PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 7 Physical Chemistry Chemical Physics

Analysis of the bonding between pairs of atoms in small gallium clusters gives insight into the structure of
bulk alpha gallium, a 'molecular metal'.
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We consider the structural similarity of small gallium clusters to the bulk structure of a-gallium, which has been described as a
molecular metal via density functional theory-based computations. Previous calculations have shown that the structures of the
tetramer, hexamer, and octamer of gallium are all structurally similar to the a-phase. We perform an analysis of the bonding
in these clusters in terms of the molecular orbitals and Atoms in Molecules description in order to assess whether we can see
similarities at these sizes to the bonding pattern which is ascribed to the co-existence of covalent and metallic bonding in the
bulk. The singlet Ga4 and Gag clusters can be constructed in a singlet ground state from the Ga-dimers in the first excited triplet
state of the Gap-molecule, the 32; state. Molecular orbital (MO) analysis confirms that the dimer is an essential building block
in these small clusters. Comparison of the AIM characteristics of the bonds within the clusters to the bonds in the bulk a-phase
supports the identification of the covalent bond in the bulk as related to the 32; state of the dimer.

1 Introduction

Gallium is an unusual metal, exhibiting a rich phase diagram !,
in consideration of size effects,”> temperature® and pres-
sure dependent”-® modifications. Under standard conditions, it
adopts the a-phase,®!? a rhombohedral lattice based on an 8-
atom unit cell in which the atoms are arranged in pairs, some-
times referred to as a dimeric structure.''~!3 This description
of the metal as a molecular solid gives some explanation of
the low melting temperature, if the dimeric character remains
in the liquid. However the evidence for this remains mixed;
the liquid has been claimed to be more like the high-pressure
phases Ga-II and Ga-III than dimeric, '* or like the 3-phase. !>
The presence of small clusters has been seen in other theoreti-
cal studies. !!7 Some indirect experimental evidence of local
solid-like structure, possibly attributable to clustering, is pro-
vided by the scattering behaviour of liquid Ga. '

It should be emphasised that the theoretical description of
molecular solids is a known problem; in a system where there
is apparent competition between molecular and metallic char-
acter, it is a basic requirement that an appropriate theoretical
description must be able to describe both types of bonding on
an equal footing. However, it is by no means clear how to best
describe a coexistence of metallic and covalent bonding. That
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the electron density is high between pairs of atoms may be
seen in any DFT calculation of the electronic structure of o-
gallium; in the density of states there is a marked dip around
the Fermi level '! which has been associated with the partici-
pation of electrons in covalent bonds.

The experimental observation of the higher-than-bulk melt-
ing temperatures of gallium clusters'2! has provided dra-
matic evidence of the implications of the odd structure of gal-
lium for a range of properties. Any explanation of this phe-
nomenon seems to rely on the nature of bonding in these small
clusters being significantly different to that of the bulk, and in-
deed, the dimeric character of the very small clusters is lost at
sizes around 10 atoms, where the first internal atom is intro-
duced.?>~%% Previous work has interpreted the electron locali-
sation function (ELF) as quantification of covalent and metal-
lic bonding in larger Ga clusters?’, though this interpretation
is not unique®® when considering the original interpretation of
the ELF?° and keeping in mind that chemical bonding is not
an observable.

The varied nature of bonding in gallium has been further
demonstrated by the synthesis of metalloid clusters which
exhibit structural motifs familiar from the bulk modifica-
tions. These are obtained through the use of different ligands
which can be said to fine-tune the gallium-gallium interac-
tions through a combination of changes in density and effec-
tive charge.?'33 Also in its cluster chemistry, gallium adopts
structures which range from icosahedral, dimeric, fcc-like and
other compact structures related to the high-pressure phases. 3*
There has been a demonstrated correlation between volume
constraints due to the ligand shell and the structural phase rep-
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Fig. 1 a) The structures of the three lowest lying states of Gay, the lowest lying singlet states of b) Gay, ¢) Gag, and d) Gag, and e) unit cell of
the a-gallium phase are presented. For the clusters, the bond lengths given (in A) are those calculated with BPS6/TZ2P in this study; for
a-gallium, both calculated 3% and experimental '° (in italics) values are given.

resented by the cluster; however, the subtleties of changes in
electronic structure have been less well studied. The flexibility
of the nature of the gallium-gallium bond is therefore a matter
of real current interest, with fascinating synthetic implications.

