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A Theoretical Study on the Photoisomerization of Stiff Stilbene: a

Model of Light-Driven Rotary Molecular Motor
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Molecular rotary motors, though common in nature, were
synthesized rather recently. One of the most promising
categories of artificial light-driven rotary molecular motors
allowing for optical control is based on helical overcrowded
alkenes. For instance, light-driven rotary molecular motors (3 in
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Chart 1) based on stilbene 1 have been synthesized by Feringa’s Silbene  Stiffstibene  Molecular motor

group. By introducing helical substitutions into these Chart 1

overcrowded alkenes, the authors have successfully harnessed step 1

the nondirectional motion to achieve a unidirectional, 360° 313 nm

rotation around the central carbon-carbon double bond (Fig. 1). E‘

The rotational process consists of four steps, two of which occur

in the electronically excited state and involve cis—trans <table cis.3 unstable trans-3

isomerization of the central carbon-carbon bond. Though the ., jstepz

mechanisms of these photo-initiated processes are important in % 2oe

rationalization of the chemical nature of the currently O.

synthesized rotary molecular motor and to design new v I

promising motors, they have not been well understood yet. In 20¢ 'D
step 3

the present study, we carried out complete active space

unstable cis-3 stable trans-3

self-consistent field (CASSCF) calculations to explore the rotary

potential-energy surface (PES) of stiff-stilbene-based molecular  Figure 1. Four-step rotation in stiff-

motor 3 in order to understand the reaction mechanism of the  Stilbene-based molecular motor 3.

phoisomierzation reaction and rationalize the unidirectionality of the rotation.

The cis-trans photoisomerization of stilbene has been extensively investigated. For free stilbene
(1 in Chart 1) both trans—-cis and cis—trans isomerization can take place. Though their dynamics are
evidently different, the wave packet from both isomers can access a conical intersection (CI) with
perpendicular conformation near the minimum of the S, state. The ideal branching ratio of the cis- and
trans- products is 50:50. The one-dimensional rotational PESs are symmetric around 8 =0 and 180° for
the cis- and trans-1, respectively.

Introducing two S-membered rings into free stilbene produces stiff stilbene 2 (Chart 1). The
5-membered ring in 2 not only prohibits the photocyclization side reaction (which is the predominant
side process in free stilbene 1) but also more or less fixes C1-C2 bond thus makes hula-twist
mechanism unfeasible. Therefore, the symmetry of the excited-state PESs around the Frank-Condon
(FC) region of trans-2 remain, while the one around cis-2 has been removed by the steric compulsion
between the two benzene moieties which is only significant in the cis-isomer. In order to avoid the
high cross-plane rotational barrier, the C2—-C1-C1'-C2' and C3—C2—C1-C1' dihedral angles increase



(or decrease) simultanecously, resulting in the helically twisted conformation and asymmetric
excited-state PESs. Further introducing methyl group into stiff-stilbene 2 slightly changed the
geometry of the cis-3, while put significant effects on trans-3. The strong methyl-methyl compulsions
alternate both the ground- and excited-state PESs around trans-minimum into slopped. Tracking the
geometry variation along the rotational coordinates suggests that after the photoexcitation the
molecule follows the twist motion to reach the perpendicular excited-state intermediate, which
represents a conformation better matching the product than the reactant. Therefore, the steric effects of
5-membered rings and the methyl groups which evidently slope the excited-state 1B surface, partially
account for the unidirectionality rotation of molecular motor 3.
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Figure 2. The reaction paths around intermediates in 1B state: (a) min-1B’ (6=-98°) in photoisomerization

step 1 and (b) min-1B (6 = 85°) in photoisomerization step 3.

It is found that the photoisomerziation process undergoes a 3-state, 2-coordinate mechanism: The
excited molecules in 1B state first decay to 2A state though the 1B/2A seams along the primary C1-C1’
torsional coordinate, and then follow the C1/C1' pyramidalization to cross the 2A/1A conical
intersection and return the ground-state PES. Along the primary reaction coordinate, several
excited-state intermediates, on both the 1B and 2A states, were located. The 1B and 2A PESs approach
each other from the FC region of cis-3 (or trans-3) to the perpendicular intermediate region and finally
intersect with each other in the vicinity of the 1B minimum (min-1B or min-1B"). The located MECPs
on the 1B/2A seams has “peak” nature and are almost identical in energy with the 1B intermediates,
thus they provide opportunities for the molecules on the 1B PESs to barrierlessly access the
energetically more favorable 2A surface. Moreover, with the torsional angle increasing from planar to
perpendicular, the double-bond character of the central C1-C1’ bond is weakened, correspondingly the
Cl and C1’ have high mobility along the carbon pyramidalization coordinate. Indeed, two S¢/S;
MECPs can be found on either directions of the pyramidalization coordinate (Fig. 2). Before the
excited-state molecule could cross the Clsos; to reach 1A surface, they have to overcome 10~30
kcal/mol energy barriers. In short, our calculations rationalize the undirectionality of the rotation and
suggest a possible reaction mechanism for the stiff-stilbene rotary molecular motor.
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IX OAMIDEDY, Hal L0 HAfEXHEA /NS, Oafll Tl LEAREED Ha MR TH 720 ed Th
%o BT, OplllD 2 OOWUNZ XD HAANERD Z & T, Co il EITH 7272 NS NE LTV, T
b IREDH HIK EROREE T, SR O T S A5 U R & 13 B> T D, 70,
TIP3P DAA <~ v 7Tl AEwin ¥ v 71285 OpllD 2 DOR/NRELS 720 | Cyy ED 1 DOfND I
Lo TS, ZHuE, TIPSP ®/K —&A(T = 300K) Tl, WA OHEZ B> THRN I & &2 &Lk
T2, 15 HE(TIP3P) TIRE D H H/K5+D 3 ReH Yy ST —7 ZB D H IIXEERNLETH
Do

A4 FfEm A YT AL ;v

HF/6-31G* -5.67

A4=-3.0

—4.52

2. MG, M~ 5 TR Ay~ 7 LT X VY W71, b 5 BACE T, =%
X — D BN 1 keal/mol)

[ k]
[1] T. Yoshida, T. Nishimura, M. Aida, F. Pichierri, M. M. Gromiha, A. Sarai, Biopolylmers, 61, 84 (2002).
[2] C. H. Bennett, J. Comp. Phys. 22,245 (1976).
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DB AERZRED)RY—LOWHEIZHITT-
EE_EEDYVI - 5 ILIBEEBOTE
O HEER, MAthE

[P 3]

LS RFD M7 —FI1C kD& DMPC DA T U v RUKR Y —A0H
N ANER 2o H3, K < Bl72 DLPCR°DPPC THISE= b DL Bt 2 Fi - 720 |
MHEHZ Leh-7c 35, 20T, FEOMS - FEREEREOE -
FEOWMEEEZ TCLEITZDTHD E WV EMHEID D=0, IFE DR
BDOYVIab—varEiTnizy, SENE, TREREE LT, IBE EREO
VOV TN e V) IR T EN )Y R 2 b— 3 T Lo TR
77,

B T HEO YL AR DY I 2 L— 3 VI X AR EICS,
T == R =T 4 TR LI L0 IThNTCE T, Ll EXT U
AR DB LY | IEMEZR Y7 TR LV, 2R ANV T
ITbHAA, BREAERNIZIB W THEE LV, AROFE TR, D35GB bR
ZH, VU sy FENV )RR WA Z LT ZoMBEICHRA T,

[Materials and Methods]

