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We decompose the vertical electron detachment energies~VDEs! in solvated-electron clusters of
alkali halides in terms of~i! an electrostatic contribution that correlates with the dipole moment~m!
of the individual alkali halide molecule and~ii ! a relaxation component that is related to the
polarizability ~a! of the alkali halide molecule. Detailed numericalab initio results for twelve
species (MX)n

2 ~M5Li,Na; X5F,Cl,Br; n52,3) are used to construct an interpolation model that
relates the clusters’ VDEs to theirm anda values as well as a cluster size parameterr that we show
is closely related to the alkali cation’s ionic radius. The interpolation formula is then tested by
applying it to predict the VDEs of four systems@i.e., (KF)2

2 , (KF)3
2 , (KCl)2

2 , and (KCl)3
2] that

were not used in determining the parameters of the model. The average difference between the
model’s predicted VDEs and theab initio calculated electron binding energies is less than 4%~for
the twelve species studied!. It is concluded that one can easily estimate the VDE of a given
high-symmetry solvated electron system by employing the model put forth here if thea, m and
cation ionic radii are known. Alternatively, if VDEs are measured for an alkali halide cluster and the
a andm values are known, one can estimate ther parameter, which, in turn, determines the ‘‘size’’
of the cluster anion. ©2003 American Institute of Physics.@DOI: 10.1063/1.1580113#
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I. INTRODUCTION

It is known that a cluster of polar molecules is able
host an excess electron in at least two ways.1,2 The first pos-
sibility is that the electron can be tethered to the cluster
its interaction with the net dipole moment of the cluster.
such cases, the polar molecules tend to align head-to-ta
maximize their dipole moment and thus their binding ener
In such so-called ‘‘dipole-bound’’ anions, the extra electr
is localized primarilyoutside the molecular framework on
the positive side of the neutral parent, as demonstrated
ago by Jordan and Luken.3 Alternatively, an excess electro
can be trappedinside the cluster, in which case at least tw
of the polar molecules align their dipole toward one anoth
The existence of the latter species, commonly referred to
solvated electron~SE! anions, has been known for more tha
100 years when their bulk analogs were identified in so
and liquids.4,5 Since then, a very large number of the S
species have been investigated experimentally
theoretically.2,6–19Among other differences between dipol
bound anions and solvated electrons, the latter species
known to possess relatively large vertical electron deta
ment energies and to undergo large geometrical rearra

a!Author to whom all correspondence should be addressed. Electronic
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ments upon electron detachment because having dipole
rected toward one another is highly unfavorable in t
absence of the electron.2,9,14,18

Large vertical electron detachment energies~VDEs!
characterizing SE species have been reported in the litera
recently. For example, the urea dimer ‘‘solvating’’ an exce
electron has been found to possess a VDE of;0.2, 0.5, and
0.9 eV, when two ‘‘canonical,’’ one canonical and one zw
terionic, or two zwitterionic urea tautomers are involve
respectively.15 For a solvated electron trapped in a clus
consisting of two or three NaCl molecules, even larger VD
have been found. In particular, the linearD`h-symmetry so-
dium chloride negatively charged dimer cluster~in which
two NaCl molecules are aligned in a head-to-head man!
binds an extra electron by 2.64 eV18 while theD3h-symmetry
(NaCl)3 cluster has a VDE of 4.2 eV.19

The proposal that we intend to explore in the pres
work is that the large electron binding energies characte
ing alkali halide SE systems can be correlated with two fu
damental physicochemical properties~i.e., m and a! of the
monomers that constitute such clusters. To examine this
pothesis, we needed to undertakeab initio calculations of the
VDE values for various SE species in order to generate
necessary VDE data. In so doing, we studied several pr
ously unreported cluster anions, so our data represent
findings in these cases. To restrict the systems for which
il:
© 2003 American Institute of Physics
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develop correlations between VDEs andm anda values, we
limited our studies to electrons solvated by high-symme
alkali halide dimers and trimers. We believe the approa
described here provides a step toward understanding and
dicting the large electron binding energies in the SE alk
halide anions.

