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Abstract

This thesis consists of five chapters. In chapters 1 and 2, we studied
the stability of some metal-containing noble-gas anions. In chapter 3, we
studied the stability of transition metal-containing noble-gas anions. In
chapter 4, we studied the prebiotic synthesis of glyceraldehyde and
dihydroacetone by formose reaction in neutral environment. In addition to
the gas-phase study, we also model the solvation effects with two
different approaches, micro-solvation and polarizable continuum model
(PCM). In chapter 5, we studied the stability of various OSO isomers and
their isomerization and dissociation reactions.

In Chapter 1, we calculated/the QEG?r\etry and stability of a series of
noble-gas anions X-Ng@x ( X OBO OAIO NC@ OCN, NC, OAg, and
etc) by ab initio method; xThe am?ns. can ;nducg theformation of the
NgO bond by polarization. \QVe found that the ?tablllty of X~NgO
depended strongly on the elapgon affinity b\glhe neutral species X.
Usually the X with higher electron affinity can form more stable X"NgO
anions. The calculated results showed that the OMO~NgO ( Ng=Ar, KT,
Xe ; M=Al, B) anions which has high dissociation energy may be
experimentally detectable in low-temperature conditions.

In Chapter 2, we have calculated the molecular geometries, bond

energies, and charge distribution of the metal-containing noble-gas anions
OMO™(NgO )i ( Ng=Ar, Kr, and Xe ; M=Al, B ; n=1~2). The
geometries of these anions were found to be highly symmetric. The

calculated results revealed that the OMO~( NgO ), ( Ng= Ar, Kr, and Xe ;
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M=Al, B ; n=1~2) anions may be experimentally detectable at

low-temperature. We also calculated the OArOMOKr—, OArOMOXe™,

and OKrOMOXe™ (M=Al, B) anions which has high dissociation energy

may be experimentally detectable in low-temperature conditions.

In Chapter 3, we have calculated the molecular geometries and the

stability of the transition metal-containing noble-gas anions OMOO~ArO

(M =Ti, V, Co, Cu). The stable noble-gas anions previously studied were
all in singlet states. It is expected that the stable noble-gas anions could

exist in different spin states by including 3d transition metal elements.

The calculated results showed tl)af/thyL \tqble anion OVOO~—ArO was in

-l |- =,

= .

"/ s B -- -
singlet state and the stab%:@gion--o_goOQ:ArQ_v{gas in the triplet state.
. vl = .
We also used various DFT‘-@é‘th@d&td calc‘:ulate’felectron affinities of

OMOO~— (M =Ti, V, Co, Cq) a,nd comparg{tﬁem to experimental
vég ey
results.
In Chapter 4, we studied the the prebiotic synthesis of glyceraldehyde
and dihydroacetone, which are precursors of ribose, by formose reaction.
The possible reaction pathways of synthesis for glyceraldehyde and

dihydroacetone from formaldehyde were calculated in the gas phase, in

bulk solvent, and with microsolvation by H,O or NH3 molecules. We

found that if a reaction step involves a proton transfer, the energy barrier

could be significantly reduced by approximately 20 ~ 30 kcal/mol with

microsolvation by H>O or NH3. The polarized continuum solvation
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model (PCM) could sometimes further lower the barrier by 3~5 kcal/mol.
So the formose reaction can occurs more readily in comparison with the
reactions in the gas phase.

In chapter 5, we studied the molecules OSO and SOO which are
isoelectronic to the ozone. The high level methods, CASPT2,
MRCISD+Q, were used to calculate the relative energies of the cyclic and
the open forms of OSO. The first singlet excited state (LA" state) and the
ground state (1A' state) potential energy surfaces were calculated. The
result showed that when the ground state open-OSO was excited by
radiation, it would become open-SOO through the cross section of 1A'
and 1A" potential energy surfaces}ézfause of the near-degeneracy of
ground and excited transmon 515 es f—low\ever the reaction open-OSO —
cyclic-SOO would not Fliv'seiy to- ochrr throqgh th{;fmtersectlon of the
potential energy surfaces. LI'\I"Ie'dISSbBIéIIOH energles of reactions
open-OSO — SO + 0O and"ﬂS 7 02 are 149\6*’kca|/mo| and 145.2

% sl N
kcal/mol.
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+0-(3Ng+ X0~ %fFHt X NGO erff %k » &+ B3t d orie »

- 8 ekl 5 Gaussian 09 Az ;011 o

AAFT Y o 2 fRE edp i £ 20 A R A e £ (total

energy )i 2 & B4 (45 F I3 )endda £ 0 Flet § A fRF AR

PR AR SRR RATRAFET 5 7 RS R

Ik

§2

B F MRHES T g 5T R A fREL (1 OATOAI™ 5 bi):

.
1.8 (stretching) A f& & iz ! \"

. .__/'” :_ "‘*\h__

S

O(S) + Ng + OAI’

. /= O +Ng+OAl

ONgOAI" >~_—— O(T) + Ng+ OAI
rxn coordinate '

2.%%4 (bending) 4 fFEcj%:

— TS
/ \
/ \
—_ \
E- 1 ongoAl \
\\\
— Ng + AlOz_

rxn coordinate



13 %% Bt

131 & F B R TIF
ll%ﬁilﬂ _[[ﬁjﬁfkég;.-;-m 5?%61215’1\?3'7'1;*4&@]"}

(stretching) 4 f#§2 75 (1) X+ Ng+ O(S) (2) X+ Ng+ O~ (3)X~+ Ng +

O(T) £ % (bending) ~ f#E.iZ(4) Ng+ XO™ > 455 F » 8T
ehgh § 1A+ + f Triplet state ™+ & Singlet state £ > %)
PhAF A A fEs XT+Ng+O(T) 7 s fEfE e - A B 81
X~ +Ng+ O(S) (2) X+ Ng + O ;%JM W AR LU AT HTF RAe
.\'l
P X REES é‘:—?,{%é_‘ﬁfff;’w PR R A Table 1.1.2 4 o 7 4w X
E:b\"{':' : —.:- . LN e e
AR PRI R F PR R e i3 ’,::z B A FREEQ) X+
N
Ng + O~ e f2fE it » # % 5 mﬂ\ N AE RN F LS
o A
{/(_:_, - - -h,_S\_
STRE TR AT RKEBEIEF RTINS

SR F IS > N EAPERF G AR c FARF 1
3Pk OCu -~ OAg - OAu - OAI--~ OAIO- ~OBO ...
Eegpd o d Table1.1.2 ¥ & X“ArO & MP2laptz %= 2+ >

= ‘:HT]

I

7R A A R X+ Ar+0(S) & (2Q)X+Ar+0 o A X

ER

5 OAl~ pF o & fafg % i » % A_ 47.0 kcal/mol ¥ 27.6 kcal/mol

.
’

2

& X~ 5 OAIO™ P > 4 f34& % it 4~ w] &_ 43.9 kcal/mol 2 50.8

kcal/mol ; X~ 5 OBO~ p# > & f#4% @ i ~ % 4 41.9 kcal/mol £
5



58.3 kcal/mol ; #+ w5 w A f3E = (4) Ar+ X0~ » & X~ %
OAI- ~OAIO- ~OBO~ p&»> 4 %4 201 ~15.0- 23.6 kcal/mol
AR e

£ H 4 Table1.1.1 7 4 3] X HeO # |+ A f#ie /= (1) X+ He +

|

O) & (QX+He+0~ » & X~ 5 OAIO™ B> 4 fi2fE % it & 4

4_ 225 kcal/mol ¥ 249 kcal/mol ; & X~ i OBO~ pF > & f2fE %
ie & WA 21.3 kcal/mol ¥ 36.4 kcal/mol > = f844 5 £33 & 5 £ 7

G B A R T HRAS Y A RS (4) He+ XOT 0 B XT
J LU

% OAIO- -OBO™ B> - j/lZA » M14.1 keal/mol &4 iz it B o

_./ - - m“\___

4 Table1.1.3 % tame 11+ fwl A XPKIO « X-XeO i
| ._ | B /
I

FIEBTF o A fRAE A %b?i X ArO rg.%x"r 20 kcal/mol 4= 40
kcal/mol - l*j;f f“ j‘\&

OAI= ~ OAIO~ -~ OBO™ FA#tF 144 f #77)& chgh f IR dp s A 12
A BT S fRETNF L E B p AT BN F
Rgs A SRR E S F RS AP ER TS IR RLF
rEFE G o

yoebAgEy A% 2 123 £ 5 NCO-ArO ~ OCN-ArO -
NC-ArO ~ CN-ArO #{ A f2§ /= (1) X—+ Ar + O(S)# (2) X + Ar +
O~ » #i#73 20-30Kkcal/mol =~ f24E i > 4 Table 1.1.4 - Table

6



1.1.8 #75¢ 5 #> OCN-ArO ~ NCO ArO *xc#u %% d A& 2§75 (4) Ng

+ XO™ » &2 %3 19.7 - 17.6 kcal/mol &4 Zag i > E 5 7 a0 25 = 48

e --)

TLEDgh F 158+ - A AN PL FURLFN TG -

- .,
s < - 9 Y ™
S el —
."\. |: I - l."
\\? .\ | B /
f . Y
| e |
Il'-. .

{LJE;; P :'%\_I,



13.2 AIO"NQO & § 4+ it £ e 2 d 3
FH - SR g gk 0 A e 5 A AR ( stretehing) 4 e (1)
X~ + Ng + O(S) (2) X + Ng + O~ (3)X~+ Ng + O(T) ¢ %4 (bending) »
JREIZ(4) Ng + XO™ » F 35 118 & 348 it chés § 14 AIOTNQO -
Hrgh F g A 2 o1 AR %k 3 2 W gk 61215, MP2/aptz #

Bt CCSD(T)laptz = i# FgiplengHtp iz & MP2 1= % & A f2

s

Beifenit B3 B ¥ € 8 43T 20 keal/mol > #7r2 ¢ 12 MP2/aptz %

>
4

.1 CCSD(T)laptz & 83+ s}, H&f’{}ﬁm $-% AlO-NgO -

[o—

.,

A L

OAIO~NgO - OBO- Ng@ _M; EK‘?»

W T
l [ I
4 Table 1.2.1 ¢ Tabl 4; i MP2/aptz &4 B i 1 %

—_—

CCSD(T)aptz ¥ %i; £ 11 2 JCSD(T)/ap\g SR T R

/
CCSD(T)/apgz H ghii £ 4B% — 3k » it g}x#ﬁé‘f‘ 5 o0 HANLE pER A
A4 E > AP MP2/aptz BB i it T L CCSD(T)/aptz ¥ Bt £
kit o

2 AIO™NgO % ] » & CCSD(T)/aug-cc-pvVQz//
CCSD(T)/aug-cc-pVTZ 2 # = 2 7 » SR f255 75 (1) OAlI~+ Ar + O(S)
2 (2)OAl+Ar+0- A 42+ 298 £ 9.1kcallmol & r i £

(& 348 T ) 30 % 4 32 (3) Ng + AIO,~ Rl3  17.7 keal/mol &
8



A fRR Mo 4o Figure 1.2.4 #77 » S F 48 F B Kr A {8 2+ 2
¥ % 149.7 kcal/mol #2 29.2 kcal/mol » 4 jiZa: s #& %3 1 21.7
kcal/mol ;445 B4+ Xe ~f3fE£ %~ %% 1 574 kcal/mol & 36.9
kcal/mol » 4 fz5: i~ #& 8 1 25.6 kcal/mol -

FEF AP AIONGO 7 # 7 % ¢ i Singlet state 4 Internal
System Crossing #& % = Triplet state #X{s & f& > APz mAT g h
FNgO—6.15-16 ., FNgO~ % = F+Ng+O hpFiz > O & 4& & Triplet
state’ #t 12 40 % FNgO~ %% %/erf;al“\ia{System Crossing ] Triplet state

=

enss 0 78 FNgO— )I* £ ;"&5 % é‘ﬁiﬁ‘p}a{. 'Qr’ J,;rgure 1.25 #f51 o Figure
1.25 & FArO— ArO \?E%*Ar_ O J&Erﬁﬁ f <% » Singlet £2 Triplet
state i £ F Bl o F FA /@— kSI{%glet state &4 Internal System
Crossing | Triplet state p# » hOBEFEEE Y 0.3A # > B
5 PR % 10 kcal/mol =it € sk 0 Flit FArO™ B & §d ok o s >
fRE 2 F A e 3t B S S ant o d Figure 1.2.5 2 MP2/apdz 3+ %
E® FArO~ e Internal System Crossing i & Fag o % 798 T2
Figure 1.2.6 2. CCSD(T)/aptz =it E£ [T A4piTe I b

AlIO~NgO * MP2/apdz 1'% KT -

. Figure 1.2.7 7 AIO"NgO 4 =+ z_ Singlet state £# Triplet state
9



S ERUEY > F O-Ar £ 5 1.913A P A # g Singlet
state &7 Tripletstate 5 < ¢ B > & B2 # & AIO"NgO £ j&_Singlet
state #a Internal System Crossing *] Triplet state pF » O—Ar 4 £ 3

PEY 028 > B2 2iEH 37kcallmol i BHm - AP %3

—_ =~

2 FgEdiEe FFArO615-16 wrje 2z B A0 5 5 it w2 8
keal/mol rzt 4 i # 4 f£% > # AIONGO {8 & [§d itk /i 2
LF % ehe A avig AIOTNgO # Internal System Crossing it £

n'l' !'
et 43t 8 kecal/mol - >+ § 3¢ }%&Lé}\\AIO—NgO A FE T s F A
. '\

- 2o 4= _.-"Kfﬂ."l o _. - - ) -\--\-‘\:\\._ 1)
+ 2 % % %5 Internal System Crossing» /A j# = “O(T) + Ar + OAlI~ - A
\“. Teeld -/ e I_ . -\_.. ol IIIII}_.--'

1 . [
EEET 3 ATl Lo
f : )
| e |
Y : /

{’.{:-f' DR :_}\9&,

10



1321 AIO™NgO & § 54+ it £ ehBip &

2 AIO~ArO % &) 4 Figure 1.2.1 - Figure 1.2.3 #t5t » & MP2/apdz
wh T O Ar 42£ 5 17134 5 Ar 52 OAl 4E£ % 2.406A
OAl 4 & 5 1684 A - & MP2/aptz 13+ ;2 7 O 2 Ar 42£& % 1.672
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TS E T AR o 4EE E - RORD 0 A mlR b 0.041A - 00484 4o
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TARIL o 4EE A L 4 ga;_qéi'ﬁzl\___.-f%éf- ;K mme OAl &£ B > 0.006

.
IC(;SD(T) + & correlation energy
.

A & F1E_OAI =hspin dens;y B 1t
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CREATREFLET T & m(/?;s@ ;T:-’r :@_%&ismglet state - triplet state
U{::_, e ""}\)\'L
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1.3.3 OAIOTNQgO & § a5 & £ e 24483
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jREIZ(4) Ng + XO~ > F35 518 4 34 Tiv 44 § 1538 OAIO"NQO -
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#F AP OAIOTNGO % 7 % % ¢ J& Singlet state 5
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Internal System Crossing # % = Triplet state 4 % - & MP2/aptz 2%
> ;27 » Figure 1.3.5 57 OAIO"NgO 4 + z_ Singlet state £ Triplet
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#€_ Singlet state #x Internal System Crossing #] Triplet state pF » O—Ar
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1331 OAIO™NgO ¢ § i+ it EehB v R

2 OAIO~ArO % &> +4cFigure 1.3.1 - Figure 1.3.3 #7577 - &= MP2/apdz
WA E T O R Ar 42£ 5 1.711A S Ar 52 OAIO 4+ 5 2.448A ;
OAIO 4& A %% 1.669A 2 16624 - & MP2/aptz 7%= 27 O 12
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1.3.4 OBOTNgO & § a3 i 2 473
B - Saum % A e gL R (stretching) 4 f3 8 12 (1)
X~+Ng+ 0(S) (2) X + Ng+ O~ (3)X~+ Ng + O(T) £ $*w (bending) 4
fRECAZ(4) Ng + XO™ - &F 45 31 % 4 f#4 Tt 44 § 1542+ OBO~NgO -
4c Table 1.3.1 ~Table 1.3.2 #777 » OBO~ArO % MP2/aptz Z4f 5 &
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g B Kr A2 BFH#F 1 42.6 kcal/mol & 65.7
kcal/mol » % f#it Fs #% % 3 25.6 kcal/mol ; 455 % 4= Xe A~ f34%
Tivs #% B 3 485kcal/mol £ 71.6 kcal/mol » 4 fZii s %% 3
33.2 kcal/mol -

F#F AP OBONgO 7 7 % % ¢ 44 Singlet state 5.
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1.6 Tables and Figures

Table 1.1.1 % MP2/aug-cc-pVTZ = ;2 T3+ 8 #re02. X~HeO %7 F Xgroup #4p%ts £ % ¢ ?(in kcal/mol)

MP2/aptz EA(X)" X~ +He+O(T) X +He+0O(S) X+He+0" X~ + He Barrier© S-Tgap
CuOHeO -60.5 -41.0 25.0 -13.6 -134.8
AgO~HeO -78.2 -39.3 274, 6.6 -116.8 24.4
AUO~HeO 74.9 -42.3 244 \\“\. 0.2 -145.7
AlOHeO -79.9 -41.6 E_-_—j"”'"' N “““j;--_:;.\ 5.9 -105.9 13.2 64.2
OAIOHeO -106.2 442 (2 294 1116.9 12.4 79.3
OBO HeO -115.8 -41.1 \f\ '\'.'."-2.5:.3_1?-.'.33': ::/ 36.4 -87.1 14.1 60.7
HoAIOHeO 72.0 40.2 V) 5. ‘\0\3 0.8 118.7
HMgO~HeO" -90.6 -58.2 8.2 -0.6 -151.6
CIMgO~HeO -76.9 -34.8 31.9 9.4 -117.6

8 X & 7 ®®a ¥tz Born-Oppenheimer energies.
"4 MP2/aug-cc-pVTZ = 2 T3h 5 9rif2 T3 MArd o f B4 aH o

‘F BB XTHeO — XO~ +He z F il
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Table 1.1.2 % MP2/aug-cc-pVTZ = ;£ T2 5 #1022 XTArO %% & Xgroup 4p¥ts £ % i ?(in kcal/mol)

MP2/aptz EAX)® X +Ar+0O(T) X +Ar+0(S) X+Ar+0~ X~ + Ar Barrier ¢ S-Tgap
o° -99.4 - - - -

CuO~Ar0 -60.5 -18.3 48.4 9.5 -112.0

AgO~ArO -78.2 -15.8 50.9 30.0 -94.3 26.9

AUOATO 74.9 195 472 [\ 22.9 1122.9

AIO~ArO -79.9 -19.6 '____j,;---ﬁ/z_.,o_}f_:..\_ A - 276 -158.7 20.1 86.3
OAIO~ArO -106.2 -22.8 ":\“'ff-‘--“-s _.fglé%i.' _ --*-’-fféo.s -95.4 15.0 53.7
OBO~ArO -115.8 -24.8 '\"\? |4lg- - -l:'::x'j .{/’f 58.3 -68.5 23.6 41.1
H,AIO~ArO -72.0 -18.5 Iﬁ“] j,§L48.:~2‘:-_:'.. N\ :-’fl 20.9 -97.0
HMgO—ArO" -90.6 38.1 19 Y 101 -131.8
CIMgO~Ar0 -76.9 -12.7 54.0 31.6 -95.5

8K & 7 Fga £z Born-Oppenheimer energies.
PEA(0) = E(O~ ) — E(O(S))
© & MP2/aug-ce-pVTZ = & T3 E i@ § 3 et o f 4 s

YF BB e XTArO > XO™ + Ar 2 F i Fa
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¢ & % 1 %(in kcal/mol)

=

Table 1.1.3 # MP2/aug-cc-pVTZ = ;2 T35 #ren2. XTKrO #7 B X group #p %t

MP2/aptz EA(X)"® X“+Kr+0O(T) X +Kr+0(S) X+Kr+0— X~ + Kr Barrier© S-Tgap
CuO~KrO -60.5 3.1 69.8 30.9 -90.2
AgO~KrO -78.2 6.4 73.1 52.2 -71.1 24.4
AuO~KrO -74.9 2.0 98}7\ 44.4 -101.4
I
AIO~KrO -79.9 1.9 /686 49.4 -62.5 23.9
» ._.j, I— . x\h_ )

OAIOKrO -106.2 24 S B 22 12 -75.1 18.2 59.8
OBO~KrO -115.8 5.1 \? 616l -/ o918 -48.8 30.3 50.3
A
H,AI0KrO 72.0 3.3 700 427 75.1

/0 0\
HMgOKrO" -90.6 -12.7 Ve 5400 45.2 -105.8
CIMgO~KrO -76.9 10.0 76.7 54.3 -72.8
®X & 7 % i £tz Born-Oppenheimer energies.

ba MP2/aug-cc-pVTZ = 2 T35 9782 7 F BMqcd o f B4 3xf o

°F Bsis XTKrO — X0~ + Kr 2 F Juii 1
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Table 1.1.4 % MP2/aug-cc-pVTZ = ;2 T2+ 5 12, X XeO %t B Xgroup 4p%tae & % 1 #(in kecal/mol)
MP2/aptz EA(X)"® X +Xe+0O(T) X +Xe+0(S) X+Xe+O~ X~ + Xe Barrier© S-T gap
CuO~XeO -60.5 30.3 97.0 58.2 -128.2
AgO~XeO -78.2 ) ] ] ]

AUO~XeO -74.9 36.0 94.2 55.4 -139.4
Fg!ﬁ“
AlO~Xe0 79.9 18.5 852 66.0 45.9 16.1
OAIO™Xe0 -106.2 248 . 9L5 . 984 -47.9 12.6 62.6
0BO™Xe0 1158 212 8TeL [ 1043 225 38.0
H,AIOXeO -72.0 32.0 \: 9877 : 71.4 -46.4
HMgO XeO' -90.6 17.3 LB N T2 75.7
CIMgO—XeO -76.9 39.4 106.1 ‘ 83.7 -43.3
“X ¢ % % ®a £ 2 Born-Oppenheimer energies.

