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a b s t r a c t

In contrast to well established experimental results of vibronic coupling effects in octahedral dn com-
plexes with Eg ground states (Cu2+, Ag2+; Cr2+, Mn3+ etc.), not much useful material is available for the
Jahn–Teller (JT) effect in orbital triplet ground states. The present study is concerned with this deficiency,
providing data for octahedral halide model complexes with 3dn cations – in particular for TiIII, VIII and
high-spin CoIII, NiIII with T2g and T1g ground states, which involve, to first-order, solely splitting of the
�-antibonding t2g MOs. Besides experimental results – structural and spectroscopic, mainly from d–d
spectra – data from computations are needed for a quantitative treatment of the Tg ⊗ (�g + �2g) vibronic
interaction as well as in the Eg ⊗ �g coupling case (MnIII, low-spin NiIII); DFT was the method of choice,
if only critically selected outcomes are utilised. The theoretical bases of the treatment are the dn ligand
field matrices in Oh, extended by the inclusion of lower-symmetry distortion parameters, and the con-
ventional theory of vibronic coupling. Caution is needed when classifying the effects of interelectronic
repulsion; DFT does not reproduce the magnitudes of the Racah parameters B, C, as deduced from the d–d
spectra, properly – the presumed reasons are analysed. DFT even allows one to deduce reliable vibronic
coupling constants via the analysis of orbitally degenerate excited states (CrIII, 4A2g ground state). The
group-theoretical analysis of the interaction with the JT-active �g and �2g modes yields D4h, D3d and D2h

as the possible distortion symmetries in the case of a Tg ground state. The DFT-calculations give clear
evidence, that the D4h stationary points represent the absolute minima in the Tg ⊗ (�g + �2g) potential
surface – in agreement with experiment, where available. For the first time, vibronic coupling constants,
characterising JT splitting of ground and excited Tg states, can be presented for trivalent 3dn cations in
octahedral halide ligand fields. They turn out to be smaller by a factor of almost 3 in comparison to those,
which determine the coupling in �-antibonding eg MOs.

The tetragonal splitting of Tg states is typically only small, around 0.1 eV, and suggests that strain
influences from a specific ligand arrangement and/or the presence of different ligands may modify the
potential surface considerably. We have studied such effects via compounds AIMIIIF4, where an elastic
strain induced by the host structure, and a binding strain, due to the simultaneous existence of (largely)
terminal and of bridging ligands, are active. A novel strain model, in its interplay with JT coupling, is
proposed and applied – using energies from the d–d spectra, structural results and data from DFT.

Chloride complexes are only known for TiIII to FeIII; the rather small electronegativity already of CoIII

suggests a reducing ligand-to-metal (3dn) electron transfer for n ≥ 6. Similarly, the low-lying ligand-to-
metal charge transfer bands in the d–d spectra of the CuIIIF6

3− complex and the reduced Tg ⊗ �g coupling
strength suggest a pronounced covalency of the CuIII–F, and, even more distinctly, of the CuIII–O bond,
which is of interest for superconductivity. The NiIIIF6

3− polyhedron possesses a low-spin configuration
in the elpasolite structure. The spectroscopic evidence and the DFT data indicate, that the minimum
positions of the alternative a

2A1g(a
2Eg) and a

4A2g (a
4T1g) potential curves are only ≤0.02 eV apart, giving

rise to interesting high-spin/low-spin phenomena. It is the strong Eg ⊗ �g as compared to the T1g ⊗ �g

coupling, which finally stabilises a spin-doublet ground state in D4h.
We think, that the selected class of solids is unique particularly for the study of Jahn–Teller coupling in

T ground states, with model character for other systems. In our overview a procedure is sketched, which
uses reliable computational results (here from DFT) for supplementing incomplete experimental data,
and presents – on a semiquantitative scale – convincing statements, consistent with chemical intuition.
It is also a pleading for ligand field theory, which rationalises d-d spectra in terms of chemical bonding;

though the latter spectra provi
analysis is crucial.
de frequently only rather coarse information, their assistance in the energy

© 2010 Published by Elsevier B.V.
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. Introduction and outline

The structural and energy properties and implications, which
ccompany the Jahn–Teller effect of dn cations with Eg ground
tates in octahedral coordination, have been thoroughly studied
nd are rather well understood [l–3] – in particular for Cu2+,1 but
lso in the case of various other transition metal ions [1–6]:

The vibronic interaction of the E ⊗ � type, involving the
ahn–Teller active �g vibration, is very pronounced, due to the �-
ntibonding character of the eg MOs. Even, if the parent octahedron
s not of Oh symmetry – because of the presence of different ligands,
f multidentate ligands with angular constraints, or of host site dis-
ortions induced by the crystal structure, for example – the action
f the vibronic coupling usually dominates and is mostly clearly
ecognisable. Octahedral Tg (≡T2g, T1g) ground states are much less
ensitive in respect to site distortions and energetic splitting effects,
s we will show, because the antibonding t2g MOs involved are of
nly �-nature (Tg ⊗ (�g + �2g) interaction)):

In the cases listed there is mostly only indirect experimental
vidence for Jahn–Teller distortions, and furthermore one has to
arefully select examples, where strain effects definitely do not play
decisive part. Before we turn to Jahn–Teller systems of such a kind
e shortly mention dn cations in tetrahedral coordination, which
ossess doubly (left) and triply (right) orbitally degenerate ground
tates, with rather different binding properties in comparison to
he octahedral coordination:

d8 and, in particular, d9 complexes with (� + �) antibonding T
round states undergo significant Jahn–Teller distortion of the T ⊗ �
ype [6], while for the d4 case unambiguous evidence is scarce. One
f the rare examples is Cr2+, isomorphously substituted into the
etrahedral Zn2+ site of Cs2ZnCl4. The d–d spectrum at 4 K clearly
eveals two transitions at 5900 and 8600 cm−1, and additionally
he most intense band of a contamination due to Cs2CrCl4, where
r2+ is octahedrally coordinated (Fig. 1). The two mentioned bands
ave to be assigned either to the 5B2 → 5E; 5A1 transitions in D2d,
ompressed – here the 5B2 → 5B1 transition is symmetry forbidden
or to the 5A1 → 5E(T2); 5E(E) transitions in C3v, compressed. Inde-
endent of whether the Jahn–Teller distortion is tetragonal (T ⊗ �

oupling) or trigonal (T ⊗ �2 coupling), the ground state splitting
s considerable, 0.73 eV. In contrast, for example in the case of d1

ations in tetrahedral ligand fields, where the ground state is purely
-antibonding, the experimental evidence, so far, is ambiguous [8].

1 We recall here the possible role of the Jahn–Teller coupling in the oxidic mixed
alence Cu2+/Cu3+ high-temperature superconductors. Some solid-state chemists
elieve that an electron flow within the narrow b1g(dx2−y2 ) band – in D4h (elongated),
ingly occupied and empty for Cu2+ and (low-spin) Cu3+, respectively – is of crucial
mportance in the superconductivity mechanism [4–6].
y Reviews 254 (2010) 2703–2754 2705

In this contribution we investigate MIIIF6
3− (MIII = Ti–Cu)

complexes – for a preliminary report see Ref. [7] – and the cor-
responding chloride polyhedra, as far as they exist. In the d1, d2

and d6 cases they possess orbitally degenerate T ground states. We
use available structural and spectroscopic results, but need addi-
tional support by reliable calculational methods. As we could show
in a study of MnIII in fluoride environment, DFT is the method of
choice as long as interelectronic repulsion is not considered [9]. It
furthermore turns out that the fluoride ligands involved are rather
variable in their binding behaviour, depending on whether they
are terminal (t) in the solid considered or found in bridging (b)
function. As a bridging ligand, fluoride possesses a distinctly larger
overlap covalency (see below) than in a terminal position; in the
case of the MnIII–F bond for example, the energy variation in the
3d(MIII)–s,p(F) overlap on changing the metal-ligand distance is
30% larger, if a bridging fluoride is involved. On the other hand, the
total bond covalency toward Fb and Ft is about equal, because the
central field covalency [10] – the ligand-to-metal charge transfer
within the bond – is more pronounced in the latter case with the
larger formal negative charge. Concerning the total bond strength,
Ft is the stronger ligand in respect to Fb because of the larger ionic
bond increment [9]. In the following we choose isolated MIII(Xt)6

3−

polyhedra as initial complexes, which are found in cubic elpasolite
compounds with the composition A′I

2AIMIIIX6 (X = F, Cl) in good
approximation (Fig. 2a). Here, A′I and AI are large, low-charged 12-
and 6-coordinated alkaline cations, respectively, whose contrapo-
larising power toward the halogen ligator atoms is very weak. This
binding situation can be nicely simulated by DFT, if the calculations
on the MX6

3− polyhedra are performed in a polarizable solvent con-
tinuum. Such a procedure reproduces, rather reliably, experimental
d–d transition energies and structural data in the case of MnIII [9].

The model structure, which defines MIII(Fb)6 polyhedra with
bridging ligands, is of the VF3-type, a perovskite-related (distorted)
ReO3-variant (Fig. 2b and c); here, the Fb ligands (non-linearly)
bridge two MIII cations. This necessarily implies an elastic coupling
between the polyhedra throughout the lattice, which is accounted
for in the derived parameters in an effective way (but see Section
4).

Before turning to our actual subject, it may be useful to sketch
the difficulties which are met, if one analyses structural and spec-
troscopic results for T ground states with respect to underlying
Jahn–Teller contributions, because these are usually small. For
this purpose we shortly consider the hexafluoro-FeII-octahedra,
present in the cubic perovskite KFeF3, in compounds FeIIMIVF6
(MIV: Zr, Hf), which crystallise at 298 K in the ordered ReO3 type
(Fig. 2b) [11,12], and in FeF2 with the rutile structure, where
experimental evidence for a ground state splitting is available.
In the mentioned compounds fluoride is bridging between either
two (perovskite) or three (rutile) Fe2+ cations, or between one
Fe2+ and one MIV cation. The d–d spectra exhibit – as one might
argue (see below) – a splitting of the excited 5Eg state, which is
∼=2400 and ∼=1800 cm−1 at 298 K (Fig. 3) for the perovskite and
the FeMIVF6 solids, respectively [12]. The lifting of the degener-
acy of the 5Eg state suggests a splitting of the 5T2g ground state as
well, as the consequence of a tetragonal T2g ⊗ �g Jahn–Teller cou-
pling. Because the FeII-octahedra are regular at 298 K, however,
the vibronic interaction is dynamic2 at this temperature. FeZrF6

has been investigated by Mößbauer spectroscopy down to 4 K [12].
Below 208 K a quadrupole splitting of the signal develops, which
increases with decreasing temperature. This originates from a trig-
onal elongation of the hexafluoro-FeII-complex due to a structural

2 The designation dynamic is normally used by chemists in the sense, that a ther-
mal bond length equilibration occurs, which may be frozen in at low temperatures;
we follow here this convention.



2706 D. Reinen et al. / Coordination Chemistry Reviews 254 (2010) 2703–2754

Fig. 1. The d–d spectra of Cr2+ (powder reflection; arbitrary intensity scale) in the tetrachloro-coordination of Cs2ZnCl4, with contributions from Cs2CrCl4 contamination
– originating from D4h – elongated CrIICl6 octahedra (see text). Alternative assignments according to T ⊗ � and T ⊗ �2 vibronic coupling (both compressed tetrahedra),
respectively, are shown in the state diagram.

Fig. 2. The elpasolite structure of solids A′
2

IAIMIIIX6 and the cationic coordination of the X− anions (a); the ReO3 structure [cubic parent structure of FeF3] and its ordered
variant [FeZr(Hf)F6] are also shown (b); in (c) we depict the low-temperature (rhombohedral) unit cell of FeZrF6 with the LiSbF6 structure (ordered VF3 type).
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weak. Here, the band shape – which is the envelope of numer-
ous transitions between vibronic states – might show structures,
which are sometimes far off the location of the electronic split
states [16]. We will hence in the following examine in each specific

Fig. 4. Schematic MO energy diagrams for octahedrally coordinated d1 cations (a),
under the influence of T ⊗ � (b) and T ⊗ �2 (c) coupling; the splitting scheme for
orthorhombic T ⊗ (� + �2) coupling of D2h* symmetry (see text) is depicted in (d).
Energetic shifts due to the 3dz2 –4s interaction between a1g (4s1) and a1g (3dz2 ) in
ig. 3. d–d spectra (powder reflection; arbitrary intensity scale) of the FeIIF6 polyhe
utile structure (bottom left) – assignments according to D4h, compression (adopted
f � see Eq. (4)).

hase transition to the low-temperature LiSbF6 structure (ordered
F3 type; see Fig. 2c). A possible tetragonal distortion induced by
ibronic coupling to the �g mode is not seen within the time frame
13] of the Mößbauer method (≈10−11 s); it is clearly visible in opti-
al spectroscopy, however, where the time of excitation is shorter
y four magnitudes of order. A structural distortion effect is not
xpected to be seen, because X ray and neutron diffraction methods
re based on cumulative data collections within longer time peri-
ds; here, only an analysis of the temperature ellipsoids may give
nformation. Thus, in the case of FeZrF6, we are left with the situ-
tion of an apparently orthorhombic polyhedron distortion, which
s caused by a very small structurally induced and static trigonal,
nd a superimposed tetragonal distortion component, which splits
he excited 5Eg state, but appears as a dynamic effect in methods
ith longer time frames. The excited state splitting of FeF2 is, with

ı1 = 3700 cm−1 (0.46 eV), much larger than in the just discussed
ases [14], and the splitting of the ground state, 3ı2 ∼= 1100 cm−1

0.14 eV), has been measured by electronic Raman spectroscopy
15] (Fig. 3); the ı1/ı2 ratio (see the definitions in Section 2 and
n Fig. 4b) is about 2.3. The structural data indicate a static distor-
ion already at 298 K; the octahedra are tetragonally compressed
and hence the orbital singlet 5B2g (5T2g) is the ground state. The
istortion is strain-supported, however, because already the octa-
edra of 3dn cations with non-degenerate ground states, as in MnF2
nd ZnF2, are compressed, though only with a difference of 0.03 Å
etween the long and short bond lengths.

The arguments, used for hexafluoro-FeII-octahedra, for exam-
le, to analyse a possible ground state splitting due to 5T2g ⊗ �g

oupling, need some closer consideration. They are based on the
tatic theory, used throughout this contribution, without including

ibrational effects. The energy diagram in Fig. 7 for the T2g → Eg

ranck–Condon transitions in the presence of T2g ⊗ �g coupling
or an octahedral d1 (or high-spin d6) complex illustrates, how an
xcited state splitting in the d–d spectrum is related to a Jahn–Teller
istortion in the ground state. While this procedure can be consid-
perovskite- and ordered ReO3-type solids (top left and right), and in FeF2 with the
[14]). Structural data for various MF2 compounds are also given (for the definition

ered as being close to physical reality in the case of strong vibronic
coupling, it may lead to incorrect results, if this interaction is (very)
(b) and between ag (4s1) and ag (3dz2 ) in (d) are effectively included in the diagrams;
the splitting parameters ı1 and ı′

1 refer to a tetragonal elongation and compression
[2ı1 (2ı′

1) ≡ A1� + (−)A2�2], respectively. Other mutual symmetry-induced interac-
tions between 4 s and split-terms of t2g (3d) are of �- versus �-character and hence
very small. The upper indices c, e refer to designations compressed and elongated,
respectively.
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ibronic coupling case, whether the ratio between the respective
ahn–Teller energy EJT and the zero-point energy of the involved
ibronic energy is large (≥1) or small (�1) – according to the strong
nd weak coupling limit, respectively. The given examples of Fe2+

alides also illustrate, that it is not a simple task to elucidate the
ibronic coupling symmetry – whether it is of tetragonal Tg ⊗ �g or
f trigonal Tg ⊗ �2g or of even orthorhombic Tg ⊗ (�g + �2g) nature
see Section 2) – and furthermore to trace out whether the dis-
ortion is dynamic or static. On the other hand, the presence of
ost site strains, structural ones and such ones, which are induced
y (as here) fluoride ligands in different binding states (terminal
r bridging), is crucial in cases, where the Jahn–Teller coupling
s weak (see Section 4). Binding strains, induced by the impact
f the cationic second-sphere environment on the binding prop-
rties of a ligator atom in a solid, are particularly significant for
xygen as the ligand, which – dissimilar to halide ions – can usu-
lly not be observed in terminal positions, due to its larger anionic
2−) formal charge [17]. In the following, we will for the cho-
en model halide complexes with trivalent 3d cations derive the
ibronic coupling constants by employing ligand field theory and
he appropriate vibronic coupling expressions. As data sources we
se mainly the d–d spectra, besides other experimental evidence,
nd carefully selected DFT results; the latter are particularly valu-
ble in cases, where experimental outcomes are scarce. The basic
heory is presented in Section 2. We further investigate cases, in
hich strain effects superimpose the vibronic interactions of the

ahn–Teller type. A specific strain model within the vibronic cou-
ling concept is developed, and outlined in Section 4. In Sections 3,
–7 and 9–11 the halide complexes of TiIII, VIII, CrIII, MnIII, CoIII, NiIII

nd CuIII are treated. Here, it is shown, that even coupling constants
or central cations with non-degenerate ground states can be esti-

ated. Section 8 presents a discussion of the stability of the chloride
omplexes on the basis of respective optical electronegativities. In
ection 12, conceptional and computational implications of the DFT
esults in relation to ligand field and vibronic coupling theory are
nalysed. Section 13 summarises and supplements the obtained
esults, and also presents an outlook toward new developments in
he field of vibronic JT coupling. The equations, derived in Section
, refer to a d1 (or high-spin d6) cation in octahedral coordination,
ossessing a T2g ground state and an Eg excited state (Fig. 4).

. The vibronic theory
.1. General: Tg ⊗ (�g + �2g) coupling

The general matrix (adiabatic approximation) describing the
oupling of an octahedral T2g (or T1g) ground state with Jahn–Teller

ig. 5. The symmetrized components of the vibronically active �g and �2g modes in Oh an
�˛x| = |�˛x| = |�˛y| = |�˛−y| = |�˛| holds and a is the metal ligand distance); the totally
y Reviews 254 (2010) 2703–2754

(JT) active �g and �2g modes (Fig. 5) and quantised along a 4-fold
symmetry axis, is – in first-order – given in Eq. (1) [16,18]. While
the former mode induces a tetragonal distortion along one of the
three C4 axes, the latter leads to a deformation along one of the four
trigonal axes of the octahedron – see Figs. 5 and 9 (linear coupling
constants V� and V�; Q�, Q� and Q�, Q�, Q	 are the components of
the �g and �2g vibrations, respectively). The basis of the matrix rep-
resentation is the components of an electronic T2g (or T1g) state.
All linear and higher-order coupling constants, used in this con-
tribution, are defined as positive quantities. Matrix (1) is easily
reproduced from the system of equations in Appendix A.1 – but
with a sign change for the diagonal energies, in order to keep V� as a
positive quantity in the case of 2B2g ground state and a tetragonally
compressed octahedron:

(1)

The diagonal energies have to be supplemented by the restoring
energies in Eq. (2), with the force constants K� and K�, respectively:

Epot = 1
2 {K�(Q 2

� + Q 2
� ) + K�(Q 2

� + Q 2
� + Q 2

	
)} (2)

The solutions are computationally complex; however, some
general statements can be made [18]:

a) If the stabilisation energy of either of the three conformers,
distorted along a 4-fold axis, is −EJT(D4h

c) with respect to
the regular octahedron, and the corresponding energy of the
conformers, distorted along one of the four 3-fold axes, is
−EJT(D3d

c), the absolute minima of the six-dimensional poten-
tial surface are either those with D4h

c- or D3d
c-type distortions

(see Fig. 4) – depending on whether EJT(D4h
c) is larger or smaller

than EJT(D3d
c). If the absolute value of the former is larger, the

trigonal extrema are only saddlepoints, and in the reverse case
this holds for the tetragonal extrema. Upper indices c and e refer
to compressed and elongated conformations, respectively.

b) The six extremum points with orthorhombic symmetry, com-

prising simultaneous distortions of the �g and �2g type
(vide infra), can never be absolute minima in the linear
approximation but only saddlepoints, energetically located
between the tetragonal and trigonal extrema. In the case of
EJT(D4h

c) = EJT(D3d
c) a continuous distribution of minima with

d their analytical forms (Q	 , Q� analogous to Q�; for the latter quantity the relation:
symmetric 
1g vibration is also shown.
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a doubly degenerate ground state, which is seen when minimising
the energy in Eq. (5b) with respect to �� at ϕe

m = 0◦:

�em
� = V�

2K� − L�
; Eem

2,3 = −Ee
JT = −1

4
V��em

� (7)
ig. 6. The two-dimensional potential energy surface, describing the vibronic coup
f the minimum positions at D4h, compressed, onto the Q�–Q� plane is also shown.

the same energy for trigonal, tetragonal or orthorhombic dis-
tortions should be observed [16].

c) If higher-order coupling terms are included in the calculations,
however, situations may arise, in which the absolute minima of
the ground state potential surface are of o-rhombic nature. We
will critically inspect the possibility of such cases, and consider
the influence of spin–orbit coupling as well, in the next sections.

The Hamiltonian matrix, including all quadratic terms [19,6] is
iven in Appendix A.1.

.2. The Tg ⊗ �g vibronic interaction in Oh

Leaving the coupling to the �2g modes aside, matrix (1) is
iagonal with respect to the tetragonal V� coupling energies. The
otential energy surface is sketched in Fig. 6. Setting:

� = �� cos ϕ; Q� = �� sin ϕ (3)

he minima of the three parabolic constituents occur at values of the
ngular distortion parameter of ϕ = 180◦, 300◦, 60◦ – corresponding
o dxy, dyz or dxz ground states of the symmetry b2g, and a vibronic
oupling energy of −V���. Having the relation Q 2

� + Q 2
� = �2

� in
ind (Eq. (2)), and utilising the analytical forms of the Q�, Q�

istortion paths (Fig. 5), one easily defines the radial distortion
arameter:

� = {�a2
z + �a2

−z + �a2
y + �a2

−y + �a2
x + �a2

−x}
1/2

(4a)

here the �ai are the bond length changes by the induced dis-
ortion with respect to the octahedral distance a. In the case
f a tetragonal compression or elongation (D4h point group;

�az| = 2|�ax(y)| ≡ 2/3�d). Eq. (4a) simplifies to (�d: difference
etween long and short bond lengths):

� = 2√
3

�d (4b)

Inspecting the (E versus Q�) cross section of the two-
imensional curve in Fig. 6, left, the total adiabatic energy along
he two branches is:

(b2g) = 1
2

K��2
� + V��� cos ϕ + 1

2
L��2

� (5a)
(eg) = 1
2

K��2
� − 1

2
V��� cos ϕ − 1

4
L��2

� (5b)

here we have supplemented the energy expressions by the
econd-order coupling term L� (see Appendix A.1) and by the
etween an octahedral Tg ground state and the �g vibrational mode. The projection

restoring energy. Minimising Eq. (5a) at ϕ = 180◦ with respect to
� yields:

�cm
� = V�

K� + L�
; Ecm

1 = −Ec
JT = −1

2
V��cm

� (6)

These values refer to the minimum of anyone of the three
paraboloids in Fig. 6 and correspond to a tetragonal compression
(upper index c). The vertical Frank-Condon transition within the T-
ground state (see Fig. 7) – the difference between E(eg) and E(b2g)
at �cm and �m

c = 180◦ (or 300◦, or 60◦) – is accordingly:

Ec
FC = 3Ec

JT

{
1 + a/2

1 + a

}
, with

L�

K�
= a (5c)

and equivalent to 3ı2 (Fig. 4b; D4h
c). Following the distortion paths

opposite to those, which meet the parabolic minima (ϕe
m = 0◦, 120◦

and 240◦), one moves toward saddlepoints in the potential energy
surface, which appear as relative minima in the (E versus Q�) cross
section (Fig. 7). They refer to tetragonally elongated octahedra and
Fig. 7. The cross section of the adiabatic potential surface in Fig. 6 along the D4h-
path for the 2T2g ground state and the 2Eg excited state of the TiCl63− polyhedron –
as calculated by DFT (with the parameters in Tables 2 and 3). The Franck–Condon
transitions within the 2T2g ground state and to the 2Eg split states are indicated.
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Table 1
Symmetry characteristic of the (Q� , Q�; Q	 , Q� , Q�) space in Oh (48 symmetry oper-
ations) under the influence of Tg ⊗ (�g + �2g) vibronic coupling (�j: representation
of vibrational mode; K (Oh, �j): kernel of class subdivision and H (Oh, K): the corre-
sponding factor group; EK: epikernel; k, h, ek – the numbers in parentheses – are
the respective orders). The listed groups G′ (Oh, EK) refer to those symmetry oper-
ations, which reproduce the symmetry-equivalent extrema of the considered EK;
the generating displacement vector (DV) for most epikernels in (Q� , Q�; Q� , Q� , Q	)
space is also listed.

�j K (Oh, �j) H (Oh, K) EK G′ (Oh, EK) DV

�g D2h**(8)a C3v (6) D4h (16) C3 (3) [�� 0, 0 0 0]
�2g Ci (2) Td (24) D3d (12) S4 (4) [0 0, �� �� ��]

D2h* (8)a C3v (6) [0 0, 0 0 ��]
C2h (4) T (12) –

�g + �2g Ci (2) Td (24) b

D2h* (8) C3v (6) [1/2 �� 0, 0 0 ��]
C2h (4) T (12) –

a The notation D2h** and D2h* indicates, that the distortion in the molecular x–y
p ◦ ◦
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lane is radial (ax /= ay; �ax , ay = 90 ) and angular (ax = ay; �ax , ay /= 90 ), with
he twofold axes extending along the bond lengths, and bisecting the bond length
irections in one plane (Fig. 5), respectively.
b Epikernels resulting from either Tg ⊗ �g: D4h, D2h** or Tg ⊗ �2g coupling: D3d.

The depth of these relative minima is – for small second-order
oupling constants L� – only one quarter of that calculated for the
bsolute minima at D4h, compressed.

A closer glance onto the symmetry of the Tg ⊗ �g interaction by
roup theory – we follow essentially the considerations of Murray-
ust et al. [20] – allows a better understanding of the potential
nergy surface in Fig. 6. Q� and Q� are the components of the �g rep-
esentation in Oh and are both totally symmetric in the subgroup
2h (D2h** – for the definition see Table 1) – as is easily verified by

nspecting the respective character tables. The invariant subgroup
2h** is called the kernel K (Oh, �g) of the �g representation in the
ctahedral group and possesses the symmetry of a general point
n the (E, Q�, Q�) surface. K serves as the kernel of a subdivision
f the octahedral group G into classes, which are the elements of
he thus defined factor group H (G, K). The order h of H is accord-
ngly g/k (=6), where g (=48) and k (=8) are the orders of G and K,
espectively. H can be considered as containing all those symme-
ry operations, which transfer a distortion K into equivalent ones,
ith different orientations. H (Oh, D2h) is derived to be C3v. While
defines a general point on the potential energy surface, there

re other, higher-symmetry displacements, in the course of which
nly one component of the �g mode becomes totally symmetric.
his condition defines a co- or epikernel. There is just one in our
ase, EK (Oh, �g), which is of D4h symmetry (Table 1). The six D4h
xtremum points at ±�� {(−1, 0), (1/2, −1/2

√
3), (1/2, 1/2

√
3)} in

he Q�–Q� plane subdivide into three with a positive sign, consti-
uting the absolute minima in the potential surface (compressed
ctahedra) – see Fig. 6 – and three with a negative sign, corre-
ponding to saddlepoints (elongated octahedra). Because the D4h
inima correspond to special positions on mirror planes, they are
ultiplied not according to the factor group C3v but only tripled

ccording to the C3 subgroup (Table 1).
Very useful in this context is the epikernel principle, formu-

ated by A. Ceulemans et al. [19]. It states, that extremum points
refer epikernels to kernels and maximal epikernels to lower rank-

ng epikernels. As the authors note, it follows the more general
tatement (Curie, 1894 [21]), that the symmetry, characteristic of
phenomenon, is the maximal one, which is compatible with the

xistence of the phenomenon. Indeed, the D4h distortions (Fig. 6)
efer to extremum points; orthorhombic distortions can only be

tabilised by applying either strains on the systems or possibly, for
xample, by superimposing an additional Tg ⊗ �2g vibronic coupling
vide infra).

We will now shortly discuss the influence of spin–orbit cou-
ling, looking at the interplay of energy effects induced by the linear
Fig. 8. The interplay between vibronic T ⊗ � interaction and LS coupling for the case
of a compressed and an elongated D4h distortion of a six-coordinated d1 cation, with
an orbital singlet and doublet ground state, respectively.

Jahn–Teller interaction according to D4h and by the LS coupling con-
stant �. Matrix (8a) – the (+)/(−) signs refer to the spin orientations
– considers this (for ϕ = 0◦, 180◦), and Fig. 8 pictorially shows the
mutual dependence:

(8a)

For a ratio between V��� and the effective constant � of about
4(or 1), for example (values approximately valid for TiX6

3− polyhe-
dra with X = F−(Cl−)), the a�7 ground state at ϕc = 180◦ is stabilised
with respect to the 2B2g state by 2% (or 22%) when taking account
of LS coupling. On the other hand, in the elongated case at ϕe = 0◦,
the �6 ground state is stabilised by �/2 in respect to the 2Eg state,
independent on the V���/� ratio – but never making the elongation
energetically more favourable than the compression; the energy
difference between a�7 and �6 in the case of a compressed and an
elongated octahedron, respectively, is distinct even for very small
V���/� ratios, when recalling that �cm

� is by a factor of two larger
than �em

� (Eqs. (6) and (7)). Explicitly, the energies of the ground
state in D4h

c are, for very small as well as for the chosen r = V���/�
ratios:

r � 1 : E(a�7) = −0.50� − 0.50V���

r ∼= 1 : E(a�7) = −0.36� − 0.86V���

r ∼= 4 : E(a�7) = −0.15� − 0.98V���

(8b)

After all, LS coupling will not mislead conclusions derived from
results, which are obtained without LS coupling in the case of
V���/� ratios > 1, if the absolute minima at D4h, compressed, are
considered.