II. METHODS

The equilibrium geometries of the anionic species ha
been optimized at the second-order Møller–Plesset~MP2!
level of theory. In these calculations, the values of^S2& never
exceeded 0.7526 for the doublet anionic states, so we
confident that spin contamination effects are not serious.
electronic binding energies~D! of the anions were calculate
using second-order Møller–Plesset perturbation theory
well as the coupled-cluster method with single, double, a
the conventional25 perturbative noniterative triple excitation
~CCSD~T!!.20 However, in the case of trimers containin
bromine atoms@i.e., (LiBr)3

2 and (NaBr)3
2] we had to limit

our treatment to the CCSD level because even the pertu
tive inclusion triple excitations for these species was not f
sible with the computer resources available. The choice
the atomic orbital basis set used to describe the neutral m
ecule and the excess bound electron is very important
reproducing the correct value of the electron binding ene
In this contribution we employed aug-cc-pVDZ basis set21

whose usefulness for describing various molecular ani
has been documented previously.22 The diffuse character o
the orbital describing the ‘‘solvated’’~excess! electron neces-
sitates the use of extra diffuse basis functions having v
low exponents and therefore our geometry optimization c
culations were performed with the aug-cc-pVDZ15s5p ba-
sis sets, while the electron binding energies were calcula
with the aug-cc-pVDZ16s6p4d basis sets. The additiona
5s5p ~or 6s6p4d) sets of diffuse functions were centered
the middle of the cluster~i.e., in the symmetry center! in
each case, where the excess electron is localized~see Fig. 1!.
The extra diffuse functions do not share exponent values,
for calculating electron binding energies we us
even-tempered23 six-term s, six-term p, and four-termd
basis sets. The geometric progression ratio was equa
3.2,24 and for each orbital symmetry, we started to bu
up the exponents of the extra diffuse functions from
lowest exponent of the same symmetry included in
aug-cc-pVDZ basis set for lithium or sodium. As a co
sequence, for lithium-containing species we used lowest
ponents of 8.046 627 03131026, 1.725 554 46631026, and
6.914 138 79431024 a.u., for thes, p, and d symmetries,
respectively, and for sodium-containing systems we e
ployed lowest exponents of 6.752 088 431026, 5.895 271 8
31026, and 4.463 195 631024 a.u., for thes, p, andd sym-
metries, respectively. We should note that, because the e
tron binding energies of the alkali halide clusters stud
here are substantial~at least 2 eV!, it likely is not necessary
to use such a large set of diffuse basis functions. We
ployed these bases to make sure that our basis was adeq
our interest was not in determining the smallest basis
would be needed to obtain reasonable results.
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All calculations were performed with theGAUSSIAN 98

program25 on Intel Pentium IV and AMD Athlon computer
and a Compaq Sierra numerical server. The thr
dimensional plots of molecular orbitals were generated w
the MOLDEN program.26

III. RESULTS

A. Ab initio geometries and electron binding energies
of the solvated electron species

In order to construct our model for interpolating~and
extrapolating! the electronic stabilities of SE species, we s
lected several molecular clusters that form negative ions w
the excess electron localizedinsidethe cluster. Since the an
ions formed by alkali halide clusters had been the subjec
an earlier extensive study of ours, we decided to use th
species in our present study. Hence, we considered tw
clusters~dimers and trimers!: (NaF)2

