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Abstract. We performed a systematic investigation of the small BN, (z+y < 6) clusters using the ab initio
Hartree-Fock scheme plus second-order perturbation theory. The nature of the potential energy surface
extrema are analyzed through analytical total energy second derivatives. Ionization potentials, binding
energies and the stability against some possible reaction mechanisms are calculated. Based on these results
we propose that the growing process for these clusters is mainly due to the successive incorporation of BN
molecules. A discussion of some mass spectrometry experimental results is also presented.

PACS. 36.40.-c Atomic and molecular clusters — 36.40.Qv Stability and fragmentation of clusters

1 Introduction

The last two decades have seen a great development in the
area of small particles and nanosystems. Theoretical and
experimental studies revealed the properties of a diversity
of these new systems whose interest lies mainly on the fact
that their properties are size dependent. This characteris-
tic feature makes clusters a suitable field to the search of
materials exhibiting new and specific properties.

Among the possible clusters, the elemental ones are ob-
viously the simplest and have been the most extensively
studied and characterized. In fact, much is known today
about elemental clusters of alkali metals, noble gases, car-
bon, silicon and gold among others [1,2]. Binary clusters
present an additional difficulty, as compared to the ele-
mental ones. This is related to the fact that, for a given
configuration of a N-atom clusters, there will be N + 1
compositional possibilities for binary clusters and only one
for elemental clusters. Obviously, the complexity increases
as one goes on clusters composed of three, four etc., dif-
ferent elements.

Our interest here is centred on small binary boron ni-
tride clusters. Two main reasons guided us in this study.
The first and more basic one is to understand the prop-
erties of these systems with the variation of their sizes. It
is expected to be possible to extract some physical rules
that could explain the process by which the properties
change until their bulk values. Secondly, we aim to be
able to characterize the molecules present in the growing
process of thin films of cubic boron nitride. This material
exhibits very interesting properties for both coating and
electronic devices like extreme hardness, low chemical re-
activity, high thermal conductivity etc. [3].

These clusters have, in fact, already been experimen-
tally [4-8] and theoretically studied [9,10]. In these the-
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oretical studies, however, the authors focused mainly on
the characterization of each individual clusters. Here we
are interested at the general behavior of these clusters as
one changes their composition and/or number of atoms.
In section 2 we present the adopted theoretical methodol-
ogy. Section 3 briefly presents the results for each cluster
together with an analysis of some fragmentation reactions
and a discussion of the experimental results. Finally, our
conclusions are presented in section 4.

2 Methods

We employed the same theoretical methodology to study
all the considered clusters. This allow us comparisons
among the results for the different species. The molec-
ular orbitals are represented by a linear combination of a
double-zeta quality basis set [11] incremented by two po-
larization functions. For the open shell systems we start
the calculations within the UHF scheme. However, in the
presence of a significant spin contamination, the ROHF
scheme was adopted. The geometry optimization proce-
dure started from several different highly symmetric poly-
hedra obtained using the Polya’s theorem [12]. No sym-
metry constraints are imposed on the wavefunction during
the geometrical search. The nature of the obtained poten-
tial energy surface extrema are analyzed through analyt-
ical total energy second derivatives and the harmonic vi-
brational frequencies are determined [13]. Once found the
local minima, a second order perturbation theory (MP2)
calculation is performed to evaluate the electronic corre-
lation contributions and to obtain ground state configura-
tions.

All calculations are performed using the GAMESS
code [14].
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Table 1. Calculated total electronic states, interatomic distances, point group symmetries and fragmetation enthalpies, in eV,
for the studied clusters. Positive (negative) values indicate that the cluster will dissociate (not dissociate) under the specific

reaction.
Species  Term Distances (A) Point group Fragmentation enthalpies (eV)
BN, (1-2) (2-3) (3-4) (45) (5-6) (X+Nz2) (X+N) (X+B) (X+BN) (X+B2)
B, Y, 168 Deon -2.01
BN 81 1.32 Coow -314 -3.14
N; 'Tr 110 Deon ~17.29
B3 2A% 1.61 Day, -3.94 -3.94
B2N iyo 132 Doon -1.55  -9.13  -9.13
BN, 2, 131 Doon 0.08 -4.81  0.08 —6.90
By A, 1.55 Dap, ~5.43 ~7.60
B:N Iyt 180 126 1.39 Coou ~5.74 842  -10.25 -10.25
BaN, S 1.32 136 1.26 Coov -3.26 -548  —12.96
BN; Iyt 110 143  1.24 Coov —5.59 -5.10 —5.59
Bs 2Ay 1.60 157  1.59 Cay -3.33 -7.00
B4N ZA” 134 138 168 155 Cs -3.07 277  —9.09 ~3.90
BsNa 2yt 130 131 132 1.30 Coou -598 -560 —9.44
BaNj nn 1.38 126 1.36 1.20 Coou 2.20 -097 -135 -7.03
BNy ’n 117 132 133 117 Coov 1.12 ~1.94
Be 354, 165 169 156 C; -3.86 ~5.43
BsN 'A; 152 164 1.36 Cay -6.06 -6.31 —9.97 -7.33
B4Ng Iyf 140 126 1.64 Doon -7.85 -4.65 —11.20
B3N3 AL 136 D3 -491 -950 —11.09
BaNy A7 109 153 138 149 133 C 1.10 ~4.34 375
BN; Ay 109 159 155 123 1.63 Cy 4.05 -0.41