& MP2/aug-cc-pVTZ =i T3 B 5782 3 et o f A s o

CF B s XXeO — XO~ + Xe 2 F i

24



Table1.1.5 7 32357

J z.’T“J-B i iE 2

OCNArO~ 4 & z_4p ¥t £°(in kcal/mol)

NGO NCO+ O, +

OCNArO- EANNCO)? NCO™ +Ar . At e NCOO™ NOCO™ parrierc s-T gap

+ — + +
O(T) +0(S) 0 Ar Ar Ar

MP2/apdz -90.2 -33.9 34.0 27.0 -23.1 -37.5 763 22.1

MP2/aptz -93.2 -26.7 32.8 /{‘a 27.0 -13.0 -33.2 720 249
CCSD(T)/aptz//MP2/apdz  -82.3 -24.6 26.2 7 \}zo -12.9 -33.1 703 191 426
CCSD(T)/aptz//IMP2/aptz ~ -82.8 -25.6 252 265 . -14.0 -29.7 -68.4  19.7

“Xée 7 Raka £z Born- Oppenhe\imerenergles_ ) '

[

I "Z £

i MP2/aug-cc-pVTZ = j2 T3+ B #rifiZ § s o f B4 3 o
{Lf{j e :'\\\\\;

°F J#s it OCNArO~ — NCOO~+Ng 2% it

'\? Wl
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Table1.1.6 % 32

3 T E oz NCO-ArO 4 + z_4p %t £°(in kcal/mol)

N OCN— OCN* > NCOO~ NOCO~ S-T
NCO-ArO EANCO)? OCN™+ * nio. NG Barrier ¢ >
Ar+0(T)  Ar+0(S) ' N + Ar L Ar gap
MP2/apdz -90.2 -36.5 314/ [\244 -25.7 -40.1 -78.9 19.7
MP2/aptz -93.2 -26.4 40.0 /7 338 -16.0 -36.2 -75.0 21.2
CCSD(T)/aptz/IMP2/apdz ~ -82.3 -26.9 289 247 -151 -37.6 724 172 39.9
CCSD(T)/aptz//MP2/aptz  -82.8 -28.0 229 .— 241 7 -164 -32.1 -70.1 17.6
T S
"k ¢ 7 B £tz Born-Oppenheimer energies, - i

., W i |

| 1 C__
p, | W
b = BY iR YA 5 7 - | I o : r °
A& MP2/aug-cc-pVTZ = 2 T2t 5 #7182 ¢ +{'/,%Ejr 4ok I“ETE\:”%{%

‘F BB S NCO~ArO — NOCO~ + Ng z F Jic I
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Table 1.1.7 % 3233 2 T2+ 8 12 CN-ArO A~ 3 z_ jp¥ta £ (in keal/mol)

CN~ArO EANC)” CN-+Ar+0O(T) CN-+Ar+0(S) CN+Ar+0O-  OCN-+Ar S-Tgap
MP2/apdz -106.1 -34.2 33.7 42.6 -164.5
MP2/aptz -107.8 -24.2 42.5 50.9 -161.9
CCSD(T)/aptz//MP2/apdz -90.3 -24.6 26.2 35.0 -150.9 43.0
CCSD(T)/aptz//MP2/aptz -92.3 -25.7 ] r\‘ 25.1 35.9 -152.1
CCSD(T)/aptz -106.1 228 U 280 35.7 -164.1
“Xe TR R Born—Oppenheimeregﬂ_g_f(di-es__.__.-,.f:__;-;_--il__‘"-a,_ K”‘“ 2

N
® 4 MP2/aug-cc-pVTZ = % T 3-8 #4182 é‘f‘%} f*‘%"%rl*‘ N éJ
.' .
y
|

,r:,'r'

Vi

., W i
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Table 1.1.8 % 3233 2 T8 12 NC ArO 4 + 2z 4p ¥ts £ 2(in kcal/mol)

CN™ + Ar+

NC~ArO EA(NC)” CN~+Ar+0(S)  CN+Ar+0- OCN—+Ar  S-Tgap
o(T)
MP2/apdz -106.1 -34.0 33.9 42.8 -164.3
MP2/aptz -107.8 -23.6 43.1 51.5 -161.4
CCSD(T)/aptz//MP2/apdz -90.3 -23.9 26.9 35.7 -150.2 44.8
CCSD(T)/aptz//MP2/aptz 923 -25.1 / ‘ . 2538 36.6 -151.4
CCSD(T)/aptz -106.1 340 ' -~ 839 2.8 -164.3
A& 7 Rgka £z Born- Oppenhelmer%ﬁg}g|les I | "":";F
“-\? Lo
4 MP2/aug-cc-pVTZ = ;& T 3t & 9518 2 mﬁ”r;\:wfr’* 9 _féf B %’\»}*vi%fs o
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1‘—)—iAr~(0
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Table1.2.1 % 32

32T EeriBz. AIOTNgO 4 = z 4p#tic £ °(in kcal/mol)

AlO™ + Ng +

AlO™+ Ng +

AIO—ArO EA(AIO)" AlO + Ng+ O~ AlO>~+Ng Barrier®  S-T gap
O(T) 0(S)
Ng = He
MP2/apdz -61.3 -48.4 19.5 -16.4 -177.0 12.3
MP2/aptz -79.9 416/ 251 5.6 -180.7 13.2
CCSD(T)/aptz//MP2/apdz -64.0 -39.7 4 111 -6.4 -164.6 9.2 63.8
CCSD(T)/aptz//MP2/aptz 61.4 .-399 - 109. . 9.2 -165.0 10.1 64.2
Ng — Ar .s;»\-{_';::; /_: _‘ ___..:_»_,I;;,
MP2/apdz -61.3 -80.2 | 377/ 21.9 -158.8 19.1
MP2/aptz -79.9 336 v 7470 27.6 -158.7 20.1
CCSD(T)/aptz//MP2/apdz  -64.0 201, o 307 13.2 -145.0 17.3 86.7
CCSD(T)/aptz//MP2/aptz -61.4 2N %7 9.6 -146.2 17.7 86.3
CCSD(T)/aptz -61.1 -19.7 31.1 10.6 -134.6
CCSD(T)/apqz//CCSD(T)/aptz -61.1 -19.5 29.8 9.1 -145.1

8 X ¢ 7 % 2ka ¥ &2 Born-Oppenheimer energies.
?

b = I 5 a2 .
EAREGIZTIFEMELL IR o f EATH

“F Jeis it AIOTNGO — AlO, ™+ Ng 2 £ it i
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Table1.2.2 # 3@ 2 T8 182 AIOTNgO 4 3 2 4p s £ ?(in kcal/mol)

AIO~NgO ea@alo)® A0 +Ng+  AOT+NG* 5 Ng+0- AlO;~+Ng  Barrier®  S-T gap
o(T) o(S)
Ng = Kr
MP2/apdz -61.3 -10.1 57.8 38.8 -138.7 23.2
MP2/aptz -79.9 0.3 67.0 47.6 -137.2 23.9
CCSD(T)/aptz//MP2/apdz -64.0 1.4 /’“i}‘x 49.4 31.9 -126.3 21.5 93.8
CCSD(T)/aptz//MP2/aptz -61.4 23 /7 485 28.4 -127.3 21.7 93.6
CCSD(T)/aptz -61.1 X2 49T 29.2 -125.0
Ng = Xe 5?;:-‘-::; ._f:'::._:_ _ \ .._--::el;:f
MP2/apdz -61.3 164 ' | - -843/ 65.3 -112.2 275
MP2/aptz -79.9 30.2 " v <969 77.5 -108.8 16.1
CCSD(T)/aptz//MP2/apdz  -64.0 6.5, = 573 39.8 -118.4 25.2 65.6
CCSD(T)/aptz//MP2/aptz -61.4 64l g@g 36.8 -118.9 25.6 65.8
CCSD(T)/aptz -61.1 6.6 57.4 36.9 -117.3

k¢ 7 % 2hit £ %2 Born-Oppenheimer energies.

b = I 5 a2 .
EAREHZ D ETHEAAELR IS o f B A

“F Jeis it AIOTNGO — AlO, ™ +Ng 2 £ i i
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Reaction Coordinate AlO, + Ng

Figure 1.2.4 Dissociaion paths of AIO~ArO (Ng=Ar ,Kr ,Xe) energy calculated at the

CCSD(T)/aug-cc-pVTZ/IMP2/ aug-cc-pVTZ level.
The OArOAI~ & Transition State (TS) structures calculated at the MP2/ aug-cc-pVTZ level.
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Energy profile at MP2faug-cc-pvdz
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Figure 1.2.5 Potential-energy profile 16 of FArO—. The energies were
calculated at the MP2/aug-cc-pVDZ level. The FArO— energies are relative

to F~+ Ar + O(S) with F— Ar distance fixed at 2.271 A.
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Energy Profile at CCSIX(T)/aug-cc-pVTZ level
60 -~
40 |
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z
e
9
=
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F-...Ar=224 A \ \\\
N
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-60 ¢

r (Ar-O, A)

Figure 1.2.6 Potential-energy profile 6 of FArO—. The energies were
calculated at the CCSD(T)/aug-cc-pVTZ level. The FArO~ energies are

relative to F~+ Ar + O(S) with F— Ar distance fixed at 2.24 A .
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Energy profile at MP2/aug-cc-pVDZ level

55.0 A
350 | OArOAl (Triplet)
e
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Figure 1.2.7 Potential-energy profile of AIO~ArO. The energies were
calculated at the MP2/aug-cc-pVDZ level. The OArOAI— energies are
relative to OAI~ (S)+ Ar + O(S) with O — Al distance fixed at 1.681 A .
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Figure 1.3.3 OAIO"ArO # CCSD(T)/aptz 2 = 2 ™ Bk ik -
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Table 1.3.1 % 32

> o1 21 5 g2 3
TR RATEZ

= =

OAIO"NgO 4 + z_4p ¥t £ ®(in kcal/mol)

_ _ OAIO + Ng +
OAIO~NgO EA(OAIO)® OAIO™+Ng+  OAIO™ +Ng + AlO3~ + Ng Barrier© S-T gap
o(T) 0(S)
Ng = He
MP2/apdz -103.3 -50.8 17.1 23.2 -116.7 11.3
MP2/aptz -106.2 442 S\ 225 29.4 -116.9 12.4
CCSD(T)/aptz//MP2/apdz 97.1 4287 . 84 23.9 -112.6 8.4 77.8
CCSD(T)/aptz//MP2/aptz -96.7 A28 - 8l 23.7 -112.9 9.7 79.3
Ng = Ar A TN 4
MP2/apdz -103.3 832 | ool 347 40.7 -99.2 5.1
MP2/aptz -106.2 228 - 43.9 50.8 -95.4 15.0
CCSD(T)/aptz//MP2/apdz 97.1 244 - 264 42.0 945 121 424
CCSD(T)/aptz//MP2/aptz -96.7 240 7 N26.8 42.0 -94.5 13.2 53.7
CCSD(T)/aptz -97.2 -23.2 21.7 43.3 -93.3
Experiment 17 -97.4

k¢ 7 % 2hit £ 2 Born-Oppenheimer energies.

b = I 5 a2 .
A RIRAHFFEFTIHEAAE 2T F oS o fE AT

°F B /S OAIO"NgO — AlO3~ + Ng 2 F fi it
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Table1.3.2 % 32347

& T E @2 OAIOTNGO 4 + 2z 4p %4 £ 2 (in kcal/mol)

EA(OAIO) OAIO~+Ng+  OAIO™ +Ng+ OAIO+Ng+ :
OAIO~NgO b AlO3~ + Ng Barrier® S-T gap
o(T) 0(S)
Ng = Kr
MP2/apdz -103.3 -14.3 53.7 59.7 -80.2 18.9
MP2/aptz -106.2 2.4 64.3 71.2 -75.1 18.2
CCSD(T)/aptz//MP2/apdz -97.1 5.7 /’i ‘\ 45.2 60.7 -75.8 16.7 51.3
CCSD(T)/aptz//MP2/aptz -96.7 6.0 4 448 60.0 -76.6 16.9 59.8
Ng = Xe :__._____,ff ;_\ “xx_____:l
MP2/apdz -103.3 209 — .\ 788 84.9 -55.0 10.5
MP2/aptz -106.2 '2&’.8'-.\‘-.\_ oo 95 98.4 -47.9 12.6
CCSD(T)/aptz//MP2/apdz -97.1 11 oo 520 67.5 -69.0 9.7 55.8
CCSD(T)/aptz//MP2/aptz -96.7 12, o \ /52.0 67.2 -69.3 10.1 62.6
Experiment 17 -97.4 LRI

a 2 C < BV
AEFRBERLERZ
b B
#_"'.7' PF'/:‘\E/—HT\J /2':

°F fu#.ie OAIO~NgO

Born-Oppenheimer energies.

‘,"‘—r—‘:;-L_’;a;»;L'r’fg'a 7

— AlO37+ Ng 2 F J&it I
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Potential Energy Diagram

Stretching Bending
3.094A
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g 0.0 26.8 = OArOAIO-
-~ OAIO™ + Ng + O(S) = OKrOAIO-
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5-40'0 '240 69 3
W oo | OAIO"+Ng+0(T) Nt
500 . 1.668A 2.390A 1.654A 1.647A 2= _76.6
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-120.0 - 945
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Reaction Coordinate

Figure 1.3.4 Dissociaion paths of OAIO~ArO (Ng=Ar, Kr ,Xe) energy calculated at the
CCSD(T)/aug-cc-pVTZ/IMP2/ aug-cc-pVTZ level.

The OAIO™ArO & Transition State (TS) structures calculated at the MP2/ aug-cc-pVTZ level.
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Energy profile at MP2/aug-cc-pVTZ level
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Figure 1.3.

Fixing  Fixing  Fixing

Potential-energy profile of OAIO™—ArO. The energies were

calculated at the MP2/aug-cc-pVTZ level. The OAIO™ArO energies are

relative to OAIO~ (S)+ Ar + O(S) with Ar—OAIO— distance fixed at

2.390A.
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Figure 1.43 OBO~ArO 7% CCSD(T)/aptz 3 = i & i it i
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Table 1.4.1 % 3233 2 T8 12 OBO"NgO 4 F 2 4p%ta £ 2(in kecal/mol)

_ _ OBO + Ng +
OBO-NgO EA(0BO)? ©OBO +Ng+  OBO™+Ng+ B BOs~ +Ng Barrier® S-T gap
o(T) 0(S) o
Ng = He
MP2/apdz -112.8 -52.6 15.4 31.0 -88.0
MP2/aptz -115.8 411 S 213 36.4 -87.1
CCSD(T)/aptz//MP2/apdz -104.7 445 £ 0 6.3 29.5 -83.7
CCSD(T)/aptz//MP2/aptz -104.6 AT 62 29.2 -84.0
Ng = Ar *?\:i:::; _Z _\ .._--::;I;:
MP2/apdz -112.8 3461 L | 333 49.0 -70.0 21.2
MP2/aptz -115.8 248 e 419 58.3 -68.5 23.6
CCSD(T)/aptz//MP2/apdz -104.7 253, o 255 48.7 645 182 411
CCSD(T)/aptz//MP2/aptz -104.6 2484 %'30 49.1 -65.6 18.4 33.6
CCSD(T)/aptz -103.0 -23.5 27.4 48.8 -63.0
CCSD(T)/apqz//CCSD(T)/aptz -103.0 -23.7 26.6 48.6 -64.2
Experiment 18 -102.8

X & 7 72 £ 2 Born-Oppenheimer energies.

b = I 5 a2 .
EAREHZTHETELT IR o fEA R

°F Juitic OBO NgO — BO3~ + Ng 2 F fiii 1
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Table1.4.2 % 323

23 T 8 978 2. OBO™NgO A& + z_4p ¥fic £ °(in kcal/mol)

_ _ OBO + Ng +
OBO-NgO EA(0Bo)? ©OBO +Ng+  OBO™+Ng+ B BO5~ + Ng Barrier® S-T gap
o(T) 0(S) o
Ng = Kr
MP2/apdz -112.8 -16.3 51.7 67.3 51.7 28.1
MP2/aptz -115.8 5.1 61.6 91.8 -48.8 30.3
CCSD(T)/aptz//MP2/apdz -104.7 8.1 /"i}‘a\ 42.8 65.9 -47.2 246 503
CCSD(T)/aptz//MP2/aptz -104.6 83 [ 42,6 65.7 -47.6 25.6
Ng = Xe L _,-' ._._.__\ .
MP2/apdz -112.8 ""\B"Q‘ 7677 7 91.8 -47.2 35.7
MP2/aptz -115.8 212 | | ; 81 9/ 104.3 425 38.0
CCSD(T)/aptz/IMP2/apdz -104.7 -2} 8“7 71.8 413 31.7 555
CCSD(T)/aptz//MP2/aptz -104.6 2.3, /, {8*’5 716 417 332
Experiment 18 -102.8 afj —\

e G RERER

°F J#.4S OBO~NgO — BO3;~ + Ng

z_ Born-Oppenheimer energies.

B 55 A N H7 P 2
FEAEZTFMAeA o fE A A

2 F i h
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Potential Energy Diagram
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Figure 1.4.4 Dissociaion paths of OBO~ArO (Ng=Ar, Kr, Xe) energy calculated at the
CCSD(T)/aug-cc-pVTZ/IMP2/ aug-cc-pVTZ level.

The OBO™ArO & Transition State (TS) structures calculated at the MP2/ aug-cc-pVTZ level.
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Energy profile at MP2/aug-cc-pVTZ level
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Figure 1.4.5 Potential-energy profile of OBO~ArO. The energies were

calculated at the MP2/aug-cc-pVTZ level. The OBO~ArO energies are

relative to OBO~ (S)+ Ar + O(S) with Ar—OBO~ distance fixed at 2.458
A.
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223832

AR P AL > 4e 402 (ab initio method ) ® < Maller-Plesset
Second-order Perturbation Theory ( MP2) 13 2 Coupled-Cluster method
CCSD(T) 14 :3 > 2 fie & aug-cc-pVnZ ik & & #ic(55 % = apnz, n=D,
T; B~O~Kr @& * aug-cc-pvVnZ ;Ar~Al i * aug-cc-pV(n+d)Z ;
Xe i * aug-cc-pV(n+d)Z-PP )15 el & Sk o ¥4 Xe B3+ 2 R
# * aug-cc-pVnZ-PP (n=D,T): Xe o K 28 B FEE TS

/
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\P _ _.--' - /
(NgO),, ( Ng= Ar, Kr, Xe ; M-AI B n =1~ 2)I TE TR LA it
|/ N
%~ 7+ CCSD(T)/aug-cc- p\fﬂzfz e E jﬁﬁ‘;ﬁd RNV - P 4 hs

BiE o T3 BB ore® o ¥ ot 5 Gaussian 09 425817

49



23 %% 23t

231 BAEW RS BRI

2 MP2/aug-cc-pVTZ 34 2 #r3- 5 4 e OMO~ (ArO ), (M=Al,

Bin=1~2) A % &47|* Figure 2.1~22 ¢ » ¥ 124 5] OMO~ (ArO),

-ml

(M=Al,B:n=1~2) $F E#7F 5 & M B Ar R 3
#F Kr 2 Xe » § 9 34p 02 en 42 49 I chf $HLIL "L F NgO e

I“émig r OMO—Ng Ereding N%]/,Q’ E\Q i i &Erh%'t’ ° %—T%ﬁ’j@%%

[o—

» % NgO fe = nggg%c 7__52";__}'\Pau|| Brsoi o Pauli % % i 177

$/35 > # OMO-Ng 4;3% n _E;ﬂgr[vrﬁ"' féw,.ﬁ F-NgO % 3-4
o

-k BRI OArOAI(Df«f »é\é;z“ 2.390 A 3 £ 2
Vg N
OArOAIOAr~ ¢ OAIO-Ar 4E£ 2.420A ;4 OArOBO~ ¢ OBO-Ar
gEE 2458 A & biH £ 3 OArOBOAr- ¢ OBO-Ar 4t& 2492A - 3
* Ng-O #E& 4nads 9 166 A am g - OMO™ (Kro),
OMO~ (Xe0), # 7} 4piTergt £ 3 +e 484"
2 MP2/aug-cc-pVTZ 1% > 2 #7135 415 OMO~ (ArO), ( M=Al,

Bin=1~2) = + % & 4 % 2 ChelpG % j= 4 i# g > Figure 2.3~24"+ >

¥ % | OAIO~ (ArO), (n=1~2) # OBO~(Ar0),(n=1~2) & f ik
50



I ehp THP AF BT OMO AT oo
232 i B R LIEH

Table2.1-2.2 417 % =% > ;2 OMO~ (NgO ), (Ng= Ar, K,
and Xe; M=Al, B i n=1~2) tf iz - ¢ 7 g do
OMO™ (NQO ), A eff it #2033k % 32 11 2 ALk S0l Ap § #0ae
Booiwd Table21~22 v 54 5 chgh f BT L ¢ LF n
Eehffdem 2 2 MP2 8 il k;w CCSD(T) %% » &3 ¥

PN
MP2 >= K!\i‘%‘ /\'i' f lf:‘_umi%’\ ) l;% T E"fA’LL l/;’lJr—g f'é 7

3 o e .
5:-:::_'::_"; / f \._ '..____' _.__::-:'_',-?__.. .
OMO~ (NGO ), # + g &k pi= B3 B £ AR 3% 235k ehF
b ._\'-._‘- I_ r_ _--".:?,-': i/"ll
+4.9-10,1821 . MP2 ;i :g"f—;}?;..ﬁ;s_;,é" u %# gk an o

& CCSD(T)/aug-cc- pV‘féf/MPZlaug-‘cé»‘pVTZ %

%$

OMO~ (ArO),(M=Al,B) A faf£ it % n EH 4em &2 + =
ABF A LT 2 A n=2 poiEgeaadiiksE 509 & 473
kcal/mol > +* OMO—(ArO) (M=AI,B) p 26.8 ¥ 26.0 kcal/mol

fe 4 190 22 182 B> R A AR AR FT i A FE Ar A Een
B3 XEE Kr ~Xe ke 2 1 OMO(ArO);(M=AI,B) 43

SHE R I RFE RS ORFERS R THL 386 &
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46.0 kcal/mol -

Ng =Kr -~ Xe 84 > & CCSD(T)/aug-cc-pVTZ/IMP2/aug-cc-pVTZ
WHFIZFT BT E N BEHAem P A g oA
OMO~(KrO), (M=Al,B) 434 n=1 B3 n=2 @& » fE2iid
44.8 kcal/mol # 4c 31 85.8 kcal/mol ; 42.6 kcal/mol #j 4« 5180.6
kcal/mol -3+ 1.91 # 1.89 &k % - OMO~(XeO) (M=Al,B)
Add n=1 #HFEI n=2 pF> s d 52.0 kcal/mol 3 4 3] 98.4

kcal/mol ; 48.5 kcal/mol i%i%cf'/éill.?\I(EaI/mol Hi4e 1.89 & 1.88 &

arr! [

- .

2 4 — 2 / ,"' .
SRS~ PO

—_ . N Ly
-~

_- F . -._"\ L IIII},.--'
TS - z@;ﬁfﬁ 'éléL”:* 5. waﬁ% e 0 LR e

LR ERF AT Sty ﬁ”’?% fé‘b.o_ A :r‘“ %{’n‘d Ar & Kr &=
OArOAIOKrO™ enéh § 1233 o %
CCSD(T)/aug-cc-pVTZ/IMP2/aug-cc-pVTZ 2% = ;2 T > 4 Table 2.3
#777  OArOAIOKrO— =42 it = 68.4 kcal/mol - ¥ OArOAIOArO—

e7% T ae 50.9 kcal/mol #p+t > 34 1.34 & iv ¥ 5 OKrOAIOKrO~
#& ¥.ic 85.8 kcal/mol 1 0.80 & » &2 H = A~ fEfE e i o >

OArOAIOArO- £ OKrOAIOKIO~ hfg %t 2. FF - OArOBOKrO~ g

“iv » 75.0kcal/mol - 4= Table 2.4 #77+ > + OArOBOArO~ iifg %
52



i 47.3kcal/mol #i+: 1.47 > % % OKrOBOKrO~ #£ % 80.6
kcal/mol 7 0.79 & » » X5 &= & f#fE T >+ 13 OArOBOArO—
2 OKrOBOKrO™ 4§ & s 2 fFF o

# % 7% OArOMOKIO~ - #f e Ar ¥ %5 - 7 Kr # 2 Xe >
EHATRRBEFIEYRT DL R T 0 4o Table25~2.6 #r7 o
# CCSD(T)/aug-cc-pVTZ/IMP2/aug-cc-pVTZ B> 27+ >
OArOAIOXeO~ efg @ aw » 75.0 kcal/mol - & OArOAIOArO~ fg
%4 50.9 kcal/mol #p ’i“g4c/]4’2i#=\i—g\’ e 9% OXeOAIOXeO~ 4

i 98.4 kcal/mol ¢ 076 & ¢ OAFOBOXEO= rig il 5 69.6
\“ e _— ,.-"‘j

kcal/mol - v OArOBOAKQ— miu Lnb 47 3’kcal/mo| H4e 147 &

¥ 5 OXeOBOXeO~ #& :{; 9_1_;2 kcalb\?ol 1 0.76 B o B4k
OArOMOKrO~ (M=Al, B) &4 248 T s 48 17 > 43~ OArOMOArO~
£220XeOMOXeO™ erfg T aw 2 [ » ® 2 % B & R T et ©

Ris A dEdd Kr &2 Xe 2 egh g IAdg3 o 4 Table2.7~2.8
15+ » & CCSD(T)/aug-cc-pVTZ/IMP2/aug-cc-pVTZ =#4m > 7+ >
OKrOAIOXeO~ =€ % sv = 75.0 kcal/mol -2 OKrOAIOKrO~ g

Z_ie 85.8 kcal/mol #Apt > 34 147 & > e X5 OXeOAIOXeO~ fE

it 98.4 kcal/mol =7 0.76 & - OKrOBOXeO~ g %t 5 92.0
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kcal/mol > +* OKrOBOKrO~ =34 @ ic 80.6 kcal/mol 34 1.07 & >
e X5 OXeOBOXeO~ efg =it 91.2 kcal/mol 7 0.93 & o d » 248

’?\ﬁi‘gﬂ g BV Ao d A PE'rf’ini;F“gq\ gl A ,J;_"_;]?%"q;:k}_/}%\;}gpg

‘3?
m»

B3 2 B AMERBE TV R SR F S o

24 3

AR YL

ik

%87 > OAIO™ -~ OBO~ Ka+ % B¥ Rk

NgO fe iz i a4F4h § 1433 on :%3; » AR s OMO~ (NgO),

/ N
(Ng= Ar, Kr, and Xe; M=Al , _;1_2\ \? R T
LR T o {“x - /_._ _\ - I S

.\_ |_ i__ I - | .I'I

\?
Fohd AR R ré'é;g_—f‘m:,\ OAroMOKro - OATOMOXeO~ -

|«/«f \\

OKIOMOXeO™ (M=Al, B) 4 1 194 & Bm fRfR it » 7 it 6 %ig

EE T F kP AR ELP T
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2.6 Tables and Figures

Figure2.1 OAIO™ (ArO), (n=1~2)% MP2/aptz 3L = i T $ it i B4

1.668 A 2.390 A 1.654 A I1647il
J Coov
R

1.668 A 2420A 1.654A 1.654A 2420A 1.668 A

9 090 o

Figure22 OBO(Ar0), (n=1-2)%& MP2/aptz ;@ = s leﬁ;fgfu B
N’
1.665 A 2458 A 1279 A 1266 A o %

1.666 A 2492 A 1271 A

) 990 aroD

owoh
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Figure 2.3 OAIO~ (ArO), (n=1~2)%& MP2/aptz 2% = 2 T izt SH2 T+ R4 7 & ChelpG & 74 &

10.@9—3@3)
OW@)

5
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Figure24 OBO~ (ArO),(n=1~2)% MP2/aptz 323> 2 T & iz it 2 T+ R4 7 & ChelpG & 74 &

|}‘\

.-----I I—

- e - -\--\-‘\"

