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Abstract

The problem of the binding of an excess electron to polar molecules and their
clusters with sufficient attractive electrostatic potential has long fascinated researchers.
Although excess electrons bound to such attractive potential tend to be very extended
gpatially and to have little spatial overlap with the valence electrons of the neutral
molecules, inclusion of electron correlation effectsis essentia for quantitatively
describing the electron binding. The major electron correlation contribution may be
viewed as a dispersion interaction between the excess el ectron and the electrons of the
molecule or cluster. Intrigued by the success of classical Drude model treatment of
neutral atoms or molecules, a new one-electron model based on Drude oscillator was
introduced, and its application on HCN’, (HCN),', HNC', (HNC), and (H20), was
studied. The newly developed water potential is used in carrying out parallel-tempering

Monte-Carlo simulations of the (H,O)e cluster.
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1. Introduction?

The problem of an electron in the field of afinite fixed dipole comprised of two
charges +Q and —Q, separated by a distance R has been studied by numerous
researchers.?® The finite dipole system has an infinity of critical dipole moments for
electron binding with an infinite number of bound states appearing at each critical
moment. The first three critical moments are 1.6248, 9.6375 and 19.181 D.>* It has also
been established that the critical moments remain unchanged if arepulsive term falling
off more rapidly with distance from the dipole than does the el ectrostatic interaction is
added.? These resultsimply that, in the absence of corrections to the Born-Oppenheimer
(BO) approximation,*” “real” molecules with dipole moments greater than 1.625D must
possess dipole-bound anion states. The point-dipole problem has the same critical
moments as the finite-dipole problem, however, in the absence of arepulsive core, this
problem is unphysical in the sense that binding energies become infinite and the
wavefunctions are not normalizable.**>1°

For molecules or clusters with dipole moments only slightly in excess of the
critical value, the electron binding energies associated with dipole-bound anions are very
small and corrections to the BO approximation become important. Indeed, Crawford and
Garrett®'®*? have shown that when electronic-rotational coupling isincluded, the critical
dipole moments for binding an excess electron acquire a dependence on the moments of
inertia of the molecule, and, as aresult, they vary from molecule to molecule. Asa*“rule
of thumb”, real molecules have afirst critical dipole moment of about 2.4 D. The other
important change resulting from inclusion of corrections to the BO approximation is that

the number of bound states is reduced from infinity to a finite number, indeed, only one,



unless the dipoleis very large.® This article will deal primarily with species for which
the excess electron is sufficiently strongly bound that corrections to the BO
approximation are negligible.

The above introductory remarks have focused on the critical dipole moments for
electron binding. Equally intriguing is the nature of the interaction between the excess
electron and the electrons of the polar molecule or cluster of polar molecules. In a
Hartree-Fock treatment, the orbital occupied by a dipole-bound electron is very diffuse
and polarized away from the molecule on the positive end of the dipole. As aresult, it
was long believed that, because of the small overlap between the charge distribution of
the excess electron and the electrons of the neutral molecule or cluster, electron
correlation effects should play arelatively unimportant role in determining the electron
binding energies and other properties of dipole-bound anions.*** However, over the past
decade, arather different picture has emerged, and, it is now known that electron
correl ation effects can drastically ater the properties of dipole-bound anions.?* The
main correlation contribution is a dispersion-type interaction between the excess electron
and the electrons of the polar molecule of the cluster.”**’ In many cases fourth- and
higher-order correlation effects also make sizable contributions to the electron binding
energies. Thus, an accurate description of the dipole-bound anions of these systems using
conventional ab initio el ectron structure methods requires treating el ectron correlation
effects to high order, e.g., by means of the CCSD(T) or CCSDT coupled-cluster
methods,** and using large, flexible basis sets. In light of this, it is of considerable
interest that it is possible to develop one-electron models that recover most of the

correlation contributions to the electron binding to such species.***" Thisfinding, in turn,



may suggest new ways of tackling the dispersion problem in general.

Dipole-bound anions were long considered to be rather esoteric, albeit fascinating,
entities, without much relevance to mainstream chemistry. However thisis no longer the
case, as they have been found to be important in avariety of chemical processes. The
demonstration that dipole-bound anions can serve as precursors to formation of valence-
like anions®*° has generated much interest in their role in electron capture in biological
molecules such as uracil and thymine.***° In addition, many biologically important
molecules can exist as zwitterions, which because of their large dipole moments, can
form dipole-bound anions. “**° Dipole-bound anions have also been found to be
important in charge-transfer processes. For example, photo-excitation of 1"- (H,0), leads
to the charge transfer-complex 1-(H2O0)4 ', with the excess electron bound to the cyclic
(H20)4 cluster, distorted so that it has alarge dipole moment. ***°. Dipole-bound anions
have also been invoked in explaining diffuse interstellar absorption bands.>”

The recent resurgence of interest in dipole-bound anions and the closely related
“solvated-electron” systems has been fueled by important advances on the experimental
front. These advances include the use of Ar-atom vibrational predissociation
spectroscopy, enabling one to obtain vibrational spectra of cold anionic clusters, %%
femtosecond photodetachment spectroscopy,®® a new generation of experiments using

61,62

electron transfer from highly excited Rydberg states,” " and improved field ionization

methods for estimating the electron binding energies of weakly bound anions.

2. Electron-dipole model

Although the primary focus of the articleis on e ectron correlation effectsin

electron-polar molecule interactions, it isinstructive to first consider the energy levels of



an electron bound to afinite fixed dipole, where two fixed point charges +Q and -Q are
separated by adistanceR , with the quantity i = QR giving the dipole moment. The
Hamiltonian is the same as that for H,", except for the change of the sign of one of the

“nuclei” %

The Schrodinger equation in atomic units for an electron in such asystemiis:

{—1v2—9+9}r= EY, 1)
2 r. r

+

where r, and r. are the distances from the electron to the positive and negative charges,
respectively. This equation is decoupled into three ordinary differentia equations in

éliptic coordinates 1,  and ¢, where:

A=—-—==, n=——= 2

and ¢ isthe azimuth angle of rotation around the dipole axis. Upon variable substitution

Eg. 1 becomes

d[ dac] | m?
—(1?-1)— 202+ A L=0, 3
dﬂ_( )d/I_+_p " 12—1} (33
df, ,dN| [ ., m?
— | (1-n?)— —2un—A- N=0, 3b
OI77_( n)dn_+_p77 pn 1_772} (30)
2
d?+m2d):0, (30)
dg
and
¥ =L(2)N(7)o(¢). 4

A isaseparation constant and



It is easily shown that m is the modulus of the magnetic quantum number since the

obvious solution to Equation 3cis
D(¢) = exp(£imy). ®)

The problem is has a closed solution in the united atom limit (R — 0) and at infinite
separation (R — o), however, thereis no general solution to Equation 3afor
intermediate distances. Fortunately, when the electron binding energy E — 0, thus

p — 0, the above equation reduces to an equation of x only and is analytically solvable

using an infinite series of Legendre functions. The critical dipole moment for electron
binding thus does not depend on Q and R separately. The bound states can be labeled

using three quantum numbers (n,, n, and m), with the constraint,
n=n,+n,+m+1 (6)

Figure 1 reports as a function of the dipole moment (1) the energies of the low-
lying levels of this model in the case that the two point charges are +1 and —1. In the large
dipole limit, the spectrum corresponds to that of the H atom Stark-shifted by a -1 point
charge.

All of the energy levels associated with the first critical moment ([ = 1.625 D)
are o-like, with the most stable level correlating with the n = 1 hydrogenic level in the R
— oo limit. The higher-lying levels associated with this critical moment correlate with
excited states of the H atom, with one level correlating with each of the n> 2 H-atom
levels. All levels associated with the second critical moment of 9.637 D are n-like, with

the lowest of these correlating with the 2p, orbital of the H atom. Finally, the lowest



energy level associated with the third critical moment of 19.101 D, correlates with the
unfavorably hybridized 2s-2p, hydrogenic orbital. Thereisan infinity of larger critical
dipole moments, but these are unimportant for most purposes. The reader may note that
levels of the same apparent symmetry are shown as crossingin Figure 1. Thisisnot a
violation of the non-crossing rule, as the electron finite-dipole problem, like H,", admits
an additional constant of the motion. **°

Figure 2 displays the charge distributions of the ground electronic state of the
electron-finite-dipole system for four different choices of the parameters. Q=1andu =3
or 6 D (Figure 2a), and Q =0.5and u = 3 or 6 D (Figure 2b). From Figures 2a and 2b, it
IS seen that the polarization of the wavefunction away from the negative end of the dipole
is, as expected, much greater for smaller dipole moments and that the electron density is
more localized for the higher charges (keeping the dipole moment fixed).

The most serious shortcoming of the finite dipole model isthat it gives electron
binding energies much larger than those determined experimentally for real molecules
with the same dipole moments. Thisis primarily a consequence of the neglect of
repulsive interactions of the excess electron with the electrons of the neutral molecule. In
generd, there is appreciable electron density on the atom or atoms constituting the
positive end of the dipole, and, as aresult, thereis an “excluded-volume effect”, which
reduces electron binding.

This “excluded-volume effect” can be readily incorporated into one-electron
models by adding arepulsive term to the Hamiltonian describing the interaction of the
excess electron with the distribution of charges of the neutral molecule.®® Figures 2c and

2d report the electron charge distributions and binding energies for the four models



considered above modified to include arepulsive term centered on the positive end of the
dipole. The repulsive core was represented by a single Gaussian function with an
exponent of 10 and a prefactor of 1.0, and is roughly comparable to that appropriate for
describing binding of an excess electron to HCN.* As expected, introduction of the
repulsive core leads to a decreased electron binding and a more extended charge
distribution of the excess electron.

The point-dipole plus repulsive core model is astatic model in that it does not
allow for relaxation of the “core” electrons upon the attachment of the excess electron,
nor doesit allow for correlation interactions between the dipole-bound electron and the
core electrons. To include such effects it would appear to be necessary to adopt ab initio
methods, treating explicitly all the electrons or at least the valence el ectrons together with
the dipole-bound electron. However, as mentioned in the Introduction, it is, in fact,
possible to describe relaxation and the dominant correlation effects within a one-el ectron
model. Before describing one-electron model approaches, we first consider ab initio

treatments of dipole-bound anions.

3. Ab initio Treatment of Dipole-bound Anions

In discussing ab initio approaches to characterizing dipole-bound anions, it is
useful to start with the Koopmans Theorem (K T) approximation®” in which the electron

affinity (the negative of electron binding energy) is given by
EA = —ELumo (7)
where ¢ o 1Sthe energy of the lowest unoccupied molecular orbital obtained from a

Hartree-Fock calculation on the neutral molecule. Thisis a static approximation in that



the electron bindsin the field of the static potential of the ground state of the neutral
molecule or clusters and neither electron relaxation nor correlation effects are included.
The “excluded volume” effect discussed above is automatically included in ab initio

treatments. For molecules or clusters with dipole moments greater than 1.625 D, &, 0 IS

necessarily negative, i.e., the LUMO is bound, provided the basis set is sufficiently
flexible and the Born-Oppenheimer approximation is made.

The relaxation contribution to the el ectron binding can be obtained by carrying
out Hartree-Fock calculations on the anion and neutral species, and using the expression

AE™ = —EA"T — (Eqion ~ Enara) (8)

Electron correlation contributions to the binding energy can be calculated by avariety of
methods, including many-body perturbation theory or coupled-cluster theory. Regardless
of the theoretical method employed, it is useful to decompose the EA as follows:

EA= EAST + AE™* 4 AE@-4® 4 AE@-mnd® L AEG) L AE@ 4 AEH© 9)
In this expression, the second-order correlation correction, AE®, has been separated into
dispersion and non-dispersion components.Z AE® and AE® give, respectively, the third-
and fourth-order corrections to the electron binding energy, and AE"® collects together
fifth- and higher-order corrections. AE™© can be estimated, for example, by comparing
the EA from MP4(SDTQ) and CCSD(T) calculations.

High-level electronic structure calculations on a variety of dipole-bound anions
have reveaed that el ectron correlation effects play amajor role in describing the binding

23-26,28,30,33,34,68,69 This may be seen from

of the excess electron in these systems.
examination of Table I, which summarizes the results of ab initio calculations of the

vertical electron detachment energies, decomposed aong the lines Eq. (9), of HCN',



(HCN)2' (H20) 2, (HF) 2, (HF) 3, and CH3CN". Where available, experimental vertical
electron detachment energies are included for comparison. Table | aso reports, the dipole
moments of the neutral molecules (or clusters) calculated at the Hartree-Fock and
correlated (MP2 or QCISD®) levels of theory. The calculations have been carried out
using flexible Gaussian-type orbital basis sets that are expected to give eectron binding
energies and dipole moments very close to the complete-basis-set limit values. The
second-order contributions to the electron binding energies have been decomposed into
dispersion and non-dispersion contributions using a procedure of Gutowski et al. 232%™
Analysis of theresultsin Table | revealsthat, for the molecules and clusters
considered, the relaxation contributions to the electron binding energies vary from 4 to
10% of X7, whereas, the second-order dispersion contributions are much more important,
ranging from 47 to 107% of ¢". The non-dispersion contributions act so as to decrease
the electron binding. Thisis attributed to the fact that for the species considered, electron
correl ation effects reduce the dipole moment of the neutral molecules.”® As aresult, the
second-order dispersion and non-dispersion contributions to the el ectron binding energies
are of opposite sign, and thus partialy cancel. The third-order correctionsto the electron
binding energies tend to be relatively small, but the fourth- and higher-order corrections

are sizablein many cases. Indeed, for (H,0),, AE™

is comparable to the KT binding
energy. The origin of the large fourth- and higher-order corrections to the electron
binding energies of many dipole-bound anions has proven elusive. We return to thisissue
later in the review.

In general, good agreement is found between the electron binding energies from

CCSD(T) calculations and those measured experimentally, and, in those cases where



there are sizable discrepancies (e.g., (HF), and CH3CN), it is expected that these would
be resolved by carrying out CCSDT or multi-reference coupled-cluster calculations. (The
CCSD(T) procedure treats triple excitations in a perturbative manner, whereas the
CCSDT method treats these excitations non-perturbatively.) The important of
nonperturbative triples for the dipole bound anions of HCN and HNC has been discussed
by Peterson and Gutowski.* The realization that CCSD(T) or CCSDT methods together
with large flexible basis sets are required to describe accurately dipole bound anionsis
disconcerting as such cal culations are computationally prohibitive for the large molecule
or cluster systems currently being studied experimentally and theoretically **>™" For

these systems, it has often been necessary to compromise on the theoretical method

employed.

4. One-electron model potentials approaches to dipole-

bound anions

|. General considerations:

Given the diffuse, extended charge distribution of excess electrons bound to such
clusters, these appear to be ideal systems to describe using model potential approaches.
Indeed, thereis arich literature describing applications of model potentialsfor treating
the interactions of an excess electron with water clusters and with bulk water.®®"*84n
general, these approaches employ a standard classical force field for describing the
interactions between the neutral monomers and a mode! potential for describing the

interaction of the excess electron with the monomers. The excess € ectron is treated

quantum mechanically.

10



All existing model potentials for electron-polar molecule systems allow for the
electrostatic and, generally also, short-range repul sive interactions between the excess
electron and the monomers. In some cases, polarization of the monomers and the
exchange interaction between the excess electron and the monomers have also been
included. However, none of the model potential approaches introduced to date has
allowed explicitly for “dispersion” interactions between the excess el ectron and the
moleculesin the cluster. Thisis apotentially serious limitation, since, as noted above,
such interactions can significantly enhance electron binding. In this article we present a
Drude-type model®* for describing the dispersion interaction between an excess electron
and apolar molecule or cluster of polar molecules. The method is demonstrated in
applications to HCN, (HCN),, HNC and (HNC),. The theoretical approach is described in

the next section, followed by a presentation of the results for the test systems.

IIl. METHODOLOGY

A. Drude model for inter-molecular interactions

The Drude oscillator approach was originally introduced to describe dispersion
interactions between atoms or molecules.® In order to describe the dispersion interaction
for asystem of two molecules, a Drude oscillator is associated with each molecule. A
Drude oscillator isa pair of charges +q and -q coupled through a harmonic oscillator.
When observed from a distance longer than the dimension of the Drude oscillator, the
Drude oscillator looks like a harmonic oscillating dipole, which is used to represent the

spontaneous oscillating dipole of the molecule, the interaction of which is responsible for

11



the dispersion interaction. The interaction of two dipoles separated by adistancer

significantly longer than the magnitude of the dipole can be represented as
U —M(siné? Sind, cos¢ —2cosd, cosdy,) (10)
AB T r3 A B A B

where the angles 64 , 6, and ¢ is defined in Figure 3.
The Hamiltonian of two interacting Drude oscillators, positioned along the z axis,
has the form

SOV SVER KOG+ + )+ KO+ 4 Z)
(11)

%0 Wiyt 22207
r3 r3 r3
Atomic units are used in this and all subsequent equations unless specified otherwise. The

system of interacting oscillators can be viewed as non-interacting oscillators by making

the following substitutions:

XX K% q . o
X1: \/E ,Xl_T1K1x:k+r_3’K2x:k_r_3
Vit Yoy Y- Vs . q° q
Y1= 1\/52,Y1=1T22, |(1X=k—{—r—3,K2y=k—r—3 (12)

+2, -z, 29° . 29°
z,=47% 121=%,Ku=k—r—3'|<21=k+r—3

The corresponding angular frequency of the non-interacting oscillators can be shown to

relate to the angular frequency of the isolated Drude oscillator as follows:

q . q
w, =0 1——r3k,a)2X—a) 1+—r3k
9 . q°
a)ly:Cl) 1—W, zyza) 1+W (13)

12



20° 20°
Pz a)\/ R r3k

The ground state energy of the interacting oscillatorsis given by the sum of the zero-
point energies of all six normal modes in Equation (13). The expansion of the ground

state energy using Taylor series and accurate to the third order g?/(kr®) gives:

'
AK%r© ol k3r9) ' (14

Ey(r) =30

The second term in Equation (14) is dispersion energy and higher order corrections to the
ground state energy are all negative.
If an electrostatic field E is applied to a Drude oscillator along the z direction, the

charge separation of the Drude oscillator takes the form
z=—o1. (15)
The perturbed oscillator has a dipole moment
q2
M= qZ = ? E (16)
The polarizability of Drude oscillator thus has the form
a=3 (17)

Thus, the dispersion energy in Equation 14 becomes

3w
4r8

Eo(r)=- (18)

The negative sign indicates that the dispersion energy stabilizes the system.

