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The size dependence of the binding energy of a localized excess electron in large water clusters originates from long-range 
polarization interactions. The vertical and adiabatic binding energies of compact, interior excess electron states in (H20); clus- 
ters, obtained from quantum path-integral moleculardynamics simulations, exhibit a linear dependence on n - I/‘, in quantitative 
agreement with the implications of dielectric medium effects in finite systems. 

The existence of the solvated electron was exper- 
imentally demonstrated in 1863 for liquid ammonia 
[ 1 ] and in 1962 for water [ 21. Electron localization 
in these and other polar fluids [ 3-71 is non-reactive, 
involving the combination of long-range [8] and 
short-range [ 9- 121 attractive interactions, and is ac- 
companied by a large solvent reorganization [ 9,10 1. 
During the last decade the problem of electron lo- 
calization in a finite clusters of polar molecules, e.g. 
(H,O), or (NH3),, [ 13-171, constituted an exper- 
imental and theoretical challenge for two reasons. 
Firstly, such large finite systems provide ways and 
means for the elucidation of microscopic solvation 
effects of an excess electron in a well defined, finite 
solvent environment. Secondly, the phenomenon of 
electron attachment to molecular clusters falls in the 
category of size effects on chemical and physical 
phenomena, pertaining to the issue of the minimal 
size of a (water or ammonia) cluster which can sus- 
tain a bound state of an excess electron. 

We have recently applied the quantum path-inte- 
gral molecular-dynamics (QIJPID) method [ 18-281 
to explore the localization modes of an excess elec- 
tron in ( H20) ,, clusters over a broad range of cluster 
sizes (n = 8- 128 ) and over a wide temperature do- 

main ( T= 79-300 K) [ 26-281. A major conclusion 
which emerged from our previous studies [26-281 
was that electron localization in medium-sized 
( 8 c n c 32 ) water clusters constitutes a novel excess 
electron surface state on the water clusters and only 
on increasing the size of the water clusters above 
n> 32 does the interior electron localization mode 
become energetically favored. The interior electron 
localization mode in large clusters constitutes the 
precursor of the celebrated solvated electron [ 3- 12 1. 
The size dependence of the binding energies of in- 
terior electron states in water clusters, which is the 
subject matter of this note, provides information re- 
garding the role of long-range attractive “large-po- 
laron” interactions [ 81 on electron solvation in 
clusters of polar molecules and in polar fluids. 

The energetics and structure of excess electron 
states in ( HzO); clusters were obtained from the 
QUPID simulations. The QUPID method rests on 
an isomorphism between the quantum problem and 
a classical one, wherein the quantum particle is rep- 
resented by a necklace of P pseudo-particles 
(“beads”) with nearest-neighbor harmonic interac- 
tions [ 18-261. Invoking previous formalism and no- 
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tation [ 21,26-281, the average total energy of the 
system is 

E=3N/28+ ( Vc) +K+P-’ ic, ( V(ri)) 

with K= 3/28+Ki,t, where V, is the interaction po- 
tential between the classical particles (whose num- 
ber is n), V(r,) is the cluster-electron interaction for 
the ith pseudoparticle, 

L= & ,i ( (aV(ri)/ari).(ri-r,)> , 
I I 

j?= 1 /kT and ( } indicates statistical averaging. 
The water molecules in this study were treated clas- 
sically. The choice of the number, P, of beads rep- 
resenting the excess electron is temperature 
dependent. As a rule of thumb, we found that for the 
electron-water system an adequate discretization of 
the electron path is achieved for PkT> e2/ao. A key 
factor in modeling the system is the choice of inter- 
action potentials. We have used the RWK2-M model 
[29,30] for the intra- and inter-molecular interac- 
tions. For the electron-water interaction we have 
constructed a local pseudo-potential in the spirit of 
density functional theory, which consists of Cou- 
lomb, polarization, exclusion, and exchange contri- 
butions [ 26-281. The details of the interaction 
potentials and the QUPID calculations for 
(H,O); clusters have been described elsewhere 
[26-281. 

The energetics of the (H,O); clusters is ex- 
pressed in terms of the electron vertical binding en- 
ergy (EVBE), electron adiabatic binding energy 
(EABE) and cluster reorganization energy (E,), 

EVBE=Kint+ (J’) 9 (1) 

EABE=EVBE+E,, (2) 

Ec = ( v, > (HzO), - ( v, > (HzO)n . (3) 

The cluster reorganization energy (eq. (3) ) is the 
difference between the equilibrium intramolecular 
and intermolecular potential energies in the nega- 
tively charged ( (H20); ) and the corresponding 
equilibrium neutral ( (H,O),) clusters. -EVBE is 
the energy required to detach the electron from the 
( H20) n clusters without allowing nuclear rearrange- 
ment to occur and is the quantity measured in pho- 

toelectron spectroscopy [ 15 ] and EABE is the heat 
of solution of the excess electron in the cluster. The 
energetic stability of the negatively charged cluster 
with respect to the equilibrium neutral cluster plus 
free electron is inferred from the magnitude and sign 
of EABE, with negative value corresponding to an 
energetically stable bound state. 

