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tetrahedral p-block element
compounds: general trends and the relation to the
second-order Jahn–Teller effect†

Lukas M. Sigmund, a Rouven Maiera and Lutz Greb *ab

The tetrahedron is the primary structural motif among the p-block elements and determines the

architecture of our bio- and geosphere. However, a broad understanding of the configurational inversion

of tetrahedral compounds is missing. Here, we report over 250 energies (DLPNO-CCSD(T)) for square

planar inversion of third- and fourth-period element species of groups 13, 14, and 15. Surprisingly low

inversion barriers are identified for compounds of industrial relevance (e.g., z100 kJ mol�1 for Al(OH)4
�).

More fundamentally, the second-order Jahn–Teller theorem is disclosed as suitable to rationalize

substituent and central element effects. Bond analysis tools give further insights into the preference of

eight valence electron systems with four substituents to be tetrahedral. Hence, this study develops

a model to understand, memorize, and predict the angular flexibility of tetrahedral species. Perceiving

the tetrahedron not as forcingly rigid but as a dynamic structural entity might leverage new approaches

and visions for adaptive matter.
Introduction

The tetrahedron dominates the structural chemistry of the p-
block, e.g., that of carbon, aluminates, silanes, or ammonium
ions. It thereby constitutes the fundamental building block for
the molecular architecture of our bio- and geosphere (Fig. 1A).
For species with eight valence electrons and four substituents
(ER4), the tetrahedral preference is well-founded by molecular
orbital theory or by the VSEPR model.1,2 But what do we know
about the tetrahedron's structural deformation, its uxionality,
or its congurational inversion? Surprisingly little!

The potential energy surface for the structural deformation
of the tetrahedron is by far the most developed for methane.3–5

The minimum energy inversion path was found to traverse a Cs

symmetric transition state, whereas the square planar D4h

symmetric state is signicantly higher in energy with a higher-
order saddle point on the potential energy surface (Fig. 1B).6–9

Accordingly, tremendous progress has been made in the eld of
planar tetra-, penta- and hexacoordinate carbon during the past
decades.10–14 For the remaining p-block tetrahedrons, the
inversion process is much less understood. For hydrides of less
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electronegative central elements (AlH4
�, SiH4, PH4

+), inversion
transition states of D4h symmetry were suggested.15 For SiF4 and
PF4

+, analogies with the edge inversion of trigonal group 15
compounds with electronegative substituents were found (e.g.,
PF3, Fig. 1C).16,17 Strategies to stabilize square planar congu-
rations for some other elements were probed computation-
ally,18–24 and substantial progress was made for compounds
featuring planar silicon.25–40 However, a systematic fundament
of the inversion process in ER4 compounds or more general
statements on their tetrahedral preference are elusive. This lack
appears surprising compared with the extensive knowledge on
the inversion process of trigonal group 15 compounds ER3

(Fig. 1D), which occupied generations of theoreticians and
experimentalists.41–43 Different approaches to explain the
inversion of ER3, like perturbational molecular orbital
theory,1,44–46 the second-order Jahn–Teller effect (SOJTE),47–50 or
recoupled pair bonding,51 afforded a profound base and thereby
challenged our understanding of the chemical bonding.52,53

Likely, this diverging interest stems from the absent or poten-
tially overlooked experimental observation of structural
dynamics of the tetrahedron, which are classically considered
congurationally stable.54 However, in recent years, several
“anti-van't-Hoff–Le-Bel” species (i.e., stabilized inversion tran-
sition states), such as planar aluminates, silicon, or phospho-
nium ions, were isolated, offering unique reactivities.55–70

Hence, knowledge on the tetrahedral inversion transforms from
fundamental to applied interest.

In the present study, we rst recapture and develop
a framework for the second-order Jahn–Teller effect (SOJTE) on
square-planar inversion. Second, we provide a systematic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Examples of eight valence electron p-block element species with a tetrahedral ground state. (B) The Cs symmetric inversion transition
state for CH4 and its higher energy square planar state of D4h symmetry. (C) Edge inversion process for group 15 element fluorides. (D) Trigonal
inversion of ammonia and other group 15 element compounds. (E) The inversion process of p-block tetrahedrons analyzed within this work.
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discussion of inversion energies of p-block tetrahedrons of
groups 13, 14, and 15 with homo- and heteroleptic substitution
patterns (Fig. 1E). Surprisingly low barriers are identied,
including compounds of industrial relevance, e.g. Al(OH)4

�, but
which have never been considered in light of congurational
inversion. Finally, and most fundamentally, we prove that the
SOJTE can rationalize and explain those trends. Additional
bond analysis tools round off our understanding of the origin of
the tetrahedral preference for ER4 compounds.

Qualitative remarks on the molecular orbitals during square
planar inversion and the connection with the second-order
Jahn–Teller effect (SOJTE).

