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Introduction In recent molecular physics and theoretical chemistry, most people use
basis sets consisting of Gaussian-type orbitals (GTO). However, it is well known that
GTO, exp(—ar?), have, at least, two serious defects; i.e., (a) they have no cusp at
r=0 and (b) decay too fast at ' — % In contrast with GTO, the Slater-type orbitals
(STO) have the right cusp and long distance behavior. It is clear that STO should be the
natural choice for molecular calculations, but the fact that they lead to difficult integrals
have seriously hindered their use in this field. Recently, two of us (R.L. and J. F. R)
showed that the difficult integrals (which are the four-center electron-repulsion integrals,
ERI) can be calculated with using the so-called STO-NG expansion with an enough
precision [1]. They developed a computer program named as SMILES2003 for the
molecular calculations with using STO as basis functions [2]. The accompanying
coordinate expansion (ACE) algorithm developed by one of us (K. I.) is capable to
compute such integrals extremely fast [3]. We revised the SMILES2003 to
SMILES2007 with using the ACE algorithm for the four-center ERI.

Table I. Speeding up ratio for the individual ERI by the ACE algorithm

ERI type SMILES 2003 SMILES 2007  Parallel Total effect

(1s1s]|1sls) 1.62 ms 992 us 117 us 14 times faster
(2p2p | 2p2p) 20 .8 ms 4 .74 ms 212 us 98 times faster
(3d3d | 3d3d) 454 ms 18 .6 ms 614 ps 740 times faster
(4f4f | 4f4f) 18 .8 s 50 ms 4.0ms 4700 times faster
(5gbg | 5ghg) 68 .7s 84 ms 27 ms 2500 times faster
(6h6h | 6h6h) 260 s 236 ms 149 ms 1700 times faster

Computation time was measured with a HITAC sr11000 computer.

The 64 processors were used for the parallel computation

For all four-center computation, the STO-12G expansion is used for 1s-, 2p-, and 3d-type
STO, the STO-11G is used for 4f- and 5g-type STO, and the STO-10G is for 6h-type STO.



Table | shows that the speeding-up ratio in the computation time from as in
SMILES2003 to as in SMILES2007. The parallel version of SMILES2007 is extremely
efficient, as seen in Table I.

Table 11 shows the total computation time for several molecules with using the parallel
version of SMILES2007. We are now tractable to the computation of middle-sized
molecules like adenine with the STO as basis functions, as seen in Table II.

Table II. Total computation time of the four-center ERIs over STOs for several molecules

SMILES 2007

single processor

Molecule
Basis & of STOs)

Parallel computation

with 64 processors

Methanol CHsOH (18 electrons; Cs)

VB1 (62 STOs) 79 sec. 3.6 sec. (22 times faster)

VB2 (130 STOs) 990 sec. 35 sec. (28 times faster)

VB3 (244 STOs) 7928 sec. 270 sec. (29 times faster)
Benzene CsHs (42 electrons Dan)

VB1 (150 STOs) 789 sec. 44 sec. (18 times faster)

VB2 (300 STOs) 8699 sec. 410 sec. (21 times faster)

Adenine CsHsN5 (70 electrons; Cs)
VB1 (220 ST02) 19490 sec.
VB2 (425 STOs) 201128 sec.

1095 sec. (19 times faster)
8698 sec. (23 times faster)

The basis set of VB1 is a “triple-zeta + polarization”
The VB2 is a “quadruple zeta + double polarization”

The VB3 is a “quintuple zeta + triple polarization”

We may conclude that we have now an efficient tool to compute molecules with STO.
The next will be the geometry optimization of molecules. We need derivatives of
molecular integrals for such purpose. We derive the derivatives of one-electron integrals
and present them at the meeting.
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Optimal vibrational coordinates for anharmonic potential
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Collectivity of plasmonic excitations in sodium clusters and its relation to Raman enhancement
(IMS', GUAS?, NTU?) T. Yasuike"?, M. Noda!, K. Nobusada'?, M. Hayashi?
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Proposal of QM/MM method for Periodic Molecular Crystal :

