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Theoretical Study on the Mechanisms of
Proton, Hydrogen, Electron Transfer of
p-Hydroquinone and Derivatives
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Abstract

The reaction mechanisms of proton transfer of p-hydroquinone and derivatives
with OH’, -O,’, hydrogen and electron transfer of p-hydroquinone and derivatives with
0,, -0, -O0H and -OH are studied by B3LYP/6-31G(d) calculations. We have
considered twelve different p-hydroquinone derivatives in total, which can be divided
into two categories: with and without -SCH,COO" substituent. These two categories
are quite different. The proton transfer reactions of most -SCH,COO" substituted
p-hydroquinone derivatives with hydroxyl anion OH" is thermodynamically favorable;
whereas those with -0, is not. The electron transfer reactions of p-hydroguinone
derivatives with -SCH,COO" substituent and O, are easier than their corresponding
hydrogen transfer reaction; nevertheless, their hydrogen transfer reactions with -Oy
are easier than corresponding electron transfer reactions. p-hydroquinone derivatives
with -SCH,COOQO" substituent can also make hydrogen and electron transfer reactions
with -OOH and hydroxyl radical -OH.

In aqueous solution, the activation energies of the hydrogen transfer reactions
of 2,6-dimethoxyhydroquinone-3-mercaptoacetic acid with O, calculated by PCM
model in Gaussian09 are 7 ~ 18 kcal/mol higher than those in gas phase. Their
hydrogen transfer reactions with O, and -OOH have similar activation energy barriers
in gas phase. The activation energies of hydrogen transfer reactions of
2,5-dimethoxyhydroquinone-3-mercaptoacetic acid with the oxygen molecule, are in

general higher than those of 2,6-dimethoxyhydroquinone-3-mercaptoacetic acid.
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H e Ve = Eelel)yele (2)

Ee T 0 F e £ ¢ 27 R+ P8 RF Prengt 74



2-2 & B &L 5 832 % ( Density Functional Theory )

AFT R R R E S I % (DFT) T L34 4pid ¥ -
B2 A4HIFPFRREEREL - Bgn BRF e pki
o g B T S R A Lp(r) 0 b TH Sfep(Nfeal R
BRI GG EE S FE TS T3 R R LS8 ME[p] R i

T2 PIE RN deT

nt . ) Nz el
E - — r)\Voe. (r.)dr — ! r.)dr
1=~ g3 [0 (e = 3 [ 22— (o,
1. p(r)p(r,)e (3)
dr.dr, + E
5 I dre,r, 14l XC [p]

& SLenR H-4p B At £ (exchange-correlation energy) - = + & k¥t H ¢
FEFL SR L R NF L GAEASKRNY 2T BAR L
=7 ;% fiadocal methods » & & 41 % ¢ + % & # & 9 ;2 (generalized
gradient approximation,GGA) - “ﬁ g2 b 3 B-DFT 3 2 %
Htaree-Fock = ;= 4p % & ;8 & = % (hybrid Density Functional
methods) o ¥t 2 3 —4p M s EPEE > 25 27 b a7 Sl

Fp 5 DFT &4 03 & kiR - DFT 7 ;2 5 %]t Hatree-Fock &

10



ER AR Sl A AT DI IRAE KBt E o DFT 4 i
R HFE R @ RY g T 5 4P Mok chconfiguration interaction
(CI) ~ Mgller-Plesset2(MP2) = ;= K8 | » L & 4 PFRF o e JL 3255

ok b a2 o B A -ARM G B BT LSl A DL G ksen

LR JE o

—~
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AT B3V E LY 4 Gaussian 09°% | 17 % B 5 S0 HicI®
%z B3LYP* i sfich 25 2 2 « B3LYP £ #6R & 23k —4p b L
Sfic 0 # Becke = S#ic LS By LYP 4p RSBty s 2t
BN geT o

E3Y" _0.72xB88 +0.08 xS +0.81x LYP 88 + 0.19 xVWN +0.2x exact exchange energy  (4)

XC

#¢ > B88 ¥ Becke 1988 %L s> S F_AEINA
(local spin density exchange) i+ & #>>°° > LYP88 4_ Lee - Yang ~ Parr
1988 4p B L 3 > s VWN E_ k2% 2% B (LSD) 4p B L 5k
0. ;s 3. #B3LYP .4 Becke 71993 #it i % Becke = %4k
LS S# o st E o N 4T o

Becke VWN non —local

(- A)*E," +B*AE, " +E. " +C*AE, (5)

Slater
X

A*E
fI#* LYP %51 25k 4p B e (non-local correlation energy) @ !
*  VWN functional Il % 57 &3 4p B 5v  (local correlation energy) - ¢
W LYP A2 5B ZERBIE > AR LSBT AT D
* LYP * VWN
C*E.  +(1-C)*E, 6)

1 * Hatree-Fork #p B ;L 30 #ice? DFT < 3 —4p B i 0 B8 (708

L2 e SOy ariBRlaig e £ 5 HF 23w 2 DFT 2 4%

12
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2-4 & AR E & (Basis sets)
2-4-1 & & S¥k (Basis function)

A E LB s - e RSB E S RiT A S L

(molecular orbital, MO) @i » H #5258 40T

N
¢i:ZCrin @)

2 5 A % Sdc(basis function) » Cpi 5 Hlic o — ¥ * A R Sl
% @ 48 — 48 % Slater type orbital (STO)** » ¥ — #& 1] ¥ _Gaussian type
orbital (GTO)®® » STO & L% 7 s N 4o T

.
X n(r.0.8)=NY, (0,4)r™ e Ve

(8)

STO i &4 jF— i ¥ #c( normalization constant )N ~ /25
#erle ™ g o 2k s dc(spherical harmonics) Y (0 @ @)k f e
w e B¢ o RASE T I RF FEEES o n 4 & 5 #(principal
quantum number) - & £ 3 »<t% 7 jw (effective nuclear charge)s B > i
= ¥ 4p #i(Orbital Exponent) - a, = & f: 2 jZ(a = 0.5291772083

A1 2m plaw it 4 3 s cnd 5 8 5 #ic(angular momentum

14



quantum number) 2 g € -+ #ix(magnetic quantum number) o * F&STO 1
W F 2 EP RS STO LA i (g LA L aady i - X

A BRSSPI T 5 A B S RFEE o

Radial distribution

r
B 2- 5 STO #u3 ch#ic® & #c Bl A

§ i g A S B 1GTO B STO -

GTO 253" &

2

Xf,n,l,m(r’9’¢): NYI,m(9’¢)r2n_2_le_(§r )

T3

P GTO chipghd A ek 7 5 ¥ - GTO >

e

S
A GTO Lifh R 2 B P % % GSTO S &2 1 fF ey
HRFF R AP A B B OGTO chatit e £ kT

%E" TE;S-I-O Slgto

15



VYo ~ Z Ci%sro (gu)

(10)
R sl B SRl B F A S
AR S SRR A A v]&:.%fﬁ-Gaussian A% 3%

(contracted Gaussian-type orbital - CGTO) -

Too flat
atr~0

Fall off too
fast at large r

+

Radial distribution

r
12— 6 GTO s crifed o il )

Radial distribution
Radial distribution
Radial distribution

r r
STO-2G STO-3G

B 2- Tw* %% GT0 %k #% STO

2-4-2 & A B & & (Split basis set)

16



) A H A& 0 6-31GA K S lici b+ 0 H P 6 hE
# 5 A R g (inner shell)? > - i 3 8 - frusd 4 #i(single
zeta)z_ Slater 255\ chinig & o1 — B R+ e > @ @t Slater A5 5% dusd
d6 BCGTO 2 & = »31 hE & 5 ¢ ¥ & &+ e (valence
atomic orbital)¥ > & B 5 it &~ % (split-valence) = = BSTO » )*I*u
B RFFuF - B dp8E (double zeta) » # ¢ - BFSTO o 3

BCGTO®E & m = » ¥ - BSTO H_u- BCGTO 4 71 o

2-4-3 & g #& (Diffuse function)

Ficddc (diffuse function) end 7 3 8 5 +iz8h » E &R B iy

s

B dndeens o g a5 o0 G- B S PUF Al p ;UF A&

S

SRS N IO IEN T T SRR PEY 3 S RNETEY N Y
EETF s £ 3 BB A SR H0T S RS P
AR ATER U REHE T F D AHL S PSS 5 1

-

Iy - 4 . . E -, R N b A a2 )
B RAIE Z T RS I RS o kA § MY

2-4-4 & &1 3. ¥k (Polarized basis set)

17



& 1 M A & S0ficse (polarized basis set)sdF ¢ - F_ A ¥E B R 3 i

Bingg it ® o 4o i H A5 (ground state)frE & 0 7 7 BB & F

|l

(angular momentum) et A Ak o B R > A AR S
PR S hed U ) eha e HiER £ BRI U Al
ke 1o FEAFERLEARIEE €HE AT p L
B oo (47, p ) g (dp)end wl ford P2l Sl s
s St dpBf <) oo dpdii: FAeNSFO0 &5 ) eh

PHcE > BT RRPRT R AR

18



2-5 &+ Self-Consistent Reaction Field (SCRF)

w

o B A E G RBBARG - NF B F i FALG 0 p D E RS
BARL G — B A PR REFFIEY DA RFF AT W H(e) °
Self-consistent Reaction Field (SCRF) i Gaussianic 8 k22 % | »c i P
Frend ko HY ¢ 5 AR
(1) Onsager model
(2) Polarizable Continuum model

P FEECA BRI ARG A ?."F:—z‘ % ?‘Fnt?r o Bt B ¢ N

i# * Polarizable Continuum model (PCM) % &d® ;4 | 52 i

o

2-5-1 &+ Polarizable Continuum model (PCM)
PCM #-%]%°22 Onsager #-3) # Fe i = &3t > Onsager -3 4

Bt A AT TSN+ 5 POM 2 $00 Al 4 6 Pl A

1. Solvent Excluding Surface (SES)
Al d TR R S > TRk B MR p B @

19



AR TR o

2. Van der Waals Surface (VDW)
pAd RF TR ST o RFERF BT
Pl 3 B FHEA o

3. Solvent Accessible Surface (SAS)

A AL ey FpiEd @ R -l m’i*rgﬁ*ﬁﬂf o

PCM #3843 Bid® cnp d st & 52 23 :

AG , =AG_ .. +AG . TAG

cavity dlspersmn

elec (11)

&

AGgjec » ## T fe AGdlspersmn AR Sk T S AGcavnyr*‘ ¥

-

fpehp d o EEﬁﬁﬂf&ﬁﬁE%ﬁE} cavity » @ cavity i £ + /] %

a

L4 —v-
!

