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Polarity and Solvent Environment at Air/Solvent Mixture
Interfaces Studied by Electronic Spectral Shift of a
Solvatochromic Dye
(Molecular Spectroscopy Laboratory, RIKEN)
OSudip Kumar Mondal, Shoichi Yamaguchi, and Tahei Tahara

Recently, our group developed heterodyne detected electronic sum frequency
generation (HD-ESFG) for measuring electronic spectra of molecules adsorbed at
interfaces.'® This technique gives very high quality electronic #'*) spectra with real
and imaginary part separately. In our previous studies it was found that the air/water
interface is less polar than bulk water, but more inhomogeneous as a solvation
environment than bulk solvents of its equal polarity.'” Now we are interested in the
solvation environment at the air/liquid interface of solvent mixtures containing water
and a less polar solvent. It is well known that, the polarity of such a solvent mixture
is less than that of water and as a result the electronic spectra of coumarin 110 (C110)
show a blue shift. So, it is expected that the imaginary #'*’ (Im[%*]) spectra of C110
at the air/solvent mixture interfaces will be further blue shifted from the spectrum at
the air/water interface.

In the present work, we applied HD-ESFG spectroscopy to C110 at the
air/solvent mixture interfaces. We chose DMF, DMSO, dioxane, and propanol as less
polar solvent of the mixtures, and studied the shift of Im['*’] spectra of C110. Figure
1 shows the Im[y*] spectra of C110 at the air/solvent mixture interfaces with the
variation of less polar solvent concentrations in the mixtures. For all the solvent
mixtures, unexpectedly, a clear red shift from the spectrum at the air/water interface is
observed. It indicates that at air/solvent mixture interfaces C110 experiences more
polar environment than the air/water interface. The UV-visible spectra of
corresponding bulk studies are shown in Figure 2. It is found that for all solvent
mixture, there is also a red shift before blue shift is observed, but the amount of the
red shift is much less than in the corresponding interface spectra.

At the air/water interface a C110 molecule gets stabilized by putting its
hydrophilic part into water and sticking the hydrophobic part out in the air. From
surface tension studies of solvent mixtures, it is found that less polar solvents are
surface active and after certain concentration the less polar solvent covers the entire

water surface. The solubility of C110 in less polar solvents is much higher than in
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Figure 1: Imaginary x*’ spectra of C110 at
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Figure 2: UV-visible absorption spectra of
C110

containing

water. So, we can conclude that the C110 molecule at the interface gets stabilized

more and more when less polar solvents cover it gradually. C110 will increasingly feel

bulk-like environment in which the spectra are red shifted compared to that in

air/water interface. The drastic decrease of signal intensity of Im[y*'] spectra (Figure

1) at the air/solvent mixture interfaces is also a indication of bulk-like environment

around C110. Thus,

we conclude that C110 at the air/solvent mixture interfaces

experiences a solvation environment which is very similar to that in the corresponding

bulk solvent mixtures.
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LIFHEETH D, Upibivoivd, BEAZT 5 mER & 7 VX VNG 72 5551 %
THReBI B M 2 g R vERURE A 1872 [2], AR CTIE R 7257 7P r—F & LT,
NEAARCEE D e FEAE A LR C i BERRLAIME & OR 57 U 7o AR 722 Bl W) - Be S D EDS B AL 5 ]
REMEDR & D REIRT VT 2 & 0 BT, KM X OMEROEF /21T > 72,

[F28r]

WClg & AIEtCl, Z fillft & L T\, cyclododecene (CioHp) Z A SHTA Y I~ —
Z1%7-, GPCIZ XV /yE L7z 2 BiRE L O 4 &RIZ p-toluenesulfonylhydrazide Tk &
WINZ47\, cyclotetracosane (CoaHag; CTC) & cyclooctatetracontane (CagHos; COTC) %
157=, CTC {Zx L TIXAAH T Hel (21.22 eV) 48491 8+ A7 kL (UPS) & Her (23S,
19.82 eV) HEL E R B F A< bV (MAES) ZHIE Lz, — ). FRlCH T A%
~DOZEBIZI VKR LTz COTC %, HMmE2ZE T TG 110 K (Zm A L 72 &=kl
WEME S T 7 7 4 b D (0001) RS L TR Z Rk L, FEiEE %22 2 T Hel
UPS & He* (23S) MAES O b % i~ 7=,

[F55R & B2

ZFH CTC @ UPS & MAES %#[X] 1 (4). (b) |2, fEfuIZ IS DN AKEE CTH 5 K HE”
(D2) [3,4] & IMAL57 1 DSARELHE DA Tdo 5 “FIHE” (D12d) 72 H TN “TEHTE” (D2d) IZ
%9 D ARBEE E (DOS) DEFFAE R %X 1(c)-(e) 12~ T, DOSK D 3 KA, BIZIEi
JEWZARATE L TR 2 7 MO DF 5038 5728, /3 K C L DIZENZ R n (pr) MO & o2s
MOIZF:3< UPSD C2p Ry R A-COFIRITWT D DOS & & x5t SE15 508,

(@ Hel UPS (b)Her 235) (0

MAES ! : !

D |
C
AN /\ //
10 5 0 10 5 0 10 20 10 20
E./eVv E./eV cacd IP/eV cacd IP/eV cacd IP/eV

1 &K CTC ® UPS(a)., MAES(b) & “E 5" (0). “MHE” (d) B LU “IEHE" ()
BRJEE L2 %t LT B3LYP/6-311G L~ THEE i b L CELH L - R fe s



UFD LD 72 EiEne, BHE Lz 3 BLEOHF CITIES
T3 MAES OfERRIZITAF £ L (1) 5 Tk Her A3
BROWMI EHEERA LIC W2, pt MO 78 MAES ©
FONDIFEHRMHINTAN R CEHEZ/WEEZD
n5; 2 HETHIL, (d D KAILEHES TS5 MO
DOPERE D MAES IZEB W T & IR S vz N>
NADBBHINDITTTHD; (3 ELFETIE. HED
GE LD e KR DORER MO BN R COMHE
WICHEF L, A OfFEBRIZIZZEIZEEFET, B OFF
WAZIZ D 72 (T E B U 7258 04 2 MAES (37
1) ZOELIT., BT RAX—OFEENIESY Tk

BIK< . BHFEMBIZESF LY bZn2h 36, 113 > L inete energy, Ex/ey
kJ-mol-l B MEZ RT 2 & &b FJE LA, ’

[ 2 |= COTC i UPS & MAES #1785 & O2s
13 1E 5 B O 45 1% flat-on (&0 0 zigzag fi 1% Pz HE (2°S) MAES
HE[H 72 edge-on) CTHELA S W CTHEKEZ BN O TOICE Prtom o

THETHD, WITNOUPSIZBWTHLZZ7 771 b
DR KRG, g»s@< B s Dokt LT, Rk LEn
BRI £ 40D MAES Tld Ny RgRFERICH <,
FARFmIFIX COTC TEONLTWD Z & Z&/RT, M
227 R LD COTCIZHAS L ANy Fid, 110 K O & &
ZFRE . n-CmHom+2 (M =26, 36, 44) DES 18 D A~
7 VBl DRy REILSKIST D20, 17 v
trans A F L —7 U A(CHk BDIFET D EEZ B
5o X, T T 7 A NERIEE ORI 5
FREO®E R 2RI Z T T 5 COTC NEH )
BB & SR Ch D LIRS, L, # M2 UK 67977 1 b
e £ bIZ MAES Tl pr s K C oo L 000 IRREPILL T
VDB DI, B TRIADEIARENS, fesk  paec BT
B[] T~ 7z n-CasHoo D HLZy 1@ D, HZZAINZEEH L ’
A FRENDBRHTZS MO DEFBREZHH LT

fiv 7= MAES[6] 2235 & (CH2k DECMIIE, KA T edge-on (Z 320 K Tl flat-on
WCITWEEZ NS, LT ->Th1 & LTOREMIL, (KR TIXE TN R EAT
T 320 K CIEHZTIR ST EFEARN 2 VENTW D &b, 7272 L
UPS OJEIRIT 110K & LV miR & TITERR LD T, »7e< &b 110K TIXH 70 5 BlE
IZxt 95 DOS M SN TWAAIEEME N H D, BFE, STM BIZLOEH L T, SRR
JE &G FRLANORRFT 2 D TN S,

[ SCik]
[1] H. Ozaki, J. Electron Spectrosc. Relat. Phenom., 76, 377 (1995).
[2] O. Endo, Y. Fukushima, H. Ozaki, M. Sonoyama, H. Tukada, Surf. Sci., 569, 99 (2004).
[3] P. Groth, Acta. Chem. Scand., A33, 199 (1979).
[4] T. Trzebiatowski, M. Dréger, G R. Strobl, Makromol. Chem., 183, 731 (1982).
[5] H. Ozaki, Y. Harada, J. Am. Chem. Soc., 112, 5735 (1990).
[6] M. Suhara, H. Ozaki, J. Electron Spectrosc. Relat. Phenom., 137-140, 199 (2004).
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(BEKELT. 1, JST-ERATO?)
PIEFHA ] 1, EHEZ 12, A fESE 1 ORMELL 12, RRIEF L, i 12

(] BRES 0T/ hi+ CIEM L 7= [EA R I OB IR OMIA I, G O R F AT
NARSHORTCEHEHETHD, £z, £ OB OE IR ZHEREMERIE O R bR E T A
LR D BT, £ OEBMREOMIEZ S ICHIET L Z LR EN TS, LinL,
ARG 00/ R+ OREFFIC L o THRREME 2 FEE G 2 BTl A 7 Tl o R
M DOERED . T R CTITREOME D A D LN ENENEETH D, AHFEETIE,
ISV A TN B TiEZ G0 T b Eak, R & filiE U 7o K% A B & T AL
S HAEEEELBET D L L BIC, MORERBE RS % (Low Pressure Differential
Mobility Analyzer; LP-DMA)[1]1Z L - CTRIEZR L& @ T / ki 1% R EICHEF S H 5 0 X
TAEMELL, SENIEIN O ZHWTER LT 7 ki1 (Ag NPe)Z&EAE KFKIHL Y =2
(H-Si(111) K f O, <2 7 7 758 Au(11D)REIZOWT 2 67 EEFQPPE) /3t K USRSV
B HUPSHIZ L 2B ZITV, BHRERONEFITRROBLE AT T,

[FUk - F2BR] L——AIgEIC L AR S8 72 Ag NPs 1%, £DIEA 4 fi% LP-DMA (2 K-
TRIZSER L H-Si(IDFEMIT RS UTe, K5 BTN N 5 A A B O E ) HEEE Lz,
AEIHWZ Ag NPs O FE¥Ri£81E 6.15E1.17nm Th 5,

R a2 Y 3R (Aldrich) DB A 2L Z L T L ATV & 43 Hr i (TOF-MS)
2L, Rfipnie, XX OBPRH SN D G2 LT-#%, BE 40 atm @ He ¥ v
U7 —H AL 5T Au(UIDFEHRIZ SV R85 LT,

FRTER LR E 2 BEEZETF ¢ 3 —(<2X 1010 Torp)lZ3EA L, UPS Tik He I g
(hv=21.22 eV)% . 2PPE T/L Ti:Sa 7 = A ML — VP —D @K @i (/v 208 100 )%, i
ZHIHIRE L CTHOTREBE O NIEEIT 72, B L 0 i S 6B ek E = 1L
X¥—7F 74 ¥ —(VG:Alphall0) THH L7=, £/, HE O AITERER LV Z — % 280 5
Az X2 2 & CHIE L7,

[R5 5 & Z22] KPR TIEEIC Ag NPs/H-Si(Q1DICHOW T OfE R % ~3, Fig. 1(a)ix, Ti:Sa L
— P —D% 2 EmFH(hv=3.10 eV) Z 5 L 7= & = D Ag NPs/ H-Si(111) 755 Ak 2PPE I (3%
HERR TR 0T U ST LB T) L AERDORR TH 5, p FbIC K 2RHIZH N T, 0—-0.05
MLE CI3tE F8udAgE L EHICFE LA L, 0.05—0.12 MLE O#H Cldib 3 M4
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BT D 30°7 28 1) 5 2PPE INE A HIE L7 & Z A(Fig. 1(b)). 0.10 MLE LA F Tl p Wt
ICBWTHEETFIEITIEE A LRES, 0.12 MLE LLEICBWT p, st E bIcABMIc K
L7, E£72. Fig. 1©i2i%, 2PPE 27 FLDKZ R AX—MDH v A7 N HE LN HEHE
BOREEILE S B Z /R LT, 0.01 MLE % Ti% H-Si(11 D)7 % & m 0L B%k(4.22 e V) 5 1F
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eV THY . Fig. 1(@) L V() Tk 7= B INEDE
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Fig. 2 ITIRAE BER ORAE RICBIT 5B 7k
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B K- TERKR LI=4E )/ ot LT, LSPR ©
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DREDHNHES O+ R MAPEFLNTWRD >
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(2006).

[2] T. Nakamura, N. Hirata, S. Nagaoka, and A. Nakajima, Chem. Phys. Lett. 489, 69 (2010).
[3] M. Merschdorf, W. Pfeiffer, A. Thon, S. Voll, and G. Gerber, Appl. Phys. A 71, 547 (2000).
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&Fuy FOLZRERBRERICEBIT AiEREEENE & B R
(BMEEKR - #E ", TEKE: - BARE2)
OmF 1, ZRM W2 SiM HWEE', S0 %52 w)I AT A% Mo

[FF] &7/ vy R, FERRoz Ry v 7 2mmEicEEon v RikoJ /7 ki
FTHDLH. BIROF 7R+ &8V, BIRICER LG T D0k A R ME
ERTZENHMONTWD., AIFEIE, v— K7 —2kickvaer /ey Rk
FERINDEEL, KeoaE O/ X BBEL(SAXS) & 54 - AT - AR AN 2~ 7
M OZDGFRIFAEICEVALNNIT A ZEZ2EMNET S, Thalx, o7 An
SAXS HIEHFIZEN L TH, 20 X BRINAE A BIITE 25 27 LAOBFICTIHE
D, SAXS LWL AT MVRIE Z RIFFICAT S o v 0B, 4 A -0 7
T L— hIP) &> TEfia~ik D 295 2 & TR EID SAXS JIE %217 9 s
OB, LA REORERIBEOMRG 72 &, AT AEFRE LT, Zhic
FoT, BT AMELZRBLT 48T /0y FOFEAROMRFFICHBWT, LR
WISy 7 Ty RS L, 0, (LFEARET TET vy RBIEEL
T MR TN VN T 20N LA ARG LN EEZOND.

[32BR] SAXSE XWX AT FVRIENE, & 3L X — I 2sF 7ER A% O i
S SRR FEBR s 12 & D BL-15AIC TIT o 72, KZSAXSHIEOBRICEA Lz e
— LA RNy T ERT. E—LA Ny FIHOIAENTZ T+ XA A —RIZLY, ¥
AV FE—LABELZEHEICE=4—T5. ZIIL->T, 7T IEfiTT s
BRICHEZE & 72 5 FE R E (RIURB) Z BOSH TH 2 DB T&, WETLHZ &
MTE B BE R ESRIZIT20X 40 cm?>DIPE VY, 7= —F 4 V7 BBICHE
EIANNTRN BRARIABREAT T SO 7 7 o VR ERFEICL, AEIA T —
DICEVIPEFIET 2 Z L T H D Ta~ DO EISAXSY 7 F L Z2RIET 5 2
ENTER. &S /72y NiFv—FR
rua—2EBNc o AL, RS
BE27 CIZBWTT AT i
4L 705 X ONTROG Z HlAE L 7= &
TT, RISERE2ZIB LIU32 Clck
T 2 AL O RR O R Sy FHE &
1To 7. ROSBALGH, 457517258
F RS0 T L2 S AR E L
7o, FBEJERERIELA RS RE ] CT50 R0
ThoT-.

—J7, WL AT N VRIE T

JEBRLE & [RIRFIZATVY, 30 2 & (T

261 RaHlE L. Fig.1 In situ monitor apparatus of X-ray absorption.
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— R DGR SOSRERNEN TR EF T L B2 oD, WILAT MVl
EIWZBWT, JBIRRIESTR, DE D 7 AT MK E L A2 DI 03 TR IR I %
RIEIEKREY 7 b2 (EoRE). 0%, FHERIRREICIN AR 4 2 Tl
NERITEEREY 7 NL, 7AXT Mepd/ha< s (EoRRE). b)Lb, 27C
TITK 4208014, 32°CTIHK 2400 1% 2 5512 L TRl & O R O W3 UM B Ar
MTHIENTED., 22T, Mz R RRIGE RS E— 7127 5, itz
FOE—ZHT, TRENHKIT S & ’ @

X3 p@EsN. Sk, REMOBRE 3 . P i o
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HEOREO T 7 s A LT RCOS 5L 27 C
MEDFZRBNTINB I EARDAD. o e0ansessessesseiosessssirests
T CHERICEZ D L, RCTixEmo " I ®
BESECTD, BOBBTHEINS T2 G0l vnenn,,,, 2T
2o TEY, KT ETOEMMR  Fw i it taad il
WIEBBNG. SO ENLEMOR i e
£ XU b EEO MR O 7R EAREMED - ‘ ‘ -
KEWEEZBND. —F, SAXS WE ’ W emats o
2OV T, INAERDSNE S BN Y %S A Fig.2 Results of time-resolved SAXS and
Bot-b b, REL LS LT UV-Vis-NIR absorption measurements. ~(a)
DR N < THRIRIEICE - T 0 Y Absorbance. (b) Plasmon maximum.
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[1] Morita, T.; Tanaka, Y.; Ito, K.; Takahashi, Y.; Nishikawa, K. J. Appl. Cryst. 40 (2007) 791. [2] Tanaka, E.; Murai, H.; Morita, T.
PF activity report 2008. [3] Jana, N.R.; Gearheart, L.; Murphy, C. J. J. Phys. Chem. B 2001, 105, 4065. [4] B ¥f02, Yi FHARHE, #r
BHE, HPE—, FREM, PEAHESC, &ILEE, W)IET /R8RS [5] Morita, T.; Tanaka, E.; Inagaki, Y.; Hotta,

H.; Shingai, R.; Hatakeyama, Y.; Nishikawa, K.; Murai, H.; Nakano, H.; Hino, K. J. Phys. Chem. C 2010, 114, 3804-3810.
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FIZBWTHEITT 5 Z 030> TEL[1-3], ZOBLRIGHETT 572 DITiE,
FOSH B Cd 27 (0)) /31L& CONTOIMENR D2 ENRMETH D,
Hrxld, R EFKR TR THLIIDO 7 7 AX—IZEFEHLTHREEZED TEY,
BT, O 12X 5827 7 A X —1TEA 2 Cu, DEEALKISIC BT 5 VA RKIEM %
B 52N L7Z[4], ABFZETIE. Cu,” (n = 3-19)& COB LN 0, & DFEZE s E
BR 21T\, CO D ERB LN, & CODIWHEIZHOWTHREZD T, FOREEE
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[E8R] BT, MAIE LIS &2 H A% 7 2AVE T EE 2 A,
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FTHD. ARBEICREMHFEDHRSE. TIITFH/ HRNLRAL—F—%2BHT
BLETHERLICRIAUDAEONDZENMBNTNSA, ERBREFAEBAINT
WAL, — A7z LMY L—Y—2BRBFEICEBHF IS LICKYFEoNT-, $7&
DILEBAEET DBEDII VAR MLhD ., REMAFELTERY A UNE
Y5 ENMESNTINS[2,3],

ARARTE, 7z LM L—Y—FBs LE-RHBRESERAKIOT LIS T4
— (HPLC) THBE L =RICENRIRRARY LEBIEL., EERIA VDERERHE
RTDLELLIC. BN TFOHEKEFHECBTFEREES L UL —BHEHEHEKEFEEE
AT,

[EER]

Tz L b L—Y—IZIXBEEIEFZ Y7747 L—5— (Tsunami, Spectra
Physics) #RU =, OFEEIZ 800 nm . /SLRIEX 100fs | #2YR L ERE
(X1 kHz & L1z, FHHEA 900 MW DL—HF =% L U XTHRRPICENL 2 BiHE
Bt Lfz, HERO I LML—F—DBEZIWER (T4 TA2 FORE) (X, X
SNE-HEERBEEELITAENTE. CDTAFAVINRIA VERDETH
BEEZATWD, T4 AV MDEEFXH ISR  AFY Y ATE2 A2,
JF 2. THY (CoHanez, N =6~10) ZEERF E L1=,

B1. AFXHYohIZRELI-Ta4TA2F
(KEIT;RLT=HA)
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T LML —ZBFLIEEAFHUBRED HPLC Fv— FEBDEDFRNK
JRRARY MLER 2 IZ5RT, 498 F2, F3, F5 T CeHo~CioH, D E—S A S h,
REMHFELTR)A UNER LTSI ENEMDLNT=,

T LM L—Y—FBE AT ATE2 052 /FUBRDKRY
AUDERBERIITRT  AXY U ATEY, /FUTIE CH~CroH DERE
NFEFER LT, RUA CORFESRCGIIIONERENDE L. HEKRTFME. @
FHRFEEEFBEZICIBASNGN o1, RAFLERLRFBROR) A U ETEERY)
THM2=Z &, THORFHRODBEL,FHLER)A UDER SN D, B
FOLBEMICKRRFARESIATRIA VAERT H2BRIEEETIEBELI &N
hh-ot=,

Frz. RCESF. FHHEH. BHEBBHTERZTo>TH. 714542 FOIREEIC
KO TRIA VDERBICKRERENELDZELADN I B 1TDT 4T AV RE
BTEEDHEASFMLLRY A UAREHINZA BBEANBCHLILSIHT 14 T A
VrEHTEH B3DESICTAULLR)A UAEREHEINT . AV 2 oM 6DRE
HINEW, T4 AV FOREFIEMEONFEECHERDERLEBERLTEY.
RUAVDEREE T4 T A2 FOREDBEREARD I LIZKY ., £ERBEICET
LIEMBNEFEDENYFEIND,
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[1] Tsuji M, et al. Chem. Phys. Lett. 355, 101 (2002).

