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Structural peculiarities and the possibility of the existence of 

small water cluster anions ( H 2 0 )  n- with n <_ 4 
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Structures of (H20)n- anions with n ~ 4 were optimized at the UHF/4-31++G'*  level 
and their stability was estimated at the MP2/4-3t++G** level. The trimer anion has a c h a i n -  
like structure, while the tetramer anion can exist either in a chain-like or a cyclic 
configuration, in the dimer anion and in the chain-like anions, the excess electron densi ty  is 
localized on the terminal water molecule, an acceptor of the H-bond proton. In the cyclic 
anion, it is uniformly distributed over the free hydrogen atoms. All considered anions have 
energy values higher than those of the corresponding neutral oligomers. The detachment o f  
an electron From the anions should proceed with the liberation of energy. However, t r imer  
and larger anions are stable against dissociation into individual water molecules and a free 
electron. 
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Ionizat ion o f  small ( H 2 0 ) n  oligomers with n ~ 4 
results in a substantial c h a n g e  in their  structure, t,z The  
following fragments  can be  distinguished: H30  +, O H ' ,  
and (n - 2) H20  m o l e c u l e s .  According to calculations,  
H3 O§ is so strongly b o n d e d  to the neighbor water mol-  
ecules that it is reasonable to  consider  H30§ as a 
single fragment.  At the s a m e  t ime,  the OH radical is not 
inclined to hydrat ion and exists  either in an almost free 
form or as a slightly b o n d e d  "hydrophobic tail", sepa- 
rated from the H3 O§ f r a g m e n t  in the (H,O)n+ chain 
with a water  molecule .  A n  extrapolation of the calcu- 
lated adiabatic ionizat ion po ten t ia l s  of  the (H20)  . ol igo- 
mers with n <__ 4 to n --~ ~ provides a value of  8.7 eV, 
which can be cons idered  in certain approximations as 
the electron work func t ion  o f  liquid water. This result is 
well supported by the e x p e r i m e n t a l  data. 3 Irradiation of 

ice with UV light with photon e n e r g y  6.5--6.8 eV in i -  
t ia tes  its photoconductivity.  A c c u m u l a t i o n  of  hydrogen  
peroxide  in a specimen indi rec t ly  conf i rms  the f o r m a -  
t ion  o f  OH radicals. 

T h e  calculat ion results I.z p r o v i d e  a new approach to 
the mechanism and condit ions o f  the ionization o f  
l iquid water, and, consequent ly ,  to the mechan ism of 
the initiation of  photoconduct iv i ty .  At  the same t ime ,  it 
b ecomes  even more  necessary t o  d e v e l o p  a well f o u n d e d  
theory  of  the state of an e l e c t r o n  knocked out o f  the  
original  neutral water cluster. W h e n  an electron is c a p -  
tured by a neighbor neutral c lus te  r, wha t  does the f o r m e d  
5 ( H ~ O ) ,  complex  took like az~d h o w  does it par t ic ipate  
in the  charge transfer process? 

Unl ike  ( H 2 0 ) ,  § clusters ( iF l s t ead  of  which p r o t o -  
hated H*(H20)k  clusters have ma in ly  been s tud ied) ,  
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substant ia l  a t t e n t i o n  4 - t z  has been  paid to ~ ( H 2 0 )  ~ clus- 
ters. Yet, the re  is still no  c lear  idea of  the size of  a 
c luster  able to keep an  excess  e lect ron,  nor  of  the state 
o f  the  hydra ted  e l ec t ron .  

M a n y  e x p e r i m e n t e r s  have  a t t empted  to ob ta in  nega-  
tively charged  wa te r  c lus te rs  in the  gas phase. As has 
been found,  4 a c l u s t e r  capab le  of  keeping an excess 
e lec t ron mus t  cons is t  o f  at least  11 H 2 0  molecules.  In 
expe r imen t s  wi th  t r ace  a m o u n t s  of  water  seeded in an 
inert  gas, 5 prac t ica l ly  all ( H 2 0 ) n -  anions  with n ~ 2 have 
been ob ta ined .  T h e  c o m p o s i t i o n  of  the ioniza t ion  prod-  
ucts has changed  d e p e n d i n g  on  the  water  con ten t  in the 
inert  gas: ( H 2 0 )  2- f o r m e d  at 0.1% H20;  ( H 2 0 )  . -  with 
n = 6, 7, and  >10 f o r m e d  at 2% H20;  and  only (HzO) ~- 
with n ~ 10 were obse rved  at 10% H:zO. 