4,.«—

CERECST I TR AR

=

S e g

\\\

&

Gcavity T AG dispersion = j/SAS + ﬂ

atoms

Gcavity T AGdisperson = Z giSi (12)
i

- A G A i 0 AR IISAS RS A R BS

v

F] & % BB = cavity 0 @ cavity 205 R iTH ‘i’)f‘%g‘SAS P S
MR AP ETER GO S B S AR LR kit
PE XK ETFEBRF NI > AE ’#fﬁ(ﬂ%‘ﬂ B gk N B o

7 SCRF= % 4 5 7 it AGue 045 i %

20



-1 ,uz|_ -1 205_|_1
3 1- 3
2¢+1 a L 2¢ +1 a J (13)

Hep s e ei TV o as»FiRita s > Flt v gEpd

AGelec (,U): o

AGc.alvity—'f’lj AGdispersion & y?_,gg o ﬁc =] 4}* i > AGejec R & % HATHF e

BB G -
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26 & 353

EFA T EETRANRET SN ERST AT RRGF
b a2 BT RRNFT I RAMAE - R LAFFETET
R FE o2 s LFRERIRAF LR BN TR
o2 fp e 2t hd 3 AB4E~ % (logic element) #7EHm & -
- %423 < % (programelement) » ¥ — % < & &% =~ % (mass storage
element) - ~ B &5 ~ % Ad #BBIEH ~ (logic unit) #rHE= - @
el Ed 25 - H ARt o L H AR
#4238 (control program) #7B i > ¥ 5d 2 BA 2 X EREFH
SRS S D T - S
PLH AR D RAE T BEARE M IES o A
(1) SCF &% 2. 15
(2) H g::* 3 (single point calculation)
(3) A feig:iE (geometry optimization )

ON EL S

2-6-1 &% SCF ##E 25

Roothaan = #% 3¢ £_Hartree-Fock 4 + #uif #3] chdh B - 5 BF 4 L

22



= Hartree-Fock-Roothaan = #2 3 & fj £ HFR = 423 o 4% 1T v e
FEFREFY SR BN FREL AR A FRERELD R
it o izfd > ;2 £_Clemens Roothaan {- George G. Hall {1950 # * & #p
oz 3B ho 9711 pEd FE 5 Roothaan-Hall = 42.5%  iafd > i3 it 43
i — a3 R ZLpisH AN il it A58 ¢ > Roothaan & 4258 F
L= RN

FC =SC ¢ (14)

#B PFARH S Fock 4B » C B L enihde» S g B 2 22
BapL o g AR AR A o

#xf2Roothaan = ##;% » F &d p a3 (SCF) 2 25 ka2 -

SCF 2 iJZAef » F A8~ - F a3 B s T4
RS Eg R fFA > S,  HY B (wlod) (BT3HA) o
S GBS R AT > FI - EEAEEX L L gkt 3R

¥ 12 2 (semi-empirical molecular orbital calculation) & |- 4= 42 %

Bl ABEP s A SIS B2 P s BE S A 22H P4 4 Fockse

t&?‘.
TN
o
L
Tn
(w
3

¥ g {7 f#Roothaan 4B AN 2 3R RS

En
(o]
e
Ty
_r
%
(
54
4W
=
JENTY
“F.
(™
i<
o
el
.J_.
ﬁ
—~
o
o
5
<
D
-~
<«
D
=}
o
(¢}
—
3
"
[N
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FFEENT - RN e WELEAEIERERN P EAF N2
HE HET -2 A2 h 0 - BEITR AL e E o - B F

4 EFE ot > PIfE2 SSCF fracdpr g L e

= o# = E

fep

TS CATAE

2-6-2 & ¥ ELit¥

BN L 0 fabinitio A3 RBEHIEY 4T AR
HRFE T F2 30 o WP E R F o PR G E 222
P2 AH I P ES AT RRELTR L 7 B

(z-matrix) » R L 4P A 2 T FEp s £ (spin

multiplicity) o @ # =%+ - ¥ 2 SCF #5 » 7 %4 % & *7% ©_
IBPRETALIRATIN AT RBUI B LREEE

2-6-3 & M BiE

S ipEs T2 P AN E W G b 2 $7 Bk (stationary

point) 2 & e i o M- F 2 Acdp B in 2 A H S b T2 18 0 d T

|

AT B P - BB (loop) » F#EfESCF #25 » £ R4
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th

Bkl e F A1 b dcfRic £ 2 - s o A5 i £ & (energy
gradient) © @ & i £ B R 2 BAL HeA AR N0 2 BHE S R GF o A

e REZ TER A -

a H core

—ZZ

aE nr

SN MININE VI

j (15)

HPW,, i 4% AL (energy-weighted density matrix)

%2(

P, 2% RBREYL S, 5 £&EEL > 1 & core-Hamiltonian 4&

O E" A RIPRLET N (uv|od) R BT HA -

2-6-4 - ﬁ ;{F:‘K—‘J—%

-:m

PFPHEHNER/FTFE T AT RREEDLES o
B AP REL P ESY R AN B P2 BT L A
5 % # %) & (local minimum) >~ F ¥ & 3 i f& (transition state ) »
& H & ¥egh (saddle point) o #rra i g aEE St B2 B % ok H[ET
PRI B BEE RV fhe S E T DA S g R
F 450 (vibration mode) 2z #7 % & (4414 3 F 3N-5 B » 24874

3N-6 B N Zh+%%pP) HE -BE - CHBEEE - F 5 FEFEL
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17,
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5
4y
=
o\
N
IR
=
mF
-r—n\
flm
AW
5‘:‘3\)
17,
_r
=\
5
43
i
=\

- AP ESH R R GRG0 S E e R TR S
;‘L-ra-r y ¥ I/ﬁ?%]hgﬁf@ ;J%:![.Lonﬁ; Efp, ;P‘ﬁhi‘/’l‘ , ﬁ"g?}‘ﬁﬁ?a

AT U EF A FARSE S G F N Aol R BIRE
(ZPVE) ~ % (enthalpy) ~ # # F =% »c/& (Kinetic isotope effect ;
KIE)Z I ¥ % &7 kR R2Z BT - &% @25 F 4 5 (harmonic

vibrational frequencies) 3+ & #ri D)2 JRFAE F & > F1 5 M B 2FFH

X

Z WA R R PIEH IS B LR ATUEI R REN R

01109 » scd R TEF G E B L BEE R - Kkr HEP
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2-7 & @i 12#% (Transition State Theory) ™

Ao AT B T R 0 B p i RS B AL

RS

: SRR E Y SIS SRS L - R A S 31 F S AR Y

BAAEAS S AL PR RE T - BHE DN Td R
Eimad o EERMA el s FREFHA FEF VB BRLT

S ‘,f 7 12 Born-Oppenheimer i 672 3 B2k 2_ #F » ¥ ¢hB A = B A
B

F- v BRAPZFREFTE- BRFRBSFIFEAS RIEF DA
mooom P RIE @ T&:g@@,mn » WA - RN E RP B AP

fow B¢ B LR

\f“b

BiEZ e x BeE—d F B 5 4240382 F BEIE
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FABS R AR AR A o I K AR B 2L A AR

( non-recrossing rule )

\-

=

A

52 S BEREFRFEAFZTHEDEFLIRATE N E AN
( Boltzmann energy distribution )
FZ R AR RS “AFE 2R LB A pﬁﬁg’rﬁ

EiVAE 2 TA G AT B ERITE B 2 424 F (supermolecular )e
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=% B5%2

-l
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-

o

*ET 112G FE 74 ¢ F2DMA-MA > $3

FEN RS 113 T

= oo o ;:—,.—’ ﬁ./ﬂ.\ 4 L
F¥E o 50 F z;_\mz\»é S

R

RGP EF 2 F R R Y R

i (0K) ~ 3 5 s p o i

31 & L-BHIBFAFTIRAS-
Rk foi OK) ~ H-FF KB
OH(l) OHy OHy
SCHCOO™ CHz0O SCHCOO™
O H » OHc ) OH )
Qs
OHy OHy OHyp
CH;0 OCHy OCHs H OCHj
CH;0 OCHs
OII(4> OII<4> OHy
5 6 7
OII<1> OH(p OHy
OH
H H OH
OH<4> OHy OHy
Qg Q1o Qu

3-8 L= B#Fmititr i@

29
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SRR Fah e AR

RIBRTIEHF
g BEF BB IFH

OHyp
1 OCH,

H H

OH(4)
Q4

OHy
OH

OH()

