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(7] SR B RO E LTHSDBHELEN TN D, BT F R EDRES
HRTIZI138 < OEFEENR RV SN TWAE N, —F TIXFRERHCIRAH L7-3Y) & 1
AfEMZslE TRt b 5, MAKERERKY AU K> (RISP; Fig.1) &N
FHIR 2 kA8 O ZRZERMHHAICR TRV IR L TR 92 & . RISP DI EET T 5, Z D
JRRE LT, BT F & RISP & DEGETEENRE Z HILDHN, EOHMEITH 6T
X2, SRAS I 7 % & LT < & £45(-)-epigallocatechin gallate (EGCg ; Fig.1)
B & O8(-)-epigallocatechin (EGC ; Fig.1)IZ DWW T, KIEKTIZII1T % RISP & DEAK
DTG L ONEMRE ZHEE 3 5720, BEILEEIER KU COSMO-RS EI2 X %
et E1T o 72,

[5F5] RISP, EGCg. EGC B LUz 6 D# AR (EGCg-R, EGCR £§3%) £
T, CONFLEX IZ & ZECEMHTOMEREL D, 2N Z NI 2L F — NI REE D ELHE
5 +12kJ/mol Z W I VX — 26T A2 i L 7%, Onsager € 7L % i
L. BEED AP CcogmiEt. (B3PW9l/cc-pVDZ L ~N)L) % B EENEISE (71
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Fig.1 Chemical Structures of RISP, EGCg and EGC



55 & £%¢] EGCg-R ¥ X O EGC-R D/KHUZ B ) 3 REEME R Fig2 127”7,
EGCg & EGC 33LIZ RISP & 3 AT T/KERG L THARZIEKT 5205, MHAEMN%L
EAL T F VX —1X EGCg-R T -108.6 kJ/mol . EGC-R T -49.6 kl/mol &7 D, EGCg
1 EGC IR 2 5L Bz 3 L ¥ —IZH N RISP L AR ZIZIRT 5 2 E2VHBH L
7z, Figure 2 1278 ¢ X 912 EGCg & % \» & EGC & RISP [z < #HAMEH O F 70 22
I%. EGCg-R Tl¥ EGCg O galloyl B2 D /K#HEDY RISP D piperidine BREFE & DIKERG S
ZEHR L T2 DICR L, EGC-R Tlx EGC D A BRDI/KEEHRADS RISP D 7 v 3£ & /k#E
EOZIR L TnwbZ ETHD, £/, EGCgR IZE T RISP #4571 piperidine Bf %
il & U CTBRICK ST 2 MmO B DY trans IR BLE % & > TV 523, EGC-R Tl
cis AMEEZ>TED, ZOMEDE NS EIUKEREDORATIA DRI A
LTwbEEZLNS,

RISP. EGCg. EGC. EGCg-R & X ' EGC-R DK THORELEMEIZOWLT,
COSMOtherm 12 & - TEH L 72KICRT 2R (S) DX Table 2”7, 5
I E 472 RISP D S 13 2.6x10° M)TH D, SCHE (2.4x10™* (M)AI) 1 HLEE
flETdH > 72, s Z 4172 EGCg-R ¥ EGC-R @ § 1Z RISP & O /KB EIMER N2 & %2R
L. E5ICEGCEgR D SIFEGCRDELZ 1/26 THoz, 2F D, HRPITRLS
(& F£4 5 EGCg 1, RISP & BFICAIBEMEEERZTEE L T RISP D IH{LE WX % H
FHT 27O, RISPOFEIME T 25 SR LAHHL 7,

Fig.2 Optimized Conformations of EGCg-R and EGC-R in H,O

Table Estimated Logarithm of Water-Solubility S (mol/l) of Optimized Conformations of RISP, EGCg,
EGC, EGCg-R and EGC-R

RISP EGCg EGC EGCg-R EGC-R

log S -4.58 - 1.35 - 6.68 -5.26

*calculated water-solubility of EGCg is .
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${K RhCI(PPh,), @ Ph X OBEHILONR A B ET 5728, ONIOM {EZ2 Wz, Hb
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e . PhsP—Rh—ClI
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IIHE NI cis TH D, cis DEHE. AWIZ PhgP % T
cis \ZALET % PPh, Bofi+ AL DIARX Ph;P—Rh—CI
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BoAL F-RIEDNARRFEII/NE <. &L A trans LD B cis DF 1 3.3 keal/mol LETZ S
7o TOMMIE, HEHTHS Ph HIFEHRT 5 I ETHEWIIKRRFEZE# TSNS Z
ENTE, IHIT, BWCHMEASTEBOAY v F > THEERICED TXIVF—1
WZZENTD2MNETHD, £z, trans KO B cis DI MVISITHEHTE HIEEY A1 b
DEMBHRKREIN ENDNo T,

Z 2T, trans BE W cis MHITDNWT, il 7 IVICHEIET 52 TOHEIE
PEBREZEERELL TZRIF—7 07 0 =)V ERDER LUz, K2 ITRT X
DT, trans DA, TNETHISNTWZXDIZ, T LT 4 2O ABIEITK 18
keal/mol DR Z 72 T3 )L F —FEEEMNH O, Z OMBRENHHE - 7o — . cis DEEIE.
ZOBWBICKER T )V F—RET/R<, TN F—707 0 —IILEEKIZ\/ESNTE->
72o B trans [T KB RY A VIIVINT I F—WITERTHD EEZSNTE
2N, TORERMS . cis [TRDMMBE ST A IV T L H TRV F—WITAF]T
IBNZEMGIMB. ©L A, cis [TRBMEIISY A 27 ) DF N T RIVF—HINTHF
TH5. cis DHBEITTFINF—T 0T 4 —)VINESNRHEHICDOWT, PPh, BLAL T
DILARZN ST HIN R DB BT LT,