2 , (NaF)3
2 , (NaCl)2

2 ,
(NaCl)3

2 , (NaBr)2
2 , (NaBr)3

2 , (LiF)2
2 , (LiF)3

2 , (LiCl) 2
2 ,

(LiCl) 3
2 , (LiBr) 2

2 , and (LiBr)3
2 . We first verified that all of

these clusters have the ability to form SE species with
monomers directed inward and the extra electron locali
inside the cluster. We recall that, to simplify the proble
only high-symmetry clusters were considered~i.e., linear
D`h-symmetry structures in the case of the dimers and tri
gular D3h-symmetry structures in the case of the trimer!.
Noting this limitation is important because it is known that
least some such clusters also form alternative low
symmetry structures, such as the X–Me M–X M–X
trimers ~where e denotes the extra electron and M and
represent the alkali and halogen atom, respectively!.14,19

FIG. 1. Singly occupied molecular orbitals~shown as a two-dimensiona
map and as a contour plot! holding the excess electron in the SE syste
formed by LiF dimer~left! and trimer~right!. The corresponding scheme
depicting the monomer orientations in high-symmetry clusters are
given.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Due to the significant polarity of the monomers in ea
cluster~see Table I for monomers’ properties!, we expected
each of these species to form an electronically stable an
The calculatedab initio electron binding energies for th
twelve clusters holding an extra electron confirmed this
pectation~see Table II!.

For each dimer anion, we found its local minimum~cor-
responding to the SE species! to possessD`h symmetry as
depicted in Fig. 1. Similarly, for each trimer we obtained
local minimum atD3h symmetry~see Fig. 1!. The relevant
geometric parameters describing these anions are collect
Table II where we show the intramonomer M–X distance~R!
and the metal-to-cluster-center distance~r!. While the former
is the bond length of the monomer in the cluster, the la
may be interpreted as an approximate distance from the
kali atom M ~representing the positively charge site of t
monomer! to the site where the excess electron is localiz
In addition, in Table II we give the self-consistent field~SCF!
dipole moments@the SCF dipole moments of the neutral a
kali halides are similar to those calculated from the M
electron densities and the largest difference~0.2 D! we found
for NaF species# and polarizabilities of the neutral monome

TABLE I. The MP2 equilibrium bond lengths (Rm) and corresponding di-
pole moments calculated for the neutral monomers with the aug-cc-pV
16s6p4d basis sets. The CCSD~T! vertical electron binding energie
(DCCSD(T)) for the corresponding anions are also given~in eV!. Bond
lengths in Å, dipole moments in debyes, polarizabilities in bohr3. The values
of a correspond to thea i terms of the polarizability tensor.

Species m a i Rm ~M–X! DCCSD(T)

NaF 8.6059 10.1086 1.9888 0.4862
NaCl 9.5029 31.8206 2.4256 0.6874
NaBr 9.6161 43.6802 2.5646 0.9409
LiF 6.5542 9.3891 1.6093 0.3759
LiCl 7.4210 27.0680 2.0849 0.5880
LiBr 7.4272 36.7106 2.2058 0.6287

TABLE II. Geometrical parameters~in Å! defining the MP2 equilibrium
geometries of the SE species studied in this work and their vertical elec
binding energies (DCCSD(T) or DCCSD). See Sec. III A and Fig. 1 for the
definitions ofR and r. The correspondingm/r 2 and a/r 4 values are also
given~in a.u.!, wherem indicates the dipole moment of the neutral monom
and a is the a i term of the polarizability tensor calculated for the neut
monomer. The vertical electron binding energies are given in eV. All res
were calculated with the aug-cc-pVDZ16s6p4d basis sets.

