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On the encapsulation of nickel clusters by molecular nitrogen
Pablo Nigraa) and David L. Freemanb)

Department of Chemistry, University of Rhode Island, Kingston, Rhode Island 02881

Dubravko Sabo and J. D. Doll
Department of Chemistry, Brown University, Providence, Rhode Island 02912

~Received 18 February 2004; accepted 9 April 2004!

The structures and energetic effects of molecular nitrogen adsorbates on nickel clusters are
investigated using an extended Hu¨ckel model coupled with two models of the adsorbate–nickel
interaction. The potential parameters for the adsorbates are chosen to mimic experimental
information about the binding strength of nitrogen on both cluster and bulk surface phases of nickel.
The first model potential is a simple Lennard-Jones interaction that leads to binding sites in holes
defined by sets of near-neighbor nickel atoms. The second model potential has a simple three-body
form that forces the model nitrogen adsorbates to bind directly to single nickel atoms. Significant
rearrangement of the core nickel structures are found in both models. A disconnectivity graph
analysis of the potential energy surfaces implies that the rearrangements arise from low transition
state barriers and the small differences between available isomers in the nickel core. ©2004
American Institute of Physics.@DOI: 10.1063/1.1757435#

I. INTRODUCTION

In recent publications Saboet al.1,2 have examined the
effect of encapsulation on the structures of Lennard-Jones
clusters. That work has demonstrated that as a function of the
binding strength and size between unlike atoms, encapsula-
tion can generate new structures and reorder the energies of
core structures. The current publication is an extension of
that work to study the effect of weakly bound adsorbates on
the core structures of nickel clusters.

A motivation for the current work is the experimental
studies by Parkset al.3 who have inferred the structures of
nickel clusters by the adsorption of molecular nitrogen. In
these nitrogen uptake experiments, by monitoring the
amount of nitrogen adsorbed, the number of binding sites
can be determined. By the examination of reasonable candi-
date structures, the number of binding sites can help deter-
mine the structures of the bare nickel clusters. In separate
work Parkset al.4 have found that the binding energy of
molecular nitrogen on nickel clusters for most cluster sizes is
about 0.75 eV, near the 0.3–0.5 eV adsorption energy experi-
mentally determined for the binding of molecular nitrogen
on bulk nickel surfaces.5 Using an extended Hu¨ckel model
parameterized toab initio and experimental information, Cu-
rotto et al.6 have examined the isomer distributions of bare
nickel clusters and have found that the differences between
adjacent isomers are as small as 0.05 eV. The origin of the
small energy differences appears to be Jahn–Teller distor-
tions, and the high density of low energy minima may be
correct even though the details of the potential model itself is
not quantitatively accurate. Because the differences in energy
between adjacent isomers may be small compared to the

binding energy of nitrogen molecules on nickel clusters, it is
natural to ask to what extent the adsorption of the molecular
nitrogen might perturb the structures of the nickel core. In
the current work, we address the extent of perturbation of the
core nickel structures using two potential models. For both
models, the interaction potential between the nickel atoms is
taken to be the same extended Hu¨ckel model used
previously.6 For the interaction between the nitrogen mol-
ecules and the nickel atoms in the cluster, we seek the sim-
plest possible potentials that can be expected to provide
some physical insight. The interaction potential between the
nitrogen adsorbates and the nickel atoms is taken to be first a
Lennard-Jones potential with a binding strength of about 0.5
eV. Because the nitrogen molecules in the spherical Lennard-
Jones model tend to bind to hole binding sites in contrast to
the expected behavior for molecular nitrogen,4 as a second
model we use a nitrogen–nickel interaction with a modified
three-body type Lennard-Jones interaction that is sufficiently
directional that the nitrogen molecules bind directly on the
nickel atoms. While it would be presumptuous to claim that
our results are quantitative, we can at least address the kinds
of effects to be expected in the nitrogen uptake experiments.

The contents of the remainder of this paper are as fol-
lows. In Sec. II, we review the potential models used and
discuss the methods employed to find the global minima and
isomer distributions for each cluster size. We also discuss the
methods used to locate transition state structures that help in
the analysis of the results. In Sec. III, we present our results
for Ni7 with up to seven adsorbates in the two potential
models used, and in Sec. IV we discuss the implications of
our studies.

