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Ionic liquids (ILs) are known as salts with melting point below 100 °C due to their molecular
composition consisting of a bulky organic cation and an inorganic anion. Their characteristic
properties and potentials allow to be widely applied to various research fields such as material science
and green chemistry. Recently, it became possible to monitor the contact of ILs on solid surface or the
confinement in nanospace of single walled carbon nanotubes (SWCNTSs) [1]. However, many aspects
of such systems (e.g. aggregation process and phase transition behavior) are not yet fully understood.
Aiming at molecular dynamics simulations of [Ls-SWCNTs systems more accurate than those based
on computationally inexpensive classical force fields (where surface polarization is often not included),
we performed as a first stage quantum chemical benchmark calculations for multiple model systems
composed of graphene flakes and typical ionic liquids components.

As a prototypical IL compound, 1,3-dimethylimidazolium cation (CsHoN2, [dmim+] for abbrevation)
and nitrate anion (NO3-) are chosen. At the beginning, the complexes are constructed by placing each
IL component above the central hexagonal ring of four graphene flake models; benzene (CesHs),
coronene (C24Hi2), circumcoronene (CssHig), and dicircumcoronene (CosH24). The compounds are
classified according to 6 different IL orientations with two basic motives — one where the cation or
anion is roughly parallel to the graphitic surface (2 structures), the other where the plane is

perpendicular (4 structures) (see Figure 1).
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Figure 1. Constructed complexes by IL components and graphene flakes. Only the central hexagonal

ring is shown, and is positioned underneath the IL components.

The model complexes were optimized using 3 different levels of theory — RI-MP2/SVP (diffuse
functions were manually added for only ILs components), SCC-DFTB-D (dispersion augmented

self-consistent-charge density-functional tight-binding) [2], and OPLS-AA force field where the IL



parameters were taken from reference [3-4]. Regarding the molecular structure, it was observed that
the intermolecular distance becomes shorter and the SCC-DFTB-D intermolecular distances are close
to those of RI-MP2/SVP as the size of graphite becomes larger, while OPLS-AA tends to estimate
longer intermolecular distance compared with others.

Then, single point calculations were performed to evaluate the interaction energies for optimized
geometries. Ab initio and DFT with dispersion methods (RI-(SCS)-MP2, LC-BOP+ALL, M06-2X,
etc.) with SVP and TZVPP basis sets were used for comparison with the SCC-DFTB-D and OPLS-AA
methods. The influence of basis set superposition error (BSSE) was evaluated by performing
Boys-Bernardi counterpoise correction. For LC-BOP+ALL, two different u values (0.330 and 0.470)
were tested. Several selected results are shown in Figure 2. It was obvious the bad performance of
OPLS-AA, the order of orientation stability, and the graphite size dependency. Although the current
SCC-DFTB-D method demonstrates the moderate agreement with the high-level quantum chemical
methods especially for [dmim+] system, the results of NO;™ system varies strongly with the employed
methods. Therefore, we plan to improve the DFTB repulsive potentials and the dispersion energy

terms using high-level benchmark data as target.
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Figure 2. Interaction energies of model complexes optimized with RI-MP2/SVP.
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DWRIZIZ 5513 % Hamming Bl %75 L 7=, ‘ W

= ORIZIEHIAL DI AR B b :;“ﬁgzgigg”grﬁﬁhéggﬁﬁﬁ
L<IITHET 2 LR REL<S D, <A

MEFIUZ 0 Th Y., WK ShD 757 M5 - : e
BICETIE LIS S, K25 IE0nTh e T
DFRTHIEMRE < 72 513 EHEEME R < orf o PP

BT EDHMHN, EREMTIEAKER 3
BNEETOS T 7 OREIE-THES L
&L RTHN S, BB TIRAKNIFIET n T o
BEMARIRS N THY  kBEAOMIKR | lEmemasbieln
ZUCHRA O BHIRHEC B . FEH AL 2V L ' TR - -
2. &RICBTDBHEAT T 7 ORMELIZET 2
BN LICHDbOLEEZON D, £720 W Hamming Billf (Dy(AY). SEHEEKBIRTT ¢ v 7 4
73 < O REI R BT ISR R S B & 7 LERER bR L
STRLS 74y FSNTWD Z ERFABAND D, ZHITEKBEEOFMICIENH 0 FEFERE
DHE—TIIRNWZ EERBL TS, £ LIIIKER-ERY NU—2 D7 T 7 ECIRAER %7
VHELT 4= SH, 1 AT vy T ORMEMAKTOT R Uy T OBENL RED > T e
by OPERARE B LR 2~ 3, RIS, 2 B R O 5 bR T O IR RS
CEY —R/EMDBEE) b Uiz, EBEBREO A —F — & GKRIZE DB LE AT ERCFH —
Fﬁ%ﬁ:iéﬁik%m*ﬁﬁéﬁ%kﬁofw

