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Abstract: Bonding in six-coordinate complexes based on
Group 13 elements (B, Al, Ga, In, Tl) is usually considered to
be identical to that in transition-metal analogues. We herein
demonstrate through sophisticated electronic-structure analy-
ses that the bonding in these Group 13 element complexes is
fundamentally different and better characterized as electron-
rich hypervalent bonding with essentially no role for the
d orbitals. This characteristic is carried through to the molec-
ular properties of the complex.

Six—coordinate complexes based on Group 13 elements
commonly occur in natural minerals, such as bayerite and
bohmite, synthetic porous materials, such as metal-organic
frameworks (MOFs), and soluble coordination compounds,
for example, porphyrins.!! The bonding in these systems is
often treated as identical to that in transition-metal com-
plexes, and numerous octahedral complexes indeed exist for
both Group 13 elements and transition metals. The octahe-
dral node in the MOF MIL-53 can be occupied by Sc**, Fe*™,
Cr**, Cu*", A", Ga™ or In*" (Figure 1), and it is the sporadic
substitution of A" by Cr’" in an extended six-coordinate
environment to which rubies owe their red color!™
Nevertheless, it cannot be neglected that six-coordinate
Group 13 complexes are formally hypervalent, and that their
valence “breaks” the octet rule from a naive point of view.
Linus Pauling described hypervalence in terms of an
expanded octet, in which low-energy d orbitals are invoked
to account for extra bonding through hybridized sp’d?
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Figure 1. Octahedral nodes structuring the MIL-53 framework. The
orange spheres represent six-coordinate M** ions (M =Sc, Fe, Cr, Cu,
Al, Ga, In).

orbitals.”! This explanation would act as a bridge between
the d and the p block and rationalize the apparent affinity
towards comparable bonding topologies, but the expanded
octet concept was convincingly dismissed by the seminal
works of Rundle, Pimentel, Musher, von Ragué Schleyer, and
Hiberty, who showed through both theory and computation
that d orbitals lie too high in energy to significantly contribute
to bonding in signature hypervalent molecules such as PF;
and XeF,, and that ionic configurations are rather dominant.

Considering these developments on the topic, as well as
a recent spark of interest,”! it is surprising that the rather
common six-coordinate Group 13 based metal clusters have
remained without sound theoretical treatment.

We herein examine the nature of the bonding in these
systems for all non-radioactive Group 13 trications (B**, AI*,
Ga**, In** and TI*"). These cations all have an empty valence
shell in common and constitute ideal analogues of the
transition-metal ion Sc*', with which their bonding is
compared.

For O,-symmetric Sc*" complexes, a ligand field descrip-
tion with sp’ lobes representing the ligand orbitals is expected
to well describe bonding from a molecular orbital (MO)
perspective (Figure 2A). Here, six o-bonding MOs originate
from s-sp® (1), p-sp® (3), and d-sp® (2) metal-ligand overlap.
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Figure 2. A) Schematic MO diagrams for an O,-symmetric 12e com-
plex with d orbitals (red). B) The same MO diagram without d orbitals
(7c-12e pattern of MO bond order 4, blue). For A and B, the
antibonding orbitals are omitted. C) The linear 3c-4e bond.

For an analogue based on a main-group element, the
d orbitals are likely to be too high in energy to be involved
in bonding, leading to an MO diagram similar to that of SF
(12-S-6; Figure 2B).1!

The 7-center-12-electron (7c-12e) bonding pattern, shown
in blue in Figure 2B, is the O, analogue of the electron-rich,
linear 3c-4e bond proposed by Rundle and Pimentel in the
1960s (Figure 2C).1“**! The qualitative MO bond orders are
six and four for A and B, respectively, and thus 1 and %/ per
metal-ligand bond.

To answer the question as to whether bonding in the six-
coordinate Group 13 complexes is better represented by
scheme A or scheme B, we must examine the extent to which
d orbitals are involved in the bonding mechanism and to what
level they contribute to the structure and stability of the
complexes."” To address these questions, we analyzed our
model systems quantum-chemically using relativistic, disper-
sion-corrected density functional theory (DFT) at the
ZORA-BLYP-D3(BJ)/TZ2P level of theory as implemented
in the ADF program.!®

First, we examined the importance of the various compo-
nents of the bonding mechanism in terms of their contribution
to the bond strength. This is done by decomposing the
bonding energy between the M*' fragment and the (H,O)q
fragment in the [M(H,O),]*" complex of T, symmetry,
a subgroup of the O, point group.”! H,O is our ligand of
choice as we aimed to study a highly symmetric, yet realistic
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system. The bonding pattern associated with H,O is expected
to qualitatively carry through to the majority of systems in
both solid-state and solution-state complexes.

