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Abstract A QM/MM investigation is reported dealing with the nucleation and growth of small palladium clusters, up to Pdg, on
the outer surface of a suitable model of boron nitride nanotube (BNNT). It is shown that the BNNT could have a template effect
on the cluster growth, which is due to the interplay between Pd-N and Pd-Pd interactions as well as to the matching of the B;N;
ring and the Pd(111) face arrangement. The values for the clusters adsorption energies reveal a relatively strong physisorption,
which suggests that in particular conditions the BNNTs could be used as supports for the preparation of shape-controlled metal

clusters.

1 Introduction

Graphene and carbon nanotube (CNT) like systems have
gained high interest in a wide range of fields such as elec-
trochemistry, ! optoelectronics,? catalysis® and many others.*
Beside the Group 14 congeners of CNTs and graphene (i.e.
silicene and germanene) other layered materials have been
exploited to reproduce sheet and tubular structures.®> Among
these, boron nitride based nanotube (BNNT) showed really in-
teresting properties such as high chemical and thermal stabil-
ity as well as great mechanical strength and high thermal con-
ductivity; ® these features make them especially suitable for
high temperature technologies and catalysis. Indeed, while it’s
reported that for common catalyst supports, such as y-Al,0;,
a partial sintering of dispersed metals occurs, the BNNT mate-
rials should not affect the catalyst dispersion due to their ther-
mal properties and the lack of acidic sites.'® Moreover, in op-
position to the wide majority of catalytic supports, BNNTSs are
hydrophobic, thus suggesting the possibility to use them in re-
actions were the presence of water or moisture could influence
the catalyst stability and activity. !

BNNTs supported metal nanoparticles have been studied
as catalysts for the selective oxidation of lactose, showing
high activity and selectivity; ! for this and other related reac-
tions, namely the carbohydrate hydrogenations, 13 it has been
showed that the chemical nature of the support could affect
the degree of size and dispersion of the nanoparticles, rul-
ing the reaction activity and selectivity. In fact, achieving a
well established procedure for the synthesis of shape and size-
controlled clusters is a widely discussed topic in literature.

¢ Dipartimento di Fisica e Chimica, Universita degli Studi di Palermo, Viale
delle Scienze, Parco d’Orledns II, Palermo, Italy. Fax: +39 091 23860815;
Tel: +39 091 23897975, E-mail: dario.duca@unipa.it

The most recent advances in this field claim for a polymer-
free synthesis of metal nanoparticles. A well known approach
exploits the template action of organic-molecule scaffolds in
order to achieve the desired size of the nanoparticles. '* From
this point of view the honeycomb structure of the B;N; rings
in the BNNT could generate interesting template effects to-
ward sub-nanometric metal clusters. A computational study
could actually elucidate how the metal-BNNT interactions
might affect growing and shaping of the nanoparticles. Fo-
cusing on this, some studies concerning the adsorption of a
single transition metal atom, with particular interest for palla-
dium, have been already carried out.!> However, to the best
of our knowledge, scarce attention has been, up to now, de-
voted to unravel the growth mechanism of palladium clus-
ters on BNNT. In the present investigation, the interaction
and growth of small palladium clusters (from Pd, to Pdyg)
on a single walled BNNTSs have been analyzed by employ-
ing computational modeling. Aims were mostly related i) to
the understanding of the structural properties characterizing
the Pd,/BNNT systems and ii) to evaluate the potential tem-
plating effect of the BNNT support on the cluster shape.

2 Computational Details

The calculations were performed by means of the Gaussian
09 package.'® Except from few explicited cases, a QM/MM
approach exploiting the 2-layer ONIOM method!” was em-
ployed for all the calculations. According to this approach,
we chose the Universal Force Field (UFF)!8 as low accu-
racy method and DFT as the high accuracy one. For the lat-
ter, the Coulomb-Attenuated CAM-B3LYP hybrid exchange-
correlation functional was used. The Los Alamos LANL2 ef-
fective core potential with the corresponding double-{ basis
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set was employed for the Pd atoms while for the B and N
atoms the Dunning D95V basis set was used.

