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1 | INTRODUCTION
The combination of group 13 and 15 elements such as boron nitride (BN),
boron arsenide (BAs), gallium nitride (GaN), and indium phosphide (InP)
gives rise to valuable semiconductor and optoelectronics materials. Their
utility for a range of applications may be related to their large electronic
band gaps and chemical inertness properties. Moreover, these materials
also have potential applications in hydrogen storage.)™® However, while
their material forms are relatively common, their molecular forms remain
elusive; those that have been isolated are only stable in a gaseous state at
very high temperatures above 900°C, or in a condensed phase at temper-
atures below 40 K.#"1°

Access to smaller molecular fragments of semiconductor and
optoelectronic materials could aid in the tailored doping and construc-
tion of bulk materials.** Moreover, group 13-15 diatomic molecules
are of inherent interest due to their elusive nature and close-lying
ground state triplet and excited singlet electronic states.

Group 13-15 diatomics are challenging systems for both theory
and experiment. Investigation of molecular forms of group 13-15

A theoretical investigation of ligand-stabilized MX diatomics (M = group 13, X = group
15 element) with N-heterocyclic carbene (NHC) ligands has been carried out to assess
bonding and electronic structure. Binding of two ligands in the form L-MX-L is generally
preferred over binding of a single ligand as L-MX or MX-L. Binding of carbene donor
ligands is predicted to be thermodynamically favorable for all the systems, and is very
favorable for the lighter group 15 systems (nitrogen and phosphorus). Detailed analysis
of the bonding in these complexes has been carried out with energy decomposition anal-
ysis (EDA). In all cases, the carbene to boron and carbene to nitrogen bonding is
described as an electron-sharing double bond with both ¢ and = bonding interactions.
For the heavier elements, bonding to C (except for P—C interactions) is best described as
a donor-acceptor ¢ single bond.

bonding, carbene ligands, electronic structure, group 13-15, ligand-stabilization

diatomics remains a challenge for both theory and experiment. Theo-
retical studies, often with multireference methods, have been carried
out for a number of systems, including BN,312-16 gp 317.18 pag 19
AIN,3%° AP 22122 AIAs 23 GaN,?*?° GaAs,?® InN,?” and InAs.?®

Lewis bases such as N-heterocyclic carbenes (NHCs) offer great
potential in this field due to their ability to activate and stabilize tran-
sient species, which could allow exploration of group 13-15 mole-
cules (stabilized in a molecular form) while also offering a strategy to
produce tailored fragments of bulk materials. Coordination with Lewis
bases has propelled interest in main group chemistry,’~3? with the
fascinating reactivity and unusual bonding afforded by Lewis bases
stimulating both experimentalists and theoreticians. Lewis bases have
been demonstrated to provide access not only to transient molecular
systems, but to rare low oxidation state systems, ions, and radicals.

Recent outstanding examples of Lewis-base stabilization include
C2,%27%7 5i,,%8 Gey,® Sny,* B, (with the first B=B bond),**2 Si,0,,*
Be(0),** and Be(l)*>*¢ complexes. A number of group 13 and 15 frag-
ments have been stabilized in this manner, including N,,*"~%° P,,%°
As,,°* and phosphorus clusters P4-P, and P1,.°%°? To date, PN and

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of Computational Chemistry published by Wiley Periodicals LLC.

1964 wileyonlinelibrary.com/journal/jcc

J Comput Chem. 2022;43:1964-1977.


https://orcid.org/0000-0002-0007-4486
mailto:david.wilson@latrobe.edu.au
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/jcc

KAUR anp WILSON

Journal of

_WILEY_L¥*

PN remain the only heteronuclear group 15 systems to be isolated,>®
with a very recent report of a PN system stabilized by Fe.>* Impor-
tantly, theoretical studies have often led synthetic efforts,2?3>°°77
while theory has also proven critical for an understanding of the novel
bonding in these systems.>”

We have previously investigated group 14 and 15 L-E,-L
(L = ligand, E = C, Si, Ge, Si, Pb, N, P, As, Sb, Bi) complexes with NHC
and phosphine ligands,*® with group 15 systems exhibiting a gauche
structure with E—E single bonds. Frenking and co-workers have previ-
ously investigated L-E,-L (E = B, Al, Ga, In) with phosphine and NHC
ligands,”">®

to 2 L + E,. Recently, Rivard and Brown investigated L-(BN), (n = 1-3)

predicting that all systems are energetically stable relative

systems with NHC, N-heterocyclic olefin and Wittig ligand donors at
the M05-2X/cc-pVTZ level of theory.!?

Herein we report a theoretical study of heteronuclear diatomic
MX species (M = Group 13 elements B, Al, Ga, In, Tl and X = Group
15 elements N, P, As, Sb, Bi) stabilized by NHC Lewis bases of the
form L-MX-L, L-MX, and L-XM. Here we have investigated the
electronic and thermodynamic stability of L-MX-L complexes, with
a detailed analysis of the bonding. With the aid of energy decom-
position analysis together with natural orbitals for chemical
valence (EDA-NOCV), we have explored the strength and nature
of the NHC to M and X bonds in both a donor-acceptor and
electron-sharing paradigm.