13



B. Drude model for electron-polar molecule interactions

The Drude model can be extended to treat the interaction between an excess
electron and an arbitrary polarizable molecule and cluster of polarizably molecules. We
first restrict our discussion to a Drude model approach for the interaction between an
excess electron and a molecule or cluster of molecules that have sufficient high dipole or
high-order moments that an electron binds even without dispersion-type interactions. If
the system of interest does not bind an el ectron without dispersion-type interactions, the
Drude model can still be employed. In this case, the el ectron-Drude oscillator interaction
has to be included into the zeroth order Hamiltonian instead of being treated as a small
perturbation.

Wefirst consider the case of the interaction of an excess electron with asingle
polar molecule. The extension to the case of an electron interacting with a molecular
dimer isgiven in Subsection. D.

For an electron interacting with a polar molecule, the Hamiltonian may be written

H=H%+H+vere, (19)
where H® and H® are the Hamiltonians for the excess el ectron/polar molecule system
and the Drude oscillator, respectively, and V**P'® is the coupling term, which incorporates
the effects of both polarization and dispersion.

H® is defined as:

He :—%vg—zgwfm +Vv e, (20)
T

14



whereit is assumed for simplicity that charge distribution of the neutral molecule is well
represented as a set of point charges{ Q;} located at positionsri. V'® and V" represent,
respectively, the short-range repulsion and exchange interactions between the excess
electron and the molecule core. (The various interaction terms are given in atomic units.)

The Drude oscillator consists of two “fictitious” charges +q and —q separated by
distance R and coupled harmonically through the force constant k. The +q charge is taken
to be fixed, whereas the —q charge can be displaced. (See Fig. 4 for definitions of the
coordinates.) The mass associated with the oscillator is taken to be my. In the absence of
an interaction with an external field (e.g., that imposed by the excess electron), the
average of R iszero. The Hamiltonian for the three-dimensional Drude oscillator is given
by

sz——iwﬁ+lux2pﬁ+zﬁ, (21)
2m, 2

where (X2+Y?+Z2%)=R?.

The coupling term is taken to be

couple r-R
v M=EF_, (22)

wherer isthe vector position of the excess electron relative to the +g charge and R gives
the position of the -q charge . This treatment ignores the higher order (i.e., nondipolar)
moments induced on the molecule by the excess el ectron.

The energy levels of the Hamiltonian given by Eq. (19) are calculated using a

product basis set of the form:
V=i (23)

where ¢ is an orbital associated with H* and y is an eigenfunction H*.

15



In our application of the one-electron model potential approach to electron
binding to polar molecules and their clusters, we will report electron binding energies
calculated at zeroth- and second-order as well as with the configuration interaction
method, which includes interactionsto all orders. The zeroth-order ground state energy
E? issimply the sum of the ground state energies associated with the uncoupled
electronic and oscillator Hamiltonians. There is no first-order correction to the energy.

The second-order energy correction can be decomposed into two contributions:

£ _ Z <OO|VcoupIe |OI>2 N Z <OO|VcoupIe |ﬂ|>2 | (24)

i=0 Eoo - Eoi i#0,8+0 Eoo - E/ji

where [00> denotes the zeroth-order wavefunction and E; represents the energy of the

non-interacting electron-oscillator system with the electron in orbital ¢ and the oscillator
inlevel y. Thefirst term on the right hand side of the above equation gives the
polarization energy of the oscillator due to its interaction with the excess electron. The
second term, which involves excitations of both the excess electron and the oscillator,
gives the dispersion energy. Given the form of H®*, only the lowest excited states of
the harmonic oscillator (i.e., those involving one quanta of excitation) contribute to the
second-order energy expression.

The polarization contribution in Eq. (24) is proportional to g/k, which
corresponds to the polarizability () of the oscillator. The mass associated with the Drude
model does not enter into this term. However, it does enter the second term on the right-

hand side of Eqg. (24), which involves contributions of the form
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where g and e correspond to ground and excited states of HY ands=x,y, or z

(25)

(6,—¢ ),/ﬂ can also be written as M where @, isthe frequency of the Drude
0 B k W o] y

oscillator. Because the dipole-bound electron usually is weakly bound, the most

(& — gﬂ)\/%

approximation, the dispersion contribution to the energy is proportional to

important such terms are expected to have <<1. Thus, to agood

2
az , and the sensitivity to the choice of the mass of the oscillator should be

p=0

(0518)

quite weak. If the excess electron were highly localized at afixed distance from the
Drude oscillator, the term for dispersion interaction would reduce to a London-type

expression.

C. Choice of V', V®*" and model parameters

In using Eq. (20) to study electron binding to polar molecules, it is necessary to
choose functional forms for V' and V" and to adopt appropriate charges {Q;} . The
extension to clusters of polar molecules will be discussed in section 11.C.

Following Schnitker and Rossky,” the repulsive potential V' is determined by
enforcing orthogonality between an orbital occupied by the excess electron and the filled
orbitals of the neutral molecule. The starting point for the derivation of the repulsive

potential is the following equation,
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(D:¢—me]/m, (26)

where @ isan orbital associated with the excess electron in an all-electron Hartree-Fock

treatment, and ¢ is a pseudo-orbital which isidentical to the true orbital outside the core,

but which lacks the rapid oscillations inside the core region. The { y} arethefilled

molecular orbitals. When combined with F® = ¢ ® , thisleads to the equation:

{F-2(en=8)n(rmle) /Bt =20, (27)

where F is the Fock operator, ¢ isthe energy associated with orbital @, ande,, isthe

energy of thefilled orbital y,, . The second term in the bracket of Eq. (27) defines V'®:
Ve =_Z(8m_g)7/m<7/m |¢>/¢ (28)

To simplify the solution of EQ. (27), two approximations introduced by Schnitker

and Rossky are adopted. Firstly, £ is neglected in the sum, which isjustified since the

excess electron interacts weakly with the neutral host (i.e., |¢] < |, |); and secondly, the

variation of ¢ inside the core region is neglected. Asis discussed below, the second

approximation causes V'® to be too repulsive.

With these approximations the second term in the bracket of Eq. (27) reducesto

Vre"(r*)=Zj]C,-§j (r), (29)
where

C, =—> &K, cl, (30)
with

Ko =20 [&0ar (30
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where c["is the coefficient of the " basis function in the m" occupied MO. In Schnitker-

Rossky paper, the{ &, (') } are Slater-type functions. Here generalized Gaussians of the

form
&) =xXy"ze ", (32)

are used instead. Since Gaussian-type basis functions will also be used for representing
the excess electron orbitals, this choice facilitates the evaluation of the integrals over V'®.

In the present work the repul sive potentials were determined from Hartree-Fock
calculations using the aug-cc-pVTZ basis set®® and QCISD/aug-cc-pV TZ and MP2/aug-
cc-pVDZ optimized geometries for HNC® and HCN?', respectively. The resulting
potentials when employed in Eqg. (20) result in significant underbinding of the excess
electron. Thisis aconsequence of their being too repulsive due to the neglect of the

variation of ¢ within the core.®® To deal with this problem, the repulsive potentials were

“weakened” by multiplying by a constant factor so that the electron binding energies
calculated for the monomers reproduce the KT results from all-electron Hartree-Fock
calculations.

In their work on electron-water cluster systems, Schnitker and Rossky found the
exchange contributions to the el ectron binding energies to be very small, and as aresult,
they omitted the V™" term from their model Hamiltonian.” Thisis a consequence of the
small overlap between the orbital occupied by the excess e ectron and the charge
distribution of the neutral molecules. We a so adopt this approximation in the present
treatment of electron-HCN and electron-HNC interactions.

In applying the model Hamiltonian approach to HCN and HNC, three atom-

centered point charges were employed to represent the monomer charge distributions.
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The point charges were obtained by fitting the el ectrostatic potentials of HCN and HNC
calculated at both Hartree-Fock and CCSD(T) levels of theory, using the aug-cc-pVTZ
basis set, and employing the same geometries as used in determining the repulsive
potentials.® The fitted charges were constrained to reproduce the cal culated (either HF or
CCSD(T) level) dipole moments, and were aso found to closely reproduce the molecul ar
guadruple moments.

We next consider the choice of the my, k, and g parameters associated with the
Drude oscillator, again focusing on monomers. As discussed above, athough the electron
binding energies depend approximately linearly on g?/k, they are not expected to depend
sensitively on the choice of g and ks separately or on the choice of m,. Thiswas
confirmed by exploratory calculations on HCN and HNC. All results reported here were
obtained with the choice my= 1, q = 1. Because the polarizabilities of HCN and HNC
have considerabl e anisotropy, we have generalized Eq. (21) to employ separate k, and
k¢ (= k,) force constants and chose g7k, = a,, and g7/ky = g7k, = axx, Where the a,, and ax
polarizability components are determined from M P2 calculations. The charges and other

parameters used in the model potentials are summarized in Tablell.

D. Extension of the model potential to clusters

In applying the one-electron model potential approach to clusters of polar
molecules, Egs. (19)-(22) were extended so that the excess el ectron experiences
repulsive, electrostatic, polarization, and dispersion interactions with each monomer. We
also allowed for the effects intermonomer polarization. To treat the polarization and

dispersion interactions a Drude oscillator was associated with each monomer. To
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illustrate the approach, we consider the specific case of an el ectron interacting with two
monomers, and then demonstrate the method on (HCN), and (HNC)..
The Hamiltonian for an excess electron interacting with a molecular dimer is:
H=H®+H® 4 Ho? 412 4 Howel | yoowlez (33)
where H® is the el ectronic Hamiltonian extended to allow for the electrostatic and
repulsive interactions with both monomers, H>** and H°*? are the Drude oscillator
Hamiltonians associated with the two monomers, H*? describes the coupling between the

HuPeL and HP'e2 describe the coupling of the excess electron with

two monomers, and
oscillators* 1* and “ 2, respectively, with the latter coupling terms being of the form

given by Eq. (22). H*?isgiven by:

12) 1(34)

Qv Q” 2R,*R, ~3(R*Ry,)(R,*R
H“:qz R(l)z'RZ_'_qz I R .Rl+q2R12 1122 (1 12)( 2

3
i R;(l),Z Q. i RQJ(Z) 1 QSZ),l R52
whereQ") refersto a charge located on monomer | , and R 0@ m is the vector from the +q

charge of the Drude oscillator associated with monomer mto the Q) charge. R; and R,

are the vectors associated with the two Drude oscillators, and R, is the vector between
the oscillators. (See Fig. 5 for the definitions of the various vectors.) The first two terms
on the right-hand side of the above equation give the interaction between the permanent
charges on one monomer and the induced dipole on the other, and the last term gives the
interaction between the Drude oscillators and is responsible for the dispersion interaction
between the monomers as well as the enhancement of the induced dipole on one
monomer due to the presence of the induced dipole on the other monomer. The coupling
between the Drude oscillatorsisignored in the present treatment, but would be

straightforward to include.
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There are several ways of partitioning the full Hamiltonian given by Eq. (33). In

this study we use

HO = H+(0]H™#*[0) +(0[H™P%[0) +H™ +H**?+H"?, (35)

and

V — H couple,1 + H couple,2 _<0‘ H couple,1

0>0 _ <0‘ [ couple2

0) , (36)
where the subscript o on the brackets indicates that the average is over the oscillator

functions. The use of H**+ H 2+ H'? asthe zeroth-order Hamiltonian for the Drude

oscillators results in polarized oscillator wave functions, and the inclusion of the

<0‘H couple 0>0 and <0‘H covple2 0>0 terms in H® permits the excess electron to “see” at

zeroth-order the induced dipoles resulting from intermonomer polarization.
The basis set used in describing the electron-dimer system consists of products of
the form
=821, (37)
where ¢, isan orbital associated with H, and 7 and » are polarized wavefunctions
associated with the two Drude oscillators. The geometries used for (HCN), and (HNC).,
in both the model potential and ab initio calculations, were generated by optimizing the

intermonomer separation at the MP2/aug-cc-pVTZ level, keeping the monomersrigid.

The geometrical parameters are defined in Fig. 6 and their valueslisted in Table ll.

E. Ab initio calculations and choice of basis sets

To aid in assessing the results of the model potential calculations, all-electron ab

initio calculations were carried out at the Hartree-Fock (HF), MP2, and CCSD(T) levels

22



of theory for each of the four systems considered. These cal culations employed the aug-
cC-pVTZ basis set augmented with six diffuse s and six diffuse p shells on the "terminal”
H atom. The exponents of the supplemental functions were in a geometrical ratio of five
and ranged from 5* 107 to 1.6* 10°® for the s functions and from 2* 10 to 6.4* 10°° for the
p functions. Test calculations revealed that the electron binding energies are essentially
unchanged upon further expansion of the s + p space. Inclusion of diffuse d functions was
also found to be relatively unimportant, contributing at most afew percent to the electron
binding energies. The ab initio calculations were carried out using the Gaussian 98
program.®” Aswill be shown later in the discussion, the agreement between the Drude
model electron binding energy and CCSD(T) electron binding energies and, which is
usually used areference results are not very satisfactory. Intrigue by this finding, Prof.
Gutowski carried out CCSDT calculation on HCN and HNC, and found the Drude model
actually is giving better total binding energies. The CCSDT binding energies calcul ated
by Prof. Gutowski will aso be included in the following discussion.

The one-electron model potential calculations used the same 6s+6p set of diffuse
Gaussians as employed in the ab initio calculations. The basis sets for the Drude
oscillators was chosen to consist of the (I, m, n), 0 < | + m+ n < 2, harmonic oscillator
functions, where the |, m, and n, indices indicate the level of excitation of the oscillators

inthe X, Y, and Z degrees of freedom respectively.

Ill. RESULTS

In reporting the results we will first consider the monomers followed by the dimers,

in each case first reporting the results of the ab initio calculations. For the model-
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potential calculations, results obtained using atomic charges determined at both the HF

and CCSD(T) levels of theory will be presented.

A. Ab initio calculations

Table Il reports ab initio electron binding energies results calculated at the KT,
MP2, CCSD(T) and CCSDT levels of theory for HCN and HNC, the KT, MP2 and
CCSD(T) levels of theory for (HCN), and (HNC),. In addition, polarization
contributions, associated with the changes in the electron binding energies in going from
the KT to the ASCF approximation, in which the binding energy is calculated from the
difference of the Hartree-Fock energies of the anion and neutral species, are reported.
The MP2 contributions to the ab initio electron binding energies are decomposed into
dispersion and non-dispersion contributions using a procedure introduced by Gutowski,
et al.>%" For HCN, HNC, and (HCN) our ab initio values for the electron binding
energies are very close to those reported previously.?®?’ We are unaware of any previous
calculationson (HNC),".
1. HCN and HNC

In the KT approximation the electron binding energies of HCN and HNC are
predicted to be only —11.7 and —2.7 cm™, respectively. The larger (greater in magnitude)
BE"" value for HCN is consistent with its larger dipole moment (3.33 vs. 2.86 D) in the
Hartree Fock approximation. For both molecules the polarization contribution to the
electron binding energy is much smaller in magnitude than the BEX" value. Theinclusion
of second-order electron correlation effects leads to a much larger change in the electron
binding energy of HNC than that of HCN (9.1 cm™ vs. 0.5 cm™). The decomposition of

the second-order contributions into dispersion and non-dispersion components reveals
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that these two components are comparable in magnitude for both molecules, but the non-
dispersion component is positive for HCN and negative for HNC. The dispersion
contribution to the electron binding energy is necessarily negative. The small second-
order correction to the electron binding energy of HCN is thus aresult of a near
cancellation between the dispersion and non-dispersion contributions. Upon inclusion of
electron correlation effects, the dipole moment of HCN is reduced whereas that of HNC
isincreased. Apparently the second-order non-dispersion contribution to the electron
binding energy is dominated by the change in the dipole field experienced by the excess
electron, and thusis positive for HCN and negative for HNC.

Higher-order electron correlation effects are predicted to lead to changes of -0.5
and —23.8 cm™* in the electron binding energies of HCN and HNC, respectively. These
results are obtained by subtracting the MP2 binding energies from the CCSDT binding
energies. The greater importance of higher-order electron correlation effects for the
electron-HNC system is primarily due to the enhancement of the dipole moment of the
neutral molecule due to electron correlation effects. The best estimate of the electron
binding energy for HCN (=13.2 cm™) is slightly more than the KT value, but for HNC it
is about 12 times larger (at —35.7 cm™®) than the KT value. It is astonishing to see the
large difference between CCSD(T) and CCSDT binding energy of HCN and HNC. There
isa-4.2 cm™ difference between CCSDT and CCSD(T) binding energy for the electron-
HCN system, a5.6 cm™* difference between CCSDT and CCSD(T) binding energy for the
electron-HNC system. For the electron-HCN system, this lead to about 47%

underestimation of electron binding energy at CCSD(T) level of theory.
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2. (HCN)z and (HNC),

In the KT approximation the ab initio electron binding energies of (HCN), and
(HNC), are calculated to be —461 and —366 cm™, respectively. These are 39 and 135
times larger in magnitude than the corresponding binding energies of the monomers.
Whereas second-order correlation effects lead to alarge —504 cm™ changein the binding
energy of (HNC),, they lead to only arelatively small .63 cm™ change in that of (HCN),.
As for the monomers, the second-order dispersion and non-dispersion contributions are
sizable for both dimers, with the two contributions being of the same sign (negative) for
(HNC), and of opposite sign for (HCN),. Again, the different signs of the non-dispersion
contribution to the electron binding for the two dimers can be understood in terms of the
changes in the dipole moments upon the inclusion of electron correlation effects, which
cause a decrease of the dipole moment of (HCN), but an enhancement of that of (HNC)s.
Higher-order correlation effects, when estimated by the difference between the MP2
binding energies and the CCSD(T) binding energies, cause relatively small changes (-1
and 93 cm™ for (HCN), and (HNC),, respectively) in the electron binding energies.