The preference of ER4 molecules to adopt tetrahedral struc-
tures and the orbital variations upon distortion into the planar
state are well-described by Walsh diagrams, as schematically
shown for SiH4 and CH4 in Fig. 2A.1,54,71 In Td symmetry, four
bonding (1a1 and 1t2) and four anti-bonding (2a1 and 2t2)
molecular orbitals are built by combining the central elements'
valence s- and p-orbitals with the symmetry-adapted linear
combinations (SALCs) of the substituent fragment orbitals. The
deformation into the planar D4h symmetric state occurs along
the E harmonic vibration via intermediate D2d symmetry
(Fig. 2B).16 Along this distortion coordinate, the 1a1 orbital
experiences slight stabilization due to the increased overlap of
the substituent-centered in-phase lobes. The 1t2 set of the Td
state splits up into 1e and 1b2 molecular orbitals. The 1e set
becomes slightly stabilized due to the increased overlap of
substituent and central element orbitals. However, the 1b2
orbital turns from bonding to non-bonding and becomes
signicantly destabilized in the a2u molecular orbital of the nal
© 2022 The Author(s). Published by the Royal Society of Chemistry
D4h symmetric state. The character of the highest occupied
(HOMO) and lowest unoccupied molecular orbital (LUMO) in
the square planar state depends on the electronegativity of the
central element relative to the substituents.15 The a2u orbital is
of p-character and is localized at the central atom, whereas the
b1g orbital is of d-type and resides at the substituents. The latter
molecular orbital emanates from the 2t2 representation of the
tetrahedral state and is energetically considerably lowered
along the D2d symmetric distortion. Hence, for central elements
which are less electronegative than hydrogen (e.g., SiH4,
Fig. 2A), the substituent-centered b1g orbital is the HOMO, and
the LUMO is of a2u symmetry (p-type orbital). For the inverse
situation (e.g., CH4, Fig. 2A), the a2u orbital is the HOMO
(primarily located at carbon), whereas the LUMO is the
substituent-centered b1g molecular orbital. In total, this MO
theoretical perspective assigns the primary cause for the inver-
sion barrier to the signicant energy increase of one of the
orbitals of the occupied 1t2 set of molecular orbitals, which is
not compensated by the stabilization of the other occupied
orbitals.

Although the MO interpretation draws a qualitative picture,
it cannot easily rationalize differences in inversion barriers for
different molecules. Vibronic coupling theory provides an
alternative approach through the second-order Jahn–Teller
theorem (SOJTE).72–79 This model is more complex, but it allows
to parametrize reaction pathways by considering the instability
of transition states.80 Some crucial arguments on the SOJTE are
revised rst, in order to prepare for their application in a later
section of this article.
Chem. Sci., 2022, 13, 510–521 | 511
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Fig. 2 (A) Schematic Walsh diagram for the distortion from the tetrahedral to the square planar state of CH4 and SiH4. (B) Deformation vibrations
that transform the tetrahedral ground state into the square planar inversion transition state and vice versa. (C) Second-order contributions for the
deformation coordinate q to the energy of a given system. (D) Direct product of the b1g and a2u irrep within the D4h point group. It transforms
under b2u, which is also the symmetry of the inversion vibration.
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The curvature of the adiabatic potential energy surface (PES)
at a stationary state under consideration, such as a transition
state, is inspected with respect to a structural deformation
along the coordinate q. The second-order terms of the Jahn–
Teller theorem relate the energy change for this structural
deformation with the electronic ground state (Jg) and contri-
butions of higher excited states (Je) (Fig. 2C).74,81

The individual terms are interpreted as: (1) the force
constant of the deformation (resistance toward deformation
without electronic relaxation, rst summand in Fig. 2C), (2) the
symmetry and overlap of the electronic ground state coupling
with excited states (“vibronic coupling constants”, the numer-
ator of the second summand in Fig. 2C), and (3) their energy
difference (denominator of the second term in Fig. 2C). Energy
lowering upon distortion along q only happens, if the direct
products of the irrep of the ground (G(Jg)) and the excited state
(G(Je)) contain the irrep under which the distortion coordinate
q, i.e., its vibrational mode, transforms (G(Jg)5 G(Je) ˛ G(q)).
The theory is only valid for small nuclear displacements from
the reference structure, but the curvature may extrapolate the
energy release upon structural relaxation.

For a quantitative analysis, all SOJTE-parameters of the
equation given in Fig. 2C need to be evaluated along the entire
adiabatic PES for all the states that fulll the symmetry argu-
ment – a very tedious task.82 Several approximations offer
simplication: (1) instead of using the full state wavefunctions,
the coupling can be inspected at the level of one-electron
molecular orbitals. The vibronic coupling constants become
orbital vibronic coupling constants. (2) Instead of using the
512 | Chem. Sci., 2022, 13, 510–521
entire set of symmetry-allowed excited orbitals, only the two
frontier molecular orbitals (FMO) can be considered. (3) If
compounds with similar bonds are compared, it can be
assumed that the vibronic coupling constants and the force
constant, respectively, are not too different. Hence, the second-
order contribution to the total energy gain (Eg

(2), see Fig. 2C)
turns out to be inversely proportional to the HOMO–LUMO gap
in the initial structure.

