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Physical Chemistry 
Interaction of O + ion with water molecules: a quantum-chemical study 
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The interaction of  O + ion with several (from one to four) water molecules wa,~ studied by 
the ab initio (U M P4/4-3 t G*) and semiempirical (AM l) quantum-chemical methods. It was 
found that the energy of binding the O ~ ion to the first water molecule is appreciably higher 
than those of binding to the subsequent water molecules. In the complex with a water 
molecule, whose structure corresponds to that of water oxide, the O + ion retains high 
reactivity. The barrier to the transfer of O ~ ion to another water molecule is much lower than 
the barrier to analogous transfer of O atom from the molecule of water oxide, despite the lower 
di~ociation energy of  the H20--O bond. Consideration of subsequent interactions with water 
molecules leads to an increase in the barrier to the transfer of O + ion. The doublet and 
quadruplet excited states of the O § -r- 2 H20 system were also studied. In these cases, the 
formation energies are well described by the ion-dipole model. 
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Oxygen  t ransfe r  plays an  i m p o r t a n t  role in m a n y  
biological  and  chemica l  oxidat ive  p r o c e s s e s )  The  m e c h a -  
n i sm o f  t h r ee - e l ec t ron  o x i d a t i o n  o f  substrate involv ing  
the  t r ans f e r  o f  O + ion: 

kO + + B ~ BO-" + L, 

where L and B are bases, seems to be selective 2 and is o f  
par t icular  interest. This mechan ism was proposed to 
exp la in  unusua l  selectivity o f  t h e  ox ida t ion  of  h y d r o c a r -  
bons  in several chemica l  sys tems ,  z - 6  Later, it has  b e e n  
c o n f i r m e d  exper imenta l ly .  7 

Previously,  8 we have d i s cus sed  the  problem o f  the  
t r ans fe r  o f  O + ca t ion  in ou r  ab initio q u a n t u m - c h e m i c a l  
s tudy  o f  its in te rac t ion  wi th  m e t h a n e .  8 Because o f  h igh 
e x o t h e r m i c i t y  o f  the reac t ions  be t w een  O* and  CH4,  
they  a p p e a r e d  to be virtually bar r ie r less .  If  an O + c a t i o n  
is b o u n d  to a solvate mo lecu l e  L, its t ransfer  requi res  
o v e r c o m i n g  of  an  energy b a r r i e r  a n d  is a c c o m p a n i e d  by 
c leavage  o f  the  L - - O  ~" bond .  

In th i s  work, we studied t h e  t h e r m o n e u t r a l  r eac t ion  

H20-"O'* + H20 ~ H20 + H2OO +, (1) 

since in this case the energy bar r ie r  to transfer o f  O + ion 
can be assumed to be the upper  bound for exothermic 

oxidat ion processes.  In o rde r  to s imula te  the effects  o f  
the med ium,  we s tud ied  the  in te rac t ion  o f  the  r e a c t a n t s  
and  act ivated c o m p l e x  with one  and  two extra  w a t e r  
molecules.  I n f o r m a t i o n  on  the c o o r d i n a t i o n  of  O + c a t -  
ion to several wa te r  molecules  is also o f  i m p o r t a n c e  for  
an unde r s t and ing  o f  the  m e c h a n i s m s  o f  not  on ly  t he  
react ions u n d e r  study, but  also possible  s tab i l i za t ion  o f  
O § ca t ion  in the  course  o f  its i n t e rac t ion  with l igands.  