The ONIOM model system is a circumcoronene-like
B,,N,, portion of a (12,12) armchair single walled BNNT,
formed on the whole by 12 unit cells. This was chosen on the
ground of test calculations involving two different model sys-
tem sizes — namely, B,;N,,; and B,gN,; — and the largest
cluster used in this investigation, the Pdg one, whose proper-
ties should be reasonably the most affected by the model sys-
tem dimension. The Pdg adsorption energy was evaluated on
both these model systems and the difference between the two
results was negligible, being ca. 10 kJ mol~!. Therefore, the
B,;N,,; model system was used in order to optimize the com-
putational efficiency. Since the calculations are not periodic,
the dangling bonds on the terminal sides of the nanotube were
saturated with hydrogen atoms.

In order to determine the electronic ground state of the dif-
ferent systems, a full geometry relaxation was carried out on a
number of models resulting from the adsorption on the BNNT
of one Pd atom (Pd;) and of all the studied palladium clus-
ters, from Pd, to Pdg, considering the possibility of several
configurations and performing all the calculations in the sin-
glet, triplet and quintet spin multiplicities. The nature of mini-
mum on the potential energy surface of an optimized structure
was always checked by the calculation and inspection of the
harmonic vibrational frequencies. The adsorption energy of
a Pd, cluster on the BNNT was obtained through the general
formula

AE} = Epgy,/BNNT — EBNNT — Ep4, (1)

where Epy, /pynr is the total energy of the supported cluster
system, Egynt the energy of the pristine BNNT and Ep,, the
energy of the isolated Pd,, cluster at the same level of theory in
its most stable spin multiplicity, which is the singlet for Pd,
the triplet for Pd, (n =2 —7) and the quintet for Pdg. For
the Pd;/BNNT system, the BSSE has been estimated applying
the counterpoise method ! on the solely model system of the
ONIOM scheme, saturating with hydrogen atoms the dangling
bonds on the edge.

3 Results and Discussion

The analysis of the nucleation and growth mechanisms of
metal atoms to form clusters on surfaces could be a really ex-
pensive computational task. Indeed, depending on the number
of metal atoms considered and on the chemical nature of the
support surface, the number of different metal-atoms/surface-
sites combination could become prohibitively high.

[Fig. 1 about here.]

Taking into account the boron nitride nanotube, whose op-
timized structure is depicted in Fig. 1, five possible adsorption

sites for one metal atom can be easily recognized, namely the
boron and nitrogen atop sites, the axial and zig-zag bridge sites
and the center of the B;N; ring. As a consequence, even the
introduction of a second metal atom causes a large increase of
the number of the different configurations that should be ex-
plicitly considered. In the present case, however, the two dif-
ferent bridge sites might be considered as equivalent. This ap-
proximation, substantiated by the slight dependence of the ad-
sorption energies from the adsorption surface sites that charac-
terize the transition metals on BNNTSs, !> was useful to capture
information in the most complicated cases. In view of this,
a peculiar strategy was adopted for modeling the palladium
cluster growth. At the n-th step of the growth algorithm em-
ployed, a pair of Pd,/BNNT systems were actually generated
by adding a Pd atom in two different ways to the most stable
of the available Pd,,.;/BNNT structures. In the first case, a site
at the center of an exposed Pd,_; cluster face, far from the sup-
port, was chosen; in the second, the additional Pd was placed
in such a way to assure interactions both with the already ad-
sorbed cluster and the BNNT surface. A representation of this
procedure is reported in Scheme 1. By using this protocol, it
has been possible to discriminate the contributions given to the
system stability by the cooperative or competitive metal-metal
and metal-support interactions; the interplay between them in-
deed should orient toward vertical (metal-driven) or horizontal
(support-driven) growth of the cluster.

The single palladium atom adsorbs on the BNNT by a N-
atop coordination, showing an adsorption energy of 58.6 kJ
mol~! (36.9 kJ mol~! after the BSSE correction) and a Pd—
N interaction distance of 2.28 A. This kind of interaction be-
tween palladium and nitrogen has been already described by
Koitz et al. 2% in a computational investigation of the BN-sheet
growth on the surface of different transition metals.

