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Modelling ionic nucleation in small neon clusters
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Abstract

The structural properties of some of the smaller ionic clusters of neon atoms,(Me< n < 10) are examined using
different kinds of modelling for the interactions within each cluster. The results of the calculations, and the physical reliability
of the methods, are discussed in comparison with earlier theoretical results and with experimental data. In spite of the simplic
of our model the present treatment is able to reproduce all the important features known for these clusters. (Int J Mass Spect
220 (2002) 193-209)
© 2002 Elsevier Science B.V. All rights reserved.

PACS 36.404d; 34.20-b

Keywords: Nucleation; Clusters; Modelling

1. Introduction completely clear and, to the best of our knowledge,
no experimental information of direct relevance for
In the last years much attention has been paid to the establishing its ground state geometry seems available
rare gas ionic clusters Ry from both the experimen-  at the moment. From the theoretical standpoint, the
tal and theoretical points of vie{t—3]. All the studies calculations investigating the Meé features were per-
so far suggest that these Rgclusters consist of an  formed using diatomics-in-molecules (DIME&] and
arrangement of neutral, or almost neutral Rg atoms ab initio methodg44,6—9] The DIM results of Kuntz
which are attracted by polarisation forces and, to a and coworkerg5] predicted for the ground state ge-
lesser degree, by dispersion forces to a charged centrabmetry the T-shape configuratiorC4,) while the
moiety Rg ™. The main problem is the size and struc- MRDCI results of Hogrevg6] the asymmetric linear

ture of such ionic cores. Compared to,Heand Ar, T, one Cooy)- In both cases the charge is markedly delo-
the number of papers dealing with Ne clusters calised (more than 90%) on the two neon atoms bound
from a theoretical point of view are much fewdr9] at a distance very close to that of the isolatecyNe
and, furthermore, neon systems are less well studied molecule. The ab initio polarisation Cl calculations of
experimentally than other rare gas clustgi8—13] Wadt[4], the coupled clusters calculations of Naumkin

Even for the triatomic ion, Ng", the situation is not  and Waleg7] and the recent results of Urban et[8l,
performed by means of third-order multi-reference
* Corresponding author. E-mail: fa.gianturco@caspur.it many body-perturbation theory (MR-MBPT) predict
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instead the linear symmetric configuration for the by a dimer ion with a distance between the two neon
ground state with a more shared delocalisation of the atoms practically identical to that of the isolated;Ne
charge over the three atoms. Larger clusters,fNe  molecule. We therefore decided to model the global
n > 3) were studied using DIM methods,7] and interaction potential within these clusters as sums of
with a DFT approach (the latter by us in a previous pairwise potentials, i.e. to approximate the full set of
paper[8]). Although there are some differences in the forces as the sum of the individual interactions be-
results presented by those three papers about the eniween a Ne™ and the relevant number of neon atoms,
ergetics and the features of the structures found as thenamely for a generic N& cluster, write
most stable ones, there is general agreement in stating n

- Z Vi

i=3

n
lemer

L ij
that the ionic neon clusters, at least for the smaller Viar Ney*—Ne) T ZV(Ne—Ne)

aggregates, are built around a diatomic core on which i<j
nearly all the charge is localised. The remaining neon iz3

atoms are located either in the bisecting plane per- in which the first term is the sum of the interactions
pendicular to the dimer axis (up to five atoms), or in the Ne™ system considered as a rigid rotor, and
further out in the apical positions along that axis. Our the second term is the sum of the interactions be-
previous work on Ng" clusters, thereforg8] gave tween two neutral neon atoms. We therefore need to
results in good agreement with the previous dBes] set up the relevan\t’("Nez+ —Ne) and theV('f\le_Ne) inter-
although the computational effort required for a fully

@)

actions. For the calculation of the interaction which
ab initio geometry and energy optimisations of larger views Ne™ as a rigid rotor system, we have used the
DFT approach known as the Half & Half method of
Becke (sed14] and references therein) in which the

exchange-correlation energy is given in the form
2

where Ex is the exchange energy of the Slater de-
terminant of the final Kohn—Sham orbitgl$5] and
ELSPA is the local spin density approximation cor-

size clusters, even at the DFT level, rapidly becomes

prohibitive. In the present study we have therefore
decided to examine instead the reliability of using an
approximation to the global interaction between neon

atoms inside the cluster given by the sums of pairwise
potentials, as we shall describe in the next section.