The  first fairly c o m p l e t e  model  6 of  the E(HzO) . 
complex  c o m b i n e d  a q u a n t u m  mechanica l  descript ion 
of  the  excess cha rge  a n d  the  first solvation shell with a 
classical desc r ip t ion  o f  the  long- range  solvent  effects. 
An e lec t ron  was p l a c e d  in the  center  of  a t e t rahedron  
formed by four w a t e r  mo lecu le s  with the hydrogen 
a toms d i rec ted  toward  the  e lec t ron .  This E(H20)  n struc- 
ture formed the  basis  for  mos t  o f  the  subsequent  models.  
Later  7 a c o n t i n u o u s  m o d e l  o f  the polarizable m e d i u m  
beyond the  first h y d r a t i o n  shell  was replaced with a 
discrete model  w h e r e  each  H 2 0  molecule  was repre- 
sented by th ree  po in t  charges .  In the subsequent  works, s,9 
the  second so lva t ion  layer  was modeled  by water  mol-  
ecules themse lves  r a t h e r  t h a n  by the  poin t  charges. All 
the  ca lcu la t ion  resul ts  m a y  be  s u m m e d  up as follows: ( I )  
an excess e l ec t ron  d o e s  not  a t t ach  itself to the  existing 
stable ( H 2 0 )  n c lu s t e r  w h e n  n _< 12; (2) to b ind  an  
e lect ron,  the re  mus t  b e  at  least  two or three  layers of  
water  molecu les  a r o u n d  it; and  (3) no an ion  was found 
with absolu te  energy  l o w e r  t h a n  tha t  of  the  cor respond-  
ing neutra l  s t ruc tu re ,  a l t h o u g h  at n > 6 metas table  
( H 2 0 )  . -  c lus ters  f o r m  t h a t  are stable against  dissocia- 
t ion into individual  w a t e r  mo lecu le s  and a free electron.  
On the whole ,  these  r e su l t s  are in relatively good agree- 
men t  with the  e x p e r i m e n t a l  data.  

On  the  ques t ion  o f  the  local izat ion of  the excess 
e lec t ron  in a wate r  c l u s t e r ,  the  theory and exper iment  
do not  agree. The  p h o t o e l e c t r o n  spectra of  the (HzO)~-  
clusters al low one  t o  c o n c l u d e  that  the  e lectron is 
loca l ized  i , lside t h e  c lu s t e r ,  because  its orbi ta l  is 
p r e d o m i n a n t l y  s in t y p e  t~ and  the energies of vertical 
d e t a c h m e n t  of an e l e c t r o n  from (I-120) ~- an ions  at 
n = 11--69 depend  l i n e a r l y  on n - I /3  (see Ref. 11). In 
contrast ,  rnolect t lar  d y n a m i c s  calcula t ions  with a spe- 
cially cons t ruc t ed  l oca l  pseudopo ten t i a l  of  the interac-  
t ion be tween  an e l e c t r o n  and  a water  molecule  g~ve the  
result Iz tha t ,  in t h e  case  of  m ed i um - s i zed  clusters  
(8 <_ n <__ 32), the  a t t a c h m e n t  of  an e lect ron leads to the 
format ion  of  surface s t a t e s  and  only at n 2 64 the  inner  
local izat ion of  the e l e c t r o n  b e c o m e s  p redominan t .  

Never the less ,  t h e r e  is a n u m b e r  of essential  ques- 
t ions that  r ema in  u n a n s w e r e d .  For  example,  what  con-  
di t ions are necessary  for  ob ta in ing  (HzO) ~- s t ructures  

with n < 10, how probab le  is t h e i r  formation i f  t h e r e  are 
excess e l ec t rons  in liquid w a t e r ,  and so on. 