=

uDH (At)Elz m, (0)-m, (At]/EEn (0)+m (at

CE]
T
[}
o
w
&

=DoDE
'mmLm

%1% %ki07ub/@#ﬁﬁﬁ

(/10 °cm?s™ at 358K). Do AMFETITH My B ) PEZ VTR

H,0 Proton FlEZHEHB L TWD iz rm l\‘/@x?ﬁg}i[&%
Pure Water 8.70 17.3 DHLDONFHESINTND DT TIZRNWD, DR
Nafion (A = 10) 1.23 5.90 FENRFy MU =7 EEICHRURFET D LB 2L
Nafion (A = 6) 0.357 3.93 ARHETHNTZER Y T TR Z Y TH D &l
Nafion (A = 3) 0.041 1.70 T3 LAHRS,

ZECHK 1) R.W. Hamming, Bell Syst. Tech. J., 29, 147 (1950). 2) H. Sun, J. Phys. Chem. B 102, 7338
(1998). 3) U.W. Schmitt and G.A. Voth, J. Chem. Phys., 111, 9361 (1999).
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KFE - EUKRBENE D BTGP — R A A
Ui+ bt ', AARBEKR?) OFH Mz !, kLt

(i KFEMERTIE, KB TFOBNE LR L CTEFIOBSG (FARE) - ~o
XV TRE) ORBELZTL. £, KEMEEICBITLIROLNVAEBEE, FERIZEBWNT
BV RELSEL ST, TOMO B B & MR A TS B2 8 ) PRI E &2 A2

JRFEOEFPOLELIREDS TDOMRALF —HBF R AL s HikEE LT, F—
JEERRR Ry o0 T B SRR L 2] A B TR Y, Bl TIEZ O RIE L LT — R ER A
GNA TV REVTANARIER A BIEIN TS, ZiblE, ErREFETEX LN
TR 7 o VT B CIEE) L CW DR TR O R T-Heat 15 %, R R AR Sy B AR 12 Sk
SNy alb—va U TEEBICHLS FETHD.

INET, BREESVIa2L—Yary AT, Fa bdb - i a hAbE ke
TURET I TAL =L, i%#w PTG TT T AR —ROMEIED S EZONTEL D
FNENESNTWD [5-911F D, TIEE AT bAoA A4 k[10], b5~ b [11]

ﬁﬁ%T%_&oT%t.*ﬁ,%W%@%¥%ﬁ$%ﬁ5%%KOVT@&EW&W&
HEH DTV, HER L (quasi-classical) WL THH VU IR ~—4F8 157 ESE
faA RoytEh)EEe EE O IRE A MVEHRENREITIICMHE > T 5 [12-14].
(5] ARETIE, FHFERERENEEZA N U 7B EHABbEDL Z LTk
T, B R0 XX -l L5 IR TRy Iab—ya URESRET D.
ZOFETHE, REMSETRSNZEFEOBELMIE (B haof K16)) (q,--.q,) &%
AL L, 2 ORI D E BT L ¥ —i Aq,,,qy ) BROE D ICRETS.

A(q19"'qu) = :8_1 log,o(ql,---,qN)
zzi, play, gy )ity Fa A RIEEICET A ENHTHY,

w354

N 3P
:Z_lyfg D[Zzlggz]zjdr”ljdr"’sz T, exp ,BVeff[r] {H{ 2 r,—q ZH
T%éh%%]Imhmqﬁwﬁ"Héﬁﬁ%ﬁﬁﬁmkﬁéﬁ%%%%?émkt%
I > TRy bud FEE(q,,qy) Ofl (f A=) ZFBHCRAESE, 2 P Y 2%
211 % AW CRE(ET 2 (K1), b Blm L S—is, BEERGEER22] (b5
WX Z OB BT RLF—IEIE(23]) OT A FT A RTR~EAT NI bo—oLEL
B, A%, K - BAEBBEUROMINCEIOb O L S5,

[553R] NH, OB NH, O 7 1 b U BEIE O RT- « R -« R RZEZ Y A 5.