BRAA AR 203 R85l 2 —EHOEH R & 925 Z & TORLF8& 5 L,
FOVEWEHO, LV RKRELRRZE2TIa2Lb—2a 350Xy hobbd
ETINTH D, AL THWTZBHRALAER X, MARTINI2. 0 L EEN B ET
ILTH D,

LU 1 3oy FE )k L XL E ORISR E SN2, WL DD FRD
at— (LU ) OSFENSFES I 21— 3 2T, A Rl 24
FEIZLD, P AE ST, V7 DREOREZZBRT D HETHDH, =
WK, VU BT, BiREIIEE 2T X LHEET 5, IREDRVE



BAEf5Z & T ARBTOY 7Y o Iahfe B, iz, [RIRFICIRVIRE
HPHZ D Z L OHRD TETH D,

AAFZETIE, 283[KIZH5 390[K] £ TOHPAIZ 127 fHO L7V hEHEL
Too Flo, RERIENIRER- 7 — " —E% | JENFIEE Y X1 -« T —<
EERWZ, b =T 4 7T == 0%z, V7 s 18 1
2 LD b 2 T o 7o, MHIBBIREMTZ ST, FRETCOZRLX—7 L
DINEHEEFEFS>THDH, VXU BHE b4 6~Ar7naboraxrsarg
v ElTo T,

(R EEE]

VU B, JRWVIRERHE 7 X LT — 7 Lic, ZAUTEV= R L
—HJEWVEIFACT VA LT —7 Uiz, £72, B OHEETH HEDOJE X
HLRESEN L, VT IR FEN)IFEY I 2 b—a U9 £ AT
7-EEZ2 N5, Fo, FAIGEN L) ALY EE-LEZ2 N D,

WIZIREZGICOW TR, Pl kL —2i%, 295(K] &, 289[K]
ICRERIROD A BN, FNF., VL - FIOVMEEER & KOERFIRE
ThirEEZOND, EOBELRLEOEREE 295 K] i TR E B LT,

REYEH 7R L L. 2ODF NG D 2 LIRIBS N, O & Dl
TDENT=ZF VA TH D, b HOEDIE, BROEN W FAETH D,
MARTINI2. 0 Z FHWN2 6 TAF9E Tl R OBEWTZ AR 7 72
TELT, 2L, VU RS FE)FEIZRY | Er 7Y 0
RN ER o=t EZ NS,

BB, TNEFNOMOIMAIN /2Ty 7 a v FELLFIZRT,
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Ras-GAP #HEMRIZE 1T 5 GTP MK RGBT 2 Blaa A 7t
O HeK L, Ak TL, 5 20
Y7

mhigashi@ims.ac.jp

1% G ¥ v /374 Ras |d, AIAHFEOHIEIC EE 2 &xE 2 RT3 X2 IV BETH D,
Ras 78 GTP LA L CWAIRZIE, 7 i TON) DIRFEEE 22 Ml MES LD, — 7.
Ras 78 GDP L& L CWAIRRZIZ, > 272 TOFF] OIREEL 725, Zd GTP 75 GDP
~ONKSiRIE ., GTPase M # > X 7 B (GAP)IZ K » TR S5, LA L, Ras @ GIn6l
DX D BRFFEDIRIENE RS 5 & GAP OIEMZNENBLINT, > 7T H TON) OFF L7
STLEY, ZOZEPMIDOT AMEDFRD 1 HEEZ HNTWD

Z DX D12 Ras-GAP EAIRIZIIT D GTP MK I FEF ICEHETH HICH Bb 51,
ZOFEMIRIZNC L3> Ty, £ 2T, AAFFEIL. Ras-GAP EAKIZE T 5 GTP N
KGR D R )HERE 2 QMIMM EEZ W TN T D Z L2 HET 5, QMMM HEIZEB W
T, QM EEIBIEM 1 DL D ICEENDFE 78 83 fH & K& <HVY . QM fEI O E IRAEZHHIC
IR EE 72 M06-2X 25 FEIRLBE BuE 2 -V iz,

FT. GTP KN EELET S L0 ISR ERR LI 2 A, MIGW &AW % S
TEBREZREA LT, LrL, ZOEMHILT /X —|3 384 kcal/mol T, EEHO D
HALAMEFE 25 keal/mol) L 0 HIEFICE D o T2, £ T, Fl ISR EZRKR L& 2 A,
THES FOBEIRIGNZ X D GINGlL D ke ) — VBV A S BOGRRES & BT 7= (1% 2),
GIn6l # R X172 & GAP DIEMERN RN G LRV DIE, GInel 23 &I L%%bOTW5
MHEIELEZ NS, HUNEHR bR L X —13, ERE LT -HLTWDE, £2, &
WD GTP b U VEENYIND AT » T OEBIRE(TSL) OE S . EBIREELEUAD X i
ERT TR LONTREEE I —&K L Tna, KRIZ, EOEBRENFEBEENEZRDH70
(R FEN A R (KIE) 23R L7 & 2 A TSI O KIE N EBREE L < HH L. /E- T,
ZORIGHHEREEZ BND, S HIT, KIS EARY ORI AT ML EFHRE L, EBRT
BRENTWDHEAXRT MAVDRIEZITo T2, FHRICEVELNTIREI AT ML, RINCE
HELEOTEREZ LHFHR LT,

water rotation and hydrogen bond double proton
' ‘_?L Ser17 Pi dissociation reorientation (1) transfer (2)
Thr 35 4 ¥ 26.9 27.7
L—y‘ 26.0 -
e — 229 239 I frsa\
, 181 N 183 / FT83 % 500 / T84 222
[ | lNT1 T52 i ’ 18 4 r TS5
Nz it INT4
double proton hydrogen bond
transfer reorientation (2)
Gin 61 e Arg 789 Reactant Product

1: KHHED QM 8 2 AR TH O N RIGER
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&Jj 717 7 —1E€ Thermolysin & & O FHER|ME O R EB9HE A MER OBERHIREYT

(BAGHANF AR . HERTF . FrA Y KFEY)
offEHERML ' SEJIlEt ' KlEd ' HST3E— 2. Khan Hassan®, Sylte Ingebrigt’, 2 [ itz !

(FF]

Thermolysin (TLN) (% Bacillus stearothermophilus HIRDO @B 7' 07 7 —E Th v | {EPEEALIZ 1 D
DHighA F 2 HEENIZ 4 DDAV T LA T ERL, ZHDA A A TLN OERE & i O
FRICEHEEREEHZ R L 0D, KIEOFEER [1] LY. TLN OEHEIET 2 /8RO dipeptide (2 X Y FH
FInoHZ L, MOMHEEEORSIL dipeptide 24
T 57 X BOBBEICKRE RFT D2 L BHH
M7 FNHO dipeptide W HHY A K
DIFEINT-, LML, TLN & dipeptide DR
FEAERIZ, EF LV TIERMATH D,

AHFZETIL, TLN & EBRTHEM S 6 HEEHO
dipeptide [ O % BRI 72 FH AAFH &2 . & 85y 1 1 %
MM) i, 785 (MD) i ROT7 Z 7 A
N3 FEuE (FMO) 15 [2] &, KT L7,

Figure 1 X-ray crystal structure of TLN-IY

(;tEFIE]

