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National Chiao Tung University
Abstract

Three ab initio quantum methods, the Hartree-Fock(HF), Moller-Plesset
perturbation theory up to the second order(MP2), and coupled cluster theory with
including single and double excitations(CCSD), were employed to study
ro-vibrational energy levels along reaction coordinate for reaction OCP)+HCl=
OH+CI(*P). All three methods utilized the same basis set 6-31++G(d,p) in order to
compare accuracy of calculations. The bond lengths, bond angles, vibrational
frequencies, and rotational constants along reaction coordinate were all calculated
with including structures of reaction complex, transition state, and product complex.
Along reaction coordinate, electronic energies were calculated under
Born-Oppenheimer approximation, and nuclear energies (rotational energies and
vibrational energies) were computed with rigid rotator and harmonic normal mode
approximations. Therefore, potential energy levels (electronic plus nuclear) along
reaction coordinate were obtained. We found at transition state geometry that 404
potential energy levels were characterized at HF levels within energy region of 2.0eV,

286 potential energy levels were characterized at MP2 levels within energy region of
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1.1eV, and 356 potential energy levels were characterized at CCSD levels within
energy region of 1.0eV. Along reaction coordinate, vibrational quantum numbers
which contribute to vibrational energies can vary from 2 to 4 modes(v; ~ v, ~v3~v4) due
to appearance of imaginary vibrational frequencies which are ignored and symmetry
top of rotator was approximately adopted with two rotational quantum numbers(j ~ k).
All three methods predicted that reaction complex is linear geometry. Transition state
has bond angle 119° predicted from HF method, 135.5° from MP2 and 137° from
CCSD. Product complex has bond angle 179° predicted from HF method, 56° from
MP2 and 60° from CCSD.

Before we computed the reaction energy, we must compute the relative
electronic energies and vibrational frequencies for diatomic molecules HCI and OH
and compute the relative electron energy for atom OCP) and CI(*P), from which we
obtained reaction potential energy change(including zero-point energy) is
+8.87kcal/mol predicted from HF, -0.42kcal/mol from MP2 and +0.54kcal/mol from

CCSD in comparison with the experimental value +1.19+0.12kcal/mol.
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F L8 A AR E Y O(3P)+HC1—>OH+C1(2P)5ETB; B E S A

—

SRR BRI E AP IR AH RE S 2 R IR gET B E RS

=

BENERF O BB FRF AT DR CIREFIES & B R R

)

-~

=

LA T 9 R ’\7]; J—%‘f\?-ﬁ%}m Rt B BE NEB R RORAEE

(Barrier heigh) » ¥ },@Pﬁ}?—fjﬁ{ﬁ B 18 B AL ekt s B 2 O(3P)),%!—3- BEitg AFan
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RS F=ZBEIFREEF P RERE - ATBEF UL i E - JRE
Fo5e BENF RDOIRCERIE 3B EF e FF B ¢ FHAL
EECY-RE 3 SR 3 SE NN R 3 2 R S R O
CRENG S A L AL T

WGP T AR P Z B e S0 Y Ly

;}r
I
s

Lk - B 6-31++G(dp); @ % F HF ~MP2~CCSD Z ff o @ g = > ##8
BR AT = BIRH LA L 2 —4F 5. 72 % (Hartree-Fock Theory) ~ Moller-Plesset
M3l 7235 (Moller-Plesset perturbation Theory) ~ 8 & #% 32 3% (Coupled Cluster
Theory) -

% = % $ OCP)+HCI->OH+CI(’P)i&  i* # & 55 41 * HF ~ MP2 ~ CCSD
£z % 4 6314++Gdp) AT 3 E OCP) R ~ F it A3 ~CICP)RF -
OH %A+ ~F e 64 ~ ¢ R@RE AP s 12 2 5+ IRCRIE i
Lol E s dEd S REE R E BRE DR S ERE L L AR 12

BB ke A EAATE R BT ARG PR BB T R B0 A

=0

o

Billeagie SRPF & ETLFER L F i
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Y- ® 2

2-1 B % W & A = (Pople style basis set) § £

T k-nlmG ig#f Al ke ok 27 F k BA~ £ 3 2rdl g (PGTOM * ki &
Posduig snZ 7 nBAF 3 ErAfaEAmt R AP BB E 1275 164
ERMUPERT KA LY FRFE  mA TG mBAE B PEARAY kR
4 b

RN R SR A A 1 SRR AN SR A ICE S R R - R
FRERLT - BHELA TG - Bp it EAI T ERF DG 0 B Bt
B x i - BsifirdBicied| T 3 RF it Goode BRI SEcT R+
e BAEAT ST E R A R AR AN FEARIEFARAGT R 0 @
Bl S BB A G S BB EFRD D A * Pl e £ 6-314+G(dp) ©

FERAEZ T O BAFBEAMEHRT KA ZPoig 7 3 B2 3 2730

A R AP EBE 1 BAEFErAPuE R R AP g s 5 -
FREAEAERF P 0 V- EFATSEAET AT G 0 F - Bk
d-function & B+ + & > ¥ - iR I p-function & R+ 1+ & o P B X
B 4 3k e 8 6-311++G(3df,3pd) -

ek - BRI SBLET T ¥ - BEF AP AR LR E o L3R

6-31G*j£ % I3 6-31G(d) | 6-31G**j£. % I 3¢ 6-31G(d.p) ° 71

2-2 *5 4% 2 —4§ 5 32 # (Hartree-Fock Theory)
ML AR AR N T ST F R SR A 2 RS2 e Born-Op

penheimer approximation » % 7 + 8 kR FEH LB L EV UPE RS a5 A

B TRR ERAT 0 o AT e RSk SR RS R S R R

2-2-1 # Z-§ x5 237 i (Born-Oppenheimer approximation)

14



Htot :Tn+He (;7“ 2'1)
__Zn:_vz
#7 Ny N Ne Ne o Ny N 7 7 *2-2)
V2 - - — 2 f_
e e; (lel[‘r :l ;ki rl_rj‘ a-lﬂ;z Ra_Rﬂ‘

Frhadke LB+ 53 hFPIEREF ka0
II(R,1) = @Ry (R,1) (¢ 2-3)F
FNO23)E M FET H S AR 2 15 17 D|(R 2-4)5

HII(R,r)=(T, + HOII(R,r) = ETI(R,T) (3% 2-4)

tot
A PR E R R s L Sl B E I 2-5)5¢ ¢
Hoy (R, 1) = E(R)w(R,1)

;4 2-5)
(T, + E(R))O(R) = EO(R)
BT R el MY 3 s o BAed g 1B H, Ak fedidic 73
Heqjl(R, r) = EI(R)\PI(R, I‘) | :1’2’3”()0 (;\ 2_6)
* _[‘Pi*(R,r)‘{’j(R,r)dr =0y 0 TREE R L SRR B A
[I(R,r) =Y ¥;(R)¥,(R,r) (5% 2-7)
i
BN 2-T)F (R 245t
1 % w ~
Z{—vai + He}‘Pj(R)‘P,-(R,r) = Eth‘I’j(R)‘Pj(R,r) (% 2-8)
J a a i