[2] Hu A, et al. Carbon 46, 1823 (2008).
[3] Zaidi A.A., et al. Carbon 48, 2517 (2010).
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[F] 7 02203 3d, 4s BUENEER CTH I -ORFIIRERAY UVBRT— AV FEFR-,
D=, MR AIREEIC L v ENEICE T, X, BERO 7 v NS R T
H D, BBALWEIR CrO, XM EZ R T Z ENMONTWD, £z, [MHICINL LT 7 A
H— DA Cry @ Cr Ji A B U AXRRBENERE A T D23, Cr,O CIXBRBMERE & 277 2
ERHLNCENTE (1], ZNHDFIO L HIZ, 7 a MIBRHFEEDO-EAIZEID AL OfG
AN KRE LSBT D, 20X R RNDL 7 v AOBALIGBIRICERL, 7ahr 7
AL —AF 2 Cry (N=1-4) L 0, E DISITDONWT, A A2 b T v 7% AW TSI Z il
L7 FEBREITo T, [HICHNL LT T A X —A F 2 OFEBR TR % EREISERD, TEHM
D CryO,/ Z BN > T, Cry'& O, E BBFERIST DA MRIAT 25 Z & 2 & Lz,

[28k] EBREBOBIZIX 1IZ7RT, v 7R R ARy MBIV ER L7 e Ls T
AB—A F v NEMRE BRI L DA &L, BEA A N7y I8N, A4
YET TRy Ty —He TAERIEHTA O, L —EMBETHALE, b7 v 7NEOEE
FoHEIR, BEEUET L2 N L WD, BHET 25250 CRIE LIRS END 2% 107
Pa LHEE LTc, 22T FRY—AF U Z UK ¢ 17z THItE LS S/ 721%, ARk
MAF RO A T Z 8Ty TholEH L, B _ONEMREESaIc LV FEEL
7o DUGKEE ¢t 2B 72RO ZNE#VIEL T, G &AM O A 4 2 58 ORF 2%
HE L7z,

X 1: REEREDOHMER

[R5 5 & B 52]
() Crd 0, L DRI
HOREHRTZ LT —2.6eV DRISFEMHETITCr e O, & ORUNERD T Sz iroTz,




Q) Cr,tE 0, & DU

Cr,’ DFUSTIE Crr e CrO*2AVERM & L TR STz, 217 T & 512, RIS Cr,' 13X
ISR & & I EICEA L, fRbo> T Crre Cro+o>$9atlj§bxt%bnuto IHiz, H
MAERY & LT Cr,O i S 72(K 3), 7ok, RUGKER 0 ms 123\ TRE D UG E R 3
BHENTND DX, Cr,' 2 EET 2MICHENRD S ISDEALTNDT2DTH D,

H2: Cr'® 0, DRI X 3: FfEERY Cr.0"
2B TH214 A EaDBREZEIL DA EDRFHZEIE
(T—42 R RERER; 28 #BFER (E 2 m#XKEHA)

INOOFRERNO A DL D REIGREEE 2, BBEIE
il LT — R BOSERE LT, FRIERY Cr,0* Dk
M2 D> & Bt R f“m%z%%ﬂj L72E 2k =(18+03)x
107 s k= (6.0+0.9) x 107 s, k3= (64 +1.0) x 107 s, k, + ks
=25x10°s' RE L Lz, K2 &Ul X 3 DEMMR, ZHHD
FOGHEEER A2 S L ICHA 4 BORRE L& 35 L= fig
FrftRCTh 0 EFFHERE N2V B<BIHL TNV,

EBIC, b T Y THNDOA F L O EN~1000 m/s & BFES SN0, & SO0 E
Bk ARG D BOGSKIRRE 0,1 ZF N 0,=35A% 0,=10A%, 0;=13A* LR SNz, &
FOGKIHEFE (0, + 0, + o)X T > ¥ = U 7 VWi 60 A2 DFI 75 %l ZFET 572, Cr,'iE 0, 1%
LCRIWRRER S 5 Effam Lz, AL, FRERY Cr,0" % & H L TR AR Crt & Cro*
WCEDREITENTHDLZ EnbhoTe,

X4 RIGHER

Q) Cry' BELCrte 0, & DS

N=3,4 OFERIZONT S, MUGBRIAEZ ITIETRAERY Cr,O BRI R 5= n,
TR TOLZHEIEROER., WTILOFEIT b RAMAINTAERDIT Crre CroNTINET 5 =
Mo T,

References
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20 cm! ¥ CHIEWRERIEEE~ NV F F ¥ V FNVBIRT < V4G
BEL Z oA
CEEBERE) ORI T, WIEHEY, &M

[7]

IRIEGEIR D T = 23 R BIE, ABRE S+ O m AR O i O 72 SO0 T
DEERERPELN D LTSN D, /RO RIE 23 PTRE 72 AR BB S 7 ~ > 2Tk,
WE OREIEPRHE 2 RS D10 DEBERITEL R D THA 9,

T UHET LA ) —HELEZBRET DI END ) v F 7 4 2 =13, LA
U —BELDCAT T OARBEL I D T < BEDE B FIFFICERE L TLE 9, 207, BhiEto
BH A5 150-200 et LA OFHIBORIEITIE & A ETDI TV 2Tz, ARWFFE T, KKK
B OWE Z2 FIREIC T 27201, AT AWIZEITHE ST S T T o g ~ F
T ANE =2 HOTHE T ~ U otEt 2 8B L. £ OMERERHEI 21T > 72,

[3=25x]

BUE L7 BAM T ~ >4y 6T, He-Ne L — 3 —(NEOARK, NEO-50MS1, 632.8 nm, ~55
mW), x4 L > Z(100x, NA=1.3)f} & OENT A EMSI(OLYMPUS, 1X50), L8 v FR—L
($100 um), / > F 7 ¢ )L % —(OptiGrate), 7 Vg% 600K / mm), CCDFR %R (Andor,
DU420-BV)» iR S LT 5 (Fig. 1), % FBELELE T ~ VHELE 2R L, kas D 2
Uy hGOum) EICFHE Lz, A U —8ELE AR BRET D701, 7 ANICEPHE 1 DT

He-Ne Laser
(632.8 nm, ~55 mW)

Laser line filter ——

Spectrograph
Sample

A (T Objective lens ?

100x NA=1.3

o

Beam splitter(50:503\§

Glass based Pinhole

notch filters 100 pm

Fig.1 &M



SNSRI ) v TF T oV E —E3RMEA LT, Fig.2I2 AV v ME2.8ecm1THIE L2 D/
OF T 4 NE—DARY MVEIRT, K EONRY FIECEHERIE)IZ4.2 cm1TH 72, /) v F
7/(/1//)‘7 DAY RiEIZ14em1THD L RES HiLdH, 632.8cmlH T HHe-Nel—H—
HDOFHRBHFEIZ6 X103 ThH oz, T~ AT MLOWPEDFRIZIL, 3B Coh 5 L-cystinefy K
7%7'7/\*7'7 TADEIZEE, 3EEEIT o7,

[KR & E£]

BUE L 7-BE T ~ >y et & o
T.L-cystine D7 v A7 ML %
HIE L7z, L-cystine AR A il 2
§<®?vyﬂyF%ﬁbfwét
D, T~ oEFOMEREREmIC
HunbshTtnsg [,ﬂoﬁ%ﬁk
L-cystine ORI fEI D 7~ A 0.0- T T T T | |
~7 MV Fig.3 1T, *"”H%‘:F'ﬁ 3 20 10 0 -0 -20 =30
1100 s T o7-, EREGERIC Raman shift / cm
W, 77cmt, 67 cm?, 53 cm, Fig2 / v F 7 4 NWH—DART kb
BXO16 cm1 D 4 HD /R K&
AL, ZNHDOT N KON
BT, BEHRobL0E—HT 5, JiE

F%ﬁ@»iﬁbbu/y?74vv&
—Z W2 T ~ o EhC
T 20 cm%ﬂ;if@77/7\«7
M ZERIETE L ERMED o7,

VU NE— R Artb—H—Lb 3
VRT A NE = RN T~ 0 8|0 6l0 4I0 2|0
FCIE, 5 em T RREE F THIED AT HE
Th o1, —F. AEEE L =Bk
7 ~ 2oy JeEE O E T RE 722 SIS Fig.3 L-cystine ORI EHIL D T < > A~7 hL
20 em B E T TS, 1L, A (R #1009
Bl HRTIEBIEEIRE LT &7 He-Ne L —HV—Z2HW2 Z LN TE 5, ZOBHMT~
YortErERIRN T D & M EIARE BRI OB T ~ L AT PVERIEST HZ LN TE 5,
SBRRkA RS TIENT 2HENTE LA 9,
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77 67
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[51F>CER]
) H. Okajima, H. Hamaguchi, Appl. Spectrosc. 63, 958 (2009).
2) M. J. Pelletier, Appl. Spectrosc, 47, 69 (1993).
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(RKfE-#8) OLUR 1B B & B XE&

(]

BT E U CEREZRWE ThH, AN V&A1 OBLE D2 ORI D BAFE 53 5%
AATOIN TS, BEICBFEO LR EZRE TEL LT T, B0 HELZ M ONDTE
L, BT e OB IRES D, RIS A4 — 2 SV N AT HTR O R L 0O EE AR Al
ELTHWORADII TS, 7 I CALEF AL TIEKumarb I LD WA [1]72 8 236
B8, BRI EFNT D720, F-BurchHIZEAUE, SR T CrEPLE A SR E ON,O 5 fift 1 L fh it
WL T D[2], ABFIE TIXIEAA Y - FPEDOPL L PtCoV T AKX —DXFE R E B 2720, N,Ok
D SN TEHEL 72,

[ 328 071k]

BZEF X N—NOFHFRVY —ey Uiz Aary R R ULhry RIZ NdYAG b—H%—
D EFHP (532 nm, 10-15 ml/pulse)ZEILEAVMNIIZENL TS LTz, BAELIRAGERE
PNV ASNNT DB STV AT AL 11 ZDJE) THEIL, BHESE DL TR TAL —
AR LUTZ, T, RO VA SV T I ATHRRL T NyO T AZE HSE TS,
DT, FATRFRIEVE B AT H(TOF-MS)IZEVE B AT ML AR EL T, B — 7 AR DA R
DITAR—DEKEE b~ T, P T AS—ZETHHE 01, A4 AL EHELT F, L—
P —(157 nm, 200 pJ/pulse)Z FHV /=,

[#E R L0 ]
@OPt B U PtCo VSR A—E N0 &M R THE

1 1% Pt, 77AZ—L N,O LEOFEIRTORISHTHEDE BAXT MV ERT, A8 TAZ—1X
N,O &L TR bEND,

Pt,, *+N,0—Pt;0"+N, (1)

ARIDOEBETIEm=7,8 TIXO N2 ML O ETHERTE-, —JFm=4,5, 10 Tt
DY A R TERALY)
DEREFD RN, &5
IZm=4,5 TIEN,O 235y
T ETDHIENDIND,
2 TR R ONEA A
Pty 7T A% —& N,O T AL
D I & Al % 0 58 B b
G IS e
FAL— P A XKL TR
T L7ebDTHD, ZOEN
00 1800 2000 1755 0 1ZESUCHNT

Relative Intensity

..“..“ l:

800 1000 1200 1400

ud. by

16

Mass Number (m/z) T DI AS— DR SR

1 Pty 7 7AZ—DEEAXTM(a)N,0 HARIDINO HEAHE EHWIEaEWKTS, Zh
(250 ppm) PtyOn Z2(MN)EMEFE *ITAKREDMI B LT Pty 7T AF— X0 IEAF s TR
#13 Co M LT Pty 7 T AN — H—D N,O EDED



ARG VERFEBIL TWHDEIENDD,
— 7 RIS EDORESIX, P, 7T AKX —
DIFHEN, K 3 TIEPtIZ Co xR —7&
7= PtyCon 77 AZ—D N,O 43 E DI
JERTTE DFRE LA 2 LRIERIZ 7 By Rl
720 PtJ5 1% Co J5i 1 1, 2 fH CiEHL /=7
FARG—L Pt JTAZ—LDRINZ, Rt
ICREREWVIZ AL > T, Fil 21X
3IZRLTZdDNT, Pty ldfthD 77 A% —
(ZHART, ISHEDIRNT FAZ—Th D
M, FHUZ Co % 1, 2 fEEHL7= PtyCo, "\
PtsCo, 7 7 AX — D ISHEBIR, ZiE
0., A EHIELZ#IH D Pt,Co, 77 AKX —
T, RSO EEEZ R B2 035 Pt
JF% Co JRFIZEHLTEDIEN DD,
3D EE RDHE . NO EDRHIZE-
T THOTIER< m+n=5TiL, ¢
LAHEIML TS, ZHUEm+n=5TKK
JEPEDMEN 2D 72T T, Rtz L -
TREWITAS =PI TT AT —ay
AEIL, FOITAZ—=NEU D
Hbons,
@QPt VS5 RA—EN,0 EDRIGTEDRE
i

& N OIRE &3 1R - 100°C - 300°C
ICZEALSETZERD N,O LW R A7
w4 R, BOSEIISOGRTR D7 Z
AL — DR I RS 572, WTTho
P AXTHEIRIEE ST KD T AL —
DD DNENZENDIND, ZOZLT
IREED EFIZENERED O, i FELT
JREEL T, Pt 7T AZ—IZR>CNDI L%
IRIBLTCWAEE Z TN,

HETIIISENDOIREE LS ET
IRFD PtCo 40 TAX —IGHEDREF L
Co EHUZELDEILIZOWTHHAET D,

E=3TN

[1]T. J. D. Kumar, C. Zhou, H. Cheng, R.
C. Forrey, N. Balakrishnan, J.Chem.
Phys. 2008, 128, 124704- 124714.

[2]R. Burch, S. T. Daniells, J. P. Breen, P.
Hu, J . Catal. 2004, 224, 252- 260.
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BRAUAFERRIGICED2BH-S 2/ AFY U FLMYFOITIRE—D
RBERIEDER
("BEEKFE T, 2JST-ERATO) OvEEBEe 1 =K, BRET 1, g 12

[FF] S CIRE BRI 2 PEBR L 72 SR TIPS B TE 2 2 2 h ., IR rEXT
XA NEEE SN TEFHMEEY - MEEDNER 7 T AX — L LTHE AR SN TE T,
FRIC L — W —Z85E L o TREIROERIZ & e, INIEBRT (1 4Y) CHAlO L% E
PRR S D Z ERFREL 720 | BERAR (TM) X7 % /A RK&E (Ln) 2PL&E&RE L%
BRI HWER 7 7 A —DNARSNTER, Lobif, 13,57-v 74747 7 (COT%
BRI & Lica—ua B AE#EIR 7 7 A X — : Bu,COT, 13, KAHTICBWCTEFT B IC
X2 BRI 72 BMBEIL 20 L CERILMEE S, —ReZET Y R v FHEEZ T 5
ZEBHOENERSTND[], SHIZ, 2—r VY LAEERER7 7 A2 =1, v N1 v FHEE
DIRRITTIEIZ R U 7= Fr o e SR 72 D NSRBIt A G35 2 &3, KRERZR EIC X -
THHEESNTWS, ZOX I LB ZH S e 7 7 XA 2 —% | [HHER TOMUL - Rk
WFEDHRZEEFE 2T, FaF T/ 7 T A —WEBEORIKIZ DR DK% - RESMTIEDRL
(X, SARESRE A A RBERE A B~ & BBBH T2 9 2 T THEZRRETH 5, AW TIL,
Eu,COTy 7 7 AX —%FTNE LA —T % /A RV R v F I T AL =% vtk
AN RS> TREAKT D FIELZG L. BB E LT - BTG 7ZR b ONTREE O RGE 2
1T-o7,

[EBR] KA COFIT O L BEUGA H = X AICHEAR S 2 LICE Y | AREERTO Eu
HAF AL COT FHERT =F v & oA AU RHOEZ I LTo G IE A BT 72 ICH % U THF I T
IZ813 % Bu ~m s oAb & COTSMD Y 557 1l & OB BEISEIC £ 5 2 5 2 5 — i
AEEIT-7= (A Scheme 1), FUSERIEIZET Ar FHK T (BEFREE : < 0.55 ppm) (ZBWT
T, BRI OREIZIIRK THE B2 L7c, U AF AT U VIEEEA LT COT

i

FEIR (BTC) &= wfbxw o’ ” A Eul, % THE AP CRA L. USRI n-Buli 21§ F L
BTC Zii7' v hfbsdd Schemel KR
%(COTHSMey- L Byt L % /“'O«S‘x s @ ET’@L@@
A & VSR STz, K PIED N

S DHELTIZ S H TERHR LA

RPN DR E~ZE( L, S HIZE02EE (10000 G, 10 min.) (2 K D GO BRI R 2 A /L
W& L Tilc, AR ORI X BOLEFE (XPS) IR VEHEL. S 5Tk (IR)
WL oy ek £ OV BE ISR (DFT) (2 & 2 SR YEIREIARNTIC K > CTA M O 2% (ihi i % M L
7=



[FER - BE]

BOGTRE D13 Doy BERR 245 & A7 [E R 1(3d%?) 1(3d5?)
MR DL & FRBW IR A A LTz Y N/

2 D XPS AT RV EKITRT,
BRI KD AT N AZE W T, Eu ©
4p"? BT 4d? ok A E— N
285, 137 eV fHmiZZNE BRI S v, A
O FHARIC BEu A EENTNDH 2 &
MR LTz, —H . BREEWRO AT K —
ANBIEIO 3 ITHRT L E—2 (617 EHER (L)
eV 1) M@l Eniz, 772b56,

Eu(4p”2)
. Eu(4d*?)

Intensity (a.u.)