OHy
H H

H SCHCOO ™

OHy
Q12

hesy



RS SRR ko E SN A R S S
pd AenXpme o Fpd Rendmrae 3 L35 55 o A RES
A R M E R AR FOF R 2R R o ST
P e e RIE etk HERA P LT R
BER? G RIESF RETFTESF B FRIEF? BHF R
FAPRE R I RBLEATRI T FF B335 pd AT ¥
FRF s FaAHF BORE 1 Bk ¥ ke { 5 b
FFEREEF kB o FIS8E 2 ehr2 2T LR - Qii* &
iR EOHFTE o Q526 FAIR3mpR
(DMQ-MA) > Q3 525-F" ¥ A 4 PR-3-Fifispe > Qus2-" F A 3
R Qss26-FF" 3 Aafr > Qealb-H" 3 AafR Qr523-F"
FAIPR Qa2 AT Qa26-FAT R Qus25F
> Qus23-F¥A 4 R Qs & fR-3-Ffipfk £ ¥ OHy% OHg
friwg ‘;_g_*{ﬁjﬁ%j@; B\P e PR BE RS F R AT
BT 2k o DMQ-MAG g Ed 3 & - F § “7 i iDMQ-MA2 X
K H Jp bt B D g A FFRehe S SR R AT R o i

BIEEF2th R is > ol i * eho
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FooALy s - OOH~ 3 5 pd A5 BH Y 425 K4+ & -OOH

TR Y W £ F 9 BT H0 A fRE R @I A H04 T

B R @5 e AR AR AR RS o T L

T HE L TR RS
QH, + OH — QHy + H,0
QH, + OH — QHy + H,0
‘QH() + OH — -Q + H,0
‘QH) + OH — -Q + H,0
QH@ + OH — Q%+ H,0

QHuy + OH — Q%+ H,0

QH2 + '02_ — QH(4)_ + -O0OH

QH2 + '02_ — QH(l)_ + OOH

.QH4 + -0, — -Q + -OOH
.QHw) + -0, — -Q + -OOH
QHyy + -0, — Q? + -OOH
QHgy + -0, — Q? + -OOH
QH, + O, — -QH(y + -OOH
QH, + O, — -QHy) + -OOH

QHuy + 0, — -QHyy + -0y

31
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©6)
™
®)
9)
(10)
(1)
(12)
(13)
(14)

(15)



QHuy + 0, — -QH(y) + -0y
-‘QH@z + O, — Q + -OOH
-QH@z) + 0, — Q + -O0H
Q+0,—->Q+ -0y

QH, + -0, — -QHy + OOH"
QH; + -0, — -QH(yy + OOH
QHy + -0y — -QHgy + O,
QHwy + -0, — -QHy) + 0,7
.QH@ + -0, — Q + OOH"
-QHp) + -0, — Q + OOH
Q+-0, > Q-+ 0,?

QH; + :O0H — -QHs + H,0;

QH2 + OOH — 'QH(l) + H202

QHyy +-O0H — -QH(4) + OOH"

QHp) + -:O0H — -QH(;) + OOH

'QH(4) +:-00H — Q + H,0,
'QH(l) + -O0H — Q + HzOz
Q" +-00H — Q + OOH"

QHZ +:OH — 'QH(4) + H,0

32

(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)

(34)



QH; + -OH — -QH(;) + H,O (35)

QHyy + -OH — -QHy + OH" (36)
QHgy + -OH — -QHy, + OH" (37)
.QHy, + -OH — Q + H,0 (38)
.QHg, + -OH — Q + H,0 (39)

Q" +-:OH - Q+OH (40)

33



3-1-1 & Lo BHIFFAIFFTIEBE BF BROK) ~FFF B &~ FEF BR2ZHFH

# - Change of reactions in energy at absolute zero calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

Q1 Q2 Qs Q4 Qs Qe Q7 Qs Qo Q1o Qu Q1
QH2 + OH — QHy + H,O | -65.57 | -32.74 | -15.50 | -65.25 | -59.57 | -62.04 | -72.61 | -82.57 | -59.12 | -68.02 | -78.89 | -21.51
QH, + OH" — QH(yy + H,0 -17.43 | -12.58 | -66.99 | -67.98 -68.03 | -69.73 -9.97
‘QH@#+OH — -Q + H,O | -93.26 | -37.82 | -31.74 | -91.24 | -89.04 | -85.78 | -88.7 | -92.26 | -90.95 | -103.12 | -90.76 | -29.03
‘QH) + OH — -Q + H,0 -33.68 | -35.45 | -93.39 | -88.20 -94.18 | -90.22 -34.42
QH@u +OH — Q'2 + H,0 35,57 | 91.21 | 79.93 | 31.36 | 27.73 | 34.10 | 28.33 | 49.31 | 28.11 | 19.23 | 34.03 92
QHu +OH — Q'2 + H,0 75.90 | 77.00 | 33.11 | 36.14 34.76 | 38.73 80.46

# = Change of reactions in energy at absolute zero calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

* =
Q1 Q. Qs Q4 Qs Qe Q7 Qs Qo Quo Qu Q12

QHz+ -0 > QHy +-O0OH | -9.9 2293 | 40.17 |-10.12 | -3.90 | -6.38 | -16.94 | -26.9 | -3.45 | -12.35|-23.22 | 34.16
QH, + -0, — QHp) + -O0H 38.24 | 43.09 | -11.32 | -12.30 -12.36 | -14.06 45.70
‘QH@a + -0 - Q' +-O0H | -37.59 | 17.85 | 23.93 | -35.57 | -33.37 | -30.11 | -33.03 | -36.59 | -35.28 | -47.45 | -35.09 | 26.64
‘QHp + -0y —» -Q + -O0H 21.99 | 20.22 | -37.72 | -32.53 -38.51 | -34.55 21.26
QHu +:0, — (;)'2 + -O0OH 91.25 | 146.88 | 135.60 | 87.57 | 83.40 | 89.78 | 84.01 | 104.98 | 83.78 | 74.9 89.7 | 147.67
QHu +:0;, — (;)'2 + -O0OH 131.57 | 132.68 | 88.78 | 91.81 90.43 | 94.40 136.13
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- hFg &Y e QrQun 2k B ()-06)F A
AEQOK) > F 58 (1)~ QA #F i 24 § R 27T+ &8
FRe>»2,% QHE HO # &4 fi® (hAE(OK) % 4 eho @ F s (3) ~
AR ELmLLEFETFRPFIEFTIESBF B 152.Q8
HO > H &4 fi® chAEQOK) 5 f o F B8 (5) ~ (B) Fjdpts ¥ f 2
PR FEATAF AL NPT EET RS ARG E 5
HO > # &4 ik @ «hAE(OK) 5 It e o & -SCH,COO eh¥t ¥ fis 47 1
£ (Q Qs Q) 3 # -SCH,COO sh¥t ¥ s 47 i £ # (Q1~ Qu~Qua)
FAEOK) (% 7 — > 1 £ 4 Q1> Qu~Qu 2 & &34 (1) ~ (2) -59.12
~-82.57 kcal/mol z- @ > it £ 4 Q;~Qs~Qu 2 F B (3)~(4) -85.78 ~
-103.12 kcal/mol 2_ f¥ > i* & % Q> Q4~Qu 2 F &34 (5) ~ (6) & 19.23 ~
49.31 kcal/mol z_ fFF o it &4 Qp ~ Q3 ~ Q2 2o F B34 (1) ~ (2) -9.97 ~
-32.74 kcal/mol 2_ /& » it &£ % Qo~ Q3~ Qo2 & J&35%(3) ~ (4) £-29.03 ~
-37.82 kcal/mol z_ /& » it &4 Q2~Q3~Q22 & &35(5)~(6) & 75.9 ~ 92
kcal/mol z_ fF -

225 F 0 L8 QQup F S (7)~(12):hAE(0K) » F &
(M@ EHFFIiTA P aRI ERpFEEFTFESF B2~ QH
¥.00H > @ F B30 (9) ~ (10)R| & 2 £ A f HgpF &7 F 3
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# = Standard change of reactions in Gibbs free energy calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

* =
Q1 Q2 Q3 Q4 Qs Qs Q7 Qs Qo Q1o Qu Quw

QH; + OH — QH + H,O | -67.11 | -31.85 | -16.91 | -67.25 | -62.13 | -63.85 | -73 |-83.27 | -61.23 | -68.82 | -78.99 | -22.01
QH, + OH — QHy + H,0 -18.59 | -13.13 | -68.6 | -69.55 -69.68 | -71.32 -11.26
‘QH@# + OH — -Q + H,0O | -93.59 | -37.26 | -32.46 | -91.69 | -89.67 | -86.57 | -89.57 | -92.66 | -91.04 | -102.63 | -91.02 | -29.02
‘QHyy + OH — -Q + H,0 -33.68 | -35.45 | -93.8 | -88.94 -94.44 | -90.13 -34.24
QHu +OH — Q?+H,0 | 35.31 | 88.37 | 78.78 | 31.09 | 26.86 | 31.97 | 27.11 | 48.16 | 28.44 | 19.20 | 33.36 | 90.81
QHu + OH — Q7 + H,0 7511 | 75 | 32.43 | 34.28 34.57 | 38.52 80.06