These  a n d  similar p r o b l e m s  may be so lved  on  the  
basis ol; first o f  all, c a l c u l a t i o n  data .  Most  of  t h e  mode l s  
are based o n  cons t ruc t ing  a n  appropr ia te  c a v i t y  sur-  
rounded  by water  m o l e c u l e s ,  in the  center  o f  which  
diffuse s or  so funct ions are placed to d e s c r i b e  the  
excess e l ec t ron .  This c o n s t r u c t i o n  is open t o  doubt .  
Such  func t ions  undoub t ed ly  p rov ide  addi t ional  poss ib i l i -  
t ies for descr ib ing  e l ec t ron  loca l i za t ion  in l i q u i d  water.  
At the  same  t ime, these f u n c t i o n s ,  especially in a b u n -  
dance ,  can distort  resul ts  a n d  lead to ar t i fac ts .  T h e  
conc lus ion  t h a t  the e l e c t r o n  is local ized inside a c lus te r  
uns tab le  to tl~e d e t a c h m e n t  o f  a n  elec t ron  a p p e a r s  to  be 
one  such art ifact .  In t h e  ca lcu la t ions ,  one typica l ly  
neglects  s t ruc tu re  re laxa t ion ,  t h o u g h  it should fo l low the  
i n t roduc t ion  o f  an excess e l e c t r o n  into the c lu s t e r ,  usu-  
ally rigidly fixes the g e o m e t r y  o f  water  mo lecu l e s ,  and  
imposes  s o m e  symmetry r e s t r i c t i o n s  on the o r i e n t a t i o n  
o f  water  molecules .  

Method o f  C a i c n l a t i o n s  

We performed nonempidcal  calculations of (H20) , , -  an- 
ions (n - 2--4) without any res t r ic t ion  on the geometry of the 
water molecules or the symmet ry  of  the whole cluster. The 
basis involved functions cen te red  only on the nuclei .  The 
(H20)2-  dimer has been thoroughly  analyzed, but also with a 
set of diffuse functions placed at the midpoint be tween  the 
oxygen atoms, t3 As far as we know, lapser anions have not 
been considered in a similar approximat ion.  

The basis se; was chosen for the following reasons. For 
describing an excess electron, a basis adequate for  neutral 
structures should be augmented with additional funct ions cen- 
tered either on the nuclei or b e t w e e n  them. The lat ter  variant 
is typically used. Correspondingly, the result substantially de- 
pends on the arrangement a n d  character of these functions.  
With this in mind, we chose t h e  former approach in which the 
functions are related to the a t o m s .  Here we possibly underest i -  
mate some stabilization effects, but will not obtain nonexis tent  
stntctu res. 

It is most obvious and s i m p l e  to extend a basis set with 
diffuse functions. However s u c h  a basis does not reproduce the 
features of neutral (H20) n c lus ters  wet[ enough. F'or this 
reason, the geometry of the ( H 2 0 ) n  and (H20) . -  clusters was 
optimized with the 4-31++G** basis (i.e., the 4-31G basis set 
augmented by diffuse and po la~za t ion  functions on all atoms). 
The electron correlation energy ,  which is substantial in the 
case of anions, was then es t imated  for the structures tha t  were 
optimal at the unrestricted H a r t r e e - - F o c k  level. All calcula- 
tions were perlormed using t h e  GAMESS program, t4 

All the str~ctures considered correspond to the min ima  of 
the potential energy surfaces ( P E S )  and were found as a result 
of the optimization of the georr~etry of the (H20) n- uf~ions. As, 
the initial approximation for the  optimization, we used the 
geometries of the corresponding neutral oligomers, so that the 
optimized sm~ctures of the ( H 2 0 ) , -  anions are essentially the 
result of the adiabatic rel,axatior~ of an oligomer that has gained 
an excess electron. 

All the obtained (H20) ~- a n i o n s  with n <_ 4 have absohtte 
energies higher than those of t h e  corresponding neutral  oligo- 
mers. The vertical detachment energies (I/DE) of the (Ht20) n- 
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anions are negative, which means that these anions are nn- 
stable in the absence of stabilizing surroundings. When n 
increases from 1 to 4, the electron affinity of the clusters 
becomes less negative. 