CCSDT results for these systems are not available.

B. Model potential calculations

As noted above, the model potential calculations were carried out using atomic
charges determined from HF (model 1) as well as from CCSD(T) (model 11) calculations.
For each choice of charges, electron binding energies are reported at the KT (i.e,,
neglecting el ectron-mol ecul e polarization and dispersion interactions), "MP2", and

single-plus-double excitation configuration interaction (SDCI) levels of theory.
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For the model potentials described above, the SDCI calculations correspond to
full-ClI calculationsin the sense that all excitations possible with the adopted basis sets
areincluded. However, for the electron/dimer systems, full-Cl calculations would aso
include triple excitations, (i.e., Simultaneous excitation of the electron and both Drude
oscillators) were the coupling term between the Drude oscillators in EQ. (34) retained.

1. HCN and HNC

By design, model | reproduces the ab initio KT binding energies of the monomers
(asthe repulsive potentials were scaled to give this result). Outside the core regions, the
lowest bound orbitals of the model electronic Hamiltonians for HCN and HNC are nearly
identical to the lowest unoccupied molecular orbitals (LUMOs) from the Hartree-Fock
calculations on the neutral molecules. Thisisillustrated in Fig.7.

Model | gives polarization energies nearly identical to the ab initio values, which
is not surprising, as g7k, G°/ky and g*/k, were chosen to reproduce the monomer
polarizabilities. Most encouragingly, the second-order dispersion contributions to the
electron binding energies calculated using model | are close to the ab initio estimates,
illustrating the success of the Drude model for treating the dispersion interactions.
Nonetheless, the net binding energies cal culated through second order using model |
differ appreciably from the corresponding ab initio results. In addition, the full-Cl
binding energies calculated using model! | differ appreciably from the results of the all-
electron CCSDT calculations, predicting a sizable over-binding for HCN and an under-
binding for HNC. The main reason for thisis that model | does not account for the
“renormalization” of the dipole moments resulting from inclusion of electron correlation

effects and which, as noted above, is primarily responsible for the non-dispersion
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contributions in the ab initio calculations. This problem is remedied in model 11, which
employs CCSD(T) charges for the monomers.

The charge renormalization built into model |1 leads to changes in the KT binding
energies and in the spatial extent of the zeroth-order wavefunction describing the weakly
bound electron. This, in turn, causes changes in the second- and higher-order corrections
to the electron binding energies. For both HCN and HNC, the net electron binding
energies calculated through second order using model 11 arein fairly good agreement
with the ab initio MP2 results. Moreover the el ectron binding energies calculated using
the model 11 full CI method are in good agreement with those calculated using the ab
initio CCSDT method. Specifically, for HCN and HNC the full-Cl calculations with
model 11 give eectron binding energies of —12.3 and —29.3 cm™, respectively, as
compared to the corresponding ab initio CCSDT values of —13.2 and —35.7 cm™. In
assessing these results, it should be noted that HCN and HNC are undoubtedly two of the
more challenging systems for describing the binding of an excess electron by either ab
initio or model potential approaches. HCN is challenging because of its very small (~-
13.2 cm™) binding energy and because of the near cancellation between the dispersion
and “charge renormalization” contributions to the electron binding energy. HNC
represents an even more challenging case in that the inclusion of electron correlation
effects leads to about a thirteen-fold increase in the el ectron binding energy (as evaluated
using ab initio calculations). The zeroth-order Hartree-Fock wavefunction is such a poor
starting point for these systems that the CCSD(T) result is not well converged. The model
potential approach is providing amore realistic description of electron binding to HCN

and HNC than arethe ab initio CCSD(T) calculations.
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2. (HCN)z and (HNC),

From the results reported in Table I11 it is seen that models | and Il are less
successful for the dimers than the monomers. For example, model | underestimates the
KT electron binding energies of the dimers by 14-20% and gives dispersion contributions
to the binding energy about 50% smaller than the ab initio estimates. The failure of
model | to give the correct values of the electron binding energy in the KT approximation
has a simple explanation, namely that this model does not reproduce the HF dipole
moments of the dimers, in part because of the neglect of the third term on the right hand
side of EQ. (34). (The underbinding of the electron at the KT level, in turn, causes the
dispersion contributions to be underestimated.) Similarly, model 11 does not reproduce
the CCSD(T) dipole moments of the dimers. To remedy these deficiencies, models I11
and IV, in which the atomic charges are scaled so that the net (permanent plus induced)
dimer dipole moments agree with the HF and CCSD(T) values, respectively, were
introduced.

The KT values of the electron binding energies of the dimers calculated using
model 111 are very closeto the ab initio KT results. In addition this model gives
polarization energies close to the ab initio results. On the other hand, the dispersion
contributions to the el ectron binding energies of the dimers calculated using model 111 are
still considerably (30-39%) smaller than the corresponding values estimated by
partitioning the ab initio MP2 energies. However, the discrepancies between the model
potential and ab initio estimates of the dispersion energy should not be ascribed solely to

deficienciesin the model potential as the procedure used to decompose the ab initio

29



second-order contribution to the electron binding energy into dispersion and non-
dispersion components is not rigorous and may overestimate dispersion.

Of the four models considered, model 1V, which reproduces the CCSD(T) dipole
moments of the neutral dimers, should be the most realistic for describing the net electron
binding energies of the dimers. Indeed, the electron binding energies cal culated through
second order using this model (—463 and =746 cm™ for (HCN), and (HNC),,
respectively) are in good agreement with the corresponding ab initio values of -524 and -
870 cm™. The SDCI binding energies cal culated using model 1V also compare favorably
with the ab initio CCSD(T) results, with the two approaches giving nearly identical
electron binding energies for (HCN),, and reasonable, but poorer, agreement for (HNC),
(-792 cm™ and 963 cm™ for the model 1V SDCI and ab initio CCSD(T) calculations,
respectively). The smaller (in magnitude) electron binding energy of (HNC), predicted
using the model potential in conjunction with the SDCI method compared to that
obtained from the ab initio CCSD(T) calculationsis not surprising given that ssimilar
behavior was found for the HNC monomer. As demonstrated for the monomer, part of
the discrepancy between the model potential and ab initio results for (HNC), could be
due to an inadequacy of the ab initio CCSD(T) calculations.

The HCN, (HCN),, HNC and (HNC), species considered in this paper al have
dipole moments sufficiently large so as to guarantee electron binding. Exploratory
calculations reveal that model IV aso works well for describing el ectron binding to

clusters of polar molecules with no net dipole moments, e.g., dimers with the dipoles of

the monomers opposed (e.g., NCH---HCN and CNH:---HNC) in which the excess

electronis“locaized” between the two dimers.
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V. CONCLUSION

It isnow well established that the ab initio treatment of the interactions of excess
electrons with polar molecules requires very flexible basis sets and the inclusion of high-
order correlation effects. Thislimits such calculationsto relatively small cluster systems.
One-electron model potential approaches, on the other hand, can be applied to very large
clusters. However, for such approachesto reliably describe e ectron binding, they need
to incorporate dispersion interactions between the excess electron and the molecul es of
the cluster.

In this study a new model potential approach for describing the interaction
between an excess electron and polar molecules or clusters of polar molecules was
described. The novel feature of this approach is the use of Drude-oscillators to account
for polarization and dispersion interactions. The new model potential was tested on the
dipole-bound anions of HCN, HNC, (HCN), and (HNC),, and was found to give binding
energies in good agreement with those from high-level ab initio calculationsin al the
cases. Especialy encouraging is that for HCN and HNC the model potential is giving
better agreement with ab initio CCSDT results than ab initio CCSD(T) method does.

There are several potential sources of error in the model potentials used in the
present study. These include the approximations in generating the repulsive core, the use
of asimple three-point charge model to represent the charge distributions of the
monomers, the use of a single polarizable center on each monomer, the neglect of
exchange, and the neglect of the hyper- and higher-order polarizabilites. However, none

of these approximationsis essential, and we envision the model described in this section
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asthe starting point for afamily of increasingly “ sophisticated” model potentials for

describing el ectron-polar molecul e interactions.

5 Negatively charged water clusters

|. General Considerations:

Electron-water systems have long fascinated researchers. Reactions involving
electrons in bulk water are of fundamental importance in radiation chemistry,
electrochemistry and biology.®#% Y et, even the nature of an excess electron in bulk water
remains controversial. %1% Although the long-held view is that an excess electron in

bulk water is trapped in an approximately spherical cavity,"**'%’

giving the so-called
hydrated electron, Domcke and coworkers have proposed that the excess electron is
actually associated with a HzO species.'® (H,0),” clusters have also received
considerable attention from the experimental and theoretical communities. > 77111
There remain several fundamenta questions about these species, including the size
cluster for which the electron is more stable in an interior rather than a surface state, and
how the anions observed experimentally are formed.

(H20), clusters were first detected mass spectroscopically by Haberland and
coworkers. *® Figure 8 reproduces a mass spectrum of (H-0),” clusters from the Johnson
group.™ This spectrum is noteworthy by the absence of a peak for the monomer,
consistent with its dipole moment being too small to support a dipole-bound anion, and
by the occurrence of magic numbersat n =2, 6, 7, and 11, and a monotonically

decreasing intensity distribution for n> 15. The origin of the magic numbersin the

(H20), mass spectrais still amatter of debate, although, there seems to be a correlation
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between the dipole moment of the neutral cluster and the intensity of the peak in the mass
spectrum, at least for the smaller clusters. For example, the most stable forms of then =
2, 6, 7 and 11 clusters, which appear as magic numbers in the anion mass spectrum, have

sizable dipole moments,*"**

whereas the most stable isomers of the (H,0),, n = 3-5, and
8 clusters, for which the corresponding anions are either absent or appear only weakly in
the mass spectrum, have zero or small dipole moments. This suggests that the interaction
of the excess electron with the dipole field of the neutral clusters may be an important
factor in theinitial electron capture process. On the other hand, Kim et al. have noted that
then = 10 cluster also has asizable (=2.7 D) dipole moment but appears only weakly in
the mass spectrum, which would appear to contradict the hypothesis that thereis a

correl ation between the dipole moment and anion formation."®**® However, it is possible
that the low yield of (H2O)10™ in the mass spectrum is the consequence of arelatively low
population of (H20)40 in the neutral cluster distribution.

The proceeding discussion assumes that the observed (H,O), ionsresult from
electron capture by preformed neutral (H,O),, clusters. In the experiments of Johnson et
al., electrons are g ected into an expansion containing water and Argon, and the Ar-free
(H20), clusters are believed to result from electron capture by (H,O)nAry, clusters
followed by evaporation of Ar atoms. The most abundant isotope of Ar has a mass nearly
identical to that of the water dimer, and the weak peaks that appear to correspond to
(H20)4, (H20)s', and (H20)g, for the most part, are actually due to (H20), Ar, (H20)4 Ar
and (H,0)7Ar, respectively. '3

Although there is a consensus that the observed forms of (H.0),, n = 2-4, have

chain-like structures, the situation regarding the larger clusters s less clear, 110120122
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Neither the mass spectra nor the measured electron detachment energies allow oneto
definitely establish the geometrical structures. Recently, the Johnson group has succeeded
in measuring vibrational spectrain the OH stretching region for the  (H20), Armn=>5-
9, clusters.”®*%!% The presence of attached Ar atoms assures that the clusters are cold (T
< 50K). The comparison of measured spectrawith ab initio calculated spectrafor various
isomers of the bare (i.e., non-Ar solvated) clusters greatly narrows down the possible
structures. However, even with the avail ability of the IR data, the structures of the
(H20),, n> 5, clusters remain subject to debate. For example, whereas Ayotte et al.>
have proposed that the observed IR spectra of (H,O)s and it deuterium substituted
isotopomers are due to a chain-like isomer, Kim and coworkers have suggested a more
three-dimensional structure as the origin of the spectrum.***??2 One might expected
that comparison of the experimental IR spectrum with the calculated spectrafor different
isomers would permit definitive assignment for a cluster the size of (H,O)s . However,
due to the need to employ large, flexible basis sets, is has been necessary to adopt either
density functional theory (e.g., Becke3LY P*?**%%) or the MP2 method for calculating the
frequencies. Since the Becke3LY P method considerably overbinds the excess electron,
while the MP2 procedure considerably underbinds it and since the vibrational frequencies
and intensities depend on the degree of localization of the excess electron, neither of
these methods can account for the observed IR spectrum in a quantitative manner.
Density functional methods also suffer from the inability to treat long-range dispersion
interactions. *” The remedy, namely to calculate the vibrational spectrum at the

CCSD(T) level, istoo computationally demanding at present. This signals the need for



alternative theoretical approaches to treat the anion states of clusters of water and of other
polar molecules.

Models for including dispersion interaction between an excess electron interacting
with acluster of polar molecules have been introduced by two groups. The Drude-model
approach presented above is due to our group. Sindelka et al. *® have also recently
introduced a model for calculating second-order dispersion interactions between an
excess electron and a polar molecule or cluster of polar molecules. The main differenceis
that while Eq. 24 employs a discretization of the continuum, Sindelka et al, calculated the
dispersion energy by doing an integral over the continuum. A second differenceis that
we have damped the short-range coupling between the electron and the polarizable
monomers, while Sindelka et al. used an undamped interaction. However, this damping is
relatively unimportant for the second-order energies. The two approaches also differ in
terms of the choice of excitation energy associated with the monomer. However, as
argued above, the dispersion energy isrelative insensitive to the monomer excitation

energy.

Il. Applications of the Drude model to water clusters

We now consider in more detail the use of one-electron model potentials for
describing the interaction of an excess electron with water. Water has been chosen for
focus because of the large body of experimental and theoretical work done on excess
electrons interacting with water in clusters, films, and the bulk, and because there are
several unresolved issues concerning el ectron-water systems that can not be answered by

current ab initio methods.
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Thereisarich history of one-electron model approaches to treating electron-water
systems. In particular, we note the pioneering work of Landman and co-workers,
Rossky et al., ™ Staib and Borgis, ® and Berne and co-workers. ”’ The key features of the
models introduced by these researchers, as well as of a more recent model of Mosyak et
al., ® are summarized in Table V. These models have been used to address a variety of
problems, including estimating the size water cluster for which it is more favorable for an
excess electron to be bound in the interior as opposed to the surface, **** calculating
electron transport through water films, **! and simulating the dynamics of the solvated
electron following photo-excitation. ***** Most of these one-electron models allow for
polarization of the water molecules by the excess electron, but none alow for dispersion
interactions between the excess electron and the water molecules. Asis clear from Table
[, the dispersion contribution to the electron binding energy istypically an order of
magnitude more important than polarization (at least for small clusters) and it is generally
comparable to the electrostatic binding energies. This raises the possibility that dispersion
interactions could significantly affect the dynamics of solvated electrons or impact the
preference for electron binding in the interior vs. the surface of acluster.

In this work, the Dang-Chang (DC) polarizable model for water,** which has

134,135 is

been found to do agood job at describing small water clusters and bulk water,
combined with the Drude model described in section 3. The unique feature of the current
model is the use of Drude oscillators to treat electron-water monomer polarization and
dispersion. The resulting one-electron model potentia approach is applied to (H,O);* and

(H20)4, and the results are compared with the predictions of ab initio CCSD(T)
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calculations. The computational details are described in Section 111, with the results being

presented in Section 1V, followed by Discussion and Conclusions sections.

. COMPUTATIONAL METHODOLOGY

A. Model Potential

The DC water model employs the experimental geometry of the gas phase
monomer (ROH = 0.9572 A, HOH angle = 104.52°) and is a rigid-monomer model.
Point charges are located at the positions of the H atom (Q = 0.519¢) and on the rotational
axis, displaced 0.215 A from the O atom (towards the H atom) (Q = -1.038e). This gives

D136 and

adipole moment of 1.848 D, nearly identical to the experimental value of 1.825
quadruple moment components of Qu=2.235D ‘A, Q) =-2.047D ‘A, and Q,, =-
0.188 D -A in fairly good agreement with experiment values of Qux = 2.626 D -A, Q=
-2.493D -A, and Q,, =-0.134 D -A.**" The DC model also locates a polarizable center at
the same position as the negative charge. The polarizability istaken to be isotopic, with
the numerical value of 1.444 A3, chosen to match the experiment.*® Finally; asingle
Lennard-Jones site is centered on the O atom (e = 0.1825 kcal/mol, o = 3.2340 A).

The water-water interactions thus include el ectrostatic (charge-charge), charge-
induced dipole, and Lennard-Jones type interactions. The induced dipoles on the
different monomers are allowed to interact, and the polarization equations given the
individual induced dipole moments are solved self consistently.

The Hamiltonian (in atomic units) for an excess electron interacting with asingle

water molecule and neglecting polarization and dispersion is taken to be
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where the sum is over the charge sites of the monomer, and V* and V™ represent the
exchange and el ectron-molecul e repul sive interactions, respectively. The subscript “DC”
implies that the charges and their locations are from the DC model. Aswill be discussed
below, we also consider a second model based on Hartree Fock (HF) chargesin which
case the electronic Hamiltonian is designated HF. .V is generated following the
procedure of Schnitker and Rossky,”® except that we represent it in terms of Gaussian
instead of Slater functions. Also, following Schnitker and Rossky, V* isignored asit is
expected to be relatively unimportant for the electron binding to water clusters.