# w Standard change of reactions in Gibbs free energy calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

Q1 Q2 Qs Q4 Qs Qs Q7 Qs Qo Q1o Qu Quw

QH, + -0, > QHyy +-O0H | -13.40 | 21.85 | 36.80 | -13.55| -8.42 | -10.14 | -14.79 | -29.56 | -7.53 | -15.12 | -25.28 | 31.70
QH, + -0, — QHp) + -O0OH 35.12 | 40.58 | -14.89 | -15.84 -15.97 | -17.61 42.45
‘QH@y + -0, —» -Q +-O0H |-39.88 | 16.44 | 21.24 | -37.98 | -35.96 | -32.86 | -35.86 | -38.96 | -37.33 | -48.93 | -37.31 | 24.68
‘QHp + -0y —» -Q + -O0H 20.36 | 17.64 | -40.09 | -35.24 -40.74 | -36.43 19.47
QHu + -0, - Q“+-00H | 89.02 | 142.08 | 132.49 | 84.80 | 80.57 | 85.673 | 80.82 | 101.87 | 82.15 | 72.91 | 87.07 | 144.52
QHy + -0, —» Q“+ -O0H 128.81 | 128.71 | 86.14 | 87.99 88.28 | 92.23 133.77
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# 1 Standard change of reactions in enthalpy calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

T 1
Q1 Q2 Q3 Q4 Qs Qs Q7 Qs Qo Q1o Qu Quw

QH; + OH — QH(4) + H,O | -65.82 | -32.89 | -15.46 | -66.12 | -60.29 | -62.66 | -72.71 | -82.55 | -59.50 | -68.07 | -78.82 | -21.10
QH, + OH — QHy + H,0 -17.32 | -12.39 | -67.22 | -68.15 -68.19 | -69.77 -9.92
‘QH@# + OH — -Q + H,0 | -92.78 | -37.33 | -31.54 | -90.89 | -88.79 | -85.72 | -88.72 | -91.83 | -90.54 | -102.31 | -90.33 | -28.35
‘QHyy + OH — -Q + H,0 -63.48 | -62.04 | -92.99 | -88.1 -93.64 | -89.74 -33.69
QHu + OH — Q?+H,0 | 3551 | 90.86 | 79.39 | 31.66 | 27.37 | 33.51 | 27.57 | 49.02 | 28.14 | 19.31 | 33.85 | 91.81
QHy +OH — Q7+ H,0 75.29 | 76.32 | 32.76 | 35.24 34.66 | 38.41 80.63

# = Standard change of reactions in enthalpy calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

Q1 Q2 Qs Q4 Qs Qe Q7 Qs Qo Q1o Qu Quw

QH,+ -0, > QHy +-O0H | -11.47 | 21.46 | 38.89 | -11.77 | -5.94 | -8.31 | -18.36 | -28.20 | -5.15 | -13.72 | -24.47 | 33.25
QH, + -0, — QHp) + -O0OH 37.03 | 41.96 | -12.87 | -13.8 -13.84 | -15.42 44.43
‘QH@y + -0, —»-Q +-O0H |-38.43 | 17.01 | 22.81 | -36.54 | -34.44 | -31.37 | -34.37 | -37.48 | -36.19 | -47.96 | -35.98 | 26.00
‘QH@ + -0, — -Q + -O0H 21.16 | 19.51 | -38.64 | -33.75 -39.29 | -35.39 20.66
QHu + -0, — Q°+-O0H | 89.86 | 145.21 | 133.74 | 86.01 | 81.72 | 87.86 | 81.92 | 101.37 | 82.49 | 73.66 | 88.20 | 146.16
QHy + -0, — Q“+-O0H 129.64 | 130.67 | 87.11 | 89.59 89.01 | 92.76 134.98
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3-1-2 & L= BHRIFIFITIPFPEARAFIATIEBF BrF B OK) ~HFEFF BH d &~ FFF BR
2 4% 3

# = Change of reactions in energy at absolute zero calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

Q1 Q2 Qs Q4 Qs Qs Q7 Qs Qo | Qo | Qu | Qup
QH2+ O, — -QH@ + -O0OH | 31.1 | 24.13 | 24.50 | 26.83 | 27.99 | 26.66 | 25.11 | 27.43 | 28.89 | 27.15| 21.86 | 17.93
QH, + O, — -QH(;y + -OOH 19.99 | 28.21 | 28.99 | 27.15 29.35 | 28.17 23.31
QH@ + Oy — -QHy + -O5 41 1.2 |-15.67 | 36.95|31.89 | 35.04 | 42.05 | 54.33 | 32.34 | 39.5 | 45.08 | -16.23
QHw + O, — -QHg + -0y 718.05 | -14.88 | 40.31 | 39.46 4171 | 42.23 22.39
‘QH@ + 0, —» Q + -O0H 11.72 | 1.47 1.39 | 943 | 7.60 | 9.43 | 17.12 | 10.02 9 -0.76 | 16.16 | 12.33
‘QH + 0, — Q + -O0H 561 | 2.32 | 7.27 | 8.44 81 | 9.73 6.95
Q+0,—>Q+-0r 49.31 | -16.38 | -16.38 | 45 |40.96 | 39.54 | 50.15 | 46.6 | 44.28 | 46.69 | 51.25 | -14.3

# ~ Change of reactions in energy at absolute zero calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

Q1 Q> Q3 Q4 Qs Qs Qr Qs Qo Q1o Qu Q12
QH; + -0, — -QH@y + OOH™ | 25.97 19 19.37 21.7 22.86 | 23.53 | 19.98 22.3 23.76 | 22.02 | 16.73 | 12.79

QH, + -0, — -QHg + OOH" 14.86 | 23.08 | 23.86 | 22.02 2422 | 23.04 18.18
QHu + -0, — -QHey + 0,2 | 263.04 | 223.24 | 206.36 | 258.98 | 253.92 | 257.08 | 264.09 | 276.37 | 254.38 | 261.53 | 267.11 | 205.8
QHuy + -0; — -QH + 0,7 203.79 | 207.16 | 262.35 | 261.49 263.75 | 264.27 199.64
QH@+ -0, > Q+O0H | 659 | -366 | -3.74 | 43 | 247 | 43 | 11.98 | 489 | 3.87 | -5.89 | 11.03 | 7.2
-QH + -0, — Q + OOH" 048 | -7.45 | 2.14 | 331 296 | 4.6 1.82

Q +:0, > Q+0,”° 271.35 | 205.66 | 199.5 | 267.03 | 263 | 261.58 | 272.18 | 268.64 | 266.32 | 268.73 | 273.29 | 207.73
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# 1 Change of reactions in energy at absolute zero calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

Q1 Q2 Qs Q4 Qs Qs Q7 Qs Qo Q1o Qu Q12
QH; + :O0OH — -QH4) + H,0; -2.67 | -9.63 | -9.27 | -6.94 | -5.78 | -5.11 | -8.66 | -6.34 | -4.87 | -6.62 |-11.91 | -15.84
QH, + -O0OH — -QH;) + H,0, -13.77 | -5.56 | -4.78 | -6.62 -4.41 -5.6 -10.46
QH@ +-O0H — -QH@) + OOH | 35.87 | -3.93 | -20.8 | 31.82 | 26.76 | 29.91 | 36.92 | 49.2 | 27.21 | 34.37 | 39.94 | -21.36
QHy + -00H —> -QHyr) + OOH 2338 | -20.01 | 35.18 | 34.33 3657 | 37.1 2753
‘QH@ + -O0H — Q + H,O, -22.05| -32.3 | -32.37 | -24.33 | -26.17 | -24.33 | -16.65 | -23.75 | -24.76 | -34.52 | -17.61 | -21.44
‘QH;y + -O0OH — Q + H,0, -28.16 | -36.09 | -26.5 | -25.33 -25.67 | -24.04 -26.82
Q" +-00H — Q + OOH" 44,18 | -21.51 | -27.67 | 39.87 | 35.83 | 34.41 | 45.01 | 41.47 | 39.15 | 41.56 | 46.12 | -19.43

# -+ Change of reactions in energy at absolute zero calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

Q1 Q2 Qs Q4 Qs Qs Q7 Qs Qo Qo | Qu | Quw
QH2+-OH — -QH4 + H,O | -35.66 | -42.62 | -42.26 | -39.93 | -38.77 | -33.1 | -41.65 | -39.33 | -37.86 | -39.61 | -44.9 | -48.83
QH; + -OH — -QH(y + H,O -46.76 | -38.55 | -37.77 | -39.61 -37.40 | -38.59 -43.45
QH@ +-OH — -QH@ +OH | 2991 | -9.88 | -26.76 | 25.86 | 20.8 | 23.95 | 30.96 | 43.25 | 21.26 | 28.41 | 33.99 | -27.32
QHpy + -:OH — -QH) + OH -29.34 | -25.97 | 29.23 | 28.37 30.62 | 31.14 -33.48
‘QH@ + -OH — Q + H,O -55.03 | -65.28 | -65.36 | -57.33 | -59.16 | -57.32 | -49.64 | -56.74 | -57.75 | -67.51 | -50.6 | -54.42
‘QHp + -OH — Q + H,O -61.14 | -69.08 | -59.48 | -58.32 -58.66 | -57.03 -59.81
‘Q +-OH—Q+OH 8.22 | -27.47|-33.63 | 33.91 | 29.88 | 28.46 | 39.06 | 35.52 | 33.19 | 35.61 | 40.16 | -25.39
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# -+ - Standard change of reactions in Gibbs free energy calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

