Cluster isomerization induced by electron attachment

Dafna Scharf and Joshua Jortner

School of Chemistry, Raymond and Beverly Sackler Faculty of Exact Sciences, Tel Aviv University, 69 978

Tel-Aviv, Israel
Uzi Landman

School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332

(Received 6 April 1987; accepted 29 May 1987)

In this paper we explore the mechanisms of cluster isomerization induced by electron
attachment to small, neutral Na,Cl, clusters, with the localization of an excess electron
inducing structural configurational changes within the cluster. The constant temperature
quantum path integra} molecular dynamics method was applied to obtain information of the
structure and energetics of the cluster as well as the binding energy and the charge distribution
of the excess electron for Na,Cl; clusters, over the temperature range of 50-1200 K. The
attachment of an excess electron to the ionic cluster induced two types of configurational
modifications, which can be traced to the role of the excess electron as a pseudonegative ion
and to the partial neutralization of a single cation by the excess electron. Consequently, the
induction of isomerization at moderately low temperatures, in conjunction with the appearance
of new nuclear configurations of the negative cluster, which have no counterpart in the neutral

parent cluster, are exhibited.

I. INTRODUCTION

Characteristic to small clusters is the possibility of
structural isomerizations,' exhibiting themselves as trans-
formations between distinct nuclear configurations. While
at zero temperature a cluster of a given size and chemical
composition has a unique structure often specified in terms
of a point group symmetry, at finite temperatures an equilib-
rium between the accessible isomers is established. The ther-
modynamic occurrence probabilities (weights) of the differ-
ent isomers are governed by energy and entropy differences.
The rates of transformations between the isomeric forms are
dictated, in addition, by dynamic factors. The ability to dis-
tinguish and characterize distinct isomers depends on the
cluster size, on the nature of the interactions, and on the
temperature. Small clusters (n<10) may possess a small
number of stable, distinguishable isomers. Upon increasing
the cluster size, the number of possible, relatively stable
isomers proliferates rapidly, and the free-energy differences
and potential energy barriers between the isomers decrease.
Consequently, the transformation rates between isomers in-
crease such that it becomes impossible to characterize the
system as residing in any one particular state for a sufficient-
ly long time to allow such characterization. We term” as
melting the transition of a cluster from a state of equilibrium
between a discrete number of isomers to a state character-
ized by a continuous distribution of configurations, accom-
panied by a coexistence between ordered and disordered
structures. For a small cluster melting may be regarded as
synonymous with a stage characterized by fast isomerization
between several distinct nuclear configurations. In this con-
text ionic clusters are of particular interest since their struc-
tures are more sharply characterized (energetically) than
those of van der Waals and rare gas clusters,* and thus oper-
ationally it is easier to investigate structural and phase trans-
formations in these systems,
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We have recently’® explored isomerization and melting
in neutral (NaCl), clusters for n = 4, 16, and 108, employ-
ing classical molecular dynamics simulations. In particular,
we have investigated the dynamics of isomerization from a
3D cube to a 2D ring in a (NaCl), cluster, and have estab-
lished diagnostic criteria, on the basis of physical observa-
bles such as specific heats, radial distribution functions, co-
ordination numbers, and densities of states to distinguish
between isomerization and melting.

An alternative approach to the interesting probiem of
configurational changes in clusters involves cluster isomeri-
zation induced by electron attachment. When a nonreactive
attachment of an excess electron to a cluster results in a lo-
calized state, which has no parentage in the atomic (or mo-
lecular) states of the individual cluster constituents, the
cluster nuclear structure may undergo substantial reorgani-
zation. In a recent work® we have established the occurrence
of cluster isomerization induced by electron attachment in
the small positive alkali halide M;Cl," cluster (M is the al-
kali metal ion), where the localization of an excess electron
induced a configurational change, leading to a close-energy
isomer.