H o
VTR, RN = V(R [ ¥ (RN +2V, ¥ (RIV, ¥ (R,N+ TRV (R,T)

N 2-8)eh g 3 3 I‘I’i*(R,r)dr BB FS W

—ZL vﬁi(R)+z[2d;(R)-vﬁi(R)+ D;‘(R)E(R)] +E,(R)¥i(R) = E_ (R)¥i(R)
i

% 2M

tot
a

(3¢ 2-9)

15



H e (34 2:9)9d (R) = (Y,

> % First-order nonadiabatic

coupling vector. @ Dj(R)= <‘I’ (R, I‘)|V2

> i} ¢ §_Second-order nonadiabatic
coupling vector.
EEH (N 2-9)¢ cherg g Ain &0 TP auE R S AR

| = v - X
_;M[vm<R>]+Ei<R>%(R)=Ewt(R)‘PmR) i=1,23,00 (3 2-10)"

2-2-2 ¥4 3% 2 45 5 #2(Fock equetion)
7 & f2 ¥ 41 Fock equetion » # 7* 2 & — B i £ it % 3 {7 7 (Slater

determinant) £ i ;% o 3 dh 2 F 700 0 A S BT B 2T A0

Y(R,r)=

15

H, Zh(l)+ ZZ g(ip)+V.,

|1]1

»with h(i)=—— sz ZZ‘

L (53R, (T R) 5 2-11)

= 9(ij) =

{Z

( 2-12)¢ eoh() & B it i BT F AU RS PHE s 0 o) § PR T

:l‘:r

1% e T IEY o445 ¢ 117 48 F R 22 (Pauli principle) - 7 5 5 BT+
LA R HPAR R f o TURRT S 2 - AR 7SS

¢a, (1) ¢a, (2) e ¢a, (Ne)
1 ¢a2(1) ¢a2(2) ¢a2(Ne) (;T\: 2-13)

O (1,2,3,--,N) =D =

¢aNe (1) ¢aNe (2) T ¢aNe (Ne)

3BTRS EAN R ERT B ST 75507

E(R) = (g [H.(R)| Dy ) = <cp|2h(|)+ ZZQ('J)+VW|®> (5% 2-14)

|1]1

WHFIER PG ASIHELE PRI R BRSNS ENT R
(@[n|o)=(4, . (N[ |4, (D4, @), ()
=(g, | A (2)>~ (8, ()|, (N)) = (8, D]

a,

><¢az ©)

=

16



ALY ,:%—»’*':/;/1.
nETFE R

(®]9,.]®) = (4, ()4, 24, (N[ g1,
=(4, (04, @]9, ),
= (4, (14, (2)] 9| 4, h=3

4, ()6, )4, (N,))
>”.< .. . > (3 2-16)

>:K12

(7% 2-15)¢ mleﬁ*n\Eu % 4% ~ 78 (Coulomb integral) ; (5% 2-16)* mKuﬁ%q\‘

8, (04, 2)-+4, (N,))
e> (5% 2-15)

(6, (0, 2+, (N0,
< =(g, (04, ()] 9|4,

= (4, (14, (2)] 9,.| 4,

#% 4 38 (Exchange integral) - #X{ it & rﬂl«LLJ]'JDEb L A

E=Y (4,0 s, )5 22 (4, 08, )] 0|4, (06, )~ (8, 16, D[94, D, @)
= Ze:h %2201 -Ky)
i=1 i=l j=1
(4 2-17)

Wt p R P -2 w R R YA S U R R T B
ﬁiﬁﬁﬁ%&&ﬁ{ﬁ—“ﬁﬂﬁf§itﬁ%%1%?v%ué%%ﬁﬁﬁ
fo & * 3459 p o3k ¥]3 2 (Lagrange multipliers method) & f#;4-7

N

L=E-2 % (#9,)-))

U]

. (% 2-18)
SL=GE=3 4(54|0,)~ (4|58 =0

ij

N, 1 &
i o CE=2UGAINIA) (AR [oaD+ D (A1, —K )+ 219

<¢| |‘]j _KJ |5¢I>+<5¢j “Ji _Ki ‘¢j>+<¢j ‘Ji _Ki ‘5¢,>)

(7% 2-19)7 w2 ff i 5
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SE =D (661 |#)+ (a6 )+ > (0413, ~ K, )+ (4] 3, =K, 64)
L ’ 3¢ 2-20)
S (64 |F ) + (|4

Ne
# ¥ Fock operator F; =h +> (J,-K})
i
Fock operator £ {xF »xehnE T+ i EE P v hEF- BRF i BT
FEHEE RI3famslitt(h) » HEFTIERPA B T3 2B 3 (73

(J&K) o B i5GE 2-18) e p & Sl % (54 2:21) 7

=i(<5¢'|':i|¢> +(d|Flod) - Z (o8 |4,)—(¢ |58, ) =0 (% 2-21)

d A R gL 0 (9|0g) = (58| ¢) 0 (@|F|08)=(59|F|g) > (5% 2-21)x 7 1
doE (5 2-22)
Z<5¢ F |¢> 2 (58| 4 >+Z 54 |F|8) = NJ . <5¢j\¢,>’“ 0 (5 222)
* % {<5¢|§{<5¢|" B3R @ SL=0 0 A L 17 AT B F I
i(ﬂ.j —25)(64 |¢;) =0 (++ 223)
O 223)E R E PR %"]—rq*n\Hermltlan matrix(4; = A; ) & e~ F o
#X {8 17 3| Fock equation :
Fé =2 44, i 2-24)
N 224)¢ i A =05 0= jF A = ¢ ° #cd ts Fock equation & 3 Fg =54 !
(5% 2-25)
2-2-3 e L -mA i
. 5 R FRFI 3 s enT + 2 - B %ﬁ%’;;‘i)’jfu{ﬁ R A
T ArER N kT oY EE o
2. — i4F 5. B ## (Fock operator) £ 4% % i I 4 + g ¥ — BT T 0T F #r3ligeant

F(Do(i) =&0() -

18



2-3 % WA3E 2% (Many-Body perturbation Theory)
2-3-1 - S AiER %
JERE AR B

H=H,+AH,,
H,®, =E®,,i=12,

(3% 2-26)
(% 2-26)" Ho & %+ > 4 ﬁ‘*‘u“ﬂ:j%‘&% 7% (unperturbrd term) ; Hy €3£ 58 ;5 A %&
LA AR FS F 5 D3RS P ) e REAPRT L R ideh
URTRRAKE Xis S5 S S

HY =WY (% 2-27)
3 2-26)¢ § A=0pF > H=Hy » ¥=0p > W=Eo o § Hcdf e » ¥ > v & B2k e
LR LR s AR S S S R AR < T 2 TR &
) BER S 47

Y=V, +A¥, + ¥, + ¥, + A, +

* 2-28)
W =W, + AW, + AW, + AW, + AW, +---

FR B otk s (W|@,)=1 5 (¥, |D,)=0
T3 2-28) 0 (5% 2-27)enpET R AR ;I.#Ja e
HoW, + DA™ HW , +H Y ] Z( > w }1 (% 2-29)
"0 k20 Unimek
T (38 2-29)¢ B ELA ke A R auE ARk