Electron-molecul e polarization and dispersion are accounted for by associating
with the monomer a Drude oscillator consisting of two charges +q, -q, separated by a
distance R and coupled harmonically through the force constant k. The reduced mass of
the oscillator is m,. The Drude oscillator is located at the same position as the polarizable
center in the DC model. This resultsin a coupling term of the form

_qr-R

couple
\% "

1-e™), (39)

wherer isthe position of the electron relative to the oscillator, and (1— e‘brz) isa

damping factor, which attenuates unphysical short-range interactions between the excess

electron and the Drude oscillator. The total Hamiltonian then becomes
H=H%+H+vere, (40)

Both the Drude oscillator and the excess electron are treated quantum mechanically using

aproduct basis set of the form |¢, 7, ) where ¢, and z, are eigenfunctionsof H and
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H °*, respectively. The electron binding energy for the full model Hamiltonian is
calculated using the second-order perturbation theory and the configuration interaction
(CI) methods. In addition, electron binding energies are also calculated using H ® alone,
i.e., neglecting coupling to the Drude oscillators. The latter binding energies are refered
to as Koopmans' theorem (KT)® values, since they result from a static approximation
neglecting polarization and dispersion.

As shown in Reference 33, the second-order correction to the electron binding

energy for the model Hamiltonian system can be decomposed into polarization and
dispersion contributions. The former is proportional to g / k, which issimply the

polarizability of the Drude oscillator, here set equal to either the HF or DC polarizability
values of awater monomer. (Anisotropic polarizabilities can be accounted for by
introducing separate Ky, ky and k; force constants.) The second-order dispersion

contributionis;

Thas
20 _ 2k
=22
s ﬁ¢0_1+ (30 Eﬁ)\/i

where the first summation runs over s= X, y, and z, and the second runs over the excited

(41)

electronic levels. However, since the excess e ectron is weakly bound, the sum over B is

(& _gﬁ)\/%

weak. In thiswork, m, is taken to be the mass of an electron, and q is taken to be 1. Note

dominated by terms for which << 1, the dependence on m, should be quite

that if the excess electron were highly localized, Eq. 41 would reduce to the London

expression for dispersion.
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The extension of the Drude model to a cluster of moleculesis straightforward.
The Hamiltonian for the excess electron now includes electrostatic and repulsive
interactions with each monomer, as well as interactions with a Drude oscillator on each

molecule. The basis set for an electron interacting with n Drude oscillators consists of

functions of the form |¢, - 7") where g, is again an electron orbital and / isthe

I"™ level associated with the ™ oscillator.

Intermolecular induction and polarization can be treated either through the
standard approach for the DC model or via coupling between the Drude oscillators. The
latter approach has the advantage of including, in a self-consistent manner, three- and
higher-body induction and dispersion effects, both among the monomers as well asin the
electron and monomer interactions. In the present study, we adopt an intermediate
approach, in which the induction is treated using Drude oscillators but the intermolecular
dispersion is accounted for via the Lennard-Jones terms in the DC water model. This
decoupl es el ectron-mol ecul e and molecule-molecul e dispersion, which should be a good
approximation as three-body dispersion effects are expected to be relatively unimportant
for water clusters.

In applying the model Hamiltonian approach to clusters, we incorporate into the
zeroth-order electronic Hamiltonian the interaction of the excess electron with the
induced dipoles on the monomers. That is, the zeroth-order energy levels of the excess
electron are calculated in the field of the charges plus the induced dipole moments.

The electronic basis set is chosen to consist of even-tempered series of sand p
primitive Gaussian-type functions, the number and exponents of which depend on the

cluster being treated. Additional details are provided below after the specific water
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clusters to be studied are introduced. A basis set of the form (1, wm, wn), 0<I +m+n<
2, where |, m, and n are quantum numbers associated with a three-dimensional harmonic
oscillator in Cartesian representation, is employed on each Drude oscillator. Test
calculations show that this oscillator basis set is adequate for describing electron-water
polarization and dispersion as well as intermolecular induction.

Although the ultimate goal of the model potential calculationsisto provide a
guantitatively correct description of electron binding to water clusters, it isimportant to
check that the model employed correctly describes electron binding in the absence of

electron-water polarization and dispersion. However, one cannot simply compare the

electron binding energies calculated using H &, described above, with ab initio

Koopmans' therorem (KT) binding energies. The reason for thisisthat H5. employs
charges that give the correct dipole moment and realistic quadruple moment components,
whereas ab initio KT binding energies are obtained using the Hatree-Fock (HF)
procedure, which considerably overestimates the dipole moment for the water monomer.
Thusto facilitate comparison, we have also carried out model potential calculations with
the DC charges replaced by charges determined from Hartree-Fock el ectrostatic potential
cal cul ations on the water monomer. Even though this set of calculations using H 5

negl ects electron-water polarization and dispersion, it is still necessary to include
intramolecular polarization as thisisincluded in the ab initio Hartree-Fock calculations.

Thisis accomplished by choosing g°/k to reproduce the Hartree-Fock polarizability of a

water monomer and allowing the permanent chargesin the H5. model to interact with

the Drude oscillators.

41



In our earlier work on (HCN) and (HNC) , n=1, 2, it was found that the one-
electron model, with charges and polarizabilities from Hartree-Fock calculations, and
with the repulsive potentia derived using the procedure described in Reference 75, gave
electron binding energies considerably lower in magnitude than the ab initio KT values.
Thiswas primarily a consequence of the approximations used in the generation of the
repulsive core. This problem was solved by rescaling the repul sive potential so that the
electron binding energies for the HCN and HNC monomers cal culated using the model
potential procedure reproduced the ab initio KT binding energies. The scaling factors
obtained for the monomers aso proved satisfactory for the dimers. Moreover, with this
rescaling, the model potential method including coupling between the excess electrons
and the Drude oscillators was found to give polarization and dispersion contributions to
the electron binding energies close to the ab initio results.

For water clusters, it is necessary to modify this strategy somewhat because the
monomer does not bind an electron. (Actually, in the Born-Oppenheimer approximation,
awater monomer does weakly bind an electron. However, were corrections to the Born-
Oppenheimer approximation made, the excess el ectron would no longer bind.) For that
reason, we have used the water dimer, which does have a bound anion state, to determine
the scaling factor for the repulsive potential. This scaling factor is used in all subsequent
calculations of electron water interaction, including those discussed below based on the
model potential employing DC charges and polarizability values.

The calcul ations on the water dimer were also used to determine the value of b in

the factor damping the coupling of the electron to the Drude oscillators. Specificaly, b
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was chosen so that the model potential Cl binding energy reproduced the ab initio

CCSD(T) result. Thisgave ab vaue of 0.43.

B. Details of (H,O); and (H,O), calculations

In this work, we consider both cyclic chain-like and crown-like local minima of
the (H20)3 and (H20),4 clusters (see Figure 9). In the crown-like structures, the free OH
groups al point in the same direction. The neutral (H,0)3 and (H2O),4 clusters, at the
optimized structures of the anions, have large dipole moments, and thus the excess
electron can be viewed as being dipole-bound.??*% | nterestingly, for the neutral clusters,
neither the chain-like nor the crown-like structures are potential energy minima. Thus the
binding of the excess electron overcomes the tendency of these neutral clustersto
rearrange. For (H»0)3 we also present results for the transition state for interconversion
of the chain-like and crown-like structures.*®

We now turn to the electronic basis sets used in the model potential and ab initio
calculations. In the model potential calculations, the basis set consisted of two s Gaussian
functions with exponents 0.02526 and 0.1027 and two p functions with exponents 0.141
and 0.727 on each H atom™° together with alarge set of diffuse s and p Gaussian
functions on the O atom on the terminal water (at the + dipole end) in the chain like
structures and on the rotational axis for the crown-like clusters. In the latter case the
displacement of the center of the diffuse functions from the plane of the O atoms was
optimized so as to maximize the electron binding energies. For the model potential
calculations on (H20)3, the large, single-center portion of the basis set was chosen to
consist of an even-tempered series of six s and five p functions. For the calculations on

the crown-like structure of (H2O)4, five sand four p functions were used, whereas for



the linear form of (H»0)4, four sand three p functions were used. (For species with a
large dipole moment the dipole bound electron is more localized, and asmaller basis set
can be employed.) The exponents of the basis functions arelisted in Table V. Test
calculations revealed that the adoption of still more flexible basis sets had very little
effect on the electron binding energies.

The ab initio calculations employed aflexible basis set suitable for describing the
neutral water mol ecul es together with the same single-center sets of diffuse sand p
functions as used for the model potential calculations. A (11s6p2d/6s2p) >
[5s4p2d/4s2p] contracted Gaussian basis set was first adopted for the water molecules.
(The uncontracted basis set is given in parentheses and the contracted set in brackets. The
O atom basis set is specified first, followed by the H atom basis set.) For the O atoms, the
s and p functions were taken from the aug-cc-pV TZ basis set and the d functions from the
aug-cc-pVDZ basis set.®® Similarly for the H atoms, the basis set was formed by
combining the s functions from the aug-cc-pVTZ basis set with the p functions from the
aug-cc-pVDZ basis set. This mixed basis set was found to give at the MP2 level adipole
moment and polarizability of the water monomer close to the corresponding experimental
values, while being less computationally demanding than the full aug-cc-pVTZ basis set.
The large sets of supplemental diffuse functions are centered in the same locations asin
the model potentia calculations.

Ab initio results are reported at the KT, MP2, and CCSD(T) levels of theories. For
the last two methods the electron binding energies are obtained by subtracting the energy
of the neutral from that of the anion at the specified level of theory. The second-order

contributions to the el ectron binding energies are divided into dispersion and non-



dispersion components using the procedure of Gutowski et al. ?*” This procedure
associates the dispersion contribution with those terms in the expression for the second-
order correlation energy of the anion that involve simultaneous excitations from the
dipole-bound orbital and one of the occupied orbitals of the water cluster.

To facilitate comparison of the model potential and ab initio results, the same
geometries were used for the two sets of calculations. The geometries of the anions were
optimized at the ab initio MP2 level of theory under the constraint of rigid monomers,
using the OH bond length and HOH angle values employed in the DC model. These
geometries were then used for the ab initio calculations on the neutral and anionic species

and for the model potential calculations on the anions.

IV. RESULTS

A. (H20)z

Table VI summarizes the results for (H20),". By construction, the KT binding

energy from the model potential employing the HF charges and polarizabilities, (model 1)
matches the ab initio KT value of 11.1 meV, and CI result from the model based on H§.

(model I1) reproduces the ab initio CCSD(T) binding energy of 33.0 meV. Experimental
estimates of the vertical detachment energy of (H2O), are 304 meV and 45+6
mey 109141

It should be noted that the DC model tends to underestimate the induced dipole
moments of water clusters. For example, for the dimer, with the geometry employed here,
the DC model gives a net dipole moment of 4.02 D, compared with the dipole moment of

4.13 D obtained from ab initio MP2 caculations; for the chain-like form of the tetramer,
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the discrepancy is0.29 D. In general, the underestimation of the dipole moments would
be expected to lead to an underestimation of the electron binding energies. However, by
choosing the scaling factor of the repulsive potential so that the KT binding energy
calculated using model | reproduces the ab initio KT e ectron binding energy and the
damping factor b so that the CI binding energy calculated using model |1 reproduces the
ab initio CCSD(T) binding energy of the water dimer, we partially correct for this

shortcoming of the DC model.

B. (H0)s

Table VII reportsfor (H,0)s* the electron binding energies obtained using
models | and Il and from the ab initio calculations. We consider first the results of the ab
initio calculations. In the KT approximation the excess electron is bound by 3.3 and 66.7
meV in the crown-like and chain-like forms of (H20)3, respectively. The corresponding
binding energies obtained from the CCSD(T) calculations are 13.0 and 127.0 meV. The
MP2 binding energies are roughly intermediate between the KT and CCSD(T) values. As
has been found for other dipole-bound anions, polarization (estimated by the difference
between the KT and ASCF binding energies) makes relatively small contributions to the
electron binding energies.?* The decomposition procedure of Gutowski et al. gives
second-order dispersion contributions to the electron binding energies of 4.0 and 43.8
meV for the crown-like and chain-like forms of (H,O)s, respectively. These dispersion
contributions are roughly comparable to the KT binding energies. The non-dispersion
contributions to the el ectron binding energies act so as to reduce the binding energies by

1.7 and 11.8 meV for the crown- and chain-like structures, respectively. Thisis primarily
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a consequence of the reduction of the monomer dipole moments brought about by
inclusion of electron correlation effects.

The one-electron model -potential approach employing HF charges and the HF
polarizability for the monomers (model 1) gives KT binding energies very close to the
corresponding ab initio values. The polarization and dispersion contributions cal cul ated
using model | are also in excellent agreement with the ab initio results.

The net electron binding energies calculated through second-order using model |
are considerably (8-34%) larger than the ab initio MP2 results. Thisislargely due to the
use of HF atomic chargesin model |, whereas the ab initio MP2 calculations build in a
charge renormalization, which causes a reduction of the dipole moments of the water
monomers.

We now examine the results obtained using the one-electron model potential with
the DC charges and polarizability (model 11). Most significantly, model 11 gives electron
binding energies at the Cl level very close to the ab initio CCSD(T) results. For the
chain-like form of (H>O)3', the ab initio CCSD(T) and model potential calculations give
electron binding energies of 127.0 and 128.6 meV, respectively. The corresponding
results for the crown-like form of (H,O);™ are 13.0 and 13.6 meV. The experimental value
of the vertical electron detachment energy of (H»O)s (presumably with achain-like

geometry) is 150 + 15 meV,*#

which is somewhat larger than the model potential Cl and
ab initio CCSD(T) values for the chain-like form of the anion. This discrepancy is
primarily a consequence of our use of rigid-monomers in both the model potential and ab

initio calculations, which leads to an underestimation of the dipole moment of the neutral

molecule.
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Table VII aso reports results for the transition state for interconversion of the
crown-like and chain-like isomers of (H,O)3". The electron binding energy for this
transition state is intermediate between that of the two minimum energy structures. This
is consistent with the trends in the dipole moments of the corresponding neutral clusters.
Again there is excellent agreement between the electron binding energy from model 11 CI

calculations and that from the ab initio CCSD(T) calculations.

C. (H.0)4

Table VIII reports for (H20)4 the electron binding energies obtained using
models | and Il and from the ab initio calculations. The excess electron is bound much
more strongly in the (H,0), isomers than in their (H,O)3™ counterparts, consistent with
the larger dipole moments for the neutral (H20),4 than (H,0)3 clusters. At the ab initio KT
level, the crown and chain-like forms of (H,0)4 are bound by 12.5 and 110.2 meV,
respectively. The corresponding values at the MP2 level are 20.9 and 170.3 meV, and at
the CCSD(T) level, they are 36.5 and 209.7 meV. The decomposition procedure of
Gutowski et al. again reveals that there are large dispersion and non-dispersion
contributions to the el ectron binding energies which act in opposite directions. However,
because the dispersion contributions are larger in magnitude, there is a net enhancement
of the electron binding energies upon inclusion of second-order correlation effects.

Model | givesKT binding energies and second-order dispersion contributions to
the binding energies close to the ab initio results. As expected, MP2 calculations with
model | overestimate the electron binding energies as compared to the ab initio MP2

results.



The CI calculations with model 11 give electron binding energies for the crown-
like and chain-like forms of (H,0)4 very close to the ab initio CCSD(T) values.
Specifically the model potential calculations give electron binding energies of 40.0 and
212.5 meV for the crown-like and chain-like isomers, respectively, whereas the
corresponding ab initio CCSD(T) vaues are 36.5 and 209.7 meV. The agreement is
better than might have been expected, especially for the chain-like structure, given the
considerable (= 0.29 D) underestimation of the net dipole moment of the neutral cluster
by the DC model. It may be that the error due to the underestimation of the dipole
moment is offset by slightly too weak a damping of the coupling of the electron to the
Drude oscillator.

We are unaware of an experimental measurement of the vertical detachment
energy for the chain-like form of (H>O), . However, we anticipate that the present
calculations (both CCSD(T) ab initio and Cl model potential) give the electron binding
energies 10-20% smaller then the “true” value due to the use of rigid monomer

approximation.

D. Electron densities and importance of single excitations.

Figure 10 reports the charge distribution of the crown-like form of (H2O)4
obtained using the MP2 and CI methods in conjunction with model 11. The charge
distribution obtained in the KT approximation and using model 11 is nearly identical to
that obtained using the MP2 method, and thus has not been plotted. The similar charge
densities obtained from the KT and M P2 approximations is somewhat surprising given
the sizable enhancement in electron binding energy in going from the KT to the MP2

approximation. However, thisis consistent with the observation that the wavefunction
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through first order is dominated by the reference configuration, the coefficient of whichis
0.998 in the normalized wavefunction. Hence, even though dispersion interactions make
a sizable contribution to the electron binding energy, they have very little impact on the
distribution of the excess electron.

In contrast to the relative insensitivity of the distribution of the excess electron to
first-order corrections to the wavefunction, there is alarge difference between the charge
distributions obtained from the MP2 and full CI model potential calculations, with the
charge distribution associated with the full Cl wavefunction being much more localized.
The coefficient of the reference configuration in the CI wavefunction for the crown-like
form of (H2O), isonly 0.82.

The large change in the wavefunction (and in the electron binding energy) in
going from the MP2 to the Cl method is due primarily to configurations in which the
electron is excited but the Drude oscillators are unexcited. In a perturbative treatment,
these single excitations first enter the wavefunction in second-order and the energy in
fourth-order, and they be thought of as arenormalization in response to the dispersion
interactions. The reason that these single excitations prove so important is apparent from
examination of the perturbative expressions, from which it is seen that they enter with
factors of & - & or & - &, where g and ; are energies associated with H®, in the energy
denominators. In contrast, the termsinvolving excitation of both the electron and a Drude
oscillator involve factors in the denominator of the form &g - & + ep , Where ep isthe
energy spacing between levels of the Drude oscillator. Since the energy levels of the
excess electron are closely spaced compared to those of the Drude oscillator,

configurations in which the electron is excited but the Drude oscillators are unexcited
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lead to sizable corrections to the wavefunction and the electron binding energy. The
sizable high-order corrections to the electron binding energies of dipole-based anions
found in all-electron ab initio calculations 24?2788 have a similar origin, i.e., they arise
from configurations, in which the excess electron is excited but the electrons of the
molecule or cluster are unexcited.