In this paper we explore the new mechanism of cluster
isomerization induced by electron attachment to small neu-
tra! alkali-halide clusters focusing on:

(1) structures, energetics and excess electron charge dis-
tribution of isomers induced by electron attachment,
which are realized over a broad temperature domain;

(2) the nature of configurational modifications induced
by electron attachment;

(3) a comparison between the thermal isomerization and
isomerization induced by electron attachment to the same
cluster;

(4) symmetry breaking effects pertaining to nuclear con-
figuration and to the excess electron charge distribution
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induced by electron attachment to a cluster at high tem-
peratures,

Apart from the intrinsic interest in the phenomena of clus-
ter configurational reorganization induced by electron at-
tachment, the alkali-halide clusters were chosen for this
study because of three reasons. Firstly, the interionic inter-
actions in these systems are well understood.'*® Secondly,
substantial information exists"® for both neutral and
charged clusters of this family. Thirdly, extensive informa-
tion is available® on electron-alkali atom and electron-halide
anion pseudopotentials.

We have studied electron attachment to the neutral
Na, Cl, cluster by the constant-temperature quantum path
integral molecular dynamics (QUPID) method.’ Using this
method we obtained information on the structure, energe-
tics, and excess electron charge distribution of Na,Cl,” clus-
ters over the temperature domain 50 to 1200 K. The QUPID
computer simulations, which rest on a discrete version of the
Feynman path integral method,” provide a powerful ap-
proach for the exploration of excess electron states in clus-
ters.>® Furthermore, our recent mode! calculations® on
electron attachment to alkali halide molecules inspire confi-
dence in the applicability of the QUPID method in conjunc-
tion with the appropriate pseudopotentials for the study of
electron attachment to alkali-halide clusters.

Il. METHODOLOGY

The quantum path integral molecular dynamics
(QUPID) method was applied to a system of an electron
interacting with a Na,Cl, cluster. Assuming pair interac-
tions, the Hamiltonian of the system is

H=K+V+K,+7V, 2.

where K is the kinetic energy operator of the N-ion cluster
with masses M,;

N

V is the interionic potential energy operator of the N-ion
cluster

K= — Vi, 2.2)

V~—— z 2 @, (R,,), (2.3)
I=1J=1
K, is the kinetic energy of the electron (mass m)
k=-Fyo (2.4)
2m

and ¥, is the operator for the potential energy of the electron
which consists of a sum of the electron-ion interaction poten-
tial

N
= z q)el(l"" R ) (25)
I=1
The partition function Z of the system is given by
Z =Trexp( —pH), (2.6)

where 8= 1/k, T is the inverse temperature. An approxi-
mate expression for the partition function can be obtained
through the use of Trotter’s formula® to replace the sum of
operators in the exponent by a product of P terms,

2=l - ) -2

el - )]

(2.7)

X exp( -
and

Z = lim Z,.

P o
Using the expression for the free particle propagator in
the coordinate representation, Z, can be written as

iP/2 N MP P2
2= (35) Wmia)
2rh 3 P\ 2mHB

XJ“P{ BV + Vi) dr, (2.8)
where the effective potential for the electron is
£l Pm V. (r) 7‘

Vie = 2. r,—r (2.9)
- :Zl[ ﬁzﬁ P |

and it is understood here thatr , , ,, =r,. The effective po-
tential for the ions is given by
P N PM
I I
V"ﬂ- - Z {2 ﬁZ B 2
and the integration in Eq. (2.8) is taken over the volume
dr=d’R,---d’R,d’°r;--d’rp.
When AM,>»m, the thermal wavelength of the ions
(B# /M, )'"? is much smaller than that of the electron and
the Gaussian functions corresponding to the heavy atoms

reduce to & functions. The resulting expression for the parti-
tion function is

N { M.P \*7 3w
Z,=1] ( ; ) ( i ) J.exp{ — BV . }dr,
J=1

27 LnpH?
(2.11)

Ry~ Ry ) +lﬂ (2.10)

where
Vg =V + V. (2.12)

This result reflects the frequently used approximation that in
a system consisting of a light particle and interacting with
heavier ones, the heavy particles can be treated using classi-
cal mechanics, whereas a quantum treatment is required for
the light particle.