II. METHOD

The interaction between the nickel atoms is taken from
the extended Hu¨ckel model with the same parameters devel-
oped by Curottoet al.6 We make no effort to review the
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details of the implementation of the extended Hu¨ckel method
here. For the interactions between the nitrogen molecules,
we use the standard Lennard-Jones potential. We have cho-
sen two models for the interaction between the nitrogen mol-
ecules and the nickel atoms. In the first of these models
~hereafter referred to as ‘‘model 1’’!, we again use the stan-
dard Lennard-Jones model

vLJ~r !54eF S s

r D 12

2S s

r D 6G , ~1!

wheres ande are, respectively, the usual length and energy
parameters andr is the distance between a nitrogen molecule
~assumed spherical! and a nickel atom. The specific Lennard-
Jones parameters for this first model along with the param-
eters for the nitrogen–nitrogen interactions are given in
Table I. The interaction parameters between the nitrogen and
nickel atoms are taken so that the binding energy of a single
adsorbate on Ni7 in the lowest energy point on the potential
surface is about 0.5 eV. The Ni–N2 length parameter is the
arithmetic mean of the N2– N2 s parameter and the equiva-
lent s parameter taken from the bond length of Ni2 as pre-
dicted by the extended Hu¨ckel model.

Using model 1, we can observe the effect of spherical
encapsulating adsorbates on the underlying structures of the
nickel core. As discussed below, this spherical Lennard-
Jones model results in multiple nickel atom adsorption sites.
From studies of the adsorption of molecular nitrogen on
nickel surfaces,7 it is believed that nitrogen adsorbs directly
on the nickel atoms owing to interactions between nickel and
the lone pairs on N2. Perhaps the simplest directional func-
tion that we can choose contains an angular dependence of
the form cosn u, wheren is some even power. This angular
function becomes more sharply directional asn is increased.
To retain this simplicity of form, we introduce a second
model ~hereafter referred to as ‘‘model 2’’! that binds the
adsorbates directly on the nickel atoms using a three-body
potential of the form

v3b~r1 ,r2 ,r3!54e3bF S s

r D 12

2S s

r D 6

cos4 uG , ~2!

where r1 and r2 are the coordinates of any two pairs of
nickel atoms,r3 is the coordinate of the model nitrogen mol-
ecule~again assumed to be spherical!, r is the distance be-
tween the midpoint of the line connecting the two nickel
atoms with the coordinate of the nitrogen molecule, andu is
the angle between the line connecting the two nickel atoms
and the line between the midpoint of the line connecting the
two nickel atoms with the coordinate of the nitrogen mol-
ecule ~see Fig. 1!. As is made clear by the data to be pre-
sented shortly, this three-body potential with suitable param-
eters binds the nitrogen molecules directly to the nickel
atoms. The length parameters chosen in this work are iden-

tical to the Lennard-Jones length parameters given in Table I.
The nitrogen–nitrogen interactions are assumed to be the
identical spherical Lennard-Jones model used in the first
case. The only new parameter ise3b in Eq. ~2! which is
chosen to be 2619.6 K, a value that binds N2 to Ni7 with an
energy of about 0.6 eV.

Using both models 1 and 2, we then explore the potential
energy surface for a core of seven nickel atoms and from one
to seven nitrogen molecules. In the case of model 2, the
seven adsorbates take the system to saturation. Our goals in
exploring the potential energy surfaces using each model in-
clude determining if there are reorderings of the core struc-
tures for bare Ni7 by the adsorbates as well as seeking the
existence of new core structures. We also attempt to infer
information about the isomerization dynamics of the system.
In that regard, we seek both the low-lying potential energy
minima as well as some of the important transition states.

To find the low lying minima, we use several methods
both to generate and verify the minima. Our principal
method is the basin hopping approach.8 In basin hopping, the
actual potential energy surface of a system is replaced by a
surface defined so that every configuration within the basin
of a potential minimum has the same energy as the minimum
configuration itself. The basin of a particular potential mini-
mum is defined to be the set of configurations from which
the minimum is reached via some quench procedure. Monte
Carlo moves in this modified surface easily overcome any
barriers that separate the minima, and both the local and
global minima of a potential surface are discovered effi-
ciently using such a Monte Carlo walk. As originally
applied8 to potential functions constructed from pairwise ad-
ditive forces, to enhance the efficiency of the basin hopping
approach, periodically an atom having a pair energy higher
than some fraction of the energy of the atom having the
lowest pair energy is rotated randomly about the center of
mass of the cluster. Because the model used in the current
work contains many-body extended Hu¨ckel forces as well as

TABLE I. The Lennard-Jones parameters used in model 1.

