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Development of Molecular Vibrational Structure Theory
with an Explicit Account of Anharmonicity
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Vibrational spectroscopy is a viable tool to reveal the mechanism of various molecular systems at the atomic and

molecular resolution; yet the interpretation of the observed spectrum is often non-trivial and requires a theoretical

assistance. Although it is rather common to calculate the vibrational spectrum based on the harmonic approximation,

anharmonicity plays a crucial role, in particular, for the OH and NH stretching vibrations that lie in a high frequency

region. In this article, recent advances in the vibrational structure theory are reviewed regarding: (1) The generation of
anharmonic potential energy surface by the electronic structure calculation, (2) An efficient solver of vibrational
Schrodinger equation by the vibrational quasi-degenerate perturbation theory based on variationally optimized coordi-
nates, (3) A weight average approach to simulate the vibrational spectrum of condensed phase systems.

Keywords: Anharmonicity, Optimized coordinate vibrational self-consistent field method, Vibrational quasi-degenerate

perturbation theory, Weight average approach
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Table 1. The number of grid points needed for generating nMR-grid
PES when 10 points are used for every vibrational coordinates.

Num. of n
atoms 1 2 3 4
3 31 331 1,331
5 91 3,691 87,691 1,347,691
10 241 27,841 2,051,841 108,311,841
30 841 349,441 95,633,441  19,390,643,441

2.3 Multiresolution %

nMR-PES Tl&, nR& ) EROMEETHEL BT 25, n
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REVEDPKECEL D E— FOMORFEAIL, LD Hign
LEZDLONEKRTH S, EoT, MAHITLITKHELZE
Z, BEEETIIERE LR FETKRD, 8WiEEHIT &
O FECRD L 2 & T, RIBLEAPELNLLS
I Thb, CoFEMIIETE, F 41X multiresolution {5
RELO,

9, SHAHABRLLIBETROLTHEEXERX . &
HAEATE L, ZA5E (resolution) RV CTR®DIWVWET L, Z
CTEIMEZ LI, EAREHGHOL V2T TR, B
B (747 —K, 71U v FPES) OEDLEL, HE
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HE, X (219 12&D, KE R OMEHEHIELNS

R, _ R (D N AN R,
V. =VR(0;,0,,0i)— X Vv (2.22)
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VIMRQ)= Y V(0 + X Vi (01 0)) +-+-
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+ zf‘,V,R (Qi, ,Qiz 5 'VQ,'” ). (2.23)
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&) v KOS Table | & B LIEBUZEDY S T 72,
R 2 B R 2 L ARTHIC AV, DFT R E48500 7%
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53, Fok)RBBIETH, X (222) LG EHAK
DL ENTED,

Table 2. The number of grid points needed for generating nMR-grid
PES when the number of grid points for each coordinate is set to M =
10, 8, 6, and 4 for the n-dimensional section of the PES with n = 1, 2,
3, and 4, respectively.

Num. of n
atoms 1 2 3 4
31 223 439
91 2,395 20,539 52,795
10 241 17,905 455,089 3,175,345
30 841 223,945 20,805,289 514,757,545

WIZ, R EDENICRODL D EZ Do ZIUTTR L
BYAHHEE, F)THRWIHZ L) BT 5H, £wv) v
LAETHDL, S THLVOE, HEHEHZRDDLHIIZ,
ZOHENPEENE ) 2% PR LTI LEL R WET
Hb. HlzIL, Pele & Gerber'? | X3 JEE CHE) & FHFHED
ERDERELTLIE2REL, TAFAREVEICHE
HLREWZ ERR L0 Z OREITFREA S B
Boh, POEWICKRELRTRIAENEEZONL, —F
Fex OFRFERTIE, QFF (8512 3MR-QFF) (ZIL#ZAE S 124
BATEET, 22, £ ORBT— Fe T2 iEECrlET
&%, QFF TR T4 %DIE, KEKEL EOMCHEIER
WS A, IR 2 FORENE— N CTh D (HL,
ZLOYE, TOVIE—FNIIHA T4 74y 7%
Whid b)) fito T, Fexix, JEFHI PES % FEAAYIC QFF
THRIAL, FEE7) vy NETUET D, L) ISR