Equations (2.9) and (2.11) establish an approximate
isomorphism between the quantum problem and a corre-
sponding classical one.'® In the isomorphic classical prob-
lem, the electron is mapped onto a closed chain (necklace)
of P pseudoclassical particles (beads) with nearest-neighbor
harmonic interactions whose strength is determined by the
mass (m), the inverse temperature (), and the number of
beads (P). The average energy of the system can then be
evaluated from the relation

9
(E) = ———12_—273-+<V>+K+ <2 V(r)>

aB i=1
(2.13)

where the pointed brackets indicate averages over the Boltz-
mann distribution as defined in Eq. (2.8). The electron ki-
netic energy estimator is
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.

,
“_%_2;’; <2( H,)2>. (2.14a)

An alternative expression for K, can be obtained'' in the
form

3 1"<8Ve(r.-)

T8 " 2p &\ o,

The first term on the rhs of Eq. (2.14b) is the free parti-
cle contribution K .. and the second term K, is the contri-
bution from the interaction, with the ions.

The averages over the Boltzmann distribution can be
replaced by phase-space trajectories generated by an effec-
tive Hamiltonian to be discussed in Sec. IIL

(r; ~r,,)>. (2.14b)

lll. NUMERICAL METHOD

The calculations were performed for a model of an elec-
tron attached to acluster of Na,Cl,. The Na * and C1™ ions,
which were treated classically, were taken to interact
through a Born-Mayer potential,

Z,Z,é

u
The potential parameters were those determined by Fumi
and Tosi.'?

The electron-anion interaction was modeled® by a Cou-
lomb repulsion from the closed-shell anion, complemented
by the electron induced polarization interaction, which is
operative at distances larger than the ionic radius R; of the
Cl™ ion, and is corrected for the “*self-energy of the induced
dipole,”

1 7 2 ’a
q)el =7 Z(e 41 )’ ril>Rl‘

D, (Ry) =4y, exp{ - RIJ/PIJ} + (3.1)

riy 2r
1 P 2
=— —, ry<R; (3.2)
P <y
The local pseudopotential for the electron—cation inter-
p po
action was taken'*'* as
eZ
b, = “;"’ ry>Re
if
e2
= ——, ry<Rke, (3.3)
Rc

where R is a cutoff parameter (R =3.26 ¢, for Na* )
and r;; is the distance between the ith bead and the [ th ion.

The statistical sampling over the Boltzmann distribu-
tion was replaced by the equivalent’® averaging over the
phase-space trajectories. The trajectories were generated via
classical MD by the Hamiltonian

rom*: N M,R?
H=3 pe”
.
+ =T ) = Ve]f‘ +V, 34
.Zl{zw ~ P (4

where the masses m* and M, can be chosen to be arbitrary,
since in classical systems configurational averages do not
depend on the masses appearing in the kinetic energy term.

In our calculations we choose m* = 1 amu and M, to be the
ionic masses. This choice is made such that the internal fre-
quencies of the quantum necklace w~ [mP/m*B*#*}'/?
will match the frequencies of the nuclear motion.

In order to study the temperature effect on the equilibri-
um configuration, we have utilized a constant-temperature
version of MD'® where the particles are subjected to sto-
chastic collisions. The equations-of-motion were integrated
using the velocity form of the Verlet algorithm.'®

In the initial configuration of the system the electron-
bead particles were randomly distributed over a sphere of
radius R, centered about the ionic cluster. R, was chosen to
be 15 times the crystalline lattice constant of NaCl, being of
the order of the thermal wavelength of a free electron at high
temperatures ( 7~ 1000 K ). The ionic cluster was set initial-
ly in a cubic configuration.