2.3. The Tg ⊗ �2g interaction
Even when disregarding the tetragonal coupling in matrix (1),
the remaining non-diagonal elements of the determinant still
impede simple analytical solutions. However, as was shown by
Öpik and Pryce [18], solutions are possible for certain special points
in the Q	–Q�–Q� space. Some introductory symmetry considera-
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Fig. 9. The symmetry properties of the extremum points or planes on the poten-
tial energy surface according to T2g ⊗ �2g Jahn–Teller coupling in an octahedron (the
circumambient cube has been drawn for the sake of a better geometrical illustra-
tion): The number triples at C3 refer to the (Q	 , Q� , Q�) space or, alternatively, to
the cartesian coordinates and denote the positions of the four D3d minima (trigonal
compression). The coordinates of the three octahedral axes (the one at [0,1,0] is not
indicated) and their opposite directions portray the six extremum points accord-
ing to the D2h* epikernel symmetry in the (Q	 , Q� , Q�) space (and correlate with
the six C2 axes in Cartesian space). The faint arrows, shown for the ligand on the
x-axis, mirror angular displacements �˛ within the Qi components (i = 	, �, �) of
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he �2g mode (Fig. 5), and the fat arrows angular shifts �˛′ (Eq. (10b)) along the
ace diagonals towards the trigonal axes (˛ = 54,74◦ is the angle between the central
ation-ligand axes and the space-diagonal in a cube). One �d plane of the Td factor
roup is indicated by point-dash lines.

ions may be useful again. The maximal epikernel for the T2g ⊗ �2g
nteraction in Oh is the trigonal subgroup D3d (Table 1). This sym-

etry characterises absolute minima, which are correlated with
he four C3 axes of the octahedron and an A1g ground state – recall-
ng, that the coupling constants are defined as positive quantities.
he respective displacement coordinates in the (Q	, Q�, Q�) space
re +(−)�� {(1 1 1), (1 −1 −1), (−1 1 −1), (−1 −1 1)}, according to
he D3d condition |Q	| = |Q�| = |Q�|, and correspond to a trigonal
ompression, if the (+) sign is chosen. The (−) sign is associated
ith trigonally elongated octahedra at saddlepoints and a (still

ahn–Teller unstable) Eg ground state (Fig. 9). The total-distortion
arameter �� is:

2
	 + Q 2

� + Q 2
� = 3�∗2

� ≡ (�t
�)

2
(9)

hile �∗
� reflects angular motions in only one of the three compo-

ents of the �2g modes in Fig. 5. Utilising the analytical forms of
he respective distortion paths, the latter is derived to be of the

agnitude:

∗
� = 2a · |�˛| (10a)

here �˛ is the angular deviation from 90◦ according to Fig. 5 (we
esignate in the following all parameters, which refer to the epiker-
el symmetry D2h* for Tg ⊗ �2g coupling, with an upper star-index:
ee Table 1 and Section 2.4) and a the metal–ligand distance. If the
istortion is trigonal, as considered so far, it is more convenient to
eplace �˛ by the deviation �˛′ from the angle of 54.74◦ between
C3 axis and the three neighboured C4 axes in an octahedron, as

isualised in Fig. 9:

=
√

2a · |�˛′| (10b)
�

The kernel symmetry is Ci, and the factor group H (Oh, Ci) based
n it is Td. The latter symmetry creates for each general point Ci
n the (E, Q�, Q�, Q	) surface 24 equivalent ones (Table 1). The
bsolute D3d minima correspond to special positions on the 3-fold
y Reviews 254 (2010) 2703–2754 2711

axes of Td (Fig. 9) and are generated from one of these by applying
the four symmetry operations within the S4 subgroup of the factor
group Td (Table 1). The epikernel next in ranking to D3d possesses
D2h symmetry (D2h* in Table 1). It is associated with the three C4
axes in the (Q	, Q�, Q�) space, according to the six displacement
triples ±{[1 0 0], [0 1 0], [0 0 1]} (Fig. 9). The different signs distin-
guish, whether the angular deviations �˛ are positive or negative
in the respective symmetrised coordinates (Fig. 5). Anyone of the
D2h* extremum points on an S4 axis of Td multiplies according to
the six operations of C3v. The epikernel of lowest ranking possesses
C2h symmetry and considers all points in the (Q	, Q�, Q�) space,
which are located on one of the six �d mirror planes of Td – exclud-
ing positions on the C3 or C4 axes. Explicitly, any C2h point [Q	, Q�,
Q�] or [Q	, −Q�, Q�] (with Q	 = Q� and Qi (i = 	, �, �) /= 0, ±1) on
the tetrahedral �d plane indicated in Fig. 9, is multiplied according
to the 12 symmetry operations of the rotation group T (Table 1).
Every distortion path between D2h* and D3d has this symmetry. In
all three epikernels only one of the three �2g components becomes
totally symmetric.

We now proceed to calculate the structures and energies of
the extremum points on the adiabatic potential energy surface
according to the T2g ⊗ �2g coupling for an octahedrally coordi-
nated d1 cation. For anyone of the four D3d, compressed, minima
the following matrix, obtained by diagonalising matrix (1), is
valid, when keeping only the V� terms (as positive quantities)
and after having added the second-order coupling contributions
according to Appendix A.1 (L� vanishes with the D3d condition
|Q�| = |Q�| = |Q	| = 1):

(11)

The basis wave functions, quantised along a threefold axis, are:

t0 = 1√
3

(dxy + dxz + dyz) a1g

t+ = 1√
6

(2dxy − dxz − dyz) eg

t− = 1√
2

(dxz − dyz) eg

(12)

The A1g ground state energy is – if the restoring energy from Eq.
(9) is supplemented:

Ec
1 = 3

2
K��c2

� − V��c
� − X��c2

� (13)

and after minimisation with respect to �c
�:

�cm
� = V�

3K� − 2X�
, Ecm

1 = −Ec
JT = −1

2
V��cm

� (14)

The Franck–Condon transition at �cm
� from a1g to eg – the ground

state splitting 3ı�
2 (Fig. 4c) – correlates with 3Ec

JT in first-order and
is derived from matrix (11) and Eq. (14) to be of the magnitude:

Ec
FC = 3Ec

JT

{
1 + a

1 − 2a

}
; a = X�

3K
(15)
�

The D3d distortion path in the reverse directions (along
��{(−1 −1 −1), (−1 1 1), (1 −1 1) or (1 1 −1)}), is described via a sign
change of the Qi (i = �, �, 	) displacements on the non-diagonal posi-
tions of matrix (1) and accordingly of the V� contributions in matrix
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Table 2
Structural and energetic DFT results for TiX6

3− polyhedra (X = F− , Cl−) in the epikernel symmetries D4h, D3d and D2h* of vibronic T2g ⊗ (�g + �2g) coupling, and the linear and
quadratic coupling constants calculated from these data according to the equations in Section 2. The distortion parameters and JT stabilisation energies of the lowest states
in each symmetry are underlined; the calculated vibrational energies (see text) are also listed.

D4h �cm
� (Å) �em

� (Å) aav (Å) E (B2g → Eg) EJT
c (eV) EJT

e (eV) �
� (eV)

F− 0.083a 0.041b 1.973 0.103 eV 0.034 0.0085 0.047
Cl− 0.050a 0.023b 2.435 0.020 eV 0.0065 0.0015 0.0255

D3d �cm
� (Å) �cm

� (Å) aav (Å) E (A1g → Eg) EJT
c (eV) EJT

e (eV) �
� (eV)

F− 0.094c 0.022c 1.973 0.082 eV 0.020 0.0015 0.0245

Cl− 0.018d ∼=0d 2.434 ≈0.001 eV <0.001 ∼=0 0.005

D2h* �∗m
� (Å) �cm

� (Å) aav (Å) E (B3g → B2g) E (B3g → Ag) EJT* (eV)

F− 0.098e 0.039f 1.973 0.057 eV 0.0805 eV 0.022
Cl− 0.023e 0.022f 2.433 ≈0.004 eV 0.019 eV ≈0.002

V� V� K� K� L� L� X� W

F− 0.82 0.50(8)g eV Å−1 9.9 2.9(3)g ∼=0 ≈0.5 1.7 ≈0eV Å−2

Cl− 0.27 (≈0.1) 5.4 – ∼=0 – – ≈0eV Å−2

a 1.997 Å (4×), 1.925 Å (2×) and 2.449 Å (4×), 2.406 Å (2×), respectively.
b 1.960 Å (4×), 1.995 Å (2×) and 2.428 Å (4×), 2.448 Å (2×), respectively.
c |�˛′ | = 1.92◦ and 0.45◦ , respectively.
d |�˛′ | = 0.30◦ and ∼=0◦ , respectively.
e ◦ ◦

respectively.

(
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Fig. 10. The D2h* symmetry due to Q� (�2g)-type displacements (T2g ⊗ �2g cou-
pling),with the proper choice of the Cartesian axes (matrix and wave functions (Eqs.
(18) and (19)) ⇒ the degeneracy of the �-antibonding eg* MO is, in first approxima-
tion, not lifted, because the overlap with the 3dz2 (ag

∗) orbital is not influenced at
�˛ = 1.43 and 0.27 , respectively.
f 1.961 Å (4×), 1.997 Å (2×) and 2.427 Å (4×), 2.446 Å (2×), respectively.
g ±0.08 eV Å−1 and ±0.3 eV Å−2: the lower and upper limits refer to D3d and D2h*,

11). The octahedra are now trigonally elongated and the lower
plit-state is Eg(t+, t). We obtain:

Ee
2,3 = 3

2
K��e2

� − 1
2

V��e
� + 1

2
X��e2

�

�em
� = 1

2
V�

3K� + X�

Eem
2,3 = −Ee

JT = −1
4

V��em
�

(16)

LS coupling has a similar energy effect on the ground state sta-
ilisation as the one discussed for D4h. The corresponding matrix

s easily constructed from those in Eqs. (1) and (8a), when keeping
nly the V� and � terms. In distinction to D4h we note, that the low-
st state in D3d

c is raised in energy by LS coupling for large V���/�
atios, while LS coupling stabilises the ground state in D3d

e (see Eq.
8b)):

D3d
e : E(a�4) = −1

2
V��e

� − �

2

D3d
c : V��� � � ⇒ E(a�4) = −V��c

� + �

3

V��� � � ⇒ E(a�4) = −1
6

V��c
� − �

2

(17)

However, because �c
� is much larger than �e

� (Table 2; Eqs. (14)
nd (16)), we may readily conclude that the lowest state is the one
ccording to D3d

c. A further inspection is not needed, for reasons
iscussed in the next section.

The D2h* extrema correspond to saddle points in the T2g ⊗ �2g
otential surface in the linear approximation, with only one non-

iagonal Qi in matrix (1) different from zero. The derivation of
he respective diagonalised energy matrix (Eq. (18)) is straight-
orward, using Appendix A.1 for the supplementary higher-order
oupling contributions. The symmetry-adapted coordinate system
s sketched in Fig. 10, and the accordingly quantized wave functions
all and the one with the dxy(b1g*) orbital – left – is (for small displacements) only
affected in higher order. Also the �-overlap with the dx2−y2 (ag

∗) orbital of t2g* – right
– is not energetically influenced by the Q� motions in first order (see matrix (18)).

are given in Eq. (19).

(18)

1

d+1(−1) = √

2
(dxz + (−)dyz) (19)

The active vibrational z-component of �2g determines the mag-
nitude of the radial distortion parameter in Eq. (10), with Q� = �∗

�.
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he ground state energy is accordingly:

∗(b3g) = 1
2

K��∗2
� − 1

2
V��∗

� − 1
4

L��∗2
� (20)

ielding the following radial distortion parameter and energy sta-
ilisation, respectively:

�∗m
� = V�

2K� − L�

E∗m(b3g) = −E∗
JT = −1

4
V��∗m

�

(21)

The same expressions result, if Q� = −�∗
� is chosen – here with

−1(b2g) as the ground state wave-function (symmetry-equivalent
olution). When higher-order coupling is neglected, the ratio of
∗
JT(b3g) and the stabilisation energy for the D3d minima Ec

JT (Eq.
14)) is smaller than 1 (≈0.75), as expected from the epikernel prin-
iple: D2h* is of lower ranking than D3d. This holds – as DFT shows
vide infra) – also, if derived numerical values for L� and X� (Table 2)
re additionally taken into account. We finally point out, that the
istortion in D2h* is of a different quality compared to that in D3d.

n the latter point group it implies a correlated movement between
he three vibrational �2g components.

We now treat the case of simultaneous coupling of �g- and �2g-
ype displacements with an electronic T ground state more closely,
nd consider particularly the importance of higher-order coupling
erms between Qj (j = �, �) and Qi (i = 	, �, �) displacements.

.4. The Tg ⊗ (�g + �2g) Jahn–Teller interaction

The group-theoretical analysis yields, that in the five-
imensional (E, Q�Q�, Q	Q�Q�) adiabatic potential energy surface
he following epikernels exist (Table 1):

. those typical for T2g ⊗ �g coupling solely: D4h, D2h** (which was
a kernel before);

. those characteristic of T2g ⊗ �2g coupling solely: D3d;

. those, which result from the coupling to both active vibrations:
D2h*, C2h; both were present already in the smaller �2g space, but
have now undergone additional vibronic interactions with �g.

We consider first the extremum points of D2h* symmetry, in
hich a displacement according to Qi (i = 	 or � or �) is com-

ined with a tetragonal distortion according to −1/2(Q� −
√

3Q�),
1/2(Q� +

√
3Q�) or Q�, respectively. We have chosen an elongated

olyhedron (ϕ = 0), because a compression necessarily leads into
he D2h** point group, lacking a coupling with �2g motions. This
ase is visualised in the MO diagram of Fig. 4d. The following matrix
s valid for a displacement (−1/2 �� 0; 0 0 ��) of this type (Table 1),

hen using matrix (1) accordingly and if second-order interaction
erms (Appendix A.1) are added:

(22)

After diagonalisation one obtains for the lowest energy compo-
ent:
(b3g)=1
2

{
K��e2

� +K��∗2
� −V��e

�−V��∗
�−W�e

��∗
�−1

2
L��e2

� − 1
2

L��∗2
�

}
(23)
y Reviews 254 (2010) 2703–2754 2713

The partial differentiation with respect to �� and ��, respec-
tively, leads to

�em
� = V� + W�∗m

�

2K� − L�
; �∗m

� = V� + W�em
�

2K� − L�
(24)

The second-order coupling parameter W arises from the simul-
taneous interaction with �g and �2g modes. From the analytical
expressions for �em

� and �∗m
� one can easily obtain the two quanti-

ties as functions of Vi, Li, Ki (i = �, �) and W solely. The JT stabilisation
energy with respect to the undistorted octahedron is calculated
from Eqs. (23) and (24) to be of the magnitude:

Em(b3g) = −E∗
JT = −1

4
(V��em

� + V��∗m
� ) (25)

The higher-order contribution via W may enhance EJT(D2h*)
beyond the energies resulting from the linear couplings T ⊗ � and
T ⊗ �2, because �em

� and �∗m
� might become larger with respect to

the values in Eqs. (7) and (21) by the presence of a finite W param-
eter (Eqs. (24)). Thus, one cannot exclude with certainty that the
orthorhombic D2h extremum points become absolute minima in
the (E, Q�Q�, Q	Q�Q�) potential surface. The MO scheme in Fig. 4d
displays main features of the considered vibronic interaction – the
T2g ⊗ �g coupling (tetragonal elongation) leads to an orbital doublet
eg as the ground state, which is further split by the coupling to the
�2g mode. The Franck–Condon transition energies between the T2g
split-state manifold at �em

� , �∗m
� and in D2h*, are from matrix (22)

after diagonalisation:

E(b3g → b2g) = V��∗m
� + W�em

� �∗m
� (26)

E(b3g → ag) = 1
2

{
(3V��em

� + V��∗m
� ) + W�em

� �∗m
�

+3
2

(L��em2
� + L��∗m2

� )
}

(27)

LS coupling modifies the JT energy slightly. With 1/2V��∗m
�

∼=
1/2V��em

�
∼= 180 cm−1 and � = 125 cm−1 – values approximately

valid for the TiF6
3− polyhedron (Table 2) – the electronic ground

state is lowered by only further 40 cm−1; this energy contribution
is not of significance in respect to a possible stabilisation of a b3g
ground state as the absolute minimum, however (see Section 3).

We refrain from discussing the lower-ranking epikernel C2h (in
this point group three vibrational components out of five become
totally symmetric, in difference to D2h* where only two compo-
nents transform as Ag) because it is not relevant in the context of
this study.

2.5. Eg ⊗ �g coupling in Oh

While the Jahn–Teller splitting of octahedral 3d complexes with
Tg ground states are usually rather small and difficult to analyse (see
below), orbital doublets show considerably larger vibronic effects.
This is so, because the former states are only �-antibonding, while E
states possess �-antibonding character. Thus, the excited 2Eg state
in the d-d spectra of the TiX6

3− complexes in elpasolites A′
2ATiX6
undergo splitting of nearly 3000 cm−1 for X = F [22,23] and still of
1350 ± 150 cm−1 in the case of the weaker Cl− ligand [24] (Fig. 11).

The theory of E ⊗ � coupling is well available in the litera-
ture [6,18,16]. We shortly summarise the basic considerations. The
vibronic Hamiltonian for a d1 cation has the matrix form (A1, A2 are
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ig. 11. The d–d spectra (powder reflection; 298 K) of elpasolites A′
2ATiX6 (X = F− ,

ubic for A′ , A = Cs, K; Cs, Na; Rb, Na with the unit cell parameters a = 10.74; 10.39;
or the mixed crystals with InIII (bottom, right) decrease linearly with the TiIII conte

efined as positive quantities):

(28)

A1 and A2 are the linear and quadratic coupling constants,
espectively, and Q�, Q� the components of the JT active �g vibration
Fig. 5). The resulting energy equation – when adding the totally
ymmetric restoring energy – is:

−(+) = 1
2

K��2
� − (+)��{A2

1 + A2
2�2

� + 2A1A2�� cos 3ϕ}1/2
(29)

The corresponding potential energy surface (leaving aside the A2
erm) is of the well-known Mexican-hat shape without preference
or any value of the angular parameter ϕ (Fig. 12, left). If the A2
erms are taken into account, the potential energy surface becomes
tructured with three absolute minima at ϕe

m = 0◦, 120◦, 240◦ and
hree saddle-points at ϕc

m = 180◦, 300◦, 60◦; the cited angles refer
o tetragonally elongated and compressed octahedra, respectively
Fig. 12, right).

The symmetry analysis is analogous to that for Tg ⊗ �g coupling
the only epikernel present is D4h, the symmetry of the three

bsolute minima and of the three saddlepoints in the (E, Q�, Q�)
otential surface. All other points possess the D2h** kernel symme-

ry (Table 1). The higher-order coupling contribution comprises,
bove all, the ndz2 –(n + 1)s interaction, which usually determines
agnitude and sign of the A2 increment in the 3dn cases. As may

e deduced from Fig. 13, the choice cos 3ϕ = + 1 supports an energy
owering of the a1g(dz2 ) MO, due to the mentioned interaction with
nd of TiF3 (top part adopted from [23]). The chloride elpasolites (bottom, left) are
Å, respectively, while K2NaTiCl6 is a lower-symmetry variant. The lattice constants
m 10.535 to 10.39 Å.

a1g(4s), and hence a tetragonal elongation. One deduces from Eq.
(29), if E− is minimised with respect to �� (for A2

1 � A2
2�2

�):

�m
� = A1

K� − 2A2 cos 3ϕ

Em− = −EJT = −1
2

A1�m
�

(30a)

The further minimisation in respect to the angular variable
yields:

cos 3ϕm = +(−)1 ⇒ ϕe
m(ϕc

m)

= 0◦, 120◦, 240◦(180◦, 300◦, 60◦) (30b)

and as exact solutions of Eq. (29):

�em
� (�cm

� ) = A1

K� − (+)2A2
; Ee

JT(Ec
JT) = 1

2
A1�em

� (�cm
� ) (31a)

The E–Q� cross section in Fig. 13 shows the absolute minimum at
ϕe

m = 0◦ and the saddlepoint at ϕ = 180◦, appearing here as a relative
minimum. The Franck–Condon transition within a JT-split Eg state
of a six-coordinated dn cation in an elongated and in a compressed
D4h-ligand field, respectively, is derived from Eq. (29) to be of the
magnitude:

EFC = 2�m
� {A1 + A2�m

� cos 3ϕm} (31b)

Because we meet in the context of this study orbital doublets
of Eg symmetry mostly as excited states, as in the d–d spectra in
Fig. 11 for example, the structural properties are determined by

the vibronic coupling within the Tg ground state. Here, as follows
from the preceding subsections, only D4h, D3d or eventually D2h*
extremal points may occur as absolute minima. From these, the D3d
symmetry cannot lift the degeneracy of an eg(Oh) level (Fig. 4c),
and in the case of D2h* (Fig. 4d) we may hence confidently assume
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ig. 12. The potential energy surface for linear E ⊗ � coupling (left) and – in a cro
nteractions (right).

hat it is nearly exclusively the component due to the tetragonal
longation, which splits the orbital doublet, because �2g is not a JT
ctive mode for an electronic Eg state. An angular displacement �˛
Eq. (10)) will slightly weaken the dxy-ligand �-overlap (Fig. 10),
hile the dz2 -ligand overlap stays as it is – thus even diminishing

he splitting of the eg MO. An energy contribution to the splitting
f an eg

* MO (see Fig. 4c) from Q� displacements may hence be
eglected in first-order. We conclude, that a splitting of an excited
g state in the d-d spectra of an octahedral dn cation with a Tg

round state (Fig. 11) either indicates a pure T2g ⊗ �g vibronic inter-
ction according to D4h compression, or eventually hints toward a
2g ⊗ (�g + �2g) coupling, in which only the contribution due to the
tretching mode (D4h elongation) is energetically significant. The
atter is much less distinct than the one in D4h

c, however, due to
he relation �cm

�
∼= 2�em

� (Eqs. (6) and (7)). DFT calculations have

een performed for the three mentioned possible polyhedron sym-
etries in the T2g ground state of a d1-cation and in the excited Eg

tate as well. The results are compared with available experimen-
al data, in particular from optical spectroscopy, in the following
ection.

ig. 13. Cross section of the Mexican hat potential surface along the energy axis
or a cation with one electron in an excited eg* state; parameters are those for the

nF6
3− polyhedron (DFT results): A1 = 2.00 eV Å−1; K� = 9.1, A2 = 0.7 eV Å−2, adopted

rom [9].
tion perpendicular to the energy axis – the warping due to higher order vibronic

3. The Jahn–Teller effect in TiIIIX6
3− polyhedra

3.1. Introductory remarks

In a study on MnIII in hexafluoro-coordination we have found,
that DFT rather well reproduces available structural and ener-
getic results, if the following restrictions are paid attention to
[9]:

a. The calculations have to be performed in a polarisable solvent
continuum for providing a charge compensation of the anionic
complexes.

b. Only energy differences, such as the Franck–Condon transitions,
and the molecular structures at or very near to the extremum posi-
tions of the potential curves should be used. Further away from
such points, the DFT-calculated curves may deviate apprecia-
bly from those derived on the basis of the equations in Section
2. This is illustrated for MnF6

3− polyhedra with an Eg ground
state in Fig. 14, where the DFT curves distinctly deviate from
the harmonic shape assumed here. We further mention, that the
average metal–ligand bond length changes with the extent of
the distortion (structural data from Cu2+ chemistry are in accord
with such DFT results), obviously as the consequence of Eg ⊗ 
1g
coupling. There is no need to consider the latter effect, how-
ever, as long as we stay in the neighbourhood of extremum
points.

c. The energies of orbitally degenerate states are not reliably repro-
duced by Kohn-Sham DFT in its present implementations
because of errors due to the self-interaction of an electron
[25a], when distributed over two or more orbital compo-
nents (eg

1 in Oh → (dz2 )0.5(dx2−y2 )0.5, for example). Such a
distribution usually leads to a lower energy than that in
the case of a one electron/one orbital-occupation. A smart
escape from this difficulty is to choose a lower polyhe-
dron symmetry, where the degeneracy is lifted, though the

molecular structure is kept unaltered (see also Section 12.1)
[25b,9].

d. Interelectronic repulsion is distinctly underestimated by DFT
(see Section 12). Accordingly, in the case of dn cations, the Racah
parameters B and C should be taken from the d–d spectra.
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Fig. 14. Potential energy diagram for the MnF6
3− polyhedron (Eg ground state in

Oh–D4h cross section at ϕ = 0◦ , 180◦), obtained from point-by-point DFT calculations
in a solvent continuum, and the alterations of the average bond length with respect
t
fi
c

3

r
n
b
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V
p
p

o aaver. = 1.93 Å at the minimum position for the a1g
1 curve (bottom and amidst); the

gure on top displays the a1g potential energy branch in comparison to the harmonic
urve, resulting from the here applied theory (adopted from [9]).

.2. Energy and structural results, from DFT and experiment

Table 2 summarises the DFT results for TiX6
3− polyhedra with

espect to the T2g ground state, and the derived parameters. We
ote here, that, besides eV, we use also cm−1 as the energy unit,
ecause the latter is common, if optical transitions are considered;
he conversion relationship is: 1 eV ≡ 8065 cm−1.

D4h: The T2g ⊗ �g parameters V�, K� and L� (vanishing) are calcu-
ated from the optimised radial distortion parameters �cm

� and �em
� ,

nd by utilising the Franck–Condon transition at �cm
� (Eqs. (5c), (6)

nd (7)).
D3d: Similarly, the T2g ⊗ �2g vibronic constants V�, K�, X� are

btained from the DFT values for �cm
� , �em

� and for Ec
FC at �cm

� (Eqs.
14)–(16)) – taking notice of Eqs. (9) and (10a) in addition.
D2h*: The D4h coupling constants V� and K� are already known.
� and K� are not necessarily identical with the corresponding
arameters in D3d, because the distortion pathway in the latter
oint group implies three strongly correlated ligand displacements
y Reviews 254 (2010) 2703–2754

of the D2h*-type; accordingly they are treated as unknown param-
eters besides W and L�. The quantities in question are derived by
a best fit to the DFT values for �em

� , �∗m
� (Eq. (24)) and the two

Franck–Condon transition energies between the split states of the
octahedral T2g parent ground state: B3g → B2g, Ag (Eqs. (26) and
(27); Fig. 4d).

Considering first the fluoride complex, the JT stabilisation
energy is distinctly larger for the tetragonal (275 cm−1) than for
the trigonal distortion (160 cm−1). This is in accord with d–d spec-
troscopy, where a splitting of the Eg excited state is observed
[22,23], for which a T2g ⊗ �2g coupling of D3d symmetry cannot
be responsible (Fig. 11). In D2h*, the optimised radial distortion
component �em

� for the T2g ⊗ (�g + �2g) coupling is, within the mar-
gin of error, identical with the respective D4h

e value (Eqs. (7)
and (24)), indicating a vanishing second-order εg–�2g coupling con-
stant W. The coupling constants V� and K� in D2h* are enhanced
by ≈0.15 eV Å−1 and 0.6 eV Å−2 with respect to those in D3d. The
derived ground state stabilisation E∗

JT (180 cm−1) is slightly larger
than the one in D3d – but considerably smaller than the D4h

c energy.
Even when taking the small contribution from LS coupling (vide
supra) into account, the D4h

c extremal points remain the absolute
minima in the T2g ⊗ (εg + �2g) potential surface. This conclusion is
confirmed by results for the excited Eg state, which we consider
below. The ratio between the linear vibronic constants for T2g ⊗ �g

and T2g ⊗ �2g coupling is about 1.65(25), the one between the totals
of the higher-order coupling and force constants in the expres-
sions for � (Eqs. (7) and (14)), in D4h

c and D3d
c respectively, is:

(K� + L�)/(3K� − 2X�) ≈ 1.9(3); accordingly, in spite of V� being larger
than V�, even more pronounced angular distortions �� result in
comparison to those (��) induced by stretching vibrations (Table 2).
The energy effect is smaller in the T2g ⊗ �2g case, however – �2g
is a softer mode than �g. After all, DFT says, that the ground state
splitting and the polyhedron distortion is exclusively caused by Tg ⊗ εg

coupling. For the derivation of A1, A2 and K ′
� (the dashed restor-

ing force constant refers to an excited state and is expected to be
smaller than the one in Table 2 in D4h) we use DFT optimised excited
state value for �′cm

� and �′em
� (see Eq. (30a)) as well as the experi-

mental excited state splitting in the spectra of A′
2ATiF6 elpasolites

(2900 ± 200 cm−1) [22,23] – here applying Eq. (31b), but of course
with the ground state distortion �cm

� (Table 3). Though the calcu-
lated electronic Franck–Condon transition from 2B2g to 2B1g at �cm

�
reproduces the experimental energy within 200 cm−1 (Fig. 11), the
position of the 2A1g state is not properly mirrored – DFT exagger-
ates the energetic effect of the a1g(nd)–a1g((n + 1)s) interaction (see
the discussion in Section 7.1). In D2h*, the 2B3g → 2B1g transition
(see Fig. 4d) is calculated to appear at 18.0 × 103 cm−1, significantly
lower than the experimental energy (Table 3). This observation
confirms, that a pure T2g ⊗ εg coupling governs the energies and the
molecular structure of the TiF6

3− polyhedron. The resulting A1 cou-
pling constant is considerably larger than V� – the latter imaging a
�- and the former a �-antibonding effect (V�/A1 ∼= 0.36). The mag-
nitude of A1 – and of A2 as well – is consistent with that for MnIII in
the same type of solids, but with an Eg ground state (see Table 13)
[9].

The DFT-calculated vibrational energy for the JT active �g mode
is 380 cm−1, in the range of reported experimental values for
other MIIIF6

3− complexes with MIII centres from the 3d series: FeIII

(374 cm−1) and GaIII (398 cm−1) [26], and close to the DFT energy for
CrF6

3− (417 cm−1). The ratio 
� between the (T2g ⊗ �g)–JT energy
and the zero-point energy �
� is near to 1 (0.73; Table 2), indicat-
ing an intermediate-type vibronic coupling effect. Apparently, the
lowest vibronic level is reasonably well localised in either one of

the three wells in the ground state potential surface (Figs. 6 and 7),
justifying at least approximately the procedure applied for the
derivation of the A1, A2 parameters from the apparent excited state
splitting. LS coupling leaves the energy landscape nearly unchanged
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Table 3
Excited state properties (estimated values in brackets) for polyhedra TiX6 in elpasolites (X = Ft, Clt) and TiF3 (X = Fb); besides the derived vibronic parameters the ligand field
strength � is listed.