This treatment will allow us to make a comparison

between the most stable structures we shall find with

Exc = Ex + E(L;SDA

such an approach and the ones already present in lit-relation functional. After a preliminary optimisation

erature. We could then use it as the starting point for of Ne;™ molecule that gave a ground state distance
the study of larger clusters, were the quality of this of 3.276a.u. (in good agreement with earlier find-
approach to be confirmed. In the following section we ings[7-9]), we computed the potential energy surface

describe the computed anisotropic potential energy (PES) for the Ng* system using the familiar Jacobi

surface for the Ng= system and our approximation
for the interaction forces, while isections 3-5wve
present the method used for the optimisation, our
final results and a comparison of them with earlier
calculations and with an alternative model approach.
Our final conclusions are then presentedettion 5

2. Theinteraction forces

As mentioned earlier, all previous calculations
found that in Ng™ complexes the ionic core is given

coordinates (see upper part big. 1 for their defi-
nition), holding the molecular coordinate fixed at
the optimised distance of the Meisolated molecule
and carrying out the calculations for 127 valueskof
(the distance between the centre of the dimer and the
third neon atom) between 3.0 and 13.0a.u. and seven
values of the anglé. For the long-range part of the
potential we employed its polarisation tail by taking
the experimental value of the dipole polarizability of
the incoming Ne atorfiL6]. We can see frorfig. 1the
strong angular anisotropy shown by this PES: there is
a deep minimum occurring for the collinear geometry
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Fig. 1. The surface for the rigid rotor Ne system: the computed curves for the seven different angles are shown. In the upper panel the
Jacobi coordinates are presented.

(6 = 0°), corresponding to the asymmetrical linear using only atomic potentials with an ionic atomic core
trimer, and a shallow minimum corresponding to the in order to see how well the results appear to describe
T-shape arrangemenf & 90°). For the Ne—Ne neu-  the final ionic clusters in this simplified picture. There-
tral interaction (/(',’\‘e_Ne) in Eg. (1) we used the ac-  fore, the total potential of this set of calculations was
curate interatomic potential given by Kleinekathtfer given as

et al.[17] based on the Tang—Toennies mogkd].

- . atom|c ij
To further extend our comparison, we also decided to V- Z (Net—Ne) Z ViNe—Ne) ®)
model the total interactions in an alternative way, i.e. ﬁjé
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Fig. 2. The potential energy curves for Nand Ne*. The Ne potential is magnified by 20
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where the first term on the RHS is the interaction
potential for isolated Ne-Ne and the second one is
the same neutral interaction as kug. (1) We com-
puted theV("Ne+ —Ne) part of Eq. (3)using an accurate
one-dimensional potential curve within the coupled
cluster theory, choosing single and double excitations
(CCSD). We show this curve iRig. 2, where we also
report the Ne potential, magnified by a factor of 0

in order to have both curves on the same plot.

3. The optimisation procedures

Having set up all the necessary interaction poten-
tials, the next task is to employ them for the geometry
and total energy optimisation process. First of all, we
rewrite theV("NeZ+ —Neo) potential via the usual Legen-
dre angular expansion

12

ViNeyt—ne = V(R 0) =Y Vi(R) P, (cost)
=0

4

wherei will take only even values due to the symme-
try of the system. We then employed a simple steep-
est descent algorithm that makes use of #i1°" as
given inEq. (1) In this case (which we shall call from
now on the ‘dimer—atom (D—A) optimisation’ for the
sake of brevity) we hold fixed the N& bond distance
and we leave out from the calculations the first two
atoms which will constitute the charged core and are
positioned midway along the axis as inFig. 3. We
use a cubic spline for th&y, y, terms ofEq. (1)

in order to have an analytical representation of the

X

Fig. 3. The orientation of the dimer core with respect to the
Cartesian coordinates system used in our calculations.
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dimer—atom potential, and write down the first deriva-
tives of V(R, 0) in Cartesian coordinates

vV avav aV 9 coshd 5)
dx;  OROx; 0cosd dx;
where
A% Xi
— = P (cosf)V/(R
™ R; . (C0S9) VS (R)
— BN Pl (cosh)Vi(R) (6)
R3 £ -