Our goal in this study is to examine the electronic structure
of the series of clusters Ga4, Gag, and Gag, with respect to
the gallium dimer, as they exhibit the most striking structural
similarity to the a-gallium phase. While the triplet and singlet
states are very close in energy for each of these small clusters,
they show clear structural differences, with the triplet states of
notably higher symmetry. The singlet isomers exhibit a sym-
metry breaking leading to an alternation of bond lengths which
will be discussed in detail below. We restrict our analysis to
the lowest energy singlet state of each cluster, for compara-
bility with the bulk. This restriction also removes the need to
deal with degeneracies present in the more symmetric struc-
tures found for the triplet states. We first discuss the structural
progression of these small clusters, then consider the nature of
the frontier molecular orbitals as the clusters increase in size.
Finally, we consider an Atoms in Molecules (AIM) analysis
of the evolution of the nature of the bonds in the clusters with
size, and compare directly to a model of the a-phase.

2 Method

Density functional theory was used as implemented in the
ADF code. Structural optimizations were carried out apply-
ing the BP86 functional 3637 together with a TZ2P basis set. >
Relativistic effects were considered within the zeroth order
relativistic approximation (ZORA).3° The wavefunction data
for AIM calculations were computed with the same functional
and the def2-TZVPP basis set*? using Gaussian09 C.01*! and
analysed with the AIMAII*? package.

3 Results

3.1 Structures

The structures are summarised in Fig. 1. Here, the structures
of Gay, Gag, and Gag clusters in the lowest lying singlet states
calculated at BP86/TZ2P are given. These are in good agree-
ment with previous calculations.???3 Additionally, the three
lowest lying electronic states of Ga, (Fig. 1a) are given and
the unit cell of the a-Ga phase with computed® and experi-
mental '° values (Fig le).

For the gallium dimer (Fig. 1la), we confirm 1, being
the electronic ground state, with a bond length of 2.743 A,
which agrees reasonably with the experimental value of 2.75
A*. Experimental data on the structures of the larger clusters
is, to the best of our knowledge, not available. In addition,
we present the first excited 32; triplet state (+4.9 kJ mol~!)
and the ' 2 singlet state (+49.1 kJ mol~'). Notably, the bond
lengths found for the triplet states (2.437 A and 2.743 A)
are rediscovered not only in the solid-state phase (Fig. le)
as stated previously?>?® but can also be found in the clusters
investigated here.

For Gay (Fig. 1b), we show the structure of the lAg state
which is 37.1 kJ mol~! higher in energy compared to the Dyj,
symmetric triplet ground state at the computational level ap-
plied here. The cluster exhibits a thomboid structure with
bond lengths of 2.415 and 2.701 A, very close to the first and
second nearest neighbour distances in the bulk. For Gag (Fig.
1¢), the picture is less clear. The 1B, state shown here is only
very slightly higher in energy (0.2 kJ mol~!) compared to the
D3, symmetric triplet ground state. ** The bond lengths in the
cluster do not enable a clear identification of closer and distant
pairs with 2.542, 2.558 and 2.592 A bond distances. Conse-
quently, the bond lengths observed are between the values for
the two triplet states of the gallium dimer. The largest clus-
ter investigated here (Gag, Fig. 1d) already exhibits a singlet
(!B, ground state. The structure shown allows a clear iden-
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tification of close (2.492 A and 2.513 A) and distant (2.726
A and 2.728 A) pairs.
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Fig. 2 Molecular orbital diagram for Ga, from BP86/TZ2P. Energy
ordering and occupation numbers given for the 3287 state.