Calculation procedure 

Ab initio calculations were carried out in the unrestricted 
Hartree-- Fock (U H F) approximation with inclusion of correla- 
tion effects in the framework of the Moller--Plesset (MP) 
perturbation theory with the 4-31G* and 6-31G** basis sets 
using the GAUSSIAN-92 program package. 9 Correlation effects 
calculated at the MP2--MP4 levels of  theory were taken into 
account. In some instances, the effect of augmentation of  the 
basis set was also studied, The equilibrium geometries and 
relative energies of the systems under consideration were ob- 
tained from U M P2/4-31G* and U M P4S DTQ/4-31G"/ /U M P2/ 
4-3 IG* calculations, respectively. Excited states were calculated 
by the UCIS/4-31 G* or U M P2/4-31 G* methods, unless other-  
wise specified. 
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The inclusion of correlation effects appreciably affects the 
energy profile of reaction (1), the geometry of the system in the 
transition state, and the mutual position of the energy levels. 
Calculations of electron correlation corrections at higher levels 
of theory decrease the barrier to this reaction from 18.8 to 
1.7 kcal mol-L This also leads to qualitative changes in the 
potential energy surface. For instance, if the transition state 
(TS) energy obtained from the Hartree--Fock calculations is 
5 kcal tool - I  higher than the energies of the initial reagents, it 
appears to be 14 kcal tool -E lower than that of the initial level 
after inclusion of correlation effects. The corresponding changes 
in the geometry are insignificant. 

The interaction of O'- cation with three or four water 
molecules was studied by the semiempirical AMI method, I~ 
which was chosen alter comparing the numerical values of the 
interaction energies calculated in different approximations 
(Table I). Some qualitative differences between the results 
obtained using the semiempirical and ab initio approaches should 
be pointed out. According to AM I calculations, one of the TS 
of the transfer of O + ion from the H 20--O ~ system to the water 
molecule is characterized by positive frequencies of normal 
vibrations and one of the minima of the HzO--O" + I-I,O 
system is not located. The energy characteristics calculated by 
the AM I method agree satisfactorily with those obtained in the 
UHF approximation. Somewhat worse was the agreement be- 
tween the results of AM I calculations and those of calculations 
performed with inclusion of correlation effects. The structures 
optimized using the AM[ and ab initio approaches have close 
geometries. The largest differences are 0.15 .~ for the O--O 
bond lengths and 13 ~ for the O--O--H bond angles. 

The aforesaid suggests that the AM I method can be used for 
qualitative description of the reactions of O + cation with several 
water molecules. One can expect that it satisfactorily reproduces 
the geometry of stationary, states and the affinity of the O ~ ion 
toward several water molecules. Though the barriers to the 
transfer of O + ion are distinctly overestimated in the AM I 
approximation, it is likely that this method can correctly de- 
scribe changes in their values observed with increasing the 
number of H20 solvate molecules. 

Results  and Discuss ion 

System 0 + + 1t20 

The i n t e r a c t i o n  o f  O ~" ion wi th  o n e  water  molecule  
results in a pyramida l  com p l ex  ( IA)  (Figs.  1 and  2. 
Table 2): 

O'+ (4S)  + H 2 0  ~ H20.--O "+ ( 1A )  + 75 .6  kcal  tool  -1, 

in which  the  O - - O  bond  length is 1.38 ,&.. This  bond  is 
shor te r  and  s t ronge r  t han  the  O - - O  b o n d  ( r i O - - O )  = 
1.52 A) in the  wate r  oxide molecu le :  

Tab le l .  Relative energies (kcal mol - I )  of the H2OO "+ + 
H20 --+ H2OO'"---H20 (2C) + AE I and H2OO + + H20 
O+--2H20 (2E) + AEII interactions 

Method of calculation axe I AEH 

U H F/6-3 IG"* -23.5 6.7 
UMP2/6 -31G** / /UHF/ 6 - 31G **  -25.8 -7 .5  
U M P3/6-3 IG**/ /U H F/6-3 IG** -25.2  -2 .5  
AMI -27.9  11.2 
MNDO -11.3 37.3 
PM3 -28.0  -27.3 

H20-'-O "+ ~ H20 + O - -  19.9 kcal tool -1, 

which is exp la ined  by d e t a c h m e n t  of  an e lec t ron  f rom 
the  a n t i b o n d i n g  orbital .  Ana logous  co r r e spondence  is 
also observed for the 0 2  and  02  + systems: r ( O - - O )  = 
1.604 .,k, r ( O - - O  +) = 1.34 ,~,, D ( O - - O )  = 
118.0 kcal mol  - t ,  and  D ( O - - O  +) = 153.5 kcal tool - l  tt 
(here.  D is the  d i s soc ia t ion  energy o f  the co r r e spond ing  
bond}.  