E (B2g → B1g
a or B3g → Ag

a) E (B2g → A1g
a or B3g → B1g

a) �b A1 (eV Å−1) K� , A2 (eV Å−2) �′cm
� , �′em

� (Å)

Ft, exp. 15.9 18.8(3)c 16.8 – – –
Calc. (D4h

c) 16.1a –d – 2.25 7.8e 1.1 0.222e,f 0.400e,f

Calc. (D2h*) –d 18.0a – – – –
Fb, exp.g 14.1 17.7(2)c ∼=15.3 [∼=2.9] [∼=12] [∼=1.3] –
Clt, exp. 11.4(1)c 12.8(2)c 12.0 – – –
Calc. (D4h

c) 12.0a – – 1.80 5.0e 1.2 0.241e,h 0.685e,h

a If the (correct) assignment according to D4h
c compression, or the one in D2h* (in the fluoride case) is chosen, respectively; energies in 103 cm−1.

b Taking the calculated electronic ground state stabilisation energy due to the vibronic T2g ⊗ �g coupling into account (see Fig. 4b); energies in 103 cm−1.
c In parentheses: (±) variation width.
d Not correctly accessible to DFT (see text).
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e Excited states’ values (=K�
′).

f 2.092 (4×), 1.900 (2×) Å (aav = 2.028 Å) and 1.913 (4×), 2.259 (2×) (aav = 2.028 Å
g Estimated magnitudes for the 2T2g ground state parameters are: V� ≈ 1.00 eV Å−
h 2.567 (4×), 2.358 (2×) [aav = 2.497 Å] and 2.381 (4×), 2.788 (2×) [aav = 2.517 Å],

ue to the large V���/� ratio of 4.4 (�/�0 ∼= 0.8, �0 = 155 cm−1 [27];
ig. 8, Eq. (8b)). The �2g vibrational energy is estimated by DFT
o be of the magnitude 200 cm−1, lower than the one reported
or GaF6

3− (281 cm−1) [26], but very near to the DFT value for
rF6

3− (195 cm−1). The ratio 
� between EJT and the zero-point
nergy is similar to 
� (0.80) – but bears no relevance, because
he Jahn–Teller coupling via the �2g mode does not refer to abso-
ute minima in the D3d and D2h* point groups. We think, that the
T interaction within the TiF6

3− polyhedron (and in D4h
c) is large

nough to justify a treatment without explicitly accounting for the
ibrational structure, at least in satisfactory approximation.

The elpasolite solids, whose d–d spectra are shown in Fig. 11, are
ubic at 298 K, and for Cs(Rb)2KTiF6 Ti–F bond lengths of 1.962(8) Å
re reported [28], in perfect agreement with the averaged distance
rom DFT (Table 2). Because the spectra definitely demand a dis-
orted octahedron, the Jahn–Teller coupling is obviously dynamic
t 298 K, freezing into a static distortion only at lower tempera-
ures. The estimated ground state splitting, deduced from magnetic

easurements [22] is smaller (∼=400(40) cm−1) than the DFT value
830 cm−1; Table 2) – not unexpected in regard of the involved
ynamic/static implications.

The ground state Jahn–Teller coupling in TiCl63− (D4h
c) is com-

arably much weaker. The linear coupling constant and the radial
istortion parameter are smaller by a factor of 0.33 and 0.60, respec-
ively, than in the fluoride case (Table 2), yielding a ratio of only 0.19
etween the respective JT stabilization energies. The latter number
eflects the considerably less pronounced energetic �-sensitivity
f the larger and softer chloride ligand with respect to changes of
he bond length. The D4h

c extremum points are again absolute min-
ma in the T2g ⊗ (�g + �2g) potential surface; the JT interaction in D3d
nd also in D2h* is nearly vanishing. The vibrational �g energy is cal-
ulated to be of the magnitude 206 cm−1. It cannot be seen in the
aman spectrum, but is usually located between 
1g and �2g, which
re observed at 310 and 133(8) cm-1, respectively [24]. Unfortu-
ately, the force constant K� cannot be derived from DFT with
ufficiently high precision, in order to see whether the calculated
2g vibrational energy matches with the experimental value. There
re only few experimental studies on the ground state properties of
ctahedral TiIII, and only one with halide ligands [24]. From EPR and
agnetic data of the elpasolites Cs2KTiCl6 and Rb2NaTiCl6 a ground

tate stabilisation by the Jahn–Teller effect between 25 cm−1 (static
pproach) and 110 cm−1 (dynamic treatment) is estimated. The
FT energy (Ec

JT
∼= 50 cm−1, Table 2) is within this range. The ratio

c
etween EJT and �ω� is 0.26, which is rather low and suggests a par-
ial quenching of the JT coupling. Magnetic and EPR data [24] are in
upport of such a suppression, having the comparatively long time
rame of these methods in mind. The scarce structural data indi-
ate cubic lattices for the two above mentioned elpasolites at 298 K,
ectively.
≈ 0.083 Å , EJT

c ≈ 0.041 eV.
tively.

but small distortions at lower temperatures, which are induced by
strains due to structural packing effects. In view of these results it is
striking in the first instance, that the optical transitions in the d–d
spectra still reflect a ground state splitting of the JT type. Obviously
the optical excitation is still fast enough to avoid time averaging
as in the three other mentioned physical methods. Thus, at least
the lowest vibronic level seems to be localised in either one of
the three D4h

c wells of the ground state adiabatic potential sur-
face. For the calculation of A1 and A2 we adopt, as in the fluoride
case, besides the radial distortions in the 2B1g, 2A1g (2Eg) states
from DFT, the observed excited state splitting in the d–d spectra
(Fig. 11c) – supposing, that vibrational effects will not too signif-
icantly obscure the band shape. The splitting is 1400(200) cm−1

and remains unchanged, when diluting TiIII on the octahedral lat-
tice position by InIII; it is still recognisable in the low-temperature
spectrum, where the intensity drops to nearly zero due to the cen-
trosymmetric colour centre (Fig. 11d). When applying the same
procedure for the calculation of the vibronic parameters in the
�-antibonding excited Eg state as for TiF6

3−, one obtains the numer-
ical values collected in Table 3. Very interesting is the observation,
that the A1 coupling constants do not differ too much for fluoride
and chlorides as the ligand, while V� is only 1/3 of the fluoride
value in the chloride case. Apparently, the �-covalence in tran-
sition metal–halide MIII(II)–X bonds is more distinctly enhanced,
when substituting F− by Cl− as the ligands, than the �-overlap;
this phenomenon is well-known to experimental chemists.

A preliminary conclusion might be that the Jahn–Teller coupling
in TiX6

3− (X = Cl−, F−) complexes is weak, and particularly in the Cl−

case not far from the limit of suppression by vibrational mecha-
nisms. However, at least for the fluoride ligand, one can expect that
the linear coupling is large enough to cause a significant enhancement
of polyhedron distortions and energy effects by vibronic interaction, if
lower-symmetry elastic and binding strains in the chosen host struc-
tures are present. We will study such phenomena in Section 4.

3.3. The presence of bridging ligands

Structural data [28] and d–d spectra [22,23] are reported for TiF3,
which crystallizes in a distorted ReO3 lattice variant with regular
Ti(Fb)6 octahedra and fluoride ligands, which are bridging between
two TiIII-centres in the VF3-type lattice (Fig. 2c); the bridging angle
is 150◦ and the Ti–Fb bond length is 1.964 Å [28] – practically iden-
tical with the ones (see above) in the elpasolites (lower indices

b and t: bridging and terminal, respectively). In order to obtain
approximate vibronic coupling data for the Ti(Fb)6 polyhedron, we
consult results for the corresponding MnIII complex, as it exists in
MnF3 – with an 5Eg ground state in Oh. Here the linear coupling
constant A1 was 30% and the second-order coupling parameter A2
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Fig. 15. Semiquantitative MO diagrams for the Ti(Fi)6 polyhedra in elpasolites (i = t;
left) and in TiF3(i = b; right). The two schemes are related to each other via the sup-
position that the centre of gravity of the antibonding energies (CG) is identical for Fb

and Ft, (see text). The resulting �ec energy (∼=0.12 eV) originates from the different
effective charge (ec) on the metal atom due to a central field covalency contribution,
which is larger for the Ti–Ft than for the Ti–Fb bond [9]. The used AOM parameters
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re (in 103 cm−1): e⊥
� = 1.03, e⊥

� = 6.67, e‖
�(eff) = 8.12 (t), and e⊥

�
∼= 1.4, e⊥

�
∼= 6.6,

‖
�(eff) ∼= 8.4 (b); they refer to the axial (||) and equatorial (⊥) bond lengths in the D4h,
ompressed, octahedra. The antibonding energies are estimated with the reasonable
ssumption: e||

�/e⊥
� = 1.4; otherwise the energies in Tables 2 and 3 are used.

s well as the force constant were 20(5)% larger than in the elpa-
olite case. We refer to Section 7 and Table 13 for the respective
easoning and the basic experimental data. Utilising these infor-
ation and the splitting energy of the excited 2Eg state in the d-d

pectrum of TiF3 (0.45 eV [22,23] – Fig. 11b), the data in Table 3
esult. From these one obtains via Eq. (31) a polyhedron distor-
ion of �cm

� ≈ 0.08 Å and via Eq. (6) a linear coupling constant of
� ≈ 1.0 eV Å−1, by ≈20% larger than for the complex with terminal

igands. A comparison with V� for the Mn(Fb)6 complex and hence
n analysis of the �-antibonding splitting of the excited 5T2g state
s not possible, because the respective absorptions are obscured
y quintet–triplet transitions (Fig. 29) [29]. After all, the polyhe-
ron distortion is about equal to that in the elpasolites, while Ec

JT
s 20% larger, in essential agreement with available magnetic data
22]. Apparently, the Jahn–Teller distortion is here also dynamic at
98 K, becoming static only at lower temperatures. The semiquan-
itative MO schemes in Fig. 15 model the binding properties within
he hexafluoro-complexes of TiIII in elpasolites and in TiF3, as will
e discussed below.

For a closer analysis of the binding properties of the fluoride
igands toward an MIII(3d) cation the angular overlap model (AOM)
30] is the method of choice. The linear and higher-order vibronic
oupling constants for �g-type ligand displacements can be readily
xpressed in terms of AOM energy parameters ei (a: metal–ligand
istance) [6]:

� = 2√
3

(
de�

da

)
(32)

1 =
√

3
2

(
de�

da

)
; A2 ∼= 3

4eds

(
desd

da

)2

The latter are defined as accounting for the antibonding effect
ith respect to the free 3d cation:
i = kiS
2
i (i = �, 
; sd) (33)

ut with an effective charge (ec) as in the complex. The charge
eduction with respect to the formal oxidation state due to the
lectron flow from the ligand to the central cation defines a
y Reviews 254 (2010) 2703–2754

binding phenomenon, which C.K. Jórgensen called central field cova-
lency [10]. In Eq. (33), the Si are standard overlap integrals of
the metal-3d with the s- and p-ligand orbitals, and the ki mea-
sure, how effective this orbital overlap is energetically. The ei
energy effects originate from weak covalent bonding, and com-
prise metal 3d-to-ligand antibonding interactions (here specifically
within the antibonding eg* and t2g* MO manifold), which are
caused by orbital overlap effects between cation and ligands at the
respective effective charges. We may conceptually relate the latter
covalent bond energy increments to what C.K. Jórgensen defined
as symmetry-restricted covalency [10]. In Eq. (32) it is assumed,
that the higher-order coupling via A2 is solely determined by the
ndz2 − (n + 1)s interaction; the respective AOM parameter is esd
[30], which plays a dominant role in the interplay between the
elongated and compressed conformations of a Jahn–Teller distorted
octahedron. Considering explicitly the D4h distortion of an octahe-
dral complex, switching from the general definitions to the AOM
energy parameters connected with the eg and t2g molecular orbitals
and from a to the radial distortion parameter �, one obtains:

E�(b1g
∗) = 3e⊥

�, E�(a1g
∗) = 2 e||

�(eff) + e⊥
�; e||

�(eff) ≡ e||
� − Eds

(34)

E�(b2g
∗) = 4e⊥

� and E�(eg
∗) = 2(e⊥

� + e||
�) (35)

The notations || and ⊥ refer to the z-axis and the xy-plane,
respectively.

In Fig. 15 the MO diagrams of an MIII(Ft)6 and an MIII(Fb)6 com-
plex are displayed side by side. The used energies are from DFT and
optical spectroscopy for MIII = Ti (ground state splitting and optical
transitions to a1g* and b1g* – see Figs. 7 and 11), which – with the
arbitrary, but reasonable choice e||

�/e⊥
�

∼= 1.4 for the tetragonally
compressed complexes – allows one to calculate the AO parame-
ters ej

i
(j = ||, ⊥; i = �, �). The two diagrams are related to each other

via the assumption that the centres of gravity (CG) for the five MOs
are identical in energy in the two cases; we base this supposition
on the observation that the magnitudes of the Racah parameters of
interelectronic repulsion B, C – which are probes of the total d-bond
covalency (nephelauxetic effect [10]), and which can be deduced
from the d–d spectra in the case of 3dn–MIII cations with 1 < n < 9 –
do not depend on whether the fluoride ligands in MIIIF6 complexes
(MIII: V to Co) are terminal or bridging (vide infra). The derived
AO parameters are listed in the caption of Fig. 15; in particular, e⊥

�
and e||

� are larger in the case of the Ti(Fb)6 polyhedron. Accordingly,
the ligand field strength is smaller (Fig. 15), when recalling that
� = 3e� − 4e�. A further significant result is, that the zero-points
on the energy scale are different in the two cases. The central field
covalency is larger for Ft, due to a more pronounced charge flow
toward the metal caused by the higher negative formal charge (−1).
In the case of Fb the formal charge is less negative (−0.5), leading
to an effective charge on the metal, which is less reduced in respect
to (+3) than in the M(Ft)6 polyhedron. The energy difference �ec

reflects this (ec: effective charge) and will be a significant quantity
when treating complexes, in which Ft and Fb ligands are simul-
taneously present. We summarize [9]: The total bond covalency is
similar for the two kinds of ligand, while the total bond strength – and
hence (mostly due to the smaller negative charge on the Fb-ligand) the
ionic bond increment – is larger for the terminal ligand. Partitioning
the bond covalency into a part, which measures the ligand-to-metal
charge flow (central field covalency [10]), and an increment stem-
ming from orbital overlap (symmetry-restricted covalency [10]),

one obtains Ft > Fb for the former and the reverse sequence for the latter
contribution.

We are now ready to discuss structural and spectroscopic
[31,32] results for solids AITiF4 (AI: Na [33], K [34], Rb, Cs [35])
which crystallise in the TlAlF4 structure (Fig. 16 top) or in lower-
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ig. 16. The tetragonal unit cell of TlAlF4 (above) and the also tetragonal TlAlF4-typ
ngles in the trans-Fe(Ft)2(Fb)4 polyhedra (bridging angle Fb–Fe–Fb: 166.4◦) are sho

ymmetry variants of this type. In the single trans-MIII(Fb)4(Ft)2
−

omplexes, constituting the lattice, terminal and bridging ligands

perpendicular to and in the planes, respectively) are simultane-
usly present. The polyhedra are tetragonally compressed (Table 4),
ven if the ground state is vibronically stable, as in the compounds
ith FeIII (6A1g(d5) ground state in Oh). The corresponding strain-

nduced bond length anisotropy – measured by �s ∼= 0.105(1) Å (Eq.

able 4
tructural data – references, see text – for the trans-MIII(Ft)2(Fb)4

− octahedra (MIII-
b ≡ a⊥; MIII-Ft ≡ a||; aver. bond length aav – in Å) in TlAlF4-type lattices (Fig. 16).
ata, estimated from spectroscopic results, are set in brackets.

MIII AI a⊥ (4×) a|| (2×) aav �c
ε

a

Fe Kb, Rbc,d, Csc 1.963(5) 1.871(9) 1.932(4) 0.105(12)
Ti Nab 2.022 1.877 1.973 0.168

Kb 2.009 1.887 1.968 0.141
Csb 1.998 1.877 1.958 0.140

V Kb, Rbc, Csc [1.97 ± 0.04]e [1.88] 1.94 [∼=0.125]e

Cr 
-Rbd,Tlc ∼=1.935 ∼=1.845
f 1.905

f ≈0.105
f

Co Csc 1.969 1.812 1.917 0.181
Lid,g 1.964 ± 0.034 1.827 1.919 0.173

a Observed distortions; induced by the structural strain solely in the case of: FeIII ,
rIII .
b Orthorhombic structures, with mutual layer displacements.
c Tetragonal or pseudo-tetragonal structures.
d The �-modification of RbCrF4 is reported to crystallize similar to Cs(K)CrF4

Table 12).
e The V–Fb bond lengths in the x–y-plane (Fig. 30) – 1.93 and 2.01 Å (ϕm ∼= 137◦

223◦)) – presumably equilibrate, either dynamically or even due to vibronic
uenching, with � decreasing to an apparent value of ≈0.105 Å (see text).

f Adopted in comparison to FeIII with an equally non-degenerate ground state.
g Structure description according to the topology of a dirutile-type lattice [92];
ith a distinct orthorhombic component of the polyhedron distortion in the Co(Fb(4)
lane.
cture of CsFeF4 [40] with puckered layers (bottom, right); bond lengths and bond
the left – partly adopted from [40].

(4b); Table 4) – occurs, though the bond distances in the FeIII(Ft)6
3−

complexes of the elpasolite RbNaFeF6 – 1.933 Å [36] – and in the
FeIII(Fb)6 polyhedra of FeF3 – 1.923 Å [37] – are nearly equal, and
also of the same magnitude as the averaged bond length in the
TlAlF4-type solids AIFeIIIF4 (AI = K [38], Rb[39], Cs [40]; Table 4).
Apparently, different binding properties are not necessarily reflected
by different bond lengths; a pronounced distance effect occurs, how-
ever, in cases as here (Fe(Ft)2(Fb)4

− octahedra), where the same
ligand occurs partly in terminal and partly in bridging function.

In order to learn about the structural and electronic properties
of a Jahn–Teller complex, in which part of the ligands is substituted
by ligator atoms with (slightly) differing binding and elastic charac-
teristics, a novel strain model is proposed by one of us (D.R.), which
is introduced in the following section.

4. The strain model

4.1. The elastic and the binding strain

We look upon the Ti(Ft)6
3− octahedron, as it occurs in elpaso-

lites, as the parent complex; the partial substitution of terminal
(Ft) by bridging (Fb) ligands is considered as a non-random strain,
imposed on the system. One component of this strain is surely of
elastic origin, because Fb is tied up in the bulk of cooperative lattice
vibrations to a much larger extent than the (approximately) termi-
nal ligands. In the frame of our treatment we take account of this

strain increment by introducing an addition: Ks(ϕs) to the force
constant, which depends on the deviation (ϕ–ϕs) of the angular
parameter from that structural conformation, which is favoured by
the elastic properties of the TiIII octahedron (lower index s denotes
strain). In the specific case of replacing four Ft- by Fb-ligands in one
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ctahedral plane, studied here, ϕs is chosen in such a way, that it
ases a polyhedron distortion along the 
1g (�g) pathway toward
tetragonal compression – following the structural observation in

he FeIII(Ft)2(Fb)4 polyhedron:

Est = −Ks�2
� cos(ϕ − ϕs) ⇒: = Ks�2

� cos ϕ, for ϕs = 180◦

(36a)

The proposed expression is symmetry-related to the angular
ependence of the cubic third-order diagonal term occuring in the
oupling to the �g mode [6]:

3Q�(Q 2
� − 3Q 2

� ) = A3�3
� cos ϕ(1 − 4 sin2 ϕ) (36b)

Depending on the sign of A3, it favours or destabilises a tetrago-
al distortion in anyone of the three potential wells of the adiabatic
otential surface (Fig. 6). If one wants to stabilise a D4h distor-
ion only in one potential well, the factor in parenthesis – which

akes the three wells energy-equivalent – is omitted, leaving a lin-
ar cos-dependence as chosen in Eq. (36a). The Ks-term breaks the
ymmetry by the introduction of an angular term, which favours
he minimum at ϕs = 180◦ in the present case and, in particular,
estabilises an elongation along the Ft–Fe–Ft-molecular direction
ϕ = 0). The origin of the soft mode behaviour along the 
1g (D4h

c)-
istortion path is the larger total bond strength between FeIII and
t
− as compared to FeIII–Fb

−0.5, with a shorter spacing in the for-
er case. These properties modify, in the here used model, as an

lastic strain the force constant, even if vibronic coupling increments
re not present. The tetragonally compressed FeIII[CrIII](Ft)2(Fb)4

−

ctahedra in solids AFe[Cr]F4 (�s ∼= 0.105 Å; Table 4) with orbitally
on-degenerate ground states thus substantiate the necessity to
ccount for an elastic strain term. However, as shown below, a sec-
nd strain term is needed, if one wants to meet the requirements of
vailable experimental (and calculated) data. The straightforward
ntuitive procedure is the adoption of binding strain components V s

�
nd As

1, which possess the same symmetry as V� and A1 (see matrix (1)
the diagonal elements – and matrix (28), respectively) – the for-
er mirroring the T2g ⊗ �g- and the latter the Eg ⊗ �g-interaction.

he angular coordinate is set constant, however, because the bind-
ng situation – created by the substitution of bridging ligands into
he molecular equatorial plane – refers to d-MOs (here dxy) with
xed orientations in space (ϕ = ϕ′

s). ϕ′
s is not necessarily identical

ith ϕs (Eq. (36a)), but in the present case, where both strain effects
re (at least predominantly) caused by the Ft-by-Fb-replacements,
s = ϕ′

s = 180◦ is valid, because the tetragonally compressed octa-
edra in AIFeIII[CrIII]F4 also demand this distortion angle:

Q s
� = �� cos ϕs ⇒ −��

Q s
� = �� sin ϕs ⇒ 0

(37)

Accounting for the elastic strain contribution via Ks and for the
inding strain component via V s

� , one obtains the following adia-
atic energies for the split states of 2T2g, when restricting to ϕ = 0◦

nd ϕ = 180◦:

1(b2g) = 1
2 (K� + Ks cos ϕ)�2

� + (V� cos ϕ − V s
�)�� + 1

2 L��2
� (38a)

2,3(eg) = 1
2 (K� + Ks cos ϕ)�2

� − 1
2 (V� cos ϕ − V s

�)�� − 1
4 L��2

� (38b)

With ϕm = 180◦ from experiment (and L� ∼= 0) one obtains for the
B2g ground state after minimisation in respect to ��:
sm
� = V� + V�

s

K� − Ks
; E1 = −Es

JT = −1
2

(V� + V s
�)�sm

� (39a)

The index s is meant to denote, that strain effects participate;
sm
� is the experimentally observed distortion parameter for solids
y Reviews 254 (2010) 2703–2754

ATiF4 (0.155(15) Å; Table 4). The Franck–Condon transition energy
within the octahedral 2T2g ground state at this distortion is:

Es
FC = 3

2 (V� + V s
�)�sm

� ≡ 3Es
JT (39b)

The vibronic T2g ⊗ �g coupling and both strain components
favour the elongation of the (equatorial) Ti–Fb bonds, whereby the
�-antibonding energy of the singly occupied dxy MO is lowered in
respect to the octahedral t2g-parent MOs (Eqs. (38a) and (38b)), due
to the action of a by V s

� enhanced coupling parameter and a by Ks

reduced force constant. While the preference of an elongated to a
compressed D4h distortion – or vice versa – is a first-order effect in
Tg ⊗ �g vibronic coupling, it is of only second-order in the Eg ⊗ �g

case. The master equation for the excited state splitting of the com-
pressed TiIII polyhedra in solids ATiF4 at the ground state distortion
�sm

� is:

E′s
FC = 2(A1 − As

1 cos ϕm + A2�sm
� cos 3ϕm)�sm

� (ϕm = 180◦) (40)

Here, we have supplemented A1 by the As
1 contribution accord-

ing to the modified binding situation with respect to the Ti(Ft)6
3−

polyhedron; the second-order constant A2 is assumed to stay
approximately unchanged (Table 3). We refer to Section 7, where
we explicitly consider the strain influence in the case of an Eg

ground state (see Eq. (60)).
Usually, a strain model introduced by Ham [41] is applied in a

case as that considered here. It is formally related to what we call
a binding strain, but does not contain �� as a variable:

Q s
� = S cos ϕs; Q s

� = S sin ϕs (37a)

The demand for a binding strain component becomes imme-
diately apparent, when inspecting the observed and calculated
Franck–Condon energies and distortion parameters for ATiF4 and
the elpasolites in comparison (E′s

FC at �sm
� , Eq. (40), as well as E′c

FC
at �cm

� , Eq. (31); numerical values in Tables 2 and 3). Already in
a coarse consideration, with A2 ≈ 0, an increase of A1 of about 1/3
(As

1 ≈ (1/3)A1) is afforded.
We note, that the introduced semiempirical strain concept orig-

inates from the careful analysis of the structural and spectroscopic
properties of the investigated model-solids and of the data base,
provided by DFT. It provides to solid-state-chemists insight into
the interplay between the Jahn–Teller coupling – which is defined
in reference to a high-symmetry parent structure and rarely met in
the chemical reality – and the structural and binding qualities of the
host compound and its host sites; the latter may modify the ener-
getic and geometric landscape essentially. The, in the first instance,
merely intuitive distinction between elastic and binding strain per-
fectly matches with reality. As an impressive example we quote the
extended range of angular distortions, between pseudo-tetrahedral
and square planar, of CuCl42− anions (charge-compensated by
large counter cations), which is caused by a variation of the force
constant exclusively; here, obviously, the vibronic coupling con-
stants remain unchanged in the vast series of compounds [44].
The analysis by the presented strain model is surely approximate
in character, because we have still utilised the cubic Hamilto-
nian, in spite of the lower symmetry of the strain terms. Without
doubt, however, the proposed discrimination between two types
of strain provides more detailed experiment-related information
than the exact, but rather simplistic Ham approach, which was nev-

ertheless successfully applied to numerous solids in, particularly,
Cu2+-chemistry [42]. A disadvantage is, that a larger reservoir of
experimental results and reliable data from calculations is needed
– which is available in the case of MnIII, for example (see Section
7.2).
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Table 5
Vibronic coupling constants (V� , V s

�; A1, A1
s in eV Å−1 and K� , Ks in eV Å−2)a, Jahn–Teller energies (eV)b and tetragonal splitting parameters (in 103 cm−1) c of the trans- and

cis-configured M(Ft)2(Fb)4 polyhedra in compounds AMIIIF4 (Tables 4 and 11). The radial distortion parameters are also listed.

MIII A V� V s
� A1 A1

s K� Ks EJT ı2 ı1
′ �m

�

Ti Cs, Rb 0.82 0.14 2.25 ≈0.55 9.9 3.7 0.074 0.75 1.8 0.155

V Cs, Rb, K 0.89 0.20 2.00 ≈0.4 12.0 ≈5.9 0.060d 0.6 1.15 0.125
d

Cr Rb, Tl 0.7 ≈0.45 1.8 ≈0.4 7.5 – – 0.65 1.05 0.105
e

Co Cs 0.65 0.21 2.00 0.65 8.1 3.3 0.078 0.8 2.05 0.181

Cr Cs 0.7 ≈0.25
f 1.8 ≈0.45

f – – – 0.4 0.9g 0.097
e

a V� , A1 and K� , L� , A2 are chosen as for the M(Ft)6
3− polyhedra in the elpasolites.

b For the compressed (Ti, Co) and D2h-distorted (V; ϕo
m = 137◦ , 223◦) polyhedra in the absolute minimum of the adiabatic ground state potential surface, respectively

(Fig. 22).
c ı2, ı1

′(ı1) are the splitting, expected or obtained from the experiment (see Fig. 4), and contain energy contributions from central field covalency, in distinction to EJT (see
Sections 6 and 3, for details).

d Data from Fig. 22; the assumption of a suppression of the possibly present orthorhombic symmetry component yields ∼=0.105 Å (see Table 4).
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the one for the full substitution of Ft by Fb (A′
2ATi(Ft)6 → Ti(Fb)3),

consistent with the underlying strain model. A short non-numerical
outline of the above outlined strain model has been previously
presented [7].
Strain-induced values.
f Calculated when using �sb for the cis-Cr(Ft)2(Fb)4 polyhedron distortion (see te
g Cis-elongated polyhedra: ı1.

.2. Solids AITiIIIF4

When analysing the structural and energetic ground state prop-
rties of the TiIII(Fb)4(Ft)2

−-octahedra in solids AITiIIIF4, we meet
he difficulty, that the available experimental and DFT data do not
uffice to determine Ks and V s

� separately. One may evaluate Ks via
he following approximate energy relation, however:

1
2

(K� − Ks)�2
s − 1

2
K��cm2

�
∼= 0 ⇒ Ks ∼= K�

{
1 −

(
�cm

�

�s

)2
}

(41)

Eq. (41) reflects, that the enhancement of the local polyhedron
istortion from �cm

� (Table 2) to �s is supposed to be solely induced
y the action of Ks – if only the elastic energy contributions are
onsidered and vibronic coupling is left aside. It adopts the distor-
ion of the Ti(Ft)6

3− polyhedron, accessible by DFT (�cm
� = 0.083 Å ),

nd the resulting distortion, if four Ft are replaced by Fb ligands
n the corresponding FeIII or CrIII complexes (�s = 0.105 Å). V s

� is
ow also easily accessible, utilising Eq. (39a), with �sm

� = 0.155 Å .
he magnitudes of Ks (derived via Eq. (41)), which mirrors the
tructural-elastic strain, and of V s

� , which comprises the binding
train induced by the larger vibronic coupling within the Ti–Fb as
ompared to the Ti–Ft bonds (from Eq. (39a)), are listed in Table 5.

e learn, that the elastic strain enhances the radial distortion
rom 0.083 to 0.13 Å (Eq. (39a) with V s

� = 0), while the further
ncrease by the binding strain amounts to 0.025 Å. If one factorises
he increase of the JT stabilisation energy from 0.034 to 0.074 eV
Tables 2 and 5) it comes out, that the binding strain participates
ith a factor of {(V� + V s

�)/Vε}2 ∼= 1.4 and the elastic force with a
actor of K�/(K� − Ks) ∼= 1.6. The distortion in compounds with non-
egenerate ground states (FeIII or CrIII) is the result of the soft mode
roperty of 
1g (�g) along the D4h distortion path, which eases
isplacements toward a tetragonal compression and aggravates
otions toward D4h

e, for MIII(Fb)4(Ft) polyhedra.
When evaluating the ground state splitting in the case of

III(Ft)2(Fb)4 polyhedra (Eq. (39b), one has to make allowance of
n additional energy increment �ec (∼=0.12 eV) due to a different
ffective charge, depending on whether bridging or terminal lig-
nds are involved. Thus, as Fig. 15 illustrates, the AOM parameters
||
i
(t) and e⊥

i
(b) (i = �, �) refer to different reference points on the

nergy scale. Because, according to our vibronic model, we have
hosen the parent Ti(Ft)6

3− octahedron as the zero-point of the
nergy scale, a correction has to be applied to the experimental

plitting, in order to match with the AO and vibronic coupling ener-
ies. As we will outline in Section 6.3, the ground state splitting,
s given by Eq. (39b) for the case of the TiIII(Fb)4(Ft)2

− octahedra,
as to be enlarged by approximately 0.06 eV (see the considera-
ions in connection with Eqs. (55a) and (55b)). Having this in mind,
one obtains 3ı2 ∼= 0.28 eV for the expected experimental T2g ground
state splitting (Table 5). The potential energy diagram of Fig. 17
illustrates the strain influence. While the curves for 2Eg (2T2g) do
not differ too much with and without strain, this is different for
the 2B2g ground state and a D4h, compressed, structure. Here, one
observes a considerable change in the shape – generating specifi-
cally a strongly flattened minimum; striking is the enhancement of
the stabilisation energy and of the radial distortion parameter by
the strain influence. The former does not contain the �ec contribu-
tion, which would add an additional ∼=0.02 eV to the stabilisation
energy.