Page 5 of 17



Award Accounts
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TWHHAE O (0; ~0;) 723 TRL, 12, 13035 —>
DILBIZBNTMCS ITREL 2B, K14 TlE, 3 E—
Rl AR S ISR ST WD, MCS 12X ) #EATEHD
BEEMEZRFEL D, MCSHBIMEL V) REWEEGEHEZ 7Y v
R X D3Rk AHZ & T, nMR-PES 2515 X K TX %,

2.4 PES & DEE

INFTHRZZEHIZ, PESERTIZIEEIZEL L DET
I A V¥ —, Gradient, Hessian FlEE L b, FHEE
FHREGRY S T720, 70y RHA X2PLFokRE
LD B IREIIREESTE 2 A7 L, IR IRED I BRI 5L
(HEE) PPORT 5 £ T BT IR S LTz, L
L, E, BHETERSREE - KR L2 8T, PESAE
D BARTNEIZ KR & K ZEbo>TETW5b, Hikod PES 4
B L IREIRRERTE Z Y TNV ERBE TN TY LTI, 7
)y KEMEL RN A2, WHERH T v, F1
IV, 7Yy FEE—FEICREICH 72 h NG R
EOMMBAR L Ve L HD 7)) v FETH, 1| HEOFER
WEIDIRIUE, EREE LTI O A VF—FET, 4
7w FEARIETE L, BIRTIE, 107H &) BT
WA b LNe\was, 104FERIEE D ZA ) D LD
CORHENGHHEBPRRET S 2 LIIHETH L,

Mol. Sci. 10, A0085 (2016)

COLHBRIKRDS, ik, HAIZUTOFIELHRA L
Twdo £F, TANF—HRAMUIZE ) P % ko 72
%, 3MR-QFF & IMR-grid PES % Bl %o AT 2 R055
MFIZA L BT IRFERHE % V4 & 3MR-QFF (d 2f + 1 [1]
O Hessian 5T CHA BT & %o IMR-grid PES OREFEIZIE f
Ml (M =10 ) OTANVF—5IEI/ULETH L, KIZ,
55172 3MR-QFF OREA 5, #EATEHIZH$ 5 MCS % 5t
B, EEZ 2MR, 3MREEGEHE 7Y v NEICL D AT
%o 2MR-, 3MR-grid PES {213, IMR-grid PES X O & /h &
W)y K (M=6%F) %5, Grid PES %:#RT 5%
BIfEIZ MCS = 1.0 em™ FREEASE WV fHL, 22 TR v
FEDPIEEICL L D20, FHREEE L OFFQE W THIME
210-50em FTEIFAZEL SV, ZOFEIZ2 A
Ty TN HPNTVDLD, ZEATY T TT7)y FENRF L
OTHRE L7720, WHETREIZIZINNT WS,

BT IRRERTHIZIZ DFT # Fv2 % . DFT LBAE 3 IRIZ I
FEPLETH D, — I pure PLEIEITIRBI B % 15 < S5
L, A7 =V LTRSS EERRIZ AW E 2AHI2H 5
729, FRRFEOKRIIERL O—FD L LAEL %D
2D B —J5, hybrid JLEI%L (B3LYP 7 &) % double-
zeta polarization L VOIS E & 1) 2 & T, 20 -
50 cm™ FEEORESMETE b, BRI LR 0O
L, B E LCddsE L Cw By 720y, EBFEARY K
WED—ENBL D EIZES %2y —7, 1IMR-grid PES
72 TH EAEE 2 BB (CCSD(T)-F12 2 &) % M
Wre FHHEIANEHENVDITHI L%, EFLD—
FUIIHERIZRLSTH5 20 TE %,