AP TH WY, =W, ¥,

AVHWY, +H WY, =W+ WY,

A HY, +H Y, =W, + WY, +W, P, (% 2-30)
A HWY,+HY, =W P, + WP, +W, P, +W, P,

FP5 (58 2-30) 0 Ak B - g it o

19



(Ho _Wo)\P1 +(H1 _W1)q)o =0
with ¥, =" c.®, F 2-31)
i=0
- (H, _Wo)‘zciq)i +(H, -W)®, =0
i=0
(% 2-31)eh% 5.5 18 & 5 1 jcb’;d? R TIE

> G (E —Ey)S; +{® [H, | @) -W,5,, =0
i=0

(5% 2-32)
= ¢;(E; —Ey)+(®, [H,|®,)-W,5;, =0
=0 F > W, :<®0|H1|q)o>
_ ~(@]H @) (@] H @) N
‘]75033": Cj __ﬁ—)qll__;ﬁq)j (;} 2-33)
FE(E 2-30) 0 Mtk B - B Rn
(Ho —Ep)Y, +(H, -W)¥, -W, D, =0
with ¥, :idicpi ¥, :icicpi (5% 2-34)
i=0 i=0
—>(H, - EO)'idiq)i +(H, _Wl)iciq)i -W,®, =0
i=0 i=0
(£ 2-34)% L5 3 & 2 [0jdr @3] ¢
> 4(E —E)S; + 26 (@) [H, -W,|®,) -W,5,, =0
i=0 i=0 (;7\‘ 2_35)

> d;(E;~E)+ D¢ (@[ H, -W,|®)-W,5,, =0
i=0

m-l_gci <®0|H1|®i>_w_wz <q)o|q)o>:0

D |H, D H(D H, D
—)szg(;ci<d)o|Hl|®i>:_Zo:< o 1|E..>_<E.| )

i 0

0 P -

d;(E;—E))+ > ¢ (@ [H, -W,[®,) - W&, =0
i=0
JFOPE 5 d (B, —E,) == ¢, (@ [H,~W, @) ==Y ¢ (@[ H,| @) +W,c; (* 2-36)
i=0 i#0

_)d_:Z<(DJ"H‘|(Di><q)i|Hl|(D0>_<q)j‘H1|CD0><(D0|H1|(D0>
"3 (E,-E)E-E) (E;-Ey)’

20



2-3-2 Moller-Plesset perturbation Theory!'*!

S N A2 ¥ Er 5 45 FB Lh ¢
PR e A B A

H, Zh(l)+ ZZ g(ij)

I1J¢I

» with h(i)=—— sz ZZ‘ 2. g(ij) = ‘ 1r‘
i

Ne

A Ne A
T He = HO+(He_H0) R Ho(rlarza“"rNe):ZF(E)EZF(D (;\: 2_37)
i=1

< (R 2:20) ﬁ(i):ﬁ<i)+z[3aj (-Ke, (i)} £ 2.38)
£ 225 Fl)g, () =4, 4, () (= 2:39)

% H=H,-H ZZg(u) ZZ[Ja, (i)-Ka (I)} (¢ 2-40)

|lj¢| i=l aj

A% H =V Q (34 2-41)
¥ Ve=o ZZg(u) é:iz[ﬁa,. (i)—Iza,(i)}=2(|§(i)—ﬁ(i))= Ho- " h(i)
i=1 j=i i=l a; i=1 i=l

N

=

50 R BHGEIDG S TR i et o PEUGR IR s R

-

i

&

FHEHE-BF T g #&f@&wm B oA KPR (S A 51~ MP iR

Wol FipfP T AR B PR AR R aniF2 g THT I E T I R ivEr £
O E T - R AR R S T LV B RS § (V)
& 3
H, :\7%—2<\79e> (5% 2-42)
FPR(58 2-33) > W, =(D,|H, |d,) -
PRAFEW, = (@, | H, |0,) = (@, |v:e|c1>0>—2<v;>=—<v;> (5% 2-43)

21



NE
“712 MP1=W, +W, = E(MP0)+ E(MP1) = Zea,. —(V,,)=E(HF) 7 2-44)

2 A B R A A U R R e de R Ao E A B - R

FEFIRERH L NTEE SR 1 A HFE > 280 kg I B E o

, 1 N

8 E(HF):Zhajai +EZZ[J%&] Ko, ] (5% 2-45)
aj; a4  aj

(@ [H,[@,)(@,[H,[®y)

PG 2:36) 0 W, =—)

A=0 EA_ Eo
7[”%“3]%4W2 — _z <q)0 | Hl |®A><®A| Hl |(DO> — _z <q)0 |Vee|q)A><q)A|Vee |q)0> ;\; 2-46)
A0 EA - Eo Az0 EA - Eo

2-4 48 & #32%; (Coupled Cluster Theory)
HCAf e A HF B S B T 3]SI AR e 3] - e

(ZB s ZB s B8 @ 8L A R 1 A5 - sFlEUs

&~

Sl Y gk o M AN ffaﬁﬁ@ﬁéi%ziﬁ’r’sfﬁéﬁ f+ T 3(5¢ 2-47) ¢
T=T+T,+T,+T, (3% 2-47)

Ti& @ i5% A HF enF it Sl o 0 @37 ith dhjged BEr R #7750 ¢

AABLEHETMAEY > XF P Tt MER ¥k

occ Vir

qu)o = Z:Z:tiaq)ia
1 a
0occ Vir b b
al al
Lo, = ZZ%— D;
i<j a<b ;\: 2_48)
occ  vir b b
abc abc
T3CD0 = Z z tijk q)ijk
i<j<k a<b<c
18 & At iR Y=e'0, (34 2-49)

with e =1+T +%T2+~~-:ZLT“;1 B 2-47) > B

e’ :1+T1+(TZ+%T12)+(T3+T2Tl+éTl3)+--- (% 2-50)

22



77 (342-49) 0 BIET RS N E He o, =Ee' O, 7 2-51)

(5% 2-51)eh% 853 8 & 3k jcbgdr R TIE
(@ [H,E" [0, = E (@, 67 [0,) = E(@, [1+T, 4 (T, 4T 4|0, =€ (¢ 2:5)

T'®,)

1 1
E=(®,|H,(1+T,+T, +ET12)|CI)0> = (@, |H,|®y)+ (@, |H, [T®,)+{Dy|H, |T2c1>0>+5<c1>0 |H,

occ vir

=Eye +Zztia <(I)0|He

1395 Brillouin’s theorem » (@ |H,

;) (3 2-53)

D)+ 3 Y (2 + 0 1) (@, [H,

i<j a<b

14
®7)=0= (@, |H, [T, )=0 "

S E=E + 3 Y O+ -CO(0d, 0| 4d) - (4 olad)) (254

i<j a<b

;v 2-47)® > CCSD %{T =T, +T, » 7R e’ ~e"'™" o

2-5 & f& ¥ % (Transition State Theory)

f

Energy

Producis

Reaction coordinate
B 2-1 “BF e 225 B o B4 2 F2 5> F o EEE
¥ AR F R FLEE o F i A $&(Reaction coordinate) it % ¥ iH B F RS B A