Q1 Q2 Qs Q4 Qs Qe Q7 Qs Qo | Qo | Qu | Qu
QH2+ Oy — -QH@y + -O0H | 28.15 | 21.22 | 21.42 | 24.16 | 25.34 | 26.06 | 22.40 | 24.87 | 26.53 | 25.04 | 19.99 | 15.10
QHz; + O, — -QH1y + -O0H 17.31 | 25.02 | 26.27 | 24.62 26.65 | 25.63 20.32
QHwy + 0, — -QHw + -0, | 41.55 | -0.63 | -15.38 | 37.70 | 33.76 | 36.20 | 41.68 | 54.44 | 34.06 | 40.15 | 45.27 | -16.60
QH) + 0, — -QH) + -0y "17.81 | -15.56 | 41.16 | 40.46 42.62 | 43.24 22.13
‘QH@ + 0, —» Q + -O0H 10.16 | 0.84 1.68 798 | 6.31 | 7.98 | 1442 | 856 | 8.07 | -1.18 | 1450 | 10.72
“QHg + O, — Q + -O0H 476 | -1.92 | 5.88 | 7.03 6.78 | 8.98 55
Q+0,—>Q+-0 50.04 | -15.60 | -19.56 | 45.97 | 42.27 | 40.85 | 50.28 | 47.51 | 45.40 | 47.75 | 51.81 | -13.97

# -+ = Standard change of reactions in Gibbs free energy calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

Q1 Q2 Qs Q4 Qs Qs Q7 Qs Qo Quo Qu Q12
QH2+ -0 — -QH@ + OOH | 22.82 | 1589 | 16.09 | 18.83 | 20.01 | 20.73 | 17.07 | 1954 | 21.20 | 19.71 | 14.66 9.77
QH; + -0, — -:QH(1y + OOH" 11.98 | 19.69 | 20.93 | 19.29 21.32 20.3 14.99
QH@ + -0 — -QHg + 02_2 263.52 | 221.34 | 206.59 | 259.68 | 255.73 | 258.17 | 263.66 | 276.41 | 256.04 | 262.13 | 267.25 | 205.37
QHpy + -0, — -QHpy + 02_2 204.16 | 206.41 | 263.13 | 262.43 264.6 | 265.22 199.84
‘QH@ + -0, > Q + OOH 4.83 -4.49 | -3.65 2.65 0.98 2.65 9.09 3.23 2.74 -6.51 9.17 5.39
‘QHp + -0 > Q + OOH -0.57 -7.25 0.55 1.7 1.45 3.65 0.17
Q+:0, —-Q+ 02'2 272.02 | 206.37 | 202.41 | 267.94 | 264.24 | 262.82 | 272.26 | 269.49 | 267.38 | 269.72 | 273.78 | 208.01
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24— SRFEY A QrQpa F & (13)~(19)5AG’ B~
S & Q~Qp 2 F 3% (13) ~ (14):0AG° & 15.1 ~ 28.16 kcal/mol 2
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BB (A5)~(16): pEPRIcF AT I EBF B> A LRl &
PR AT L F Y PAG S f e £ QQu i F 5
(17) ~ (18):1AG® £-1.92 ~ 145 kcal/mol 2- f¥ » £ jE% % » 4 % #c b 2t
pERfy FEFT RFIESF B A SRET 252 .00H» &t
AG ehiy B X251 o F A r e g P AT o ™ 54 Q1 QQu
2 F A9 tp el FEFRFESF B R &
Prlirgs > B ai P PAG L @ it &4 Qs Q3 Qp
ZFE R pEE FEARIESE B R L P

RF S HAFEY PAG 5 f eho

=+
%+ =

AF Y L H QQuz F 5 (20)~(26)5AG » & or

i

i £ 4 Q1~Qu 2 F 7 (20) ~ (21)PAGC % 9.77 ~ 22.82 kcal/mol 2

B ZFEF < 032 p PR IrRFERFEFI RFIERF KT
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# -+ = Standard change of reactions in Gibbs free energy calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

Q1 Q2 Qs Q4 Qs Qs Q7 Qs Qo Q1o Qu Q1
QH; + -O0H — -QH) + H,0; -292 | -9.85 | -965 | -6.91 | -5.73 | -5.01 | -8.67 | -6.20 | -4.53 | -6.03 | -11.07 | -15.97
QH; + -O0H — -QH() + H,0; -13.76 | -6.05 | -4.8 | -6.45 -4.42 | -5.44 -10.75
QH@ + -O0H — -QH) + OOH™ | 36.22 | -5.96 | -20.71 | 32.37 | 28.43 | 30.87 | 36.35 | 49.11 | 28.73 | 34.82 | 39.94 | -21.93
QHg) + :O0OH — -QH(;y + OOH -23.14 | -20.89 | 35.83 | 35.13 37.29 | 37.91 -27.46
‘QH(4 + -O0OH — Q + H,0, -20.91 | -30.23 | -29.39 | -23.08 | -24.76 | -23.09 | -16.64 | -22.51 | -22.99 | -32.25 | -16.57 | -20.35
‘QHqy + -O0H — Q + H,0, -26.31 | -32.99 | -25.19 | -24.04 -24.29 | -22.09 -25.57
Q"+ :0O0H — Q + OOH 44,71 | -20.93 | -24.89 | 40.64 | 36.94 | 35.52 | 44.95 | 42.18 | 40.07 | 42.42 | 46.48 | -19.30
# -+ w» Standard change of reactions in Gibbs free energy calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)
Q1 Q2 Qs Q4 Qs Qs Q7 Qs Qs Quo Qu Qi2

QH, + -OH — -QH( + H,O | -36.04 | -42.96 | -42.77 | -40.03 | -38.84 | -38.12 | -41.79 | -39.31 | -37.65 | -39.15 | -44.19 | -49.09
QH; + -OH — -QH(;) + H,0 -46.88 | -39.16 | -37.92 | -39.57 -37.53 | -38.55 -43.87
QHu +-OH — -QH) + OH | 31.07 | -11.11 | -25.86 | 27.23 | 23.28 | 25.72 | 31.21 | 43.96 | 23.59 | 29.68 | 34.79 | -27.08
QHu) + -:OH — -QH(;) + OH’ -28.29 | -26.04 | 30.68 | 29.98 32.15 | 32.76 -32.61
‘QH@ + -OH — Q + H,0 -54.02 | -63.34 | -62.50 | -56.20 | -57.88 | -56.20 | -49.76 | -55.63 | -56.11 | -65.37 | -49.69 | -53.47
‘QH@ + -OH —» Q + H,0 -59.43 | -66.1 | -58.31 | -57.16 -57.41 | -55.21 -58.69
Q" +:OH— Q+OH 39.57 | -26.08 | -30.04 | 35.49 | 31.79 | 30.37 | 39.80 | 37.04 | 34.93 | 37.27 | 41.33 | -24.44
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2Lz A hF Y A4S QrQpa F N (27)~(33)4AG H A
D2 H Q~Qp 2 F 3N (27) ~ (28):0AG° £.-15.97 ~ -2.92 kcal/mol
2B o35 p i OOH &¢7d RI @M F K> 2,27 pd feh
Lt LBy a3 AP NG & HA_f oo it £ Q1~Qu~Qu

FREN(29)~ (30)% #£p #2fr -OOH &£ FE F HAF > A& &
FRIC &4 OOH » H g fi® ePAGY 2 1 ehs @ 1t 24 Q> Q3 Qo
2 F &3(29) ~ (30) 5 p #2qr -OOH & {7 T + HH F > 2= LR
LEHE OOH » # & f fi? ePAGY % g ehe it &4 Q~Qua 2 F Ji 58
(31) ~ (32)shAG® £.-32.99 ~ -16.57 kcal/mol 2_ ¥ » 355 g % |+ 4= -OOH
RTERFIESF BRI L EEF CE o 54 Qr Qi Qu
2 F (3335 2tp B e -OOH 27 2 F ## F Jiu 2, R
L4 OOH » H tef fi? PAG’ S e @ i 54 Q~ Q3> Q2
F R (3335 p#fe OOHEFE 3 HAF o AR & 4
2 O0H » 2 & f fi ¥ AGY 5 § o

Lo hAF AR L Q~Qp F Ok (34)~(40):HAGY s BT

i

S

dit & 4 Qi~Qu 2 F Jis5(34) ~ (35):hAG° 1-49.09 ~ -36.04 kcal/mol
235 p g OH 27 d RIEHE > 253 5 p d Aehd
ARG &4 HO > H g v crAGY H_f eho it £ Q~ Qi~Qu 2

FREi(36) BN s p s OHREFR I @B F - 7)== 2@l
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EHFBEOH  Hafiivd dAG s 2eh @ 54 Q Q3> Quz F
B(36) - BNipF M OHEFTIESF i 3L L4
BOH» H A F v hAGY 5 f o it &4 Q~Qu 2 F &5 (38) - (39)
HAG? %-66.1 ~ -49.69 kcal/mol 2. ¥ » 35 % p % B4r -OH 74 3
BHFRE gt 58 HO0 o it &4 Qr~ Q~Qu 2 * &35 (40)
L2 p e OH 272 3B F > 7S RE &8 OH >
B R PAG’ R eh A £ Qr Qi Q2 F N (40):5:
pgidfe OH & F T3 @M F R At &4 OH » 2 4§

- s 0~ e
¥ AG 5 f e
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# -+ 1 Standard change of reactions in enthalpy calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