FER [1] Tl TLN (2 6 fEFHD dipeptides (IY (Ile-Tyr), LW (Leu-Trp). FW (Phe-Trp), IW (Ile-Trp).
VY (Val-Tyr), WL (Trp-Leu)) %A &, dipeptide #&E A2 & D TLN EMEOE L ZMT LTV D, F
7o X MENTIC L Y, TLN-IY (Fig.l) & TLN-LW OfESE#E&E N RE SN TV D, KIFZETIE,
TLN-IY/LW UANDOESEROHEE 25D 720, TLN-IY/LW @ dipeptide D—2>D 7T X /@AM DT
JBIZER L BRI O A% Amber99 J735 Tl Lo RIZ BEA RO JE BT K Z L .
it MM/MD 571 7 F A AMBERY % FW TR 2 fomfb L7z, & 512, TLN-dipeptide #2
EROLEREZ LV IRFHICERE T 2 BT, HAEEROKFIEEICH LT 300 K TO MD FhHz
Ins EIT LT, TOREEND. 1000 HOME 2 BG L, #EEEMEZ LI 10 @0 s 7 27 —I1258
Lz, %7 7 A% —ONFEHEEZ MM R Z AV TGk L, £ O T 1L ¥ — DN 2 E i ik
X OBAROLEREL U CRE LTz, BEIC, FMO {E [2] KX W EHAROEHIRIEZFE L,
TLN & dipeptide M DRFEAFHEAEH ZfENT L=, FMO FHREIZIL multilayer V5% Hvy, #igpA A4
& dipeptide. X OZFNH1E 5A URICFEET D TLN OT 2 BRI L Ky % MP2/6-31G T
AR L, ZThUSOREENE HF/6-31G IETHE Lz, /-, FEAKROESMITZ AMBERY & H\»
THRHT L, TLN &4 dipeptide M DO#ES TR/ F— (BE), KOEABEHZRALX—%2RKD7,



[MtHEBREER]

£, TLN-IY & TLN-LW @& L, TLN & dipeptide fflo> BE #Rw 7=, TDOEIZ. =h
ZA, -264.04 (TLN-IY) O -242.63 (TLN-LW) kcal/mol TH Y, IY O 52 LW LV $58< TLN (2
MET DI EBmrole, TORRIE, EBREER [1] LEMEMIC-ELTWD, ZOMED KK %K
HNCT D72, TLN HOA7 X JBRE TY/LW MO EAEH =RV ¥ —ZfifhT L7z, Table 1 (27”7
K51, TLN @7 X /@O H T, Glul43, Asnll2, Arg203, His231, Phell4 [Z[fi 7 dipeptide & 7
SHEAERT D, 2. 850 0K5 b TYLW LRV AR Z £, TLN-IY/LW (255 BE 23
BRI E LTI, TLN ©O7 2 /L dipeptide M%7V v UF 5K TOEDOENNREZ HD,
Fig.2 (a) 2”7 L 912, TLN-IY TiE 2 fHDKS1 (Watd345 & Wat350) 23, TLN O7 I /gL 1Y
ME7Y vV LKERAEZER LTS, —JF, TLN-LW (2B W\ Tk, Fig2 (b) II=-T X o2, =D
KRR FIFFEL 72, 2D L D12, dipeptide JEIIZIFET K514, TLN & dipeptide [# 7
FEAERICHEZ 52 5 RERH D Z LR, SRIOFHETHLNI R o7,

INETORE LY, dipeptide ® C KIANZHBAMEDOT I /e ER s, TOT X JEBEOEMIC
KFFNREL AL, ZOHFOES)R TLN OF 2 /L KFHEA L. TOME, K20 LT
dipeptide & TLN RIZKFBRANDBREND Z DN hoTz, £ T, 2N E TOFEBRIZE VT, TLN
EDOFEAPIR LIV TY O Tyr REZHAMEOT I 7 BRICER L7 H 8 dipeptides % {EA L. TLN
L OREEREE TR CTh D, TOREEE T, TLN OIEMEE X0 RAICHIE T 2818 dipeptide
FRELIZWEEBZ TS, FHEEROEMII. YHORAX —TREKT L,

Table 1 Interaction energies (kcal/mol) Asp226
between amino acid residues of TLN and
dipeptide IY and LW Asn111  Wacds
TLNIY TLN-LW ) e .
Residue  Energy  Residue  Energy 170

Glul43 763  Glul43  -80.6 VTl N

Asnll2 730  Asnll2  -77.1 Wat350 Vo, Watdde
Wat331  -44.0  Wat333  -46.3 Wat331 ) Wat340
Wat340  -22.6  Arg203 247 ' (a)
Wat345 220  Wat353  -22.5

Wat346  -21.6  Wat364  -17.5 Wat350

Arg203  -20.0  Wat350  -16.3 Wat333 “y

Phelld  -19.5  His231  -15.5 L 18 o e

1.68, o,
1.68% .
V

His231  -18.7  Phell4  -14.5
Wat350  -11.1  Wat323  -10.7
Wat323 99  Wat36l  -82
Asnlll 83  Wat330  -7.0 :
Wat356  -7.9  Aspl38  -6.7 -

Asp138 -7.8 Wat342 -6.4 oY
Wat336  -6.0  Aspl24  -5.5

Wat353

(b)

Figure 2 Hydrogen bonds between amino
acid residues of TLN and (a) IY or (b) LW

(85 x#E]
[1] M. T. H. Khan, et al., submitted for publication. [2] K. Kitaura, et al., Chem. Phys. Lett., 1999, 312, 319.
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REF 1 VizERAWY YEEIMKDERIDD A H =X LDIHRE
(RKBEE - 1£%) OWFRE

[RID#EE & BRIREDETH]
b2 RIS D RIGHER & BHIREBORE IS, BftZOROEARANLZREED—D
ThHhH., BENSEZLDAEITTONTVWD, I TRIGD EBBIRRE, &
KRIGICEEE T 2RTFOHZ N EHET D&, 3N-6 RTD/RT> v )LEIE LIC
BIFTB7>7 1 08 E(saddle point) TH D, RIGDIKERER (reactant) & £
% (product) ZfESBEDSETH > EHBEVWIRIIF—EEEAE5ZDZEHTH
%, CDESBBBIREZ KO D HEE LT, —fRIVICIE augmented Hessian
ICED < eigenvector following DAENRAWVWSND, TOHEDHIRIE. &
BREMETHEDRW2RIKRZRT ZETHN., —AXRAIE., PEREHEH
(3N- 64\75@"”?5?9’() HEMHICIRW T & TH B, > T BEBKREZ EF<
RO B1HITIEBREZBYICEZ DI ENREICKRD, oo RIDICHE
5@“@??;& N DKREWHEPY. 75V NaBEHENEET 555, ERIRE
DIRRIFSSICH UL BD, COXSBEAIS., EHLARDTIE. RIGERE

DREISHTHREACENER (B ZLEEITDIHLWEDICKRD,

[RIDERDREL]

CDEOBEHEZRICTDIED, HEEFERBRZIEALABTILITY XLDNERS
NTETW3, FIZIL. conformational flooding/metadynamics ;A Tld. %
NSE > TWBEEZE T 5 &K ST bias potential ZIIZ T E, FEHE
RUTLWRWEBZBBNICERRET 2L S ICRELRAIF TN (FATT7EL
Tld adaptive umbrella sampling &AL T %).—7. global reaction route
mapping (GRRM) & Tl&. EBRONRT > > v )VEEELNRFENRT > >+
IHOBWZEHEE LT, ZOE(TAEHDNRKICERDARICRZEHIL
ROIXRILF—DEVEBBREZRFNICEDITITH, —AH. LD2D0D%
EEFERD, REF 1Y (HBH2VWELTVUA - A X=) EEHENZAH
ETIE. BIREERIREEX IR E WS DOHODL T ATEEYLL. 202
IRILF—ZRIMET B2 ETRIGREZRD LS ET B, ZDAEIF. 3N-6
RITEBTOEEDFER (e D eigenvector following 7 &) %. (3N-6)P