Species e ~K! s ~Å!

N2– N2 91.5 3.681
N2– Ni 1448.2 3.709

FIG. 1. The dark spheres represent nickel atoms and the light sphere repre-
sents a nitrogen molecule. This same shading scheme is used in all subse-
quent figures. The coordinatesr andu are those used in Eq.~2!.
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three-body interactions, an alternative method is required. In
this work, when attempting a rotation, we temporarily repre-
sent the interactions between all particles with Lennard-
Jones pairwise forces, and with that configuration, use the
same pair energy criterion to choose which atom to rotate.
The energy of the rotated configuration is then computed
with the correct potential. The quenches to the nearest local
minimum in the basin hopping approach are executed using
the Fletcher–Reeves–Polak–Ribiere version of the conju-
gate gradient method using the algorithm given inNumerical
Recipes.9 To verify each structure is a true local~or global!
minimum, we further quench the structures using molecular
dynamics on the potential surface with an added dissipative
frictional force. In all cases, we are able to quench the energy
of the structures to at least five significant figures. We initiate
each basin hopping search from a random configuration, and
repeat the procedure with new random starting points using
from 200 to 1000 trajectories.

With the located potential minima, we then seek the tran-
sition state barriers connecting the various minima using the
variant of the eigenvector following method discussed by
Tsai and Jordan.10 Although we apply the eigenvector fol-
lowing method roughly as in the original publication, we
modify the overall procedure slightly so that we can verify
the transition states located as well as discover a few addi-
tional potential minima not found in the original basin hop-
ping search. To apply the eigenvector following method, we
begin the search at any one of the potential surface minima
discovered using basin hopping. We then construct the Hes-
sian matrix using analytic first derivatives with numerical
second derivatives. For the nickel–nickel potential, the
method to obtain the analytic first derivatives is discussed in
Ref. 5. We then follow the paths generated by the eigenvec-
tors of the Hessian in the usual fashion until we either locate
a transition state or execute so many iterations in the proce-
dure that we are convinced that for that eigenvector, the pro-
cedure is not convergent. We verify that we have located a
transition state by diagonalization of the Hessian and confir-
mation that there is exactly one negative eigenvalue. Because
of the weak binding in the systems under study, it is neces-
sary to discriminate between small negative eigenvalues as-
sociated with rotational modes and those associated with true
weak vibrational modes. To distinguish these two possibili-
ties, we form the Hessian using all 3N degrees of freedom
(N is the number of atoms in the cluster! as well as a Hessian
with 3N26 degrees of freedom formed by projection of the
rotational and center-of-mass translational degrees of free-
dom as discussed elsewhere.11,12 We then require that the
lowest eigenvalue in magnitude obtained from the projected
Hessian agree with one of the eigenvalues of the unprojected
Hessian to at least five significant figures. We associate ei-
genvalues smaller than this lowest projected eigenvalue with
the free translations and rotations of the cluster. Of course,
we also verify that there are six such near zero eigenvalues.
When agreement to five significant figures is not possible,
we then quench the structure of the cluster for additional
cycles to further refine the structure.

We find the minima connected by a particular transition
state by following the eigenvector associated with the nega-

tive eigenvalue in two directions from the transition state for
a small step followed by conjugate gradient to the nearest
local minimum. In most cases, one of the two minima
reached with the conjugate gradient step is the same as the
original minimum used to locate the transition state. How-
ever, we have found cases where a transition state located
from a given potential minimum connects two other minima
when conjugate gradient methods are used. To display the
resulting potential energy surface information, we construct
the associated disconnectivity graphs.13,14

III. RESULTS

We begin the current study by examining again the struc-
tures of the bare nickel clusters. In the work of Curotto
et al.6 the structures have been determined using a combina-
tion of a genetic algorithm15,16 and Brownian quenches.17