A1

AE (kcal/mol)

+H, | Oxidative addition | +C,H, ,  Olefininsertion Reductive elimination

Reaction coordinate

2. ONIOM(B3LYP:HF) L~ LDiEMFE trans 35 J O cis 12 K DA GO T %)
F—T70O07 ¢ —)b. FER : cis, R : trans.

(2% k]
1) C. Daniel, N. Koga, J. Han, X. Y. Fu, and K. Morokuma, J. Am. Chem. Soc., 110,
3773-3787 (1988).
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(7] Wi o, —HEY 7 2 hNgT, AWERORICE T 28R IREE, ERREE L v
> TZHIE DGR L 7 8 FIREE o il 1%, BB iE 2l (singlereference, SR)H G CIXNEETH %,
Z U BLE (multireference; MRYEIZ X 2 b D TH D | BEFHERE & MEIEN T35, ZORE
ZfRd % 72 SR, MR & b kA4 Lt R FIEPREINTE D, MADMEREYY 72
AN FNDREEDTHAL T B[1], trimethylenemethane(TMM)°benzyne & x> 72 &Y 7
71 V43 F Dsinglet-triplet energy gap (S-T gap)iZ D W T EH D%\ [2-4], 29 L 721N
SHAHAEAEA & x| RIS BN BI§ 2 MEEFIN I 12 & A E v, 2 2 TAII
Tl R REEEICER T 5,

(G5 59 % DI nitroxide (H,NO) dimer T %, Fig. 1 D X 9 7% 2 DDA, 2)Ic 1T
2 RSG5 (DAE D 73 1~ PR A A 2 B X
72, BF® F ¥k & L T RHF-CCSD(T) . ‘i_ .i_
UHF-CCSD(T). CR-CC(2,3).MKCCSD % JH\» 72, |
Ll o 72 & 12 ULC-wPBE, UMO06 family (UMOG6L., “J ’—‘
UMO06, UM06-2X. UMO6-HF)25® UDFT 314 34A 34A ;
o, HEEBIBIE ce-pvDZ % v 7o, JEHIRG o w
BOICE L —HEREDO L 2 VX — 2k 9
B2 E Y HE AP) B2 THIEL %, 1 2
UHF-CCSD(T)IZB L TIF ()2 & b <S> %3 Fig. | FHILAEFL 1.2
BRI R D 72D D[5-71%HH L 72,

<IPUHF |§2| IIIUHF—CCSD(T)>

1
<WUHF |lpUHF-CCSD(T)> ey

Q2
< >UHF»CCSD(T)

UDFT, RHF-CCSD(T), UHF-CCSD(T)3 Gaussian 09, CR-CC(2,3)¥ GAMESS, MKCCSD /& Psi3
ZHOWTCEHEZ T 72,

[R5 - £%42] Table 1 ® RHF-CCSD(T)D & I5L#E HAY MKCCSD & K& { %72 % DI RHF i
BB EHIEREZ IEL S BB TEL WD TH B, CR-CCQ23) I NI B/
B L THER D RHF-CCSD(T) 2 K & 5T % L #iii ST 253, 43 TG AEH
IZOWTIERLEEBR NI LRS-, Z4Ud CR-CCRIMVTEIN LY 7 h L



MWERFORICIENTH DI L, BT I HNIREICITHEHAETH S Z L 2R
LT3, —Jj, AP-UHF-CCSD(T)!3 77 WNIEIIAH BAER] & [FIARIC MKCCSD D %2 K <
HELTEDIS, 9. o FHEKRWHEAEMICOEHTH S 2 L23rd o7, M, UDFT 1B
L Tl ULC-wPBE I3 MKCCSD, AP-UHF-CCSD(T)IZIT WG % 5.2 7223, meta GGA TH %

MO06 family, #I1Z UMO6L, UMO6 (% grid error 23K Z < [10]. MkCCSD, AP-UHF-CCSD(T) &
DURL2EE 2R T, HRMROFMIIUHART 5,

Table 1

nitroxide dimer obtained by RHF-CCSD(T), CR-CC(2,3), AP-UHF-CCSD(T), and MkCCSD.

Dependence on the intermolecular (R) distances® of the magnetic coupling constant (J)° for