In this FMO approximation, the SOJTE was used for several
phenomena, advocated by Pearson and got popularized among
chemists while sharing many characteristics with perturba-
tional molecular orbital theory.79,83–86 Interpreted with precau-
tion and bearing in mind its simplications, it can be a valuable
tool to obtain relations inaccessible by other approaches.87 For
example, it has been used to rationalize the inversion barrier of
group 15 and 16 elements or to discuss the structure of
(SiO)4.1,44,45,47,88 In the context of tetra-coordinated species, the
SOJTE has been mentioned, but was not further developed.89,90

Applied to the square planar inversion of ER4, the following
relation can be formulated (Fig. 2D): In the D4h symmetric state,
the HOMO and LUMO are of a2u and b1g symmetry, therefore
orthogonal and cannot mix. The direct product of the symmetry
species of both orbitals transforms under the b2u representation
(a2u 5 b1g ¼ b2u). Consequently, the vibronic interaction
becomes allowed upon coupling with the b2u vibrational coor-
dinate, which is just the deformation of the planar into the
tetrahedral state (Fig. 2B). Thus, the qualitative hypothesis
developed and to be probed in this manuscript reads as: the
closer the FMOs are in the inversion transition state, the larger
© 2022 The Author(s). Published by the Royal Society of Chemistry
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is the transition state instability, the larger is the inversion
barrier. A small FMO gap in the inversion transition state
results in a large contribution of the second summand in
Fig. 2C's equation. Therefore, the relaxation into the tetrahedral
structure promises the system signicant energetic stabiliza-
tion. Consequently, the energy span between ground and tran-
sition state must be large – a high inversion barrier is
encountered. Complementarily, a large FMO gap diminishes
the inuence of the second summand (Fig. 2C), reduces the
energetic stabilization due to structural deformation from the
planar toward the tetrahedral state, and thus indicates a low
inversion barrier.
Computational methods

The following set of molecules was included in the study:
EH4�yRy

n for En ¼ Al�, Si, P+, and Ga�, Ge, As+ with R ¼ F, Cl,
Br, I, OH, NH2, CH3, CN, CCH and y¼ 0, 1, 2, 3, 4 (a total of 276
inversion barriers). The meta-GGA functional B97M, including
Grimme's D3 correction, was combined with the cc-pVTZ basis
set for structural optimization and frequency analysis.91 In six
of the 276 cases, the optimization toward the desired transi-
tion structure remained unsuccessful (see the ESI† for details).
In all other cases, proper transition structures for the inver-
sion process were obtained by the applied DFT method as
conrmed by numerical Hessian evaluations and IRC
computations. For the nal energies, the performance of
several density functionals and approximated wave function
methods were evaluated on a representative subset of mole-
cules against CCSD(T)/CBS reference data. The DLPNO-
CCSD(T)/cc-pVQZ method (tightPNO settings) showed a MAD
of only 1.3 kJ mol�1 and was used to calculate all nal single
point energies. The inuence of diffuse basis functions was
also investigated with the aug-cc-pVQZ basis set but was found
minor.

The inversion transition states of D4h symmetry of PH4
+ and

AsH4
+ have an open-shell singlet electronic conguration (1B2u

state). This was found by ab initio calculations on the NEVPT2/
Fig. 3 Relative inversion barriers of EH3R
n with respect to EH4

n (grey pan
bar states the respective absolute inversion barrier of EH3R

n. No inversio
optimization converged to a dissociative structure (GaH3 and R�). ** The
cc-pVTZ.

© 2022 The Author(s). Published by the Royal Society of Chemistry
cc-pVQZ//CASSCF(8,8)/cc-pVTZ theoretical level. The barriers
amount to 500 (PH4

+) and 498 kJ mol�1 (AsH4
+). These numbers

were used throughout the here presented work. The largest
barriers (>480 kJ mol�1, group 15 cations) need to be taken with
some caution due to a potential multicongurational character
of the transition states (see the ESI† for further details). The
possibility of a tunneling contribution during inversion, in
particular for the hydrides, was not considered.9 For the SOJTE-
analysis, the B97M-cc-pVTZ derived Kohn–Sham molecular
orbital energies were used.92,93 For a selected number of
compounds, the HOMO–LUMO gap of the inversion transition
state was compared to the respective vertical excitation energy
to the lowest energy excited singlet state obtained by TDDFT.
Good correlations were obtained, and therefore the HOMO–
LUMO gaps were used for the entire set of the investigated
molecules. For any further details and specics on natural bond
orbital analysis (NBO), energy decomposition analysis (EDA),
and the quantum theory of atoms in molecules (QTAIM) treat-
ment, see the ESI.†
Results and discussion
Effects of substituent R and central element E in
monosubstituted compounds EH3Rn

Comparing the inversion barriers for species EH3R
n with that of

EH4
n allowed to assess the inuence of the respective substit-

uent R (Fig. 3). For GaH3R
� (R ¼ Br, I, CN), the transition

structure optimizations converged to a dissociated species and
should not be considered (red stars in Fig. 3B). Stabilization
energies range from z10 (CH3) to 180 kJ mol�1 (NH2) with
respect to the barriers of the unsubstituted EH4

n. For the group
13 halide anions EH3R

� (R ¼ F, Cl, Br, I), the transition state
lowering effect increases for the heavier halides, whereas for the
neutral group 14 compounds and the group 15 cations, uoride,
and iodide stabilize more efficiently than chloride and bromide.
In groups 14 and 15, the stabilizing effect of the hydroxy group
is larger than that of the halides. The amino group generally has
the most powerful impact of all considered substituents (up to
els), for E ¼ Al (A), Ga (B), ¼ Si (C), Ge (D), P (E), As (F). The label on each
n transition state was found for AsH3(CH3)

+.* The transition structure
inversion barriers were obtained with NEVPT2/cc-pVQZ//CASSCF(8,8)/

Chem. Sci., 2022, 13, 510–521 | 513
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180 kJ mol�1 in PH3(NH2)
+ versus PH4

+). Substituents without
the ability for p-donation (methyl, nitrile, and ethynyl) stabilize
less effectively but still substantially (up to 40 kJ mol�1).