Q1 Q2 Qs Q4 Qs Qe Q7 Qs Qo | Qo | Qu | Qu
QH2 + Oy — -QH@y) + -O0H | 29.85 | 23.02 | 23.59 | 25.73 | 26.80 | 27.49 | 24.14 | 26.37 | 27.86 | 26.04 | 21.00 | 16.84
QHz; + O, — -QH1y + -O0H 18.87 | 26.89 | 27.83 | 26.1 28.18 | 27.06 22.18
QHu + 0, — -QH@ + -0, | 4132 | 156 | -15.30 | 37.50 | 32.74 | 35.80 | 42.49 | 54.57 | 33.01 | 39.75 | 45.46 | -16.41
QHay + 0> — -QHm + -0y 718.15 | -15.06 | 40.71 | 39.91 42.02 | 42.48 22.26
‘QH@ + 0, —» Q + -O0H 11.52 | 1.23 1.24 9.27 | 751 | 9.17 | 1652 | 9.84 | 8.89 | -0.51 | 15.79 | 12.03
“QHg + O, — Q + -O0H 538 | -2.06 | 7.16 | 8.21 8.03 | 9.68 6.69
Q+0,—>Q+-0 49,95 | -15.79 | -21.57 | 45.81 | 41.96 | 40.54 | 50.88 | 47.32 | 45.08 | 47.45 | 51.76 | -13.97

# -+ = Standard change of reactions in enthalpy calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

Q: Q2 Qs Q4 Qs Qs Q7 Qs Qo Quo Qu Q12
QH2+ -0 — -QH@w + OOH | 24.44 | 17.62 | 18.18 | 20.33 | 21.39 | 22.08 | 18.73 | 20.97 | 2245 | 20.63 | 15.59 | 1143
QH; + -0, — -:QH) + OOH’ 13.47 | 21.49 | 22.43 20.7 22.78 | 21.66 16.77
QH@ + -0 — -QHg + 0,7 | 263.28 | 223.53 | 206.66 | 259.47 | 254.70 | 257.76 | 264.46 | 276.54 | 256.04 | 261.72 | 267.43 | 205.55
QHpy + -0, — -QHpy + 0,° 203.81 | 206.9 | 262.67 | 261.87 263.99 | 264.45 199.71
‘QH@ + -0, —» Q + OOH 6.12 -4.17 -4.16 3.86 2.11 3.76 11.11 4.44 3.49 -591 | 10.38 6.63
‘QHp + -0 > Q + OOH -0.03 | -7.46 1.76 2.8 2.63 4.28 1.29
Q+:0, —-Q+ 02'2 271.92 | 206.18 | 200.40 | 267.77 | 263.92 | 262.50 | 272.85 | 269.29 | 267.04 | 269.42 | 273.73 | 208.00
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o Bd it gdr Q2 FRE(15) 5 s F oo A FRIC G AR
Eagd B e F i PAGY S#ich fohe it £ 4 QeQu 2z F 5 (17) >
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8 5 pd Aend Rt L8 OOH » 2 &g i chAH E 1 eho 1t
L QrQuz F i (22) ~ (3)frdgd e+ 272 T @B F 5%

BE o R Lmpi Lpe O Hafiid chAH G B e 1t 2§
Q1~Qu2 % & J&54(24) ~ (25):hAG’ %.-7.46 ~ 11.11 kcal/mol 2 B » £ j&
PAOIeRIEPIEFIRIESF R SR F o2 T
b Q2 Q32 7 34 (24) ~ (25)% Quz 7 &3 (24) % < F & 0 7
S pRAET £ 48 OOH » i £4 Q~Qu 2 & B34 (26)fr¥ § &7 R+
WA A RAF o R A58 07 B A ¢ aAH’ ;
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# -+ = Standard change of reactions in enthalpy calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)

Q1 Q2 Qs Q4 Qs Qs Q7 Qs Qo Q1o Qu Q1
QH; + -O0H — -QH) + H,0; -3.33 |-10.16 | -9.59 | -7.44 | -6.38 | -5.69 | -9.04 | -6.81 | -5.32 | -7.14 | -12.18 | -16.34
QH; + -O0H — -QH() + H,0; -14.3 | -6.28 | -5.34 | -7.08 -5 -6.11 -11
QH@ + -O0OH — -QH) + OOH" | 35.91 | -3.84 | -20.71 | 32.10 | 27.33 | 30.39 | 37.09 | 49.17 | 27.6 | 34.35 | 40.06 | -21.82
QH@y + :O0OH — -QH(;y + OOH -23.56 | -20.47 | 35.3 | 34.5 36.62 | 37.08 -27.66
‘QH(4 + -O0OH — Q + H,0, -21.66 | -31.95 | -31.93 | -23.91 | -25.66 | -24.01 | -16.66 | -23.34 | -24.29 | -33.69 | -17.39 | -21.15
‘QHqy + -O0H — Q + H,0, -27.8 | -35.24 | -26.01 | -24.97 -25.14 | -23.49 -26.49
Q"+ :0O0H — Q + OOH 4455 | -21.19 | -26.97 | 40.40 | 36.55 | 35.13 | 45.48 | 41.92 | 39.67 | 42.05 | 46.36 | -19.37
# -+ ~ Standard change of reactions in enthalpy calculated with B3LYP/6-31G(d) in the gas phase (kcal/mol)
Q1 Q2 Qs Q4 Qs Qs Q7 Qs Qs Quo Qu Qi2

QH, + -OH — -QH + H,O | -35.28 | -42.11 | -41.54 | -39.40 | -38.33 | -37.64 | -40.99 | -38.76 | -37.27 | -39.09 | -44.13 | -48.29
QH; + -OH — -QH(;) + H,0 -46.26 | -38.24 | -37.3 | -39.03 -36.95 | -38.07 -42.95
QHu +-OH — -QH) + OH | 30.54 | -9.22 | -26.08 | 26.72 | 21.96 | 25.02 | 31.71 | 43.79 | 1.36 | 28.97 | 34.68 | -27.19
QHu) + -:OH — -QH(;) + OH’ -28.93 | -25.85 | 29.93 | 29.12 31.24 | 31.7 -33.04
‘QH@ + -OH — Q + H,0 -53.61 | -63.90 | -63.89 | -55.86 | -57.62 | -55.96 | -48.62 | -55.29 | -56.24 | -65.64 | -49.34 | -53.10
‘QH@ + -OH —» Q + H,0 -59.75 | -67.19 | -57.97 | -56.92 -57.1 | -55.45 -58.44
Q" +:OH— Q+OH 39.17 | -26.57 | -32.35 | 35.03 | 31.18 | 29.76 | 40.10 | 36.54 | 34.30 | 36.67 | 40.98 | -24.75
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2L L AF R L2 QrQu F ks (27)~(33)AHY » BT
St &% Q~Qup2 F B35 (27) ~ (28):hAH° £-16.34 ~ -3.33 kcal/mol
2> 4e -OOH &£i7z R+ EHF BB % F B A7 pd A4
hLpRit 2 v d > Haf i aaAH £ he it &5 Q) ~
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A LR L3 OOH » B &g ¢ crAH S 2 e @ it £ 4 Q>
Qs Q2 F B55(29)~ (30) -OOH £ {78 F A F B 5 e F o 35
* XL EFE OOH » H g i SAHY % g ehe L & 5 Q~Qu 2
F 3 (31) ~ (32)ehAGP #.-35.24 ~ -16.66 kcal/mol 2- /¥ » -OOH & i7
ERFESF RIDLCHFE o IR LB EF L oL L P
Q1~Q~Quz F E:Y33)fr OOH 7w +®EH F s F K75
LAREE T L4 OOH # g fi® dAH 5 2 e @ 1 &4 Qp Qs
Quz 2 F &5 (33)fr -O0H 2 7% + &4 F 2 3k > )= prug

2 AP - ’— 0
&4 OOH » H & f fi ¥ AGY 5 § e

Cﬁ"

ZLt NG g P it 8P QQpz F B (34)~(40)E'7'7AH0 » B T

it 5 4 Q~Qu 2 F a7t (34) ~ (35):7AG® 1:-48.29~ -35.28 kcal/mol
LB 3ofe OH &FE B3 EHF B35 e F - 255 pd &
LR &g HO 0 B f i ? SAHCEE e &4 Qs QQu

L F i (36) BT OH R+ WH F i F i o 2% 2 i
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LB OH > Hag e dAH S 2 ehs @ L 84 Q~ Qs Q2 F
B (3B6)~@7)fr OHEFTFEBF s oftr =Lt g
pEOH > HAfi? arAH 5 g ehe U 24 Q~Qp2 F &34 (38) ~
(39):AHC £.-67.19 ~ -48.62 kcallmol 2. FF + o -OH it (% & o + # 45
FRID s g gt g8 HO - i £45 Qp~ Q~Qu 2
FR:(@0)fr OH £ F R F @B F s afF & A+ &5
g OH » # g fid PAH S 2 eh @ 54 Qur Qo> Qz F ks

(40)fr OH &7 FHFF 5 WHF o 3R &5 OH

¥ § -SCH,COO et ¥ i #f * & 4 (Q2> Qs Qup) eAH’ kg o
TIEBF Y & 510383 PF B Q)~@) 5 %28 F ke F ki 05) -

@) E=#F o frkF 154+ 3 A+ BHF B2 E58F B T

4

LI RhFESF PR EF LB § o425 K4 ~-O0H ~
dF AR TEF AR ARFEBF R IESEEF BT
FEBFRAAF S REF BRI ISR F R FRFES
FogY v QH, 5 w# k gfe -QH 5 3%a#F i T3 @B F B> 5%
#FFEEfe OOH F P a R+ BRI &R F RIDL AR K e
FPIARFRBYIRFIETFIEBF RO TEF -