As input geometries in the calculations we take all the
structures obtained from our previous work, both local
minima and global minima, and the optimised geome-
tries of Naumkin and Walef/] (called from now on

the ‘DIM structures’) which will be analysed in detail

in the next section. The ones previously found by us
[8] will be called the full ab initio potential structures,
as discussed in the next section. The structures opti-
mised with the latter method will be further compared
with the ones we have obtained via the alternative op-
timisation method given by the OPTIM code by Wales
(se€[19] and references quoted therein for a complete
discussion of the method) implemented by us for our
potential, and using the potential first and second
derivatives in Cartesian coordinates required to yield
the analytical expression of the Hessian. The method
is basically an eigenvalue following method which
is particularly suited for multi-dimensional potential
landscapes that contain several shallow basins as is the
case here. The structures we computed using both pro-
cedures are found to be nearly identical to the previous
ones so that combining the two different optimisation
methods assure us of a better consistency of our re-
sults. We also observed that the energies for the struc-
tures found with the OPTIM code are always lower
than those ones obtained with our steepest descent al-
gorithm. Even much clearer is the situation for the op-
timisation using thé/T""g’Tmnglobal potential (from now

on the ‘atom—atom (A—A) potentials optimisation’):
the steepest descent algorithm is very sensitive to the
initial geometries and very different structures are
obtained when starting with different input arrange-
ments, while the use of OPTIM always yields the same
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structures (and always lower in energy) regardless of second shell. In the work described[if] the global
the initial geometries. Such results are not really sur- minimum structures are those in which one finds the
prising as the steepest descent methods are known tgoresence of a linear tetrameric unit (basically the low-
often fail for interaction potential situations as those est optimised geometry for the e cluster) around
we are analysing here. Therefore, in the next sections which the other neon atoms start to locate themselves
we will show only the geometries we found using the until they have filled the first shell (N&, with five
OPTIM method and will discuss in detail the features neon atoms in the perpendicular plane). For all these
of these structures, comparing them with previous clusters the tetrameric unitis always present (up o
findings. 10) as it can be seen in the upper panel&igk. 5-7
where we report the findings of Naumkin and Wales
[7]. On the other hand, the results obtained5¢8]
are quite similar with each other in that they found
the most stable structures to be the ones in which the
perpendicular plane is filled at first (bie to Ne;™)
and then the second shell starts to be filled gNe
Before starting to examine our results we need to to Nejg™). The results of8] are shown on the low-
provide a general overview of the features of thg Ne  est panels ofigs. 5-7 Although we refer tq8] for
structures studied so far from a theoretical standpoint a more detailed discussion of these results, we just
[5,7,8] The main differences between the results of want to stress here that the structures which in one

4. Analysis of results

4.1. The optimised structures

Naumkin and Wale§7] and the findings i15,8] (for
Ne, ™ with 4 < n < 10), are with the clusters up to
Ne;*. Referring toFig. 4, in which a general cluster

case[7] are found as local minima are in the other
case[8] the global minima and vice versa (see up-
per and lower panels iRigs. 5 and § while for the

is taken as an example, we can talk about a processlarger clusters irFig. 7, we see that both the top and

of filling shells in competition with each other, where
the almost neutral neon atoms (thred-ig. 4) located

in the plane bisecting perpendicularly the dimer core
axis are in the first shell, while the neon atoms in the
apical positions (two irFig. 4) are taken to be in the

Fig. 4. A generic Ng* cluster with the distance parameters used
in the calculations and discussed in the main text.

bottom panels yield similar structures as global min-
ima. The results become therefore the same fgr'iNe
Neg* and Nag™, as clearly seen there. If we now use
all the findings as input for the dimer—atom optimisa-
tion mentioned before, we obtain the results shown in
the middle panels dfigs. 5—7 With the modelling of
the full interaction potentials we therefore get results
similar to those of7], i.e. the most stable structures
show the presence of the tetrameric unit up tgNe
and the remaining clusters 8 n < 10) show struc-
tures in good agreement with the previous findings. In
Fig. 8 we further show what we found for the opti-
misation procedures in which the atom—diatomic total
potential is given for 4< n < 7 and compared with
the full, ab initio optimisation procedures. One clearly
sees that the local minima provided by the ionic dimer
core modelling are very similar to the actual global
minima given by the total optimisation procedure, a
point which we shall further elaborate on in the fol-
lowing discussion. If we now compare the findings
with the global minima which are produced by using
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Fig. 5. Ne* and Ne* clusters: in the middle panel we report the present results.
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Fig. 6. Ng* and Ne™ clusters. Middle panel: dimer—-atom global minima. Also shown the DIM struc{ifiesipper panel, and the local
minima obtained ir8].
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Fig. 8. Ne"—Ne; ™ local minima obtained here and, on the right, the full ab initio potential global mifigha
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atom-atom potential global minima