Fig. 18 depicts the d-d spectra of various solids AITiIIIF4
(AI = Na, Rb, Cs). In particular, the excited 2A1g (2Eg) split state at
≈20.5 × 103 cm−1 is very broad and intense and allows only a rough
estimate of the splitting energy (4ı′

1 ≈ 7000 cm−1 or 0.9 eV), which
is by a factor of more than two larger than the one found in the elpa-
solite case (Fig. 11). Correcting the energy by 2/3�ec ∼= 0.08 eV (see
Eqs. (55a) and (55b) and Fig. 15) and utilising �sm

� = 0.155 Å , an As
1

parameter addition of 0.55 eV Å−1 is obtained. The enhancement of
the linear vibronic coupling is about 25%, and hence smaller than
Fig. 17. Cross section of the adiabatic ground state potential surface along the
energy axis at ϕ = 180◦ , 0◦ for the TiF6

3− polyhedra in elpasolites (Eq. (5)), with
the vibronic parameters from DFT in Table 2, and in solids ATiF4 (Eq. (38)), using
additionally the Ks and V s

� parameters in Table 5; the contribution from the �ec

increment is not included in the treatment. The minimum positions are indicated
(�sm

� = 0.155 Å ).
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Fig. 18. d–d spectra [31,32] of solids

. Vibronic coupling in VIIIX6
3− polyhedra

.1. Ground state analysis

We anticipate, that the trend for the extent of the stabilisation by
ibronic coupling follows the sequence D4h

c > D3d
c ≈ D2h* not only

n the case of TiX6 octahedra, but also for VX6 complexes, and will
rove that in the end of this section. The ligand field matrices for
d2 cation in octahedral coordination with a tetragonal distortion

omponent (only spin-triplet states) are summarised in Eq. (42):

(42)

They differ from those given by Perumareddi [45] by being fully
iagonalised with respect to all ligand field parameters and by
ifferently defined tetragonal field splitting parameters. The quan-
ities ı2 and ı1, used here, refer to the undistorted octahedron as
he origin, with the electronic splitting energies obeying the cen-
re of gravity rule [46], which may be considered as appropriate
s long as � is large with respect to ı1, ı2 (see Fig. 4). The chosen
igns of ı2 and ı1 characterise a tetragonally elongated structural

onfiguration, and the diagonal energy of the Oh ground state 3T1g
t2g

2) is set to zero.
The energy matrix for the ground state T1g ⊗ �g coupling of a d2

ation is easily constructed by employing matrix (1) – with V� = 0
nd summing up the one-electron energies. Higher-order L� con-
4 crystallising in TlAlF4-type lattices.

tributions (see Appendix A.1) are omitted, because they are about
vanishing (vide supra), and interactions with excited terms via the
Racah parameter B are not accounted for in this instance (strong
field approximation):

(43)

The diagonal energies have to be supplemented by the restor-
ing force 1/2K��2

� . The absolute minimum appears at ϕ = 0◦ and
the saddlepoint at ϕ = 180◦, characterised by tetragonally elongated
and compressed octahedra and a many-electron 3A2g and 3Eg state,
respectively. Again the signs in the vibronic matrices are chosen
such, that the coupling constants are always positive. The distor-
tion parameters and JT stabilisation energies at these extremum
points are as follows:

3A2g : �em
� = V�

K�
; Eme

− = −1
2

V��em
� ≡ − Ee

JT (44a)

3Eg : �cm
� = 1

2
V�

K�
; Emc

− = −1
4

V��cm
� ≡ −Ec

JT (44b)

The Franck–Condon transition within the ground state at �em
� is

calculated to be of the energy:

Ee
FC = 3Ee

JT (45)

From the DFT optimised values for �em
� , �cm

� and Ee
FC

(Tables 6a and 6b) the coupling constants V� and K�, collected in
Table 7, are calculated. We emphasize that the parameters are valid

in the strong field-approximation. The 3T1g(t2g

2)–3T1g(t2g
1eg

1)
configuration interaction will be considered later.

The influence of spin-orbit interaction in D4h may be taken from
the diagram in Fig. 19, where the electronic energy of the a

3T1g(t2g
2)

split states in dependence on the ratio between the first-order
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Table 6a
Structural (Å) and energy (eV) data for the isolated VF6

3− polyhedron in D4h, result-
ing from spin-unrestricted DFT calculations in a solvent continuum (Rsolv = 0.95 and
1.40 (Å); for VIII and F-I, respectively) – total energies Et (which include the sol-
vent energy increments Esolv) in respect to the 3A2g (eg

2) ground state at −53.878 eV
(Esolv = −21.470 eV); optimised data in italics. Calculations refer to the diagonal ener-
gies in the matrices of Eq. (42); LS coupling is not accounted for.

Config. Symmetry a⊥ a|| aav Et (Esolv)

E1
e eg

2 D4h
a D4h

b 1.918c 1.983c 1.940 ≡0
E2

c eg
1b2g

1 D4h D4h 1.950c 1.918c 1.939 −0.007d

(0.059)
E3

e b2g(eg)1 D4h D2h 1.918 1.983 1.940 0.100c

b1g(b2g)1 (0.016)
E4

c eg
1b1g

1 D4h D4h 2.037 1.894 1.989 1.821d

(0.358)
E5

e eg
1b1g

1 D4h D4h 1.918 1.983 1.940 2.268d

(0.198)
E6

e eg
1a1g

1 D4h D4h 1.885 2.249 2.006 1.871d

(0.428)
E7

e eg
1a1g

1 D4h D4h 1.918 1.983 1.940 2.312d

(0.276)
E8

e b2g
1b1g

1 D4h D4h 1.918 1.983 1.940 2.940
(0.217)

E9
e b2g

1a1g
1 D4h D4h 1.918 1.983 1.940 1.929

(0.182)
E10

e t2g
2 e D4h Oh 1.918 1.983 1.940 −0.026d

(0.014)

a Nuclear arrangement.
b Electronic distribution.
c Used for the derivation of V� and K� (see text).
d Energies too low, caused by self-interaction (see text).
e ≡eg

4/3 b2g
2/3.

Fig. 19. The interplay between vibronic and LS-coupling in the 3T1g ground state of
an octahedral d2 complex.

Table 6b
Structural (Å) and energy (eV) data for the isolated VCl63− polyhedron in D4h, result-
ing from spin-unrestricted DFT calculations in a solvent continuum (Rsolv = 0.95 and
1.75 (Å), for VIII and Cl-I, respectively) – total energies Et (which include solvent
energy increments Esolv) in respect to the 3A2g (eg

2) ground state at Et = −42.449 eV
(Esolv = −17.483 eV); optimised data in italics. Results refer to the diagonal energies
in the matrices (42); without LS coupling.

Config. Symmetry a⊥ a|| aav Et (Esolv)

E1
e eg

2 D4h
a D4h

b 2.374c 2.420c 2.390 0
E2

c eg
1b2g

1 D4h D4h 2.396c 2.373c 2.388 −0.020d

(0.053)
E3

e b2g(eg)1 D4h D2h 2.374 2.420 2.390 0.026c

b1g(b2g)1 (0.006)
E4

c eg
1b1g

1 D4h D4h 2.505 2.329 2.446 1.460d

(0.335)
E5

e eg
1b1g

1 D4h D4h 2.374 2.420 2.390 1.652d

(0.109)
E6

e eg
1a1g

1 D4h D4h 2.335 2.741 2.470 1.535d)

(0.251)
E7

e eg
1a1g

1 D4h D4h 2.374 2.420 2.390 1.794d

(0.063)
E8

e b2g
1b1g

1 D4h D4h 2.374 2.420 2.390 2.113
(0.080)

E9
e b2g

1a1g
1 D4h D4h 2.374 2.420 2.390 1.468

(0.104)
E11

e t2g
2 e D4h Oh 2.374 2.420 2.390 −0.049

(0.014)

a Nuclear arrangement.
b Electronic distribution.

Table 7
Vibronic coupling within V(Xt)6

3− polyhedra (X = F, Cl): DFT results (without and with
experimental data – T1g ⊗ �g and Eg ⊗ �g

a interactions. Ground state T1g ⊗ �2g coupling da

D4h �em
� (Å) �cm

� (Å) aav (Å)

F− 0.075b 0.037 1.939
Cl− 0.053 0.027 2.389

D4h V� A1 (eV Å−1) K� (eV Å−2) K�
′a A2 (eV Å−

F− 0.89b 2.0 11.9 ∼=7.6 0.9
Cl− 0.33 1.1 6.2 ∼=3.65 0.5

D3d �cm
� (Å) �cm

� (Å)

F− 0.015
d 0.02d

a Excited state values, referring to an octahedral t2g
1eg

1 configuration.
b The corresponding effective values accounting for configurational mixing are: V�

eff ∼=
c The calculated B (=Bte) parameters are 470 (F−) and 350 (Cl−) cm−1, those deduced fr
d |�˛′ | = 0.32◦ and 0.42◦ , respectively.
c Used for the derivation of V� and K� (see text).
d Energies too low, caused by self-interaction (see text).
e ≡eg

4/3 b2g
2/3.

Jahn–Teller coupling and the LS coupling constant � (�0 = 210 cm−1)
is displayed. The respective equations, referring to ϕ = 0◦ (180◦), are:

E[a,b�1] = (∓) 1
4 V��� + 1

4 � ∓ 3
4 {V2

� �2
�(±) 2

3 V���� + �2}1/2

E[a,b�5] = (∓) 1
4 V��� ∓ 3

4 {V2
� �2

� + 4
9 �2}1/2

E[�3,4] = (±) 1
2 V��� − 1

2 �

E[�2] = (±) 1
2 V��� + 1

2 �

(46)

One readily sees, that – though LS coupling stabilises the tetrag-
onal compression (by 1/2�) to a larger extent than the elongation
– the 3A2g(eg

2) state is always lowest. In the case of a very weak
vibronic interaction the JT contribution to the a�1 ground state sta-
bilisation is reduced by a factor of 1/2, while in the opposite case

LS coupling is completely suppressed.

We proceed to consider a possible trigonal D3d-type distortion.
The relevant equations, which can be used to evaluate the respec-
tive V�, K� and X� parameters, are easily accessible, by summing up,

– see footnote b – configurational mixing: Tables 6a and 6b), supplemented by
ta for trigonally distorted V(Ft)6

3− octahedra, as derived from DFT, are also listed.

E (B2g → Eg) EJT
e(eV) EJT

c (eV)

0.100 eV 0.0335
b 0.0085

0.025 eV 0.008 0.002

2) � (eV)c calc. exp. ı1 ı2 (103 cm−1)

2.12 2.01(1) 0.62 0.27
1.62 1.55 0.24 0.07

aav (Å) E (A2g → Eg)

1.94 ≈0.013 eV

0.84 eV Å−1, �eff
�

∼= 0.070 Å and EJT
eff ∼= 0.030 eV.

om the d–d spectra, 650 and 525 cm−1 for F− and Cl− , respectively – see text.
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rom matrix (11) and when adding the restoring energy:

E1(3A2g–eg
2) = 3

2 K��e2
� + X��e2

� − V��e
�

�em
� = V�

3K� + 2X�
; Ee

JT = 1
2

V��em
�

(47a)

E2,3(3Eg–a1g
1eg

1) = 3
2 K��c2

� − 1
2 X��c2

� − 1
2 V��c

�

�cm
� = 1

2
V�

3K� − X�
; Ec

JT = 1
4

V��cm
�

(47b)

They are valid for octahedra, elongated and compressed along
trigonal axis, respectively, with the former referring to the min-

mum positions in D3d symmetry. The Franck–Condon transition
ithin the octahedral a

3T1g(eg
2) ground state is accordingly:

e
FC(3A2g → 3Eg) = 3Ee

JT

{
1 − a

1 + 2a

}
; a = X�

3K�
(47c)

While the energy effects for the V(Clt)6
3− polyhedron are below

umerical significance and not given, we discuss some interesting
esults for the fluoride complex. The calculated �em

� distortion at the
elative D3d

e minimum is extremely small (Table 7), and accord-
ngly also the ground state splitting of Ee

FC
∼= 105 cm, if compared to

he corresponding, by a factor of 6 larger, �cm
� and Ec

FC values for TiIII

Table 2). We refrain from giving numbers for V�, K� and X� in view of
he small radial distortion and energy values. It is very probably the
in relation to K�) large X� coupling constant, which mainly dimin-
shes �em

� and EFC in the trigonally elongated structure (Eq. (47a),
III) and enlarges these quantities in the compressed case (Eq. (14),
iIII). In the D3d

c conformation the a1g(to
1) electron cloud is sub-

ect to repulsion by the six ligands at an angle of ≥54.74◦, while in
3d

e the d–electron distribution according to A2g(t+
1t−1) is such,

hat the repulsion angle is with ≥35.26◦ distinctly smaller, with a
orrespondingly more pronounced destabilising effect. In D2h* the
etragonal distortion component is the same as in D4h

c, indicating
gain a vanishing W contribution; �˛ is only about 0.38◦, yield-
ng with �∗m

�
∼= 0.025 Å an equally only tiny distortion. After all we

an confidently assume, that in the d2 case of VX6
3− (X = F−, Cl−)

olyhedra the Tg ⊗ �g coupling clearly dominates the ground state
otential energy surface – even much more pronounced than for
iIII.

.2. Excited state analysis

Inspecting the matrices of Eq. (42), the Racah parameter of
nterelectronic repulsion, B, comes additionally into play, when
onsidering excited states. DFT usually underestimates this repul-
ion energy within open dn shells considerably (see Section 12).

e accordingly prefer to use B as calculated from the d–d spec-
ra (Fig. 20). When translating DFT into ligand field energies, one
hould notice that both concepts are orbital-oriented. Accordingly,
he DFT energies in Tables 6a and 6b, labelled by specific MO config-
rations, refer to the diagonal energies of the ligand field matrices.
ith this information at hand we can readily formulate the follow-

ng master equations for the vertical transitions at the ground state
istortion �em

� :

e
8 − Ee

1 = � + 2ı1 + 4ı2 + 9B (eg
2 → b2g

1b1g
1) (48a)

e
9 − Ee

1 = � − 2ı1 + 4ı2 − 3B (eg
2 → b2g

1a1g
1) (48b)

e
7 − Ee

5 = 6B − 4ı1 (eg
1b1g

1 → e1g
1a1g

1) (48c)

Though in the case of Eq. (48c) the energy difference between

wo orbitally degenerate 3Eg (3T2g, 3T1g) states is involved, it
mplies the excitation of an electron between orbital singlets and
hould hence not be falsified – see Section 3.1 – by self-interaction.
rom the three equations (48) the quantities �, ı1 and B are acces-
ible (Table 7), because the ground state splitting 3ı2 is known
is according to the parameters � = 16,200 (12,500) cm−1 and B = 650 (525) cm−1 for
F− (Cl−). In the fluoride case, a possible tetragonal ligand field component, as seen
by DFT, is indicated via a D4h

e band fitting (a
3A2g (a3T1g) ground state; ı1 = 0.62,

ı2 = 0.27 × 103 cm−1). For the band at ≈10.000 cm−1 [43] see Appendix A.2.

already. Recalling that 4ı1 equals 2(A1�em
� + A2�em2

� ) in the case
of a tetragonal elongation (Eq. (31b); Fig. 4), we need further equa-
tions of condition in order to derive A2 besides A1. We have chosen
the optimised excited state polyhedron distortions for eg

1b1g
1 (D4h

compressed) and eg
1a1g

1 (D4h elongated) for the calculation; the
corresponding state energies in respect to t2g

2 in Oh are obtained
by summation from Eqs. (5a), (5b) and (29):

(Ec
4)′ = � + 1

2 V��� − A1�� + A2�2
� + 1

2 K ′
��2

�

(Ee
6)′ = � − 1

2 V��� − A1�� − A2�2
� + 1

2 K ′
��2

� + 6B
(49a)

Minimisation with respect to �� yields:

�′cm
� = 2A1 − V�

2K ′
� + 4A2

�′em
� = 2A1 + V�

2K ′
� − 4A2

(49b)

With these relations and with the ı1 energy at hand, we readily

calculate the excited state parameters A1, A2, and K ′

� (Table 7). The
latter is an effective force constant, partly reflecting excited state
properties, and correspondingly smaller than K�. The magnitude of
A2 is possibly subject to errors (too large) due to the already men-
tioned deficit of DFT to correctly account for the 3dz2 –4s interaction
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Fig. 21. The d–d spectra of solids AVF4 (AI = Cs, Rb, K) at 298 K. Band assignments
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indicated. The a
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3T1g) state is calculated at ∼=1500 cm−1; the transition to
the 3B1g state (at ∼=29,000 cm−1) is a forbidden two-electron jump. Observed and
calculated band positions are:

AI
b

3Eg
3B2g b

3A2g c
3Eg
D. Reinen et al. / Coordination Che

see Section 7.1) – without touching the gross result, however.
fter all, the DFT calculations allow the determination of the lig-
nd field parameters �, ı1 and ı2 as well as the Racah parameter of
nterelectronic interaction B. On a finer scale, the vibronic coupling
arameters A1, A2, V� and K� were deduced – replacing the coarser
nergy quantities ı1 and ı2. Though we do not want to stress a
ully quantitative significance of the results too much, the obtained
arameter set in Table 7 is very reasonable in relation to that for
iIII. Also the calculated � values are consistent with those derived
rom the d–d spectra (see below). B is about 30% smaller than the
xperimental value. The JT-stabilisation energies are near to those
or TiIII (Tables 2 and 7). The d–d spectra in Fig. 20 do not show
ymmetry splitting at the first glance, thus indicating a regular Oh
oordination. Possibly (vide infra), the Jahn–Teller coupling is sup-
ressed. One reason for the absence of band splitting might be the
onfigurational mixing of the excited state 3A2g (b2g

1b1g
1) state

nto the strong-field ground state 3A2g (eg
2) via the non-diagonal

atrix element 6B (see Eq. (42) and the following section).
The d–d spectra of the elpasolitic solids A′

2AVCl6 in Fig. 20 have
cubic appearance, with the two broad transitions a

3T1g → 3T2g,
3T1g at 11,450(50) and 18,300(100) cm−1, yielding � = 12,500 and
= 525 cm−1. For the Cs, Na compound the band positions are

lightly lower (11,100 and 17,900 cm−1), with a correspondingly
educed � parameter of 12,300 cm−1. All solids are – with the
xception of Cs2RbVCl6 – cubic compounds with unit cell param-
ters 10.08 Å (K,Na), 10.20 Å (Rb,Na), 10.34 Å (Cs,Na) and 10.68 Å
Cs,K) [32]. The third transition of low intensity (→3A2g; two-
lectron jump) is expected to occur at ≈24,000 cm−1, where indeed
discontinuity in the intensity increase toward the charge-transfer

egion is observed. The spectra of the corresponding fluorides
esemble those of the chlorides in appearance, showing the first
wo spin-allowed transitions at 14,850(50) and 23,250(50) cm−1,
imilar to the band positions reported for Cs2KVF6 [47]. The (in Oh,
ut see Section 5.3) derived � and B parameters are 16,200 and
50 cm−1, respectively. The third low-intensity main band should
ccur at ∼=31,000 cm−1. There was earlier [48] much discussion
bout the origin of the broad low-energy band appearing around
0,000 cm−1, which was assigned to the lowest a

3T1g → 1Eg, 1T2g
ransitions [49]. We can unambiguously show [43], however, that
his absorption is caused by VIVOF5

3− impurities and will give evi-
ence for this in Appendix A.2.

.3. The ground state properties due to configurational mixing

We shortly consider the mixing of the eg
2 (t2g

2) ground state
ith the b2g

1b1g
1 (t2g

1eg
1) excited state via interelectronic repul-

ion (mediated by the Racah parameter B) in order to obtain
arameters and energies for the true many-electron ground state
3A2g (a

3T1g) (see the 3A2g matrix in Eq. (42)). The mixing coef-
cients of the respective wave functions in the Oh ground state
re calculated for VF6

3− (with � = 16,200 cm−1, B = 650 cm−1) to
e of the magnitudes c1 ∼= 0.985 and c2 ∼= 0.17. The electronic
round state stabilisation energy (−2ı2) is accordingly reduced to
2ıeff

2 = −2ı2c1
2 + 2(ı1 + ı2)c2

2
∼= −1.75ı2 (with ı1/ı2 ∼= A1/V� ∼= 2.3

rom Table 7), yielding a reduced effective linear coupling con-
tant Veff

� of 0.84 eV Å−1 and, in particular, a by 12% diminished Ee
JT

nergy. After all, the Jahn–Teller stabilisation energy has become
maller by less than 15%, switching from the fluoride complex of
iIII (Ec

JT = 0.034 eV; Table 2) to that of VIII (Eeff
JT

∼= 0.030 eV; Table 7).
his reduction is most likely not the reason, why vibronic coupling
ight be suppressed in the case of the vanadium(III) fluoride com-
lexes. Magnetic measurements, which we have performed with
he cubic elpasolite Cs2RbVF6 (and with Cs2KVCl6 as well), suggest
n only tiny ground state splitting of ≈0.02 eV; this energy is near
o the margin of error of the method. Possibly, as suggested in the
ase of TiIII already, DFT slightly overstates the vibronic coupling.
Cs ≈13.6 ≈14.8 19.5 25.0
Rb 13.4 15.6 20.0 25.4
K 13.4 15.4 19.8 25.5
Calc. 13.5 15.5 19.7 25.0

The JT stabilisation energy of 240 cm−1 is not much smaller than
the zero-point energy of the �g vibration (≈380 cm−1, estimated
from data in [26]), and the Veff

� �eff/�-ratio is – with � = 170 cm−1

(�0 = 210 cm−1 [27] and �/�0 = 0.8) – nearly 3. Hence, both ratios
do not really support a suppression of the Jahn–Teller coupling.
Experimentally, an Oh symmetry of the VF6

3− polyhedra in cubic
elpasolite-type hosts is suggested by a spectroscopic study on V3+

doped K2NaScF6; the 9 K luminescence fine structure of the a
3T1g

ground state does not give any hint for the presence of a lower-
symmetry crystal field component [50]. Nevertheless, we do not
want to entirely exclude, that the d–d spectra in the case of the fluo-
ridic elpasolites might mirror polyhedra with a symmetry deviating
from Oh. A ligand field calculation, using the DFT energies for ı1 and
ı2, is not in contradiction with, in particular, the broad-band char-
acter of the a

3T1g → b
3T1g transition and the distinct asymmetry in

the high-energy descent of this band (Fig. 20).

5.4. The presence of bridging besides terminal ligands

VF3 crystallises in an ReO3-type lattice with almost regular
V(Fb)6 octahedra and bond lengths of 1.935 Å [51], perfectly match-
ing with the (averaged) DFT value (Table 7). The reported spectrum
is, again, cubic in appearance [47]. The � parameter (15,250 cm−1)
is 6% smaller than the elpasolite value, while the B parameter
(650 cm−1) is identical. Inspecting the d–d spectra (Fig. 21) of
AVF4 solids (AI: K, Rb, Cs) with a TlAlF4-related structure (Table 4)
pronounced band splitting and intensity distributions within the
considerably split b

3T1g band occur, which are rather in favour of a
compressed than of an elongated structure; also, a consistent band
fitting, when using matrices (42), is only achieved under this, at
least approximate, presumption.

I
5.5. The strain influence in solids A VF4

We use an analogous procedure to that, introduced in Section 4
and applied to ATiF4 solids, for the evaluation of the strain-induced
parameters Ks (elastic strain) and V s

� , As
1 (binding strain). The former



2 emistry Reviews 254 (2010) 2703–2754

c
c
c
e
b
c
a

M
d
i
w
o
m
t
i
d
d
D
s
o
[
a

�

w

E

p
c

K

d
(

e
i
t
i
t
0
c
�
E
d
a
w
ϕ
h

Fig. 22. Cross section of the adiabatic ground state potential surface along the
energy axis and unfolded along the angular ϕ-path, at �sm

� = 0.125 Å , for the
726 D. Reinen et al. / Coordination Ch

onstant is again considered as a non-cubic correction to the force
onstant K�, which eases ligand displacements toward a tetragonal
ompression and aggravates displacements toward a tetragonally
longated polyhedron distortion. The latter statement holds for the
inding strain parameters as well. The energy equations for a d2

ation in the presence of an elastic and binding strain, at an arbitrary
ngle ϕ, are (see matrix (43), Eqs. (38a) and (38b); ϕs = 180◦, L� = 0)):

E(dyz
1dxz

1) = −V��� cos ϕ + V s
��� + 1

2 (K� + Ks cos ϕ)�2
�

E(dyz
1dxy

1)= 1
2 V���(cos ϕ+

√
3 sin ϕ)− 1

2 V s
��� + 1

2 (K� + Ks cos ϕ)�2
�

E(dxz
1dxy

1) = 1
2 V���(cos ϕ −

√
3 sin ϕ)− 1

2 V s
���+ 1

2 (K�+Ks cos ϕ)�2
�

(50)

Here, the dxy orbital is stabilized by −V s
��� and the dxz, dyz

Os are raised in energy by +1/2V s
���. In contrast to TiIII, the

2 cation VIII aims at a tetragonal elongation (ϕ = 0◦) by the V�-
nduced Jahn–Teller forces, thus in a deviating direction in space

ith respect to the elastic and the binding strain. Accordingly, an
rthorhombic D2h symmetry might result as the energetic compro-
ise. Any angle ϕ between 120◦ (or 240◦) – D4h elongation along

he molecular x (or y) axis – and 180◦ – D4h compression along z –
s obviously feasible. Hence both, Ks and V s

� , favour a D4h
c polyhe-

ron distortion and a doubly degenerate ground state 3Eg (dxz
1dxy

1,
yz

1dxy
1), while the vibronic coupling due to V� tends toward a

4h
e structure and an orbital singlet 3B2g (dxz

1dyz
1) as the ground

tate. One can easily show, that an energy stabilisation along the
rthorhombic distortion pathway is only feasible, if 3B3g(dxy

1dxz
1)

or alternatively B2g (dxy
1dyz

1)] becomes the new ground state. The
bsolute minimum occurs at:

sm
� = 1

2
V�(

√
3sin ϕm − cos ϕm) + V�

s

K� + Ks cos ϕm
(51a)

ith the energy:

− = −Es
JT = − 1

4 {(V�(
√

3 sin ϕm − cos ϕm) + V s
�}�sm

� (51b)

The successive differentiation of Es
JT with respect to the angular

arameter allows one to fix ϕ by the straightforward, but rather
omplex expression:

s

(√
3 − ˛ cos ϕm + V s

�

V�
sin ϕm

)

= 2˛K� with : ˛ ≡ −(sin ϕm +
√

3 cos ϕm). (51c)

The Franck–Condon transitions: dxy
1dxz

1 →
xy

1dyz
1(E(1)

FC ) and → dxz
1dyz

1(E(2)
FC ) within the 3B3g, 3B2g, 3Ag

3T2g) split-state manifold (see Fig. 4d) occur at:

E(1)
FC =

√
3V��sm

� sin ϕm

E(2)
FC = 1

2 {V�(
√

3 sin ϕm − 3 cos ϕm) + 3V s
�}�sm

�

(51d)

For the estimation of Ks we refer to the same consideration as
mployed for the ATiF4 solids (Eq. (41)), namely, that the restor-
ng energy does, approximately, not change if passing over from
he V(Ft)6

3− complex (1/2K��em2
� ) to the M(Ft)2(Fb)4

− polyhedra
n AMF4-type compounds (1/2(K� − Ks)�2

�) – with the condition,
hat vibronic coupling is not considered. The estimated (with �em

� =
.075 Å , �s = 0.105 Å; Tables 4 and 7) strain correction to the force
onstant is rather large (Table 5). We now proceed to derive V s

� ,
sm
� and ϕm from the band splitting energy ı2, thereby utilising
qs. (51). Because the energy ı2 is obtained by band fitting of the

–d spectra in Fig. 21 on the (not necessarily correct – see below)
ssumption of a D4h

c symmetry, we approximately correlate 3ı2

ith EFC = E(2)
FC − 1/2 E(1)

FC , but with the correct angular parameter
m /= 180◦ (Eq. (51d)) and after the experimental splitting (Table 5)
as been reduced by a correction due to the differing central field
V(Ft)2(Fb)4 polyhedra in solids AVF4 (Eq. (50), with the vibronic parameters from
Table 5) – without taking account of the configuration interaction via B and of the
�ec correction. The electronic (dxz

1 dxy
1), (dyz

1 dxy
1), (dxz

1 dyz
1) configurations refer

to 3B3g, 3B2g and 3Ag states in D2h, respectively (see Fig. 4d); energies are in respect
to Oh.

covalency of the terminal and bridging ligands (see Fig. 15 and
Eq. (55a)) by 1/2�ec ∼= 0.06 eV (3ı2 ∼= 0.22 eV ⇒ Ec

FC
∼= 0.16 eV). The

resulting V s
� parameter is somewhat larger in magnitude than for

TiIII, while the ϕm angle of 137◦ (223◦) (Table 4) suggests a strongly
orthorhombic polyhedron structure, closer to an elongation along
one of the Fb–V–Fb axes than to a tetragonal compression along
the Ft–V–Ft axis. The extent of the polyhedron distortion (�sm

� =
0125 Å ) exceeds only slightly the strain-only value of 0.105 Å. Our
results suggest a similar lattice as the one found for AIMnF4 com-
pounds, where an antiferrodistortive order of short and long M–Fb
bond lengths in the crystal planes perpendicular to the M–Ft direc-
tions is well established (Fig. 30). We will discuss this structural
phenomenon in Section 7.