The initial run {2000-2500 integration steps, A¢, with a
time unit (tu) of 1.03 X 10~ "% 5] during which the system
was subjected to frequent rescaling of the velocities using a
fifth-order predictor—corrector integration algorithm and a
small integration time step of Az = 0.01 units, allowed for a
slow approach of the electron bead particles towards the
ions. Subsequently, the system was equilibrated applying the
constant-temperature procedure with the Verlet algorithm.
Typical values which we used for the stochastic collision
frequency (STCF) were: STCF (ions) ~ 1 X 10 ~? collisions
per particle per unit integration step; STCF (electron
beads) ~1X 10~* in the same units. The lengths of the equi-
libration stage for different temperatures and the corre-
sponding integration steps are given in Table I. Averaging
was then performed over the subsequent integration steps as
indicated in Table . The number of integration steps was
carefully chosen to ensure propss sampling of the phase
space and reliable averaging. We huve further found that a
large number of integration steps ( ~ 10° time units) is re-
quired in the equilibration stage before the physical quanti-
ties and their standard deviations converge, especially so
since the system can undergo consicerable configurational
changes.

IV. RESULTS

We have investigated the equilibrium characteristics of
an electron attached to a cluster of Na,Cl, at four tempera-
tures: 50, 575, 750, and 1000 K. We have found that different
equilibrium configurations were exhibited for Na,Cl;” as a

TABLE I. The numerical parameters of the QUPID simulations at various
temperatures: 7'is the temperature in K; Pis the number of electron beads;
Atis the integration time step in units of 1.03 X 10~ '*s; N is the number of
integration steps in the equilibration stage; N,, is the number of integration
steps over which averages were calculated in the averaging stage.

7(K) P Ar N, N,
50 1000 2 50 000 50 000
575 520 1 100 000 100 000
750 520 0.3 135 000 100 000
1000 250 0.25 160 000 210 000
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function of temperature (Figs. 1 to 3). Three temperature
domains can be distinguished:

(1) The low temperature domain 0 < 7 < 500 K. From
calculations at 50 and 350 K we find that the localization
of the electron in this low temperature range is exhibited
mainly inside the cubic equilibrium configuration of the
ions [Fig. 1(a)], which is very similar to the low-tem-
perature configuration of the neutral Na,Cl, cluster,’
which will be discussed in Sec. V. Accordingly, no major
configurational changes are exhibited in the ionic cluster.
(2) The intermediate temperature domain 500 K
< T'<750 K. In this range a configurational change of the
negative charged cluster is exhibited. At a temperature of
~575 K the cluster with the attached electron shows a
single configuration, which resembles an open umbrella,
with the electron beads at one of the corners {Fig. 1(b)]
with the ionic cluster being in a distorted planar configu-
ration.

(3) The high temperature domain 750 X < 7'< 1200K. In
this range coexistence of several isomers of Na,Cl, pre-
vails. At ~750 K a boat-like configuration of the cluster
with the electron bead in the center [Fig. 2(a)] and a
bent-chain configuration [Fig. 2(b)] dominate. At

FIG. 2. Configurations of Na,Cl, + ¢ " at 750 K. For details see caption of
Fig. 1.

FIG. 1. Configurations of Na,Cl, + e at 50K (a) and 575 K (b). The
large bright spheres and small dark spheres represent the Cl~ and Na *
ions (the sizes were scaled according to the corresponding ionic radii). The
small dots are the locations of the quantum pseudoparticles (beads), repre-
senting the excess electron charge distribution. Note in the configuration
shown in (b) the excess electron occupies the position of a halide anion in F1G. 3. Configurations of Na,Cl, + ¢~ at 1000 K. For details see caption of
the (Na,Cl, )CI~ cluster (see Fig. 6). Fig. 1.
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TABLE II. Energetics of the ionic systems as a function of temperature. The potential energy (PE,,, ), kinetic
energy (KE,,, ), and the total energy (£,,,. ) for the neutral and the negatively charged systems are given in
a.u. (hartree). The standard deviations are given in parentheses.