1000 800 600 400 200 0

Eu & [ ORI 2 ik T 5 & Binding Energy (eV)
[E AR Tl Bu 23, RS CIR I 8% K1 BE#EBREFEEEROXPSARY ML

NZENELAFET D Z &6, Buly, & Li(COT M) L B BSOS 3803 B < T L= 2
EWRIBEND, EEPIIZBNTH 1 OV T FARDTNIBHEINTHDER, EICAHY (F
AR O LD [TERT 58 —2 2 EXT
W5,

X 2 12, Doy A S LT E AR R
(ARin) DIRIMEILA LT BV ERT,
F7o, WEIALY MDD, Eu®’
A A DR YIC Ca¥' A A v B hLERIC
N F LA - Ca(COT SMe3) 212 % L r
TDFT (B3LYP/6-3114G**) %1F\>, Z 0 fgﬁ}‘;%ﬁﬁiliﬂiﬂff)
WREVRHTIZ L 0 15 DT RAARIL A~ o A
N FBAC AP TR L, BN 600 , . . ' . '
— 1800 e 1L A BN 1 D FRBIIR UL 1800 1600 1300 1280 1090 800 600

o ey avenumber (cm-
CHPRLTCBD, TODFTARCRENE - g, ﬁ:*ﬁa‘ﬂitCa(COTHSi(MeB)zz) DIRZXY Rl
REEN FEREZ L HBL TN Z Ln
DD, ZOWEBEIIEN T (COT"SMNDIREIEE 2 K+ 5 Z L b, ZORW—FI34
R O RS & LT, BT - (COTY MR PLERE N LTYT =4 OEMIREL & 0
COT B3 &2 A L, Bu' & A AU REAZTER LTS Z LMl S L5,

VLEDZ L5, THE B TICH T 5 Bu a7 uAey b COTVSMS U F 7 K & ORI T
BRI XY . Bu- COTY M 7 5 2 7 — SRS AR S D 2 L vbinoTz, —J7, THF I
AHEBUNT T 0 COT M Tk L TRIRIETH 512 b B 59, AFKR T O L Y
COT"" M 2 Gt AR T L7=, 24T Bu- COT"SMS o= o RS HEAS L -2 Ethis
DR SIVD &, THE ICK T DEMENE LR T T 57202 BEZ 6D, 4%, EROTA
R OREE Y BERAN~D BB PEh 5,

[1] N. Hosoya, T. Takegami, J. Suzumura, K. Yada, K. Koyasu, K. Miyajima, M. Mitsui, M.B. Knickelbein,

S. Yabushita, and A. Nakajima, J. Phys. Chem. A 109, 9 (2005).
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O, TRV XF—BERFET D, FT,
RAFRI 2R 27291
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BB AR 2 R L

BIEOFEICL VIREIC
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AER 2 A B = XL L TR ERIC
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v
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<MFgE s T E (1],

B 5 Auger HfEA LA
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LA bLND Z LITLDiE
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IZ72 > TV, REBRTIX, ¥

L. A4 F I 7 ARE TS R LEX—ORBIKFEMEEZH NI L, 127944

A H v b & T Auger FHfl 6 O R AFE 2 B 50
[F28R] A LA e RiER & L THWT, FERiE
BWTA N —=7 0 AT % HWT- K45

L7z, 2D

LD THET D,

%(D) 3.4~4.3 nm @ CdTe QDs % & ik

FREFESEA T BV ERE

L. £ 6 ORhECTRERAIED S Auger FFiE GBRRLEENE 2 1 7 I 7 A2 L

7o IR EREMEIX D=4.0 nm OREE W,

HefHERM 7 7 4 A A% v % HT 10~350
KECTREZ2E{LSEIHFICIHELE,
[#5 5 - £22] D=3.9nm ® CdTe QDs DJi)
1% 6 ps ODRFF DR AT ML % Fig. 1
2R, O YETREE DM & & | RERE Sy R g
AT b VT E R R RE (1.9 @ — Jil k1
FEHNTKIET D —D>D Gauss I TE N,
INHIFIFEEF IR bre—FL
7= (Fig. 1(a)), — ., B YEIEENEV & X |
WEIE] 23 IR S A~ R VIE B B TR 3or
F—r7 hL, BTRAF—ANTH L WIS
N KRBT (Fig. 1(b)), CdSe QDs ® LA
AIOMEZ2BHY 5 &, 2R 7 MM A
ERZ T RE Lz 18 i Ik rE o 3
(Fig. 1(b) AR A1) & . XV @ Jah kR g uﬂw
D3 t(Fig. 1(b) FMICIE T x 5[2,3],

Intensity (a.u.)

Fig. 1: 6 uW (a).

Time-resolved luminescence
excited at 6 pW

i\ excited at 500 pW

18 Biexciton AXX
‘ 15 Single exciton

‘V

Absorption

Aoy

('n'e) 80URQIOSqY

1.9 20 2.1 22 23 24 25
Energy / eV

500 uW (b) Clahig L

T-EEDFh L% 6 ps O FHE[E 45 i 38 g A ~2
7 RV EEF WAL A X7 b v(e)



7=, 1P OFEHT 1S1S1P O = fhil FIREBICH KT 5 Z L BNHERFEZ2 LI VL I
o THEY, 1S O—REFIHLE ZRhEFRIEOTT b ZEE A= R X —
UxD%Z. £7- 1P OWIR4lE B —27 D7 hnd 1S1S1P i +i A — fx /L ¥ —
Uxx) % AL D ZENTE D, D=4.3nm @ CdTe QDs D Axxx & Axx X ZF 4 83, 33
meV THY ., Axxx D FB 2FLLEREDNoT2, ZHIF1IPH 1S L v ERE <., il
THEEVLEERESERLTWVWEDTELEZ LMD, 2D OEEMT R ILF —TRR DR
EHZHIINT S 2 A T,

PR QDs TILEhE 1 I A AEH A3 FEH I

N2, 18 @ bl FEEFEFR X Auger 90+ —— :EOZ |
HRICKREND, BRICET D 1S B~ 80-* o a :
7HAF R AR, MEXBEFE LS B 70_+ ;@ .
BT T D ns A7 — /L DFRFIEK 75 O E sol }¥ % ]
BB N, BELBIEE LFSICoRT b ' Qe
“E T Auger WA ICHIST 5 EONERK 3 00 o |

+ + q
SNBSS s, 2 COREIZE T, Bk 40 $ *{{' K

FREE MRV & EITITER & RERIC— bl 726 30 e
0 50 100 150 200 250 300 350

ﬂy%ﬁ‘EEYEIJ é hfb\f: 75\)\ Auger ﬁﬁ’%é\ﬁﬂ %@ Tempel’ature / K
5‘2/\75\‘\4&35 THOMNZELS 2> —(I/\f:o Auger Fig. 2: CdTe QDs ® Auger & &

’?\_”Flg 2 12777, 200 K {1 £ Tl Auger Fi%
BREEBITIZE AV EBMB2ONR  FALLTICRD ERAICEFMELTWDLIORDND,
R QDs [TV 7 I AN TEB BRAOHKI N RN = 2L F—REICH KT 5
RIS vy, —FH, =X AX—REANZRIZTHERH DO T, ik L7
QDs O/ RIEEICHE W T Auger REAVNENBTEZH7-DIIE, 74/ U0 Auger
BRAICHEELTVWLIENRB I b D, RERTHE LI Auger & O IR K71

+/ OFEERKBRLTBHAlSNTZLEEZDLND,

BETIE, 1S k. 1SI1SIP =it FIREO XA T I 7 A, fiATRXLF—DY A
TARAEMEIC O W TIN5 & & B2, Auger A OIREREEOERIZSOWT I Y EL
BRI D,

(2% 3Cik]
[1] Beattie, A. R.; Landsberg, P. T. Proc. R. Soc. A 1959, 249, 16.
[2] Achermann, M.; Hollingsworth, J. A.; Klimov, V. I. Phys. Rev. B 2003, 68, 245302.
[3] Caruge, J.; Chan, Y.; Sundar, V.; Eisler, H. J.; Bawendi, M. G. Phys. Rev. B2004, 70,
085316.
[4] Zhong, H.; Nagy, M.; Jones, M.; Scholes, G. D. J. Phys. Chem. C 2009, 113, 10465.



1P077
HEBRICH T ZEEELEDIC K 2T XRILT—BEREOBET
(AKX - BF 74, @BEKER - B, @AKX - AEE)
OfE% WL HP —F~ \ma BF, ML BB, MK #BE

[FIBREEBONREREDET > T TRIU AT RILF—%Z 28O RIGHD.
PSII-RC 8 L V' PSI-RC., ICRIRILF—& U TEET %, KERNEREMIFTI D
DITIE 2 BEORIDFDDERENI/N T VY RZRDIENEETH S, PRIANG/INZ VX
FEIE 2 EORIGCHODDEELEZEZ 2 E TRHRETH SN KBREOZICKH U
MRRFFHICIE. 2 BORIGFOANDT VT F OEFIREOYIDE X (RT— NBB)
Y. 2 BORIGHFOE TOMEIRILF—BENRAEILA—/N—), &Wo fciENR
BEhTWs,

e TV F —BEIDIBIR F R MR NEIC K DERATIEETH Do —MRICKIG
FLDEDE T VT FICEFEFNZERDIFSNERNICZ WD, 7V THH 56 RIGH
IDANDIRIIF—BEZ RMRU cEEHIERRER~F / HREICE > THAS N
%(X 1a)o UM U ZDIREETIL PSII-RC. PSI-RC ZNZNICEEULIERD T VT 7
HAREFICHREINDcH, AT—KMBBEPLPIE LA —/\—& W IHREEEZ XA
5 EFEELU L,

PSII-RC ([FAIRIRILF—ZZ(TEZ EEROHERIGZRI T, UM UIBERIC
BEFHMERU. BRBEESICE > TPSILRC [CBURMEIRILEF—DFEET S (X 1b).
CDEFRBEBEEICHESENIE, RO+ / HRICERASI NS s, BRERLE
ME(EN 2 (1] BEEKLD AT NUIE PSI-RC EFEDMIZ T RILF—0h%E RIRT S
fe. RISFOEOHEEERDOBITAEIEETH D, 2 I TARMARTIE. EXBTF VT
FERYVINVBEEGER 74UV —LN"EHDICREZHAVWT, BEHLANRY
NILOFEG BT D S RIGHODEOHEEERICDOWTEERYT %,

1 KBRS K BREIRILF—a) E BEBRBEICKDMEIRILF—b)DD . KENZMH
BIRILF—BEBZERT,



[E8] 7«+ATVRIVYBOT7«IEYY —L%ZEHDATEDKE. Porphyridium
cruentum (NIES-2138). Bangia fuscopurpurea, Porphyra yezoensis. Chondrus giganteus W,
e e BVWRAZREE T CORARMIRZ AW REBERBE —CFHEE (B
FEIRR 400nm) TRIE LI O—/NLETZ{T > I,

[BREER]

X 2 (& P cruentum @ Fluorescence decay
associated spectra (FDAS) T, RILFARAL
DORRDHZRT EOE—T (EH
HOBEZ. BEODE—TIFEXDILSE
EMDZRT . Fhn 60ps DANRY ~
JLTIEL 692nm ([CIED. 710nm ICE D
E—UhRE5N. PSIRC NDITX)L
F—RBEZTRBRLTWS, F 100ps
DANRY MLTIE. 684nm [CIED,

692nm ICEDE—I AR SN, Ihid
7 YT FH5 PSI-RCANDITRJLF—
BEICHIGT %, 77K TlRAETRIL
F-RBIXILF-ELOEWI OO

5k 13 ns TZa)lichTy TN, FIHSEK
4L _

3_/—/\/\ HFHTD(~19n5)0 —H. F 13ns
°r DERSME PSILRC 12 1F 2 BREHES
0

6

| ! ! ! ! _ . o i
80 690 700 710 720 730 740 ICHAIRTDBIEEFLANRYT KT,
Wavelength (nm)

X2 P cruentum@FDAS,

Amplitude

x10%

686nm. 696nm. 712nm IC 3 DD E—
IDERTE D, MERMAID 2 DOE
— 7 |38 PSII-RC THERI SN Do —77 7120m DE—=ZIE PSIRC O Ly k700
71N DOE—7ERICNINT 5h. B PSI-RC DERRFWADIE 650ps BE TH >
fe 2o B A#MkgZ A WOIE TIE PSI-RC EX(712nm) T PSII-RC HRDELER
&R UFEMBADER S NcD T, PSI-RC 15 PSI-RC NDRIEI R/ F—BEH
RETWSIENTREI NI, INSDOIFERIE. EXBRPSIZYTFTHS 743K
VY —L%zHDMRFEICEWT, PSILRC BRIFE > TCBRIBHETIRILF—%
PSIRCNETRAE LA —N=—DERICEEL TWS I LZRRULTWS,

[1] M. Mimuro, M. Yokono, S. Akimoto, Photochem. Photobiol. 86, 62, (2010).

[2] M. Mimuro, S. Akimoto, T. Tomo, M. Yokono, H. Miyashita, T. Tsuchiya, BBA

Bioenergetics 1767, 327, (2007).



1P0O78

RV AT D ERE Prochloron sp A\l 1T Dbk & A I 7 A
(R KRB, A K7 4 b2, BKREE®, #hA K *)

oV Uik ', BREF MUEC, KM M, AR BB BOR

053 (BH) B o TREEEIC AR R
LMY AR VIS AT DR ARG AEMTH S
HARTOAEENRNETH S L b TN, Fag o shfl
bl STV, BRICHOBEIND D, )G EHE L
LC7 42t ) U aRTT, ECm Sy & Rk m e
7 4 v a(Chl )DL Chl b ZFf > TWD, )7 ver 7 ()b
OREFILFEI L Chl a/b 2 ThH, FREECRZEMY D FFD Light
Harvesting Complex I (LHCI) & LHCII 1 E 5729, SAb52 % 1(PS

Prochloron sp.i¥,

I, PSII ®7 > 77 & L T Prochlorophyte chlorophyll-binding
protein (Pcb)ZFf> T 5, LW o= f MMt EREA L
TwWa.

ARWFSETIX, Prochloron sp.®F ./ Foin6 © a FhaEIRIC IS 1)
5 Wy oy fig b 6 A X7 KL (TRFS, Time Resolved
Fluorescence Spectra) ZIE L, 7 v — A L TH LR
7= FDAS (Fluorescence Decay-Associated Spectra) 7>5, Je& K
MHIERE IR T 2 =R L F —BENC OV THRET LT,

[F2Bk] BA2rREICAETDI2HEEOCEEHY
Lissoclinum bistratum (¥ N *7RY), Diplosoma sp. (X KV
R T RN O—FE) (AT D Prochloron sp.® TRFS %,
REEAR B e TRtk 2 O CIIE L=, BRI 2 o~
W7 57 A7 L—H%— (Spectra-Physics Tsunami) ZfE/H L, il
FI R A 425nm & L7z, F7z, REIFRIEEREED 77K
L7

[#E2R & &%)
Prochloron sp.0> TRES % [¥ 1 1Z7=3. BRI LR 10,

IX U DIZ, Lissoclinum bistratum (234325

PS Il ®= 777} T s Chlorophyll-protein complex 43
(CP43)73%5> Chl a OHEABLIL, b 210 ps LAREIS, [F]
UL PSU DT T 75 Thhb CPAT 3D Chl a DHEA
BN oPL £, Z O 1.5 ns BIRICEN D B — 27 288 5 23,

IV T BRI NZ R END, XX —BENC

Normalized Intensity

Bt 2

0-49ps
15-20 ps
V/ 73 -85 ps

3.1-3.5ns
M 31-35ns
6E“>O GéO 760 7é0 74‘10 7é0

Wavelength / nm

1. Lissoclinum bistratum (234325

Prochloron sp. DR 3 ffa e AR T kL

Amplitudes

T
50+ /J/\ -
0
.50 ws 4
100+ i
50+ B
78 ps
0
40+ B
20r 300 ps’]
0
6 B
4 B
ol 1.9ns |
2+ i
5.4 ns
0 Il Il Il Il Il
660 680 700 720 740 760

2 . Lissoclinum bistratum (34T 5

Wavelength / nm

Prochloron sp.® FDAS



B G-I A Ol Sz Chla DEKXTH D B2 HND.
FDAS #[X 22779, Z Z CTIE® Amplitude % decay, D

Amplitude |d rise &K LT\, 11 ps DK TIE, 7o 7T &
L CHERET D Peb O fEI (680 nm f11T) (2 decay, PST DFEIKIC
rise VA OGNS, Peb I TOHOEOFEMIL 11 ps TV T o &
Wizl 2 Peb 735 PS I ~D TR L F—K# 2w LT
WHEEZLND.

WIZ, Diplosoma sp.\Z3:429"% Prochloron sp.?®> TRFS %% 3

0-49ps

i

24 - 37 ps

85-110ps

210 - 260 ps

450 - 570 ps

1.1-18ns

Normalized Intensity

WS BRI #IEH1LZ Peb 23872 Chl @, PS 11 O CP43 735 Chl q, 20-24ns

% L CPSI 23D Chla O EAELIL, bkl 210 ps (2 PSTT D 39-46ns
CP 47 73FF> Chla ©EOEHBIND . £ L Thhif# 450 ps LAREIC 20 - 24 ns
PSI 723855 Chla DEEA 717 nm 1227 b LTW5. 46-53ns

it

FDAS (X 4 ) TlZ, Lissoclinum bistratum (353 % Prochloron 660 680 WZSgengf,"nm 740 760
sp. & [RERIZ, B 17 ps DF%SY T Peb 735 PS T ~D TR

NE—BEINRALND.

3. Diplosoma sp.\Z3 3% Prochloron sp.

LEIOBIEFRERTIE, Eis 2FEORETZEMICAETH o
Prochloron sp.0 TRFS, FDAS IZ#EWARROGNTZ. 202 L g /\ |
5, AEBREIC X > T Prochloron sp.x 3V X —BEIRITE 05 WﬂkJ”/ﬁW
WRHTL 2 EExBND. £, Chl b b OESNEABIHT 1.0¢ 1
BT LINTERNST=Z LMD, Prochloron spl233it % Chl b w“’ JA&/x\HQEm
B Chla ~0x AL ¥~ BB, RECHERBORALE 5
BicT = A B EROB SRR TS L B2 DD, £, T /ﬂ\/\\yigm
SCHRTUE Prochloron sp. 3 tE it & LTy E =17 m E ]
nn 7 4 ) ReFHoThaME W sENH 50, ZHIDIFE o1r J/\an
T & BETBM S Ao T o'iof ]
[ ifik] oo%r 4ﬁ/\\xﬁgﬁm
[1] Hirose, E., Neilan, B.A., Schmidt, E.W., Murakami, A. in %760 G0 700 720 740 760

Wavelength / nm

Handbook on Cyanobacteria: Biochemistry, Biotechnol and
Y Y & 4 . Diplosoma sp.\Z 34292 Prochloron sp.

Applications, eds. Gault, P.M. and Marler, H.J. (Nova Sciecence
@ FDAS
Publishers. New York), pp. 161-189 (2009).
[2] T.S. Bibby, J. Nield, M. Chen, A.W.D. Larkum, and J. Barber, Proc. Natl. Acad. Sci. 100, 9050 (2003).
[3] M. Durchan, M. Herbstova, M. Fuciman, Z. Gardian, F. Vacha, and T. Polivka, J. Phys. Chem. B 2010 114,
9275 (2010)
[4] M. Helfrich, A. Ross, G.C. King, A.G. Turner, and A.W.D. Larkum, Biochim. Biophys. Acta 1410, 262

(1999).



1P079

Raman spectroscopic study of a molecular compound
formed from a binary mixture of triacylglycerols
CRORBEEL' () FRATEEAS * . NCTU 23 7 RHERFZERT®)
OARM=FRT 2 LHEER", MR, e RS2 EHZERD?

Introduction Triacylglycerols (TAGs) are one of the main forms of energy storage of living
organisms. In a biological system, TAGs are present in multicomponent systems consisting of different
TAG species. To understand the physical properties, e.g. melting point and phase behavior, of the
multicomponent systems, many studies have carried out adopting TAG binary mixtures as the model
system. In some of these model systems, the formation of “molecular compound” is suggested by thermal
analysis and powder X-ray diffraction analysis. In the 1,3-dipalmitoyl-2-oleoyl-sn-glycerol (POP) and
1,3-dioleoyl-2-palmitoyl-sn-glycerol (OPO) binary mixture, the molecular compound “POP-OPO” is
thought to form at an equal concentration ratio of the component TAGs."” In the present study, the binary
mixtures of POP and OPO have been studied with the use of Raman spectroscopy and a singular-value

decomposition analysis to elucidate whether the molecular compound is formed.