The substituent effect is more pronounced for groups 14 and
15 versus group 13 and for the third period compared to the
fourth period (Fig. 3). Concerning the central element, the
inversion barriers increase signicantly when going from le to
right in the periodic table (Al < Si < P/Ga < Ge < As), with the
group 15 element cations showing the largest inversion barriers
(Fig. 3). Comparing the third- and fourth-period elements
within one group, the trend of the inversion barrier is Al < Ga, Si
< Ge but P > As. However, the difference between the periods is
less pronounced than between the groups and is oen out-
matched by additive substitution effects.
Additive substitution effects along the series EH4�yRy
n

Consecutive replacement of the hydrogen substituents against
R groups revealed additive and counter-additive substituent
effects on the inversion barrier heights.

For the halido and amino series EH4�yRy
n (R ¼ F, Cl, Br, I,

NH2), a maximum stabilization is reached with two substituents
in trans-arrangement, i.e., the trans-EH2R2

n transition states are
lowest in energy as exemplarily shown for the silicon halides in
Fig. 4A (for the plots of the other elements see the ESI†). The
isomeric cis-EH2R2

n transitions states are roughly 50 kJ mol�1

higher in energy than the trans-isomers and range in the region
of monosubstituted derivatives. The trend along EH2R2

n /

EHR3
n / ER4

n depends on the central element. For the third-
period elements (E ¼ Al, Si, P), the barriers rise again, reach-
ing energies like in the monosubstituted EH3R

n. Thus, counter-
stabilizing effects occur upon substitution with more than two
R groups. This trend is different for the fourth-period atoms: the
barriers remain invariant along three and four substituents, i.e.,
the stabilizing effect and the counter-stabilizing effect cancel
Fig. 4 Additive substituent effects for the inversion barrier of (A)
SiH4�yRy, (B) GeH4�yRy, with R ¼ F, Cl, Br, I, of (C) AlH4�y(OH)y

� and
GaH4�y(OH)y

�, and of (D) EH4�yRy, with E ¼ Si, Ge and R ¼ CN, CCH.

514 | Chem. Sci., 2022, 13, 510–521
(Fig. 4B). Accordingly, for EH3R
n, the fourth-period species have

the larger inversion barriers than the third-period compounds
but lower inversion barriers for ER4.

Interestingly, the molecules with hydroxy groups show
almost no saturation effect. In most cases, the four-fold
substituted E(OH)4

n have the lowest energy transition states
(E ¼ Al, Ga, Ge, As, Fig. 4C), and only for Si and P, a minimum
for the trans-transition states of EH2(OH)2

n is slightly devel-
oped. This deviation is explained by hydrogen bonding, which
is more efficient in the transition than in the ground states (see
Chapter S11 in the ESI† for a detailed discussion). A comparison
of different transition state conformers of the EH(OH)3

n class of
compounds allowed to estimate the transition state stabiliza-
tion for the individual elements to approximately 5 (E ¼ Al), 10
(E¼ Ga), 12 (E¼ Si), 15 (E¼ Ge), and 21 (E¼ P, As) kJ mol�1 per
hydrogen bond on top of the direct electronic effects. A similar
trend is found for the nitrile and ethynyl substituents, which are
s-acceptors (Fig. 4D) – no saturation occurs. The inversion
barriers steadily drop with each substitution, nding
a minimum for the four-fold substituted derivatives ER4

n (R ¼
CN, CCH).

In all cases, the E–R bonds elongate upon going from the
tetrahedral to square planar state (see Chapter S4 in the ESI†).
Despite the larger s-orbital character at the central element in
the transition states (Table S11 in the ESI†), this elongation
agrees with the diminished formal bond order.

Excitingly, some compounds show inversion barriers that
are easily surpassed at ambient conditions. For example, the di-
substituted group 13 anions (EH2R2

�) show barriers corre-
sponding to congurational stability half-lives of several
minutes at 25 �C. Most remarkably, Al(OH)4

� has an inversion
barrier of 116 kJ mol�1. This well-known anion occurs during
the Bayer process in worldwide aluminum production.94 Process
temperatures of 200 �C correspond to a tetrahedron inversion
half-life for Al(OH)4

� of z0.5 s. Thought-provokingly, a tetra-
hedral inversion process is, and was, happening for more than
130 years at a gigatonne scale but went unnoticed due to the
degeneracy of products and educts.
Molecular orbitals during the deformation toward and in the
transition state

For the rationalization of the inversion barrier energies, the
discussion is narrowed to the homoleptic compounds, ER4

n, as
their inversion transition states are of D4h symmetry, facilitating
MO theoretical considerations. In the following section, the
intrinsic reaction coordinate (IRC) connecting the Td symmetric
ground state with the inversion transition state is analyzed for
SiH4, SiF4, and Si(CN)4. This is done with respect to the changes
occurring in molecular orbital energies along the IRC (Walsh-
type diagrams, Fig. 5). Comparisons among those three
compounds illustrate the effects of p-donor or s-acceptor
substituents on the orbital energies. The generality of these
ndings was supported by sampling analysis throughout the
data of other species.