Species R ~M–X! r (M¯e) m/r 2 a/r 4 DCCSD(T)'Dexact

(NaF)2
2 1.0345 2.0231 0.2373 0.047 2.196

(NaCl)2
2 1.2636 1.9561 0.2778 0.170 2.642

(NaBr)2
2 1.3413 1.8961 0.2999 0.265 2.784

(LiF) 2
2 0.8353 1.7221 0.2495 0.084 2.123

(LiCl) 2
2 1.0884 1.6405 0.3099 0.293 2.759

(LiBr) 2
2 1.1601 1.6431 0.3105 0.395 2.888

(NaF)3
2 2.0381 2.3668 0.1730 0.025 3.739

(NaCl)3
2 2.4810 2.3465 0.1931 0.082 4.222

(NaBr)3
2 2.6268 2.2757 0.2080 0.128 4.407a

(LiF) 3
2 1.6490 1.9674 0.1910 0.049 3.914

(LiCl) 3
2 2.1328 1.9343 0.2230 0.152 4.653

(LiBr) 3
2 2.2558 1.8846 0.2360 0.228 4.818a

aDCCSD'Dexact.
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~see Table I! divided by appropriate powers of the equilib
rium distancer. The latter data are used later in approxim
ing specific contributions to the electron binding energies
the SE species as we discuss later.

It can be seen that ther distances calculated for the S
species are in the 1.6–1.7 and 1.9–2.0 Å range for
lithium-based dimers and trimers, and 19–2.0 and 2.3–2.
for the sodium-based dimers and trimers, respectively~see
Table II!. As expected, the corresponding VDEs are large a
cover the 2.1–2.9 eV range for the dimers and the 3.7–
eV range for the trimers. The largest electron binding ene
among the systems studied is that for (LiBr)3

2 which binds
an extra electron by 4.818 eV~as calculated at the CCSD
level, see Table II!. This is likely related to the fact tha
(LiBr) 3

2 involves the smallest alkali metal atom and the la
est halogen atom. Not surprisingly, the electron binding
ergy increases when the ‘‘sizes’’ of the alkali metal and ha
gen atom decrease and increase, respectively.

Having theab initio electron binding energies of sever
SE species calculated, we now move on to discuss
interpolation–extrapolation model that we propose in t
contribution.

B. Constructing the model

The exact value of the electron binding energy (Dexact)
we approximate by the electron binding energy calculated
the CCSD~T! level,

Dexact'DCCSD~T!5EN
CCSD~T!2EA

CCSD~T! , ~1!

whereEN
CCSD(T) and EA

CCSD(T) are electronic energies of th
neutral and anionic species, respectively, calculated at
CCSD~T! level with the aug-cc-pVDZ16s6p4d basis sets
for the MP2 equilibrium geometry of a given solvated ele
tron species. Recall that our electron binding energies
‘‘vertical’’ values ~i.e., calculated for the same geometry
the neutral and anionic species!, and since the anionic struc
tures were used to calculate these values, our vertical e
tron binding energies~D! correspond in fact to vertical elec
tron detachment energies~VDEs!.

Dexact ~approximated byDCCSD(T)) can be partitioned
into various contributions, for example:

Dexact'DCCSD~T!5DKT1DDSCF1DDMP21DDHTSO, ~2!

whereDKT indicates the electron binding energy calculat
at the Koopmans theorem27 level whileDDSCF, DDMP2, and
DDHTSO represent the corrections toD obtained at the SCF
MP2, and higher-than-second-order~HTSO! levels, respec-
tively. In particular, the HTSO term is given as

DDHTSO5DCCSD~T!2DMP2. ~3!

On the basis of our experience18,19 with high-symmetry
SE species formed by alkali halides dimers and trimers,
postulate that the electron binding energy for a SE sys
can be approximated by the MP2 electron binding ene
(DMP2). In other words, we assume theDDHTSO contribu-
tions to the totalD are not important. To support this as
sumption we present in Table III results for the sodium ch
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905J. Chem. Phys., Vol. 119, No. 2, 8 July 2003 Electron detachment energies
ride dimer and trimer as well as for the lithium fluorid
dimer and trimer~forming SE structures!. After analyzing the
data in Table III it becomes clear that theDDHTSO terms are
indeed not significant and responsible at most for 1% of
total electron binding energy~D!. Therefore, we conclude
that the inclusion of these terms is not necessary to estim
the electronic stabilities of the SE species with decent ac
racy ~although their consideration would be required if o
wants to calculate very precise values ofD for such sys-
tems!.