Materials and methods

POP and OPO (>99% purity) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Both
samples were used without further purification. They were melted at 50°C and mixed to prepare the
samples with different molar ratio of POP and OPO. The molar ratio was measured by gas chromatography.
Metastable crystals of the samples were prepared by cooling down to 4°C and then incubated at 20°C for
11 days to transform the crystals into more stable forms. Raman spectra were measured after the incubation
and the samples were kept at 15°C in a cryostat during the measurement. Raman scattering was exited with
the 532-nm line of a Nd:YV O, laser (Verdi, Coherent, Santa Clara, CA, USA). The back-scattered Raman
light from the sample was collected by an objective lens (LUCPlanFLN20x, Olympus, Tokyo) and
measured with a spectrometer (Shamrock, Andor, Belfast, UK) and an EMCCD detector (Newton, Andor).
The laser power was 3 mW at the sample point. Singular-value decomposition was applied to the data set of
the spectra to analyze the number of independent spectral components. The spectrum and the concentration

profile of each component were reconstructed under constraints in

o o . 1.0 =+ , POP .
order to minimize ambiguities. The constraints were as follows: e L . '{')P(:-
oo A . -
authentic POP and OPO spectra and non-negativity for spectra, and £ 0.6~ .
non-negativity, unimodality and closure for concentration profiles. ; gf g PR "
: , 0.0—te > b
Results and discussion CT T |
. 3 A 5 8 10
The molar ratio of POP and OPO and the Raman spectra of the Sample no.

samples are shown in Fig. 1 and Fig. 2, respectively. The spectral ~ Fig. 1 Molar ratio of POP (A)
and OPO () of the samples



data are assembled into a matrix and subjected to singular-value decomposition. It is found that two
spectral components are not enough to explain the data set. On the other hand, three components
successfully explain the data. Their concentration profiles and spectra are shown in Fig. 3. From these
results, it is shown spectrometrically the existence of the third component in the binary system. The
formation of the molecular compound is therefore supported. The components 1 and 2 are POP and OPO,

respectively, and the component 3 is the POP-OPO molecular compound.

From the concentration profiles (Fig. 3a), it seems likely that the molecular compound (component 3)
is formed at a molar ratio of POP:OPO=1:2. This is inconsistent with the previous studies” > which report
the compound is the 1:1 complex. It might be because of the difference in the crystallization procedure; the

incubation duration is much shorter in the present study than in the previous ones. Shorter incubation time

may generate a metastable structure of the molecular compound.
|
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Fig. 2 Raman spectra of the samples. Sample numbers are corresponding to those in Fig. 1.
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Fig. 3 Results of multivariate-curve resolution. (a), the concentration-related-index profiles of the three
components (A, component 1; e, component 2; m, component 3) and the residual (*). (b), the calculated
Raman spectra of the components.
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Ser195, 8 X OXBPTI @ Lysl5, Alal6 M &t 5 7%
QM fElk, ZLADOTEEZ MM fHik & 5
QM/MM E7 W& Z 7% E L72(X 1),

B. #EFE EEFLZRAOHEBT RV —IH
FIZB T ORISR EZEL BT, REGIZL -
THRE SN T~ free energy gradient (FEG)%: 3 & |
nudged elastic band (NEB){E Z A5 HOHE 7=
FEG-NEB %% i\ /=, FEGi&ICk b L, HHT*®
AE—7 TV M, 7o 7 aE Ry B Trypsin-BPTLE & IR O A iE

TR THLDLTZENTES, KRG FIFHEE LTz
o4 oV 0 (51 BPTIL, 7R1Z Trypsin)
891‘ - 891

ZIT, AFAEBRZ AL — VIFERT Uy LT RAF— g/ EH DA
JEEZ R LT D, F 72 FEG-NEB {EI ISR TG - 7o 5 00 H [ & 2 16 B ERK
L7206, FEGIETEONIHHATZ R LY =7 TV 2V T, RQ)~@)IZ &
DRGSO IO P L EER S F Z2EKT5 2 LT, BHZRLF
— i EORGFREE O W S & b9 5 HFiETh B,
FA:_aAy)+[a45)T)T‘ .

‘ aql aq/ J T

F'={dp..—p|-4B P ) . ., (3)



F=F +F', 1,=(P,,-P)/P

PP @

ZIT, PII/EROPEME, AMEEOHDOERTH D, FT AR TS
EFRBLEMRSZ L LEMTH Y , ISR o 7= SIS H3 [ i 0O 28 EAR 1 12U R
T5HZ L EHNTWVD,

[#ERLELR] X212 FEG-NEB 1 TH A 72 iEVE O OFE O SO B I - 727
SO E R LT, BOSRRISHm b OB L QM #HHIZ RHF/6-31G(d)iEAEmEA L, 5
I IZ Amber99 /N7 A —& & T, HOATE D 7 L —OBRIT Serl95 72 5 Alal6
~NOKFZRABEN O PR Z R L TWD, FIDIZ, KB T1E Serl95 76 His57
IZRBE) L CHIMREEINT) 2 /% 7-1%. Alale ~BEIT 2R/ E L7, INT HiEOF
TEIZ T CTICERMNOIREIN TN D,

ORISR > T BT R VX — b 2 FHE LRER, X3 ORBRIORT 8
D INT #EE 2 Hede X 9122 DOBEBIREE TS1 & TS2 WFE L=, ISP KD &
UOEEE TS1 23MFFE L. Z OMEIFRSERRE 4 &£ [ U 30.1kcal/mol & 7¢ 57z, HHTR/ILF
— A D RRGTFRNT 2 AT - Tofb Fe . FERA 130 % £ 9 QM FEIl O = /L ¥ — 2RIk
KL THY., QM-MM FEIR R D /135D %5 5134 ik 5y THe K 10kecal/mol F2EFET 5 b
DD, BERELTITAEWCH BIELE S MENELNT,

VL EoFER. FEG-NEB 1T H H = 3L ¥ —H EO KSR RELIZE > T, b
TH R FETHDZ ENRHELMNE 2o, AL, XXV BEFOXT I BEFEE
DEFMENZ DT Alanine BHLIZ X A EE R LA WNTRET S,

BPTI 14 r TS1 TS2
i A —o— Total
Mg 30 : -E— angle
_ —— dihed
_ = =>=--vdW
g - 4e - vdWi4
= 20 J - #— QM(+elec)
8 -—®- bond
x
~ .
2 10! -& \product
s 3
L:; O X3k 3y m = X semt"
o 0
[T &6‘&\3 SE0HO— - —— 5 og
~e_o®
etk gy, et (AL
) -10 I I I I I I I
Trypsin {H] 0 2 4 6 8 10 12 14

structure
3 BUSEERICIR>To BT R —21 L
#H T RV F =y . QM BH IS i
B3LYP/6-31G(d)% v 7=,

2 FEG-NEB ETHE LIV
SR AR » T2 - DO BB

[Sc#k]
1.A.V.Nemukhin, B.L.Grigorenko, A.V.Rogov, l.A.Topol, and S.K.Burt, 7%eor Chem.Acc.,
111, 36 (2004).
2.W.M.Hanson, G.J.Domek, M.P.Horvath, and D.P.Goldenberg, ./ Mo/, Biol., 366, 230 (2007).
3.M.Nagaoka, N.Okuyama-Yoshida, and T.Yamabe, ./ Phys. Chem.A., 102, 8202 (1998).
4.M.Perikyld and P.A .Kollman, ./ Am. Chem.Soc., 122, 3436 (2000).



1P082

HET T v 7EHEIZ L B ODCase D JCEEREfENT
(PEFEBMIRAIIZERT T /7 > A 7 LFZEERM 1. RERRFEAEDIZERE %) O HER] L, REfEaEs 2
4 v ruo

FuaFr—1) VEKEERE (Orotidine 5-mono-phosphate decarboxylase. LA'F ODCase)
FAEVENTE Y ¥ VBRZFRIGRT 28R TUHDHEEZETH D, FuFY v —1) Vi (Orotidine
5-mono-phosphate, LT OMP) 225 ANV KR F I NVFEE G EH TV P v —1 V[ (Uridine 5'-
mono-phosphate, AT UMP) Z4:RT 2 G2 M 2K L L TRIS LTS, RGN
DBIHD SFHITEH 28O 5 R, BRIEAE FOSR O MG & LT ARG E ~ 1017
bOF—F—THHL T2 &5 ) EHHERTH 5, BERIVENTY S FEERKIE T O OMP %
5 UMP ~O8i13 7800 JTHEREE & HES 5125 DICN LT, ODCase DMESIGH A 7 V1
BT MEIE S VP4 —F—Th r2HPIREIN TV S, FiRFEETOERIBICEWT, &
A F U RHIRFTZEE I 2UE EDSICDIERZ /R THEZIZ I NE TR EH SN TR,

C ORISR ZFIHT 2 212, TRISOIERIRGE (BB GH, ES 8iE) 2 L@l d 5
FHITK D, HAIIERIRGE & ES SEAMOIEMHLHHZ AV X — 2K TS 5, &7 51K
73 Wolfenden 512 X D EA I, TNEMELET % 2512 Saccharomyces cerevisiae HZR DG T —
Z, BT =8 2 b LI HOERBRNERB T b TR, I OMHEIE, Z Dty A
7Nz HET 2 HEPEL DRIFEDORNR ERD 9 5 H0 GIEFRA ITHEESINTH w5, Bl
TETIFEBDOEYRICN L T4 2 MRED X BFEIE RS SN Tw 203, REI N5 SUGHERE
B LY 2B R ORI IR E siliEr R o n s,

Z TARWIZETIE, ab initio QM/MM GHR & pFEIatEZ2 R L LEAET Y v/ Tz
AT OMP %25 UMP ~OZH#EfE 2 € 7L L, BERTEMEO TERAZ 60 & § 5 o —i
DNt 21778 > 72, FHITHEEMRITOEMIK & LFT, B ORBRER ST — 5 2 w1t
TV Y 7 B ORI D Y 2 2 L — a vy 2FTT 5H T, Wolfenden 512k D EAI N
TEFARFL D 2241 2 Wt L 72,

FE SRS

ST WD, Wolfenden & 12 & D f#ED 417z Saccharomyces cerevisiae HRDEET —4 (PDB
code, 1IDQX) ZH W THEE T v 7V 2Tk o7, BEORKICEEIREI NS Hh, K%L Tk
i b A[REMEDYE V£ 2 5415 Direct Decarboxylation mechanism (Zi&amz &8 0 . WL D SOt
B> 7 HHZ RV X =22 5Hli L T3, KEKTFTTOSBBIGTH 5. OMP DK
EfREOHHEI AL X =707 7 A LV FERICHIR L, BESERID & FFERIGD =3 )L ¥ —7%E%
i 2HC, €7V v 7 OZUELED O 72, Wolfenden & DI T — ¥ 1328 BIUEEE D R
)72 ROGHEERRNT O 7 — & 2345 2 23, fAEEOMHRIE IRV 7o RITECREEINE T
2 RGBS DR 22 il GEEREBOE~NDEAEAN) I3RS Hmbd s, 22 THMIL,



VAR RERG © 12 X D 39 S L7z Methanobacterium thermoautotrophicum 2K O i GRS &Y 7 —
F W CTHEREDOETY v 7237 L., FAU { BURERO HHZ 2L ¥ — 2L 255 L 7%,
FHICHENG o OER SRR I NS, HEY I/ BEEZEfR L 2 Z2RAREOIE 71 7 7 4 )V
bFBRICEIR T 2 & T, RARBIREE & 2R RRESRE O il 28 U TSR ORI 2 3im L 72,

BEHEICHRELZ T 77 L3 INETHEICHEZT > TRIa—F2AHLTED,
QM/MM FtH8L Ly FEIIEEH R 2 A 68 2 HTEMICH Ehlff‘ﬂ/"\j‘—ﬁﬂﬁ%ﬁﬁj‘éiﬁ
ZEOTVD, TTENEIRICE T 287 v v VB 8 X ab initio QM /MM &E-IRfE
HToO MM #7121 AMBER(parm. 96) % #H L 7.

BN REES

BEEREBICE T 2 WE DK EADHMZRELT 5 70, HEADOYIGEZ €T LL,
QM/MM GH5RLIC k a2 9T L7z, WEH 77 n 7% OMP TEZ#Z 2 HTHED ES
A OREZ €T Y v 7 L, ESERICN L TRk cog B iatR29795 2 LT HH
IOV ¥ —INICLE e W& 2 B LT QM/MM GHREAOPIRREEY » 7Y v F &1 - 7%,
Saccharomyces cerevisiae HRDEEFE, Methanobacterium thermoautotrophicum MK DR & b
2. QM/MM FHE TR I NI EY SO VRICHAT 2 6 DA VR X 2V ENTRT
RTINS L 2R 2 I 2 FHMER S 1 7c, JHUIIEEICN L TR0 LRI 22 B A 2
2 CTHBEOMEZ ALZENRL ) 2FEERBL T, RIS NIEROYWIARLEICY L TZNn
Z BRI SOSHRES 2 GHRL U 7o, IR DG IRADK S 2 BOSTHEEDS 8 > % 7 HEREE T T&EA
SNHZERZRLTED, JHIBREL 70 & U BEIDBRENISET L T UMP 2MER I s H
ZRRL TS, ZORKBBEROHMZ VX —7 07 7 A VEGHRE LT, EARNIZIEmAY)
FEHOR OB & ICR S PTEMEE I T2 L ¥ —Dfiz R L, FRSRRKEE DT 2L ¥ —
DD & 7 v 3 7 E B OEE S ORI PIE TR 2 ZEN T 2 HHE D ML TE 2w
HOMED D 5 Nz,

RIS RIRMEZ D nfkk#%%ﬂgi ZC. Methanobacterium thermoautotrophicum HiZKIHE
FOT ) BEFRG ARG T T B2 BE L o, WWEPEFEORE 7 X =%, &
BQON AP 7?55%%935’50)9%@@@{’?%@%13 Z R S8l L <, RAAEER DGR
L 2T o 7, TNHEMEMIROFEMIZMHHRE T 2 FETDH %,
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Saito Hiroakil!, Nishikawa Kiyoshi!, Nagao Hidemi!
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Kanazawa University, Japan
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[Introduction]

Biological phospholipids show self-assembly processes to form certain
clusters such as micelles, vesicles, and membranes. Micelles are aggregates of
surfactant molecules suspended in aqueous solutions. Micelles are formed by the
competition of two forces —the hydrophobic interaction between the tails provides
the driving force for aggregation and the electrostatic or steric repulsion between
the head groups limits the size that a micelle can attain.

For fewer lipids such as micellar clusters, they show some interesting
phenomena. The micellar clusters show fluctuation shapes. The structure (shape
and size) of a micelle depends both on the architecture of the constituent
surfactant molecule and the solution conditions such as temperature, presence of
impurities, etc [1]. In micellar size, they also can form some definite structures
such as spherical, cylindrical, rod-like, disk-like, worm-like, and so on. A
spherical micelle structure is formed by region double chain hydrophobic
molecules and is known to exist in relatively stable in vivo.

In Acep Purqon’s doctoral thesis [2], he introduced four parameters to
reveal the shape fluctuations, which are Aperture, Symmetry, Isotropy, and
Compactness (ASIC). ASIC analysis confirm the dynamic assumption and
physical meaning: aperture concerns tail dynamics properties, symmetry
concerns shape fluctuation, isotropy concerns the parallelism of each lipid to one
another, and compactness concerns cluster stability. This work simulated small
aggregates of lipids and examined the correlation between those parameters.
From that works, we know that the correlation between Isotropy-/ and
Compactness-C consequently leads to the structures of micelle, vesicle, and
membrane. This technique can also be modified and expanded for other cases in
biological dynamics. It might be any valuable information by combining with the
other parameters. The methods also can be used for larger aggregates as well.

By this previous research, it should be interesting to investigate the
structure and dynamics of larger aggregates such as spherical micelle. In this
study, we carry out molecular dynamics simulations for spherical
1-palmitoyl-2-oleoyl-smphosphatidylcholine (POPC) micelles in water. POPC
lipids are interesting lipids can be found in animals and humans. POPC is one of
synthetic phospholipids derivatives. It has two chains of hydrocarbon and a chain



of phosphatidylcholine.

[Method]

We simulate for spherical POPC micelles using CHARMM (Chemistry at
HARvard Molecular Mechanics) force field. The CHARMM force field has a more
detailed description of intramolecular interactions, including Urey-Bradley term
for covalent angles, and a richer variety parameters for dihedral angles [3]. And
the simulation will be performed by NAMD2 package.

The goal from this study is to analyze the structure and dynamics of small
spherical micelle consisting of phospholipid molecules. We also examined the
characteristics of the interaction between small molecules in a spherical micelles.
These study of structural characteristics and dynamics are important to
understand their function in biological system, such as drug delivery materials.

[Results]
The results of these simulation are reported in our poster session.

(Keyword : CHARMM, POPC, molecular dynamics, spherical micelle)
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[Introduction]

In order to reduce the side-effects of drugs, the drug delivery systems
(DDS) such as spherical micelle and liposome has been studied intensively. For the
reliable transportation of the DDS, the stability of the spherical micelle/liposome
structure is known to be an important property.

Biological lipid’s structures and dynamics are important. For instance, the
micellar clusters is known to show some interesting phenomena. The shape and
size of micelle 1s a function of the molecular geometry of its surfactant molecules
and solution conditions such as surfactant concentration and temperature®. For
1deal micellar size, they show definite structures. Phospholipids have important
functions in biological systems. At different conditions, they show differences both
structurally and dynamically.

For micellar systems, many groups have studied the temperature effects
on dynamics around micelle?-?. Acep Purqon’s doctoral thesis? give the biggest
inspiration to this study. He studied seven issues on bionanocluster fluctuations.
One of the issues is identifying solvent effects. He analyzed the effect of salty
water and temperature on phospholipids. He newly defined four parameters,
Aperture, Symmetry, Isotropy, and Compactness (ASIC), which imply the
structural character of the micelle system, and found that S and A parameters
increase as the temperature rises, showing irregular structure and rapid tail
fluctuation. The adding salt and temperature consequently contribute to shape
fluctuations as well. In contrast, the micelle system show wider fluctuation in pure
water..

However, the temperature effects on the self-aggregation of micelle system
and structural stability of the lipid in the micelle are still not clear. In this study,



we analyze the structure and dynamics of small spherical micelle consisting of
phospholipids molecules by molecular dynamics (MD) simulations. We also study
stability of spherical micelles by carried on MD simulations at several

temperatures and pay attention on the dynamics of the spherical micelles.

[Method]

POPC lipid molecule was used in this study. POPC lipids are interesting
lipids that can be found in animals and humans. There are several methods for
lipid simulations such as Molecular Dynamics (MD), Monte Carlo, Brownian
dynamics, and coarse grain. For requiring detailed information of tail dynamics of
POPC (1-palmitoyl-2-oleoyl-phosphatidy-choline), we perform MD simulation
using CHARMM force field and it were performed with NAMD2 program package .
CHARMM force field has a more detailed description of intra molecular
Interactions, and richer variety of parameters for dihedral angles, many of which
being developed on the basis of the quantum chemical calculations. From this
point of view, CHARMM force field can have advantages in accurate description of

lipid bilayers®.

[Results]
The results of analysis of the MD simulations are reported in poster

session.