For the D4h symmetric states of the element hydrides EH4
n (E

¼ Al�, Si, Ga�, Ge), the Kohn–Sham molecular orbitals are in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Kohn–Sham frontier molecular orbital energies along the inversion reaction coordinate and the corresponding molecular orbital iso-
density plots (contour value 0.03 a.u.) of the D4h symmetric inversion transition state of (A) SiH4, (B) SiF4, and (C) Si(CN)4.
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line with the qualitative perturbational MO-picture given in
Fig. 2A: a HOMO of b1g and LUMO a2u symmetry. This is
quantitatively illustrated for SiH4 in Fig. 5A. SiH4 possesses
a relatively small FMO gap of 1.1 eV in its inversion transition
state. The LUMO+1 is the anti-bonding 2a1g molecular orbital
which remains high in energy along the inversion reaction
coordinate. In contrast, for systems with s-acceptor/p-donor
substituents, e.g. SiF4 (Fig. 5B), the energetic spacing between
the FMOs (6.7 eV) is much wider in the D4h state than for the
hydride. This difference is the consequence of the following:

(1) The a2u orbital in D4h symmetric SiH4 is non-bonding,
whereas its counterpart (2t2) is fully anti-bonding in the tetra-
hedral ground state. Hence, it drops substantially by 5.3 eV upon
planarization. For SiF4, this drop is mitigated to 4.1 eV, as the a2u
orbital remains slightly anti-bonding in the D4h state due to the
p-donor interaction with the uorides (/ p-donor effect).

(2) All the highest occupied molecular orbitals of the square
planar transition states are constituted from the substituents.
Hence, they are substantially lower in energy for uorides in
SiF4 than for the hydrides in SiH4 (/ s-acceptor effect).

These effects increase the FMO gap in the transition state
and also inuence the energetic ordering of the orbitals. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
diminished energy drop of the empty a2u orbital in SiF4 causes
the LUMO to be of a1g symmetry. The a2u molecular orbital
turns out as LUMO+1 (Fig. 5B).

The MO-situation for Si(CN)4 settles between the hydrides
and uorides (Fig. 5C). As in the case of SiH4, the a2u orbital
drops substantially, but the occupied orbitals remain little
affected, resembling the situation of SiF4. This signature reects
the s-acceptor character of the nitrile group but the inability for
p-donation, which would prevent the a2u orbital from lowering
in energy (as is the case for SiF4).
The inversion transition state and the associated barrier
evaluated by the SOJTE–FMO approximation

The general SOJTE–FMO hypothesis developed in the introduc-
tion claims that the barrier should increase with a decreasing
FMO gap in the inversion transition state. Indeed, for the
element hydrides, EH4, a good correlation is obtained by plotting
the FMO gap of the transition states against the inversion barrier
heights (Fig. 6A). The smaller the FMO gap becomes, the larger is
the inversion activation barrier. As shown in Fig. 6B, also s-
acceptor (nitrile and ethynyl) substituted systems show this
correlation, indicating that these systems indeed obey the SOJTE-
Chem. Sci., 2022, 13, 510–521 | 515
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Fig. 6 Correlation plots of the inversion barrier height versus the
Kohn–Sham HOMO–LUMO gap in the inversion transition state for (A)
EH4

n, (B) E(CN)4
n and E(CCH)4

n, and (C) EF4
n, for which the correlation

vanishes. (D) Correlation plot of the inversion barrier height versus the
difference in electronegativity between the central element and
substituents for ER4

n, R ¼ H, CH3, CN, CCH. Pauling (group) electro-
negativities are given in parenthesis in the legend.
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model sufficiently. It even holds reasonably for the entire set of
EH4�yRy

n (R ¼ CN, CCH, see Fig. S26 in the ESI†). Plotting the
hydride and the CN/CCH correlations in the same chart gives an
offset between the two groups (see Fig. S27 in the ESI†). This is
due to differences in vibrational coupling constants and the
primary force constant, which are not included in the SOJTE–
FMO model (cf. Fig. 2C). Interestingly, CCH and CN correlate
rather well (Fig. S24 and S25 in the ESI†), as both groups bind
through sp-hybridized carbon atoms.

Overall, these are unprecedented ndings that allow
explaining the inuence of the central element and s-acceptors
on tetrahedral inversion barriers along the following
arguments:

� The a2u LUMO is localized at the central element whose
electronegativity (EN) determines its orbital energy.1 A larger EN
causes a lower a2u energy which leads to a smaller FMO gap.
Consequently, the inversion barrier increases with the EN of the
central element.