HERF S S S L0 I

e s 1 R R R B i ALK i B AT L AR 218 it -

BEE e AT RE R R R A i F R R RIL S
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Ene

Y
AG T
TS
AG=( ——
Reactant
AG, T
¢ Perpendicular Product
coordinates

Beaction coordinate

W 2-2.5 feig i mljE - 7

Bl 2-2 M %5 - B A#F RoH - & £ % @ (Single energy surface) ° * &

BARF AT B 5 2ip F o b & BRE(MEP)AF fedh 4314 & 4+ 5 4898 i 23

gt

MR G AR BRIk g BRI o

ABR

Energy

A+DB

Products

Resction coordinate
+
W23 e Etegsd  AB' » &G a0k ] FE  F LA

Frhend &g oo [
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2-5-1 &F45 /b ¥%it £ & -] Fi(Local minimum)
PFHCE RPN R T ¥ 80 3 > General function - FF FEc(H R
B)gFART KA R R 5 5 2 2 Rl E ¢ * | General function 7= Ff ¥
B H %y

AR SR SR B AR PR £ T TP - BEBE R

FrREEA O ER TR RS R AR IR BARR S S o AR R
Fodek APFIRBRC SR IR BRITAEBENT ) ARG B I AR

B R gt e SRR T 0 AT ARG T jead o 7RAF T A

R PR M Sl SRS E R U R R o 3

B "4 %% 7% % (Steepest descent)
LGiEBEAAG > - B P SdkciE 'Ulﬁv@imé BB b TERFE=—0 °
bo% 3% B S g ] i (Line minimization)4 § 17 77 &g 4 I g U AL AR 53 7 S

SBE 0 B AT RERART - B o B 2-4 R F BT RS

(dﬂ

e FEBE) MRERERTI BRMEEZT 2 A RIEE ool B T R i

LR ARN Y B R BIT R D ] B o

B 2-4 bttt dl k7 AW e

- B # R F (Line search) L & B3 B I ¥ F+ BIEF - » TG
o A TR uEARY 0 K (Step Size) L/l § 7 ¥ | HFRE S dok w - K

BOBBELRS T A Hah L PR R ek - K SkE S
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)

Bited o TR - Wi K RE e F ARG TR EOE o R R T

SIS 0 Y R ARG BRI R R

4 &2 3§ 1774 (Newton-Raphson methods)
4 373 3755 (NR i ) 950 B B B ) = = A 37
f(x) = f(x0)+g(x- x0)+%H(x- Xo)” 74 2-55)
X 515 g=f(x) > Bl g=0 P » (- Xo)=-Hg (5% 2-56)
¥ T 4R) BEPF 0 A7 o Hesslan APREREE 0 X2 T2 0 B R
ApE o e EAek g - F NI B Hessian A B A_§ chpfiz > % 72 % I § 224
BAp e I R S0 B lE cnd oo 3o B P IR IRV AR A )I* ¢ R - By —¥
Bhenp 3 oo — SR HE NRZE § 8 B F b T aenmibfcacde k - 7§ 788 4% )

B B BAgRSE

2-5-2 HISEcBLLE AL
il - B SR BER R G A e R AR TR - R 4 ijﬁ{s@

&0

e 2 AR e | 3F 5 A e anT R A

SR L ST R ey
2O i S B BT OGRS S AT PR S RIST R - PR RALR
RE et d e R e arenfiin ™ o R G B Y AL R hies B
B2 B L R A N 3R B A B PR B R R AR
BB DR T RIS S B ITRA N LT TR AT G R L S
P iE e R A O W TR T B AR B A Sy e e - LA
BT 8 R R LT v IRC BNk
B A ¥ o ;giﬁiﬂw F st 2 S gy d &5 @R G S

TR et 2 A5 en B e GRS BRLES 7ORE R R E
Y - FEREE Nk R BT ERE S FATIRG - B R S
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P R e P EIT AT e B - B ORT BERRAA S
T4 B B BT -

LST i EB3kic F o ik F g L) Rb M 28 90 0 @E LSS
PR AAEREMRRL B RBE 0 L LST2 57 Lo BB g o v R
B ] s % G e o 4ok LST ik 23 83 nif 22 s - 78 QST i e L
Pedp AT 2% o B 25 1 LST £ QST § 3 > 3¢ IRC # & £ %

SRV i

LST
B 2-5.LST & QST i3 2 7 R > it £4B~ 24E [ B % & o A sldzz o OO
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3-1 R+ £ 3 OH HCl dhgtf ~ R g 5 ~ b ¥ U 2 2 F ook it %
i

E@nﬂwﬁﬁﬂmﬁﬁmmmm,;%{iﬁﬁﬁawﬁgHF%%%%
OH, HCI s & ~ R #F 5 ~ o ¥ it 2 2 F ook et B o a B9 F
’%‘ﬁhz‘i
(OH 13 3 &7 4c F B4 #i+ CICP) R & 13 3 it )- (HCl 0 E 3 iy 4v B BRI 42
+OCP) a3+ 3 3 i)
BEHED Y HAE D2 MP2 i2a # % 3 A3 2 CCSD i {7 A8 2

FR R R FRERVRE SN A - B LD
B A 45 4= #1242 D15 MP2/6-31++G(dp) b OH et & 2 g s  dceh

BERE G FHE A B @ A4 CCSD/6-314++G(dp) L= 5% 2 81 44

13\

EREE P BOH e o HF/6-314++G(d,p) ¥ R o dp & ~ i ds ¥ o~ F ot

PG P AR PR % o OH s ¢ L % 1] 4000cm™ 1 2¢ > B35 % & £ §F
% 7 300cm™ > # s - FHARENLIEE S - B cm'@m e ; OH shdg & % #ic
8 P47 195em™ - @R % ELEET 7 0.58cm™ > H i = ﬁ&?\'?.ﬁﬁ @ i §E
#0.15~025cm™ @ © 5 HF/6-31++G(d,p)$>* F s 1t ot 8 > { 2.8 F|a
< % 9Kcal /mol ek & » e §.9 % & =4 1 Keal /mol > MP2/6-31++G(d,p)
B AR E 4 koen g 2 # 0.42 Keal /mol 0 % 0 fe j39 5 @ ch £ JEE 1.6 Keal /mol >
£ B % £ HF/6-31++G(d,p)iz A+ » CCSD/6-31++G(d,p) & 1 %k e F ez 4
0.54 Kcal / mol ¢hs % » 279 2 & ch 4 jE7 &_1Kcal/mol - F] » HF/6-31++G(d,p)
R A e o i COSD/6-314++G(dp) Rz F § ¢ v i e 2 g L

kiz]

o™
=
o
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Table 1: %= j2 7 & 'w & W72 5 3 k ch i+ 4 3 OH & HCl 4 & ~ 3R 48

BEE(A)  EFHES (cm?) ¥ #c(cm)
HCI
HF/6-31++G(d,p) 1.26628 3177.3 10.7323
MP2/6-31++G(d,p)  1.26968 3115.1 10.6747
CCSD/6-31++G(d,p)  1.27309 3063.6 10.6177
Experiment® 1.27458 2990.9 10.5934
OH
HF/6-31++G(d.p) 0.95509 4054.8 19.4923
MP2/6-31++G(d,p)  0.97360 3823.0 18.7581
CCSD/6-31++G(d,p)  0.97593 37703 18.6687
Experiment’ 0.96966 3737.8 18.9108