3. #RE) Schrodinger HIER D —A%fE %
3.1 Vibrational Self-Consistent Field ;%

VSCF {1, 2kE%s 1 £— FERoOBERTEL, |
E— FEEZEGNIIKD L HETH L, EWEHEE =
PVF—ZUTO L) IIEREIND,

R
@, Q=[]0 (3.1)

i=1

1 u 82 nMR ()
Eh:CPJ—E§;5§?+V Q|¥.)
_ 22

L&
=—5§.<¢n, 207 (32)

o)),

n

1 E— FEBPHBEXRRTH L2 MESEMHL L,
Lagrange REFEFIZ LY VSCF HEAPERTE S,

LI PN BN

[ 5 an*V'(Q’)]%' ©)=¢,9, Q). (3.3)
T, V() i FHOIREE— FUSOIRE)E— N T
nMR-PES % &5 L7234 CTh 4,
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f . oS .
WQ,-)=<H¢§,? VMR (Q) H¢f,f>>. (3.4)
j#i J#i

BT FNVFE—DRT Y v VIHEFEBIL FIRTTDO % IRTT
F&45 7255, nMR-PES % V25 & n (RITGRES OFNCE S E &
%,

/

_ N o
(Vmim) =2<¢,§f) v ¢,5f)>+2<¢2,’)¢,§f) v, ¢r(lf)¢:§,])>+"'
i=1 i>]
f n . n .
+ z <H¢’5f”') ‘/iﬂ.z"'l-nf] H¢’§j"’)>, (35)
>, Am=l m=l "
_ Ll )
vi(Qi)=Vi+Z<¢nf \Vv o, >+
J#Ei
f n=1 nl
+ 2 AT10 Vigo | TT 7 )+const. (3.6)
Ji> >y Am=1 ! m=1 m

VSCF #:13 70 A FICIRE S LT W 5 7%, nMR-PES 7%
BASIN, KTy VEGORKIGSHEL-Z LT, £E
ForToxt L CEMM % )72 % - 720 nMR-PES (X PES 4=
B 7203 C 7 <, $RH) Schrodinger HREX DI BT HH
MW T7AT74T7ThHholzs

VSCF HE &% <12, 1 B— FEE % REBs G
IRENF BRI R) CTRAL, fTyERIcEEEE T,

M
90) =Y i), (3.7)
m=1
hDe) = g, (3.8)
ORI A AP NI
mn _<Zm . A2 +Vl(Q1) Xn > (39)

290,

1

X (37) T, MIBEEEBOBT, ARHTIE, £TORD)
E-FTHELLMMAET R, 2OERESE, UToTF
NETHFEXZ M
Lo s LT, PREIRB B (@ =1 %52
5o
2. BIANF—LEE—FOVEEZRD S,

3. KE—FIZHL, & (3.9) @ Hamiltonian 1751 % 3K &,

AT 5o

4. BEREET v T T ML, ATV T 2NRED,
CON—=T BT AIVF—=HLWIIHEEPNET 5 F T
ik, £ DORE,
HA I AREATY) 2 B3 5 720 T, %20 [Hi# T 107
em™ FTCHRS B, CofEE, Ty ST — Mo E NG
TN T X LW LEETIREFE (Hartree-Fock #: %
Kohn-Sham #) & I ZFENER S,

VSCF #t5iL, %, ZEKE m=0) 25 —7v &

CO#ED R LETEIIIRS BV R <,

Mol. Sci. 10, A0085 (2016)

LCHETT S, X (38) 54055 X 912, VSCF e
POR L 7-0, REEIREEZ TR, 8T8 M-1) FTO
BIEEIREE ISR T 5 1 E— FRIE D MEEICKkE 2, s
DA VT, RO VSCF i Z B CTE 5,
oL
)=, (Q=]]0 0. (3.10)
i=1
DUF @ ili_ % post-VSCF #:Cl%, VSCF Bl %% FvC,
LV BEOFCHmNERT 5.