Rt (P ELZVAHOE) TOIXRILF—RIMEEBICRZTEL TWSEFX
%, 2> T. TRILF—FRIMEDI=HDIRABRFEDFAHEKD Z &Icih s,
—AH. IRILF—FRIMLICHRET 2EBHRAEL. FIZIE FICTRUBWER
D, BHELICE > TELNIREIZIEZ SNIZPPRIRIC—FBEVDHDICKE S,
DED., BoNREIE MEEMNICRELGRE) (—FEVWBBREZSZ 21
) CIERSBWC EITEET DZREND D,

[ >EEINKGEEADA (1)]

AARTIE. ETRARFREF 14V OFENKRBE DRERAMICEZ DD
MTDOWTHRET UTco BAARIICIE. Warshel Slck > THRRSNTWS U Vg
T/ IZATFILDOINKDEERIG(JACST128,15310,2006)ICc DWW T, associative
Ffcld dissociative IR RIGREEHIREF 1 ViEIC K > TEERELERSIHNE
SHhZFNTc, FleBo5NcIXILF—T0O7 741 I)LH Warshel 5D 2 RTH
HIRLF—IYTORRE—HITINCOVWTHANRT, 22T, BREDOLH
MEBEELTIE. EEMNICRRG S 73R Z 'F8<T) #8N\Y—VAR
L. Z08RZIXILF—RBILUIE BO5NIXILF—TO7710)%
HRIT2ZETROREBRRDEBZR . DR, DL SBRRBIRT
7O—FTH, Warshel 5Ick>TESNE2RTERIXRILF—T Y 7ICK
Sigme B L ZEREKD  ENDH >,

[ >EEINKGEEADA (2)]

Ric, FELEEMBRIEANZZILDNEL D> TVWREWREL T, &E
Wolfenden 5 ic & > THAN 5 1z neopentyl monophosphate dianion
(NP2-)®D wet cyclohexane A TDINKDEERIEGJACS131,18248,2009) %
AN, ZDORIGIE. cyclonexane HTIFAKFLD 10*12 ZFHDINEZRT
ZEMFLENTWS, Ffeo ZRICHET 2EHCBHIRILF—DETIE.
FIFEECTY FOE—DOEICHERT D EDBDN>TWVWD, ZDORIGICD
WT. WS DD DINKDBEREICH U TRIBEE IXILF—TO771I)L%
FE U, ZDHER. cyclohexane FTCIE, KMNEE NP2-ZKEIT LD H,
L\ > fc A metaphosphate (PO3-)DYEEEEL DB K1 DFHDWE20FD
W% % T T orthophosphate ICEIEI N BFEDANMBENICE I B2 &N
TEENnfc, INnlE. KPTOIKDREE FEENICERDIEETH S,



4P111
1R Ied K O2RITIRENV 3 EIZ 1 5 B2k & RN D%
CRURPBe - 2 BUE 3e, B4 Sk

(7] BERI SV AL —F—ZHND &, IRTOGFWNIREID X 5 7 fs ORFFIFEROBS
ERHINT 52 ENARETH D, L ISRV IR, R R A & S BEELTH, )
1O ZEAT 5 2 L TREEEZ2VHTCE 50T, LVFEMABINTZS. UL, iKYy

T D5 FHNIRENT, PO F035 & 2 TR EICHOR O BT, IERICEMICR S, 2o k)
IRRICK LT, B FENRICE SV a L=y a R KL ThbR D, EE, o FNIEE)
IRETD T, BETHENSBRVE S, TUBNRES T ORI TEDORERETH 50T
+43 om0 TR,

ARFEFRTIE, REVDEICB T 2 ETIIREMERT D720, BT - FHROFEOIRT, 20T
WEV N AT MVEFR LR 25T 5. RIETIE, BT 20 +CRIOER)NI L L T,
Z DJEBHD 5y E) OIEB) O R EEUI R T X /20O T, BUR ORI 2 B BT 50 ERH 5.
72, FBIERICIQBE S FOZFAF=NEY O5FICik L, FEEREICR Sk
(=R T =) & ()3 F O RV X =AM O@BENC LY, iz — L ANME I L LR
(BEARRERD O2FEE R B 5. Lo T, T D OEFRFEOEWIC L BN D& TR E, BUROfk
T B EICANT, T 21772,

(=7 V] REFRISHMIRE F BB DR O WU T OET V2B 5.

~ 2
(% _CiV(Q)
G\ T mw?
177
ZZTQ P, M UQ 1TxBE L TCWDIRE) RO ERE, ElE, B, A7 vy L THY,

%, By my, wp, o [FENBOELE, EHE, HE RLIABOBEHEETHL. RLEWOMA
ERIE VQq) THALND. ZOROEIIHIBO AT Mo AiB%AY Drude

ﬁ=—+U(Q)+Z

() =Y pms, BUR L ORBENML ThH, HEOREIER R LRS- L <

T w2+y?2

BT 5] ZoFRKNT h->0 ST, HitoEE ARG L5 (2].

K K K
1L+ ) vt | Bl = D BBjy v O = D H@Bl 1, O
k=0 k=0 k=0

TR EBMOMEIERNE, V(Q) = VuQ+ Vsl L VO BBIBE UE LT, R EAROME
BEIZRE U CRIE + (L ; Linear-Linear) fHA/ER 7217 CT7e <, FERIE +#49% (SL ; Square -
Linear) fHA/EA B L7=. LL FHEERITRO =R VX —fEf%, SL HHEAER IR %
FlEf 7. EBWD AR M43 HiZz Drude M ERE L TWDOT, &R TIE, BUROHE
RIS to=1/y THDHIVLAT ) A RBIRELTEHLED.

a9
apJOlJK(t) ==

[#E3]1-0 EBOLEEIEE 0,0 = 1600 cm™ 2n/0,, = 20.8 fs), FEFHFIME Ajpn = 019 — 021 =
16 cm? DFE—ART ¥ ¥ /UK LT, =X —fEF(LL), MABEFESLOABMERT 55



BOBIIIR AT M EEL, 2A07T. B0 ¢ ! =i oo

BT 300K THD. ThETh Ty Ofiz —1=010,(CL) |
0.50,0(41.6 fs), 0.10,,(208 fs) 252, Hi7p 7% #h p— —¥=050,,(QM) |
' —1=0.1 0,y (QM)

wWoOfEFEH Co, #&-QM) - HH(CL) D A~
AR i R

LL MAEROHRNMEL SE, [F CAEFKREE O
B HHORANT MLE—7 DT 12em!
(y =0.5010), 13 cm(y =0.10;0) TH Y Agpp =
16 cml ([ZHTV. BRI w THIGTD (KDLL fHAEAER TORNEIL AT~y
DIZxt L, R TIIRT > v v L O/ MET

Linear Absorption / norm

580 1600 1620 1640 1660

-1
Wavenumber / cm

N Vs . E 10f I I I'Y=0'5m|u(CL) h

DI TRE 2 o = /(020/0Q)/M #° & —1=010,(CL)
SRR CHS. o & 0q OEIIEWE 3 09 1 0smu@w |
Aanp WHELLS, ZNBRT LEROE—s 3805t B 0OF T
BB £ o4 _

SL A (EOZ A< 56, RTFTHRM  § 02 7
BREAES 725 L, 1-2 EBICET B0 T O 0 o2 DD e
— 7 7% 1587 cm! [ZHIND. ZVTERFRER] A K Wavenumber / cm '
T2 % b, BOTHHRIE T O UKD K E = (2)SL R E AR CORSMBIL A bV

L—a U Z T, 12 BRIZHIET DAY MV E—7 BRBEELT 205 TH 5.