L ] %“
d 0,0 SO
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Figure2.5 ONgOAIONQO~ & MP2/aptz 52#% > 2 T & i it 2 C,,
1.668 A 2420A 1.654 A | 1.654 A 2.420 A 1.668 A
o9 020 0

// i.j \\“\

1.668 A  2429A 1.645A 1646A 2423A 1.771 A

s 090 90
N\

o,

1668 A 2440A 1.643A 1.645A 2.465A 1.902 A

@9 O 90 OO
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Table 2.1 &7 31235

=2 OAIO~ (ONg )n (Ng = Ar, Kr, Xe ; n=1~2 )4 3 z_4p ¥t £ 2(in kcal/mol)

ONgOAIO——0(S) +

ONgOAIONgO—— 20(S) +

2 ONgOAIO~— O(S) + OAIO™ + Ng

OAIO™ + Ng OAIO—+ 2Ng & RAE R P R
Ng = Ar .
MP2/apdz 34.7 s 1.95
MP2/aptz 43.9 829 1.89
CCSD(T)/aptz//IMP2/apdz 26.4 o ';/ _529 - 2.00
CCSD(T)/aptz//MP2/aptz 26.8 N a9y Y 1.90
Ng = Kr .V : y
MP2/apdz 53.7 . 1043 1.94
MP2/aptz 64.3 |,/ 1254 1.95
CCSD(T)/aptz//IMP2/apdz 45.2 Y& A 1.93
CCSD(T)/aptz//MP2/aptz 44.8 85.8 1.92
Ng = Xe
MP2/apdz 78.8 152.7 1.94
MP2/aptz 91.5 177.8 1.94
CCSD(T)/aptz//MP2/apdz 52.0 99.2 1.91
CCSD(T)/aptz//MP2/aptz 52.0 98.4 1.89




Table2.2 A% k2% 27 OBO~ (ONg)n (Ng=Ar, Kr, Xe ; n=1~2)4 3 z_ 4p ¥t £ 2(in kcal/mol)

_ . _ _
ONgOBO~——O(S)+ ONGOBONGO-— 20(8) 0B0~ ONgOBO~—0(S) + OBO™+ Ng
OBO~ + Ng +2Ng A fRFE Toae Y R

Ng = Ar .-

MP2/apdz 33.3 /649 1.95

MP2/aptz 41.9 8L 1.95
CCSD(T)/aptz//MP2/apdz 25.5 Y 1.93
CCSD(T)/aptz//MP2/aptz 26.0 Ny e T 1.82

Ng = Kr -\__\? I ¥ l _,/’f

MP2/apdz 51.7 . w03 1.94

MP2/aptz 61.6 1/ 85 1.94
CCSD(T)/aptz//MP2/apdz 42.8 Vi U822 e 1.92
CCSD(T)/aptz//MP2/aptz 42.6 80.6 1.89

Ng = Xe

MP2/apdz 76.2 147.1 1.93

MP2/aptz 87.9 170.0 1.93
CCSD(T)/aptz//MP2/apdz 48.7 92.2 1.89
CCSD(T)/aptz//MP2/aptz 48.5 91.2 1.88




Table2.3 &7 FE#%H > 2 7 5 #7882 OArOAIOKrO~ 4 & 2 g ¥t £

2 (in kcal/mol)

_ 22 OArOAIOArO™— 20(S) + OAIO™ + & OKrOAIOKrO~™— 20(S) + OAIO™
20(S) + OAIO—+ Ar

OArOAIOKrO~
+Kr QAT A fRAE T + 2K A fRAE 7T
MP2/apdz 86.0 ™ 1.27 0.82
MP2/aptz 108.5 0.87
CCSD(T)/aptz//MP2/apdz 70.1 ,_,../ '_ ‘1 33 0.80
CCSD(T)/aptz//MP2/aptz 68.4 —"” ) L 34““* , 0.80
e : llr_.-"'
Table 2.4 %7 IR 2 T2 5 #1182 OArOBOKrO A\_—TI* #B i~df“ £ 2 (in kcal/mol)
~ ¢ OArQBOArO —+20(S)+ OBO~ £ OKrOBOKIO——20(S) + OBO~
OArOBOKO- 20(5) + OBO™+ Ar /s ‘\\%
+Kr ¥ 2Ar A ﬁ*% TR + 2Kr A FRAE %00 v IR
MP2/apdz 82.6 1.27 0.82
MP2/aptz 100.8 1.23 0.84
CCSD(T)/aptz//MP2/apdz 65.7 1.34 0.80
CCSD(T)/aptz//MP2/aptz 64.0 1.35 0.79
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Table 254 % 32 2 T2 8 #1182 OArOAIOXeO~ 4 3 2 4p%ta £ 2 (in kcal/mol)

_ 2 OArOAIOArO~—20(S) + OAIO™ £ OXeOAIOXeO —20(S) + OAIO™
20(S) + OAIO™ + Ar

OArOAIOXeO™
+ Xe + 2Ar & fRFE T R +2Xe & [R5 T R
MP2/apdz 134.4 f l 99 0.88
MP2/aptz 135.0 Q 63 0.76
CCSD(T)/aptz//MP2/apdz 76.4 f___./ _'_‘ 144 0.77
CCSD(T)/aptz//MP2/aptz 75.0 :.-_—--"/ _.-;; N 47 - 0.76

ll'\r N

'__-

Table 2.6 &7 32> & T 2H 5 978 2 OArOBOXeGT A\ —TL #B é’rﬂ‘b £ 2 (in kcal/mol)

s OA BOArO 20 S) + OBO~ 2 OXeOBOXeO~—20(S) + OBO~
20(S) + OBO~ + Ar g /O \T’\ ®) ’ —200)

OArOBOXeO™ s,x{:;, L }&5
+ Xe + 2Ar & fRFE T A R +2Xe & fEfE Tt iR
MP2/apdz 176.0 2.71 1.20
MP2/aptz 126.3 1.55 0.74
CCSD(T)/aptz//MP2/apdz 71.0 1.44 0.77
CCSD(T)/aptz//MP2/aptz 69.6 1.47 0.76
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Table 2.7 %7 2% > 2 7 3+ 5 #7122 OKrOAIOXeO™ 4~ + 2 jp¥tic £

2 (in kcal/mol)

2 OKrOAIOKIO~—20(S) + OAIO~ £ OXeOAIOXeO~—20(S) + OAIO™
20(S) + OAIO™ + Kr —2005) —206)

OKrOAIOXeO™
+ Xe + 2Kr & 3248 T v R +2Xe & 35 T R
MP2/apdz 134.4 99 0.88
MP2/aptz 135.0 6§ 0.76
CCSD(T)/aptz//MP2/apdz 76.4 ) / 1 A 0.77
CCSD(T)/aptz//MP2/aptz 75.0 —"” 1~}47 “‘-;__.;.\ 0.76
—_— . -‘ R llr_.-"'
Table2.8 %7 B2 2 75 918 2 OKrOBOXeO— if ;ﬁ‘b £ 2 (in kcal/mol)
el OKrD@OKTO — O(S) + OBO™ + & 0OXeOBOXeO~— 20(S) + OBO™
+ —+
oKroBoxeo~ ~ 20)+OBOTHKI VLR 2\
+ Xe 2Kr % ﬁmf%— wb g +2Xe & fRFE Tk v iR
MP2/apdz 128.6 1.23 0.84
MP2/aptz 154.5 1.23 0.87
CCSD(T)/aptz//MP2/apdz 89.6 1.03 0.90
CCSD(T)/aptz//MP2/aptz 92.0 1.07 0.93
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2% FEAEE2ZMRTLHFEE S OMOOArO
(M=Ti,V,Co, Cu) #32%3ER

# &

N

Pz 3 A A £ OMOO group (OVOO,

e

OTIiOO , 0C000, OCUOO) % # OMO (L4t 2 < 4 2. OMOO-ArO
BT BB Ad R G T T R RS hg F AT o d A BT

|'I' hl.‘
i A f2E (1) OMOO~ + Ay{OLSN) OMOO + Ar + O~ k#8344

- e, W
f? Fé‘rﬁﬁ;; ﬁjjﬁ% i& o \-:‘ o _:- I_\ __:;:,
- f )
" OCOO0"AIO = 1 \’”’ b CSD(T)/aUQ-‘CC pVTZ//t-HCTHhyb!
"\ i

aug-CC-pVTZ Tt = i# T+ [Z :!i r«fé& * %\i o ¥t &1 ( stretching ) 4
f2E /= (1) OCo00~ (T)+ Ar + O(S) (2) OCo00 + Ar + O 4 & & 4 14.8
g 443 keal/mol e B R i ae o 330 3 4 1252 (3) Ar+ CoO,-
P13 143 keal/mol cha f2ivHi > Fot 2 F3n i OCoOO ArO (T) 3§

-

LI S R g 2 o 2 2
fe MR BRE TR
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31 %2

AR bk rend Xe 22 F & O 915 z2 LR e F L
P 1-45 4ot XeFg™~ XeOg#h™ ~ XeOpF3 0 fe iz § L Fl i 44 5 (He
ArKr) #5028 e kit E 5o RIEETE G R & HetEgS -
CF okt FREIEF EBRLEBOBF P EHST 4o XeAuF
XeAgF -~ XeAgCl -~ XeCuF ~XeCuCl - &&F45% 7 44 che o+
BT EART AP REF Jrz@%?;ﬁ fFPenp S i 2 4 4 AT
b

7 = - 22 k) s = 7 2 2 Y -
e b 2 BT AT A b AR £
r ¥ )

e F e

C“\ﬁ‘

1R

N

o

T A

oy

(Singlet State ) T 4% - U%vﬁ;% 4?. —18_1|'3\“3: 'ﬂ% hAE Y > A

3d s B & Bk F I‘éig;ﬁ—? HFES - 3o AEA OM group
o/ N

"\.

\.,

(M=Ti,V, Co, Cu)mmw?? =R % émr Table 3.1 ##5% o 4w
OM~—group (M =Ti,V,Co,Cu) g +8f-4 (EAE)Z 438 > AL
ber— BE RFA,% OMO group (M=Ti,V,Co,Cu)’ # B £ 35
T+ Mfe4 o w OMO~ group (M =Ti, V,Co,Cu) 13 3+ B4 &R
H33% o fe EH OMOO group (M =Ti, V,Co,Cu) - Fi OTIiOO™
group =¥ 2% @ 96.9 kcal/mol 14 g# 2 % — & OMO~ group (M = Al,

B) en% + 44 (EA=95~100kcal/mol)Z # % > 4- Table 3.1 #f7% o
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¥ 3 OMOO-ArO (M=Ti,V, Co, Cu) #3|se g3 > % 4524(1)
OMOO~ + Ar+0(S) (2) OMOO + Ar+ O~ £ %4 (bending) 4 f#§ i
(3) Ar+ MOy~ #hFk itk » = &7 st enh AR > EF A% 2 F

PR 2 R OB f AT o

A :_ "‘*-\___
) e . =
N T am e v/

T W | /I

b i
| e |
Y £
-/ o
{v{:;:-' - . ::ké\.ls
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3.2 3y

Ak ¢ AL > 47422 (abinitio method ) ¥ & Magller-Plesset
Second-order Perturbation Theory (MP2) 15 2 Coupled-Cluster Singles
and Doubles Method with Noniterative Triple Excitations : CCSD(T) 16 1@
w2 fe £ aug-cc-pvnZ (MR = apnz,n=T ;0-~Ti~V-Co i¢*
aug-cc-pvnZ; Ar i * aug-cc-pV(n+d)Z ;Cu # * aug-cc-pVnZ-PP)
17 sl ko Snlico & )% % B2 5 IE sz (Density Functional Theory) # &

y N

B3LYP 18 « B3PW9119 . NZI.26X2(j > MI\Q.ZSXZO ~ M062X 21 ~

._\ \

E-."-

t-HCTHhyb 22 = ,;;cgﬁswremg%a& i«h‘ Cu R 2 ipp) *

\?
aug-cc-pvnZ-PP (n=T) > 'ﬁrv Cu m{;x ;@1 10. BT F gD ehie
| /,, \
4 » # Pseudo potential ﬁd‘f% R \g

e pEL o wld S AT G A fRE S (1) OMOO~ + Ng + O(S)
(2) OMOO + Ng + O~ #£3¢ OMOO~ NgO g T & - BRI
= ;% CCSD(T)/aug-cc-pVTZ & {7 H BLi@ hzH 5 » 1 8 L £

oo T3 BHE TR Y At B i 5 Gaussian 09 425024

hAFT Y o L fRE Reajp¥ta £ A A R A P anid e £ (total

energy )ik 4 & ek (84 F 143 )it it £ Pl f 4 JRF i di £
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[l
&
=

AL ERF S F T RSRAFRT s TS R

A fRfE T o

TR & e F EdF OMOO NGO v &4 7 i & R T

1.z 4 (stretching) 4 f#E2js:

. O(S) + Ng + OMOO"
//
/
/ = O +Ng+OMOO
. s :
Vil
4
ONgOMOO™~— O(T) + Ng + OMOO"

rxn coordinate

. U ]
. i s | 0w
2.%%4 (bending) » éé&zgm_%f L N

- a._%x's
r 3 / -_\ T s

E | oNgOMOO™ \
\

\
\

— Ng + MO4-

»

rxn coordinate
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33 B Hitw

3.3.1 OTiOO™NQgO 4 § Isa+ i T T HA B R

BARF RIS 2T OTIOO™ < Doublet state ic € % v Quartet

state s ¥ ™ 70 ~ 80 kcal/mol - 4 Table 3.1.1 #5+ ; &

CCSD(T)/aug-cc-pVTZ ¥ gL+ & T » OTiOO~ 1 Doublet state iz £ 7
o Quartet state #: £ #£ 60 ~ 70 kcal/mol - OTIOO g + A fr4 &

B g3t o 2 MP2 B3LYP ; B3PWOL - t-HCTHhyb = i &2 %

A1) \
S 12 96.9 kcal/mol 14 & % a’f::ri/ L

.

,.- ,----.\\"- ‘\"-- =
A CCSD(T)/aug- cc pVTZ/’/r HCTthb/ aug cc- pVTZ 2% > 27 >
| | I - y /
4 Table 3.1.2 #77 > OTloz) ArO\ %i &,«;Doublet State) # = 42 T_-

| /
H M4 (stretching ) 4 2§ u(f)@TlOO (D)+‘\>)ﬁ\r + O(S) (2) OTiOO + Ar +

O~ 4 w3 20.0 £ 41.0kcal/lmol ¢4 fRfg i 5 &
CCSD(T)/aug-cc-pVTZ/IM062X [ aug-cc-pVTZ == 2 T o
OTIiOO~ArO - # % # £ i (Doublet State )& % 4& ¥_- # |+ (stretching)
& f2§ 72 (1) OTIOO~ (D)+ Ar + O(S) (2) OTIiOO + Ar + O~ R & %] & 7
-5.5 & -14.5kcal/mol s~ f2fE T 5 o 4ol it 3 BPIRH T H

I s fEic 0 4o Table3.1.2 #5757 o Pws G - BR T E

71



B A BB E > AR AN PR EEF T OTIOO-A0O 4%

% OTiOO~ %4> & » 4r Figure 3.1.1 - Figure 3.1.2 #7-+ » Doublet
state 7 OTIOO~ # I = 2 #r3it X :".fx”’,fé;.iﬁ;i?l‘ ZISCE R -3 G0 L <
OTiOO0 mg&-ﬁ » » ¥ OTIOO mﬁ]&gﬂﬁl » 8 1% OTIOO g + e
4+ (EAE) 272 F DFT * 27 £ 2 %< - OTIOO *
CCSD(T)/aug-cc-pVTZ 35 &) % ehlg &2 M062X/aug-cc-pVTZ  chig
i e AN

& .
7 & OTIOO~ArO fé_fg% ﬁz__.f'?_.'-ak_'r;l‘Figure\3;_13\3 SRR o fe b ABILHT
\ e

.'\'-

Doublet state ¢ OTiOO- Ago' %—Lﬁu,,;i )</IP2/aptz = OTiOO-Ar0

PEAEH od %DFqurra {Hﬁf#
/e N
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3.3.20VO0 NGO 4 f M #t trff T 4F 3 2 B H 0 R

OVOO~ &7 24> 27 Singletstate it & % v Triplet state

v © ™ 30 ~ 40 kcal/mol > 4- Table 3.2.1 #1577 ; &
CCSD(T)/aug-cc-pVTZ H 2h:+ & T > Singlet state i & »+* Triplet
state it £ &£ € 40 kcal/mol - OVOO i +#4r4 L HE g5 7 4
100-110 kcal/mol » & OTIiOO =g &+ Bfc4 %% 4pt - OVOO eh
FEArd h - Ko

% CCSD(T)/aug-cc- pVTZ//wqu\thb/ aug-cc-pVTZ 1% 2 T >

4o Table 3.2.2 #777 > OVOO™ ArO _\E ;gi @& 5 75’ F_o 414 ( stretching )

E-.'\-,

\‘ . — . \. g .-f
2§ 1% (1) OVOO~ (S)+ Ar‘+ O(S) (2 OVO/Q’)+Ar+O A uE g

"\.

23.5 £ 50.1 kcal/mol mié}ﬁ i@sb £ Jr*‘f“*v%n §*# (bending )~ f#
NG
vég S \\9

BIZ(3) Ar+VO,~ P13 8.3kcal/mol 4 ji#ic la - TS &4 Figure

32447 o W IBIE 3 2 T o0 § 20 ~ 50 keal/mol 4 2 4% 2w o

AR T B A R R G - R FPAPIRE OVOO A0 53 7

\}\
Rd
e

BT ARRTT A F AT oM F S RS Kr 4 fEfE
v s BFHF I 40.2kcal/mol £ 66.9 kcal/mol ; 44 F % # & Xe
A fRfE T a4 8 3 45.7 kcal/mol ¢ 72.4 kcal/mol » 4= Figure 3.2.4
~3.25 #17F o

& OVOO~ S#~ & >4 Figure 3.2.1 - Figure 3.2.2 #77% » Singlet
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state (7 OVOO~ &2 OVOO g £ £ 7 +»» F]pto & # OVOO

.\J

LI AARERIZTRFPHELE o
% OVOO~ArO 1= & > 4 Figure 3.2.3 #7177 » & & {83235
Singlet state -7 OVOO~ArO i £ £ - & M062X/aptz *

OVOO ArO 3 & &4 » til 4 MP2 # DFT = 2 T Rl &4 25
e
3.3.30C000 NGO 4 § &5 i T I H B BH 1 R

OCoOO0~ &7 F 1% ™ ‘T/“L’.‘%r Table 3.3.1 #t5+ » Triplet state
/ b
i £ % Singlet state i | i 2 =30 kca7moL )

\:‘ - "__ . . - f,/f

CCSD(T)/aug-cc-pVTZ \;‘_L*J“L 3w Trlplet/étate it £ i+ Singlet

state #i € 4& %20 kcal/moFI KJOCOOO ri?f FMAed pHEET
vég SN

EA &% 104 ~ 120 kcal/mol > ¥ OVOO 3 + 8 4fr4 %% - %> EA

BEG - R oo

& CCSD(T)/aug-cc-pVTZ//1-HCTHhyb/ aug-cc-pVTZ 324 = =2+

4o Table 3.3.2 #t75+ » OCoOO ArO = & it 5 & i

‘221}

L 4E 2 10

kcal/mol ; 2. H = DFT H g:= ;¢ > Triplet state st & i»* Singlet

A

state v & 4 o

OCoOO~ArO (T) & CCSD(T)/aug-cc-pVTZ//z-HCTHhyb/

aug-cc-pVTZ 3234 ;2 7 » 4o Table 3.3.3 #f51 » & {4 ( stretching )~
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252 /5 (1) OCoOO~ (T) + Ar + O(S) (2) OCoOO + Ar+ O~ A % 2 3
14.8 22 443 kcal/mol e $k Bt £ B2 @ DFT %> 27 4
3 20 ~ 50 kcal/mol 4 j248 T ae > $30 2 £ %% 4 (bending )+ f2E: /S

(3) Ar+ CoO,~ P13 14.3 kcal/mol 4 jzac B » TS & 4 Figure

v

336 47T o A fEE TN E A fER R E - R FIP AP
OCoOO~ArO (T) 5 F ¥ it & MURTRE T R 205 feehgd § L3S '8 ¥
By B Kr AfRfEaas BFEFH#F I 21.7 keal/mol 2 60.2

kcal/mol -

|'I' !'I.‘

1IN
& OCo00~ %# = & » df Flgure33 1~Figure33.3 ¥ 5 > &
../ \

PR OCoh\cr (M. -GCOOOx (S) ,_sfa 0C000 =it £ B

'x. |' ,_|_.,

|
FA s MBELET AL R i@ OCOOO (T)»% 0C000~ (S) 2 R th

|
DB L4 aT L WAL 20~ —30ktalimol : OCo00 +EA

&=
~

2

»

T‘ﬁ
2

W E TR PAELR -

F_&

L
2

% OCoOO~ArO %4> & »d Figure 3.3.4 - Figure 3.3.5 ¥ ¢ >
B e 323m > 2 T Singlet state < OCoOO~ArO (S) £ Triplet
state 7 OCoOO~ArO (T) ,.%;.kf{& E0 O B R - &ﬂ}.‘sﬁ]& i
OCoOO~ArO (T) £ OCoOO ArO (S) 2 B eriy £ £ 5 P A eniL

BE o % £ 20 ~ 30 kcal/mol -
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3.3.40CuUOO NgO 4 § K&~ i LR FH A BV R

OCuOO~ #.7 24~ ;T Singlet state i & '» +* Triplet state
e Mo 4o Table3.41 #757 > Bt 2L 27 - R o A
CCSD(T)/aug-cc-pVTZ H gLzt 5 T > OCuOO~(S) st &£ OCuOO-
(T) &t & &vRi p 2 T4 2L 5 — R bil4e DFT = 2 (B3LYP &
1-HCTHhyb )™ » OCuOO~ (S)+* OCuOO— (T) st & ™ 20~30
kcal/mol » H 432 34 ;2 Bl £_OCuOO~ (T)+* OCuOO~— (S) st & ™M 2~

10 kcal/mol - # OCuQO 3 4}%H\1i hEEE T OEAES Py

.--u-l/ [
by ;‘f;( ’ i};ﬂ ’E‘_};J\ ° :__._._..-/ﬁ ‘-_\*I "\\-._-.:‘
OCUuOO~ArO % Pa ¢4;~» = ,' OCUQO ArO (T) %
OCuOO~ArO (S) # 1o‘>~ zp kcal/molo\JCCSD(T)/aug -cc-pVTZ H
vég N

825 T, g 4 OCUOO-ArO (S)»* OCUOO-ArO (T) #£%_ 8.5
kcal/mol » #2724 B@3- B T a fap i i £ £49F o d p0 ¥ 5o
OCUOO~ArO (T) £ OCuOO-ArO (S) i B £ adsiT » &% 12
SR ToA A AR L BILT X+ % 94 10 kcal/mol -4 Table
3.4.2 #t7 o

i 1-HCTHhyb/ aug-cc-pVTZ 12353 ;27 » OCuOO"ArO %= &

B 5 f£% 0 4 Table 3.4.3 #7 o OCUOO-ArO (T) i

=
[e=*

(stretching )4 f# /= (1) OCUOO~ (T) + Ar + O(S) (2) OCuOO + Ar +
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O~ ~ %k 5 525 ¥ 34.6 kcal/mol 3£ F i & ©

# CCSD(T)/aug-cc-pVTZ//t-HCTHhyb/ aug-cc-pVTZ 3245 = 2+
3L 91 OCUOO~ArO &8 ¢ fi# % 424 > 4r Table 3.4.4 77 o
OCuOO~ArO (S) =4 4 ( stretching ) 4 f2#2 % (1) OCuOO— (T) + Ar +
O(S) (2) OCuOO + Ar+ O 4~ & & 5 31.4 £ 47.1 kcal/mol s £ &

& ie

I

{6 DFT » 222 8 832 § 7 » OCUOO-ArO 1A f348 it %

d - j_)(’hl—l—l,lE] r3|J -1\. ]Fa‘ﬂi‘ z—,LJEg’?‘ OCUOO Aro +F}:'KTI§E’] %@\ET%‘%T‘Q’

|'

\

[o—

L S %L%$W$+f’

. OCuOO~ “*1‘#‘*\‘% " Frgure341 ,Flgure342 F 0 B

e

I [

FRIEmTET OCuOO\:’(T) .bi OCudO .(S)m FHEAET < S
OCuOO~ (T) £ OCuOO~ (é) izl %&p PEOLRE AT R
Bem>i2hZ R o OCUOO % I 2 T el £ 8 < o 4o
Figure 3.4.3 #77 » & OCuOO hEA &~ F PR LR o

% OArOCuOO~ %4> & -d Figure 3.4.4 ~ Figure 3.457% 5
OArOCuOO™ (S)¥ OArOCuUOO~ (T)EH £ & 2 < » & MO62X/aptz

T OArOCuOO~ L E st > R4 DFT =2 T RIL &4/ 54 -
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34 %

-%;\7.'