3.2 Molecular orbitals

Starting from the insights gained by investigating the molecu-
lar structures, we begin our analysis of the electronic structure
of the clusters by recalling the molecular orbital (MO) dia-
gram of the gallium dimer.*> Figure 2 presents the ordering
of the MOs observed in the ground state, where the valence
p-orbitals combine to form one o orbital (20';‘ ), and two -
orbitals (m,) from the combination of p, or p, orbitals. In
the 3TI, ground state, one of the m,-orbitals is singly occu-
pied, as is the 2(5;r -orbital. As it is well-known,* the exact
energy ordering of the 2(7g+ and the m,-orbitals is the result
of a delicate balance of orbital overlap and electron correla-
tion. The other possibility for arriving at a triplet state is that
both m,-orbitals are singly occupied and the 20'g+ is empty:
This indeed corresponds to the 3Zg_ state, which is essential
for understanding the cluster structures as we will show later
on. The orbital energies and occupations found in the cur-
rent study are compared to literature results in Tab. 1. We
confirm the previously found good agreement between DFT
results and high-level coupled cluster calculations.

We turn to examine the bonding of Gas, Gag, and Gag in
light of the results for Ga,. The occupied orbitals are pre-
sented in Fig. 3. At left we see the two singly occupied or-
bitals of the SZéj triplet state, which has the short bond length
characteristic of the dimeric bond in the ¢-phase.

To the right of the Ga, orbitals in Fig. 3 are presented the
relevant occupied and unoccupied MOs for the singlet state of
Gay. The two occupied MOs are, on inspection, constructed
from side on combinations of the occupied MOs of the ground
state of the gallium dimer. The interpretation of each MO
in terms of the overlap of the MOs of the dimer 32; state is
sketched at right. The HOMO-1 is equally clearly built from
the orbitals of the dimers, aligned end on. The bond length al-
ternation is consistent with the orientation of the dimer MOs.
The LUMO is a combination of the unoccupied 26;' orbitals
of the Ga, dimers.

For Gag, we know from the structural parameters that we
do not have significant bond alternation, and we see the basis
for this in the MO diagram. Only the HOMO can be inter-
preted as due to the overlap of dimer MOs on each pair of
atoms. The two lower MOs are constructed in a centrosym-
metric fashion from the atomic p-orbitals. Thus only one of
the three occupied orbitals in the six-atom cluster corresponds
to a bonding picture built from the dimers. An alternative view
of the HOMO-2 in Gag leads to the hypothesis, that this MO is
constructed from overlapping ZGg+ orbitals of the constituent
dimers which have a more favorable spatial arrangement for
overlap compared to the second set of 7, orbitals. Similarly
to Gay, the (partial) occupation of the 20'g+ orbitals leads to
a lengthening of the intra-pair bonds (2.558 and 2.592 A, in
comparison to 2.415 A in Gay). This leads to all bonds being
comparable in length, close to intra-pair bonds which is also
reflected in the similar AIM values (as discussed below). *°

In contrast, Gag has an MO diagram strongly reminiscent of
that which we saw for Gas. The p-electrons are split between
four MOs, the lowest energy of which looks much like the
overlap of two Gay HOMOs; due to the m-overlap of the four
MOs of the constituent dimers. The next MO in Gag provides
overlap of the p-orbitals oriented along the edges of the rhom-
bohedron, while the third explains the distortion of the cluster
away from cubic symmetry, by overlapping the MOs on the
two central dimers of the cluster (the atoms which have four
nearest neighbours). However, the HOMO also helps to un-
derstand the alternation in bond lengths: the four pair bonds
are again short in the direction perpendicular to the end on
overlap of the dimer MOs.