Theab initio results calculated for the twelve SE dime
and trimers used to construct our model indicate that, in f
the electron binding energy is quite well reproduced even
the SCF level since theDDMP2 term is always very smal
~see Table IV!. This is due to the~partial! cancellation of the
second-order dispersion and nondispersion terms as show
Table IV (DDMP2 can be partitioned intoDDdisp

MP2 and
DDno-disp

MP2 , see Ref. 9!. It can be concluded that theDDMP2

term does not exceed 0.05 eV in most cases and is usu
smaller than 2% ofD. Therefore, we decided to focus o

TABLE III. The MP2 and CCSD~T! vertical electron detachment energie
calculated with the aug-cc-pVDZ16s6p4d basis sets with the higher-than
second-order~HTSO! contribution toD separated~labeledDDHTSO). The
electron binding energies are given in eV~see Sec. III B for the definition of
the DDHTSO term!.

Species DMP2 DDHTSO DCCSD(T)
DDHTSO contribution

to DCCSD(T)

(NaF)2
2 2.184 0.012 2.196 0.55%

(NaF)3
2 3.727 0.012 3.739 0.32%

(NaCl)2
2 2.634 0.008 2.642 0.30%

(NaCl)3
2 4.218 0.004 4.222 0.09%

(NaBr)2
2 2.776 0.008 2.784 0.29%

(NaBr)3
2 4.389 0.018 4.407a 0.41%

(LiF) 2
2 2.096 0.027 2.123 1.27%

(LiF) 3
2 3.881 0.033 3.914 0.84%

(LiCl) 2
2 2,747 0.012 2.759 0.43%

(LiCl) 3
2 4.646 0.007 4.653 0.15%

(LiBr) 2
2 2.877 0.011 2.888 0.38%

(LiBr) 3
2 4.800 0.018 4.818a 0.37%

aDCCSD.

TABLE IV. The dispersion (DDdisp
MP2) and nondispersion (DDno-disp

MP2 ) compo-
nents of the net MP2 contribution (DDMP2) to the total electron binding
energy. All energies are given in eV. TheDDMP2 term can be partitioned into
DDdisp

MP2 andDno-disp
MP2 as described in Ref. 9.

Species DDdisp
MP2 DDno-disp

MP2 DDMP25DDdisp
MP21DDno-disp

MP2

(NaF)2
2 0.032 20.080 20.048

(NaCl)2
2 0.064 20.059 0.005

(NaBr)2
2 0.088 20.076 0.013

(LiF) 2
2 0.042 20.042 0.000

(LiCl) 2
2 0.078 20.055 0.023

(LiBr) 2
2 0.101 20.072 0.028

(NaF)3
2 0.036 20.124 20.088

(NaCl)3
2 0.076 20.103 20.027

(NaBr)3
2 0.111 20.141 20.030

(LiF) 3
2 0.046 20.079 20.033

(LiCl) 3
2 0.088 20.095 20.006

(LiBr) 3
2 0.121 20.130 20.009
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reproducing theDSCF values for the SE systems while con
structing our model. In other words, we assume that rela
theDSCFvalues to them anda properties of the monomers i
adequate, because, as we have just shown,DSCF'Dexact for
such species. We should note that the neglect of disper
contributions to the binding energy may be acceptable for
alkali halide cluster anions treated here, but it would not
appropriate when treating clusters of species with mu
lower dipole moments@e.g., (HCN)n

2 or (H3C-CN)n
2] for

which it is known that dispersion terms are crucial fractio
of the total binding energies.28

Since we concluded that reproducing theDSCF binding
energies would be satisfactory to make relatively good e
mates of the electron binding energies for our SE species
now move on to discuss how such binding energies are
tained. One needs to recall that

DSCF5DKT1DDSCF ~4!