Using the basin hopping and eigenvector following methods
in the current work, we have discovered several structures
for bare Ni7 not found in the original publication. For com-
pleteness, we display all discovered bare Ni7 structures in
Fig. 2 and give the respective energies in Table II. The no-
tation to identify each structure used here is the same as that
used by Curottoet al.;6 i.e., 7.n represents thenth isomer of
Ni7 . The individual isomers are identified only by their en-
ergy, and structures having chiral isomers are not displayed
or identified separately. Some examples of isomers not found
in the previous work are isomer 7.6, which can be viewed as
a distortion of structure 7.1, and structures 7.26–7.28 that are
similar to isomer 7.24 but with different placements of the
atoms in a near planar configuration. Although structures
7.24 and 7.26–7.28 appear planar in the figure, the structures
are in fact distorted out of the plane. From Table II we see
that, as previously noted, the gaps in energy between adja-
cent isomers are about 0.05 eV or less.

We next examine the structures obtained using model 1.
For the adsorbed structures, we express the energy as the
binding energy of the adsorbate to structure 7.1; i.e., the
energy change for the zero-temperature process,

Ni71N2→Ni7N2,

so that the zero of energy is represented by structure 7.1 and
the nitrogen molecule at infinite separation from each other.
In Fig. 3 we show the six structures of a single adsorbate on
Ni7 that have been discovered to be lowest in energy. The
binding energy of the single adsorbate is 0.4944 eV, and the
energy gaps between the adjacent isomers are on the order of
0.01 eV. These gaps are even smaller than the gaps observed
in bare Ni7 . The lowest energy isomer has a nickel core
identical to the lowest energy nickel structure found in the
bare system; i.e., structure 7.1. For the higher energy iso-
mers, there is some reordering of structures compared to
those observed in Ni7 . In Fig. 3 the second isomer has a
nickel core of structure 7.5 in the bare nickel cluster. The
third and fourth isomers do match the third and fourth iso-
mers in bare Ni7 while the fifth isomer places the adsorbate
in a different location relative to the core than the fourth
isomer and results in significant distortion of the core. The
sixth isomer has a core that matches structure 7.1 but with a
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different placement of the adsorbate relative to the core. In
all cases, the adsorbed atom is located in a hole site and not
bound directly to any one nickel atom.

In Fig. 4 we show the six lowest energy structures for
Ni7 with two adsorbates using model 1. In the case of two

adsorbates, the lowest energy core structure is structure 7.4
in the bare nickel atom system. It is not until the fourth
lowest energy isomer depicted in Fig. 4 that structure 7.1 for
the bare Ni7 cluster appears. As with a single adsorbate, the
gaps between adjacent energy isomers are small, and the
adsorbed atoms bind to hole sites.

In Fig. 5 we present representations of the lowest energy
structures of Ni7 with 3–7 adsorbates. In all cases the lowest
energy structures for the nickel core do not match structure

FIG. 2. The structures of bare Ni7 . The energies corresponding to each
structure are given in Table II. Structures 3, 8, 9, 10, 11, 12, 15, 19, 26, 27,
and 28 have chiral isomers that are not displayed.

TABLE II. The total energies of all discovered isomers for Ni7 in the ex-
tended Hu¨ckel model.

Cluster Total energy~eV!

7.1 217.4335
7.2 217.3851
7.3 217.3473
7.4 217.3250
7.5 217.3064
7.6 217.3014
7.7 217.2871
7.8 217.2837
7.9 217.2620
7.10 217.2234
7.11 217.1914
7.12 217.1902
7.13 217.1886
7.14 217.1851
7.15 217.1850
7.16 217.1764
7.17 217.1544
7.18 217.1398
7.19 216.9582
7.20 216.9434
7.21 216.9250
7.22 216.7783
7.23 216.6258
7.24 216.4594
7.25 216.3338
7.26 215.9435
7.27 215.9345
7.28 215.9143

FIG. 3. The structures of Ni7 with a single adsorbate using model 1. The
structures are given in increasing energy order. The binding energies of the
adsorbate for each structure relative to Ni7 with the adsorbate at infinite
separation are~a! 0.4944 eV,~b! 0.4909 eV,~c! 0.4808 eV,~d! 0.4607 eV,~e!
0.4508 eV, and~f! 0.4338 eV. The small gaps between isomers are on the
order of 0.01 eV.
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7.1 for bare Ni7 . As before, each cluster size has many iso-
mers with gaps as small as those found with one or two
adsorbates. To preserve space, we do not show the detailed
structures for the collection of isomers, but we do give the
binding energies of some of the lowest energy isomers in
Table III. In Table III, Cluster 10.1 represents the first isomer
in energy containing Ni7 with three adsorbates~a total of ten
atoms!, 10.2 represents the second isomer in energy contain-
ing Ni7 with three adsorbates, and so on.