P ety BT b 3d PuBhiE iR & B4s(Co )y

T A& T R e OCO00-ArO 444 S35 o«

Ry
F_*
Jui
=N

£
CCSD(T)/aug-cc-pVTZ//t-HCTHhyb/ aug-cc-pVTZ 324> &+ >
OCoOO~ArO & 4 iz i2 (1) OCoOO~ (T) + Ar+ O(S) (2)
OCoOO0 +Ar+ 0O~ » W& 5 14.8 & 44.1 kcal/mol 4z f248 2 s »

g A 2R G2 (3) Ar+ CoO,~ R15 14.3 keal/mol 4 iz it [ -

=

G ER R BV ) F R BT ST R b

‘\
OVOO-ArO  f 14 i+ » st i ﬁ'a

AT N e

am

/

(1) OVOO™ (S)+ Ar +0(S) (2)

%?3

- o

OVOO + Ar+ 0~ 4 532355 ¢ 501 kcalfn;.m o R AL

'\ ||

W L[ '
e 355 2(3) AT+ VO, Rl3 83 kcal/mol A FR R o
x . )

l - S 2 N 2 o
P ’éﬁﬁ—’-”{.ﬁ;ﬁiﬁc?ﬁr@ﬁd ﬁ%m\z}ﬁ\yﬁﬁ%ﬁﬁrﬁ T E R

H £ 7 OVOO~ArO £ = £ f 7 OCoO0~ArO # ffi4h § IEdt+

1B
fd

LIERRT T AR b RHT
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3.6 Tables and Figures

Table3.1 § 2+ B/ £ %% i # 0 EA & (in kecal/mol)

OM 7 5% (& EA |OMO #%®% EA |OMOO #%i& EA
OSc 25 31.1 0ScO 35 53.5 0ScO00 -
OTi 26 27.7 OTiO 36 36.6 OTiOO 14 96.9
oV 27 28.3 OoVO 37 46.8 OVO0O -
OCr 28 28.1 OCrO 38 56.0 OCrQO0 44 84.4
OMn 29 31.7 OMnO 39 47.5 OMnOO -
OFe 30 34.4 OFeO 40 54.4 OFeQO0 45 75.2
OCo 31 35.5 0OCo0 - 0Co00 -
ONi 32 33.6 ONiO 41 70.2 ONiOO -
OCu 33 41.0 OCuO - OCu00 -
OZn 34 47.9 0Zn0: - 0Zn0OO -

OAlD 42>, 97.2
_ _/*'OB_O_43\-~__\ ©303.1
?\"{--::; ._/:':;j__:_ _x .._--::SI;:‘
Yol N ;o !
_\? \L "i y
Voo o
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EA & %(in

Table 3.1.1 &7 12353 ;2 7 3+ 8“8 2. Doublet state OTiOO™ ~ Quartet state OTIOO™ 4 F & & £ ¥¢
hartree & kcal/mol)
OTiOO~ (D) OTIiOO™ (Q) AE(Q-D) OTiOO EA &
MP2/aptz -1074.02370 -1073.89212 82.6 -1073.91125 70.6
B3LYP/aptz -1075.38190 -1075.26079 76.0 -1075.17896 127.3
MO062X/aptz -1075.19847 -10/5.06388 84.5 -1075.08744 69.7
1-HCTHhyb/aptz -1075.27710 :4[@‘7\3.15081 79.3 -1075.08098 123.1
N12SX/aptz -1074.99130 P ’/ —1Q74 8\991\0 57.5 -1074.87630 712.2
MN12SX/aptz -1075.12234" -—1074 ‘98272 7 87.6 -1075.00832 715
B3PW91/aptz -1075. 22260 - -101599705 Jf 78.8 -1075.02074 126.7
CCSD(T)/aptz//MP2/aptz -1074.07495 * \, -—'l0f3 98237/ 58.1  -1073.92648  93.2
CCSD(T)/aptz//B3LYP/aptz -1074.08924 ';\ —1073 9841]}' 66.0 -1073.92513 103.0
CCSD(T)/aptz//M062X/aptz -1074.08129 | // -1073.98393 61.1 -1073.96614  72.3
CCSD(T)/aptz//--HCTHhyb/aptz ~ -1074.08743 "4 1073.98399 64.9 -1073.92400  102.6
CCSD(T)/aptz//N12SX/aptz -1074.08833 -1073.99881 56.2 -1073.96660 76.4
CCSD(T)/aptz//IMN12SX/aptz  -1074.08875 -1073.98411 65.7 -1073.96686  76.5
CCSD(T)/aptz//B3PW91/aptz -1074.08885 -1073.98383 65.9 -1073.92359 103.7
CCSD(T)/aptz
Experimentl4  96.9
X ¢ % ®gla £tz Born-Oppenheimer energies.

83



Table3.1.2 &% 32> £ 7 3-8 #7182 Doublet state OTIOO~ArO 4 & z2_fp¥tit &

& (in kcal/mol)

OTiOO~ArO(D) EA(OTIOO)  O(T) + Ar+ OTiOO~ (D) O(S) + Ar + OTiOO~ (D) O~ + Ar + OTiOO
MP2/aptz 70.6 0.7 67.4 38.6
B3LYP/aptz 127.3 -20.3 43.1 68.4
MO062X/aptz 69.7 -12.8 46.8 24.3
1-HCTHhyb/aptz 123.1 17.9 48.2 69.3
N12SX/aptz 72.2 455 22.2
MN12SX/aptz 71.5 X,,._.r/ —18\8 - 34.7 20.0
B3PW91/aptz 1267 =l am11 e 45.9 70.3
CCSD(T)/aptz//MP2/aptz 93.2 \ ." * -66. 1 4 -15.2 -3.6
CCSD(T)/aptz//B3LY P/aptz 103.0 S 231 8 19.0 40.5
CCSD(T)/aptz//M062X/aptz 72.3 L Ny -56. 4 / -5.5 -14.8
CCSD(T)/aptz//r-HCTHhyb/aptz 102.6 ] ,;‘ -~ -30. 85\ 20.0 41.0
CCSD(T)/aptz//N12SX/aptz 76.4 Y& a1y -10.5 -16.9
CCSD(T)/aptz//MN12SX /aptz 76.5 -61.0 -10.2 -15.3
CCSD(T)/aptz//B3PW91/aptz 103.7 -31.1 21.5 41.7

Experimentl14 96.9

X ¢ 7 R gha £tz Born-Oppenheimer energies.
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Figure 3.1.1 %7 Ip 3235 = 2 T 3+ & #7182 Doublet state OTIOO™ i » H i & & (A) ;4= 4% (degree)

1.721A 1.893 A 1.608A 1.853A

1.721A 1T

1.721A

120.0° 120.0° 117.0°

MP2/aptz B3LYP/aptz 7 MO62X/aptz 1-HCTHhyb/aptz
i | '

Figure 3.1.2 &7 323 > 2 T 3L 2 97 2. OTIO\@ A égli’:i (A) ;44 (degree)
) /

1.756 1.738

1.738

1.756

\——-V

1.756
MP2/aptz B3LYP/aptz

117.3 119.5°  1.813

MO62X/aptz —a7x
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1.846

119.8° ‘
1.845 S

1-HCTHhyb/aptz CCSD(T)/aptz

Figure 3.1.3 #+.% fr 323 = 2 T 38 #7{F 2 Doublet staEg;?T{(\)O—ArO Bl Hi R (A) ;44 (degree)
|

P NN
— "/.'-l-"
1663 2.581 2025 Et'::::::::; 1 721
‘ I 1.711 \-,x I-' . 1.899
1711 \[’ | 154.8 1,684
Y
MP2/aptz i ;’:' 177.4
Vg - B3LYP/aptz
sl 1.874
1.941 ,
154.6 1.685
177.6 1.659 177.6
MO062X/aptz
1-HCTHhyb/aptz
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Table 3.2.1 &7 32 %> ;2 T 3+ 8 7% 2_ Singlet state OVOO™ ~ Triplet state OVOO~ 4 3 i £ £ & EA & ?(in
hartree & kcal/mol)
OVOO~ (S) OVOO~ (T) AE(T-S) OVOO EA & °

MP2/aptz -1168.67715 -1168.49445 114.7 -1168.46227  134.8
B3LYP/aptz -1169.96420 -1169.90791 35.3 -1169.80396  100.6
M062X/aptz -1169.75906 -1169.71743 26.1 -1169.59572  102.5
1-HCTHhyb/aptz -1169.87526 MGE .80965 41.2 -1169.71703 99.3
N12SX/aptz -1169.52812 L -1169. 46?333\ 40.7 -1169.37144 98.3
MN12SX/aptz -1169.6837Q=  -1169:62417 37.4 -1169.52365  100.4
B3PW91/aptz 11169.80920 -1T69_z§027 37.0 -1169.65247 98.4
CCSD(T)/aptz//MP2/aptz -1168.62987 ‘-\? -1168.52145 68.0 -1168.45099  112.2
CCSD(T)/aptz//B3LY P/aptz -1168.63453 | -1168 44527 ' 137.6 -1168.46265  107.9
CCSD(T)/aptz//M062X/aptz -1168.63119 , /-1168. 42943 126.6 -1168.47126  100.4
CCSD(T)/aptz//--HCTHhyb/aptz  -1168.63424 4 -1168.56902" 40.9 -1168.46179  108.2
CCSD(T)/aptz//IN12SX/aptz -1168.63313 -1168.56979 39.8 -1168.46593  104.9
CCSD(T)/aptz//IMN12SX/aptz ~ -1168.63300 -1168.56994 39.6 -1168.47351  100.1
CCSD(T)/aptz//B3PW91/aptz  -1168.63379 -1168.56989 40.1 -1168.46191  107.9

X ¢ 7 R gha £tz Born-Oppenheimer energies.

®EA=E(OVOO0)- E(OVOO~ (S))
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Table 3.2.2 &% 3% = £ 7+ 5 #7182 Singlet state OVOO~ArO 4 & z_4p ¥fit &

& (in kcal/mol)

OVOO~ArO (S) EA(OVOO)  O(T) + Ar+ OVOO—(S) O(S) + Ar+0VOO—(S) O+ Ar + OVOO
MP2/aptz 134.8 -27.6 39.1 74.6
B3LYP/aptz 100.6 -22.6 40.9 39.3
M062X/aptz 102.5 -24.0 35.6 40.6
t-HCTHhyb/aptz 99.3 L’zqo 46.1 435
N12SX/aptz 98.3 X,,._.-/ - _-___2\0.‘/P - 43.2 46.0
MN12SX/aptz 1004 =0 74009 e 32.6 46.7
B3PW91/aptz 984 N T2 2 f.f 43.4 39.5
CCSD(T)/aptz//MP2/aptz 1122 ok -286 4 22.3 53.0
CCSD(T)/aptz//B3LYPlaptz 107.9 LA 23.5 49.8
CCSD(T)/aptz//M062X/aptz 100.4 (DY) 6\\ 23.2 42.0
CCSD(T)/aptz//--HCTHhyb/aptz 108.2 e o1 23.4 50.1
CCSD(T)/aptz//IN12SX/aptz 104.9 -28.4 23.9 48.7
CCSD(T)/aptz//MN12SX/aptz 100.1 -27.4 23.4 42.0
CCSD(T)/aptz//B3PW91/aptz 107.9 -27.4 23.4 49.7

X ¢ 7 ®gha £tz Born-Oppenheimer energies.
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Table 3.2.3 &7 12 #4 > 2

= T 2k 5 oriB 2 Singlet state OVOO~ArO 4 + z_ p¥tit £

& (in kcal/mol)

OVOO~ArO (S) EA(OVOO) Ar+VO,~ Barrier °
MP2/aptz 134.8 -87.8
B3LYP/aptz 100.6 -52.1 11.0
MO062X/aptz 102.5 -100.8
t-HCTHhyb/aptz 99.3 -53.4 11.2
N12SX/aptz 98.3 A L4ﬁ8 10.5
MN12SX/aptz 1004 _-___99.\2 . 75
B3PW91/aptz 984 sl 4503 e 11.1
CCSD(T)/aptz//MP2/aptz 1122 7 s 7 f.f
CCSD(T)/aptz//B3LY P/aptz 107.9 AN -738 4 8.2
CCSD(T)/aptz//M062X/aptz 100.4 - - -98. 7 /
CCSD(T)/aptz//t-HCTHhyb/aptz 108.2 L Ts, 5\\ 8.3
CCSD(T)/aptz//N12SX/aptz 104.9 V& g3y 8.2
CCSD(T)/aptz//[MN12SX/aptz 100.1 -98.1 8.1
CCSD(T)/aptz//B3PW91/aptz 107.9 -73.7 8.4

X ¢ 7 ®gha £tz Born-Oppenheimer energies.

5 E = OVOO~ArO — VO, + Ar

2 F i
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Table 3.2.4 4.7 3% > £ 7+ 5 #7182 Singlet state OVOO~KrO 4 & z_tp ¥fit &

& (in kcal/mol)

OVOO~—KrO (S) EA(OVOO)  O(T) + Kr + OVOO~(S) O(S) + Kr+ OVOO~(S) O+ Kr + OVOO
MP2/aptz 134.8 7.9 58.8 94.3
B3LYP/aptz 100.6 -8.9 54.5 53.0
M062X/aptz 102.5 -9.9 49.7 60.0
t-HCTHhyb/aptz 99.3 60.6 57.9
N12SX/aptz 98.3 X,,._.-/ ) —6 2. - 57.7 60.5
MNZ12SX/aptz 1004 =l Va8l e 44.7 58.9
B3PW91/aptz 984 T _9.7 f 57.8 53.9
CCSD(T)/aptz//MP2/aptz 122 b 12 4, 4 38.4 57.3
CCSD(T)/aptz//B3LY Plaptz 107.9 e (I 40.2 66.5
CCSD(T)/aptz//M062X/aptz 100.4 1 Ao, 8\\ 40.0 58.9
CCSD(T)/aptz//t-HCTHhyb/aptz ~ 108.2 e qoe 40.2 66.9
CCSD(T)/aptz//N12SX/aptz 104.9 -10.7 40.1 63.5

CCSD(T)/aptz/[MN12SX/aptz 100.1

CCSD(T)/aptz//B3PW91/aptz 107.9 -10.6 40.2 66.6

X ¢ 7 ®gha £tz Born-Oppenheimer energies.
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Table 3.25 &7 32 #% > ;2 T 2+ 8 #71% 2. Singlet state OVOO~—XeO 4 +F z_p %t £ *(in kcal/mol)

OVOO—XeO (S) EA(OVOO) O(T) + Xe + OVOO~ (S) O(S) + Xe + OVOO— (S) O+ Xe + OVOO
MP2/aptz 134.8 18.4 85.1 120.6
B3LYP/aptz 100.6 10.9 74.3 72.8
MO62X/aptz 102.5 (7.8 67.4 77.8
t-HCTHhyb/aptz 99.3 A iii&o 81.1 78.4
N12SX/aptz 98.3 X,,._.-/ 144 - 78.3 81.0
MN12SX/aptz 1004 s am92 e 62.7 76.9
B3PW91/aptz 98.4 \ ..\ Y 78.4 74.5
CCSD(T)/aptz//MP2/aptz 112.2 7 45.2 75.9
CCSD(T)/aptz//B3LYP/aptz 107.9 O Nt 43.9 70.2
CCSD(T)/aptz//M062X/aptz 100.4 /N 45.7 64.5
CCSD(T)/aptz//--HCTHhyb/aptz 108.2 Ve 5 45.7 72.4
CCSD(T)/aptz//N12SX/aptz 104.9 5.3 45.6 64.1
CCSD(T)/aptz//MN12SX/aptz 100.1 5.3 45.6 42.0
CCSD(T)/aptz//B3PW91/aptz 107.9 5.1 45.7 72.1

X ¢ 7 ®gha £tz Born-Oppenheimer energies.
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Figure 3.2.1 %
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Figure 3.2.4 &7 32 > ;2 T 2+ & #1717 Singlet state OVOO~ArO — VO,~ + Ar 2. TS %—f# B R (R) 4k
(degree)
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Table3.3.1 &% 3% j2

hartree & kcal/mol)

T 2+ & 9018 2 Singlet state OCoOO~

~ Triplet state OCoOO™

N 7 &= 2
AEF e AL

& EA & *(in

0C000~ (S) 0C000~ (T) AE(S-T) 0Co00  EA &’
MP2/aptz -1607.18085
B3LYP/aptz -1608.56668 -1608.61302 29.1 -1608.44305  106.7
MO62X/aptz -1608.26697 -1608.32370 35.6 -1608.19421  81.3
t-HCTHhyb/aptz -1608.53844 160@ 58310 28.0 -1608.41920  102.8
N12SX/aptz -1607.81886 - -1607. 85\932\ 25.4 -1607.69697  101.9
MN12SX/aptz -1608.17248=""  -1608:21503 26.7 -1608.05210  102.2
B3PW91/aptz -1608.41717 \k -1@0846?509 : ; 30.1 -1608.29783  105.0
CCSD(T)/aptz//MP2/aptz -1607.10347 f
CCSD(T)/aptz//B3LYP/aptz ~ -1607.11030 | -1607 14796 ' 23.6 -1606.95671  120.0
CCSD(T)/aptz//M062X/aptz 160710796 | /-1607. 151\*&) 27.4 -1606.92680  141.1
CCSD(T)/aptz//--HCTHhyb/aptz  -1607.10993 4 -1607.14773" 23.7 -1606.97079  111.0
CCSD(T)/aptz//N12SX/aptz ~ -1607.10903 -1607.14680 23.7 -1606.98084  104.1
CCSD(T)/aptz//MN12SX/aptz  -1607.10795 -1607.14572 23.7 -1606.97994  104.0
CCSD(T)/aptz//B3PW91/aptz  -1607.10941 -1607.14731 23.8 -1606.93725  131.8

a;\g A

® EA=E(OC000)- E(OC0o00~ (T))

F 2k & 2. Born-Oppenheimer energies.

95



Table3.3.2 &7 32 #% > ;2 7 3+ 8 #r1% 2. Singlet state OCoOO~ArO -~ Triplet state OCoOO~ArO 4 + &t £ £ 2(in

hartree & kcal/mol)

OCo0O0—ArO (S) OCoOO~ArO (T) AE(S-T)
MP2/aptz -2209.13386 -2208.91161 -139.5
B3LYP/aptz -2211.18845 o -2211.22829 25.0
MO62X/aptz A "\
1-HCTHhyb/aptz -2211.08588 . / ) 2211 12304 23.3
N12SX/aptz -2210. 2&1114 -2210 31641 21.9
MN12SX/aptz * = 4
B3PW91/aptz -2210.9492& \NE N -----"',,-'2216.99032 25.8
CCSD(T)/aptz//MP2/aptz b
CCSD(T)/aptz//B3LYPlaptz -2209. 10414 [/ ;_\' &209 16484 38.1
CCSD(T)/aptz//M062X/aptz /e N
CCSD(T)/aptz//t-HCTHhyb/aptz -2209.10372 -2209.12043 10.5
CCSD(T)/aptz//IN12SX/aptz -2209.10242 -2209.13961 23.3
CCSD(T)/aptz/[MN12SX/aptz
CCSD(T)/aptz//B3PW91/aptz -2209.1030 -2209.11033 4.5

X ¢ % ®gla £ 22 Born-Oppenheimer energies.
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Table3.3.3 &7 32 %> ;2 T 3+ 8 #r1® 2. Triplet state OCoOO~ArO 4 3+ z jp¥ta £ (in keal/mol)

OCoOO~AroO (T) EA(OCo00) O(T) + Ar+ OCoOO—(T) O(S) + Ar+ OCoOO—(T) O+ Ar+ OCo0OO
MP2/aptz -28.7 38.0
B3LYP/aptz 106.7 -24.4 39.0 43.6
MO62X/aptz 81.3 o
t-HCTHhyb/aptz 102.8 A iJZ\&l 44.0 44.9
N12SX/aptz 101.9 /,,.w-’/ 28 . 41.0 47.4
MN12SX/aptz 1022 =0 am18 e 31.6 47.6
B3PW91/aptz 105.0 \ ST 2 Y 41.4 44.1
CCSD(T)/aptz//MP2/aptz S = f__ 7
CCSD(T)/aptz//B3LYP/aptz 120.0 L e=Ed 42.5 81.0
CCSD(T)/aptz//M062X/aptz 141.1 4\
CCSD(T)/aptz//x-HCTHhyb/aptz ~ 111.0 Ve 36070 14.8 44.3
CCSD(T)/aptz//N12SX/aptz 104.1 -23.4 27.4 50.0
CCSD(T)/aptz/[MN12SX/aptz 104.0
CCSD(T)/aptz//B3PW91/aptz 131.8 -42.1 8.7 59.0

X ¢ 7 ®gha £tz Born-Oppenheimer energies.
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Table3.3.4 &7 32 %> ;2 7 3-8 #r1® 2. Triplet state OCoOO~ArO 4 3+ z jp¥ta £ (in keal/mol)

OCo00~ArO (T) EA(OC000) Ar + CoOy4~ Barrier °
MP2/aptz
B3LYP/aptz 106.7 -31.3 16.7
MO062X/aptz 81.3
1-HCTHhyb/aptz 102.8 , |, -37.4 17.0
N12SX/aptz 101,9/ il Ny -32.9
MN12SX/aptz /1.952,___'_’___\ ) .
B3PW91/aptz s 105.04m v s -32.4 17.7
CCSD(T)/aptz//MP2/aptz \ I 4% =) ";.f
CCSD(T)/aptz//B3LY P/aptz 120008 K A -75.7 13.1
CCSD(T)/aptz//M062X/aptz \14L1 o
CCSD(T)/aptz//t-HCTHhyb/aptz a0 N -71.4 16.6
CCSD(T)/aptz//N12SX/aptz a1 W -70.9
CCSD(T)/aptz//[MN12SX/aptz 104.0
CCSD(T)/aptz//B3PW91/aptz 131.8 -70.4 11.1

X ¢ 7 ®gha £tz Born-Oppenheimer energies.