~as described in Ref. 9! and therefore, to reproduce theDSCF

energies one has to find a way to estimateDKT andDDSCF.
We found that the KT electron binding energies (DKT)

for our SE species correlate well withm/r 2, wherem is the
dipole moment of the neutral monomer that the SE spe
contains~see Table I! while r is the distance between th
symmetry center of the SE system~where the excess electro
is expected to reside! and the alkali atom. In Table II we
provide them/r 2 values and in Figs. 2~a! and 2~b! we illus-
trate the correlation betweenDKT data andm/r 2 values for
the dimers and trimers. The observed correlation arises
cause the electron–dipole interaction potential is given
m cosu/r2 and the KT binding energy involves primarily th
electrostatic interaction of the extra electron with the dip
potential of the neutral parent molecule. Of course, the va
of r reflects the eventual balance between electron–dip
attraction and the repulsion between the dipoles. In t
sense,r relates to the ionic radius of the alkali cation as w
show in Fig. 3.

The DKT data points obtained from theab initio calcu-
lations performed for the dimers fit a first-order polynom
that was found~via linear regression! to be

DKT~m/r 2!59.208 78m/r 220.037 16 ~5!

with the regression correlation coefficient equal to 0.969@see
Fig. 2~a!#. The data points obtained from theab initio calcu-
lations performed for the trimers fit a first-order polynom
of the form:

DKT~m/r 2!511.420 39 m/r 211.745 48 ~6!

with the regression correlation coefficient equal to 0.979@see
Fig. 2~b!#. The fact that the linear slope shown in Fig. 2~b! is
larger than that of Fig. 2~a! simply reflects the fact that ther
are three electron–dipole attractive potentials operative
the trimer and only two in the dimer.

The fact that theDKT correlates well with the corre
spondingm/r 2 values lets us approximate theab initio DKT

binding energies of the SE species by using the above-g
formulas@Eqs. ~5! and ~6!# if we have available the mono
mer’sm value and if we can obtain anr value@e.g., by using
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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906 J. Chem. Phys., Vol. 119, No. 2, 8 July 2003 Anusiewicz et al.
the relationship between the cation’s ionic radius and thr
values reflected in Figs. 3~a! and 3~b! and discussed in the
following#.

Next, we observed that theDDSCF contributions to the
electron binding energies for the SE species correlate
with a/r 4, wherea is the polarizability~specifically it is the
parallel component,a i) of the neutral monomer that the S
system contains~see Table I!. In Table II we list thea/r 4

values and in Figs. 4~a! and 4~b! we show how theDDSCF

data correlate with thea/r 4 values for the dimers and trim
ers. The data points obtained from theab initio calculations
performed for the dimers fit a first-order polynomial that w
found ~with the linear regression! to be

DDSCF~a/r 4!50.655 90 a/r 410.025 51 ~7!

with the regression correlation coefficient equal to 0.998@see
Fig. 4~a!#. The results obtained from theab initio calcula-
tions performed for the trimers fit a first-order polynom
that was found to be

DDSCF~a/r 4!51.629 12 a/r 410.054 71 ~8!

FIG. 2. The KT electron binding energy (DKT) of the SE dimers~a! and
trimers~b! as a function ofm/r 2 ~see Tables I and II, as well as Sec. III B fo
details!. The regression correlation coefficient is 0.969@for the dimers, see
~a!# and 0.979@for the trimers, see~b!#.
Downloaded 27 Jun 2003 to 155.101.19.15. Redistribution subject to A
ll

with the regression correlation coefficient equal to 0.997@see
Fig. 4~b!#.

The fact that theDDSCF correlates well with the corre
spondinga/r 4 values lets us predict theab initio DDSCF

binding energies using the above-given formulas if we kn
the monomer’sa value and ther value~or, the alkali cation’s
ionic radius!.