Figure 11 displays the charge distribution of the excess electron of the chain-like
form of (H,O), cal culated using the MP2 and CI methods in conjuction with model 11.
Asfor the crown-like anion, the KT calculations using model 11 give nearly the same
electron distribution as obtained from the MP2 cal culations, whereas thereis a
considerable contraction of charge density upon inclusion of configurations involving

excitation of the electron only

E. Renormalized MP2-level model potential

Because our long-range goal isto apply the one-electron Drude model to describe
electron binding to large water clusters, the computational speed of the calculationsis of
importance. Thisleads us to ask whether the MP2 method can be “renormalized” to give
near Cl quality results. Here we consider a crude renormalization in which the
magnitudes of the permanent chargesin model |1 have been scaled so that for (H20),
MP2 cal culations approximately reproduce the electron binding energy from the ab initio
CCSD(T) calculations. This renormalized model (hereafter designated as model 111)
underestimates the el ectron binding energies of the crown structures (by up to 20%) and
overestimates the el ectron binding energies of the chain-like structures by up to 8% (see
Table 1X). Moreover, it gives electron distributions (Fig. 12 and Fig. 13) that are too

extended (i.e., diffuse), compared to those from the ClI calculations and using model 11.
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Nonetheless, model 111 should be useful for qualitative (even semi-quantitative)

prediction of the electron binding energies of large water clusters.

V. DISCUSSION AND CONCLUSIONS

The present study shows that the Dang-Chang water model, coupled with a one-
electron model potential employing Drude oscillators to describe electron-molecule
polarization and dispersion, is able to account in anear quantitative manner for the
binding of an excess electron to small water clusters. Dispersion and high-order
“renormalization” corrections lead to large enhancements of the electron binding energies
compared to those predicted from a*“ purely” electrostatic model neglecting dispersion
interactions. Configurations in which the excess electron is excited but the Drude
oscillators are unexcited are found cause sizable enhancements of the electron binding
energies and significant contraction of the charge distributions of the excess electron.
This contraction greatly increases the charge density near the H atoms near the end of the
chainsin the chain-like isomers and in the vicinity of the free OH groups in the crown-
likeisomers. This, in turn, should prove important for the intensities of the OH stretching
vibrationsin IR spectroscopy of the anion and also for the presence of the OH stretching
vibrational structure in the detachment spectra.

For comparison with experimental electron detachment energies and for
calculating vibrational spectra, it will be necessary to extend the present model to allow
for flexible monomers. Thisflexibility is especially important for the electron binding
energies as both the permanent and induced dipoles associated with the monomers

change with distortions of the monomers.
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Although the present investigation has focused on dipole-bound anions of water
clusters, the Drude-model approach should aso be suited for describing electron binding
to mixed clusters containing polar molecules and other atoms or molecules that do not
have low-lying valence-type anion states. For example, the Drude model has recently
been applied to (H20), Ary, m< 12, clusters, again, using a one-electron Hamiltonian,
but with polarization and dispersion interactions involving the Ar atoms as well as the
water molecules being described by Drude oscillators.**® These calcul ations reveal that
the variation in the electron binding energies caused by the clustering with Ar atomsis
theresult of an interplay of several factors, including, changed electrostatics due to the
induced dipoles on the Ar atoms, an “excluded-volume” effect due to the repulsive
potential on the Ar atoms, and polarization and dispersion interactions between the
excess electron and the Ar atoms. They also revea that if there are solvent atoms or
molecules occupying the region of space that would be occupied by the excess electron in
the absence of the solvent, then the binding energy may become so small that the excess
electron would not remain bound if corrections to the BO approximation were included

even though the dipole moment is larger than 2.4 D.

6. Parallel Tempering Monte Carlo Simulations of the

Finite Temperature Behavior of (H20)¢

|. General Considerations:

Electronsin bulk water are of fundamental importance in radiation chemistry,
el ectrochemistry, and biochemistry.®*®? The hydrated electron has been known since the

early 1960's.*** Anionic water clusters were first observed mass spectroscopically by
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Haberland and coworkersin 1984.° The (H.0),, mass spectrum is dominated by peaks
an=2,6,7 and > 11."3M% The origin of thisintensity pattern is still under debate.
Recent advancesin vibrational predissociation spectroscopy using Ar solvation
techniques have allowed the vibrational spectraof then =5 - 9 anionic water clustersto
be determined in the OH stretch region.”®*° The vibrational spectra of the (H,0),, clusters
in this size range are similar in appearance, suggesting a common structure motif. Ayotte
et al.*® have proposed that chain-like structures are responsible for the observed spectra,
but alternative models have been proposed. 1246147

Although water clusters do not have low-lying unfilled valence orbitals, an excess
electron can bind when the water monomers are arranged so that a sufficiently attractive
electrostatic potential results. In those cases that the monomer dipoles are arranged so
that the net dipoleisin excess of about 2.5 D, an excess electron can bind to give aso
called dipole-bound anion.3#223562148 |t \yas |ong believed that theoretical methods
allowing for the electrostatic interactions, and perhaps also, polarization of the water
molecules by the excess electron, were adequate for describing (H,0),, species.?% ™
1% Within an ab initio electronic structure framework, this would lead one to believe
that the Hartree-Fock method provides a good zeroth-order description of the
wavefunction of the anion and of the electron binding energies of these species. This
expectation has also served as the basis of several one-electron model approaches that
have been developed for describing an excess electron interacting with water.”* "
These model potentials have been used in Monte-Carlo and molecular dynamics
simulations (MD) of excess electrons interacting with bulk water, water films, and water

clusters 12813



Over the past few yearsit has been realized that dispersion interactions between
an excess electron and the polar moleculesin a cluster play amajor role in the electron

2324,26.2132,36,149.130 g )ch jnteractions are obviously absent in the Hartree-Fock

binding.
method and in traditional one-electron models. Indeed, it has been found that, within an
ab initio framework, CCSD(T)* or CCSDT calculations® using large, flexible basis sets
are required to adequately describe the effects of dispersion in these systems.
23,24.2621.32149150 Apy jnitio calculations at this level are computationally prohibitive for
water clusters containing more than six molecules. Monte-Carlo or MD simulations on
(H20), clusters based on accurate ab initio energetics (and also forces, in the case of MD
simulations) are thus out of the question.

Recently, we introduced a new one-electron model for describing an excess
electron interacting with polar molecules.*** This model, which employs quantum
Drude oscillators to describe dispersion interactions, gives el ectron binding energies
comparable to those from ab initio CCSD(T) calculations, while requiring orders of
magnitude less CPU time. In the present work, the Drude mode! is used to carry out
parallel tempering Monte-Carlo simulations™* on (H,0)s . Several modifications to the

original Drude model code for water which lead to a significant speedup of the program

are described.

[l. Drude model

A. Drude Model for electron-molecule interactions

The Drude model was originally introduced to describe the dispersion interactions

between atoms or molecules.® In the Drude model, two charges, +q, and —q, coupled
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harmonically through aforce constant k are placed on each atom or molecule. The
polarizability (o)) of a Drude oscillator is given by g%k, generally taken to correspond to
the experimental polarizability of the atom or molecule of interest. If the Drude
oscillators are treated quantum mechanically, a London-type expression is obtained for
the dispersion interaction between the oscillators.

In extending this approach to electron-polar molecul e interactions, we introduced
acoupling term of the form

gr-R

Ve f(r), (42

between the excess electron and a Drude oscillator.®** Here R is a vector giving the
position of the +q charge of the Drude oscillator relative to the —q charge, which is held
fixed, r isthe position vector of the electron relative to the center of the Drude oscillator,
and f(r) isadamping function, chosen to be 1 — exp(-br?), used to cut off the unphysical

short-range interactions.**

(In Eq. 42 and in subsequent equations atomic units are
employed.) V*° was combined with a model Hamiltonian, H¥, allowing for the interaction
of the excess electron with the charge distribution of the polar molecul es and including
pseudopotential s to represent short-range repulsion of the excess electron with the
electron distributions of the monomers. The full system was described by the
Hamiltonian

H=H%+H*+V® Vv, (43)
where H** and V*° were summed over all the Drude oscillatorsin the system, and V°°
allowed for interactions between the Drude oscillators.

In solving the resulting one-electron Schrodinger equation, a product basis of the

form [oi(r)x P (Ro)x?(R2) >, where ¢; is a Gaussian type electron orbital and x;™(Ry,) is
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the j™ oscillator level associated with the m™ Drude oscillator, was used. Information on
the oscillator and electron basis set are given below. The electron binding energy was
obtained by use of a configuration interaction single-plus-doubles (CISD) calculation,
where the double excitations allowed and only allowed for simultaneous excitations of

the excess € ectron and of one of the oscillators.

B. Drude Model For Water

In applying the Drude model to water, the polarizable Dang-Chang (DC) water
model ,*** which has been found to provide a good description of neutral water

134135153 \vas empl oyed to represent water-water interactions.***> The DC model

clusters,
employs a positive charge (0.519) on each H atom and a negative charge (-1.038) on the
rotational axis, but displaced off the O atom toward the H atoms. The DC model also
associates a L ennard-Jones site with the O atom of each monomer and an isotropic
polarizable site at the same location as the negative charge. In our modification of the DC
model for treating excess electron/water interactions, the polarizable site was replaced
with a Drude oscillator with the same polarizability. The Drude oscillators were treated
guantum mechanically, for describing both intermolecular induction and for describing

the interaction of the excess electron with the oscillators. Intermolecular induction
between water molecules was treated by iteratively solving the ground state wavefunction
of the Drude oscillators (i.e., H°* +V ") until convergence was reached. This procedure
gives net (permanent plus induced) dipoles on each water molecule in the cluster nearly
identical to those calculated by solving the classical polarization problem for the original

DC model.
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The electronic Hamiltonian including contributions from the induced dipoles has

theform:

7 I

(44)
r

i i i
where the first sum is over the charge sites of the monomers and the second, which
describes the coupling of the excess electron to the induced dipoles, is over the Drude
oscillators. The subscript “cm” refers to the choice of atomic charges used in the model.
Even though the final Drude model for water employed the DC charges, for the purpose
of comparing with ab initio Koopmans Theorem (KT)®' calculations, and for
determining the repulsive potential, it was also useful to consider amodel employing
charges derived from Hartree-Fock cal cul ations on the water monomer. V'® was derived
following the procedure of Schnitker and Rossky.”® With this choice of V'*®, the excess
electron istoo weakly bound. To remedy this, the repulsive core was scaled so that for

the water dimer the electron binding energy obtained from Eq. (44) when employing

Hartree-Fock charges reproduces the ab initio KT result.

C. Modified Drude Model for Water

The most CPU-demanding step in a Drude model calculation of electron binding
energy is the formation of the CISD matrix and the determination of its lowest
eigenvalue. The size of the CISD matrix is of theorder N -n, -n,, where Nog is the
number of oscillators, n, isthe number of harmonic oscillator basis functions associ ated
with each oscillator, and ne isthe number of electronic basis functions. Since the electron
isweakly bound in a spatially extended orbital, alarge set electronic basis functionsis

required. Based on the strategy for choosing the basis set used in our earlier study of
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(H20)2, (H20)3, and (H20)4, it isanticipated that 80-90 Gaussian basis functions would
be required to treat the binding of an excess electron to a cluster the size of (H,0)s. Our
earlier work employed ten harmonic oscillator basis functions of the form

Xyl Ze 7Y+ where 0<i + j +k < 2, for each Drude oscillator. With these basis
sets, the dimension of the CI matrix for (H,0)s would be on the order of 5000. Monte-
Carlo simulations requiring construction of amatrix of this size and extraction of its
lowest eigenvalue at each step would be computationally prohibitive, particularly if the
simulations were to be run long enough to ensure convergence.

Significant reduction in CPU time would result if it were possible to employ only
four, i.e. s, px, Py, pP-like basis functions per oscillator. However, test calculations reveal
that large errors result in the calculated dispersion energies if this smaller basis set is used
for the oscillators. Thisis on account of the dual role of the oscillators in describing
intramolecular induction as well as el ectron-molecule dispersion. In essence, the
induction interactions cause a mixing between the s and p oscillator functions which, in
turn, makes excitations into d-like oscillator functions important for describing electron-
water dispersion interctions. This analysis suggests that the errors due to the use of the
four-function oscillator basis set could be significantly reduced were the intramol ecular
polarization described classically and the quantum Drude oscillators used to describe the
electron-oscillator interactions only. In this approach, the electronic Hamiltonian

becomes

Hd'z—%v2—2&+zﬂi—;”+v@, (45)
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where ; isthe induced dipole moment on the j™ water molecule cal culated by solving the
classical self-consistent polarization eguations.

Test calculations on various (H2O)s” isomers reveal that the modified Drude
model with the smaller oscillator basis set gives nearly the same electron binding
energies as the original approach (Eq. 44) in which both intramolecular induction and
electron-molecul e dispersion were treated quantum mechanically using Drude oscillators
and ten basis functions were employed per oscillator. The adoption of the Hamiltonian
described in Eq. 45 and the smaller four-function oscillator basis set results in over an
order of magnitude reduction in the CPU time. Further performance improvement
resulted from implementing a semi-direct CI method to obtain the lowest eigenvalue of
the Cl matrix. With these changes, the time to form the CISD matrix and to determine its
lowest eigenvalue for a cluster of the size (H,O)s isreduced to about 1 sec on a2 Ghz
Pentium IV computer. However, the total CPU time, including evaluating the integrals
over the repulsive cores, is about 10 seconds.

Aswill be discussed below, a multi-center expansion of Gaussians was used as
the basis set for the excess electron. To facilitate integral evaluation, the repulsive core
was also represented in terms of Gaussian functions. The CPU timings cited above were
obtained using the 59-Gaussian function representation of the repulsive core on each
water monomer developed in Ref. 34. Due to the complicated representation of the
repulsive core, alarge number of three-center integrals involving the repulsive core and
the electronic basis functions result, making this the most time consuming part of the
calculation after the changes described above have been implemented to speed up the

formation of the CISD matrix and the determination of the lowest eigenvalue. To address
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this problem, a new repulsive core with only three s Gaussians on each Hydrogen atom
and no functions on the Oxygen atom was developed. As before, this new repulsive core
was rescaled so that the electron-binding energy for (H>O)," obtained using Eq. 45 with
Hartree-Fock charges reproduced that from the ab initio KT-level calculations. The
electron binding energies for larger (H2O),, clusters obtained using this new repulsive
core are nearly identical to those obtained using the 59-function representation of the
repulsive core. All results discussed bel ow were obtained using the new repulsive core.
With the modified Drude model and the simplified repulsive core the total CPU time for

an energy evaluation for (H,0)s is about 2 sec on a2 GHz Pentium IV PC.

D. Basis set and Parameters

In describing the binding of excess electrons to water clusters, large, flexible basis
sets must be employed. When using localized basis functions, as is done in this work,
there rises the problem of where these functions should be centered. Thisis particularly
problematical in Monte-Carlo (or molecular dynamics) simulations exploring a wide
range of geometrical configurations. For example, in our T=190 K Monte-Carlo
simulations of (H20)s, the dipole moment of the neutral cluster varies from almost zero
to about 10 Debye, and, thus, the basis set must be flexible enough to allow for awide
range of spatia distributions of the excess electron. At the same time, the number of basis
functions has to be kept as small as possible to minimize computational cost. One
approach would be to locate alarge set of s and p Gaussian functions on each monomer.
Such an approach would be both very demanding computationally and prone to linear
dependency. The alternative of putting alarge set of Gaussian functions on asingle

center would require inclusion of very high angular momentum functions to converge the
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electron binding energy for an arbitrary geometry and thus would also be computationally
demanding. A compromise, which works well for many systems, isto combine alarge
single-center expansion of diffuse s and p functions, perhaps floating, with smaller sets of
sand p functions centered on each monomer. In our initial application of the Drude
model to water clusters, the large single-center expansion of s and p functions was

augmented with a 2s2p set of Gaussian functions on each Hydrogen atom.

In the present study, the 2s2p basis set on each H atom was replaced by a 2s1p
basis set, thereby reducing the overall CPU time for a Drude model cal culation on
(H20)6™ by about afactor of two. The exponents of the two s Gaussian functions, 0.1027,
and 0.02526, were taken from our earlier work, as was the exponent of the p function
(0.241). In the latter case, the tighter p function was retained. In order to compensate for
the small (< 5%) decrease in electron binding energies due to the removal of the second p
function on each H atom, the repulsive scaling factor and the damping parameter b were
adjusted dlightly so that the electron binding energies of (H,O), calculated using the
Drude model, with and without inclusion of dispersion interactions, reproduced the
corresponding values obtained with the original Drude model, using the larger 2s2p basis
set on each H atom. (The same large single-center electron basis set was used in both
cases.) This gave a scaling factor of 7.0 and a damping parameter of 0.5.

