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The possibility of the existence of ( H 2 0 ) n -  anions with n = 5, 6 
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Structural changes that occur in cyclic and chain-like water pentame~ and hexamers  
when an electron is added were analyzed at the unrestricted Hartree-Fock level. The  
vertical and adiabatic electron affinity of  the oligomers, the energies of vertical d e t a c h m e n t  
of an electron from the anions (I/DE), and the stability of the anions against dissociation in to  
individual water molecules and a free electron were estimated taking into account the s e c o n d  
order perturbation theory (MP2) corrections to the energy. All water anions considered are 
stable against dissociation, but their VDE values are negative, and only the cha in - l i ke  
hexamer anion  has a value of VDEclose to zero, which means metastability of the an ion .  The  
energy of a t tachment  of an electron to the oligomers is lower in the case of cha in - l i ke  
structures. The  process is accompanied by smtcture relaxation, which is more substantial for  
cycles, especially for the cyclic hexamer. In the chain-like anions, the excess electron dens i ty  
is localized on the hydrogen nuclei of that terminal water molecule that acts as an a c c e p t o r  
of the H-bond  proton, while in the cyclic anions it is distributed on the orbitals of those  free 
hydrogen a toms that significantly approach each other  due to structural relaxation. 

Key words: water anions, pentamers and hexamers; structure, stability, d issocia t ion;  
electron affinity, vertical detachment of an electron. 

In the  previous  work,  t w e  showed that  all models  o f  
a hydra ted  e l ec t ron  d e s c r i b e d  in l i terature con ta in  s o m e  
res t r ic t ions  or  a s s u m p t i o n s  t h a t  p rede te rmine  the f inal  
result.  For  th is  reason,  w e  dec ided  to perform n o n -  
empir ica l  ca lcu la t ions  o f  t h e  ( H 2 0 ) ~ -  an ions  w i t hou t  
res t r ic t ions  on  the  g e o m e t r y  or  or ien ta t ion  of  wa te r  
molecu les  and  wi th  a bas is  se t  involving funct ions  c e n -  
tered on  the  nuclei  only. T h e  s t ruc tures  of  the  ( H 2 0 )  n-  
and  ( H 2 0 )  ~ c lus ters  wi th  n _< 4 have been  op t imized  t at  
the  U H F / 4 - 3 1 + + G * *  l eve l ,  and  the vertical (EA~ert) 
and adiaba t ic  (EAad) e l e c t r o n  affinity of  the  ( H 2 0 ) ,  
clusters ,  t he  energy of  v e r t i c a l  d e t a c h m e n t  of  an e l ec -  
t ron f rom the  ( H 2 0 )  n-  a n i o n s  (VDE), and  the s tabi l i ty  
of  an ions  agains t  d i s s o c i a t i o n  into individual molecules  
and  a free e l ec t ron  (S) h a v e  been es t imated at the  
M P 2 / 4 - 3 1 + + G * *  level. 

T h o u g h  t r i m e r  and  t e t r a m e r  anions  are stable against  
such d issoc ia t ion ,  ver t ica l  d e t a c h m e n t  of  an e lec t ron  
from t h e m  proceeds  with t h e  l iberat ion of  energy. How-  
ever, as the  c lus ter  size i n c r e a s e s ,  this energy decreases  
so subs tant ia l ly  tha t ,  if  t h i s  t endency  is retained,  the 
VDE value o f  the  h e x a m e r  a n i o n  could become  positive. 
In the  pre~ent work we c o n s i d e r  (H20)  ~- an ions  with 
n = 5 and 6. 

Method o f  Calculations 

As in the previous paper,  t the 0 atom is denoted by the 
italic number that is in the parentheses by the O symbol on the 

figure of the cluster (e.g., I instead o f  O( ! )),  and the H a tom is 
in the same way denoted by a small i ta l ic  letter (e.g., c instead 
of H(c)); Hbr is a hydrogen atom par t ic ipa t ing  in an H - b o n d  
("bridge" atom) and Hfr is a "free" a t o m  forming no H-bond ;  
r(l--a) or r(1...a) is the distance b e t w e e n  the O(1) and H(a)  
atoms; O(a--l--b) is the H ( a ) - - O ( I ) - - t t ( b )  angle; ~(bcd2) is 
the H(b)--H(c)--H(d)--O(2)  dihedral  angle; q(a) is the charge  
on the H(a) atom; and s(a) is the s p i n  population of the H(a)  
atom. The charges and spin populat ions were calculated in the 
framework of L~wdin population ana lys is .  The mean value of  
some variable f i s  denoted as <f>. 

