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Application of the Valence Bond Mixing Configuration Diagrams to Hypervalency in
Trihalide Anions: A Challenge to the Rundle—Pimentel Model
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The X3~ hypercoordinated anions (H, F, Cl, Br, I) are studied by means of the breathing-orbital valence bond
ab initio method. The valence bond wave functions describe the different X3~ complexes in terms of only six
valence bond structures and yield energies relative to the two exit channels, X, + X~ and X,~ + X", in very
good agreement with reference CCSD(T) calculations. Although Hs™ is unstable and dissociates to H, + H™,
all the trihalogen anions are stable intermediates, Br;~ and I3~ being more stable than F;~ and Cl;™. As a
challenge to the traditional Rundle—Pimentel model, the different energies of the hypercoordinated species
relative to the normal-valent dissociation products X, + X~ are interpreted in terms of valence bond
configuration mixing diagrams and found to correlate with a single parameter of the X, molecule, its
singlet—triplet energy gap. Examination of the six-structure wave functions show that Hs~, Cl;~, Br;~, and
I3~ share the same bonding picture and can be mainly described in terms of the interplay of two Lewis
structures. On the other hand, F;™ is bonded in a different way and possesses a significant three-electron
bonding character that is responsible for the dissociation of this complex to F,~ + F', instead of the more
stable products F, + F~. This counterintuitive preference for the thermodynamically disfavored exit channel
is found to be an experimental manifestation of the large charge-shift resonance energy that generally

characterizes fluorine-containing bonds.

Introduction

One of the greatest achievements of Sason Shaik was the
elaboration of the valence bond state correlation diagrams, that
started with a landmark 1981 paper entitled “What Happens to
Molecules as They React”.! By tracing the energies of the VB
configurations along the reaction coordinates, such diagrams
bring some unique insight on the reaction mechanisms, reveal
the cause of the barrier, the nature of the transition state, and
the reason for occurrence of intermediates.””® Moreover, they
allow predictions to be made on the trends of activation energies
in series of reactions, from the sole knowledge of the properties
of reactants and/or products. The valence bond state correlation
diagrams (VBSCD) model applies to the general category of
reactions that can be described as an interplay of two major
VB structures, that of the reactants and that of the products.
An extension of the model, called valence bond configuration
mixing diagrams (VBCMD), was later devised for systems that
are best described as the interaction of three VB structures or
more.?~% Thus, the general model applies to a wide category of
reactions, but also to hypervalent compounds, since the latter
can always be viewed as transition states or intermediates in
exchange reactions involving normal-valent compounds. As
examples among others, the stability of Liz" and Nas® radicals
versus unstability of Hj" is easily rationalized,” and VBCMDs
elegantly explain why SiHs™ is a stable hypervalent anion,
whereas isoelectronic CHs™ is a high-lying transition state,®?
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and why removal of just one electron makes both SiHs® and
CHs" unstable.!0

Among hypervalent compounds, polyhalide anions X3~ (X
=F, Cl, Br, I) are prototypical examples of clusters that violate
the octet rule and are held together by four-electron—three-center
(4e, 3c) bonding. The experimental structures of these anions
have been determined by spectroscopic methods.!! =13 They are
linear and symmetric in the gas phase and in solution, whereas
in the solid state both symmetric and asymmetric structures are
found,'®!7 owing to crystal packing forces. The first trihalide
anion to be detected in the gas phase was I3~ in 1928,'3 followed
by Cl;~ in 1958,!° while the gas-phase detection of Br;~ and
F;~ was realized only one decade ago.?%?' These species are
all stable against dissociation by either exit channels, eqs 1 and
2, with channel 1 being in all cases the thermodynamically
favored one.??~2*

X, =X, + X (1
X, =X, +X 2)

The trihalide dissociation energies in the gas phase were
experimentally measured by Sunderlin and co-workers, using
energy-resolved collision-induced dissociation (CID) in a flow-
ing-afterglow mass spectrometer.?>~2* Remarkably, the bond
strengths of these hypervalent compounds, defined as the
dissociation energies relative to the exit channel 1, are quite
significant and amount to 29—32 kcal/mol for I3~,?> 29—32 kcal/
mol and 22—25 kcal/mol, respectively, for Br;~ and Cl;~,%3 and
21—26 kcal/mol for F3~.2* These rather large values, which point
to a remarkable stability of the trihalide anions, are to be
contrasted with the unstability of the Hs~ cluster, which is a
transition state lying some 11 kcal/mol above H, + H™.% This
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difference between isoelectronic systems, that are all of the four-
electron—three-center type, requires explanation.