Consideration of Crystal Effects by SCF point charge
(Fukui Institute, Kyoto Univ.") Shinji Aono!, Shigeyoshi Sakaki!*
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Formation
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11%. KZTAZ—(H,0), D 11 # D FEMEAR(10kI/mol LAPN) D HI D K5y 5%t O ERSENTE Ecr
EO B E gy DR Z R TND, BRERZEIE, TROAE A (M B 23-10k]/mol KVHRVY) & [l I IX
FEA L EAZRBIRE R > T D, HEXHE DA -10k]/mol F2 5 Cif iz L T D (it & Al D R
FENRI DT LITER), 7T AZ—NOKGFI1E, KFERGFEE L TCWDKFEOE m EAKFRZGL
TUWHKFEDE n THETHZENH K D(DmDn), 72X TIEF K FEGE At 2K ER 555 FDXA
7T, BRI TIIKRFBL G DOXAT TRAIL TESIFL TS, D2A1 K55 03KFER 5L, DIA2
KT DKRFHEE L TODEE, 58 VKB RE S DRIV TWDZERALNNC D, ZOZE1E, OH
fHFEIREN L O IRJE B 8 Bh<° OH A5 A BEBE D FH RAE CMb L Qa2 e TlEdh 523, LP MO PT
FHEIC I TR T ZEN KT, Ecr DML, KBEFEBDOBEDRFEZ/20, KBRS DO
OHIEHZHFIHATE D, I7TAZ—BIRDOFE S = FNF —~O% 5T, mEHEHAEH TH5
Dispersion JH2 M K C, DUWTAHRE D EFR CTOEMBENE, DV CTEHENR(ODWE S Te) F A
TER L7205 TS, X 1 BB I0IC, BREL TIXEM B EIIE S Dispersion THIXIL[FL T/ 7
AL =TGR 5L TODH, BYEREIZFELSADE, K/NZERHY, BiA L CEREMEKR =31
X —DFEZE DTN, X 2 ITEBMER X434 D EBKERS
BT DHEDEZE R T, DIA3 XA T DKy T %2H Ok
oG LT > TS,

KT TAB—DBNEROEIL, KT OFLELBHIZKEL
725, Bl ZIE, n=11 TiX, KB AT HE72 digraph(K FE G A% F7
ML DRI TF )L 460,066,726 L3 x EIFHN TS, b
BANKRT e b X — il EOR MEF A 72378
o K/ IMEE DR RITIZTNANWARTFENH VLN TG, 2
ERBMEEOREEL ZO T RWEENDKS T DEAT
IKFEREAXIDLAT EOFBEZET~, FICUiz, Fxt=RL
F—DJEIX MP2 & LP MO 3SPT+Disp Cld— 2503, %
DZEET— 2% RV TIE 1keal/mol AN TH 5,

[1]Iwata, J.Phys.Chem.A 114 (2010) 8697; [2] Iwata, PCCP 14
(2012) 7787

The

: -1
Cluster | number Rzlatlve/k{/ II;I;] I-Iil donoi' -r the number of waters
of HBs ug-cc-p accepto

MP2 3[S)EL+ D1A2-D2A1 D1Al D2A1 D1A2 D2A2
X434 17 0.00 0.00 5 0 6 5b 0
X515 16 1.45 -1.38 4 1 5 5 0
X443 16 1.70 -2.07 3 2 4 4 1
X551 16 2.69 -2.85 4 1 5 5 0
PX9318 16 3.04 5.91 3 2 4 4 1
PI1226 16 3.94 6.68 4 1 5 5 0
X4412 16 6.26 -0.67 2 3 3 3 2
PI12476 16 6.32 10.60 3 3 3 3 2
PX;QO 16 7.69 10.74 3 2 4 4 1
PI2877 17 7.81 9.15 2 2 3 3 3
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Computation of the solvation free energies by the molecular simulations
with a polarizable force field combined with a theory of solutions
(Graduate School of Science, Tohoku University)