Model  Method R
0.0 02 04 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
1 RHF-CCSD(T) =226 239 -281 -358 477 -641 -842 870 -846  -859  -903
CR-CC(2,3) 1739 1741 1746 1763 1775 1774 1762 1744 1732 1732 1712
AP-UHF-CCSD(T) -87 -80 -63 -40 -17 0 9 10 6 0 -6
MkCCSD -98 91 =72 -46 21 -2 9 10 6 0 -5
2 RHF-CCSD(T) -136 -143 -174 234 -327 -454  -609 -778 -949 -791 -832
CR-CC(2,3) 1748 1759 1791 1833 1875 1909 1931 1939 1918 1892 1869
AP-UHF-CCSD(T) -96 -90 =72 -49 -26 -8 2 6 5 2 -1
MkCCSD -110 -103 -84 -58 -32 -12 1 5 5 2 -1
“In A.
®Incm™.
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[FF] SNFET. BBISAEEZEET 5FETH 5 effective fragment potential(EFP);E[1].
1 LLIXEHFEARETILTERET S polarizable continuum model(PCM)i%[2] & E XA
B5F %S fragment molecular orbital(FMO)E[3]MERUE Z#BAFE L TE1=[4,5]. KB
D peptide DIEEIZDVWTOME TIX EFP RICK D TEABEDERBLINIEA A >
A4 TORBEDEIZH L TIIBHTEEL LD o126l LHL. MiEA A DiE
ERFERAS TIZHLTRETHD=HIZIE, buk DKBEDEENLET.
FMO/EFP A4 CRMBEREFHZRAVSIN.PCMTENERET IMDPBETH 1=,
ARRFEEZHERLZ, 2FY. SEBAEMN FMO X TH S FMO/EFP/PCM £ %
AR LTz, TD-HDRIEEME & LT, # L L FMO/EFP i%. FMO/PCM & ZBEF L 1=,
F 3. FMO/PCM ;%[ apparent surface charge (ASC)MDROAIZK Y . HALELARILN
HFHET B[6]. AARTIILBRMSHEENDEIX FEHFH L L FMO/PCMLEZRFE L
f=o EHIZ. FMO/PCMWED T A T 7 % FMO/EFP EZD N BOFE(Cxt L TEAYT
% & T, new FMO/EFP ZZRFE L 1=, EDRBEIIHMERD FMO/EFPED L D & RF
T. SEEBAENERANORMEALYSE L, &, FMO TRILF—HERITFHEIC
HETEDLIICHES=DT[7]. CALDERICKHLTEH. MP2 LAJLTOFEHHM
PTOERILEEEEZ LIz, ZLT. ThodHELLWFEZHAEHLE T,
FMO/EFP/PCM %% B% L 1=, FMO/EFP/PCM ZDHERIEX. I RTOEBTHIBOE
NEEINDZETHD, £i-. EFP DKL EFE LD LT, BENELLDBE
& PCM BEOEEOHEEERAZEML. protein-ligand AE/ERBITDETH S pair
interaction energy (PIE)fETA & Y FEEIZITA B,

[FtE] FMO/PCML>ik % ALY

Trp-cage miniprotein construct TRP-cage miniprotein construct D& & B b
(PDB ID: 1L2Y)D#EERELE 038 ]
%  RHF/6-31G(d)+empirical

_ _ : s 744043 -

dispersion[] LNIILTIT o= 5

% $ . cavitation, dispersion, ©.744048 -
. = 3]

repulsion free energy MEtE D E

f=&IZ. Li AL -7,440.53 1
smooth potential energy surface
%EHT 5 FIXPVA &% l,\‘ . 1(‘)0 2(')0 200 400
z[9]1e ERD K S ITR L—X Optimization step
[CIRILF—FRERL, REBEIBERHILOVMHAEETH S 1L2Y DFE—HBEL
MDE Y RMSD=0.4136A T—H L. PDB O NMR #E&E 2 E5HETHE L=,

-7,440.58




RIZ . FMO/PCM<1>i% & new FMO/EFP (& & # A &t 1= .FMO/EFP/PCM iZ ZFAFE L .
HIVBEE#I & L TORREEZ D2 >/ &, Griffithsin & {A(PDB ID: 3LL2)(Z#
Lz UAVFTHLIHEBLEEBAEERT 57 3/ BEXE% Active i8I, HHL S
8A £ T% Buffer f8lsi. Th &k Y& < DB % Far $BI & EZE L. protein-ligand R D
PIE #51& L1z, Active f8i5{®M PIE D &EHEIX FMO/EFP/IPCM DEEIZ K Y., KL
f=o HEITRE(X4A D EFP KD E 8A DIKDET., FMO/EFP/PCM 5tE % L T- &
Z A, PIE [XIFIFWE L=, thDEEIZHWNTE. 4A O EFP KDBEZEZEETILZF
[XPIE [FUER LT = CHITLERMEFP DB ZLERMEL L TH. BEEPIENELN
5ZEHERLTNS,

X:1L2Y #EDELREGHLR®

X: Griffithsin 8 &+EFP 7K

Convergence of the pair interaction energies (kcal/mol) in the solvent

Configuration 1 of EFP waters
gas |PCM[1(2)] IPCM (1) | EFP4A |EFP4APCM| EFPS8A |EFPSAPCM
Active | -301.2 -291.0,  -289.8 -276.9 -282.3]  -279.4 -283.4
Buffer 6.9 8.0 7.8 6.8 7.8 7.7 7.8
Far 2.7 0.5 0.3 2.7 -1.0 -1.8 -0.7
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Table1 Zero point energy Table 2 First excitation energy

(ZPE) of H; molecule (AE,) of H; molecule
ZPE [cm™ ] AE; [em™ ]
VMC  22853(2) VMC  4489.4(2)
DMC  2266.6(1) DMC  4368.1(1)
Exact Bl 2266.6 Exact Pl 4325.6

References: [1]A.B. McCoy, X. Huang, S. Carter, and J.M. Bowman, J. Chem. Phys. 123, 064317 (2005).
[2]K. Suzuki, M. Shiga and M. Tachikawa, . Chern. Phys. 129, 144310 (2008). [3]H. Ishibashi, A. Hayashi,
M. Shiga and M. Tachikawa, ChemPhysChem, 9, 383 (2008). [4]Y. Kita and M. Tachikawa, Chem. Lett. 38,
1156 (2009). [5]P. M. Morse, Physical Review, 34, 57 (1929).
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ZRIIHFTHTI/ELHIBRAD & RIRIRDEROMR