The optimized structures that we considered relevant for de-
scribing the properties of the palladium cluster on the boron
nitride nanotube, Pd,/BNNT (n = 2-4), are displayed in Fig-
ure 2. When a second metal atom is added to the monometallic
system to form the Pd, dimer, the configuration with the sin-
glet spin multiplicity state is characterized by an adsorption
energy of 96.5 kJ mol~! while it shows one BN-bridge and
one N-atop coordinated palladium atom (see Figure 2a). In
the triplet state each palladium atom is instead N-atop coordi-
nated to two different nitrogen atoms (Figure 2b), being how-
ever 71.8 kJ mol~! less stable than in the singlet state. The
latter thus becomes the most stable multiplicity state after Pd,
adsorption, in line with an already reported result concerning
the interaction of a palladium dimer with the phenyl rings of
hypercrosslinked polystyrene.?! Of course, the geometry and
the spin state adopted by the BNNT adsorbed palladium dimer
are the result of the balance among the Pd-Pd, the Pd-N and
the Pd-B interactions. With respect to the isolated palladium
dimer, the Pd-Pd interaction actually seems unchanged in the
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Scheme 1 Algorithm used for the Pd cluster growth on BNNT support: Pd,_; + Pd — Pd,; white circles represent new Pd atoms placed on
preexisting Pd,_; faces, not in contact with the support surface; the black circles, conversely, represent new Pd atoms placed at the border
between the adsorbed Pd,, | cluster and the support. The most stable Pd,, cluster formed, was always chosen. The optimized geometry of the
cluster in a given Pd,/BNNT system is depicted by the representative polyhedron and identified according to the name used throughout the

text; BNNT is schematically shown.

triplet spin state as well as the corresponding bond distance
(2.53 A). Clearly, the longer bond in the singlet Pd, (2.80 A)
allows a better interaction with the BN rings, as witnessed by
the smaller Pd-N bond distances reported in Table 1.

[Fig. 2 about here.]
[Table 1 about here.]

The Pd;/BNNT system, in the triplet state, shows two Pd
atoms interacting atop with two N atoms; the optimized struc-
ture of the singlet state cluster, which is less stable by 23.8
kJ mol~! with respect to the triplet, conversely shows, for all
the metal atoms, a BN-bridge coordination (Figure 2c). In
the triplet state, the cluster retains the isosceles triangular ge-
ometry found for the unsupported Pd; case, with the same
spin multiplicity, but it can be also observed a shortening of
the bond between the Pd atoms interacting with the BNNT
surface and the concomitant increase of the other two Pd-Pd
bonds. On the other hand, the supported Pd; in the singlet state
shows three different Pd-Pd distances, whereas in vacuo the
singlet has an equilateral triangular geometry with the Pd-Pd
distances equal to 2.55 A (Table 1) and is 46.4 kJ mol~! less
stable than the triplet. So, although its geometry is subjected
to distortion, the singlet multiplicity of Pds is slightly stabi-
lized when the cluster is adsorbed on BNNT. The increased
stability of the singlet state is imputable to the increased num-
ber of interactions occurring with the B;N; ring: in the singlet

geometry the Pd; cluster indeed lies on the support surface
whereas in the triplet only two atoms of the cluster, as it was
found for the Pd dimer, interact with it (Figure 2d). Consider-
ing the small energy gap between the two multiplicity states,
both the adsorption geometries of Pd; were included in the
following growth scheme.

It is well known that the Pd, cluster exhibits two stable in
vacuo structures: one is square planar with Dy, symmetry
and one, which is the most stable, a slightly distorted tetra-
hedron.?>?? Of course, adsorption processes could affect both
the geometry and the intrinsic energy order of these structures.
The supported cluster, either in the singlet or in the triplet spin
states, shows always a tetrahedral geometry, irrespective of
the multiplicity of the starting Pd; structure. However, now
the triplet multiplicity is by far the preferred one, being 82.1
kJ mol~! more stable than the singlet, which therefore will
not be further discussed. The tetrahedral cluster can interact
by different binding modes with the BNNT. A single Pd ver-
tex interacts N-atop with the support, or a Pd-Pd edge interacts
with two different sites of the BNNT resulting in a coordina-
tion that might show an N-atop/BN-bridge or N-atop/N-atop
configuration (Figure 2e,f).