All the results were obtained u s i n g  the GAMESS pro-  
gram. 2 

Results and Discuss ion 

T h e  approach applied. The s t r u c t u r e s  of  the ( H 2 0 ) n -  
o t igomers  (n _< 4) have been o p t i m i z e d  I in the f r a m e -  
work  of  the unrestr ic ted H a r t r e e - - F o c k  me thod  wi th  t h e  
4 - 3 1 + + G * *  basis set, which i n v o l v e s  bo th  the d i f fu se  
f u n c t i o n s  necessary for d e s c r i b i n g  t h e  excess e l e c t r o n  o f  
an ions ,  and  polarizat ion f u n c t i o n s ,  wh ich  improve t he  
desc r ip t i on  of  neutral  o[igomers. S t r u c t u r a l  o p t i m i z a t i o n  
of  ( H 2 0 )  . -  an ions  with n = 5 a n d  6 at the  same leve l  
w i t h o u t  geomet r ic  restrictions r e q u i r e s  too much c a l c u -  
l a t ion  t ime.  For  this reason, w e  inves t iga ted  tiow s u b -  
s tan t ia l ly  the s tructure of a n i o n s  w i t h  n _< 4 c h a n g e s  o n  
go ing  from the  4 -31++G**  b a s i s  se t  to the 4 - 3 1 + + G  
basis  set. 

E l imina t ing  polarization f u n c t i o n s  from the bas i s  set  
causes  no quali tat ive change as c o m p a r e d  to the p i c t u r e  
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obtained earlier. The parameters of water molecules 
change in the same way as in the neutral oligomers: the 
valence angles increase on the average by -5--5.5 ~ and 
in the chain-like tr imer and tetramer anions, the least 
noticeable change is in the valence angle of that termi- 
nal water molecule on which the excess electron density 
is mainly localized. The internuclear distances also in- 
crease: r(O~Ht,  0 on the average by 0.015--0.020 /~. and 
t(O--Hrr) by 0.007~0.008 ,A,. As to the hydrogen bonds, 
the r(O...Hrr) distances decrease on the average by 
~0.2 A, and the corresponding 0(O--Hbr...O) angles 
increase by ~3 ~ in the dimer, by ~4 ~ in the trimer, by 
-3.5 ~ in the chain-like tetramer, and by only ~1.2 ~ in the 
cyclic tetramer. 

The excess electron density in the monomer is still 
localized mainly on the hydrogen atoms. The charges on 
these atoms become somewhat less negative (-0.  tl3 au 
as compared to -0.201 au). In the dimer anion and the 
chain-like trimer and tetramer anions, the excess den- 
sity is, as before, distributed over the nuclei of the 
terminal water molecule. The negative charges, q (au), 
on the corresponding H atoms are somewhat lower, but 
on the whole, due to the substantially more negative 
charge on the O atom, the charge of the molecule is 
closer to - I  au: 

Anion Charge UHF/4-31++G** UHF/4-31++G 

(H20) 2- q(O) -0.600 -0_793 
<q(H)> -0.I 17 -0.050 

(H20) 3- q(O) -0.593 -0.794 
<q(H)> -0.1 t0 -0.039 

(H20),~- q(O) -0.593 -0.793 
<q(H)> -0.099 -0.034 

Note that the populat ion of the polarization AOs is 
negligible (-0.04 au) compared to the population of the 
diffuse s AOs of the H atoms (-0.48 au). [n the cyclic 
tetramer anion,  the excess electron density is uniformly 
distributed over the free hydrogen atoms of all the H20 
molecules. Eliminating the polarization functions from 
the basis set results in an increase in the charges on the 
H atoms (<q(Hbr)> from 0.254 to 0.363 au and <q(Hrr)> 
from 0.065 to 0.153 au) and a corresponding decrease in 
the <q(O)> from - 0 . 5 6 9  to -0.765 au. 