The main tendencies of structural relaxation observed for 
the small clusters seem to be transferable to larger species as 
well. Consider now the structures of  the {H20) n- anions. Let 
us first introduce the abbreviations and designations used for 
simplifying the discussion. Where it is sufficient for under- 
standing, the chemical symbols o f  the elements (O and H) are 
omitted. The O atom is denoted by the italic number that is in 
parentheses by the O symbol on the figure of the cluster (e.g., 
I instead of O(1)), and the H atom is in the same way denoted 
by a small italic letter (e.g., c instead of H(c)); Hbr is a 
hydrogen atom participating in the H-bond ("bridge" atom) 
and l-trr is a "free" atom tbrming no H-0ond; ,,(1--a) or ,'(t...a) 
is the distance between the O(1) and H(a) atoms; O(a-l--b)  
is the H(a ) - -O( l ) - -H(b)  valence angle; ~(bcd2) is the 
H(b)--H(e)--H(d)--O(2) dihedral angle; q(a) is the charge on 
the H(a) atom; and sin) is the spin population of the H(a) 
atom. The charges and spin populations were calculated in the 
framework of L0wdin population analysis. 

Results  and D i s c u s s i o n  

H(a) 

~ ~ L ~ ~  H(b). 
O(Z)  

0(2) 

�9 (c) 

(H20)2 
H(d) 

H(a) 

................ 1 H(d) 

O(2) 
( H 2 0 ) f  

Fig. 1. Structures of the neutral (H~O) 2 dimer and the (H20)2- 
anion. 

As ment ioned  above,  all t he  structures correspond to 
the lowest min ima  on the  potent ia l  energy surfaces. 
(H20)n -  ol igomers  (n ~ 4) a re  not  inclined to bind an 
excess e lectron,  which is r evea led  in the positive energy 
of  the corresponding m o l e c u l a r  orbital (MO).  The en -  
ergy of  this MO is +0 .0402 au for the monomer  anion 
and decreases with increas ing  cluster  size (to +0.0129 au 
for the te t ramer  anion).  

( H z O ) x -  s tructures  for  n = 1--4.  The structural 
peculiarities o f  the ( H 2 0 ) , -  an ions  are as follows. Add-  
iug an electron to the m o n o m e r  slightly distorts its 
structure: the H - - O - - H  v a l e n c e  angle decreases from 
107.2 ~ to 104.2 ~ and the O - - H  distances increase f rom 
0.943 to 0.950 ,~. The  excess  e lec t ron density is distrib- 
uted mainly on the diffuse s orbitals of  the hydrogen 
atoms,  whose popula t ion  is 0.0152 au in H20 and 
0.4821 au in H 2 0 - .  The  cha rges  and spin populat ions 
on the atoms of  H 2 0 -  are  as follows (note that in the  
neutral molecule  q(O) = - -0 .53 I  au and q(H) = +0.265 
atl): 

Atom q (au) s (au) 

H -0.201 0477 
O -0.597 0.045 

The geometry  of  the d i m e r  anion differs substantially 
from that of  the co r r e spond ing  neutral oligomer (Fig. I ). 
Alter  the a t tachment  o f  an  e lec t ron ,  the c2d molecule ,  
which acts as an accep to r  o f  the H-bond proton, appar-  
ently rotates around the axis  passing through 0(2)  and 
normal to the a lb m o l e c u l a r  plane. As a result, ill 
contrast to the (H20)  2 s t r u c t u r e ,  the H(c) and H(d) 
atoms of  (H20)  2- are on t h e  same side of  the 12 line as 
the H(a) atom. Thus,  s o m e  additional possibilities for 
localizing the excess e l e c t r o n  are acquired, which is 
conf i rmed by the c o m p o s i t i o n  o f  the corresponding MO: 

it involves with comparable we igh t s  t h e  diffuse s AOs o f  
the 0 ( 2 )  a tom and all the h y d r o g e n  a t o m s .  

T h e  inner  parameters in the c 2 d  m o l e c u l e  change in 
vir tually the same way as in t h e  w a t e r  monomer :  t h e  
N O - - H )  distances increase by 0 . 0 0 8  A (to 0.951 A) ,  
and the  valence angle decreases t o  104.2 ~ When there  is 
a s imi lar  decrease in the v a l e n c e  angle  in the a lb  
molecule ,  only one O - - H  distance i nc rea se s  (by 0.006 ]k), 
name ly  the distance between the O a t o m  and the "bridge" 
H a tom (b). The hydrogen bond i t se l f  becomes s o m e -  
what  less deformed (0(I-3. . .2)  -= 165.9~ The AOs  o f  
the c2d molecule  contribute p r e d o m i n a n t l y  to the M O  
of  the  excess electron. This is c o n f i r m e d  by the c a l c u -  
lated a tomic  charges and spin p o p u l a t i o n s :  

Atom q (au) s (au) 