(Keyword: Molecular dynamics, CHARMM, POPC, spherical micelle,

temperature)
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GPGPU T L 5 & bFiH R O Rk
Oi)ittiE, HERK &t ex7ve V7 ¢) | ZHIEZ (K- == M7 B980T

[ZE]

LA CPU X v 1 HrlisgMERELLIZ#E N D Graphics Processing Unit (GPU) % fif > T, B {bFitH %
mid b Lz, 283k [1,21% b Lo, SEEHEFER Y 7 MG 2R GPU R YU Th
% XA-CUDA-QM %R L7z, ZONHE Y = — /L% Gaussian[3], GAMESS[4]IZfHAGA A, @H D
ab-initio #5777 A v by FHuEER R 2 Ml L L7z, XA-CUDA-QM [ZLL T O K 5 7 bERE 2 fi
ZTWn5,
[#6E]

BEEPBEEDOFDE, ~— Y — - 74 v 7B XD =30 ¥ — RO & i b i

OpenMP Il LB~ F a7, </F GPU IZ[RIRFIZ® I

AFELEARL, FIEBIHC S, GPU RxhiGHREIL CPU CIHAT

BEAF D GAMESS., Gaussian DA 7'~ N7 7 A L& Z O % £# A HE

FHRARIOIREAL LR EODES, DFE Y ZE TSI 1781, K175, DFT BB k78

L@a§¥&.ﬁ@u+ﬁ & B RN DI EZE M ~ D B L O DFT IEIZ L D =3/ ¥ — ARG

BT D ZE TR Oy &2 GPU THNE

[%%]

Valinomycine ® DFT {£IZ X 2 =3 F—AEHEADFEITIFE & =2V F— D A2 FE 1177, A
7y b7 7 AL Gaussian @ Test397 ZffiH L 7c, Gaussian03 (Zxf L CHUR Tik 2~3 5 E D
mdft, GPGPU T%#ZE X7z TeraChem[5]1xf L CHEN 2 E COF R A FER LTz, =R/ F—
AT ERE LB R WERETH D,

# 1 : Valinomycine(Cs:HesoNeO1s) T ORI O LLle (3-21G FLJEE, blyp YLBI%D)

IRe (7] T3 F —[a.ul]
CPU O A Gaussian 03 rev. B.01 289.93 -3772.609959
CPU O 7~ GAMESS 2009 Jan 3819.50 -3772.609882
Ufimtsev 5 TeraChem beta3d (1GPU) 192.76 -3772.608483
ez Gaussian + XA-CUDA-QM (1GPU) 124.96 -3772.609078
Fex Gaussian + XA-CUDA-QM (2GPU) 113.80 -3772.609077

CPU:Intel Xeon E5540 2.53 GHz 8 core, GPU:Tesla C1060 x 2,
Intel Fortran Compiler 11.1/CUDA 2.3/Intel Math Kernel Library 10.2 % {# /i

777 A Ny rEEEEMO)6 TR T R B 1~2 BRI A SHOINCHAE T D, Zh bR A
AP S VG TG BICHANFHREENENEL < W @b 8 Ly, /Ny Tld Ufimtsev
HiFZEl6lIz 5 < TeraChem[5] Tix CPU L W IEL 25 FERN > T D, b HEER N N— U — -
74w 7 RZHIE (KATH)) 2RO LT A TY XLEFFE L, BIREA T CPU 1 core (ZxF L 20 %
FLPE O b & EHL L 7= 0 T% 2 1277, Ufimtsev 5 D JE{THFZE[6] Tl 2 T 1-F85 D —E L
X 720 leid, Fex OFT T Y XA TIERIREZ SERITHE - TND, Fio, KERFO Fermi 7—



XTI FICHHBEEINZ L2 ¥y v v a2 iEHLTWS, 74T XLAOFMIYERET D,

# 2 KATHOFERH (1CPU vs 1GPU)

Software GAMESS GAMESS | GAMESS + XA-CUDA-QM
Processor Core 2 Xeon GTX470(Fermi)

Glycine 0.161 0.171 0.013
Glutamine 1.425 1.44 0.098
Tryptphan 4.415 4.393 0.275

EHI2. 6202 EI L= FK5 U 7 R4y1% GAMESS @ FMO2 TR L7245 4 DL Ficrd, RHF
k& 6-31G HE A =, %3 T, CPU &1iX Core i7 860 2.80GHz X 4 core % iV, GPU TiLXZi
IZ GTX470X1 2z 7=, GAMESS2009 & gfortran + Atlas T= >/ A )L L7z,

# 3:FMO2 ® FK5 U #» K37 D47 7 7 A2 s ® monomer FifE

E (CPU) E (GPU) DX DY DZ
1(FK5001 L1) -402.317404135| -402.317404147 -0.20994) 4.36026| 1.16317
2(FK5002 L1) -459.054761634| -459.054761645 6.7929] 0.2928| -3.10568
3(FK5003 L1) -466.843941102| -466.843941089| 1.02059| -1.28229| -2.07834
4(FK5004 L1) -293.669434284| -293.669434291| -1.14973| -1.54089| 1.95314
5(FK5005 L.1) -407.321099998| -407.321099990| -2.14597| 1.88929| -3.06977
6(FK5006 1.1) -537.570750054| -537.570750051| -2.58186| 2.29468| -1.05552

RIDBIMNDHEIZ, 77T A MO A X —[FFHEEERII B LTI, EFoMBTE—A 2 R
(DX, DY, DZ)i35e4ic—# L7z, FMO —F%/L¥—|, -2657.853462811 (CPU) &, -2657.853429457
(GPU)TH Y, #4215 3.3X10%a.u.Th Y, FHEEMECTX 5, FBRLCTOFHERFIT dimer O
scf 3HE &5, CPU 986.7 Fhizxt L., GPU 378.3 72 o7z,

[5%oREE]
K A7)0 KBS 4 Zxfii s L O Tesla C1060 xt&, CPU 22— Ko SSE {b, MP2 35 L O d #liE kit
ERI ® GPU &#1t.. 2CPU-2GPU D 45El, 8L GAMESS DFT @ I/F %4 FEL T\ 5,

(%% k]
[1] Yasuda, K. J. Comput. Chem. 2008, 29, 334-342.
[2] Yasuda, K. J. Comput. Chem. 2008, 4, 1230-1236.
[3] Gaussian03 Revision B.01, M.J.Frisch, et al, Gaussian,Inc, Wallingford CT, 2004.
[4] M.W.Schmidt et al., J. Comput. Chem., 14, 1347-1363(1993)
[5] TeraChem beta3, PetaChem,LLC, Los Altos Hills, CA, 2009
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DHFHIFIEC L DWHIRRETO Y U R~ A Ry F-2B DT

seskok

(R« SEfEPR L, PERAFT, 4 TRp: - L™
OBy, HPEAN", $aAREBE, LemeEs™, Ynd

[F] VU R~ Rix 1950 AERICHEIRSK & L CHRIE
MTZD3, 1960 AT A D &R &2 12 E DT TEED IS S
Nic, U A RIIRFREZELA L, MEMELZFOR)
KB LOOVKOH Y R~A RBRHFELLET DD,
Blaschke(1979) & D& 12 L AVUXMEATEME 2~ 3 DIX(S)IE
DB Y RF~vA RTHY, RIEDOYY R~ A RE—UlEHA
HEEZ RSN EWI[1], L, U RvA NiEZEDOHE
WEARFEUZ L0 7' F UM TR I AVRIEA R 2 L
E DIZKDOIFETICB W TUIB S AR REZ T D, L
7o THRNIZER G Sz ) R~ A RIZMKG Rz %
JTRIOME~EZELL, SHICKR TURIE DR 23720,
Blaschke & 4 #10 &0 —HIZRME SN TS, ¥ [T
K~ A ROMEFEHEICHE RS R DO—>L LT, DNA
~OFEA B L AR BN TWS[2], ZHITBRRAIE R
v, YU KA FOT7Z A I FEROESH DNA O
GC-rich 727" 1 — 4 —fE & OMAIERNRR TH 5 &
EBEZHNTWAHBN, ZOFMIZHESL LT XA I REN
ARSI RIZ X 0 BIBR STV AR W EMDMER L 2R 2 L1 b, &I, (R)IEE (SIERD LKA E
DAEBIZEY ZOMFEOFENRED L SN TWD, EEIR~2IE, YU R~ A NHE RO SEE
Hr& DFT IZEE DS AKFRBE TRV F—FHEIZL Y, YU M~ A FORERREIZE T 2 & FERO%R
EMEFEL, Y R~A ROT7 eIkl =) o FA~—ROWBLFEHIEEOENDR, FEXF TV
HDHNIANT X T ARY Y R~ A FZEEDER S DO VX —M 7R REEOBEVIER
HTEEHLNTLTWAD4],

E MENTOYY F~o RITIAKGREE X 7 VRERIC X MR8 2 ~T &2 b (K1), &
SIZEERDOIFE F TIEW L OO ~DE Fa X b bilEZ b, b ONRE 27 L& fifgii 4
D281, IHEFOERSNBDTHDEH Y Rv A KON VRS HEFHIBEOIREK L LTo
BREFMM L, BRI Y R~A RELFTHEDICRAIRTH D, AL, WKREETOY Y R
~A ROT ORI+ 5720, MK E X T VRO BURIEIC DWW T, SRARIL A7 Frk
M ZatE AT S ORRIZE A2 720RE & pH OSE T CHAMCHAE L. 51T, KSR E X7
IVIHEDIRFE « pH ARAFME, B I ONIKGIRIZ L 0 ER SN DREEDOXT VT 4 —ORFIZE L T
w70,

[ZEBR] VU R~A FOTEIERRS)E =T FA~—R,\S), BLOYV Y R~vA R&EHkT 574
A I RETNELA I RO CHCN (10 mM) % MilliQ 7K 100 mL (2 20 pL AU THRALIREE % 20 uM

@ECOOH
COOH

COOH
+
COOH

K1 SEVY R~A KoMK E
& XTIV OREE ([5] X 0 1ERR)



L LT, Zva A it Uiz AV ks BETH(JASCO, J-820) % AV C 200nm-350nm D ERAIZ UL A A~
7 bV EN AR Y VARG, pH L Tris-HCI #% &R 2 L T 5.5, 7.4, 8.5, 9.7 IZZ N ZE ik
L7, WEIFISAT =NV ARAV X2 L T7,17,27,37 B 47CITHIE L7,

[FEREEZE] M2 ICREVY F~a R 04
DEEIBIL A7 R v O (pH 9.7, 035 |
47°C) &R, F U KA FOIAKSMRIZ 0.3
VT AN T B B 2 L RETOBFE 8 g o5
MEFBER TN, SROERTHE 8 0o
EAERIHCBOTH Y Fvdt FICHEBE 2 015
N OBDE— Y DB SN T 04
ORI BT, (S)HE, RETHIEL AL 0.05
RO RGBT, £72, U FvA F 0
ERERT DT ANAI RETVE LA IR 200 250 300 350
IZBI LT H AL A=Y b LD RRIEFZEL Wavelength [nm]
ERELIEE LS, THANAI RV RS 2 RS Y FvA ROEMRILASS FAD
A RERRBRRERBINOENERL, TV 25K (pH 9.7, 47°C)
FA 3 RIEIE L A EWIL DAL E R S 72 6
Mote, TRBED, U FvA FOIKS >"[| 0 min
fiRIL 7 2 A 2 RERONMKDSIENESL, 7 =
nENA S RROMR, 7oA ko 8 ] L
WAESMLrORBEEZ TS LR &
e Xz, © ¥
3 S Y KA KO ik shiy
7 MV ORRREEAG(pH 9.7, 47°C) & Rk d, H _f GOTm
ARy MVZERTOMEDOX T U T 200 250 300 350

B3 SFEYY F~A FOH AR Mo

A — B EEIRT DM, KRN ELTDH
REMZ A b(pH 9.7, 47°C)

M arEXEARE I, HHHOFDARY
FDBRFFSNTWD, ZOZ & XD, U R~A RONMKGMBENIBNTIE, ROV F~A
ROFZ VT ¢ =N RFSh, ZTRENDOT T o F A< —DORMNKSBREY TR
STND LWV ) ZERERNITHSNE o7,
[zik]
1] G. Blaschke et al., Arzneim. Forsch. 29, 1640-1642 (1979)
2] T. Parman et al., Nature Medicine 5, 582-585 (1999)
3] Trent D. Stephens et al., Biochemical Pharmacology 59, 1489-1499 (2000)
] T. Suzuki et al., Phase Transitions 83, 223-234 (2010)
5] H. Schumacher et al., Brlt. J. Pharmacol. 25, 324-337 (1965)
6] M. Reist et al., Chem. Res. Toxicol. 11, 1521-1528 (1998)
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YU R~A ROREAIRIETOLEN

(LR« SEEETx, pERRAY*, (BR) U 0 7%, 4 TR - 4% OfJIFIEY, gaAfkik®,
FIFRER A, SR B+, SEmPTH****, wH%*

(7]
PV R~A FiE, BEHBEE WO REMICE Y, =R O
RIEECRI LT ULEWE LTAA TH D, T,
YU F~A FIELREEMIER & OB ~DF D N 9
RENTZZETHURELEZEDTWD, ARIZEBNTS NH

2008 FFIZ LM EMIEOIERIEIC AR S, £ OIEHR
FEiEmv, U R~ A FOFEBNEMEIZE L TidZ < of
TNREINTNDER, YU K~A ROWELER eI
TasnTELT, =2 F v FA~—DfmEE S 2 REIN TR T, BEOHREIZ X

BV R~vA FOTEIRII=F o FA~— L DBEMBENME, BENEmNT &2 ’fu%ﬂfb\é
Z D& ORI Z BRI, KIS ISR T 2R RIIAR IR TH D, Ll 1971 I
T IROREREE DAL ST 40 L O], =F v F A~ — DR T msE Sh Tz
mwinole, FZTENLOYMEOZDIRKRZH LT 57202, AFETIEY Y R~A Fo=x
F T A —OfEEE, HEXELE A RE L, T JIROELESE & Ok ETT o7,

O

1 Thalidomide O

[28r]

TV R~ REEDICFTURERZE T2 EBMONTWAIzd, AFETIE, U F~A
RDX T NIKERD B A+ 7B LTtk x bR kD . T8 IRkB LS v F A~
—OHFERAFR Lz, 20X I U TREEROEEZ X SEERITIC LD IEL, £ ORE
Ea A I RS W THER T RIC L 2 = v X —ER T 21T > 72,

[R5 R & B4
AWFIETIEL, WL DD OFEEMEERITIC L V5N T(S)- 1Y R~ A FOHFEHIZONT, 20D
il A IS B K OMEXIBLE OV EIZRE) LT2(FR 1D, ZOFER, (9% B~ A KOS TIELEk
BlEDET D — DD SR TRkt THREXF I N _BEZEKR L TEBY (X2, — KT, 7k
SRS P CIISTIRELEE N S BRI 5 D — %t D RISy 1 & SRy TR A~T a7V IRy
I L T D Z L (X )M LMo 72, X 2,3 1%(S)-thalidomide, (RS)-thalidomide ? Hifk
fn T COKZREEWREL L &2 o 12K TH Y . Mo R KB OFEIE A ~—%TF
3% 5 7 OKRFAEEIZE D DAL OJFF(N,C,0)3MED Fil Th D, X 2((S)-thalidomide) Tix
BA~—%ERT D 0T BNENENED FHROAENTNTHNDHOIZR LT, X3 D FEHED
REAIT0 THY, ZOZ LD TEIERHEBERADKEMEDTNLETHD LEWVAD,
FiZ, o ZEmEZBRT 2KBH-EOT AN X —2HmERICIVFHMELZE 2 A, ~T
RE TNV CEKROGTNREXF TNV _EBELD b XV F—PELETHD LWV I RRDPEFLN



oo ZORRIZ. Y F~A FOT v IKRE =T U FA~—ROMIEDEL FIENR RN,
DPEDZET, T b Ot IZ BT 2 “BIEHIEDEWICER T 5 Z LR S Tz,

# 1 (RS)-thalidomide, (S)-thalidomide D # Sl i

(RS)-thalidomide (RS)-thalidomide (S)-thalidomide

-
—

crystal system  Previous report Present study Present study
Monoclinic" Monoclinic? Monoclinic®
a( &) 8.233(1) 8.3156(3) 8.40187(15)
b(A) 10.070(2) 9.9732(4)  10.02372(18)
(&) 14.865(2) 14.5740(5) 14 4814(7)
B(°) 102.53(2) 102.762(2) 103.4938(8)
(A% 1203 1178.81(7) 1185.93(7)
VA 4 4 4
D(gcm™) 1.426 1455 1.446
Space group P2;/n P2;/n(%14) P2,(#4)
Ry 0.053 0.0467 0.0328

2 (S)-thalidomide D/KEFHES OEET 2 3 (RS)-thalidomide D /KFEFES DOEEF 2

[ SCiik]
1) F.H. Allen and J. Trotter, J. Chem.Soc., B6, 1073-1079(1971).
2) T. Suzuki, M. Tanaka, M. Shiro, N. Shibata, T. Osaka, and T. Asahi, Phase Transitions, 83,
3, 223-234(2010)
3) T. Suzuki, N. Shibata, M. Tanaka, T. Osaka, and T. Asahi, Abstract of the symposium on

chiral science and technology- Mesochemistry and chemical wisdom, 5(2009)



1P088
IRENH O A KD EAE D
TR ST T VERT ST KFK D 53 SRR
CREERBE(L)  OFFM. SER=. BIERL, mALR

[F] EAEIIEL R REEE2A L, TOMEICESERERBRELZRATS, Loblf, &
A 249 Do helix OB sheet 72 & D kI, HEF K - BEERBLO - DO EAREHK TH
D, KBRERIZEL SN Z & THIO TEOME - RENTHE SIS, TOd, HIECHEEED
FEBERE OMINCIT ERE O ZRIEELZ KRBT TR A 2 2 L NBBERF R TH D, ZILET,
BB O G 2 KERBE R T 2 D 72010, FMRE & ARIMRI S5 ik /A G T iR B 1 —
et (VCD) SIS s Tna(ll, VOD Tk, ZEAZNEN oM % miE Tl by
BRZREHIIRE L, ZOWEEEZRET 5 Z L12XK 5T, o helix °B sheet DL D 72xF U T
A AT DA R KOS &2 RN T 2, BIE, KEEPICH 2 EAE O 72 ki
IZEEK L7z VCD A7 MARBHIE SN TV A M1, BAEO R EICKy TR L2 &
T, CRIEEN LD X ) SR E 22 T 2RI TH D, £ 2 TR TIZEAE DK
MLV ZZB bS5 2 LT BHEO ZREENZ T DMIELELE LOMIEZ EMEIZ SN T
VCD Z# W CTHLMNNITHZEHHME LT,

[55:] o helix Z XEMICE>ETFVERE L LT,
24 BRDOLRERERFAEE 2 TR L RIS RIS
FAET DT E AL 7 R 7 = U F 2 (o helix &4
74 %) %, P sheet & XEIIZFFOET VEH
HE LT, BE»O WS NHBERICEENDEA
B REIEHEFE B Y 72 (B sheet AR : 36 %)
ERAWEZ (K1), 5mg/mL 7R 7= UF g W1 7HRT7=0Fr () X b
*E RS [ TrisHCL VAR (pH=7.4) % U7 vy (h) OEfE
L, CaFe BZM EICH T L7, 7AR 7= U F B LTI, No HRIZE » CTHgiptt, =IETh
B, K7 4 VAEERLT, 74 VAELOREZE 20 - 50 % CE{LEEHZ L TT 4L
ORI~V ZHili#l L, VCD HlEZ1To7, —HFE R TV AL TL Ne HARIZE -
THatpts . CaFe M THeA AT Z & T 65, 30 % DKL~ )LD 7 L L Z&{ER L, VCD lE %
1To7,

W E2EE 1T Nicolet 8700 (Thermo Fisher Scientific) % Vv 7=, VCD HIE@IZBW T, A%
NZNO RGO IEZ T (PEM) %MW T 50 kHz TZFH# L. 1513 MCT # g% v
TH L7z, WIEICB T, EAEOEKME (- CO-NH-) Z8iElcxm+57I KT (C=0
R ED I8 1,700 — 1,640 cml) . 7 3 K IT(— NH —Z8 f 3R 8)  J 68 1,610 — 1,515 cm'1)
PEIRICAE H L7z, 307z VCD A7 MO, 3EO /MR (AL) &4 PR
I (Ar) OWEEFEZE (AA = AL-Ar) ZE£L T3,




(R EZBR]ITART7=VF 7 40D VCD
AT MZBWT, TR 1 #HgcB T 5
1,645 cm'l DIED B — 7 FREER K1 L~L D
ARV L 72 (B 2), BT, 2D —
7 WHATAK T DO-OH EAIRE) DR H & —E
L7ze 2605, 1,645 cm 1 D E— 7 13 EH
fWITEMEZ 3 HKFIKICRBS -, 22T
B SN AKFKDOXZ VT 01, AKT X7
NIRRT MNTRZ7 2V F U 2HET 5a
helix [ZKFFEE L7722 & T, ahelix PHFT
U7 4 BN EE (7 VERE) Shifishizb
D LBbid, T, ¥ 7NNy T L KER
HBLIEAKRSFIZXR TV T 4 BIREINTr—
ARG sl EAEO XS hERS T
ZOWTIEREFNTR <, AR, EAEOX T
JVER R ST KK O RIEIC WIS TRREh L 7=
LoltEZLND, 7RI EEKICBWTHK
LU OEEAINZ AN 1,539 cm I DIED B — 2
OFEENEM LT (K 2), ZOHEHIITF K
FHEHRO-NH-EOZEMAIRE L —H L TH D,
Z O — 7 R OHIINIE-NH-J o N i1 DI
WHB X ZN LIRS & DKRBREIT K
5 HOEHEEZ I, KFYA MZOWTOEH
EHLTWDLEEXLND,

—J5. FERY ST 4D VCD AL
7 FVIZEWT S, KL OEANZ N
1,650 cmt 2 7 /VHRE ST KRR AL &
iz (K38), £77 3 F I fEkickB T,
TART =V F Ltk B =2 O—EORLIE
PERARI Y DD IR L=, 72721, &
oD% bIZa helix RN EAXRTHLTHRT7 =
FUATHRTHEITH L Z L D, B sheet H
RKDF T NARG LT ARFIKE NS I VIE 11 %
REGFEFNSahelix HETHD EEZ TN D,

20401 %9

—(Ag)

; i +{A)
1,645 1,339 —(Ag)
. I I
VAN
= I
[
g
E |02 +A)
0
=

B2 1@ 20% ()& 50% (MICBITAT
ATz UFL T 450D VCD 227 FlL,

+(A)
—(Ag)
3
A
2
@
&
:“% +(A)
8 - (Ag)
9 Az

X 3. 1% 30% ()& 65% (MBI 5F
ERYF T 4D VCD AT kL,

Fo KRLANALO EFICE DT IR I EREEROERE M ~D v’ — 27 > 7 ME, K52 -NH-
FICAK L7z Z & T, -NH-ZEOASKEHEN/NEL 2D BEHEO REEORENICTFEST 5
ARTF B O-NH-JE & -C=0 K & DKFHEANIH Roe Z LITERT D EEZ TN D,
[1] Ganesh, S. and Prasad, L. P. J. Am. Chem. Soc., 126, 10292 (2004).