These results allow us to assume that the structural 
relaxation of water clusters after the attachment of an 

electron can be studied at the UHF/4 -31++G level. The 
geometric parameters are fairly close to those obtained 
with the 4-31++G *~ basis set with only one difference: 
the strength of the H-bo~ads is overestimated. As to the 
electron density distribution, we can sufficiently correctly 
judge only the contribution from one or another fragment 
of the cluster anion to the excess electron localization. 
More precise data can be obtained in a single-point 
calculation of the U H F/4- 31 + +G-optimal  structure with 
the 4-31++G ~ basis. We should also estimate how 
significantly the basis size affects the calculated energetic 
characteristics. 

Table I contains est imations of the vertical and adia- 
batic electron affinity o f  the neutral oligomcrs, the 
energies of the vertical de tachment  of an electron from 
the anions, and the stability of the anions against disso- 
ciation into separate water molecules and a free elec- 
tron. The energetic characteristics were calculated tak- 
ing into account the second order perturbation theory 
(MP2) corrections to the energy: 

EAv~ n = E[iH20). ] - E'I(H20)n-I,  

EA~d = EI(H20).I - E[(H20).-I ,  

VDE = E'[(H~O),I - E'[(H20),,-I, 

S = EE,(H,O) - E[(H20),,-I. 
i 

where ~(H20),,1 and Ei (H20) , , - I  are the absolute ener- 
gies of the structures of t h e  neutral oligomer and the 
anion optimized at the Har t ree - -Fock  level; E ' [ ( H 2 0 ) n l  

and E ' [ (H20)n-  I are the absolute  energy of the neutral 
oligomer with the geometry of the optimized a n i on  and 
that of the anion with the  geometry of the optimized 
neutral oligomer, respectively; and E,(H,O) (i = I .... , n) 
are the energies of the const i tu t ing water molecules 
corrected for the basis set superposition error. The  col- 
umns entitled 4-31++G a n d  4-31++G** con ta in  the 
energetic estimations obta ined  using the specified basis 
set for structures op t i m i z e d  with that basis .  The 
"4-31 ++G**" columns con ta in  the energetic estimations 
obtained using the 4 -31++G**  basis set for structures 
optimized with the 4 - 3 1 + + G  basis. 

Consider the energies o f  vertical detachment  of an 
electron from the cluster an ions  and their stability against 

Table i. Energetic characteristics (eV) of the (H20) n oligomers and the corresponding tH20),,- anions (n = I--4) 

n -- EA~ert - EAaa - VDE S 

1 II I l l  1 II II1 I II 111 l II I I1  

1 0.957 0.973 0981 0 . 9 1 6  0 .943  0.932 0 .931  0 . 9 5 5  0.959 
2 0.640 0705 0 . 6 8 9  0 . 5 3 6  0.59t 0.589 0 . 5 3 2  0.563 0 .600  -0312  --0.408 -0.448 
3 1.017 0.915 0 . 9 7 9  0 . 5 7 8  0 .577  0.536 0 . 2 7 9  0 . 3 2 8  0.360 0226 0 . 0 4 4  0.002 
4 (cyclic) 0.991 0.888 0 . 9 4 8  0 . 8 7 9  0.685 0 593 0 . 4 5 0  0.2(" 0.533 0.553 0 .437  0.363 
4 (chain- 

like) 0.343 0.527 0 . 4 0 7  0 .171  0 . 2 7 6  0.269 .0 .143  0 . 1 9 0  0.228 0.711 0.435 0.389 

,Vote. I, 4-3l++G; II, 4-31++G"", III, "4-31++G .... . 
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dissociation into the const i tut ing water molecules and 
an electron. These values determine the possibility of  
the existence of the anions. The calculations with the 
4-31 + + G  basis set underes t imate  the "instability" of the 
anions, while those in the " 4 - 3 1 + + G * ' "  variant overes- 
timate it. The 4 -31++G basis set involves diffuse func- 
tions, which are necessary for reproducing the stabiliza- 
tion effects of the anions, but  it does not correctly 
describe some of  the structural  peculiarities of the neu- 
tral oligomers. Therefore, the  estimations of VDE and S 
with the 4 - 3 1 + + G  basis set are somewhat higher than 
those with the 4-31++G** basis. At the same time, in 
the "4-31++G**" variant, the  energy of an anion is 
not minimum, because the optimization has been per- 
formed in the absence of  polarization functions, and, 
correspondingly, the VDE and S values are lower than 
those obtained with the 4 - 3 1 + + G ' "  basis set. Thus, the 
"real" estimations (with the 4-31++G** basis set) lie 
somewhere between those obta ined  in the 4-31++G and 
"4-31 ++G**" variants. 