(FEKRRET) OLHEZ, BRIE—, SHIEE

FHERBICBT2EARDFOHRAIHMEBROEGOEREZER TSI LTEELGT —ITH D,
ERDFOBBINEE - TLUE., BEZTIZ 150 BELULOEMAFARRIhTEY, 2O
[ZIETVS U DRIERATHDTI/7EL=RJJL NH,CH.CN R EEMMELD=DICEELSH
FEEFENTLS, LI, ZLOEMDFHARRINA TS —AT. ZOERBIEIELLHSMNHT
LVELY, BB - B A ICFHERMZRELE-RIETOMRELITHNTLS, 2008 FIZ, Hynes et al.
[C&koT. FHELIZHLVT 1 kcal mol" F2E D RIGKEEEZ# 2 T NH,CH,CN BAER T 5 RIGHE
BHARIBENT=, CORIGIEKICEDMESHRIZE>TRIGHFRIYOTLLEL>TLNSA, RET
DIKDFHRIGIZEZHEEIEEERMIZEZ LMD TULVELY,

FIT.AHETIE. 2 DFDORBEDHT NH,CH,CN 25 BT BB EIERL. FTHZMIZH
(TRHERBIEEMRETHILEBMELZ, HRELT. BEDERMETITOALSLERHE
ETRIAER()EHRHETIRERFICIRILT—2XNTREROREK(IVEEZ -

R1+ R2 2 NH,CH,CN ---(i)
R1+ R2 > NH,CH,CN + H - --(ii)

NH,CH,CN M4 B2 88 # #8783 5 1= 1= GRRM(Global Reaction Route Mapping)i&Pi% F LY
TERET2, FDOEE.GRRM [FHEIR NI DD FRTHBEMBRWEEEE5X5
B3LYP T &% {To7-. ZLT. BoON-BRICHL T, 2CYSIBBROLEHELERIKED
BEIC DOV TXYEHMAEBITETS1=80IZ MP2, CCSD(T)IC T & LT RIILXF—%51E L 1=,

BE.HEORPTHANINET GRRM [2&oTEHELN=()D REFBD—EERLI-DOH
Fig. 1 T#% %, Fig. 1 D#RERIZDLVTIE CHNH + NCH AY TS03 #3i@Y NH,CH,CN #55#Ri%
& CHoNH + CNH A TS02 #B25EVNSBEDHELEHDILDOMNEFONTz, IHIZ, HLLE
B&ELT.CHNH + NCH A% TS05 # @AM FEONTz, LHL. SNLDORBIEIVTERIE
FEEAREFHERMTIEEIYZIITELY,

(i) NH,CH,CN & H O&ERRMEIZDWTIE, 72/52H)L NH, (110 RAGFEEE AN (1) D & S
[ZHEARTINESWZER LD STz FVAIAMRIETHAZENRIGEEZRELLIZEZZAONDS,
D NHy; + 7432 CH,CNH REEICDOWTKYEHMICEITLI-&ERM Fig. 2 TH5, 2T
NH,CH,CN # 4 LA REER. TNLUNDERYEELLHBRE JBTRLTVS, CORMS
NH, + CH,CNH RIGIZIHAMRIGERESIERERGRED ZDONFHETHEN OIS, K
GREEE (X CH,CNH O N A S0 H DFIERE RGO A D 5 keal mol' BETHY . HMRIED K
ISFEEE (L 5 keal mol ' FREE LB ZHRELYH/NELV=8 NH,CH.CN DAEBIRIEELTE N TH S,
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[1] A. Belloche, K. M. Menten, C. Comito, et al. A&A 482 ( 2008 ) 179.
[2] D. M. Koch, C. I. Toubin, G. H. Peslherbe, J. T. Hynes, J. Phys. Chem. C 112 ( 2008 ) 2972.
[3] K. Ohno, S. Maeda, Chem. Phys. Lett. 384 ( 2004 ) 277.
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YA VI LREDEKRILINRICET S DFT 5t &

(EERRAE - /T 07, ERIIRELE™)
OTMzZEsL", =& K—"" =R &", JIlE #H=a"

(%]
NUZ(@2-ZzZ)LEYUIF ) U I AN 8 Ir(ppy), (1) &

B EL EFCHVTHEAMBE LTRVWSNIRENLBBETH

[1]o B3, Ir(ppy), EEKFLT R EICED. BRATODEFHEN
MENBELETZZEN. RESICIDEEINTNS [2], BHAN Ir
I NLOERN S, BARLICE D IESHERORISEENEL - Z SN
TWBENAREN., INHEAPEELORREEZSND, AER N
T, Ir(ppy), BIEDEKRIEMRELDFHELU ARSI, BENE

#o5 (DFT) (& 2ERABETN, EREOHBER IS, 1

[Gt&]
DFT &t& &, B3LYP JABEE#L. LanL2DZ EEZEA L. Gaussian 09 ZFWT&E 1> 7o,
BEERRE S, ICHT 2IREIFTEZ. EXRAELRS CICERBEBRAEICOVWTHE I A>Tz, IRBIFKD
scaling factor & LT 0.9756 ZRW i [3]. /o, BFEEKE DFTEIC K D RIEREEDETE
ERIBRV, REZFERET, ICHTI2LEBEERD,

L (@) ]
| Ir(ppy-dg)3 |
é‘ I l |
5 A Ao N,
C
- L (b i
- i Ir(ppy-hg)s |

3000 2000 1000 0

Wavenumber (cm'1)