50K 575K 750 K 1000 K
Na,Cl,
PE,,, —~1.025 84 —1.026 32 ~ 1.026 56 —1.026 33
(1x107°) (1X107%) (1x107%) (1x107%)
KE,n,s 1.43x107* 1.62x107? 2.16x 1072 2.86x1072
(1X107°) (IX107%) (1x107%) (1x107%)
o ~ 1.024 40 —~ 1.01008 —1.004 96 —0.99776
(1X107%) (1x107%) (1x107%) (1X107%)
Na,Cl;/
PE,... —0.979 —0.95 —094 - 0.91
(0.005) (0.01) (0.02) (0.03)
KE,,. 0.002 0.024 0.028 0.04
(6x107%) (0.007) (0.008) (0.01)
E.., ~0977 -093 —091 —0.87
(0.006) (0.01) (0.02) (0.03)
~1000 K an elongated chain isomer {Fig. 3(a)} is en- converge to the same values. However, the estimator based
countered in coexistence with a planar ring configuration on the derivative of the potential energy of the electron—ion
[Fig. 3(b)]. interactions, Eq. (2.14b), tends to converge faster.

The energetics of the cluster is given in Tables I and JIII. The total energy of the electron Ee. is

In Table II we have listed the energies of the ionic clustt':r for E,. =PE, +K.. (4.2)
the neutral, parent, Na,Cl, cluster, as well as the energies of
the classical ions in the negatively charged Na,Cl, cluster.
The ionic potential energies PE,,,, were calculated accord-

The total energy of the Na,Cl,” cluster was calculated by
using the sum of the total energies of the ions and of the

ing to Eq. (3.1). The total energies of the ionic cluster, Epy, S0
are given by the sum QE =PE,,. + KE., + PEaec + Kipi + Kgeew  (43)
Eione = PEis + KEiops - 4.1 The electian affinity (EA) of Na,Cl, can be calculated

from the differoncy bétwein the total energies of the charged
cluster (QF ir: Tuble [I) aad of the neutral parent cluster
(Eions for Na (i, in Table ) ar low temperatures, where

5 In Table I we present the calculated energies of the elec-
tron bead particles and the total energy of the negatively
charged cluster. The electron potential energy PE,. was

. . the entropy cuntribution can safely be neglected. The value
calculated according to Eq. (2.5) usin s. (3.2) and (3.3) : ; A o
for the potential glo=q gEq of the electron affinity of Na,Cl, is EA = (0.029 4+ 0,008)

The kinetic energy of the electron was calculated by two hartree, or {(.8§ 4+ 0.2) eV. This electron affinity is consider-

methods. First, using the estimator of Eq. (2.14b) for X ably lower than the EA of large positive ionic clusters.’
and, second, using Eq. (2.14a) for K ;. We have found thaet In Table I'V we list the relevant characteristics of the elec-

. . . e rge distribution:
both estimators and their corresponding standard deviations tron charge d bm.“ o .
(a) The average distance between the center of mass of the
electron bead andé the center of mass of the ions is given by

Do =< | _ 2, MR,

P& .M,

The occurrence of a substantial configurational change in
the charged cluster, when going from the low temperature
domain to the intermediate and high temperature regions
50K 575K 750 K 1000 K can easily be inferred from the D, values at the various
temperatures (Table IV). At the low temperature domain,

TABLE III. Energetics of the electron bead and total energy of Na,Cl; at

>. (4.4)

the electron,
a. u. (hartree};

PE.. —0.146 o 0.13 o 0.14 LT 0.13 _ where the tonic chuster remains in the cubic conformation,
(8% 107%) (2x10™%) (2x10-%) (3x107%) . .