Fig. 9. Structures found for atomic potentials modelling of the global interactions.
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the atom—atom model, it appears immediately evident centre of the dimer core and each of the neon atoms

(see Fig. 9) that the atomic modelling brings struc-
tures completely different from all the ones already
discussed and obtained either by global optimisation
of the clusters or by assuming an ionic core at their

located in an apical position. It helps us to label the
second shell of solvent atoms surrounding the ionic
core. InFig. 10 we further reportd and d’, which
here represent the mean values of the already defined

centres. In the following we will try to analyse the

similarities more in detail and try to extract from our

calculations further indicators for the evaluation of the
cluster features.

distances within each particular cluster. Tte rep-
resent the values of the bond distance in each ionic
core along the series of clusters, a parameter seen to
be markedly smaller than any other distance between
partner adatoms. We further show for comparison, in
Fig. 11, the corresponding quantities obtained from
our previous calculations, where we used the full ab
initio potential optimisatiorn8]. One sees clearly there
tures found within our modelling of the global in- that the shell pattern features are substantially main-
teractions as given bigs. (1) and (3)we proceed  tained and semiquantitative agreement is achieved
next to a systematic comparison between our findings between the results from the two methodsFlg. 10

and the previous resul{g,8]. In Fig. 10 we report the r distance is reported just for completeness as
the relevant distances which help us to characterize it was kept fixed in the calculations, where we have
the shape of the clusters, plotted as a function of the left this degree of freedom frozen to its value for
cluster size. The results are those obtained by em-the isolated Ng" molecule. The main difference be-
ploying the dimer—atom potential. As presented in tween the two sets of calculations given Bigs. 10
Fig. 4, d is the distance between the centre of the and 1lis that the structures obtained with the model
dimer core and each neon atom located in the perpen-potential are somewhat more compact, that is in
dicular plane, a parameter which helps us to define each of the clusters th# values are closer to the

the first shell. Thed’ is the distance between the Vvalues. We cannot make a significant comparison for

4.2. Further comparative features

Having discussed all the minimum energy struc-

Saq4fp ToT ST T T T T T T T T e T
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Fig. 10. Average distances of the global minimum structures (fromi*Ne Neyp™) from dimer—-atom model optimisations. The distance
of the dimer core was held fixed (3.276 a.u.).
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the geometries obtained with atom—atom potential normalised to the largest one, i.e.fif < Iy < Ic =
modelling since the latter structures lack a similar shell Inax, then we take
structure, as shown blyig. 9, and are very different . I

from those just discussed. We can argue that the driv- Ia= Imax )
ing force in the last case acts to locate as many neon

atoms as possible at a distance near to the equilibrium

value for Ne™ (about 3.3a.u.), a tendency balanced I, = T (8)
only by the residual repulsive interactions between Tmax

each other. We see therefore that with the Neluster In Fig. 12we report/; (upper part) and, (lower part)