3 Results found the correct 329’ ground state. The B-B distance

Table 1 presents the point group symmetries, total elec-
tronic states, the calculated reaction enthalpies for some
fragmentation processes involving the studied clusters,
and the interatomic distances related to the schematic rep-
resentation of the minimum energy configurations shown
in figure 1.

Noteworthy is the fact that, although we employ a not
so elaborated correlation approach (MP2) in our calcula-
tions, the results presented in table 1 are seen to be in good
agreement with those obtained using more sophisticated
and computationally demanding correlation methods [9].
The special case of diatomic molecules shows to be the
most difficult to pursue through the adopted approach.
Except for the Ny molecule, which presents no problems
in finding the correct ground state, the other two required
a careful investigation. For each starting geometry, i.e., at
each considered initial interatomic distance, and they were
several, we performed optimization calculations on a set of
different electronic configuration. Applying this method-
ology we found a ! ¥* state as the ground state for the BN
molecule, with a 3IT state 0.24 eV (5.53 kcal/mol) above
in energy. However, it is accepted today that the 3IT is
actually the ground state, being very close in energy to
the 1 X% [15]. We will then use this 2IT state in our sub-
sequent analyzes, as shown in table 1. The optimization
procedure for the By molecule showed to be very sensitive
to the starting interatomic distance. Despite this fact, we

was found 5% longer than experimental value [16].

The triatomic molecules also required a careful exam-
ination of the potential energy surface. In this case, how-
ever, the results present a more favorable comparison with
previous calculations [9]. For the other studied clusters we
found no great problems in obtaining our final structures,
even in cases where a symmetry breaking due to a Jahn-
Teller distortion is expected to occur [9]. As can be seen
from table 1, the resulting structural changes induced by
the Jahn-Teller effect are really very small. This general
good behaviour of the obtained results give us confidence
to proceed with our analyzes.

In the case of the BN, — B;Ny_» + Ny fragmenta-
tion process, we present the results only to those clusters
where a Ny molecule clearly appears as a distinct sub-
system. This allow us to build a simple and reasonable
reaction path for each considered case. From table 1 one
can see that, except for the case of BNj, all the N-rich
clusters dissociate under this reaction. This would indi-
cate the ausency of N-rich clusters in the observed mass
spectra, at least in the gas phase.

We now analyse the results for the other considered
fragmetation reactions shown in table 1, those in which
one of the products is a B or N atom or a By molecule.
For the cases involving the Bs as a product we apply here
the same restrictions as earlier, i.e., we consider only those
parent cluster where the By molecule appears as a distinct
subsystem. Let us think, however, of the reverse reactions,
i.e., those describing an association process. It turns clear
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Fig. 1. Schematic representations of the geometrical structures for the studied BN clusters not obviously deduced from its
point symmetry group. The bigger (smaller) circles represent the N (B) atoms. The distances between the numbered atoms are

given in table 1.

from the values in table 1 that, for a given initial seed,
the system will prefer to increase incorporating diatomic
molecules. The association processes involving the absorp-
tion of a single atom are seen to be less probable.

Among the growing processes involving the incorpo-
ration of a diatomic molecule, those occuring with the
addition of a BN molecule are energetically favorable, as
shown in table 1. If we take, e.g., the BN molecule as
the choose initial seed, the system’s energy gain will be
greater for the following growing path: BN — ByNy —
B3Ng3. The same thing will occur when we take Bs, BoN
or B3N as seed clusters. The exception again is the BNg
molecule. It is interesting to note that this molecule arises
from the incorporation of a BN molecule by the highly
stable Ny molecule. The possible clusters generated from
BNj3 by one the considered reactions will, once satisfied the
restrictions posed above, dissociate loosing a No molecule.

Secondly in energy is the association process where a
B2 molecule is incorporated. For the atom-by-atom grow-
ing processes, the calculated reaction enthalpies in table 1
indicate no special rules.