Daiki Suzuoka, Hideaki Takahashi*, Tatsuya Ishiyama, Akihiro Morita

[XTODIC] EERER OLEEUS OREH 2 BRI TR 51213, £ OWRRIZHE S A =R F
—EALEFRET S 2 EPAREMICEETH D, UKD H =T — O E H L —
BOHYA 7 Lo TO RISSCERY), EEREOWEFE B3 L X = HEHRAHETS
Do Wi, WE —VRIERR AR AR T > v VD53 A BB R BAE S & 2 A B (=%
WX —FoROBE (ER 1)) AR SNIZ[1], ER HEIZLIUT, R & MBEERICK T 2 =%
NS A N T, AR E < O IEREICIAER B = R L X =R T E 5,

REIZ BV TREPRE BRI 2% TIRIREO B < il S 5 0T, WHOBH
BB LF =038 LSBT Do LA > T WHEY Th OB B EZ A b= r /L
F—F BRI AN MEED S D, AR TIE, HROSMET MESI T Ial—va
v & ERIEZREE LI e ik (MM —ER %) ZBA%E L, T OAMMEZ BEE L 7= [2].
[Fikim &SR OFEM] AU 2T 0 ER IRITAHE — BRI AR RN TH 2 2 & i
Rl LTBESNEERm CH D, o T, pWET /MIIES T v a b 3 VIZHBE
T2 LIITERY, MMy —ERIEIZENTIE, H2HHMREZEA L TR E B L % —
ApZe “RRIRFE AN K 2 %55 A L I8 D OSBRI 2 %5 5 i EIT 5,

Au=Au+ou @)

ZZTCHEAT S PRNMREE LT, W RS OB AR EERT A KO RFRTH S,
RN G Z 0 X5 e EPIRBICZE (LT 2O B =R VX =2 A Th D, Au DFHEIZIT
HWHEO ER B EEEMAT 52 ENFRETHD, —FH. ZOFRIRENS, T XTOHF 03550
NG E > THAEERT IHRERICELLT D EEOHHEZILT BB uTH D, uld
QM/MM-ER IE[3 4] COLARD FTFH- DI % | s 2 T D RIZHRES 2 2 & TRk
BICRIR SN D, BRI, WIECR EFRMREEO 2 BEEH =R VX —DEICL > TERIN
DT RN X —nh TRV FX—JEEE L CEAT S, 35 &, EHRETRIRRED nod /34 B %k
P(77), Po(mIZ & > TR D M ISE L CIREOBMMBTEOL 2 LIk s AR x L ¥ —24
LSk o X5 1T s ek s,

duzjdn{@Tln(giZ;J+n}N(n) @)

0

2T, ke IRy U EE, TITHERHEE TH D . WL S EE 0 EAEETH
5o Fio. SUIFEFAIIEINK ST —E LR DB DT, QROLALDOAFEINNE R(n) & EFHE L.



ZD—EMEEHERT D,

ARG TIE, B2 PRIREZRET2 ORI A BEZEAL, ZNON LR SN DI
AR RV —AuZ BT 5 2 I L0 ARG EROAIMEERGEET 5, #RF A Tl 0@$W
WREAZEAL, WEAMEBEZ AL —% =ZSOHEIIHHEIT 5, —JF, &K B Tl ke
PEAT DI & THRIERE =R LX—% " ODHEICHET L, It %%&%ﬁmz
HORT, FEVIISZKRN2%EG L LTREAE SRS,

ﬁ%ﬁT@NV%?%7%X%tLT m%iwfﬁ/%wA%@mmmﬁﬁﬁﬁmiﬁwﬁ
— 5 HET D, o, WEBXOBEES Ot CRK E7 /L[5 Crtik L7z, E O N HEIE
EEE L. @ﬁiﬁﬁﬁmf%ﬁoam@@m > CHERK Lz, HERD T8, BUERII R 70 A
TG E (THE) ZAWVWCEBRIBE= AL —%23HE LT, 272 b—ra Y OfiE!
BIXTIESRE AN 3ns, R BIX2ns & L7,

[FER] X 1ICRE B 02RO 5 OFBEICHW 2 OB % 17, R(p)iX P(n) & Po(n)d
HRYNKEWEIETIRIE—EL 2> TWVD

T ENGND, Flo, B ABICHE) HH=T 0.6 ' ' .

