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The energetical and stereochemical effect of the s? lone pair in the title molecules and complexes is investigated
using a pseudo-Jahn—Teller coupling model with parameters adjusted to energies and wave functions from DFT
calculations. Vibronic coupling parameters were calculated and compared with those of the coordination number
(CN) 3. Inspecting the correlation between the chemical hardness and the vibronic coupling energy (hardness
rule), it is found that the tendency to distort decreases with increasing CN. While all considered molecules AX; (A"
= P to Bi; X~ = F to |) undergo lone pair deformations (D3, — Ca,), only part of the AX,~ and BX, species (B"
= S to Po) do so (T4 — Cy)—and even less the ones with CN = 5 (D3, — Cyy (=Cua)), AXs?~, BXs™, and CFs
(CY; Cl to I). The distorted polyhedra of minimum energy possess usually the butterfly C,, shape (CN = 4, 7,({)
displacement path) and a C,, = Cq, geometry (CN = 5, €' (¢) distortion path). A further symmetry lowering to Cs
occurs, if the central ion becomes too small with respect to the ligands (ionic size influence, PCI(Br)s~, PCls2™),
with the tendency to reduce the CN toward 3 + 1 and 4 + 1, respectively. For CN = 4 the various stationary points
of, for example, compressed and elongated Cs,, Cuy, etc. in the multidimensional ground-state potential surface
have been characterized. Though of higher energy than the absolute C,, minimum, they are shown to govern the
dynamics and reactivity of the CN = 4 species to a large extent. To simulate the chemical environment (positively
charged counterions, polar solvents), the DFT calculations were performed using the polarizable continuum model
COSMO (conductor-like screening model). Though the electronic energy gain upon distortion is not significantly
affected by the solvent, the total stabilization energy is distinctly enhanced, frequently leading to lone pair deformations
of otherwise electronically stable species. All results obtained by the combined vibronic/DFT approach are well in
accord with available experimental data.

I. Introduction Though the valence shell electron pair repulsion (VSEPR)
modef can be used to interpret observed distortions, its
predictive power is restricted: (i) Various lone pair systems
particularly with higher coordination numbers (CNsjo not
show any deviation from the high-symmetry parent structure
(inert-pair effect). (ii) Deformations of complexes or mol-

The lone pair effect is a well-documented phenomenon
in the stereochemistry of inorganic compounds, and it has
been challenging to both experimentafidtand theoreticiaris
to understand and to instrumentalize the basic principles.

* Author to whom correspondence should be addressed. fd@ 6421 (3) Opik, U.; Pryce, M. H. L.Proc. R. Soc. LondqrSer. A1957, 238
2828917. E-mail: reinen@chemie.uni-marburg.de. 425. Bader, R. F. WCan. J. Chem1962 40, 1164. Pearson, R. G.
T Bulgarian Academy of Sciences. J. Am. Chem. S0d.969 91, 4947. Bersuker, |. BChem. Re. 2001,

* Philipps-Universita 101, 1067.
(1) Greenwood, N. N.; Earnshow, £hemistry of the Element&nd ed.; (4) Gillespie, R. J.; Nyholm, R. SQ. Re. (London) 1957 11, 339.
Butterworth & Heinemann: Oxford, 1998. Gillespie, R. J.; Robinson, E. Angew. Cherml996 108 539;Angew.
(2) Wiberg, N.Lehrbuch der Anorganischen Chem#alter de Gruyter: Chem., Int. Ed. Engl1996 35, 495. Gillespie, R. JCoord. Chem.
Berlin, New York, 1995. Rev. 200Q 197, 51.
1998 Inorganic Chemistry, Vol. 43, No. 6, 2004 10.1021/ic030214s CCC: $27.50  © 2004 American Chemical Society

Published on Web 02/05/2004



Lone Pair Effect of Halide Molecules and Complexes

ecules possessing high CNsg) cannot be unambiguously
predicted using the simple VSEPR concept. (iii) No informa-
tion about the distortion pathway is provided. (iv) The
energetic origin of the lone pair effect remains obscure.
We present here results for halide molecules and com-
plexes BX, AX4~, CXs, BXs™, and AX?~, where A, B, and
C are cations from the fifth, sixth, and seventh main groups
with the oxidation states Ill, IV, and V, respectivetderived
from a DFT-parametrized vibronic coupling model of the
pseudo-JahnTeller (PJT) type. Following this concept,
some predictions about the stereochemical lone pair activity
are possible: (i) In the case of AXnolecules, which we
investigated previouslythe vibronic coupling energy domi-
nates the lone pair effect and can be nicely correlated with
the chemical hardnessvhich is an observable quantity; the
harder the lone pair molecule, the more susceptible to
distortion it becomesh@rdness rulg (ii) First results for
species with a larger number of ligands indicate that they

become softer and resist lone pair distortions more the higher

the CNS (iii) The vibronic coupling effect has been found

to be a nearly pure orbital overlap phenomenon; there is no
energy stabilization via decreased electron pair repulsion in
the distorted geometry, as claimed by the VESPR model. It
is the interplay between the vibronic energy gain due to
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Figure 1. The higher-symmetry components of the vibronically active
vibrations inTq (CN = 4): 7(¢) bending (b) and stretching (s)Cz,) and

€(0) bending D2q) (top). Linear combinations of the,® stretching
componentg + n + ¢ and& — # leading toCs, andi-Cs, (thick and thin
lines) andCg point groups, respectively (see the text) are also shown
(bottom).

changes in the covalent bonding and the restoring energysccupied molecular orbital (HOMO) ofi@) type carrying

(comprising the Pauli and Coulomb repulsion energies) which
determines whether a distortion will take place or not.
In preceding studies we have used a vibronic model with

the lone pair-which is usually antibonding and frequently
strongly delocalized toward the ligandmteracts with the
lowest unoccupied MO (LUMO) obtsymmetry originating

linear and quadratic terms in the nuclear coordinates and haverom the p-orbitals of B, which is also (and even stronger)

fitted its vibronic parameters to DFT d&t&.This method
could be well applied to AXmolecules, but becomes very
complex, due to the high degree of parametrization, for larger
CNs. In the present study we apply an alternative method
for extracting vibronic coupling energiewhich is based on
Slater’s transition-state methddt allows vibronic energies
to be calculated from DFT results, without recourse to
particular vibronic parametrizations based on a Herzberg
Teller energy expansion in terms of nuclear displacements.
The intention of this study is to supply the experimental
chemist with at least approximate rules which allow to predict
whether a lone pair molecule or complex will distort and if
it does which geometry it adopts. In particular a correlation
with fundamental quantities (chemical hardn&gise ionic-
radius ratio'° etc.) is intended. In the case of charged species
we will analyze how the electrostatic surrounding modifies
the vibronic landscape and to what extent environmental
effects contribute in stabilizing a distorted structure.

Il. Theory

[1.1. Vibronic Coupling Model. The tetrahedral geometry
of say a molecule BXmight be unstable if the highest

(5) Atanasov, M.; Reinen, DI. Phys. Chem. 2001, 105 5450.

(6) Atanasov, M.; Reinen, DI. Am. Chem. So@002 124, 6693.

(7) Atanasov, M.; Reinen, DAdv. Quantum Chenm2003 44, 355.

(8) Slater, J. CAdv. Quantum Cheml972 6, 1.

(9) Pearson, R. GChemical HardnessWiley-VCH: Weinheim, New
York, 1997.

(10) Wells, A. F. Structural Inorganic Chemistry5th ed.; Clarendon
Press: Oxford, 1984; Chapter IIl.

antibonding (see Figure 5). In a many-electron description
the ground state (.49 and the singly excited state (8%
configurations give rise to Aand T, states, respectively,
which mix upon distortion of the tetrahedron. The way this
occurs is dictated by the two stretching and bendingodes

in Tq (A1®7,8T, coupling; see Figure 1 and matrix £)E,

A T TY T

E, N, N, N,

N, E; P, P,

N, P, E P, M
N P, P, E

z

andEg, E¢, andE¢ are the energies of the;Aand T, states,
respectively, whiléN,, Ny, andN, parametrize the mixing of
these states due to thgtype distortion), y, andz correlate

with the tetrahedra&X, &Y, andS? axes, and F, T2, and

T,* denote the corresponding excited-state wave functions.
E, Eo, andEZ may differ due to a (diagonal) excited-state
Jahnr-Teller interaction via thee vibration (Tx®e®T,
coupling, Figure 1)P,y, Py, andPy, are off-diagonal energies
introduced to account for a,;®7,®T, excited-state Jahn
Teller interaction, which is also possible by symmetry. As
was shown previousl{4 the excited-state JT interaction via
the ¢ mode is essential in determining the topology of the
ground-state potential surface, because excited-state proper-
ties are admixed to the ground state via the nondiagonal PJT

(11) Maaskant, W. J. A.; Bersuker, I. B. Phys.: Condens Matteir991,
3, 37.
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Table 1. Vibronically Active Modes of Molecules and Complexes withGround States iffy (CN = 4) andDsn (CN = 5) Symmetrie

nuclear electronic nuclear electronic
symmetry vibration wave function symmetry vibration wave function
CN=4,Ty 72 T2 CN=5,Dz €, 0" E', A"
Ca, +g T2 Cay +e E.
Ca +AW3)E+n+9) (AW3)TX+TH+TH Cs +¢ E';
Cs +(UV2)E — 7) (UV2)(T2X~ To) Ca, +oy” A"

a2 The excited-statesfand E (A2'"') wave functions and those components which become totally symmetric in the disZest€,, and G? (see the text)
and C,,,Cs, andCs, geometries, respectively, are also listed.

elementsN. In Table 1 and Figure 1 we specify nuclear
displacements and corresponding electronic wave functions

pertaining toC,,, Cs,, and Cs point groups-the highest
possible distortion symmetries within the component
manifold. There are sixd,), eight Cs,), and six Cs) such
combinations corresponding to the thi&eand the fourCs
axes and the six symmetry planess)( of the parent

tetrahedron. Excited states which are totally symmetric in

one of the distorted geometries can thus mix into thes?\

ground state, with the wave functions given in Table 1.