2 | METHODS

Geometries were optimized with the M06-2X density functional®®
and def2-TZVP basis set®® without any symmetry constraints using
the Gaussian 16 package.®? Functional dependence was assessed with
B3LYP-D3(BJ)/def2-TZVP geometries for a set of the L-MX-L sys-
tems; B3LYP-D3(BJ) yielded equivalent geometries with bond dis-
tances deviating by less than 0.02 A from M06-2X results. Harmonic
vibration frequency calculations were performed analytically at the
same level of theory as the geometry optimization to characterize
each stationary point as a minima and obtain thermochemical data
(standard state of T = 298.15 K and P = 1 atm). Dissociation energy
calculations for L-MX-L complexes to MX + 2 L or L-MX + L or L +
MX-L (L = NHC) employed L-MX-L (singlet), L-MX (singlet/triplet),
MX-L (singlet), MX (triplet) and NHC (singlet) optimized geometries.
Molecular orbital analysis including highest occupied molecular
orbital-lowest unoccupied molecular orbital (HOMO-LUMO;
H-L) gaps were calculated with B3LYP-D3(BJ)/def2-TZVP using
the MO06-2X/def2-TZVP optimized geometries. Analogous
M06-2X/def2-TZVP MO results are given in Table S1. Singlet-triplet
gaps were estimated from triplet state energies calculated at the sin-
glet state optimized geometries at the M06-2X/def2-TZVP level.
EDA-NOCV was performed at the BP86/TZ2P level®?¢® using
the ADF 2019 package.®* Scalar relativistic effects were incorporated
with the zeroth-order regular approximation. In EDA, the overall inter-
action energy between fragments (AE;,) may be decomposed into

energy components:
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AEint = AEelstat + AEPauIi + AEorb (1)

where AE .t represents the electrostatic interaction energy between
the unperturbed charge densities of the prepared fragments, which is
generally a stabilizing force. The Pauli repulsion term (AEp,,;) arises from
antisymmetrization—the overlapping densities may have electrons that
have the same spin, which then is corrected by introducing a destabiliz-
ing interaction. The orbital interaction energy (AE,,,) is an attractive term
and represents the covalent interaction that originates from the mixing
of orbitals, charge transfer, and polarization between the isolated frag-
ments. Orbital mixing includes both inter-fragment and intra-fragment
orbital mixing. Note that AE;,; will differ from the dissociation energy
since fragments are at the geometry of the complex are not relaxed to
their ground states of the isolated fragments. With dispersion corrected
functionals a dispersion contribution (AEs,) is added to the interaction
energy without impacting AEqstat, AEpayi, OF AEqr,. While BP86 does not
include dispersion, test calculations with BP86-D3(BJ) for a subset of
L-MX-L complexes indicates that dispersion adds 1%-6% to AE;:. Identi-
fication of the preferred bonding model is solely based on AE,,, and
hence is independent of whether dispersion is included. The AE,, com-
ponent may be further divided into contributions from each irreducible
representation (o, n, etc.). EDA-NOCV provides further insight by parti-
tioning the total orbital interaction into pairwise orbital interactions. The
deformation density Ap(r), which is the difference between the charge
densities of fragments before and after each orbital interaction, indicates
charge flow due to orbital interactions.®®

3 | RESULTS AND DISCUSSION

3.1 | Geometries

Several different arrangements of ligands (L) and diatomic MX can be
envisaged. In a previous study of NHC stabilized BN fragments, Rivard
and Brown considered L-BN structures with a single ligand.** We ini-
tially considered similar L-MX complexes of the form L-MX (ligand
binding to group 13 element) or MX-L (ligand binding to group 15 ele-
ment). However, complexes with two ligands of the form L,-MX and
L-MX-L are also possible. Calculations indicate that L-MX-L com-
plexes are energetically preferred over an L,-MX arrangement, while
inclusion of two ligands in L-MX-L complexes is generally favored
over a single ligand L-MX or MX-L structure (see below).

It is also possible to envisage MX complexes with three or even
four ligands of the form L,-MX-L,. Three and four ligand complexes
were investigated for the subset of BN, AIP, and GaAs diatomics at
the M06-2X/def2-SVP level of theory. With four ligands no minimum
energy structures were located but rather ligands dissociated, which is
not unexpected due to significant steric crowding. Three-ligand
L,-MX-L structures were identified for both AIP and GaAs, which
exhibit three-coordinate bonding around the group 13 element. In
both cases the formation reaction of MX + 3 L — L,-MX-L is energet-
ically favored, although addition of a ligand to L-MX-L to form
Lo-MX-L is mildly unfavorable. However, when the more synthetically
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MO06-2X/def2-TZVP optimized geometries of L-MX-L complexes (M = group 13 and X = N, P) in the gas phase (H atoms omitted

for clarity). Geometries of the heavier group 15 complexes L-MX-L (X = As, Sb, Bi) are similar to the respective phosphorus complexes

relevant and bulkier N-dipp (dipp = diisopropylphenyl) NHC is used,
neither three nor four ligand complexes could be formed due to the
extreme steric crowding. The N-Me NHC ligands are a reasonable
model for bulkier substituents, however synthetically relevant conclu-
sions based on results with model N-Me NHCs requires the effect of
bulky N-substituents to be considered. As such, the analysis pre-
sented here is principally focused on L-MX-L complexes.

The isoelectronic group 14 L-EE-L molecules (L = donor ligands;
E =C, Si, Ge, Sn, Pb) are calculated to have a linear (E = C) or a trans-bent
(E = Si-Pb) arrangement around the E—E core.>® Similarly, homonuclear
group 13 L-EE-L compounds (E = B-In) exhibit a linear (E = B) or trans-
bent (E = Al-In) conformation,®” while group 15 L-EE-L have a
trans-bent (E = N-As) arrangement with bulky NHC ligands, or a gauche
arrangement with less substituted (e.g., N-Me) NHC ligands.>®

For the L-MX-L systems we considered linear, trans-bent, and
gauche arrangements. The lowest energy optimized geometries of the
singlet-state L-MX-L complexes (M = B, Al, Ga, In, Tl and X = N, P,
As, Sb, Bi) are represented in Figure 1.

The heteronuclear MX complexes display a broader range of
molecular structures than the homonuclear L-E»-L complexes, often
with a gauche arrangement around the M—X core with NHC rings
that are not co-planar. This can be attributed to the asymmetric bond-
ing nature of the MX linkages in these L-MX-L complexes in compari-
son to the homonuclear L-E,-L systems. It is notable that the nitrogen
containing L-MN-L complexes exhibit geometries that are different
from their respective heavier complexes.