In the H2OO "+ complex ,  the e lec t ron  dens i ty  is 
appreciably  sh i f ted  to the  O "  ion (0.78 e), so tha t  the  
positive charge  is loca l ized  on  the H a toms (each  H 
a tom carries a charge  of  0.60 e). Therefore  the H2OO" "~ 
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Fig. 1. Geomet r ic  characteris t ics  of the structures in 
the O + + H20 system optimized in the UMP2/4-31G*. 
UHF/4-31G* (figures in parentheses), and AMI (figures in 
square brackets) approximations. For H,O, rOH = 0.969 (0.948) 
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Fig. 2. Relative energies (E) of isomers in the H202 + system 
calculated in the UMP4(SDTQ)/4-31G*//UMP2/4-31G* ap- 
proximation. 
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Table 2. Energies of the H202 + and H20 structures (au) calculated in different approximations 

Method of calculation IA IB IC H20 

UHF/4-31G* 
UM P2/4-3 IG*//UH F/4-3 IG* 
U M P3/4-3 IG*//U H F/4-31 G* 
UHF/6-3 IG** 
U M P2/6-31G'*//U H F/6-31G** 
U M P3/6-31G*"//U H F/6-31G** 
UM P2/4-3 IG* 
U M P3/4-31G*//U M P2/4- 31 G* 
U M P4/4- 31G' / /U M P2/4- 31 G* 
U H F/4-3 IG*(ZPE/kcal mol-J) a 

-150.2618 -150.2716 -150.1668 -75.5860 
-150.5783 -150.6185 -150.5147 -75.7069 
-150.5906 -150.6231 -150.5182 -75.7101 
-150.4157 -76.0236 
-150.7369 -76.2191 
-150.7500 -76.2256 
-150.5800 -150.6269 -150.5155 -76.1251 
-150.5919 -150.6261 -150.5186 -76.1311 
-150.6007 -150,6467 -150.5423 -76.1357 

17.6 13.1 I4.4 

a ZPE is the zero-point vibrational enemy. 

system can also be considered as a complex between the 
H ~ cation and the HO 2' radical: 

H + + H O 2"  --- H2OO "~ + 1 4 0 . 8 3  k c a l m o 1 - 1 .  

However, the protonated radical HO 2" can adopt the 
energetically more Favorable peroxide form IB:  

H* + HO 2" ~ HOO--H'" + 165.93 kcal mo1-1. 

|nterconversion between structures IA  and |B  pro- 
ceeds vie TS 1C. However, the barriers to both the 
Forward ( I A  ~ IC ~ IB)  and reverse reactions are 
rather high (40.4 and 65.5 kca] tool - I ,  respectively). 
According to M P4 /6 -31G* / /M  P2/6-3 I G* calculations, 
analogous isomerization of  water oxide into hydrogen 
peroxide is characterized by barriers o f  6.3 and 56.0 kcal 
mol - I  to the Forward and reverse reaction, respectively. 12 
This indicates that ionization o f  water oxide leads to 
greater stabi l izat ion of  the nonclassical structure IA  as 
compared to the classical structure lB.  

System 0 + + 2H20 

Because of  the small size o f  O + cation and its high 
affinity toward the water molecule, one can expect that 
it is capable of  binding to several H20 molecules. The 
interaction of  the cation with two water molecules can 
tbllow at least three directions. 

Complexation. According to our calculations, the 
interaction of  H20 with H2OO "'~ (IA) results in the 
barrierless formation of the equilibrium structure 2A 
(Figs. 3 and 4, Table 3): 

H20--O'* (1A) + H20 =, H2OO'~'--OH2 (~1~) + 
+ 17.6 kcal tool -t. 