O(1) -0.572 0.010 
0(2) -0.600 0.062 
H(a) +0.154 0.102 
H(b) +0.253 0.025 
H(c) -0.114 0.396 
H(d) -0.120 0.404 

Thus,  though judging from t h e  ene rgy  of  tile h ighes t  
occup ied  MO o f ( H 2 0 )  2 ( + 0 . 0 2 6 1  au),  the d imer  has 
no tendency to bind all excess e l e c t r o n ,  its s t ruc ture  
changes  when an electron is b r o u g h t  nearer  to it. T h e  
excess electron density is l o c a l i z e d  m a i n l y  on that w a t e r  
molecu le  that acts as a proton a c c e p t o r  of  the H - b o n d :  
q(c2d) = - 0 . 8 3 4  au. 

A similar result was o b t a i n e d  in the case o f  the  
( H 2 0 ) 3 -  anion, though, in the g r o u n d  state, the neu t ra l  
water  tr imer has a cyclic s t r u c t u r e ,  and one could sup -  
pose that it would remain so w,,ith the  addition o f  an 
e lect ron.  However,  the a t t a c h m e t l t  o f  an electron resti l ts  
in a breaking of  the cycle and t h ~  fo rmat ion  of a c h a i n -  
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H(e) 

H(f) 0(3) 

(b5 . . . .  H(c) 
H(a), O(25 

(H20)3 

H(c) 

. , " ~  it(e) 
Hfb) 0(2) '~" "-,. -- 

....o" " ' ""  .(d) ... .  

0(t)  ~ 0(3) ~ 

H(f) 
H(a) (H20)~- 

Fig. Z. Structures of the neutral (H20) 3 trimer and the (H20) ff 
anion. 

1 ~  4) 

H(h).. ......... 
�9 '" H(e) 

H(a) ~ ~ "'" 
(H20)~ 

H(g~l~ _ H(e) 

/~ -~ ~9-~ o(31 H(a  " % / - -  " 

"'" H(c) , 

(H 20)~_ o(2) 

Fig. 3. Slructnres of the cyclic neutral (H20), ~ tetramer and 
the (H20 h -  anion. 

like structure (Fig. 2). The neutral tetramer can have 
either a chain-like or a cyclic structure. Accordingly, 
after the attachment of an electron, chain-like and 
cyclic anions form (Figs. 3 and 4). 

Chain-like (H20) 3- and (HlO).t- anions look alike. 
The inner parameters of the constituting H,O molecules 
change as follows (Table I): the H - - O - H  valence angles 
decrease on the average by 2.5--3.5", while the 
r(O--Hr~) and r(O--H,or) distances in the alb and c2d 

H(e) 

O(1) 0(3) H(f) 0(4) H(g) 
~ j l ~ ( b )  ..., "-.. 

..... ol2  
H(a) .... ~ H(h) 

H(;) (H20)4 

/e H(c) 

O(1) H(b! ......... ~1/O(2) 0 ( ~  H(g) 
H(f) ....... 

H(d'~) ' -- H(h) 

H(a) O ( 3 ) ~ H ( e  ) 
(H:O)~- 

Fig. 4. Structures of the chain-like neutral (H20)4 tetramer 
and the (H20), t- anion. 

molecules of the trimer a nd  in the alb, c2d, and e3f 
molecules of the tetramer slightly increase. In the hydro- 
gen bonds, the corresponding Hbr...O distances decrease. 
Both the e3fmoleeule of the trimer and the g4h molecule 
of the tetramer undergo almost the same changes as those 
noted in the monomer a n d  the c2d molecule of the 
dimer. This is confirmed by the charge distribution: 

in (H20).t- anion in (ti20) 4- anion 

Atom q (au) s (au) Atom q (au) s (au) 

O(1 ) -0.562 0.002 O(1) -0.562 0.000 
0(2) -0.567 0.010 O(2) -0.561 0.002 
O(35 -0.593 0.062 O(3) -0.566 0.010 
H(a) 0.238 0.017 0(4) -0.593 0.060 
H(b) 0.271 0.005 H(a) 0.255 0.001 
H(c) 0.174 0.089 H(b) 0,278 0.000 
H(d5 0.259 0.026 H(e) 0.243 0.020 
H(e) -0.143 0.430 H(d) 0.278 0.006 
H(f) -0.077 0.359 H(e) 0.170 0.097 