5 -SCHCOO et ¥ - i & 4 (Q2 > Qs ~ Q)& 7 %



-SCH,COO er¥F 5 fin 4 1 £ # (Qu ~ Qq~Qu) %P &3+ 7 — 1k » I 7
-SCH,COO cr¥t ¥ g i £ 4 (Q2~ Q3 ~ Q) et 4 F & R k5 »
FEBF Y rd §F R8T F BAQ)~@) i 2 EF 0 F B(0)
6) Rl s 24 > A frdg F BT P F B (7)~(10)F s £ 9
20~40 kcal/mol 4 sc# 24 » * B (11)~(12) R fx3p 2 > 3 h+ &2 7
FEBF P FF -SCH,COO ¥ Fassf i &4 (Q2~ Q3> Q) > v
FHFFRAPEDTIESF BV L RIESF RREF I RE o
RILPFFRPALLIRAIEBF BT I HEBF BREF L2
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32 & 26-%° §F A& P-3-AiHR(DMQ-MA)2 2,6-§°
FRIMAKBR? £ F BenF B (OK) ~ B8 F &p o
o~ W F BRI

SO REFR A E B SRR AR R R T
Frf s s B ek i OK) X A 4 5~ HFF B2

R TR

% -+ 4 Change of reactions in energy at absolute zero calculated with
B3LYP/6-31G(d) in aqueous solution (kcal/mol)
Q2 Qs

QH, + OH" — QH(4 + H,0 | -37.40 | -115.14
QH, + OH" — QH(yy + H,0 | -40.68 | -119.39
-QHu + OH — -Q + H,O | -55.49 | -134.57
‘QHp + OH — Q"+ H,O | -55.15 | -137.19
QH +OH - Q°+H,0 | -24.2 [ -104.42
QHu +OH — Q°+H,0 |-27.47 | -100.17

# = -+ Change of reactions in energy at absolute zero calculated with
B3LYP/6-31G(d) in aqueous solution (kcal/mol)
Q2 Qs

QH, +:0, > QHy +-O0H | 8.02 | -59.47
QH, +:0y > QHpy +-O0H | 4.75 | -63.72
‘QH@ + -0, —» -Q +-O0H | -10.07 | -78.89
‘QHg + -0, — -Q + -O0H -9.73 | -81.52
QH@ +:0,;, > Q%+ -00H | 21.22 | -48.75
QHy + -0,y > Q“+-00H | 17.95 | -445

4 = -+ - Change of reactions in energy at absolute zero calculated with
B3LYP/6-31G(d) in aqueous solution (kcal/mol)

Q2 Qs
QH2 +0, - 'QH(4) +-0O0H | 21.47 | 24.13
QH2 +0, - 'QH(]_) +-0O0H | 21.81 | 26.75
QH@y + O, — -QHy + -0, | 17.06 | 83.59
QHy +0; —» -QHpy + -0, | 13.45 | 90.47
‘QH@y + O, — Q + -O0H 5.6 |11.04
‘QHn + 0, —» Q + -O0H 5.93 | 842
Q+0,—>Q+-0O7 15.67 | 89.94
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. = -+ = Change of reactions in energy at absolute zero calculated with
B3LYP/6-31G(d) in aqueous solution (kcal/mol)
Q2 Qs
QH; + -0, — -QH4) + OOH" | 16.02 19
QH, + -0, — -QH(l) + OOH | 16.36 | 21.62
QHuy + -0, — -QHyy + 0, | 94.59 | 305.63
QHuy + -0, — -QHgpy + 0,° | 90.98 | 312.51
‘QH@ + -0, > Q + OOH 0.14 | 5.91
‘QHp + -0, > Q + OOH 0.48 | 3.29
Q +-0, > Q+0,° 93.19 | 311.98

# = -+ = Change of reactions in energy at absolute zero calculated with
B3LYP/6-31G(d) in aqueous solution (kcal/mol)

Q2 Qs
QH, + :O0OH — -QHy + H,O, | -10.24 | -9.64
QH2 +-0O0H — 'QH(]_) + H,0, -9.9 -7.01
QH@ +-O0H — -QH@u + OOH | 11.61 | 78.46
QHg) + -O0OH — -QHy + OOH 8 85.34

.QH( + -O0OH — Q + H,0, -26.11 | -22.73
‘QH) + -O0H — Q + H,0; -25.77 | -25.35
.Q + -O0H — Q + OOH 10.22 | 84.81

. = - = Change of reactions in energy at absolute zero calculated with
B3LYP/6-31G(d) in aqueous solution (kcal/mol)
Q2 Qs
QH; + :OH — -QH@) + H,O | -43.17 | -42.63
QH, + -OH — -QH; + H,O | -42.83 | -40
QH(4)- +-OH — -QH(4) +OH | -2.15 7251
QH@y +-OH — -QH + OH | -5.76 | 79.38

‘QH@ + -OH — Q + H,0 -59.04 | -55.71
‘QH@ + -OH — Q + H,0 -50.7 | -58.34
Q" +-OH— Q+OH -3.55 | 78.85

24 akBRY MEF Q2 Qfrd F RPFEFFTFHMBF
R ehF it AE(OK) » 1t & % Q, ehid £-55.49 ~ -24.2 kcal/mol 2. & »
v £ 4 QsehiE £-100.17 ~ -137.19 kcal/mol z_ ¥ » £ = L Z-kiaR®
CEY Qufrigs KB EEF I HEBF B £ QeiE £-10.07 ~

21.22 kcal/mol z_ F¥ » i* & % Qs erig &-44.5 ~ -81.52 kcal/mol z_ & >
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hﬁl

Foo - GokBR?VEF QL Qfrd FiEFEI RIETIHEHBF
BAHAEOK) > i &% Q4 h+#EH F BehiE & 5.6 ~ 21.81 kcal/mol
2 ivEF Qsa RFHEMF RE A 8.42 ~26.75 kcal/mol 2 & >
LEP QR+ HEMF Bie & 13.45 ~ 17.06 kcal/mol » i+ & % Qs 7.
A F e A 83.59 ~90.47 kecal/mol » £ = - = Z-kiaiee iv &
Q2 Qsfrdzd Edp+ 2174 A+ ETFEHSF RDAEOK) i &
P Qi B3+ E#MF e & 041 ~ 16.36 kcal/mol 2 & » i &£ 4 Qs
I RIESFE e i 3.29~21.62kcal/mol 22 F > it &% Q, % 3 &
#F ReiE A 90.98 ~94.59 kcal/mol» i* £ 4 Qs & F ## F ReniE i
305.63 ~ 31251 kcal/mol » % = - = Z-kiaig? it &4 Q 2 Qs
{o-O0H &£ 74 3 223 ®HF BAEQOK)» * £ Q4 B3 &
#F e 5-26.11~-9.9kcal/mol 2. fF » i &4 Q2 R+ &M F &
e %-25.35~-7.01 kcal/mol z_ fF » i+ &4 Q% F #E# F Jehie &

~ 11.61 kcal/mol » * &% Qs = + #H + BiE & 7846 ~ 85.34
kcal/mol » % = Lt w 52 kiaie? &% Q% Qsfrd ¥ p o Rie(7d
R+&2 2 FEHF BHAEOK) > 648 Q & RFEHBF pehid &
-59.7 ~-42.83 kcal/mol 2 /& » i &4 Qs & R+ & F &g -58.34

~ -40 kcal/mol z FF > it &% Q, & + #H F e -5.76 ~ -2.15

kcal/mol » it £ % Qs & + #H + B iE & 72.51 ~ 79.38 kcal/mol -
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. = -+ 7 Standard change of reactions in Gibbs free energy calculated with
B3LYP/6-31G(d) in aqueous solution (kcal/mol)
Q2 Qs
QH; + OH — QHyy + H,0 | -37.96 | -116.33
QH, + OH — QHgy + H,O | -41.77 |-120.41
‘QH@4» + OH —» Q"+ H,0 | -102.14 | -103.87
-QHwy + OH — -Q + H,0 | -102.77 | -106.41
QH@ +OH — Q“+H,0 | 23.76 |-104.97
QHy +OH - Q*+H,0 | 19.95 | -100.9

. = -+ = Standard change of reactions in Gibbs free energy calculated with
B3LYP/6-31G(d) in aqueous solution (kcal/mol)
Q2 Qs
QH, + -0, > QH(y +-O0OH | 5.76 | -62.63
QH,+:0, > QHpy +-O0H | 195 | -66.7
‘QHy + -0, —» -Q +-O0H |-58.42 | -81.34
‘QHn + -0, —» -Q + -O0H | -59.05 | -83.88
QH@ +-0,;, > Q%+ -O0H | 67.48 | -51.26
QHy +-0, > Q“+-O0H | 63.67 | -47.19

# = -+ = Standard change of reactions in Gibbs free energy calculated with
B3LYP/6-31G(d) in aqueous solution (kcal/mol)

Q2 Qs
QH, + 0O, — -QH(4) +-O0H | 19.1 | 21.77
QH, + O, — -QHgy + -O0OH | 18.47 | 24.32
QH(4)- + 0, — 'QH(4) +.0, | 16.52 | 84.41
QH@y + 0, — -QHpy + -0, | 13.34 | 91.02
‘QH@ + 0, > Q + -O0H 523 | 9.54
‘QHp) + 0, > Q + -O0H 4.59 7
Q+0,—>Q+ -0y 63.64 | 90.88

4 = -+~ Standard change of reactions in Gibbs free energy calculated with
B3LYP/6-31G(d) in aqueous solution (kcal/mol)
Q2 Qs