FINX =LA AuE F 1 IR, D701z, . — P S
T EDOBONEEMA R X A, § | Po(1) M

Dlfi% HPETHR LIz, ABEGAZ /=1 E 04f 770 e s
OVBERE B 3 LF—coW T, AFIET  § TTTROD j =
KD BNDAMTRAY—BREITIEL AL E LY 2
KERND EBHEPD bR, £, Zhb 5 02 PV =
DERTHENBRORBME b E—KLT & | A SR
WD Z BRI AT ERO TR S 2SHER i

T&T, EBIT, BERND MMyrER 1575 TS —

TIED 1/10 LU T Oft gt CRRE ORLFR7E 11 [keal/mol]

ERAT SERTMSM, SAUEDVTOR gy g immg 5 T S IS F OB
BRICRE D BTV D, S, RITIEEZPLET BoLXICHb AT R X — 07K P(n),
D2 Lo T IWHEZR LIRS D py () & mARBIS H(n).

HL 72 J715(QMIMM o —ER 15) Z BH%E 3 2 11
Th 2,

1. KBIXOAZ ) —LOKIZKT HEEFIE B %L —, FEIMNOFAE T, (BAL : keal/mol)

Species  Path Au S Sty A A,
A 2.6 (0.0) -3.9(0.2) -4.0 (0.2) -5.3(0.4)

H,0 5.7 (1.3)
B 0.7 (0.1) -6.5 (0.3) — -5.8 (0.3)
A 2.3(0.0) -3.5(0.2) -2.2(0.1) -3.5(0.2)

CH4OH 2.4 (1.1)
B 0.7 (0.1) -4.3(0.2) — -3.7(0.2)

BEIHER [1] N. Matubayasi et al., J. Chem. Phys. 113, 6070 (2000). [2] D. Suzuoka and H. Takahashi et al.,
J. Chem. Phys. (2012) submitted. [3] H. Takahashi and N. Matubayasi et al., J. Chem. Phys. 121, 3989 (2004). [4]
H. Takahashi et al., J. Chem. Phys. 136, 214503 (2012). [5] A. Morita et al., J. Am. Chem. Soc. 119, 4021(1997).
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HHEBEFBELONE, G - el - REGEML & CERERRISTH Y, EiroHeRED
AERRICTRS BT L. ZORICEFTHREBFIICHGNNCT 5 2 & TR @Rk o
FESTIRBIZ 2 78, BT BERRBIZ DWW TERAZ FHL L THIT BN FIEITRMTH S.

Fex 1 ZmbF # L TCNQ 7572 2 FLmsaih s, EMBENERIC X o TAlHE) bR AME
DIHEMEL S WINT 2HWE TH H 2 & 2 EBRIICHE L, hybrid FLEEECZ W 758 LB EGH
BICL > CTEMBEEELZRB L. [1] 20— THELE, NTREGRS T2 HWF%ET, &
TR ENER % S ab initio F1R L [F1% OREEE TR 2 72 DIZIX R FEBERT E 2 5 L 72 %5 BB %L
E(LC-DFT)E WD MENH D Z L 2R LTS, [2] AEHE T, FmsE Ao T tiEso
WU % LC-DFT & W THELL, BN ERSBEREICRIETRICOVWTHRET 5.

@27

BALTF & v F ) 7 T AL =TT F 4 —CROEEE AT 5 L 915G Lz TiOs1]5 LW
Tij4Ons & AV 2. FEEEARIZIE TiIO-TCNQ % HV /2. LC-0PBE IX A TEA Ay T COFME Tl
t, SAC-CI LT RN F—D—FNEN-oT=. T 2T, FHEEERICOWT, A8 B
£ 7 /L(IEFPCM) CH JE L LC-0PBE TH#ik # fixififl. L, LC-oPBE % F\ T REMMK AT L LR B0k
(TD-DFIZ & % bR RERH A 2 IEFPCM B&5E | CRIH L 7= (Figla). ¥£72, LC-oPBE ZH\\C, X
Zep RS el b3S K OVBNEDIRRERH R 21T o 72(Figlb). & 5127 b= MU A T2 BICEE L
7= R DN IR AEFH A % 1T > 7= (Figlc, Figld).