From the small energy differences between the isomers,
it is evident that minor changes in the potential parameters
can be expected to lead to differences in the energy orderings
of the isomers. However, model 1 may not be physically
reasonable for nitrogen adsorption. It is believed that mo-
lecular nitrogen binds to bulk nickel surfaces perpendicular
to the plane of the surface atop the nickel atoms.7 To test the
sensitivity of the results just presented to the geometric con-
straints expected from the binding of molecular nitrogen on
nickel, we next present the results obtained using model 2.

The structures of Ni7 with a single adsorbate in model 2
are represented in Fig. 6. The nickel core for the lowest
energy isomer matches structure 7.1 found in bare Ni7 . The
energy gap between the lowest energy isomer and the isomer
next in energy is larger than found in model 1, and the ad-
sorbate binding site is directly on a nickel atom as expected
for molecular nitrogen. The first and fourth isomers both
have the lowest energy bare Ni7 core structure, with the ad-
sorbate binding to atoms in different positions in the two
cases. The isomer second lowest in energy@structure~b!#
matches structure 7.4 in Ni7 .

The structures of Ni7 with two adsorbates in model 2 are
given in Fig. 7. The nickel core of the second lowest energy
isomer @structure ~b!# has the configuration of the global
minimum for Ni7 with structure ~a! having a core that
matches structure 7.4 for Ni7 . The remaining four structures

FIG. 4. The structures of Ni7 with two adsorbates using model 1. The
structures are given in increasing energy order. The binding energies of the
two adsorbates for each structure relative to Ni7 with both adsorbates at
infinite separation are~a! 1.0119 eV,~b! 1.0012 eV,~c! 1.0011 eV,~d! 0.9815
eV, ~e! 0.9436 eV, and~f! 0.9370 eV.

FIG. 5. The lowest energy structures of Ni7 with, respectively, 3–7 adsor-
bate atoms using model 1. None of the core nickel structures match structure
7.1 in bare Ni7 . The energies of each cluster relative to bare Ni7 and all
adsorbates at infinity are~a! 1.5458 eV,~b! 1.9754 eV,~c! 2.4053 eV,~d!
2.8061 eV, and~e! 3.1560 eV.

TABLE III. The binding energies of some of the lowest energy isomers for
the larger cluster sizes using model 1.

Cluster Binding energy~eV!

10.1 1.5458
10.2 1.5026
10.3 1.4396
10.4 1.4314
11.1 1.9754
11.2 1.9358
11.3 1.9337
11.4 1.9112
12.1 2.4053
12.2 2.3706
12.3 2.3693
12.4 2.3419
13.1 2.8061
13.2 2.8057
13.3 2.7723
13.4 2.7383
14.1 3.1560
14.2 3.1551
14.3 3.1478
14.4 3.1399

FIG. 6. The structures of Ni7 with a single adsorbate using model 2. The
structures are given in increasing energy order. The binding energies of the
adsorbate for each structure relative to Ni7 with the adsorbate at infinite
separation are~a! 0.6038 eV,~b! 0.4528 eV,~c! 0.4360 eV,~d! 0.3804 eV,~e!
0.3605 eV, and~f! 0.3576 eV. The energy gap between the lowest energy
isomer and the isomer next highest in energy is greater than the gap found in
model 1.
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have the same nickel core but with different placements of
the adsorbates. As with a single adsorbate, both adsorbates
bind directly to nickel atoms in model 2.