Historically, the first model that has been used to explain
hypervalent bonding was that of the octet expansion through
the use of d orbitals.?® In this model, a postulated spd
hybridization of the central atom would allow the latter to be
formally surrounded by five bonds or lone pairs, as is the case
for trihalide anions. However, this model has been ruled out
by Reed and Schleyer,?” who showed by theoretical calculations
that hypervalency would persist without the help of d orbitals.
A more popular model is that of Pimentel and Rundle,?® based
on molecular orbital (MO) theory. Restricting the reasoning in
the trihalide anions to the three axial p orbitals that are involved
in the o bonds, one forms three MOs, one bonding, one
nonbonding, and one antibonding combinations. In the (4e, 3c)
case, filling the two lowest-lying MOs leads to a bonding picture
involving two bonding electrons and two nonbonding ones, and
no antibonding occupied MO, hence the stability of the cluster.
This is of course a rough picture, which neglects many factors
among which hybridization of the atomic orbitals of the highest
occupied MOs, which adds some antibonding character to the
allegedly nonbonding MO.? The amount of hybridization, as
well as the repulsive interactions arising from the lower MOs
and their consequence on the stability of X3~ and isoelectronic
clusters, have been studied in details by Munzarova and
Hoffmann.?® Now, however attracting as it may look, the logic
of the Rundle—Pimentel model fails in the case of H3~, which
is unstable despite the fact that the two occupied MOs of this
anionic cluster are, respectively, bonding and nonbonding, in
close analogy with the stable trihalide anions.

Another puzzling feature of trihalide anions is some kind of
“fluorine exception”, by which the trifluoride anion dissociates
primarily via exit channel 2, at high collision energy with argon
(25 eV),?! although this reaction is thermodynamically less
favorable than channel 1. Thus, the three-electron-bonded F,™
radical is 3 times more abundant than F* in the dissociation
products. This unexpected branching ratio was explained in a
previous work,® as due to a slightly dominant three-electron
bonding character in the F3~ cluster. By contrast, CID of X3~
leads to an X, /X" cross section of 50 for X = Cl, 20 for X =
Br, and 10 for X = I, in accord with the decreasing energy gap
between the two channels and in qualitative agreement with
thermodynamical control.”®> Even if the collisions energies are
different, 25 eV for F;~ versus 4 eV for Cl3~, Brz~, and Iz,
this difference is intriguing and might reflect some fundamental
difference of bonding nature between F3~ and the other trihalide
anions.

It is clear that the Rundle—Pimentel model of (4e, 3c)
hypervalency leaves open a number of questions: (i) Why is
Hs™ unstable, whereas trihalide anions are quite stable hyper-
valent compounds? (ii) What is the nature of X3~ bonding for
X = Cl, Br, I and is it different from the trifluoride case? (iii)
Why do not Cl3~, Brs~, and I3~ primarily dissociate by the exit
channel 2 like F3~? And finally, (iv) can the dissociation energies
of all X3~ species be related to properties of normal-valent
compounds, X,?

The answer to the above specific questions about trihalide
anions require a qualitative understanding of their electronic
structure, and this can be achieved only with the help of a
compact wave function which, despite its compactness, incor-
porates the essential ingredients that are required for a realistic
description of the ground state and, in particular, electron
correlation. Such requirements are fulfilled by the “breathing-
orbital valence bond” method (BOVB),3' a modern ab initio

Braida and Hiberty

SCHEME 1
(a) (b)
—
OO O L O @
H, H, H, X Xy, ). 45
X=FC,hBrl

VB method that has been devised to combine the simplicity
and interpretability of the classical VB description (only six
VB structures here) with reasonable accuracy. As has been
successfully done in the past for other hypervalent compounds,’?
the bonding energies of the trihalide anions as well as the
instability of the H3™ transition state will be interpreted in terms
of the VBCMD model, supported by the ab initio calculations.

Theory and Methodology

Breathing-Orbital Valence Bond Method. The BOVB
method is an ab initio computational method of valence bond
type that has been devised to combine the properties of
interpretability and extreme compactness of the wave function,
with reasonable accuracy of the calculated energies.’! The wave
function W is composed of a set of VB structures @ that forms
a complete and minimal set (also called Rumer basis®3?) for
the description of a given electronic state (eq 3).

W= Z C, D, (3)

Among the electrons and orbitals, one distinguishes an active
space, made of the orbitals and the electrons that are directly
involved in the bond breaking/forming, from an inactive space,
where the orbitals keep the same occupancy throughout the
dissociation coordinate. In the X3~ trimer (X = F, Cl, Br, 1),
the inactive space is composed of the nine lone pairs, whereas
the active space involves four electrons and three orbitals: a
pure atomic p orbital on the central atom, and one sp hybrid
orbital on each of the remaining atoms. In H3™, all the electrons
and orbitals belong to the active space (see Scheme 1).