this special first shell is completed. As a consequence as a function of the cluster size for the structures in
of it, the Ng™ to Neyo™ structures (middle and lower  which we found the presence of the linear tetrameric
panels offFig. 9) are not nearly as symmetric as the unit, and for the geometries obtained with atom—atom
previous ones and it is therefore difficult to discern potential modelling (square symbols): in the case of
a second shell when only the atom—atom potentials the results obtained via the dimer—atom potential the
are employed. On the other hand, we have found herevalues of the moments of inertia are seen to be quite
that the results obtained via the dimer—atom potential similar with the findings of7,8]. On the other hand,
modelling give final geometries, for the lowest en- the results obtained via the atomic potentials are very
ergy structures, in agreement with the findingg4f far from the others. The same analysis, given by
although slightly different from what we had found Fig. 13 can be made for the structures in which the
earlier[8] using a full ab initio potential. Hence, an neon atoms first locate themselves in the perpendic-
additional type of comparison can be made by now ular plane. The agreement between the dimer—atom
looking at the behaviour of their corresponding mo- potential and the full ab initio optimisations is quite
ments of inertia and doing it for all the optimised good. As a further demonstration of the reliability of
structures. We report these resultsHigs. 12 and 13 using the atom-diatom interaction model, we show in
In order to make a comparison which shows more Fig. 14the single atom evaporation energies plotted as
clearly relative changes, the moments of inertia are a function of the cluster size. The experimental values
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Fig. 12. Comparison between ‘normalised’ momenta of inertia of Fig. 13. Comparison between ‘normalised’ momenta of inertia of
the present results with those from the configuration§7¢]. local minima from present results with those from the configura-
tions of [8].
given by open, unconnected circles are fr¢h0] between the two measurements: the datf 6f sug-

while the filled-in circles without connecting lines are gest an average value of about 32meV form <9
from [20]. Within the calculations, the main differ-  while the newer data of20] indicate a much more
ence which we now see is the reduced effect of magic structured behaviour which suggests an average of
numbers for the DIM optimisation, in the sense that 60 meV per atom. Our calculations with the ab initio
this approximation cannot detect the sudden changesmethods show the most structured data and all calcu-
in the energy values for = 10 as shown by both the lations indicate an average value of about 45 meV per
ab initio optimisation[8] and the dimer—atom poten- atom.

tial of present work. The fact that the sudden variation ~ Another point of interest could be to analyse the
of the evaporation energiesat= 10 shows opposite  range of the differential energetics with the various
sign between the ab initio and the atom—diatom poten- potentials employed to analyse the small cluster struc-
tial results could be attributed to the fact that the latter tures. For this purpose, we reporthig. 15the com-
modelling favours the dimeric core, thereby increasing parative behaviour of the ionic clusters with<dn <

the energy required to evaporate one atom with respect?7, obtained using the dimer—atom interaction model
to the case where a tetrameric core is present (see(upper panel) and the full ab initio potential (lower
Fig. 7). A comparison of the calculations with the two  panel). The energy values shown there are given in
sets of experimental data shows that all of them fall units of meV and correspond, for eaelvalue, to the
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Fig. 14. Comparison of the single atom evaporation energies obtained from the different calculations. The experiments are given by the
unconnected open circld$0] and by the unconnected filled circles (frd@0]).

modulus of the difference between the energy of the tions indicate that, at least for the smaller clusters, the
local minimum structure and that of the correspond- growth occurs by the addition of a finite number of
ing global minimum structure. The dimer—atom re- Ne atoms either around the dimer axis or at the two
sults consistently show that the global values are lower apical ends of it. It therefore becomes of interest to
than the local ones by an energy range which is about see what information could be gathered if we were to
three orders of magnitude larger than the range exist- create an even simpler modelling of the interatomic
ing for the ab initio potential calculations. Hence, itis forces within the cluster based on the findings. In the
fair to say that the interchange of cluster shapes seenfollowing we will describe and analyse the outcome
before when going from the model potential results of using a simplified interaction which we shall call
to the ones from the ab initio potentials are mainly the polygon growth model (PGM). In this approach,
due to the existence of a smoother potential energy a core of two atoms and a positive charge is located
landscape produced by the latter calculations in com- along thez Cartesian axis of the cluster. The neutral
parison with that given by the former. In the case of adatoms are then gathered in a number of polygons
the model potential, therefore, local configurations get with equal sides that are placed as perpendicular to
locked-in much more efficiently by its more strongly the dimer corez axis, as depicted ifrig. 16 Their
“corrugated” energy landscape given by the use of the geometry is therefore defined by: (i) the distance of

addition of analytic potentials chosentg. (1) each polygon’s centre from the origin of thexis, dp,
and (i) the radius of the polygomy. The interactions
4.3. The polygon growth model (PGM) between the neutral atoms of each polygon use the

atom-atom neutral potential discussed before, while
What we have found through the previous analysis the interactions of those atoms with the ionic core em-
is a general agreement between various calculationsploy our diatom—atom potential as described earlier.
on the fact that a dimeric ionic core is at the centre of The structural energies can then be computed for each
the network of neon atoms. Furthermore, our calcula- {rp, dp, n} set of values. To begin with, we only look
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here at the systems with one polygon. Since two atoms
are already used for the core,represents now only
the number of neutral atoms and therefore any given
corresponds to an Ne,™ cluster. For each, value,