Since this leaves the geometry and charge distribu- 
t ion in the H 2 0 - - O  "'~ Fragment vir tual ly unchanged (the 
O - -O  + bond is lengthened by 0.04 .~, only and the 
atomic charges change by at most 0.01 e), structure 2A 
can be considered as a complex between the O + ion and 
two water molecules. One o f  these molecules is a con- 
stituent o f  the inner coordination sphere whereas the 
other is a constituent of the outer  coordination sphere of 
the O ~" ion. 

H + Transfer. Hydrogen atoms in the H2OO + system 
carry, a large positive charge. Hence  it should be ex- 
pected that if a water molecule interacts with H2OO ~, 
the water dipole is oriented to a H atom rather than to 
the O atom and it is the negative pole of the dipole that 
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Fig. 3. Geometric characteristics of structures in the O + + 2H20 
system optimized in the U M P2/4-31G =, U H 17/4-31 G* (figures 
in parentheses), and AM I (figures in square brackets) approxi- 
mations. 
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Fig. 4. Relative energies (E) of stationary states in the 
O § + 2H20 system calculated in the UMP4(SDTQ)/4-31G*// 
U M P2/'4-3 I G* approximation. The energies of quadruplet states 
were obtained by the U M P2/4-31G~'//U M P2/4-31 G* method. 

is directed at the H atom. However, this is accompanied 
by a barrierless proton abstraction from H2OO + and by 
the formation of  structure 2B (see Figs. 3 and 4), which 
can be considered as a complex of the H + cation with 
the H20 molecule and HO 2" radical: 

H2OO "+ + H20 ~ HO2"--H30~ (211) + 
+ 64.1 kcat m o r  t . 

Unlike the structurally similar radical cation of  water 
dimer 13 with bonds of  different length ( r (H20--H)  = 
1.053 A and r (H- -OH)  = 1.524 A), complex 2B has a 
strong hydrogen bond. 

Symmetrical interaction of H2OO + with the water 
molecule results in the formation of structure 2C with 
two strongly polarized O--H bonds. This structure cor-  
responds to a transition state through which the exchange 

of H atoms in complex 2B can occur rather than to a 
minimum on the potential energy surface (PES): 

HO2'--H*H20~ (2B) ='- 2C =" 

H*O2 "--H30" (21a), 
= 32.6 kcat tool -~. 

O + T r a n s f e r  f r o m  H 2 O O "  + to H 2 0 .  O u r  search fo r  

the TS of the reaction of  transfer of O + cation from 
H2OO + to the other water molecule revealed two saddle 
points on the PES corresponding to structures 2D and 
2E with C2v and C2h symmetry, respectively (Fig. 5, 
Table 3). These structures differ only in tilt of  the water 
molecule; the bond lengths and bond angles in them are 
rather close. Structures 2E and 2D have close energies 
(E(2E) - Ef2D) = 1.8 kcal tool - j )  (see Fig. 4) and the 
imaginary frequencies of  normal vibrations are 653i and 
668i cm -I .  respectively. These saddle points are sepa- 
rated by a barrier corresponding to a planar structure 2F 
with D2h symmetry (E(2F) - E(2D) = 10.5 kcal mol- l ) .  
The O--O bond in the transition state is lengthened to 
1.75 ,~ for both structures. The positive charge on the 
central O atom increases to 0.4 e. The unpaired electron 
is a/so mainly localized on this atom (the spin density is 
1.09). Transfer of  O + cation 2,A ~ 2D (2E) ~ 2A is 
accompanied by overcoming of a low activation barrier 
(1.7 kcal tool -~ for 2D and 3.5 kcal tool - I  for 2E). The 
enemies of structures 2D and 2E are lower than those of 
the initial reactants by 15.9 and 14.1 kcal tool - I ,  respec- 
tively. 