H(c) 
H(i) 

O(2)~, , ,~  . Z O(I )  j~. ........... H(d)"" ,.. .O(3) 0(4) ....... 
o(5),o, ' -  . . . . .  

H(a) H(e) ~,/ H(g) nU) 

(H20)5  

H(g) 
' H(c) ? . 

H(a) ~ H(e) HO) 

(H20)  ~- 

Fill. I. Structures of the chain-like neutral (H20) 5 pentamer 
and the (H20) 5- anion. 

H(g) 
H~) O ( 4 ) p  

....... - . .  o _ ,,"" H ( d ) " ' ~  H( f )  H(hI",, (5) 
O(I ) .~,~,~, H(e) .... , ' ~ ' - , .  O(6) H(k) 

H(a) * 
(H20 )6  H(1) 

H(c) H(g) H(k) 

",- -,~'" ~) ...... " ~  O(4/ �9 H(i) . . ' ~  "~ H(b) k. .,,,. ~ . . . .  
O(1) H(e) ' 41--~" H(I) 

0(5) H(j} 

( H 2 0 )  ~- 

Fig. Z. Structures of the chain-like neutral (H20) o hexamer 
and the (H20) ~- anion. 

Thus, the optimization of the geomet ry  of (H20)  . -  
clusters with n = 5 and 6 can be performed at t h e  
U H F / 4 - 3 [ + + G  level, and the e l ec t ron  density dis t r ibu-  
t ion  in the obta ined s t ruc ture  c a n  be e s t i m a t e d  
in a single-point run with the 4 - 3 1 + + G * *  basis se t .  
The stability of the structures can be judged f rom 
the upper  ( M P 2 / 4 - 3 1 + + G )  a n d  lower  es t imat ions  
(MP2/"4-31++G**")  of the VDE and S values. 

( H z O ) , -  structures (a = 5, 6 ) .  Al l  structures c o n -  
sidered below correspond to m i n i m a  on the potential  
energy surfaces. Pentamer and h e x a m e r  anions, s i m i -  
larly to the tetramer anion, can exis t  no t  only in a cyc l i c  
configuration, but also as, a m o n g  others,  chain-l ike 
structures (Figs. 1--4). 

The geometric parameters of t h e  cha in- l ike  pentamer  
and hexamer anions (see Figs. I a n d  2) are compared in 
Table 2. Structurally, they differ ins ignif icant ly  from t h e  
original neutral oligomers. The p a r a m e t e r s  of the i n d i -  
vidual water molecules, their m u t u a l  orientation, a n d  
the strength of  the H-bonds between t hem are similar in 
these chains. The hydrogen bonds are somewhat shor te r  
and less deformed than those in t he  neutral  oligomers. 
The excess electron density is l o c a l i z e d  chiefly on t h e  
terminal H20 molecule that is an a c c e p t o r  of the H - b o n d  
proton: q(5ij) = -0.830 au in t h e  pen tamer  anion a n d  
q(6kl) = -0.817 au in the hexamer  anion.  Accordingly,  
the greatest contributions to the h ighes t  occupied M O  
come from the diffuse s orbitals o f  the H(i),  H(j), 0 ( 5 ) ,  
and H(h) atoms in the case of t h e  pen tamer  anion a n d  

H(c) 

H0) . ~ ~ O ( 2  _ . _ . ~ )  H(b) 

~ H(d) 0(5) -.. H(a) ; 

H(g) H(e) 

( H 2 0 ) s  

H(c) 

H(,b) ~O{2) 
H(i) ..'"'~'"" 

H (a) 0(5) "~,, 

H(h) . . . . . . . .  

