIL Y 1 N AREENMREE S CIEAMICIR T L, WA
BRI XN F—u ANECTLE S 1), EFEREOBRIRESRME TOEMER EAEER T
5. ATHE, 43Hk L7z Zirconium Phosphate (ZrP) |[Z&EARENED sulfonated poly ether sulfone
(SPES) 22 il SHTHEEONEDL Z L TH/ NHEEZTERT 2 L. @il - IRBERETY
EVMREMER BT D 2 Lt Sz, 2 oBESEMERIT SPES, ZrP £ TN HEDR
LY bE <. SPES & ZrP O EH TOMAFEMNTEIR T v M AREREZ > TVD EEZ D
N TW5D, ZrP (TR ORI T, JEI213 0.2350 nm2IZ — DD EFHEER DY VBERDH D, U
VI POBRMEERERII T e bR LT e P UREEED D 2 L Ttk b
ERINCRFE SN T WD, 2DV UEEHLIE SPES ICH D AV VEEREC B CERREE 1
99<. 70 b EBHT 5TV O T ZrP 25 S E 5 2 & TREMDS B S RRIITEHH TE
R, TRV ERIEERERICIT T e b EHUET D LISNOIERD B Y . 70T ORI E BRI R
BEIZH DRGSR Rm o7 e P AREIEA LTS EEALNDS, LL, 20/
RIS COMREIBT OV TR ZRFZBRAGEILL Y X 2 L — Y g S K 8RR < LI
DAL LD 720 DR EEGET O #7200,

[HEFE - FEET V] AT TIRREAEFEREZ NN T ZeP RiEIZOWTHNT L7z, FHRTF
BB ENRIE, 71 7T Al siesta-2.0.1 & V7o, KFEBAEREER T2 LT
Revised-Perdew-Burke-Ernzerhof (RPBE). AL/ BA%4IE double-z split-valence basis set with polarization
orbitals (DZP) % A 72, HffbMEIEIIS S k2] & FKICET /ML L, G L7244 X3 Unit Cell @
KEFR D @57, k miL 2x2x1 T, +070FE T ZiP REPHIT T D Z L 2R LTz, £78
e IS 72 O CIEMIEER G 2 -V TR IS ZeP RE D RD > TR E B LTz, FHRET VI
ZrP RENKZBLE L7ZE T VT, REITBITHKOZEH), 7a b BEIOA =X La2mH L
7oo KOEET 10 HOKDF 2Bl SET7RRE (P KD U VKL 1 D25 & 5 {HDOKSGF)
7> 5 Molecular Dynamics (MD)FH512 & > T MD Wy & 72 % £ TEiod 2 & THERIZITWT V4
LR KDOEIN T2, 22 DT MK Ly ZrP D720 10 HO K5+ % BB R ST 7
KEUTERE DB TR LM Lc, ZP REIIKZBE LIRIZS@Y . 2L 7 KOFRIL3
Y OKOELE TENENENT 21T o7, 7' v b AREE X Nernst-Einstein O30T

S

T RT

(070 b ARMEE BaiffhE(L= oL — AR F(EH) RANER THAHRE) L REND
DT, Fu by hTU AT 7 —DEMLT R F —~(Ba) 2<% 2 LIC kY| 7u b iRk
MLEFCODEREMH LIz, 70 b P RAT7 7 =370 bk y B0 7 Lgn bBE)
3% Grotthuss #f# T 5 L AE L KB ITMICT 1 b BEEER T2 BEh S & THBL L,
R IRHEIT the nudged elastic band(NEB 5)% 7' 7T A FEE L TR L IEH b= L ¥ —%3K
Wiz, YLERV VT K ZP Rif BIZH D AKBREGHEOT 0 b T AT 7 — &R LT,



[HHERRIZP EIC D5 U BIECAR L TORRRA L TO BB 2@

fH D BERE(O-OFERE) 27 ~7-=, Fig1d X 912 \DZ .
D1: VU »Egdk L KFEREE O W EEE R 1 DO-O : o/ o
D2: Bl U VB AR S LTV 50-ORHE % e