� The b1g HOMO is located at the substituents. Thus, its
energy is determined by the substituents' EN. An increasing EN
lowers the HOMO energy and, therefore, the FMO gap. Conse-
quently, the inversion barrier decreases with the EN of the
substituents.

Indeed, the EN increases from le to right in the periodic
table, as does the inversion barrier (Al < Si < P/Ga < Ge < As). The
EN also increases from period three to period four (d-block
effect), in line with the observed trend of inversion barriers
between the periods (Al < Ga/Si < Ge/P z As). If the FMO gap
516 | Chem. Sci., 2022, 13, 510–521
becomes too small, as for the most electronegative central
elements P and As, multicongurational approaches are needed
for an accurate description. Of course, one should consider that
the absence of inner shell p-electrons leads to additional
differences between the second and higher period elements,
which are not considered here.95,96

Having found these correlations, it was tempting to probe
the difference of electronegativities of central elements and
substituents as a parameter for the inversion barrier. Indeed,
for the non-p-donor substituents (H, CH3, CN, CCH), a proper
correlation can be found (Fig. 6D). The observed offset again
occurs due to differences in vibrational coupling constants and
the primary force constant between E–H and E–C bonds.
Interestingly, the group electronegativities of nitrile (3.3) and
ethynyl (3.3) are identical.97 Accordingly, their effect on the
inversion barriers is almost the same.

Coming back to the SOJTE-approximation, the correlation
was probed for p-donor cases next. For the uoride substituted
derivatives, EF4

n, the SOJTE-correlation breaks down (Fig. 6C).
The same is observed for the hydroxy- and amido-substituted
systems, which do not provide any apparent correlations
between inversion barriers and FMO gaps in the D4h state.
Although the model recaptures validity along Cl < Br < I with
a steady increase in the correlation coefficient (Fig. S18–S20 in
the ESI†), it is far from ideal. Hence, for p-donor substituted
systems, additional factors cause deviations from the SOJTE–
FMO model. Similar observations have been made for the
trigonal inversion of group 15 halido pyramids.48 Aer all, one
must not forget the participation of higher excited states that
become particularly important for substituents with lone pairs
but which are not considered in this approximation. However,
the stabilizing effect of p-donor substituent can be understood
qualitatively through the framework of the SOJTE.

� The lone pairs at the substituents interact with the a2u
orbital at the central atom. Hereby, the a2u orbital becomes anti-
bonding and increases in energy. The FMO gap in the transition
state becomes larger for p-donors, and the inversion barrier
decreases.

Summing up the ligand effects: if the electronegativity of the
substituents increases, the b1g molecular orbital becomes
stabilized, the FMO gap increases and the barrier becomes
lower (s-acceptor effect). For p-donor substituents, the dona-
tion leads to an FMO gap increase by raising the energy of the
a2u molecular orbital. Gauged by the absolute values, p-dona-
tion appears more effective than s-acceptance. For the hydride
species and those substituted with less electronegative and non-
p-donor groups, the SOJTE is a quantitatively tting model.
Here, the tetrahedral preference and the inversion barrier are
dominated by orbital overlap effects. For p-donor substituents,
the situation is more complex, and additional factors come into
play that are elucidated next.
Analysis of differences in atom and bond properties by NBO,
QTAIM, and EDA

To corroborate and extend the interpretations from the SOJTE
analysis, the ground and inversion transition states for selected
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 NBO and QTAIM analysis (both obtained from densities calculated with PBE0/def2-TZVPP) of the tetrahedral ground state (GS) and
square planar inversion transition state (TS) of SiH4, SiF4, and Si(CN)4. Notations, rBCP: electron density at the bond critical point, V2 rBCP: its
Laplacian, K: Kraka's energy density descriptor, DI: bond delocalization index, BE: bond ellipticity. All values are given in atomic units

Compound

NBO charges QTAIM analysis

Si R ¼ H, F, CN rBCP V2 rBCP K DI BE

SiH4 GS 0.560 �0.140 0.122 0.173 �0.0747 0.545 0.0008
TS 1.137 �0.284 0.115 0.069 �0.0742 0.503 0.0192
Diff. 0.578 �0.007 �0.104 0.0005 �0.042 0.0184

SiF4 GS 2.531 �0.633 0.154 1.135 �0.0492 0.351 0.0004
TS 2.522 �0.631 0.142 0.959 �0.0495 0.359 0.0788
Diff. �0.009 �0.012 �0.176 �0.0003 0.008 0.0784

Si(CN)4 GS 1.362 �0.173 0.124 0.299 �0.0696 0.408 0.0003
TS 1.580 �0.219 0.119 0.266 �0.0668 0.394 0.0596
Diff. 0.218 �0.006 �0.033 0.0028 �0.014 0.0593
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compounds were investigated by natural population analysis
(see Chapter S14 of the ESI† for all data of the ER4

n

compounds).98 For SiH4 and Si(CN)4, the natural charge at Si
gets more positive in the transition state. In contrast, for SiF4,
the transition state has a less positively polarized silicon center
(Table 1). These characteristics, namely, stronger positive
polarization of the central element for hydride and s-acceptor-
substituted systems (H, CH3, CN, CCH) in the transition state
and signicantly less positive polarization for molecules with p-
donor groups (F, OH, Cl, Br, NH2) are indicated throughout the
entire set, substantiating a clear difference between both types.