X313 LL MHASEFAOARBME L A O2RTIRENA XY AL TH H(y = 0.5w,9). EOE—7 1
1-2E8, ADOEY—7130-LEBIIHIST 5. SIBRIN & ALk, =& R CIEFRmEc k25 e—
TNEDENRHELIND. BT RTIEARY MABHERIZRDDIZX L, HHATIIHMEICRD
BEFRRONDED, ZORHBICHOWCIIBRERITT Ch 5.

LL tHEAEM & SL tHEAEAMRRRC@ < 354G, FHEEROREZZE X 256, kLK
ELLEGAICLITZED TEY, 20 0OFEFMITY RS T 5.

1700 0.6 170Q 1
“ 0.4 I 08
k= . - F4 oE
T 1650 = 1650 :
L \\ r° e 1t oz
1S L B L
3 \g 02 E < 2 0
9 > o4 O ——— [ 02
o 1600 Y = 1600
@ L4 04
= o8 =
- 08
—— “ 08 I 08
1550 -1 1550 -1
1550 1600 1650 1700 1550 1600 1650 1700
Wavenumber / cmi! Wavenumber / cm!

(X13) LL #HEAEH TO2RICIRBY A~ 7 b v ()i ()i
(&% k]
[1]A. Ishizaki and Y. Tanimura, J. Phys. Soc. Jpn. 74, 3131 (2005)
[2]Y. Tanimura, J. Phys. Soc. Jpn, 75, 08201 (2006)
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HBFHISTBIN R L DKROKFREE S A T 7 2 ORI

(RURPE - B) O/NEF #li—, & BR, 2 B

[FF] Kisi Rz 5 KkFEHEA (H-bond) ZA F 2 7 ZADOMEE YT L~V TREAT 5 2 L1,
KA T Z A8k bR B AP 5 L CTHETH S, TE, MikdicIi) 5 H-bond D4
B - fRBESIG: & KAy O B BLAES) (R & 2R A AN 21 [RlERES) N EmiciiZ b &9
(312 v o 7HE ) DBEEERIICIRB SNER ZEO TV A 1], Zoflicd, HKd 25 WITEK
HIZE1T D H-bond & A F 7 AD5y1HktE 2 BRER I CAEIH 3 2 3 A DT 1A T T
W5, L2L, Hbond DFEIBICEWTAREETHSD [7'e hOB&THR) 132 < O%EEY)
WCEBENTWRVORERTH .

7a hOBETIREEUNCEE L ECEENREER D T I alb—ra v EFETT L
DITIE, < OHNHREEZ TRT 20BN H 5. BEMICEE 2R FEFFE T, BHRE
OENEZ D EHHE a2 FNAEICHE KT 5720, ZHHEDENFRY I 2 L—ya v A2 ETT
D2 ENEEMICAREE RS, —F, Z< O MR TIE, MEL LT 2 L EmNEMEE 20,
BENEFE O FEAESy 1RSI T D FEHERM « SRZEM A A F X 7 A% T 2 ENRREEL > T 5. =
NOOMBREIRT D72, WEEFRRIEKFE ~— Y — (SQTDH) V£ [2] DBR%E - IH Z BifE
BT N—TTIT>T%. SQIDH {ETIX, EFHROIENY 2RITARELZHEATLZ LICL-
THARZER A RICHER S, BFRRO L L iEO B B IR 5 i ip Z0E s e i
s, Lo T, AFEFHBNES ICIERD FIy 78 )% (M) v Ialb—va il
FLAIATe Z E N TE, OERZEM - EEEM A AT I I A2 TVl B —IZHESWTHNTT 5
ZENHEETH D, SQIDH {EEXZHWTKEIR T (bDHWITIEIR ) ZEFERE L TH-o il
KOMD I =2 L— 3 (semiquantum water, LAF SQW) #3FEfTL, HH M) > I =L —2 3
(full classical water, LLF FCW) & DL#E%475 Z & T, H-bond ¥ A+ I 7 AZBIFTDHET
RO 21T O Z EBNAEORNTH H.

[FFi:] AHFFETlE, squeezed coherent state DERIEST 7 AR D N— Y —FEE2HITEIE &
L, REMEREE R 2 AW CEFERO T LB L OMED B B IR 2 EE R4 85,
ZOFER, YREMARZEM T (AR NI b ERES RN E NS, 22T, BHRERO
MEAERZTRT 5 7O TEEIC L ART v Yy L R X — DO Z RO D LERH 5
23, FENTH) 72 READTF DN WEEE, BEROPOMIEOHIFHED £ Tl ek E 7 A
T —JEB L= a5, JATHFZE(3, 4] T, FICKEBRFOBRFMENEETH D LB KHE
JRA DI AL LTS, AR TIE S IR O &L BITWVIE O 217> 7. (LUK,
A & H-SQW, &3 % OH-SQW L H&EE4 D).

IKDORT v VEEIZE L TiX, SPC/Fd ART > v v [blZ W=, ZORT v LB
%, (A) o FNRERSR), (B) o rNEAESR, (O H s —a  MAEHBLIT D) EER
FHELVF—F -« Va—rXHAEEHOENPOKD. AT x VOEBICELTIE, A & BIC
ONTEHERTFN A4RE 2RETTA 7—RBIEALEZEXLEZHV, CICBL Q3R LE Aun
72. OH-SQW DA IE, ZHHDOIEIZMATD bE LT AMENRH LN, ZIZTIEI4RETOT
A 7 —EBIHOEXZ AW,

[REBLE] FEAEREZUTICENT 5.

(1) JeATHFZE(3] TlE, AFBFEFOBEFDRICE D EBRSMAEE RDF) O — 7 #ENTHE£ 5
ZEPHESNTNDD, FllBERTOETHIRLTD ANDZ EICL-T, ZoOMERARN
S HIZM e ofe. FRICOHE RDF O 1 B— 27 (2B LCid, H-SQW @D &' — 7 i EE X FCW @ 95%
DD LDkt L, OH-SQW TIL 91%DfE F Tl L, EhafER2 L v HHL-

(2) HCOYEEREIZE L TlE, H-SQW TIX FCW @ 1. 27 2 DfEIZ 72 5 DI L, OH-SQW TiX FCW
D 1. 38 fEDAEIT 72 > T, FFICHEE ORERIL, AL THEH L7z SPC/Fd A7 v L EHEEIL
72T > % v (SPC/Fwl[6]) 1Zxf L TiTd417= Centroid MD OFER[7T] & L < —EH L T\ 5.



(3) E IR DIFEDOIEENZ YT 2 IRENIRAEE B 2 TR fE 58, KB O RIE O NAHEHREN
K L72 B'— 27 2359 4400 em MIZHALZ [3]. DB — 7 OAELHEEIZR LT, H-SQW & OH-SQW
EOMICHE R ZFBN R -T2, WL E B E ORENIRREE B 2 M0 L72fE R, 2 ONGEIRE
E#)T, H-bond T X 2 Wi mIsES) (1ibration) & OH MEIEENETOFEA T LB L TV 5
ZEDBW BN/ oT2[3]. I BT, [BlERO B HEE KT OEMETEIE DY ORERE H ISy
i LT RS, Bl TN OEIEEE B EICH K L7- libration & OH sEFMEKEIRENER) OFE &
TLm< B L TWD Z ENHLMNTR -T2, —F7, OH-SQW TIXEEHEF DI o DU AEHRE)
W2 L2 B =27 2349 1570 cm ' IZERL7-.