It is of  interest to compare the results obtained in 
this work with the data on the transfer of  O atoms in the 
H2OO + H20 system. 12 According to MP4/6 -31G*/ /  
MP2/6-31G* calculations, the O - - O  bond length in 
both the H ~ O - - O - - O H  2 transition state with C2h sym- 
metry and structure 2E is - I .7  ~,, whereas the energy 
barriers relative to the noninteracting H2OO ~- H20 

Table .3. Energies of stationary states in the O § + 2H20 system (au) calculated in different approximations 

Method of calculation HzOO ~ + H~O 2A 2B 2C HO, + H3 O+ 2D 2E 2F 

UHF/4-31G* -226.2008 -226.2229 -226.2816 -226.2453 -226.2487 -226.1919 
UMP2/4-31G*// -226.7026 -226.7270 -226.7531 -226.7610 -226.7157 
UHF/4-31 G* 
UMP3/4-31G*// -226.7210 -226.7450 -226.7700 -226.7766 -226.7261 
UHF/4-31G* 
UHF/6-31G** -226.4393 -226.4825 -226.4870 -226.4279 
UMP2/6-31G**// -226.9560 -226.9834 a -227.0042 -227.0126 -226.9665 
UH F/6-31G** 
UMP3/6-31G**// -226.9756 -226.7322 -227.0225 -227.0294 -226.9783 
UHF/6-31G** 
UMP2/4-31G* -220.7051 -226.7322 -226.8115 -226.7562 -226.7633 -226.7254 
UMP3/4-31G*// -226.7230 -226.7475 -226.8207 -226.7722 -226.7784 -226.7315 
UMP2/4-31G* 
UMP4/4-31G*// -226.7424 -226.7704 -226.8446 -226.7926 -226.7997 -226.7678 
UMP2/4-31G* 
U H F/4-31 G* 32.0 33.7 34.8 34.5 32.8 33.4 
(ZPE/kcal tool -I ) 

-226.1928-226.1883 
-226.7163-226.7050 

-226.7268-226.7170 

-226.4286-226.4255 
-226.9680-226.9581 

-226.9795-226.9711 

-226.7230-226.7087 
-226.7312-226.7190 

-226.7648-226.7505 

32.3 b 31.6 

,7 Calculated by the U M P2/6- 31G'~*//U M P2/6-31G ~* method. 
b Calculated by the UMP2/4-31G* method. 
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Fig. 5. Geometric characteristics of transition states of the 
reaction of the transfer of the O § cation in the O + + 2H20 
system optimized in the UMP2/4-31G*, UHF/4-31G* (figures 
in parentheses), and AM I (figures in square brackets) approxi- 
mations. 

system and the H 2 O O - - H 2 0  complex are 2.8 and 
24.4 kcal tool -1, respectively. Thus the activation ener-  
gies for the transfer of O atoms and O* cation, as well as 
the energies of binding between these species and the 
water molecule, change in opposite directions, which 
indicates that the stabilized O + cation retains its high 
reactivity. 

Excited states o f  the 0 + + H20 and 0 + + 2H2 0 
systems 

Characteristic of the H2OO' + associate is a doublet 
ground state with A" symmetry, which correlates with 
the triply degenerate doublet  2p term of the O + ion. 
Hence the interaction of O+(3P) with a water molecule 
leads to the appearance of low-lying excited states caused 
by splitting of the degenerate atom P term. In terms of 
the molecular orbital (MO) theory, these excitations 
correspond to the transfer of an electron between n-MOs 

Table 4. Energies (au) of excited states in the H2OO + and 
H20--O--H 20" systems 

Method of 

calculation IA* IA** 2D* 2D** 

UCIS/4-31G* -150.2370 -150.2512 -226.1741-226.2194 
UMP2/4-31G* -150.5621 -226.7108 

Structure 

of the O--O bond, differing in orientation with respect 
to the symmetry plane of the H2OO" + cation, as well as 
to the electron transfer from the a - M O  to the n-MO. 

