Electronic structure of tris(pyrazolyl)hydroborato [Tp] gallium
complexes: density functional studies of monovalent Ga[Tp],
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and a Gal; adduct, Ga,[Tp]l,
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Density functional theory calculations have been made on gallium complexes supported by the tris(pyrazolyl)-
hydroborato ligand [Tp], Ga[Tp] I, Ga[Tp]E II (E =0 a, S b, Se ¢ or Te d) and Ga,[Tp]I; III aimed at modelling the

bonding in the recently reported tris(3,5-di-zert-butylpyrazolylhydroborato ([Tp

But,

]) gallium complexes, Ga[Tp®*“] 1,

the terminal chalcogen complexes Ga[Tp®"“]E 2 (E = S b, Se ¢ or Te d), and the adduct Ga,[Tp®"%]I, 3. The calculated
and observed structures are in good agreement. The gallium “lone pair” in Ga[Tp] has Ga—N antibonding character.
The decrease in Ga—N bond lengths between Ga[Tp] and its adducts is associated with relief of this antibonding
character. The bonding in Ga[Tp]E (E = O, S, Se or Te) is found to be almost entirely semipolar [[Tp]Ga™E~]
irrespective of the nature of the chalcogen element although the polarisation of charge decreases on descending the
group. The Gal, adduct is also best described by the resonance structure [Tp]Ga*—Ga™l;.

Introduction

Heavier elements of Group 13-16 form complexes which
exhibit the “inert pair effect”, where the elements form the sub-
valent (N — 2) oxidation state. For the heavier metals (e.g TI,
Pb) this subvalent oxidation state is well established. However
for the lighter elements it is much rarer.'?

Monovalent complexes of B, Al, Ga are extremely rare, while
for the heavier elements of Group 13 they are well known.
However, the bulky tris(3,5-di-tert-butylpyrazolyl)hydroborato
ligand, Tp®*%, provides an environment which stabilises mono-
valent gallium, Ga[Tp®%] 1.> This is the first monovalent
gallium complex to be synthesized which does not have a
reduced oxidation state by virtue of Ga—Ga bonds* or mixed
valence compounds (e.g. [Ga'][Ga™X,])° and has been struc-
turally characterised by X-ray diffraction.

Monovalent Ga[Tp®%] reacts with elemental sulfur to
form Ga[Tp®'“]S 2b.® This is in contrast to In[Tp®'“] which
reacts with sulfur to form In[Tp®"%](n?-S,).” The structure of
Ga[Tp®*]S has been determined by X-ray diffraction.® The
Ga-S bond length was significantly shorter than other Ga—S
bond lengths reported,® from which multiple bond character
might be inferred. Resonance structures M-E~, M=E, and
M =E* were proposed. Similar reactions occur between Ga-
[Tp®%] and Se and Te at room temperature, producing the ter-
minal chalcogen complexes, Ga[Tp®"“]E (E = Se or Te) 2c, 2d.%
While multiple bonding between Group 14 and 16 elements is
well established,”!® that between gallium and chalcogen elem-
ents is less studied. Monovalent Ga[Tp®*] also forms an
adduct with Gal,, Ga,[Tp®*]L,.3 It was noted that this com-
pound had Ga-N bond lengths more akin to those of a
gallium(i) complex than those of Ga' in Ga[Tp®*%]. The
nature of the Ga—Ga bond is especially relevant as recently
multiple bonds between Ga atoms have been proposed!! with
bond lengths only marginally shorter than Ga—Ga single bonds,
although the formal assignment of the bond order in these
compounds is still open to debate.'>"

In order to understand the bonding in these gallium com-
plexes we have carried density functional theory (DFT) calcu-
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lations on the model systems Ga[Tp], Ga[Tp]E (E=0, S, Se or
Te) and Ga,[Tp]l;, where Tp is the tris(pyrazoyl)borato ligand,
in which the tertiary butyl groups are replaced by hydrogen
atoms.