4, ANV UIRIZE DY haA REEDEHT
q, (1 +di)=q, () +F,(0)dr
|l (¢ +dr)-q, ()| = const.
]
5. IWRTHETHAE2~42< VAT

X1 : FFRER ORI

HEAA=—TVDEY b JERE 2 1ML (IRC #2887 & TR %)

!
2. ZARA=UIZONWT, B bhaA FEEE L-RIEBREHELE
i)
3. HH=xLX—5 (FEAF,, =- a %t
qza’
i

17

X2 : 7 =T ORROEAI SRR
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RILI4oD_ETONEENZET HERTE

OFNRE" BEEE— " SsE" EEE22 Th-s#’
(BEKXE", JAEA? #ETHARE ®)

TOrBERIGIES DT IVERIETHYEDLEBTRPOERRNEVST-FRLTIGETEELR
BEFESTVS RIL I VIR FRNTEETALNBEZECTRELTHOATEY, ThFE
TERR-EHRELICEDEBRNGEEINTE BEDHEND, RIL T4V [EZ DD RIGHEBEA
BFETHIENDMO>TLS(Fig. 1) —HIERELEETHD trans BEHNLZRDBHZIKEEE
(SS)E#ET, trans IZE B EMIBTE(concerted) TH B, £I— A& trans Mo BB IREEREE(TS)
ERTCERTELGBERMATHD cis BEICLY, BU TS 28T trans ICEHEREMBERE
(stepwise) T#H B[ 1], T Vdovin bl LIF DEERIZH LV TIEIR TIE concerted A X EEHI TIEARLY
MEERLTVEINREMTIEES, TNODOBRBRIIELOHAZEMLZDL, TNEICKTHEE
PMBRLGEREZFALG RALFESTLBS[2],

TOroDEIGEVRFABET LR TIE, FRIEBTRILE—OLRILHREVSEF
MREEETIVENDHD, D=, HEBZEFRMICIRSIEED L SGTALN BHRKRE
BHOMNICHEHEKERE, JOMNBERIGICEITEIANXLEEFETH-HICEFNRERET
EHLRBES D FEAFE(PIMD)iHEEEITLIz, PIMD &L, RKICBVWZEHOBRLRFDE
BE—X)ELTRERT LT, P FOEBZRMMNDOEFMITIRZASIENTESL(Fig. 2). K
METIE, FRBHDFIEETHSD PM6 EZDRTUIvILEZAL: PIMD StREEGHENHZF
(MD)EHEZITLY, AN=RXLEBHOHNICTIELLICEFIRDEEHPLBEEMREZEZR/ L3,

Fig. 3 I&, iR 300 K &£ 500 K T® PIMD & RN -TON ZE S (EL(a), ZT(b))
EMDEHETHLONI-EENH (BT(C) THD, 1EEh, MEETNTN - rrnlTHY, 70
oA Ny(N)BHZA LTS, FlE Ny(NHBIZH L 0T LA DD S, TP DS
@ M X, +HIXENTN trans, cis, TS, SS BEDMEZRLTEY, trans & cis #HEATLND
BRIZIRCTHD. FTPIMDEETHTOLNBFEEEHDE, trans P SSTHDEEILELIDIZHL,
cis DEEILEN, COZLIE, BEEFRMIIHRSE concerted MELAN=ZXLTHAIEZTRL
T3, IN(E LIF DEBEXFTLHHERTHS. RIZ MD SHETOTOMN ZEEEZHSHLE, PIMD
HELIERIC SS TOEEILIEL cis TOBRENAKEWN, COZEITHBEMLERTIE
stepwise METHAHEERLTULVS, F=, PIMD StETORELTILEHEE, BIRTIE cis DE
EMNKELY stepwise BTOM U BIRIEHIFEIHATHEEN LMD EEZRELTLNS UELY,
RILTA 2V DEMEREA N ALIFEFHETHRRBTECELDIILERE LT,

[1] Z. Smedarchina, M. F. Shibl, O. K{ihn, A. Fernandez—Ramos, Chem. Phys. Lett. 436 (2007) 314-321.
[2] A. Vdovin, J. Waluk, B. Dick, A. Slenczka, ChemPhysChem, 10 (2009) 761-765.
[3] T. Yoshikawa, S. Sugawara, T. Takayanagi, M. Shiga, M. Tachikawa, Chem. Phys. Lett. (in press).