The active space is treated at the VB level, and its electrons
are explicitly correlated, whereas the inactive part of the
molecule is described as a set of doubly occupied orbitals so
that the correlation of inactive electrons and the active—inactive
correlation are not explicitly taken into account. An important
feature of our VB calculations is that all the active orbitals are
strictly localized on a single fragment X, like in the classical
VB method, so as to ensure a clear correspondence between
the mathematical expressions of the VB structures and their
physical meaning, ionic or covalent. The coefficients and orbitals
of the VB structures are optimized simultaneously, so as to
minimize the total energy of the multistructure wave function.
During the optimization process, each VB structure is allowed
to possess its specific set of orbitals, different from one VB
structure to the other. In this manner, the orbitals can fluctuate
in size and shape so as to fit the instantaneous charges of the
atoms on which these orbitals are located. This specificity of
the BOVB method ensures its accuracy by bringing some
dynamic correlation to the wave function, without increasing
the number of VB configurations. It may be noted that a
calculation of nearly equivalent accuracy, in the MO framework,
would consist of performing a complete active space multicon-
figuration self-consistent field calculation (CASSCF) followed
by a configuration interaction involving all single excitations
generated from the CAS determinants. Indeed, although the
CASSCF calculation brings the nondynamical correlation
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energy, the further single excitations have an effect equivalent
to an optimization of the orbitals independently for each
determinant, similar in spirit to the “different-orbital-for-
different-configurations” principle of the BOVB method.

The BOVB method has a few levels which differ in hierarchy
of sophistication. Here we use the most sophisticated level,
referred to as SD-BOVB. This level is characterized by two
improvements relative to the basic level: (i) the active doubly
occupied orbitals of an ionic structure are split into two singlet-
coupled singly occupied orbitals, so as to bring some radial
correlation to the active electrons; (ii) the lone pairs are allowed
to be delocalized on the three fragments. This does not change
the physical meaning of the VB structures but allows some
flexibility in the interactions between lone pairs. Last, in the
Hs™ case, further VB structures displaying p occupied orbitals
for H™ or H, are added to bring some angular correlation.
Previous experience has shown us that such VB structures are
not entirely negligible in diatomic molecules with unsaturated
shells such as H», Li,, etc. Such structures have small coefficients
and will not be considered in the analysis of the wave functions
but are important for improving the accuracy of the calculated
energies. Note that analogous structures do not exist in trihalide
anions, since the p orbital system of these species are saturated.

The Set of Valence Bond Structures. In the general case, a
complete and linearly independent set of VB structures for a
given electronic system is entirely determined by the graphical
method of Rumer.*? In the four-electron—three-orbital system
at hand, Rumer’s method is particularly simple and consists of
generating all the possible arrangements of four electrons into
three orbitals that can form a singlet state. This leads to the six
VB structures displayed in Scheme 2.

These structures can be interpreted according to their
relevance to eq 4

X +X,=[X: s =X - X] =X, +X 4)

in which the hypervalent species X3~ is considered as a
transition state or intermediate in a formal exchange reaction
between normal-valent species. Thus, structure 1 describes a
covalent X—X bond in the reactants, whereas 2 and 3 correspond
to the ionic components of the same bond. Similarly, the ionic
structures 3 and 4 and the covalent structure 5 suffice to describe
the products. Note that 3 is involved in both reactants and
products. The status of 6 is special. It is expected, by mere
inspection, to have zero weight in the reactants’ and products’
geometries, but it mixes with 1—5 in the symmetrical geometry
of X37. As this structure is nonbonding, its weight is expected
to be marginal even in X37; however, it will be seen that the
contribution of 6 is far from being negligible in some cases.
Valence Bond Configuration Diagrams. A general VBCMD
is illustrated in Figure 1 for the formal exchange reaction 1.
The reaction coordinate is the geometrical deformation of the
X3~ system from the geometry of the reactants to that of the
products, via the symmetrical geometry of the X3~ complex.
The ascending dotted line features the energy of the Lewis
structure of the reactants, as calculated as an optimized
combination of structures 1—3, throughout the reaction coor-
dinate. Similarly, the descending dotted line represents the Lewis
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Figure 1. Typical valence bond mixing configuration diagram for the
reaction X, + X~ — [X;3]” — X~ + X,