We have already shown why we assumeDSCF'Dexact

for the SE species and the above-given analysis shows
theDSCF electron binding energy consists of two terms@DKT

and DDSCF, see Eq.~4!# that can be obtained in a ver
simple manner when them/r 2 and a/r 4 values are known
@see Eqs.~5!–~8!#. Therefore, it seems natural to rewrite E
~4! for the dimersas

D2
model'DSCF5DKT1DDSCF

'9.208 78 m/r 220.037 16

10.655 90 a/r 410.025 51 ~9!

FIG. 3. The MP2 equilibrium metal-to-cluster-center distance~r! between
for the SE clusters studied. The data for the dimers fit a first-order poly
mial that was found to be 1.330 84r ion10.781 16 with the correlation coef
ficient of 0.984@see~a!#, while those for the trimers fit a first-order polyno
mial that was found to be 1.504 39r ion11.010 49 with the correlation
coefficient of 0.991@see~b!#. The symbolr ion indicates the Pauling ionic
radius of the metal atom.
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@in which Eqs.~5! and~7! were used andD2
model indicates the

electron binding energy obtained for the dimers~subscript
‘‘2’’ ! with the model proposed#. This gives~for the dimers!

D2
model50.655 90 a/r 419.208 78 m/r 220.011 65. ~10!

Exactly the same procedure can be used to get the form
for the trimers @by using Eqs.~4!, ~6!, and ~8!#. This gives
~for the trimers!

D3
model'DSCF5DKT1DDSCF

'11.420 39m/r 211.745 48

11.629 12 a/r 410.054 71 ~11!

@in which D3
model indicates the electron binding energy o

tained for the trimers~subscript ‘‘3’’! with the model pro-
posed#, or

D3
model51.629 12 a/r 4111.420 39 m/r 211.800 19. ~12!

Having discussed the model interpolation–extrapolat
formulas, Eqs.~10! and ~12!, we now move on to compar
the results obtained with our formulas toab initio calculated
electron binding energies for species that were not use
construct our formula. That is, we extend this interpolat

FIG. 4. DDSCF contribution to the electron binding energy of the SE dime
~a! and trimers~b! as a function ofa/r 4 ~see Tables I and II, as well as Se
III B for details!. The regression correlation coefficient is 0.998@for the
dimers, see~a!# and 0.997@for the trimers, see~b!#.
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la

n

to

formula to the extrapolation domain, keeping in mind th
the model is expected to work when applied to hig
symmetry SE clusters~dimers and trimers! consisting of al-
kali halides but not species such as (HCN)n

2 for which elec-
trostatic and relaxation affects do not dominate the electro
molecule interaction.

C. Testing the model

First, let us examine how theDmodel values@i.e., calcu-
lated from Eq.~10! for the dimers and from Eq.~12! for the
trimers# compare to the correspondingab initio D values for
the twelve SE speciesthat were used to construct the mod
equation. In Table V we show the deviations~in %! calcu-
lated asuDmodel2Dexactu divided byDexact @whereDexact cor-
responds to the electron binding energy calculated at ei
CCSD~T! or CCSD level#. Clearly, the model works reason
ably well because the average error is only 4% and the la
est error~obtained for the LiF anionic dimer! is 10%.

Next, let us examine how well the model works whe
applied to SE speciesthat were not used to construct th
model equations@Eqs. ~10! and ~12!#. We considered four
high-symmetry solvated electron species@i.e., (KF)n

2 and
(KCl) n

2 , n52,3) and we both~i! calculated their MP2 equi-
librium geometries and electron binding energies at
CCSD~T! level29 as we did for the other systems discussed
this work, and~ii ! estimated their electronic stabilities b
using the model embodied in Eqs.~10! and~12!. The results
collected in Table VI indicate that the deviations between
estimated andab initio calculated electron binding energie
are substantial yet not very large~except in the case of KF
trimer where the deviation is 34%!. In particular, our VDE
~i.e., D! estimate for the (KF)2

2 ~5% deviation from theab
initio calculated value! is satisfactory, while those fo
(KCl) 2

2 and (KCl)3
2 ~deviations of 15% and 14%, respe

tively! are significantly worse yet still qualitatively correc
~see Table VI!.