<:> concerted

(@) stepwise
trans (Can) S (Dyn) trans (Can)

L} |

@gfﬂf‘ggﬁ

cis (Cy)
Fig. 1 RILT1E> O RIEHERE, :
-4 -2 X?A 2 4
Fig. 2 PIMD stEh 5B 5N 1=(a) 3
® frans(C,), l cis(C, ) REBE SR E(D) 2 RITEH .

X T§(C,), + SS(D, )

lllIlllllll'lll'll"lllllllll

[ (a) 300K trans_

llllillllll
UL L L

10 -05 00 05 10  -10 -05 00 05 1.0
q-g/A

Fig. 3 PIMD &t&& MD stEMSBONF-TON BESFE. (a), (b)lEETNZHh 300 K & 500 K TD
PIMD 5t E#RTHY, (c)lF 500 K TD MD SHEMSEBLN-FHER TH S,



4E08
Wang-LandawEIC &K B RERGAFIal—>3y
B H ) RERIZE, ®&Bkz, IR

[17] #oRBaF I BID 2L RIE DS { 1d, BOF T H KA L 2536 FK
IBEEDET e 70 bR TH L, HATDOE I ICHBBREY FOKZE 2 b 50T
B 2 LERIGTE, B EEAREIREREINLS b0, 2 Db KIS DR
FER T ONTRIEE . 4 1Ok B4 70 2 — L OBEREDMUE R BRSO 2 1%
VIR 2 2L EL NG, EHESTICBLTOMER TGS 72T Tk
D DST L RICHERERDIEL TE D AP L1382 BU) LR TH B, AR
(AN 81 B AR EDI OB A 7y T 2L — a v O CHET 2 HiED
BF 2 HIE LT3, SHEFEOZYEERREET 2 720 DF TS T T 2 5 % 4
&1 3,

(5] BoicsTy S aL— avh oo 2Bz KL 7 RdE=X %
i'%‘a‘o

k = CLBTeiAG/kBT,

2 Tk,e, AGIZZNZNHEEER, s, B LHBZ s VX —THH, 201K
IEDBED c & AG 1F

X ootk
c= , AG = Gugpe — Gaats

XI5y 1 XRIE+ 2

THINS, 2K LRBEROKIGTFTFHENICED { oD 3L ¥ — DRIk
HECTH D, Xonth Xint s stz 3 ZENZENROGE, KINTT 1, RKIGTF 2 DE)NL
R THD, BHHE RSy Ial—YardroRe, HH 2L X - AG ZET
{LAGTRDR 6RO 2 2 ETEBD T FHBAET 2P TORIGHIEZ A S 2 EMBTE 5,

HARIBD X ) ICRIGDHET E &b I FREIRKE B 25T EMBEE S 2L <
WS EEZOGND, ZITEYTANVAEZ S TRHADMABRA LRE T2 —Ta
VAT ORIREE T ORMBARE 2 Bl 2, BISREEICN L CTHRER 7 v 3 v 7 0WiED—fT
& % Wang-Landau iEZHH S 2 2 & THRNICH 7Y v I TEL L9 LT,

(£ 7] HEo®aEro - o Wit >R 81 7 B 747 AB. CD. AC. BD ##% %
2. IS IRRDGHRICHE> THEERIET 2 6D ET 2,

AB + CD = AC + BD. (1)

BT vy v VL X —BRIEAAIRE R oA RMAFEHE L —F - P a— v XM
DA FHEMHAEHZR 2 D E L7z, H6WE NI X—FEETOFEFTHIEE L, ¥
T ELTCABOTFEIOCD T 27, ACHTELOBD I 0fHE L7,
X 300K &L, 10" ATy 7Dy I alb—yaryizirol,



[FEHR & ZE] WBOrOBE7 v H Y 7Ly Ial—vay LBHOA ) ZALT

VYU TINY T ab—=yarvEFEE L, ATy 7OV RO 7R 2R N
1 EM2I1TRT, MET7T VY 7Ny S al— a3y TIERIERIBIRIETE % 55 Xk
DORIERTHH T2, — ., ET7 Vv TINe T2l — a v TIERDREBIZEEZMN
LDIRGHERE 7 VLA =0T 5, ZRNENDY I 2L — arrofFoNKiRE
BT DA c # X 3 L X4 12”8 T, VIE T ORE yAg(xep) ICET S AB & CD D
s (X (1) KB 2HAERIG) THD, Ak EOREE yac(xep) KBTS AC &
BD OESHE (X (1) IcB 2 B EIG) TH S, FHEHFICHWZZE T VIZEDIT
T OV Z AT T D 5 O CHERIVICEEMSEE S —E & 72 %, WE 7 V9V 7V TIHK
BT v 7Y VLS =R EVDICR L, IET v 3 v 7OV TR B AAEEE AT
—EDEDF S Nz, SINEEH L€ TV FORIBZEEOCTIEOMRZ{To 7, S’
HARIGRVAREED H 2 210 L 2 DEEEFHR T PETH S,