H(f) 0.256 0.032 
H(g) -0.062 0.346 
H(h) -0.135 0.425 

Of course, when the n u m b e r  of molecules increases 
to four, the total "Fraction o f  the negative charge" shared 
by the other molecules increases somewhat: q(a/b)  = 
- I . 0  au in the monomer, q(c2d) = -0.834 au in the 
dimer, q(e3.,q = -0.813 all in tile trimer, and q(g4h) = 
-0.790 au in the tetramer. However, this increase is not 
so substantial that one cou ld  not state that the excess 
electron density in the an ions  considered is predomi- 
nantly localized on one molecule ,  which is the molecule 
most deformed compared to  its configuration in the 
original neutral oligomer a n d  is fairly strongly bonded to 
the residual structure. 

Note that on the PES os the trimer anion, we failed 
to find a mininmm that would  correspond to a cyclic 
structure. We found only a definitely pronounced transi- 
tion state with geometry c lose  to that of the optimized 
neutral oligomer. The cyclic tetramer anion (see Fig. 3, 
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T a b l e  I. Comparison of the stn~ctures of ( H 20)3- and (H 20)4- anions 

(H~O)3-, (H20)  4- 

chain-like chain-like cyclic 

1"(l--a) = 0.943 
r(2--c) = 0.944 
r(1--b) = 0.952 
r(3--e) = r(3-- / )  = 0.951 
,'(2--d) = 0.957 
r(2...b) = t.977 
r(3...d) = 1.903 

r/A 
r( l - -a)  = 0.942 
r(2--c) = r(3--e) = 0.943 
r( l - -b)  = 0.952 
r(4--g) = r(4--h) = 0.951 
,'(2--a') = r = 0.957 
r(2...b) = 1.974 
,-(3...tO = 1.,~93 
r(4.../) = 1.683 

0/deg 

0(I...2...3) = 113.79 o(I...2...3) = 121.85 
0(Z..3...4) = 113.74 

O(a- - l - -b )  = 104.37 O(a-- l --b)  = 105.31 
O(c--2--d) = 104.75 0(c--2--a5 = 105.78 
O(e--3--J3 = 104.52 O(e--3--]) = 104.93 

O(g--4--h) = 104.64 
0(1--3.. .2) = 167.40 O(l--b...2) = 168.66 
0(2--0..., '3 = 170.43 0(2--ct...3) = 172.08 

0(3-- f . .4)  = 171.64 

o /deg  

(p(1234) = 132.51 
W(a 123) = l 3.74 , ( a  123) = -29.17 

(p(b234) = 135.06 
<~(c231) = 131.61 tp(c234) = - 1 1 . 6 7  

q)(d214) = -42.81 
(p(e321) = - 7 8 . 8 8  (p(e321) = - 106.44 

(~(f321) = 127.24 
q)(f321) = 158.49 ~(g432} = - 156.08 

~(h432) = 81.89 

r( l - -a )  = r(3--e) = 0.946 
r(2--c) = r(4--g) = 0.948 
r( l - -b)  = r(3--.t) = 0.953 
r(2--d) = r(4--h) = 0.951 

r(I . . .h)  = r ( 3 . . . d )  = 2.075 
82...b) = r(4..4) = 2.0~0 

0(I...2...3) = 0(3...4...1) -:- 94.34 
0(2...3...4) = 0(4...I..., 7) = 83.41 
O(a-- I--b) = O(c--2--d) = 

O(e--3--J3 = O(g--4--h) ~ 105.24 

O( I - -b . . .2 )  = 0 (3 - - f . . 4 )  = 163.77 
0(2--d.. .3) = O(4--h...I) = t61.90 