As a matter of fact, all these adsorption geometries are ap-
proximately isoenergetic, with interaction energies of 147.4 kJ
mol~!, 148.5 kJ mol !, and 152.3 kJ mol !, respectively. The
geometry of the adsorbed Pd, clusters is essentially the same,
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irrespective of the adsorption mode (see Table 1). When the
Pd, interacts by only one metallic center a stronger Pd-N in-
teraction can be observed, along with a bond distance of 2.38
A while, when it interacts by two metallic centers, the double
Pd-N interaction is weakened, which results in longer bond
distances: 2.58 A for the N-atop/BN-bridge, 2.46 A for the
N-atop/N-atop. It has to be stressed that the optimization pro-
cedure leads to the tetrahedral adsorbed configurations, even
considering a planar Dy, Pd, as starting point. Therefore,
it is reasonable to believe that a square planar arrangement
of palladium atoms may not occur on the BNNT, a hint that
the BNNT surface could control the morphology of the sub-
nanoparticle.

Clearly, the geometry and the interaction energy of the ad-
sorbed cluster should result from the interplay of the Pd-Pd in-
teractions and of the Pd-B and Pd-N ones. Besides, according
to Zhang and Alexandrova,?? which showed that the adsorp-
tion of small palladium clusters on TiO, is mainly controlled
by the matching of the symmetry of the cluster with the local
surface morphology, also the BNNT support could be able to
rule the final cluster symmetry.

The larger Pd,, (n=5-8) clusters are characterized by several
geometries, which were already treated in the literature using
different computational methods.?!**2® The corresponding
energy differences associated to the various geometries of a
Pd, species, when optimized in vacuo, can be quite small. As
regard the Pds cluster, it was reported that the energy differ-
ences of the three most stable configurations — namely, square
pyramidal, edge-capped tetrahedral and trigonal bipyramidal
— are within a range of 30 kJ mol~!, according to the re-
sults obtained by multi-reference ab initio methods. The same
structures were here obtained by the growth algorithm, both
in singlet and triplet spin states on BNNT and, for the sake of
comparison, also in vacuo at the CAM-B3LYP level. In each
case, the triplet state was the most stable (ca. 90 kJ mol~!
lower in energy than the singlet) while the trigonal bipyrami-
dal geometry was found to be the one energetically preferred
both on BNNT (the adsorption geometry is shown in Figure
3a, being its adsorption energy 68.3 kJ mol~!) and in vacuo.
The supported Pds cluster shows two palladium atoms inter-
acting N-atop/N-atop with the BNNT support: the two Pd-N
distances were 2.38 A, while the Pd(1)-Pd(2) one was 2.58 A,
being Pd(1) and Pd(2) the atoms directly bonded.

[Fig. 3 about here.]

When adsorbed on BNNT, the Pds edge-capped tetrahedral
cluster (Figure 3b) resulted 27.7 kJ mol~! less stable than
the trigonal bipyramidal reference, characterized by a triplet
spin state. Interestingly, while the Pds edge-capped tetrahe-
dral structure was previously reported as a saddle point in the
PES of the isolated Pds cluster, 24 it is a local minimum when
interacting with BNNT. In fact, according to the CAM-B3LYP

results, the edge-capped tetrahedral Pds geometry is not a sta-
tionary point in the isolated state, since it invariably converts
to the trigonal bipyramidal structure after geometry optimiza-
tion. On the other hand, although it is described as a minimum
in the isolated state, with an energy 29 kJ mol~! higher than
that of the trigonal bipyramidal structure, the square pyramidal
Pds is a saddle point in the Pds/BNNT triplet surface. This ev-
idence also suggests that the support should be able to affect
the cluster energetics and growth. Noticeably, in the singlet
surface of Pds/BNNT, the square pyramidal structure is a min-
imum, being however its energy 81 kJ mol~! higher than that
of the ground state.