For complexes with at least one heavier element, multiple minima
were located that correspond to a cis (same face) and trans (opposite face)
arrangement of ligands around the MX core. The cis and trans minima
typically lie within 15 kJ/mol of each other, with the trans-bent arrange-
ment generally preferred. For GaN, InN, TIN, BBi, and TIP, a cis arrange-
ment was found to be slightly lower in energy than a trans-bent
geometry, although the difference in energy remained less than
10 kJ/mol.

Test calculations with N-dipp NHC ligands for GaN, InN, TIN, AIP,
and GaAs demonstrate that only the trans-bent structure is feasible
with synthetically relevant bulkier ligands due to significant steric
repulsion in a cis arrangement. Moreover, for AIP and GaAs the bulkier
N-dipp groups resulted in the NHC rings becoming co-planar. The key
C—M, M—X, and X—C bond distances are largely unchanged whether
N-Me or N-dipp groups are used, which confirms that the N-Me NHC
ligands are a reasonable model. For consistency, the trans-bent con-
formation as illustrated in Figure 1 with N-Me NHC was utilized for
all further analysis.

Selected geometry parameters of singlet-state L-MX-L complexes
(M =B, Al,Ga, In, Tland X = N, P, As, Sb, Bi) are collected in Table 1.
The different structure of the L-BN-L complex is highlighted by the
C—B—N (160.9°) and B—N—C (167.3°) angles, which are very differ-
L-BX-L complexes
(C—B—X = 130.4°-134.2° and B—X—C = 99.5°-102.9°). Comparison
of the C—M—X and M—X—C angles of the heavier group 13-nitrogen

ent from that found in the heavier

complexes (M = Al-TI) yields similar conclusions. The Ga, In, and TI
complexes with N appear to be reasonably similar in orientation; the
C—M—X and M—X—C angles are in the range of 87.0°-91.8° and
134.7°-139.2°, respectively.

The bonding was analyzed separately for M—X bonds, carbene to
group 13 metal (C—M) bonds, and carbene to group 15 non-metal

166,67

(C—X) bonds in comparison with empirical covalent radii and

available experimental data.

3.2 | C—Mbonds (M = B-TIl)

For the boron-containing L-BX-L complexes, the C—B bond increases
monotonically from 1.440 to 1.484 A with heavier group 15 elements
(BN to BBi). The calculated C—B bond distances are comparable to
1.45 A from Pyykko and Atsumi's covalent radii of C=B double
bonds,®® and also to recently isolated neutral boraalkene compounds
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TABLE 1 MO06-2X/def2-TZVP optimized geometries of NHC-
MX-NHC systems (M = group 13, X = group 15) with selected
geometrical parameters

Bond distance (A) Angle (°)

MX c—M M—X X—C C—M—X M—X—C
BN 1.440 1.325 1.268 160.9 167.3
BP 1.475 1.786 1.830 134.2 102.9
BAs 1.481 1.896 1.986 130.4 100.7
BSb 1.483 2.065 2.270 132.0 101.2
BBi 1.484 2121 2428 131.8 99.5
AIN 2.261 1.801 1.264 94.3 150.3
AlP 2.123 2.346 1.789 824 97.4
AlAs 2.116 2.453 1.937 82.2 95.3
AlISb 2.105 2.645 2.193 81.3 96.7
AlBi 2.112 2.699 2.321 78.8 104.0
GaN 2.386 1.910 1.268 91.8 136.3
GaP 2.223 2.400 1.782 80.3 100.5
GaAs 2.211 2.503 1.931 80.0 98.5
GaSb 2.205 2.698 2.179 78.1 105.4
GaBi 2.204 2.741 2.314 77.7 103.6
InN 2.636 2.123 1.264 88.3 139.2
InP 2.540 2.642 1.766 71.7 113.9
InAs 2.535 2.733 1.913 71.6 111.2
InSb 2.521 2.910 2.167 71.9 107.4
InBi 2.530 2.944 2.302 71.0 105.9
TIN 2.801 2.252 1.262 87.0 134.7
TIP 2.722 2.725 1.760 69.6 1134
TIAs 2.720 2.812 1.907 69.5 110.8
TISb 2.710 2.985 2.161 69.9 107.1
TIBi 2.727 3.016 2.297 68.5 105.8

(1.444 A, 1.456 A).%® For comparison, Rivard and Brown calculated a
longer C—B bond distance of 1.517 A in the single-ligand L-BN com-
plex.!* The C—B bond distances in L-BX-L are significantly shorter
than reported C—B single bond distance of 1.592 A, indicating the
presence of double bond character in the C—B bond in the L-BX-L
complexes.®” The B—C bonds in L-BX-L are best described as B=C
bonds.

In the non-boron L-MX-L complexes (M = Al-TI), the calculated
C—M bond distances (Table 1) consistently decrease with heavier
group 15 elements (X = N—Bi), which is the reverse of the trend for
C—B bond distances in L-BX-L complexes. All C—M bond distances
are slightly longer than the C—M single bond covalent radii of Pyykko
and Atsumi.®” Moreover, the calculated bond distances are longer than
experimentally reported C—M single bonds; C—Al bond distances
(2.105-2.261 A) are longer experimental C—Al values of 2.025-2.039 A
in L-AlH,l complexes,”® while optimized C—Ga bond distances
(2.204-2.386 A) are longer than 2.036 A in L-GaH,l.”® Similarly, the opti-
mized C—In (2.521-2.636 A) and C—Tl (2.710-2.801 A) bond distances

HEMISTRY

are longer than C—M bond distances in aryl-NHC-group 13 trimethyl
complexes of gallium and indium of 2.111-2.137 A (C—In) and
2.301-2.342 A (C—TI), respectively.”* A single-bond C—M (M = AI-TI)

description is consistent with the optimized bond distances.