The structures of Ni7 with 3–7 adsorbates in model 2
that are lowest in energy are given in Fig. 8. With the excep-
tion of structure~e! that contains seven adsorbates, the model
nitrogens bind directly on nickel atoms. Only in the case of
three and four adsorbates is the nickel core structure that of
structure 7.1 in bare Ni7 . The seventh adsorbate in structure
~e! does not bind directly on a nickel atom, but rather
straddles two of the adsorbed atoms. The energy difference
between the structure with six and seven adsorbates is about
0.08 eV reflecting the weak binding between the seventh
adsorbate and the remainder of the cluster@the cores of struc-

tures~d! and~e! are similar#. With seven adsorbates, the only
structure discovered with all seven model nitrogen molecules
bound directly to the nickel atoms is shown as structure~f!
which is the 18th isomer for the system. The nickel core in
structure~f! has the capped octahedral structure characteris-
tic of structure 7.1 in bare Ni7 .

In model 2, as with model 1, to save space we do not
display the structures of all the discovered isomers for clus-
ters having three or more adsorbates. We do list the binding
energies of some of the lowest energy isomers in Table IV.
To understand fully the structures of the potential energy
surfaces in both models, we now examine the disconnectivity
graphs13,14 for Ni7 with and without a single adsorbate. Dis-
connectivity graphs have proved to be useful in understand-
ing the potential surfaces for clusters and other systems hav-
ing complex potential surfaces, and detailed discussions of
their structure and interpretation can be found elsewhere.13

The disconnectivity graph for bare Ni7 is presented in
Fig. 9. It is of interest to correlate the structures observed in
Fig. 2 with the disconnectivity graph itself. As examples,
isomers 7.1 and 7.6, which have similar structures, are di-
rectly connected with a small energy barrier. As another ex-
ample, the structurally similar isomers 7.2 and 7.3 are di-
rectly connected with another small energy barrier.
Structures 7.7 and 7.8 can be formed by small distortions of
structures 7.2 and 7.3, and all four structures are found
within the same portion of the disconnectivity graph. The
energy differences and barriers between structures 7.1–7.18
are small, and these isomers appear connected in the same
portion of Fig. 9 and are all associated with small energy
barriers. We can describe such behavior as glassy. The glassy
disconnectivity graph appearing in Fig. 9 is in contrast with
what is observed in cluster systems with funnel energy
landscapes18 ~e.g., the 13 and 38 particle Lennard-Jones clus-
ters!. Such funnel energy landscapes can exhibit solid to
solid and solid to liquid like phase change phenomena and

FIG. 7. The structures of Ni7 with two adsorbates using model 2. The
structures are given in increasing energy order. The binding energies of the
adsorbates for each structure relative to Ni7 with the adsorbates at infinite
separation are~a! 1.0147 eV,~b! 0.9828 eV,~c! 0.9632 eV,~d! 0.9225 eV,~e!
0.9223 eV, and~f! 0.7926 eV.

FIG. 8. The lowest energy structures of Ni7 with, respectively, 3–7 adsor-
bate atoms using model 2. The binding energies of each cluster relative to
bare Ni7 and all adsorbates at infinity are~a! 1.3552 eV,~b! 1.7211 eV,~c!
1.9542 eV,~d! 2.0953 eV,~e! 2.1753 eV, and~f! 2.1329 eV. The core nickel
structure with three and four adsorbates matches structure 7.1 of bare Ni7 ,
but with the adsorption of additional adsorbates, the core nickel structures
differ from that observed in the bare nickel cluster. The seventh adsorbate
@structure~e!# forms a weak bridge bond to two adjacent adsorbates rather
than to nickel atoms. The 18th isomer of Ni7 with seven adsorbates is shown
as structure~f!, and is the only discovered structure having all seven adsor-
bates bound to all nickel atoms. Structure~f! has the same nickel core as
structure 7.1 in bare Ni7 .

TABLE IV. The binding energies of some of the lowest energy isomers for
the larger cluster sizes using model 2.

Cluster Binding energy~eV!

10.1 1.3552
10.2 1.3537
10.3 1.3506
10.4 1.3466
11.1 1.7211
11.2 1.7090
11.3 1.6962
11.4 1.6871
12.1 1.9542
12.2 1.9440
12.3 1.9154
12.4 1.9151
13.1 2.0953
13.2 2.0896
13.3 2.0837
13.4 2.0821
14.1 2.1753
14.2 2.1723
14.3 2.1722
14.4 2.1664
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can exhibit high temperature peaks in the heat capacity as a
function of temperature.19 In contrast glassy systems like Ni7

show rapid rises in the heat capacities at low temperatures.20

It is of interest to contrast the structure of the disconnec-
tivity graph for Ni7 with graphs for the nickel cluster with
adsorbates. We consider the changes for both models and a
single adsorbate. Figure 10 is the disconnectivity graph for
Ni7 with a single adsorbate using model 1 for the interaction
potential between the nickel and the adsorbates. As with bare