[2] Yang, G. et al., J. Chem. Phys., 130, 164506 (2009).



1P089 HBaL—H—ZAV-TILFTLvI X CARS H
T7A4/\—7O—J DFH

(B - BR', JST X X 2%0F2, NCTUSY T-RHE2HFZEHT)
OMNFAZERAY 2 JE 0 2z

[F] BxlZohE T, I AT MAZEIRICEE L, @I A—V 7%
1T 9 Coherent Anti-Stokes Raman Scattering (CARS) BEfS/yYeEEE 2 B L., A Hil0
a2 I ERRBIOIEHS - ~ VT H T — A A=V T OMERRR RS LT E
7oV LOALRd B ABRIZE T 28 A mBig 4 B 2 08" Bl 272012,
BRI A A — V2 7 CITE ISR AR & 5, 2 2 TARMSE T, RO “Z
D" WEZBH LT, CARS A~ NV % invivo, in situ THRfFT 52 EDTE D,
LT 7 A /N—_—2D CARS NP R EZFRE LD THET 5,
[:=BR] FBEE A 1 IoRT, HERICITE— FRMA v T A E T L s 77 A R3—L
— ' — (Fianium ft; SC450-4 : F¥ydh) MW, BRSO OO &2 oL, —
a7 7 AN=T FITHEER., BE#ZH, b0 — 57 7 A4 =7 I THHERE
%, 74+ b= 7 k&7 7 A 7N—(photonic crystal fiber; PCF) [ZE AL THA L —H —
WaFAESEZ, “ODOH 1%, K %CARS DR T, A h—27 2L LTHW,
N7, A M= 2 NE KRB L GhbE %, RijcER Ty 7 1rE— R
T 7 AN—=IZAJI LTz, 77 A /3= 12— (Inphotonics, FFifh) (ZIXX A 7 aA
v 7 IT7—=PABEINTEY, L= —AHMH & CARS MO OO N —2D
ERicay X7 MBI o Tnd (K1 HEESHR), A7t A h—27 2%,
7'a— 7 e RS
L7 X (AR
BE10 mm) Ik 0 R
BHOEIE L, ks Sl | _onn)
LHE LT CARS 6
D% 5 BOELRL 57 % [F)
CLo X THED,
G~ )L
?_Aiiffﬂi_ii Yb fiber =/
laser ﬁ“y' /

- N
JN Al Bo —|Amphﬂer|—c;
VS, 7 (Acton, PCF450-2500 nm  Long-pass

SpectraPro2300i) ~ & >S50 filter

HMXx  CCD H AT
il X 1. EBEBREL 77 A X—Fu—T7DFHAE, EHIZ35H % FC =
(Roper Scientific, xz/xm 5%, 29o%AM - HAMAICHNWTN S,

CCD]

Polychro-

mator




PIXIS 100B)iZ &Y AT MHIEEIT- 70, REHI ==Y X7 — (MadCity;
Nano-LPQ) LIZ#H -~ THY ., =KL AT ¥ VBN A[RETH D,

[#8] X 1 12, CARS BAICHWERY Y. A —2 A¥D AT ML ERT,
77 ANRN—=T 0 —TE AR ) EO)DLDOIRINTND, R TIHDART FLiE
T 7 ANR—=T NN D BB IE L

TET D, FrcEREZES < LTEEAIZ 2.0 5 (@)
WLzt & K2R L& oic oo —

0 %o, AR, FA 7Ly I5—0 9]
BT L0 BEEMO 22 MRS DA 3

B THE LTAGE, 2 b—s 2T 2Ty
#1460 nm 72 HITARSL 2500 nm F CHENA 8

NV AN N UE= 2V %@74»%—% .
% Z & T 1200nm LL_EDITFRA RSy i

ZIBIRL CTHWE, M3 =tue7r=1 1000 1200 1400 1600
Wavelength /nm

CWHREFOTNTF Ty 7 A CARS AT ) 5o e MA@

PV AT BRI 2B CTh ol M3  CROOEC T, 2 b= 2oL

IR & 91T, NO REFMHGEIC kT 5 1R A

BILIBDOE SNBSSz, 20NNV RE

FAUWNZ CARS A A — 2 v 7 DFER %X 3(b) (sm

IR T, B~ A 78 A— O A XD

FEERN AL TETWA Z ERbns, UL

DX IIZ, CARS 77 A "—T v —7|C %)

)

Intensity /(a.u.)
8
1

J: D 2/\5 ]\/I/&U/I) )“—“‘/@H&{?z}) 2000 1800 1600 1400 12!10 100'(: 800 800

Raman shift lem

—
o
St

RRTHDZ ENRIhi,

[1] M. Okuno, H. Kano, P. Leproux, V. Couderc, J.
Day, M. Bonn, and H. Hamaguchi, “Quantitative
CARS molecular fingerprinting of single living cells
with the use of the maximum entropy method”,
Angew. Chem. Int. Ed., accepted.

[2] AFtima 1P090 iy, BLEF, SN, MM, “¥
Rl JEHEB~ T 7L v 7 A CARS B
LEE O RE 3NRF= b7 =V U O~ LT

7L 7 ACARS A7 ML (a)b A A—




1P090

WERZEFFER<ILTF FL v X CARS BEMODLEBEDRAE

(BKBw « B Y, JST & X AT 2, NCTU 5 +R-AFZeT °)
ORFIF#RE ", BERELRR Y, Iifserd 2 Rz

(F]l 2e—L > b« T FRAR—7 A« T<HEL (CARS) 1, ZROIEEFEERD
—DT, TvUHELE RIERIRBI A~ ML A2 2R THDH. CARS OEFIIE, Hif
FECHRIMMENRE WS 2, AREOEFREMIZAE L 272080t ELE2ZTIC< V. Zhbo
BT/ D, CARS 3 JCiEITA 7288 ik & UCTR SR, IS T4, FRIZ, CARS
WD w, Y& U TR Z AW b ~/LF 7 Ly 7 2 CARS 436 TlE, BEOEEE— NiC
Hskd 2 BB ARRIERE A7 bV E LT EIGLZENTED0, ZhEBEMSIC
JGH L7z~ /v F 7 L w7 A CARS BEBOY SCIEIE, RIS E Rk OIS, ~ VT T —
TORTHIA A=V T EHT LN TiEE o T D L AL T, KRTIEOHE 2
L3R E LT, BB OEFREIRED LN R AT L 72IEHEIR CARS A A—T 7D
FBLA HIE L7, JEMEIR CARS 1, B2 ABHK 01, 0 o3 ZFEO 2D AHKND 0 -
0+ s DIEBNEH/LHWIRTHS. ZDL X, EERREA~DHF X — VD72 I ARAMEIK O
o N, o ERWRRD, RESTOEFRINIISCT 0 S ZET, FERELEL
SHRSE, BRODOBBE — .
RME A AR A2 5 = & A H | F680' 560 nm). < 100 mw
FFEfLd. 22T, R o S
I, IR 0, ITMA T,

RNT ARy 7 RO H ) u |, o] =
ERRALR 0;ETD, H 71— TSR R

ik~ F 7L v 7 A CARS

IySITAINEA— JYFTAILA=
N N

e

SR R A SR L, R 0 \ \
REHZ OV CTRIE &1 > 72 7% b=y Ut / 4 -

T7A IN—
NIRRT
No{ /85 4 B )y 5 Felig [—
(EREE] X 1ICERO O N
SRR E_FREEID |y
7y 7 K& Rd. B— REHE Nd:YVO, L —#— > 4

A NA:YVO, L —H =D 1. 3R IR~ L F7 Ly 7 2 CARS I LR D7 1 v 7 X



DOIAW (FOIEE 1064 nm, A~27 FJUIE 3 em™, 7L AHE 8 ps, #ViKL 76 MHz, /%)L
ATV F— >50n)) & _EIL, —HE CARSBRED o, & LTHW-. b5 —FH%x~7
+ b=y 77 7 A N—IZEAL, EFHROAGEL—V—E2REIEDL, o6&V
RMEEDOMIDOHZ 7 4 NVE—TEHI LT o te LTz, op DANT FAZM 2177, %
7o, T A MY w7 RIREGD T 7T A (HUDERIE 690 - 990 nm DOFHPH TAIZ, /LA

& 6 ps, #VIKL 76 MHz, /YL AT R/LF— > Raman shift / cm”’

0 1000 2000 3000
15n] @ 800 nm) % w3 Y& L THWE. 0 ), o; . N Y | |
HIZTENENNFIRIER AR TE Y, o, K

=1
F B RIER A M ICEZ D 2 LB TES. L &

>
rEo=>0% %L, L XITEAL @

[
TREHE L7z, B D OE S st £
VL o ACTHED, lrOT V2 —ET FJ | | |
7 A N—, B EARR ST CCD B A T TR 1000 1200 1400 1600

Wavelength / nm

HL7-. 2. CARS 2D @, JeD A~ b L

[(EBFER] o & LTHOEE 800mm OXAHWT, AT rBLWp-=trr=Y v
Pl Z DWW THIE 24T o 7ok R 2 X 3 (a)(b) i d. BEERFH (@) T 0.1 %, (b)) T02#MTH
D, Fi, WESMEEIX 3em! BETH o2, WTNOREHIE N TS, FERGERICELD
v— 7 % Fio, MR~V TF T Ly 7 A CARS AT ML aFHZ LN T2,

(a) § g : : (b) _

S 5

© © 3

= > |

B : : ) :

c ' H c '

a 1 : ) 1

= i i : = _WM
IIiIIIIIlIiIIIIIIIiIIIIIIIi IlilIIIIIIiIIIIIIIiIIIIIIIiI
1600 1200 800 400 1600 1200 800 400

Raman shift / cm”” Raman shift / cm™”

3.@1 Ty, O)p-=baT7 =0 UEROIEERY LTI Ly 7 A CARS A3 L

[1] M. Okuno, H. Kano, P. Leproux, V. Couderc, J. Day, M. Bonn, and H. Hamaguchi, “Quantitative CARS
molecular fingerprinting of single living cells with the use of the maximum entropy method”, Angew. Chem.
Int. Ed., accepted.
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EEE T = & MY L —F— & W TR 0 fRIRAN o R E D BR %

(' FCREIRNT K « Bt « AEMEL, B 8o A a O—BFEAT, 2 SRR K - BT - R, A4
MREEY) OARRR !, ntE?, EAER, SIHEH 2, hamE 2, k!

[F] EREOICHRZ BT 27201013, ERE 0BG A2 R CTEHIT 5 2
EMMETH D, FROKBIRFOMELZREL, 71 FBEIOKER/RERY NV —7 DL
LA FEBRTHO 22 Z 213, X SUEREEMIT S 2GR E2G5 ECRAIRTH D, 7°
SIEEE, BEAEO REEEHROEN, T BB O T e b ALRKBEREA DA -
THRZ AR RIS CE 2 ERTIETH Y . 7— U = BHAURINVEEEST (FTIR) @
FHRICLY , BAHEOHERRICB W T ORI TIELE > TWD, ZOHIEORD
I, RIRKEE T TR AEOEELL 2B C & 2 ILH O R R E 5 & BT 5
SIZHh D,

BAE EFR ORI REE B I AT v T AX v FTIR TH H08, IHFEIL. KA OR44
AL —W—L < FF ¥ o R E A GhE 5 2 LT, AER CHERR T
FTIR & [AE DALY MV EEASTE 5 R H C & 7o, o EAEE L, o st o %
— NV RIZERBLTCEDEAFT IV AZFH LTARIZWEZIZHEHTH D, FRICEHEED 7
= A ML —F—PIE, WD TEW ALY MR A BT 520128 L THY .
7 & 23k (H:0) FOEAEDOT 2 K IR Asp/Glu @ CO iR E O/ NE(L % ks
ETHRHLIEWE ZICEOMRERET D, A TIE, 7= b MR L —F—Z2 AL
T B OB fR ARV EE 2 BIE L, DT b7 v b e BR{EBESR O CO et o0&
F S DX A F X 7 A& 53 fRRE 50 ns TEF L 7=,

(8] 7 =2 NTF X V7 74 7 BAMEROH Y] (800 nm) #HWT, J/N7 A MY
v YRR AR L, T T F AT LT A R —MADEREN D, RNV AN E TG
7oo 2DV ASEE R ATZE (3-16 um) | JA4H7IE (>300 cm™* FWHM) | & H ) (10 pw/pulse) |
EIZENE (<5 % pp). EVIRLUEEE (1kHz) Th-oT,

UL 6.1 um DRFN 3L A 6% probe St & St (probe Yt OIERERE O HEM) (25
. FRENnEEEREL (18300 rpm) O COFEETLT b7 v b e R LBER TR LT, &
NN DB 2 /3 A EA L CTots, BT Bd 64 F v > 1L HgCdTe Witz % H
WTARY MVERSSF LTz, BHERN D OE 513 1 7OV A2 16 bit T AD A L7z,

CO YAl @ pump JEiZiE, Nd:'YAG U —H— D% &l (25 ns, 532 nm, 1 kHz, 200
ud/pulse) %My, [BlEE /LT probe Y& Bz, 72720, HF a3 v X—ZHT pump
Y% 500 Hz TF a3 v ¥ 7 L. probe J&iZ pump on/off W25 % 500 Hz TH IS 72, pump
on/off DFEANRY ML 2 ms HICEHR L, 2AXY MV EER L7z, pump )&, probe J.
YTz vox—, AD g3 2 TR SHETE Y. pump & probe DY v #—(X+25 ns
ThHoT-,



W] o3 i 7 2~ b LD IEFER;EIE 50 ns-200 ps £ TO 11 SARD, TNHE2 T4 L
7RER CHIE Uiz, SBERF O AT ML ORERFIL 10 T (pump on 5000 /3L A
/pump off 5000 /X)L R) | FEAXRT "NALD ) A XL~ E 50 ulOD.LLFCTh o7z,

[FEREELLR] COMART ~7 1 b ciRfbEESR TIL CO I~ AL (Fei') ITHEAEL TS
2. HTERER CO IX. ps T Fey™ 205 SA O 281F 1 (Cup) (BB L. ps T Cug 2
BEAEINBAIEE T 5 2 Lo TnD, DX AF I 7 AE, Feyu'-CO & Cug-CO D
CO HEES) (£ 4 1963 cm™ & 2063 em™) Z8UHT 5 Z & T, ALEETHMER LT,
IHICY H Y FORAEIT LS BAH D OMEELEZRRD7-DI12, 7 X R I HEBOREH 5
PR FEAR T DAVERE LT (K1) o SsARWIEEZE(LIE~I mO.D. Th v | EEE O
AT D TN E W D WIELRATH CToh > 7203 ARZEE 1T sub-mO.D. L~ L D/ INEAL %
HERIHOZDZ LI LTz, FFZ ns OFFFMEEETH sub-ms & [F/E D AT kLG
BTz Z A E A LR TH Y 50ns TOT 2 RTIDOEEDD Feys®-CO DI
BELCAE S BE B OBVEZALOFIENH O E o7z, Flzpus OFFREFERTH T I N1
[ZZEAED R B AL, Cup-CO DTEBEILY: O B REEOEIELL LA LN Lo, BFIL, WE
DI T ~ HE CBIH S 7o v(Fes” -His) DI B A LIS 3T 5 B D & 35 2 H 41, Helix X O
HEIEREFNC & D FIREMED EI,

F h 7 v b cBLEER~DOISHN D ARLEEIT 10 B ORE T sub-mO.D. L~V DZEAL % K
HTEDZEDRENT, REBOPAMZED DO, BE7 0 — L EHBETTH S,
BREEEZRA LTEOEDEREORES A 77 ADBEMBREEETH S,

-50 ns

- |

200 ns
500 ns

JW 2 s
\/\/\/x 5 s
A—/\W 10 us
50 us
R—/\XN 100 us
= 200 us
e
‘ T T T ‘ T T T ‘ T T T ‘

1720 1680 1640 1600

-1
Wavenumber / cm

1. UL T b7 m b cBR{bEER (1 mM, HO #EE K T) O CO a4 oy
IRIRONEA Y S v CETRBERL - CO F5ARY) . BHREE 2 om™. Je#ER 15 pm.
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Sapporo FEJEEBAEL : sLa - 5 Lu O & PEREMARI Y I BE Sk D B 36
(RSB !, dERRBeHER 2, 58 TRBe L3, 38 TRHANER )
OBF% 3L, B RE)2, & 3, B Wt

7] Fexid H 755 plr JTECTOETFH B LR [112 BT L, Zbo BT
—#%H)7%, DZP, TZP, QZP KM LM A/ O THHIZ L ZFIHRICIER LT, /2. K - uXe
JR7& sla - Lu JEFIZxL T, 2B EMAE DR LTI RE BB LIt 7 A b
TR FR BB AER LTz, Ll 2B D JR il 2R EE B4 L &1 FH B D L IE B B A D %
FHAGDOELE, R FICLo UTEBE LB HBIL ., @ E TIIHLNa "I SITRITSD

BHHDH, OB L TR Z RVERE | B EZ R BB OS2 DZP, TZP, QZP
FEJEBE%L Sapporo DBARE{T>72, 22 TlE, s7La - y\Lu JR O REREEIC > W THET D, H -
suXe ([CBIL T, 2P092 THIET 5,

[BHFE DM EELE R TIE]  — MR F OIS GITIE, BN OE F N EEREH 2 X721,
B EE72 Post-HF FHALICIBWTIE, ZNOOEFHBEE BB T 20N ENAELD, DFED, BRkEFL
TR CTHHEFHOE OB THELZETL2LERHY, miEeie BRI Ehb0E
FHBEORIREE NS ERESND, T Z I ARRINEA BT, 4f B 035D N kE - OE T
FHEADFLIRRE N BT L2 HD T, N - PkOE OB A% SFEE Tl T& 5 /T
PR 7R SR BB A AR T2,

DZP Tl FaR U CTRRD T E I LD 1 2 RER T+ 1 TTOREE ET >/
FEEIZNZ , TZP, QZP L RERDITHEST, EHIT 1 EIFKRER [ FTUHET SBEHZENZ 5,
B OHREEZDEA T, ZOFEEZEINTHORCEAL THEAEL, TOAHEERY A XL
%o BIZIXT 2 AR ZRIYR 1D DZP 1%, P # %:%zé& HAIEIT 65s DIRRDOT s & p, % 1
T, 0kIE. 5s &£ Sp WEAWIET, JAFIZE-sTULSd b EREINHDT s 1 fFT 1T,

N#IT 4 ETHEARIEROT s 12HgE T 1 ET DR/ N EERITNZ 5, /N EERIT 6s4p3d1f 72
DT, DZP 1% 9sTp5d3flg L7025, TZP 1Z N 7D PRICk LT, BT 1 ZFRER T ETUHET S
$% DZP ([ZIMZ 5D T 12510p8d5/3g1h L7020 QZP 1% 15513p11d8f5g3hli 725,

SIERE O BAFE FIEIT, BARE T D)7 7l 1 A% &5 A B B i L . kDb e A X
LRERIRZ— T ENBO RS2 HRDRO BT 50T &kiELT 5, 72720 @miERg->=aw
RINRFEEREEAE BRL TV DO T, BB T 2BIC > THRONEE FHE= L X —%2F L
AL SHZRNWEH PN CTRIE RIS DY A X & AN D,

AWFFECIE, AT OB T AR5 E L T BEEEOS FRMR RS TG LB A M
i A S BIE A E FH U7z, BB FFR B BAEI L. LARTIC T v & /AR R AR 10O & - +A B I ZEJEE R
BR21ABHFE LT, 4s. 4p. 4d BT DETHBIIBEINTWRWO T, #7zlZ Configuration
Interaction (CI)FtHZ1T->CHARHIENO)Z KD 7=, CI FHE L, Inner (4s, 4p, 4d, 4f)iE 1M &
Outer (5s, 5p, 5d, 6s)fE F-HIOE FFHEEZZE T 5 2 ML FEITL, HoN72 2 o NO ZHED
- FH B BAE & U CRE I L7, ARSREERPOZh i, g & R [31125D 3 ¥k Douglas-Kroll (DK3)
I E o THRVIA I JRF DO BOPNIH T ARF R ET Va7,