33 | M—Xbonds (M = B-TI, X = N-Bi)

3.3.1 | B—Xbond distances

The calculated B—N bond distance (1.325 A) in L-BN-L lies between
that of double bond as reported for HoN=BH, (1.391 A),”? and a tri-
ple bond found in H—B=N—H (1.238 A).”® Similarly, the calculated
B—N bond distance lies between Pyykko's double bond covalent radii
(1.38 A) and triple bond covalent radii (1.27 A). The B—N bond in
L-BN-L may be characterized to possess significant triple bond char-
acter. For comparison, Rivard and Brown calculated a B—N bond dis-
tance of 1.259 A in the single-ligand L-BN complex,** which is
characterized as a distinct B=N bond. The presence of the second
ligand bound to N in L-BN-L serves to reduce the B—N bond strength,
although it retains significant triple bond character in L-BN-L.

In contrast, the B—X bonds in the heavier group 15 homologues
exhibit clear double bond character. The calculated B—P and B—As bond
distances are comparable to B=P and B=As bonds in complexes reported
by Power and co-workers”* and Pyykko's double bond covalent radii of
B=P (1.80 A) and B=As (1.92 A).® Similarly, the B—Sb and B—Bi dis-
tances are comparable to Pyykko's®” double bond covalent radii
(2.11, 2.19 A respectively), while the B—Sb distance is shorter than exper-
imentally known B—Sb single bonds”>”¢ and the B-Bi distance is similar
to experimental B=Bi distances (2.138 A).”” The B—X bonds of the
heavier homologues are best described as B=X bonds.

3.3.2 | Al—Xbond distances

The calculated Al-N bond distance (1.801 A) in L-AIN-L is slightly
shorter than reported Al—N single bond distances (>1.85 A) but longer
than 1.705 A reported in monomeric iminoalane that contains multiple
bond character.”® It lies between the empirical double bond covalent
radii of 1.73 A and the single bond covalent radii of 1.97 A ,%® which is
indicative of minimal multiple bond character. For all other L-AIX-L
molecules (X = P-Bi), the Al-X bond distances are consistent
with known single bond distances: Al—P (L-AIP-L is 2.346 A,
cf. 2.37-2.39 A),¢777 Al-As (2453 A, cf. 2.42-2.50 A),67:8081
Al-Sb (2.645 A, cf. 2.66-2.68 A),¢”5? and Al—Bi (2.699 A, cf. 2.77 A).¢”
While AI-N may exhibit some double bond character, all heaver Al—X
bonds are described as single bonds.

3.33 | Ga—X, In—X, and TI—X bond distances

All Ga—X, In—X, and TI—X bonds may be classified as single bonds.
The Ga—N distance (1.910 A) falls in the range of Ga—N single bonds
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(1.829-2.026 A) found in gallium monoamides.®® For the heavier

homologues, calculated distances are similar to both empirical single-

bond covalent radii and experimentally reported single bonds.®* The
In—N bond distance of 2.123 A is similar to that in indium monoa-
mides (2.054 A, 2.104 A)®% while both In—N and In—Bi (2.944 A) dis-
tances are also similar to single bond covalent radii (2.13 and
2.93 A).¢7 The In—P, In—As, and In—Sb distances are marginally longer
than their respective single bond covalent radii: In—P 2.53 A, In—As
2.63 A, and In—Sb 2.82 A.%” The calculated TI—X bond distances of
are all slightly larger than their respective single bond covalent radii,®”

indicative of single-bond character.

34 | X—Cbonds (X = N-Bi)

The calculated N—C bond distances are comparable to the N=C dou-
ble bond covalent radii of 1.27 A.*” The calculated values are also
slightly smaller than the known N—C bond distances in carbene stabi-
lized PN (1.282 A) and PN™ (1.313 A) complexes.>® In all cases, the
C—N bond distance is consistent with a C=N bond.

The P—C bond in L-BP-L (1.830 A) is comparable to the P—C sin-
gle bond covalent radii of 1.86 A. However, in the heavier L-MP-L
(M = AI-TI) complexes, shorter P—C bond distances are predicted
(1.789-1.760 A) that lie between single bond (1.86 A) and double
bond (1.69 A) covalent radii,®®®” which is indicative of increased
double-bond character. The calculated P—C bond distances are also
comparable to distances in carbene-stabilized PN (1.719 A) and PN*
(1.788 A) complexes.>®

The As—C, Sb—C, and Bi—C are all consistent with a single bond
description. The calculated As—C (1.907-1.986 A) bond distances are
comparable to those in NHC.AsCl; (2.018 A) and NHC-AsAs-NHC
(1.881 A),°* and the empirical single-bond covalent radii (1.96 A) yet
longer than double bond covalent radii (1.81 A).” The Sb—C distances
(2.161-2.270 A) are comparable to known Sb—C single bonds

FIGURE 2 Plots of lowest
unoccupied molecular orbital
(LUMO), highest occupied
molecular orbital (HOMO), and
HOMO-1 of L-BN-L, L-AIP-L, and
L-GaAs-L as representative of
L-MX-L complexes. L = NHC,

M = group 13, X = group

15 elements. B3LYP-D3(BJ)/
def2-TZVP

(2.144-2.268 A)®® and empirical single bond covalent radii (2.00 A).¢”
Similarly, the calculated Bi—C bond distances (2.297-2.428 A) are in
agreement with known Bi—C bonds (2.339-2.489 A).8°

4 | ELECTRONICSTRUCTURE AND
STABILITY

Plots of the frontier MOs of L-BN-L, L-AIP-L, and L-GaAs-L are pre-
sented in Figure 2, which are representative of the L-MX-L systems.
For the non-nitrogen MX systems, the HOMO is an c-symmetry
bonding MO, while the HOMO-1 is a n-bonding MO centered on MX
that is indicative of M=X bonding. The LUMO is a n-symmetry MO
that is predominantly located on the group 15 X atom. For L-BN-L,
the HOMO s associated with a B=C n-bond, while the r-symmetry
HOMO-1 may be associated with B=N or a N lone pair.