Becker and Dietze [4] performed a mass spectrometry
analyses on positively charged BN clusters. They analysed
the relative stabilities of some sequences of clusters. We
will restrict us only to the results concerning the B;N,
(x +y < 6) clusters.

For B,NT, BQ,JNQr and BIN;,r clusters they found the
following stability order:

a) B3N+ > BNJ > BoNj,
b) BgN; > B4N+ > BQN;;,
¢) B4N; > BsN* > B3Ny,

For BN, B4N; and B;N} clusters they found:

a) BNT ~ By,
b) B4N* > B > BN/,
¢) B4NJ > BsN* > BN}

Finally for BoN;" and B3N, they found:

a) BoNT > By,
b) B3N+ > BQN;,
c¢) BsN§ > BoNT,

We note here that we can not directly use the calculations
for neutral clusters to perform a direct comparison with
the experimental results for the positively charged clus-
ters. The ionization process will certainly involve a pos-
terior electronic and even ionic relaxation. Taking it into
account, we have calculated the binding energies for the
positively charged clusters in the following manner. Start-
ing from the minimum energy configuration for a given
neutral cluster, we extracted an electron and performed a
geometry optimization followed by a MP2 correlation cor-
rection on the found equilibrium structure. The binding
energies were then obtained by the following expression:

Ey(BaNy) = E(B,Nj)—(a—1)+E(B)—y«E(N)~ E(BY),

where Ep(X) and E(X) are the binding and total energies
of X, respectively. Here we suppose that the electron is
being extracted from a B atom. This supposition makes no
difference at all. Looking at the obtained results in table 2,
one can easily see that, except for the cases of B4Nt >
B;‘ and B4N*t > BQN;_, all other stability order relations
are well reproduced. Given the used approximations, this
result is impressive.

Becker and Dietze [4] also showed that the stability
of clusters obtained from BN by sequentially adding BN
molecules will be greater than that obtained by the same
procedure taking however By as the starting cluster. Di-
viding the binding energies of B?,NQ+ and B3NT, given in
table 2, by the number of atoms in each of these clus-
ter, it results that the experimentally observed stability
order is clearly satisfied. The same occurs between BzNg
and B4N3, BoNT and B and finally between BoN* and
B3NT. This result give an additional support to the hy-
pothesis of a growing process obtained by the successive
incorporation of BN molecules.
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Table 2. Calculated vertical ionization potentials for neu-
tral clusters, IP,, and binding energies, Ej, for the positively
charged clusters, in eV.

Species 1P, (eV) Ep (eV)
Bs 8.42 -5.20
B2N 8.07 -8.40
BN» 10.38 —-3.86
B4 10.81 -8.62
B3N 8.19 -9.41
B2Na 9.59 -3.04
BN3 11.76 —8.50
Bs 11.88 -15.60
B4N 8.31 —14.03
B3sN2 3.27 —22.02
BaN3 5.60 -15.21
BN4 9.13 -9.12
Bs 7.65 -18.48
BsN 9.07 -19.61
B4N2 9.70 -20.92
B3sN3 11.29 —19.46
BaNy 8.65 —-15.75
BNjs 6.42

The vertical ionization potentials for the studied clus-
ters are shown in table 2. These values were obtained from
a total energy difference between the neutral and the pos-
itively charged cluster, where the structure of the both
clusters are that of the former.

La Placa et al. [8] used a 193 nm (6.42 eV) UV laser to
generate positively charged BN clusters from a previously
formed BN plasma. They reported the observation of only
BN and BsN clusters. The observation of the calculated
vertical ionization potentials presented in table 2, turns
clear why almost no BN-mixed cluster were observed. The
used ionization laser energy is not enough to ionize the
greater majority of the BN cluster, with the exception of
B3NJ and BaN7 clusters. The last of these two clusters
should, according to our calculations, dissociate into BoN
+ N5 molecules.

4 Conclusions

Using a systematic approach we studied the whole set of
B.N, (xr +y < 6) clusters. The results are seen to be in
good agreement with previous more demanding calcula-
tions, even in the more difficult cases.

With exception of BNj, all N-rich clusters dissociate
lossing a Ny molecule. The BNy molecule is seen to be
almost isoenergetic with B + Na.

Some fragmetation reaction enthalpies are calculated
and a growing route for these small clusters by successive
incorporation of BN molecules is stablished. The grow-
ing process can also be obtained by adding Bs molecules,
although it is seen to be less probable.

The calculated binding energies for the positively
charged clusters are shown to reproduce various sequences
of stability order among these clusters, as observed in mass
spectrometry results.

An explanation is also given to the ausency of BN-
mixed cluster in an experiment using a low energy UV
laser to ionize a BN plasma generated by laser ablation.

This work is partially supported by the Brazilian agencies
CAPES and FAPERGS.
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