Computational methods

Calculations were performed using density functional methods
of the Amsterdam Density Functional Package (Version 2.3).**
Type IV basis sets used triple-{ accuracy sets of Slater type
orbitals, with a single polarisation function added; 2p on H,
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Table 1 Comparison of selected structural parameters (A) between the optimised geometries with type IV basis sets of Ga[Tp] I, Ga[Tp]E Il (E = O
a, Sb, Se ¢ or Te d) and Ga,[Tp]I, IIT under C,, symmetry and their experimental analogues, 1, 2b,° 2¢,® 2d® and 3,® as determined by X-ray
diffraction. For 2b-2d and 3 the experimental structural parameters listed in Table 2 are the average values of the structural parameters determined

by X-ray diffraction

Ga[Tp] Ga[Tp]S Ga[Tp]Se Ga[Tp]Te Ga,[Tpl,1;
Ga[Tp]O

Parameter Calc. Exptl. Calc. Calc. Exptl. Calc. Exptl. Calc. Exptl. Calc. Exptl.
Ga-N*'? 2.18 2.240(6) 2.03 2.01 2.05 2.01 2.05 2.01 2.06 1.99 2.05
N2-C? 1.34 1.326(9) 1.33 1.33 1.35 1.33 1.34 1.33 1.34 1.33 1.35
c? 1.38 1.377(10) 1.39 1.39 1.38 1.39 1.38 1.39 1.39 1.39 1.36
c-c? 1.39 1.377(9) 1.33 1.38 1.38 1.38 1.38 1.38 1.37 1.38 1.43
CLN! 1.33 1.343(8) 1.38 1.34 1.36 1.34 1.36 1.34 1.36 1.35 1.39
N'-B 1.52 1.553(8) 1.34 1.53 1.56 1.53 1.56 1.53 1.56 1.53 1.54
NL-N? 1.34 1.384(7) 1.34 1.35 1.39 1.35 1.39 1.35 1.39 1.35 1.38
Ga-E 1.67 2.05 2.093(2) 2.17 2.2139(7) 2.36 2.4222(5)
Ga'-Ga? 2.36 2.506(3)
Ga*1 2.54 2.57

and 3d on C and 4d on Ga. The cores of the atoms were frozen.
For type IV basis sets the C core is frozen up to 1s, Ga up to 2p,
O to 1s, S up to 2p, Se up to 3p and Te and I up to 4p. For type
II basis sets double-zeta Slater type orbitals were used with no
polarisation function, and the gallium core was frozen up to
3d and I up to 4d. First order relativistic corrections were made
to the cores of the atoms using the Pauli formalisation. Dirac
relativistic corrections were included. The generalised gradient
approximation (GGA non-local) method was used, using
Vosko, Wilk and Nusair’s local exchange correlation,'® with
non-local exchange corrections by Becke,'® non-local corre-
lation corrections by Perdew.!” On all structures, geometry
optimisation was employed with a type IV basis set, except for
geometry optimisation on the Ga,[Tp]l; structure where both
type II and IV basis sets were employed.

Fragment analysis was carried out on these compounds. The
molecular orbitals were first calculated for the bonding of the
Tp ligand and the Ga basis atom. For the terminal chalcogen
complexes Ga[TplE, Ga[Tp] and the E basis atom were
the fragments. The bonding for the Ga,[Tp]l; adduct was
calculated using Ga[Tp] and Gal, fragments. In all cases the
structure of the fragment was taken as that in the optimised
structure of the complex. The basis atoms were spin restricted
with equal populations of degenerate orbitals, i.e. not necessar-
ily the atomic ground state. Orbitals for the molecules were then
calculated in terms of linear combination of basis set of frag-
ment orbitals, rather than the constituent atoms. Mulliken
populations were also calculated and used to estimate charges
on each atom.

To evaluate bond energies for Ga[Tp]E (E=0, S, Se or Te)
the energies found for binding of the fragments described above
were adjusted for the energies of forming the basis E atoms
from their *P ground states, and of forming the appropriate
Gal[Tp] fragment from its ground state structure.

Results and discussion

It is believed the six bulky fert-butyl groups in the tris(3,5-di-
tert-butylpyrazolyl)hydroborato ligand play a passive role in
these compounds, by protecting the reactive monovalent gal-
lium centre or Ga—E bonds. Hence for computational purposes
it is assumed that it is acceptable to replace these butyl groups
with H atoms, thereby using a tris(pyrazolyl)hydroborato (Tp)
ligand instead.

Geometry optimisations were carried out on the monovalent
gallium complex Ga[Tp] I, terminal chalcogen complexes
Ga[Tp]JE Il (E=0 a, Sb, Se ¢ or Te d) and the Gal; adduct
Ga,[Tp]l; III under Cj, symmetry. Such a symmetry assump-
tion is an approximation as Ga[Tp®*] has C; symmetry for the
gallium pyrazolylborato core in the solid state, the ligand being
slightly twisted from C;, symmetry, and complexes 2b—2d and
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adduct 3 are of lower symmetry. However, it was considered a
small approximation, and was computationally advantageous.
The input geometries used were experimentally determined
average parameters from the Tp®% ligand (1, 2b-2d, 3).
Selected optimised structural parameters are presented in Table
1 and compared with experimental values.