Changes in bond characteristics that occur during the
inversion process were further inspected by QTAIM.99 For
molecules with hydride or s-acceptor substituents, the electron
density at the bond critical points (rBCP) diminishes upon pla-
narization (Table 1). The same trend is observed for the Lap-
lacian of the electron density (V2 rBCP), mirroring the generally
diminished bonding strength. As an indicator of the amount of
covalency, Kraka's energy density descriptor (K) and the delo-
calization index between Si and R (DI) were considered.100,101

These parameters are indicating a diminished amount of
covalency in the transition state (DI Y, K [), in line with
molecular orbital theory. Strikingly, for the p-donor systems,
the situation is different. In SiF4, the electron density and its
Laplacian decrease, but the DI increases, and K decreases upon
transformation to the transition state. These features indicate
a diminished strength of bonding in the transition states with
p-donors, but an increase in bond covalency! The bond ellip-
ticity (BE) increases stronger for SiF4 as for SiH4 and Si(CN)4,
supporting a p-back bonding effect already noticed by the
analysis of natural atomic charges and assumed qualitatively by
the perturbational MO/SOJTE-arguments. Again, those charac-
teristics were supported by control sampling throughout the
entire set of ER4

n molecules.
To verify and extend these hypotheses, the interaction

between substituents and central elements was inspected by
Ziegler and Rauk's version of the energy decomposition analysis
(EDA).102–105 Specically, it was considered how Pauli repulsion
(DEPauli), electrostatic (DECoul), and orbital interactions (DEOrb)
between substituent fragments and the central element change
© 2022 The Author(s). Published by the Royal Society of Chemistry
during planarization. Moreover, the process was dissected in
a radial (change of bond lengths) and angular deformation
(change in bond angle, Table 2), as recently demonstrated
elsewhere.106,107 Heterolytic fragmentation was chosen due to,
on average, less sizeable orbital relaxation energy, as frequently
suggested (Table 2).108–110 Further, it was veried that the
general conclusions are neither depending on the type
(heterolytic vs. homolytic) or the number (four bonds vs. one
bond) of fragmentation(s), nor on the order of deformation (i.e.
radial/angular yields practically identical numbers as angular/
radial, see Chapter S15 in the ESI†). The most signicant
points are illustrated here for SiH4 and SiF4.

The energy differences upon planarization for SiH4 reveal
that the barrier is dominated by a loss of DEOrb, whereas
DDECoul is less decisive (Table 2). The relief of DEPauli is
a consequence of the bond elongation in the square planar
state. This becomes evident by inspecting the results of angular
and radial deformation contributions. Upon distorting the
ground state to square planarity, while conserving the bond
lengths (“angular contribution”), the major portion of DEOrb is
lost, but DEPauli increases. Subsequent bond length relaxation
(“radial contribution”) leads to a substantial reduction in
DEPauli and a further reduction of DEOrb. Thus, the bond elon-
gation in the TS is a result of DEPauli-lowering, similar to the
recently described effects for CH-bond lengths in the series of
spn (n ¼ 1–3) hybridized carbon atoms.111 The differences in
preparation energy (DDEPrep) need to be added to reproduce the
nal inversion barrier energies. DDEPrep can be understood as
the part of the inversion barrier caused by substituent–
substituent repulsion. For SiH4, DDEPrep is relatively small.

The situation is different for SiF4. Here, the primary cause for
the inversion barrier is the loss in DECoul (Table 2) and a larger
relative amount ofDDEPrep. As can be seen from the angular/radial
analysis, both energies aremainly the consequence of the bending
deformation. Remarkably, DEOrb even increases when going from
the ground state to the D4h state with GS-bond lengths. This
means that the covalent bonding of the uorides to silicon ismore
effective in a compressed D4h state. As for SiH4, relaxation of the
bond lengths to the optimized distance leads to an overall
diminished DEOrb and DEPauli. The larger value of DDEPrep can be
Chem. Sci., 2022, 13, 510–521 | 517
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Table 2 Energy decomposition analysis (BP86-D3(BJ)/QZ4P) of the ground state (GS) and the inversion transition state (TS) of SiH4 and SiF4.
Individual angular and radial contributions were derived with the help of a D4h symmetric structure with the bond lengths of the ground state
(TS0). All numbers are given in kJ mol�1. The values in parenthesis specify the contribution of the interaction and the preparation energy to the
inversion barrier (D(DEInt + DEPrep), see Chapter S15 in the ESI for details). The values in brackets state the relative electrostatic and orbital
contribution to the difference in interaction energy

GS TS0 TS
Angular contribution
(GS / TS0, DDEA)

Radial contribution
(TS' / TS, DDER) Total (GS / TS, DDE)

SiH4 DEPauli 692.0 709.5 582.4 17.5 �127.1 �109.6
DECoul �7847.3 �7807.0 �7795.3 40.3 11.7 52.0 [12%]
DEOrb �6241.3 �6018.8 �5872.7 222.6 146.0 368.6 [88%]

DDEInt 280.4 30.6 311.0 (85%)
DDEPrep 97.4 �43.3 54.1 (15%)
D(DEInt + DEPrep) 377.8 �12.6 365.2

SiF4 DEPauli 957.8 961.9 831.5 4.1 �130.4 �126.3
DECoul �10558.3 �10406.3 �10370.2 152.0 36.1 188.2 [66%]
DEOrb �4277.9 �4317.1 �4182.5 �39.2 134.7 95.5 [34%]

DDEInt 117.0 40.4 157.3 (62%)
DDEPrep 154.8 �59.5 95.3 (38%)
D(DEInt + DEPrep) 271.7 �19.1 252.6
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understood as a consequence of electrostatic repulsion of the
more negatively polarized uorides and actual intersubstituent
steric Pauli repulsion.