Two optimized minima characterize the supported Pdg clus-
ter, both showing octahedral geometries: one regular and the
other very distorted. The first, which in the triplet state is
89.9 kJ mol~! more stable than the singlet, adsorbs through
a triangular face (Figure 3c). The second, characterized by a
C,, symmetry, interacts N-atop/N-atop (Figure 3d). Also in
the distorted Pdg cluster, the triplet is more stable (by 78.8
kJ mol~!) than the singlet. The regular octahedral geometry,
which has an adsorption energy of 70.3 kJ mol~', is 12.0 kJ
mol~! more stable than the C», one. This energy difference
is almost the same of that calculated by Ni and Zheng,?’ at
the RPBE level, for the isolated Pd;. However, according to
our calculation, the in vacuo C,, isolated species does not ex-
ist since it spontaneously converts to the octahedral one. It is
worth noting (see Figure 3c) the complementarity of one of
the octahedral Pdg faces with the three nitrogen atoms of the
B;N; ring. This, as might be expected, could rule a better
interaction of the Pd cluster with the BNNT surface. Then,
comparing the Pd-Pd bond distances of this face with those of
the opposite one, a small deformation of the octahedron can be
noticed: the interacting face experiences in the average a Pd-
Pd bond lengthening of 0.1 A while the opposite face results
slightly shrunken. Again, this is determined by efficient Pd4-
BNNT interactions, in details two N-atop interactions (being
the Pd-N distances equal to 2.45 and 2.48 A) and a bridge one
(being the Pd-N and Pd-B distances equal to 2.44 and 2.41 A,
respectively).

The in vacuo Pd; cluster shows a large number of ge-
ometries, ranging from the pentagonal bipyramid to the face-
capped octahedron.?628 The first, in the triplet spin state, was
already presented in the literature as the most stable. How-
ever, as reported by Li ef al. 25 distortions can occur due to the
adsorption of small oxygenates, resulting in layered clusters
similar to edge-capped octahedra. Indeed, upon the adsorp-
tion of the Pd; on the BNNT we found the same layered struc-
ture that, in the triplet state, resulted on the whole the most
stable. This cluster is characterized by two layers (triangu-
lar and rhombic shaped) and, just for its peculiar symmetry, it
was employed to demonstrate the interplay between the metal
cluster and support surface geometry-matching with the metal
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and support binding interaction ability. As a matter of fact, we
found that the energy difference arising from adsorbing the
rhombic or triangular face of the cluster on BNNT is only 5
kJ mol~!, the more stable species (rhombic face interacting)
showing an adsorption energy of 87.8 kJ mol~!. Likely, the fa-
vorable energetic contribution due to the formation of four dif-
ferent Pd-N interactions, which is realized when the rhombic
face is adsorbed (Figure 4a), is balanced by the higher com-
plementarity between the B3N ring and the Pd; face, which
occurs when the cluster adsorbs through the triangular face
(Figure 4b). Eventually this leads to two nearly iso-energetic
structures. The other two structures optimized in the singlet
spin state are characterized by a distorted bipyramidal pentag-
onal geometry, that are ca. 80 kJ mol~! less stable than the
triplet state structures.

[Fig. 4 about here.]

To the best of our knowledge very few studies in the liter-
ature concern the complex Pdg cluster. 2 Among these, Zanti
et al.?® have studied its structure and interaction with CO, in
vacuo at the B3LYP level. Thus, for the sake of compari-
son it is interesting to report the here optimized results at the
CAM-B3LYP level. In agreement to previous studies, the Pdg
species shows four different relevant geometries: the most sta-
ble has C; symmetry and a quintet spin multiplicity. It is ap-
proximately isoenergetic to a C, structure, closely resembling
a doubly capped octahedron. Furthermore, a Dy; and a C;
Pdg geometry can be also found approximately 30 and 50 kJ
mol~! higher in energy. Our calculations verify these geome-
tries. However, one more C,, geometry both with a triplet
and quintet spin state was also found. This looks like a lay-
ered cluster with one five- and one three-atoms layer, having
an arrangement closely resembling a fcc stacking plane dis-
position. The energetic differences specifying the most stable
structures, which are always in the quintet spin state, are ex-
tremely small: the ground state shows the features of the C;
structure found by Zanti,?® then the energy increases in the
order D,4, Cs and C,,. These are almost isoenergetic, namely
within 4 kJ mol~!. The less stable structure is finally the
C>, which shows an energy 22 kJ mol~! higher than that of
the others. Reasonably, the found dissimilarities arise from
the correction for the dispersion interactions provided by the
CAM-B3LYP functional.