K’ 7.0% 1072 65102 6x10-2 6% 102 the centers of mass of the ions and electron-bead distribution

(7x107%) (1X107%) (1x107%) (2x1077) almost coincide and equal penetrations of the electron bead

K, 7x107? 6x10-2 6x1072 6x107? to within the cutoff radius of the four sodium cations are

(7x107%) {1x107%) (1%x107%) (1x107%) found. Already at 575 K, the distance between the centers of

Eaee  —0076 e 607 e 008 ~  —009 s mass becomes large. The relatively small standard deviation

o :i) >5<310 ho ‘i?o)& 07 ((>,29>; 10 (().39>é 1075 for D¢y reflects the presence of a single configuration at

(8x107?) (2x107%) (2x107%) (3x1072) intermediate temperatures. At the high temperature domain

D, is again large, being characterized by large standard
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TABLEIV. Configurational characteristics of Na,Cl, . D, is the distance
between the centers of mass of the electron bead distribution and the ions.
R, is the radius of gyration of the electron necklace. The thermal wave-
length for a free electron is denoted by A, [Eq. (4.6)] and that calculated
via Eq. (4.7) is denoted by A, (calc). QC is the fraction of the quantum
contribution to the kinetic energy of the electron bead. %/, is the ratio
between the breadth of the localized electron necklace and a free particle.
All quantities are in a.u. (hartree and bohr radii).

50K ST5K 750 K 1000 K
Doy 04+02 641 542 443
R, 42402 49405 48405 45406
Ap(calc) 67.6 225 20.2 17.3
Ay 79.7 23.7 20.8 17.9
QoC 99% 95% 93% 0%
RIR, 0.09 0.33 0.39 0.42

deviations. These large standard deviations in the averaged
distance between the centers of mass reflect the coexistence
of several configurations contributing to the equilibrium
state. We have indeed confirmed the occurrence of isomeri-
zation at these high temperatures where ring-like configura-
tions which are characterized by relatively small D¢y, (~1
a,), coexist with open chain (bent or elongated) configura-
tions where D, is relatively large ( ~5-15 a,). These con-
figurations can be further characterized by low penetration
ratios of the electron charge distribution to within the cutoff
radius (R ) of the cations. While in the low temperature
domain up to 75% of the electron bead particles were found
within R~ of the four cations, only 40% of the electron bead
particles were located within the cutoff radius of the cations
at 575, 750, and 1000 K. Moreover, in the elevated tempera-
ture domain, the configurations involve penetration of the
electron bead to one or two cations, while equal penetration
to all four cations is exhibited in the low temperature do-
main.

(b) The radius of gyration of the electron bead is given by
the second moment with respect to the center of mass

M1
R =
o [2102

The gyration radius is a measure of the spatial extent of the
wave packet of the excess electron. It is evident that the size
of the electron, at different temperatures, does not change
significantly (Table IV).

(¢) The thermal wavelength of a free electron is given by

3172

(Fonn)

ij=1

(4.5)

Ap = (BF/m)"2. (4.6)
We may define'” a quantity A, (calc) as
P P 172
Ar(calc) = [P_“I‘<Z (r; _ri+1)z>J . 4.7)
- i=1

Forafreeelectron A, (calc) = A r. From the results in Table
IV we observe that the thermal wavelength of the electron
(as defined above) is not influenced significantly by the in-
teraction with the ionic system.

(d) The quantum character of the excess electron, defined
by

QC = Kint/(Kim + Kfrce ) (48)

is obviously large, decreasing slightly at higher tempera-
tures.

(e) The extent of the localization of the excess electron
relative to a free electron can be inferred from the self-pair-
correlation function in the (imaginary) time domain'®:

Rt~y =(r(t) —x(t)?); O<t—1t'<Bh, (4.9)

where [r(f) —r(z'){ is the distance between two paints
(beads) on the electron path separated by a *‘time” (r —¢')
within the interval (0,5#%). The characteristic breadth of the
electron distribution is given by 7 = % ($#/2). While fora
free particle % (B#f/2) =v'3A,, a localized electron is
characterized by a relatively tight spatial distribution of the
beads and therefore would exhibit 2 (8%/2) < A,. Hence, a
measure of the electron localization is given by the ratio
R (BH/2)/V/ 341, which is denoted by # /%, in Table IV
and which was found to be significantly smaller than unity.
Thus, the electron is well localized at all the temperatures
which were studied by us.