After all, vibronic coupling favours a tetragonal elongation via
V� but, on the other hand, promotes a compression along the z-
axis via the binding strain term V s

� , and the elastic strain Ks as
well. The energetic landscape (without the contributions from the
configuration interaction via B and the effective charge correc-
tion) is illustrated by the ϕ-dependence of the adiabatic ground
state potential curves in a cross section parallel to the energy
axis at �sm

� = 0.125 Å (Fig. 22). The absolute minima occur at
ϕm = 180 ± 43◦ and Es

JT = 485 cm−1 (Table 5); from �sm
� , ϕm and

aav = 1.94 Å in Table 7, one estimates the bond-lengths listed in
Table 4. The energy gap between the D2h-distorted and the D4h-
compressed octahedron at ϕ = 180◦ is only ≈300 cm−1. One may
hence suggest, that the orthorhombic component is either dynamic
– possibly down to rather low temperatures, with equilibrated
VIII–Fb bond lengths of 1.97 Å (Table 4) – or even completely sup-
pressed by the common action of LS coupling and vibrational
quenching, with an apparent distortion parameter of �sm

� (dyn.) ∼=
0.105 Å . The energy of the minimum positions is significantly
affected by spin–orbit interaction; the energy barrier toward the
D4h

c structure at ϕ = 180◦ is thereby lowered by ≈50 cm−1. Hav-
ing further in mind, that configuration interaction also reduces the
JT energy, a suppression of the orthorhombic ligand field compo-
nent seems feasible. The d–d spectra support this supposition –
there is no obvious indication for splitting beyond those due to
the tetragonal compression, as – in particular – the spectrum of
KVF4 indicates (Fig. 21). Accordingly, the extent of the distortion

of the trans-V(Ft)2(Fb)4

− octahedra would be about that induced
solely by the elastic strain, as in Fe(Ft)2(Fb)4

− (rsm
� = 0.105 Å ∼= �s;

Tables 4 and 5). Unfortunately, no structural data for the polyhe-
dron distortion in the TlAlF4-related structures of AIVIIIF4 solids are
available, which could test the predictions.
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We now turn to the estimation of As
1 from the splitting param-

ter ı1, which was obtained via band-fitting (Fig. 21) and has to
e corrected with respect to central field covalency contributions
y 2/3�ec = 0.08 eV (Fig. 15; Eq. (55a)). Adopting the con-
ept of a suppressed orthorhombicity (ϕm = 180◦, �sm

� = 0.105 Å ;
ables 4, 5 and 7), and utilising Eq. (60), which are derived in Section
, a coupling constant As

1 of ≈0.4 eV Å−1 results. Also here a signif-
cant enhancement of the Eg ⊗ �g coupling strength is indicated,

hen switching from the VIII–Ft to the VIII–Fb bond, which is iden-
ical with the one in the case of TiIII (As

1/A1(Ti) = As
1/A1(V) = 0.2).

. CrIIIX6
3− polyhedra

.1. The ligand field parameters

The d3 energy matrices for the high-spin states, including the
istortion parameters ı1, ı2 characterising possible D4h deforma-
ions, are easily derived from those for d2 (Eq. (42)) – recalling
he necessary sign switch for �, ı1 and ı2. The energies – with
espect to the 4A2g(t2g

3) [in D4h: 4B1g(eg
2b2g

1)] ground state and
or a tetragonal elongation – are accordingly [52,46]:

(52)

In Fig. 23 a series of spectra with the cubic elpasolite structure
s collected, with the Cl− ligand [32]. The derived (matrices (52)

ith ı1 = ı2 = 0) ligand field parameters � are smallest, if the size
ifference between A′ and A is largest (Cs,Na) – because there is no
ignificant compression effect on the CrCl63− octahedra in such a
ase. Conversely, � is largest for a combination K, Na (Table 8). With
espect to the interelectronic repulsion parameters we follow the
onsiderations of C.K. Jorgensen, who discriminates between Btt,
te and Bee – depending on whether in the considered MO config-
ration two t2g, one t2g and one eg, or two eg electrons interact
10]. In the d2 case of VIII we have dealt with one-electron exci-
ations t2g

2 → t2g
1eg

1 and hence with Bte exclusively. The latter
acah parameter B (t2g

3 → ∼=t2g
2eg

1) = Bte, derived from the chlo-
ide spectra (Table 8), does not change significantly with the AI,
′I-composition, though a small fluctuation occurs, due to the
ensitivity to reading errors in the position of the second band.
he nephelauxetic ratio ˇ = Bte/B0 (B0 = 920 cm−1 [49] – for the
ree Cr3+ cation) is 0.60(2), practically identical with the value for
Cl63− (0.61; B0 = 860 cm−1) [49]; also � is similar for CrIII and VIII.
s2NaCrCl6 is a hexagonal elpasolite, presumably with the same
2-layer structure as the fluoride analogue (Fig. 26) [53]. By pres-
ure application or by a change of the preparation conditions it can
e obtained as a cubic elpasolite, however. Rb2LiCrCl6 is presum-
bly a hexagonal elpasolite as well, but could not be transformed

nto the cubic structure under pressure; � (13,600 cm−1) and Bte

600 cm−1) are in the range of the values in Table 8. The third spin-
llowed transition 4A2g → b

4T1g – which is expected to occur at
bout 29,000 cm-1 as a weak band (nearly a two-electron jump) –
s lost in the intensity increase toward the charge transfer region.
Fig. 23. d–d spectra of various cubic CrIII-chloride elpasolites at 298 K; the two
bands around 13 and 19 × 103 cm−1 are the transitions 3A2g → 3T2g and → a

3T1g,
respectively (see Table 8).

In Fig. 24 four high-sensitivity solid-state reflection spectra at
77 K are depicted, where various weak spin forbidden transitions
are resolved. Two of them, at 14,600 and 15,200 cm−1 in the region
of the first main transition, are sharp because they occur within
the ground state t2g

3 configuration (negligible � dependence). The
energies of the respective two transitions are – for �/Btt ≈ 20 [54]:

→a
2Eg: 0.04� + 6.4Btt + 3Ctt; →a

2T1g: 0.03� + 7.6Btt + 3Ctt

(53)

yielding a Btt value of 760 cm−1 (with Ctt/Btt = 4) corresponding to
a nephelauxetic ratio of 0.85. The latter is considerably larger than
the one in Table 8, because it involves repulsions within pairs of �-
antibonding t2g electrons only – in difference to the smaller value of
Bte ∼= 550 cm−1, where a more covalent �-antibonding eg electron
participates. Jørgensen has analysed these covalency effects; we
refer to his work, without going into further detail [10]. The third
visible quartet-doublet transition (→ a

2T2g) with an about 0.2�-
dependence is observed at 20,200 cm−1.The � independence of the
two low-energy quartet-doublet transitions (Eq. (53)) can be nicely
followed, when inspecting the spectrum of the cryolite Cs3CrCl6;
here, the ligand field parameter is rather large (13,800 cm−1) – due

3−
to the compression of the CrCl6 octahedron by the neighboured
voluminous Cs+ cation in the A position of this lower-symmetry
variant of the elpasolite structure. A high-resolution single crystal
spectrum of Cr3+-doped Cs2NaSeCl6 at 15 K is reported by Wenger
and Güdel [55], where the mentioned 4A2g → a

2Eg, a
2T1g, a

2T2g
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Table 8
Unit cell (Å) and ligand field parameters (103 cm−1) of cubic elpasolites A′

2ACrCl6.

A′ ,A K,Na Tl,Na Rb,Na Cs,Naa Cs,K1/2Na1/2 Cs,K Cs,Rb1/2K1/2
b Cs,Tl

�c 13.65 (0.60) 13.0 0.53 13.1 0.57 12.65 0.54 12.85 0.56 13.05 0.57 13.0 0.55 12.8 0.54
a 10.00d 10.06 10.14d 10.29 10.44 10.65d 10.68 10.70

a Preparation under pressure (50 kb) or at higher temperatures (see text).
b Cs,Rb: non-cubic elpasolite with � = 13,050 and B = 540 cm−1.
c B, as derived from the 4A2g → a

4T1g transition with the excitation of (approximately)
d Reported already in literature [58].

F
t
1

s
4

(
t
v
d
m
4

e
(
c
t
t

We shortly discuss the structures of hexagonal elpasolites

T
S

ig. 24. d–d spectra of elpasolite-typea CrIII-chloride elpasolites (Cs3CrCl6 is a dis-
orted variant) at 77 K with resolved 4A2g → a

2Eg, a
2T1g and a

2T2g transitions at
4,600, 15,200 and ∼=20,200 cm−1.

pin-flip transitions are analysed in detail. The 7K luminescence
T2g → 4A2g fine structure was interpreted as originating from a
dynamical) D4h

c-type distortion of the magnitude � = 0.135 Å in
he excited state. Our DFT results indicate an only slightly larger
alue (0.153 Å) for the tetragonally compressed Cr(Clt)6

3− polyhe-
ron in the 4B2g (eg

2b1g
1) MO configuration, which represents the

inimum in the adiabatic potential surface of the split octahedral
T2g (t2g

2eg
1) state (see below).

We now turn to the discussion of the corresponding fluoridic
lpasolites. We have measured the spectra of a series of compounds

A′, A: Cs, Li; Cs, Na; Cs, K; Cs, Rb; Cs, Tl; K, Na; K, Li), possessing
ubic structures with the exception of the first two, which crys-
allise with hexagonal structures (Fig. 26). There is an overlap of
he two spin-forbidden (→a

2Eg, a
2T1g) with the first main transi-

able 9
pectroscopic results for solids A′

2ACrF6 – band positions (shoulders in parentheses), ass

4A2g→ a
2Eg a

2T1g
4T2g a

2T2g a
4T1g b

15.2a (15.8) 16.3 (22.8) 23.6 3
15.3b 15.8 ∼=16.2 (22.2) 23.1 3

a Ref. [56] (A′ ,A: K,Na).
b Own results (Fig. 25).
c For the nomenclature: Jørgensen [10] denotes these quantities B55, B35 and B33, respe
one electron from t2g into eg(∼=Bte), is in the average: 550 ± 20 cm−1.

tion (→4T2g) – in difference to the situation for the Cl− ligand, where
they appear in the descent of the latter band; this has been the cause
of some controversy in literature [49] concerning the exact assign-
ment of the observed fine structure. Inspecting Fig. 27, we readily
deduce from the spectrum of CsCrF4, where the two well resolved
and narrow, nearly �-independent (Eq. (53)) quartet-doublet tran-
sitions appear between the two 4A2g → 4T2g split bands, that they
should be positioned at 15,300 and 15,800 cm−1, respectively. This
observation supports the assignment proposed in the single crystal
study of Ferguson et al. [56] (Table 9) and contrasts other ones [57].
Our studies suggest a position of the lowest main band 4A2g → 4T2g
(=�) slightly above the two spin-forbidden bands – though one
should take into consideration that the close neighbourhood of
quartet–doublet and quartet–quartet transitions may lead to an
intermixing of the respective wavefunctions due to non-diagonal LS
coupling matrix elements and, though to only small energetic shifts,
to distinct intensity changes. The ligand field parameters, deduced
from the spectra in Fig. 25 by fitting to the matrices (52), are
summarised in Table 9. We have again discriminated the B param-
eters, depending on whether they originate from �-antibonding
t2g or �-antibonding eg MOs [10]. The nephelauxetic ratio Bte/Bo

nearly equals the one for the VIII elpasolites (ˇ = 650/860 = 0.76;
Fig. 20) also in the case of the fluorides. Because the position of
the second band (→a

4T1g) in the d–d spectra, from which Bte is
evaluated, depends only modestly on B in the chromium(III) case
[54], this Racah parameter may be subject to larger errors, as B
(from b

4T1g(t2g
1eg

2)) ≈ Bee as well. The comparison of published B
parameters is often difficult and confusing, because very frequently
a single B value is used in the band fitting. We think, that it is neces-
sary for a better understanding of the binding phenomenon to use
the more sophisticated approach with different Racah-parameters
for different MO configurations. The derived ligand field strength
� is comparable to the value for VIII. The third main transition
4A2g → b

4T1g of expected weaker intensity due to an approximate
two-electron jump can be observed in the fluoride case, because
the intensity increase toward the charge-transfer bands starts at
higher energies than in the case of the chlorides. The decrease of
the nephelauxetic ratio with increasing occupation of the eg orbitals
(Table 9) nicely illustrates the augmenting d-covalency in the CrIII–F
bond.
(Fig. 26) with a possibly different bonding of the MIII cations
as compared to the one in the cubic analogues [59]. In the for-
mer lattices the transition metal ions may occupy octahedral sites
equivalent to those in the cubic elpasolites with linear MIII–F–AI

ignments and derived parameters (energies in 103 cm−1, C/B = 4).

4T1g � Btt
c Bte

c Bee
c

6.0 –
5.0 16.2b 0.79 (0.86) ∼=0.685 (0.745) ∼=0.62 (0.67)

ctively; nephelauxetic ratios (B0 = 920 cm−1) in parenthesis.
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ig. 25. d–d spectra of elpasolite-type solids A2
′ACrF6 (A′ , A: Cs, Li and Cs, Na hexag

ssignments according to the parameter set in Table 9.

ridging or sites, in which – due to a (partly or fully) face-
onnection between the octahedra – all or half of these bridges
re strongly bent. Because the contrapolarising AI alkaline ions
re ionic in their bonding character, if they are large, a differ-
ng binding behaviour is not expected. If only 3d cations occupy
he octahedral positions and hence MII–F–MII bridges occur, as
n compounds AIMIIF3, a significant weakening particularly of the
-antibonding properties is observed on diminishing the bond

ngles from ≈180◦ (in perovskite) to about 80◦ in the case of face
onnections – indicated by a distinct increase of the ligand field
trength. This has been studied for the solid CsNiF3, which crys-
allizes dimorphically in lattices of the hexagonal perovskite type
see [71]).

ig. 26. Two variants of hexagonal elpasolites with the constitution A2
′AMIIIF6: the structu

dopted from [53].
Cs, K and K, Li cubic) at 298 K in an extended energy range (right), and at 77 K (left);

6.2. Vibronic coupling in excited states

We are now prepared to estimate effective linear vibronic cou-
pling constants V� and A1 also for CrIII. This can be done, by
performing DFT optimisations in the excited states 4T2g, a

4T1g,
resulting from the octahedral t2g

2eg
1 configuration (see matrix

(52)). The procedure is shortly sketched and the respective equa-
tions are given in Appendix A.3. The obtained parameters are

collected in Table 10 and come out to be very similar to those for
TiIII and VIII in the hexa-fluoride polyhedra (Tables 2, 3 and 7); in
the chloride case, where the polyhedron distortions are larger –
the distinctly smaller force constant is the main reason – and the
energetic effects smaller – due to strongly reduced coupling con-

re of Cs2NaTiF6 (space group C3v
1) [60] and the Cs2NaCrF6 type (space group D3d

5),
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Table 10
Estimated vibronic parameters for the Cr(Xt)6

3− octahedra (X = Cl− , F−), derived from DFT when using calculated polyhedron distortions and Franck–Condon transitions
involved in the excited 4T2g, 4T1g (t2g

2eg
1) states (see Appendix A.3).a The average Cr–F bond lengths (in parentheses) are by ∼=0.06 Å larger than the ones in the ground state,

due to the participation of the totally symmetric 
1g mode.

� (Å)b ⇒ eg
2b1g

1 (aav)c eg
2a1g

1 (aav)e eg
1b2g

1b1g
1 (aav)c eg

1b2g
1a1g

1 (aav)e

Cl− 0.153 (2.413) 0.454 (2.439) 0.276 (2.422) 0.371 (2.426)
F− 0.117 (1.958) 0.413 (1.980) 0.238 (1.965) 0.253 (1.965)

EFC
x (eV) x = (a)c (b)c V� A1 A2 K�

′

Cl− 0.848 0.584 0.25 1.0 eV Å−1 0.4 3.5 eV Å−2

F− 1.186 0.949 0.7 1.8 eV Å−1 0.8 7.5 eV Å−2

a The calculated Racah parameters Bte are 360 (Cl−) and 530 cm−1 (F−) – about 30% smaller than the experimental energies (Tables 8 and 9), similar to the situation for VIII
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Fig. 27. The d–d spectra of solids AICrIIIF4 (77K). Band assignments and fitting in
D4h (octahedral parent term designations are indicated above) for AI = Na, K and

T
O
B
p

Table 7).
b The upper indices c and e refer to compressed and elongated, respectively.
c The indices x refer to electronic transitions, as listed in Appendix A.3.

tants – the consistency with the vibronic parameters of TiIII and
III is also mostly striking. We will use the parameter set, derived

or the Cr(Ft)6
3− parent octahedron, in the analysis of the d-d spec-

ra of solids ACrF4 with Ft/Fb-mixed ligand coordination spheres of
rIII. Here, experimental information can be extracted from the d-d
pectra, showing distinct splitting of orbitally degenerate excited
tates (Fig. 27).

.3. The presence of bridging ligands in trans- and cis-positions

The ligand field spectrum of CrF3, with a distorted ReO3 struc-
ure and octahedra with exclusively bridging ligands (Cr–Fb bond
engths: 1.901 Å [61]), shows only the two broad 4A2g → 4T2g, a

4T1g
ransitions [56]. The derived ligand field strength of 14,800 cm−1

s about 9% smaller than in the case of Cr(Ft)6
3− entities, while the

ephelauxetic effect (Bte ≈ 700 cm−1) is practically identical in both
ases – in perfect analogy to corresponding solids with VIII and TiIII.

The investigated compounds AICrF4, whose d–d spectra are
epicted in Fig. 27, possess only in the cases AI = Rb, Tl and NH4 (not
hown) a TlAlF4-related structure with tetragonally compressed
rans-Cr(Ft)2(Fb)4

− octahedra, as can be deduced from X-ray pow-
er data (Table 4) and also from the d–d spectra (see below). The
plitting parameters ı′

1 and ı2, obtained by band fitting to the
xperimental spectra via the matrices in Eq. (52), are near to those
or AVF4 solids of the same structural TlAlF4-type (Tables 5 and 11).
hey are, after correction with respect to �ec (see Eq. (55a)), trans-
ormed into the adiabatic potential analogues via the following
xpressions – for ϕ = ϕs = 180◦ – when utilising Eqs. (39b) and (40):

2ı2 − 0.04 = 2ıcor
2 = (V� + V s

�)�sm
�

2ı′
1 − 0.04 = 2ı′cor

1 = (A1 + As
1 − A2�sm

� )�sm
�

(54)

We choose the distortion parameter to be of the magnitude

s ∼= 0.105 Å from the solids AFeIIIF4; this value should approxi-
ately hold also for the compressed trans-Cr(Ft)2(Fb)4 polyhedra

n the ACrIIIF4 compounds with an equally non-degenerate ground
tate (Table 4) and a similar metal–ligand bond length (Table 12). In
ontrast to TiIII and VIII the distortion is purely due to the action of

Cs – elongated cis-Cr(Ft)2(Fb)4
− octahedra – and for AI = Rb (and Tl) – compressed

trans-Cr(Ft)2(Fb)4
− octahedra; fitting parameters as in Table 11. The spin-forbidden

transitions – in Oh: 4A2g → a
2Eg, a

2T1g – occur approximately within the octahedral
t2g

3 configuration and are indicated for CsCrF4 by dotted lines (see text).

able 11
bserved band positions (in 103 cm−1) and assignments in the d–d spectra of solids AICrIIIF4 (Fig. 27), with cis-(AI = Na, K, Cs) and trans-Cr(Ft)2(Fb)4

− octahedra (AI = Rb, Tl).
est-fit ligand field parameters are listed; the Bte and Bee parameters were taken from Table 9 for reasons given in the text and in order to keep the number of unknown
arameters small.

AI
a

4Eg
4B2g a

4A2g b
4Eg b

4Eg b
4A2g � ı1/ı1

′ ı2

Cs 14.4 16.5 19.4 23.3 33.2 34.0 15.3 1.0 0.4
K ∼=15.5 19.9 23.0 – –
Na ≈14.5 ∼=16.0 20.4 23.2 33.5 (2) 15.3 ≈0.75 ≈0.3
Rb ∼=15.5 14.7 25.0 21.2 ∼=33.9 ∼=33.3 15.6 1.05 0.65

Tl ∼=15.5 14.7 25.0 21.2 – –
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Table 12
Structural data (Å) for the cis-MIII(Ft)2(Fb)4

− octahedra in solids AMF4, which crystallise in the NaNbO2F2 latticea or in a structure with columns of interconnected cis-
polyhedrab (Fig. 28).

AI MIII at (cis) ab (cis) ab (trans) aav Ref. �sb
* �av

*

Na V a 1.871 1.959 1.971 1.934 [62b] 0.109 0.052
Na Fe a 1.874 1.956 1.955 1.928 [62d] 0.094 0.046
Na Cr a 1.861 1.936 1.927 1.908 [62c] 0.082 0.033

29
26

gths (

a
E
i
A

s
o
t

F
a
t
a
i

Cs Cr b 1.851 1.940 1.9
K Cr b 1.860 1.943 1.9

* Calculated from the single bond distances (�sb) and from the averaged bond len

n elastic strain. Utilizing the data in Table 10 (see Appendix A.3) via
q. (54) binding strain components result, which are rather large
n the Tg ⊗ �g coupling case (V s

�) and near to those of TiIII and VIII, if
s is considered (Table 5).
1

Solids AICrF4 with AI = Na, K, Cs crystallise in very interesting
tructural alternatives, in which the polyhedron interconnection
ccurs partly via fluoride anions in cis-position. In the NaNbO2F2
ype [62a] (Fig. 28, Table 12) puckered layers of octahedra share two

ig. 28. The monoclinic and hexagonal structures of NaCrF4 (NaNbO2F2-type – top)
nd CsCrF4 (columns of three interconnected chains – central; adopted from [63]);
he cis-Cr(Ft)2(Fb)4 octahedron in CsCrF4 is shown at the bottom (the Cr–Fb–Cr
ngles in the trans- and cis-directions are 177.9◦ and 149.3◦ , respectively; the bridg-
ng function of the Fb ligands is indicated).
1.907 [63] 0.097 0.039
1.910 [64] 0.088 0.028

1/2{at(cis) + ab(cis)}) perpendicular to ab (trans) (�av), respectively.

ligands in trans-position perpendicular to the paper plane and two
further ligands in cis-position within this plane; solids NaMF4 with
MIII = V [62b], Cr [62c], Fe [62d] adopt this structure. If the AI posi-
tion is occupied by larger alkaline cations, a different interconnec-
tion pattern may occur (Fig. 28; CsCrF4 type [63]) where columns
– consisting of three chains, which are cis-connected in the paper
plane – form the hexagonal lattice. The constituting octahedron in
CsCrF4 is depicted in Fig. 28, bottom. The bridging angles between
two CrIII centres in these structures are between <(Cr–Fb–Cr) ∼= 150◦

and about linear. It is striking, that – choosing FeIII and CrIII with
non-degenerate ground states – the single MIII–Fb bond lengths are
nearly equal, independent on whether they occur in cis- or trans-
positions to each other (Table 12). Furthermore, they do not differ
significantly from the bond lengths found in the trans-M(Ft)2(Fb)4

−

octahedra in TlAlF4-type structures (Table 4). If the binding ener-
getics of the d-orbitals is considered and, particularly, that they
possess an inversion centre, the actual approximate C2v symmetry
of the cis-configured octahedron is regarded as being D4h; the poly-
hedron is elongated along the Fb–M–Fb axis (z), with smaller bond
lengths in the cis-(Fb)2M(Ft)2 plane (xy) – obtained by averaging the
respective M–Fb and M–Ft bond lengths trans to each other (Fig. 28).
The assumption of a tetragonal elongation is confirmed by the posi-
tions of the split transitions of the octahedral 4A2g → a

4T1g bands
and their intensity distributions in Fig. 27, if the spectra of CsCrF4
and RbCrF4 are compared; the centres of gravity of the split bands
possess nearly the same energetic position at 22.3(2) × 103 cm−1

in the chosen assignments. The shoulder, which appears at about
22.500 cm−1 in the ascent (AI = Na, K, Cs) or descent (AI = Rb) of the
4B1g → b

4Eg band, has to be assigned to the octahedral 4A2g → a
2T2g

transition, which is nearly �-independent and should not split sig-
nificantly in a tetragonal field. The solid RbCrF4 is reported to be
dimorphic, crystallising also in a CsCrF4-related structure. Struc-
tural data for solids, in which the constituting polyhedra are of
a cis-MIII(Ft)2(Fb)4

− configuration, are collected in Table 12. The
listed distortion parameters �sb (sb: single bond) were calculated
from these data, utilising the recipe of Eq. (4a); the �av values, which
result when averaging over the at(cis) and ab(cis) bond lengths, are
also given. The �sb distortions in the cases of FeIII and CrIII with
orbital singlet ground states are smaller by about 0.01 Å than those
of the compressed trans-FeIII(Ft)2(Fb)4

− species (Table 4), suggest-
ing that this structural alternative is slightly less preferred by the
elastic strain (smaller Ks force constant contribution).

The AOM energy equations for the compressed trans- and the
elongated cis-MIII(Ft)2(Fb)4

− octahedra in solids AMF4 are, respec-
tively (see the MO schemes in Fig. 15):

t2g : E(eg) = 2{e||
�(t) + e⊥

�(b)} − 1
2 �ec

E(b2g) = 4e⊥
�(b) − �ec

3ı2 ∼= 2{e||
�(t) − e⊥

�(b)} + 1 �ec
2

eg : E(a1g) = 2e||
�(t) + e⊥

�(b) − 1
3 �ec

E(b1g) = 3e⊥
�(b) − �ec

4ı′
1

∼= 2{e||
�(t) − e⊥

�(b)} + 2
3 �ec

(55a)
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t2g : E(b2g) = 2{e⊥
�(t) + e⊥

�(b)} − 1
2 �ec

E(eg) = 2e||
�(b) + e⊥

�(b) + e⊥
�(t) − 3

4 �ec

3ı2 ∼= e⊥
�(t) + e⊥

�(b) − 2e||
�(b) + 1

4 �ec

eg : E(b1g) = 3
2 {e⊥

�(b) + e⊥
�(t)} − 1

2 �ec

E(a1g) = 2e||
�(b) + 1

2 {e⊥
�(b) + e⊥

�(t)} − 5
6 �ec

4ı1 ∼= e⊥
�(b) + e⊥

�(t) − 2e||
�(b) + 1

3 �ec

(55b)

The superscripts ||, ⊥ refer to the axial direction and the equa-
orial plane, respectively, while (b) and (t) stand for bridging and
erminal ligands. The e||

� parameters contain, in an effective way,
nergy contributions from the 3dz2 –4s interaction (≡ e||

�(eff); Sec-
ion 3.3, Eq. (34)); they diminish this binding increment in the
ompressed (e||

�(t)) and elongated case (e||
�(b)) and are the more sig-

ificant, the larger the deviation of the octahedra from a regular Oh
tructure is. According to our model, the AOM energies are defined
s referring to the M(Ft)6

3− parent octahedron as the zero-point of
he energy scale, and hence a correction with respect to the central
eld covalency is necessary. It is 1/2 and 2/3�ec for the t2g end eg

plitting, respectively, in the trans-case and half in magnitude for
he cis-octahedra, as one may deduce from Fig. 15. If one uses the
tructural result of nearly equal M–Fb bond lengths in the cis- and
rans-positions in question and infers: e⊥

�(b) = e||
�(b), e⊥

�(b) = e||
�(b)

a not necessarily correct presumption (see below) – it is seen, that
he �- and �-splitting should be larger by a factor of about 2 for the
rans- in comparison to the cis-configured Cr(Ft)2 (Fb)4

− octahe-
ra; however, the ı′

1/ı1 ratio is lowered, if the 3dz2 –4s interaction
s taken into account, because ı′

1 and ı1 are reduced and enhanced
n magnitude, respectively.

We now contrast the AOM expressions for the d� and d�
plitting parameters of the cis-Cr(Ft)2(Fb)4 polyhedra with the
espective adiabatic potential equations. Choosing the coordinate
ystem as in Fig. 28 for CsCrF4 and modelling the elongated (||z;
= 0) complex by the steric mean of two trans-configured com-
ressed polyhedra, in which the Ft–Cr–Ft axis is alternatively
riented along the x- (ϕs = 300◦) and y-axis (ϕs = 60◦) – both with
he distortion �sb ∼= 0.10 Å (see the definition in Table 12, footnote
), valid for each of the two component polyhedra – one obtains
he following relations:

2ıcor
2 = (Vε + 1

2 V s
�)�sb

2ıcor
1 = (A1 + 1

2 As
1 + A2�sb)�sb

(56)

cor
2 , ıcor

1 are the experimental splitting energies ı2, ı1 from Table 11,
btained from band fitting (Fig. 27), but corrected (Eq. (55b)) with
espect to �ec. Eqs. (56) are derived using the diagonal energies of
atrix (43) with ϕ = 0◦, supplemented by the symmetry-equivalent

s
� (at ϕs = 60◦, 300o) additions – for ıcor

2 – and adopting Eq. (59)
for ıcor

1 ; here, we mirror the binding situation for CrIII by the
xcited t2g

2eg
1 configuration in Oh, with the t2g

2 and eg
1 orbital

omponents referring to ıcor
2 and ıcor

1 , respectively. The respective
ffective charge correction is (see Eq. (55b)): (1/12)�ec = 0.01 eV.
he inspection of Eq. (56) in comparison to those, valid for the
rans-polyhedra (Eq. (54)), signalizes essential agreement with the
xperiment (Table 5, 3. and 5.line) – ıcor

2 should be smaller in the
is-case due to a smaller support by V s

� , while the ıcor
1 splitting

ight be about equal, when supposing that 1/2As
1 ≈ 2A2�sm

� . The
agnitudes of V s

� and As
1 (derived via Eq. (56)) are indeed near to

hose of the other MIII cations (Table 5). If one uses the by a factor
f more than 2 smaller �av distortions instead of �sb – inconsis-

ent with the vibronic model – there would be essential agreement
ith the AOM (Eq. (55b)), but generate As

1 and V s
� increments of

on-sensibly large magnitudes. Apparently, the steric effect, imaged
y �sb, does not depend on, whether the MIII–Fb and MIII–Ft bonds
ccur in the same molecular direction (here along the molecular
y Reviews 254 (2010) 2703–2754

x- and y-directions of the cis-configured species), or whether they
are cis-oriented to each other (as in the trans-complexes). A ther-
modynamical trans-influence [65] in that the M–Ft(Fb) bonds in
the molecular xy-plane impose their properties onto the M–Fb(Ft)
bonds trans-oriented to them is seemingly not present. In agree-
ment, a perceptible trans-effect on the bond lengths is also not
observed. However, larger energy and bond length effects are not
necessarily expected, because the total metal–ligand interactions
only partly reflect the comparatively smaller contributions due to
the d-orbitals.

We finally discuss some interesting structural properties in
connection with the eventual stabilisation of either the trans-
compressed (I) or the cis-elongated (II) species by vibronic forces
(Tables 4 and 12). Compounds NaMIIIF4 give preference to the
structure-type II in the absence of a Jahn–Teller instability (FeIII,
CrIII). TiIII– which aims at a compressed environment, where the
vibronic energy gain is largest – avoids this structural type and
prefers host lattices (I) with already (by elastic strains) tetrago-
nally compressed sites. On the other hand, NaVIIIF4 – VIII aims at
a tetragonal elongation – crystallises in structure II, with a slightly
enhanced radial distortion in respect to that of FeIII and CrIII with
orbital singlet ground states in the same lattice. VIII is also found
in TlAlF4-kind solids K(Rb,Cs)VF4, however, where the elastic and
binding strain act against the JT forces. Here, the distortion of the
trans-V(Ft)2(Fb)4

− octahedron (Table 4) is of a comparable mag-
nitude to that in NaVF4 (Table 12) – with a structure, which is
orthorhombic, intermediate between compression and elongation
(�sm

�
∼= 0.125 Å ), or of D4h

c symmetry with vibronically suppressed
orthorhombicity (�sm

�
∼= 0.105 Å ).