3.2 Vibrational Configuration Interaction ;%
VCLiETIE, 2UEBIB% % VSCF BB OMIER & T
E

[¥3) =X Conlp)
p

BRREE AV F—1T,

(3.11)

NIV DT AR R L,

LT 52 ETHOND,
—in 1& 22 nMR (3 (3.12)
Hyp=(p —géagﬁv Q|p). .
HC =EC. (3.13)

K G ICHWHNLREREOHL, KX (3.13) D175
DOWTE Y, CLRTTETIEN S, X (3.11) DERIZ,
4 CONREZ: VSCF LB A V2 &, BITEDORIKHE
k% B ZE N BT B RS b D, % full VCI
ENES, —, LD T A M CLKITLD 3 Fe 2 1L
L, $72, "INV =7 AP EFET LI A D CLIKTT
EELITKREL R D, FD0, TALEREEDINT VA
HELS & 9 VSCF BLEBR L EALENH ), Z0EL
FIZE 5T VCLEIZIZWL OO =2 3 U BH b,

VCI[m] Ti&, MG T 2REE— FOK%E m Ll
TICHIRY %50 HREIE— N2 T8 (M -1) FThied
%L, VCIm] ® CLIKTTIE,

(3.14)

NVl i({ )(M ~ 1y,

=0

E b, FUlClIZE TR E— Fa2fied % 0T,
VCI[f] L&A TH Y, D ClLRITIE,

f
NFull-VCIZZ({J(M_l)I:Mf, (3.15)

=0

Thb, 512, BT LIETHE KLT, $4bb,
(3.16)

% 72 3 ECE B BUS IR 3 % H & VCIm]-(k) & 5,
VCI[m]-(k) ® CI KT,
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NVCI[m]—(k):i f k ,
=0 ! !

e be —i, BT AREIE— FOBICHIBEEF T
X (3.16) OAEHIBRE 3% FiE:% VCI-(k) £, 2
VCI[k]-(k) L Sl TH D05

(3.17)

k
£k
VeI = 3.18
we=3(00) 519
E b,
ZD& )% VSCFEEMBOENHIX, KFrv v
TR BRI T HEREIZIED TV B,
Voo =(p|V(Q)]0). (3.19)

ZZT, K7y ¥ )& LTCnMR-PES # Wb &, p7Ain
0L OREE— P L-REOE, 175K
Yullibt, —FH, Rrrixive L“Ck(k@?‘% 7 —
Bl PES % H\>, VSCF {8 BB TR RE) + D BC i B H &
KELEDLLBVWERETSHE, plkLVELDETE
AR L-EEOE, THEREIY O LB TE S,
o T, EYT AT — Fik =T8T VSCF F &% % il
R 2 DFUZ DT> TWb,

LiZwvz, VCIml-(k) 1x, FIEIREZ S E L 7oAl
BOBRCHER->TEY, BRKELZZHRLTWanI L
WEEDSLETH L, IREIARY MR T 5121, 3
JRIRRE721T T, BhRIREL LETH B, X (3.13) D
AIZ LY, WEZ RO 23546, FRECKEE & b
REDONTG VAERA 72D, BEBRIRONNT A= m bk
ERECWBLEDNH 5, Bl 2L, PES & L T 3MR-QFF
FRHWA E, FEERAEIX VCI3]-(4) FREETIUR$ 578, #
HFOPOL & 5121 VCI[4]-(5), f5E - HAEEFTHEET
5L EHICKE R CLEMAWLEL 70 5o VCLIEIZEMERIC
ECTREIEMEOE 725, Table 3 1R T X912, CIK
TR FEE & B ICEMIIRE L 5720, #HHIT 10
T REICE T b,

Table 3. CI dimension of VCI[m] and VCI[m]-(6), (m = 3, 4).

Num. of

1 1
atoms VCI[3] VCI[4] VCI[3]-(6) VCI[4]-(6)
3 1,331 84
5 87,691 1,347,691 2,275 4,165
10 2,051,841 108,311,841 44,765 204,155
15 9,213,491 831,723,491 194,130 1,427,895
' M is set to 11
3.3 Vibrational Mgller Plesset ;%
VMP HZ U T O5ENHED CHEBEFRTH 5,
o B (3.20)
Hy= ———+V A .
0 ; ) anz I(Ql)

Mol. Sci. 10, A0085 (2016)

A L
A=H-Hy=V™R_Y'V, (3.21)

i=1
L, HEEEHNAINV 2T o Thb, TOR, RiE
25 EORTAINF =& 1 IRAIETZ AV F—

EY =(p|Ho|p) zw> (322)