The HOMO-LUMO (H-L) gap is commonly used as measure of
the electronic stability of a system. However, it is important to note
the strong density functional theory dependence of the calculated
H-L gap, which increases with the proportion of Hartree-Fock
exchange in the functional. The M06-2X functional includes a rela-
tively high proportion of Hartree-Fock exchange (54%) that leads to
large H-L gaps that generally overestimate experimental H-L gaps
(photophysical, electrochemical). MO calculations were subsequently
carried out at the B3LYP-D3(BJ)/def2-TZVP level of theory
(20% Hartree-Fock exchange) that yields smaller H-L gaps.
B3LYP-D3(BJ) calculated H-L gaps are provided in Table 2
(M06-2X results are provided in Table S5). The H-L gaps are in the
range of 2.45-4.19 eV, indicating that these are potentially isola-
ble based on calculations of known molecules.>®

There are no clear trends in the H-L gaps for the L-MX-L com-
plexes unless the nitrogen (MN) compounds are considered outliers.
In this case the H-L gaps marginally increase in the boron complexes

(from BP to BBi), while for the other series of group 13 element
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TABLE 2 HOMO-LUMO gaps (H-L, eV, B3LYP-D3(BJ)/def2-TZVP//MO06-2X/def2-TZVP) and singlet-triplet gaps (S-T, kJ/mol, M06-2X/
def2-TZVP) of NHC-MX-NHC complexes; M = group 13, X = group 15 elements

BX H-L S-T AIX H-L S-T GaX
BN 3.18 161.7 AIN 293 153.2 GaN
BP 245 102.0 AlIP 3.20 159.8 GaP
BAs 2.57 107.6 AlAs 3.17 159.4 GaAs
BSb 2.57 101.6 AlSb 3.01 150.5 GaSb
BBi 272 110.1 AlBi 2.98 149.4 GaBi

H-L

3.36
4.19
3.21
3.02
3.03

Abbreviations: HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital.

TABLE 3 MO06-2X/def2-TZVP BX AIX

calculated free energies (AGoogk, kJ/mol)

of reaction for 2 NHC (singlet) + MX BN —490.3 AN

(triplet) — NHC-MX-NHC (singlet); BP -3784 AP

M = group 13, X = group 15 elements BAs 3430 AlAs
BSb —-323.5 AlSb
BBi —291.6 AlBi

complexes (AIX, GaX, InX, TIX) there is a general trend that the H-L
gap decreases with heavier group 15 elements. For all series of group
15 complexes (MN, MP, MAs, MSb, MBi) there is no discernable trend
as a function of group 13 partner with the exception that the H-L gap
is always a maximum with Ga. Based on H-L gaps, the L-GaX-L
(X = N-Bi) would appear to be the most electronically stable of the
complexes considered.

To further test the electronic stability, approximate singlet-triplet
energy gaps were calculated from triplet state energies calculated at
the singlet state optimized geometries at the M06-2X/def2-TZVP
level (Table 2). In all cases the singlet-triplet gap is greater than
100 kJ/mol, indicative that all complexes have a stable singlet ground

state.

5 | THERMODYNAMIC STABILITY
The thermodynamic stability was then evaluated by calculating
AGoggk for complexation from separate MX diatomics and two NHC

ligands,

2NHC+MX — NHC —MX—-NHC (2)

Results are presented in Table 3. The bare MX diatomic systems
are known to possess significant multireference character.>*2-28 For
all L-MX-L systems the multireference character was analyzed from
the T1 diagnostic®®®” calculated at the CCSD/def2-SVP level of the-
ory using the M06-2X/def2-TZVP geometries. In all cases the T1 diag-
nostic is less than 0.02, indicative of the suitability of single reference
methods as employed in this study (Table S4).

In all cases the reactions are calculated to be exergonic, indicating
that binding of two donor ligands is thermodynamically favorable for

all systems. The calculated AG for nitrogen complexes L-MN-L are the

S-T InX H-L S-T TIX H-L S-T
184.5 InN 3.27 195.9 TIN 3.26 257.2
162.3 InP 2.99 157.2 TIP 3.01 183.4
160.5 InAs 294 211.7 TIAs 293 167.8
145.5 InSb 281 137.7 TISb 279 143.6
1415 InBi 279 150.3 TIBi 274 125.6
GaX InX TIX
—504.7 GaN —476.6 InN —465.6 TIN —448.2
—304.2 GaP —277.5 InP —262.0 TIP —251.2
—250.6 GaAs —2229 InAs —1814 TIAs —166.9
-190.8 GaSb —155.5 InSb —137.7 TISb —126.7
—155.2 GaBi -117.4 InBi —65.7 TIBi -87.1

largest in magnitude (—448.3 to —504.7 kJ/mol), with L-AIN-L being
the most thermodynamically stable system (—504.7 kJ/mol) relative to
MX + 2 L. Indeed, the calculated AG values are larger than 100 kJ/mol
for all complexes except for L-InBi-L (—65.7 kJ/mol) and L-TIBi-L
(—87.1 kJ/mol). There is a consistent trend for each series of group
13 complexes (columns in Table 3), with the magnitude of AG decreas-
ing on moving down group 15, with the AG for bismuth complexes
being the smallest in magnitude in each column.