It has to be stressed, however, that the model propo
utilizes the distances~r! between the alkali metal atom an

TABLE V. The comparison between the electron binding energies estim
by implementing the model described in this work (Dmodel) and theab initio
@CCSD~T! or CCSD# calculated values (DCCSD(T) or DCCSD). All energies
are given in eV.

Species Dmodel DCCSD(T)'Dexact Deviation

(NaF)2
2 2.204 2.196 0.4%

(NaCl)2
2 2.658 2.642 0.6%

(NaBr)2
2 2.924 2.784 5.0%

(LiF) 2
2 2.341 2.123 10.3%

(LiCl) 2
2 3.034 2.759 10.0%

(LiBr) 2
2 3.107 2.888 7.6%

(NaF)3
2 3.817 3.739 2.1%

(NaCl)3
2 4.139 4.222 2.0%

(NaBr)3
2 4.384 4.407a 0.5%

(LiF) 3
2 4.061 3.914 3.8%

(LiCl) 3
2 4.595 4.653 1.2%

(LiBr) 3
2 4.867 4.818a 1.0%

aDCCSD'Dexact.
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the center of the cluster~i.e., the site where the excess ele
tron is expected to be localized!. It may appear that the dis
tancer for a given alkali halide dimer or trimer solvating th
extra electron is not available unless one first performs
proper ab initio geometry optimization calculation on th
anion. However, we notice~see Tables II and VI! that the
equilibrium r distances found in the SE systems stud
likely correlate with the ionic radius of the alkali metal atom
In particular, for the dimers containing lithium, sodium, a
potassium ther values are in the range of 1.64–1.72, 1.9
2.02, and 2.60–2.66 Å, respectively, while for the trime
containing Li, Na, and K atoms ther distances are in the
range of 1.88–1.97, 2.28–2.37, and 3.04–3.05 Å, resp
tively. In fact, knowing that the Pauling ionic radii of Li1,
Na1, and K1 are 0.607, 0.958, and 1.331 Å, respectively30

we note that ther values can be obtained by using a simp
first-order polynomial~see Fig. 3! relating r to the cation’s
ionic radius.

IV. CONCLUDING REMARKS

We conclude that the model put forth here works reas
ably well for several SE species and the average erro
produces are quite acceptable considering the approx
tions made in constructing it. This model approximates
Koopmans’ theorem electron binding energy in terms of
dipole moments of the monomer building blocks and a s
parameterr that we show can be related to the Pauling io
radius of the cation. It approximates theDSCF detachmen
energy in terms of these same quantities and the par
component of the alkali halide monomer’s polarizability. W
envision this model being used in either of two ways:

~1! to estimate the electron binding energies of new dime
trimer cluster anions by using dipole moment and pol
izability data on the monomers as well as the catio
ionic radius, or

~2! to estimate the size~i.e., r value! of a dimer or trimer
cluster using measured electron detachment energies
the dipole moment and polarizability of the constitue
monomers.

TABLE VI. The comparison between the electron binding energies e
mated by implementing the model described in this work (Dmodel) and the
ab initio ~MP2! values (DMP2) for anions not used in constructing th
model. All energies are given in eV.

Speciesa Dmodel DCCSD(T)'Dexact Deviation

(KF)2
2 1.395 1.472 5.2%

(KCl) 2
2 1.747 2.065 15.3%

(KF)3
2 3.123 2.322 34.4%

(KCl) 3
2 3.410 2.998 13.7%

aThe corresponding equilibrium distances~r! are 2.6566, 2.6010, 3.0540
and 3.0370 Å for (KF)2

2 , (KCl)2
2 , (KF)3

2 , and (KCl)3
2 , respectively.
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