The optimization of the Pdg/BNNT systems leads to the
same C;, Cy, and C; structures obtained in vacuo. Again the
C; structure (Figure 5a) is the most stable but an inversion of
stability between the spin states occurs, with the triplet 21.5
kJ mol~! more stable than the quintet. The adsorption en-
ergy between the Pdg cluster and the support is 72.6 kJ mol 1.
The same inversion was found for the C,,, structure of the sup-
ported species that actually is slightly more stable (12.5 kJ
mol 1) in the triplet than in the quintet spin state. This triplet

state lies 28.6 kJ mol~! higher than the C; reference state. Due
to its particular layered structure, the Cy, cluster might inter-
act with BNNT through the three-atom layer (C,,-up, Figure
5b) or the five-atom one (Cy,-bottom, Figure 5¢). In the C;,-
up adsorption mode a distortion of the cluster from its original
symmetry is evident, due to the interaction of the cluster with
the nitrogen atoms of the BNNT support. Indeed, at least three
Pd-N bindings can be evidenced, with a mean bond length
of 2.4 A, on the whole, contributing to an adsorption energy
of 86.2 kJ mol~!. Conversely, in the C,,-bottom interaction
mode, which shows an adsorption energy of 89.9 kJ mol~!,
the Pd atoms coordinate B-atop while the C,,, symmetry is pre-
served. Despite these differences, the two structures, in their
most stable triplet state, are almost isoenergetic, differing by
4 kJmol !,

It is worth to note that the energy differences calculated for
the supported clusters are wider than for the unsupported ones.
This is particularly evident if the supported C; Pdg structure is
taken into account (Figure 5d): in the most stable quintet state,
in fact, this structure is 44 kJ mol~! less stable than the ref-
erence species, twice the difference found for the Pdg isolated
structure. The reference state stabilization could be easily re-
lated to the fitting local connectivity occurring between the
interacting face of the cluster and the BNNT surface atoms.
In particular, three metallic atoms interact N-atop with one
B;Nj; ring while the fourth has an exocyclic bridge coordina-
tion, similar to that of the already described Pd; cluster. The
Pd-N distances of 2.4 A clearly witnesses strong Pd/BNNT
interactions.

[Fig. 5 about here.]

3.1 Growth thermodynamics

The calculation of the cluster/support adsorption energy, al-
though useful to investigate the desorption energetics, does
not provide peculiar insights into the cluster growth process.
The energetic analysis of the cluster growing is however a non
trivial task that requires the definition of proper descriptors.
With a simplified model, which can be exploited also to get
information about the template effect of the BN nanotube, the
growth of the Pd clusters onto the BNNT can be thought as a
step-by-step process in which a metal atom (already adsorbed
on BNNT) joins a preexisting BNNT supported cluster:

Pd,_1/BNNT + Pd/BNNT — Pd,/BNNT

This model implies that the diffusion of a Pd atom moving
on the BNNT surface should not be highly energy demand-
ing. In order to support this hypothesis — and choosing among
all the diffusion paths of one Pd atom on the hexagonal pat-
tern of the BNNT surface — a hopping mechanism between
adjacent N atop sites was studied. The process has actually

1-15 |5
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a negligible energy barrier (ca. 6 kJ mol~') associated with
a transition state in which the metal atom is B-atop. Straight-
forwardly, this result validates the model proposed above, also
suggesting that the growth process is only slightly affected by
the initial distance between the preexisting Pd,_; cluster and
the incoming Pd atom on the support. Besides, if the palla-
dium atom and cluster are far away from each other, the inter-
action energy, E™, of the Pd atom with the BNNT is certainly
not influenced by the presence of the Pd,_; cluster on the same
support, that is:

E™ (Pd|Pd,_/BNNT) ~ E™ (Pd/BNNT) )

With this assumption we can calculate the energy associated
with the nth growth step, AE$, in terms of absolute energies,
according to the equation:

$S.
AE$ = Epq, /gnnT — Epa, , /BNNT — Egd/gNNT +Epvnr (3)

where Epy, gyt and Epg, | gyt are the calculated abso-
lute energies of the Pd,/BNNT and Pd,,_;/BNNT systems and
EﬁjngNT the energy of the Pd/BNNT system, containing the
correction for the basis set superposition error. Of course, each
contribution was referred to the BNNT supported system in its
most stable spin state. Eq. 3 can be easily rearranged, obtain-
ing:

AE} = A, — A%} — AEp] + AES @)
where the AEA% terms are calculated using eq. (1) and AES,
which corresponds to the expression Epy, — Epy, | — Epg, 1S
formed by terms referring only to the isolated metallic species.
Finally, the constant term AE?jS corresponds to the BSSE cor-
rected adsorption energy of a Pd atom on the BNNT surface
and is equal to —36.9 kJ mol~!. From eq. (4), the energy
of growth, AEj, can be described as a sum of contributions,
whose physical meaning has been already discussed earlier
along the text. In particular, while the first three terms account
for metal/support interactions, the last takes into account ener-
getic contributions just related to Pd-Pd interactions, reflecting
the energy released upon the addition in vacuo of a Pd atom
to an isolated preexisting cluster. The calculated AEj; vs. n
(being n the number of the Pd atoms in the cluster) are col-
lected in Figure 6; other relevant quantities appearing in eq.
(4) are reported as well. The trends of AEj§ and AE2YS show a
quite good correlation. Both the curves, indeed, reach a mini-
mum corresponding to Pd, and then slightly increase. This ef-
fect can be related to a substantial compensation of the terms
AE;;\ﬁisl and AES. Interestingly, except for the Pd, case, the
energy released along the growth of a given sub-nanometric
cluster is always greater than the energy released upon the ad-
sorption of the same cluster.

[Fig. 6 about here.]

Analyzing the trend reported in Figure 6, it can be noticed
that after Pds the growth energy is within 100-130 kJ mol .
This would seem to suggest that a sort of plateau for AE} is
reached after the formation of a characteristic triangular metal-
lic face on BNNT, as in the case of the Pdg, Pd; and Pdg clus-
ters. Noticeably, the structure of the adsorbed face of the Pd,
(n = 6, 7, 8) clusters does not evidence sensible distortions
with respect to the corresponding face in the isolated clusters
and, further, the Pd-Pd average bond lengths of these triangu-
lar faces (Pdg, 2.74 A, Pd; rhombic, 2.78 A, Pd; triangular,
2.75 A and Pdg, 2.77 A) are on the whole almost matching
the value of the Pd-Pd distance (2.75 A) found in the (111)
surface, showed by appositely tailored Pd;, and Pd;4 clus-
ters, which were investigated at the B3LYP level in previous
works, 30-31

The curvature of the lattice might influence to a large ex-
tent surface phenomena as adsorption and growth processes.
Analyzing the results reported in Figure 6, a turning point in
the growth process seems to appear in-between the Pd; and
Pd, clusters. In order to rationalize the possible influence of
the curvature on the growth process, the geometric and ener-
getic features of both Pd; and Pd, were evaluated when ad-
sorbed on a (7,7) and on a (20,20) BNNT. Binding modes and
preferred multiplicities resulted the same for both the clusters
adsorbed on the differently curved BNNTs. Regarding the en-
ergetic of the growth process, it was found that in the (7,7) and
(20,20) BNNTSs the AES were —159.9 and —163.5 kJ mol !,
respectively. These values are very close to that of the (12,12),
that is —158.2 kJ mol~!'. Summarizing it seems that a very
small contribution to the cluster growth process arises from
the BN network curvature, as already found for other surface
processes occurring on different nanotube systems. 3> Accord-
ingly, it can be inferred that the palladium cluster growth on
a zero curvature BN sheet could occur with the same features
found for the BNNT used as model in the present work.