Figure 1 HOMO of TiO,-TCNQ at (a) LC-oPBE+PCM//B3LYP+PCM, (b)LC-oPBE//LC-oPBE,

and (c)(d) HOMO of TiO,-TCNQ + AN at LC-oPBE//LC-®PBE level of theory.



[ 5R]

Figl \ZR L2 XL 918, RhERREGHERF D
LC-oPBE (2 & % ficrm 5 A HuE (HOMO) L\
THNOHETH TCNQ 2/ LTz, —
FTEDPLART MViX Fig2 DX H12%
NENOFREEM CRIBIZER 2 DR EZ R
L7z. ¥§IZ IEFPCM CIEE 2l L= 354,
BAIBEERIIRIET ¥ CNE L D b E
WEANZ BN T & 220y 2. BZ8 Tl
b U 7o M@ 1236 1 2 WX AT DG fE I C
WBENER &R L, EMERNCIEIREI L —
HL7/7. ZZTFigled k27 R=hrV
N1 ERLET D &, FOWIITEREMIC
> 7 b UTo. ZHUTERBENEE RO RO PR
T &7 b= UAGTORIGTAY, FLEIR
RECLIEAL - AT BERE TR ZET DM
TTHRLE SRR TH D, — I Figld D X
IITHLE L7258 L2 2 o PR -1 73 2
JEARRE TIIARZEA - A BEIRAE CTIXLE
6T 2 X5 M EMERET D720, RIRAM
1227 b LT, ER O FERRIEE TR T
IZEAELTRY, TOMEE —BICRE
THZEEFTERY. LN TEHMARE
i BEIRRE DR 217 9 72 ®IZ1L PCM D &
H I ER R ERETLVORBNLETHS.

Y HIT TigOx & W=7 % —E(101)iH
ORGSR, FERZRRINOIRE, & O ORI
DWTOFERZBINL THET 5.
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Figure 2 Calculated absorption spectra

[1] R Jono, J Fujisawa, H Segawa, K Yamashita J. Phys.Chem.Lett 2, 1167-1170 (2011)

[2] R Jono, K Yamashita J. Phys.Chem.C 116, 1445-1449 (2012)
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Transition-Density-Fragment Interaction Combined with Transfer Integral Approach for

Excitation-Energy Transfer via Charge-Transfer States

(Kobe Univ.")  Kazuhiro J. Fujimoto®

F] =R X —BEEET)IIN 7 o FEGEICBWTBRIS N8R THY ., 20
BRI O AR E SN D L ICAERNTORIGICB W TAL AnsnTnsg, AEERNT
? EET OAREHEEIL, SO KGEMOBFIZH L THEN2EBZZ LN TN D,

EET Mt 24 57- 012, ThE TS

< OIRIFFRIFTONTE 72, REHRBO L ET -

L-Cid. Forster féHE L Dexter HeHEns3(F b %, e | N\

Forster Kk & 1340 TR 7 — 1 AR HARF 23 | oy |
JE L 724 EET Th V. Dexter Bt & 134 +RICE ICT

JABFAL L OB E>THELDHEET TH 5, t Tl Tl f
B o EET B0 i A 5 C & 7= roJ T / rr
73, 1994 4E\Z Harcourt & IXEE M ENRAE 2 6 L HT e ET

72 EET & WO Filc e 2 12 52 L7 [1], Fig. 112
AT L DI, Harcourt HOfRR L7Z EET I3, K o _ _

Uy PG e MR 77 75y STt T e
TREIEIREE & 7 B RO BELIAMNT . A T ANER monomer (I or J), respectively.
IEELTZRNRIEZ BB L= b D TH D, Forster BEHEA BV % 5 720 O m kS E 2R3t E FIENS TR
BAFE SN D L DT> TEI=DITKE L2, 3], Bk 2387 Harcourt & OB 9 282013+
FATON TV RVONRBLRTH 5,