X1 :we2 (JBE7 VY 70) X2 :w7 GEE7Z VYV T7L)
a 25 o 25
G G
o 20 o 20
© (48]
(] (]
X 15 x 15
G G
2]
£ 10 £ 10
Qo QO
E 5 E 5
pd pd
0 0
01 2 3 45 6 7 8 9 10 01 2 3 45 6 7 8 9 10
Simulation Step (106) Simulation Step (106)
4 3 @ BfisEE (BT v 7L) X4 : BEfsEE GaE 7 v 7L)
Xac (Xgp) Xac (Xsp)
0.5 04 0.3 0.2 0.1 0 0.5 0.4 0.3 0.2 0.1 0
3.0 3.0
A
2.5 2.5 A
2.0 2.0
o 15 o 15
A
1.0 1.0 A
05 0.5 R 000000000 s
0.0 0.0
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

Xas (Xcp) Xag (Xcp)
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HERBPEZRLAFHNESSaL—YavIcEDb

2 o\ BEENEFEOHR
(BARRE) OFFA. MAHhE

(]
WS OMPDE LRI BlZIE2ERF ) 1BV TL, @E FIcBWTEofdE
ﬁ“ﬁ#é’&ﬁﬂ%hfn o ZAUTZ RTEDOENEMEE LTHLRTWND
Dy FimbI gL g4 2 Z LITEETH D, %@io@ﬁ%&bf%zi“
%/ 2b—2arOhFEELELWAHAZENTES, LML, BETOYI 2L —v
NEBWTUIZ X7 BOREENEL LICL K720 | T &24T 5 DI+ T — X
%%é_kwf%ﬁw:k%%éo
IO XD WA IR D720, JRIEREE R LiE (generalized simulated
tempering) & W IOHTLWEIET Y TOVENRE SN 2(1,2], & bichbhvbiu
FOHEZRELTENCEALCTHER L OZRE LBl ZoEoRAK %K 1
T, ZOHIBEIZBWTCIRE L ENNR Y I 2 b—2 g UHIZBWD TOEERREE & £7
DEINCET DAL EZHT, ZOZLICEV RO EIEREE LIENCBIT 59
HEAr RIS TV TTHZERAREE R DOEMREEZHET L M
TX 5,

[(7FiE]

WHHENTEELTBPTI L2 EXTF U 2FZNENRN, KFDOZNHDH X
JBHEETNE LTHWZ, Z2NULHDRICK L TR+ fii/iFyIal—va
1ol T ENIFEY I 2 b—ya 3 [F] ICBWGR AR & EDICET 5
Bex R LiEE AW CEfTENT,

AWFIEIZBNTE, JENZEMICBW T T U A AU —7 2T 5 K0 EL, BE
B L CIERIRO A ZRE LTz, JEJNEREE (1 bar) 2>5 10000 bar £ THE L
720

(&%)

AKyIalb—a BT HENORMERELK 2 IR, ZoMNL, EE (K
RE) B EE (10000 bar) (2B L SAWEIFHAE, X X E 60+ﬂf73fﬁf7
VAR F =7 LTNDZERDND, ZOZ EIZEVIRENSEEIINT TORD
WIEZNRILS LTV TTHENTE, XX EOELE IR IRRTHI &
MTET,



ZOLYICLTHELNET —Z 2 A, RENDEEICHT TS S ERJENITH
JGT D R BEOREEERB LUK TOSH R EEFHE L, ZnbIXENIZE
DEALLTEY, ETEDHZ R EOREEZAL &K1 D55 VDL BER
LTWAZ EEREBELTND,