structure of the products (combination of 3—5). The thin full
line corresponds to the ground-state reaction profile that one
would obtain by restricting the calculation to the reactants’ and
products’ Lewis structures, i.e., restricting the set of VB
structures to 1—5. The quantity B is the resonance energy arising
from the mixing of the two Lewis curves at the geometry of
the avoided crossing, in the middle of the diagram. At this
incomplete VB level, the calculated barrier is referred to as
AE{g-—s. Finally, the bold dotted line represents the energy of
the VB structure 6 alone, and the full bold line is the final
ground-state profile, as obtained by including the full set of VB
structures, 1—6, in the variational calculation which now yields
the accurate barrier, referred to as AE¥. This way of representing
the VBCMD has the advantage of highlighting the stabilizing
effect of structure 6, quantified as the energy difference between
the thin full line and the bold full line at each point of the
diagram.

Computational Details. The equilibrium distances for the
X, molecules and X3~ clusters have been optimized at the
CCSD(T) level and used in the subsequent valence bond
computations. The augmented correlation-consistent triple-G
Dunning basis set (aug-cc-pvtz)*? has been used for fluorine
and chlorine compounds. For bromine and iodine compounds,
the recently proposed systematically convergent triple-§ basis
sets (aug-cc-pvtz-PP) have been used together with correspond-
ing relativistic pseudopotentials.’* Coupled cluster CCSD(T)
calculations have been carried out with the Gaussian98 soft-
ware,® and the valence bond calculations with the XMVB
program of the Xiamen group.’® The weights of the VB
structures, displayed in Table 5, are calculated as the normalized
squares of the coefficients Ck in eq 3.

Results

The geometries of X5, X3, and X,~, as optimized at the
CCSD(T) level, are displayed in Table 1 and compared with
the experimental data when available, for X = H, F, Cl, Br,
and I. The geometries for X, are in overall good agreement
with the experimental values, and the errors do not increase as
one goes down the periodic table, indicating a good quality of
the basis set for the species that are normally the most difficult
to describe, namely, Br; and I,. As expected, the bond lengths
for X,~ are much longer than those of X,. This is because the
X atoms in X, are linked by a three-electron bond, a type of
bond that is known to favor rather long interatomic distances,”
whereas X, displays a regular two-electron single bond. For X
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TABLE 1: Interatomic Distances for X;, X5, and X,~

X X, (exptl) X5 (caled)® X3~ (caled)” X5~ (caled)?
H 0.741 0.743
F 1.412 1.418 1.739 1.927
Cl 1.988 2.019 2.328 2.602
Br 2.281 2.296 2.564 2.820
I 2.665 2.685 2.945 3.201
4 Calculated at the CCSD(T) level. All distances are in

angstroms.

TABLE 2: Energy Barriers for the Reaction X, + X~ —
[X3]” — X7 + Xy*

D-BOVB SD-BOVB CCSD(T) exptl
Hs™ 12.9 12.9 10.6
F;3~ —28.2 —24.8 —23.8 —(21 to ~26)
Cl3~ —19.5 —234 —24.6 —(22 to ~25)
Brs~ —24.4 —28.6 —32.2 —(29 to ~32)
I~ —23.0 —28.7 —32.8 —(29 to ~32)

@ This quantity refers to AE* in Figure 1. A positive value means
an unstable transition state, and a negative value means a stable
intermediate. Energies are in kcal/mol.

TABLE 3: Relative Energies of the Dissociation Products of
X3, in kcal/mol

SD-BOVB CCSD(T)
X X + X- Xy + X X + X- Xy + X
F 0 9.4 0 8.6
1 0 235 0 25.0
Br 0 16.8 0 20.6
I 0 16.4 0 14.5

= Cl, Br, and I, the bond lengths for X3~ are almost exactly
halfway between those of X, and X, . Interestingly, F3~ is an
exception, with a bond length being longer than expected and
tipped toward that of F,~, by about 0.06 A relative to the average
of F, and F,™. This is a first indication that the type of bonding
that dominates in F3~ might be different from that of the other
trihalogen anions.

The calculated energy barriers for reaction 4 are reported in
Table 2. Besides the experimental estimations, CCSD(T) values
are reported, as well as BOVB calculations at the D- and SD-
levels, using the full set of VB structures 1—6 in both cases.
The barrier is positive for X = H, reflecting the transition state
nature of H3;™. For X = F, Cl, Br, and I, the X3~ complex is a
stable intermediate, and the negative barrier of reaction 4
measures the dissociation energy of X3~ relative to X, + X™.
It is seen that the trihalogen anion can be divided in two groups,
Br;™ and I3~ being significantly more stable than F3~ and Cl;™.
Taking the CCSD(T) computational level as the reference, it
can be seen that the accuracy of the SD-BOVB level is much
better than that of the simple D-level, confirming that the SD-
option is necessary to get good energy barriers while keeping
the VB function compact in the BOVB framework.3! As a
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systematic tendency, the deviation of the SD-BOVB results
relative to CCSD(T) increases regularly from F;™ all the way
to I3~ but is never greater than 4 kcal/mol. Another test for the
SD-BOVB method is the calculation of the energy gap between
the two exit channels of X537, eqs 1 and 2, displayed in Table
3. Once again, the accuracy is satisfactory relative to the
CCSD(T) level, with a maximum deviation of 3.8 kcal/mol
between the two computational methods, and in all cases the
(X, + X7) dissociation channel appears to be the lowest one.