~0(1234) = - 1 6 . 1 4  
(p(a123) = ~(e34I) = 111.74 

(p(c234) = (p(g412) = 81.29 

~(b143) = <o(f321) = - 9 . 5 8  

~(d214) = (p(h432) = 25.66 

Tab le  1) is geomet r i ca l ly  ve ry  close to the  neutral  ol igo-  
me t :  the  i n t e r n u c l e a r  d i s t a n c e s  and  va lence  angles in t h e  
H 2 0  molecu le s  are m u c h  t h e  same,  and  the hydrogen  
b o n d s  are sl ightly s h o r t e r  in  the  neut ra l  s tructure.  A 
s ignif icant  pecu l ia r i ty  of  t h e  a n i o n  is the  a r rangement  o f  
the  free hydrogen  a toms:  t h e  symmet ry  of  the  neut ra l  
( H 2 0 )  4 c lus te r  is c lose to $4, while  tha t  of  the  ( H 2 0 )  4- 
an ion  is a lmos t  C 4. As a r e su l t ,  the two s t ructures  of the  
( H 2 0 )  4- a n i o n  differ  not  o n l y  in the i r  geometry ,  bu t  
also in the i r  e l ec t ron  d e n s i t y  d is t r ibut ion.  As m e n t i o n e d  
above,  in the  c h a i n - l i k e  s t r u c t u r e  ~79% of the excess 
e lec t ron  densi ty  is loca l i zed  on  the te rminal  H20  mo l -  
ecule ,  which  is an  a c c e p t o r  of  the H - b o n d  pro ton ,  
whereas  in the  cycl ic  s t r u c t u r e  the  excess density is more  
un i fo rmly  d i s t r ibu ted  over  t h e  free H atoms.  This  obser-  
va t ion is c o n f i r m e d  by t h e  relat ively high popula t ion  of  
diffuse AOs in these  a t o m s  ( - 0 . 2 2  au compared  to 0.45 
au for the  Is AOs of  the  s a m e  atoms).  

Energe t i c  c h a r a c t e r i s t i c s .  Es t imates  of  the  possibili ty 
and  cond i t i ons  o f  the  f o r m a t i o n  of  an ions  can be made  
based on  the  e l ec t ron  a f f i n i t y  of  the neutral  ol igomers .  
I m p o r t a n t  here  are the  c h a r a c t e r i s t i c s  bo th  of  the ver t i -  
cal process,  i.e., the  a t t a c h m e n t  of  an electron to  a 

neu t r a l  c lus ter  with  fixed g e o m e t r y  (EA,,ert), and o f  t h e  
ad i aba t i c  process,  which takes i n t o  a c c o u n t  the s t a b i l i -  
z a t i o n  of  the  an ion  due to the  s u b s e q u e n t  s t ruc tu ra l  
r e l axa t ion  (EAad). The  possibility o f  t h e  existence o f  a n  
a n i o n  can be judged  both from t h e  e n e r g y  o f  the ve r t i c a l  
d e t a c h m e n t  of  an electron from t h e  a n i o n  (V DE) a n d  
f rom the stabil i ty of  the a n i o n  to dissociat ion i n t o  
ind iv idua l  water  molecules and a f ree  e l ec t ron  (S). 

For  ca lcula t ing  these c h a r a c t e r i s t i c s ,  one  needs f a i r ly  
co r r ec t  and cons is ten t  e s t i m a t i o n s  o f  the  absotute e n e r -  
gies o f  all the  stn~ctures in q u e s t i o n .  T h i s  means tha t  t h e  
basis  set should  equally well d e s c r i b e  bo th  anions  a n d  
neu t r a l  ol igomers .  The 4 - 3 1 + + G * *  basis set we use  
sat isf ies this  requi rement  quite w e l l ,  as it involves b o t h  
the  diffuse func t ions  necessary f o r  t h e  descr ipt ion o f  a n  
excess  e lec t ron  on anions and t h e  polar iza t ion  f u n c -  
t ions ,  which improve  the d e s c r i p t i o n  o f  neutral s t r u c -  
tures .  Fu r the rmore ,  relatively g o o d  es t imat ions  o f  t h e  
e l e c t r o n  cor re la t ion  energy are o b t a i n e d  by taking i n t o  
a c c o u n t  the second  order p e r t u r b a t i o n  theory c o r r e c -  
t i o n s  to the  ene rgy  (MP2) .  q ' a b l e  2 c o n t a i n s  t h e  
EAven,  EAad, VDE, and S v a l u e s  ca lcu la ted  at  t h e  
M P 2 / 4 - 3 1 + + G * *  level a c c o r d i n g  to fo rmula  
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Table 2. Energetic characteristics (eV) of the (H20) n- 
anions (n = I--4) 