(4) ORI AR T MV EFE LIRER, &% (BusdEk®) 12X > T OH fifEiES)
N RN Ly R 7 h L. o7 Mg, H-SQW & OH-SQW TEFIFNHI 60 cm' &5 70 em ' T
bolo. Fio, A L72KFEE T OB FMEOPHEIREN XIS L7255 B — 2 5359 4400 cm™ (2,
A7 [3]. —757, OH-SQW TIEEEEIR 1 O UUHEHREN 3t L 72 RIS o RIZBLIN R Do 7.

(5) H-bond DAL « fREEHSICEH L, H-bond O AHEZ SIS Z DRIHZICB VT, Kk
% R 2 FERE ORI R 2 R~ 7=, & 57K53 7@ H-bond fit 54k (0'H*& KFD) ICHEH L,
WRIREE (O'H* ---0a) 7 HFLIREE (O'H* ---0b) ~& H-bond DA ZINEEXDH FT7 V=7 MY
—ZWOH L TR ER T8 2 A, WIREOSZHE (0a) EHRBOZEME (0b) 73% HHHE
(89 3. 3 R) Do i (59 30° ) Tt EAK & 590 H-bond Z [RIRFIZ TS 5 [ TR RE (symmetric
bifurcated H-bond structure) | 2fF(E L, F DI CTHEA (0'H) OBAEFES LS Z &
12 & > T H-bond DA Z IR E TWD Z ENEND HILE. ZOFEHI1E, Hynes 71—
TREBLE (DY Yy L] Lar v AT R ThHDH. GO FEEEE D [Py
VMR RFRIREBIC BT 2BER R, BRI EVRBIN R o —
7, &2 KFBEIALE T DR (WRIRRETIX 0b, FKARBETIL 0a) & HEGAADERFEF FRHIHH
BlE (ABIREETIZ 0°0b, HCIRBETIZ 0°0a) DOEFRIFEEIC ML & BT OFE W B,

(6) H-bond 23fHAHLI D HFIIKEEICI W T, HEHAEROKFER T H) BLO®BER T (09 @
BFRAEBIEN > TWD Z ERH LN~z (K). WIROIED 0 g O FEMEIT K EIR T & g
FFRTCHREETHD. 72, WHIREBICB W TZAE 0a OFEHIEIL 0b XV IUHEL TR, #E
GBI D Z L2 5T 0a & 0b O RIEDENHEZT 5 Z ENH LN T

(25 3Ci#k]

[1] D. Laage and J. T. Hynes, Science 311, 832 (2006). [2] K. Ando, J. Chem. Phys. 121,
7136 (2004). [3] K. Hyeon—Deuk and K. Ando, J. Chem. Phys. 131, 064501 (2009). [4] K.
Hyeon-Deuk and K. Ando, J. Chem. Phys. 132, 164507 (2010). [5] L. X. Dang and B. M. Pettitt,
J. Phys. Chem. 91, 3349 (1987). [6] Y. Wu, H. L. Tepper, and G. A. Voth, J. Chem. Phys.
124, 024503 (2006). [7] F. Paesani et al., J. Chem. Phys. 125, 184507 (2006).
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DFT §HRIC X 2 A SR B G IS B U 2 BBV E O T
(BLMRBE - b)) OWSBREAR, <k

[7] EFBECIEABENCK T 5 EBAMEHEILE FM OB SN2~ T HE R
BIETH 5. Zil, EfECBENEZ T3 2 FEITMERBICAERIC2RVES. 8
1E, AHMEIOX v U 7 RBENE 2 T3 2 FIEILE FBENCIS 1 5 Marcus B %
—RICBAF SN TNT, BEEZRET H/37 A —F 2RO 57212 DFT FHHE E
HAENTWD. RIFFETIE, oD/ T7 XA —F Th 2 FEL A= R X— & Bz 1
By T (BEES) RO D FEORFZITV, =R 2 HH-8K
B O ELBEEZ AL o7, 72, THIL-BEIE & Z8BIE & O hig) o T3
FIEIZHT 270 1T - 7.

[HiE] BlERSIE, F7FLVEERET NI
HEES, BLOEWBEEZRT ZEnmEIN T3

9,10-7==L7 v F 7 (DPA) HfiHETHD. V O O O
EABEE OT RIS TR O & v B T rEe T

NERWE. 9 ZOETNVICHST, 77X LU ET Y
~Z & 1% Figure 2 O X5 Z2fEdb® ab i EiZ®H 2 T
TA~v—, Te XA ~v—, PXA—BLORITHRAIZH
H L AA~—DHhEBE L. iGN Ls DPA
IZOWTIEHBET 2 4 FEHO X A ~— (T, To, PiBLUPy) OAEZBELZ. %
KA < —ZB\THIEABEIOEE LI T O Marcus OFEEX L W RD, BEHE p 0T

WZEIT-> T2,
VZ/ m o\z A
Wi ='?f(AkBT) exP("4kBT>
T WiliBZEHOX A ~—IZBT A5 EABENEE, AIXHFERA=RLX—, Vil
1 BFHEDOXA~—DEFH TV T THD. HXHRE TI1X 300 K & LTHELE.
AL A = R L —
XE ) ~— O hx i
b U7t s &
TNV TF A
&2 AW T, W
RT3 ¥ LT
FIVX — iR D

B L7-. DPA
SWTIET Y T Figure 2. Crystal structure of anthracene

Figure 1. DPA chemical structure




YUBHE T 2 = VRO E R FERNICEB T DA EICETE L Ok L-. o TEE
Ty ) o TIIRERBEN O R v — O L, EABENCEGTHEEZH
NABEEMBN T2 LICEVEL L. 228, T_XTOE /) v—BLO¥ A ~—if
%1% B3LYP/6-31G(@Ic L W 1T~ 7-.

bﬁ%&%hlﬂmm1tTﬂM2 ICHFHEX G BT D Bl =RV X—A, BEHE

LEuEonTRETT Ty ) 7 VEIOEABEE p OFHEAE & SR HE
%mbt.%7&vyt7y%?ﬁyﬁ%bfm,ﬁ%%ﬁ%w/7)/ﬁ%%%ﬁ
FEVRDDHZ LIZL Y ERMEITEVBEEL THTH5Z N TE7. LirL, DPA
IR L CEZ OmWBENE 2 012 THITE TV, Zhuid DPA OfE S A
DZODFEREE L L TEETH LD EEZOND. HENRTA—FITERT D
&R R —DfEIEL, T7 XLy >DPA>T Y R oV EWIFERIC ST
BBl = R L X — LB A OFERTEALORREIZERT 5 DT, DPA N 7x L7
YT OHRMICAIE L TWA Z L, DFEEOBENLRY THD EEZLN
5. Fl, fEETI TV TIZONWTE, FUE LU ET R T B TIERD
RAEDENP XA ~ =D b RE2lZ R LTz, LA A ~—I3HEiEmo0 g o it
Bl OB N ENT D, EABEB~OFGIIBE T 1T E/NE, —JF, DPA (Z
BWTHEROLIHEOE D Po XA ~ =D bREVEZ R LTz, P ¥ A ~— Dk
NHIEABENCB T D 7 = = VEDOES L RIB SN,

Table 1. Calculated properties of oligoacenes Table 2. Calculated properties of DPA
naphthalene anthracene DPA
AleV] 0.1825 0.1347 AleV] 0.1535
ViileV] 0.00983 0.0321 Vi leV] 0.00981
VoleVl 0.00983 0.0321 VioleV] 0.0265
VpleV] 0.0504 0.0799 VpileV] 0.00380
VileV] 0.000917  0.000186 VpoleV] 0.0747
ulem?/(Vs)]  this work 0.37 1.78 ulem?/(Vs)]  this work 2.34
experiment 0.4-12 0.57-2.07° experiment 3.7

2 Karl, N;etal. ? Silinsh E. A.; et al.

KT A= FRIEABEIE 2 KD D T2 OIZ W FIEDOFEM I L OGR4I &
DFEDOENIONWTITIYARET O TETHD.