Applying the formalism by @ic and Pricé, it is easy to
show that, forC,, and Cs, distortions, matrix 1 can be
reduced to a % 2 form (2), whileCs gives rise to a 3« 3

EgN]

chb,,c&, = [N E, 2

matrix [A" (A;) and two A split components of 7. The

gip (€)

Ry’

-~

& () "

energiesE, andN can be expressed by those of the original Figure 2. The higher-symmetry components of the vibronically active

representation (matrix £}.The topology of the ground-state

potential surface and its energetic landscape, in particular

stationary points o€;,, Cs,, C4,, andCs geometry, have been
explored for selected examples &ftgpe molecules by ab
initio and DFT calculations of Moc and Morokuffeand
more recently by Mauksch and von Schleyer.

Turning to the vibronic coupling of species with GN5,
we refer to matrix 1 again. Here the'Ayround state of the
parentDs, geometry (with energig) may interact with the
lowest excited Estate (with energyes* = E¢)—see the
Kohn—Sham MO scheme in Figure 4+¥sia two bending (in-
planee'i, and out-of-plane’p) vibrations and one stretching
(¢'s) vibration, and/or with the first A’ excited state (of
energy E&9) via the bendingay” vibration (Figure 2}
A1'®e'®FE" and A'®a,''®A," coupling, respectively. While
in the case of a trigonal planabD4,) environment (A%
molecules) the A (p,) MO is the LUMC—due to its only
weakly w-antibonding charactetthis is different for the
trigonal bipyramid, where the central ion, prbital is
involved in strong axiab bonds. Correspondingly;(@x.py)
is the LUMO (Figure 11), because,X...sp,!) exceeds in
energy the first excited 'E..spy,*) state—for AXs>~ com-
plexes, for example, by between 1 eV (fluorides) ar@l3

vibrations inDa, with the bond length&eq (3x) andRax (2x) (CN = 5):

€'(e) stretching (s), in-plane (ip) and out-of-plane (op) bending; indicated
displacements fo¢s'(¢) refer toi-Cy, and ligand movements inverse to the
depicted directions tdC,,(Cs,) distortions (see the text) (top). Lower-
symmetryed (£)-type stretching displacements>Cs) and thea,’ mode
(—Cs,) are also shown (bottom).

nuclear displacements and corresponding electronic wave
functions pertaining toCy, (=Ca,)—the highest possible
distortion symmetry induced by the action ef-type
displacementsand toCs, using the lower-symmetry com-
ponents of the' modes (Figure 2). Inspecting the higher-
symmetry distortion along one of the thr€gaxes, excited-
state wave functions ofygype become totally symmetric
and can thus mix into the /X...§) ground state; matrix 1
simplifies to a 2x 2 block diagonal form in that case (matrix
2). Allowing for a distortion of Cs symmetry (by theg
components of the’ modes), excited states offype become
additionally totally symmetric, leading to a3 3 (s, p. py)
matrix. Deformations ofx,” type lead to a 2x 2 (s, p)
matrix, parametrizing the interaction between th&(A<)
ground state and the A(...sp,!) excited state (Figure 2),
and the symmetry decreases fr@my, to Cs,.

If strain influences from the higher-sphere environment
are absent, distortions along &andC, axis in Ty (CN =

eV (iodides). Furthermore, one has to consider the possible4) andDa, (CN = 5), respectively, possess usually the lowest

first-order Jahra Teller interaction in the Eexcited state via
the ¢ modes (ER¢'®E'), which may modify the diagonal
energies{> E&* = E¢) considerably* In Table 1 we specify

(12) Moc, J.; Morokuma, Kinorg. Chem.1994 33, 551.
(13) Mauksch, M.; Schleyer, P.v. Rhorg. Chem.2001, 40, 1756.
(14) Reinen, D.; Atanasov, MChem. Phys1989 136, 27;1991, 155 157.

2000 Inorganic Chemistry, Vol. 43, No. 6, 2004

energies; hence, we have to refer to matrix 2 for further
treatment. Here, fgand E are the ground and excited many-
electron states in the high-symmetry parent geomefries
andDg;,, which are involved in the vibronic mixing induced
by N (E. - Eg = 9, initial splitting). The general solution of
matrix 2 is
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E"=E{"—Ep" 3
Eip = (U2)Exc" — 0. (4a)
Erd"=E," — E_." = 2[(0E, 2" + (N")I* (4b)

The total energy stabilizatioB-" (DFT: =J0E;) results from
the difference of the vibronidg;,™) and the restoringe;™)

OE{ represents the purectronicenergy change during the
transition from the high-symmetry to the distorted geometry.
The solvent usually does not change the electronic structure
of the complex very significantl$£ If the stabilization energy

of a molecule, say SGlfor the Ty — C,, transition OE; =

— 0.09 eV) is compared with the corresponding electronic
energy change for the solvated molecule (RECHE; = 0.04

eV), the difference is indeed rather small (see Table 3; here

energies. Adopting the nomenclature of the DFT energy the solvent stabilizes (Sgdin Cz, 0Eson = —0.37 €V). One

partition, the latter comprises (nearly) completely the elec-
trostatic pEe) and the Pauli repulsioEp) energies as well
as that part of the orbital energy. which originates from

should further mention that the Frane€ondon energ{:c™
contains a solvent contribution, if the DFT calculation is
performed in a solvent continuum, because the ground-state

the nuclear displacements accompanying the transition fromand the excited-state potential energy curves are differently

the regular parent polyhedron to the distorted structimre,
case there would be ndbronic interaction(N = 0).58 It is
usually (see belowy 0, because otherwise a distortion would
occur already without vibronic coupling. The energig8
andEd" (0Ey¢" = Es™ — Eg™) characterize the ground and
excited states of thdistortedpolyhedronbeforethe interac-
tion via the nondiagonal elemeht occurs. The Franck
Condon energ¥ec" finally considers the increase of energy
with respect tadEy d" by the vibronic coupling and deter-
mines viaE,,™ (eqs 4a and 4b), whether a ground-state
stabilization E-™ < 0) occurs or not (m denotes the energies
of the DFT-optimized distorted structureg:c" has been

influenced by the environmental disturbance. It cannot be
separated fronErc™, but can be shown to be small and
positivel® Thus, Erc™ and N™ for the solvated species
represent “effective” values and are slightly larger than the
true electronic quantities; however, this solvent effect does
not essentially affect any conclusion from the vibronic model.
I1.2. Calculation of the Vibronic Parameters. In treat-
ments of the PJT effect a useful approximation has been to
express the parameteid”, E; and ES™ by linear and
quadratic vibronic coupling termis'®and fit these quantities
to a database resulting from DFT calculati6isA more
rigorous procedure has been developed recérdifowing

shown to be directly connected with the chemical hardnessthe Slater approximatioh.It avoids the approximations
of the distorted polyhedron (eq 5a), though the latter containsinherent in the usual HerzberJeller exspansions di™,

an additional significant interelectronic repulsion te@min
the case of strong vibronic coupling, whex& dominates
Erc™ (eq 4b), eq 5a simplifies to 5b.

n=(L2)E "+ C (5a)

n~N"+C (5b)

AX3 molecules-which are stable only in the distorted
(pseudotetrahedral AgE) Cs, geometry-are more suscep-

Ey", and ESM and is applicable if only two interacting
nondegenerate electronic states dominate the vibronic cou-
pling. While the calculated\N™ energies-on which all
essential conclusions are basede equal within narrow
limits in the two approache€™ and E,;,™ may differ
considerably. The vibronic and restoring energies in Tables
6 and 10 are derived by applying Slater’s transition-state
theory® They have to be considered to be more reliable than
those (partly) published earlier (ref 5, Figures 6 and 9; ref
6, Figure 5).

rule>® implies a sequence from the soft iodide ligand to the

two electronic states couple with each other, as fdC.a

pronounced way, from Bito P". It can be shown (see the
Appendix) that the repulsion ter@ follows—with very few
exceptions-the same order, with increasing values from |
to F~ and from BI" to P". After all, the hardness rule relates
the obsevable n to a not directly accessible quantity™N
which represents the strength of the lone pair effect

that the lower-symmetry deformation can be treated as a

perturbation superimposed on the dominatiiggeometry,

it is possible to deduce energy contributiéis™ anddoE,i,™,

which characterize these additional polyhedron deformations.
I1.3. Computational Details. The calculations in this

paper have been performed using the Amsterdam Density

In the case of charged molecules the total stabilization Fynctional (ADF) program package (release 200210®jth

energie’E; = E_" are significantly influenced by additional

the choice of the functionals described in refs 5 and 6. We

electrostatic forces due to interactions with a solvent sur- yseq a triple (TZP) basis in all geometry optimizations and

rounding (in solution) or with counterions (in a crystalline
lattice). In the DFT calculations such environmental distur-

subsequent frequency calculations, with the exception of

bances are simulated by a polarizable continuum, with the (15) Atanasov, M.; Reinen, D. I8omprehensie Coordination Chemistry

dielectric constant of water, for example. Usually the solvent

II, Vol.1 FundamentatsLever, A. B. P., Ed.; Elsevier: New York,
2003; Vol. 1, Chapter 1.36.

stabilizes the distorted entitites more than the high-symmetry (16) Hush, N. S.; Reimers, J. Rhem. Re. 200Q 100, 775 and references

parent complexesoEsy < 0), resulting in an additional
energy gaindE; < OE/):
OE, = OE; (=E_") + oE

solv

(6)

therein.

(17) Bersuker, I. BThe Jahn-Teller Effect and Vibronic Interactions in
Modern ChemistryPlenum Press: New York, 1984.