We studied the lowest A" and A" excited states of the 
H2OO "+ associate and the corresponding Bj and B 2 
states of the H 2 0 - - O - - H 2 0  + (21)) system (Table 4, 
Fig. 6). The first excited state of the H2OO + associate 
(1A*) has an A" symmetry, and its energy is 15.6 kcal 
mol -I higher than that of the ground state. The energy 
difference between structures 2D and 2D* with B I sym- 
metry is close to this value (I t.2 kcal mol-I) .  However, 
form 2D* is not a TS since it is transformed into 
the HO2"--H30 + complex owing to proton transfer 
after removal of symmetry, restrictions and further 
optimization. 

The second A" excited state appears after the transfer 
of an electron from the a -MO to n-MO of the O--O 
bond, Optimization yields a planar structure 1A** with 
~ v  symmetry and substantially lengthened ('up to 
3.5 ,~) O- -O bond. This structure is a polarization 
complex between the an O atom and the H20 "+ ion 
(E(IA**) - E(IA) = 6.6 kcal tool-l) .  The energy of the 
corresponding structure 2D** with B 2 symmetry, which 
is also a polarization complex between an O atom and 
the cation comprising two bound water molecules, is 
17.2 kcal mol - I  lower than that of  structure 2D. 

Thus, the transfer of an electron between the ~t-MOs 
of the O--O bond involves a shift of the states of the 
H20--O "+ + H20 system toward higher energies rela- 
tive to the ground state (IA -- 2D ~ IA* --  2D*), 
whereas the a ~ n  excitation appreciably changes the 
PES profile due to the formation of  a low-lying structure 
2D** in which the electron is transferred from the water 
molecule to the O + ion. The existence of symmetric 
complexes of the O- - (H20- -H20)"  § type can be sug- 
gested: however, our attempts to locate them failed. 

Quadruplet states o f  the 0 § + 1-[20 and 0 + + 21t2 0 
systems 

Characteristic of the 0 ' -  ion is a quadruplet ground 
state (r Therefore, it is appropriate to consider "qua- 
druplet" products of the interaction of O ~ cation with 
one or two water molecules in addition to "doublet" 
products. Compared to form IA, the H2OO'*  ion in the 
IAq quadruplet state (Fig. 7, Table 5) is characterized by 
the O--O bond being lengthened by 0.57 A, as well as by 
a large positive charge (0.52 e) and spin density on the 
terminal O atom. The formation energy of complex IAq 
is 55.1 kcal tool- I. 

The interaction of H2OO "+ (IAq) with one water 
molecule leads to changes in the distribution of station- 
ary points on the PES. No complex of the type 2,A is 
located since it is transformed into a form similar to 2B 
due to the transfer of H + cation (this structure was not 
studied in detail). However, despite the polarized nature 
of complex lAq, calculations of the interaction with an 
extra water molecule performed assuming equivalence of 
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1A 
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. - ' "  (-127t 

0,0 ~ "  

~ ' , . . , . I  - T 1 .6  
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Fig. 6. Geometric characteristics of structures (a) and rela- 
tive energies (b) of  excited states in the H~OO' -  and 
H20--O--H20 ~" systems calculated in the UCIS/-4-3IG* and 
UMP2/4-31G*//UMP2/4-31G* (figures in parentheses)ap- 
proximations, 

the O - - O  bonds lead to unstable structures 2Dq and 2Eq 
corresponding to the th i rd-  and fourth-order  saddle 
points (Fig. 7). The  geomet r ies  o f  these structures are 
stmilar to those o f  systems 2E and 2D. No planar 

O~ 1 ' 1 - - ~ ( 9 ' ~  0.987 2(1)  Q.(2) 
" " 1 954 " ~ , ~ " ( 0 . 9 7 2 )  
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(2.143) ." ~ 1 2 3  ~) 

.,~O(2) O(t ) ' 'O(5) 126.8 ~ 
H(4)" +0.86 0.993~H(7) (126.8 ~ 
+0.49 (0,968) 

2F (D2~) 
Fig. 7. Geometric parameters and charge distributions in the 
structures of stationary "quadruplet" states in the H2OO ~ and 
H2OO + - H20 systems calculated in the UMP2/4-31G*//  
UMP2/4-3IG* and UHF/4-31G* (figures m parentheses) ap- 
proximations. 