The energy decomposition analysis (EDA) implemented
in ADF breaks down the overall bond energy AE for the
reaction M*" +6H,0—[M(H,0)¢]*" into two major terms

[Eq. (D]

AE = AE,., + AE;, (1)

AE,., is the energy change associated with bringing six
equilibrium-geometry H,O molecules together into the
(H,0), cage of ligands as it occurs in [M(H,O)s*". AE,,
represents the actual energy change when M*' is combined
with the prepared (H,O), fragment to form the final complex.
AE,,, in turn, can be decomposed into classical electrostatic
attractions, AV, the steric (Pauli) repulsion between closed

shells, AEp,;, and orbital interactions, AE,; [Eq. (2)]:""
AE‘im = Avels(at + AE‘Pauli + AEoi (2)

The orbital-interaction term is of major interest as it is
responsible for the various stabilizing donor—acceptor (e.g.,
HOMO-LUMO) interactions. It can be further decomposed
into contributions from each irreducible representation

[Eq. 3)]:

AE, = AE, + AE, + AEy, + AEy, 3)

This furnishes a quantification of the donor—acceptor
o0 bonds involving the metal s AOs (AE; in a, symmetry), the
three metal p AOs (AE, in t,), and the three metal d AOs
(AE,, in e,) as well as the donor-acceptor s bonds that
involve the remaining metal d AOs (AE,, in t,). The data
corresponding to the terms in Eq. (3) are graphically shown in
Figure 3 (for full numerical details on these and all other
energy terms occurring in Eq. (1)-(3), see the Supporting

Information).
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Figure 3. Bonding energy contributions of the s, p, and d orbitals in
[M(H,0)¢}*", M=B, Al, Ga, In, Tl, Sc.
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Figure 3 clearly shows that the d orbital interactions do
not make a significant contribution to the stability of the
Group 13 metal complexes, as their interaction terms are an
order of magnitude smaller than those of the s and p orbital
interactions. This contrasts with the Sc** complex for which all
orbital contributions are at comparable levels. Intriguingly, all
Group 13 orbital trends display a kink at AI’", suggesting
a slightly larger d orbital involvement for this particular case.
This trend is also reflected by other quantitative measures of
the bonding mechanism, such as the bond overlap and the
fragment orbital population (see the Supporting Informa-
tion).

Albeit in a subtle way, the above trend raises the question
whether the central-atom d orbitals play a somewhat more
significant role in determining the structure of the
[AI(H,O)4]*" complex. To address this question, we carried
out a numerical experiment in which the geometry of an
initially distorted [A1(H,O)]*" configuration was subjected to
a geometry optimization using a basis set for aluminum from
which all d functions had been deleted. The calculated metal—
ligand bond length in the resulting [Al(H,O)]*" complex
turned out to be barely elongated at 195.7 pm, as compared to
the value of 194.0 pm stemming from the computation where
the aluminum d functions had been included. For example,
this difference is considerably smaller than the one associated
with the inclusion or exclusion of electron correlation: A
geometry optimization at the Hartree—Fock/TZ2P level of
theory resulted in a bond length of 199.7 pm.'"l We thus
conclude that for the Group 13 based clusters, d orbitals are
not part of the canonical description of the bonding, which is
therefore represented by scheme B.

Next, we focused on the consequences of the above results
for the electronic structure of [M(H,0):]*" complexes based
on Group 13 metals. The electron-rich, multi-center 7c-12e
pattern predicts certain properties, such as 1) “elongated”
metal-ligand bonds and 2) considerable charge polarization
across these bonds.”! In this context, “elongated” bonds refer
to bonds that considerably exceed the bond length predicted
by the sum of the covalent radii of the metal engaged in the
interaction and an oxygen atom. Taking this as a measure, the
six-coordinate clusters based on Group 13 cations are indeed
held together by elongated bonds (Table 1). The six-coordi-

Table 1: Sum of the metal and oxygen covalent radii and calculated bond lengths.