[K11] fac-Ir(ppy), @ IR A7 KL (a) Ir(ppy-d8),, (b) Ir(ppy-h8),



[EREEE]
11& Ir(ppy), facial FICXF U TEHEICEID KO SN IR AXRT MNLT, ()T RNTDKHR
FRFZEKFRIIEU K Ir(ppy-d8), & (b) EEHAK Ir(ppy-h8), ZHEL TRUL TW3, 5tEE
RiF. EREDHEBHWEW—8% L., 3140 cm™ fhIc B 5 iz CH EfEiRE N, EAEKL
IC&D. 32330 cm'HEEXE TIEIRILF—V T NI 2R EBEREKFRICMENR Sz,

fac-Ir(ppy), A FIFEERET C, IMEZRON. T, TEBETIE. C, ICHIREIET
T3, COEBETD T, KEIE HOMO - LUMO BB TXEINS, K2ICRULEELSIC,
HOMO (X Ir 25T 1 2D ppy BALFD 7 = ZILRICIFIFBEL TWB,—A.LUMO &,
A D ppy AL FICBEL TWBSZ & h B,

LHIF. DFELWERZHREI D TECH D,

HOMO LUMO

(2] T, ZEHETD, fac-Ir(ppy), ® HOMO %A 5 i LUMO

[>#k]
[1] M. A. Baldo, S. Lamansky, P. E. Burrows, M. E. Thompson, S. R. Forrest, Appl. Phys. Lett. 75

(1999) 4.
[2] T. Abe, A. Miyazawa, H. Konno, Y. Kawanishi, Chem. Phys. Lett. 491 (2010) 199.

[3] B. F. Minaev, V. A. Minaeva, G. V. Baryshnikov, M. A. Girtu, H. Agren, Russ. J. Appl. Chem. 82
(2009) 1211.
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Jj-coupling IZF1T 5T Z = R 7 oALMOEAIREOITIE
(PRCRERRZEEE, AR AT HABERBEY) OIASE, #Hipe

050

T H = R EOBETH BB OB IRETIE, HAmAROFEBLATHS.
SROFHREGIEL LTI, M2 7 A7 v vb (RECP) 12X % HF & %\ ME MCSCF Tf57-
MO % H\ 7= SOCI (spin-orbit configuration interaction) 23& %. % Z TliZ, LS-coupling 2AFIZH W
53D, SOCI LIS DRHFE L L T4 EJz YENH Y, U4E DIRAC[1)/2 EDF 1 7T Lhviig &
M, TRPEALTND. Foxid 4 TEICES< CHIZ L » T GAF ODEF AT MV OJiE %17 -
T&ET[2,3]. 4 BioriE TIE—MRIT jj-coupling 23 H 415 723, jj-coupling (2B \WTik, 7 TD&ET
WRBOMPIEVPHESLIN TN RN E WS RN B 5. 2y & A OBt Snanicsd)
(2, CIDOILETH D CSF (configuration state function, = Z Tl Slater {75I) NEEIT/e 5 &
)WL H%. GAF DL - (KHHEIREE T, WATEIX G F TH Y, 14 {#D(4f) spinors (Z 7
ﬂﬁ]@ EFNHY, (65,5 2HDOEFNHDHEEZTIN. 1FEAEHHEL TODAENENDOT

DEFIELEBET D720, ZHD CSF AR IND. 1FONTREIRBREIIZEERN TH Y,
FLE U2, Fox i, ZoRE% [fshell Omega decomposition] & FESGIETHR L=, 72,
ZOFEEEHATHIETAXRY MVOEELFHHTE 5.

[ 7-shell Omega component weight & 44 1%]

GAF [Z2oWTC, (4 O full-CL 22 &, (6s,5d)* @ full-CI ZER D EARE T CLZEfM & 4Bk L, EBEFD
A TEE)E D5 T4 52O T Cl-Hamiltonian 2~ & » 7{k L, in-core X} Ak TRAR & iR -,

GdF D ALEMRAEIE, LS-coupling Tl X*S 75, &ENLD. jj-coupling TIE, Table I 1Z7RT X5
2, 0Q=7/2,5/2,3/2,12 D 4 RENIZIFHEE L TWVDH. 25 L5ERICHE T %5 Kramers' counterparts
1%, Q=-7/2,-5/2,-3/2,-1/2 D 4 {RHETH 5 73, Table I TITEME L TV 5. GAOP (gross atomic orbital
population) (X8 T, 47 [65]"° [54]** [6p]"> TH 5. Z L% symbolic I (4f)(6s)° THET 5
E&T 5. Q=72 Ti&, Slater 175IUE 14989 HTH V), @D Cl-weight TH 0.1473 L7720,

Q%A & (65,5d) EDRITHIREL, @) OO EQ Y. TR TEEND,
Q,Z L @ Cl-weight Df1% [f-shell Omega component weight]  (Qyweight) &FESZ 2123 5.

weight(Q,) =Y C’ 6))
ieQ,
7o b 21X, Q=720 JRRAETIE, Q=7/212Q,weight ZFATL LTIV, ZOMHEN 1.00 ThHDHZ
& Table I 2553005 . DQ=5/2,3/2,1/2 DIRREDL JHFHE L T\ 5.

=R VX —TEDNAN Z SN &35 &, FEEREDD 0.55eV _EIZ SN=5-14 @ 10 {EHDIK
BED N 5. GAOP I3, 1FIF @ T, 411 [6s]°% [54]" [6p)" T 5. Z % symbolic 12 (4/)(6s)'(5d)"
THRBETDH. LoL, Qweight D53AEAY SN=5-7 & SN=8-14 TIXH/R2 5 Z L 2353H25. SN=6,7 I%
SN=5 725, SN=13-8 [Z SN=14 " HIREL TV DH & A3 Z LN TE 5. SN=5-7 & family & FEOY,
SN=5 #Z D root LFESZ L1295, F72, SN=14-8 [ZHD family Z A% L, SN=14 73 root TH



2.