D3: Wi KFERA L TWD E721E ) UEEHEIC X 50-0fFHE |
D4: H:0" & DK EREAIC £ 5 0-0 Bl OC}o e
ELT/A—THTEL, 0-0 BHEHMOREE THI THRERRE ) o °

(Fig2), D1 IZE—27 23 2.7-2.8 A CHEBRILMEOETR/34iBI% & ©©—~  Fig.1 The atoms and
. . B . . . molecules are labeled
AL TNDA, D2+ D3 - D4 L E—7 23 2.6A LLFT, 2> T for classification of the

HILNHER TS, Ik, U EEIE T e b a kT 57715 ¢7p  hydrogen bonds

KO THML BIE T T O-0 WHEEE LT, ¥ sl
D ENyINoTn, THITAERAICERL, Vv 511 Dol
FIEDREIRIEIT J DTHIM AR L 2 on5, S8 B D4
Y BIEEEEAE N b ) VBIEOAET ST EE
DHRLVABLRORETHRABARRELF (50
v R # I L ER B, L ALY el iy
yk 2= EINAZAN FUART 7 — @%@,ﬁ(ﬁg B The distribution of O-O distance with distinction [A]
570 N BBET S 0-0 BHO THIEE T, Ty 0 S en of the lasified
fiE 2 B, TEPEL T ROV — (B A LCREE R T T T T
Fig3 (TR, Zh LY 0-0 BHEEASHI< 72513 ¥ Ea l3E 200 . g
B T R AREMRS LS T L AR S, %i; ?}j PR
TRl L7z X 2 ) CERETE Y 0 0-0 FHEEA B & ;122 éﬁ eyt ]
BHARAEHD, TOU UBRESHEEICHDZLTOO0  aor pirw d B 8 e nw
BREEA M L. Ba & FIFC7 0 b oAREE A | ST gfﬁﬂ£5;555~gggé

W5 T L 75§2’)75)O 7 é % \Z . ZrP %ﬁif 350 U > The average oxygen-oxygen distance

concerned to H' transfer [A]

et L AKFREET DL ORI 7= (Figd), AV &£  Fig.3 The activation energies are shown as
W RS & 0RO A A, DK e eanaition state
DERETH S 108[kI/mol] & KX < EEY | ZDKNEIR - (KR i y
FMETHRF SN TS LEZERADND, ZDOHREI TKEZERZIAT
B EME R & OB R O RS R WIE TIIAFELIZL <,
ZrP O XD RERREFEENRVIEICZWEER D, T LD BRRE
72T T HEERNIZ Y IR IOK R S WO TE L s Sk gy
TIFREZKERER Y N — 7 ZHEFETE LD RN 1 b
YBEOER T RN F =2/ S TDWMERHH 2 LvbhroT,
LA EORERD G @i - IR COH R D s8R L7 olZid kv
BHREEBEEOEV BRIREDROME 2 0BSEL I ENEETH D

Fig.4 Water molecules (in a circle)

EREINT, makes three hydrogen bonds with
[z%&cEk] (1] G. M. Anilkumar, S. Nakazawa, T. Okubo, three individual POH shown as arrows.

T. Yamaguchi, Eletrochem. Commu. 8, 133 (2006)[2] J. M. Troup, A. Clearfield, Inorg. Chem, 16, 3311 (1977).
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FOMEIAMED ROV TISY, Fobf - B0 AN Ch D, PEFC 243 DI B imEE &
&(MEA: membrane electrode assembly)NECRLOAVA 14 R Bl L 85 A B L2 6h 375
FBACBGUTIEANMERIR T2 S E T2 SN TRY . RS & % Rk L 7= PEFC Oifif/A
PEA_EICNT CEL DB e T O TN,

ZOHIBEMRE DL ILIZHONWTIL, PEFC OEMEEL THOOIL TS/ =T LB R LRS
FR(PFSA)R 5 F 205, FE ML CAELDIEMEREFTE OH TV DL FRUSIZE> THESN
% UnZ|pp|ng FERE[1]13 540 TS 23, Schiraldi[2]i3 38R 5 1L AR L A FrE L TH PFSA