In summary, the description of the bonding of the clusters in
terms of the orbitals of the 3Zg’ dimer provides an intuitive un-
derstanding of the bond length alternation observed in the sin-
glet states of the Gas and Gag clusters. In contrast, the higher
symmetries found for the triplet states of these clusters>? may
be expected to result from the occupation of AO-based MOs
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Table 1 Orbital energies (eV) and occupation numbers according to figure 2 and relative energies for different electronic states (in kJ mol~!)

of Ga, in comparison to reference data.

State Orbital energy and Occupation BP86/TZ2P B3LYP BP86 CCSD(T)/QZVPP CCSD(T)/aug-

T o 20, (this work) ~ /DZP++2  /DZP++2% /[PBE/SVP?  PP-cc-pVTZ??
11, 3770(1)  -3.583(0) -3.917 (1) 0.0 0.0 0.0 0.0 0.0
0o -4.092 (1)  -4.092(1)  -3.914(0) 49 15.2 5.9 5.0 9.6
Izr 3.018(0)  -3.018(0)  -3.075(2) 49.1 35.1 43.9 - 52.1

1
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Fig. 3 The MOs of the Gag, Gag, and Gag clusters in the singlet state are related to the orbitals of the dimer, demonstrating the oligomeric
nature of the clusters where the Ga; dimer in the 3267 triplet state is the basic building block.

and/or occupation of the 2c7éjL orbitals, as discussed above for
Ga(,.

3.3 Electron densities and bonding

In addition to the analysis of orbitals, we also analyzed the
electron densities of the compounds investigated. To this end
we carried out AIM analyses on the BP86/def2-TZVPP level
of approximation based on the BP86/TZ2P structures for the
Ga clusters as well as a cluster model of the -Ga phase (con-
ventional unit cell of 8 atoms, with the bond lengths labelled
in Fig. le, computed as a singlet state). The trends of the elec-
tron densities and the ellipticities at the bond critical points
between close and distant pairs of Ga atoms are summarized
in Fig. 4. It becomes clear that the electron density is con-

siderably higher for the Ga atoms forming close dimers (pair
bonds) compared to distant dimers (inter-pair bond) indicating
a stronger interaction. At the same time, the ellipticity of the
respective bonds is clearly smaller for the pair bonds. This is
in line with the MO picture showing orbitals between close
pairs often exhibiting stronger overlap. We can compare the
cluster data to the values found for the 3Zg_ state of the dimer
and the cluster model of the solid-state phase which point to-
ward the conclusion that the bonding between dimers in the
clusters indeed provides a model for the dimer interactions in
the bulk based on these indicators. Noteably, the Gag cluster
exhibits only a small difference in electron density between
pair and inter-pair bonds, in line with the very similar bond
lengths and atomic orbital (AO) based MO picture discussed
above. In Fig. 4b, a correlation is found between the distance
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Fig. 4 a) The AIM electron densities and ellipticities of the pair and inter-pair bonds are plotted as a function of cluster size. b) The
correlation between bond length and electron density at the bond critical point is shown.

of Ga atoms in the dimer, the clusters and the bulk model and
the electron density value at the bond critical point. Three
clusters of data are found: The pair bonds with high values for
p, the inter-pair bonds with significantly smaller values and a
much smaller value for the singlet state of the Ga-dimer. Thus,
the AIM analysis supports the structural and orbital picture of
dimeric features in the cluster and bulk structure.

4 Conclusions

In summary, the small gallium clusters Gas and Gag in their
lowest lying singlet states can be understood as being com-
posed of Ga-dimers in the first excited triplet state 32; while
Gag exhibits less dimeric character. Molecular structure and
bond lengths comparison give a first indication for this find-
ing. Molecular orbital analysis confirms that the dimer or-
bitals make up the orbitals of the clusters, molecular orbitals
being composed of atomic orbitals (as in Gag) can clearly
be distinguished from dimer-derived orbitals. Comparison of
the atoms-in-molecules characteristics of the bonds within the
clusters to the bonds in the a-gallium bulk phase and the dimer
support the identification of the covalent bond in the bulk as
also being related to the 32; state of the dimer.
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