Ey’ =(p|Alp). (3.23)
LY, | REBOT AL E—

Ey" =(p|Ho +4|p)=(p|A|p). (3.24)

Lk, 2, pAVSCFEIBED Y —7 y MNIKRE (GER

[ZBEEIRAE) THIUE, VSCFZALVFX—THh b, (E-T,
VSCF & ) BWIEEDS S SN DL 2 REBE)INS TH D, 2
WABF O T 4OV F— 13
(p|#|a){a| #|p)
q#p P q
EIYMPZ :El()0+l) +EI()2)’ (3.26)

b ZONFEERZE L7 Gerber 51X correlation corrected
VSCF (cc-VSCF) '8 & 44441F 7243, #%3T TlZ Christiansen?
1275\ VMP2 i (n RIEBY % VMPn k) SIIENLS C &
D%\, AE5TIL, VMP2 & -5,

X (325) #HEWZ 5720, VSCFELEp # SR L L
T, iHmHOETEp, % ¢~ (B) Byt L7 VSCF Bl %,

(3.27)

LT B FERIZ, 2 , HEOREE— FE (B)
Jih#e L 72 VSCF Bl % kD & ) 12K d 4

4.4, A
‘pm)/ > ‘pnm& >’ ‘ Py, > (3.28)
ol I (325) XKD X ICEEERES
A s G ET
oy il cyy oy el P
i q#p; 8p’ =2 i, q;#p; 68}):[/
(3.29)
7272,
g — (i) (l)
5817, =g -¢, (3.30)

Page 8 of 17



Award Accounts

dep! =li_l(sg},j) —e)), (3.31)
Thbo 3 (329 OLEWE2HT, 2E— FULED (B)
R AT ANV b 27 SATHIERERER T v v b
RS BATHIEZE L 2 B0, BT A )VF—IH) 1 E—

FEET T, 18— F (B) BER®EIC L2555 Lawve
W TH 5o nMR-PES 3 KT n RO EH L 072\ 2 & p
5, 1 (329) Bk L) ICESERS,

MR‘ >2
B [V )

-y B gy 5 1

q
i q#p p' =2 i, q;, #Py, 5£Pi,l

il

(3.32)

Thbhb, m+ DEUEOREE— N2 (B) Bl 7
VSCF Bt i X VMP2 4 )V ¥ —12H 5 L &, §Eo T,
VMP2 EOIRFEERINC 27 5-3 % VSCF BLiE OB

NVYMP2 _ i(f)(M—l)l,
=0 !

Thb, N (B14) LT L EGNDHEHI1IC, Tk
VCI[n] DELER LR TH 5,

Table 4. The number of VSCF configurations in
the sum over states in VMP2 and VMP2-(4).

I\;‘t‘;“m‘s’f vMP2! VMP2-(4)2
5 1,347,691 715
10 108,311,841 20,475
15 831,723,491 123,410
20 3,187,457,641 424,270

! Using 4MR-PES and M = 11.
2 Using 4MR-PES.

Fer xR (3.32) DIREEZ & S IZHIR$ 5 VMP2-(k) ¥
ZIFE L7253, nMR-PES # 7 4 T — BEICIE L2k, 2w
Tk RIEETH- /2T 5L,
qi, — Pi,| >k, (3.34)

!
Aqilpiy = 124

& 725 VSCF & |2

(ot

T B, OB ES X VMP2 OIREERICH S5
5 VSCFEE % Ay , <k Ziili72 9 ECEIZHIBRS 5,

9P —

LT,

VMR |p) ~ (3.35)

Mol. Sci. 10, A0085 (2016)

2
4 |y nMR \p)‘

L [L¢s 5 (o3

q;
. de,!

s

E(Z) _2 z ‘<

i Ay, <k

(3.36)

Z D JiEEE VMP2-(k) L I-55, VMP2-(k) (2 BT A IKEERT D

P B &

NYMP2:(k) _ zn:(lf](f) (3.37)