The relative stability of complexes with one or two ligands was

also explored via

NHC +MX — NHC — MX

NHC + MX — MX — NHC (4)
NHC — MX + NHC — NHC — MX — NHC (5)
NHC +MX — NHC — NHC — MX — NHC (6)

Results for complexation with a single ligand (Equations 3 and 4)
are collected in Table 4, while results for further complexation of a
second ligand (Equations 5 and 6) are presented in Table 5.

It is notable that while all NHC-MX-NHC and NHC-XM com-
plexes possess a singlet ground state, the situation is quite different
for the NHC-MX complexes. All NHC-BX complexes exhibit a singlet
ground state, while the heavier group 13 NHC-MX complexes pre-
dominantly have triplet ground states; all In and Tl complexes are trip-
let ground states, while Al and Ga complexes with P and As are
singlets but with N, Sb, and Bi are triplets.

Formation of single-ligand complexes (Equations 3 and 4, Table 4)
is calculated to be energetically favorable in all cases. Somewhat sur-
prisingly, for the single-ligand complexes NHC-MX and NHC-XM,
binding of NHC to the group 15 element (X) is generally favored over
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NHC (singlet) + MX (triplet) — NHC-MX (singlet/triplet)

TABLE 4 MO06-2X/def2-TZVP
calculated free energies (AGoogk, kJ/mol)

BX AIX GaX InX TIX for reaction of NHC + MX, with
BN  —4317 AIN°  —942  GaN® 695  InN®  —660 TIN° 383 M = group 13, X = group 15 elements
BP 4048 AP ~1204  GaP ~104.6 InP> 566 TIPP  —351

BAs -3751 AlAs  -109.5 GaAs -882  InAs® —323 TIAS —-30.3

BSb —3374 AISb® -925  GaSbh® -70.6  InSb® —49.8 TISb® —404

BBi  -3141 ABP®  -89.3  GaB® -683  InB° 421 TIB®  -408

NHC (singlet) + MX (triplet) — MX-NHC (singlet)

BX AIX GaX InX TIX

BN  —4419 AN  -5040 GaN  -4814 InN  —4625 TIN  —4431

BP 1846 AP  -2480 GaP  -2470 InP  -2349 TP  —239.6

BAs -1417 AAs -1895 GaAs -1859 InAs -1570 TIAs —145.6

BSb -932  AlSb -1174 Gash -1124 InSb  —1054 TISb  —99.7

BBi 585  ABi -801  GaBi -738  InBi  -362  TIBi  —680

ANHC-MX complex has a triplet ground state.

NHC-MX (singlet/triplet) + NHC (singlet) — NHC-MX-NHC (singlet) (Equation 5)

TABLE 5 MO06-2X/def2-TZVP
calculated free energies (AGoggk, kJ/mol)

BX AIX GaX InX
BN -58.6  AIN? —-4104  GaN? —407.1  InN?
BP 26.5 AIP —1838  GaP -1729  InP?
BAs 322 AlAs -1411 GaAs —134.8 InAs®
BSb 138 Alsb®  —984 GaSb® 848 InSb?
BBi 225 AlBi® —65.9 GaBi® -49.0 InBi®

MX-NHC (singlet) + NHC (singlet) — NHC-MX-NHC (singlet) (Equation 6)

TIX for the listed reactions, with M = group
13, X = group 15 elements

BX AIX GaX InX
BN —48.4 AIN -0.7 GaN 4.8 InN
BP -193.7 AlIP —56.2 GaP -30.5 InP
BAs —-201.3 AlAs -61.1 GaAs -37.1 InAs
BSb —230.3 AISb -734 GaSb —43.1 InSb
BBi —2331 AIBi -75.1 GaBi —43.6 InBi

NHC-MX complex has a triplet ground state.

binding to the more electropositive group 13 element (M).
As a donor-acceptor complex, it would be expected that a Lewis base
(NHC) would preferentially bind to the more electropositive group
13 element. For the important BN system, the M06-2X/def2-TZVP
results indicate that NHC-NB is lower in energy than NHC-BN by 6.2
(AE,) and 10.2 kJ/mol (AG). Rivard and Brown have previously carried
out a detailed study of NHC-BN complexes,'! however it is
unclear whether they considered the NHC-NB conformation. The
MO06-2X/def2-TZVP calculated AG for NHC + BN — NHC-BN of
—431.7 kJ/mol is significantly smaller in magnitude than the
MO05-2X/cc-pVTZ value of —548.5 kJ/mol reported by Rivard and
Brown, with high-level calculations appearing to be necessary to
provide quantitative results of the global minima and energy differ-
ence between NHC-BN and NHC-NB. Regardless, the present

-399.6  TIN? —409.9
-205.3 TIP? -2161
—149.1  TIAs® 1365
—87.9 TISb®  —86.3
-23.6 TIBi® —46.3
TIX
-31 TIN -51
-27.1 TIP -11.6
—24.4 TIAs -213
-323 TISb —26.9
-29.5 TIBi -19.0

results indicate that the NHC-BN and NHC-NB conformations lie very
close in energy, with the two-ligand NHC-BN-NHC complex being more
energetically stable than both NHC-BN and NHC-NB (Equations 5 and 6).

For all other boron complexes the NHC-BX conformation is very
strongly favored (>200 kJ/mol) over NHC-XB, which is the expected
result for a donor-acceptor complex with electron-deficient boron.
The only other complexes for which an NHC-MX conformation is
more stable are AIBi and InBi. The exception for BN is indicative of
the strong C—N bond formed in NHC-NB that is stronger than a sim-
ple donor-acceptor interaction (see below). This is further evidenced
by the NHC-NX conformation being more stable than NHC-XN by
394-412 kJ/mol for X = Al-TI.