The agreement between the calculated optimised structure
without the fert-butyl substituent and the values from the X-ray
diffraction of the compounds with the substituents is reason-
ably good. Most results are within 3% of each other. There are
several discrepancies. The largest discrepancy in the Ga[Tp]
complex was the Ga—N bond distances (2.18 A), which were
significantly shorter than in the experimental structure (2.24 A).
However, this is only 3% shorter. Geometry optimisation on
Ga[Tp™*] and Ga[Tp™], with Me and F groups substituted in
the 3,5 ring positions, gave Ga—N distances of 2.16 and 2.23 A,
i.e. shorter for the electron donating Me substituent but longer
for the electron withdrawing F substituent. This suggests that
the electronic effect of Bu' substituents would be to shorten the
predicted Ga—N distance.

For the Ga[Tp]E series the Ga—E distances are all slightly
shorter in the calculated structures. The general trends are the
same; the length of the Ga—E bond increases from E =S to Te
and the differences between E = S and Se and E = Se and Te are
about the same in the calculated structure as in the experi-
mental products Ga[To®"%]E.

For Ga,[Tp]l; the Ga—Ga bond is significantly shorter in the
calculated optimised structure (2.36 calculated, 2.506(3) A
experimental). To test whether the results are sensitive to choice
of basis set, geometry optimisation was run using a type II basis
set, with the gallium core frozen up to 3d without any polaris-
ation function. This less extensive basis set gave a longer Ga-Ga
distance (2.48 A ) although still shorter than the experimental
value. It should be noted that throughout the calculations give
somewhat shorter distances from Ga to other atoms than are
found experimentally. A more extensive basis set might improve
the calculations. However, the relatively large discrepancy
found for the Gal; complex may be due to using model ligands
in the calculations. The close contacts between the bulky tert-
butyl groups and the iodine on the Gal; group may cause
repulsive steric effects, leading to a longer Ga—Ga distance.

Bonding

Ga[Tp]. The molecular orbital diagram of Ga[Tp] (Fig. 1) is
generated using fragment analysis. It represents selected one
electron energies of the molecule with respect to those of the
Ga and Tp fragments. Table 2(a) gives percentage fragment
contributions to the molecular orbitals of the molecule to
which the Ga makes a significant contribution.

The highest occupied molecular orbital (HOMO), the Ga
“lone pair”, is of a; symmetry and is 61% Ga 4s in character
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Fig.1 The MO scheme showing the interaction of a Ga atom with the
Tp ligand to form Ga[Tp].

together with a 21% contribution from the 4p, orbital. Iso-
surface representations of the HOMO (Fig. 2A) show this
orbital to be primarily Ga localised, as the proportion of mix-
ing between the Tp and gallium fragments is small (only 17%
from Tp). Such mixing gives the HOMO partial antibonding
character, as is also evident from the raised energy indicated in
Fig. 1. The 9a, and 10a, orbitals encompass bonding in phase
combinations of the nitrogen lone pairs and the Ga 4s orbital.
An interaction involving an e, combination of nitrogen lone
pairs and the 4p(x,y) orbitals on Ga combines to give the bond-
ing orbital 13e,. The Tp ligand can therefore stabilise the mono-
valent gallium complex by having orbitals of the appropriate
symmetry and energy to provide an overall bonding effect. The
fragment contributions show that covalent mixing is moderate.
Gallium has a partial positive charge while each of the bind-
ing nitrogens has a similar negative charge as shown in the
Mulliken populations given in Table 3. Also the electron density
assigned to Ga is polarised away from the negatively charged N
atoms. This suggests a significant electrostatic component to

the bonding.
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Fig. 2 Isosurface representations of selected MOs: (A) 132, HOMO
of Ga[Tp]; (B) 20a, HOMO of Ga,[Tp]l;; (C) 14a, o bond of Ga[Tp]E;
(D) 16e t HOMO of Ga[Tp]E.