FACITHEITL TWHIEZ R LTz, WA D LA R - ARSI, PFSA REsr FOFEHIB L
ORI A R LT bW E SR L. OH YW IAC KD B IR SIZOWTHRFILZ[3], D
TR, =T VA S ATEABHET VTIOR3 RO LI NS LR DFERIIZ DWW T
(IRALREETHD, ZOFEMRAN =X DE MRS DT-OITIE, ERIZT ThGHRR 2R FEL
WA 53 T L L CORMT 3G 27 T B 72D,

T ZTAMIFETIL, MENDDOHEEREIIZ AT T, PFSA Rmm FIla £ —7 LML
& OH ZV 0V EDALFBUSHEREIZ DWW T, B FEIRICIVAT LT, S512, PFSA RE 70 F
DI AMER] IS 7oA B R G HE# O 1R R A BER G R LD E 272 [4],

[771%]

FRENRELT,. ARG PFSA 2@ FOET VLA WEL THMAL
CF3(CF3)30(CF3),CF,SO3H Z 1y LiF 7z, AARIED 7 uh KfigBfd Rf-SOsH 2K, 7' =k
> DfFEREL Tz RE-SO3 % m IR EL I EL . ZHH D bEWE OH ¥ IV LD UG IEIZ DT
BALERREE AW CRITLIZ, 2 COREITEEILE T v/ 74 Ths DMol[BlIcEn FEITL
T2, Z5H - FHEAVLBE %K1 Becke #2#i+ Lee-Yang-Parr #HPBS(BLYP)% V., DNP i FE i B9 %%
ZAEM LT, 7236, DO K FInbOEENFIE COSMO {EICIEELT,
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7% Fig.1 1R d, 22Tl 00 _ \ .
KB DS Feb 4 R 72 KU ;5 ,‘! —
D Ik LT, & iR ' £ gl tZ(E) ¢ N

n roducts.
BETIE. OH U iT—m—F IneiH) et \.mz 78
-158.9 -154.8

RSy L O F R IR T AL 3

z i 2R LT 12
(CROBE R R PR LT Fig. 1 Potential energy profile of protonated Rf-SO,H and deprotonated Rf-SO;-
C-O #EA AU+ A& kEE  with OH radical.

R UAER A~ LB ST, A RIOFET LAY TIXANVKREIENT—T VO SR OH T
WEDFUGMER BN LRy Dro T, ZHUTA JRHO FEERES R & RO IGBEfRIZHY  PFSA R
S FORBHHIIEREL LT OH TV —T VD RIS RB SN, — 75, (IR AE
R LT- 7 a b RIREEDET MEA W TIE, OH TV VLD AV R L H OB HIc L0 b hsk
T2 A REEA RIB ST,

PFSA & &4 T DHLIZHOWTIL, OH TV WV DRI T DT —T /L IO BRI S
Thb, PFSA F#@ 51O EtERe b s M A L D= I2IE, =—T NV ED SR RIC LD IR
C-O fG oMb, RBFFEICIDEHRENE 2 HND, AIFFETIL, C-0 fGoimk, REHLICE
LHEHITER L, B YRR O TEMREIEORGHE MG Uiz, it OFEMIC >V T
Y AW 2, o, BeREMARE OSBRI BT 2T ROV TH 2 AR E 35,

Ei
ARMFZENE, (BR)Hr =126 — « PESEBANTR & B FEFERS (NEDO) D ZRE [ /L {22 K D SLHEWFIEL MEA i
DHEDFEHT | 56 L OB Z (BR)D BRI IV T 7z, BIFRAANLIZIEHTT 2,