ZDOGHIZE D, 0.55eV FHTOIRREN 2 H D family £ 0 kD Z & RS N7z,

FLEIRAE SN=1-4, JhELIKAE SN=5-7, SN=8-14 O family #Z I ZI, X,a,b TT LT T 5.
EIRRBICH L TIE, Fe R Qpweight DA D Qp & (65,5d) T4y OB Bk /Y & Z 4L
ZZT, &)

i x DE

ETNTHHETHlA5. flx
D EfHE 52138 L TW5D family @ root DQDOIETH Y,

b5

e

5. 512, BuF o ~0mHIz >V THak

M+ IEERILSIMCH weight DR EWQBTFIET 5 2 & AT,
SN=108 DIRFEIX, SN=1 & AQ=0 TR\ EB LD, EBRFED [18.3] LIESRETH H[4]. &
BiEROmWIBRIZIBWTE, hEICEET 5 2 IKEBM T Qyweight DM —EH L T\ 5.

Y HIE, 3.0eVELFOETIREE

><~T L, f-shell Omega decomposition |

1X, SN=6 DUKREIE a [(4f")5n(65'5d" )20+ . Jsn THD
Bt DT E 32 12435k RED

DQDET

WX D ImEadeRT

TABLE I. Designation of the excited states below 3.0 eV.
Family name EE f-shell Omega component weight
SN State designation Q (eV) =512 =32 -12 12 32 572 72
X214 )(65M)]a
1 X 7/2[(4f 7)22(65%)0r2] 712 72 0.000 1.00
2 X475 (65052 52 0.000 1.00
3 XA 7)3(65%00]32 32 0.001 0.99
4 X 1A T)12(65M 012 12 0.001 0.99
a ?[(4f")(65'5d")]a
5 @ @ Nn(6s'5d") 2nlsn 52 0.464 1.00
6 a > [(4f )5 (65'5d") 0 + . T3 32 0476 0.80 0.20
7 a > [(4f)32(65'5d") 2 + . 112 12 0.487 0.62 036 0.02
b PPL(4f7)(65'5d")]a
8 b B4 7)50(65'5d ) an + . 11 12 0500 0.07 047 046
9 b B4 an(65'5d Y an + . J3n 32 0513 0.14 0.54 032
10 b @17 10(65'5d )40 + .. 5 52 0.526 024 056 0.20
11 b @ )3(65'5d"Yan + 1 T2 0.540 0.37 053 0.10
12 b @A )3n(65'5dYen + .. Jon 92 0.554 0.53 043 0.04
13 b4 Nsa6s'5d s + ], 1172 0.570 0.74 026
14 b P41 7)12(65'5d" 613 132 0.586 1.00
108 E"[(4f7)p(65'5d" +5d%)0n + .00 72 2.499 0.03 097
(& Cik]

[1] DIRAC, release DIRACO08, 2008, written by L. Visscher, H. J. Aa. Jensen, and T. Saue.

[2] S. Yamamoto and H. Tatewaki, J. Chem. Phys. 129, 244505 (2008).
[3] S. Yamamoto and H. Tatewaki, J. Chem. Phys. 134, 164310 (2011).

[4] L. A. Kaledin, et al., J. Mol. Spectrosc. 176, 148 (1996).
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QCLOHRIZEDSK F U NIV ERBEFVIab—Yary7Fu s I AR
CRRAEND OFE 8T, 181l E, bAr@Ely) sy, gk ok

[#=] QCLO #:[1, 211350 D4y % Tl / = 0 )V R1E{L#LE (QCLO; Quasi-Canonical
Localized Orbital) % BePERIICAERL « JEKT 5 2 & T, X2/ 787 EORHS 1O SCF FHE
OYHMEZ SRR HHT 2 HIETH D, KBS FORE R FIRICBW T, QCLO %
L SCF VK LHAEDORWHIMEL 525, LL, ZOFEFEITIFENZJEHETHD . K
HIBL 13 & FAERIC KD ERIIRERC 70 5, 1 REHRTST C72 < | #EiE R (LS ab initio/ DFT
MD 72Dy 2 b—3 a3 OBRETEH, MEZIDOTZNZ QCLO EEFIHT 5 Z & i3 TH
HTHDH, AL TiE, QCLO {EIZHS X abinitio/ DFTMD 72 FOEE VI 2 b—va %
EHERICIT Y. BRARARER Y0 ST L T L— 2 U — 7 BAER L, BHICER AR I 2 L—
TarNARRERD T — I RUFEERTHZ EEHBE LTz,

[QCLO %]

QCLO [ I—HEDR{ELHLE TH U . 2o, FIZIXT 2 BIRESBIREOTF R &, T
BOJRA 7 N —THANTREL L TWDHR, ZOHEAMNTIED /=055 Fi0E(MONTHEEL L
lebDElpoTND, ZIZT, RELL TV ORMLEZ T T 7 A LIRS, 2 /37 BOFREIC
BOTIE, ZORYXTF R EYTa2a=y DT T 7 A bO QCLO 207X 5b¥LH L
T, FORERRY XTF FHOESALROEZER L, BEMICHRT 2 itk TH
N7 DEBFIHFEICEAIL T DL, 2ok, Z o 7 EOREICER LT 72=y ha oL
— 7T DL HREIBEORWYIIEN G LN [2], BN EFIEIUTO®EY Th b,
FIE 1. FHREISREZE YR T 2=y M7 L— 20 PIInET 5,