For the Monte-Carlo simulations described below, the large single-center set of
diffuse functions was chosen to consist of an even-tempered sequence of five s functions
with exponents ranging from 7.5¢ 10 to 1.2* 10, and an even-tempered sequence of four
p functions with exponents ranging from 6.0 10 to 4.8* 10, both located at the center

of mass of the cluster. Table X compares the electron binding energies for five isomers of
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(H20)6 as calculated using the modified Drude model both with the 5s4p single-center
expansion and with alarger 8s7p single-center expansion, the location of which was
variationally optimized. (In both cases, the electronic basis set also included the two s and
one p function on each H-atom as described above.) Excellent agreement is found
between the electron binding energies calculated using the Drude model with the larger
8s7p basis set and those obtained from ab initio calculations. The Drude model
calculations reveal that the dispersion and higher order contributions to the electron
binding energies are exceedingly important, ranging from 164 to 391 meV, depending on
theisomer. It is also found that the Drude model employing the smaller single-center
expansion, located at the center of mass, underestimates the electron binding energies.
However, with the exception of the chain isomer, the errors in the electron binding
energies due to the restrictions on the el ectronic basis set are quite small (< 10%). For the
chain isomer, the error is 19% (70 meV), reflecting the inadequacy of the relatively small
(5s4p) single-center basis set, when located so far (~7A) from the terminal acceptor
monomer. Nonetheless, the smaller 5s4p single-center expansion should suffice for the
purpose of the Monte-Carlo simulations, which are intended to provide information on

the relative populations of different isomers as a function of temperature.

lll. Parallel Tempering Simulations

The Monte-Carlo simulations were carried out using the parallel tempering

151

algorithm™" to avoid quasi-ergodic behavior caused by large energy barriers. With this
algorithm, simulations for a series of replicas (each at a different temperature) are carried
out in parallel, with most attempted moves being confined to individua replicas and

carried out using the Metropolis algorithm. The remaining attempted moves involve
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exchanges of configurations from replicas at adjacent temperatures. The acceptance
criterion used for these moves assures detailed balance is obeyed.™

In this study, ssmulations of (H20)s and (H20)s were carried out at eight
temperatures, in a geometric ratio™ from 50 to 190 K. The highest temperature was
chosen so that potential energy barriers are readily overcome. Exchanges between
replicas were attempted every 60 trial moves. For the simulations on the neutral clusters,
an acceptance ratio of 40-50% was observed for exchanges between each pair of
“adjacent” replicas. For the simulations on the anionic clusters, an acceptance ratio of
about 30-40% was achieved for the exchanges with the exception of those between the
157 and 190 K replicas, for which acceptance ratio was only about 10%. Thisis
problematical only in that it makes the simulation less efficient, and more steps are
required to reach ergodicity.

The water monomers were kept rigid at the DC geometry. Each individua trial
move involved either atranslation or arotation of one or more water molecules. Both the
number of water monomers and the specific water monomers in the moving unit were
chosen at random. Test calculations show that larger step sizes can be used if two or more
water molecul es are sometimes moved as a subunit instead of individually asis usually
done in Monte-Carlo simulations. The maximum translational and rotational steps were
adjusted dynamically and independently every 1000 trial movesto maintain an
acceptance ratio of 0.5 for the Metropolis agorithm. No evaporative events were found at
any of the temperatures employed.

In simulating the anionic water clusters, there is the distinct possibility of

sampling configurations for which the “anion” lies energetically above the neutral cluster



(at the same geometry). Such configurations would be subject to el ectron autoionization,
giving the neutral cluster plus afree electron. In our simulations the electron cannot
escape to an infinite distance from the cluster due to the constraints of the basis set. This,
of course, could make recapture processes more prevalent than in the experiments.

Theinitial geometries for the simulations were chosen at random. The simulations
were pre-equilibrated for 200,000 steps, after which the average potential energy and heat
capacity at each temperature were no longer rapidly changing. The production
simulations were carried out for 2,000,000 steps for each temperature, with 3997
structures, chosen at afixed interval, being saved for each replica.

In the simulations of the anion, the dipole moment of the corresponding neutral
cluster was monitored, and the electron binding energy was recalculated only if the dipole
moment change associated with an individual move or with a sequence of consecutive
moves exceeded 2% in magnitude. For dipole moment changes smaller than this, the total
energy was calculated by adding to the energy of the neutral cluster at the present
geometry the electron binding energy from the previous iteration. This strategy was
motivated by the observation, that, in general, for moves for which the dipole moment is
not appreciably altered, the changesin the total energy tend to be dominated by the
energy changes associated with the neutral cluster. In order to deal with the possibility
that two completely different structures with similar dipole moments are connected by a
pathway of very similar dipole moment intermediate configurations, the electron binding
energies were always recalculated after ten consecutive trial moves even if the dipole
moment did not change by more than 2%. This strategy led to a factor of two savingsin

CPU time for the high temperature simulations and a factor of five savings for the low
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temperature simulations. This was taken into account in distributing the various replicas
over CPUs, so that, more low-temperature replicas were run on a given CPU than were
high temperature replicas. For the 3997 saved geometries, the electron binding energies
were recal culated and compared with those estimated using the procedure described
above. These cal culations show that the errors in the electron binding energies and total
energies due to reuse of the electron binding energies from previous geometries never

exceeded 5% and 2%, respectively.

V. Results and Discussion

Of particular interest are the populations of various structures as a function of
temperature. We first attempted to characterize the structures by determining the inherent

structures,*>®

i.e, by optimizing sampled structures to the “closest” local minima
However, this approach was found to greatly undercount chain-like structures for the
anionic clusters since most such structures collapsed to non-chain structures during the

conjugate-gradient-like minimization. To address this problem, we employed instead the

moment of inertia to distinguish structures. The moment of inertia tensor of the cluster

was calculated using J = z m-§ -s;, where mis the mass of the water monomer, and

s and s are Cartesian coordinates of the center of mass of a specific monomer, with the
origin taken to be the center of the mass of the entire cluster. The principle axes were
chosen so that the off-diagonal elements of the inertia tensor were zero. The three
principal moments of inertia satisfy Jy < Jy < J,. The motivation for this approach is the
redization that chain-like structures should have larger J, values than non-chain

structures. Histograms giving the population as a function of J,are plotted and analyzed.
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Roughly speaking, the J, values can be mapped onto structures as reported in
Table XI. This Table includes only a subset of possible isomers, in particular, those
which acquire significant population in one or more replicas as well as the ring structure.
Severa configurations sampled in the ssimulationsat T = 157, and 190 K together with
their J, values are shown in Figure 14. This figure and Table X1 associated names such as
“cage”, “prism” and “open-book” to various configurations. However it should be noted
that the cage, prism, and open-book structures for the anionic cluster have different
arrangements of the H-bonds in the neutral clusters.

Figure 15areports for neutral cluster the J, histograms for a subset of the eight
replicas. The area under the various curves in Figure 15a were integrated with respect to
J; and the cumulative populations are plotted in Figure 15b. In the lowest temperature
replica (50.0 K), there are pronounced peaks near J, = 6.25 and 7.6, corresponding to
prism-like, and cage-like structures, respectively. At atemperature of 60.5 K, nearly all
the population is associated with prism-like structures. At T = 88.6 K the population of
prism structures has fallen off somewhat and a small population of broken prism (with
one Hydrogen-bond of the prism broken and J,~ 7.0) and distorted cage (J, = 8.5)
structures has built up. As the temperature is further increased, the population shifts
mainly to open-book and ring structures (J,= 9-10). These results are consistent with
previous Monte-Carlo simulations of (H,0)e.**>. Chain-like structures are not detected for
the neutral cluster at temperatures as high as 190 K.

Figure 16areports for (H20)s™ the J, histograms for a subset of the eight replicas.
The cumulative populations are shown in Fig. 16¢. At the lowest temperature (50 K)

considered, most (= 95%) of the population is associated to prism-like structures with J,

67



values between 6 and 7. At 60.5 K, about 80% of the population remains associated with
prism-like structures and with most of the remaining population being due to cage-like
structures (J, = 8.0). Inspection of the configurations sampled at 157 and 190 K reveals
that open-book (Fig. 14c), cage-plus-tail (Fig. 14d), ring-plus-tail (Fig. 14e, 14f), ring-
plus-two-tails (Fig. 14g) and chain-like structures (Fig. 14h, 14i) are abundant. Although
the chain-like structures account for only about 2% of the structures at 157 K, at 190 K
they account for about 50% of the observed configurations. Since the basis set used for
the simulations underestimate by about 70 meV the stability of the chain-like isomer (at
its optimized geometry), it is expected that chain-like structures would be somewhat
more important at the lower temperatures were a more flexible basis set adopted.

These results show that for the (H,O)e there is an evolution from “compact”
clustersto more “open” structures with increasing temperature. The evolution
corresponds to the breaking of Hydrogen-bonds, with the maximum number (9) of the
Hydrogen-bonds being for the prism-like structures that dominates at low temperature
and the smallest number (5) of Hydrogen-bonds being for the chain-like structures that
dominate at high temperatures.

Both the tweezers structure depicted in Table X and Figure 17€™***° and the
dbs4’ dbs2 structure depicted in Table X and Figure 17d"’ may be the dominant species
observed experimentally. A common feature of these three structuresis the four-
membered-ring at the “bottom” of the isomer and the two water molecules on the “top”
of the four-membered-ring. In the tweezers structure, the two “on top” molecules are not
bonded to one another and have their dipoles oriented so that the excess el ectron can be

partialy localized between them. In the dbs4’ dbs2 structure the two “on-top” monomers
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are bonded together, and the single-donor OH groups of the four-membered-ring are
oriented counter-clockwise when viewed from the “top” of the cluster. It is clear that
there should be another isomer, denoted here as dbs4dbs2, with a clockwise orientation of
the single-donor OH groups of the four-membered-ring. To the best of our knowledge,
the dbs4dbs2 isomer has not been previously described in the literature. Our Drude model
calculations predict that at their optimized structures the dbs4dbs2 is about 1.2 kcal/mol
more stable than the dbs4’ dbs2 isomer.

The tweezers structures have J, values close to those of the cage structures,
whereas the dbs4dbs2 and dbs4’ dbs2 isomers have J, values close to that of the prism
isomers. Thus, the J,values alone do not enable us to determine whether these isomers
are present in the simulations. To address thisissue, for each replica, we identified from
the saved configurations all those with J, Jy, and J, values, dipole moments, and total
energies within specified tolerances (10% to 20%), of the corresponding values
associated with the dbs4dbs2, dbs4’ dbs2, and tweezersisomers at their optimized
geometries. The structures thus selected were visually inspected to determine their
structures. Table XI1 reports the number of times that each of these three structures was
observed out of 3997 sampled configurations at each of the eight temperatures
considered.

The tweezers structure was not detected in the sampled configurations from any
of the replicas. Both the dbs4dbs2 and dbs4’ dbs2 structures were detected, with oneto
three examples of the latter being detected inthe T = 88.6 - 190 K replicas. The more
stable dbs4dbs2 species was sampled in each of the T = 60.5 - 190 K replicas, occurring

most frequently (20 times or 0.5% of the population) in the 157 K replica. Thus, none of
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the dbs4dbs2, dbs4’ dbs2, or tweezers structures acquire sizable population under
equilibrium conditions. Although the experimental formation process may result in a non-
equilibrium distribution, it islikely that none of these isomersis responsible for the

dominant (H,O)s ion observed experimentally.

V. Conclusions

Our Monte-Carlo simulations of the anionic (H,O)e cluster indicate that chain-
like structures account for about 50% of the configurations sampled at a T=190 K
simulation. Although, early in the expansion neutral water clusters could have
temperatures near this value, our simulations of the neutral cluster do not reveal any
chain-like structures even at T=190 K. Rather, open-book and ring-like structures
dominate for the neutral cluster at thistemperature. Thus formation of (H,O)s clusters
with chain-like structures via electron capture by neutral clusters with an isomer
distribution reflecting that present in a 190 K equilibrium distribution, would require
breaking one or two Hygrogen-bonds. In clusters with Ar atoms attached, the cluster
temperature should be below 50 K, which implies that were equilibrium attained, prism-
like anionic clusters should dominate.

The present study predicts the prism (Fig. 17a), cage (Fig. 17b), and dbs4dbs2
(Fig. 17h) isomers of (H20), to be particularly stable with total binding energies being -
48.90, -48.32, and -48.16 kcal/mol, respectively. The corresponding vertical electron
detachment energies are 376 meV, 437 meV, 658 meV, as compared to the 480 meV
experimental value.>® The Drude model calculations used rigid water monomers, and,
based on test calculations on (H,0)3” and (H20)4, the calculated VDE’ s would be

expected to increase by 30 - 50 meV were this constraint relaxed. Hence both the prism
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and cage structures of (H,0)s have electron binding energies fairly close to the 480 meV
experimental value. Additional experimental and theoretical work will be required to
establish whether either of these two isomersisindeed responsible for the dominant form

of (H2O)s™ observed experimentaly.

7. Use of the designation “dipole-bound”

In recent years there has been atendency to reserve the term “dipole-bound”
anion for speciesin which the electron binding energy isrelatively weak, e.g., less than
0.1 eV. ¥ According to such acriterion, the ground state anions of the chain form of
(H20)s and of NaCl, for example, would not be classified as dipole-bound. Although the

excess electron is bound by over 0.4 eV in these species, 1134516

most of its charge
density is till “outside” of the valence region of the neutral molecule or cluster. Also the
one-electron Drude-type modél is as successful at describing binding of an excess
electron to (H20)s and to NaCl as to species such as CH3CN and (H,0),, which display
much weaker electron binding. For these reasons, we believe that it is also appropriate to
refer to these more strongly bound anions as dipol e-bound.

It isinteresting to consider the application of the one-electron Drude model to
ionic species, using NaCl as the example. There are two ways of setting up a Drude
model for describing an excess electron interacting with NaCl: (1) choosing atomic
charges that reproduce the experimental dipole moment and employing asingle
polarizable site with the polarizability chosen to reproduce the experimental molecular
polarizability, or (2) employing charges of +1 and —1 on the Na, and Cl, respectively, and
introducing Drude sites on each ion and allowing polarization of each Drude oscillator by

the other ion. (Since Na' is much less polarizable than Cl°, to a good approximation, only
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asingle Drude oscillator located on the ClI™ ion, need be employed.) In the second
approach, it is necessary to damp the interactions of the ions with the Drude oscillators to
obtain a correct value of the induced dipole moment. For ionic species such as NaCl, in
contrast to the non-ionic species discussed above, the polarization and dispersion
contributions to the el ectron binding energy are comparable in magnitude and are small
compared to the electrostatic contribution to the binding of the excess electron. Thisisa
conseguence of the more highly-localized excess electron in NaCl compared to the more

weakly-bound anions discussed above.

8. “Solvated-electron” and related systems

Arrangements of polar molecules with small, or even zero, net dipole moments
can bind excess electrons.**%1%2 Geometries with the positive ends of the monomer
dipoles pointing toward one another and with the excess electron “trapped” in the
resulting attractive potential in the interior of the cluster are often referred to as

103105107 5 probably the most famous

“solvated-electron” species. The hydrated electron
solvated-el ectron species. (Here we have assumed that the commonly accepted picture of
the hydrated el ectron - in which the electron is bound in an approximately spherical
cavity surrounded by water molecules with “free” OH groups pointing toward the center
of the cavity - is correct. Recent theoretical studies have demonstrated that dimers of
various biomolecules such as urea can aso form solvated-electron anions.'®?

To illustrate the properties of solvated-€lectron species, we consider the (HF),, n
= 2-6 clusters, with the molecules arranged so that the net dipoles are zero. These species

70,161

have been examined in detail by Gutowski and co-workers, and the geometrical

arrangements of the first three members of this species are shown in Figure 18. Although
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these structures are obviously unstable for the neutral molecules, the resulting anions are
stable in the sense that, they lie energetically below the neutral clusters at the same
geometry arrangement. There are other geometrical arrangements of the (HF), clusters
that are intermediate between dipole-bound and symmetric solvated-electron in nature.
The asymmetrically solvated species are typically more stable than the fully-symmetric
solvated species. *** Thereis experimental evidence for an asymmetrically solvated form
of (HF). 1%

Table X111 summarizes the contributions, obtained from ab initio calculations, of
various terms to the electron binding energies for (HF),,, n = 2-6, solvated-electron
species. In each case, the results are reported at the geometry for which the anion,
constrained to the symmetry indicated in the Table and described by MP2 calculations,
has its potential energy minimum. From comparison of the resultsin this Table with
thosein Tablel, it is seen that the dispersion contributions to the electron binding
energies are even more important for the “solvated-electron” systems than for the
corresponding dipole-bound anions. For example for (HF)3', the second-order dispersion
contribution to the electron binding energy is 427 meV for the solvated-electron species
but only 77 meV for the corresponding dipole-bound anion. In part, thisis a consequence
of the strong dependence of the dispersion interaction between the excess electron and a
particular monomer on the distance of the monomer from the excess electron. (See Eq.
25.) In chain-like isomers, the dispersion contribution to the electron binding is greatest
for the terminal monomer closest to the excess electron, and falls off rapidly, aong the

chain.
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Skurski et al.***% have also considered species with two dipoles oriented as
shown in Figure 19a which a so have zero net dipole moment. These authors have
referred to electrons bound to this charge arrangement as “bi-dipole” bound. Molecules
or clusters with charge arrangements such as those shown in Figures 19b and 19c, also
have zero net dipole moments and may bind an excess electron to give a so-called
quadrupol e-bound anions.®481%¢189 The ground state of (BeO), anion with a D,
geometry is an example of a quadrupole-bound anion.**”**® Although one can refer to
(BeO), as quadrupole bound, such species do not have a critical quadrupole moment
analogous to the critical dipole moment for electron binding in dipole fields.**81%%1% |t
has been proposed that formamide dimer, p-dinitrobenzene, and even CS, form
quadrupole-bound anions.***"*"2 However, we are unaware of any conclusive ab initio
calculations that demonstrate quadrupole bound anions for these species.

The solvated-el ectron, bi-dipole-bound and quadrupol e-bound anion species are
closdly related in that, the binding of an excess electron in each case (as well asin dipole-
bound anions) results from the existence of a highly attractive electrostatic potential over
asufficiently large region of space. If the highly attractive region does not “span” alarge
region of space, then by consequence of the uncertainty principle, “confinement” of the
electron is accompanied by alarge increase in the kinetic energy causing it to become
unbound. For this reason, the solvated-electron form of (HF),  becomes unstable to

electron detachment when the H atoms of the two HF molecules are brought to a

separation of about 5.2 A.
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9. Conclusions

In this thesis we have focused on recent theoretical work on dipole-bound anions
and the closely related solvated-el ectron species. Particular emphasis has been placed on
elucidating the role of electron correlation effects, especially dispersion-type interactions
in describing the binding of an excess electron. Dispersion-type interactions make large
contributions to the el ectron binding in both dipole-bound and solvated-electron anions.
Thisis an important observation since, until very recently, all one-electron models
introduced to treat excess electrons interacting with water and other polar molecules,
have neglected dispersion-type interactions. It is demonstrated, that these interactions can
be quantitatively described within a one-electron framework by the use of quantum
Drude oscillators. The Drude model approach results in a huge reduction of computer
time compared to traditional ab initio electronic structure methods. For example, for
(H20)12, asingle-point Drude model calculation using the CI method requires only
several seconds of CPU time on a Pentium IV PC, whereas an ab initio CCSD(T)
calculation on this anion, described by aflexible basis set, would take several weeks of
CPU time.