Complexation of a second ligand (Equations 5 and 6) is thermody-

namically favorable with few exceptions. For complexes with elements
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from the third period or heavier (Al-Tl and P-Bi), both reactions (5) and (6)
are exergonic, indicative of the preference for product formation with
two ligands. With boron, all NHC + BX-NHC reactions (Equation 6) are cal-
culated to be favorable, however for NHC-BX + NHC (Equation 5) only
NHC-BN preferably binds two ligands; with X = P-Bi the binding of a sec-
ond ligand is endergonic. This is consistent with the very strong preference
of NHC-BX over an BX-NHC arrangement, and indicative of weaker C—X
bonding in these systems in comparison with the C=N bonding in
BN-NHC. Indeed, all MN complexes differ from the general trends for
Equations (5) and (6). The calculated AG for NHC + MN-NHC (Equation 6)
with M = Al-Tl are in the range of —5.1 to +4.8 kJ/mol, which is indicative
of minimal or no stability gain with the addition of a second ligand.

6 | BONDING

The intriguing trends in bond distances and energetics of the L-MX-L
complexes encouraged us to probe the nature of the element-ligand
interaction using EDA-NOCYV. The traditional approach would be to
consider two fragments (two NHCs as one fragment and diatomic MX
as a separate fragment) or three fragments (each NHC as a fragment
and MX as a fragment). However, the lack of symmetry and more
complex electronic environment led to SCF convergence issues and
significant technical complexities in obtaining correct fragment elec-
tronic states with both fragmentation approaches. As a result, sepa-
rate EDA calculations were carried out to analyze C—X and C—M
bonding independently. To analyze C—X bonding, fragments of
NHC-MX and NHC were utilized, while fragments of NHC and
MX-NHC were utilized to probe C—M bonding. In each case both
donor-acceptor (DA, closed-shell singlet state fragments) and
electron-sharing (ES, open-shell fragments) bonding models were con-
sidered. EDA-NOCV analysis further enabled the orbital interaction
(AEqp) to be separated into ¢ and = contributions, although since the
L-MX-L complexes are asymmetric the assignment of ¢ or = is based on
the symmetry of the NHC orbital involved in the orbital interaction.
Numerical EDA results are provided in Tables 6 and 7 for M = B, Al, Ga,
while the C—In, C—TI, C—Sb, C—Bi results are presented in Tables S2
and S3. In a small number of cases, EDA results for the DA bonding
model could not be obtained as the required fragment orbital occupation
led to extreme SCF convergence issues, however bonding trends indicate

that in each of these cases the ES model is the preferred model.

6.1 | C—M bonding (NHC + MX-NHC)

6.1.1 | Boron complexes (M = B)

The numerical EDA results for C—B bonding (NHC to BX-NHC) indicate
that an electron-sharing model is the preferred bonding description, as indi-
cated by a smaller magnitude AE4 term (Table 6). For example, in the
L-BP-L system the AE,y, term for donor-acceptor and electron-sharing is
—264.3 and —192.3 kcal/mol, respectively. The total interaction energy
(AE;n) is substantial, ranging from —163.7 to —168.7 kcal/mol. Of the

HEMISTRY

stabilizing components of the interaction (AEqy and AEgs), in all cases the
orbital term makes the largest contribution (53.9%-56.3%) compared to the
electrostatic component (43.7%-46.1%), which is consistent with significant
covalent character of the C—B bond. Moreover, the AE,,, contributions
contain substantial o (58.8%-66.9%) as well as & (26.0%-34.5%) compo-
nents. The nature of the orbital interaction is highlighted with NOCV defor-
mation density plots in Figure 3. Both numerical results and NOCV plots
make it evident that there is significant C=B character, consistent with cal-

culated bond distances.

6.1.2 | Non-boron complexes (M = Al-TI)

In contrast to the boron complexes, in the non-boron complexes EDA
analysis indicates that the C—M interaction is better described by a
donor-acceptor bonding model (Tables 6 and S2). For example, EDA
results analysis of the C—Al bond in the L-AIP-L system vyields AE,,
values for the donor-acceptor and electron-sharing bonding model of
—61.9 and —163.4 kcal/mol, respectively. The overall interaction of
the NHC ligand with heavier MX-NHC (—10.4 to —31.7 kcal/mol)
complexes is much weaker compared than in the BX-NHC fragment.

For each series of group 13 complexes, AE;, consistently
increases in magnitude moving down group 15. For example, in the
aluminum complexes, AE;,; increases from —12.8 kcal/mol (AIN com-
plex) to —31.7 kcal/mol (AIBi complex) with the carbene forms the
strongest interaction with the AIBi-NHC fragment. Unlike in L-BX-L
systems, the electrostatic interactions (60.5%-66.9%) make a signifi-
cant contribution to the overall attraction in these systems, which is
indicative of the ionic nature of these interactions.

No = back-donation was observed from EDA-NOCV analysis of
pairwise orbital interactions, while c-contribution to orbital interac-
tions ranges from 59.7% to 76.7% in these systems, consistent with a
C—M single bond.

6.2 | X—Cbonding (NHC-MX + NHC)
Numerical results for EDA calculations are provided in Table 7 for
X =N, P, and As, with the X = Sb, Bi results presented in Table S3.