These good performances of a compact six-configuration VB
wave function as compared to the best MO—CI levels confirms
that simple VB theory, provided it is used at its best level of
accuracy, captures the essential bonding features of the hyper-
valent X3~ complexes. In accord, the simplicity of the wave
function will be exploited to get insight on the electronic states
of the various complexes. The questions we are trying to answer
are the following: (i) Are the H3;~ and trihalogen anion
complexes of different bonding natures? (ii) Can the X3~ barrier
or dissociation energies be related to simple properties of the
reactants, X, + X~ ? These questions can be answered by using
VBCMDs of the type shown in Figure 1.

It is clear that the Lewis structures of the reactants and
products (structures 1—35, taken together) necessarily play an
important role in the X3~ complex. What is less obvious is the
role of structure 6, which is included in the VB basis set for
completeness, but which is a priori high-lying at any point of
the diagram, owing to its nonbonding character. In order to
appreciate the contribution of structure 6 to the stability of the
various complexes, let us consider the VBCMDs restricted to
structures 1—5, i.e., by ignoring the bold dotted line and the
bold full lines, respectively, on top and on the bottom of the
diagrams displayed in Figure 2a—e. The five-structure reaction
profile, that is calculated by means of a variational SD-BOVB
calculation involving structures 1—5 only, appears as the full
thin line in each diagram. It can be seen that restricting the VB
description to structures 1—5 does not fundamentally change
the nature of the X3~ complex for H;~, Cl3~, Br;~, and Iz, in
that H3~ remains a transition state, whereas the trihalogen anions
are still stable intermediates. Thus, in each of these complexes,
structure 6 only has a corrective effect. On the other hand, the
five-structure reaction profile for F5~ is qualitatively wrong, as
it displays a reaction barrier instead of the expected potential
well. The importance of structure 6 as a stabilizing factor may
also be appreciated by comparing the five-structure barriers or
dissociation energies, AE{g—s, to the true barrier AE¥ as
calculated by a full six-structure SD-BOVB calculation (Table
4). The difference between the two sets of calculations ranges
from 6 to 15 kcal/mol for X = H, Cl, Br, I, and jumps to 30
kcal/mol for X = F.

Leaving aside the contribution of structure 6 for a while, it
is interesting to relate the five-structure calculated barriers or
dissociation energies to reactants’ properties, by means of the
VBCMDs. In these diagrams, the barrier AE$g_s, be it positive
or negative, can be expressed in terms of three parameters,

TABLE 4: Calculated Parameters of the Valence Bond Mixing Configuration Diagrams®

AE{g_s AE* AE} B’ AEgre4 fr D¢ AEst — D,
H;~ 19.0 12.9 45.4 26.4 245.9 0.186 107.4 138.5
Fs~ 5.3 —24.8 39.3 34.0 183.2 0.218 39.7 143.5
Cly~ -95 —23.4 25.4 34.9 175.0 0.173 50.0 125.0
Brs~ —-16.8 —28.6 15.9 32.7 140.0 0.142 42.8 97.2
15~ -19.3 —28.7 9.2 28.5 114.7 0.095 38.2 76.5

@ All energies are in kcal/mol. ? Calculated at the SD-BOVB level. © Calculated at the CCSD(T) level. ¢ Singlet—triplet vertical transition

energy of the X, bond. ¢ Dissociation energy of the X, bond.
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Figure 2. Quantitative valence bond mixing configuration diagram for the reaction X, + X~ — [X3]” — X~ + Xy»: (a) X =H, (b)) X =F, (c) X

= Cl, (d) X = Br, (e) X = L. Energies are in kcal/mol.