0(4) H(fl 0(3) 

( H 2 0 ) Y  

Fig. 3. Structures of the cyclic neutral  (H20) 5 pentamer and 
the (H20) s- anion. 
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H(i) 
~ _ _ ~ )  0(6) ~ H(k) 

0(5) . . . . .  % H(h) .,"" H(I) H ~ '  ", 

~@ O(4) O(I) 
: 

"~H(n 
" ,  H(d) 0(2.2.),., H(b) Ca) 

H(c) 
H(e) 

(H20)~ 

~ H(k) 

0(6) ~ . H ( I )  

: "ID o(t ) 
,; H(a) \ 

H(g) ill H(i) i 
. . . . .  :0 (2 )  

Hip) 
"~-'---....a~ - -~ H(d) 
H(f) 

0(3) 

(H20)  ~ 

Fig. 4. Structures of the cyclic neutral (H20) 6 hexamer and 
the (H20) 6- anion. 

from the H(k),  H(I), O(6) ,  and H(j) atoms in the case of  
the hexam er  anion.  No te ,  however,  that the energy of  
this MO is positive: 0.0057 au in (H20)  5- and 0.0031 au 

in (H20)6 - .  
The cyclic p e n t a m e r  and hexamer  anions are less 

s imilar  in s tructure a n d  charge distr ibution,  and do not 
resemble the t e t r amer  an ion .  Cons ider  first the pen tamer  
(Table 3, see Fig. 3). Both i,t the neutral ol igomer and 
in the anion,  Four oxygen  a toms lie practically in the 
same plane,  but the devia t ion  of  the fifth oxygen atom 
(0(255 from this p lane  is substantially larger in the 
anion. On the wimple, the excess electron makes the 
strttcture more  c o m p a c t ,  because the molecules reorient 
to provide the m a x i m u m  possible localization of the 
excess e lectron densi ty.  Therefore  the most distant frag- 
ments  of  the s t ruc ture  approach each other: in the 
neutral cluster,  rIc...g) = 5.670 ,i, and r(c...i) = 5.732 , i  
while in the anion,  r(c...g) = 3.932 ~. and r(c...i) = 
4.276 ,.~. As a result,  tt~e greatest  contr ibut ion to the 
highest  occup ied  M O  c o m e s  from the diffuse s orbitats 
of  the H(c),  H(g), and  H(i) atoms. Accordingly,  com-  
pared to the neutral o l igomer ,  the charges on the H(c) 
and H(g) a toms  change  most  substantially, and those on 
the H(i) and H(e) c h a n g e  Jess noticeably:  q ( g ) =  

Table 2. Geometric parameters of  the chain-like pentamer  and 
hexamer anions 

(H20) 5- (H20) ~- 

d ~  

r(I--a) = r(2--c) = r(I--a) = r(2--c) = r(3--e) = 
r(3--e) = rI4--g) -- 0.949 ~4--g) -= r(5--h = 0.949 

r(l--b) = 0.967 
r (2-a)  = ,X3-.h = 

rI4---h) = 0.976 
rI5--h = r(5--f) = 0.962 
r(2...b) = 1.779 
rI3...d) = 1.692 
rI4...J) = 1.679 
r(5...h) = 1.673 

0/deg 

for a lb, c2d, e3f and g4h: 
<0(H--O--H)> = 111.53 
0(i--5---f) = 109.39 

for l--b...2, 2--d...3, 
3--f.. 4,and 4~h...5: 

<0(O--H...O)> = 175.84 
0(L..2...3) = 130.00 
0(2...3...4) = 128.45 
0(3...4...5) = 121.77 

r(I--b) = 0.966 
rI2--d) = ~3--t) = rI4---h) = 

t~5--j) = O.976 
r~6--k) = r(6--/) = 0.962 
r(Z..b) = 1.783 
r(3...d) = 1.709 
r(4...)') = 1.673 
,,(5,..h) = 1.680 
r(6..43 = 1.668 

for a lb. c2d. e3f g4h, and iSj: 
<0(H--O--H)> = 111.62 
O(k--6--l) = 109.47 
O(l--b...2)=O(4--h...5) = 172.71 
0(2--d...3) = 0(5--j...6) = 178.36 
0(3--f..4) = 175.57 
0(1...2...3) = 127.33 
0(2...3...4) = 129.72 
0(3.._4...5) = 131.40 
0(4...5...6) = 115.63 

qVdeg 

~(a123) = 43.79 ~(a123) = -75.59 
~(c234) = 72.12 ~(c234) = -16.34 
~(e345) = 13.60 to(e345) = 64.89 
q~(g432) = 20.14 cp(g456) = 15.14 

~p(i543) = 31.72 
~p(i54J) = 97.46 ~(k654) = 94.12 
(~(j543~ = - 8 5 . 3 0  ~(1654) = - 8 2 . 8 2  
~(b234) = -113 .02  q)(b234) = 174.33 
(p(d345) = - 169.12 to(d345) = - 121.29 
~(]'32/) = -110.83 ~p(f32/) = I68.61 
~(h432) = - 166.49 ~(h432) = -119.86 