This made possible parallel tempering Monte-Carlo simul ations on anionic water
clusters. Simulations on (H,O)e carried out at eight different temperatures revea ed three
new forms of lowest energy isomers. This paved the road to further calculations that may
lead to final elucidation of the experimental IR vibrational spectra.

The importance of dispersion effects in the binding of excess electrons as dipole-
bound or solvated-electron anions is sometimes “masked” in ab initio treatments since

charge renormalization effects often act so as to make the electrostatic potential less
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attractive for the excess electron and thus to decrease el ectron binding. Higher-order
electron correlation effects can aso significantly impact electron binding energies and
can cause a significant contraction of the charge distribution of the excess el ectron, which
has important implications for vibrational spectroscopy of dipole-bound and solvated-
electron species.

The need to include high-order correlation effects, e.g., by means of the CCSD(T)
procedure, greatly restricts the size system for which accurate vibrational spectra can be
calculated which is, for example, a significant handicap in making definitive assignments
of the isomers responsible for the observed (H20)s IR spectra. The new generation of
model potentials employing Drude oscillators has the potential of solving this problem,
but first it will be necessary to remove the constraint of rigid water monomers and to
derive expressions for analytical gradients. The computational speed of the one-electron
Drude model approach should permit coupling with approaches such as the vibrational
SCF method®®, which would allow for inclusion of anharmonicity effectsin calculation

of the spectra.
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Tables



Table |: Contributions to the vertical detachment energy (cm™ ) of the dipole-bound anions of selected polar molecules and their clusters as

described by ab initio calculations.®

&lgel'n uHF (D) ucorr (D) EAKT AEreIax AE(Z)-dISp AE(Z)-HOI"IdISp AE(?)) AE(4) AEHO Etotal EAexpt]

HCN™ 3.29 3.05" 112 04 11.2 -10.9 01 12 -02 13.2
(HCN),®  7.60 6.88" 483 49 215 -232 15 17  -17 530
(H0),¢ 441 4.18' 11 7 114 -10 0 20 100 312 363+48
(HF) ® 3.98 3.78' 165 14 177 -73 -3 27 81 387 508+24'™
(HF) 5" 6.54 6.27 950 104 625 -227 24 93 145 1666 1613-2420°
CHsCNY 4.34 3.94' 53 3 57 -38 4 8 22 108  145-150"

4The vertical detachment energies are the negatives of the electron binding energies. The second-order dispersion and non-dispersion
contribution are estimated using a procedure of Gutowski and coworkers. 2247 The AEM® contributions are obtained by comparing the
results of MP4 and CCSDT calculations for HCN and MP4 and CCSD(T) calculations for the other systems.

J Experimental vertical detachment energies.

k141 1 A separate experiment %° gave aVDE of 242+32 for (HF),; ™2 "2,
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Table I1. Parameters used in the model potentials for HCN, (HCN),, HNC and (HNC),?

Molecule Bond length Monomer- HF charges CCSD(T)
(A) polarizability (a*)° charges
HCN, Ruc 1.078 o 14.24 Qs 0.269 Q. 0223
(HCN), Rcen  1.183 ay 14.24 Qc 0.071 Qc 0.103
Ry, 2183 oy,  24.63 Qv -0340 Qn -0.326
HNC, Run  0.995 oy 15.68 Qs 0315 Qu 0293
(HNC), Rne 1170 ay 1568 Qv -0.073 Qu 0.011
Ry, 2.076 oy, 2353 Qc -0242 Q¢ -0.304

4The origins for the Drude oscillators are located on the CN groups 2 Bohr from H
atoms.
PPol arizabilities calculated at the MP2/aug-cc-pV TZ level of theory.
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TableI11. Excess electron binding energies for HCN, HNC, (HCN), and (HNC),.2

Molecule Approach p (Debye) Contributions to binding energy (cm™)
KT Polariz. Disp. Non- Total Higher Net
2%order disp. 2™  through  order binding
order 2" order
HCN abinitio 3.33(HF) -11.7 -0.47 -13.0 125 -12.7 -05 -13.2
3.01(CCsD(T)) (-9.0
Model |  3.32 -11.7 -0.48 -11.0 -23.2 -10.5 -33.7
Mode Il 3.01 -3.50 -0.08 -3.67 -7.25 -5.0 -12.3
HNC abinitio 2.87(HF) -2.72 -0.06 -4.13 -5.0 -11.9 -23.8 -35.7
3.11(CCSD(T)) (-41.3)
Mode | 2.87 -2.72 -0.06 -3.60 -6.4 -6.7 -13.1
Mode Il 3.11 -7.53 -0.29 -8.92 -16.7 -12.6 -29.3
(HCN), abinitio  7.54(HF) -461 -52 -222 211 -524 -1 (-525)
6.85(CCSD(T))
Mode | 7.24 -405 -40 -135 -581 -41 -622
Mode Il 6.55 -259 -24 -103 -386 -41 -427
Mode Il 7.54 -475 -48 -147 -670 -41 -711
Moded IV 6.85 -315 -30 -117 -463 -41 -504
(HNC), abinitio 6.70(HF) -366 -43 -244 -217 -870 -93 (-963)
7.31(CCSD(T))
Model | 6.31 -291 -32 -127 -450 -48 -498
Mode Il 6.85 -396 -44 -151 -501 -48 -639
Modd Il 6.71 -383 -43 -148 -574 -47 -621
Modd IV 7.31 -516 -57 -172 -746 -46 -792

87



®Models | and || employ monomer atomic charges from HF and CCSD(T) calculations, respectively, For the dimers, these models also
include the effect of the lowest-order induced dipole moments. The induced dipolesin models I11 and IV have been scaled so that the
model potentials give the same net dipole moments for the dimers as obtained from HF and CCSD(T) calculations, respectively.

P\When reporting net ab initio binding energies, CCSDT results are used where available, the CCSD(T) electron binding energies are
put in parentheses.
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Table IV. Characteristics of various one-electron models for describing negatively charged

clusters of water molecules or an excess € ectron in bulk water.

Potential Water-water " Electron-water

Schnitker- SPC*?, rigid, non-polarizable, p : ¢« (i)
Rossky”® — 227D 2-body polarizable, —?[1— e }
Barrett- RWK 2-M?2, flexible, non- 1 a

2-body polarizable, ~ A 2
F-RT =]

Staib-Borgis  pTIP4P™, rigid, polarizable via fluctuating charge, self consistent

Landman™ polarizable, u = 1.87D

fluctuating charge, 1 = 1.85D polarizable
Wallqvist - modified central force : a iR
- potential®4, flexible, non- 2-body polarizable, —?[1— e |

polarizable, n = 1.86D

Mosyak, et al.8*  pfSPC®?" flexible, polarizable® self-consistent polarizable,

M:202D —%Zﬂj~Ej ,Wlth _% f _
PO 2
Dr - RJ.\ +R }
Wang-Jordan®*  Dang-Chang™*, rigid, self-consistent polarization and dispersion
polarizable, p = 1.85D via Drude oscillators®

®M odels with fixed monomer geometries are designated as rigid, and those in which the
monomer geometries can relax are designated as flexible.

"The dipole moments are for the isolated monomers.

“Two-body polarizable models allow the excess el ectron to polarize the water molecules,
(with polarizability centered on O), but neglect couplings between the induced dipoles.
Models designated as self-consistent polarizable treat electron-water and water-water
polarization self-consistently.

“The polarizable water model of Mosyak et al. introduces a polarizable site with
polarizability a. = 1.44 A3 at the position of the O atom.

®The polarizable center is on the M site, which is on the C, axis, 0.215 A from the oxygen

atom, displaced toward the H atoms. **
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Table V. Diffuse gaussian functions used in calculations on the (H,O),,” clusters.

(HzO)z (H20)3 Crown (H20)4 Chain (H20)4

S p S p S p S p

25%x10° 6.0x107 75x10° 6.0x10°  3.0x10% 3.0x10°  3.0x10° 3.0x10“
5.0x10° 1.2x1072 15x102 1.2x10%2  6.0x10° 6.0x10°  6.0x10° 6.0x10°
1.0x10° 2.4x10° 3.0x10° 24x10°  1.2x10°% 1.2x10°  1.2x10° 1.2x10°
2.0x10* 4.8x10* 6.0x10% 4.8x10*  2.4x10* 2.4x10* 2.4x10™
4.0x10° 9.6x10° 1.2x10% 9.6x10°  4.8x10°

2.4x10°
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Table V1. Electron binding energies (meV) for the water dimer.?

Method Energy contribution
KT  Polariz. Disp. MP2° CCSD(T)/CI®
abinitio 111 0.6 12.0 19.7 33.0
Model | 111 0.6 111 22.8 40.0
Modél Il 6.4 0.3 7.9 14.7 33.0

4scaling factor 6.8, damping factor b=0.43.

PMP2 denotes the electron binding energies calculated through second-order, and which
sum the KT, polarization (Polariz.) , second-order dispersion (Disp.) , second-order
nondispersion contributions.

“This column reports electron binding energies obtained from ab initio CCSD(T) and
model-potential ClI calculations,
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Table VII. Electron binding energies (meV) of the water trimer.

Structure Method Energy contribution
KT Polariz. Disp. MP2? CCSD(T)/CI”

Crown abinitio 3.3 0.1 4.0 5.7 13.0
Model | 3.3 0.1 39 7.3 17.4
Model Il 1.4 0.1 2.2 3.7 13.6
Transition abinitio 34.8 33 31.6 59.8 87.0
State Model | 348 3.0 28.7 66.6 101.7
Model Il 23.2 2.1 23.6 48.9 89.5
Chain abinitio 60.7 4.4 43.8 97.1 127.0
Model I  60.4 4.3 40.6 105.3 1421
Model Il  45.0 3.5 36.5 85.0 128.6

4 MP2 denotes the el ectron binding energies cal culated through second-order, and which
sum the KT, polarization (Polariz.) , second-order dispersion (Disp.) , second-order
nondispersion contributions.

®This column reports electron binding energies obtained from ab initio CCSD(T) and
model-potential ClI calculations.
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Table V1II. Electron binding energies (meV) of the water tetramer.

Structure Method Energy Contribution
KT Polariz. Disp. MP2®  CCSD(T)/CI°
Crown abinitio 125 0.8 12.1 20.9 36.5
Mode | 129 09 11.7 25.6 46.6
Mode I1 73 05 8.5 16.3 40.0
Chain abinitio 110.2 8.2 67.7 170.3 209.6
Model | 109.2 8.1 62.6 179.9 227.2
Mode Il 878 7.3 59.7 154.7 2125

4 MP2 denotes the el ectron binding energies cal culated through second-order, and which
sum the KT, polarization (Polariz.) , second-order dispersion (Disp.) , second-order
nondispersion contributions.

®This column reports electron binding energies obtained from ab initio CCSD(T) and
model-potential Cl calculations.
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Table IX. Comparison of eectron binding energies (meV) from MP2 calculations with

modd 111, CI calculations with model 11, and ab initio calculations.

Methods Energy Contribution
(H20)2 (H20)3 (H20)3 (H20)3 (H20)4 (H20)4

chain crown TS chain crown chain

abinitio 33.0 13.0 87.0 127.0 36.5 209.6
CCSD(T)

Model 11 33.0 14.0 89.8 127.8 40.5 210.8

Cl
Modéd 111 34.8 10.5 91.9 1425 33.7 236.5
MP2
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Table X. Electron binding energies (in meV) and total energies relative to dbs4dbs2
isomer (in kcal/mol) calculated for selected (H,0)s isomers.®

|somer Theory Binding Energy Relative
KT  with Energies
correlation
dbs4dbs2 o Abinitio 256 465 0.00
& Drude-big 243 483 0.00
‘;&é’o" Drudesm 202 441 0.00
tweezers , Abinitio 312 605 3.52
&(‘l % Drudebig 272 579 5.00
(¥ Drudesm 241 558 451
Abinitio 230 381 8.83
chain Q‘i Drudebig 205 369 8.79
@ L Drudesm 135 299 9.42
dbs3dbs3 & Abinitio 185 342 0.43
< Drude-big 186 3% 4.09
t‘t‘- Drudesm 150 363 3.84
se3se3 Abinitio 194 549 10.81
t"t. :? Drudebig 182 573 10.81
& o ® Drudesm 184 569 9.93

*The ab initio e ectron binding energies are from Ref. 54. The results including €l ectron
correlation were obtained at the CCSD(T) level of theory.

®Drude model cal cul ations used geometries from Ref. 4 adjusted so that the water
monomers were restored to the geometries of an isolated, undistorted monomer. The two
sets of Drude model results differ in terms of the size and location of the large single-
center expansion of diffuse sand p functions. The Drude-big calculations use alarge
8s5p single-center expansion, the center of which was optimized. The Drude-sm
calculations used the smaller 54p single-center expansion described in the text and
located at the center of mass.
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Table XI. J, values for selected isomers of (H,O)s

|somer® J, values

prism; dbs4dbs2 60<J,<75
cage 75<J,<85
open-book 85=<J,<110
cagettail 85=<J,<100
ring 9.0=<J,<100
ring plustail(s) 11.0<J,<160
chain J,> 16

 The various structures are defined in Fig. 1

96



Table XI1, Number of configurations with dbs4dbs2, dbs4’ dbs2, and tweezers structures
out of atotal of 3997 configurations saved for each temperature in the parallel
tempering Monte-Carlo simulations of (H,O)s .

Temperature Target configuration
(K) dbsadbs?  dbs4’dbs2  tweezers
190.0 3 1 0
157.0 20 2 0
129.7 15 2 0
107.2 11 3 0
88.6 5 2 0
73.2 7 0 0
60.5 3 0 0
50.0 0 0 0
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Table XI111: Electron binding energies (meV) of the (HF),, n=2-6, solvated-electron

species®
Species symm. EAKT AE™& AE@A®  pg@nonds A Ap@EHO) - patod
(HF),  D.n 123 35 42.0 -16.7 05 128 53.4
(HF);  Da, 2438 1589 4271  -2116 -17.4 321 632.9
(HF);  Tq 8079 4044 6854  -427.3 261 322 1476.5
(HF)s  Da, 1357.9 4973 7536  -5131 -21.8 26.0 2099.9
(HF)s  On 1930.7 5562 796.6  -584.1 -18.0 24.0 2691.2

¥ (HF), and (HF)3 results from Ref. 70.
") (HF)s, (HF)4, and (HF)s results from Ref. 84.
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Figures

Figure 1. Energies of an eectron in the potential due to afinite dipole with Q=1. The
energies are calculated using alarge set of primitive s, p, d, and f Gaussian-type functions
centered on the positive charge. Energies less than about 10 eV are unreliable due to the

limitations of the basis set.
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Figure 2. Charge distributions of an excess electron bound to afinite dipole: (a) Q =1,

=3 and 6 D, no repulsive core, (b) Q =0.5, =3 and 6 D, no repulsive core, (c) Q =1, i

=3and 6 D, repulsive core, and (d) Q = 0.5, =3 and 6 D, repulsive core. Binding

energies are al so reported.
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Figure 3. Definition of 8, 6, @ and r used in Eq. 10
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Figure 4. Drude model for describing the interaction between an excess electron and a

neutral molecule with a permanent dipole described by two charges +Q and —Q, separated

by a distance |r1 —r2| . Here the fixed +q charge associated with the fictitious oscillator is

located at the midpoint of the permanent dipole. The —q charge associated with the Drude

oscillator is separated from the +q charge by R.
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Figure 5. Treatment of polarization via the Drude model in the case of a molecular dimer,
with the charge distribution of one monomer modeled by fixed point charges Q, and
Q.M = —Q," and that of the other modeled by fixed point charges Q,? and Q,? = —Q,®.

The +q and —q charges are associated with the Drude oscillators.
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Figure 6. Definition of bond lengthsused in Table .

Rye Ren Ry, Ryc Ren

H—=C=——=N- - =+ +H=— C=—N

Run Rye R, Ryun Rye

H = N=—C= =+ = -H == N=—C
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Figure 7. Comparison of the LUMO from the Hartree-Fock cal cul ations and the most

strongly bound electronic orbital from model | for HCN (a) and HNC (b).
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Figure 8. Time-of-flight mass spectrum of (H,0),” from Ref. . Note the magic numbers
a n=2,6,7, and 11. Some of the minor peaks are due to mixed (H»O), Arnclusters. In
fact, the peaks with appear to correspond to (H20)4 and (H20)g" are derive amost

entirely from (H2O),'Ar and (H20)s Ar, respectively
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Figure 9. MP2 optimized geometries of the (H,0),, n=2-4 clusters. (al) (H20),’, Crown
(bl) , transition state (b2) , and chain (b3) structures of (H,0)3’, crown (c1) and chain
(c2) formsof (H20)4. For the crown and transition state structures, the small black dot

indicates the center of the extended set of diffuse basis functions.
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Fig 10. Plot of the electron density of the crown-like form of (H,0), calculated using the
Cl (solid line) and M P2 (dashed line) methods in conjunction with model 11. The density
is ploted along the C, axis, with the origin being located in the plane of the four O atoms.