# See reference 3.

Table2 : & = ;2 2 i ' £ § #7234 5 1 &k 0 OCP)+HCI= OH+CICP) F J it % it o

aV(Kcal /mol)(# 7z % gk4kr) aV(Kcal/mol)(7z & gk i)

HF/6-31++G(d,p) +7.62 +8.87
MP2/6-31++G(d,p)  -1.44 -0.42
CCSD/6-31++G(d,p)  -0.47 +0.54
Experiment® -0.57+0.12 +1.1940.12

# See reference 3.
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3-2 F R kE(Barrier Height)

Table 3 : % = i ¢ & '8 & #73- ¥ 2 % 9 OCP)+HCl= OH+CI(P)F fis Hi ks -

V(eV) (3 § F mten) Vi(eV)(3 % B
HF/6-31++G(d,p) 1.704 1.633
MP2/6-31++G(d,p)  0.815 0.728
CCSD/6-31++G(d,p)  0.716 0.626
UMP2/6-31G(d,p)*  0.817 0.730
UMP2/cc-pVTZ? 0.695 0.610
Experimentb 0.377(=8.7Kcal/mol)

* See reference 21. 2!
® See reference 22. 12
S R LS S Gl Rt S R OCP)+

HCl= OH+CICP)i& B £ fs ek JHLkE » 73] & By F B i i £
4 F ¥ OCP)+HCl chis £ > F Bhia SR R R S S RS 0
PR ARES S 85 i R 0 f Y R TR BIE WP 0 e R 3 HCLEYY iE
AR BRD At d 0 OCP)EE B3 97 B2 $ede il B3 do i ch o 4 =
Wt L 2o A e AT B Dk hE BRE 87 5 R BERE & AT R
BEMFALHELZF Y oA FHRLOIHGAp)EBALT o F HLARGRE
R H AL SEE Sk aud BB 4o @ % K 8 HF 50 1.633eV F| CCSD 10.626eV ;
P EAMP2izR > 27T » F ERETEE S F AL ) ded TR
6-31G(d,p)=70.730eV ¥] cc-pVTZ 10.610eV » UMP2/cc-pVTZ &
CCSD/6-31++G(d,p)#73+ & d k enit % £ B4R o @ Ref. 22 ¥ B 7| F RIAED
Hi£5) 5 8.7Kcal/mol(+ jeR % £ 0.377ev) #110jick = 4 ¥ ¥ 105 R HF/6-31++
G(d,p)H> & F senF BT PR F G Om % > § I F % E 5 29kcal/mol -

MP2/6-31++G(d,p) ¥ % 1 % 8kcal/mol » CCSD/6-31++G(d,p)P| £ % 21 % 3|
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6kcal/mol -

33 F S EF P REAL - AFHEFUZ IRCRE
F b 64 7 OCP) RS 2 HCI A3 2 BAEF “@ X4 b kentg & 4
U4 F_OCP)RF & HCl B 4o% 4 F Jperri— gaf 472, 3 ch% — B&E &4 o 2815
SR A AEE A F P R HCL A 2 B end g bris 1 B R 4
iy P AL P PEARLEYE HIRCEISF TS Bss &4 % h 4
FRIZIRFI2ZFALL RFISE RS 2 FPMLEG ~WL 4 afFpy -
LERFLMEG @IS AEFRSIREF IR G ARG L o)
B enk iR b 5 o s B brigeie @ RS

BERF 2 BRI bR 0 RE X AF kb ti- B LY AL

$oo A4 45 £ F N CICP) RS &2 OH A+ 2. fF 4 AHFTCEL ReA kg g
%’ﬂi%T%ﬁﬂéfférjﬁiﬂjsv CICP) a3 2 OH A5 & B4 24 » LpFFE 1 2
“‘:};l o

Fehip%otf HCLGEE = ¥ £33 2 2 * OH 4 & HF/6:31++G(dp)je & & 24 A

%+ MP/6-31++G(d,p)# CCSD/6-31++G(d,p)= ¥ “F3+ & 41 % e OH 4E £ g

—=h

A23AZ 4 ¢ AL IG S5 A H P2 AT OH4L BT HCI 4L =

FR LB A Ref3. 7 et S x e EREE ek k30D
L =120~130A2 FF » 1y =1.40~1.50 Az [ ; Ref 22 & 41 ch g

CZ121A 5 —146A) s it £/ OHCl bt & 3 5 % 0] % gE~ chi B -
HF/6-31++G(d,p);j-.+;;-: % 119°6h% % » MP2/6-31++G(d,p) &
CCSD/6-31++G(d,p) = 4 #73* & #1 % e 2 OHCI 4t & 13 % 38 f 135°~140°2

> @ ¥ F + Ref3.22 Ref22. (Ref22.5 ) 57{139.5%?7)"[5% £ 5 41 130°~140°2
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fu

Binih c AP B LH AN B3 2B An s8¢ » HR6-31++G(dp)2 2 v =

jﬁmiﬂﬁ%i X7 At OH4EE W H i = —“‘ﬁfﬁ,—’@@i—’\ 095A <+

MP2/6-31++G(d,p)# CCSD/6-3 14+ G(dp)= % #r#+ B #1 % 21 OH 4+.£ % £+ 4
098A 2+ i HCLGEE ¢ = ¥ hE > 21T 3A T > it MP2/6-31++G(dp)2
COSD/6-31++ G(dp)= & 3+ 5 i % enHCL k£ 2 3 % 785 24A~25A2

B oo (Ref3. “% s = 2 ¢k fo 6 A 41 it % 480, =0.97~ 099 A2 F -

fo =240 ~260AZ B ; Ref22.5 # 08 r, —098A » 1 =2.40A) -

Table4: &> 2 e bRt E ek Rés 6 H P R BALE AT EHELF

HuE At h o
(@) (A hg(A) Oopes
O-HCl
HF/6-31++G(d,p) -534.8562531 242128 1.26813 180
MP2/6-31++G(d,p) -535.0960166 2.29021 1.27278 180
CCSD/6-31++G(d,p) -535.1286388 2.32693 1.27511 180
TS
HF/6-31++G(d,p) -534.7915991 1.16109 1.51830 118.94999
MP2/6-31++G(d,p) -535.0631172 1.20680 1.43368 135.50019
CCSD/6-31++G(d,p) -535.0995479 1.20890 1.45471 137.29711
OH-CI
HF/6-31++G(d,p) -534.843071 0.95534 2.99163 179.93561
MP2/6-31++G(d,p) -535.0934602 0.97682 2.44602 56.32998
CCSD/6-31++G(d,p) -535.1209637 0.97823 2.47131 59.60701
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@, OHCl 4 & 12+ 5 % % % I HF/6-31++G(d,p) 3 & & % AT RIEA
+ i % (£ OHCI=179.9°) »MP2/6-314++G(d,p)# CCSD/6-31++ G(d,p)= & #73*