structure similar to 2F  was found; at the same t ime.  if 
calculat ions are pe r fo rmed  assuming a D2a symmet ry  of  
the system, the cor responding  second-order  saddle point 
(2Fq) was located. In all of  these structures, the O - - O  
distance (2,0--2.2 ,~) is appreciably longer  than that in 
structure IAq. Systems 2Dq and 2Fq are more  stable 
relative to the initial reagents, H2OO + (IAq} and H20.  
as compared  to the corresponding doublet  states. Con-  
s ider ing  these s t ruc tu res  as a "rigid" O § ion  and 

Table 5. Energies of quadruplet states in the H 2 O O  ~" T H20 system (au) 

Method of calculation Structure 

H~00 "+ + H20 2Dq 2Eq 2Fq 

UHF/4-31G* 
U MP2/4-3 IG* / /UM P2/4-31G* 
U M P3/4-31G*//U M P2/4-3 I G* 
U M P4/4-3 IG* / /U  M P2/4-31 G* 
U H F/4-3 IG'~(ZPE/kcal mot - l  ) 

-226.2132 -226.2427 -226,1662 -226.2406 
-226.6705 -226.7030 -226,6462 -226.6925 
-226.6951 -226.7239 
-226.7098 -226 7419 

30.1 31.0 3t.7 31.4 
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polarizable water dipoles, it is possible to find the ener-  
gies of  their formation 

0"  (4S) + 2 H20 ~ H20----(:)'+--H20 (2Dq, 2Fq, 2Eq). 
Taking into account the Coulomb and polarization con-  
tributions, we get 65.5, 65.8, and 38.8 kcal tool -1 for 
2Dq, 2Fq, and 2Eq, respectively. These values are in 
good agreement with the results of  ab initio calculations 
(73.7, 67.1, and 38.0 kcal tool -1, respectively), except 
for structure 2Dq, for which the contribution of  chemical 
(exchange) interactions seems to be larger than for other 
structures. 

H(9) H(10) 

0.9~:}4~ 104.5 
114.2 p (8 )  

/2,22 U(6)1o5, 
101.9 111.1 /72,9 92"3 f ~ ,  H(7) 
, ,' O ( 2 ) ~ O ( 1  ) ~ 0 ( 3 )  0979 TS 

H(3)l' " t  1.750 1.822 
105 2 1 0.978 175.5 

H(4) 
3E ( Cs) 

H(9) 
~k~0.964 

~o5.o 0(8) 
H(10) '~13&g' .  2225 O(1) 

.(311i-. /,=5 
.... ~:,0~2 ~ 11 I. 1 

H(4)~ . - "  ~ J 
. "  2.293 

~--t I05.4 ~0.964 

H(7) 

e(128") ~(125 ~ ) 
80.6 ~ 151.5 ~ 
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/2.135 H(6)104.7 
,2.4-/L(7) 

,,,. O ( 2 ) ~ O (  1 ) ~ O ( 3 )  . . . .  TS 
H(3)n ' l  l SlB / 1.818 1 ; lOZ.1 

H(4) / 
/ 

0(1~)  

X" ' l IH(1 3) 
H(12) 

4E ( Cs) 

Fig. 8. Geometric structures of the O + -~ 3H20 and O* + 4H20 
systems optimized in the AM I approximation ("ms" denotes 
transition states). 

Though the "quadruplet" PES of  the H~OO "+ + H20  
system was studied in less detail than the "doublet" PES, 
the results obtained suggest a less selective (more "rigid") 
interaction. Only proton transfer resulting in the forma-  
tion of  the HO2- -H30  + adduct is observed instead o f  the 
formation of  the H2OO" "---H,O complex and the t rans-  
fer p r o  ~- cation from one to the other water molecule in 
the case of  the doublet state of  the system. 

Systems 0 + + 3H20 and 0 + + 4H20 

The interactions of  O + cation with three and four 
water molecules were studied by the semiempirical AM I 
method. In the first case, a H2OO'~---2H20 structure 
(3B) is formed (Fig. 8), comprising a virtually undistorted 
H?OO "+ radical ion and two water molecules lying in 
the symmetry plane of the H2OO + fragment and for-  
mally constituting the outer coordination sphere o f  the 
O + ion. 