=0

L7 bo THUS VCIn]-(k) & AIETH 5. VMP2-(k) 15Tl
=y beTHIREp 22 E LT VSCF RLED D 5
NTVDEDONRKRL Y FTHb, Thabb, FIRREICKH LT,
[ L L~V T VSCFREAEZERSNTBY, FECIREE &)
FIRFETNTG Y ADPN TV B, TD7z8, RERO T A
VF—EIIRT BT k=4 T 1 cm™ *I)%Fiffﬂ’?i"
INH$ %, Table 4 IZ7RT L 12, 4MR-PESD b & T4 E—
RIS $ THEE L TH, VMP2-4) 12313 % VSCF [LiEo#
1% 20 T \%TJr?i@vr T CTHhbo fitoT, VMP2-
GBI EFOLZETFHFICOERICHATE %,

3.4 Vibrational Quasi-Degenerate Perturbation Theory
VMP2 I L BRI DN T » AN N T 7 F
EThib, Lo, X (325 »o¥orki)ic, RE
MOWIZE =7y FEeTAREp & T ANVF—IaHET
HELHE q 3 5 &, BEVERIZERT 5. EiL, 55 FIRE)
DR TIE, T DA RIRBBORE)E — F2 o720
VMP2 T4 )V ¥ — OFEHUIHEIRE S B0 BIZIE, KFEM
HERENOIREYBE, KEEFOEEDE 20, =R
? 3,000 cm™ 1_@ b, —F, L EVETOMEIRE)
— FREMIPTEE— F1X 1,500 cm™ (2D I2H S, fEo
f,miﬁﬁ%~Fﬁ1§%%ELtﬁ%<%i)kﬁﬁ
B OIRSEE— F252 %%Iﬁbﬁ L 7zIR%E CAEEE
DTN F—HEALIIT\, Figure 1 IZIRB)E— FiD3EE &
REE— FjofEs, H5VIRHET— Nk [ OAED
LIEFTHAF—L%2RT TOL)IZETHD 12 DR
% Fermi 3£05 & .55, — %12, 2 TIREIOIREFLIL 500 -

combination

fundamental tone

x over tone )

ground state

Figure 1. Schematic illustration of Fermi resonance.
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4,000 cm™ FTOIRFPHIZD /25, G- T, KEMIHEIRED
(&, Fermi 3LMEIZFR S, 13 14 ILBEAHE Y ) 5,
F72, 1,500 em™ AT OIREPIRAE S K 0 KB OIRE)E —
FORhfEIREE LB L) 5, 3512, HiEEAE D O torsion

B4 HERE) 2 &3 2 OIREYET 100 em™ LUTICA Y,

HoWwD LI AHITHBIRELZT X T,

VQDPT £ LB IRFEIC L A 3Fa it} 5 £ 9 VMP %
WERL 72 @ CHh 5 2128, F9°, VSCF FiEi B4k TR &
NLJEEBZERE 5 —7y M & ERES 2 EE RS
NAHPZER L ZOMZEM QW ZHEIT 5, Ok, fkEE
BEmic L, PZEMTHEE SN NIV =T X752 0
M OFE BB AALZEHNINV =T 5 E
HWT& 2, 1 kE 2 KxEEOERIZ,

Hﬁ”#ﬁﬁ@, (3.38)
Hyy =(p|A[p)
Y ot (P]A]a)alA]p)
25| BBy Ey gy |PTEIR

(3.39)

Do 12720, p & qldEnEi P R L Q =R OB
TdH b, VQDPT2{#ETix, X (339) oFMNI V=T
VEBEL, WAL TAZET, BEAEIRVE— LkER
BAEonsg,

H?C=EC, (3.40)

\\P,YQDP”) = z}pcp,, p). (3.41)
pe

X (B4l DX, HEREE P =S ORI AT
FbdZeT, HBIZIDZBVREEERT L, —H, 0
ZERIL 20 & O IEF A EERE, X (3.39) ofl
E2HOEEMIEHSE L TEET 5, ¥—7 v ML &
iR § 5 IREED 2 WI5E, VQDPT2 13 VMP2 £ & 72 5