Ga[Tp]E. The bonding of the terminal chalcogen complexes
of gallium Ga[Tp]E I (E=0 a, S b, Se ¢ or Te d) could be
imagined to be composed of a ¢ bond between Ga and E with
two m bonds between E and acceptor orbitals on Ga, which
are antibonding between ligands and Ga. The degree of this
n interaction determines which of the resonance structures
M*-E~, M=E, M"=E" is most dominant. A similar bonding
scheme has been proposed for tertiary phosphine oxides,
R;PO."®

An MO diagram for Ga[Tp]Ga IIb which is generally repre-
sentative of Ga[Tp]E, is shown in Fig. 3. Table 2(b) gives the
results of the fragment analysis for all four compounds. The
MO diagram in Fig. 3 shows that the Ga[Tp] and S form one ¢
bond between 3p, and 3s on sulfur and the 13a; HOMO of the
Gal[Tp] fragment. Table 2(b) indicates a © interaction between
the 3p, , on sulfur and 18e on Ga[Tp]. The 18e fragment orbital
has 5% Ga 5p character and acts as a polarisation function for

the S atom. In Ga[Tp]S the ¢ bonding is reasonably substan-
tial: 23% of the MO is from the Ga[Tp] fragment, indicating
significant mixing (see Fig. 2C). However, © bonding is quite
small, only about 5% of the bonding 7 orbital comes from the
Ga[Tp] fragment (Table 2b). These fragment contributions
together with the Mulliken populations (Table 3) indicate that
for all four chalcogen gallium complexes the dominant reson-
ance structure is M*-E~, ie. a semipolar covalent bond as
described by Pauling.'®® However, there is a trend in properties
as E changes descending the chalcogen elements. The most
striking is the decrease in ¢ donation, while the p polarisation
barely changes. The small amount of mixing (5%) suggests that
the electrons in the © bond are located on the chalcogen element
as lone pairs (see Fig. 2D). The short Ga—E bond distances had
been taken to imply multiple bond interaction.®
Populations also show that the charge on the chalcogen ele-
ment decreases as E descends Group 16 (Table 3), e.g. —0.84 for

E =S, —0.35 for E = Te. This is to be expected with the higher

electronegativity of oxygen and sulfur polarising the charge

distribution. This should produce a large ionic contribution
to the energy of the Ga—E bond.
We thought it of interest to calculate the energy of combin-

ation of Ga[Tp] with a ground state chalcogen atom, eqn. (1).
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Table 2 Fragment analyses

(a) Ga[Tp], expressed as a percentage of mixing from fragment orbitals (FOs). Only occupied where significant Tp—Ga mixing is present are given

MO Contributing FOs from ligand AOs from Ga Energy/eV
13a; (HOMO) 17% 1la, 61% 4s, 21% 4p —4.66
13e, 49% 11ey, 16% 12ey, 25% 13e, 6% 4p —8.04
10a, 40% 8a,, 15% 10a,, 26% 11a, 10% 4s —10.57
9a, 59% 8ay, 19% 11a, 9% 4s —11.55

(b) Ga[Tp]E (C;, symmetry) illustrating the relative composition of the HOMO (n bonding orbital; e; symmetry) and HOMO — 1 orbital (¢ bonding

orbital, a; symmetry)

a; (HOMO - 1) e, (HOMO)
E O S Se Te E O S Se Te
% Chalcogen 2p 2s 3p 3s 4p 4s S5p S5s % Chalcogen 2p 3p 4p 5p
67 6 61 7 54 7 44 10 85 86 86 86
% Ga[Tp] (13a,) 16 23 33 43 % Ga[Tp] (18e,) 5 5 5 5
Energy/eV —6.04 —6.55 —6.53 —6.53 Energy/eV —4.18 —4.17 —411 —4.00
(c) Ga,[Tp]l;
Contributing FOs Contributing
MO from Ga[Tp] FOs from Gal, Energy/eV
19a, 21% 13a, 57% Tay, 10% 8a,, 6% 6a, -7.30
20a, (HOMO) 17% 13a, 41% 7a,, 34% 8a, —5.42
2la, 17% 13a, 37% 8a,, 46% 9a, -1.91
Table 3 Mulliken populations
Charge
Atom Ga[Tp] Ga[Tp]O Ga[Tp]S Ga[Tp]Se Ga[Tp]Te Ga,[Tp]l;
N! —0.14 -0.15 —0.15 —0.15 -0.15 —0.15
N? —0.24 -0.23 —0.24 -0.25 —0.25 —0.26
C! 0.27 0.27 0.27 0.27 0.25 0.28
c? 0.07 0.07 0.08 0.08 0.08 0.10
Cc? 0.27 0.28 0.28 0.28 0.28 0.29
B 0.70 0.69 0.68 0.68 0.68 0.69
H(B) -0.25 -0.23 -0.23 -0.23 -0.23 -0.22
E —0.92 —0.84 —0.66 —0.36
Ga' 0.29 1.04 0.97 0.80 0.50 0.79
Ga? —0.15
| -0.20
Table 4 Calculated bond energies (eV) of Ga[Tp]E
Energy Ga[Tp]O Ga[Tp]S Ga[Tp]Se Ga[Tp]Te
Of forming E basis atom from *P E ground state 1.55 0.85 0.75 0.63
Of forming Ga[Tp] fragment from Ga[Tp] ground state 0.48 0.56 0.57 0.58
Of binding fragments together —6.57 —4.99 —4.46 -3.79
Total bonding energy —4.54 —3.57 -3.14 —2.57
Ga[Tp] + E—— Ga[Tp]E 0] bond gets shorter. In the fragment analysis the 13a, orbital is