QHz + -0, — :QH@) + OOH" | 13.64 | 16.45
QH; + -0, — -QHu) + OOH™ | 13.01 | 18.99
QHuy + -0, — -QHwy + 0, | 94.1 |306.38
QH + -0, — -QHy + 0,” | 90.92 | 312.99

‘QH + -0, —» Q + OOH -0.23 | 421
‘QHny + -0y - Q + OOH -0.87 | 1.67
Q +:0; > Q+0,° 141.23 | 312.85
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Ed Qs ihF l(1)~(6)5 p #MF oo R4 feh> 2 L2 5ok
BiRY A4 Qi Qefrdld BT R FH T HEASF BG4
$o QuinF (7)) 5 2Lp #HF 5o B 5 1 K5 (9) (10)
CABME o RS f e FRN(L) - (125 2 B HE o B

52 A QoeF st ()~(12)3 B A o HiE S f

4

PO RkRRY M EF QR Qfrd FRALAIESBET I
BE NG v Ed Q2 Qs iF st (13)~(19) 5 #p H 125 &
Higstem &2 LN okpind 25 Q% Qfrdy it i
FRIESETIESF BAGY £ QuehF N (20)~(23) 5 2
paF e BEZL S F (24 (25) 5 p#F o HiE S
fens B (26) 5 2Ep BFHE s HE L T b v &4 Qs ehF i3

(20)~(26) % 2 HHF o R 5 e
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. = -+ 4 Standard change of reactions in Gibbs free energy calculated with
B3LYP/6-31G(d) in aqueous solution (kcal/mol)

Q2 Qs
QH2 +-00H — 'QH(4) + H,0, -9.75 -9.29
QH2 +-00H — 'QH(]_) + H,0, -10.38 | -6.75
QH@ +-O0H — -QH(, + OOH™ | 11.06 | 79.08
QHgy + -O0OH — -QH(;y + OOH | 7.88 | 85.69

-QH( + -O0H — Q + H,0, -23.62 | -21.52
‘QH(y) + -O0H — Q + H0; -24.26 | -24.07
.Q +-00H — Q + OOH 58..18 | 85.55

+

# = -+ Standard change of reactions in Gibbs free energy calculated with
B3LYP/6-31G(d) in aqueous solution (kcal/mol)
Q2 Qs

QH, + -:OH — -QH + H,O | -43.05 | -42.41
QH; + -OH — -QHy) + H,O | -43.69 | -39.87
QH(4)- + .-OH — -QH(4) +OH | -1.91 | 73.93
QH@y +-OH — -QHu) + OH | -5.09 | 80.54

-QH@ + -OH - Q + H,0 -56.93 | -54.64
‘QHy + -OH — Q + H,0 -57.56 | -57.18
‘Q +-OH—Q+0OH 4521 | 80.4

o4 SokiBiRe e Q% Qsfr-OOH 2 {7 4 o + #4542
TEEHF AG’ s L QE Qs BN (27) (28) 5 p B LR
B BEL LS FRNQR@0)52bp #HFr B HEL T o
FRAGL -BiLipaMHFrF R HiEs o FEAB)sztp 31
Fle  BEiEehs 2=+ 5 kigin? 54 Q% Qsfri 5 pd A
EFLRIEBETIESE BPAG L £ F Q2 Qs E BN

(34)~(39) 5 p #HF B HiE 5 f o

-
v
R
QO
N

W

O

(S}
|
Sk
—~
~
(=)
N

SR FMHF R HEL Do
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# = -+ - Standard change of reactions in enthalpy calculated with B3LYP/6-31G(d)
in aqueous solution (kcal/mol)

Q2 Qs

QH, + OH — QH(y + H,0 | -37.52 | -115.25
QH, + OH — QHgy + H,O | -40.66 | -119.25
-QH@y + OH — -Q + H,0 |-103.23 | -134.15
-QH@) + OH — -Q + H,O | -103.08 | -136.77
QHuy +OH — Q“+H,0 | 24.11 |-104.14
QHu +OH — Q7+ H,0 | 20.96 |-100.14

4 = -+ = Standard change of reactions in enthalpy calculated with B3LYP/6-31G(d)
in aqueous solution (kcal/mol)

Q2 Qs
QH, + -0, — QHy +-OOH | 6.83 | -60.9
QHz + -0, —» QHy +-O0H | 3.69 | -60.9
:QHg) + -0, — -Q +-O0H | -58.88 | -79.80
.QHy + -0, — -Q +-O0H |-58.73 | -82.42
QH@ +-0,;, > Q%+ -O0H | 68.46 | -49.79
QHuy + -0, — Q%+ -00H | 65.31 | -45.79

# = -+ = Standard change of reactions in enthalpy calculated with B3LYP/6-31G(d)
in aqueous solution (kcal/mol)

Q2 Qs

QHz+ O —» -QH@ + -O0H | 20.6 | 23.19
QH, + O, — -QH(;) + -O0H | 20.76 | 25.8
QHw + 0, — -QH@y + -0, | 17.07 | 84.09
QHuy + 0, — -QHy + -0, | 13.77 | 90.71
‘QH@ + 0, > Q + -O0H 541 | 10.8
‘QHp + 0, —» Q + -O0H 5.56 | 8.19
Q+0,—»Q+-0Oy 64.3 | 90.61

4 = -+ » Standard change of reactions in enthalpy calculated with B3LYP/6-31G(d)

in aqueous solution (kcal/mol)

Q2 Qs
QHz + -0, — -QH» + OOH | 15.04 | 17.79
QH;+ -0, - -QHy + O0OH | 152 | 20.4
QHuy + -0, — -QH@ + 0,2 | 94.6 | 306.06
QHy + -0, - -QHyy + 0, | 91.3 |312.67

‘QH + -0, —» Q + OOH -0.15 5.4
‘QHy + -0, —> Q + OOH 0 2.79
Q +:0; > Q+0,° 141.82 | 312.57
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# = -+ 1 Standard change of reactions in enthalpy calculated with B3LYP/6-31G(d)
in aqueous solution (kcal/mol)

Q2 Qs

QH; + -O0H — -QH(y + H,0, | -10.05 | -9.99
QH2 +-00H — 'QH(]_) + H,0, -9.89 -7.37
QH@ + -O0H — -QH@u + OOH™ | 11.51 | 78.69
QH@ + -O0H — -QH; + OOH | 8.21 85.3

‘QH@ + -O0H — Q + H,O; -25.24 | -22.37
'QH(]_) +:00H — Q + H,0; -25.09 | -24.98
Q" +-00H — Q + OOH" 58.73 | 85.2

# = -+ = Standard change of reactions in enthalpy calculated with B3LYP/6-31G(d)
in agueous solution (kcal/mol)

Q2 Qs

QHy +-OH — -QH@) + H,O | -42.49 | -41.94
QH, + -OH — -QHgy) + H,0 | -42.36 | -39.87
QH(4)- +-OH — -QH(4) +OH | -1.67 73.31
QHy +-OH — -QHyy+ OH | -4.97 | 79.93

‘QH@g + -OH — Q + HO -57.68 | -54.33
‘QH@) +-OH —» Q + H,0 -57.53 | -56.94
‘Q +-OH—Q+0OH 4555 | 79.83

+

FZT GkBRYVES QR Qfr-OOH 273 h+HHB &

I

TIESE BAHS L 25 Q2 QsihF B35V (27)(28) 4 i H F
BHEL L F N9 -RB0)5w#F 38 &5 1 F i (31) -

v

(Bi%#F o HEi f e F BAQG)EwsF o B @5 T
=LA LRBRD TGP Q2 Qfra 3 pd AEFTE R EHSE
TIESE RAAHY L &5 Q ik it (34)~(40) 5 e HF o HiE
B 18R QeeF ey (34)~ (B0) R o HEL [P F
B (36)~ BT) i F o B LI F EsY(38)~ (39) 5 ik

2

B BELZES FRNU0)EEF R HELZD G
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33 & 26-1° § & R3-FpER(DMQ-MA)2 H ¥R
B R RE TN A A P2 AEH

Bt emQ Qe ¥ f > 1" 54 Q¥ -O0H > f-kiFRe i ¢
PQEF FEFI RFIEHF Bridita o v RZ Bengd w3 2L
FUEREEAE &P RO L R - T @B 5 iR G R G P
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TAESF ROEAL o AP IEALERE NP AL
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# = -+ = Change of reactions in activation energy calculated with B3LYP/6-31G(d)
in the gas phase (kcal/mol)

Q2 | Qs

QH, + O, — -OHyy + -OOH | 9.34 | 9.86
QH; + O, — -QH) + -O0OH | 1.86 | 15.48
‘QH@y+0, > Q+-00H | 747 5665
‘QHm+ 0, — Q+-00H | 1.72 | 10.05

# = -+ ~ Change of reactions in activation energy calculated with B3LYP/6-31G(d)
in the gas phase (kcal/mol)

Q2
QH, + -00H — -QHg + H,0, | 6.96
QH, + -O0H — -QH, + H,0, | 2.24
'QH(4) + -O0H — Q + H,0, 7.56
‘QHw + -O0H > Q +H,0, | 0.69
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# = -+ 4 Change of reactions in activation energy calculated with B3LYP/6-31G(d)
in aqueous solution (kcal/mol)

Q2

QH; + O, — -QH(4) +-0O0H | 16.89
QH; + O, — 'QH(]_) +-0O0H | 15.59
QHm+ 0, —> Q+ -O0H | 23.87
‘QHp + 0, > Q+-00H | 19.88
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Q; % 15.38 kcal/mol> & 58 (17)7% i ix £ %]+ % ~ » & 5~ 7 kcal/mol
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