several other factors (e.g., orbital overlap, orbital energy gap)
and features of the bonding mechanism (e.g., Pauli repulsion,
electrostatic attraction). In fact, the average heterolytic M—O
bond dissociation energy ((BDEy. o) = (1/6)[E(M*" +
6 H,0)—E(IM(H,0)¢]*")] was computed to decrease from
approximately 170 kcalmol " for the borium complex to 120-
99 kcalmol ™' for the heavier Group 13 complexes and
approximately 94 kcalmol™! for the scandium complex.
Finally, we determined the charge distribution in our
model systems by deformation density analysis, summarized
on a per-atom basis using the Voronoi deformation density
(VDD) method.™™ An increase in the metal radius leads to an
increase in the local positive charge as the polarization ability
of the cation diminishes (Figure 4). However, the charge
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Figure 4. VDD atomic charges of the metal, oxygen, and hydrogen
atoms in T, [M(H,0)¢*" complexes. The charges for the aluminum
and scandium hexaaqua complexes are shown in boxes.

polarization pattern across the M—O—H (M =metal) bond
path is virtually equal between aluminum and scandium, even
though their respective atomic van der Waals radii
differ considerably (Al: 184 pm, Ga: 187 pm, In:

193 pm, TI: 196 pm, Sc: 211 pm). This is a typical

B Al Ga In Tl Sc consequence of electron-rich bonding associated
Sum of the covalent 15045 187+6 188+5 208+7 21149 233+9 with hypervalent compounds, in which electrons in
radii®! [pm] excess to the octet tend to largely reside on the
Bond length® [pm] 1728 1940  201.9 2212 2305 2162

[a] From Ref. [12]. [b] Computed at the ZORA-BLYP-D3(BJ)/TZ2P level of theory.

nate scandium cluster, however, features metal-oxygen bonds
that are shorter than the sum of the covalent radii. These
values are consistent with the bonding and EDA analyses
above and the formal MO bond orders of four and six.
Nevertheless, it must be emphasized that these trends in bond
length and formal bond order cannot be directly translated to
bond strength as the total bond strength also depends on
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ligands (see the le, orbitals in Figure 2B)."

In conclusion, we have shown that six-coordinate
Group 13 based clusters are best conceived as
electron-rich hypervalent species with highly polar
7-center-12-electron bonding. This is of direct explanatory
value to some general features of materials based on these
clusters, which are generally thermodynamically more stable,
yet kinetically more reactive than their transition-metal-
based analogues.'* The insight obtained in this work will help
chemists with the synthesis and characterization of new
molecules and molecular frameworks, particularly those
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targeting applications in luminescence, photocatalysis, and
magnetism.

Experimental Section

Calculations: All standard calculations were performed with the
Amsterdam Density Functional (ADF) program,’”! using the BLYP
functional. The numerical integration was performed using the
procedure developed by Boerrigter, te Velde, and Baerends."” The
MOs were expanded in a large uncontracted set of Slater type orbitals
(STOs) containing diffuse functions, which is of triple-¢ quality for all
atoms and was augmented with two sets of polarization functions
(TZ2P). The core shells of all atoms were treated by the frozen-core
(FC) approximation.!'”

All energies and geometries were calculated using the general-
ized gradient approximation (GGA) of DFT at the BLYP level of
theory." GGA proceeds from the local density approximation
(LDA) where exchange is described by Slater’s X, potential and
correlation is treated in the Vosko-Wilk—Nusair (VWN) parametri-
zation,"” which is augmented with nonlocal corrections to exchange
according to Becke,['"® and correlations according to Perdew™” added
self-consistently.”! For all calculations, relativistic effects were
accounted for by the zeroth-order regular approximation
(ZORA),? and dispersion was taken into account by Grimme’s
correction, D3.1%

Additional geometry optimization calculations on [Al(H,O)]*"
were carried out using Hartree—-Fock methods, and GGAs of DFT at
the BLYP, OLYP,*! and OPBE™! levels of theory. All of these
additional calculations were carried out at both TZ2P quality and
quadruple-¢ quality with three polarization functions (QZ4P).

In the experiment on the role of the d orbitals on the geometry
optimization, which is described in the main text, the d 2, d2_,, d,), d,.
and d,, basis functions were deleted for the AI*" fragment, after which
the geometry optimization was performed on a complex of 7,
symmetry with the initial O—Al bond length set to 210 pm.
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