FlE 2. %7 L—20 TOBEBIREFREZITO, 5 FHUEMO) %KD 5,
FlE 3. 55472 MO 75 JRfEL#E(LO) 2 R 5,
FHE 4. HEILHUEZER(T7 Z7 7 A2 MO S5 6 QCLO fERRICH TR 7 Z 7 A v MO L,
Croz BT %,
FlE 5. 7 L— 251 42KD Fock(Kohn-Sham) {THIFA AT L LiIck, 7772
k ® Fock(Kohn-Sham) 174|F %%,
Cl FCo=F
FlE 6. ZhzstmabdsZLicky, QCLO 2155,
F'C'=CE
Cqcro = CoC’
FIE 7. 7 L—L50FDCocro” HRIAXNRITLE: QCLO ZHE6 L. Couma R 5.
FIE 8. Lowdin DEAIAKILEE], E7-iXEAA & EARAEMNC LY | FHRSLS T OHIHECE
(E XN

ZNET QCLO ZRHHBEZMETH 7= FIE 3 @ LO(Localized Orbital) DFFHEIZIX,
Population Localization {E[5] #FH L CT& 7=, 2D LO FHET /LT Y X LAOFHEEIFTFEERBRED
A N A2k LT ONDIZZ2 D | KBS TS T 2 & S EH AR & 7> T, LO &



BT OFIENM LI TN D, AHFFETIE RLMO ¥E[6lic X % LO FHEIC & 0 3R
OREHE A T-, RLMO £ Tix NBO OARKIZHEEI L= FIEIC L VIERT D Z &3 TE, ON3)
L 72 %728, Population Localization {52 Lb~KIE 72 FHERFH OAE S I T 5, KBS 1
2B 1T 2208978 QCLO JEIZ K D AIHMEERSIEIZ DWW T, Y ARET D,

[EEGERE 2 7T A0BE]

MAVEERLERMLB ARGl L, 22— =N ZEey I 2 L— 3 Y EAMEITITH 7291,
7 NV—5rE(glue language)®—> & LCTHIHILD Python #f L=, &@FEFiE 27T A
ProteinDF Z X U & 547 1 7T LAOFATTIX, Ny FUOH, MPI ETERER S~ VB8R
BRICAD LTeFEATHRAZ B2 208X | 22— P~ THAZ v A ATERTUT R B0, K
FFETIX Python Z4E/H L Ca—¥—DFEITREEICS CIANE 7 0 77 A& T 2 L2 k-
TZORMEE R LT, BERSFO2EFFEIL MPI-OpenMP /~1 7V v RFITIT 5, B
DRSO BEAALFFH A ZWATICFEITT 5. BlIOBEFALFFFEORE RN S5 O T - i 2 8
TR T VONGE LTHWD R E iy I a2l —va v EBTH 2 ENTEDL LI T,
ProteinDF TR 72 EEE TO = 3L — DT 6 hz2H I L, 2% ProteinMD ~
#1595 Z & T, abinitio/ DFTMD v =2 b —va VL A[BETH D, QCLO IETITH 80
D 2 WHEEIZHSE S T =y NEBRT 5 LSRR HEAERT 2 Z EnTE 5218, 2
WHEEHET 0 7 T LhEHEETHZ LIV, MD v 2 b—3 g N2 K DEEEENEE T
BfifEE U723 T Y A2 ERRT 5 2 & 6 TE S, Python Mz 5247 Y =7 MERSiEE LT
OMEEZMM L, B FROWVICET Y 78R, BT 07T 00FETE 7 7 AT5Z &I X
ST, —ERBLEAZ VT FaFAAT 52 LMK S, SCF M0k LEHHEIZEHE W TR AN
B BERBARRLE IR~ DL R GI EORESEN: - VT VA ET Rt TH &
WZEV ., BHICHFET - ICHADBARRIZR D EZ 2N, 5% GUI & b L TRk I o b
—2a VMTRAODBREAEHL T TETH D,

(&5 k]
[1] H. Kashiwagi, H. Iwai, K. Tokieda, M. Era, T. Sumita, T. Yoshihiro, F. Sato, Mol Phys., 1,
81 (2003).
[2] N. Nishino-Uemura, T. Hirano, F. Sato, J. Chem. Phys., 127, 184106 (2007).
[3] P.O. Léwdin, J. Chem. Phys., 18, 515 (1950).
[4] H. Kashiwagi and F. Sasaki, Int. J. Quant. Chem. Symp., 7, 515 (1973).
[5] J. Pipek and P.G. Mezey, J. Chem. Phys., 90, 4916 (1989).
[6] F.L. Gu, Y. Aoki, J. Korchowiec, A. Imamura, B. Kirtman, J. Chem. Phys., 121, 10385
(2004).
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SFENFRFIEER N T e 22 A 7 U oA RS &

EEOESHRICET 505
(FHWAE - THAT OV T4 7) OfEh B - &5 WE- i &2 -5 ZA

<Hmx- B>

v b7 v s P450 (LUF P450) 1IMAEW D HHEY), B E CEMTITIRL AT 5 —HD
NLBEURTETHY, EERNTIEIAT B4 ROARSEDRFHCEE L Q2 HELREESR
HOOELDTHD, P450 1T — AR AARTR & B eiEsE 4 ) C— R FER R IR SUG % fi
B2, UL, P450 D72 —MRAV 2B LEUG Tid7e <, FrEAY 72 BMEb OIS % ittt 9
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Theoretical investigation of the structures and dynamics of synthesized
molecular gyroscopes
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I. Introduction: The synthesized macrocyclic compounds with Ca9
framed molecular rotators have been receiving attention as a C40 \S7 C16 15
fundamental element of nanotechnology. Crystalline molecular N
gyroscopes with bridged =-electronic systems have many
interesting physicochemical properties. For example, the dipolar
unit of a rotator in the crystal can be reoriented under the
influence of external stimuli [1]. Recently, an X-ray
crystallography of the novel molecular gyroscope with a
phenylene rotator encased in three long siloxaalkane spokes has
been reported (Fig. 1) [2] and facile rotation of the phenylene
ring is observed between three stable positions. To investigate
its structures and the rotational dynamics theoretically, we have
performed series of quantum chemistry calculations. Notable I 2 e v e e o
results explored currently are reported here. _ evroscope at 225 K [2]. Three stable positions
I1. Methods: In order to reveal the molecular packing structure  of the central phenylene are shown.