EXX2)|

B - ENCET oE R LiEEZEA LI %y I 2 L—a 2 Kpo X
VRTBEIZKI LT T o T2, EORER., JENERIZBWTE U RTERNT X LT
— VT DHIEERDIENTEL, ZOZ IRV HBFIRENWRTHH-TH, BEX
RUBITEHATE, ERRONBREFRETHIENTEDL LWV ZENRNZ D,
I OREL LT, A5y Ial—rarEELETL, 2L 0F—F % ¢
5o TOREREHNT, KVIEMER Y T EOBIESCY 7 BT 65K
T DSDLENDIEINRAFMEZ T T 5, T OHTICE D | #EEEL &Ky 1O
MWBAZEE 2, ¥ T BEDESENMED Sy 1R 2R3 5,

_E MR
i M‘/’ Al (i _
A |"“ I M\‘ll 1 I\ | ‘|| |
AVAT N L T
s M“ |~I I! ! f\ \ ‘li l
S \ M
’GW\\‘ . ‘ Hf
ol i ‘“,' | ﬁ
ol ! "‘w m.
& - L S B#Fa Z — N ‘I.th U’ .
> Xal—3a b5 T T m e e e
BE >Xal—a i)
1 IRE - JENCET 28 & = LD 2 BEXR LIEERHW= T8 15y 3
FEE = L— 3 TR BT ORISR

(Z%& k]
1. A. Mitsutake and Y. Okamoto, Phys. Rev. E 79 (2009) 047701.
2. A. Mitsutake and Y. Okamoto, J. Chem. Phys. 130 (2009) 214105.
3. Y. Mori and Y. Okamoto, J. Phys. Soc. Jpn. 79 (2010) 074003.



4E10 TRIZ T HaENMEBEOTA T ITABLV
MR KIETEFRKEDOKE
R RO — 7 U v R-RTBREICL D BE

HILFEHb A, 4 KBS #F: 2, JST-CREST’)
O &', wl &7, ERM ERK>

(2]

W AyE NAKFE (Partial Molar Volume: PMV) 13, & BB AW E OJE K FEEZRET 2 H
TREN)FETH D, ME (2L PMV TR T 208, MERHIGRIZRIAZ288Z,  FHx
1L, TARIAZ 802 3000 [UEOFKIEZ AR Lc o f81 /1% (MD) ¥ =alb—v a3y
EERIATL, MECIZ2KMKREOLEILERE L, M OMI—27 7y Ko7
(Kirkwood-Buff) #0354 Y, R TEOLNTZKS FOBRMIMZRELE 22D PMV O BE)AYZE
& AR L7-, PMV OV R X OVEEREMERIIERE E B —&FE2 R L7, &512, 1K
EI D ONTERIERIZ DWW T, PMV Oz i35 Z & THAL, &E FTPMV A
Pk Js O % fEs oA & B B T Le,

(MDY I=21—3v 3]

E2TOMD v 2 b—3 3 3 AMBERIO 70 7 F A& W T T 72, AN O5 11135
$iX AMBER ff03 Z (i L7z, €T VEHEE LTI ARIAZ ey (AMb) ZHHV, TIP4P
KRBT T LD MD A2 U TOFIETIT>7-, OIE 300K, £/ 1 bar IZBWTHER A+
Sy L%, OE 300K, E/ 1bar ONPT I 2 b— 3% 5ns EfT7 L7, @@T
1Ty I ab— g Hd 3,4, 5ns IS5, FEE & OHESA 2Ot & LT,
%% 3000bar ICHELZNPT VI 2l —va%, FNFN5ns EfT7L7Z, @O MD b7
xR L @ T T30 I al—ardD, HBE2nsITBITAMD FT Vs
MU %, ENEIETIREE & SR EOENTIZ V=,

(it 7 iE]
Kirkwood-Buff /37 A —% G, 1%, WHEH a DILE DA b k BB 2B s O
BHEEROE (go(N-1) &, 2EMTHY LELOTHS.

Gy =j [, (r)—1]dr. (1)
ZOEE, PMV I, HRIEMEE 4 &L G AW T, XQ)THE T 5,
Vas = kBT 11(') _Gks : (2)

keT X OFEHITNS VO T, BEEO L 5 RERD 59 BRI IR I3,

G, DZEM AL K DALEIKAFT DT O RAE D L 5 MR TR O FFAT IV S 72 v,
ZOMBZERET 5720, s OBERL &, WHEEENO OB (BaltEaE i of.on
5OHEER ORISR & LRI L2 b 023, £ Kirkwood-Buff /37 2 —4 G (R) TH 5[1-3],
G5, (R) DEFEI % MD i TROIUE, a D PMV O RIEFEMV (R) Z R TRHETE 4.