6.2.1 | Nitrogen complexes (X = N)

The overall interaction energies of the N—C electron-sharing bond in
L-MN-L complexes (Table 7) range from —196.4 to —201.6 kcal/mol,
with the L-BN-L system having the largest interaction energy.
As expected, the orbital component is the largest contributor
(63.2%-64.8%) to the total attractive interaction energy, with a
smaller electrostatic component (35.2%-36.8%). Thus, all N—C
interactions have a predominant covalent character. There are
both ¢ (56.9%-65.9%) and n (22.4%-31.5%) symmetry orbital con-
tributions to AE,,, which is consistent with the C=N double bond
description based on analysis of bond distances.
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6.2.2 | Phosphorus complexes (X = P)

In boron, aluminum, and gallium complexes of phosphorus, the P—C
interaction could be equally described with a donor-acceptor or an
electron-sharing bonding description as the difference in the AE,,,
term is less than 3 kcal/mol (Table 7). For the donor acceptor
approach, the overall interaction energy increases in magnitude
going down the group, from -22.2 kcal/mol (L-BP-L) to
—70.1 kcal/mol (L-GaP-L). For the electron-sharing bonding model,
the overall interaction between the charged fragments is much
larger in comparison with the donor acceptor approach. However,
there is a comparatively smaller increase in the overall interaction
energy on moving down the group 13 (—192.4 kcal/mol for L-BP-L,
—209.9 kcal/mol for L-AIP-L, and —214.4 kcal/mol for L-GaP-L). In
both donor-acceptor and electron-sharing bonding models, the per-
centage electrostatic contribution slightly decreases, and percent-
age orbital interaction slightly increases down the group for both
the bonding models (Table 7). However, the electrostatic (ionic) and
orbital (covalent) interaction are calculated to both contribute nearly 50%
to the overall attractive forces. In the donor-acceptor bonding model, the
¢ component forms the major orbital interaction (71.5%-80.1%), and
decreases as we move down the group 13, and inversely the less signifi-
cant © component (7.2%-13.1%) becomes more prominent for the
heavier group 13 complexes. This is consistent with the analysis based on
bond distances, that = character is more dominant in the heavier group
13 complexes.

The nature of P—C interactions in the indium and thallium com-
plexes is different from other P—C interactions. The P—C interaction
in the L-InP-L complex could be better described by an electron-
sharing bonding model with the AE,, term —229.0 kcal/mol (AEqp
term for donor-acceptor approach is —242.7 kcal/mol). The overall
interaction energy of the fragments (—217.1 kcal/mol) is higher com-
pared to the L-GaP-L complex. The 6 component forms 66.2% of the
total orbital interaction and there is a prominent = component as well.
For the L-TIP-L complex, the P—C interaction could be better
described as a donor-acceptor interaction AE,,, term for the donor-
acceptor model is —211.0 kcal/mol and electron-sharing is
—229.8 kcal/mol. The electrostatic and orbital interactions were each
calculated to give nearly 50% contribution to the overall attractive
forces. Considering the major orbital interactions, s-donation is the
major orbital interaction (71.5%) followed by = back donation (13.1%).

6.2.3 | Other complexes (X = As-Bi)

Comparing the AE,,, term in each case, the carbene carbon to XM-
NHC interaction in arsenic, antimony, and bismuth complexes
could be better described by the donor-acceptor bonding model
(Tables 7 and S3). For example, in the L-BAs-L molecule, analyzing
the As—C bond, the AE,, contribution for the donor-acceptor
model is —147.9 kcal/mol and for the electron-sharing model is
—174.6 kcal/mol.

SOMO-5 ‘somo-3
SOMO SOMO

LAIP-L

)

DE,, ps LUMO HOMO

HOMO
o) 0

AE, s HOMO
LGaAs-L
:’ g g 9 &

BE,, p; HOMO

AEorb,pz Lum
L-GaAsL

BE,y py HOMO LUMO

FIGURE 3 Natural orbitals for chemical valence (NOCV)
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FIGURE 4 Best Lewis depictions of the bonding in L-MX-L (M = group 13, X = group 15 elements) based on results from geometry and

bonding analysis

In each group 15 case, the overall interaction energy for the pre-
ferred bonding model increases down group 13. For example, in the
L-MAs-L
—16.9 kcal/mol in the boron complex to —69.9 kcal/mol in the thal-

complexes, the interaction energy increases from
lium complex of arsenic. In all these complexes, the C—As interaction
is the strongest with AE;,; = —69.9 kcal/mol. It is reflected from the
percentage values, the contribution from the electrostatic interactions
is larger than the contribution from orbital interactions toward the
total attractive forces in all cases. For example, in As—C interaction,
electrostatic interactions contribute 53.7%-55.4%, whereas orbital
interactions contribute 44.6%-46.3% toward the total attractive
interaction. The percentage electrostatic contribution increases, and
orbital contribution decreases on moving down the group 15. This
indicates that Bi—C interaction has more ionic character than Sb—C
interaction which in turn has more ionic character than As—C interac-
tion. Consistent with a single bond description, c-donation is the
major orbital interaction. The percentage s-donation decreases down
the group 13. For example, L-BAs-L (80.5% c-donation) and L-TIAs-L

(71.4% o-donation).

6.3 | Bonding summary

The best Lewis description of the electronic structures of L-MX-L
based on bond distance and bonding analysis (EDA, NBO, MO) is
shown in Figure 4. It is emphasized that the Lewis description is a

simplification of the true electron distribution due to significant delo-
calization, however it is instructive to highlight the diversity of bond-

ing in these systems.

7 | CONCLUSIONS

From a thorough theoretical investigation it is predicted that group
13-15 heteronuclear diatomics are stabilized by NHC donor ligands,
with all L-MX-L complexes calculated to be thermodynamically and
electronically stable compounds. It is predicted that the molecular
form of these important materials could be synthetically isolable with
appropriate ligands. The nitrogen and phosphorus complexes are com-
paratively more stable than the heavier group 15 complexes. Analysis
of the nature of carbene to group 13 metal and carbene to group
15 bonding revealed that nitrogen and boron atoms form an electron-
sharing double bond with carbene carbon, and in both these cases
contribution from both ¢ and © symmetry fragment orbitals of NHC
was observed. However, the interaction between the heavier group
13 and 15 atoms with NHC donor ligand (except the P—C interaction)
could be described as a donor-acceptor single bond with c-donation
being the major orbital interaction.
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