TABLE 5: Weights of the Valence Bond Structures in the
Ground State of X3, as Calculated at the SD-BOVB Level

lorSs 2o0r4 3 6
H;~ 0.256 0.041 0.357 0.049
F3~ 0.312 0.009 0.101 0.256
Cl3~ 0.327 0.019 0.163 0.154
Br;™ 0.320 0.022 0.163 0.152
| 0.322 0.027 0.157 0.146

shown in Figure 1: G, the energy gap between the reactants
and the VB structure of the products in the reactants’ geometry;
AE,, the height of the crossing point of the diabatic curves
relative to the reactants’ energy; and B, the avoided-crossing
resonance energy of the complex (Figure 1):

AEy, s=AE.—B )

To get an expression for G that would be specific to the
VBCMD at hand,® let us consider the energy terms that enter
in the promotion from X, + X~ to X' + X'X7, at fixed
geometry. In this transition, the bonding energy of X, is lost,
while a Pauli repulsion builds up between X* and X™. According
to semiempirical VB theory,’ the absolute values of bonding

energy and Pauli repulsion are nearly equal and sum up to AEsr,
the vertical singlet—triplet energy gap of the X, bond. This latter
parameter is therefore the key experimental quantity that
corresponds to the promotion energy G, as expressed in eq 6:

G=AEg, (©6)

If now we express AE; as a fraction f of the promotion energy
G, and using eq 6, the following final expression follows for
the five-structure calculated barrier:

AE,, =fAEq —B (7

As the quantity f is directly related to the curvature of the
diabatic curves, this parameter is usually called the “curvature
factor”. Note that the VB-calculated G value might have been
used instead of AEgr in eq 7. The latter quantity is preferred
for two reasons: (i) when large basis sets are used for anionic
reactions, as is the case for Hz~, the VB-calculated value of G
may be rather basis set dependent, whereas AEgt is not. The
problem is encountered in H3~, where the low value of G in
Figure 2a is artifactual. (ii) AEst is an easily accessible property,
which does not require the use of a specific VB software.



13050 J. Phys. Chem. A, Vol. 112, No. 50, 2008

TABLE 6: Correlation between the Resonance Energy in
the X,  Three-Electron Bond and the Stabilizing Effect of
Structure 6 in the X3~ Ground State®

X EX'X") — EXOX) (AESp_s — AEH)C
H¢ 6.1
F 101.1 30.0
cl 63.9 13.9
Br 52.6 118
I 51.5 9.4

“Energies are in kcal/mol. ® Calculated at the equilibrium
geometry of X,, at the SD-BOVB level. ¢Calculated at the
equilibrium geometry of X;, at the SD-BOVB level. “The
three-electron-bonded (HLJH)™ configuration is not stable.

Equation 7 is useful if the quantities on the right of the equal
sign can be related to simple properties of the reactants. The
AEgy parameter obviously fulfills this condition, since a
singlet—triplet gap is experimentally observable or easily
calculated by standard computational methods. The resonance
energy B is not a property of the reactants, but it can be seen
that this quantity is fairly constant for the five reactions at hand,
especially for the trihalogen anion dissociations which can be
considered as reactions belonging to the same family. On the
other hand, the curvature factor f varies widely from X = H all
the way to X = 1. Now it has been argued in the past33° that,
for identity reactions for which the promotion energy G can be
approximated as AEgr, the curvature factor can be correlated
with the difference between two simple properties of the
reactants (here X5): its singlet—triplet gap, AEsr, and its bonding
energy, D.. The larger this difference, the larger the curvature
factor. It is indeed seen in Table 4 that f correlates very nicely
with (AEst — D.), with a quasi-linear relationship. Thus, in
the approximate model limited to 5 VB structure, it appears
that the barrier AE{p_s is entirely controlled by two easily
accessible properties of the reactants. The interpretation of the
barrier can be even more simplified if one notes that the (AEst
— D) difference is usually large for strong binders, and smaller
for weak binders. In other words, (AEst — D.) varies like AEst
alone. This allows us to correlate the AE{p_s values with a
single parameter of X», its singlet—triplet excitation energy
AEST.

There now remains to include structure 6 in the calculations,
in order to get the final wave functions and the corresponding
barriers, which will be referred to in what follows as AE*. The
weights of the various VB structures for X3, as calculated at
the SD-BOVB level, are displayed in Table 5. Expectedly, the
ionic structures 2 and 5, bearing two adjacent negative charges,
have a very small weight in all cases, owing to their instability.
The triply ionic structure 3 is the major one in H3~, and smaller
in Cl37, Brz7, and I37, but all in all these four species can be
described mainly in terms of structures 1, 3, and 5, i.e., as an
interplay of two Lewis structures, that of the reactants and that
of the products. On the other hand, Fs~ is an exception and
departs from the previous bonding picture, as having an
exceptionally large contribution of structure 6 (25.6%), by far
the largest one among the five X3~ species.