5 ke OHCI 3 ~ ¥ 56°2 60°(Ref3. #1# cng » 2 lee S48 e

R #_/ OHCI=65°~67°2_ % ; Ref22.% ) eh¥_~ OHCI=63.3°) -

Table5: &322 A w e SR E D kehr RELPF Y FBAL - AP 84S

fr iR B

w,(cm™) w,(cm™) w,(cm™) w,(cm™)
O-HCI
HF/6-31++G(d,p) 78.7150 182.2682 182.2682 3155.6239
MP2/6-31++G(d,p) 95.2658 165.7167 165.7167 3078.2592
CCSD/6-31++G(d,p) 91.2154 168.0850 168.0850 3044.0322
TS
HF/6-31++G(d,p) -3019.6317 412.5859 1620.0468 NA
MP2/6-31++G(d,p) -2970.2253 375.6338 1338.6239 NA

CCSD/6-31++G(d,p) -2305.5456 333.1426 1289.7608 NA

OH-Cl
HF/6-31++G(d,p) 49.2649 108.8296 4052.2681 NA
MP2/6-31++G(d,p) 501.2034 733.0982 3777.6692 NA

CCSD/6-31++G(d,p) 409.6433 662.0831 3744.7246 NA

Bl 3-1~@ 3-3 £_IRC i /=7 3, B > B 3-1 3 HF/6-31++G(d,p) ; Bl 3-2 %
MP2/6-31++G(d,p) ; B 3-3 % CCSD/6-31++G(d,p) > & * B 3-2(b)2 3-3(b)&_11 5

-+ 4% % - 1 Checkpoint(» ,Th{i LB E F - @) B IRC 4 T R
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Blo#h £ ' 2% %% StepSize=5>m & £ 03 425 229 £ ¥ +=0.0lamu'*-Bohr!*’!
» 7% B StepSize=5 fjﬁio.OSamul/z-Bohr » @ 1 1 Bohr=0.529177208 A » 7% f&-

0.05amu'*-Bohr #:2.0.02645886 amu'2- A o

IRC#EeT RBle ¢ 2 1 RBGEERTE Loz Lo N izt BRR
T F e &L 1‘ L B R A AR TR D R =AP R R o R B A+
ﬁﬁﬁ°ﬂ&&%@ﬁﬁﬁw%ﬁ{ﬁ%?4ﬁ+?%ﬁﬁﬁ°%%ﬂw%?4

AR R e & BT S i g e R AGRA P R R e T

HF/6-31++G(d,p)ch= 2 2 A m S04 ¢ - $ Y FEMRL i 5 2.0ev T
W5 A7 404 B i MP2/6-31++G(dp)eh= 2 A e S RE Y > BT FiEA

B L Llev ™ i 494 286 B i fi 3 CCSD/6-31++G(d,p)h™ % &7 ke &

=g
F’

Ry P > R PG R 3 L0ev T AL S 356 Bacfi o M = A 2
R LAY FERELZHIRCRE T2 F £ LML Bl b &
—?'—.Jfﬁfﬁﬁz*gt(\/l TV V3 ‘W)—'ﬁ’ﬁgﬁﬁi:"ﬁi(j ~ k)2 —Ji'&lT S B R 0 BT
WA FPAREOYE B L ap R S o R E DA e BEE B 4rB) 3-1~8) 3-3
ron T oom B R 3-20)K 7 Y RERLER e A IS] BAZE B AL
(0.21769eV) 4 ic 53 B32iTF o4 & #(0.21728eV) 5 &7 B A L& » - 4_30
# 3 B AR (0.38907eV) 1 At 4 BodRiT 2 A 45 £ 47(0.38027¢V) 5 B 3-3(b)
B Y ARG R e 240151 B2 H AR (0.21553e V) At g BT
Mtk £ 47(0.21521eV) 5 € A& + 420 B2 H AL RN

(0.52099¢V) A it 3 B 1T 4 =45 & 47 (0.50743¢eV) o

b

O+HCI ¥ e 5d T & B Sz F g 24 2 OH ClO:

Er
+\

b

34



O(C’P)+HCl—OH+CI(*P) (1a)
—CIO+H(*S) (1b)
e g d 3(1b)iR ik RBIREES B > AT i & L e RGE o
T4 % & & local minima( ™ # X 4 & ) i) o i l%]"f‘:&’g 3@ 3-4.¢ o
= 1 local minima » LM1, LM2, LM3 48§ 44 3. < U120 LMI1, OHCl &5 J 4
O(3P)E%14_%2’HC14\—?1F§%§3§ TR A RS ke ; LM2 &1
ZOHCI=633° > LM2 £ & 442 £ 4 » 5d TS1 £ TS2 g & o &K B 1b
2o LM3 4 24 H ClIO shd 245 & 4 > LM3 5d TS4 & F i g 5
Ref22 ¢ 1% B3LYP/6-311+G(3df2p)iz- B = 2 & A & 48 % 2 =) TS2 »
I TS2 H_B 45172504 3 (LOHCI=164.6°) ¥ ® 5 # 4 %> TS1 22 TS3 2. ¥ o
TS1 &.p % 5 A7 BB LB » Ref22 # #7138 3 &k TSI eh s
OHCI=139.5°> @ 4] * CCSD(T)/6-311+G(3df,2p)//CCSD(T)/6-311+G(d,p)*73+ &
* ek iR EEE_9.63kcal/mol °
TS3 &_i# %4548 & 4 » Ref.22 ¢ 4% CCSD(T)/6-311+G(3df,2p)//CCSD(T)
/6-311+G(d,p)#73* & &1 &k ek gl ks R 11.54kcal/mol > @ & B HLEEx v TSI % 7
1.91kcal/mol -
F i i 1b 2+ 258 H+CIO 1 TS4 £_i# 2504 & 4 » Ref22 ¢ I *
CCSD(T)/6-311++G(3df,2p) #7235 &1 %k ek RHLEE~ 9 5 53kcal/mol » F]* F &

BT 1b fds 4 B 1R S Lk Sf o
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Total Energyiev)

B 3-1. HF/6-31++G(d,p) = IRC i % it % B (5 #g %) -

Total Energy{ev)

Bl 3-2. (2) MP2/6-31++G(d,p) ¢ IRC 4 /= it B B(W# WBRUED 5 & ~ %) o

HF6-31++G(d p)
Q+HCl«————QH+ClI
— 1

F=—Gs
—e—49th ex.
—A— 99th ex.
—w— 149th ex.
—a— 199th ex.
—p— 249th ex.
—— 299th ex.
—a— 349th ex.
—o—403th ex.

T T LI | T
-0.15 -0.10 -0.05 000 0.05

Reaction Path{Angst.)

MP2/6-31++G(d p)
Q+HCI* . QH+CI

—%—gs

—e— A40th ex.
—a&— 99th ex.
—v— 149th ex.
—4— 199th ex.
—p— 248th ex.

—4— 285th ex.