~(j543) = - 154.96 

-0 .043  au, q(c) -- 0.050 au,  q(i) = 0.144 art. a n d  q(e) = 
0.150 art. The charges on the o t h e r  hydrogen a t o m s  are 
on the average 0.270 au and  <q(O)> = - 0 . 5 8 4  au. For 
c o m p a r i s o n ,  in the neu t r a l  pen t amer ,  < q ( H r r ) >  = 
0.269 au, <q(Ht,r)> = 0 . 2 9 7  au, and < q ( O ) >  = 
-0 .5 6 6  a'l. 

In the cyclic hexamer ,  s imi la r  changes t h a t  occu r  
when an electron is added  are still more p r o n o u n c e d  
(Table 4. see Fig. 4). The  iSj and c2d m o l e c u l e s  ap-  
proach each other  so that an H - b o n d  is formed b e t w e e n  
them: in tile neutral hexamer  r(2.. .5) = 4.667 ~,, whereas  
in tl-e anion r (2 . . .~  = 2.884 ,,'\. As a result, t h e  oxygen  
atoms of (H~O) 6- form two quadrangles ( 2 3 4 5  and  
1256) with a c o m m o n  side tha t  are pract ical ly  p lanar  
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Table 3. Geometric parameters of the cyclic 
water pentamer and pentamer anion 

Parameter (H;tO)5 (H~O)5- 

r/~ 

<r(O--Hrr)> 0.948 0,952 
<r(O--H~)> 0.973 0.971 
<r(O... I-{br)> 1.700 1.768 

0/deg 

<0(H--O--H)> I 13.23 I 11.65 
<0(O--Hbr...O)> 171.76 169.04 
0(I...2...33 103.22 102.54 
0(l..3...4) 105.32 91.54 
0(3...4...S) 106.66 109.84 
0(4...5:..I) 105.88 100.18 
0(5...I...2) 105.82 98.38 

~p/deg 

to(a154) -128.38 -104.68 
qKc215) 112.68 58.98 
~(e321) - 110.98 175.97 
~(g432) 141.09 79.51 
~(i54~ 168.77 1t9.12 
~o(1234) 35.11 57.92 
tp(2345) -22.48 -36.57 
qJ(3451) 0.94 4,66 

and normal to each other. Judging from the charges, the 
excess electron density is localized predominantly on 
the H(a) and H(e) nuclei (most  distant in the neutral 
structure), and is localized to a lesser degree near the 
H(g) and H(c) nuclei: q ( a ) =  -0.053 au, q(e) = 
-0.036 au, q(g) = 0.203 au, and q(c) = 0.215 au. The 
charges of the other H atoms equal on the average 
0.272 au, and <q(O)> = - 0 . 5 8 5  au. The greatest con- 
tribution to the expansion of  the highest occupied MO 
comes from the diffuse s AOs of the H(a) and H(e) 
atoms. The excess electron density causes the molecules 
most distant in the neutral structure to reorient and 
significantly approach each other: in (H20) 6 r(a...g) = 
6.589 A and r(a...e) = 5.831 ~,, whereas in the anion 
r(a...g) = 4.510 ~ and r(a...e) = 3.718 /~. 

Thus, a distinguishing peculiarity of the cyclic 
hexamer anion is the H-bond  between the i5j and c2d 
molecules, which additionally stabilizes the structure. 
Though the character of the localization of the excess 
electron density does not provide a positive electron 
affinity for the given cycle, it probably shows under 
which conditions this may occur. This question will be 
discussed more precisely after modeling the octamer, 
Judging from the structures of (H20) 5- and (H.,O)6-, 
the cyclic octamer anion would have an almost cubic 
structure, and the excess electron density would be 
localized on the AOs of the free hydrogen atoms. De- 
pending on the orientation of these atoms (inside or 
outside the cube), one w~,~,,,~ be able to conditionally 
name the localization either inner  or surface. 