Fig. 16. Parameters characterising the polygon growth model
(PGM).
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the corresponding radiug is optimised with respect
to the total energy, to find the global minimum energy
structures. The results ¢fig. 17 show the behaviour
of the total energy, in units oEnin/n to make the
comparison easier, as a function of the polygon dis-
tance from the centre of charges and for the number
of atoms in each polygon varying from= 2 up to

n = 12. The data irFig. 18report the optimum sides
of the polygon, as a function ef,, and for the same
set ofn values. A combined perusal of the results al-
lows us to state the following:

(i) the stabilisation energy of the polygon decreases
dramatically when more adatoms appear initand,
whenn reaches beyond five atoms, it becomes a
very smooth function of thel, value, reaching
its optimum stabilisation whed, = 0, which
is what the previous, more complex calculations
had found,;

(i) when the optimised radii are transformed into
length of sides of each polygon, the data show
that, aftern = 5, all clusters tend to form poly-
gons where the neutral-neutral distance remains
around 5.7 a.u. and the optimisation is best when
dp goes to zero;

(i) small clusters up to: = 5 (Ne; 1) are relatively
the most stable clusters and their distances to the
centre of charges are optimised around 4.5a.u.,
remarkably close to the results of the previous
section.

Thus, it seems that this simple model is already pro-
viding confirmation of specific features of the more
complex calculations, e.g. (i) the first shell is in the
middle of the dimer core and orthogonal to its axis, (ii)
the optimum size of it is with five atoms and (iii) its
best size is that which keeps adatoms at a relative dis-
tance from the axis of about 4.5 a.u. We are currently
extending it to larger systerhsvith a larger number

of polygons, finding that the latter shapes indeed con-
tain an optimum number of adatoms beyond which the
next polygon starts to be filled in. In other words, we
see the clusters growing along a preferential growth

1F.A. Gianturco, E. Yurtsever, F. Sebastianelli, in preparation.
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axis defined by the charged dimer core instead of fol- neon clusters up to 10 atomic partners. We had dis-
lowing the more spherical growth of neutral clusters. covered already from previous calculatiofts7,8]
(which used different methods for constructing the
full interaction) the presence of a dimeric ionic unit
5. Conclusions where the great majority of the charge is localised.
We therefore decided to model the full interaction in
With the work described in the previous sections a way that could realistically resemble this feature
we have analysed the most likely structures of ionised by choosing the full potential as a sum of Ne-Ne
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and Ne-Ne interactions. The qualitative picture that follows that to employ the present pie-Ne poten-
emerges from our calculations allows us to draw the tial modelling provides a reasonable starting point for
following conclusions: studying larger clusters for which a full ab initio op-
timisation is currently outside the range of computa-
tional capabilities and which can thus be obtained us-
one with the other two neon atoms positioned at jn the present approach. This analysis is the subject

aldistance of abput 5.4' a.u. from the centre of the of the work presently in progress in our group (see
dimer core, that is the first two atoms locate them- footnote 1).

selves in the second shell.

2. The successive positioning of further neon atoms
(Nes™ up to Ng™), for the most stable structures,
begin in the bisecting plane perpendicular to the
dimer core, i.e. the first shell starts to be filled until ~ The financial support of the Italian Ministry for
there are five neon atoms in this plane (the max- University and Research (MURST) and the CASPUR
imum possible value for balancing the repulsion computing Consortium is here acknowledged. We are
forces between two neon atoms). also grateful for a collaborative research grant awarded

3. With the two biggest clusters which we are consid- Within the CNR (Italy)-TUBITAK (Turkey) Scientific
ering here, Ngt and Neo™, we see that a second agreement for the year 2000-2001.
shell along dimer axis direction and higher up from
the charges gets to be filled with four neon atoms. References

4. The atom-atom potential modelling, séq. (3)

1. The most stable structure for Neis the linear
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