&

-0.2

-0 00 0.1
Feaction Path{Angst.)
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Total Enerayiev)

1.2 5

1.0 -

0.8 =

0.6

0.4 4

0.2 -

—=—gs

i —e— 285th ex,

MP2/6-21++G({d p)

Reaction Path{Angst .}

] 3-2. (b) MP2/6-31++G(d,p) s IRC & is > % i & FI(® BB i+ = 3 Step

-151, = + 2 Step +30.) -

Total Energy(ev)

1.02
1.00
D.98
0.96
0.94
0.92
0.90
D.es
0.86
0.g4
0.82
D.go
0.78
0.76
0.74
0.72
0.70

—#GS

—e— 49th ex.
| —A— 99th ex.

: —v— 149th ex.
| —4— 198th ex.
{ —p— 248th ex.

CCSD/B-31++G(d,p)
QH+CI

—— 299th ex.
—a— 355th ex.

Reaction Path{Angst.)

B 3-3. (a)CCSD/6-31++G(d,p) e IRC i /245 A BI(H 7 B aBm L+ (5 & L) o
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—=gs
—a— 355th ex.

1.1 =
] CCSD/B-31++G(d.p) :

1.0 -

0.9 <

0.8 <

0.7 4

0.6 4

Total Energy{ev)

Reaction Path{Angst.)

] 3-3. (b) CCSD/6-31++G(d,p) s IRC i /5 2> % i & BI(® FEA L+ = I Step

151, %+ % Step +20.)

e L T e B AL 1B 1 B s = 7
: |
T TS4 i
E; 5303 !
i Bn e ! ’ 5 H+Uﬂt
Poos e BOE
5 3 4 L e nemdiE g
1€ a :
| B |
E= an b {
i = T3 !
| E 20 _ _1'|_l:}{1 i
= T2 i11.54) OHHCEE
13 10 L S 1.20 §
i & TR N R, (LO1)E
-: 3 " _':I HOE e g 46 -:.-*‘ 708 i
¥ K ] LR [ .r H]
: — T @83 -7 80} :
{ 10 1.8 1
T I ——EE

B 3-4.F uig 1= la 22 1b 1945 Ref22 & * CCSD(T)/6-311+G(3df,2p)//
B3LYP/6-311+G(3df,2p) 4 2 CCSD(T)/6-311+G(3df,2p)//CCSD(T)/6-311+G(d,p) *+
%R g i R -
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ek

L0 F sk &4 S RAIES b kv g0 IRC T il 5 AT 8

PO ARG AT OO HALE S 0 E 2 RS e B 2 R e Y R

FFHEY A BHCES | APIT o

2. Flefs e 40 S LA 3 D ERAESHEED RS D HA R 2 ot g

ZOHCIL 3 130~140°2 B 4 R fwche S Ap B &5 m Bk o d u v pen

# L OHCI & 40 d 4 A1 fEen

3. PREARIEGNER A HESFE BEF BRRECEE L gl

JBAE S s R ¥ Bt B 0 CCSD ehfE B B8 » MP2 =t 2. » HF 57 B ¥ o
S EE AR LY > 1 HF/6-31++G(d,p)*7 18 3] iy B2 7 5% & -

CCSD/6-31++G(d,p)= 2 » MP2/6-31++G(d,p)d? % & -
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o

fitig A-1. CCSD/6-31++G(d,p) e F okt & 4 35 6o 0 65 35 £ 40 s 4 it 40 ()

Flsts 6@+ a5 e £ F B edmde 2 I £ BT G G i

©1=91.2153cm™ ~ ©,=168.0859cm™ ~ ©;=168.0859 cm™ ~ ©4=3044.2320 cm™" -

B=0.1184 cm™) -

Y1 Vo V3 V4 J Etotal(ev)

gs 0 0 0 0 0 0.21521
49" ex. 0 0 0 0 32 0.23071
99" ex. 0 1 0 0 12 0.23834
149" ex. 2 0 0 0 21 0.24461
199" ex 3 0 0 0 2 0.24923
249" ex. 1 0 0 0 42 0.25303
200" ex. 0 2 0 0 4 0.25719
355™M ex. 2 1 0 0 6 0.25929

B . ne [ h By s s s 2% AR s 44
gs 4 hF i (ground state)ea £ NVex. A& % Njgg i £ %N

Fow %J’]*u{% N+1 e i Etotaliﬁ‘{#gé‘}j’?; o HRB A B R o @ AP R S

RS A T R s B T S A o 2R

5
Rt

—x

o FIL b 2% 99 B g M R b i g B A

_(0+%)x91.2153+(1+%)x168.0859+(0+%)x168.0859+(0+%)><3044.2320

BF 4 & 3 cndR B i i

4
e #eAE o i (Vs Va, Vs Vs j)ZZ(Vi +%)ha)i +Bj(j+D,v; =0,1,2,---;j=0,1,2,---

i=1

+0.1184x12x13=1922.36585cm™" ~ 0.23834eV (- Icm ™' =1.239841857x107*eV)

{1 h 4w > F 8703355 9 CCSD/6-31++G(d,p)enF Jukt & 4 2 5 a0 £

-535.1286388(Hartree) » RI4p %+ F it 5 (-535.1286388)- (-535.1286388)=0 -

-A1l-




ik A-2. CCSD/6-31++G(d,p) e TS = 6 27 i 6 B85 & g s 89 3400 a0 &

(©:=333.1426cm™ ~ ©,=1289.7608 cm™ ~ B=0.2476 cm™ ~ A=74.28cm™) -

V1 Vo, J K Erot+vib(ev) Etotal(ev)

gs 0 0 0 0 0.10061 | 0.89221
49" ex. 0 0 22 1 0.12532 | 0.91692
99™ ex. 0 0 34 +1 0.14631 | 0.93791
149" ex. 1 0 24 0 0.16033 | 0.95193
199" ex 1 0 4 +2 0.17924 | 0.97084
249" ex. 0 0 40 +2 0.18766 | 0.97926
299" ex. 2 0 20 0 0.19611 | 0.98771
355" ex. 1 0 46 0 0.20827 | 0.99988

BB AR B

2
E oo (Vi>V25 1, K) = Z(Vi +
k=0,£1,42,--- %

o F]RL L 3 ELE 199 B s M R B A i B0 A

%)ha)i +Bj(j+D+(A-B)k*,v, =0,1,2,--+; j=0,1,2,--

q +%) x333.1426 + (0 +%) % 1289.7608 +0.2476 x 4% 5+ (74.28 — 0.2476) x (+2) .