O § ( ~ )  + H20 = H2OO'" (1.0,) + 
§ 57.2 kcal tool -1 (AM1), 

H2OO'" + H20 ~ H2OO'+---H2O (212) + 
+ 27.9 kcal mot - I ,  

H2OO'~-.,,.H20 + H20 = H2OO'~--2 H20 (3a)+ 
+ 22.5 kcal mol - I .  

Close values of  binding energies of  the outer-sphere 
water molecules and their coordination to H atoms in 
the H~OO "t  fragment, carrying the largest positive 
charges, indicate a polarized nature of  the complex 
(Table 5). On the contrary, TS 2E is characterized by 
concentration of a rather large positive charge on the 
central O atom. Therefore it can be suggested that the 
concentration of  charge on the transferred O + ion will 
cause strengthening of the interaction of this TS with the 

AE/kcal mol - i  
i 11.2 

' " x , . .  ""~, n=0 
H~OO + -6.5 ~ ' -  
+-(n+ l)H20 Y ~ .  \ \  / "-, 

\ X / --24.4 \ ' \  

/ "X X .... ~-so./ \.,~=2 
3B + H20 

Fig. 9. Relative energies (L0 of complexes and transition states 
of the reaction of the transfer of the O* cation in the 
H2OO "~- + (n * I)H20 (n = 0. 1, 2) systems calculated by the 
AM I method. 
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Table 6. Enemies (E/au) and charges (e) on the O and H atoms calculated by the AM1 method (for 
H20. E = -0.0944 au) 

Struc- E ZPE q/e 

ture /au /kcal real -~ O( I ) 0(2) O151 O(81 O( 11 ) 
(H13,41) 11,116.711 11-119,101) 1H(12,13)) 

IA 0.3784 0.11 -0.05 
(0.47) 

2E 0.3018 30.7 0.15 -0.26 -0.19 
(0.32) (0.33) 

2B 0.2395 31.3 0.07 -0.05 -0.6 
(0.47) 10.32! 

3E 0.1791 46.1 0.19 -0.25 -0.28 
(0.33) (0.32) 

3B 0.1092 46.7 0.04 -0.02 -0_57 
(0_46) (0,30) 

4E 0.0562 61.6 0.26 -0.29 -0.29 
(0.32) (0.32) 

-0.54 
(0.29) 
-0.57 
(0.30) 
-0.54 
(0.28) 

-0.54 
{0.28} 

medium and,  as a consequence ,  a decrease in the ac t iva-  
tion barrier. 

Our  ca lcula t ions  of  the interaction o f  TS 2E with 
extra water molecules  show that the latter are g rouped  
around the central  O atom to tbrm structures 3E and 4E 
(Fig. 8) and that the charge on this atom is nearly 
doubled on going from 2E to 4E. However,  the ac t iva-  
tion barriers to transfer of  O + cation 

H2OO'*--oH20 . H20 ~ H20--O'-~-.-OH2--nH20 

increase as n increases, namely, _~E ~ = 11.2, 21.4, and 
26.0 kcal mot -1 for n = 0, 1, and 2, respectively (Fig. 9). 
This is eventual ly  due to a lower polarity of  the O - - O "  
bonds compared  to that of  the O - - H  bonds even in the 
transition state. Hence  this suggests that the react ion o f  
transfer o f  O + cation:  

LO~--nB + L ~" L--O---L--nB ~" LO § + L--riB, 

where L and B are bases (in part icular,  L = B = H 2 0 ) ,  is 
character ized by an increase both in the stability o f  the  
LO+--nB complex  and in the reaction barrier with 
increasing n. This means that stable asymmetric  c o m -  
plexes o f  O"- ion o f  the (LO+)- -nB type with one  
coordinat ion bond can be formed under appropr ia te  
conditions.  
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