(18) Bersuker, I. BElectronic Structure and Properties of Transition Metal
ComplexesJohn Wiley and Sons: New York, 1996; Chapter 9 and
references therein.
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PR3~ (n = 3-5); here, we employed a doubiebasis

for P and F, however, because TZP calculations lead to two
closely spaced virtual orbitals;,aprecluding a rigorous
assignment of the LUMO. For the charged clusters,AX
AXs?", and BX~ and some BX molecules we accounted
for a solvent using the conductor-like screening model
(COSMOY° as implemented in the ADE.We chose the
dielectric constant of D (¢ = 78.4) with the solvent radius
Rsov = 1.4 A; for P, As, Sb, Bi, S, Se, and Te and F, Cl, Br,
and | we used the solvent radii 2.40, 2.46, 2.67,2.88, 1.70,
2.53,and 2.74 and 1.40, 1.75, 1.85, and 1.98 A, respectively.
Geometry optimizations have been performed for various
symmetries; all stationary points were checked with respect
to the number of imaginary vibrational frequencies and hence
to the existence of minima and saddle points of different
order. In all calculations symmetry was utilized as much as
possible, employing the option “ALLPOINTS” along with
“INTEGRATION 5.0 5.0™—with reliable results, though
comparatively long computational times. Otherwise conver-
gence problems in the course of the geometry optimizations
have been encountered in most cases. Optimized geometrie
total energies, and vibrational frequencies can be supplied
on request. Application of available density functionals to

intermediate states in the course of dissociation processe$

(bond breaking) is sometimes critical and may affect the
quality of the calculated dafd.Despite this, we think the
energies and geometric results are significant in the case
considered.

I1l. Results and Discussion

All complexes and molecules considered in this paper are
calculated by DFT to be at stable energy minima in their
ground-state geometries. The clear criterion is that every

vibrational frequency of the respective point group possesses(PBr)s (DFT)
real values, which does not necessarily mean that the specieg

are also thermodynamically stable. In turn imaginary fre-
quencies for other stationary points indicate vibronic instabil-
ity along the displacement vectors of the respective normal
modes.

[II.1. Coordination Number 4. In accord with the
experimental evidence, th€,-type butterfly structure
(Figure 1) is usually found to be the most stable from all
possible distortion geometries (but see P¥sland (PB§7)s,
discussed below). In contrast to the AKoleculed some
complexes and molecules are expected to persist as tetrahed
(Figure 3), however. In Table 2 we compare the rare
structural data available from the literature with data from
DFT. The agreement is satisfactory, though the calculated

(19) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Physl973 2, 41. Baerends,
E. J.; Ros, PInt. J. Quantum Chem. Symi978 12, 169. Baerends,
E. J.; Ros, PChem. Phys1973 2, 52. Boerrigter, P. M.; te Velde,
G.; Baerends, E. Jnt. J. Quantum Cheni988 33, 87. te Velde, G.;
Baerends, E. Jl. Comput. Physl992 99, 84 and references therein.
te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; Fonesca Guerra,
C.; van Gisbergen, S. J. A;; Snijders, J. G.; ZieglerJTComput.
Chem.2001 22, 931.

(20) Klamt, A.; Schidrmann, GJ. Chem. Soc., Perkin Trans1893 799.

(21) Pye, C. C.; Ziegler, TTheor. Chem. Accl999 101, 396.

(22) Koch, W.; Holthausen, M. @\ Chemists Guide to Density Functional
Theory Wiley-VCH: Weinheim, New York, 2000; p 87.
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P |As [Sb |Bi
Flolele]e
crletl@|©@]|e
Br (@@ @~

S | Se | Te | Po
F — — — —
Cl

— =) = | %

digure 3. Diagram specifying lone pair distortions wiy, (the superscript

a indicatesC&; see the text) geometry for complexes (A% and molecules

BX4 (the iodides in the former case and the bromides and iodides in the
latter case are expected by DFT to retain the regldageometry). Signs

nd circled signs refer t6E; andoE; (see eq 6), respectively, indicating
whether these energies are positive or negative; signs in parentheses denote
|0E| or |OE!| energies<0.05 eV and times signs undistort€ggeometries.

STable 2. Geometrical Data for th€,, (C&) Distorted (Absolute

Energy Minima) and the Initialy Parent Geometry As Obtained from
DFT Geometry Optimizations, for Selected AXand BX; Molecules
and Complexes, and in Comparison with Available Structural Data

complex Ri(Ry) R> 201 20, R ref
(PFs7)s (DFT) 1.80 1.66 189.7 975 1.85
PFs"NMesmsalt  1.74 1.60 168.3 99.9 23
(PCL)s(DFT)  2.57(2.33) 2.11 170.2 101.7 2.32
PCl,"NMes*salt 2.85(2.12) 2.05 171.4 100.0 24
2.65(2.60) 2.30 162.6 102.7 2.48
Br,"NMesFsalt 2.62(2.53) 2.24(2) 170.0 994 25
F4 (DFT) 1.70 1.61 185.0 101.6 1.75
exptl 1.64 1.54 186.9 100.6 26
SeR(DFT) 1.83 1.75 187.6 99.3 1.86
exptl 1.77 1.68 190.8 100.6 27
SCL (DFT) 2.29 2.08 159.6 103.4 2.21
(SCly)s (DFT) 2.34 2.04 163.4 103.8 2.22 this work

aAngles (deg) and bond lengths (A) as defined in FigureRl:=
spacings inly; Ry’ = Ry refers to theCs® geometry.

bond lengths are consistently about 3% too large. It is striking
that the average bond length shrinks significantly when the

fetrahedra are distortechamely, by~0.10(3) A'in the cases

listed in Table 2. This has to be traced back to the p
admixture to the A...8) ground state by the vibronic
interaction®® the ligand repulsion by the?done pair is
diminished in this way, because thegybital orients such
that it avoids the coordinated ligands. We notice the
participation of three tetrahedral vibrations in the— C,,
distortion process: these are the symmetry-breakingodes

(¢ components) and, in addition, thecomponent of the
Jahn-Teller mode, which causes a compression of the
tetrahedron along th&, axis and would induce @y
distortion if present alone (Figure 1). The mentioned decrease
of the mean A(B)}X distance fromTy to C,, and the
associated bond strengthening is accounted for by the totally
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Table 3. Energies (eV) of Various Stationary Points in the ) — + (X~
Ground-State Potential Surface of Selected;AXomplexes and BX (AX4 )S AX3 (X )5 (AH4) (7a)

Molecules, Imbedded in a Polarizable Solvent Continuum and as Bare

Species, As Obtained from DFT Geometry Optimizations AX, — AX;+ X" (AH,) (7b)
complex Ca, Cs, i-Cs, Cs Ca (o7
(PFr)s OB 195 -121 -124 -133 150 Very interesting is the Iower—symmetry' distortion of
OE/ —-1.83 -1.17 0.22 —1.06 —1.43 (PCL")s and (PBjg)s, where the)E; energy gains are about
(PPF&,) gEt _é-gg _é-;g _8-22 _é-ig 057 _10-415i equal for theTy — C,, and— C¢& pathways (Table 3). The
t —VU. —VU. —VU. —VU. —VU. . . . . .

° SE/ —027 —011 073 062 -022 031 latter is clearly the result of,, distortions, superimposed

(PPCBLr ) gEt —8.22 —8-32 —8-(132 —8-1131 0.26 8'431(5) by 12(5—7)-type (Figure 1) displacements. It is distinguished
127 )s t  —0. —0. —0. —0. —0. . . . . .
O/ —001 001 072 058 -001 059 from Czyjugt by (.II"I the (PCI")s case considerably) enlarging
PBr;~ 0E. —0.07 -0.01 —0.01 0.60 and reducing either one of the two (longer) bond lengths
(AsFa)s gEt, :é-g’g :8-22 _%20("1 :8-2; :812 R.. There is a further (relative) minimum (saddle point) of
AsF,~ 6EI 081 —-050 —-008 —050 —052 Cs symmetry at an only 0.12 eV higher energy, however,
(AsCls)s gEt —0.29 -0.10 -0.04 -0.12 0.28 where the bond length difference (héRerR/') is even much
E/ -001 000 011 0.6 0.54 D~

ASCl- OE  —006 —001 —001 0.52 !arger. Wh|le inC&2 one of the two symmetry plant_as @y,
Sk 0Bk —1.93 -1.20 -023 -1.22 —1.54 is retained, the symmetry plane i6s has a different
(Ts?th) gEt :é-gg :8-8‘71 :8'82 :8-1‘2‘ —%%a orientation (Figure 6). We understand t@g, — C& and

* S 004 003 041 025 046  Co — Csdisplacements (see the geometric data in Table 4)
SCl 0, —0.09 —0.01 —-0.01 0.42 as finally aiming at am-Cs, geometry, which is very nearby

in energy for the two complexes (Table 3).ikC3, (Figure

symmetrica, stretching mode of the parent tetrahedron. The 1) the lone pair is, pictorially speaking, oriented alongzhe
Cstype distortion of the I complexes in Table 2 indicates  girection—repelling one ligand and thus favoring the dis-
the presence of, components of lower symmetry thdh  ggciation process in eqs 7a and 7b (cf. the very 1&g
(Table 1). distances of~3.5 A). We think that arionic size effectia