=1445.6759cm™" = 0.17924eV (- lem ™' =1.239841857x10*eV)

Pptw o FE703 35 5 CCSD/6-31++G(d,p) s it i & + it £.-535.0995479

(Hartree) » Bl4p %t 3 F &t 5 (-535.0995479)- (-535.1286388)=0.0290909(Hartree) -

% 1 (Hartree)=627.2396255(Kcal/mol) > ] 0.0290909(Hartree)=18.25(Kcal/mol)=

0.791603634eV o F]pt vt = 2% 199 B jFcaf i 7 Eqo=0.791603634+0.17924 =

0.97084eV -

-A2-




ik A-3. CCSD/6-31++G(d,p)cha 4 48 & 4 R ds 52 60 B & 40 i

L e e,
T T

(0:=409.6433cm™ ~ ©,=662.0831 cm™ ~ ©3=3744.7246 cm™ ~ B=0.3139 cm™ ~

A=19.03cm™) o
V1 Vo, V3 J K | Erot+vib(eV) | Etotai(€V)
gs 0 0 0 0 0 0.29858 | 0.50743
49" ex. 0 0 0 20 0 0.31493 | 0.52378
99" ex. 0 0 0 29 +1 0.33477 | 0.54362
149" ex. 1 0 0 5 0 0.35054 | 0.55939
199" ex. 1 0 0 5 +2 0.35982 | 0.56867
249" ex. 1 0 0 22 0 0.36907 | 0.57792
299™ ex. 1 0 0 27 0 0.37880 | 0.58765
355" ex. 0 0 0 47 0 0.38639 | 0.59525

R kR

3
Erot—vib(V19V29V3a Jak) :Z(Vi +%)ha)| ¥ BJ(J +1)+(A—B)kzavi :091727”'; J :071929'”

i=1

k=0,£1,42,--- % j

o TP 2% 199 g fk iR B R+ B R

+(19.03—0.3139) x (£2)* = 2902.1502cm™" ~ 0.359826V

(1+%)x409.6433+(O+%)x662.0831+(0+%)x3744.7246+O.3139><5><6

fags #

> > F #7035 8 CCSD/6-31++G(d,p)en = 45 & 3 T+ it £.-535.1209637

(Hartree) » B4p %3 F it 5 (-535.1209637)- (-535.1286388)=7.6751x10"(Hartree) »

x| (Hartree)=627.2396255(Kcal/mol) B] 7.6751x107 (Hartree)=4.8141(Kcal/mol)=

0.208850089¢V o Tt it = % 199 1 jfoaf i o Enw=0.208850089+0.35982 =

0.56867¢V -

-A3-




W45 A-4. MP2/6-31++G(d,p)ihkE fisds & $ IR v L2 6 05 £ iy 27\ v (T F
Bo &9 cne F AR 5 it £ R B IR E @RI & A0 BT 5 B A &
©1=95.2658cm™ ~ 0,=165.7167 cm™ ~ ©3=165.7167 cm™' ~ ©,=3078.2592 cm™ -

B=0.1210 cm™) o

Y1 Vo V3 V4 J Etotal(ev)

gs 0 0 0 0 0 0.21728
49" ex. 1 0 0 0 16 0.23317
99" ex. 0 1 0 0 14 0.24098
149" ex. 0 0 0 0 44 0.24698
199" ex 0 1 0 0 30 0.25177
249" ex. 3 0 0 0 14 0.25586
285" ex. 2 0 0 0 34 0.25875

=y @ﬁ%@%ﬁ%é&s‘;ﬂﬁ;ﬁ%;;fj&i

(VisVas Vs Vs ) = Z(v +—)ha) +Bj(j+1),v,=0,1,2,---;j=0,1,2,--- o F]pt st

i=1

rot vib
S EE 99 B cd R b il i B i
1 1 1 1
:(0+5)x95.2658+(1+§)><165.7167+(0+5)><165.7167+(O+5)><3078.2592

+0.1210x14x15=1943.6059cm™" ~ 0.24098eV
1A w0 B 2703 318 1 MP2/6-31++G(d,p)inF ds & 3 T 5 it £.-535.0960166

(Hartree) » |40 %3 F &t & (-535.0960166)- (-535.0960166)=0 ° F1#* Eiow=Erowvib

=0.24098¢V -

-Ad-




it A-5. MP2/6-31++G(d,p) e TS 45 5 22 d 65 38 & i o 22 34,45 40 2 (0,=375.6

338cm™ ~ @,=1338.6239 cm™ ~ B=0.2551 cm™ ~ A=69.71 cm™) o

V1 Yy J k Erot+vib(ev) Etotal(ev)

gs 0 0 0 0 0.10627 | 1.00151
49" ex. 0 0 22 +1 0.13089 | 1.02612
99" ex. 1 0 7 0 0.15461 | 1.04985
149" ex. 0 0 44 0 0.16890 | 1.06413
199" ex 0 0 9 +3 0.18662 | 1.08186
249" ex. 0 0 42 +2 0.19784 | 1.09308
285" ex. 1 0 23 +2 0.20475 | 1.09999

BB AR B L

2
Erot—vib(Vlsvzs jak) = Z(Vi +
k=0,41,42,--%

o F]HL b 3 LY 285 B s fh R B AL i B0 A

%)ha)i +Bj(j+1)+(A=B)k>,v, =0,1,2,--; j =0,1,2,- -

:(1+%)x375.6338+(O+%)xl338.6239+0.2551><23><24+(69.71—0.2551)><(i2)2

=1651.39745cm™ ~0.20475eV

g w > 3270335 1 MP2/6-31++G(d,p) e & f& T + it £.-535.0631172

(Hartree) » Bl4p %3 F it 5 (-535.0631172)- (-535.0960166)=0.0328994(Hartree) »

* 1 (Hartree)=627.2396255(Kcal/mol) » B 0.0328994 (Hartree)=20.64(Kcal/mol)=

0.895238188eV o F]pt vt = 2% 285 B sk Ak 17 Eo==0.895238188+0.20475 =

1.09999¢V -

-A5-




a5 A-6. MP2/6-31++G(d,p)tra 47 48 & 4 JR 6 27 3 6 055 £ it ' 2 5450 40
(©:=501.2034cm™ ~ ©,=733.0982 cm™ ~ ©3=3777.6692 cm™ ~ B=0.3367 cm™" ~

A=19.51cm™) o

V1 Y, V3 J K | Erot+vib(eV) | Etotai(€V)
gs 0 0 0 0 0 0.31070 | 0.38027
49" ex. 0 0 0 13 +2 0.32/81 | 0.39737
99" ex. 0 0 0 29 +1 0.34940 | 0.41896
149" ex. 0 0 0 36 +1 0.36869 | 0.43825
199" ex. 1 0 0 9 +1 0.37898 | 0.44854
249" ex. 0 0 0 21 +5 0.38942 | 0.45898
285" ex. 0 0 0 39 +3 0.39722 | 0.46679
ER AR R R MR Al s 3 R

3
Erot—vib(vl"/z?v}’ j:k) :Z(Vi +%)hw| + BJ(J +1)+(A_B)k2’vi :091727"'; J :0’1929“'

i=1

7k207i15i29ij
o F]HL L 3 ALY 249 B s fh R B AL T B0 A

_(O+%)x501.2034+(0+%)x733.0982+(0+%)x3777.6692+O.3367><21><22

+(19.51-0.3367)x (£5)> =3140.8733cm ™ ~ 0.38942eV

1395

¥

4w > B 270335 1 MP2/6-31++G(d,p) i 4% & F F F & H.-535.0934602
(Hartree) » P48 $+ 3 3 i % (-535.0934602)- (-535.0960166)=2.5564x107(Hartree) >
x 1 (Hartree)=627.2396255(Kcal/mol)> B| 2.5564x107 (Hartree)=1.6035(Kcal/mol)=
0.06956318eV o F]pt 1t = 2% 249 B B ik 0 By =0.06956318+0.38942 =

0.45898eV -

-A6-
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