[FEH]  ABFZETIE. Transition-Density-Fragment Interaction (TDFI)i% & Transfer Integral (T1)#: %
GO HEEZRRE L, ZOHENEMBGIIREZRE LI EETICH L TASITHLZ L%
AY[4], TOFIEIFHE Y —a AR 250N T 272D SNIZFETH Y . ZIVE TOMFSE
B\ THFY o hr R7UAZBIT 2 EET[2]°— % & b RSB D CD ZA~<7 FV[BlIZxE L T
HEINT&, LT, RO TELH SN TE 7 RHBA « BRI @S E A 2 L7
FE(TrESP 1£) & bl LT, TDFI EIFBIMICHE 2 L3825 2 L 2R L T&E 7, £/, TDFI
15 T35 RO self consistency 1724722 DFIE[B] B A L TV A, ZOfEE, EBHID
v PN T RN X —DRFREENEL 725 2 L bR L TCE 3], A RIOMSETIE TDFI I
OORREMZ Tz, £, EFOAC U REIAEERZ GO BICILEEZ T 72, ZHIZLY



Forster B> EET LIAMZ Dexter B4 EET ~DuwH & alaE & L7z, —FHOHILERIX, 7727 A b
SEILTOEREEATHIROBER D ICHT HMIELZMNMA Tz, EHIZ, Zhb ZODIRENZ -
TDFI B TIEE A D D Z & 2R A7 (TDFI-TI 1), ARAFZE T3 EMER I 95 3 kRDFE
HECTCEBE LU TOETEIL Yy 7 T2 VX —OfHli 21T 5 7=,

B _ (\/TDFI TDFI TDFI TI2) TIE)
Tie = Tojea T T = (VCOUI +Vean +Voup )+ (V +V )

Indirect

2T Vo~ Ve~ Vou (37 —w AAHEAEM, A E B AEMN, ERVMIEHREZ O

R L, FEIT TDFIEIC K > TR, 72, VIO LT TpRpRRE A fH L=/ AEH 2
WE 3WMOBENIE)Z/RL, ZNHIXTHEICE > TR,
TDFI-TI {EDFEEE Mgl 3 2 72012,

T2 RIKEROET A P E G o000 e
Tot, ZOfEF, TOFI-TIEIEERTO 001X ooy —+—
W7 —n HEEROR LNERLT st e 6000 indirect and) —<
V7R 7 TDFIL I & s O Bl B " \; 4000 B
3A 9% 2 & 3R T & 7= (Table 1), R; £ 2000
CORRICHESWT, TS v 7Y v s v
T RS a® oo ]

3 35 4 45 5 55 6

2), TOFEFR, =F L 2 BmIKOHEREN R 7 A
35 A LI EDOEA TII#EEZ —a UM H  Fig. 2. Electronic coupling energies between two ethylene molecules
EF DGR X < 7 BRHED as a function of intermolecular distance.
AT EMBENRE O ST 2 MBI R A EHOTERREN ENRghoTe, S HIT,
AT X 2 FHITFEE TSN 135 hoT,

AFERTIE, TOMDOT 2 FEFHROKER, EMBENRE L 5 FHUEDOREMR, & 51T Dexter 5
IZONWTHIBRRD TETH D,

Table I.  Electronic coupling energies of ethylene dimer (cm™).

CIS TD-rCAM-B3LYP
Full QM 1976 1454
TDFI-TI 1997 1417
TDFI? 1649 1097

# Previous TDFI method [3].
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Theoretical Investigation of Proton Conductivity
in Proton Exchange Membranes for Fuel Cells

(Fuel Cell Nanomaterials Centre, University of Yamanashi) Raman K. Singh, Takao Tsuneda,
Kenji Miyatake, and Masahiro Watanabe