The size dependence of the EABE interior 
(H,O); states is summarized in fig. 1, where we 
have also presented the energetic data for the surface 
excess electron states. From these data we conclude 
that ( 1) interior (H20); clusters are energetically 
unstable, i.e. EABE > 0 for n < 20. (2) For medium- 
sized clusters 8 6 n 6 32 the electron localization 
mode involves the formation of a surface state, which 
is energetically stable [ 26-28 1. ( 3 ) For large n > 64 
clusters the interior excess electron state is energet- 
ically favored. (4) The “transition” from energeti- 
cally favored surface states to energetically stable 
interior states is exhibited in the range of cluster sizes 
32 < n < 64 where EABE is practically indentical for 
these two localization modes. A pictorial represen- 
tation of the configuration of interior excess electron 
states in large water clusters (n=64, 128) is pre- 
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Fig. 1. The size dependence of the adiabatic binding energies of 
excess electrons in equilibrium (H,O); (n = S-128) clusters. 
Open symbols refer to surface states while black symbols refer to 
interior states, as labelled on the figure. (The results for the in- 
terior state of the (H,O); were obtained for a static configura- 
tion of molecules as used in ref. [ 3 11. ) Energetically stable surface 
stares are exhibited for medium-sized clusters (8 4 n 4 30), for 
n = 32 and 64 the energies of surface and interior states are about 
equal, while for large (n= 128) clusters the interior state is en- 
ergetically stable. The region of crossover from surface to interior 
states is marked by a horizontal double arrow. 
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sented in fig. 2. These interior states demonstrate a 
high degree of excess electron localization. Further- 
more, it is interesting to note the development of hy- 
drogen-bonded rings, which are characteristic of ice 
structure. 

The dependence of the EABEs of interior electron 
states in clusters (fig. 1) reveals a monotonic in- 
crease of lEABE with increasing n. We note that 
even for the largest (Hz 0) 128 clusters studied by us 
the value of EABE = - 0.98 eV is considerably higher 
than the experimental value of the heat of solution 
AH= - 1.70 eV of the electron in bulk water [ 321. 
These features qualitatively demonstrate the role of 
long-range polarization interactions in the energetic 
stabilization of the excess electron in large clusters 
and in the bulk. 

The contribution of long-range polarization inter- 
actions to the binding energy of an electron in a large 
water cluster can be described in terms of the energy 
of an excess electron in a dielectric sphere. Electron 
attachment to surface [33,34] and interior [35] 
states in dielectric spheres was addressed. We con- 
sider electron localization in an interior state in a 
water cluster whose (average) cluster radius R con- 
siderably exceeds the spatial extent of the electron 
charge distribution, which can be characterized in 
terms of the radius of gyration of the electron neck- 
lace R,, i.e. E% R,. In what follows we shall apply 

the theory of dielectric medium effects [ 361 to the 
large finite cluster. Assuming spherical symmetry of 
the electron charge distribution and uniform dielec- 
tric properties of the cluster, the adiabatic binding 
energy of the excess electron can be obtained from 
the total energy of an electron in a dielectric sphere 

R 

EABE(R)=Ki,,-f(l-D,‘) jdrr2E:(r) 7 (4) 
0 

where J&t = K- 3 /2/3, 0, is the static dielectric con- 
stant and E, ( I) is the magnitude of the electric field 
due to the excess electron charge distribution. The 
vertical reorganization energy is related to EABE by 
eq. (2 ). The medium reorganization energy within 
the framework of the dielectric continuum theory is 
given in terms of the contribution of the orienta- 
tional component of the polarization field [ 8 1. EC 
corresponds to the energy change involved in the 
transformation of a neutral dielectric sphere, in which 
both electronic and molecular orientation compo- 
nents of the polarization field are in equilibrium, to 
a non-equilibrium state of the neutral dielectric 
sphere, in which the electronic component of the po- 
larization is in equilibrium while the orientational 
component of the polarization field attains its value 
in the equilibrium negatively charged system. Di- 
electric solvation theory gives [ 361 

b 

Fig, 2. Cluster configuration of (H?O); obtained via quantum path-integral molecular-dynamics simulations. Large and small balls 
correspond to oxygen and hydrogen atoms, respectively. The dots represent the electron (bead) distributions. (a) Interior state in 
(H20)~. (b) Interior state in (H,0)~s. 
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R 

E,(&i(D, -D,') {drR'E:(r) , 
0 

(5) 

where D,, is the optical dielectric constant. Eqs. (2), 
(4) and (5) result in 

EVBE(R) =EABE(R) 