(2% 3R]
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113, 7756 (2000); B. Delley, J. Chem. Phys., 92, 508 (1990).
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[ B L T REL B HL(SOFC) i, A3 AT MEIZEY 60%% RESHRZ DR BRI RAMEFT
EDFMDO T FNX —BEANTTHY, KRBT TRRALKFER I A, GIRH A SAF T AIRE
DEARIREIE DAL E ATREZR 7 L U 7 Ve REL R T D, LU, FERREL T ATV B A7
EDMERCEWEIED LT DT E=T | iR, VA REEMEWS TR A3 E F T
WDHZENZ N, ZNHDOBERLY RV AZ v 7R AL SOFC 3 EAHEDIK T8k
Bl SR UMPAMER 723 D ZE BBV TS, Bl 21X LK R SOFC REHBRIZIB ALT- 356
[ZIE, BEDE T TRIRENTH ., Ni D ZU 7R b Ot L - - A e a2 2h 5
T oI MR B 2 R T [1], SOFC ERMLD7=OITIZZ D IO HE Ak a2 LD
FAKEREDAL AR LI THY | FEBR7T TR TIEZ AW E 1o FLr-uL
TORNTINE W2 FEB L2 D, Bl 2L, Wang HIZ& > THRA LM /KSR 1 Ni i CHE0DNTiF
HEL | BiBE R 1L 7o o CR A ) B MAE SN TRY[2), 7= Galea HIXFE Hifif sE#E =R D 5.
IZREVK B REEOIE L = R X — 3 ERF B2 095 a2 /R UTZ[3], L UE L /KFEDE AR
HRERIAT 211X, I Ni O3 HV TSR LA~ DR OB thOBREFE, FFIC
FRALEVO LIS 2W AR E O F B2 S\ BT M NN E ThD, AL TIE, 20
FOR B IRTZ bR LT 5 [EIRBR LW TR R o E MERe AL - m i A R T 7o &1k
FAHAE TR T DB RN T 7 a—F HOZF O RICOWTHE T,

SEOEE

[51£]

BR L B ARAT IS DOV TIE, = — RIS 9 L B ECR R 7 o o v VB ICEE S
T FEPLBE £ (DFT)#H Y 7 R CASTEP [4]& v iz, 28 AAEFIX PBE Z IV TALREDY, 3
J& (T 1IEREE) . 2x2 HL<IE 33 Ni(111)H L% (100)RFH AT 7 ET VAR L, 1vht~7
TARLX—fEIL 400 eV LU, (4,4,1) k CH TV T 5T oT, BREIRREREZRIZIL LST/IQST 14,
HLLITHHIREEE 10 0 Hessian R HAZFIH LB 7LV R 5% Wz, &5, Bbh-E+
A F RS R D3 SO 1 B TE SR DRt S B AR AR T L BEICHESE L Ch DOk L Sof:
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Subsurface i g5 D Ni 2o XV 7125 2 DB O AR MBS T 2N BV Ty
ERESc RN

[FEE]
AWFFEDO—ERIL, (R Fr =1 /LX —  PEE TR G BIREME(NEDO) B LU 7 (KR o Bhpkic v Thi
720 BRAALITR#TT D,

(2% 3R]

[1]K. Sasaki et al., ECS Trans., 7, 1675 (2007).

[2]J.H. Wang, M. Liu, Electrochem. Commun., 9, 2212 (2007).

[3IN.M. Galea, E.S. Kadantsev, T. Ziegler, J. Phys. Chem. C, 111, 14457 (2007).

[4]S.J. Clark et al., Z. Kristallogr., 220, 567 (2005) and CASTEP official web site: http://www.castep.org/.
[5]D.W. Blaylock, T. Ogura, W.H. Green and G.J.O. Beran, J. Phys. Chem. C, 113, 4898 (2009).
[6]3.Xu, M. Saeys, Int. J. Nanosci. C, 6, 131 (2007).



	2P101_w
	2P102_w
	2P103_w
	2P104_m
	2P105_m
	2P106_m
	2P107_w
	2P108_w
	2P109_w
	2P110_w
	2P111_m
	2P112_w
	2P113_w
	2P114_w
	2P115_w
	2P116_w
	2P117_w
	2P118_w
	2P119_m
	2P120_m
	2P121_w
	2P122_w
	2P123_w
	2P124_m
	2P125_w
	2P126_w
	2P127_w
	2P128_m
	2P129_w
	2P130_w
	2P131_w