I.1.1. AX 4~ Complexes.Let us first consider the halide  the jonic radii ratioq = r(cation)f(anion)y—a familiar concept
complexes of the fifth main group with oxidation number iy solid-state chemist#—is present, which drives the
Il (P to Bi). They are calculated by DFT to adopt distorted geometry fromC,, towardi-Cs,. q is too small for CN= 4
(Cz, or seldomCs* (see below)) geometries (Figure 1) inthe i, the cases of the chloride and bromide ligands and initiates
case of the fluorides and most of the chlorides and bromides;,q appearance of a minimum@g and furthermore supports
(Figure 3). The iodides and (BiBr)s are expected to retain o energy lowering of the stationary points at Beand
the regularTy structure, though the potential energy curves . -geometries. The influence of the ionic size effect is
along the vibronically active, modes are flat. The calculated nicely manifested by the magnitudes of the dissociation

angula; .and radial distortions oIInTthsl D';T'Ogt'dfm'ﬁ’fl th enthalpiesAH, of (PBr;)s and in particular (PGt)s, which
geometries are very pronounced (Tables 2 and 4). While €are the lowest of all species listed in Table 5. Thd{')°

bond angle 8, is close to 100(5)-10° smaller than the ies in th bl h halpi lculated
tetrahedral angtethe angle 2, is about 180, considerably energies |n.t € same table are t ose er_1t. apies calcu ate
' for eq 7b without taking the vibronic stabilization of AX

widened with respect to the tetrahedral angle, but may dewatean d AX from Ty — Co(C and from Dy — Cs,

appreciably from linearity by about20°. The bond length ! } / ) ,
differenceR, — Ry is also considerable, increasing from 'ESPECtively, into accountAfHs)® = AHq - (AH4)"). The
0.12(2) A for the fluorides up to about 0.25 A for the affiliated vibronic energy incrementAHs)” is negative
chiorides and bromides, and is even much larger in the caseQ€¢ause, according to the hardness rule (see below), a
of (PCL)s and (PB§-)s. The diagram in Figure 3 indicates Melecule AX% undergoes a more pronounced vibronic
that some complexes are transferred into the distortedStabilization than the corresponding AXcomplex with
geometry just by solvent effects, though there is no electronic Nigher CN. Itis striking that the dissociation energiasig)°
lone pair stabilization{E; > 0, but 0Esoy + OE{ < 0)— are always smaller for PX than for the respective AsX
this occurring because the solvent stabilizes the distortedComplex, which we take agnergeticevidence for the
geometry as the more polar structure considerably strongerPresence of an ionic size effect in the case of the smaller
than that of theTy species. P! cation. The latter effect is also reflected by the particularly
The DFT stabilization energies for the bare compléxes large vibronic energy incrementakis)” for (PCL™)s and
agree usually with théE; values of the solvated species (PBl)s here, the considerable bond length differences
within 0.1 eV, if the optimized distortion geometries are betweenR; and R, already inCs, reflect a pronounced
similar (see Table 3, for example). We further deduce from tendency to reduce the CN. The soft mode nature oihe
Table 5, where the enthalpies for the dissociation process— Cs* transition may explain why the DFT-calculated bond
with (AH4) and without AH, = AH4 — OH.®) taking the length differencesR; — Ry') deviate considerably from the
solvation energy incremerdtH,® into account are collected experimental ones; there is obviously a high sensitivity of
for some selected complexes, that the solvent stabilizes thethe flat potential curve following theC,, (C&) — i-Cs,
X~ anion much more than the larger AXcomplex. pathway with respect to the polarity of the specific chemical
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Table 4. Bond distances (A) and bond Angles (deg) for Stationary Points with Lower (ThaBymmetry for CN= 4 Species with an’d_one Pair,
As Obtained from DFT Geometry Optimizatiéns

Cov Cav Cs i-Cs, Cuv
Ry 20,1 012 R O o R O o R O o R 0
complex R, 20, R R’ R’
(PR)s 1.80 189.7 86.8 1.67 1.65 3.31 1.74 111.8
166 975 179 839 1189 17042 89.4(%) 96.0 162 1206 96.4
2.0 79.7 131.0 (2)
(AsFs7)s 1.94 190.6 86.5 1.81 1.80 2.28 1.88 113.2
181  96.4 193 840 1189 1.8%2 86.0(2) 1012 184 1226 937
2.01 82.2 128.0 (2)
(AsCly)s 2.51 169.0 936 2.26 2.25 2.66 2.39 108.1
2.25 99.3 2.44 94.7 119.3 2.37X2 96.0 (2x) 103.9 2.32 1169 101.1
2.60 92.7 127.0 )
Sk 1.69 185.0 884 1.61 1.61 1.89 1.66 109.2
1.60 100.4 1.71 86.0 119.5 1.6842 87.5(2x) 103.6 1.68 121.6 95.0
174 84.4 1276 2)
TeR 1.97 1935 85.7 1.90 1.90 2.06 1.94 112.6
1.91 100.0 1.97 83.5 118.7 197K 83.5(2x) 118.0 1.97 119.8 97.4
1.97 83.4 119.1 )
SCly 229 159.6 96.3 210 211 2.22 219 104.2
2.08 103.4 224 100.7 116.6 2.24(p 101.1(X%) 115.6 2.21 110.0 108.9
2.25 101.1 116.7 @)
(SCl)s 234 163.4 951 2.05 2.05 2.56 2.20 104.9
2.04 103.8 2.26 98.3 118.0 2172 100.4 () 105.6 2.12 1145 104.0
2.48 95.6 123.8 (2)
C2v Csa C317 Cs i -ng/ C4U
Ry 20,1 Ri (Ry) 201 R R R 0, o0} R 0
complex R, 20, 0i, Ry 20, 012 R/ Ot o R/ 04 it R/
(PCL-)s 2.44 1706 93.0 2.57(2.33) 170.2 9L.%(2 2.10 3.37 3.57 228 107.4
211 1014 211 101.3 94543 2.36 942 1195 2.12() 1285(%) 100.6 210 117.2 100.7
2.10 86.6 100.1 )
(PBrs7)s 2.62 162.5 955 2.65(2.60) 162.6 95.%(2 2.30 3.23 3.39 2.47 106.0
2.30 102.0 2.30 102.1 95.7%2 2.53 985 117.8 2.32¢(2) 126.0(x%) 101.9 2.30 116.3 101
2.29 93.4 101.0 (2)

aBond lengthsRy, Ry, R, R, andR/ and bond angles@, 26,, 6; ando; are defined in Figure 16¢, (4x) are the remaining angles @y, Ri = R, =
R and &1 = 26, = 0 refer toC,,). The geometric data fdCs in the upper part of the table refer to tks, setting (trigonal compression), and those for
(PCly")s and (PBg)s refer toi-Cg, (trigonal elongation); th€& setting is that ofCy, (see the text).

Table 5. Dissociation Enthalpies (eVAH,, Solvation Energie®H.s,

and theAH,4' Enthalpy IncrementsAH4')¢ and (AH4')" for Selected MNcav
Complexes A%~ (A = P, As; X=F, Cl, Br), AHy; = AH4 + OH4,
AHy = (AHL)® + (AHZ)Y 70} 1
SF,
P, F As, F P,Cl  As,CIl P,Br As,Br SeF, L
N .
(AHZ)C 3.56 4.18 3.00 3.17 2.75 2.87 6.0 PoF, TeF, .- L
(AHJ)Y  —1.04 -128 -164 -1.42 -—148 -1.26 o " (ASF: .
Oz -1.92 -177 -122 -125 -105 —113 (BiCI7) BiFDs, (A (PED,
AHy4 0.60 1.13 0.14 0.50 0.22 0.48 50¢ \ (AsClp), -~ (SbEa)s 1
. _ _ SCl, | TeCly=" *~(PCI;),
environment. We finally emphasize that the “anomalddg” 4.0F SeCli+ ¥ (SbCL )
— Cg& distortion occurs only due to the support by the (Ang)’ \ (PBr}), -
solvent. _(SbBri) . . .
Tables 3 and 4 survey the vibronic landscape of selected 10 15 20 25 30 35

complexes (A%")sand some BXmolecules, with its various ~ Figure 4. Energy plot (eV) of the chemical hardneg,,) versusN™—

. . . . representing the lone pair activitfor complexes (A%")s and molecules
extremum points corresponding to energies which are fully gy
optimized with the constraint of the respective point group.
One first notes that €& stationary point only exists for the In Figure 4 we show the dependence of the chemical
chloro and bromo complexes of'Potherwise there is no  hardnessyc,, on the vibronic coupling energi™ The
pronounced tendency to repel one ligand toward a particu- complexes become softer and hence more susceptible to lone
larly long bond distance. The (AgX)s (X = F, CI) polyhedra pair effects if one moves from the fluorides to the chlorides
with Cs symmetry are geometrically closely related to those and finally to the bromides; a much less pronounced
of the compresse@s, type, and the respectiv@s and Cs, gradation is observed on proceeding frofhte Bi"'. In the
minima are close in energy; in contrast, th€;,-distorted case of the iodides a still finite fictivél™ value can be
polyhedra lie at distinctly higher energies (Tables 3 and 4; suggested; however, becaukg,™ is not large enough
(PR)s, with about equals, andi-Cs, energies, represents anymore to overcom&;™ (eq 3), it bears no reality. This
an intermediate case). argument will be taken up below again. The large deviation
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Table 6. Vibronic Parameters (eV; See the Text for Definitions) of the PJT Interaction in Tetrahedrafl }"Gomplexes and BXMolecules
Possessing ar? one Pair, for theC,, (C&) Ground-State Minimurh

complex OE; OE{ Evip™ Esm Epc™ Nm 1NCyy 7T,
(PR -1.94 —-1.83 2.49 0.66 7.84 3.65 5.76 5.27
(AsFs7)s -1.00 —-0.73 1.61 0.88 6.79 2.89 5.80 5.49
(SbR)s —-0.93 —0.54 117 0.63 6.51 250 5.28 5.09
(BiF4)s -0.30 0.24 0.86 1.10 6.08 2.12 5.23 5.33
(PCL)s -0.57 -0.27 1.24 0.97 4.12 1.89 4.45 4,08
(AsCli)s -0.30 —-0.01 0.81 0.80 4.00 1.60 4.36 4.26
(SbCl)s -0.37 —0.04 0.78 0.74 4.09 1.61 4.31 411
(BiCla)s -0.07 0.20 0.36 0.56 4,06 1.15 4.25 4.37
(PBr)s -0.26 —-0.01 0.72 0.71 3.30 1.36 3.81 3.68
(AsBry)s -0.10 0.11 0.43 0.54 3.26 1.11 3.81 3.83
(SbBu)s -0.22 0.06 0.51 0.57 3.40 1.21 3.79 3.73
Sk -1.93 2.74 0.81 7.42 3.58 6.56 5.56
Seh -1.04 1.74 0.70 6.47 2.87 6.22 5.66
TekR -1.03 1.69 0.66 6.41 2.82 5.88 5.42
PoR, -0.14 1.27 1.13 5.94 2.44 5.98 5.75
SCl -0.09 0.67 0.58 2.72 1.17 3.94 3.89
SeCl -0.01 0.41 0.40 2.80 0.99 3.96 4.03
TeCly -0.17 0.60 0.43 3.15 1.24 4.03 3.94
(SBR)s —0.04 0.22 0.32 0.54 2.25 0.78 3.38 3.52
(TeBry)s —0.09 0.08 0.36 0.44 2.57 0.90 3.44 3.55
aThe chemical hardnesgin Cy, and in theTy parent geometry is also listeéiDouble< basis.
of (PR )s from the linear dependence is due to an unexpect- T E(eV)
edly smallC value (eq 5b and the Appendix). Though the 5 6b, (106)
. . . =& 2
strong coupling approximatiorEfc™ = 2N™) does not hold 56, (80) 102, 10(61)
. . . 1