V. DISCUSSION

Electron attachment may induce configurational trans-
formations in small neutral ionic clusters at relatively low
temperatures. The equilibrium configurations of the cluster
with the attached electron do not necessarily relate to the
equilibrium configurations of the parent neutral cluster. De-
tailed molecular dynamics simulations of the temperature
effect on the equilibrium configuration of the neutral Na,Cl,
cluster® show that for 7'< 700 K, only a single cubic confor-
mation is stable [see Figs. 4(a) and 5]. Within the range 700
K < T'< 875 K the neutral cluster exhibits coexistence of a
cube and a ring isomer, while in the temperature range 875
K < T < 1250 K only the ring isomer is stable {see Figs. 4(b)

FI1G. 4. Configurations of

éﬁ Na,Cl, at T < 700 K (a) and at

T>700 K (b). Note the simi-
larity between the cubic config-
uration in (a) and the low tem-
perature  configuration  of
Na,Cl; [Fig. 1(a)].
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FIG. 5. Caloric curve (total energy per particle, U /N, vs kinetic energy per
particle, KE/N, for Na,Cl, ). The break at "= 700 K corresponds to the
isomerization transition between the low temperature, cube, and high tem-
perature, ring isomers (see Fig. 4).

and 5]. At temperatures above 1250 K, the ring coexists
with an open chain isomer up to ~ 1400 K, where evapora-
tion processes set in. The caloric curve (total energy per
particle vs kinetic energy) shown® in Fig. 5 exhibits the iso-
merization transition as a break at 7= 700 K.

The presence of the excess electron in the ionic cluster
induces two types of configurational modifications in
Na,Cl;” which are either quantitatively or qualitatively dif-
ferent from those in the neutral Na,Cl, cluster:

{i) The localized excess electron can play the role of a
pseudonegative ion with appreciable kinetic energy,
which is overwhelmed by the potential energy of the elec-
tron in the field of the ions. Consequently, new nuclear
configurations of the negative cluster, which have no
counterpart in the neutral cluster, will be exhibited.

(ii) Partial neutralization of a single cation by the excess
electron results in the appearance of the high-temperature
configuration of the neutral parent cluster at substantially
lower temperatures for the negatively charged cluster
(compare Figs. 2 and 3 with Figs. 4 and 5).

Effect (i) is observed in the intermediate temperature
range, while both effects (i) and (ii) are exhibited in the high
temperature domain. Consider first the low and intermedi-
ate temperature domains. For the neutral ctuster, the onset
of the first isomerization transition, cube (3D) —ring (2D),
which is exhibited at ~700 K (see Fig. 5) appears already at
~550K for Na,Cl,” [Fig. 1(b)]. The Na,Cl, cluster with
the attached electron exhibits a distorted planar configura-
tion, which is drastically different from its low temperature
configuration. Moreover, this planar configuration of an
open umbrella of the Na,Cl,” differs from any known equi-
librium configuration of the parent neutral Na,Cl, cluster at
any temperature. It is interesting to note that a similar um-
brella-type configuration was found at all temperatures for
the related Na,Cl; cluster over the temperature range 50
K « T <1300 K which was explored by MD simulations
(see the Appendix). Proceeding to the high temperature be-
havior of the Na,Cl, and Na,Cl;” clusters, we have found®

Scharf, Jortner, and Landman: Cluster isomerization

that for Na,Cl, the ring (2D) —chain (1D) transition is
exhibited only at ~ 1250 K, while for Na,Cl;” we have en-
countered already at 750 K the isomerization of the boat
configuration (3D) to an open, bent worm-like configura-
tion [Fig. 2(b)}. At 1000 K the “boat” configuration of
Na,Cl,” becomes planar [Fig. 3(b)] and the chain is elon-
gated [Fig. 3(a)].