As structure 6 mixes with the Lewis structures in the X3~
geometry but not in the geometry of the reactants, it has the
effect of lowering the barrier, relative to AFE%g_s. The differences
between AEY5_s and AE?, as calculated at the SD-BOVB level,
are shown in Table 6. It is seen that these values display
tendencies that are consistent with the weights of structure 6 in
the various X3~ species (Table 5): small for H3™, larger and
slightly increasing in the series I3~, Br;~, and Cls~, and much
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Figure 3. Correlation between AE?, the energy barrier for the reaction
X, + X7 — [X5]” — X~ + X, and the vertical singlet—triplet gap of
the X, bond, AEst. All energies are calculated at the CCSD(T) level
and expressed in kcal/mol.

larger for F3~ which definitely proves to be bonded in a different
way than the other hypervalent anions.

Discussion

It is now clear why H3™ is a transition state, whereas Cls™,
Br;, and I3~ are stable intermediates (the case of F3;~ will be
discussed later). The electronic structures of these four species
can be approximately described as the interplay between the
reactants’ and products’ Lewis structures, or 1—5. At this level,
the barrier is approximated as AE{p—s and correlated with the
vertical singlet—triplet gap of the X, bond, AEst. This quantity
is large for strong binders like hydrogen, and smaller for weak
binders like halogens, resulting in a high-lying crossing point
for H3™ and a low-lying one for Cls~, Br3 ™, and I3”. Given that
the avoided-crossing energy B is a roughly constant quantity,
AES_s turns out to be positive for X = H and negative (stable
intermediate) for X = Cl, Br, and I. Improving the barrier
estimation by including structure 6 in the calculation just makes
a quantitative correction, which, however important, does not
change the fundamental explanation. As a result, the good
correlation that is found between AEst and AESg_s carries over
to the true barrier, AE*.

The case of fluorine is special in several respects. Owing to
a large lone-pair bond-weakening effect,*” the F, molecule has
a small D, value that contrasts with a large singlet—triplet
excitation energy AEgst. The large (AEst — De) difference results
in a large f factor (Table 4) and contributes to raise the five-
structure barrier, AE{s_s. This effect is, however, compensated
by a very large stabilizing effect of structure 6 (see Figure 2b),
leading to a final dissociation energy for F;~ that is close to
that of Cl;~. All in all, the AE¥ values for all X3~ species,
including F;7, nicely correlate with the corresponding AEst
values of the X, molecules, as shown in Figure 3. Even if the
correlation is far from being linear, still AEsr clearly appears
as the unique quantity that rules the stability of X3~ relative to
X, + X"

The key role of structure 6 in F3~ deserves some further
comments. This structure, which contributes one-quarter of the
total wave function, endows the complex with an important
three-electron bonding character. Indeed, as illustrated in eqs 8
and 9, the association of 1 and 6 is nothing else but the VB
expression for a three-electron bond between Xy, and X, whereas
5 + 6 represent another three-electron bond, now between X,
and Xp:
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1< 6=X[X0X]" 8)
5<6=[X0X]X )

This three-electron bonding character explains why the dis-
sociation of F3™ at high collision energy produces 3 times more
F,~ than F,: dissociation just follows diabatically the exit
channel 2, which is the most reminiscent of the bonding nature
of the complex, even if thermochemistry would favor channel
1.39 On the other hand, as can be seen from the weights of
structure 6 displayed in Table 5, the three-electron bonding
character is not very important in Cl;~, Brs~, and I3~, which
can be described in terms of standard Lewis structures displaying
two-electron bonds. In accord, these three species dissociate via
the thermodynamically favored exit channel, reaction 1.

One question that is still unresolved at this point is why
structure 6 contributes so much to the stability of F3~ and much
less to the other species, or in other word why the (AE{p_s —
AE¥) difference is 2—3 times larger in F3~ than in the other
trihalogen anions (Table 6). This large resonance energy, mainly
due to the mixing of structure 6 with the covalent structures 1
and §, is reminiscent of the exceptionally large resonance energy
that arises from the mixing of covalent and ionic structures in
the two-electron bond of F,.*! As the latter VB structures,
F+ — «Fand (F'F~ + F F"), differ from each other by a single
electron transfer, the corresponding resonance energy has been
called “charge-shift resonance energy”. So large is this quantity
in the F, molecule (67 kcal/mol) that it is the only term that
sustains bonding, whereas by contrast the covalent term, by
itself, is repulsive at any interatomic distance.’**' On the other
hand, the other halogens, chlorine, bromine, and presumably
iodine, are less and less prone to charge-shift bonding than
fluorine.*?