for complexes witiN™ energies below 1.5 eV anymore, the 2 R 6by (90) [3]

linear correlation is still fairly good. When the results in 61

Figure 4 and Table 6 are compared with those for thg AX 3a, 27

molecules;it is striking that they andN™ values are always I e a1 15(8)

distinctly smaller for an (A% )s complex than for the 100 1y — === -3 )

corresponding AX molecule: Increasing the coordination | 2e 41, 3, (25) 'g:‘é(%@

. = 4]

number leads to a softening of the complex or molecule and " 2 s T 3hy(2])

hence to a decreased readiness for lone pair distortidhg i 3b,(20)

anionic charge does not seem to alter the vibronic coupling

energy significantly, because model calculations on (Réy 18l 24, 69 5a, 61

and Sk-removing an electron from the nonbonding\dO . -

d 2v

in the C,, distorted geometry (see the MO scheme in Figure
5)—show that the resulting species @PRow and (SEH)* son
possess nearly the same vibronic coupling enengitand
E.iv™ as those of the original entities.

If we regard the anomalous geometry of in particular the
(PCly")s complex as &,, deformation, perturbed by@(&—
n)-type distortion component (see section 11.2 and Figure
1), we find that the smabE;' increase fronC,, to C2 (0.05
eV) is mainly a restoring energy effecilf™ = 0.07 eV;
OE,ix™ = 0.02 eV). There is obviously only a weak resistance
(see the tiny §E™ + OEson) energy of 0.02 eV) toward
removing one ligand from the coordination spheie
agreement with the DFT-suggested soft mode behavior.

[11.1.2. BX 4 Molecules.We now turn to the discussion
of the BX, molecules. The 12 tetrahalides of Se, Te, and Po
are known (except perhaps 9eds liquids (Sel or solids—
in which due to interconnections between the polyhedra the
CN is larger than 4while from sulfur only Sg and SCJ
have been prepared. According to DFT only the fluorides
and chlorides with the exception of PQ@Ire calculated to
possess lowest energy minina@, geometry (Figure 3),
with again two nearly linear & between 160 and 190)
and longer bondsR;) and two shorter bond$§) contending
an angle 2, of about 100 (Figure 1); the other BX

Figure 5. Kohn—Sham MO energy diagram of TgFor DFT-optimized

Tq andC,, geometries with the tellurium 5s and 5p (in parentheses) and 5d
(in brackets) electron density contributions. The symmetry-adapted LCAOs
in Ty originating from the ligand 2s and 2p AOs arga, t2(o) and a(o),
to(o+x), respectively, as well as e, tand & (nonbonding); the Te(5s,5p)
AOs commute to do) and t(o+m). The Ty MOs transform inCyp, as
follows: e— &, a&; t1 — a, by, by; t2 — &(]12), bi(]1X), ba(|ly). The only
weakly bonding 1aand 1 MOs from 2s (F) at-—28.5 eV are not shown;

the Cy, split components of the nonbonding MOs are only partly depicted.
molecules should be of regular tetrahedral geometry 288
SeR have been structurally characterized as gas-phase
species by microwave spectroscopy (Table 2).

In Figure 5 we depict the MO diagram for TgRvhich
illustrates the energetic effects underlying the structural
distortion. The shortening of the average—Febond from
2.00 (Ty) to 1.94 A (Table 4) leads to an increase in energy
of the antibonding 3aHOMO and 5t LUMO and of most
of the other MOs, thus diminishing the total bonding
energy-if the system would remain ifiy (this effect is not
shown separately in the diagram). This unfavorable energy
change is largely overcompensated by that due to the
symmetry-breaking distortions. The Jatifeller modec(0)
induces in particular a strong repulsion between the HOMO
and thez component 10aof the LUMO, thus creating an
MO sequence where 6lis found at a lower energy than
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10a. The totalTy — C,, energy changéE; = E_" = —1.03
eV is predominantly reflected by the stabilization of the
electron pair in the HOMO-<2 x 0.80 eV).

The DFT decomposition afE; into 0Ep, 0Ee;, andoEqs—
with a further subdivision of the latter, where the component
OEqm(an) comprises among others the total orbital energy
change induced by the vibronic procegsovides further
insight into the origin of the instabilitydEr and OE are
completely (or nearly completely) contained in the restoring
energyE«™, while E;i,™ is a purely (or at least predominantly)
orbital effect and dominated kYE,(a1). SEp does not favor
the distortion process as stated by VSEPRistead it
increases-only slightly due tory(£) ande(6) but dramatically
due tooy. While Ef™ is usually a positive energy (Tables 6

Atanasov and Reinen
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Figure 6. Fluxionality of C,,-distorted tetrahedra: (&g, (I) — Cy, (1)
via a Cy, transition state (ll), Berry-type mechanism (1,2 to 3,4 ligand

and 10), this is not necessarily so. DFT calculations suggestinterchange); (b2, (I) — Cz, (lll") via a Cs transition state (1), lever

that some of the softer A)Xmolecules should undergo
spontaneous distortior3s, — Cg, already without vibronic
coupling? The restoring energyE«"| is small with respect
to the dominatind=,i,™ contribution in these cases, however
(for example, SbBy Es™ = —0.18, E,i;,;" = 0.95, OE;
—1.13 eV)?

In Figure 4 we show thec,/N™ correlation for the B4
molecules, in addition to that for the (AX)s complexes.

Again the essentials of the hardness rule are distinctly
recognizable; the molecules become softer and less easil)f’jl

accessible to lone pair distortions, if- Xs changed from
fluoride to chloride-with a smaller effect on moving from
SV to PdV in the case of the fluorides. The comparison
between the BXmolecules and the respective isoelectronic
(AX47)s complexes is not completely obvious, however.
While for the fluorides the former have distinctly larger
hardness valueg:,,, with comparabléN™ vibronic coupling
energies for both groups, in the case of the chlorides an
bromides the (AX%")s species range distinctly higher in the
hardness sequence than correspondingmlecules (Table
6). Thus, we can only very roughly correlate elements from
the fifth main group (A') with those from the sixth main
group (BY) with respect to their lone pair activities. A critical

mechanism (1 to 3 ligand interchange).

eV instead of 7.38 eV, while for Pqgfhe effect is already
negligible, 5.68 eV instead of 5.82 eV. A small effect is also
recognizable in the case of (Asf}s, for example, withvc,,

= 5.80 eV instead of 6.02 eV. Despite this disturbance, the
hardness rule still works fairly well.

It was mentioned above thain a fictive sense-finite N™
values may exist also for complexes and molecules which
re electronically stable against distortions, bec&yg® is
smaller thanE;™. Convincing proof for this suggestion is
the molecules SBrand TeBj, which are expected to appear
as undistorted tetrahedra in the bare state (Figure 3), but adopt
a C,, geometry, when surrounded by a solvent continuum.
The interactions with the polarizable solvent stabilize the
distorted geometry more than thg parent geometry; thus,
the 0Esqy contribution induces a negativé, in these cases

d(Table 6). Since the electronic parameters on the other hand

are not significantly altered by the solvent continuum, the
listed vibronic energies for (SBk and (TeBg)s represent in
good approximation also those which would characterize the
bare molecules in the distorted geometry.

Within the multidimensional potential energy surface

remark is necessary here. Equation 5 relates the chemicaf€Scribing the vibronic interaction ify, there is a rich variety

hardness to the FranelCondon energy between the many-
electron A states inC,, as the result of the vibronic
interaction between £...8) and the p component of
Ta(...8pA) in Ty (see the 3aHOMO and 5§ LUMO in Figure

5). However, for the distorted BRmolecules the chemical
hardnesgc,, is a property which involves thg 80 housing

the lone pair and the LUMO bwhich is the first excited
state in these cases instead pfldus, the hardness for these
molecules can be significantly smaller than that which is the
basis of eq 5; for Skthis discrepancy is considerable, 6.56

(23) Christe, K. O.; Dixon, D. A.; Mercier, H. P. A,; Sanders, J. C. P.;
Schrobilgen, G. J.; Wilson, W. W. Am. Chem. So4994 116 2850.

(24) Dillon, K. B.; Platt, A. W. G.; Schmidpeter, A.; Zwaschka, F.;
Sheldrick, W. SZ. Anorg. Allg. Chem1982 488 7.

(25) Sheldrick, W. S.; Schmidpeter, A.; Zwaschka, F.; Dillon, K. B.; Platt,
A. W. G.; Waddington, T. CJ. Chem. Soc., Dalton Tran$981, 413.

(26) Kimura, K.; Bauer, S. HJ. Chem. Phys1963 39, 3172.

(27) Seppelt, K.Z. Anorg. Allg. Chem1975 416, 12. Damerius, R.;
Huppmann, P.; Lentz, D.; Seppelt, &. Chem. Soc., Dalton Trans.
1989 2821.