V.(R)=(V,(R,)) =(-GLR,D) . 3)
F7-. PMV ORFRKAEMEE, R ZERE GHE LT 124) k2T, kA TiETE 3
2].
V(1) =V  (o0,t) =—G, (o0,1). (4)
ABFFEClL, WEEB a lZoWTiE, AMb OFFEREEDOHE L. 2MEfEE0LEES H 2/
VD IR s I HOWTIIAKRS FAERT w R WA,



[fE 5L L &5
1. PMVIBLDEALFI T R

HIE(1 bar) T & & /H£(3000 bar) T
BT S5 PMV O &)1y % @) @ ®)

Vi 0,V )2 1 (@) LTz, |

IOV, () FF V=2 RV, l l \
i
“‘ \‘.‘|

350, V() hF ¥ =2 MU OF
A ERTHRRLIELDOTH S,
AMb ® PMV [f, IEIZ X - TH
WL, #0o%, ETLV B
RRNELFES TN S IFFE—F

B E _3000bar — wE
%R L7z, PMV OFHfEIL, & s g
JET 1 21778(A%), mE T 121479 (A%) A s B e e e

L0 . PMV OFHIES L 02 o H1 () PMV OB, #E 1 bar) (93X OWIE (3000

JEMEHRIL, BE NMR 2 X 5 F2Bfs bar)/(?’f» 5, 8. (0) B ODFEY L2 b= 3 VISBIT S PMV
R4 & BUVEIS &R L, FIIEO TN GR) & HEEIZ351 % PMV WSHI(LH).

2. PMV BV DZER AR

IEIZE 5D PMV B2, AMb IO, ED X 5 B CA U T D0 &2 50N T
%7912, PMV Z{b&E OV, (R) (V(R) D 0.05 A FOZE(LRE) D%

AV (1) = 8V, (N =6V, (). (3)
. BAEEGENS OO E LTl LK 2), &ABEEEr=1~3 A>T, PMV O
RERBPOBR LN, ZhuE, IEICE - T, RELHFEOZERIZKGFIMRALIZZ &I
ERTHEEZLND, —FT,
—KFEDIMll(r=3~4.5 A>T

X, MEICE->T, ¢ LA PMV 40 F PMVi&]
ﬁ§i§ﬂﬂbfb‘§)ﬁﬁfﬁjz7ﬁ§ﬁ5nfio 2
ZAUE BETICRNT, KFIE S @y | m&m ﬂ

@%éi:‘?ﬁ\ (7k %;&ﬁ,r7 0 nstVl 15 2 25 |3 35 4 45 |5 s 65 7 s x%}] 9 Tos
07y ALORUN) 23, K0S r (4

BT LICEELTVS, r>5 A ol
TIL, PMV OHIRIEIR 2 1T HL
+5, ZOXDIC, EEAED L PMVIES A A0
% PMV Of&Z2bIZIX, EHE 50 |
FHEO IR B L0 EALDKFN
WL EELHFGZKIFL TV
HZ BRSNS,
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-100

4 2, MIEZ &5 PMV K (AV," (o727 7 A L,
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1. Introduction

IRIRAR YL ZE S TRERDHET DARIMLVER (£ HRELGDBEREOMEILZWRELRIRBL, £HF
DFOBECTH—NTAVTEAFIVRERBNT B H > TCEELRBNERT . ChETITARRETIE,
QM/MME D —DT#H 5 GHO j% (Generalized Hybrid-Orbitals) # ALV = KIRIEE KD FOBERTE LS RICHD FE N
SHEETREICT B8, LERFIEZ restricted Hartree—Fock (RHF)i%# & Uf Moller—Plesset 2 RIEENAMP) LA A
H1-705 5 LRMRET>TERN,2], T5IC, LBOISUEFYHHELTERBT D FITHLTITS7=6. GHO EHLHf
HEDHET-CC2 EITEBMRARIMLBYELUIZARY 2 BHEIRIMLOFE . MP2 A2 &5 NMR BT L&
HOERELTo>TER, ARKRTIE. AALETHEDHTES- QM/MM FHEBEDOEBHED S35, GHO-QM 112k S(1)ARE
2 BHEIRIRIL(CD ARIML) BLV@ONMRERHZTVVILSTEDREL CNSOFEEZNTNAVRIVE LU
LFF—IVICEBRALEHEICOVWTHRET %,