FEEOFEIZIE, PR E Q 22 )%+ 5 VSCF i

gen gen
P4
p, .~ Ps
t=p;, .-
—
~~~~~~ P3 A(py,k)

A(p3 ’k)

Figure 2. TIllustration of P space construction algorithm.

Mol. Sci. 10, A0085 (2016)

FUSE LRI S vy, UNICZF OS2 7”53, 254
LR AR ENV, 1, Y=y FMRE DS
wTHEADY kLN 7% 5 VSCFIRLEDHE X EFRT 5,

A(t k) ={t'11< A < k). (3.42)

WIZ, At k) OF 5 t & FEER LT b VSCF fitiE % 4
To FAEE L TWENE ) hOHEIX, EORT A F—
DIANF—EL 1 IREBEH) (= VCIEHE) 12X ) EEEK
BEORERS D 0% KT 5, 29 L CGRIENALE
WZxr L, [ CH#EE#E D K9, Figure 2 12 2 L& g1
R ¥ =7y MIEE IZHHRR T AEE S LT py p3 28
BENETDE, SHIZENS EEHEET AREE TN
TALA®pL k) & APy, b) DD BT T OBRIEE Ny, ]
BORL, PEMAEMEST D, ¥—7 v MREEISERD
Yie, 3, ERROFIETESY —7 v MNEBEICHT L P&
MERHET L, KIZ, ZNENOPZEMOEL Y %~
B OPHLGEIENSOMEGEEOY —7 v ML
BICAT 5 P2ERMET D, QZemix, X (3.34), (335) &
FOE ZJT, HG) ORERANFGT 202 KD &9
2B,

Opp = A (PO NA'(D' ). (3.43)

7272l AR PEMBG RS S EEREKRT 5, 2O LD
(2, PZEME Q ZEMIE k & Nyey /57 A— 4 & LTHEEES
N5

150

A “&-VMP2

™~
/

®-VQDPT2

[ \ T

Absolute error from VCI(6) / cm™!

" ‘/‘/f" \/A/‘
30 & X
- ®
® ¢
0 [ pu @ ~
5 3,6, 3,6, 5,6 26T 0SS 1,

Figure 3. Plots of the error of VMP2 and VQDPT2 frequencies from
VCI-(6) frequencies for the resonance states of H,CO. VMP2 and
VQDPT?2 used k = 4 and Ny, = 3. The label i, denote the n-th excitated
states of the i-th vibrational mode. The mode number is, 1: CH, sym-
metric stretch, 2: CO stretch, 3: CH, bending, 4: CH, wagging, 5: CH,
anti-symmetric stretch, 6: CH, rocking.

JEHBIE LT, AVAT VT K (HCO) ZmR$ Y, &
VAT IIVT e R CH, B PfdREI O&E (5, L&KL T
%) & CH, Z f5 B X UF CH, rocking ® #% & & (3,6;) »°
Fermi #£IB LCTHY), ZORT1SESIZHOE— K2
BELHAGEDE (365,56, &) b ILIET S (Fermi
polyad LI S) . £D L9 ZIKEITH T 5 VMP2 5HE
B L UVQDPT2 FHH 0 VCI EH5H 22 5 DFE7 % Figure 3 1I7R
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FTo —RLTHHH LI, VMP2 FHEIZEEARE L,
WARTI120em™ 12 BB, Hixf FIgaiEL 54 cm™ TH b,
—F, VQDPT2 5tEIZVFNOKEDS VCIFtRE L BT 2
WECTRATE TS, MixtFiEiEEidTem! Th 5,
VCI DFHE 2 2 MiZ VQDPT2 O#y 350 5T v, KL a
AFDINTG Y AZBWT VQDPT2 IZENTWAE ES 2 5,

4. RE{LEZEZICE D IREMREEE
4.1 optimized coordinate VSCF
0c-VSCF ¥£ T, R FR R EL

M
o)=Y

m=1

2R, YREDEAE D AT,

@Y. (4.1)

Q:im@, (4.2)
j=1

BEGINT A= L LT, WEEFRECREET 50 oc-
VSCF #:Cld, REIN IV =7 v BRI L OR
BTRITNER SRV L2 FEE L TB o BEESUIT
LB RS —E T\ g, B HEI NI L 2\ TH
bo TAT—EHPESIEZ OME & 729 2%, nMR-PES |4
Z ) TldZm v #0728, oc-VSCF FHEICIET 1 T — JRE
PES # fi\:%., PES 252 k7 1 7 — &R PES (FAFIA T >~
T XIV) OE, FEEEREEZ BT PES OIExAIEIZ P O
270, REINI OV b7 IR IS B 728, VSCF
fRAIREBIRE 72 B0 6o T, O, LG L FLiE g
B —%3 5, £72, F—o 2450 F2RIcEh, MELE
A WEE, R CIEFRAERE B AYHE L T\ b 72
&, FEMEEEIIm S FICIERTEIL L 5 575, JEFRMIEE T
EET AL, ZHFIRIMLL BRI B IR A