(28) Reinen, D.; Atanasov, Mstruct. Bonding (Berlin)Vol. 107,2004

2006 Inorganic Chemistry, Vol. 43, No. 6, 2004

of stationary points (characterized by zero energy gradients)
which may give insight into the dynamics of tautoisomer-
ization. Thus, it has been observed for, Sy NMR
spectroscopy that the ligand pairs 1 and 2, and 3 and 4 in
Figure 6 undergo rapid interchange abov@25 K. The
transition state Il between the two conformations | and IlI
possesse8,, symmetry within the error limit (Tables 3 and
4). The activation energy for the fluxionality process is
calculated to amount tAE, = 0E(C4,) — 0E(Cy,) = 0.39

eV. This barrier is distinctly smaller than that for an exchange
of ligand 1 (or 2) with ligand 3 (or 4), wher€s stationary
points II' would represent the transition stateH, = 0.71
eV). This is different, however, on proceeding to S&hd
TeCl, with the bulkier Cl ligands. Here, &stype (lever)
mechanism AE; ~ 0.1 eV), rather than &, (Berry)
pseudorotationAE; ~ 0.5 eV (SC}) and 0.25 eV (TeQ)),

(29) Seel, F.; Gombler, W. J. Fluorine Chem1974 4, 327. Klemperer,
W. G.; Krieger, J. K.; McCreary, M. D.; Muetterties, E. L.; Traficante,
D. D.; Whitesides, G. MJ. Am. Chem. Sod.975 97, 7023.
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-0.05+

-0.10

Figure 7. Total energy changesk; (Table 3) of the (SG)s tetrahedron
along theTy — i-Cg, and— Cg, displacement paths in dependence on the
long (i-Cs,) and short C3,) S—CI spacingR,, respectively (see Figure 1).
Every energy is optimized with respect to the otherC3 spacings and all
Cl—-S—CI angles. For comparative purposes the energy changes for the
tetrahedral (SiG)s molecule without the lone pair are included. Stationary
points—relative minima atCs, andi-Cs, and the energies for the complete
dissociation of one ligandare indicated.

is expected to operate. For the ;PFcomplex in frozen
solution the same pseudorotation as foy &Freported, in
perfect agreement with the energy landscape in Table 3. Th
calculated energy barrier via th@,, transition state (0.43
eV) is exactly the experimental val&&We note (see Figures

1 and 6) that-within the lever mechanismthere is no direct
transition fromC,, (1) to Cs (II'), because the mirror plane
in Cs contains ligands 1 and 3, while that@y, is correlated
with ligands 1 and 2@,, (I) — C; — Cs— Cy — Cy, (11",

Teev)

C3v

2.0

2.2

2.4

2.6

interchange of one ligand &; with one atR,).

Literature reports about the tendency of the,®Klorides
and bromides toward the formation of BXcations, such
as SeByt and TeC}", in the presence of halide ion acceptors
(Lewis acids) such as Gaf IAICI3, AlBrs, or AXs (A =
As, Sh; X = F, CI)3%31 Furthermore, SGlcan only be
obtained as a stable compound the in form of an “adduct
SCl-AICl 3, which is better formulated as SCAICI,~. We
have studied this property by DFT, analyzing more closely
the C;, andi-C;3, distortion pathways (Tables 2 and 3). Figure
7 displays the energies of these pathways for {g@h
dependence on the-&l bond length along th€; axis. Here,
Cs, refers to displacements of the ligand on theaxis
according to a shrinking of the respective-B bond length,
while i-C3, is correlated with an increase of this spacing
orientation of the lone pait(—2) and||z, respectively (Figure
1). Relative minima (saddle points in full configurational
space) are observed wit; energies<0, which are higher
by 0.26 eV (Cs,) and 0.30 eV itCs,) than the absolut€,,

(S

Table 7. Geometric Data (Bond Lengths, A; Bond Angles, deg) for
Selected A%?~, BXs™, and CX% Species in th®sn Parent Rax, Reg) and
the Cy, (=Ca,) Final Geometry Req— Rap Ro! andRax — Rp2, with Ryt
= Ry? = R,andf = ¢ in C4,; See Figure 2), DFT-Calculated in
Comparison with Experimental Values

D3h C41/
model complex Rax Req Rap Rp 7] ref
(SbCE2)s (DFT) 268 264 246 268 90.2
(SbR?7)s (DFT) 218 217 202 213 80.8
SbR2~ in K+ salt 2.00 2.04 83.0 32
(SFs7)s (DFT) 182 184 164 179 86.0
SK™ in NMes* salt 156 1.72 85.0 33
in Rb* salt 156 1.72 85.0
(Sek™)s (DFT) 193 193 179 1.90 85.0
SeR~ in NMe,* salt 1.71 1.85 84.0 34
(TeRs™)s (DFT) 207 207 194 203 81.8
TeRs™ in NMe, ' salt 1.84 1.96 810 34
CIFs (DFT) 176 180 168 1.74 87.6
CIFs gaseous 1.62 1.72 ~90.0 1
BrFs (DFT) 186 188 179 1.84 86.7
BrFs gaseous 1.69 1.77 84.8 1
IFs (DFT) 199 200 190 1.95 83.7
IF5 gaseous 1.84 1.87 81.9 1

coupling along thei-Cs, pathway, which becomes im-
mediately clear when (S@l is compared with (SiG)s
lacking the lone pair. In the latter case a considerably larger
dissociation enthalpy is afforded (2.81 eV with respect to
Tq). We readily conclude that the tendency of many,BX
molecules to form BX X~ species is strongly promoted by
vibronic interactions-in contrast to the corresponding>g,
molecules without the lone pair. A supporting ionic size
effect as discussed for (PCI(BF)s cannot be detected. This
observation is somewhat surprising, because the ionic radius
of SV is smaller than that of 'l’. Obviously electrostatic
considerations cannot be applied here anymore, because the
SV—CI bond is expected to be strongly covalent already
in contrast to the —Cl bond in (PCJ)s.

I11.2. Coordination Number 5. The vibronic calculations
for all investigated molecules and solvated complexes yield
that the C,, distortion pathway is mostly energetically
preferred; somewhat surprisingly it always leads to an

» apparentCy, geometry (Figure 2R' = R, ¢ = 6). In Table
' 7 calculated geometries of some species are compared with

available experimental structural data. There is essential
agreement between these results, though the calculated bond
lengths are again (see section Ill.1) larglere by about
4%. We also note thatas was discussed in the CN 4
case alreadythe steric transition fronDg, to C,, geometry

is always accompanied by a significant decrease of the
average bond length, which amounts to 0.05(2) A in the cases
selected in Table 7. In an electrostatic description this means
that the ionic radius of a lone pair cation in the high-
symmetry parent polyhedron is generally significantly larger,
due to the repulsive force of the spherically symmetfic s

energy minimum (Table 3). Also, the dissociation enthalpy P&, thamwhen the bond lengths are averagedat in the

for the process (S@Qk — (SCk™)s + (CI7)s is rather small
(0.56 eV with respect to thé&C,, distorted moleculey
obviously due to a stabilizing contribution from the vibronic

distorted geometry.

(30) Christian, B. H.; Collins, M. J.; Gillespie, R. J.; Sawyer, Jirferg.
Chem.1986 25, 777.

(31) Beck, J.; Schidp, T. Z. Kristallogr. 1999 214, 780.

(32) Bystran, A.; Wilhelmi, K. A. Arkiv Kemi 1951, 3, 461. Mastin, S.
H.; Ryan, R. R.; Asprey, L. Blnorg. Chem.197Q 9, 2100.

(33) Mahjoub, A. R.; Seppelt, KAngew. Chem1991, 103 309; Angew.
Chem., Int. Ed. Engl1991, 30, 323.

(34) Mahjoub, A. R.; Leopold, D.; Seppelt, . Anorg. Allg. Chem1992
618 83.
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Figure 9. Total energy changesE;, eV) of the (PC2-)s complex along
F @ @ @ the C,,(Ca,) — Cs distortion path in dependence on the ® spacing (A)
- —_ — Ro! — Ry (Figure 2). The energy changég,' without including the solvent
energy are also shown. Every energy is optimized with respect to all other
P—CI spacings and GiP—CI angles.
Cl 1@© | & |© e ’
Br ® ® D calculate by DFT additional displacements-QfC) ande'ix()
type, which operate along the tviRy! bond lengths and via
— (—- ) — the@ angle. The resultin@s distortion is distinguished from
i i 1 i |
Figure 8. Diagram specifying lone pair distortions withGy, (Ca,) (the Cav m,amly by enlarging one of tha,b spacings Ry ) and
superscript a indicateSs, see the text) geometry for complexes (&X)s reducing the other oneR{’) (see Figure 2 and Table 8).

and (B?%*I)s. .S(ijgnS_and r<]:ir<r:]led hsigns refer ®E; and 0E( (see eq 6),  Similar to theC2 distortion away fronC,, in the tetrahedral
irr?sg:rce“r‘]’;g'sg‘s 'g:‘r']’;?é"éle;rﬁgtEﬁsgn‘Z’:;g'sefo"’_‘B%pgj'“é‘(",* O Tegalve: SliNcase, also here the energetic reason is a pronounced tendency
Dan geometry;£, vanishing energy). to lower the CN from 5 to 4. The involved displacement
path aims at an{C,,)’ geometry, which is distinguished from
[1.2.1. (AX s27)s Complexes Figure 8 illustrates that only ~ the symmetry-equivaler@,, distorted polyhedron in that it
the smaller part of the charge-compensated complexes isinvolves theR,' bond length as the preferred axis instead of
electronically stabilizeddE; < 0) by distortion fromDgz, to Rap The geometric situation near the dissociation limit would
Cy, (=Cy,); there are even fewer examples wilk; < 0 be a butterfly-shaped tetrahedron with a long-distance-bonded
than in the CN= 4 case (Figure 3). Most of the remaining fifth ligand along Ry —the lone pair direction. Figure 9
polyhedra are expected to also distort, but only due to aillustrates that it is again the solvent contribution which
negative solvent contribution which surpasses the positive finally stabilizes (PGF~)s in the very shallow minimum at
OE{ value (eq 6). DFT calculations on the bare anions have Csgeometry. Though all other complexes and molecules with
already been performédwhich essentially agree with the CN = 5 investigated here are calculated to have their stable
schematic diagram in Figure 8 if only the electronic minima at theC,, ~ C4, geometry, a soft mode behavior
stabilization 0E{ is consideredras expected. The total along the considere@s distortion path is found for many of
stabilization energyoE;| is <0.15 eV or even vanishing in  these according to DFT, in particular for the #Xs
these cases, indicating flat potential curves along the nuclearcomplexes. Theé-C,, distortion path (elongation d®, see
displacement paths of the vibronically active modes. The Figure 2) is, as expected, energetically distinctly discrimi-
calculated bond length differences betwdh = R,?> and nated against ligand displacements following ¢h€C) and
Rap in Ca, vary between 0.12 A (Bi#)s and 0.31 A ¢',(&) modes viaCs toward (-Cy,)'. Whenever a tendency
(PBrs?")s, while the bond angleis about 166(3) for the toward the ablation of one ligand exists, the latter path will
fluorides and 188(6) for the chlorides and bromides. be chosen.
(PCE*")s is unusual concerning the nature of the distortion. ~ Though the correlation in thec, versusN™ diagram
Superimposed on a very largg, (=C,,) deformation we (Figure 10a) is quantitatively not too goethostly due to