Introduction: Nafion (DuPont) is the most used proton exchange membrane in polymeric
electrolyte membrane fuel cells (PEMFCs) because of its highly proton conductive properties
and excellent chemical and physical stabilities. However, some potential drawbacks such as
high production cost, high methanol permeability and poor mechanical stability at high
temperatures of these polymers have prompted for development of novel membranes.' In
quest of alternatives to perfluorinated polymers membranes for automotive applications,
multiblock sulfonated poly (arylene ether sulfone)s (SPE) (Fig. 1) containing highly
sulfonated hydrophilic component seem to be very
promising.’ The multiblock SPE membranes have shown
more developed phase separation between hydrophobic
and hydrophilic blocks than that of the random
copolymer equivalents. It has been observed that the
proton conductivity of SPE-bl-2 membrane is higher than
Nafion (NRE212) over a wide range of humidity and at
high temperature (>100 °C) but fails at low humidity. The
reasons behind the poor proton conductivities of these
SPE membranes at low humidity are still unknown and
unexplored either experimentally or theoretically, and Figure 1: The optimized structure
deserve utmost attention for the future membrane Of SPE membrane, in which
development. This study intends to figure out why Nafion ~9"€€n and blue " dotted cnples
shows higher proton conductivity than those of other lndlca'ge th? separated and paired
. sulfonic acid groups.
hydrocarbon membranes at low humidity.

Computational Details: Geometry optimizations and frequency calculations have been
carried out by the generalized Kohn-Sham method using long-range corrected Becke 1988
exchange+ Lee-Yang-Parr correlation (LC-BLYP) functional in conjunction with cc-pvVDZ
basis set without imposing any symmetry restriction and all structures have positive real
frequencies. The computations have been performed using GAUSSIAN 09 program.

Results and Discussion: To discuss the state of protons in the hydrated sulfonic acid groups
(-SOsH), we firstly optimized the geometries of Nafion and SPE models with various number
of water molecules, i.e. -SO3zH-(H,0), forn =0, 1, 2, ..., 10. It was found that the optimized
distance between the sulfonic acid group and proton increases sharply from 1.032 to 3.084 A
and 1.037 to 2.084 A for one to three hydration water molecules in Nafion and SPE,
respectively, while the distance between the sulfonic acid group and the closest water



molecule are nearly constant up to .
eight hydration water molecules for :g~ ;
both the membranes. This clearly g
indicates that minimum three water
molecules are needed to detach
proton from the sulfonic acid of
both the membranes. For SPE,
however, we found that the sulfonic

-
acid groups hydrated in pairs ,1 gj

("paired .|n Fig. 1) detach o proton Figure 2: The optimized hydrated structures of Nafion
even  with _12 hydration - water (left) and SPE (right) membrane models, for which the
molecules (i.e. 6 molecules per getachment of proton (red circle) requires three
group). The presence of such hydration water molecules in vacuo.

inactive sulfonic acid groups is

supported by an IR spectrum study. In addition, we also found that the proton is always
located at the edge of the hydration water cluster after the dissociation as supported by a study
on ab initio molecular dynamics simulations and isotopic-exchange spectroscopy.’
Furthermore, we analysed the molecular orbitals of hydrated Nafion and SPE membranes to
discuss the proton detachments from the viewpoint of electronic structure. As results, it was
noticed that the electron distribution of HOMO drastically changes from the backbone of the
chain to the sulfonic acid groups in Nafion as the hydration level increases. This seems to
make it easy to dissociate protons and protonated water clusters from the sulfonic acid groups.
On the other hand, the HOMO and LUMO of SPE are hardly affected by the hydration.

of Nafion and SPE at low humidity in
further detail, we calculated the
dissociation energies of protonated
water clusters from the sulfonic acid
groups. As a result, we found that these
require more than 100 kcal mol™ in
vacua. This indicates that protonated

water clusters hardly detach from the o e 3: The optimized structure of double Nafion
sulfonic acid groups at low humidity. models hydrated in pairs with 5 hydration water
We, therefore, considered that the molecules. The distance of the sulphur atoms is
proton conductance proceeds through fixed at the averaged distance given in a previous
the relay. It was found that the MD calculation.

dissociation energies drastically decrease to around 40 kcal mol™ through the relay. We are
now exploring the feasibility of this relay.

To investigate the proton conductivity .\t
_ % g

e ay¥
eSS
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