"F R #iE OCo00~ArO — CoO,~ + Ar 2 & it I
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Table 3.35 &7 3@ %> ;2 T 3+ 8 #r1® 2. Triplet state OCoOO~KrO 4 3 z jp¥ta £ (in keal/mol)

OCoOO~KroO (T) EA(OCo00) O(T) + Kr+ OCoOO—(T) O(S) + Kr + OCoOO—(T) O+ Kr + OCo0O
MP2/aptz
B3LYP/aptz 106.7 1111 52.3 56.9
MO62X/aptz 81.3 V| N
1-HCTHhyb/aptz 102.8 X,,._.-/ '_’-___8\.0“1 - 58.1 59.0
N12SX/aptz 1019 &0 a0 e 54.9 61.2
MN12SX/aptz 102.2 \ I 4% - ) ";.f
B3PW91/aptz 105.0 N L g 55.5 58.1
CCSD(T)/aptz//MP2/aptz L
CCSD(T)/aptz//B3LY P/aptz 120.0 Le =290 21.7 60.2
CCSD(T)/aptz//MO62X/aptz 141.1 VT TR
CCSD(T)/aptz//t-HCTHhyb/aptz 111.0
CCSD(T)/aptz/IN12SX/aptz 104.1
CCSD(T)/aptz/[MN12SX/aptz 104.0
CCSD(T)/aptz//B3PW91/aptz 131.8

X ¢ % ®gla £ 22 Born-Oppenheimer energies.
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Figure3.33 &7 1% = 2 7 3+ 8 #7{# 2 OCo00 4 > ¥ i=: 4£& (A) 4= 4 (degree)
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Table3.4.1 &% | 32% > 2

hartree & kcal/mol)

T 2+ & 9018 2 Singlet state OCuOO~

~ Triplet state OCuOO—

2 EA 2 (in

N 2 5= LS
AR T o

OCu0O™ (S) OCUOO~ (T) AE(S-T) OCuOO0 EA & °
MP2/aptz -422.03239 -421.90395 -80.6 -421.72759 110.7
B3LYP/aptz -422.96281 -422.97903 10.2 -422.84387 84.8
MO62X/aptz -422.80083 -422.86612 41.0 -422.85315 8.1
t-HCTHhyb/aptz -423.04431 /4@ 5367 5.9 -422.91972 84.1
N12SX/aptz -422.20871 £ -422. 2242_5 22.3 -422.10349 88.3
MN12SX/aptz -420.94678: -429 97439 -, 17.3 -420.92703 29.7
B3PW91/aptz -422.89459 r 0925 ’f 9.2 -422.77826 82.2
CCSD(T)/aptz//MP2/aptz -421.94142 '\> uil 96025/ 11.8 -421.74539 134.8
CCSD(T)/aptz//B3LYP/aptz -421.99860 | 421, 93938' -37.2 -421.80310 85.5
CCSD(T)/aptz//M062X/aptz -421.98027 |/ -421, 98333 1.9 -421.90200 51.0
CCSD(T)/aptz//--HCTHhyb/aptz  -421.99016 4 -221.95408 -22.6 -421.79913 97.2
CCSD(T)/aptz//N12SX/aptz -421.95305 -421.95934 3.9 -421.78117 111.8
CCSD(T)/aptz//IMN12SX/aptz ~ -421.95210 -421.93409 -11.3 -421.90456 18.5
CCSD(T)/aptz//B3PWOL/aptz  -421.95432 -421.95866 2.7 -421.80508 96.4

a;\g A

® EA=E(OCu0O0)- E(OCUO0~ (T))

F 2k & 2. Born-Oppenheimer energies.
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Table 3.4.2 &7 32 %> ;2 7 3+ 5 #71® 2. Singlet state OCuOO~ArO -~ Triplet state OCUOO~ArO 4 + &t £ £ 2(in

hartree & kcal/mol)

OCuOO—ArO (S) OCuOO~ArO (T) AE(S-T)
MP2/aptz -1023.83964
B3LYP/aptz -1025.57953 -1025.60818 18.0
MO062X/aptz 102535887 | ‘ N, -1025.47143 70.6
t-HCTHhyb/aptz -1025.58632/,,.~-/ . .-1025.60722 13.1
N12SX/aptz -1024.66666. - - -10?4 70664 25.1
MN12SX/aptz ) * '_ 4
B3PW91/aptz -1025.4214“& -1ozé 43464 8.2
CCSD(T)/aptz//MP2/aptz -10)23 93785
CCSD(T)/aptz//B3LY P/aptz 11023.94101 | /4 <1023.94219 0.7
CCSD(T)/aptz//M062X/aptz 1023949614 1023.93631 -8.3
CCSD(T)/aptz//--HCTHhyb/aptz -1023.95318 -1023.93968 -85
CCSD(T)/aptz//N12SX/aptz -1023.94452 -1023.93311 7.2
CCSD(T)/aptz/[MN12SX/aptz
CCSD(T)/aptz//B3PW9L1/aptz -1023.95098

X ¢ % ®gla £ 22 Born-Oppenheimer energies.
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Table3.4.3 &7 1233 2 T 32 5 #7182 Triplet state OCUOO~ArO 4 3+ z_4p %fs £ (in kcal/mol)

OCuOO~ArO (T) EA(OCuUOO)  O(T) + Ar + OCuOO—(T) O(S) + Ar+ OCuOO—(T) O+ Ar+ OCuOO

MP2/aptz 110.7 -30.8 35.9 473
B3LYP/aptz 84.8 -15.7 477 30.4
MO062X/aptz 8.1 4.3 64.0 -20.1

t-HCTHhyb/aptz 84.1 -13.6,, 52.5 34.6
N12SX/aptz 88.3 \ 44.4 37.2
MN12SX/aptz 29.7 .
B3PW9l/aptz 82.2 -26_1 N “‘ 415 21.4
NT o

Table 3.4.4 &% B> T -5 9rif 2 Slnglet state pOudO Ar@ A3 2 4p¥tac £ °(in keal/mol)

OCuOO—ArO (S) EA(OCo000) ‘*;lcj)d(-,T) +-§r + Q{:gﬂoo— (T) O(S)+ Ar+0Co00—(T) O+ Ar+ 0Co00
CCSD(T)/aptz//MP2/aptz 134.8 “ Y
CCSD(T)/aptz//B3LY P/aptz 85.5 -17.9 33.0 36.9
CCSD(T)/aptz//M062X/aptz 51.0 -40.0 10.8 -19.7
CCSD(T)/aptz//t-HCTHhyb/aptz 97.2 -19.5 31.4 47.1
CCSD(T)/aptz//IN12SX/aptz 111.8 -28.2 22.6 52.9
CCSD(T)/aptz/[MN12SX/aptz 18.5
CCSD(T)/aptz//B3PW91/aptz 96.4 -23.7 27.1 42.0
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Figure3.4.1 &7 I 1% = ;2 7 - & #7{¥ 2 Singlet state OCUOO™ /& # - ¥ i=: 4 £ (A) ; 4 & (degree)
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Figure 3.4.3 &7
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; 4= & (degree)

t-HCTHhyb/aptz

Figure 3.4.4 4.7

1.775A 2.523A

e

174.1°

SRR e L Slnglets;ate OCuOC\A(rO S H

1.668A

122.8°

B3LYP/aptz

'\.?

wc;, -

1.650A

1.5650A
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L711A 25774 _L657A

o2 ¢

176.3°
MO062X/aptz

1.655A
1.639A 1.753A 24704 2/ 1.645A
o2 ¢
1.639A —_ 20,7 1.645A
174.0°
1-HCTHhyb/aptz

Figure 3.4.5 &% 2%

FE TR AT

¥ 2_ Triplet stat OO0 ArO ¥ > H = 4L (A
| riple sae/QFy\ 0 &H - Bz 44 (A)

Il'/" !
Ll . S
o F - _
1.778A Errell- S I
2.561A 1.762A A S
1.776A ; u | ;
b L4 |2
— 132.8° i A
175.4° 1.762A ., -
\ N
B3LYP/aptz bﬁe a E}ﬁ
1.844 1773
1.711 2.560 ‘281 L7
3
I \-/'d ~ 1.847 120.9° L4
171.9 174.7 175.5° '
MO062X/aptz t-HCTHhyb/aptz
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Se ¥ 2 &4k &= Glyceraldehyde 2

Dihydroacetone ;’gd Mok & Bk IR T

#* &

AEFET Y o AP 4 k4R e (prebiotic) ¢ 4 formose
reaction & = glyceraldehyde ¥ dihydroacetone i i%:E-k 2 3 it
FReeE Jtpdl o MP2/6-311+G(d,p) IZ* i et B 5 R AT

'x

/
X5 it & (uncatlyzed )'rﬁﬁffz‘ ; \"“’ﬁormaldehyde & =
s AN o

glycolaldehyde % 7 79QkCaI/moJre mF {@sb r;ﬁf" e a- B HO it
"-\ | | - | » l."
L
-k & (microsolvation ) lé?h“f i i@ zﬁf pr@ton relay -t F & e i
‘a N .
"‘I 2 = Wl \R A =7
K I 612kcal/mo|ewkﬁm NHg: ik & AR T e WO
2R e % o dodk £ 4 » bulk solvation effects enig it » b F
¥ - T *E 3~5 kcal/mol ek s e iz & B 0 HyO -

NH3 ¥ 125 sz iv 4 4=k - & ¢ ¢ formose reaction » & formose

reaction ¥ B { % % &7 o
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4.1 %3

A E2 2R BRI L ARG E K2 E hE &R T
PEFERBLEND I S - BTG ML AR -85
& (prebiotic chemistry) 1-8 o« — 235 & 35~40 fg& i > ¢ M3k
BTATAR 22 A SACRF G ST i H R4 5 (abiotic
molecules) » &4 1 -k (H)O) ~ 7 g (CHO)~ § i@ (HCN) -~ 7 'z
(CHg) ~— % & (CO)~ = 5 2% (CO)~ % § (Np) %> LB}
s RS2 AL A ”ﬁ/ﬁlﬂé\: (building block) » &4 : #
DNA £ RNA mﬁéﬁgﬁ%eﬁ 895 ;w“%ﬁzrff&(RNA& DNA) %

E a—— I -\-. . T ll{.-
I - B AR - 'E'fsﬁé?éﬁ" nﬁ;dvfﬁa;w an:\ ot b B Azdnde e

-

,.»-”

nﬁf’ﬁwimmwﬁ%%¢»ﬁw\ﬁ ROl
/ cadi e

(formaldehyde )% & & & > 7~ f & B pEF & ( formose reaction) 9.

Formose reaction & % o & & it & #_ Aleksander Butlerov *td ~
1861 ggﬁigr‘Q ] cllvjt\,g/,-\‘” —r,ﬂwg\ﬁgﬁﬁw\;:gﬁg
(CHy,O) ¢ Ca(OH), (Ca2*) % ivH »:2m A2 p L% L BRF
f&(aldol addition) » 25 = 2 i g e glycolaldehyde ( COHCH>,OH , Co
sugers) v i@ — HAr r - RO EES QI ERLEFTE RIS 3 BAL

1 glyceraldehyde ( COHCH,OHCH,0OH , C3 sugers) £2

dihydroacetone ( CH)OHCOCH,OH , Cgsugers) » % ¥ 4c » 4% % en®
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FE - B {8 %17 6 BA i pE(ribose, Cgsugers) - § &+ & | &
~ 1959 # ¢ Breslow £ 1974 # &1 Mizuno 2 Weiss 4 = B auEf
KPR e R pE s et 10-11 o 4 Bed (60°C-80TC) 22 ¢ (&
SSELME) kAR IRR T I 7 g (CHpO) & Ca(OH), (Ca2*) %
feiv F:e 7 F & > 3|25 Cq~Cysugers pF » ¥ & 4 Cannizzaro

reaction ¢ i@ & 4~ g EFAFpe > 5 H|ETiL b#m»ﬁ»ﬁagr} 10-16

)OL PO

glyceraldehyde
formaldehyde
e o
HO H
o}
formaldehyde glycolaldehyde J\ HO OH

dihydroacetone

H H

Scheme 1. Formose reaction

I - |

/
L chv g 1217 U’Z;formo’s‘e rea&wn MEF S 0 A Sk

W47 21>+ glycolaldehyde (COHCH»OH, Co sugers) 2z fs ek J& o $43%
#_ formaldehyde » &2 = glycolaldehyde & Ji4% 4 ~ transition
state (TS )erdFE 3t 4r ¥ F 7 B o &d ~ 2013 & & F7eh1~ gle 12 ¢ 4 7]
# B3LYP/6-311G(d,p) 3= # = /% 4 + Poisson-Boltzmann ( PB)
implicit solvent 18-19 &2+ 8 5 e # j2 4 3FF4g i @ * -k (Water, HyO)
& % (Ammonia, NH3 ) it & Bk R4

BAFT Y > NP A L i d RIS E s S
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formaldehyde 3| & = glyceraldehyde ¥ dihydroacetone 5§ it ® =k
s8] & 12 ek & $04) (microsolvation model) 3 fiokei3 A 2 3 B2
Fepedpanics 4 Hie® 4 TF F @8 iR L2 e+
FEAETE R A - BATOL R AhE o

B s -5 ¢ OTRCERE R84 A F Bk % polarizable
continuum model (PCM) #tH-#e ik 4% D1 dey ¥ o 2 = %5 p%
(ribose )enk JEELE o A Bt d T REREFZ > AP ALET A
( formaldehyde )% & = glyceraldef]yfje ( COHCH,OHCH»>0H, C3

/ i
sugers ) & dihydroacetone(QHZO'-H&BCHZOH, C3sugers) it {742

AN S

ES ’

T J LI L g —_—
e . ]

{'.Ilfg_. D . :%\;
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AFFT A B RLSI24 (Density Functional Theory ) © en
B3LYP 18- ;x yx iz pople-type # & 19-20 6-311+G( d, p) =4k & & #c 1
3 > 47452 (Abinitio method )® = Mgller-Plesset Second-order
Perturbation Theory ( MP2 ) 21 ;2 3572 pople-type # &6-311+G( d, p)
PRAIFFEF R LA T EREDEE CREFEGE o

4o% 23 mAE (imaginary frequency ) Bl 5 i £ & %

@ 5]

¥
Rt

B AR SRR - &%i@fﬂ%r@ﬁ#ga A

intrinsic reaction coordlnate’( IRC ) 1 EPM?\JF&V JE et Frdd o

E"'-. S

\ et A —— \_ LT .-ff’
AR A 2 %m%a, '3?' | p% s 'av ﬁ{f—ﬂ“/wlfﬂﬁmﬁ I

Z@#* SCRF * PCM ~‘uz§¢¢ﬁ,m f@g’w% kenB o AT E R
NG
vég ey
A& &4 e condense phase ¥ 3 ¢ (bulk water) =g & %1 > fgpt 2
20 NP AR R S e A T (4R ¥ #k=78.3553)22 > & PCM

model & »cHidRF b B3 M2 B (5% 4 5 ¥ - AR ¥

microsolvation model (#&c-k & #-3]) » _f % i & & SCRF model = »

‘Zzl

Fy- e eicam (ka3 2F) HEREBGE o
AP gt 2R P AR S explicit water o I pt 2 xR R

Fleb e a2 BE$ 3508 4 RRGEHF 0% o
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AT R g 8 it R e £ & B E 1 *  intrinsic reaction
coordinate (IRC) Jiip| it & B X gL#T SR Ry AR
(initial guess )i {7 St de i 1 AT 3 0 0 U A B9 FEL LI R Y
% & formose reaction 7%= 2L o

peeb R { B FF 32 % > 2 Coupled-Cluster Singles and
Doubles Method with Noniterative Triple Excitations : CCSD(T) 23 457

aug-cc-pVTZ (55 % ~aptz) hh R Snficii{ B €358 - 2+ 5%

5

*1"/'2:- e :E\_s
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43 %% f3tm

4.3.1 formaldehyde & = glycolaldehyde & B+ 2 ps £

i
0 H H @)
| formaldehyde
—
H H HO H
formaldehyde glycolaldehyde

Scheme 2. The formose reactiorJajor glycolaldehyde
BANPANH T - F;}@ ) I-;{ff»\\fﬁ)rmaldehyde £ 2 2 BAE
,/

\
glycolaldehyde ( COHC‘HZ"@H CTsugers) mﬁff@%;w |22 4p i £ o 7]
' | | | C lII'
i
- #HF B CH)O+ Csz 9 CQHCHZOI-F formose reaction =

@ -2 2 (RDS, Rateﬁg)eterminmg%ep) » ST AR S AR

L ERFE M T F s B(barrier) s B F R E BT o

i
A%

- % F & MP2/6-311+G(d,p) == 2 » F BE-RBRT A

e

@it (uncatalyzed) fr-k(Water, HoO) -~ % (Ammonia, NH3 )~ ¥ A%
( Methanol , CH30H )#2 ® A #i¢( Methylamine , CH3NHy ) it & & e
te¥ti £ Table4.1.1~412 74 o % - % F s CHyO + CH,0 >
COHCHoOH & fg fa ~ ARt aig 2™ » F 7 45— B 79.0
kca/mol & Jisic i > 4o Table 4.1.1 #77x - & Figure 4.1.1 0 TS g
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g IVF g S T+ &4 (proton relay)
L EREE g i~ - BoR(HO )R TR iF > P b it enk e iR

¥ 3 6l.2kcal/mol > & Figure4.1.2 # ¥ 5 d1d 35 kA3 & %

-El “

AN S E A f A BoR(H)O )R T 7 s Pl ik enk R

7

v '8 { - "8 2 554 kcal/mol » TS Fp4c Figure 4.1.3 #1777 » i

g
¥
=
F}-
o

ol T Fh A
TR E REAF A - BE(NH3 ) TE o Bl F i

7' 1 48.6kcal/mol - 4 Figure4.1.4 ¢ ¥ 5 Iid v g &3 2 5 FF
" L]
'x

A
AR F g W‘i( Hs)lér“frﬁﬁ’ﬂ]ﬁdmﬁf@nb

I

7

_ . ‘\_
e %3 41 5 I/mO'I"—’ TS f#%rfFlgure415 Tt
" | | - ] l."
ay J
WF b g AT L L Bt
g’ /

N

BFR O ﬁ%(CHgOHJgg ieb‘-‘“*iﬂ N I CE S A CRE N i
(CH30OH )it i3 » P F it ek el 7 "% 2 57.0 keal/mol > ¢
Figure 416 ¢ ¥ ¢ did 7 i o 3 & 5 F 3+ 8 i A D B f & -
3 i P fE(CH3OH )it T {7 » Bl F it enk e fae "8 { € > "5 1
48.7 kcal/mol » TS ti4c Figure 4.1.7 #7177 » & (8 5 s e ® fR 4 %] B
Z T FEEET

Bois @ ® ® A R(CHaNHy )5 it & o o F EF g s~ - B 7
A v CHgNHp )i T g 7 » B+ st enk it e v " 1 45.3 keal/mol
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d Figure4.1.8 @ ¥ 5 id 20" Akl 3 & 5 T EB DS S F

F Rk~ 3 B 7 AvR(CHgNHy )it ™ & 7 (Figure 4.1.9) » B} it enk

=
o
e
-
BR
P
A
BR
fn
N
N
H
.
o
=
~~
3
=3
_|
w
‘_
—_—
e
e
a}
I
«Q
c
-~
@D
N
H
O
T,
T
|

R Rt Arnfis T EE A -

- Wk AR a T o drTable 411 ~4.1.16 #7577 o f-K
AT W AE BT R By T % 3~5kcal/mol o £ A iR
24 MP2/6-311+G(d,p) %> 2 T * & B 5 (NHg )& 7 i 5 i

hF BT TURE EaREI %3 415kcal/mol ; Aok ik

B

/EI‘\\\,
T R e IRE R 397kca|/rrfo| o
/ e - H\\_
& CCSD(T)/aug- cif{pVTZ//MPZ/G 31»1+G(’¢fp) WH> 2T R A
"x L1 - » /
[ e

B4 (NH3 )it 7 0 F bl fofi £ j_; 'T;'%--'iiu f’% F a3 407
kcal/mol ; & kizR™ > Fo@ab 2 5}@14 kcal/mol - & formose
reaction % - # ¥ & CH»0 + CH,O > COHCH,0OH

(glycolaldehyde ) » 5% % i&f7 o
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4.3.1.1 formaldehyde & = glycolaldehyde erig it ik

b afegdin @ A PG £ & R ko o formose reaction % - 5 £

1_

& CHy0 + CHyO - COHCH,O0H ( glycolaldehyde ) w5 it e
THRE G ORI E it oo gt 2N S LR R 3 e A oK

(Water , HoO) ~ z (Ammonia, NH3) ~ ¥ % ( Methanol , CH30H )& ®
A %2( Methylamine , CH3NHy ) & it & & doie ' M F i i o 35w

B R B BT T B Figure4.1.1~Figure 4.1.9 -

[£35 3% PR SRR L= 1=t 4:2\1'8 ‘—F‘:- ""JFIiE'JE’ i m’%ﬁ—?
;ﬁ?j—i'g 1566:&“] l,{iu/%ﬁ’_,;_ﬁﬁ)} 5' Eﬁ‘nﬁbl'm()}%?—-b,"]g\,
E\:‘ S~ P, x_.
OH 4 » 4r Figure 4.1.1 r:\r?—.i b |_ - | i)
-,:

+—d%k“h0héﬁ* ’“Wﬂwﬂgﬁﬁ%zkv\lmmA’btﬂ
f A

&
FOREHT TS B0 01204 5 A HZO ¢ OH 44 7 3 &

% 1.1134 aﬁﬁ;?ugc_ig;ﬁﬁ%if— BRSO BRI > A5
OH 4 » F|:Z:E Bk & > 4 Figure 4.1.2 #151 o

i Bk (HO) ™ » » g e 3 R &P £ 1427 A » v 32
FORLCAT TS B4R 0139A 0 A A B H)O ) OH &+ 7 3
L3 E 3 1.038A 2 1.020A >t f- BRI T TS B
onmA’%ﬁwugiﬁéﬁﬁiﬁw4ﬁaﬁ;ﬁw)ai,ﬂﬁ:OH

o TIEERR G > oA Bok(HpO )% Lis HpF - 4 b chd B 5 11 4
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AF - BR(HO )L ™ kens H> 3t F a8 B-R(HO )BT 5 F g
e[ % 0 o Figure 4.1.3 #1om o o

d§ 4EE B4 4 % T dode » HyO ~ NHg ~ CH3OH ~ CH3NH,

T

FOC AT R RN R R R TS R K F
RFRBL LA -

formose reaction % - # ~ & CH»0 + CH,O - COHCH,0OH

Rl

(glycolaldehyde ) .-k i ;% (PCM model ) ™ s 22 & F f& ™

s

B0 - R e R R T RS R E i e

L
Pl

/ i.j \\"\'

I N |
Yoo W/
W ” ¢
o\
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4.3.2 glycolaldehyde & = glyceraldehyde g5 B4 dp it £

o)

o " /U\ .
OH
/_{ formaldehyde
HO o}
HO H - =

glycolaldehyde glyceraldehyde

Scheme 3. The formose reaction for glyceraldehyde

FF A3t formose reaction ¥ % = K BehE - AV o F

L
|, !u

Wl glycolaldehyde(CO«HCHgaH C2 sugers) & = 3 B

\

glyceraldehyde (COHCHZGHCHZQH C3xsuge'r/§) F s 2 Ap 4
5 | i - | p .. /'III
NF o 0K b & MP2/6- 3\’1+G(d,p) -ﬂ,; D FREkART A
x _

gLt (uncatalyzed) r- J\(Wéier H’ZO) b’% (Ammonia, NH3 ) it &
Rertp$tae £ 0 4o Table 4.2.1 ~ Table 4.2.2 #1571 o

COHCH,O0H ( glycolaldehyde ) + CH,0 > COHCH,OHCH,OH
(glyceraldehyde )& e & ~ A it cnix 27 > £ B 7 Ba%-  50.7

kca/mol * Ji it I > 4o Table 4.2.1 #t5r - d Figure 4.2.1 1 TS ,fs—pkfg_

AT GO E ik S0 HE A (protonrelay) F Ao R BT OE A

Ez

i~ — BoR(HO )it Tagis > Rl itenk e g2 32 535

kcal/mol> d Figure 4.2.2 # & 5 did »t-k a3 & 5+ H4 i/
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F g b~ B Bok(HO)R Tk > TS B 4pde Figure 4.2.3 #f7r

"

Pl it enk ac fe "% Mo "8 3 33.6 kcal/mol » @ {8 F Ji -k gl et
ZTLFRER

FeFr g (NHg )% Bt # o0t F p g &~ - B & (NHg)i
iC TR B R Ba BT %“éﬁi 21.5 kcal/mol > 4 Figure 4.2.4

LA

Md N FAF LT IEB P S FF A3 B4 (NHg)

~m

it TiiF TS, ‘L’]‘#:Qt” Figure 4.2.5 #177 » P F iF ek i I "% {
% > "% 3 13.8 kcal/mol » & 18 ;:;,@,15 f[EL 2. T LR ST o
y r‘\
PE O ok R }~(H20/5‘@f-' TF Rt g i ok(H0)

\

BT R i BT "%“"““" ﬁ,ﬁ@ 5\ r‘*‘ﬁ e IVIP2/6-311+G(d,p) Z
| |_ - .III

%S ETRY A BA (NHE)xEﬁ @_w};)@ b E T R R
-A 2 4 A \R T»
AR 138kca|/<r@o| HRRET 0 F feiciE D 113
kcal/mol - ## formose reaction % = # & B ¥ i & B4

glycolaldehyde ( COHCH»OH )+ CH»O - glyceraldehyde

(COHCH,OHCH,0H) » % % & {7 -
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4.3.2.1 glycolaldehyde & = glyceraldehyde it &

b adavndm ? A Ge £ & R ko formose reaction % = 5 ¥
it F Jst%+4] COHCH,0OH ( glycolaldehyde ) + CH,0O >
COHCH;OHCH,OH (glyceraldehyde ) #j fLit i ™ - 485 7
PR it B oottt VP AR LR R Rt 40 ok (Water, HpO)
22 5 (Ammonia , NH3 ) § it & F doie % M F it 3o 38 m enifg 8 B
GBS iae %P Figure 4.2.1 ~ Figure 4.2.5 -

[£35 30 PO SR L= E /ﬂ{; -‘;Lﬁ& » 4o Figure 4.2.1 #7151 >

GREE- R ﬁwmga}ﬁgﬂﬁ 1514A ﬁw;m [ T

bl

glycolaldehyde t ¢ C= @\fﬁ b A5 i OHézi J
".
b J\(HzO)'él‘** ’ “;ﬁ“ m@(\—ﬁww« 1.371A » 32

.-f __r A .