7. MnIIIX6
3− polyhedra

7.1. Fluoride as the ligand

A DFT and ligand field study of the vibronic coupling in the
5Eg ground state of Mn(Ft)6

3− polyhedra as they occur in elpa-
solites, has been published elsewhere (see also Fig. 14) [9] The
results are summarised in Table 13, together with the estimated
parameters for the Mn(Fb)6 polyhedra in MnF3. The latter are
based on the d-d spectrum [9,29] and on the structural data of
MnF3 [66], which crystallises in a monoclinically distorted VF3 lat-
tice with a complex cooperative order of the antiferrodistortive
type and – enforced by lattice strains – a local polyhedron distor-
tion with a distinct orthorhombic component (a⊥ = 1.82; 1.91 Å;
a|| = 2.09 Å). While the radial distortion is nearly unchanged in
respect to that in the elpasolites, the ground state splitting increases
by 50% (Table 13, Fig. 29), giving unambiguous evidence for a
distinctly larger coupling parameter A1 and force constant K�,
when replacing the terminal by bridging ligands. The observed
ground state splitting in the cubic elpasolites Cs2K(Na) MnF6 and
in [Co(NH3)6]MnF6 is of the magnitude 9.3(4) × 103 cm−1, which
value is exactly reproduced by DFT, and originates from a consid-
erable tetragonal elongation of the MnF6

3− octahedra. The splitting
is by about 10% smaller, and the elongation is also perceptibly
reduced [67b], in the case of the cryolite Na3MnF6, where pack-
ing effects in the monoclinic lattice impose strain restrictions on
the extent of distortion. The splitting of the excited 5T2g(t2g

2eg
2)

state is ≈2000 cm−1 (≈0.25 eV) in the elpasolitic cases, correspond-
ing to a coupling parameter V� of 0.64 eV Å−1. The experimental
splitting energy is only a rough estimation, however; spectro-

scopic band shape simulations – a quantitative analysis is not
possible because only powder-reflectance data are available –
show, that the true splitting should be about 20% larger, bringing
V�(exp.) to 0.77 eV Å−1. A calculation of V� is not possible for MnF3,
because here (as in compounds AMnF4) the excited state splitting is
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Table 13
Vibronic coupling [9] and distortion parameters (�� in Å; A1 in eV Å−1; A2, K� in eV Å−2; E in eV) for the MnIIIF6 polyhedra in elpasolites [67a] (a), MnF3 [66] (b) and in solids
AMnF4 (AI: Na [70], K [72a], Cs [72a,b]) (c). The data in brackets refer to the strain parameters A1

s and Ks. Underlined data are experimental.

�em
� �cm

� A1 A2 EJT
e EJT

c EFC
e ϕ K�

a Mn(Ft)6 0.26(2) 0.19 2.00 0.70 0.26 0.19 1.15 0◦(120◦ ,240◦) 9.1
b Mn(Fb)6 ∼=0.27 – ∼=2.6 ∼=0.85 ∼=0.36 – 1.52 ≈0◦(120◦ ,240◦) ∼=11.5
c Mn(Ft)2(Fb)4

a 0.385
b – [0.35] 0.80 0.43 – 1.84c 128◦ (232◦)b [3.1]

5◦(225
.169(
(see

o
s
F
m
m
c
[
(
a

c
w
b
c
c
s

�

w
t
a
t
t
f
e
h
t
E
s

F
s
l
5

(
p
f
s

a The listed best fit parameters A1, A1
s and A2, K� , Ks yield: �sm

� = 0.38 Å , ϕm = 13
b According to structural data from Ref. [70–72]: az = 1.810(7), ay = 1.865(9), ax = 2
c Experimental ground state splitting EFC

s = 1.88 eV [29]; �ec-correction ∼=0.04 eV

bscured by quintet–triplet transitions, which have gained inten-
ity by MIII–MnIII interactions via Fb bridging ligands (Fig. 29) [29].
rom the spin-forbidden transitions (see the respective ligand field
atrices for d6 in D4h elongation [68,46], in the supplementary
aterial Appendix B.1) the Racah parameter B and the C/B ratio are

alculated to be of the magnitudes 780 cm−1 and 4.6, respectively
29]. The former value corresponds to a nephelauxetic ratio ≈0.80
using the B0 parameter in Table 16), consistent with those for VIII

nd CrIII.
The B1g(eg

2b2g
1a1g

1) ground state in D4h
e is subject to a signifi-

ant interaction with a higher energy state of the same symmetry,
here the 3dz2 electron is excited into the 4s-orbital. As mentioned

efore, this effect is accounted for by the higher-order coupling
onstant A2. We can accordingly estimate the respective energy
ontribution to the ground state splitting via the following expres-
ion (see Eq. (31b)):

Ee
FC ≡ Ee

FC − Ee
FC (with A2 = 0) = 2{(A1 + A2�em

ε ) �em
ε − A1(�em

ε )′}
(31c)

here (�em
� )′ is the hypothetical radial distortion with A2 ∼= 0. With

he parameter values in Table 13 one obtains 0.27 eV – which is
bout 23% of the observed Franck–Condon energy (1.15 eV). Though
he energy contribution is significant, it is distinctly smaller than
he energy stabilisation due to the Eg ⊗ �g JT coupling. There is
urther convincing experimental evidence for 3dz2 –4s mixing, for
xample in the case of Cu2+in tetragonally compressed CuF 4− octa-
6
edra, with a ground state of B1g (b2g

2eg
4b1g

2a1g
1) symmetry; here,

he mixing of 4s electron density into 3dz2 is directly seen in the
PR hyperfine splitting (see [112]). The d–s interaction was first
tudied by Smith, utilising the angular-overlap model [69a]; it can

ig. 29. d–d spectra (5 K) of the hexafluoro-manganese(III) polyhedron in the elpa-
olite Cs2KMnF6 – top – in MnF3 –amidst – and in an AMnF4-type solid – bottom. The
igand field transitions in D4h nomenclature are indicated, with 5B1g, 5A1g and 5B2g,
Eg resulting from the octahedral Eg ground state and T2g excited state, respectively
adopted from Refs. [9,29]). The 5Eg markings for MnF3 and CsMnF4 refer to band
ositions, which are roughly estimated as averages over orthorhombic split terms;
or a fitting within ligand field theory – also of the sharp quintet–triplet transitions,
ee Ref. [29] and the supplementary material B1.
◦) ⇒ az = 1.790, ax,y = 2.025 ± 0.135 Å and EFC
s = 1.84 eV.

2) Å and aav = 1.948(2) Å (Fig. 30).
text).

be formally treated as a pseudo-JT effect (Eg ⊗ �g ⊗ A1g coupling)
[69b], but there is no need to do so, because the first-order (Eg ⊗ �g)
coupling clearly dominates.

7.2. The strain in solids AIMnF4

We now turn to the discussion of the binding properties in the
trans-Mn(Ft)2(Fb)4

− octahedra, as they occur in solids AIMnIIIF4
(AI = Li to Cs, Tl) with a strongly JT-distorted TlAlF4-type struc-
ture. As one might expect, not a tetragonal compression (ϕ = 180◦),
but a bond length anisotropy in the x–y plane, with a pro-
nounced elongation along one of the Fb–Mn–Fb polyhedron axes is
observed (Fig. 30). The cooperative order within the {Mn(Fb)4/2}∞
layers is antiferrodistortive [1]. The average polyhedron distor-
tion, reported for solids AMnIIIF4 (az = 1.81 Å; axy ∼= 2.02 ± 0.15 Å;
� ∼= 0.39 Å; aav ∼= 1.95 Å) corresponds to an angular parameter ϕ
of ∼=130◦ (Table 13, Fig. 30). The correlation between the angu-
lar parameter ϕ and the deviations from the average bond length
within the distorted polyhedron is given by the following relations
(see also Eq. (4a)) [9]:

�ax + �ay + �az = 0

cos ϕ =
(√

3
�

)
�az, sin ϕ =

(
1
�

)
(�ax − �ay)

(57)

The appropriate vibronic perturbation matrix for E ⊗ � coupling
in the presence of a strain at ϕs, if a d4(t2g

3eg
1) ground state, as

in the case of MnIII[equivalent to a d1(eg
1) excited state], is con-

sidered, adopts the form – see matrix (28), supplemented by an As
1

contribution:

∣∣∣ A1� cos ϕ + As
1� cos ϕs + A2�2 cos 2ϕ −A1� sin ϕ − As

1� sin ϕs + A2�2 sin 2ϕ

−A1� sin ϕ − As
1� sin ϕs + A2�2 sin 2ϕ −A1� cos ϕ − As

1� cos ϕs − A2�2 cos 2ϕ

∣∣∣
(58)

The sign of the A1
s increment is chosen (according to the given

experimental reality) to support a dx2−y2 ground state and to desta-
bilise a dz2 ground state. The following energy equation results, if
the A1 contribution dominates:

E± = 1
2 (K� − Ks cos(ϕ − ϕs))�2

� ± {(A1 + As
1 cos(ϕ − ϕs)

+ A2�� cos 3ϕ}�� (59)

Here, the restoring energy and the elastic strain contribution
according to Eq. (36a) have been added. Setting ϕs = 180◦, the min-
imisation with respect to � yields:

�sm
� = A1 − A1

s cos ϕ

K� + Ks cos ϕ − 2A2 cos 3ϕ
(60)
Es
− = − 1

2 (A1 − As
1 cos ϕ)�sm

� ≡ −Es
JT

Es
FC = 2{(A1 − As

1 cos ϕ) + A2�sm
� cos 3ϕ}�sm

�
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to the barrier, which tips the scales for either having a dynamically
equilibrated tetragonal compression of the Mn(Ft)2(Fb)4

− octahe-
dron parallel to z, or a frozen-in structure near to D4h elongation
(||x or ||y). The barrier height is – in contrast to the VIII case (Fig. 22)
ig. 30. The trans-Mn(Ft)2(Fb)4 polyhedron in solids with a TlAlF4-related structure
ively, and the Mn–Fb–Mn bridging angle is 161.9◦) [70–72]. The tetragonal unit cell
lane (adopted from [70–72a]) are shown below.

The successive minimisation of Es
JT in respect to ϕ yields an

dditional relation between K�, Ks, A1, A2, As
1, and ϕm, which is,

hough easily obtained, rather complex and not given analytically
ere. Utilising the experimental data, namely �sm

� , Es
FC (the effec-

ive charge-corrected 4ıcor
1 splitting energy) and ϕm, as listed in

able 13, As
1 and Ks can be derived from Eq. (60), using otherwise

1, A2 and K� from the Mn(Ft)6
3− parent complex. In distinction

o the d1 and d2 cases of TiIII and VIII, we can accordingly deduce
he elastic strain contribution to the force constant, Ks, here reli-
bly. Furthermore, assisted by the mentioned additional relation
s a third equation of condition, we have adjusted the A2 cou-
ling constant and refined the angular parameter ϕm; the resulting
arameter set is listed in Table 13. ϕm is larger than the experimen-
al distortion angle, reflecting a more pronounced orthorhombic
eformation component, while the bond lengths deviate by only
bout 0.015 Å from the range of reported values (see the best fit
arameters in footnote a of Table 13). One should consider here,
hat the bond length difference between ax(ay) and ay(ax) within
he antiferrodistortive order of approximately along ax(ay) elon-
ated octahedra in the ab-plane of the TlAlF4-related structure
Fig. 30) is not easily revealed exactly by X-ray crystallography.

In Fig. 31 the ϕ dependence of the lower ground state poten-
ial surface is depicted. It is governed by the interplay between the
inding and elastic strain parameters As

1 and Ks, favouring ϕ = 180◦,
n the one hand, and A2, stabilising ϕ = 120◦(240◦), on the other
and. At the latter angles there is an extension along x(y) and a

ompression along y(x), which are both Fb–Mn–Fb axes; this poly-
edron structure is only partly favoured by the imposed strain, but

s the ideal geometry with respect to the second-order coupling
onstant A2 (see Eq. (60)). The minimum positions are calculated
o occur at ϕs

m = 135◦ and 225◦, rather far away from the tetrag-
MnF4 the Fb(1)–Mn–Fb(2) and Ft–Mn–Fb angles are 90.0(3)◦ and 90.0(1.5)◦ , respec-
he antiferrodistortive order between long and short Mn–Fb bond lengths in the a–b

onal compression at ϕ = 180◦, and indicating that A2 is of major
importance in the interplay. Inspecting the AOM energies, we meet
a structural situation very near to the one, on which Eq. (55b) is based;
accordingly the experimental ground state splitting had to be cor-
rected by 1/3�ec ∼= 0.04 eV for obtaining Es

FC (Table 13). Besides the
absolute minima, the potential surface possesses a high-lying min-
imum at 0◦ and a saddlepoint at 180◦. The location of the latter with
respect to the absolute minima is about 600 cm−1 and tantamount
Fig. 31. The ϕ dependence of the ground state potential surface of the trans-
Mn(Ft)2(Fb)4

− octahedron in solids AIMnF4 at �sm
� (Eq. (60) – with the parameter

set in Table 13, footnote a).
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Table 14
Observed and calculated d–d transitions (in units 103 cm−1) of the MnCl52− octahedron with various countercations and in solution (assignments and DFT calculations
according to C4v symmetry; ground state: 5B1 (e2b2

1a1
1)). The numbers in parentheses indicate the (±) variations of observed transitions.

→ A1 → Ea → B2 C.T. a|| (Å) a⊥ (Å)

(NEt4)2
b 11.5 16.0 – 23.9

BipyH2; phenH2 13.8(2) 17.2(3) 18.2c 23.9 2.583d 2.332(4)d, 2.241d

Acetone solut. ≈13.0 17.4(2) – 23.8(2)
DFT 9.0 15.3 17.0 – 2.419e 2.292e, 2.287e

a Strong, electronically allowed transition; no splitting due to an eventual symmetry-lowering to C2v is resolved or calculated.
b For the pure salt (powder data), for the doped (NEt4)2InCl5 compound (single crystal) and for the salts with (NMe4)+, (NHMe3)+ countercations (powder results).
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tude.
The reason for the mismatch between the calculated and

observed transition energies is very probably the sensitivity of the
position of the apical ligand toward the differing polarizing influ-
ences of the various counter cations, which are not precisely enough
c This transition is vibrationally allowed only in (⊥z) polarisation in C4v, and expe
d Structural data [78] are for the bipyH2 salt; the polyhedron structure (∼=C2v) on

nd in the a⊥ plane: 89.2(6)◦ , 165.5(4.4)◦ .
e The absolute minimum is found at C2v (Table 15), with a polyhedron structure v

out of reach of thermal energies. The derived strain parameters
s
1 = 0.35 eV Å

−1
and Ks = 3.1 eV Å−2 are in full accord with those,

stimated for Ti, V and Cr (Table 5).
Though a diagram similar to that in Fig. 31 was derived, using

he strain formalism proposed by Ham [41] (see Fig. 11 in [9]), the
pproach, used here, better suffices the requirements of inorganic
olid-state chemistry. It is strongly linked to the chemical real-
ty and lends more detailed insight into the structural and energy
mplications of the involved aggregates of atoms in the considered
olid – in particular by introducing a binding in addition to an elas-
ic strain. The procedure, chosen here to ascertain the coupling and,
pecifically, the restoring energy increments, differed partly from
hat, applied in Sections 4 and 5.5 for T2(1)g ground states, because
wealth of structural data is available.

We finally shortly discuss the case of Na2MnF5, which
rystallises in a chain structure with tetragonally elongated
rans-Mn(Ft)4(Fb)2

− octahedra (a||(Fb) = 2.109 Å, a⊥(Ft) = 1.849 Å;
av = 1.936 Å; �� ∼= 0.30 Å; �(Mn–Fb–Mn) ∼= 133◦) [69] and only two
− ligands in bridging positions. Applying the strain model with
= ϕs = 0◦ and utilising the d-d spectrum with an 5Eg ground

tate splitting of 12,500 cm−1 [73], one deduces: As
1 = 0.3 eV Å

−1
,

nearly vanishing Ks contribution and a JT stabilisation energy of
.34 eV – based otherwise on the parameter set in Table 13. The
pectroscopic data from a single crystal study on TlMnF5·H2O with
n analogous structure [74], yield a comparable result. Not unex-
ected (the elastic coupling via Fb is only one-dimensional), solely
he binding strain has a significant influence on the extent of the
etragonal elongation.

.3. The chloride ligand

There are only very few reports about the existence of
nCl63− complexes with the coordination number of 6, which

an apparently only be stabilised by the presence of large
ounter cations, as in the compounds [CoIII(1.2-pn)3]MnIIICl6 and
RhIII(C3H10N2)3]MnCl6 [75]. On the other hand, a series of salts
ith the MnCl52− anion has been reported, and spectroscopically

haracterised [76]. A break-through was the single crystal ligand
eld study of C. Bellitto et al., which revealed the, for a Jahn–Teller
nstable species expected (see below), strongly apically elongated
tructure [77] – confirmed by the results of an X-ray structural
nalysis (Table 14) [78]. The assignment of the d–d bands (C4v
ymmetry) in the powder spectra is straightforward; the electron-
cally allowed (in xy) 5B1(e2b2

1a1
1) → 5E(e1b2

1a1
1b1

1) transition
ominates in intensity, while the further 5B1 → 5A1(e2b2

1b1
1),

B2(e2a1
1b1

1) transitions, which gain weak intensities by vibra-

ional mechanisms, are only seen as shoulders of the former band.
hey are resolved and can be localised precisely in the single crys-
al spectra (Fig. 32) [77]. Two kinds of d–d spectra, depending
n the nature of the countercation, are observed. The spectrum
ith the higher-energy d–d positions stems from the solid-state
to appear ||z as well, if the polyhedron symmetry is lowered to C2v.
htly deviates from C4v, with bond angles between a|| and a⊥: 95.0(3.0)◦ and 99.4◦ ,

ear to C4v; the bond angles between a|| and a⊥ are 98.0◦ and 95.9◦ .

bipyridinium- and phenantrolinium-salts, and from the MnCl52−

ion in acetone solution. We suspect, that here hydrogen-bridging
and polarising solvent influences affect particularly the loosely
bonded apical ligand – thus giving rise to the by 8% larger ground
state splitting (Table 14). In the absence of such forces, as in the
presence of spherelike and screened tetraalkylammonium counter-
cations, also the observed energy of the B1 → A1 transition is
distinctly smaller and somewhat nearer to the DFT value in magni-
Fig. 32. Single crystal d–d spectra of MnIII doped (NEt4)2InCl5 (above) and of
(bipH2)MnCl5 (below), with || and ⊥ referring to the C4-axis of the MnCl52− square
pyramid (adopted from [77]); assignment in C4v (B1(e2b2

1a1
1) ground state) – the

band at 24 × 103 cm−1 is of charge-transfer origin.
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Table 15
DFT results: The structures and energies (EFC: ground state splitting) of various [MnIIICl6−x](3−x)−-polyhedra (x = 0, 1). The estimated coupling and force constants for the
ground state (A1, A2, K�) of the MnCl63− polyhedron are given in the last column (obtained by the fit to the calculated �� values in D4h

e and D4h
c and the experimental EFC

e

energy).

Et (eV) �� (Å) aav (Å) EFC (103 cm−1) (For MnCl63−)

MnCl63− D4h, elong. −42.380 0.343a 2.40 6.49b A1 1.35 eV Å−1

D4h, compr. −42.312 0.219a 2.39 3.89 A2 0.5 eV Å−2

MnCl52− C2v (elong.) −35.377c d 2.315 9.35 K� 5.0 eV Å−2

D3h −34.908 e 2.295 –

a Bond lengths: 2.597 (ax), 2.300 Å (eq) and 2.262(ax), 2.451 Å (eq), respectively.
b The B1g → B2g, Eg transitions are calculated at 16.25 and 16.32 × 103 cm−1 and observed at ≈17.5 × 103 cm−1; the experimental energy for the B1g → A1g transition is
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.3 × 103 cm−1.
c 0.031 eV below the C4v optimisation.
d Structural data see Table 14.
e Bond lengths: 2.260 Å (ax); 2.315 Å (eq).

imulated by DFT (COSMO). The deviation is small for the B1 → E
and (≈5%), but considerable in the case of the B1 → A1 transition,
hich might be partly caused by the before-mentioned deficiency

f DFT to reproduce the 3dz2 –4s interaction exactly. Surprisingly,
he single crystal study of Bellitto et al. and the DFT calculations as
ell indicate, that the B1 → B2 transition is energetically positioned

bove the B1 → E band. According to Eqs. (34) and (35) – modified
rom octahedral D4h to C4v with five-coordination – this is a quite
nexpected result in view of the pretended stronger �-bonds in the
quatorial plane than in the apical direction:

E2(B1 → E) = 3e⊥
� − 2e⊥

� − e||
�

E3(B1 → B2) = 3e⊥
� − 4e⊥

�

(61a)

The observation might be understood, however, when assum-
ng that �-antibonding effects contribute only little to the MnIII–Cl
verlap interaction. Neglecting �-overlap completely, the AOM
nergies for the d–d transitions of a five-coordinated d4 complex
re as follows [30]:

E1(B1 → A1) = 2(1 − 3 sin4 ı˛)e⊥
� − e||

�(eff)

E2(B1 → E) = 3 cos4 ı˛(1 − 2 tan2 ı˛)e⊥
�

E3(B1 → B2) = 3 cos4 ı˛e⊥
�

(61b)

f the AOM consideration is refined by taking the deviation of the
pical-to-equatorial bond angle from 90◦ in C4v, ı˛, into account.
||
�(eff) includes the (here rather large) d–s interaction energy –
ee Eqs. (32)–(35). The energy difference E3 − E2, 3/2(sin2 2ı˛)e⊥

� ,
esults from the canting between the dxz and dyz metal orbitals
nd the �-orbitals of the equatorial ligands, which introduces �-
verlap components and leads to an energy relation E3 > E2, as
bserved. In a rough estimate one obtains (with ı˛ = 8◦ and the
ransition energies in Table 14) AOM parameters: e⊥

�
∼= 6200 and

||
�(eff) = −1400 cm−1 for the bipyH2 or phenH2 compounds, when
eglecting �-overlap effects. The effective quantity e||

�(eff) is nega-
ive and indicates e||

�/Eds ratios < 1 – a quite common situation for
olyhedron structures near to square planar [30].

We think, that the lack of �-energy contributions is caused by
he large deviation of the five-coordinate complex from octahe-
ral. While this pronounced distortion meets the strong tendency
f the �-antibonding E ⊗ � vibronic effects in the ground state,
he �-overlap – weak anyhow for the chloride ligand – rather
pposes a distortion, if it exceeds the limit favoured by the T ⊗ �
oupling (minimum of the adiabatic potential curve at a much less
ronounced radial distortion ��). In such cases, even vanishing
nergy effects for the 3d(MIII)–3s, p(Cl−) �-overlap may happen.

e finally note that the reversed sequence of the �-antibonding

xy and dxz/dxy energies is a more general problem, and has been
articularly discussed for planar low-spin d8 complexes. In these
ases, for example [79], differential interelectronic d–d repulsion
ffects have been invoked in a rather sophisticated explanation.
The correct vibronic coupling treatment for a d4-cation in
five-coordination should be based on a D3h-polyhedron symme-
try, with an 5A′

1(e′′2e′2) ground state and a closely neighboured
5E′(e′′2e′1a′

1
1) excited state, giving rise to an A′

1 ⊗ � ⊗ E′ pseudo-
JT interaction with considerable radial and angular distortions. The
distortion pathway, originating from D3h, possesses C2v-symmetry;
the minima on the adiabatic potential surface are usually located
very near to the C4v structure, which occur as accidental points
on the ground state potential surface [80]. The DFT calculations on
MnCl52− show, that – due to this vibronic interaction – the trigo-
nal bipyramid is less stable than the very-near-to-C4v polyhedron
by 0.53 eV (Tables 14 (footnote e) and 15). The square-pyramid is
strongly apically elongated, which is equally expected from the
simple (though not strictly symmetry-conform) reasoning of a
MnIIICl63− parent complex, in which the axial bonds are consider-
ably weakened due to Eg ⊗ �g coupling – by even loosing one ligand
completely.

We finally return to the above mentioned MnCl63− salts. d-d
spectroscopic studies [75] report a weak band at 8300 cm−1 – obvi-
ously corresponding to the octahedral 5Eg ground state splitting
and found at a by 1800 cm−1 larger energy than obtained by DFT
– and a shoulder at ≈17,500 cm−1 on the slope of a strong and
broad band, appearing at 22,400 cm−1. The shoulder is assigned
to the 5B1g(5Eg) → 5B2g, 5Eg(5T2g) transitions, which are calcu-
lated at 16250 and 16,320 cm−1, respectively – by ≈1000 cm−1

lower than the experimental value (Table 15). The DFT-calculated,
nearly vanishing splitting of the excited 5T2g state confirms the
absence of significant �-bonding even for polyhedra with less pro-
nounced deviations from Oh than the MnCl52− polyhedron and
indicates a very small V� coupling constant. As discussed above,
the large distortion, imposed on the octahedron by the Eg ⊗ �g

coupling, opposes the tendency of a Tg ⊗ �g interaction, which
aims at a considerably smaller � value. The ligand field strength
is � ∼= 13.3 × 103 cm−1 – a reasonable value in comparison to those
of the corresponding TiIII, VIII and CrIII complexes (Tables 3, 7 and 8)
with �-energies of 12.5(5) × 103 cm−1. In Table 15 the vibronic
parameters for the 5Eg ground state of the Mn(Clt)6

3− polyhe-
dron are listed, as derived from DFT by a best fit to the �em

� , �cm
�

distortion parameters and to the experimental Ee
FC energy. Their

magnitudes, in comparison with those for the corresponding fluo-
ride complexes, follow the data for the VIII and TiIII polyhedra.

8. The ligand-to-metal charge transfer in MCl6
3− polyhedra

(MIII: Ti–Co)
We have still to comment on the strong high energy bands
at 23.9 and at ∼=22.4 × 103 cm−1, which are observed in all spec-
tra of the MnCl53− polyhedron [76] and in the two spectra of the
MnCl63− complex [75], respectively, and which have definitely to
be assigned to a chloride-to-manganese(III) charge transfer. The
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Table 16a
Optical electronegativities �opt of trivalent MIII cations (MIII = Ti–Co; high-spin) in
complexes MCl63− , embedded in an elpasolite matrix, as estimated from the onseta

of the intensity increase toward the charge-transfer region or as calculated from the
position of the first parity- and spin-allowed electron-transfer band (in 103 cm−1);
the spin correction (SC) due to the change in the ligand field by the excitation [85]
is also given.b E′(CT) denotes the corrected (see Eq. (62)) excitation energy. The
E′(CT) energies in parentheses refer to the lowest-energy spin-allowed t1u

n → t2g
*

transition, as calculated by DFT (spin-unrestricted, in Oh; for MnIII in D4h
e), but also

corrected by the empirical SC energy.

MIII n Onset ata SC for dn →dn+1 b E′(CT) �opt(MIII)c r (Å)d

Ti 1 21 −14/3 B ≈−2.5 27.5 (36) 2.1 (1.8) 0.675

V 2 20 −28/3 B −5 29 (30) 2.05 (2.0) 0.645

Cr 3 27 +14 B +7.5 23.5 (29) 2.2 (2.05) 0.615

Mn 4 22.5e +49/3 B +9.5 13 (17.5) 2.55 (2.4) 0.64
Fe 5 25e +56/3 B +11.5 13.5 (8) 2.55 (2.75) 0.64
Co 6 [11]f +14 B +9 [6]f (3) [2.8] (2.9) 0.605

a Estimated maximum E(CT) of the lowest-energy electron-transfer band at ≈
onset energy ⊕ 4 × 103 cm−1 (assuming a width of the charge-transfer band of
≈8000 cm−1).

b Energies calculated with the nephelauxetic ratio Bte/B0 = 0.6 (see Tables 7 and 8)
and using the free cation B0 values 860, 920, 970, 1020 and 1070 cm−1 for VIII to CoIII

(after Ref. [49]), respectively, and B0 ≈ 800 cm−1 (estimated) for TiIII .
c Utilising Eq. (62), with �opt (Cl−) = 3.0.
d Effective ionic radii for the metal ions, from MIII–F bond lengths, with

r(F−) = 1.29 Å; values are nearly identical with those of Shannon and Prewitt [86].
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rough estimates, there is clear evidence for an increase of �(MIII)
with increasing nuclear charge of the cation, mirroring a stronger
tendency to capture an electron from the ligands. Possibly, there is a
discontinuous ascent from the d1,2,3 – to the d4,5,6 – electron config-

Table 16b
Optical electronegativities of complexes MIIIF6

3− in elpasolites (see Table 16a), as
calculated by Eq. (62) with �opt(F−) = 3.9 and after having applied the necessary
correction due to B and �.

MIII E (CT) [49] Correct. [85] E′(CT) �opt (MIII) R (Å)a

Ni (t2g
6eg

1) 32.0 � − 35/3 Bb 28.0 2.97 0.59
6 2 b
e Location of lowest parity-allowed t1u
n → t2g* charge-transfer transition

MnCl63− and FeCl63− – see text).
f Energies in brackets derived with the assumption of �opt = 2.8 for CoIII (see text).

rigin of the lowest energy spin- and parity-allowed transition of
his kind is, in cases as those considered here, the excitation from
n (approximately) non-bonding t1u

n MO into an empty or partially
ccupied antibonding t2g* MO. The former is largely ligand-centred,
hile the latter is predominantly localised at the metal ion. One

ecognises the onset of the charge-transfer absorption in the spec-
ra of the Ti(Clt)6

3− polyhedron already in the visible region, which
hereafter covers the blue-violet spectroscopic range and accord-
ngly imparts a greenish-yellow colour to the complex (Fig. 11;
able 16a). Similarly, at about 20 × 103 cm−1 occurs the intensity
ncrease in the case of V(Clt)6

3−, leaving as the colour-determining
eature the narrow minimum at ∼=21 × 103 cm−1 – the origin of
he blue-violet hue of the respective compounds (Fig. 20). The
ark-violet-colour of the Cr(Clt)6

3− salts results from d–d transi-
ions exclusively, because here the charge-transfer region starts
nly at 27 × 103 cm−1 (Fig. 23). It is interesting to further look at
he d5 case of Fe(Clt)6

3−. Fig. 33 shows the 298 and 5 K reflex-
on spectrum of the cubic elpasolite Cs2NaFeCl6 (a = 10.325 Å); the
iven ligand field parameters are evaluated following a procedure
escribed elsewhere [81]. The increase from the very weak spin-
orbidden sextet–quartet d–d transitions toward the high intensity
harge-transfer region is particularly pronounced here, and occurs
lready around 17.0 × 103 cm−1. The colour-determining mini-
um appears at ≈16,000 cm−1, in the orange spectroscopic region.

he UV electron transfer spectrum of the Fe3+-doped alpasolite
s2NaYCl6 shows the first parity- and spin-allowed t1u

n → t2g*
harge-transfer band at ∼=25 × 103 cm−1 [82]. The onset starts
lready at a rather low energy in the case of the FeCl63− octahedron,
ecause it refers here to spin-forbidden and not to spin-allowed
–d transitions with a distinctly larger intensity, as in the case of
he MIIICl63− complexes considered previously.