(The free OH hydrogen atoms are located 0.75A above the O-atom plane.)
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Figure 11. Plot of the electron density of the chain-like form of (H,0)4 calculated using
the ClI (solid line) and MP2 (dashed line) methods in conjunction with model I1. The plot
isalong the direction of the dipole of the water chain. The origin is taken to coincide with

the O atom of the terminal, acceptor water molecule.
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Figure 12. Plot of the electron density of the crown-like form of (H>O), calculated using
the Cl (solid line) and MP2 (dashed line) methods in conjunction with model 11 and
model 111, respectively. Model 111 isidentical to model 11 except that the charges have
been adjusted to reproduce the binding energy obtained from the model 11 CI
calculations. The density is plotted aong the C, axis, with the origin being located in the

plane of the four O atoms.
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Figure 13. Plot of the electron density of the chain-like form of (H,0)4 calculated using
the Cl (solid line) and MP2 (dashed line) methods in conjunction with model 11 and
model 111, respectively. Model 111 isidentical to model 11 except hat the charges have
been adjusted to reproduce the binding energy obtained from the model 11 CI
calculations. The plot is along the direction of the dipole of the water chain. The originis

taken to coincide with the O atom of the terminal, acceptor water molecule.
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Figure 14. Representative configurations of (H20)s sampled in the 157 and 190 K
replicas. Note that these structures are not at the local potential energy minima.
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Figure 15. Distribution of (H,O)s structures as afunction of J,. (a) Number of
configurations as afunction of J,., (b) Integration of (a) normalized to 1.0
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Figure 16. Distribution of (H,O)e structures as a function of J,. (a) Full histogram, (b)
5.5< J,<10.0, () integration of (a) with y axis normalized to 1.0
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Figure 17. Selected local minima of (H,O)e as described by the Drude model. The
geometries were optimized using the smaller basis set for the excess electron, followed

by single-point calculations of the total energies using the larger basis set.

&
e g

e ‘u&d-a

a) prist b cage

w=6.971D W=r.2593D
I=6.12au I=7 81lau

Et=-48 30kcalimol Et=-48 32kcalimol

) dbsddbs2 d) dbsd’ dbs2 ) tweezers
w=9466D W=5.253D W=7.928D

Je=f 42au Jz=f S58au I=7 B5au

Et=-48 16kcalimol Et=-46 92kcalimol Et=-42 Békcalimol

115



Figure 18. Arrangements of (HF),, n = 2-4, with overall net dipole moments of zero.
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Figure 19. Schematic charge arrangements that can give bi-dipole-bound anion (a) and

guadrupole bound anion (b) and (c)
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Appendix:*

Theoretical Calculations of Voltage-dependent STM Images of

Acetylene on the Si(001) Surface

Abstract
Voltage-dependent STM images have been calculated for five chemisorbed forms
of acetylene on the Si(001) surface. The calculated images are used to aid in assigning the
species observed in recent scanning tunneling microscope (STM) measurements on the

Si(001)/acetylene system.

! Published as: F. Wang, D. C. Sorescu, and K. D. Jordan, J. Phys. Chem. B 106 (6), 1316 (2002).

118



[. INTRODUCTION

The reactions of hydrocarbons with silicon surfaces are of considerable interest as
routes to forming silicon carbide thin films and hybrid semiconductor/hydrocarbon based
materials."® The reactions of ethylene and acetylene with the Si(001) surface, in
particular, have been the subject of numerous experimental and theoretical studies.

The Si(001)/acetylene system has proven surprisingly controversia. Until
recently, it was believed that the dominant form of C,H, on the Si(001) surface resulted
from the addition of acetylene molecules across an Si-Si surface dimers.®>” Some early
studies concluded that this addition process was accomplished by cleavage of the
dimer.*> However, it is now well established that the Si-Si dimer remainsintact
following the adsorption of the acetylene molecule.®” In the present work thisis referred
to as the di-o species. Recent STM measurements of Mezhenny et al.® have revealed that
the Si(001)/acetylene system is more complicated than previously believed. In particular,
these measurements provided evidence for three different binding sites for acetylene on
the surface. These were attributed to the di-o, "end-bridge”, and "r-bridge" structures
depicted in Fig. 1. (In the end-bridge structure the C,H, molecule bridges the ends of two
adjacent dimersin adimer row, and in the r-bridge configuration the C,H, moleculeis
oriented perpendicular to the dimer row and is tetra-coordinated to two dimers.)
Mezhenny et al. aso investigated these structures as well as a p-bridge tetra-coordinated
structure with the C,H, molecule parallel to the dimer row, using electronic structure
theory. Although the p-bridge structure was predicted to be alocal potentia energy
minimum, it was found to lie considerably higher in energy than the other three structures

and was deemed less important.
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Xu et al., on the basis of photoelectron diffraction measurements, concluded that
at high coverage the p-bridge structure is the dominant form of C;H; on the Si(001)
surface.’ On the other hand, Terborg et al ., using the same technique, concluded that the
dominant species is the di-o structure.® Based on a comparison between calculated and
measured vibrational spectra, Morikawa concluded that the di-c and end-bridge species
co-exist on the surface."* Morikawa did not find it necessary to invoke tetra-coordinated
species in order to explain the vibrational spectra.

There have been two attempts to use cal culations of the STM images of various
Si(001)/CzH; speciesto assign the structure in the measured STM images. Mezhenny et
al ® used the Tersoff-Hamann approach®? together with cluster models of the adsorbed
species to calculate STM images for comparison with their experimental results. Based
on these calculations, it was concluded that there is a sizable population of both di- and
tetra-coordinated C,H, species on the Si(001) surface. The second such undertaking, by
Hofer et al.,*® employed a more sophisticated model of the STM tip and slab models with
periodic boundary conditions. (We became aware of this latter work when in the final
stages of preparing the present manuscript.) The calculated images of Hofer et al. also
appear to be consistent with the interpretation that the observed STM images derive from
both di- and tetra-coordinated C,H, athough the tetra-coordinated species were predicted
to be much less stable.

Motivated by the results of Mezhenny et al., Sorescu and Jordan™* carried out a
detailed density functional theory (DFT) study of the Si(001)/acetylene system, locating a
total of nine different minima as well as the barriers between the low energy minima.

The calculations predicted that at low coverage the di-c structure is most stable, followed

120



by the end-bridge and r-bridge configurations, with the binding energies being -2.73,
-2.44, and -2.13 eV, respectively. (A negative binding energy implies a stable structure.)
The p-bridge structure was predicted to be bound by only -1.29 eV. The barriers for
rearrangement from the r-bridge to the end-bridge and from the p-bridge to the di-c
species were calculated to be 0.30 €V and 0.82 eV, respectively. Based on these resullts, it
appears unlikely that either the r-bridge or p-bridge structures would have appreciably
population at room temperature.

The electronic structure calculations of Sorescu and Jordan also predicted that a
structure with two acetyl ene molecules bonded to two adjacent Si-Si dimersin an end-
bridge manner (see Fig. 1) is of comparable stability to the end-bridge structure (i.e., that
the binding energy per acetylene molecule is comparable in the two cases). Hereafter,
this arrangement is designated as (end-bridge),. Thisraisesthe possibility that the
structure in the STM images which has been attributed to tetra-coordinated speciesin fact
arises from the (end-bridge), structure. To investigate this possibility we have undertaken
new cal culations of the STM images of five different Si(001)/acetylene species, including
the (end-bridge), species. These calculations are based on slab-models with periodic
boundary conditions, and allow for the influence of the electric field between the tip and
surface. The approach used is described briefly in Section 11, followed by a presentation

of the results.

[l. Calculations

i) Geometries
The geometries of the di-c, end-bridge, r-bridge, and p-bridge Si(001)/C,H>

species were taken from the work of Sorescu and Jordan,™* who optimized the structures
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using plane-wave DFT with slab models and periodic boundary conditions. Specificaly,
we adopted the structures that these authors obtained using a supercell with eight Si-Si
surface dimers, in a4x4 arrangement, and employing atotal of five silicon layers.
Although the (end-bridge), species was also considered by Sorescu and Jordan, the
calculations on this species employed a smaller supercell and were for saturation
coverage. For thisreason, we have optimized the geometry of the (end-bridge), structure
using the supercell with eight surface SIS dimers. Only asingle (end-bridge), speciesis
present in the supercell. Following Sorescu and Jordan, the bottommaost silicon layer was
terminated by H atoms, and the terminating H atoms and the Si atoms in the bottom two
layers were kept frozen in the geometry optimizations (the latter in their bulk positions).
A vacuum layer of about 8 A separated the top of one slab and the bottom of the next.
The Perdew-Wang91 (PW91) gradient-corrected exchange-correlation functional™ was

16,17

employed together with ultrasoft pseudopotentias,™"" a plane-wave cut-off of 200 eV,

and I'-point sampling. These cal culations were performed with the VASP program.*’*°
ii) Calculation of tunneling currents.

Most calculations of STM images have been carried out using the approach of
Tersoff and Hamann,** which employsthe local density of states method, assumes a
simple model (s-level only) of thetip, and ignores electric field effects. Thiswasthe
approach used in the above-mentioned calculations of Mezhenny et al. Hofer et al. used
asimilar approach but adopted a more realistic (atomistic) model of thetip. Both of
these studies neglected field effects which can be important for modeling STM images of

molecules on semiconductor surfaces since the experimental studies are often carried out

with biases between 1.5 and 2 Volts. In fact, it has been demonstrated that the neglect of
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electric field effects leads to qualitatively incorrect images for the Si(001)/ethylene
system.?°

In the present study, we employ a high-voltage extension of the Tersoff-Hamann
approach due to Stockbro? to calculate the STM images of the di-o, end-bridge, r-bridge,
p-bridge, and (end-bridge), forms of Si(001)/C;H.. In this approach, the electric field
between the tip and surface is accounted for self consistently, and higher spherical
harmonics (i.e., | > 0) can be used in the model of thetip. Asfor the geometry
optimizations, the STM calculations were carried out using the PW91 exchange-
correlation functional,* ultra-soft Vanderbilt pseudopotentials,'® and plane-wave basis
sets. These calculations were performed using a modified version of the PWSCF
code. %

The calculations of the tunneling currents required several modifications of the
procedure used for the geometry optimizations. First, the terminating H atoms were
removed, and two additional layers of Si atoms at their bulk positions were added. (The
presence of the dangling bonds on the bottom layer has the effect of introducing free
carriers, which is essential for calculating the tunneling currents.?!) The bias voltage
between the tip and the sample was simulated by putting a dipole layer in the middle of
the vacuum layer, which was chosen to be 10 A. (The use of alarger vacuum layer for
the STM calculations than for the geometry optimization was necessary to permit reliable
interpretation of the wavefunction in the region around which thetip ismoving.) A plane-
wave cutoff of 272 eV and I" point sampling were used.

Self-consistent electronic structure cal cul ations were done at bias voltages of 0.68

1.36, and 2.04 V. The wave functions at the sample bias (-1.5 V) used in the experiments
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were obtained by logarithmic interpolation of the results of the calculations at the 0.68,
1.32,and 2.04 V bias. The surface geometry was not relaxed in the external field as test
cal culations showed that such relaxation was relatively unimportant for the tunneling
current.

Thetail of the wavefunction far from the sample surface is difficult to calculate in
conventional DFT treatments. The modified PWSCF code deals with this problem by
integrating the wavefunction tails using an average effective potential method of

f.2° Thisintegration procedure was adopted for distances greater than 3.2 A from

Tersof
the silicon surface. Calculations were carried out using both s, and s plus p models of the

tip. These gave very similar images, and the results reported here were obtained with the

stypetip.

I1l. Results and Discussion

Figure 2 reproduces the measured STM image of Mezhenny et al., and Figures 3-
8 give our calculated images for the bare Si(001)/(2x1) surface and the five Si(001)/C,H>
species described above. In comparing the measured and cal culated images, it should be
kept in mind that the measured image was obtained at room temperature, whereas the
calculations implicitly assume atemperature of 0 K. Thisis an important consideration in
that the bare dimers on the Si(001) surface, while believed to be buckled at low
temperatures, are expected to appear symmetric at room temperatures due to the low-

barriers for flipping®*°

(see however, Ref. 26). The buckling of the bare surfaceis
readily apparent in the calculated STM-images (Fig. 3-8). Since buckling changes the
appearance of the STM image, the use of 0 K calculations could introduce some

ambiguitities in the comparison with experiment. However, we note that there is evidence
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of buckling in the observed STM images of the bare dimer regions of the
Si(001)/acetylene surface. This may be the result of "pinning" caused by defects and
adsorbed acetylene molecules.

The calculations give a darker image at the di-o site (Fig. 3) than the surrounding
bare surface, consistent with the observed image in the vicinity of what has been
attributed to the di-c site. Similarly, the corrugation calculated for the end-bridge form
of Si(001)/CzH; closely matches that of region Il in the measured spectrum and which
was attributed by Mezhenny et al. to an end-bridge site. The two tetra-coordinated
structures give similar images, in agreement with the earlier STM calculations.®** The
calculated images for the tetra-coordinated C;H, species qualitatively resemble that of
region 11 in the measured STM spectrum, which was attributed by Mezhenney et al. and
by Hofer et al. to atetra-coordinated C,H, entity. However, our calculated images for the
tetra-coordinated sites are not as dark compared to the bare surface asisregion 11 in the
experimental STM image.

Figure 8 shows the calculated STM image for the (end-bridge), species with two
C,H, molecules bound in an end-bridge manner to a pair of adjacent Si-Si dimers. This
imageis also in good agreement with that associated with region 111 of the experimental
image, lending support to our proposal that the observed image is due to a site with two
bound C,H, molecules.

The calculations a so predict that the (end-bridge), speciesis energetically more
stable than two separate end-bridge species. (The binding energy per acetylene molecule
iscalculated to be —2.61 eV in the (end-bridge), structure vs. —2.44 eV for the end-bridge

structure. This leads naturally to the question why the measured STM images do not
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show evidence of extended domains of (end-bridge), species? Additional studies
examining the barriers for formation of isolated and neighboring (end-bridge), species

could prove useful in answering this question.

IV. Conclusions

STM images have been calculated for five forms of acetylene on the Si(001)
surface. The calculations allow in a self-consistent manner for the influence of the
electric field of the tip on the wavefunction of the surface. Based on the comparison of
the calculated and measured STM images, we conclude, in agreement with Mezhenny et
al. that there are two types of di-coordinated C,H (the so-called di-c and end-bridge
species) on the Si(001) surface. Our calculations also predict that an (end-bridge).
specieswith two C;H, molecules bonded in a end-bridge manner to two adjacent Si-Si
dimersis energetically more stable than two well-separated end-bridge species on the
surface. Although the calculated STM images aone do not allow us to distinguish
between the (end-bridge), and a tetra-coordinate C,H, as the source of the third structure
observed in the STM experiments, based on the energetics, we propose that the third
structure is due to the (end-bridge), species. The inability of the calculated STM images
to differentiate between the different assignments of this structure could be due to the
calculations being carried out for T = 0 K whereas the experimental images were
obtained at room temperature. Low-temperature STM measurements might thus prove
useful for definitively establishing the identity of structure I11 observed in the

experiments of Mezhenny et al.
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Figure Captions:

Fig. 1. Definitions of various Si(001)/C,H; species. A, di-o; B, end-bridge; C, p-bridge;
D, r-bridge; E, (end-bridge),. The black dots refer to the positions of the Si atoms of the
surface Si-Si dimers, the light grey dots to the C atoms, and the darker grey dotsto the H
atoms.

Fig. 2. Measured STM image of the Si(001)/C;H, system at low coverage reproduced
with permission from Ref. 8. (a) Shows the measured image, from which three types of
C,H, binding sites (1-111) areidentified. (b) indicates the assignments proposed in Ref 8.
(c) depicts the measured corrugation in the vicinity of the various binding sites.

Fig. 3. (a) Caculated STM image (30 A x 30 A) of the bare Si(001)-(2x1) surface with a
c(4x2) buckling pattern. The X’s mark the positions of the surface Si atoms. (b) reports
the calculated corrugation for motion of the STM tip across the dimers perpendicular to
the dimer rows. The traectory of the tip is shown by the horizonta linein (a).

Fig. 4. (a) Caculated STM image (30 A x 30 A) of the bare Si(001)-(2x1) surface with
acetylene molecules bound in di-c sites. The X’ s denote the surface Si atoms, and the
bright boxes and dark dots denote the position of the C and H atoms, respectively. (b)
Comparison of the calculated and measured corrugation for motion of the STM tip
perpendicular to the dimer rows (as indicated by the horizontal linein (a)). Thelight line
refers to experiment (Ref. 8) and the dark line to the present calculations.

Fig. 5. (a) Caculated STM image (30 A x 30 A) of the bare Si(001)-(2x1) surface with
acetylene molecules bound in end-bridge sites. The X’ s denote the surface Si atoms, and
the bright boxes and dark dots the position of the C and H atoms respectively. (b)

Comparison of the calculated and measured corrugation for motion of the STM tip
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perpendicular to the dimer rows (as indicated by the horizontal linein (a)). Thelight line
refers to experiment (Ref. 8) and the dark line to the present calculations.

Fig. 6. (a) Caculated STM image (30 A x 30 A) of the bare Si(001)-(2x1) surface with
acetylene molecules bound in p-bridge sites. The X’ s denote the surface Si atoms, and the
bright boxes and dark dots the position of the C and H atoms respectively. (b)
Comparison of the corrugation calculated for motion of the STM tip perpendicular to the
dimer rows for the p-bridge species (as indicated by the horizonta linein (a)) and that
measured in Ref. 8. for site |11 (See Fig. 2). The calculated and measured results are
designated by the dark and light lines, respectively.

Fig. 7. (a) Caculated STM image (30 A x 30 A) of the bare Si(001)-(2x1) surface with
acetylene molecules bound in r-bridge sites. The X’ s denote the surface Si atoms, and the
bright boxes and dark dots the position of the C and H atoms respectively. (b)
Comparison of the corrugation calculated for motion of the STM tip perpendicular to the
dimer rows for the r-bridge species (as indicated by the horizontal linein (a)) and that
measured in Ref. 8. for site |11 (See Fig. 2). The calculated and measured results are
designated by the dark and light lines, respectively.

Fig. 8. (a) Calculated STM image (30 A x 30 A) of the bare Si(001)-(2x1) surface with
acetylene molecules bound in (end-bridge), sites. The X’ s denote the surface Si atoms,
and the bright boxes and dark dots the position of the C and H atoms respectively. (b)
Comparison of the corrugation calculated for motion of the STM tip perpendicular to the
dimer rows for the (end-bridge), species (as indicated by the horizontal linein (a)) and
that measured in Ref. 8. for site I11 (See Fig. 2). The calculated and measured results are

designated by the dark and light lines, respectively.
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