&
FOREHT TS B 01434 5 A HZO ¢ OH 44 7 3 &

3 1.074A > i‘}“? 1A 4 K3 @ 3 glycolaldehyde + ¢ C=0 4 -
A% OH 4 » 3w E Pk > TS *ﬁﬁr Figure 4.2.2 #17 -

i Bk (HO) ™ » o g e+ &8P £ 14044 5 v 32
FORMHT TS B 0.11A 0 A S B HyO # OH 4+ 7 &
F&ED 1.042A 2 1081A - Bk BT HTS S > 0.032
A i 1A 4 K+ @4 3 glycolaldehyde + e C=0 4%-2;% OH 4 >

FIEEAP L 0 4o Figure 4.2.3 #75r o i -k (HoO ) g it &pF »
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EhhE RS G - BR(HO)RIL T keht » # Ad Bk
(HO)iit ™ » F el T8 { % -
d GEE BAE L DRI T drde 2 HpO~NHg f L &7 5 d 5>
B RRFI S RERE R RFRLFEER
formose reaction % = # ¥ it ¥ i COHCH,O0H ( glycolaldehyde )
+ CH,O - COHCH,OHCH,0H ( glyceraldehyde ) &k ;% /% (PCM
model )™ ehig i B BT iR EAE I - R g LI iR T e

R R L

* —-""/ s _\ 5‘\\-_
E.:"'\"i.-:_"::‘; -/ . _: N . .-_:'_,--;_
\ ' ' . /
w2
Yoo « /

1 A L
J/i:j-— S :E‘\_Is
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4.3.3 glycolaldehyde & = dihydroacetone &5 B8+ 2 tp it €

0

O H)J\ H 0
formaldehyde
/ f HO\)k/OH
—h

HO H
glycolaldehyde dihydroacetone

Scheme 4. The formose reaction for dihydroacetone

FF AP dk formose reaction P % - K BnE - AT A R
¥+ 7¢_ glycolaldehyde ( COHCHZOH) & & 3 i g e dihydroacetone

(CH,OHCOCH,0H) 15 f@t&f’# I if\* B AR N 3

.--"'/ o

»” b
MP2/6-311+G(d,p) 2 '%\”% i - »72 i ;%‘f’if')‘r%\ *fgL it (uncatalyzed)

B
fe-k (Water , HO) & (A:’mmoma NH3) Tuéxh FEeip i £ 0 4o

Y ,/" - \ /

Table 4.3.1 ~ Table 4.3.2 'wg, - ﬂ._bg-,

| [ \v‘_./’_

COHCH,0H ( glycolaldehyde ) + CH,O - COHCH,OHCH,0H
(dihydroacetone ) % A f i ~ A S WIL i 2T 5 & BT BAR-
58.2 kca/mol ¥ & a: It 0 4o Table 4.3.1 #t51 - ¢ Figure 4.3.1 510 TS
BT AR BREM T+ EH (protonrelay) 7Aoo gt F BT E
mf i~ - BOR(HO )L TigfF » R P itk Bl gtE T 36.9
kcal/mol » 4 Figure 4.3.2 # ¥ 5 &1 d 30k &+ & 5 3 &# a1/
F g & BoK(HO )M T2 {7 > TS %4 Figure 4.3.3 #77
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P ik enk o v ' K> "8 1 30.3 kcal/mol - # 18 K R Aok ¥l B
ZTLF R

FeFer £ (NHg)F Bt e F BT 3245 &~ - B4 (NH3)
it T o P stk Racla v #1213 keal/mol > 4 Figure
434¢ T Md Mg A IS ST IEB LA F LG E S B R
(NHg) it ™ ig {7 » TS S t4c Figure 4.3.5 #77r » B} 3t ihF Jiit f
VL M2 13.8kcal/mol s i (Bt K g cnFlEr . T F Sk

|.

COHCH,0H ( glycolaldehyde ) +\=«I20 - COHCH>OHCH,0H

T

(dihydroacetone ) * f(‘%fﬁ?’fﬁ“ ﬁ}l i "é_rr f‘f;f%nb b A g AT R
| | - | p .; lIl'

il HT % 3~5 kcal/m}il ﬁ&w 5¥ i ﬁjﬂg& MP2/6-311+G(d,p) =
Hmr TR A B A (NHgJi;:;r:m «%i‘rh F%{&‘, T ow i F AR
TE ™ %1 138kcal/mol ; aokART o F Bac kRt 3 11.3

kcal/mol - ¢ formose reaction % = # & & ¥ it & 1541

glycolaldehyde ( COHCH>OH )+ CH»0 - dihydroacetone

(COHCH,OHCH,0H) » 5% % & {7 -
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4.3.3.1 glycolaldehyde & = dihydroacetone =& #&

bt antss ¢ A G & & & % o formose reaction % = A ¥
v eF 4] COHCH,OH ( glycolaldehyde ) + CH,0 -
CH2OHCOCH,0H ( dihydroacetone ) %3 it effi-in™ JR.5 § it
SR e B gt A L EE KR S 40 ~ ok (Water, HpO) £ %

(Ammonia, NHg ) & @14 3 E 4ofe '8 MF i B o 35w enid 81k AL

‘3H-

WF AT 4R Figure 4.3.1 ~ Figure 4.3.5 -

BF B AR ehiE //*‘ﬁqs 45+ 4e Figure 4.3.1 #777 -
¥ 115 ¥ glycolaldehyde.. Vm;‘r—? AR NZ]A 17y S EH

E-.'\-,

W e o x__

3 9@t eh C=0 4 ﬂv\?\:' ®H|£zir° /,f

ho 1B J\(HZO)@:L* fglycolaldehxdé b S 2 R P L 1371
v& y - N
Ao HyO b OH 4+ 2 Z4nk 1 1088A » o7 A2 o 4 #
TP EEt e C=0 4035 OH 4> 7|:E A% & > 4o Figure 4.3.2 #7
s -k (HpO )it = »glycolaldehyde ' e F+ F & 3+ & 1.399
A>amd B HO 7 OH 42v % 48 L% 1.036A 2 1.0184 e
TIAAFIHESI Y P a0 C=0 4> A% OH & FlE A K
f& o 4e Figure 4.3.3 #757 o fei B-R(HyO )3 it & pr > Bt R4t &

b RS - Bk(HO ) T ket s AA Bok(HO)
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LT F i TEL S o
d GEE B4k & n® I T drd » HyO~NH3 o i 7 JEd R0 3
B RRFI S RERE R RFRLFEER
formose reaction % = # ¥ it » & COHCH,OH ( glycolaldehyde )
+ CH>,0 - CH,OHCOCH,0H ( dihydroacetone ) %.-k % ;% (PCM

model )™ r—’f’l“éﬁ‘l’i’ Bg AL T e é:-’f?_@;! 02— R ey B el ‘F,’K B
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4.3.4 glycolaldehyde 4 1,2-ethenediol & = glyceraldehyde ehk

il fpsa £

@]

HO formaldehyde O
/ f — \/\OH I HO\)\/O

glycolaldehyde 1,2-Ethenediol glyceraldehyde

- -

Scheme 5. The formose reaction for glyceraldehyde

& F A3 formose reaction ® % = 3 F Bk Z AV v F R

L
|, !u

B 0 g glycolaldehyde(CQHCHQSH Cosugers) 8 4

\

( enolization) = 1,2- e"thenedlol —{1 2 Drhydm}(yethene CHOHCHOH
' | i - | N l."
L

Cosugers )£ 5d  1,2- eth\hedlol \é: é« 3 lﬁ?ﬁim glyceraldehyde
(COHCH,OHCH,0H , C3 ak@ers) %;; M4 22 4p 4 i £ - Table 4.4.1
~Table 4.4.2 7] 41 F Ji & MP2/6-311+G(d,p) 3% = i3 » § AL ¥ ki3 %
T A& (uncatalyzed) -k (Water, HoO) ¥ 5 (Ammonia, NHg)

it F feip¥ta £ o

Table 4.4.1 % -+ COHCH,0OH < CHOHCHOH + CH,0 >
COHCHoOHCHoOH » & f 4 i ~ A it enif 2T » F L 7 X
- & 48.5 kca/mol » & vl (TS1) > 25 = 1,2-ethenediol - £ 4% B
29.5 kca/mol & & it e (TS2) - A= glyceraldehyde - ¢ Figure 4.4.1
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e TS1&TS2 ¥ 5 I F g js F =+ #4 (proton relay) & i - g
F}@.Tgﬁ_f?@ ~— BoRK(HYO )it T i o Bl F iE % - F R
(TS1) ¢w&= 3 49.3kcal/mol » % = F il (TS2) ¢ %% 3 -2.3

kcal/mol - & Figure 442 # ¥ 5 Jid »>ka 52 5 TSI&TS2 F=+

|

A A S E f B3 BoR(HO )Mt T ie (7 (Figure 4.4.3) 5 B
Fitend — F fgacfa (TS1) € %4 31 43.0kcal/mol » % = & J& i I#
(TS2) ¢ 2 -O.1lkcal/mol > @ {FF i -kenfetz T { 558 o

B¥rR* 5 (NHy)% it Al o gt F BT F b fi - B % (NHg)

VN
BiLT R F o B ik e F//@sb l‘:;z (TSl) €' 3 36.4 kcal/mol -
A Ny
%= F kil (TS2) %{“i; —104 kcal/mal ’;ﬁ Figure 444 # + 3
' | i - | » l."
Ml g A F AL T \?TSZ Er—h#ﬁ;’r;rﬁ IS S ANE N

\ ,

(NHg ) feit = & 7 ( Fugure<42,45) SR Fabend - £ i (TS1) ¢
*# 1 29.9kcal/mol> % = * o (TS2) ¢ *%# 1 -4.0 kcal/mol > i ¥
Floteg cn§lesz T F A8 -

Bofs A PR A MP2/6-311+G(dp) ®#%m3iET o A B4
(NH3 )i Fii-rF v g % - F Bac ke (TSL)™ 2 &> % 29.9
kcal/mol » ¢ formose reaction % = # & & ¥ it & &5+
glycolaldehyde ( COHCH>OH ) < 1,2-ethenediol ( CHOHCHOH ) +
CH»0O - dihydroacetone (CHoOHCOCH,>0H) » & % % & {7 -
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4.3.4.1 glycolaldehyde & d 1,2-ethenediol & = glyceraldehyde =%

R

Bt et ¢ PG £ 4 & k5 formose reaction ¥ = 4 7
it & 4] COHCH,OH ( glycolaldehyde )«» CHOHCHOH
(1,2-ethenediol )+ CH,O - COHCH,OHCH,0H ( glyceraldehyde ) 7
LI T R E RIS i Fo Ayt A S R R R R

4v » -k (Water , HO) £ 5 (Ammonia, NHg ) 5 &1t & & 4o @ "% K F

L]
SN
= 2 2 H- . / i‘ - -
i B o P i@ iRk L SR R R Figure 4.4.1~ Figure
—""/'-.- .r-_ - H\\._ .
4.45 N =

g A~ AR mllu % T.’Ivﬁk:rs:]. *ﬁ“_ » 4r Figure 4.4.1 #7571 >
# 124 3] glycolaldehyde P'gazf%"—zk ﬁ, :}v &\1 482 4 7 vt I HH
1 glycolaldehyde + 2 C=0 4t - 224 OH 4 > 25+ CHOHCHOH
(1,2-ethenediol ) » 3 % 45 3] 1,2-ethenediol £ @ g+ C-C 4 £ 1.693 A
TS2 %4 > 4o Figure 4.4.1 #77r » A;= glyceraldehyde -

& - B-k(HyO)Eit T » 4o Figure 4.4.2 #r5+ > glycolaldehyde
hif+ % &K 1.537A-% HyO ¢ OH 4+ » &3 10574 >
¥v U A 4 F 3 # 45 3 glycolaldehyde + ih C=0 4& > 3520 OH 4 >

|3 8 fi (TS1) » 25 % 1,2-ethenediol - #: % 1,2-ethenediol 7=+
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Z&PE 1L119A > 52 HO 9 OH 4+ = Z+E 3 1.046A B
A FFESI RS h C=0 4 A2 OH 4 252
glyceraldehyde -

o -k (HyO )it = » 4 Figure 4.4.3 #751 » glycolaldehyde *
h FF 3 E$E 16024 > 75 B HO ¢h OH 4+ 5 3 &£ & 3
1.093A z 1.053A - D X #+ #4 1 glycolaldehyde + &0
C=0 4 > 252 OH 4 » | 48 Bk & (TS1) » 252 1,2-ethenediol -

$%¥ 1,2-ethenediol 1§ + 3 L4k 1.052A > ® HyO ¢ OH 4~

.' !u

Fg LD 1.208A s 1256}\3[*“"“’*§—i o a el o
\

P

C=0 4t A2 OH @f{ﬂ“‘a\ glyeeraldehydeb;,iﬁ Bk (H)O )% it

.' I..
| | : ,r

CIN R X = Ji%w 5 1*; -1 F;(HZO)@:LT foed s 3
A Bok(HO) i %E )@;’ﬁﬁ\%\{ 5o
d4EE 4 E i ot~ HpONHg § Uit &7 fEd 50 3
REPURATH T I RS R E RS Bl RF R F b RF
formose reaction % = # ¥ it & &%+ COHCH,OH
( glycolaldehyde )«» CHOHCHOH (1,2-ethenediol )+ CH,0 -

COHCH>OHCH»OH ( glyceraldehyde ) #-ki% /% (PCM model )™

RS GF BT R
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e NN e Tl N Y #F' Pl w* MP2 ¥ B3LYP 2%
$rfe 6-311+G(d,p) =k & S0l A F A & -kiA & e Formose reaction
EEE SN T ER S IS SRS LR R SR
2% % o

Formose reaction ¥ 1% — # & Jeit [ (5 eid 200 3) &
MP2/6-311+G(d,p) 2% > & ~ F & T » * & B4 (NHg )i 7 it &
B o FOAGE R it TR B S /ﬂ 415 keal/mol 5 & kizie ™ » K

Beii % 1 39.7 kcal/moke T T T

£ 5 1 =
Errmi e )

N ““'r
% CCSD(T)/aug-cc- p\\/\?TZ//MPZ/G 311+G/(d p) M#H > F TR A

nm(NHg)wam@nbﬁf@M,,w %;%Fﬁ%sb}‘ 8% 1 40.7

{5—" LA 5 - B‘U
kcal/mol 5 #-kiaiz™ » F Jgic ' 2 38.4 kcal/mol » # F fad % %

T oo

¥ E B Formose reaction & 44 m 2 > # % & B % (NHg):&
FiCF o A E - E Y R ERE RARTEER S R F BB E
BB (Todrdk BoRA R aiE R T ¥ 0w i B4 Formose reaction ik g
i e T ' 3~5 kcal/mol > * CCSD(T)/ aug-cc-pVTZ H 2hic & & % »

2% 7 ' 1~5 kcal/mol o
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4.6 Tables and Figures

Table 4.1.1 %4 i 2 MP2/6-311+G(d,p) = i# T 3+ & CH,0 + CH,0
- COHCH,OH #p#tic & » 1 & HyO ~ NHg ~ CH30H ~ CH3NH, i
v 4p¥tac £ 2 (in keal/mol)

MP2/6-311+G(d,p) formaldehyde TS glycolaldehyde

uncatalyzed in gas phase 0.0 79.0 -24.5

one H,0 catalyzed in gas phase 0.0 61.2 -195
two H,O catalyzed in gas phase 0.0 55.4 -22.8
one NHs catalyzed in gas phase 0.0 48.6 -23.3
two NHj3 catalyzed in gas phase 0.0 41.5 -26.4
one CH3OH catalyzed in gas phase 0.0 57.0 -19.9
two CH3OH catalyzed in gas phase 0.0 48.7 -24.3
one CH3NH, catalyzed in gas phase 0.0 45.3 -23.9

two CH3NHj catalyzed in gas phase

i 0.0 42.1
s

~ I
AKE T REN R Boﬁp:.o/p)gen___girﬁengﬂergies.
E:;:_:-_.:-%%. _r _-_-\ ."'I. - ..___.:-'_'__::I'-

\\. = ) ._/.._.--—'—- . -,._. ¥ )
Table 4.1.2 t-k i o i MP2/G-3II#G(dp) = i# T 3+ ¥ CHpO +
CHZ0 > COHCH,OH 4p # it 2 i-#2-Hp0 « NH3 ~ CHgOH » CH3NH;

B Ap¥tac £ 4(in kcal/mo‘l)q; T ’;L-"f
MP2/6-311+G(dp)- - - formaldehyde TS glycolaldehyde
uncatalyzed in water phase (PCM) 0.0 76.4 -23.3
one H,0 catalyzed in water phase (PCM) 0.0 58.2 -21.4
two H,O catalyzed in water phase (PCM) 0.0 51.2 -24.5
one NHs catalyzed in water phase (PCM) 0.0 40.4 -26.5
two NHs catalyzed in water phase (PCM) 0.0 39.7 -28.7

one CH3OH catalyzed in water phase (PCM)
two CH3OH catalyzed in water phase (PCM)
one CH3NH catalyzed in water phase (PCM)
two CH3NH, catalyzed in water phase (PCM)

®X & 7 % £tz Born-Oppenheimer energies.
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Table4.13 %4 i » N7 FE%m > 2725 CH)O+CHyO >
COHCH,0H #p 4t £ °(in kcal/mol)
uncatalyzed in gas phase formaldehyde TS glycolaldehyde

MP2/6-311+G(d,p) 0.0 79.0 245
B3LYP/6-311+G(d,p) 0.0 76.3 -23.3
CCSD(T)/aptz//MP2/6-311+G(d,p) 0.0 76.4 -26.7
CCSD(T)/aptz//B3LYP/6-311+G(d,p) 0.0 76.2 -26.8

Table 414 %-Kizi% > M7 FIL%> 27358 CHyO + CHO >
COHCH,OH #p %fsc € °(in kcal/mol)
uncatalyzed in water phase (PCM) formaldehyde TS glycolaldehyde

MP2/6-311+G(d,p) 0.0 76.4 -23.3
B3LYP/6-311+G(d,p) 0.0 74.7 -21.6
CCSD(T)/aptz//MP2/6-311+G(d,p) 0.0 74.5 -25.0
CCSD(T)/aptz//B3LYP/6-311+G(d,p) / |\, 0.0 74.3 -25.1
SIS
|/ \'n- -
i _ W
Table 4.1.5 & i » & J’F’I‘”;ﬁz ,} ':_K"L g G)—IZO + CHZO >
COHCHoOH #p %t i¢ g‘\"-\. b L l[as Hzp *@Ll“ﬁﬁ 50 £ %(in kcal/mol)
one H,0 catalyzed in ga} phase. formaldehyde TS glycolaldehyde
MP2/6-311+G(d,p) ‘* 5o 61.2 -19.5
B3LYP/6-311+G(d, p)vé; o %»O 55.3 -17.8
CCSD(T)/aptz//MP2/6-311+G(d,p) 59.1 -20.1
CCSD(T)/aptz//B3LYP/6-311+G(d,p) 0.0 56.7 -20.3

Table 4.1.6 & kiziR » 147 > # T35 CHyO + CHO >
COHCH,OH #p%tac £ » ¥ % 1 % HoO it 4p %t £ 2 (in kecal/mol)

one H,O catalyzed in water phase formaldehyde TS glycolaldehyde

(PCM)
MP2/6-311+G(d,p) 0.0 58.2 -21.4
B3LYP/6-311+G(d,p) 0.0 54.6 -19.9
CCSD(T)/aptz//MP2/6-311+G(d,p) 0.0 57.8 -21.2
CCSD(T)/aptz//B3LYP/6-311+G(d,p) 0.0 62.4 21.1

®X & 7 % g £tz Born-Oppenheimer energies.
?
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Table 4.1.7 & fi » 17 3%~ 2 T 225 CHy0 + CHo0 >
COHCH,0H #p4tic £ 4 * 2 B HyO it 4p ¥4 £ *(in kcal/mol)

two H,O catalyzed in gas phase formaldehyde @ TS  glycolaldehyde

MP2/6-311+G(d,p) 0.0 55.4 -22.8
B3LYP/6-311+G(d,p) 0.0 50.8 -22.2
CCSD(T)/aptz//MP2/6-311+G(d,p) 0.0 54.0 -23.5
CCSD(T)/aptz//B3LYP/6-311+G(d,p) 0.0 50.1 -25.0

Table 4.1.8 #-kizi% » 12 % kb IL% > 2 T+ ¥ CH,0 + CH,0 >
COHCHoOH #p%fsc £ @ * 2 B HoO #1 4p %ts £ *(in kcal/mol)

two H,O catalyzed in water phase formaldehyde TS  glycolaldehyde

(PCM)
MP2/6-311+G(d,p) 0.0 51.2 24.5
B3LYP/6-311+G(d,p) 0.0 47.0 -23.4
CCSD(T)/aptz//MP2/6-311+G(d.p) 0.0 49.9 -25.2
CCSD(T)/aptz//B3LYP/6- 311+G(dm | 0.0 47.1 255
,/ \
Table 4.1.9 tff fi » rdck TSR 3-CHp0 + CHp0 >

COHCHoOH #p it £ o @ % IR N'Hg t@LM#E i £ 2 (in keal/mol)

one NHj; catalyzed in gas?phase L formalthyde TS glycolaldehyde

MP2/6-311+G(d,p) | . od 48.6 -23.3
B3LYP/6-311+G(dp) |/ 44.2 21.2
CCSD(T)/aptz//MP2/6-311+G(d,p) 80 49.7 -24.0
CCSD(T)/aptz//B3LYP/6-311+G(d,p) 0.0 46.6 -22.9

Tab|e4 1 10 [ER J\/F' /];Z sy 1A P\?'/— ¥ - /2‘ 'T%‘L é— CHZO + CHZO 9
COHCH,OH Apfic £ i * 1 % NHg - 4p$4t £ °(in keal/mol)

one NH; catalyzed in water phase formaldehyde TS glycolaldehyde

(PCM)
MP2/6-311+G(d,p) 0.0 40.4 -26.5
B3LYP/6-311+G(d,p) 0.0 34.4 -26.0
CCSD(T)/aptz//MP2/6-311+G(d,p) 0.0 41.3 -26.6
CCSD(T)/aptz//B3LYP/6-311+G(d,p) 0.0 37.1 -28.4

®X & 7 % £tz Born-Oppenheimer energies.
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Table 4.1.11 4 fi > 7 %> 2 T 35§ CHyO + CHyO >
COHCH)OH #p4tic £ 1 i * 2 B NHg it 4p ¥t it £ °(in kcal/mol)

two NH; catalyzed in gas phase formaldehyde TS glycolaldehyde
MP2/6-311+G(d,p) 0.0 41.5 -26.4
B3LYP/6-311+G(d,p) 0.0 36.7 -24.6
CCSD(T)/aptz//MP2/6-311+G(d,p) 0.0 40.7 -24.2
CCSD(T)/aptz//B3LYP/6-311+G(d,p) 0.0 34.1 -25.1

Table 4.1.12 t-ki3 i » 11 % 0% = % T 3§ CHyO + CHyO >
COHCH)OH #p4tic £ 1 i * 2 B NHg it 4p ¥t it £ °(in kcal/mol)

two NHj; catalyzed in water phase formaldehyde TS  glycolaldehyde

(PCM)
MP2/6-311+G(d,p) 0.0 39.7 -28.7
B3LYP/6-311+G(d,p) 0.0 31.3 -26.9
CCSD(T)/aptz//MP2/6-311+G(d,p)/ ‘ .00 38.4 27.4
CCSD(T)/aptz//B3LYP/6- 311+G@ p) ) 00 35.7 -27.8

Table 4.1.13 & # i "‘\ e TEZ_F._. = é 3 ﬁKCHZO + CH,O >
T *

b
R e

COHCH,OH #p EACEE rf?d:HgoH i Ap i £ 2 (in
kcal/mol) -
one CH3OH catalyzed in gés phase forrqajfehyde TS glycolaldehyde
MP2/6-311+G(d,p) “¢ 00 57.0 -19.9
B3LYP/6-311+G(d,p) 0.0 53.9 -17.7
CCSD(T)/aptz//MP2/6-311+G(d,p) 0.0
CCSD(T)/aptz//B3LYP/6-311+G(d,p) 0.0

Table 4.1.14 &4 fi » 7 3% % T 255 CHyO + CH0 >
COHCHOH Ap$tic & » £ i * 2 & CH3OH ieit sa 4t £ “(in

kcal/mol)
two CH3OH catalyzed in gas phase formaldehyde TS  glycolaldehyde
MP2/6-311+G(d,p) 0.0 48.7 -24.3
B3LYP/6-311+G(d,p) 0.0 47.7 -22.5
CCSD(T)/aptz//MP2/6-311+G(d,p) 0.0
CCSD(T)/aptz//B3LYP/6-311+G(d,p) 0.0

8 X & % ®ga ¥ 2 Born-Oppenheimer energies.
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Table 4115 &% & > 73 F2% > #7325 CHO + CHyO >
COHCH)OH #p4tic £ » & i * 1 B CH3NH, it 4p4tat £ °(in
kcal/mol)
one CH3NHj; catalyzed in gas phase formaldehyde TS  glycolaldehyde
MP2/6-311+G(d,p) 0.0 45.3 -23.9
B3LYP/6-311+G(d,p) 0.0 41.3 -22.1
CCSD(T)/aptz//IMP2/6-311+G(d,p) 0.0
CCSD(T)/aptz//B3LYP/6-311+G(d,p) 0.0

"X & 7 %% £ 2 Born-Oppenheimer energies.