Table 8. Cg4 andCs Geometries (Bond Lengths, A; Bond Angles, deg) of the P and (SeGJ~)s Complexes (Calculated) and of SgCin
[PCL]SeCE3®

Ca Cs
complex Rap Rp =g Rap Ry Ry Ry? 0 ®
(PCK2)s (DFT) 2.13 2.46 935 2.13 2.51 2.41 2.46 935 IRG)(
94.2 R)
(SeCk™)s (DFT) 2.23 2.43 95.0 2.19 2.49 2.30 2.38 88.5 SRAY
PCl*SeCk 94.9 RY)
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Figure 10. Energy plot (eV) of the chemical hardneg€,,) versusN™—
representing the lone pair activitfor (a, top) complexes (A¥")sand (b,
bottom) complexes (BX)s and Ck molecules.

the failure of the strong vibronic coupling approximation in
most cases (eq 5bjt still demonstrates very nicely the
validity of the hardness rule: the softer the ligands (from
F~to ") and (less pronounced) the central ions (frotht®
Bi'"), the more the complexes resist lone pair distortions.
The enthalpies (Table 9) for the dissociation processes

(AX5)s— (AX 4 )s+ (X7)s (AHY) (8a)

AXZ — AX, + X (AHY) (8b)

indicate—contrasting the results for CN 4 (eqs 7a and 7b)

enthalpy. As expected\Hs is very small also for (PGt )s
(Table 9), and for the bromide complex as well (0.20 eV).

We are aware thatwhen the complex stability toward
the ablation of one ligand is discussetthe free enthalpy
change should be used instead\bis. The entropy contribu-
tion is very probably negative, mainly because the number
of particles increases upon dissociation. Thus, besides
(PR?)s, also (PC#)s is expected to be unstable with regard
to the respective complex with CK 4. Nevertheless, we
have included both species in the discussion.

l11.2.2. (BXs5)s Complexes. The tendency of these
complexes to distort solely by electronic forces is restricted
to the fluoride and chloride complexesimilar to the
situation for the bare A¥X~ polyhedra (Figure 8). The iodides
(not listed) have positivedE;/ and nearly vanishingdE;
values, with obviously soft mode behavior aloagtype
nuclear displacements. The,, versusN™ correlation (Figure
10b) is rather good, suggesting again decreasing lone pair
instability in the sequence from the fluorides to the bromides;
the cationic sequence iSVS> Sé&Y < TeV (see section
[11.2.3). Table 10 reveals, similar to the situation for GN
4 (Table 6), thaN™ andc,, are—at least for the chlorides
and the bromidesmostly slightly smaller for (BX )s in
comparison with the (A¥")s species. It is striking however
when (AXs?")s [(BX57)s complexes are compared with the
corresponding (AX)s [BX 4] species (Table 6)that these
two quantities distinctly decrease; we deduce again that an
increase of the CN usually makes the polyhedra softer and
the lone pair instability less pronounced. The calculated radial
and angular distortions of complexes (BXs during theDsy,

— Cy, transition (Tables 7 and 8) are similar to those
mentioned in section 11.2.1.

Figure 11 shows as a model example the KS MO scheme
of (Sek™)s. The a'(4) and &(4py,°) MOs are the HOMO
and LUMO in Dg—as for all considered entities with CN
= 5. However, there is occasionally a complication in the
C,, (C4,) point group; here, the highest nonbondingvO
may energetically interfere with thg 8O resulting from
the HOMO &' in Dg, such that the former becomes the
HOMO—which occurs for the chlorides and bromides.
Correspondingly, ionization energies refer to this MO instead
of the “lone pair” MO a; the influence on the chemical
hardness is small however, a significant reduction occurring
only in the cases of (SBr)s and (SeBy)s.

In agreement with the experimentally observed tendency

that the solvent strongly stabilizes the five-coordinate speciesof BXs4 molecules, in particular of Se(TejFto form
(0Hss > 0), because the doubly charged anion undergoescomplexes (BX")s, the dissociation enthalpies according to
much larger electrostatic interactions than the two singly €ds 9a and 9b adopt rather large positive values (Table 9).
charged species. This solvent effect is even larger, whenAs in egs 7a and 7b with the same anionic charges the solvent

complexes with CN= 6 are considere®iThe (AHs')¢ energy

weakens the stability of the singly charged compléki£

increments of the ' complexes suggest a more pronounced < 0).

attitude toward dissociation than those of the corresponding

As'" complexes. We think that an ionic-size-type instability
is responsible again, whiekin contrast to CN= 4 (Table

5)—also strongly affects the fluoride complex here. Support

comes from the large vibronic enthalpy incremeAH§'),
which indicates rather soft properties of ¢2Hs due to the
geometric effectfinally leading to a negative dissociation

(BX5 )s— BX,+ (X7)s (AHs) (9a)

BXs — BX,+ X (AH) (9b)

Though an ionic size effect is not obvious here due to
DFT, the potential curves of the softer complexes are flat
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Table 9. Dissociation Enthalpies (Egs 8 and 9, eNhs, Solvation EnergiesHs®, and theAHs' Enthalpy IncrementsAHs')¢ and AHs') for Selected
Complexes A%X>~ (A =P, As; X=F, Cl)and B% (B =S, Se; X=F, Cl), AHs = AHs' + 0Hs%, AHs' = (AHs')¢ + (AHs')"

P,F As, F P, Cl As, Cl S,F Se, F S, Cl Se, CI
(AHg)® —1.95 —1.59 —2.13 —1.92 3.87 4.11 2.12 2.36
(AHs")Y —0.94 —0.55 —0.15 —0.01 —0.85 —0.48 —0.06 0.00
OHs® 2.73 2.55 2.38 2.29 —1.97 —2.01 —1.19 —1.36
AHs —0.16 0.41 0.10 0.36 1.05 1.62 0.87 1.00

Table 10. Vibronic Energies (eV; See the Text for Definitions) of the PJT Interaction in Trigonal Bipyramidaf?(Asand (BXs)s Complexes and
CXs Molecules Possessing aflsone Pair, for theCy, (Cs,) Ground-State Minimurh

complex OE: OE! Eib™ EsM Epc™ Nm NCa, 7Dgn

(PR2)&P —-1.14 —0.89 1.56 0.67 6.03 2.65 6.22 5.36
(AsFs2)s —0.56 —0.18 0.89 0.71 5.62 2.11 5.87 5.53
(SbR2)s —0.66 —-0.18 0.91 0.73 5.47 2.03 4.74 4.74
(BiFs2)s -0.17 0.35 0.55 0.90 5.32 1.62 4.61 4.96
(PCE2)s -0.33 -0.12 0.57 0.45 3.75 1.34 4.20 4.01
(AsCls?)s —0.20 0.00 0.34 0.34 3.70 1.08 4.15 4.16
(ShCkE)s —-0.23 0.03 0.37 0.40 3.60 1.09 4.01 4.02
(BiCls?")s —0.06 0.10 0.14 0.24 3.84 0.72 4.07 4.27
(PBrs2)s —0.19 —0.04 0.30 0.26 3.21 0.94 3.31 3.26
(AsBrs27)s —-0.11 0.02 0.17 0.19 3.22 0.73 3.02 3.05
(SbBE2)s —-0.14 0.04 0.21 0.25 3.11 0.77 2.80 2.86
(BiBrs2-)s —0.03 0.07 0.07 0.14 3.42 0.49 2.53 2.65
(Asls2)s —-0.12 0.02 0.16 0.18 2.82 0.64 2.62 2.56
(Sbls2)s —0.06 0.04 0.14 0.18 2.59 0.58 2.23 2.22
(SK)s —1.10 —1.08 1.56 0.48 5.72 2.55 6.18 5.26
(Sek)s —0.70 —0.56 1.08 0.52 5.46 2.18 5.87 5.35
(TeFs)s —0.90 —0.68 1.14 0.46 5.70 2.28 5.69 5.11
(SCk™)s —0.24 —0.03 0.41 0.38 3.10 1.05 3.77 3.80
(SeCk)s -0.14 -0.01 0.26 0.25 2.93 0.82 3.72 3.90
(TeCk)s —-0.19 —0.05 0.34 0.29 2.94 0.94 3.75 3.79
(SBr57)s -0.11 0.05 0.19 0.24 2.56 0.68 3.09 3.20
(SeBk™)s —0.04 0.04 0.11 0.15 2.47 0.51 3.11 3.29
(TeBrs)s -0.07 0.03 0.14 0.17 2.44 0.58 3.21 3.40
CIFs —0.80 1.08 0.28 3.95 1.76 5.50 4.96
BrFs —0.60 0.94 0.34 4.18 1.75 5.47 5.13
IFs —0.96 1.25 0.29 5.13 2.20 5.76 5.06

aThe chemical hardness@$C,,) and#(Dan) are also listed? Double basis.