Given that charge-shift resonance energy characterizes the
mixing of structures differing by a single electron transfer in
the two-electron case, there is no reason why the concept could
not be extended to X3~ since 1 or 5 both differ from 6 by a
single electron transfer. Thus, assuming that the same mixing
rules apply to the X3~ and X, VB structures, one would predict
that the mixing of 1 (or 5) and 6, leading to three-electron
bonding, is much more stabilizing in F3~ than in the other
trihalogen anions. This reasoning can be given quantitative
support by calculating the charge-shift resonance energy arising
from the mixture of the X~ X* and X*X™ structures in the three-
electron-bonded X,~ species. The corresponding stabilization
energy, AE(3—e), defined in eq 10, is displayed in Table 6 along
with the (AEYs—s — AEY) values.

AE(G—e)=EX X)—E(XUOX]) (10)

It is seen from the AE(3—e) values that the three-electron
interaction is particularly stabilizing in F,~, while being much
smaller in the other dihalogen anions, and slightly decreasing
in the order Cl,, Br,~, and I,~. Exactly the same tendencies
are seen in the stabilizing effect of structure 6, quantified as
(AE{p—s — AE¥) difference, which correlates very well with
AE(3—e) in Table 6. This large stabilization in the F3~ case is
the reason why this complex has a major three-electron bonding
character® and dissociates to F,~ -+ F* at large collision energies.

Conclusion

The X3~ hypercoordinated anions (X = H, F, Cl, Br, I) have
been studied by means of the BOVB ab initio method. The wave
functions for the X3~ species are extremely simple as they
involve only six configurations, all of which have a clear
physical meaning in terms of valence bond structures. Despite
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this compactness, the BOVB method provides accurate positive
or negative barriers for the X, + X~ — X~ + X, exchange
reaction, as well as accurate transition energies for the two
different exit channels for the X3~ dissociation, as compared to
the reference CCSD(T) computational level. These results are
interpreted in the framework of valence bond mixing correlation
diagrams, which show that the barrier/dissociation energies are
governed by a single property of the reactants, the vertical
singlet—triplet transition energy AEst of the X, molecule. Thus,
as Hy has a large AEgst value, the exchange reaction barrier is
positive for X = H, indicating that H3™ is an unstable transition
state. On the other hand, a smaller AEst value for F» and Cl,
leads to a negative barrier for the exchange reactions, indicating
that F3~ and Cl3™ are stable intermediates. Lastly, even smaller
AFEgt values for Br, and I, nicely agree with the fact that Bry™
and I3~ are the most stable hypercoordinated anions of the series.
Thus, the main conclusion that emerges from this study is that
valence bond correlation diagrams provide a much better model
than the traditional Rundle—Pimentel model for hypervalency
in four-electron—three-center systems. It is interesting to note
that the singlet—triplet gap of the dimer is the basic ingredient
J of the magnetic treatment of half-filled band systems. In this
respect, the halogen trimer anion, as a four-electron—three-center
system, is a doped half-filled band. For such systems the basic
model Hamiltonian is the so-called —J model, first introduced
in chemistry by Gadea et al.,*> now famous in the study of high-
Tc superconductors.

Examination of the valence bond wave functions shows that
Hs~, Cl37, Brz7, and Iz~ have about the same bonding picture
and can be described as an interplay between two Lewis
structures, that of the reactants and products in the exchange
reaction. For these anions, the nonbonding structure 6 is
necessary to get quantitative energetics but has only a corrective
effect that is very weak in H3~, more important in the
trihalogens. By contrast, structure 6 plays a fundamental role
in F37, as it accounts for one-quarter of the wave function in
terms of weights and has a prominent stabilizing effect. This
structure endows the ground state of F3~ with an important three-
electron bonding character, which is the reason why this
complex dissociates by the thermodynamically less favored exit
channel, F,~ + F°, whereas the other trihalogen anions dissociate
to most stable products X, + X, as expected from thermody-
namic control. This large contribution of structure 6 in F3~ is
to be related to a property that has already been shown to be a
characteristic of the two-electron and three-electron bonds in
F; or F,7, namely, the exceptionally large charge-shift resonance
energy that is associated to the mixing of VB structures differing
from each other by a single electron shift.*! Large charge-shift
resonance energies define a specific category of bonds which
have already been shown to display peculiar experimental
manifestations like depletion of electronic density in the middle
of the bond,*! large barrier in the H' + FH — HF + H' exchange
reaction,?” reluctance of the Si—X bond to heterolyze in
solution,** and so on. In this context, the counterintuitive
dissociation of F3~ to the highest exit channel is nothing else
but another experimental manifestation of large charge-shift
resonance energy in fluorine compounds.
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