Thus. nonempirical calculation of the (H20) #- s t ruc-  
tures with n _< 6 withot,t geometric restrictions and with  
a basis set involving only funct ions  centered on the  
atoms provides interesting results that differ essentially 
from those published earlier -1-'4. By introducing addi -  
tional diffuse functions centered b e t w e e n  the nuclei, o n e  
may imitate additional stabilization of these structures. 
However, one should first prove t h a t  the chosen number  
and arrangement of the functions do not lead to ar t i -  
facts. 

Let us turn now to the problem of the existence a n d  
stability of anions of the water ol igomers.  As can be seen 
from Table 5, both the vertical a t ld  adiabatic electron 
affinities of the chain-like ol igomers are substantially 
less negative than those of the cycl ic  oligomers. Taking 
into account  that,  when c o m p a r e d  to t he  
MP2/4-31++G** calculation, b o t h  the M P 2 / 4 - 3 1 + + G  
and MP2/"4-31++G**" calculations underestimate to 
some extent (in absolute value) t h e  electron affinity of 
chain-like structures (see Table 1 ) ,  we may assume tha t  
EAvert and EAad of the chain-like hexamer are about  
-0 .35  eV (or -8 .1 kcal tool - I )  and -0 .15  eV (or  
-3 .5  kcal tool-l), respectively. T h i s  means that ]EA,,en [ 
of the hexamer does not exceed iin order of magnitude 
the energy of the hydrogen bond, while [EAad I ~ k:T at 
room temperature. Consequently, the formation of the 
anion of the chain-like hexamer is  thermodynamical ly 
probable; but can this structure ex i s t?  

Experimentally, water cluster an ions  with less than  
10 molecules have been obtained 7'a only by seeding 
trace amounts of water in a supersonic  beam of inert gas 
and introducing low-energy e lec t rons  into-the conden-  
sation zone of the beam. This m e a n s  that either an 
anion of this size has an absolute elaergy higher than that  
of the neutral oligomer of the s a m e  geometry, or the 
energy gap between such an a n i o n  and the correspond- 
ing neutral oligomer does not exceed  the excitation 
energy typical of a supersonic b e a m .  The actual reason 
can be judged from the l /DEvalue,  i.e., from the energy 
of the vertical detachment of a n  electron from the 
cluster anion. As noted above, calculations in the 
MP2/4 -31++G and MP2/"4-31++G**" variants pro- 
vide the upper and lower boundar ies  of the value in 
question. Obviously, the VDE is positive for both 
pentamer anions and for the cyc t i c  hexamer anion (see 
Table 5), but it approaches z e r o  in the case of the 
chain-like hexamer anion, which means that this anion 
is already metastable. This es t imate  is in agreement with 
the experimental data, 9 according to which the VDE of 
the hexamer anion is a small ( - 3  kcat tool -I) positive 
value (the VDE--n -i/] curve in te rsec ts  the n -I/] axis  
near n = 6). 

Judging from the absolute energ ies ,  the anions of the 
cyclic water oligomers are thermodynamically more stable 
than those of the correspondit-tg chain-like isomers. 
However, the former differ geometr ical ly  much more 
from tile corresponding equilibri t tm neutral oligomers. 
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Table 4. Geometric parameters of the cyclic water hexamcr and the hexamer anion 

(H20) 6 (H20)s- (H20)6 (H20) 6- 

r/A 

for cff3 = 12, 23, 34, 
45, 56, and 61: 

<tict...~)> --- 2.664 
r = 4.667 
<r(O--Hrc)> = 0.948 

< r ( O - - H b r ) >  = 0.974 

<r(O...Hbr)> = 1.693 

0 / d e g  

for af~y = 123 and 456: 
<0(ct...t3...y)> = 116.74 

for a f J y  = 234, 345, 
561,and 6121. 

<0(ct...~3...7)> = I 11.67 

for afl = 12, 23, 34, 45, 
56, 61, and 25". 