TN
1) Tripathi, A. K.; Heinrich, M.; Siegrist, T.; Pflaum, J. Adv. Mater. 2007, 19, 2097.
2) Deng, W. -Q.; Goddard, W. A. III J. Phys. Chem. B 2004, 108, 8614.
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KBEBRPOREEME 70 L BE
CRUKBEED) OWx sEth*, ik Hiel*

TR 7 AL KERIZLUUTIC BT 5 2 >R M2 > Z L THL4 Th S -
(1) AR T7 v ACKRFRERILTIRE T2 D M oD
g ALK EERRRR 7 v KRR
R,

(2) BEEN IR D EBIEEN LN 5,
F 7, LD IX HF 2R TRl %
L7 FUOBEINEZDRTIRD
(X 1, JPCA 103, 10398 (1999) ) & /RI2
L7ce ZAUTEEMEAE T ORI AE =
—Lyharbe—rLoMflE LT
HBELEREEV, Ko T, ARIFETITZIR
REREBRAJF F-As &5 (MS-EVB) % 2
WTAHTR 7 ALK SR T D55 D

K& 2R KFERE R Yy BT —7 RS

—
o

Free Energy (kcal /mol)
[+)]

bk 7' e R U BED X A F I T ADfE AE4 (keal/mol)

MERET D, 1. VEBERUERE ATz vs BT 3L F—ig 1, 2
I MRT ACKRERP OB s & a7 L, Go & G I HHRBN LIS IRAE & 45

DRI b E—Dd Th — i ikie 2 ~d. IR, SR, VR, PT (% Infrared

AZEDRHLNTWANR, TNEHT (excitation), Solvent Reorganization, Vibrational

FEEO—>2 L LK - WA — 4 Relaxation, Proton Transfer OHf.

—NRF A=K —Q- t¥ZHFH LTz, 7
N BEND S B AR £ TIZ F R FAHED Q 238N L O JR 1D Q 23 L t%(F)
IEHEINT 2 DI L 5 ONF E A EZBL LN Z ERN o T, 3K 2 12T X 5 Uik
RHEDSERRITHEINL FIRFJE Y ORI RELS Lol Z 2R LTV D,
E 5T, FEFM MD 24T 7ok R, IR
FER AN N TE O FRBLIE I Z LT T
LIRWZ LR’y inot, ZoENLHF T
ZIRE R Lo 1%, ERIRETRIGY & 07t
R DT OITIR Y 43 D i 0.65 }
TIEZR < IREVREFD & A D P BL IE 23 58
GENCEIT T Z N hotz, £z,
Fie fiR BlE /3 1T L CAE K92 contact ion 055 ¢
pair (Z/KFEFES LTV KRN 7a b 05}
YEEBOBRICHEE L CHAEET S Z & 0.45 }
(Presolvation BIHA/KFNA 1 =X L) 1L & 04
<HHLNTWAER, Ao N7 V=7 b ' Reactant  Transition state Product

1] — Els P VI = Z N S —
) 7) %%)I—H:%@ b 2N D AU, S bl X 2. @ﬁﬁ:\" E[f/iﬁj“‘“&‘—‘/\o7)<"—&‘—‘Q't*

- S R7 oD R ER e - PZAS . -
SPRISOIRRITCD S S LR g pns i 8 R L, BN T

0.8

0.6 F




o T
(5. 70 b BSOS, AEKERSA L. SR NEE T
EEFRLTWD, T2, BRENIT v b oBEhcEb 5E# 2,

F
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UTF 0 LA A BMIERAE & LT O LixFePOs DO 1E M OF

B IRIE D BRER A ST

GRORBe L) OLEAE, TR —

UF] VF U LA A EMITBRE, = XVXF—FENE, ATV —RIV/NS W2 EDFHED
/ANy T =L LTRSS HOWOLN TSR, BEXBEIHER EORE NNy T U —~DIEHIZ [
Tf@ﬁﬂ%%@é%‘ HHENTND, FICIEMMEOBENED SN TRY ., ZOHh THLMTERD
Bk 2 LiIFePOa 3 EH SILTW 5, ZOWEIL Li OFFA « BEEC K L THEEZ LA
INELBETH Y BEMENRE N ERNFETH D03, Li OIEHGHE 25 LT BRAREE A 10-10
~105[S/cm] LK< W, BRASEE DM EAREE ST b

HERELER LixFePO4(0<x<1) D [EARIL, =IRFEE CIXiEH 2 DOtk FePOs & LiFePOs D
FRIZITV O D[EHH Li,FePOs & Lit-,FePO4 (2435 AN, a, B DEITRIAE, IREIC L > TE
PR K 500[KILA EDREIZB W CIERIA L 725, £, btz 40[nm]fEEEICHIE L, o
FOMETH D x~0.6 DALFICIBN TN T D EHSBEETICEEM E 720 | ok ZHELT 5
ZERERNSH LMo TN D,

AEFFEIE, BRUREREOEA L0 ERBLO FER 2 Y | BEXURE R E M LT 5 72 DIl
HMBEDHD T 7 7 X —% RO 57T, EEHEICIT DR EMEZ BRI L > TR
KL, EREOMITEZITV, £72, Li O KTt e A —7 0 MR8 ZRE L T, EXImEH
WO AT 5,

[ 1] 1127 12 formula units 2 & ek &L (=
=y PELVDIFEOREE) #HWVWT GGA+U FHE& Q—f\a ,---}1';:
rﬂ‘n

(U=4.3[eV]) %170 . x=0.6 DD Li 44 koZsfl ! f::,{ =
IZH B ZEME L . FeOs \EROFZIE - I Li 1 ko ' o
BE), BEETOREEZFIHL T A—F 0 12852 E L *Tf-D -.-- ﬂh
AT+ LitA Ao OB SV T 3L ¥ 35 E O TR 1+e DG ail'

BEDFHFZIT -7, BF « LitA A2 OIHIZ W TIE,
TEAINC Lo TRk 7 A W23 R & . NEB (Nudged
Elastic Band) % H Wit a2 1T o7, £72, x~0.6 DL
ERE I DOW T FINE TR EZIT o 72,
RNy —UI2iE VASP4.6 & VT, BRI GGA(PWIL), v M A7 = R/ F—(%
500[eV]& LT, Monk-horst Pack T2 X 4 X 2D Kk 5% LV, PAW ETEHE AT 7=,

1 FHEICHW-EBE 'L



(A5 - B2
(1) LixFePOa(x~0.6) DA %

BT RN 50 Li 23X . x<0.6 TLLOBKY &b ~o47
FOMNMEEIZHONT, ZAOMAEEATHLIILF—0D |3 .