The comparison between the energetics of the ions in the
parent neutral Na,Cl, cluster and in the charged Na,Cl~
cluster (Table IT) clearly demonstrates the existence of sub-
stantial higher total energies in the charged system at all
temperatures. Three effects add up to this overall increase of
the total ionic energy: (a) The partial neutralization of the
cations by the excess electron, which somewhat screens the
positive charges and results in a higher potential energy of
the ions in the charged cluster relative to that of the parent
neutral cluster. (b) Small configurational modifications of
the ionic structure of Na,Cl; relative to that of Na,Cl,,
while preserving the approximate cubic structure at low
temperatures, increase both the potential and the kinetic en-
ergy of the ions (Table II). (¢) Configurational relaxation
which breaks the cubic structure of Na,Cl,;” at intermediate
and high temperatures and which is distinct from the behav-
ior of the neutral cluster, results in major modifications of
the ionic potential energy upon electron attachment.

A general trend of lowering the total energy at higher tem-
peratures is exhibited by both charged and neutral clusters.
However, the difference between the ionic cluster reorgani-
zation energy E_, i.e., the difference between the total ionic
energy of the neutral and the charged clusters

E. = E,,, (Na,Cly ) — E,,, (Na,Cl,) (5.1)

ions

becomes larger at higher temperatures. (E. ~1.5eVat 50K
and increasing to £, ~3 eVat 1000 K). Since the total ener-
gy of the attached electron (E,,. in Table }JI) does not vary
appreciably and the ionic energy increases at higher 7, the
total energy QF of the charged cluster increases at higher
temperatures.

FIG. 6. The stable, umbrella-shaped configuration of (Na,Cl,)Cl~, ob-
tained via simulations in the temperature range 50-1000 K, shown from
two different perspectives.
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TABLE V. Energetics of the Na,Cl; as a function of temperature: PE is the potential energy, KE is the kinetic
energy, and E is the total energy. Energies in a.u. (hartree). Standard deviations are given in parentheses.

Na,Cl; : 50K 575K 750K 1000 K
PE —1.1082 —1.0810 — 1.1087 — 1.1062
(3% 10™%) (4x10°% (3x10™%) (9x107%)
KE 1.7x10~? 1.97x 1072 2.51x 1072 3.45% 102
(3x107%) (4%107% 3x10™% (9% 10™%)
E — 1.1065 — 1.0884 — 1.0836 —1.072
(4%x10™% (5Xx10™%) (4X107%) (1x107%)

The variations in the charge distribution associated with
the excess electron with temperature, reflect a “‘transition”
from arelatively extended electronic state at low T toalocal-
ized electronic state at high 7. In the extended state (at 50
K) the excess electron is spread with equal probability over
the four Na * ions. In contrast, the localized state observed
at elevated temperatures exhibits electron localization
around a single cation. It is likely that at the low temperature
domain, symmetry considerations dominate and determine
the mode of localization of the excess electron. Symmetry
breaking effects, induced by the cluster vibrational excita-
tions, prevail at the intermediate and high temperature do-
mains, resulting in configurational changes and in localiza-
tion of the electron around one (or two) Na™* ions.
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APPENDIX

In our classical molecular dynamics simulations of the
system (NaCl),Cl~ the interionic interactions were those
given in Eq. (3.1). The system was equilibrated for 3 X 10°
time steps, Az = 0.5 tu, (1 tu = 1.46 X 10~ "* s), except for
T = 1000 K, where the time step was 0.25 tu and 5x 10°
time steps were required to equilibrate the system. Averag-
ing was performed over the subsequent 5X 10° time steps.

At all the temperatures studied by us the stable structure of
the systems corresponds to an umbrella-type configuration
shown in Fig. 6. The energetics of the system are summar-
ized in Table V.
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