<r(a...p)> = 2.761 

r(l--a) = r(3--e) = 0.956 
r(2--c) = r(4--g) = 

,-(6--k) = 0.949 
r(i--b) = tl3--/) = 

r(5--l) = r(5--i) = 0.963 
r(4--h) = r(6--/) = 0.973 
r(2--d) = 0.980 
t~/,..h = r(3...d) = 1.692 
r(5...h) = 1.7~6 
r(4...)~ = r(6...:~ = t.850 
r(2...b) = 1.892 
~2...~ = 1.976 

for a~y = 123, 234, 
34~ 456, 561, 61~ 
125, 256, 45Z and 523: 

<O(a...fl...y)> = 91.1 

<0 (H-O- -H)>  = 112.89 
o( /-b...2) = 

0(4--h...5) = 177.19 
0(2--d...3) = 

0(5--)'...6) = 175.99 

o(3-f...4) = 
0(6---/... 1) = 174.04 

,~(1256) = -6.49 
~(2345) = -13.32 
~(al65) = 153.01 

~(c216) = - 9 4 . 3 6  

to(e321) = 131.02 

~(g432) = 147.56 

~(i543) = -93.91 

,0(k654) = 127.07 

~/deg 

<O(H--O--H)> = 112.10 

O(3--f..*) = 161.32 
0(/--b.. .2) = 

0(2--d...3) = 169.38 
0(4---h...5) = 

o(6--1...I) = 166.57 
0(5--j...6) = 

0(5--i...2) = 157.39 

~(1256) = - 1 7 . t 3  
~p(2345) = - 3 . 5 8  
~(a165) = 112.10 
~o(b 165) = -22.05 
~o(c216) = -126.28 
~(d254) = -7.56 
~(e345) = - 122.20 
~(f325) = -0. [ 0 
~(g432) = 109.30 
~(h432) = - 7 . 0 2  
q~(i543) = - 6 . 2 5  
~p(1521) = -22.98 
~(k612) = 161.36 

As a result, the  vert ical  de t achmen t  of  an electron is 
energet ical ly  more  probable  from the cyclic isomer than 
from the cha in - l ike  isomer .  All the anions larger than 
the d imer  are stable against  dissociation into the  indi- 
vidual molecu les  and a free electron,  and here the cyclic 
isomers are even m o r e  stable (see Table 5). 

To conc lude ,  the  ca lcula t ion  of  the cyclic and chain- 
like water  p e n t a m e r  and hexamer  anions at the unre- 
str icted H a r t r e e - - F o c k  level with the 4 - 3 1 + + G  and 
4 - 3 1 + + G * *  basis sets showed  the following. The forma- 
t ion of  cha in- l ike  a n i o n s  requires less energy, and the 
structures fo rmed  are fairly similar to the original neu- 
tral s tructures.  The excess  electron density is localized 
chiefly on the H nucle i  o f  that  terminal water molecule 

that  acts as an acceptor  o f  t h e  H-bond  p r o t o n .  The 
a t t a chmen t  of  an electron to  a cyclic o l igomer  requires  
substantially more energy a n d  results  in more n o t i c e a b l e  
restructurizat ion.  In the f inal ,  more  compact  s t ruc tu re ,  
the excess electron density is typical ly localized nea r  the 
H nuclei that  are most d i s t an t  in the neutral s t ruc tu re  
and that  substat~tially a p p r o a c h  each other  a f t e r  the 
a t t a chmen t  of  an electron.  Both cyclic and c h a i n - l i k e  
p e n t a m e r  and hexamer  a n i o n s  are stable aga ins t  disso- 
ciat ion into the const i tu t ing w a t e r  molecules a n d  a free 
electron.  The vertical d e t a c h m e n t  of  an e l e c t r o n  from 
the pen tamer  anions and f r o m  the  cyclic h e x a m e r  anion 
proceeds  with the l iberat ion o f  energy. However ,  in tile 
case of  the chain-like h e x a m e r  anion, the d e t a c h m e n t  

Table 5. Energetic characteristics (eV) of the (H20),, oligomeos and their (H20) ~- 
anions (n = 5. 6) 

n -EAve~ -EAaa - VDE S 

1 II I II I II I 11 

5 (chain- 
like) 0.237 0.306 0.075 0. t86 0.042 0.130 

5 (cyclic) 0.967 0.923 0.879 0.641 0.489 0.551 

6 (chain- 
like) 0.195 0.266 0.025 0.136 -0.032 0.059 

6 (cyclic) 0.954 0.905 0.723 0.463 0.350 0.427 

1.167 0.756 

1.044 0,752 

.570 1.099 

.608 1.248 

Note. I, 4-31++G; II, "4-31++G*'". 
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energy is close to zero, w h i c h  agrees with the experi-  
mental  data and indicates rnetastabili ty of  the anion. 

This work was f inancia l ly  supported by the Russian 
Foundat ion for Basic Resea rch  (Project No. 96-03- 
32343a). 
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