-t(D;; -DC’) SRdrpE:(r) . (6) 

0 

The relevant energies can be expressed in terms of 
the vertical and adiabatic binding energies for the 
infinite bulk system, which will be denoted by 
EVBE( co) and EABE( co), respectively, and which 
are given by eqs. (4) and (6) with Z?=oo. For suf- 
ficiently large clusters we observed [ 281 that the ki- 
netic energy of the excess electron is independent of 
R. This is due to the dominant role of the short-range 
interactions between the electron and the innermost 
shells of water molecules in localizing the electron. 
The spatial variation of the potential due to the long- 
range contribution, over the localized excess electron 
distribution, is exceedingly small. Accordingly, we get 

EABE(R)=EABE(co) 

+t(l-D;l)Idrr%$(r), 
IF 

(7) 

EVBE(R) =EVBE(m) 

+j(l+D,‘-20;‘) qdrr2E,?(r). (8) 
R 

In order to establish the connection between the 
energetics of electron attachment to a dielectric 
sphere, eqs. (7) and (8), and the properties of an 
excess electron in a cluster, we shall focus on a com- 
pact, localized, interior electron charge distribution 
in a large cluster (fig. 2)) for which 

p(r)=0 for r>R, andR, <R. (9) 

Condition (9) implies that the size effects on the en- 
ergetics, which are expressed in terms of the integrals 
in eqs. (7) and (8), constitute an appropriate de- 
scription of the physical situation. Accordingly, the 
energetics of electron attachment to a large water 
cluster can be adequately expressed in terms of eqs. 
(7) and (8) where EVBE(m) and EABE(a) are 

identified with the photoelectric threshold and the 
electron heat of solution in bulk water, respectively. 
Both observables can be inferred from QUPID cal- 
culations with realistic potentials or from experi- 
mental data. 

To complete our analysis we shall provide explicit 
expressions for the electric field in the range r>R,. 
Condition (9) implies that in this range E,(r) = 
r-2Jd3r’p( r’ ) =c/r2. Eqs. (7) and (8) now result in 

EABE(@=EABE(cc,)+(e2/2R)(1-D;‘), (7a) 

EVBE(R) =EVBE(co) 

t(e2/2R)(1+D,‘-20;‘). (8a) 

Alternative useful expressions relate the energetics 
to the number, n, of polar molecules in the cluster. 
Setting R=r,nlf3, where r, is the (mean) radius of 
the water molecule, results in linear relations of the 
energies versus n - r13, 

EVBE(R)ZEVBE(~~)+A~-“~, 

EABE(R)=EABE(m)+Bn-l/3, 

where 

(10) 

(11) 

B=(e2/2rs)(l-D;‘), 

A=(e2/2rS)(1+D;,-20;‘). (121 

An estimate of r, can be obtained from the average 
density of molecules in the interior of a large water 
cluster yielding [ 281 rssz 23.5 uo, while Newton rec- 
ommends [ 12 ] a value of r,= 2.8 ao. Taking r, = 3 a, 
together with D,,=1.78 and D,=78.5 (at 300 K) 
results in 

A=6.80 eV and Bz4.48 eV . (13) 

In fig. 3 we present the size dependence of EVBE 
and EABE on n -‘13. For the dependence of EABE 
on n - ‘I3 we have also incorporated the experimental 
heat of solution of the excess electron in bulk water 
EABE(m)=AH=-1.7 eV [32], which together 
with eq. ( 13) results in the relation EABE(eV) = 
- 1.70+ 4.48n -‘Is. This relation is reasonably well 
obeyed (within 20%) for large n=64 and 128 clus- 
ters (fig. 3). The QUPID data for EVBE in n = 64 
and 128 clusters give a good lit to the relationship 
(fig. 3) EVBE(eV) = -4.90+6.80n-1/3, with the 
size dependence being well accounted for in terms of 
the dielectric model, eqs. ( 1 O)-( 13). 
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Fig. 3. The dependence of the vertical and adiabatic binding 
energies of interior excess states in (H20); clusters on n-‘13. 
The upper and lower sets of points represent EABE and EVBE 
data, respectively, at different temperatures as indicated on the 
figure. The black square for EABE at n= co corresponds to the 
experimental heat of solution of an electron in water [ 321. The 
upper straight line corresponds to EABE(eV)= - 1.70 
+4.48n -‘/’ while the lower straight line corresponds to 
EVBE(eV)= -4.90+6.80n-‘I’. 

We have provided a quantitative analysis of the 
size dependence of the vertical and adiabatic bind- 
ing energies of an excess electron in large water clus- 
ters. Our analysis manifests the central role of the 
onset of long-range polarization interactions in the 
gradual transition from interior excess electron states 
in clusters to the solvated electron in bulk water. This 
information is of central importance in establishing 
the interrelationship between microscopic solvation 
effects in finite systems and in macroscopic polar 
fluids. 
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