HPSHEZ 5720, RTEESREE %5, Thbh, il

fLHERRIE, FEFRFIRICK T 2 IO BIR L IRTH 1,

F 72, AR EHEIERIFEGHONT Y ALY, Y
BRI H T 5 L HEEIICRIE S b,

0c-VSCF #:1%, Thompson & Truhlar* |2 X V) Sl 12—
BN, ZO%k, BODPOWEIF 5% UL, L4
E2%ICdH B\ VI3 RICRICLPBEATE Loz,
ZO%, BRELLZWEFT THo7, Fald, Jacobi sweep i
I2EY, ZHMHERTERITY & iR#E b2 7 VT X4
FRELZY, ZOFETIE, BHITY) % Jacobi 1T OFE
THET,

U:IIUyIIng“, (4.3)
i>j i>j

ZIT, U BARBIEEE O, Q; % [T A Jacobi 1751 T

%,

Mol. Sci. 10, A0085 (2016)

(Uflf{ugﬂﬁzcmqp (4.4)
(quyz_(uggﬁzgnaﬁ (4.5)
(), =8 (ki=ij). (4.6)

HIWRIZAR RS sweep DA VT v 7 ATH D, ZDTHl%
DTFOFIETRD %,
1. ETOREEED T i, j Ik L
L1 6; LS 0D HIRBIEERE n=0) 12
9% VSCFEHE %547 L, VSCF I A )b ¥ — A%k
N B AEE KD D,
12 BoONLAEICHEDE, BT Y X )b & L
L, ZATHZT v 77— 9 %o
2. VSCF T A F — OZALS BB 2 ud, 1
R
MO N —T (A5 v 7 1,2) % sweep &5
Jacobi sweep :Cld, VSCF Fl#iz i 0 K L ETT L 0E
WdbHTo, BEO VSCFEIHE L) LFHEAmPIKE v,
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Figure 4. Section of (a) the harmonic potential and (b) QFF in terms
of symmetric stretch (Q,) and anti-symmetric stretch (Qsz) coordinates.
The contours are drawn every 0.01 Hartree from O to 0.1 Hartree. Opti-
mized coordinates (black arrows) coincide with the normal coordinates
for the harmonic potential, while they become local OH stretch coordi-
nates for QFF.
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(a) normal/optimized coords.
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Figure 5. The vibrational coordinates of ethylene. (a) The coordinates
where normal and optimized coordinates are similar. (b) Normal and (c)
optimized coordinates for the CH stretching modes. Taken from JCP
137, 204118 (2012) with permission.
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Figure 6. Comparison of (a) normal and (b) optimized coordinates of
water dimer. (c) The performance of VCI based on normal and opti-
mized coordinates (denoted nc-VCI and oc-VCI, respectively).

Table 5. The coupling term of QFF based
on normal and optimized coordinates.
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Figure 7. (a) Upper panel: Chemical formula of SM. Bottom panel: A snapshot structure of SM bilayer obtained by MD simulation.
Highlighted are the nitrogen atom of SM (blue) and water molecules inside the lipid. (b) Upper panel: Naming convention of hydrogen
bonded clusters. A, W, and H denote the amide group, water, and OH group. Bottom panel: Distribution of the hydrogen bonded cluster
obtained by a cluster analysis. (c) Comparison of the calculated and experimental Raman spectrum. The calculated spectrum is decom-
posed in terms of CC stretch (green), amide I of SM monomer (blue), and amide I of SM dimer (red).
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