Comparing the contributions in bond energy changes and
the percental contribution of the preparation energy on the
Fig. 7 Simplified presentation of the factors that determine the height
of the planar inversion barrier of tetrahedral p-block element-based
species, for which the substituents are more electronegative than the
central elements.

518 | Chem. Sci., 2022, 13, 510–521
overall barrier (values in parentheses in the Table 2) emphasizes
the statements. The inversion barrier in SiH4 is dominated by
an energy loss in DEOrb, but the barrier in SiF4 is due to a loss in
DECoul and a larger substituent–substituent repulsion (DDEPrep).
Indeed, the loss of DEOrb in the square planar state is not
decisive at all. This picture is in line with the interpretation
from real-space bonding analyses, which do not rely on arti-
cially chosen reference states (cf. increased covalent bonding in
the D4h state of SiF4, see Table 1).
Conclusions

The trigonal inversion of ER3 species is well understood and
this knowledge has been used in various contexts (e.g., phos-
phines can serve as chiral ligands whereas amines cannot). In
contrast, the inversion of ER4 species and their congurational
stability has been virtually unexplored. The present study gives
accurate barrier heights for p-block tetrahedron inversions
through planar transition states. Barriers increase from group
13 to group 15 and decrease with p-donor/s-acceptor substitu-
ents. Fundamentally, the second-order Jahn–Teller effect
(SOJTE) is identied as a solid model to explain these general
trends qualitatively. The core argument is: the closer the ener-
gies of the HOMO (b1g) and the LUMO (a2u) are in the D4h

symmetric inversion transition state, the stronger they mix, and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the more energy is released upon relaxation into the tetrahedral
ground state (see step-by-step explanation in the introduction).
In turn, a larger energy release for D4h / Td corresponds to
a larger inversion barrier Td / D4h / Td (Fig. 7). The inverse
correlation of HOMO–LUMO gap and energy also agrees with
Pearson's principle of maximum hardness – the larger the gap,
the more stable (the lower) the inversion transition state.112

Electronegative central elements lower the LUMO (a2u) energy;
the inversion barrier increases. With more electronegative
substituents, the HOMO (b1g) energy is lowered; the inversion
barrier decreases (s-acceptor effect). p-Donor substituents
increase the LUMO energy; the inversion barrier decreases (p-
donor effect). Interestingly, these substituent effects are inverse
to that found for carbon-based tetrahedra, owing to the inverted
FMO symmetries (cf. Fig. 2A).4

Correlations between FMO gap and inversion barrier are
obtained for hydrides, sustain for sole s-acceptor substitu-
ents, but almost vanish for p-donor groups. NBO, EDA, and
QTAIM calculations shed light on these deviations. For less
electronegative substituents, the tetrahedral preference is
determined by optimal orbital overlap, thus conforming to the
SOJTE-model. For s-acceptor/p-donor substituents, the tetra-
hedral preference is dominated by favorable electrostatics and
diminished ligand–ligand repulsion. Strikingly, the covalency
in Td and D4h congurations is almost equal in compounds
such as SiF4 due to the favorable p-back bonding in the planar
state.

There might be more than only fundamental interest in
“molecular uctionality”.113 One-third of the compounds
studied in this contribution show transition state energies
corresponding to congurational instability at ambient to
elevated temperatures. One prominent example is Al(OH)4

�,
which is right now exhibiting tetrahedral inversion at tonne
scale (Baeyer process) without being recognized.

What are the consequences of low inversion barrier heights
in our geosphere (aluminates) or materials properties (sili-
cones)? Are there features that can be achieved by exploiting
tetrahedral “hinges” for three-dimensional connectivity with
shape “adaptive” behavior?114 Another aspect is the connection
of molecular exibility with the phenomenon of Lewis acidity. It
has been noticed that the energy required to deform a Lewis
acid into the structure of the Lewis adduct effectively quenches
Lewis acidity.115,116 In other words, compounds with a low
deformation energy yield potentially strong Lewis acids. Of
course, the deformation energy of tetrahedral compounds is
entangled with the inversion barrier. Hence, the knowledge of
tetrahedral inversion offers strategies to design Lewis acids that
garner strengths not only from electron withdrawal but also
from a low structural deformation penalty. Indeed, this has
been proven most recently.117,118

The herein-developed perspective of the process of tetrahe-
dral inversionmight be in parts too simplied (neglected effects
of vibronic coupling constants and higher excited states). Still, it
bolsters our fundamental understanding of molecular exibility
and might propel further realizations of anti-van't-Hoff–Le-Bel
congurations by guided choice.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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