-548 |
ERITNS WER AR, E. BV A S LI ORK AL *
BB Wi“zﬁ\Sﬁ\MWixw#~%ﬁﬁL%@Lk o | 3 L

- I & = a
LrAL W 2DL D ADER 2 oD L X T R LE—R « 3 1"
BICL ot ZHDDEIZBNTHERT RLE—NE 550 .
EICE LN HETIXBETNRIEL L, Fe Offifas 2 i & . L

2 ZEHLOMER L XX — 0%

3 il 4y i i=,
(2) R—Fa A3 5HE

160

HIEP OB Litg 4 OB 0@ & =L ¥ —24k
HHDHID, HEFEAFO L OBRSE A (LS T, L
G OB LIOBEIBRIC O W TENETRR—T 1 s
WMEREL, BTN —ZFH L TEOE{LEIES Z & T, w0 oo
EBA LitA A OBBIOIE L= R L X — L B RAEDE . ¢
{batGlz, x=0IZE FEZMT-bD L x=1 PoHEFEOED
BROVZ S DIZ DWW TIE, BENEAE O 2 i X - T
DL Y LitA A ORI & 5 HE T 5 6 DI OV TIiE NEB

80 [~~~ T

A E [meV]
[

reaction coordinate

3 BihEfEo=x ¥ —21k

BEIZE o THHOHER LR ZO XL X —% R, x=0 al
CEFEOLOMAELOCHLTE, B3 B4R E | gooo, AAAA%
I, A P OMEORHITEE L T, &L= R L —7 542 °OA A Fer
151[meV]& 72 5 Z L AR S iz, £ OMOFEMRERIZOWN | A o Fed
TN HRERT B, g ¢ e l

38 anb o,
(3) JHFINEHHEA reaction coordinate

x~0.6 DMK TEHT DI & THOLN D EEFH RO E i o
4 BIhHEFED magnetization D2k
BT DH LV FEEEE X T, BERIUIKT L7
DOHEE DB | HFIREDBLENORE LT, i3y
HREXRT D,

(&% k]
[1] S. Y. Chung, J. T. Bloking, Y.-M. Chiang, Nature Material, 2002,1,123
[2] G. Kobayashi, S. Nishimura, M.-S. Park, R. Kanno, M.Yashima, T. Ida, A. Yamada, Adv.
Func. Mater. 2009, 19, 395
[3] S. Nishimura, G. Kobayashi, K. Ohoyama, R. Kanno, M. Yashima, A. Yamada, Nature
Material, 2008,7,707
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f3 38 SR IR SR RTIEA L O K SRS (2 B9 % BAm AT 72

(PR, BRI 2, HUILK o ABLM |, FEVAZE 1, SN2, /NI
PIRPEA S, SO, BRI

[FE] iEHR, B—HR o)) Fa—T0BL T4 MNEAIRFEZTC)72 & O mE mfdRFM BT, K
FITRAMEIE L CTHEH SN TN H[1-4], ZOFTH ZTC IR S LA L TRV | IRFEEHK
HE1E O e/ NI E (Cae) 2 TEAL L T8 0 L FRAIIA 205/ FLIE 2 R o, deil, T 13 ZTC I &
ST 22wWt%D/KFERFREZ FER L TV D, Z OKEIFEEIT, MR RBMEIO KB ITRE S L
TR KETH D[4, T2, KBITFMEZ NS H7-0OICREO— A EREL 7= ZTC O
B, LY A XOFHRESDBEO QBTN E2iToCE iz, L LR, ERLIE570
XK FATREZ N ST 50BN H 5, KEFEREL M ESH 5720120, kFERAE EIC
BT D KFEOW ARG K OVKEWRAE | il 70 R A B A RE IS BT 2 R ETH 5,

— . KREREEZET 2GR FIIHEZ K ME SN TV IR, ZNEDORFEEHKILS 77
Vb, F ) Fa—TRT T L EAVE LD TH BH[5-7], FiL. Fx 1T ZTC Ofg/NEAL
1 B 7 /L (CasHuz) D /K B AENLEIZ DOV TS L72[8], £ OfE R, miffi&E o L v MUl )5 A3
BECKEPWRET D EERE L, LLAERE, 25 OHE TIEEkoy FiuER RS
DTN FHECL DO THYRTEORETROLIEBEIN TV RN LIZEENED, £
DOEETRERL LR RO EIC Lo TRECEEIND ZERFBN TS, £ZT, K
PR CIIEDIRE B L O RS 2B T X SR T8 17 (PIMD)EZ Vv ZTC O
IR WA AL IS K OB AE W& 2 SRR~ T, a)

[FE] X 1 ICERICHWTZ ZTC £ 7 /W (CasHi) D F-
it 2R3, MG kL, PM3 LUV TiT o7,
AL, KFRFORAETHIE LT 1 IR 550
IRFIFT-(a L, B, ofir, v, L)% ZNTh
BN, B E O NN AN S 7z,

PIMD #H51%, IR % 300K, B — X%k 24 & L 50000
AT w7 DOW 45000 AT v 7oy OREE 7Y v
T Ul £, O —X$Aw 1 & LI-ERD
MD(i e MD)F5 617> 72, PIMD #HE L O ik
MD FHE O FIHIBLE 1L, o (7, Bz, Bofir, v 7, LD
PR FITAKF IR 2 N ENIN S S A b L7z
LOERAWE, B2TORT Vv VEFEIZ, PM3 L
Ve T,

1. ZTC(CseH12) T T /L D
A E.



[ R ]
ez xL¥—] £ # 1. #iH =¥ —(kcal/mol).

112 MO 2812 1 % a-carbon p,-carbon  P,carbon  vy-carbon  &-carbon
e A AL 60.4 31.2 18.3 16.9 41
TS R AE 60.6 321 19.7 17.7 1.6

(With ZPE correction)

AT R ¥ — R
. Finb. BIREEOPIRIE (1) D (D) D BRI AT BIIT 5 1254 T L F— s
BEAT 5 ERDH B, THUL. BIREEOWNHID DO REIT AR BTSN TIRERRA spd b
Wk L RFLRBEDTH D,

[*ﬁm Ml K212, i MD & PIMD #HREIC &
—RILHAAE T, Bl r (X, BiEEDOR DN
M@6Eﬁ@§mkﬁ%btm$ﬁ%®ﬁ%%m
T, DT VEE LMD FHR &4 SR VT
PIMD &R O—&KITHMiE R L TW5H, £72, a)
Eb). & d). e)k f). g)& h), BLVi) & j)oF)
BB E IR B A% o, BifiL, BT, YL, BL W
d MIRFBIZENZENMMERTZHLDTHY . s
X MO R X 2EREZRL TS, £7°. il
MD FHE O#EFT A R BN R E KRR O
EVA NBGFET D ENGNhD, o, B—7
friE X MO FHR O EfHTIc B T s 2 &
MDbe ZAUE, BRFISAHIN U2 AKFRT2
BEROELTVWDLIZILEEZEKRLTND, —H,
F /8RR PIMD O3 Ail%, 8 MD IS | - Li ,
J:[:/\“T['Eﬁiofzﬁj\?ﬁ%fbfb\é - &753‘2‘975)50 - 1.0 2.0 3.0 40 50 6.0 rl/z 2.0 3.0 4.0 50 6.0
B REBLORTEOSICLSbOTHD. gy s MD() L PIMD(E)C L % 1K
E72, [ 2)25 PIMD O &' — 7 (LB L (LA e
WEBNT, B MERFBATICHE N TS Z L8
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Fig. 1 (a) Benzenditiol (BDT), (b) benzendimethanetiol (BDMT), (c¢) hexaneditiol (HDT) and

(d) octaneditio (ODT). Their electrical conductivities were measured by experiments [1,2].
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