and the dynamics of this molecular gyroscope, the Non-self-

Consistent Charge (NCC)-and Self-Consistent Charge (SCC)-Density Functional based Tight Binding
(DFTB) methods [3] implemented in DFTB+ program package were employed [4]. In accordance with
the experimental condition, a periodic boundary condition (PBC) with or without dispersion energy
correction [5] was imposed in calculations. By using the force constants computed by DFTB, motions of
all nuclei were evaluated based on classical mechanics with constraints on shape and volume of the unit
cell.

I11. Results and Discussions: The X-ray Table 1: DFTB optimized parameters

geometries of the unit cell of all three stable | Methods Si-0-Si | Distance (A) | Dihedral angle
molecular structures are semiquantitatively angle of | (O & C atom | of  phenylene
reproduced by both NCC- and SCC-DFTB eacharm | of phenylene) | and Energy (Ey)
methods except the Si-O-Si angles of the | X-ray geometry 090 = |39 031z
highly flexible siloxaalkane spokes. No 8'82 2 ég
significant effect of dispersion energy ' '
correction is observed in optimized | BFTB 0.79n |4l 0.38 7

. S a) NCC 078 = | 4.1 E = -336.52339
geometries. DFTB optimized parameters of 081 53
the most stable structure are summarized in 080 = | 41 038 =
Table 1. Prior to the calculation of the b) sCC 079 n |41 E =-336.08949
rotational potential energy surface (PES) 083 n |53

under PBC, the qualitative agreement between DFTB and DFT (B3LYP/6-31G**) was confirmed for an
isolated siloxaalkane gyroscope. We have first calculated the PES without dispersion energy and found
that the rotational barrier is as high as 250 cm™. The potential is found to be asymmetric and hence
expected to exhibit unidirectional rotation (Fig.2a); it also displays three stable positions of phenylene
upon 1 & rotation which are in reasonable agreement with the experimental observation (Table 2).
Furthermore, the potential is periodic by © with respect to phenylene rotation. The SCC-DFTB method
with dispersion energy correction revealed the similar appearance of the PES but the rotational height of
~400 cm* is due to the inclusion of the van der Waals interaction (Fig.2b). These substantially low
rotational barriers clearly indicate the efficiency of the encapsulating spokes to isolate the rotator from the
neighboring molecules.



Moreover, for the NCC-DFTB/MD simulations with (case 1) and without (case 1) dispersion
correction at all temperatures (1200K, 800K, 600K, 300K), the initial angle of rotation is one of the local
minima at around ®= 0. In case I, the trajectory at 800K shows < 15 ps for the direct 1 ® phenylene
flipping whereas in case I, it takes > 15 ps due to much higher barrier felt by the rotator. Similarly, at

(a) without dispersion PBC

—: NCC-DFTE
= SCC-DFTB

(b) with dispersion

Dol
C (0.75 n)

Energy (cm™!)

50
B (0.35 n)

>

400

00

a0 —

Energy {cm!)

100+

0

T T T T
1.0 15
Angle(n)

: NCC-DFTB with dispersion (5P)

[— : SCC-DFTB with dispersionﬁSPJ]

] T
20 o0

03

T
10

Angle(n)

Fig.2 (a,b). Potential energy as a function of the phenylene dihedral angle

room temperature, in case I, the rotator flip-flops between the local
minimum A and the global minimum B up to ~250 ps but in case II,
it flips between three minima A, B and C with in 90 ps time scale.
The rotational heights calculated by applying Arrhenius equation
are 271 cm*and 650 cmin case | and Il respectively which are

almost consistent with the heights observed at the PES (Fig.2).

Case | (without dispersion)
M 800 K

O (n)

N4
C 3
2_
B
1_
C

Table 2: X—ray & DFTB structures

Phenylene Angle @ (m)

position Experiment® | DFTB theory
First 0.082 0
Second 031 0.35
Third 0.68 0.75

Case Il (with dispersion)
800 K

0.204
0.10
0.00
T | | | \ \
0 50 100 150 200 250
f time (ps)——— \

20

40 60

80

| |
100

+——time (ps) ————

Fig.3. Rotational angle of phenylene as a function of time at 800 K and 300 K

IV. Conclusion: Inclusion of the self-charge consistency is found to be mandatory to address much

weaker van der Waals interaction present in our gyroscopic system. The appearance of low rotational

barriers, which is highly demandable for synthesizing crystalline free rotor, indicates a promising function

as a molecular gyroscope. The facile phenylene flipping inside the cage of siloxaalkane spokes at low and
high temperatures demonstrates the existence of sufficient free volume around the phenylene rotator.

References : [1] Garcia-Garibay et al. J. Am. Chem. Soc., 124 (2002) 7719. [2] W. Setaka et al. Chem. Lett. 36
(2007) 1076. [3] D. Porezag et al. Phys. Rev. B, 51 (1995) 12947. [4] B. Aradi et al. J. Phys. Chem. A, 111 (2007)
5678 and C. Kohler et al. Phys. Rev. B, 64 (2001) 085333. [5] M. Elstner et al. J. Chem. Phys., 114 (2001) 5149.
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