The MnCl52− salts are green according to the narrow minimum
etween the d–d band at ≈20 and the charge transfer transition
t 24 × 103 cm−1. The relative instability of the MnCl63− octahe-
ron with respect to MnCl 2− is documented by the red shift
5
by ≈1500 cm−1) of the ligand-to-metal charge-transfer; this is
pposed to the expectation [83] when increasing the coordina-
ion number. The excited 5B1g → 5B2g, 5Eg transitions occur in the
egion of the t1u

n → t2g* band (Table 15). Hence, only the spectro-
Fig. 33. Powder reflexion spectra of the FeCl63− octahedron in a cubic elpaso-
lite matrix (6A1g ground state); assignment with � = 10.65 and B = 0.62 × 103 cm−1,
C/B = 4.0.

scopic region below 17,000 cm−1 is transparent for the visible light,
and the compounds are accordingly reddish at lower and brown at
room temperature [75], due to the increase of the band-width with
temperature.

Following a proposal of Jørgensen to correlate the energy of the
first Laporte-allowed CT band with the electronegativity difference
between the ligand and the metal ion, the following semiempirical
relation was formulated [10,84]:

E′(CT; in 103 cm−1) ∼= 30{�opt(anion) − �opt(cation)} (62)

where �opt are optical electronegativities, in distinction to other
(though closely related) electronegativity scales. In order to obtain
E′(CT) from the experimental charge transfer energy E(CT), a spin-
correction (SC) has to be applied, which considers the change of the
interelectronic repulsion (via the Racah parameter B), when excit-
ing one electron from t1u

n into t2g*. Referring to the literature for
a summarising and more basic consideration [85], we present in
Table 16a these spin-corrections and the calculated optical elec-
tronegativities of the cations TiIII to CoIII (see also Table 16b). In the
cases of TiIII to CrIII the onset to the charge-transfer region served as
the basis for the estimation of the optical electronegativity, while
for FeIII and MnIII the experimental parity-allowed t1u

n → t2g* tran-
sition energies could be directly used for the derivation of �opt.
Though the numbers obtained for the former complexes are only
Cu (t2g eg ) 29.5 � + 14/3 B 11.7 3.5 0.62

a Effective ionic radii with r(F−) = 1.29 Å (Tables 18a and 19); reported values [86]
are for NiIII: 0.56 Å (low-spin) and 0.60 Å (high-spin).

b With B = 0.78, � = 13.1 (NiIII) and ≈0.7, 14.5 × 103 cm−1 (CuIII) (B0 = 1.12 and
∼=1.2 × 103 cm−1 [49]).
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rations by about 0.4, due to the occupation of eg* MOs. We have
lso estimated the transition energies from the – with respect to
he metal centre non-bonding – t1u

n MO to the �-antibonding t2g*
O by DFT. Though deficient with respect to interelectronic repul-

ion, the sequence of the deduced E′(CT) energies roughly follows
he one of the experimental estimations, with a similar gradation
rom TiIII to CoIII. In the latter case, the suggested optical electroneg-
tivity of 2.8 – the small ionic radius (Table 16a) demands a high
onisation energy – predicts the t1u

n → t2g* CT band to occur around
5,000 cm−1. Apparently, charge transfer bands completely cover
he visible region [87], and indicate an only very low energy bar-
ier for the Co3+ → Co2+ reduction. To our best knowledge, high-spin
oIII complexes with chloride as the ligand are indeed not reported.
entatively, the following decomposition redox process may be for-
ulated, with the very stable tetrahedral CoIICl42− tetrahedron as

he final product:

oIIICl3−
6

−39.08 eV
→ CoIICl2−

4
−29.54 eV

+ Cl−
−7.14 eV

+ 1
2 Cl2

−1.86 eV
− �H (63)

FT predicts a positive and rather large enthalpy of 0.54 eV for this
eaction (and hence a somewhat smaller Gibbs energy, because
ntropy clearly favours the right side of the equation). Presumably,
he deficiency of DFT to properly account for the involved change of
nterelectronic repulsion as well as uncertainties in the magnitudes
f the solvent energy, when comparing complexes with different
harge, are responsible for the significant mismatch.

The dependence of the hue of a solid on the, here, M–L binding
roperties in an MIII(3d)L6 colour centre – which becomes appar-
nt in the energy positions of the ligand field bands in the d–d
pectrum – is a fascinating aspect of application and aesthetics in
n otherwise rather formal and theoretical field of research. It is
he merit of O. Schmitz-DuMont to have first systematically stud-
ed the interrelation between the colour and the constitution of
olids with 3d-cations [88], which also implies the possibility to
teer the hue by the aimed interference into the bonding charac-
eristics of the colour-centre in the host solid. This aspect can be
xtended toward Jahn–Teller systems, where the extent of a vibron-
cally induced polyhedron distortion can be equally controlled via
he properties of the matrix. For example, if in the nearly white
ost NH4FeIIIP2O7 manganese(III) is doped into the FeIII position,
blue colour appears, due to a sharp minimum between the 2B1g
2Eg) → 2B2g, 2Eg (2T2g) transitions and the charge-transfer region.
he full substitution by MnIII raises the local JT-distortion �� of
he MnIIIO6-octahedra, caused by a decrease of the force constant.
he latter effect is the consequence of the enhancement of the
ooperative-elastic interactions between the distorted octahedra.

able 17
tructural and energy DFT results for the 5T2g ground state (T2g ⊗ �g coupling) – above –
ith the derived coupling constants; the cubic ligand field strength is also listed. For the

�cm
� (Å) �em

� (Å) aav (Å) E (B2

Ft
− 0.081a 0.038b 1.927c 0.078

Clt− 0.068a 0.032b 2.373 0.015

�′cm
� (Å) �′em

� (Å) E (B2g → B1g)e E (B2g → A1g)e

Ft
− 0.215 0.328 1.628(1.48) eV 1.910(1.79) eV

Fb – – (1.38) eV (1.82) eV

a 1.950 Å (4×), 1.880 Å (2×) and 2.400 Å (4×), 2.341 Å (2×), respectively.
b 1.914 Å (4×), 1.947 Å (2×) and 2.364 Å (4×), 2.392 Å (2×), respectively; the ratio �cm

� /
c Experimental: 1.890(5) Å [90b]; in CoF3: 1.895 Å [90a].
d The estimated EJT

c (D3d) and EJT* (D2h*) energies are 0.003 and 0.011 eV, respectively
e Experimental energies in parentheses.
f Calculated from experiment, but taking the DFT-ground state splitting due to T2g ⊗ �g
g Estimated magnitudes for A1 and A2, K�

′ (enhancement by 30% and 20% in respect to
ssuming the same increase in the case of V� (0.85 eV Å−1) and K� (9.7 eV Å−2), the groun
agnitude: �cm

� ≈ 0.088 Å ; EJT ≈ 0.037 eV, respectively.
y Reviews 254 (2010) 2703–2754

The corresponding increase of the ground state splitting 4 EJT and
accordingly a blue-shift of the absorption bands now generates two
minima in the visible region and a reddish-violet hue of the com-
pound (see [99]). One learns, that also an aimed variation of the
JT-forces offers the possibility to steer the hue.

9. CoIIIX6
3− polyhedra

9.1. The stable high-spin state

Concerning the procedure for the evaluation of the vibronic
parameters from the structural data and energies derived from DFT
we refer to TiIII (Section 3.2). The electron configuration is high-spin
d6 – this is, what is observed [89] for CoF6

3− and what should hold
for hypothetical CoCl52− and CoCl63− octahedra as well – with one
electron exceeding the half-filled d-shell; the treatment is hence
analogous to that for TiIII, as long as only the spin-quintet states
are considered. With �cm

� , �em
� and the Franck–Condon transition

within the ground state for D4h
c, all data obtained from DFT, the

vibronic constants V� and K� in Table 17 are derived. They are, in
the fluoride case, distinctly – by ≈20% – smaller than those for TiIII

(Table 2); the instability of the hypothetical CoCl63− species is doc-
umented by very low values of the linear coupling parameter and of
the force constant, which are half and only about 40% in magnitude,
respectively, of the quantities derived for TiCl63−. The calculated
small JT energy of 210 cm−1 for the Co(Ft)6

3− octahedron, corre-
sponding to a bond length anisotropy of only 0.07 Å, suggests a
dynamic bond length equilibration at 298 K. We have also consid-
ered the extremum points corresponding to the possible T2g ⊗ �2g
and T2g ⊗ (�g + �2g) vibronic interactions. They are even smaller in
relation to the Ec

JT energy for the T2g ⊗ �g coupling than observed in

the d1 case of TiIII; again, the higher order �g ⊗ �2g coupling term W
is vanishing. Accordingly, we refrain from reporting numerical data,
but just cite the respective derived JT energies and the estimated
V� and K� parameter values in footnote d of Table 17.

Fig. 34 shows the d–d spectrum of an elpasolitic fluoride
compound with the rhombohedral Cs2NaCrF6 structure (Fig. 26),
exhibiting a splitting of the excited 5Eg state of 2500 cm−1, in agree-
ment with the value reported by Cotton and Meyers in 1960 for
the elpasolite K2NaCoF6 [88]. DFT reproduces the splitting energy
rather well, but the split band positions only within about 8%

(Table 17); larger shortcomings due to an erroneous account of the
3dz2 –4s interaction are not recognisable in this case. We further
use the experimental energies and the DFT-optimised structural
distortions in the excited 5B1g and 5A1g states – in analogy to the
d1 case of TiIII – for the evaluation of A1, A2 and K ′

�. As for the ground

and the 5Eg excited state of CoX6 complexes (X = Ft
− , Clt− , Fb

−) – below – together
DFT-calculations in D3d and D2h

* see footnote d.

g → Eg) EJT
c (eV) V� (eV Å−1) K� (eV Å−2)

eV 0.026d 0.65d 8.1d

eV 0.005 0.15 2.2

�f (103 cm−1) A1 (eV Å−1) K�
′ (eV Å−2) A2

12.7 2.00 7.7 0.8
12.3 ∼=2.6g ≈0.92

g ∼=0.95
g

�em
� is approximately 2, demanding L� ∼= 0.

(see text), with V� = 0.25(1) eV Å−1 and K� ≈ 3.5 eV Å−2.

coupling into account.
the values of the Ft ligand, respectively – in analogy to TiIII; see Tables 2 and 3) –

d state radial distortion and Jahn–Teller stabilisation energy come out to be of the
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Fig. 34. The d–d spectra (T = 298 K) of hexacoordinated CoIII in the rhombohedral
elpasolite Cs2NaCoF6 and in compounds AICoIIIF4 with TlAlF4-type structures. The
assignment and band fitting was performed in D4h, compressed (5B2g ground state),
on the basis of the parameters: � = 12.7 and 12.0; ı1

′ = 0.625 and 2.0; ı2 = 0.21 and
0.8 × 103 cm−1 for the former compound and the latter solids, respectively. A global
B was chosen as 0.825 × 103 cm−1 and C/B as 4.3. The calculated band positions of
the spin-forbidden quintet-triplet transitions in D4h

c (see the ligand field matrices
in the supplementary material B1) are indicated above in the figures (the respective
o
3

s
c

t
n
t
t
i
J
d
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of Cs2NaCoF6 seems to originate from that a
3T1g term, which is of

5 1
ctahedral parent terms are: 3Eg (→ 3A1g, 3B1g); 3T2g (→ 3B2g, 3Eg); 3T1g (→ 3A2g,
Eg)).

tate, the derived coupling constants are smaller than for the TiF6
3−

omplex (Table 3).
Analogous to the elpasolites, the Co(Fb)6 octahedra in the VF3-

ype structure of CoF3 are regular at ambient temperature with a
early identical bond length (1.895 Å) [90a]. The excited state split-
ing in the d–d spectrum is 0.44 eV [90b], from which – following
he procedure used in the TiIII case – the vibronic constants listed
n Table 17 are estimated. The suggested distortion as well as the

T energy are close to the values for TiF3 (Table 3) and also indicate
ynamic behaviour, at least at 298 K. Low-temperature studies are
ot reported.
y Reviews 254 (2010) 2703–2754 2739

9.2. The strain in solids AICoF4

We proceed with the discussion of the structures and d–d
spectra [31,32] of various compounds AICoIIIF4 (Fig. 34) with
a TlAlF4-related structure and constituting trans-Co(Ft)2(Fb)4

−

species. Structural data are known for CsCoF4 [91] (Table 4). Besides
the latter solid, bond length data are only reported for LiCoF4
[92], with a strongly distorted TlAlF4-structure due to the small
Li+ cation, but a radial distortion of similar magnitude. The elastic
strain constant Ks and the linear coupling contribution V s

� arising
from the substitution of the four equatorial Ft by Fb ligands are
derived (Table 5) by utilising the distortions of the Co(Ft)6

3− (from
DFT), of the Co(Ft)2(Fb)4

− (in CsCoF4) and of the Fe(Ft)2(Fb)4
− (in

AFeF4 solids) octahedra (Tables 4 and 17), analogous to the d1 case
via Eqs. (39)–(41). The structural strain enhances �cm

� from 0.081 to
0.137 Å; the binding strain causes the further increase to 0.181 Å.
From the deduced JT stabilisation energy a ground state splitting of
(after the �ec correction) 3ı2 ∼= 0.29 eV is derived. The excited 5Eg

state splitting, with transitions at 9.5(2) and 17.7(2) × 103 cm−1,
allows one to calculate As

1, utilising Eq. (40) with ϕ = ϕs = 180◦ and
at �sm

� = 0.181 Å , again after having applied the �ec correction.
Though the vibronic addition As

1 is rather large in comparison to
that in the d1 case (Table 5), it is still of a reasonable magnitude
in view of particularly the broad-band character of the 5B2g → 5A1g
ligand field transitions, which handicaps an exact energy reading.

The V s
�/V� and A1

s/A1 ratios, in the case of TiIII, VIII, CoIII (Table 5),
are 0.25(7) and 0.26(6), respectively – an overall description of the
vibronic landscape, which makes sense. Also the coarsely estimated
ratios for trans- and cis-Cr(Ft)2(Fb)4

−, with non-degenerate ground
states, are still of acceptable magnitude. The derived ligand field
parameter for the trans Co(Ft)2(Fb)4

− octahedron (12.0 × 103 cm−1)
is also of reasonable magnitude.

9.3. High-spin versus low-spin

The d–d spectra show distinct weak absorption features in addi-
tion to the dominating 5B2g → 5B1g, 5A1g bands, which are readily
assigned to spin-forbidden quintet–triplet transitions (Fig. 34).
Most of these appear in the spectroscopic range between 18 and
26 × 103 cm−1 as transitions to the split states of the octahedral
parent states a

3Eg, b,c
3T2g and b,c

3T1g and are (nearly) � indepen-
dent, hence involving the Racah parameters Btt and Ctt. Though not
completely resolved – here the spectrum of NaCoF4 shows the best
resolution – they can be fitted rather well with the � and ı′

1 ener-
gies taken from the observed quintet-quintet transitions and the
ı2 value from DFT and – for the ACoF4 solids – from Table 5. A
B parameter of 825 cm−1 and a C/B ratio of 4.3 were the reason-
able choice for the spectroscopic fit. The respective nephelauxetic
ratio (∼=0.77) is near to those involving Bte for VIII and CrIII, but
noticeably smaller than the Btt value of CrIII (Table 9). The higher
intensity of the spin-forbidden transitions in the ACoF4 than in the
elpasolite spectra is very likely due to the presence of bridging lig-
ands, mediating spin–spin interactions between neighboured CoIII

cations. Such a mechanism, in the MnIII case, gives rise to a dra-
matic intensity increase of some sextet–quartet transitions in the
presence of Fb ligands (Fig. 29) [29]. For the ligand field calcula-
tion we have used the matrices given by Perumareddi for a D4h
symmetry [68], but, as before mentioned, modified [46] accord-
ing to the nomenclature used here (see supplementary material
Appendix B.1). The weak absorption at 8000 cm−1 in the spectrum
the lowest energy from all intermediate t2g eg spin states present.
The eventually stabilised low-spin a

1A1g(t2g
6) ground state (see the

1A1g matrix in the supplementary material Appendix B.1) is – in first
order – calculated at an energy: ıE = 5B + 8C − 2� + 2ı2 above the
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Fig. 35. The d–d spectrum of Cs2KNiF6 (after [94]); the band assignment (see
text) and fitting procedure was performed with the parameters ı1 = 1700 and
ı2 = 320 cm−1, deduced from the energy of the a

2A1g → a
2B1g transition and from

EPR spectroscopy, respectively, with C/B = 4.0 and using � and B (=Bte) as best fit
740 D. Reinen et al. / Coordination Ch

eal 5B2g ground state, corresponding to 7.55 and 10.1 × 103 cm−1

or the Co(Ft)6
3− and the trans-Co(Ft)2(Fb)4

− octahedron, respec-
ively, if the ligand field parameters in Fig. 34 are used. Including
onfiguration interaction, these energies are considerably reduced
o 4.8 and 7.2 × 103 cm−1. Nevertheless, high-spin CoIII is clearly
avoured in the interplay between � and interelectronic repul-
ion in fluoride complexes. DFT is not helpful in the calculation
ecause of its repeatedly mentioned deficiency to reproduce inter-
lectronic repulsion energies with the necessary precision. The
igh-spin/low-spin separation energy in the d7 case (see the fol-

owing section) is of comparable magnitude to that for d6, if only
he (�, B, C) increments are considered (Eq. (64)); in that case, it
s the additional JT contribution by the Eg ⊗ �g vibronic coupling,

hich finally stabilises a low-spin ground state.

0. The NiF6
3− polyhedron

0.1. High-spin or low-spin ground state?

Only few elpasolitic solids of the constitution A′
2ANiF6 have

een prepared and structurally characterised (A′, A: Cs, K; Rb, K;
b, Na; Cs, Na) [93]. They crystallise in cubic structures at 298 K,
ith the exception of Cs2NaNiF6, which is a hexagonal elpaso-

ite of the Cs2NaCrF6-type (Fig. 26). The d–d spectrum of K3NiF6
as interpreted by Allen and Warren [49], who presented evi-
ence that the band appearing around 6500 cm−1 has to be ascribed
o the transition within the Jahn–Teller-split 2Eg ground state of
ow-spin NiIII. The analysis of the d–d spectra of various solids
2

′ANiF6 and, particularly, their EPR spectra and the temperature
ependence of the g-values [94] have confirmed this presumption
nd further suggested that the spin–doublet–quartet separation
between the potential energy minima of the a

2A1g ground state
nd the lowest excited spin-quartet a

4A2g state – in D4h, elon-
ated) is very small [1]. The powder reflection d–d spectrum of
he elpasolitic solid Cs2KNiF6 exhibits four, in particular at 5 K
ell resolved, bands (Fig. 35). From the underlying eight Laporte-

orbidden spin-allowed transitions, expected in the energy region
p to ∼=26 × 103 cm−1, only five are also vibronically allowed, via
he (octahedral) �1u vibration; these are the a

2A1g → a
2B1g, a,b,c

2Eg

nd b
2A1g transitions, from which the last one is presumably the

houlder at ≈25 × 103 cm−1 – appearing, where the intensity starts
o rise toward the charge-transfer region. We have fitted the spec-
ra, utilising the matrices for a d7 cation in a tetragonally elongated
ctahedral ligand field with respect to a 2Eg (t2g

6eg
1) ground state in

h (see supplementary material B.2) [95,46], for obtaining reliable
alues for �, B and ı1 (= 1/2(A1 + A2�em

� )�em
� ); C/B was arbitrar-

ly set to 4.0, while ı2 (= 1/2V��em
� ) was adopted from a fit to

he orbital contributions to the g-values (vide infra). The essen-
ial features in the absorption spectra are rather well reproduced
ith the parameter set given in the caption of Fig. 35. We remark,

hat the band positions are not very sensitive to smaller alter-
tions of �, B and C/B, as long as ıeff

2,4 (Fig. 36) remains at the same
nergy. The chosen global B parameter is essentially Bte – yield-
ng a nephelauxetic ratio (B0 = 1120 cm−1 [49]) of 0.70, perceptibly
educed with respect to the values for VIII and CrIII (0.755). The (ver-
ical) quartet–doublet separation is, in first order – as one can easily
eproduce from the diagonal energies in the respective matrices
see the supplementary material B.2):

2,4 = E(4A2g − e4
gb1

2ga1
1gb1

1g) − E(2A1g − e4
gb2

2ga1
1E)

= � − 4(B + C) + 2(ı1 − ı2) (64)
nd turns out to be of the magnitude of ≈280 cm−1. Configuration
nteraction is considerable and brings this energy to ∼=770 cm−1

Fig. 35). LS coupling further raises the energy of the a
4A2g state

ith respect to the a
2A1g ground state (Fig. 36).
parameters (⇒ 13.1 and 0.78 × 103 cm−1, respectively). The spectrum of the hexag-
onal elpasolite Cs2NaNiF6, with a low-spin and a high-spin site side by side (see
text), is shown below.

Before discussing the energies within the a
2Eg–a

4T1g split state
manifold in the ground state region in greater detail, we report
about the DFT results for the NiF6

3− polyhedron in the low-spin
and high-spin state, respectively; in both cases, vibronic coupling
leads to tetragonally elongated species. The vibronic parameters
A1, A2 and K� for low-spin NiF6

3− were derived, using the experi-
mental Franck–Condon transition Ee

FC within the 2Eg ground state,
which is larger than the DFT value by about 15%, and the �� val-
ues, at D4h

e and D4h
c (Appendix A.4; Table 18a). In order to gain

some insight into the (low-spin) t2g
5eg

2 excited state properties as
seen by DFT, we have further calculated the optimised distortion

parameters for the two lowest 2B2g states (eg

4b2g
1a1g

2/b1g
2) and

the Franck–Condon transitions in D4h
e from 2A1g(eg

4b2g
2a1g

1) to
these two states, in order to compute V�, besides �, Bte and K ′

�; the
respective equations are specified in Appendix A.4. The magnitudes
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Table 18a
Structural (Å) and energy (eV) results from DFT for tetragonally distorted NiF6

3− polyhedra in the low-spin 2Eg (t2g
6eg

1) – above – and the (hypothetical) high-spin 4T1g (t2g
5eg

2)
ground state – below – in Oh. In addition, excited t2g

5eg
2 spin-doublet states were analysed (for the calculation procedures see text and Appendix A.4). The derived vibronic

parameters and force constants A1, V� , A2, K� and K�
′ for low- and V� , K� for high-spin NiIII are also listed. Effective distortion and energy parameters with inter-configurational

mixing accounted for (see text), are additionally given in brackets (�eff
� , EJT

eff) and mirror observable quantities.

�em
� �cm

� aav EFC
e a EFC

c EJT
e A1 A2 K�

0.189b [0.183] 0.143b 1.881 0.726 (0.844) 0.560 0.194 [0.182] 2.05 eV Å−1 0.9 12.7 eV Å−1

�em
� (eg

4b2g
1a1g

2)c aav �cm
� (b2g

1eg
4b1g

2)c aav V� K�
′d

0.668 (D4h
e) 1.973 0.238 (D4h

c) 1.928 0.68 eV Å−1 10.8 eV Å−2

�em
� �cm

� aav EFC
e EJT

e V� K�

0.070e [0.060] 0.037e 1.915 0.064 0.021 [0.015] 0.61 eV Å−1 8.6 eV Å−2

a In parenthesis: experimental value (6400 cm−1), but corrected for interconfigurational mixing ⇒ 6800 cm−1.
b a|| = 1.991, a⊥ = 1.827 Å [a|| = 1.987, a⊥ = 1.828 Å] and a|| = 1.797, a⊥ = 1.921 Å, respectively.
c 2 2 ns, at em 3 −1

e of T

o
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The transition energies from A1g to the two B2g states with these configuratio
d For the excited t2g

5eg
2 doublet state in Oh. � and B come out as listed in first lin

e a|| = 1.956, a⊥ = 1.895 Å and a|| = 1.894, a⊥ = 1.926 Å, respectively.

f the �� values and of the two EFC transition energies, obtained by
FT, are listed in Table 18a, together with the derived V� coupling
nd K ′

� force constant. The calculated ligand field strength perfectly
atches with the one derived from the d–d spectra, while Bte comes

ut too small by 15% (Table 18b, first line, and Fig. 35). For conve-
ience, we give also in Table 18a �eff

� - and Eeff
JT -values, which mirror

n an effective way the reduction of the JT-coupling by configura-
ional mixing with excited doublet states of the same symmetry.
urthermore, a DFT calculation with the complete set of 120 Slater
eterminants for the d7 configuration was performed, again adjust-

ng the obtained energies to the respective ligand field expressions;
he procedure of the respective LFDFT approach is outlined else-
here [96] (see also Section 12). The resulting ligand field and

acah parameters are confronted with the results from Table 18a

n Table 18b (first two lines). The complete calculation yields an
nhanced � parameter, far away from the experimental energy
Fig. 35).

ig. 36. Energy diagram for the NiF6
3− octahedron in Cs2KNiF6 (adopted from [94])

n the energy region of the ground state. The ligand field calculation was performed
ith the parameter set, used in Fig. 35; the LS coupling constant was set to 500 cm−1,

ccording to a �/�o ratio of 0.7 (�o = 715 cm−1 [27]).
�� . (Appendix A.4), are calculated at: 22.14 and 22.40 × 10 cm , respectively.
able 18b.

The calculation for the hypothetical high-spin polyhedron is
based on the matrices in Eq. (42), which are valid for the d7 con-
figuration as well, when considering that a spherically symmetric
t2g

3eg
2 electron shell is added to d2. The diagonal ground state

splitting 3ı2 in D4h
e is:

3
2 V��em

� = E(4Eg − eg
3b2g

2a1g
1b1

1g) − E(4A2g − eg
4b2g

1a1g
1b1

1g)

(65)

and directly accessible to DFT. The respective energy and the dis-
tortion parameters �em

ε = 2�cm
�

∼= V�/K�(L� ∼= 0) yield the vibronic
constants V� and K� in Table 18a. From the three transitions from
4A2g(eg

4b2g
1a1g

1b1g
1) to the excited 4B2g, 4B1g states and to the

second 4A2g state at �em
� = 0.070 Å (diagonal energies in matri-

ces (42)), calculated via DFT, �, ı1 and a global B parameter are,
additionally to ı2, accessible and summarized in Table 18b (third
line). ı1 is nicely reproduced with the A1 and A2 parameters from
low-spin NiIII – a rather consistent result. V� is smaller by about
10% than the value, deduced from data for low-spin NiIII – in view
of the small ı2 splitting a still reasonable outcome. Derived effec-
tive values �eff

� and Eeff
JT indicate a pronounced partial suppression

of vibronic coupling, by the configuration interaction between the
two 4A2g states. For high-spin NiIII also a complete LFDFT calcula-
tion was performed. The obtained parameter set differs from the
one resulting, if only quartet states are taken in account; it pro-
duces an enhanced B value – which is still too low in regard to the

experiment, however.

The experimental ı1 and ı2 splitting parameters for low-spin
NiIII (Fig. 35) are not too far away from the values in Table 18b
(1./2.line); there is an inconsistency in the magnitude of the lig-
and field strength, however. If, in a rough consideration, the mean

Table 18b
Excited state analysis by DFT for low-spin (top two lines) and high-spin NiF6

3− (bot-
tom two lines) – energies in 103 cm−1. The first and third line refer to a ligand field
calculation on the basis of the restricted set of transitions used in Table 18a, the
second and the fourth line to a full LFDFT calculation (see text).

� ı1 ı2 B C/B ıeffa

13.30 1.70 0.52 0.675 (4.0) 2.5
14.97 1.46 0.40 0.62 4.1 4.6
13.97 0.57 0.17 0.39 (4.0) −4.3
13.85 0.48 0.13 0.66 3.5 −2.9

a The doublet-quartet and quartet-doublet separations ı2,4
eff and �4,2

eff , respec-
tively – first and second, and, third and fourth line. The data from the d–d and EPR
spectra for low-spin NiIII yield: ı2,4

eff = 0.90 (ı1 = 1.70, ı2 = 0.32), and the suggested
separation energy for high-spin NiIII is ı4,2

eff = 1.20 (ı1 = 0.57, ı2 = 0.17) × 103 cm−1 –
with � = 13.1 and B = 0.78 × 103 cm−1 in both cases (from Fig. 35).
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negative paramagnetic Curie temperature � . The existence of such
ig. 37. The EPR spectra of the elpasolite Cs2KNiF6 (the signal g⊥′ is probably due
o exchange coupling between g|| and g⊥ – see text) and of Cs2NaNiF6 with the
exagonal Cs2NaCrF6 structure and two different NiIII sites – adopted from [94].

f the two calculated values is taken, � does not differ essen-
ially from the mean for high-spin NiIII (Table 18b, 3./4.line) –
4.1(8) and 13.9 × 103 cm−1, respectively – and comes out to
e about 7% larger than the experimental value in the low-
pin case (Fig. 35). The occurrence of a single value for � is
upported by the experimental data, underlying the potential
urface in Fig. 40 (vide infra); it is surprising only in the first
nstance, when solely focusing on the by ∼=0.035 Å larger aver-
ge bond length in the high-spin case (Table 18a). However, as
he ground state potential curves indicate, their minima occur
t nearly the same energy, and one may thus confidently sug-
est, that the Ni–F bond strength is comparable in the low- and
igh-spin case.