Table 4.1.16 A& f& » 12 7 2% i T 3+ 5 CH0 + CH0 >
COHCH,0OH 84 i i .é}/zl @\QHgNHZ i An e £ 2 (in
kcal/mol) L .

two CH3NH; catalyzed in gas phase \formaldehy,de TS  glycolaldehyde

MP2/6-311+G(d, p) | =i, | ) 0.0I 42.1
B3LYP/6-311+G(d, Q - " 0 0/ 31.9
CCSD(T)/aptz//MP2/6- 3114.6(9 p)

CCSD(T)/aptz//B3LYP/6-3114G(d, p) o \@Q

8K & 7 %2 £ w2 Born-Oppenheimer energies.
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Figure 411 ¢ f& » 2 MP2/6-311+G(d,p) = i ¥ 3* & CHpO + CHpO > COHCHoOH 4 5 ifi T i ipdo ik i+ » B =0 42 L (A) ;4

(degree)

formaldehyde TS glycolaldehyde
Figure 4.1.2 %4 f&+ 12 MP2/6-311+G(d,p)* i T 3+ & Eﬁéo + CHQO > CG)HCHQOH @ 1B HoO it T i it 0 8 0 42 & (A)
44 (degree) \ NLFJ 4
’ 2.142 7 \~1*6
—_— & pe 203 Y Q
1299 1.137 J
2 formaldehyde + H,O TS glycolaldehyde + H,O
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Figure 4.1.3 f§ f 14 MP2/6-311+G(d,p)* i# ¥ 3+ & CHO + CHpO > COHCHOH /5 2 & HpO iitit T Bffd it i - B =0 42 £ (A) ¢
4 & (degree)

® o9

Q‘:»‘L—'

2 formaldehyde + 2H,0 8 - alycolaldehyde + 2H,0

Figure 4.1.4 &4 12 MP2/6-311+G(d,p)= i = :+ & C"H%o'- denyo'con BFsOH 5211 NHg e = S5t s £ (A)
4= & (degree) [ Sy

P - |

o e ]

—

9

2 formaldehyde + NH, TS glycolaldehyde + NH;
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Figure 4.1.5 f§ f 14 MP2/6-311+G(d,p)* i# ¥ 3+ & CHO + CHpO > COHCHOH /5 2 1 NH3 it T g s it 10 8 =1 42 £ (A)
4 & (degree)

% J 1.013:3.}(;%? 1.045
9
® 2320 \ v

\ i MN.193
3 — ——
’ 2.112

@ f@ 11268 '1.525
Q 9

9 X
2 formaldehyde + 2 NH, TS ?  glycolaldehyde +2NH,
Figure 4.1.6 % fi - 2 MP2/6-311+G(d,p) = i# = 3* “cﬁzdmﬁzo—) COHCHZOH -1 CH3OH it = Bffd it it » H =1 4EE
(A) ;44 (degree) ‘ y D ' y
3 ji.»
9
1.421
9 ' 1.206
, — Q@ 7%
. ’ '\ 1.402
° ﬂo 9
2 formaldehyde + CH;OH glycolaldehyde + CH;OH
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Figure 4.1.7 % § f& - ™ MP2/6-311+G(d,p) = i# T 3+ & CH20 + CHpO - COHCHOH 5 2 8 CH30H it T g b i it » H 0 4%

(A) ;44 (degree)
o
' 9
9
9

-3, .
P .

rieEmAlietyerr LR O TS " glycolaldehyde +2 CH,OH
Figure 41.8 & i - 11 MP2/6-311+G(dp) > # 7 3 & CHgO * CHp0:5 COHCHOH 15 1 i CHgNHp it = s d it it » 8 i g
(A) ; 44 (degree) A g

3
.
733

2 formaldehyde + CH,NH, TS glycolaldehyde + CH;NH,
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Figure 4.1.9 % § fi » 4 MP2/6-311+G(d,p) = i# T 3* & CH20 + CH20 > COHCH20H 52 f# CH3NHp it T B 4fd it it » B = 42 &
(A) ;44 (degree)

e -]
| y
2 formaldehyde + 2 CH;NH, - nam? _{/’
. w2 |
p 0 o
|7 '
{v{:;'_:’- -..-‘_.\,\___ -:\E\:!-

145



Table 4.2.1 4 f 2 MP2/6-311+G(d,p) = i © 3+ 5 COHCH,OH +
CH,0 > COHCH,OHCH,0H #p4fi; & » & 27 HyO ~ NHg fe.it 4p 44
e & 2(in kcal/mol)

MP2/6-311+G(d,p) glycolaldehyde TS glyceraldehyde

uncatalyzed in gas phase -24.5 50.7 -44.9

one H,0 catalyzed in gas phase -19.5 53.5 -44.8

two H,O catalyzed in gas phase -22.8 33.6 -45.4

one NHj3 catalyzed in gas phase -23.3 21.5 -48.0

two NH3 catalyzed in gas phase -26.4 13.8 -49.9
“X & 2 %% £ 2 Born-Oppenheimer energies.

Table 4.2.2 t-kihif 1 MPZ/Gﬁlhtg(d p) = ;£ T 2+ ¥ COHCH,OH
+ CH,0 > COHCH,OHCH,0f 4 ﬁsb& # 21 HyO ~ NHg 1t 4p
i £ 2(in keal/mol) == £ s

MP2/6- 311+G(a“ p) glypo]alderfyde TS glyceraldehyde
uncatalyzed in water phase\QDCM) = f- -23 3 52.1 -40.2
one H,0 catalyzed in water pha§e (PCM) : -21;4 35.4 -43.8
two H,O catalyzed in water phaéggPCM),\ %.;5 28.6 -45.4
one NHs catalyzed in water phase (PCM) -26.5 17.6 -48.7
two NHs catalyzed in water phase (PCM) -28.7 -79.9

®X & 7 % £ 22z Born-Oppenheimer energies.
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Table 4.2.3 %4 fi > % 3% > £ T 3+ § COHCH,0H + CH,0 >
COHCH,OHCH,0H #p %tz £ *(in kcal/mol)

uncatalyzed in gas phase glycolaldehyde TS  glyceraldehyde

MP2/6-311+G(d,p) -24.5 50.7 -44.9
B3LYP/6-311+G(d,p) -23.3 53.1 -38.8
CCSD(T)/aptz//MP2/6-311+G(d,p) -26.7 45.1 -46.8
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -26.8 47.5 -40.5

Table 4.2.4 %-ki3if » 1% 3% > 2 T 3+ ¥ COHCHOH + CH,0
> COHCH,OHCH,0H ip#tit £ °(in kcal/mol)

uncatalyzed in water phase (PCM) glycolaldehyde TS glyceraldehyde

MP2/6-311+G(d,p) -23.3 52.1 -40.2
B3LYP/6-311+G(d,p) -21.6 55.9 -34.0
CCSD(T)/aptz//MP2/6-311+G(d,p) -25.0 49.7 -41.7
, -25.1 49.8 -43.2
--—l/ [o—
i S .

Table 4.2.5 & i - l“l\’# s *L.,s:iﬁleCHZOH + CH,0 >
COHCH,OHCH,OH #p it & - i I1 i IjéO i p i £ 2(in
keal/mol) 7 e

one H,0 catalyzed in gas ﬁhase glycolalfuﬂyde TS glyceraldehyde

MP2/6-311+G(d,p) ‘4 ~  -19.5° 53.5 -44.8
B3LYP/6-311+G(d,p) -17.8 38.2 -38.4
CCSD(T)/aptz//MP2/6-311+G(d,p) -20.1 36.2 -42.7
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -20.3 36.4 -40.4

Table 4.2.6 #-kizi% » N3 &%k 2 725 COHCHyOH + CH,0
- COHCH,OHCH,OH #p¥tsc £ » & % 1 1 HyO it 4p4tac £ %(in

kcal/mol)
one HO catalyzed In water phase glycolaldehyde TS glyceraldehyde
(PCM)
MP2/6-311+G(d,p) -21.4 35.4 -43.8
B3LYP/6-311+G(d,p) -19.9 36.4 -36.2
CCSD(T)/aptz//MP2/6-311+G(d,p) -21.2 33.4 -44.1
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -21.1 33.9 -38.4

®X & 7 % g £tz Born-Oppenheimer energies.
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Table 4.2.7 %5 & > ™M % 3% ,z-r 2+ 8§ COHCH,0H + CH,0 >
COHCH,OHCH,OH Apstic £ » % 2 B HoO it 4p i £ 2(in

kcal/mol)
two H,O catalyzed in gas phase glycolaldehyde TS glyceraldehyde
MP2/6-311+G(d,p) -22.8 33.6 -45.4
B3LYP/6-311+G(d,p) -22.2 32.9 -39.2
CCSD(T)/aptz//IMP2/6-311+G(d,p) -23.5
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -25.0

Table 4.2.8 #A-kia% » 117 3% > ;2 75 COHCH,OH + CH,0
> COHCH0OHCH,0H #p#tic & » &% 2 i HpO it 4p #av £ °(in
kcal/mol)

two H,0 catalyzed in water phase

glycolaldehyde TS glyceraldehyde

(PCM)
MP2/6-311+G(d,p) -24.5 28.6 -45.4
B3LYP/6-311+G(d,p) “Llrx -23.4 30.4 -37.9
CCSD(T)/aptz//MP2/6-311+G(d,p) 1 252
CCSD(T)/aptz//B3LYP/6- 311,+G(d B -255

E-.'\-,

\ "
Table 4.2.9 &4 f& » 11 Pam‘,ml AT _.*% B 60HCH20H+CH20 >
COHCH,OHCH,OH 4 x}\ab £ X é?* 1 ﬂas NHg i 4p 44 4c £ °(in

kcal/mol) x N ,f
one NHj; catalyzed in gas pl:@se giycolalﬁ\gxhyde TS  glyceraldehyde
MP2/6-311+G(d,p) -23.3 21.5 -48.0
B3LYP/6-311+G(d,p) -21.2 25.2 -40.4
CCSD(T)/aptz//MP2/6-311+G(d,p) -24.0
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -22.9

Ta.ble 4 2 10 1,. J\/F' /];Z ’ '1 * P\?'/— Eiu) - /2": ® )‘L E‘ COHCHZOH + CHZO
> COHCH,0OHCH,OH 4 %fi £ >4 & * 11 NHg & 4p %t £ 2(in
kcal/mol)

one NHjs catalyzed in water phase glycolaldehyde TS  glyceraldehyde

(PCM)
MP2/6-311+G(d,p) -26.5 17.6 -48.7
B3LYP/6-311+G(d,p) -26.0 16.4 -41.6
CCSD(T)/aptz//MP2/6-311+G(d,p) -26.6
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -28.4
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Table 4.2.11 % f& > 1 7 2> 2 73+ 3 COHCH,0H + CH,0 >
COHCH)OHCH,OH Ap¥tic £ » & i * 2 i NHg it 4p ¥tac £ °(in
kcal/mol)

two NH; catalyzed in gas phase glycolaldenyde TS  glyceraldehyde

MP2/6-311+G(d,p) -26.4 13.8 -49.9

B3LYP/6-311+G(d,p) -24.6 14.6 -42.1
CCSD(T)/aptz//MP2/6-311+G(d,p) -24.2
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -25.1

AKX ¢ 7 % 2ha £ k2 Born-Oppenheimer energies.

Table 4.2.12 #-kia7% » % 223> 2 T35 COHCH,OH + CHyO
- COHCH,OHCH,0OH Ap¥tac £ 5 i * 2 i NHg it 4p ¥t s £ % (in
kcal/mol) AL

two NH; catalyzed in water ph,ase e 'l >

(PCM) - glycﬁlalgiehyde TS glyceraldehyde
MP2/6- 311+G(dp} /--;;:'_ .28, Tf -79.9
B3LYP/6-311+G(d,p) | | 3 I26 %ﬁ 11.3 -41.5
CCSD(T)/aptz//MP2/6- 3113?5(d* P . 2274
CCSD(T)/aptz//B3LYP/6- 314G Jg Dy - -27!8

TR TR R Born@Oppenhelmeﬁenergms.
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Figure 4.2.1 t-§ f » 14 MP2/6-311+G(d,p) = i# T 3+ & COHCH0H + CHp0 > COHCHpOHCHOH 4 g iftit T shif b id it » 8 0 42

e

glyceraldehyde

£ (R) ;44 (degree)

glycolaldehyde

Figure 42.2 ;"i—.;ﬁf ﬁé ,MP2/6-311+G(d,p) > ETT —F‘—‘-_,E_r COKCszHi CHZlO '9 _géHCHZOHCHZOH = 1B HZO LT TS éé-_*#& G
¥ 4L (R) 424 (degree) [ p—

P . |

I N
) O\
<l""’{g-v-' Sl -u._:b)'\.'s

1.371 §

7

1.249 J ,‘\ 1.963
1
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7’

1.074 \J}

1.378
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Figure 4.2.3 % # i » 12 MP2/6-311+G(d,p) = i# T 3+ ¥ COHCHOH
+ CH20 > COHCHOHCH0H 5.2 18 HO it = TS s b i it »

B4 ER) 424 (degree)

1.528

‘Q\& 1.081

@

s e
1.404 J~ J tA

1.210 ’ 1.042
TS

P

e F B

s
L eSS RS el

— ‘x f
Figure 4.2.4 tf i - 11~MP2/6 311+G(d p) » 2 T 2+ ¥ COHCH,0H

RN
R

1.922/ % o

’_)_, .-"

+ CHy0 > COHCHZOHCHZQH 1R N\Hg BT TS B
i
4k R) ;44 (degree)

1528
\
v 1.693
J o
1743
TS 1.113
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Figure 425 % 5 & > ™ MP2/6-311+G(d,p) * # * :* & COHCH,0OH
+ CHp0 > COHCH,OHCH,0H 5 2 # NHg it & TS s b i it o

B4 ER) 424 (degree)

!.\\N
‘\I
“ : = B x * f,-*"
II"\.._ I._ } [ - j."l
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| e |
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\ o
{._'/-g__ R . :%\.5
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Table 4.3.1 %% f& ™ > MP2/6-311+G(d,p) = i# T 3+ & COHCH,OH
+ CHy0 - CHoOHCOCH,0H #p #tsc € » 127 HyO ~ NH3 L1 4p 4
e & 2(in kcal/mol)

MP2/6-311+G(d,p) glycolaldehyde TS dihydroacetone

uncatalyzed in gas phase -24.5 58.2 -48.2
one H,O catalyzed in gas phase -19.5 36.9 -40.8
two H,O catalyzed in gas phase -22.8 30.3 -37.5
one NHj3 catalyzed in gas phase -23.3 21.3 -42.3
two NHj; catalyzed in gas phase -26.4 13.8 -39.8

"X & % % i £ 2 Born-Oppenheimer energies.

2>1 EF
B oot

1T
Z‘
€ ¥ 2 HyO-NHj3

Table 432 f ki3~ » 1 MP2I§R11+G(dp)
COHCHOH + CH,0 > CH,QHCOCH,OH i #t i

B st £ 2(n kcal/md1) N\ \--
MP2/6- 311+G(d\p) Mcolaldere TS dihydroacetone
uncatalyzed in water phaseQCM) = _.:-:'—23 3 52.1 -40.2
one H,0 catalyzed in water pha§e (F_’_CM)_ ,-_21.7'4 35.4 -43.8
two HO catalyzed in water phas}/eé!?CM__)ﬂh_ _ %5 28.6 -45.4
one NHs catalyzed in water phase (PCM) -26.5 17.6 -48.7
two NHs catalyzed in water phase (PCM) -28.7 -79.9

®X & 7 % £ 22z Born-Oppenheimer energies.
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Table 433 & f ™ » 1% B3> j2 2 2 7325 COHCHOH +
CH,0 > CH,OHCOCH,0H #p #tic £ *(in kcal/mol)

uncatalyzed in gas phase glycolaldehyde TS  dihydroacetone
MP2/6-311+G(d,p) -24.5 58.2 -48.2
B3LYP/6-311+G(d,p) -23.3 55.2 -44.1
CCSD(T)/aptz//MP2/6-311+G(d,p) -26.7 50.5 -51.4
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -26.8 50.4 -52.4

Table 4.3.4 4 kiaie™ » 7 BILH S %> % T 22§ COHCH,OH +
CH,0 - CH,OHCOCH,OH #p%ti: € (in kcal/mol)

uncatalyzed in water phase glycolaldehyde TS  dihydroacetone

(PCM)
MP2/6-311+G(d,p) -23.3 57.7 -45.7
B3LYP/6-311+G(d,p) -21.6 55.9 -40.4
CCSD(T)/aptz//MP2/6-311+G(d,p) -25.0 50.9 -48.2
CCSD(T)/aptz//B3LYP/6-311+G(d p)‘i l‘a\ -25.1 50.6 -48.8

AR
Table 435 & § i ™ 504 PEJ;'E’* S 4‘\;7 3+ ¥ COHCH,0H +
CHZO > CHZOHCOCHQOH ABAPi £ ﬂ B HoO it g4t £
® (in kcal/mol) '*-.\ Sz
one H,0 catalyzed in gas phasex glycola\dehyde TS  dihydroacetone

MP2/6-311+G(d,p) | f«f = \Klg 5 36.9 -40.8
B3LYP/6-311+G(d,p) ¢~ = 7.8 35.8 -35.4
CCSD(T)/aptz//MP2/6-311+G(d,p) -20.1 33.6 -41.1
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -20.3 34.7 -37.6

Table 4.3.6 #-kiz%2™ » % 3@k 33 27+ 85 COHCHyOH +
CHo0 - CHyOHCOCH,0H Ap#tic € » & * 1 i HyO it spftiv £
2 (in kcal/mol)

one H,O catalyzed in water phase

glycolaldehyde TS dihydroacetone

(PCM)
MP2/6-311+G(d,p) -21.4 37.4 -43.1
B3LYP/6-311+G(d,p) -19.9 36.1 -37.8
CCSD(T)/aptz//MP2/6-311+G(d,p) -21.2 34.0 -42.7
CCSD(T)/aptz//B3LYP/6-311+G(d,p) 21.1 34.4 -39.4

®X & 7 % g £tz Born-Oppenheimer energies.
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Table 43.7 “f 8™ > M7 %A /é =% 735 COHCH,0H +
CH20 - CH,OHCOCH 0H Ap#tae £ » & * 2 i HyO it 4p s £
? (in kcal/mol)
two H,O catalyzed in gas phase glycolaldehyde TS  dihydroacetone

MP2/6-311+G(d,p) -22.8 30.3 -37.5

B3LYP/6-311+G(d,p) -22.2 29.4 -30.8
CCSD(T)/aptz//MP2/6-311+G(d,p) -23.5
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -25.0

Table4.3.8 “-kiaR™ » 073 32> 2> 2735 COHCHyOH +
CHy0 - CHoOHCOCH 0H Ap¥tsc £ » T #* 2 B HyO it 4p ¥tac £
? (in kcal/mol)

two H,0 catalyzed in water phase

glycolaldehyde TS  dihydroacetone

(PCM)
MP2/6-311+G(d,p) -24.5 30.9 -42.7
B3LYP/6-311+G(d,p) /’}F\ -23.4 30.6 -35.1
CCSD(T)/aptz//MP2/6-311+G(dip) - \, -25.2
CCSD(T)/aptz//B3LYP/6-314G(dp).—. - *25.5

Table 4.3.9 4 & E’\U"’% H—“M" }z— T 3 E ';F*""‘ 5 COHCH,0OH +
CH20 - CHonCOCHzQ\?H' )ffl éﬁ‘ﬁ‘l{‘gl i ’3’”{ 1 i NHg3 g1 4p $Fic &

% (in kcal/mol) .- W A ‘*
one NHj; catalyzed in gaslphase ' "glycpE\Idehyde TS dihydroacetone
MP2/6-311+G(d,p) &~ = 3.3 21.3 -42.3
B3LYP/6-311+G(d,p) -21.2 22.4 -35.1
CCSD(T)/aptz//MP2/6-311+G(d,p) -24.0 19.4 -41.6
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -22.9 19.7 -38.5

Table 4.3.10 A k2% T > % FRH> 2> #7285 COHCH,OH +
CHZO -> CH)OHCOCH,OH Ap¥tic £ » % 1 B NHg it sp¥tic £
2 (in kcal/mol)

one NH; catalyzed in water phase glycolaldehyde TS  dihydroacetone

(PCM)
MP2/6-311+G(d,p) -26.5 17.9 -43.6
B3LYP/6-311+G(d,p) -26.0 16.1 -38.8
CCSD(T)/aptz//MP2/6-311+G(d,p) -26.6 15.8 -42.7
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -28.4 14.0 -39.8

®X ¢ % % i £ 2 Born-Oppenheimer energies.
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Table 4.3.11 & F f&™ » 73 Ik % 3 2 73+ 5 COHCH,OH +
CHy0 - CH;OHCOCH,0H Ap#tac & » & * 2 % NHz it jp i £
? (in kcal/mol)

two NH; catalyzed in gas phase  glycolaldehyde TS dihydroacetone

MP2/6-311+G(d,p) -26.4 13.8 -39.8

B3LYP/6-311+G(d,p) -24.6 15.1 -42.6
CCSD(T)/aptz//MP2/6-311+G(d,p) -24.2
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -25.1

Table 4312 A ka2 T >0 % 12> 23273225 COHCHyOH +
CHoO - CH,OHCOCH,0H Ap#tac & » I * 2 i NH3 it 4p$ta &
? (in kcal/mol)

two NHj; catalyzed in water phas? . glycolaldehyde TS dihydroacetone
(PCM) AN

MP2/6-311+G(d,p) - » -28.7 -73.7

B3LYP/6-311+G(dg) ; “"‘-\26._9 11.3 -35.5
CCSD(T)/aptz//MP2/6\’\31"1+G(d S -'2?'”4
CCSD(T)/aptz//B3LYP/6- 811-!1G(d P - ' 397 8

ThE T FEAE R BO(n Oppénhelmer e)hergles

|/

s \
{/(;_,.- il ﬂ"b\'
Figure 43.1 4 ™ » 12 MP2/6-311+G(d,p) = i# =3+ &

COHCH20H + CHp0 > CHpOHCOCH0H 4 5 ittit T TS b

v B R R) 544 (degree)
1.478 ?
_\‘J 1327 >
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Figure 4.3.2 % &~ » 2 MP2/6-311+G(d,p) = /= T3+ &
COHCH20H + CH20 - CH2OHCOCH20H & 1 i HyO i+ = TS

Bk i gRA) 44 (degree)

™

Figure 4.3.3 & i o0 MP2/6 QMG(ap).* T i

A LN 4
COHCH20H + CH20 éxgHQOHlCOCHQOH 2 % HoO it = TS

_,.-

Afﬁ_ﬁxli L H e 4 (A)ﬁ 4;3&. (de\rée)

éf,f; il -u\\;.
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Figure 434 &4 &~ » 2 MP2/6-311+G(d,p) = i# = 3+ &
COHCH20H + CH0 > CHpOHCOCH20H & 1 1 NHg3 it = TS

Bk i gRA) 44 (degree)

Figure 4.3.5 & f &7 .0t MP2/6 311+G(a\p T

[ ..._

B f
COHCH20H + CH20 9~%H20H|COCHQOH 2 B NH3 it = TS

_,.-

,.»-”

4,@*‘_&&@ s H éﬁ'&(ﬂf)ﬁ @;i‘i (de\rée)
{f, - = -h\\;.

1.047 1.866
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Table 4.4.1 &F i+ 2 MP2/6-311+G(d,p) = i 2+ & COHCH,0OH <> CHOHCHOH + CH,0 = COHCH,0OHCH,0H
ip4tas £ 0 ¥ 22 HyO ~ NHg @ 4p%fac £ 2(in kcal/mol)

MP2/6-311+G(d,p) glycolaldehyde TS1  1,2-ethenediol TS2 glyceraldehyde
uncatalyzed in gas phase -24.5 48.5 -10.7 29.5 -44.9
one H,0 catalyzed in gas phase -19.5 49.3 -12.6 -2.3 -44.8
two H,O catalyzed in gas phase -22.8 43.0 -13.9 -0.1 -45.4
one NHs catalyzed in gas phase -23.3 3:@ -16.1 -10.4 -48.0
two NHjs catalyzed in gas phase -26.4 /29 é . -20.1 -4.0 -49.9
i T

.l'

Table 4.4.2 %Kiz % » 12 MP2/6- 311+G(d p) S i —s»w~ COHCHZCH — CHOHCHOH + CH,0 >
COHCH,0HCH,0H #p4tic # » 22 HyO » NH& i p frs‘b'% 2 (in keal/mol)

MP2/6-311+G(d,p) glycolaldehydg TS 1 2 ethenediol TS2 glyceraldehyde
uncatalyzed in water phase (PCM) 233 | f”f 72 4 \5\ -12.8 65.6 -40.2
one H,0 catalyzed in water phase (PCM) -21.4 Qé’ 47. 1" TR -14.7 2.5 -43.8
two H,O catalyzed in water phase (PCM) -24.5 -16.2 0.6 -45.4
one NHs catalyzed in water phase (PCM) -26.5 28.5 -18.7 -14.1 -48.7
two NHs catalyzed in water phase (PCM) -28.7 -15.5 -12.5 -39.9

“X & 7 2ha £tz Born-Oppenheimer energies.
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Table 443 %4 f& > 2% B> T2+ 5 COHCHo,OH «» CHOHCHOH + CH,0 >
COHCH,OHCH,OH #p %t it £ °(in kcal/mol)

uncatalyzed in gas phase glycolaldehyde TS1 1,2-ethenediol  TS2 glyceraldehyde

MP2/6-311+G(d,p) -24.5 48.5 -10.7 29.5 -44.9
B3LYP/6-311+G(d,p) -23.3 68.1 -11.4 29.4 -38.8
CCSD(T)/aptz//MP2/6-311+G(d,p) -26.7 -14.7 23.4 -46.8
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -26.8 T -14.7 23.5 -40.5
// 'r N
p \ e

E"*-. Ny

Table 4.4.4 fo-kidie » A IS 2 T2t B\COHCHZOI:IA—» CHOFICHOH + CH,0 >

COHCH,OHCH,0H #p #ti: & 2(in kcal/mol) '\, L < =K 7 f
uncatalyzed in water phase (PCM) glycolaldehyde  TS1 - 1_,2-q'thenediol TS2  glyceraldehyde
MP2/6-311+G(d,p) 233 | ; 24 }fg;;lz.s 65.6 -40.2
B3LYP/6-311+G(d,p) -21.6 67.3 -11.8 22.9 -34.0
CCSD(T)/aptz//MP2/6-311+G(d,p) -25.0 -16.7 -41.7
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -25.1 -15.6 -43.2
“X ¢ % % i £ 2 Born-Oppenheimer energies.
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Table 445 44 f » 7 3% j# T 2 5 COHCH,OH <> CHOHCHOH + CH,0 >
COHCH,OHCH,OH #a %t £ » & * 1 B HpO it 4pic £ *(in kcal/mol)

one H,O catalyzed in gas phase glycolaldehyde TS1 1,2-ethenediol TS2  glyceraldehyde

MP2/6-311+G(d,p) -19.5 49.3 -12.6 -2.3 -44.8
B3LYP/6-311+G(d,p) -17.8 46.2 -14.1 -2.9 -38.4
CCSD(T)/aptz//IMP2/6-311+G(d,p) -20.1 -15.4 -6.2 -46.7
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -20.3 HE -15.0 -6.1 -40.8
//rl_jl \\
P . .