2. Theory and Computational Detail

2.1 The GHO Scheme

GHO ;& TlE. QM/MM HER D C JEF D 4 DD valence orbitals @ 1 D% active orbital EL T self-consistent [Z&@&E1EL .
F%&Y 3 D (auxiliary orbitals) [& frozen-orbital £L TS, Auxiliary orbitals (R C RFH LU 3 DDMEEE MM [RFD+E
FHEAZICE>T—EMITRESND, QM orbitals DEBILITELTIE, | EFEETINICUTOMEE,IMHLELL
[Z. auxiliary orbitals EDE R FHNREEHLLTHMEND,

P,uv = 22 C:IICVI + Z naA:laAva
i=1 a=l1
CC T auxiliary orbitals D 5B n, (X, [ MM BEFOBREEENSREEND,
2.2 CD Spectra From GHO-CC2
GHO-CC2 EICE DB IR F—BLVIRE FREHEDEENSS[3](TED, CD ARIMLERFET S rotatory
strength R, METEIZIX. gauge R BIRFHEZFAULLIT O velocity RIBEALS:

a5

N
S
=1
LEDFRIEERALVT. rotatory strength [FIRE) FRELRHDFHETROLND,
2.3 NMR Shielding Tensor From GHO-MP2
RF% K DOERRT VIV s (&, — B EBIE B & RETIRFROWIE—AVF mAIZEDIRILE—D 2 KM
FELTROHLEND:

N

>,

i=1

Oup = K K K
0B, 0m, 0B,0m, 0B, omy

2 2
« __OE _ FH D H (e = x.32)

=FELD (FEEBEFHRD | EFZBETI.HIEBELY mf LOEEEREE AT | EF Hamiltonian T#HB. SCF Ll



IZH175 D OHIBWS L. B B DL IZET S coupled-perturbed HF (CPHF) AR X2\ TH SN 5, GHO-SCF
TlE. MO & auxiliary orbitals EDEREH%E CPHF ARERICKBMESEIDLELH D, AT TIE. GHO EIZHITH
auxiliary orbitals ARI—RFE LOEEBBDOATHERIN TSI LEZFIAL. gauge RRIKFHEZRET S
GHO-CPHF AFEXZEHLTHLV =, MP2 LANILOERKR TV ILIE. ERX O D 12 MP2 relaxed density ZFALNVSZETH
5N%, Relaxed density [£iBE D Z-vector FIEEXMFSN 5, F1= Relaxed density DHEIFM 5 (& Z-vector FEERX%E B
THATHIETH/LNSD first-order Z-vector FRERMSHF NS, Auxiliary orbitals EDBEVEMAIE GHO-SCF DLA
ILTHRYANLGNTINS T8 GHO-MP2 (AICLHER TV ILITBEED MP2 BTV ILERILFHETHETES,

3. Numerical Results

11X GHO-MD ZZ AT Sab— BRI FEEEFLVAV R D CD ARIMLTH S, FSVTINIDEE
[Z1& GHO-MP2/cc-pVDZ ik& Charmm?27 force field Z LY. rotatory strength [& GHO-CC2/aug-cc-pVDZ iEZZRAWLVTHS
IO ETH U TG LEBETHE L, BESFEEOHERRILBRRT D . F. R 1 &
B3LYP/6-31G** CRoN = REEHEIZHTHLFF—)L Schiff base D MP2 ERE B TH D, 2/ \VEBREEEDT
GHO-MP2 OFERFHARKRT 5,

Rofatory Strength

-1000

-1500

2000

2500

wavelength (nm)

1 412R)2®D CD ARV (E:22alb—3y, B EE)

%= 1 all-tarns L' F7F—JL Schiff base ® NMR EHRE 2 (C, N)

Isotropic constant

sp’ Carbons  160.87, 170.82, 184.69, 163.38, 168.09, 164.04, 166.82, 180.88, 186.08
sp® Carbons  -1.98, 25.49, 8.58, 37.90, -26.82, 59.09, 7.60, 58.02, -34.44, 85.16, 31.31
Nitrogen 168.53

[1] J. Jung, C. H. Choi, Y. Sugita, and S. Ten-no, J.Chem.Phys. 127 (2007) 204102.
[2] J. Jung, Y. Sugiat and S. Ten-no, J.Chem.Phys. 132 (2010) 084106.
[3] Y. Kawashima, H. Nakano, J. Jung, and S. Ten-no, to be published.
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