[#EHR] & 112, DZP & TZP DfERZ R LT, TP DOONDIEITEEDO B A -7 L2IT/BN
7o B AT R — LR LT EIE (%) TH D, soPr - gsEu T 65Tb - 0Yb JFLF- D DZP & JER]
Bz > TELN A= L £ —DE| A1 Outer 73 93 - 96%. Inner 723 95 - 97%E720, B AF7a 5
JEBAHTHD, 5d B EFFOIRIZ OV TIE, 90%LL FOFEMELNR2WIEELHY ., B a2t
T %, TZP KJEBART s;La Ji - Inner D R LASMI BB D BIE A L<SHBLL TV D, MK/ 2 —
1%, DZP 73 94321(5)/841(5)/72211/421/3. TZP 1% 94321(7)/841(7)/721(5)/31(4)/211/2 £L7=, TZP
1% 11s9p7d53g1h T, s, p.d BEEPEA ORIV 1 B0 J0a 7RI -
TW5,
QZP JEJERAR L b = R — 2 S\ LA MERERAM LY B 25 TG4 5,

# 1. BB =%/ — (hartree)

DZP TZP

BHY ETEE Outer Inner Outer Inner

sLa  65°5d" -0.19381 (87.0) -0.50174 (86.2) -0.26165 (99.7) -0.63649  (92.8)
sCe  6s4f'5q4"  -0.17745 (90.9) -0.54058  (92.3) -0.22811  (99.7) -0.69560  (96.1)
soPr 657413 -0.17276 (95.6) -0.57887 (94.8) -0.20591  (99.6) -0.75620  (96.1)
oNd 65741 -0.17565 (95.1) -0.60533  (95.3) -0.20969  (99.5) -0.80098  (96.3)
aPm  65%4f° -0.18143 (95.0) -0.63914 (95.9) -0.21593  (99.5) -0.85176  (96.5)
Sm  6s%4f° -0.18591 (94.8) -0.67129 (96.1) -0.22100  (99.4) -0.90124  (96.7)
cEu 657417 -0.18524 (94.7) -0.69926 (96.0) -0.22034  (99.4) -0.94576  (96.9)
Gd  65°4f754" -0.19105 (88.2) -0.66481  (98.0) -0.24767 (98.8) -0.91374 (97.2)
6sTb  65%4f° -0.18641 (93.6) -0.80175 (96.6) -0.22413  (99.3) -1.09289  (97.3)
«Dy 657411 -0.18385 (93.4) -0.84813 (96.5) -0.22194  (99.2) -1.16092  (97.6)
¢Ho 6s°4f" -0.18388 (93.1) -0.90059 (96.5) -0.22259  (99.2) -1.23536  (97.8)

oEr 65472 -0.18664 (92.8) -095811 (96.5)  -022616 (99.2) -131568 (98.0)
oTm 6574f% 018849 (92.6) -1.01386 (96.5)  -0.22893 (99.2) -139258 (98.0)
oYb 6524F'%  -0.18406 (95.1) -1.06576 (97.1)  -022452 (100.1) -1.49957 (98.6)
ALu 65%47Msg' 018102 (81.7) -1.02455 (100.6)  -0.25344  (98.1) -1.47516 (102.7)

[Z% k]

[1] http://setani.sci.hokudai.ac.jp/sapporo/

[2] Sekiya, M.; Noro, T.; Miyoshi, E.; Osanai, Y.; Koga, T. J Comput Chem, 2006, 27, 463.
[3] Nakajima, T.; Hirao, K. J] Chem Phys 2000, 113, 7786.




1P093

6-31G** ELERA% I E L7~ RI-MP2 44 B 3L R BI % 0 B 38
(GSFHF) OMmE FEA, WM EHR, Kl %

<jXLC®iZ>

TR, 2 Ea— 2 HINORBICEI D B L FEHE TR 2L DO TE DRER KRBT |
EREDOHREFIELHNONDL LT o7c, —H T, ®MHEEOEHEFHE CIREERE O

2D BB L SN DFHEBROEIMEE L, 26 &2 KEBERICHEH T 2 72 OFEN IR
EN T35, Resolution of the identity (RDVTELIL, fiBHFAEERE S Z T, 4 FLOE T I

S 3HNE 2FILOE T IERESICEESRZ L LICL T, LEERIFHFEEREZHO T2
EMTE D, EE MP2 L~ L7z RIEMP2 A X RKIEER O MP2 3t REICHW LTS (1],
RI-MP2 iEDOFHERGE (e D MP2 iEFHRE & ORRZE) 13, MiBhRREEICKG L. £ OFHE R
I ZHHBY AL S D W A RN AKAFT 5D, T 4L E TIZ, Ahlrichs X° Dunning @ correlation-consistent
FEERIBUTE L 7B LR RS BRI ST D [2,3], LAsL., Pople @& JEBIH Zﬁﬁ”éﬁﬁﬁ
RIS O BT X 72 KTy, ZivE C, RI-MP2 #H5 2 Pople ORI A WV 5855121
[k DAL D FEE IS (B 2 1E 6-31G* THALIX, SVP X cc-pVDZ) HIZBAFE S 7= filiBh L i Fa'e'ﬁ%i?ﬁ#
R I T& 7z, Pople DEJEBIHUIL, FEHER LK E L TEDNTETEY, BIIETH KR
B R OB LFEFEICO AN H TV D, ZMB?%E“C“ . Pople D EJEIH A MV 7z RI-MP2 &f
FORKBBCRA~OEH 2 B8 L 6-31G** LK L 72 RIF-MP2EMHBN RO BHFRE 21T - 7=,

<EHRFE>

MBNIEEE L Ts, p, d, f, g WA 2EEEHNT, & 3 A E TON 20D LHEHIZHONT
6-31G** L BB & U CHIEBN IR IR BB D WUBE R B D Rl b 24T - 7o, AMFZE TR 72 Al B AL JE
B DR A Table 1(27R L7z, Tk MP2 A2k 3 %5 RI-MP2 £ R OFRFEAT B L USRI IC
FoTERSND B Faek/IMbd 5 2 L TRk 21T -7,

1 v
F=RMSD = > ()

Al |oR|
= +C
|E(2) MP2| |E(2) MP2|

(i ab) — (i ab),, |

Al =—=
4iajb & t+E; —E,—&,
.. 2 .. 2 .. ..
X e o B ) -2 i), )
|ajb a

=—(E(2) wrz T E(2) rivpa — ZE(Z))

ORI = E(Z) RIMP2 — E(Z) MP2



Z T Nt 3L W2 R0, CIISRI OFHGE#ROH /T A —2ThH V., Weigend
SRV =RELOSME S C=0.02 £ L72[2], EH2)wp2, H2)rivpe 13E L ENNEKDE & RI-MP2
ERHRTRONDEFHET= RN F—Th 5, ZRARLLTHIZOWTIT He oy Rz v,
DD TR DN TIE s~F T B H I B oD e V3R R & g A B AL B A D Bk 12

ROy b EHAWE, £725 2, 3 B LE D s~d R BhILEBI T even-tempered & Lf:o
%3 FMITLEIC OV T, 1s BEDTE 712%F L T frozen-core Tl & f\ /=, EZEOFHE
TURBOMOLE I J U4 #fF5E=E TR S 7z RI-MP2 £ & #lAIA A 72 GAMESS %)ﬂb\f_[ﬂ
7o BB E#E IEIZ T Powell 4 AW 2[5], Hal{bo4MkE F<106 & L7z,

NG

Table 1. 6-31G**H i Bh FLEBAE DO Ak
%1 AT E %2 EHocE % 3 EHocE

3s2pld 6s4p3difig Tsbp4d2flg

<HER L B>
AWFZE T B LTz 6-31G** IR RS OB K &2 T, 20 AL O pralanine &K D

X9 AR & 72 FRICHOW T, RI-MP2/6-31G* CTEtHE 2470, SVP 3 X O ce-pVDZ FLJEE
BAEH OB ERA S 2 IV Te 6 & D AT 572, WL OO 51 R TOSRI B LW
5 FHRAEMRTO RMSD % Table 2 127~ L7z, AWFE TR G AL MBIEIEBISUE,. SVP, cc-pVDZ
BRI BB T, B XD [RIFEE(SVP L0 1 EFRERE <, ccpVDZ L0 1 EFLE/N &S
VTH DL, FHERFIIFERRE TH D23, SRIGRZELY —Hi/hSL<TDHZ ENTET,

Table 2. # ALK Z U 26RI fA 72D b#g (millihartree): RI-MP2/6-31G*

ORI
molecule E(2) . SVP cc-pVDZ This work
(ﬂ'ala)lo -7982.668 -2.199 0.444 -0.174
Taxol -8784.216 -1.281 0.585 -0.253
Valinomycin -11330.033 -2.636 0.745 -0.371
60 -7837.608 2.271 1.119 0.171
RMSD 2.794 1.301 0.356

<BZ W >
[1] M. Feyereisen, G. Fitzgerald, A. Komornicki, Chem. Phys. Lett., 208, 359-363 (1993).

[2] F. Weigend, M. Haser, H. Patzelt, R. Ahlrichs, Chem. Phys. Lett. , 294, 143-152 (1998).
[3] F. Weigend, A. Kohn, C. Hattig, J. Chem. Phys., 116, 3175-3183 (2002).

[4] M. Katouda, S. Nagase, Int. J. Quantum Chem., 109, 2121-2130 (2009).

[5] W. H. Press, S. A. Teukolsky, W. T. Vetterling, B. P. Flannery, Numerical Recipes,

Cambridge University Press, Cambridge, 1992.
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(1 2
o 1,2’
MPI
MPI
MPI
)N1] FMO
GDDI API
MPI
GAMESS FMO
OpenMP
Fock OpenMP
GAMESS
GAMESS
DDI
send/recv GET/PUT/ACC
(version 1)

(GDDI, version 2)

GAMESS-FMO

Coupled Cluster

(version 3)

TCP/IP socket, MPI-1/socket mixed, MPI-1, ARMCI

MPI+ARMCI

OpenMP GAMESS

T2K

threadprivate copyin

GAMESS[2]

MPI

OpenMP

(FMO

FMO

FMO-HF

Distributed Data Interface (DDI)

global sum
(RMA)

DDI

ARMCI

COMMON
GAMESS



GAMESS
OpenMP private FMO Fock
HF direct SCF in-core
OpenMP
GAMESS HF OpenMP
(3]
CG 2 DNA HF/6-31G (126
direct SCF T2K 4 /CPU, 4CPU/
[41) 40 (640 ) 1
SCF Hybrid(n) MPI n
OpenMP Original GAMESS(12 JAN 2009 (R1))
MPI 64
128
MPI 64

128

©
o

Speedups
R

32
0 V= :
0 128 256 384 512 640
#cores
1 HF (direct SCF)

Fock

OpenMP
DDI

814 )

, Infiniband,

[1] Kitaura, K.; Sawai, T.; Asada, T.; Nakano, T.; Uebayasi, M. Chem Phys Lett 1999, 312, 319.

[2] GAMESS (General Atomic and Molecular Electronic Structure System),

http://www.msg.chem.iastate.edu/gamess/

[3] Ishimura, K.; Kuramoto, K.; Ikuta, Y.; Hyodo, S.-a. J Chem Theory Comput 2010, 6, 1075.

[4] T2K Open Supercomputer Alliance, http://www.open-supercomputer.org/
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Ax R E FRREAICKD EOHIESRERDEHE
(B2HH OF B8R, TIBKEA

(7] B nR®lERDIE. 3UEOR Y ZEE2S +1 % b ORI LT, & DOREMEARD
WE ST 2 JN 2 DIZIE LT PEE TH %, B FRA D X 5 1250F 1 D THIBRER ML) M
BELONFNIERRLINZZELH Y, BakiinZERo & bFE0HEESITE NS
RS STV B[1-5],

PG nRHEBDIIAE A I =T VOMEDOT CERESINDIT VIV THDLDT, &
MR S FRER, BRSKERER, A - A URRERRED L) ICaBEFTRLF—%5
e EOBETEBEMIIM LTHEDL T YV EIXEHR O AR K72 5, Neese © X, Spin-orbit
(SOMEAER N SE I ND DT v Y VDR RO X 512 ERE L[],

Diy =D + D + DY, (K,L=X,Y,2) (1)
<Oss |Z hiK,soSi . bss ><bss |Z hil_,soSi . Oss>

DSOO) _ b i i i ’ 2

* s’ b(S,=5) E,-E,

OSS h_K,SO : bS—lS—l bS—lS—l h_L,SO : OSS

1 PIERS ) S, o) .

“* S(2S 1) ps= E, -E,

Oss |Z h_K,sos_ ) |b3+13+1><b5+13+1 Z h_l_,sos_ Oss>
. 1 < - i i,—1 - i i,+1

D™ = - )

(S+1)(2S +1) ps= E,—E,

IO DORE MW LZEEEFHBG R, RBEETELHEETH L[5, LrLlans, B
DFBAD XD R RERFRDOEY PNZTROPARME TH D,

D7 v Y MZxtT % SO DFHEZ i b A G| ZFHHE T & 5 415X, Pederson & Khanna (2 K V) BH%E
STz pure-DFT Z WA LL T DL (PKE) Th 5H[2,3],

owstorvite (5 |0 | ) (s [ 30| i) 0V (of | 0| 0 ) (0] |30 |
1 ’ z g_tl —ga * g.ﬂ _gﬂ
Dso _ i a i a i a i a (5)
KL
48%| oz (pf |0 |02 ) (02 |00 |o) oo (ol |20 ) (0 |0 of)
L i a gia —gf i a giﬂ - ‘9; ]

PK {EIZHS A D DE (D=D, - (D, +D,,)/2) # B I TE 5 Z L A@E STV (6],
L L7228 5, Reviakine 5 1% 3 HIH 2 JF 1531 SeS, Se, 72 & D D X PK {£ TILZ 0K Dl
LWEHTE 202 & A2/RL72[3], £7=. Reviakine H (I D fia A B REER D 2E AT 1L F—
Z (WP ¥ —221k) o EEMICHEAE L, 20 FETH S IE hybrid-DFT & O
Douglas-Kroll-Hess (DKH)IEZFIH L7223, <013 0 HEMEILEREOIRIT LI LR behro Tz
[3], Wiillen IZfEAAO BRI VET RNV ¥ —% AE =DS*> Tlid/2< AE=DS(S-1/2) £ 952 & TPK ik
\ZB1T 5 Z OMBEORIRE 2 #r LT2[7],



—J . Neese I%. SO fHAANEH ZFEHE) & L 7= Coupled-Perturbed (CP) 52 XA fiE< Z &2k VW D7
I NG D I IEERR LT2[4]

-1
o o () Zusteics s Tuseics) ©
v iy 8, .3,
SO(-1) _ 1 SO (-DLap (-DLpa ~f
DKL 28(28 _1);(/'4 hK |V){imzaﬁuaﬂia Cinva +i/§1Uaaiﬂ Cyacvij (7)
SO(+) _ 1 SO DL~ ~a GDLASa
o8 < s T | Zusiieici - Tuipieies ®

2O CPiEIE 3 HIH 2 JiUF-70 1 SeS, Se, 72 ED DEAZHFHIZ L S HELLIZ, CPikL PKIEDE
X, D7 > Y IVEGHET HHRZ, Hartree-Fock (HF)AZHAIE 2 5 D HLALD E D BV, R OY%
B (1/48%72L) ICH D[4, LoLeds, CPIETIE, £< @ CP XA MrER 59, &7
B R HE L ITE 2R, 72 CP FREX0EHIZX, BEEs Lo #WEs b H 5,

[ ik - fER] 97 Fx X 2 Ik Moller-Plesset (MP2)#E & 4 H \ V7= Reviakine & O = R /L ¥ —7=
BIZE Y 3EH2E 0O DEEZFHE L7 (Table 1), FEJEBEIT aug-cc-pVTIZ LV Th 5,

Table 1. D values (cm™) for triplet diatomics. Table 2. D values (cm™) for triplet diatomics.
HF MP2 B3LYP*  Expt. HF MP2 CP(B3LYP)" Expt.
AsH 391 498 — 117.7 AsH 1142 1329 147.7 117.7
AsF 474 5938 — 138.7 AsF 107.1 1279 159.0 138.7
SeS 255  99.0 80.1 205.0 SeS 112.6 191.7 171.5 205.0
Se, 1045 2039 2174 510.0 Se, 2553 485.5 488.5 510.0
Te, 3462 9063 1085.6  1975.0 Te, 832.8 2383.3 — 1975.0
*Ref. [3] “ Ref. [4]

iz, wRIZK 0 DEZFEH L (Table2), (AEV-AE VDR ITE D B2 THMELZ,)

Dﬁzéészm D©Oaa | A8 mwﬂ

wv, K= uv,L wv, K= puv,L
y78%
1 1 ~ ~
P (+1) fa aff (-Dap pa (D) pa aff  ny(-Dap
+{S (25 _1) + (S + 1)(28 + 1)}Z(Hﬂv,l< Duv,L + Huv,K D/N,L + Fﬂv,K Dﬂv,L + Fﬂv,K Duv,L )
y78%

ZZTHOIE AO FED SO Bisy. D ik A v Rkl o 1 WEEEATSI, Fol 13 Fock

ITHN O ZHIEER 53 Tdo Do MP2YE~OYLERIZ, MP2 O | REEATHIOMEAIC LY e shiz, 2D
gr. T Fock ATHIHHDE TR 2, ZOFHFIEITFREDATIT I3 CP ik & 135 > T 5,

[1] F. Neese, E. I. Solomon Inorg. Chem. 37, 6568, (1998) [2] M. R. Pederson, S. N. Khanna Phys. Rew.
B 60, 9566, (1999) [3] R. Reviakine et al. J. Chem. Phys. 125, 054110, (2006) [4] F. Neese J. Chem. Phys.
127, 164112, (2007) [5] K. Sugisaki et al. Chem. Phys. Lett. 477, 369, (2009) [6] Kortus, J. Compt Rend
Chim 10, 65, (2007) [7] C. van Wiillen J. Chem. Phys. 130, 194109, (2009)
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BRI B BRI FE D T
FER OB ENROHAFES D
Gkl - BEOO B MEE—, REZ*, NIRRT

TS0, I, R e EAEMRREEIC BT 2EE DL ENR DR T, HEDRITED F
LRFEERT, TONRORFES VI, BHEHR R EREOET MEEAT 9 BROMEK) -
LD L~ UTIE U T2 RERUEFEET D, FThERb Y7 r A3ty 7 egtibid,
FEEENRT AL L THOWDIFERET LV CTH D, ZOET /ML, BELEFiHENRT
IR L, WA FERIE CEFERO GBI L > TRk T2 HETHh Y . WED
VB2 §7eEYs & BB DI & ORMITHIISERREUE L, Z OB E B = L3 —3L
ToXTHLDIND,

1
AE’sol = _EQT 'D(‘c”rcav)'Q

2T, DIIEOEMQ &, TNCE > THEINDIFBERO SRS DRT vy
N EDHEDIEEITHITH Y, FHEFR e & cavity PR reav ICL > TRHE SN D, —F, MD &
Ralb—va  EREIREBROREICL > TR DDA I/ rAa Yy 7 2B A H
TRF—FEIEE B HT R VX =)NE BRI D5 ERT v VO HATH o &
V77 LV RAERDEMNPLOTNTHLAQEZHNT, LULFOXTHLbEIND,

AE'sol = _gAQT GAQ

o, =(AVAV))

IS ZHODENE, v 7 nAaty 7RGl THL MD WA 52 % o Z BT 5
FOBEBRETNDNRIA=ZET 4y FTHIET, vA 7 nAabty ZITHEREIE
THZENTE D,

PRI L D EOFMNRZ TR T 5 2 &3, BEOFEERET L TITEHE LW, 28725,
MRIIARE—RTHY, FEERO MK T 2L 5720, ME—OFEFEL D
bOEERTERNWCOTHD, ZDID, AILNDIFIETRE ML IAALTZFHEERD
ERPME LD, 22T, T o 2RALL, BTV A NMIONDIEERT Vv v VO
HE &, HERT v VORERBIZEHRIC BT 5 6 SICEHT 5,