4 Conclusions

The interactions of sub-nanosized Pd clusters with a BNNT
support were investigated, focusing both on the structural and
energetic properties of the resulting systems. Different ge-
ometries and spin state multiplicities were taken into account.
In some cases, namely Pd, and Pdg, it was found that the inter-
actions between the metal cluster and the BNNT support led to
an inversion of the ground state multiplicity of the considered
cluster. While in Pd;/BNNT the triplet-singlet energy differ-
ence is reduced with respect to that calculated for the cluster in
vacuo, in all other cases the whole Pd,/BNNT system has the
same multiplicity of the corresponding isolated Pd,, and shows
large energy gaps with the other spin states. The growth of the
Pd, clusters would seem to be ruled by a templating effect
of BNNT B;Nj rings. In fact, starting from the Pd, cluster,
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the wide majority of the supported species showed triangular
faces that effectively interact with the BNNT surface. For the
same reason larger clusters showed stacked geometries with
exposed (111)-like surfaces, thus suggesting the possibility to
exploit BNNT supports as template scaffolds. As it is com-
mon for highly complex systems, each cluster has anyway
its own peculiarity, arising from a delicate balance between
Pd-Pd and Pd/BNNT interactions. However, since the aver-
age bond lengths in the supported and isolated clusters were
pretty similar, it is possible to infer that establishing favorable
Pd-N interactions is, on the whole, as important as retaining
Pd-Pd interactions. This picture — reached through the calcu-
lation of the growth energy of the Pd clusters on the BNNT
— also showed that the adsorption energy of the clusters is
compatible with a strong physisorption process; anyway, the
desorption of the formed cluster should not be highly energy
demanding, opening interesting routes for novel synthesis of
sub-nanometric metal particles with specific shapes.
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Pd, bd / A Pd, bd / A Pd, bd/ A
M;=0 M;=1 M;=0 M;=1 N-atop N-atop/BN-bridge N-atop/N-atop
Pd1-Pd2 2.80 253 Pdi-Pd2 2.80 2.55 PdI-Pd2  2.60 2.58 2.62
Pd1-N 230 254 PdI-Pd3  2.82 265 PdI-Pd3  2.69 2.74 2.76
Pd2-N 243 254 Pd2-Pd3 290 266 PdI-Pd4 271 2.73 2.59
Pd2-B 2.30 — PdI-N 2.39 2.38 Pd2-Pd3 2.57 2.56 2.54
PdI-B 243 — Pd2-Pd4  2.57 2.60 2.63
Pd2-N 2.38 2.38 Pd3-Pd4  2.70 2.71 2.77
Pd2-B 2.39 —  PdI-N 2.38 2.58 2.46
Pd3-N 248 —  Pd4-B — 2.57 2.89
Pd3-B 2.32 — Pd4-N — — 2.46

Table 1 Bond distance (bd) values, characterizing the adsorbed cluster geometries in the Pd,/BNNT (singlet and triplet states), Pd;/BNNT
(singlet and triplet states) and Pd,/BNNT (triplet state, in different configurations) systems
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Fig. 1 Optimized (12,12) single walled armchair BNNT geometry: the model system used in the QM/MM ONIOM approach is highlighted
by balls and sticks.
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Fig. 2 Optimized structures of BNNT supported palladium clusters: Pd,/BNNT in the (a) singlet and (b) triplet spin state, Pd,/BNNT in the
(c) singlet and (d) triplet spin state and Pd,/BNNT with (e) N-atop and (f) N-atop/N-atop coordination.
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Fig. 3 Optimized structures of the BNNT supported Pds; and Pd, clusters: Pds/BNNT (a) trigonal bipyramidal and (b) edge-capped
tetrahedral geometries, Pd,/BNNT (c) octahedral and (d) C,, distorted octahedral geometries.
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(a)

Fig. 4 Optimized structures of the BNNT supported Pd,, layered cluster, adsorbed through (a) the rhombic and (b) the triangular face.
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Fig. 5 Optimized structures of the supported Pdg/BNNT cluster: (a) the most stable C; structure, (b) and (c) Ca,-up and Co,-bottom mode of
adsorption, (d) quintet multiplicity C; structure.
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Fig. 6 Energy of growth and related energetic contributions characterizing the Pd,/BNNT systems for different n: filled circles, ®, represent
the AES values obtained by eq. (4); empty, A, filled up, A, and down, V, triangles illustrate various contributions (AE;:‘ds , —AEfl‘fsl and AES,

respectively) to the AES terms. The other two terms in eq. (4), AE{M“ and AE,.’?C‘I’“, are —58.6 and —36.9 kJ mol~!, respectively.
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