Ni7 it is useful to correlate the form of the disconnectivity
graph with the structures displayed in Fig. 3. The closest
connection between the global minimum shown as~a! in Fig.
3 is structure~c!. The close connection between structures~a!
and ~c! at first is surprising considering the similarities be-
tween structures~a! and ~f!. However, on close examination
of the structure of the transition state connecting~a! with ~c!,
we find that the transition state structure is characterized by a
modest modification of the core structure of~a!. The adsor-
bate does not change its position significantly. In contrast,
the transition state connecting structures~a! and~f! involves
the motion of the adsorbate, and the energy of this transition
state is higher than the transition state connecting structures
~a! and ~c!. The disconnectivity graph shows many minima
and transition states quite close in energy, and the system is
clearly much glassier than observed in bare Ni7 . The glassy
nature of this mixed system reflects similar observations in
other mixed systems.21

In Fig. 11 we see the disconnectivity graph for Ni7 with
a single adsorbate using model 2. As mentioned previously,
the energy gap between the lowest energy isomer and the
next adjacent isomer in energy is larger than the gap ob-
served in model 1. These larger energy gaps are evident in
Fig. 11 which is characteristic of a less glassy system. The
closest link between the global minimum@structure~a! in
Fig. 6# is the fourth isomer@structure~d! in Fig. 6#. All of the
first nine isomers in model 2 are linked by low transition
state barriers, and the disconnectivity graph has a funnel
structure but with low energy barriers.

IV. DISCUSSION

It is evident that by using both potential models intro-
duced in this work, the extended Hu¨ckel model for nickel

FIG. 9. The disconnectivity graph for bare Ni7 in the extended Hu¨ckel
model. The ordinate axis displays the total energy of each cluster and the
numbers label the lowest 18 minima.

FIG. 10. The disconnectivity graph for Ni7 and a single molecular nitrogen
adsorbate in model 1. The ordinate displays the total energy of each cluster.
Only the 35 discovered structures that are lowest in energy are shown with
the 20 lowest labeled in energy order.

FIG. 11. The disconnectivity graph for Ni7 and a single molecular nitrogen
adsorbate in model 2. The ordinate displays the total energy of each cluster.
Only the 35 discovered structures that are lowest in energy are shown with
the 11 lowest labeled in energy order.
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can change the isomer distribution from that found in the
bare Ni7 system by the adsorption of species having potential
parameters qualitatively in agreement with those expected
for molecular nitrogen adsorption. The lowest energy isomer
for bare Ni7 is a capped octahedron, and the capped octahe-
dral core is found only with the addition of a single adsorbate
in model 1 and with the addition of one, three, or four ad-
sorbates in model 2. The reordering appears to be a conse-
quence of the small energy differences between isomers for
bare Ni7 and the large size of the perturbation from the ad-
sorbed molecules.

We have examined the disconnectivity graphs for bare
Ni7 as well as Ni7 with a single adsorbate whose interaction
with nickel is represented by both models 1 and 2. All three
disconnectivity graphs have a glassy structure, with model 1
showing the lowest energy barriers between minima of the
three cases studied. In studies of thermodynamic properties
of such systems, low energy barriers produce a rapidly rising
heat capacity at low temperatures. Such effects have been
seen quantitatively in studies of the heat capacity of Ni7

20

using the same potential model. The glassy structure of the
potential energy surface results in significant structural modi-
fications of the core nickel structures by adsorption.

In the experimental work of Parkset al.,3 careful argu-
ments are given to demonstrate that the inferred structures of
bare nickel clusters are unchanged by the adsorption of ni-
trogen. The purpose of this work is not to refute those argu-
ments. Our potential model is certainly not sufficiently accu-
rate to claim that nitrogen induces significant isomer
reordering in real nickel clusters. The imaginative nitrogen
uptake technique is one of only a few experimental methods
available to infer or determine the structures of small clus-
ters. What we can claim is isomer reordering may prove to
be important for systems with similar energetics, and a care-
ful analysis is required in all such cases.
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