E"*-. .

Table 4.4.6 t-kizie > 117 F rﬁl_;m . T2k E\COHCH'"OI:I_<|—> CHOHCHOH + CH,0 >
COHCHoOHCHyOH 4p#tsc & » &% 1 HZO 1@*_&,7:L pid ﬂﬂL £ ""(m keal/mol)
one H,0 catalyzed in water phase

(PCM) glycolaldehyd\e / TSl 1, -et:henedlol TS2  glyceraldehyde
MP2/6-311+G(d,p) 214 T a1 aq 2.5 -43.8
B3LYP/6-311+G(d,p) -19.9 45.0 -15.0 -1.8 -36.2
CCSD(T)/aptz//MP2/6-311+G(d,p) -21.2 -17.4 -44.7
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -21.1 -19.7 -45.6

®X & 7 % i £tz Born-Oppenheimer energies.
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Table 4.4.7 44 f& » 7 3% j# T 2 5 COHCH,OH <> CHOHCHOH + CH,0 >

COHCH)OHCH,OH #p¥tic & » ¥ % 2 & HyO #.i 4p¥ta £ °(in kcal/mol)

two H,O catalyzed in gas phase glycolaldehyde TS1 1,2-ethenediol  TS2  glyceraldehyde

MP2/6-311+G(d,p) -22.8 43.0 -13.9 -0.1 -45.4

B3LYP/6-311+G(d,p) -22.2 40.4 -15.5 -3.8 -39.2

CCSD(T)/aptz//MP2/6-311+G(d,p) -23.5 -15.7 -4.7 -48.8

CCSD(T)/aptz//B3LYP/6-311+G(d,p) -25.0 Ak -18.9 -6.4 -41.7

< 1S
/ i \\I
/'*m' ; - H“x._

Table 4.4.8 & -kia7% > 1% P:«ﬁ;{:,—s
COHCHyOHCH,0H #p it & >

e

Ty COHCH OH < CHC),aIiICHOH + CH,0 >
SR HZO xéz:wh a*;u i 2 (i kéal/mol)

two H,0 catalyzed in water phase

(PCM) glycolaldehyde / TSl _.1:2§thened|ol TS2  glyceraldehyde
MP2/6-311+G(d,p) -24.5 -16.2 0.6 -45.4
B3LYP/6-311+G(d,p) -23.4 -15.7 -1.8 -37.9
CCSD(T)/aptz//MP2/6-311+G(d,p) -25.2 -19.8 -47.8
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -25.5 -18.6 -46.9

EEEES

q;s;

it & &2 Born-Oppenheimer energies.
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Table 4.4.9 44 f » 7 3% j# T 2 5 COHCH,OH <> CHOHCHOH + CH,0 >
COHCH,OHCH,OH #a %t £ » ¥ * 1 B NHg it 4p i £ 2(in kcal/mol)

one NH; catalyzed in gas phase glycolaldehyde TS1 1,2-ethenediol  TS2  glyceraldehyde

MP2/6-311+G(d,p) -23.3 36.4 -16.1 -10.4 -48.0
B3LYP/6-311+G(d,p) -21.2 34.5 -16.0 -9.9 -40.4
CCSD(T)/aptz//MP2/6-311+G(d,p) -24.0 -19.9 51.7
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -22.9 S -194 -42.4
l_/’ﬂ.j}_\“\l
__.x "“x__

I
o

Table 4.4.10 #-kia ik o 143 pe:ﬂz;m TR CQHCH20H|<—> CHQgHCHOH + CH,0 >
COHCH,OHCH,OH #p%ti: £ » # * 1 & NH3 I’&ﬂh wwb 2 4 (in ld:allmol)

one NHj; catalyzed in water phase

(PCM) glycolaldehyde / TSl _.1:2§thened|ol TS2 glyceraldehyde
MP2/6-311+G(d,p) -26.5 28.5 -18.7 -14.1 -48.7
B3LYP/6-311+G(d,p) -26.0 25.4 -19.6 -14.9 -41.6
CCSD(T)/aptz//MP2/6-311+G(d,p) -26.6 -24.1
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -28.4 -25.8

EEEES

q;s;

it & &2 Born-Oppenheimer energies.
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Table 4411 %5 f& > M3 324> 27385 COHCH,OH < CHOHCHOH + CH,0 >
COHCHoOHCH,OH #p#tac & » & * 2 & NHg it 4p$tit £ °(in kcal/mol)

two NH; catalyzed in gas phase glycolaldehyde TS1 1,2-ethenediol TS2  glyceraldehyde

MP2/6-311+G(d,p) -26.4 29.9 -20.1 -4.0 -49.9
B3LYP/6-311+G(d,p) -24.6 27.7 -20.4 -5.4 -42.1
CCSD(T)/aptz//MP2/6-311+G(d,p) -24.2 -51.8
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -25.1 m -44.7
A
/ I.jr\\"\
____.x' - ;_\ h H“x._ )
Table 4.4.12 4-Kia » U IR FE T+ \‘ COHCHZO.I:L<—> CHQHCHOH + CHyO >

COHCH,OHCH,0H 4p %t & » & » 2 i NH3 xw il an‘ £ ""(m @al/mol)

two NH; catalyzed in water phase

(PCM) glycolaldehyd\? ,o TSl l\\{-éthenedlol TS2 glyceraldehyde

S Y
MP2/6-311+G(d,p) -28.7 " 255 4.5 -49.9
B3LYP/6-311+G(d,p) -26.9 -25.2 -41.5
CCSD(T)/aptz//MP2/6-311+G(d,p) -27.4 -52.4
CCSD(T)/aptz//B3LYP/6-311+G(d,p) -27.8 -44.3

®X & 7 % £tz Born-Oppenheimer energies.
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Figure 44.1 % 5 f& » ™ MP2/6-311+G(d,p) = /= * 2% COHCH,0OH <> CHOHCHOH + CH,0 >
COHCH,0OHCHOH & s iglit ™ g b iz it - H £ R) ;44 (degree)

1.482

glycolaldehyde

e

9

glvceraldehvde
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Figure 4.4.2 % # i » 12 MP2/6-311+G(d,p) = i# T 3+ & COHCH,OH <> CHOHCHOH + CH,0 >
COHCH,OHCH,OH /5 1 8 HpO it = TS1 & TS2 & Hfb ik it » B =1 42 L (A) 44 (degree)

e 1.057 1305 s

, 1,119
2.000 {A . J/’ \, 1450
.
TS1 TS2 R" 5

~

Figure 4.4.3 % 4 f » 1 MP2/6-311+G(d,p) ﬂ + 20 B“"C(l—ICHZOHN—» CHOHCHOH + CH,0 >
COHCH,OHCH,0H 5 2 i HoO it TSl&T\‘SZ Hﬁa v ,é 4= E(A) ;4=4 (degree)

1.143 1256 e \

1.093 e\
1.350
: & 0
1114
1.101 ‘,# 1053

1.602 :T ; 1.471

TS1 TS2
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Figure 444 % 5 f& > 2 MP2/6-311+G(d,p) = /= * 2% COHCH,0OH <> CHOHCHOH + CH,0 >

COHCH,OHCH,OH /5 1 i NH3 .1t © TS1 & TS2 b ik it » ¥ t=: 42 & (A) 5 44 (degree)

‘¥

AY
1.185 ,' 2010
d \
\

1.583

TS1 J TS2 N e o Y

p

-
T

Figure 4.45 £ f & = MP2/6-311+G(d,p)  iAF 34 [COHCH,OH <> CHOHCHOH + CH0 >

COHCH,0HCH,0H ¢ 2 % NHg ittt = TS1 & TS2 Sfdei it > 8 = &£ (A) ;44 (degree)
{L?xj e j%v

1.071
1.8(10/‘/3 599
J/ L 1.025 ' < -

J ' ‘\\‘1.527

1 \

! 1

1 4

/.’ 1.950 ) 1.891 ”:1.136

ﬂ\xm ‘ﬁa "
- d ‘,T—Sz 1.079
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2 MP2/6-311+G(d,p) = i# T 3+ & Cq~ Cgsugers 4p¥fic £ > 322 HyO~NH3 it & & 4p 4t it £ *(in kcal/mol)

MP2/6-311+G(d,p) P g_j. 3 _g__ @ ~uncatalyzed in gas phase ~one NH3 catalyzed in gas phase
—two NH3 catalyzed in gas phase — one H20 catalyzed in gas phase
79.0 vz
o —two H20 catalyzed in gas phase £ 4 : keal/mol
58.2
. 6_1_ -\ 48.5
S =486 493
“ — \ 130= \36.4
) // 415\ /= _
-_
0.0—6.0 ; - N3.8 -
YR : 107 _2; -10.4 VR \
0.0 ) -12.6!'_16_1 2710 N .
21 19.
ormaldehyde ol 201 \\\ 449 -39.8
= 06 .4-23.3 “=Y NEEE :
26.4 1,2-ethenediol -44 8 43 () 423
glycolaldehvde 45 /
-49.9 -48.2
glyceraldehyde dihydroacetone
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$I% 283 05S04r SO0 A3 thi % 3

iF &

*FE7 % MP2~DFT 2 CCSD(T) %% 2 5# O3 735
it &4 SO0 ¥ 0SO > # 12 { & Ff3#% = i CASPT2 » MRCISD+Q
%24 SO0 0SO 33 # %42 i £ £4+ SO0 # 0SO %

T+ i &5 & F 5 & cyclic form > 53: = vt g open form 4 cyclic
form & f& 54 hip i £ ° Ve ULl>3\YP/aug -cCc-pVTZ & e g
../

% MRCISD+Q = *ir“ open oso 3 0pen SO0 FE i la

I |.;
| | B oy ,f

138.9 kcal/mol ; open- OS\#p ’*‘1 QyC|IC+OSO; mﬁ e Fi 115.6

kcal/mol - #- OSO ﬁ#rﬂéﬁ& Cg%%i\gi T 5,25 OSO ¥ SO0
Fow kA £ 0 75 open-OSO F] open-SOO 73 transiton state #c &
% - B Singlet e fs (LA") 2 AE QA )iz d o A4 2 ¢ > @
open-OSO | cyclic-OSO ¢ transiton State it £ » &% — B Singlet
FoEfly LA") 2 KA )mzad o 22 PG 2 g o 3 E A0
127 open-OSO £ o0pen-SOO ¥ i & 75 = > cyclic-OSO P 7 £& =_

Bl B EATRALE 12
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33
H
o

‘“"‘,

Cyclic-ozone = bent-ozone 74k 4G &k s L

—
e
o

S

p

F_*
A=

7 V¥ T3 bt ozone SRR 3T bent-ozone: #71 § 3F § eh

v B FIEF SRAri@Hman k B K#E 3 cyclic-ozone .7 5 fo A ITA
L ? > 33 g § BRI ozone i 37 A
HREZFAEVFL C H Og §iF» iFd 8 FAF L RIH S o
Sez 7 iF » (dR st o

A= ozone 1= i O J%v—*/{‘gjﬁ\ 18 B & F » 1354 & pit

FEERS > FH 5 18 41%:% a[,'i‘ mn“ ﬁ}mz}r ozone € F f i1k

E"'-. e

S glmpmie
B~ il G 2R ﬂ;g?r's3 N Se3' efﬁff*&%;tﬂpsﬁ %+ A3+ SO,

i,
|

1-2 . 5,0 910 5 g ¢ @]p} .;t * @ o \x{ﬂw = ;273 cyclic-form

(;) _.-"\u._ 5 _ B‘""
22 open-form =0 B o 4§ %+ ¥ % open form OSO &2 L4 > § e»

_,.-

open form SOO > e i ;2 3 L% 5| cyclic form OSO 1-2; . + g% open
form SSO ¢ cyclic form SOS » & 2 % L% | open form SOS 9-10 - &
75 A4t SO0 o 0SO ¢ * { F FF32sh = 23 8 4 ~ =il o & fr
AL &3 SSO {rSOS # * F P = 23 & iz &

m °
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523522

AE % 2445% (Abinitio method) # = UMP2 11 ~UCCSD(T)
12 = i3 2 % B4 3324 (DFT method) ¥ ¢ UB3LYP13-14 =%
# f= Dunning’s Correlation Consistent Basis Sets ( aug-cc-pVnZ, ‘{ﬁ'ﬁ,
% apnz,n=D, T,Q; O i * aug-cc-pVnZ ;S i * aug-cc-pV(n
+d)z)15-18 215 SO, ~S,0 % ¢ 3 A 3 ¢ open form- cyclic form
12 % transition state (TS) » 3+ & S & - &2 open form {- cyclic
form B ehk i o i fé_ﬁ\;ﬁ%&j\@,&;{» 2 . Ao

intrinsic reaction coordlnate’(IRC) :L' P,\ﬁ\f@‘%&* JEenmt Fadd o 4 @ H

\ == - T . -\-
multireference = ;2 C*A\?SSCF 19 » 'ASPT;!ZO 21 2z MRCISD+Q

7 '\.

22:23 e aug-cc-pVTZ "‘l?%x;% B LE *ﬁ%\\f* "F i B o UMP2 -
{f(_:_, - S \\9,_
UB3LYP~UCCSD(T) #i# * 2~ & #c48 % Gaussian 09 24 - CASSCF -

CASPT2 %2 MRCISD+Q R|#%_i# * MOLPRO 2012. 25
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53 B Hitw

5.3.1 Cyclic-OSO ~ Open-0OSO £ Open-SO0 F st 22 p$a £

d Table5.1.1 ¥ #r#& UB3LYP/aug-cc-pVTZ 2% = &7 > 15
¥ ™ 7 open form OSO (open-0OSO) 72 %% gk » cyclic form OSO
(cyclic-OS0O) % ¢ 8.8 kcal/mol & J& st i » 252 open form OSO ; ¥
- > m open form SOO 54d 14.7 kcal/mol =k J& e f > 25 = open
form OSO - open form OSO §= cyclic form OSO #i: £ £ 5 108.8

kcal/mol ; open form OSO 'fr’fSOO‘ \ ¥ £ % 117.7 kcal/mol -

.

d Table5.1.2 3% % -‘ii\,;ﬁrr v uB3LYPlaug t;c pVTZ 35 &
x ' i. _— » /
4

open-0SO & § & & Zﬁi«’fﬁ-j ’ %“E»L 3 ”F.B - UB3LYP/aug-cc-pVTZ
BN MRCISDb@aug—Cb—pV}\g SR T RAH B E o
#-0SO BHH LA Cs B3FiEi#(Table51.3) 3% 0SO & SOO
FoE i ® o CSBRFE Iy & AT (Sy) ¥ #r open-SOO 7
open-0SO ek it I 24.0 kcal/mol 5 cyclic-OSO 3] open-OSO &
F e i 8.0 keal/mol - open form OSO 4= cyclic form OSO FF =i35%

£ £ % 107.6 kcal/mol ; open form OSO 4r SOO R i £ £ 5 114.9

kcal/mol -
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open-SOO #| open-OSO i transiton state it & % — #c% & 7 (Sq)
ARG OF il AK(S))E F - FFET(S) AL E N
S H f§Hen(Table5.1.3) - 22 Sg A 24 2 € B > 0open-OSO A g (5
oAy SLiE 2 € B0 A= open-SOO0 o

cyclic-OSO 3 open-OSO e transiton state c & 28 6 ¥ % — &

>

a2

[

F R £ £ 8 5 1lkcal/mol » #2 Spix 3 % ¢ (Table5.1.3) 5 *+ &

open-OSO A g f8 » Bl 3 € 25 = cyclic-OSO - j€_open-OSO » iz

+ SO+0 ¥ S+0y »it £ 4 9 5 149.6 kcal/mol ¥ 145.2 kcal/mol -

|'I' !'I.‘

AN
*>E A 3aip) open-OSO £2 Gpen-SO0O + it 4% #_7 > cyclic-OSO
- — ""/’-'-" _r".._---_--:-. R -\--\-‘\\‘--_
PIF T BRHEE 2.

b Nl 4

;o
#

{LJE::’ e :'%\_I,
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5.3.2 Cyclic-SOS ~ Open-SOS & Open-SSO hip i £ & B &

d Table 5.2.1 ¥ =% UCCSD(T)/apqz//UB3LYP/aptz 32 :#% = = F »
™ 5¢ £ ™ e open form SSO (open-SSO) = %+ gk » cyclic form SSO
(cyclic-SSO) %4 25.4 kcal/mol ek Jg il » 35 = open form SSO 5 ¥
- = & open form SOS ‘&4 29.6 kcal/mol =% it I > 5= open
form SSO - open form SOS {= cyclic form SOS i £ £ 5 44.6
kcal/mol ; open form SOS §= SSO it £ 5 62.5 kcal/mol -

4 Table5.2.2 2+ ¥ 2% KE; /’Lill@fLYP/aug—cc—pVTZ SSl

0pen-SSO 4 F % & I9deif » 2 0pen-0SO 4 % - 3% o
.!;v-.I_'::_._J L — e

~ glaguly,
o Y
S S ¢
| e |
Yoo w
> L
o\
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5.4 &

-%;\7.'

# i MRCISD+Q/aptz//UB3LYP/aug-cc-pVTZ i H gLzt & - &
Cs gh# i o & ¥ 7 0pen-SOO 3| open-OSO 3k g ac i 24.0
kcal/mol ; cyclic-OSO 3] open-OSO =& it & 8.0 kcal/mol -
#-0SO XA Cg BHEET » 325 0SO # SO0 e fi it
£(Sy) > #m 0OSO £ SO0 i3 & it i > open-OSO 3] open-SOO
TS e i % — B Singlet o3 i (LA")12 2 & (LA ) ehiz it o
A4 % ¢ open-0SO @t,;@fﬁ}wb SR 3 TR

open-SOO - @ open- Q__Sp“ 5] cycllc QSO TS e o R F -

\\. - /I"”_'_' i \- L -}-*"
i Singlet % & (1A” )"z:.,z ;'._ik;if}(lqoc I)_éfﬁf.“:/évt §e Al g

0pen-0SO Ak s 15 7 §. hﬁ B \’1 % cyclic-SO0 « # L5t i
vég *’“‘ -
Fa78] open-OSO £ o0pen-SOO0 + it f%i » cyclic-OSO R # 7}%3;

- 2
e
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5.6 Tables and Figures

Table5.1.1 & F & ™ » 2% R332 T+ Cyclic-OSO ~ Open-OSO ¥ Open-SO0 % Sq 4p ¥t 4t £ *(in kcal/mol)

TS(cyclic-open

TS(open OSO-open

SO2 Cyclic-0OSO 050) Open (OSO) S00) Open (SO0)
UMP2/aptz 116.4 o 0.0 141.6 120.5
UB3LYP/aptz 108.8 /1u_b»Q 0.0 132.4 117.7
UCCSD(T)/aptz//UMP2/aptz 108.3 /,,.,./ . 0.0 140.0 115.8
UCCSD(T)/aptz//UB3LY P/aptz 1083 == /1166 == 00 135.0 116.2
UCCSD(T)/apqz//UMP2/aptz 1098 I_-’i.-"'*' —| "'f.f 0.0 142.6 118.6
UCCSD(T)/apqz//UB3LYP/aptz 1101\ 11183 00 137.9 118.8
UCCSD(T)/aptz 1082 (et 0.0 149.7 116.3
UCCSD(T)apgz//CCSD(T)/aptz 110.0 1 e N\ 0.0 137.3 117.4
CASSCF/aptz//UB3LYP/aptz 103.9 1112 Y 0.0 132.7 106.4
CASPT2/aptz//UB3LY P/aptz 114.1 122.2 0.0 145.2 119.7
MRCISD+Q/aptz//UB3LY P/aptz 107.6 115.6 0.0 138.9 114.9

®X & 7 % s £tz Born-Oppenheimer energies.
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Table5.1.2 %% 32 > ;2 71t #& Cyclic-OSO ~ Open-OSO £ Open-SOO 4 £ &4k > H i 4L (A) ;44
(degree)
Cyclic-OSO . Open-OSO Open-SO0
SO IL
? Rs-o0 Ro-0 Aoso ,/ Aoso Rs-0 Ro-0 A0so
UB3LYP/aptz 1.689 1.476 52, 6 | ..-_1:43.8% =419.1 1.610 1.284 122.1
UMP2/aptz 1.685 1.501 \52 9 "_F'l'.ASiO- \'-_ f 119.6 1.651 1.303 119.6
UCCSD(T)/aptz 1.681 1.500 5&9 | 017442 & 7 119.2 1.619 1.320 119.7
CASSCF/aptz 1.681 1.497 528 | 1.437 J, 119.4 1.654 1.308 119.3
CASPT2/aptz 1.671 1.488 52. 9 / 1 428\5\ 119.7 1.632 1.297 119.5
MRCISD/aptz 1.681 1.495 5287 | 1438 0 1194 1.638 1.308 119.4
Exp.2 1.432 119.5
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Table 5.1.3 % MRCISD+Q/aptz//UB3LYP/aptz 523 > ;# = » Cyclic-OSO ~ Open-OSO £ Open-SOO 7 & jrgf ik i

it 8]
220.5 Cs ﬁﬁ-%ﬁfiﬁ ) B4 : keal/mol
175.5 173.4
1705 0+80 S+0,
156.2
145.2
107.6 SO

TS(open OSO-open SOO)
open SOO

0.0 S
open OSO 3

Cyclic-0SO  TS(cyclic-open OSO)
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Figure 5.1.1 & UCCSD(T)/aptz 3Z3# > i# = cyclic-OSO £ open-OSO %4 > H i=: 4& (A) ; 4£ 4 (degree)

Cyclic-OSO Open_oso
-.\:'---...; .f'.___._.__ ] ....'\-\.. =
Figure 5.1.2 % UCCSD(T)/aptz = /=™ open-SOQ &£ TSI(_open;éso -0pen-S00) » #HEH =: &k (A) 4tk

i

(degree)

1.678 1.516

TS(Open OSO-Open SOO) Open- SOO
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Table 52,1 & f & ™ » % 3> 2 T+ Cyclic-SOS ~ Open-SOS #2 Open-SSO % Sq 4p it £ °(in kcal/mol)

TS(cyclic-open open TS(open SOS-open

S»>0 cyclic $50) (SOS) $50) open (SSO)
UMP2/aptz 48.4 69.8 65.9 137.2 0.0
UB3LYP/aptz 45.9 68.2 64.4 89.4 0.0
UCCSD(T)/aptz//[UMP2/aptz 43.7 72.1 59.2 90.4 0.0
UCCSD(T)/aptz//UB3LYP/aptz 43.7 715 59.9 90.1 0.0
UCCSD(T)/apgz//UMP2/aptz 44.5 ?j@ 61.8 92.8 0.0
UCCSD(T)/apqz//UB3LY P/aptz 44.6 //7_1_.()\\ 62.5 92.1 0.0
UCCSD(T)/aptz 43.7 T e T 62.6 0.0
UCCSD(T)apqz//CCSD(T)/aptz 446 = AT 2617 0.0

e

—_—

Table5.2.2 %7 32z > 2 Tt R Cyclic—SOS"x..\\?O-péxn—SOS 21.0pen-SSO 4 grétd » Him: 4EE(A) 54k
A

(degree) ol
cyclic ) i’j . ‘%gd_pen (SOS) open (SSO)

S50 ] o
2 Ro-s Rs.s Asos Ro-s Asos Rs.s Rs-0
UMP2/aptz 1.726 2.043 72.1 1.642 125.9 1.893 1.475
UB3LYP/aptz 1.715 2.044 73.5 1.617 129.0 1.879 1.426
UCCSD(T)/aptz 1723 2048 721 1.649 122.4 1.898 1.468
Exp.9 1.884 1.456
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Figure 5.2.1 % UB3LYP/aptz 323 > ;= © cyclic-SOS ~ TS (cyclic-SOS - open-SSO) 1% open-SSO %1 > F ¥

. #E Q) 4 (degree)

Ereng T

W e
Figure 5.2.2 %= UB3LYP/aptz %> 2T TS (Qpen{.-gols -:O'pe_p-_;SS/Cf)g 152 0pen-SOS S BALE = 42 E N

4= & (degree)
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