Tl AR ERCICES TR, Z OFAEREX T kL Vism 2 U CHEAEREN 2SI 28 L



7B EBIRDINEITIID OXMAELEZEDi &2, o7 4 v b THDTHDLHN, TORE, R¥EJ—
MEAERTDIALTERBLE LT, Hx OXMAEREZFHHETLDOICERLHEREHND Z L3
Hb“@&)éo

0 D ( 1’ cav)

e REREFERL LTERL, BEOREL I OEEMORE S EROARE—MED
R L ZFRTH T ENTE D,

HARRNZIR, EPKIC K DEBERA ) —ICFHER « =80 TH D LIEL., KHFTDMD ¥~
Ral—valilkoTHESINZ o %ﬁfﬁ‘fé £ 9 cavity ¥fE reav Z/XT A—H T 4 v
N5, 72, FHEMAKRET LIZIT Polarizable Continuum Model % V5, 1% 54172 cavity
BEEANT, SFIEZETOMD I a2lb—ya il oTEOND o ZHET 5 L)
EEIREFERL 7 4> M5, THUCE - T, BEREFOFELEERT A/ rRay
VI IRHEREAFG DL ENTE D,

] —> FERAELY
— Cavity 2D 7 ¢ v K
, \ ....... > T RVALER

FTo. BEEFROFENRIL, FESMICLD2NEIZNT T BREZHBKT 2EMORY
— T K o THEE 15 permanent charge distribution (Z X % permanent potential D ZhE A3
FEFIZREV, ZOMFRIL, EBAFEFHERT ¥ v VOIS EBIRRD HIEEIIC R S
HTENTED,

— ,BZ GijQ;ef + I/iref

Z 2T, Qref Vet [ MD /::V~¢/a/72‘f§>f5§r W LIS RE B LT, £ DORRIC
7575))07‘:3@%%&31“7//%/1/{8%60 THIC k- T, BERDNEE 20 - LET 28R
IS ZOoDAVIR—FR Y MG T+ 52 LR TE D,

[EtEE]
AWFZEI TR FE DR RF 7 1 —30 COE 71 75 ATWERFE O SRS & AR
BRREEMLA ) (No.B-024) LV Bk Z= 7 £ Lz, ZOH&EED THILE L EF £,



1P098
JEAWIEE RS 7 Z 7 A 2 B oy LB TEOBRSE
Ok E#C, thEpEd?, | b plko’
(PP KRB NTHIZEEBR B, [ESLATHE, 5 KBE- & 2 7 DEHE)

[Frim]

FMO-MDYE[111Z, 7 T 7" A o R4y FHE (FMO) VEIC S W= T B 5 MD) IETH Y |
BRx KR F RIS SN TETWD 2], LLRRs, ZAETOKFR, Ktk
OFFFEIZETKERET VIZ L DFEIMTHOI TN D 728D A&7 2 180 F 00 52283
HWTExW, IVEETEAKRZROY I 2 b— 3 O OICITEHE RSB AN
VEARRRTH D, FLORITHZEE LTiE, 2003 FOMMES[3]ICL Db D E 2008
EOTHMNZED b ORH D, AT 3 WITE BRS¢ M0 #5842 F479
% PBC-FMOVEZBHFE L. 53k D MD FHHREA~DICHIZIT e F~v—27 247272,
(25 ]

PBC-FMO ¥EIZ X B 3 RTEAMIRZ TORBAH D DXL X -2 RN TEHRT 5,

E“ =>"E[+ > AE,, + > AE, + Y AEy + D AE
| 1>] 1,J 1>J>K 1,J' K’

ST . kR VT IABADT TR NOET. K AA A=A DT TS
YINDOIRFET D, A AT EOMAEERIIFEZERTEET D, 2 (K, 3 (KHE
TRHHET 2L D%, ZHLFHPBC-FM02 ¥, PBC-FMO3 ¥ & 95, PBC-FMOJEIC IS 5 BREE
FrEART vy (ESP)ET7 T 7 Ay AL~ —FHEIZBWT 2 FEORY W%
AW, M1 0@DEIT, A A—VBLORBEESEIICERL T, FALDA A—
TENDT T T A NEDESPE XA v —EtHEAEETIT) bD% [direct sum), cutoff
DR ZER L T, TOHBNDO 7 T 7 A FOESPE XA ~—FtHZITHI b D%
fcutoff] & L7z, AIENIPBC-FM02 DA TEINZEINA A=/ OEE D v B
F7HEEEZRELS LTV o7z & E DRIV TH#H L 5,

_{a) direct sum (b) outoft

oie%e Aot
% 1ol
©n Sn Sx LSSy O

1 : PBC-FMO (281} % 2 fE#¥HD ESP & ¥ A ~—FHED
W&, (a)direct sum & (b) cutoff,



[GHE D]

AWFFE Tl ABINIT-MP (X) 7' &1 7775 LT HSW T, PBC-FMO D FEdE A T 572, NUTF
~—27 L LT, KAENSRDREBET D, WG TIP3P /)32 VT, 300K TD
Ins O MD ZIC=RAF—f/MEEHEEZITo 72 b D& Wiz, BRSO
ME— 12, 21 ADEXRE ROV L Uiz, FHHE L% Hartree-Fock, JLJERI%%
6-31Gx & L TRt ZIT o 72,

[F5R]

direct sum, cutoff® 2 -DDIHFEIZ XV FHH L7=PBC-FM02 O /LT R F—%[X 2
(R T, BT ZENENA A=V BALDREERE Ty NA T OFBEE L7z, direct sum
Lcutof f O, Hb KX RHBELETOENL T RILE—NF N ZF1-4865. 819189 (=
$:4), -4865.819435(Re=8.2L,) £ 72> TH VD, FFEF—HLEEZEXTNDH I N
bind, F7-. direct sumlTJBHIN 3-4. cutoffiFR~6-7 L., H7=V TE/LZ R/ F—
DPE L TWD Z ENSND, YHITZRAXF—ITMA T, JIOIFEEIZOWNTDOT —
bRl FHREFHICOWT HIRETT 5, & 5HIT 3 (RIEZ B L 72PBC-FM03 {&IZ2W
ThismaiT I,

-4865 8160 . , 4865.8150 ——fr—T—T—
| ee5etes e N A
S 4BE5.8170 |
48658175 48658250 -
D . .
C 48858180 |- 4865.8300 |- |
3 -4865.8185 - =
4865 8350 |- |
-4365.8190 e
-4865 8195 ' ! 4858400 EEL L 1 1
1 2 3 1 2 3 4 5 &
The number of layer R (L)
2 : direct sum(#5) & cutoff(F5) D 2 DO HETHOEIL T IV
X—, BTz ThA A=A DfEe b v bt 7 i,
Z Z CLeen=12.421 Al T AL BV O —II D FE &,
(&% k]

[1] (a) Y. Komeiji et al., Chem. Phys. Lett. 372 (2003) 342 ; (b) Y. Komeiji et
al., Comput. Biol. Chem. 28 (2004) 155.

[2] Y. Komeiji, et al., J. Mol. Struct.: THEOCHEM 898 (2009) 2.

[3] T. Ikeda et al., Chem. Phys. Lett. 370 (2003) 218.

[4] S. Hirata, J. Chem. Phys. 129 (2008) 204104.
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BF A N LVAT VY I)VERERRNT

(RUKRBE « %) oSl so*, Wl Fngs*, A6 BAZn*
terashima@2006t8.mbox.media.kyoto-u.ac.jp

[Fe] drdi) 72 kR Cid e < EFimiZ 255 S WERI N Big 2 3Rl 3 5 )/ SR BV T,
WDIEE A OIR L 1T FE ST BIOWRBIEN > TE Y, e R AsBEFEsn T D, L
L. ZNFICRER R N EIZE725L . F /7 EIRICEBT 2 EEERROMALR L OFRRITA
BOBEE 2> TS, RFFRICEN T, TEICKVIBESNTVWDEETA R AT VY VE
FEZHWT, F/HEBICBIT 27 VI =y MIERE Y TD, TAI=UAE, K<mbhTn
5 &I ICBMREN L BERUREEICERT-RER THY . TOMTHEOR S E®REINEG, FxDH
WAEICBWTIRASEHINTWD, 0%, T /7HEBICBITLT7 VI =7 AOMWEICBEL T
LIEENEE > TWD, BEDOT /HEBIZBIT D7V =7 AOWF%E L L TIE, Jones X° Chuang
SOENREFTFLNA[1[2], F2TlE, TAI= AT T AX—(Aln) DEZEERERED n=2 111
oA, n=3~5 M FHitiE, n=6 LRI A EE L 70D 2 & REEMEIZIEH 5 —EOHRINE
DROENDZ EREWREINT, AFTRIZBNTIE, 2O n=2~10 DT VI =T LT TAF—D
fLEREA Ex G e LT, BFmOT CTHRHCE A ML AT U Y VIS FHEZ AV
MR LTz

[HEGR - #HHE 51E] Jones X° Chuang HIC K VB LNZIENTZ n=2~10 DT VI =T LT T AH
—Z&ET Ve L CEA L, BALYP 2LE8% & 3 2 B E LB (DFT)E 2 AV CF— R B HE 217
VY, R BB SRR RDEF D AT 21T > 7=, FEEBIERIX 6-311++G** TH 5,

[FEREER] TAI =T LT TR BT DETANVAT V YIOVEEORKEAHEE EEG
N7 M AR Z L TAFAL HORE &R ADRKEAE L £ OEAMEIC T 2EA N7 ML o#E
A RIUEEIC LD REND Z N0 o12(FIG.1), £7-. TIVI =D LT T AZ—DFEED
REICED X ) BREFEA R 5D D)5, MRDFT fi AR b 12k - THL MM ENT-(FIG.2),
FIZZDOHFIZBNT, (VX —PRITNTLZETHD &) — IR EBEZNE AN L AT
VOV EE DA E L FEERIIC L W RBIHEK D Z E R R STz, 7eds, U H ORRITBWV T,
TN =D AIKBPRE LT FAZ—ICBALTHMEEITI TETH D,

[1] R.O.Jones, Phys. Rev. Lett. 67, 224 (1991).
[2] Feng-Chuan Chuang,C. Z. Wang, and K. H. Ho, Phys. Rev. B 73, 125431 (2006).
[3] P.Szarek and A.Tachibana, J. Mol. Model,13, 651 (2007).
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1P100 RI T EliEIZ 35 < FMO-MP2 - DC-MP2 & o &=l
(Gr-0F) OFEM JExR, Kl /<

[FE] 75 7 A by FiiE (FMO)ESR D ERTIR(DCTEIT AR 2 B0 RS /0B LTSI 41 9
ZLEDOTEDLREA— I v T BALFHELETH D, FMO & DC IEIC L B EEKy 7200/ 4y 0
HE T, A AEERNERE L 725, & Z T, Moeller-Plesset 2 YAEENIEMP2 #)IZ X A ELD
WEBEERDLN, TOEWVEEIXNPA MLy 7 70D, K5 TIE, FMO 15X DC L% vz
MP2 G5 % K0 @dIZF RS 572010, BRSO RIERIAZEA L7z RI-MP2 iE4 @ L7z,
AFERTIL, KT FTRAERZ U RIEEDOT A MMyIZxt LT, FHRRE LFRIFH O F~v—7
T A N &7V, FMO 5, DCIE (x93 RI-MP2 05 O 24 M: - ATREMEIC YW TR E1T 9,

[RI-MP2 7£] RI-MP2 {%i% MP2 FHEIC B 72 % 1 OR8FE 4y % resolution of identity (RI) #T{El4 2%
CEIWEVEHBE IR FERIERIEL AR TRELL D SEL LD TE L HETH S, RI-MP2 ETiE
TEPHESIFIRIEBEDOXEHNTRD L ZENRTE S,

(ia] jb)=> BrBY @
Bl =>L'>C.> (uv|NC, (2)
| v 7]
my*=> (L) L (3)
@ _ B (ia] jb)[2(ia] jb)—(ib] ja)] (4)
E _%;(2 5”); 6i+£j—é‘a—é‘b

PERIETIEI B TR EREIT O BRI ONYDO KR ED BTN ET 4 A7 IRGFET H0LERD
5, RI-MP2 Tl OO ZFE 1A (X)) Z2RFTIUIINWOT, FEICHNERT 4 AT
BEHRIEICMZ 55, RIEIMP2 = 3 X —3HHE T “E 0 OERRIEN ON)DOFHHEE
EHEL, FEEOR MR 710D, 22T, FxlT I E TOMZE T, RI-MP2 kO FHHE O @&,
EE A2 R T D 721D, RS B R O A RGEER IOV TN 2 Atk & /O ALER2S ATHE
B EHICWHT T Y X LEFEE L GAMESS-US ~DFHEEZ1T-7=[1], B ShE-71n s T A
W=7 A REHRIZE D BWIEFIERE AR 3 2 & 3R & dL, PC 7 7 A X Z VT 200 5, 4000
JFFH0E O RI-MP2 = /L —3H RO FATICH P L T 5 [1,2],

[RI-MP2 512 £ % FMO 0 @Eif k] FMO EIFAGHIC & o THRE ST KRB 7 O 2B e 31 R
NA[ER LR TIETH H[8], FMO IETII KBS 2/ NS 7 Z 7 X MIaEI L/ S 7
7T 7 A NORREEEEIETT L5710 T, HEI A MEREWHT I ENTE D, TORK
B, BE OB AL E CIIRARER o 12 ¥ VXV S O KB T O B AL F R R O FAT R A fET
HbD, £lo. TITT AL FORENMNS L THWEDT, EFICROIASNNRTOHENTIETH 5,
AWFZETIL, FMO 5 T% RI-MP2 3R A FATAMREIC T 5 72912, GAMESS IZ/A5A A 72 RI-MP2
v 7T Lk FMO E~xtisd 5 X 5 IEIE 24T 572, FMO RI-MP2 OFHFREFE & RO T A b
E LT, T A MFIKZ T 2K H0)hm (n=16, 32, 64), o, p-7 7 => n EKN=10, 20, 40), & >/
27 ’E(PDB ID: 1L2Y, 1ICRN) & W CEt R 21T o7z, FMO R TEET 22 EMAERO L~ L& L
T 2{K FMO(FMO2), 3 {£ FMO(FMO3)% @M L, 777 A NI 2531 DT 2 A% LIy
L7z, BB 6-31G* A Bh L B2 1 Weigend O ce-pVTZ % VM7=, % 112 FMO RI-MP2
15D MP2 tHB =1L ¥ —D FMO MP2 iE0 b DFRZEE TR, EDOT A Ny F+OFE DA TEH MP2
B = R X —DiazED 0.5mHartree AN & 72 0 | ALFREE & + /0 1 72 TRRE OfZE CRHE DN A EE
ThbH, # 212 FMO RI-MP2 £ & FMO MP2 {EDOFH R 2 7=, FHHIZAE Y 4 GB & HDD 400
GB % #5ifi L 72 Pentium4 640 3.2 GHz Z X&'y b —H¥ Ry N T32 R LTV T A X TITo7,



# 1. FMO RI-MP2 % & FMO MP2 i Tal5 L7z MP2 #HB— /L% — [Hartree]

¥ FMO2/2 FMO3/2
E”rwps E®vp; AE? E(Z)RI—MPZ EmMPz AE?
(H,0)16 -3.006 322 -3.006 337 0.000 014 -3.005 575 -3.005 593 0.000 018
(H,0)3, -6.027 618 -6.027 641 0.000 023 -6.025 705 -6.025 742 0.000 037

(Hy0)64 -12.082 060 -12.082 096 0.000 035 -12.079 846 -12.079 923  0.000 077
(a—ala)qq -7.945104 -7.945174 0.000 070 -7.944 823  -7.944 895  0.000 072
(B-ala);q -7.890 778  -7.890 864  0.000 086 —-7.890 965  -7.891 051 0.000 086
(o-ala),y -15.176 379 -15.176 507  0.000 128 -15.175 887 ~—15.176 021 0.000 135
(B-ala)y, -15.065882 -15.066 043 0.000 161 -15.066 453 -15.066 614  0.000 161
(0-ala),, —29.636 530 -29.636 776  0.000 246 -29.635 913 -29.636 174  0.000 261
(B-ala)yy, -29.416 098 -29.416 410  0.000 311  -29.417 461 -29.417 772  0.000 311

1L2Y -22.048 441 -22.048 656 0.000 215 -22.051 921 -22.052 145 0.000 224
1CRN -47.067 259 -47.067 696 0.000 436
% 2. FMO RI-MP2 £ & FMO MP2 {ED 5 R [47]
oF FMO2/2 FMO3/2
TRHF TRI*MPZ TMPZ TRHF TRI*MPZ TMP2
(HZO)M 1.2 0.1 25 22.9 46 6.3
(a—ala)qg 17.3 1.9 53 428 9.8 270
(B-ala);q 10.7 1.2 20 28.4 7.2 9.8
(a—ala)zo 32.3 2.4 10.0 143.5 33.2 84.7
(B-ala), 19.6 1.5 3.0 73.9 9.7 19.8
(a—ala)m 77.9 6.8 25.1 528.6 37.9 176.3
(B-ala)4q 37.0 1.6 9.5 233.0 18.2
1L2Y 128.3 28.0 68.6 573.9 4911 861.0
1CRN 306.1 96.0 216.6

FMO2 & FMO3 TOFF#EFI2, FMO ~0 RI-MP2 £0ii 12 & - T MP2 7 7B = F /L ¥ —
OFHRFFHEIZS 1/3 - 1/2 FREEHEHE L7z, FMO RI-MP2 154 V5 Z &I Ly | FHREEZHER S Z L
< EHARFH O, FHRY Y —AROHIEAFEETH Y . L K&y 7 B% D FMO MP2 35
DHE 2 D ERFT R SN D,

[RI-MP2 {:i2 & %5 DC-MP2 L0 @ i#i{k] DC k1% Yang 512 & o TR S iz KBSy 1 0%
REHEN AR E L FRIRTFIETH 5[4, DC IETIIRRE L0 /NSRS RITHEI L CRHAE AT
9o DCIETIE Z DR Z AT 0 FIE SIS R O A I N » 7 7 Sl & FH 3N 2 sz A0 10N 2.
5 L TE RO ORE DB ZIY iAte, foROSFHUEITH DRIy 7 7 fHllE E DT
JATEALEIE O H ¢ Hartree-Fock (HF) 5 £:X> Kohn-Sham (KS) 2% A CL % 10fif< = & TE
bNd, ZOBRICEEHSROERE P LT, BROBEFRERTT D LI ICREERD T = /b I #E
PLa RO TRRDEETHE RN X —% KD 5, DCIETOEFHBEOHAIIGE LN H S ROS T
HUEZ AV THEZITI D, 2ROMEZRLXF—%2ROL1-DICHIROMEZ VX —%2 2 LA
i &, MOROGTEIEIZ Ny 7 7 FHIRICE LR > TNWDTZORDRELEDENELTLE I,
B IE = R =B AT (EDA) Bl 0B 2 2FM LT, TR LF—0 5 bRk % 50
FEROINER LEGDE D FIELZRRE L Z oML R L7z[6]l, BifE, DC IETOE MO R
& LTDC-MP2i4[6]. DC-CCHE[TIABRE SN TV D, AWFFETIZ, DCIETSH RI-MP2 G154 %
ITAHRIC T B 7212, GAMESS IS/ AIA AT RI-MP2 7' 775 L% DCiE~RHST 5 L 5 IEEELT
72, DC-RI-MP2 D MP2 B ® /L ¥ —D DC-MP2 iE05 Oz, B LW DC-RI-MP2 i &
DC-MP2 {EDFHRKHHIC OW TR R Y HICHEm AT ) TETH D,

[Z%3CiHk] [1]1 M. Katouda and S. Nagase, Int. J. Quant. Chem. 109, 2121 (2009). [2] A. P. Rahalkar, M.
Katouda, S. R. Gadre, and S. Nagase, J. Comput. Chem. 31, 2405 (2010). [3] K. Kitaura, E. Ikeo, T. Asada, T.
Nakano, and M. Uebayasi, Chem. Phys. Lett. 313, 701 (1999). [4] W. Yang, Phys. Rev. Lett. 66, 1438 (1991).

[5] H. Nakai, Chem. Phys. Lett. 363, 73 (2002). [6] M. Kobayashi, Y. Imamura, and H. Nakai, J. Chem. Phys.
127, 074103 (2007). [7] M. Kobayashi and H. Nakai, J. Chem. Phys. 129, 044103 (2008).
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