This involved adjustment of the binding energy found in the
fragment calculation by the formation of the basis atom and
the preorganised Ga[Tp] from their respective ground states.
Data are given in Table 4. These calculations predict a grad-
ual decrease in bond strength on descending the chalcogen
group.

The calculations indicate a shortening of the Ga-N bond
between Ga[Tp] (2.18 A) and Ga[Tp]E (2.03-2.01 A) as is
found experimentally for the related Tp®*: complexes (Table 1).
This can be explained by considering the HOMO of the Ga[Tp]
fragment, the 13a, orbital shown in Fig. 2A. The bond between
the gallium and E centres reduces the electron density in this
orbital and, as this orbital has Ga—N antibonding character, the
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only fractionally occupied, so the antibonding interaction
between the Ga and Tp ligand is lessened and consequently the
bond shortens.

Gay[Tpll,. The calculations indicate a shortening of the
Ga-N bond between Ga[Tp] (2.18 A) and Ga,[Tp]L; (1.99 A)
as is found experimentally for the related Tp®'® complexes
(Table 1). As with the chalcogen adducts, this shortening can be
associated with reduced occupancy of the Ga[Tp] fragment
13a, orbital.

From the MO diagram of Ga,[Tp]l; (Fig. 4) the o bonding
interaction can be seen as slightly more complex than with the
chalcogen adducts. In this case significant mixing takes place
between four fragment orbitals, the HOMO of the Ga[Tp]
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Fig. 3 The MO scheme showing the interaction of Ga[Tp] with a
chalcogen atom E to form Ga[Tp]E.

fragment, the LUMO of Gal;, and two lower orbitals (7a, and
6a,) of the same symmetry on the Gal, fragment, giving rise to
molecular orbitals (21a,, 20a,, 19a,). The HOMO of compound
3, 20a,, which is Ga—Ga bonding, is shown in Fig. 2B. No
significant mixing is found among the e set of orbitals. The
charge on the Ga co-ordinated by Tp is again positive (+0.79),
that on the Ga co-ordinated by iodine is negative (—0.15). Thus
the bond can also be viewed as having an ionic component.

With a total charge of —0.74 on Gal;, the charge distribution

most resembles that between Ga and Se of the chalcogen series.
In a similar fashion the bond is best described as a semipolar
covalent bond, i.e. [Tp]Ga™Ga™l,.

As expected, there is no evidence of Ga—Ga multiple bonding
in Ga,[Tp]l,.

Conclusion

Good agreement has been obtained between calculated and
observed structures for Ga[Tp] and its adducts. The HOMO
“lone pair” in the monovalent gallium complex, Ga[Tp
primarily Ga 4s in character with some mixing from the Ga 4p

Butz], iS
orbital and has partial gallium-ligand antibonding character.

model, i.e. Ga'

The lengths of the Ga—N bonds are shorter in the chalcogen
and Gal; adducts as a consequence of this the gallium lone pair
orbital is only partially occupied in the adducts. The distance
change is also in agreement with predictions using the ionic

is smaller than Ga'. The bonding in the ter-
minal chalcogen complexes Ga[Tp®*:]E (E=0, S, Se or Te)
shows no significant  character and has been determined as a
semipolar covalent bond with the most representative reson-

ance structure being M™—E~. The polarisation of charge is
greatest for oxygen and sulfur, due to their higher electro-

negativity and hence higher ionic contribution to bond energy.
The Ga-Ga bonding in Ga,[Tp®*]L; is also best described as

semipolar covalent and represented by the resonance structure
[Tp]Ga*-Ga™1,. Calculations suggest that the bond polarity is
similar to that of the selenium complex.
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