along theC,, — Cs distortion path. Interestingly enough, the type ground states in their parehtf (CN = 4) andDs;, (CN
geometry of one of the two SeClpolyhedra in PGI"SeC}~ %° = 5) symmetries. We have applied a vibronic coupling
is suspicious of such activity (Table 8). It arises, in analogy approacFf to account for the lone pair influence, using DFT

to that of (PC§")s, from €'(¢) displacements of mainly  for the calculation of the various vibronic and restoring
stretching type (Figure 2) superimposed oG4 distortion energies and the distortion geometries. Wherever a com-
with Ry, = 2.19 A andR, = 2.39 A (—~C,, with £0.10 A). parison was possible, the calculated energies and geometries
Shallow minima at suclCs geometry may emerge already are in fair agreement with available experimental data. The

from tiny lattice strains. geometries-if a distortion occurs-are mostly near those
[11.2.3. CFs Molecules. The calculated and observed predicted by VSEPR-a butterfly-shape,, geometry (CN

geometries for the three GMnolecules (C; Cl, Br, ) are = 4) close to a pseudo trigonal bipyramid®3Z(X,E)* (E

listed in Table 7. In thejc,, versusN™ correlation (Figure = lone pair) and a very ne#&,, geometry (CN= 5) which

10b) these fluorides cover a range roughly comparable to approximately corresponds to a (tetragonally compressed)
that of the corresponding isoelectronic BJ and (AXs?)s pseudooctahedron,sXE.
complexes (Figure 10a, Table 10). Surprisingly, ékhibits A surprising structural effect is observed in the tetrahedral
the highest hardness value and largest vibronic instability case for some complexes, by showing an additional deforma-
of the three molecules. This can not be attributed to tion component superimposed on Bg geometry with two
relativistic effects, which become more pronounced for the short and two long bond lengths. By shortening and
heavier elements on proceeding from the fifth main group lengthening either one of the two latter spacings, the
to the sixth (see T¢ above) and seventh main groups. geometry moves towdra 3 (short distance} 1 (very long
distance) coordinationdQ;, — C&2 — i-Cg, distortion path).
Though this distortion component can also be accounted for
We have investigated halides and halide complexes of theby the vibronic model, we interpret it as originating from
elements from the fifth, sixth, and seventh main groups with an ionic size effect. The respective central ion is too small
a single lone pair for CNs 4 and 5. All species posséss s

IV. Conclusions and Summary

(36) Reinen, D.; Atanasov, M. IBomprehensie Coordination Chemistry
(35) Neuniller, B.; Lau, C.; Dehnicke, KZ. Anorg. Allg. Chem1996 II, Vol.1 FundamentatsLever, A. B. P., Ed.; Elsevier: New York,
622 1847. 2003; Vol. 1, Chapter 1.35.
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Figure 11. Kohn—Sham MO energy diagram of (Sgfs for DFT- = 3-5, respectively) and the vibronic coupling enerdy") for selected

optimized Dz, and C,, geometries with the selenium 5s and 5p (in molecules and complexes, illustrating the hardness rule (species with
parentheses) and 5d (in brackets) electron density contributions. Theisoelectronic cations from different main groupss®t, Seét and SB',
symmetry-adapted LCAOs iBa originating from the ligand 2s and 2p ~ Te*"—are marked by the same symbol).

AOs are 2xd(0), €(o+n), &' (0+x) and 2xa (o), €(o+n), &' (0+x),
respectively, as well aga &', 2x€, and 2x€ (nonbonding); the Se(4s,
4p) AOs commute t01§0), &' (o+), and &o+). TheD3z, MOs transform
in Cy, as follows: @ —a;; & —a; &' — b€ g+ by € —a+

b;. The only weakly bonding:&o), €(o+x), and &' (o+x) MOs from 2s
(F) at~—28.4 eV and the bonding 4avO with 66% 4s Se character at
—19.7 eV are not shown; th&;, split components of the nonbonding MOs
are partly depicted.

sensitivity toward lower-symmetry strains from the second-
sphere environmefttin a crystal lattice, for example.

The chemical hardnesg as an observable quantity, has
been found to directly mirror the tendency of a lone pair
complex to distort. This is so because the strength of the
vibronic coupling, represented by™", is closely correlated
with .58 If one proceeds from the harder to the softer ligands
F~— 1, the resistance toward lone pair distortions increases
distinctly. A significant result of the present study is that
the wvibronic coupling energy and the chemical hardness
decrease, if the CN becomes larg@tigures 4 and 10).
Specifically, while all AX molecules distort@s, — Cg,),
only the larger part of the (AX)s complexes and BX
molecules does sdl{ — C,,) (Figure 3); the species with
CN = 5, (AX5?)s, (BXs57)s, and CX¥% (Dsn — Cy,), resist
lone pair distortions to an even larger extent (Figure 8). The
large group of complexes with CN 6 finally retains mostly
the O, parent geometr§. Accordingly, we deduce from
Figure 12 sequences from hard to soft, such as;SbF
(SbR")s — (SbFR?")s, AsClk — (AsCly")s — (AsCls>")s, or
SeF(Cl) — (SeF(Cl})s—with a small inconsistency in the
series from Askvia (AsF;)sto (AsR?")s. The comparison
of isoelectronic species with central ions from different main

» _ groups (A", BV, C) lacks definiteness. Refraining from such
makes BX molecules sensitive toward the formation of 8X 3y 4ttempt, we are nevertheless left with a clean correlation

cations, when supported by the presence of Lewis acids. ot the chemical hardness with the susceptibility to distort
To simulate the real situation as close as possible, we havepy |one pair influence, which we refer to as the hardness
included a polarizable solvent continuum in the DFT rule. The latter is well in accord with the experimental
calculations on the charged complexes (and frequently alsoevidence2
in the case of neutral molecules) to approximately account The vibronic coupling modetusing simple group-
for the presence of counterions in a crystal lattice or of theoretical argumentsyields precise knowledge about all
solvent molecules. The general effect is a stabilization of vibronically active vibrational modes (Figures 1 and 2).
the distorted structure, becausdue to the generally larger  Together with DFT it provides information about the
dipole moment-the solvent-complex interaction is more involved energetics and dynamiefor the ground state, but
pronounced with the distorted entity. By the solvent energy for near-lying excited states as well (Figures 5 and 11, Tables
many complexes, which would be stable versus lone pair 6 and 10). Furthermore, predictions of whether a species will
deformations otherwise, undergo distortions with flat poten- distort or not are possible. The exact knowledge of the
tial energy minima-exhibiting soft mode properties along distortion pathways and their energetics is a great advantage
the vibronically active displacement coordinates and henceas compared to the simple VSEPR concept. In all cases,

for CN = 4, thus driving the geometry toward a reduced
CN (Table 4). Similarly, the compressed tetragonal pyramid
of a CN= 5 complex may analogously display a superim-
posed instability-yielding a polyhedron with one very long
spacing and otherwise an (approximately) butterfly-shaped
complex of CN= 4. In particular (PX)s and (PX%*)s
complexes behave in such a way (Tables 4 and 8, Figure 9).
We have further studied the dynamic interrelation between
the various possible geometries in the vibronic landscape
for a selected number of molecules and complexes with CN
= 4 (Table 3, Figure 6). For example, it is shown that the
fluxionality (“ligand interchange”) of some species occurs
via a C,, transition state (Berry mechanism, SHEPF),),
while for others aCs transition state is energetically more
favorable (lever mechanism, SCI(PCl~)s). Low-lying
relative energy minima may also gain influence on the
reactivity; thus, the vibronically stabilizedCs, geometry
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which are not touched by the ionic size effect, the lone pair
deformation either occurs along the axis of highest symmetry
(CN = 4, §) or aims at the highest possible distortion
geometry (CN= 5, C,,). The drwing force for the lone pair
effect is the gain in the ealent binding energy upon
distortiont”¢ and not-in some contrast to the VSEPRNd
ligand close packing (LCP) modet-the interpair and/or
Pauli closed shell repulsion.

Acknowledgment. We owe thanks to the Deutsche
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Appendix: Remarks on the Origin of the Hardness
Rule

The chemical hardnesg is directly accessible from the
first ionization potential I) and the electronic affinityA)
of the considered molecular or complex species in the
distorted geometry (eq Al), A, andy are correlated with
the HOMO and LUMO Koha-Sham energiesyomo and
€Luvo and the respective Coulomb repulsion ener@igsvo
and C ymo Via eqs A2 and A3.

n~(—A)/2 (A1)
| = —€pomo + Cuomor A= —€Lumo — Crumo  (A2)
n = (12)[(e umo - €homo) T (Chomo T CLumo)]l  (A3)

The MO energy difference.umo - €nomo IS very close to
the many-electron FranekCondon energyHgc"), which,

in the strong vibronic coupling limit, equald\? (egs 5a
and 5b). n is thus made up ofN™ and a Coulomb
contribution, (1/2)Cromo + CLumo) = C. The latter increases
in the series from iodide to fluoride; i.e., it follows the same

(37) Robinson, E. A.; Gillespie, R. Inorg. Chem.2003 42, 3865.
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Figure 13. Correlation between the interelectronic repulsion increment
C and the vibronic coupling energi™ (eV) for Cs,-distorted AX
molecules: DFT data, squares; fit (withoutdPEo a quadratic polynomial

C = 1.274+ 0.921(™ — 0.116(\™)2 (standard deviation 0.047 eV),
hatched curve.

trend as the chemical hardness does. This is shown by the
(nonlinear)C/N™ correlation for A% molecules as model
examples in Figure 13. Obviously tligterm enlarges the
increase ofy with respect toN\™ considerably. The interesting
result is that the interelectronic repulstewhich gets smaller
with increasing electron delocalization and hence covalency
(nephelauxetic effect)is also indicative for the vibronic
coupling energy. The singular exception from the correlation
in Figure 13 is PE; as are (less pronounced) the complexes
(PR)s and (PE?)s. The origin is perhaps an anomalously
large change in overlap upon distortion in these cases.

Note Added after ASAP: The version of this paper
posted ASAP on February 5, 2004, contained errors in Table
8 and subsection 111.2.3. These errors were corrected in the
version posted ASAP on February 16, 2004.
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