n - EAvcrt - EAad - VDE S 

I 0.973 0.943 0.955 

2 0.705 0.591 0.563 -0.408 

3 0.915 9.577 0.328 0.044 

4 (chain- 
like) 0.527 0.276 0.190 0.435 

4 (cyclic) 0.888 0.685 0.263 0.437 

s = E[(H,O),,J - E 'I(H20), , -  1, 

E,4~d = ~(H20),,] - E[(H20),,-], 

VDE = E'[(H20),d - E[(H20),-] ,  

S = Y.E,{H20) - EI(H20),,-I,  
i 

where E[ (H20) , ]  and E[ (H20) , , -  I are the absolute ener- 
gies o f  the ( H 2 0 )  n and  (H20) ,  , -  structures opt imized at 
the U H F / 4 - 3 1 + + G * *  level;  E ( H 2 0 ) / ( i  = I . . . . .  n) are 
the absolute energies o f  the water  molecules consti tuting 
a given anion (the ca l cu la t ion  was performed with all 
basis functions of  the cons idered  oligomer, i.e. with the 
c o r r e c t i o n  for the  basis  set  supe rpos i t ion  error) ;  
E'[(H~O)~I and E ' [ ( H 2 0 ) , ~ -  l are the absolute energy of  
the (H20), ,  o l igomer  with  the  geometry  of  the opt imized 
anion and that  o f  the ( H 2 0 ) , , -  anion with the geometry  
of  the op t imized  neut ra l  cluster,  respectively. 

As ment ioned  above,  the vertical at tachment of an 
electron to a small neutra l  o l igomer  requires an energy of  
about I eV. The subsequent  stn~ctural relaxation stabi- 
lizes the anion. However ,  its energy is still higher than 
those of  the opt imized neutral  ol igomer (EA~, t is negative, 
though it decreases in absolute value as n increases) and 
of  the neutral o l i gomer  with the geometry of  the opti- 
mized anion (the energy  of  vertical detachment of an 
electron from the an ions  is negative, but also decreases in 
absolute value as n increases;  so therefore the chain-like 
tetramer anion is " m o r e  stable" than the cyclic one: the 
VDE values are - 4 . 4  and -6 .1  kcal mot - t ,  respectively). 
However, t r imer and t e t r amer  anions are stable against 
dissociation into individual  water  molecules and an elec- 
tron (see Table 2). This  means  that these anions can exist 
as metastable entities, e.g., in the presence of stabilizing 
su rrou ndings. 

Thus, the ca lcu la t ion  o f  (H20) , , -  anions with n <- 4 
performed in the absence  o f  geometr ic  restrictions and 
with a basis set that involves  only functions centered on 
the nuclei showed that  t r imer  and tetramer anions I~ave 
chain- l ike  structures,  in which,  as in the dimer,  the 
excess e lectron densi ty  is localized mainly on that ter- 
minal H20  molecule  that acts as an acceptor  of  the 

H-bond proton.  The t e t r a m e r  anion can also exist  in a 
cyclic configuration cha rac t e r i zed  (compared to  the cor-  
responding neutral s t ructure)  by a uniform increase  in 
the electron density on t h e  free hydrogen a toms ,  in all 
anions,  the diffuse s AOs  of  the H atoms p rov ide  the 
main contr ibution to the o rb i t a l  of  the excess e lec t ron .  

All the anions cons idered  have energy va lues  higher 
than those o f  the optimal neu t r a l  structures and  those of  
the neutral oligomers f o r m e d  as a result of  t h e  vertical 
de tachment  o f  an electron f rom the anions. H o w e v e r ,  as 
n increases, the EAaa a n d  VDE values b e c o m e  less 
negative. The  VDE of the cha in - l i ke  te t ramer  is already 
only - 4 . 4  kcal tool -1, and the  anions larger t h a n  dimers 
are stable against dissociat ion into the cons t i tu t ing  water  
molecules  and a free e l e c t r o n .  Even in the absence  of  
additional diffuse functions cen te red  between t h e  nuclei ,  
already the t r imer  anion is metastable.  This m e a n s  that 
the structural relaxation typ ica l ly  neglected in t h e  calcu-  
lations 7-9 because of the restr ict ions imposed on the 
geometry  of  individual w a t e r  molecules and on the 
symmetry  o f  the whole a n i o n  is actually very impor tan t .  
Taking this into account, w e  obtained new a n d  physi- 
cally reasonable results. 

This work was f inancial ly  supported by the  Russian 
Foundat ion for Basic R e s e a r c h  (Project No.  96-03-  
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