As has been pointed out already, the alternative 2A1g
eg

4b2g
2a1g

1) and 4A2g (eg
4b2g

1a1g
1b1g

1) ground state energies
re subject to alterations caused by configuration interaction with
xcited states of the same symmetry and the same spin. These
ffects are small in the case of the here present low-spin ground
tate, but are of significant influence on the splitting of the lowest-
nergy 4T1g excited state (Table 18a). One has further to consider,
owever, that the low-spin a

2A1g ground state undergoes addi-
ional mixing with the a

4A2g and a
4Eg states, located in close

nergetic neighbourhood, via LS coupling (vide infra). This is seen
y EPR spectroscopy, which is a finer probe to the energetic sit-
ation within the ground state than the d–d spectra [94]. Fig. 36

llustrates the energetic landscape of the competing octahedral a
2Eg

nd a
4T1g states in the presence of LS coupling. The respective inter-

ction between the a
2A2g ground state and the a

4A2g, a
4Eg excited

tates gives rise to large orbital contributions to the g-tensor com-

onents (Fig. 37) [94], from which the energy separations ıeff

2,4 and

ıeff
2 (the notation: “effective” indicates, that configuration inter-

ction has been accounted for) emerge with high precision. The, in
he first instance, unexpected result is, that 3ı2 (at �m

� = 0.189 Å )
y Reviews 254 (2010) 2703–2754

comes out smaller (320 cm−1) than expected by DFT (520 cm−1,
Table 18a). The mismatch is most certainly caused by the neglect
of LS-coupling in the DFT calculation and by errors introduced by
the 3dz2 –4s interaction, which is not properly accounted for in DFT.
Nevertheless, the magnitudes of the coupling constants A1(2.05)
and V� (≈0.65 eV/Å) are well in range of those, derived for TiIII to
CoIII in fluoride ligand fields.

The EPR spectrum of the hexagonal elpasolite Cs2NaNiF6 is par-
ticularly interesting because it shows – in contrast to the spectra
of the regular elpasolites with corner-connected octahedra exclu-
sively – a high-spin signal around 4 in addition to the anisotropic
low-spin signal (Fig. 37); it has to be ascribed to NiIII in the cen-
tral position of the group of three face-connected octahedra in
this structure (Fig. 26) [94]. The rigid property of this grouping
enforces a considerable constraint on the central NiF6

3− octahe-
dron, presumably via an enhanced K� force constant. Already a
strain-induced decrease of the first order Jahn–Teller contribution
to the quartet-doublet separation 2(ı1 − �2) = 2800 cm−1 of less
than 20% (Eq. (64)) would suffice to stabilise the alternative a

4A1g
ground state. The d-d spectrum of Cs2NaNiF6 gives also hints for
the partial presence of high-spin NiIII. It is less structured than that
of Cs2KNiF6 (Fig. 35), caused – as one might suppose – by broad-
band intensity contributions due to a

4A2g(a
4T1g) → 4B2g, b

4Eg(4T2g)
and →b

4Eg, b
4A2g(b

4T1g) transitions. The latter should appear at
11.2, 12.3 and 21.8, 23.8 × 103 cm−1, and might have obscured the
sharp minimum at ≈10,000 cm−1, enhanced the intensity of the
a

2A1g → a
2Eg band, and, in particular, filled the deep minimum gap

between 22 and 24 × 103 cm−1, respectively, in the spectrum of
Cs2KNiF6. The given band positions are calculated with the param-
eter set of Fig. 35, but with the ı1 and ı2 energies for high-spin NiIII

(0.57 and 0.17 × 103 cm−1, respectively; Table 18b).
From the EPR data and low-temperature structural powder

investigations it was concluded that Cs2KNiF6 and Rb2KNiF6
undergo second order phase transitions at ∼=145 K and ∼=260 K,
respectively [1] – these temperatures characterising a change from
dynamic to static local JT distortions. The low-temperature struc-
ture is tetragonal, with c/a > 1, according to a ferrodistortive order
of elongated NiF6

3− octahedra (Fig. 39). For the Cs2K-elpasolite
a local distortion of �em

�
∼= 0.14 Å [97] was roughly estimated at

T < 77 K from X-ray data, not too far from the DFT value �eff
�

∼= 0.18 Å
(Table 18a). Elpasolitic solids with MnIII exhibit analogous unit cell
distortions according to a ferrodistortive order, but already at 298 K
[1,69]. The ground state splitting and the distortion parameter are
considerably smaller in the low-spin NiIII case, as compared to MnIII,
mainly caused by – if one believes theory and DFT – a considerably
increased force constant K� (Tables 13 and 18a).

10.2. The high-spin/low-spin equilibrium

We consider now the influence of temperature on the obvi-
ously existing low-spin/high-spin equilibrium in greater detail. The
orbital admixtures to the anisotropic g-values at 4 K, due to the
a

2A1g–a
4A2g, a

4Eg interaction [94], increase with temperature, as
does the magnetic susceptibility, measured by Alter and Hoppe
[93] – without doubt caused by the presence of high-spin NiIII on
the octahedral sites and thermal averaging processes. This effect
explains the positive deviation of � · T from the low-spin value at
higher temperatures (Fig. 38) via a specific energy barrier �E2.4.
On the other hand, the effect of a drastic decrease of �T below the
limit given by the low-spin curves, occurring at low temperatures, is
without doubt due to antiferromagnetic interactions according to a
p

wide-distance interactions in elpasolites is indeed documented
for the analogous solids A′

2AMnF6 with tetragonally elongated
MnIIIF6

3− polyhedra in ferrodistortive order and a (dz2 )1 config-
uration on each paramagnetic centre (Fig. 39; top left); deduced �p
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Fig. 38. The calculated magnetic susceptibility (�) in dependence on temperature,
for low-spin and high-spin NiF6

3− polyhedra (parameter set of Fig. 35, and with
reduced energies for ı1 and ı2 – 0.57 and 0.17 × 103 cm−1 – bottom and top, respec-
tively), in comparison with experimental results for Cs2KNiF6. The data fit was
achieved by the assumption of a thermal admixture of quartet to doublet NiIII species
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quartet-doublet separation energy ı4,2, resulting from Fig. 40, is
ia the energy barrier �E2,4, and assuming the presence of weak antiferromagnetic
oupling between the low-spin NiIII centres (for the fit quality between 50 and 110 K,
ee text).

alues are here also around −8 K [29]. The correlation between the
pins of the dz2 electrons via the interconnecting (AIF6) polyhedra
ithin the ferrodistortive order demands antiferromagnetism.

With the sketched model, a rather good fit to the experimen-
al data is achieved (Fig. 38) – though there are deviations in the
emperature region between 50 and 100 K. We think, that domains
ith antiferrodistortive elastic coupling, present in the vicinity

f the temperature of the phase transition, are responsible for
he discrepancy. Evidence for the existence of antiferrodistortive
airs gives EPR, where a weak signal at g′

⊥ = 1/2(g|| + g⊥) appears
Fig. 37). It very probably results from the averaging of a molec-
lar g|| and a g⊥ tensor component – oriented parallel to a long
a||) and a short (a⊥) NiIII–F bond length, respectively – due to the

entioned clusters with parallel spin orientation within neigh-
oured tetragonally elongated NiIIIF6

3− polyhedra. Fig. 39 displays
he two alternative patterns of elastic ordering in the elpasolite
attice (top and bottom left). In large domains with antiferrodis-
ortive elastic coupling the planar ferromagnetism is expected to
ive way to a three-dimensional antiferromagnetic arrangement,
aused by antiparallel spin-orientation between the planes. A sim-
lar complex structural situation has been analysed for the Cu2+

entre with a hole in the dx2−y2 orbital, via EPR and magnetic
nvestigations on compounds Ba(Sr)2

IICuIIW(Te)VIO6 and corre-
ponding mixed crystals with Zn2+ on the Cu2+ positions [98].
hile in the former solids a ferrodistortive order of elongated CuO6
olyhedra (Fig. 39, top right) is stabilised, with first-order tran-
itions to the cubic phase at very high temperatures, on dilution
ith Zn2+ the alternative antiferrodistortive order (with short-
y Reviews 254 (2010) 2703–2754 2743

range character) becomes energetically more favourable; here,
the phase transition to the cubic elpasolite structure is of con-
tinuous nature. To summarize: for CuII, as for low-spin NiIII, the
ferrodistortive order demands antiferromagnetism, while the anti-
ferrodistortive alternative generates ferromagnetic planes, which
might be weakly antiferromagnetically coupled in the c-direction. A
plausible explanation for the mentioned mismatch between calcu-
lated and experimental susceptibility data (Fig. 38) is, as we think,
that the disorder, introduced by the presence of high-spin NiIII on
the octahedral sites of elpasolites A′

2ANiF6, favours the formation
of antiferrodistortive domains with short-range order – in a similar
way as initiated by the non-JT cation Zn2+, when substituted into
the Cu2+ sites of Ba2CuWO6.

The potential energy diagram in Fig. 40 is a model description
of the energetic situation in the competing a

2A1g, a
4A2g ground

state manifold. For the construction of the potential curves the
force constants for low-spin and high-spin NiF6

3− (K ls
� = 12.7,

Khs
� = 8.6 eV Å

−2
) as well as the corresponding effective �� val-

ues (�eff
� (ls) = 0.183, �eff

� (hs) = 0.060 Å ) were used (Table 18a),
and in addition the effective doublet–quartet separation energy
ıeff

2,4
∼= 900 cm−1 (including contributions from LS coupling), which

is rather precisely known from experiment (see Fig. 36). Because
the location of the high-spin potential energy curve with respect
to the position of the curve for low-spin NiIII involves not only a
change of �� but also an expansion of the average Ni–F bond length
ıa = 0.034 Å, we adopt the Bersuker concept [16] of a single inter-
acting displacement mode q. The respective coordinate ıq, which
comprises changes of both, �g- and 
1g-type stretching dislocations
– when moving from the minimum position of the low-spin state,
as the reference, toward the minimum of the potential energy curve
of the high-spin state – is defined in our model as follows:

1
2 Khs

� (ı�eff
� )

2 + 1
2 K
(

√
6ıa)

2 ≡ 1
2 Khs

� (ıq)2 (66a)

ıq ≡
{

(ı�eff
� )

2 + K˛

Khs
�

(
√

6ıa)
2
}1/2

(66b)

Here ı�eff
� = 0.183 − 0.060 = 0.123 Å is the decrease of the radial

distortion when switching from low- to high-spin NiIII (Table 18a),
while

√
6ıa refers to the average bond length increase according

to the 
1g motion. Explicitly, Eqs. (66a) and (66b) visualize the dis-
placement of the adiabatic potential energy surface of high-spin
NiIII in respect to the low-spin potential curve, along the q coordi-
nate. With the tentative choice of K
/K� = l.2 – suggested by DFT and
by reported energies of the two 
1g and �g vibrational modes (see
the data for FeF6

3− in [26]) – a displacement ıq = 0.153 Å results.
The potential energy diagram in Fig. 40 is now easily constructed
via the following expressions:

E(ls) = 1
2 K ls

� (ıq)2, at ıq = 0.153 Å ⇒ ıeff
4,2 + �2,4

E(hs) = 1
2 Khs

� (0.153 − ıq)2 + �2,4, at ıq = 0 ⇒ ıeff
2,4

(67)

The quantity of major interest is �2,4, the energy difference
between the minimum positions of the high-spin and low-spin
potential curves, and comes out to be about 100 cm−1. The energy
�E′

2,4 (≈300 cm−1) characterises the point of intersection between

the two potential curves at ıq ≈ 0.08 Å and is loosely correlated
with the barrier height �E2,4 in Fig. 38, which steers the occu-
pation of formerly low-spin sites by high-spin NiIII; indeed, the
two quantities are of comparable magnitude (400 ± 100 cm−1). The

eff
∼=1100 cm−1, indeed near to the a
4A2g–a

2A1g energy difference of
1200 cm−1, which results from a ligand field calculation – per-
formed on the basis of available experimental data (Table 18b,
footnote a). If, on a finer scale, K ls

� is adjusted by taking second



2744 D. Reinen et al. / Coordination Chemistry Reviews 254 (2010) 2703–2754

F lpaso
a text)
N ced fe
b in the

o
s

T
a

F
T
s
a
d

ig. 39. The ferrodistortive order of tetragonally elongated NiIIIF6
3− octahedra in e

nd the phase diagram of Ba2Zn1−xCuxWO6 mixed crystals (top, right; for details see
iF6

3− polyhedra with a view into the planes, perpendicular to [0 0 1], and the indu
ridges and their overlap with the 3dz2 and dx2−y2 orbitals; the orbitals, due to NiIII

rder vibronic coupling into account (⇒ K ls − 2A = 10.9 eV/Å2),
� 2
ignificant changes of the above reported energies do not emerge.

We now comment on the DFT results for ıeff
2,4 and ıeff

4,2 in
able 18b. Due to the underestimation of interelectronic repulsion,
nd because of an, in one case, overrated � value, ıeff

2,4 energies

ig. 40. Potential energy diagram for the NiF6
3− polyhedra in elpasolites (as in [99]).

he ıq coordinate is defined in reference to the absolute energy minimum of low-
pin NiIII at �em

� (eff) = 0.183 Å; the minimum for high-spin NiIII at �em
� (eff) = 0.060

nd ıa = 0.034 Å (ıq = 0.153 Å) is located at a by ∼=100 cm−1 higher energy. For further
etails see the text.
lites A2
′ANiF6 (top, left; the open circles stand for the intervening AIF6 polyhedra)

. The bottom figures illustrate the alternative antiferrodistortive order between the
rromagnetic spin correlation (the black ellipsoids stand for the intervening F–AI–F
square-centre, are not shown) – adopted from [1].

result, which are by far too large; for the same reason, the ıeff
4,2

separation energies come out to be strongly negative. Considering
the splitting parameters only, the following analytical expression
for the sum of ı2,4 and ı4,2 (diagonal energies; see Eq. (64)) can
be formulated. It refers to the alternative 2A1g(eg

4b2g
2a1g

1) and
4A2g(eg

4b2g
1a1g

1b1g
1) ground states if �, B, C are equal in the low-

and high-spin case:

ı2,4 + ı4,2 = 2{(ı1 − ı2)ls − (ı1 − ı2)hs} (64a)

and is consistently (1.7 ± 0.25) × 103 cm−1, if the splitting parame-
ters in footnote a of Table 18b, or the results of the DFT calculations
are used. After all, the DFT results for the octahedral (with the
exception of the �-value near to 15,000 cm−1) and tetragonal lig-
and field parameters, turn out to be rather reliable quantities, while
interelectronic repulsion comes out too small; the increase of B
toward the realistic value of 780 cm−1 would reduce ıeff

2,4 and shift

the ıeff
4,2 energy to much less negative or even positive magnitudes.

2
We summarize, that it is preferentially the strong Eg ⊗ �g cou-
pling (ıls

1 = 1.7 × 103 cm−1), which stabilises a low-spin ground
state (Eq. (64a)) [1,94]. Furthermore, the detailed analysis, underly-
ing Fig. 40, indicates, that the potential minima of the two competing
NiIII species lie very close in energy [99].
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Table 19
Structural and energy DFT results for the CuF6

3− octahedron in the excited t2g
5eg

3 configuration – optimised data and Franck–Condon transitions, calculated according to
Appendix A.3 – and the derived coupling parameters (above). The EFC transitions, originating from the 4A2g (t2g

6eg
2) ground state in Oh (diagonal energies; in 103 cm−1), are

listed below, together with the ligand field parameters deduced.

�m
� (Å)a eg

2b1g
1 (aav) eg

2a1g
1 (aav) eg

1b2g
1b1g

1 (aav) eg
1b2g

1a1g
1 (aav)

0.129c (1.962) 0.322e (1.970) 0.208c (1.970) 0.301e (1.972)

EFC
(a) (eV) EFC

(b) (eV) A1 V� A2 K� ’

0.882c 0.315e 1.2 ∼=0.2 eV Å−1 ∼= 0.7 ∼= 5.5 eV Å-2

EFC
4A2g → 4T2g (t2g

5eg
3) → 4T1g (t2g

5eg
3) → 4T1g (t2g

4eg
4) a (Å)

(Oh) 14.34b (=�) 18.98b (=� + 12B) 29.59b (=2�+ 3B) 1.909

a 2 1 1 1 nd co
pariso

1

1

h
(
m
p
t
s
m
e
d
a
f
–
d
t
t
t
m

r
[
3

F
g
i
a
(
w

A half-filled shell eg b2g b1g a1g has to be added; c, e refers to D4h elongated, a
b See the d3 matrices in Eq. (52); the derived Bte parameter is 0.39(1) in com

4.3(2) × 103 cm−1.

1. The CuIIIF6
3− polyhedron

In Table 19 we have listed the DFT results for the CuF6
3− octa-

edron. Having in mind, that the addition of a half-field d-shell
t2g

3eg
2) does not change the energy matrices, if only the highest-

ultiplicity terms are considered (see Eq. (52)), we followed the
rocedure described in Appendix A.3 for CrIII for the evaluation of
he coupling and force constants. Surprisingly, the coupling con-
tants A1 and V� (the latter has – as well as K ′

� and A2 – a larger
argin of error) come out very small in comparison to the param-

ters derived for the cations, preceding CuIII. The thus indicated
iscontinuously increased bond covalency is also detected, when
nalysing the charge-transfer and d–d spectra (see below). We have
urthermore calculated the Franck–Condon transitions in Oh by DFT
here using the D4h-MOs, however, in order to avoid falsifications
ue to self-interaction in the case of orbital degeneracy. While
he calculated � parameter nicely matches with the experimen-
al value (Fig. 41), the Racah parameter is more than 40% smaller
han that, derived from the d–d spectra, which is an even larger

ismatch than that found for CrIII (Table 10).

There is only one d–d spectrum – for the elpasolite Cs2KCuF6 –

eported in literature [49]. Fig. 41 shows a second example
31], with band positions near to those of the Cs solid. The
A2g → a

3T1gtransition is rather broad and hence the Bte parameter

ig. 41. The d–d spectrum (T = 298K) of the hexafluoro-NiII-complex (3A2g(t2g
6eg

2)
round state)) in a pyrochlore-type structure (top); the assignment and band fitting
s accomplished with: � = 7.5, a single parameter B = 0.95 × 103 cm−1 (B/B0 = 0.92)
nd a ratio C/B = 4.2. The spectrum of the isoelectronic CuIIIF6

3− octahedron
T = 298K) in the cubic elpasolite structure is shown below; band fitting was achieved
ith the same C/B-ratio and � = 14.5; Bee = 0.62, Bte ≈ 0.75 × 103 cm−1.
mpressed, respectively. For the nomenclature (a), (b), see Appendix A.3.
n to the spectroscopic value of 0.70(5) × 103 cm−1; the experimental � value is

subject to larger errors (≈0.75 × 103 cm−1). The nephelauxetic
ratio (with B0 ∼= 1200 cm−1 [49]) is, with ˇ ≈ 0.6, considerably
lower than those for VIII, CrIII and CoIII (∼=0.75) – indicating also
via the interelectronic repulsion a pronounced increase of the
bond covalency. In the spectra of the isoelectronic Ni2+ ion in
fluoride solids (Fig. 41) particularly two of the three lowest energy
triplet–singlet transitions are usually observed in addition to the
spin-allowed bands, namely: a

3Ag (t2g
6eg

2) → a
1Eg (∼=t2g

6eg
2)

and →a
1T2g (∼=t2g

5eg
3). The three absorptions are expected (see

the respective Tanabe–Sugano energy matrices) – for �/B ratios
around 20, as for CuIIIF6

3− – to occur at:

E(a
3A2g→a

1Eg) ∼= 0.015� + 7.4Bee + 2Cee (68a)

E(a
3A2g→a

1A1g) ∼= 0.165� + 8.1Bee + 4Cee (68b)

E(a
3A2g→a

1T2g) ∼= 1.025� + 7.0Bte + 2Cte (68c)

Adopting the C/B ratio from Ni2+, one derives from the posi-
tion of the observed transition within the ground state electron
configuration at 10,000 cm−1 in the spectra of Cs(Rb)2KCuF6 a Bee

parameter of 620 cm−1 (Eq. (68a)); because only �-antibonding eg

electrons are involved, a further covalency reduction with respect
to Bte is expected. In the case of the NiIIF6

4− octahedron (Fig. 41,
top), due to the only weakly pronounced covalency of the diva-
lent cation toward F−, one single B parameter and a C/B value of
4.2 suffices for the parameterisation. The transitions to b

3T1g and
a

1T2g – the latter is revealed as a shoulder on the low-energy slope
of the a

3A2g → b
3T1g main transition in the case of Ni2+ – are calcu-

lated to appear at ∼=33.5 and 26.5 × 103 cm−1 for CuIII, already in the
charge-transfer region. The a

3A2g → a
1A1g transition (Eq. (68b)) is

reported to appear as a very weak peak in the spectrum of Cs2KCuF6
at 16,400 cm−1 [49], about 1000 cm−1 lower than predicted in our
parameterisation.

The trend of increasing covalency has been substantiated for
the hexachloro-complexes of the series of cations from TiIII to FeIII

in Section 8, where the optical electronegativity of the MIII cen-
tres steadily moves toward that of Cl− (Table 16a). In the fluoride
case, a rather drastic decrease of the vibronic coupling parame-
ters and of the nephelauxetic ratio is observed, when passing over
from NiIII to CuIII. This effect is reflected by the optical electroneg-
ativity (Eq. (62)) as well. From the reported [49] lowest-energy
t1u

n → eg
* ligand-to-metal charge-transfer band of the NiF6

3− and
CuF6

3− octahedra – after having applied the correction arising from
changes in the interelectronic repulsion, and here also with respect
to the ligand field parameter � because of the filled t2g subshell – a

dramatic enhancement of �opt from NiIII to CuIII results (Table 16b).
It documents the instability of the (+III) oxidation state of copper
even in the field of fluoride, the ligand with the largest electronega-
tivity. Accordingly, a ZnIIIF6

3− octahedron cannot be stable, for the
obvious reason of charge transfer bands, which would cover even
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he low-energy spectroscopic region [87]. For similar arguments,
hlorocomplexes of 3dn-MIII cations are not expected to exist as
table species, if n > 6 (�opt(NiIII) ≈ �opt(Cl−I); Tables 16a and 16b).

The (+III) oxidation state of copper is still reasonably stable
n ligand fields of oxygen ligator atoms – in spite of the smaller
lectronegativity in comparison to fluoride. Usually the CuIII –
entres are low-spin in this environment, however, and adopt a
quare-planar coordination. These energetic and structural prop-
rties originate from the pseudo-JT coupling between the 1Eg- and
A1g-excited states within the t2g

6eg
2 ground state configuration

see Eqs. (68a) and (68b)), which eventually stabilises a low-spin
eg

4b2g
2a1g

2) ground state in D4h. The symmetry aspects and ener-
etic implications are considered in detail elsewhere [99].

2. DFT calculations and further details

2.1. Vibronic coupling calculations

One main goal of this work has been to explore the ground state
otential energy surface of hexafluoro- and hexachloro-complexes
f 3d metals in their T2g (d1, high-spin d6) and T1g (d2, high-spin
7) ground sates and to rationalize on this basis their spectra and
tructures. Because the ground state energy splitting and the finer
tructural details of these complexes are not known from experi-
ent, we used DFT results as a data base to deduce these quantities

rom first principles. An analysis of the DFT data in terms of the
g ⊗ (�g + �2g) vibronic coupling model then allows one to deduce
he otherwise inaccessible vibronic coupling parameters.

The general procedure of obtaining the vibronic coupling and
orce constants from DFT via the relevant distortion parameters and
ranck–Condon transition energies is outlined in Sections 2.2–2.4
or the Tg ⊗ �2g, Tg ⊗ �g and Tg ⊗ (�g + �2g) vibronic interactions and
s related to the one in [100]. It is extended to the Eg ⊗ �g cou-
ling case in Section 2.5. The derived equations refer to the 2(5)T2g,
(5)Eg ground and excited states, respectively, of d1 (high-spin d6)
ations – Sections 3 and 9.1 – and to the d2 (high-spin d7) con-
gurations with 3(4)Tg-type ground and excited states, which are
reated in Sections 5.1–5.3 and 10.1. A critical discussion, con-
erning the discrimination of certain DFT data with respect to
heir usability in the vibronic coupling and ligand field calculations
s given in Section 3.1. Besides the mentioned electron configu-
ations the excited Tg states of octahedral Cr3+ and Cu3+ were
nalysed. Because the ground states are orbital singlets in these
ases, the coupling and force constants had to be deduced from
FT data on carefully selected excited state configurations (Sections
.1, 6.2 and 11). Neglecting higher-order coupling contributions,
he following relations between the linear coupling and force
onstants (Tg ⊗ �g interaction), and the DFT-deduced radial dis-
ortion parameters and Franck–Condon transition energies within
he Tg ground state splitting exist [100] at the absolute minima
f the adiabatic B2g(T2g) and A2g(T1g) potential energy surface for
1,d6 (high-spin)and d2,d7 (high-spin), with �m

� ≡ �cm
� and �em

� ,
espectively:

� = 2
3

EFC(D4h)
�m

�
; K� = 2

3
EFC(D4h)

(�m
� )2

(69)

nd, similarly, in the Tg ⊗ �2g coupling case for an A1g(T2g) or
2g(T1g) ground state, with �m

� ≡ �cm
� and �em

� , respectively:

� = 2
3

EFC(D3d)
�m

�
; K� = 2

9
EFC(D3d)

(�m)2
(70)
�

While Eq. (69) turns out to be exact in the considered cases
L� ∼= 0), expression (70) is only approximate, because here the
econd-order coupling constant X� is of significant magnitude
see Table 2, for instance). If the D2h* stationary points are con-
y Reviews 254 (2010) 2703–2754

sidered, the same equations (69) and (70) are valid – again for
vanishing higher-order contributions, here from L� and W. The,
additive, distortion parameter components in the respective case
of Tg ⊗ (�g + �2g) vibronic coupling are: �m

� ≡ �em
� (D4h) (d1) or �cm

�
(D4h) (d2) and �∗m

� (D2h*) in both cases; the transition energy incre-
ments in D2h* (see Fig. 4d), to be substituted into Eqs. (69) and (70),
are as follows (d1-nomenclature):

EFC(�4h) ≡ EFC(B3g → Ag) − 1
2 EFC(B3g → B2g)

EFC(D3d) ≡ EFC(B3g → B2g)
(71)

The DFT calculations show indeed, that, according to the
premise, the higher-order coupling is weak or even vanishing; W
– which couples the �2g and �g modes in their interaction with an
electronic Tg ground state – is nearly zero and L� is small. The general
conclusion is, that, from the stationary points of the adiabatic potential
energy surface, those resulting for a pure Tg ⊗ εg vibronic interaction
are clearly the absolute minima in the case of the analysed fluoro- and
chloro-complexes of the 3d-MIII cations from Ti to Cu.

For the furthermore considered vibronic Eg ⊗ �g interaction in
the t2g

3eg
1 and t2g

6eg
1 ground state configurations of octahedral

Mn3+ and low-spin Ni3+ (and in the excited Eg states of d1 and
d6(high-spin) as well) the approximation of linear vibronic cou-
pling yields (Section 2.5):

A1(+A2�em
� ) = (1/2)EFC(D4h

e)
�em

�
(72)

K�(−A2) = (1/2)EFC(D4h
e)

(�em
� )2

The higher-order addition is given in parentheses; it stabilises,
via the 3dz2 –4s interaction, the tetragonal elongation in respect to
the compression. In distinction to Eq. (69) the higher-order interac-
tion can by no means be neglected; the energy contributions from
A2 may have magnitudes up to nearly 25% of those, stemming from
A1.

In Section 3.1 we have summarized significant criteria, which
– as we think – are crucial for the selection of reliable DFT data.
One point of irritation is, that Kohn–Sham DFT in its present
implementations is not able to calculate the energies of electronic
states in the case of orbital degeneracy (T2g or T1g). For exam-
ple in the case of octahedrally coordinated TiIII (d1) one electron
is evenly distributed between the dxz, dyz and dxy orbitals. Such
a distribution usually leads to a lower energy than the one elec-
tron/one orbital occupancy, if no correction for, what is called
electron self-interaction, is applied. Similarly, in complexes with
D4h or D3d symmetry, electronic transitions within the Tg ground
state involve a doubly degenerate excited split state (eg

1 in the
given example). For the energy calculation one has of course
to employ the relevant structural properties in D4h or D3d, but
may use an electron distribution according to the lower D2h or Cs

symmetry, where eg splits into b2g and b3g or a′ and a′′, respec-
tively. Thus, one creates a one-electron/one-orbital occupancy by
artificially lowering the symmetry. From this consideration also
follows, that the stabilisation energy of a distorted polyhedron,
with the regular octahedron as the reference (EJT(D4h or D3d)), is
not directly accessible to DFT, as presumed in a previous paper
[101]; here again – in order to avoid errors due to self-interaction
– the calculation of EJT should be based on the solutions of the
potential energy matrix at the energy minimum of an orbital singlet
state.
We have used the total energies Et from DFT-COSMO for
the derivation of the vibronic coupling parameters and force
constants throughout this contribution. A more correct proce-
dure would have been to utilise E′

t(≡ Et − Esolv) energies, because
the electrostatic solute–solvent interaction (Esolv) is not associ-
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ted with the local properties of the MIIIX6
3− centres, which

e are interested in d–d spectroscopy [44]. However, because
he solvent energies are frequently subject of casual fluctua-
ions, as here – due to the rather large negative charge on the
olute – we chose the total energies in our calculations. Since,
n the consideration of vertical Franck–Condon transitions, the
ssumption is met, that Esolv does not change essentially dur-
ng the excitation, the introduced inaccuracy is only small. As
ne may infer from Tables 6a and 6b, for example, the coupling
arameters, derived from the DFT data base, are possibly slightly
verrated.

2.2. DFT and interelectronic correlations

The deficiency of DFT to reproduce the parameters of interelec-
ronic repulsion, as they emerge from experimental d–d spectra
ia the application of ligand field theory, will be critically anal-
sed now. d-Electrons in transition metal complexes are localized
nd subject to strong correlations in their motion. In the dynamic
orrelation, electrons avoid each other instantaneously, occupying
o maximum extent different regions in space. This kind of corre-
ation is well accounted for by utilising the exchange-correlation
ole, intrinsic for the Kohn–Sham formulation of DFT. The static
orrelation is either completely neglected in a single determinant
FT approach, or considered in an effective way by an appropri-
te choice of the exchange-correlation functional. In ligand field
heory, the mixing of Slater determinants via interelectronic repul-
ion accounts for this type of d–d correlation. The DFT-based ligand
eld model (LFDFT) [96] takes advantages of both, DFT and ligand
eld theory. LFDFT uses the complete set of Slater determinants,
hereby comprising the various distributions of the d-electrons
ver the available molecular orbitals. The energies are derived
tilising a common set of such orbitals, obtained in an average-of-
onfiguration DFT calculation (AOC-DFT [102]). These energies and
he explicit use of the composition of the 3d orbitals, expressed
n terms of corresponding standard basis functions (dxy, dyz, dxz,

z2 , dx2−y2 ), yields both, the Racah parameters of interelectronic
epulsion (B and C) and the (5 × 5) matrix of the ligand field [96].
n difference to common other parameterizations, as in the angular
verlap model (AOM), the crystal field theory (CFT) or combina-
ions of these, the AOC-DFT approach, yields all parameters from
rst principles without additional approximations (such as param-
ter additivity and transferability in AOM); it also allows to describe
ow-symmetry complexes and avoids overparameterization. While
alues of the ligand field matrix elements are obtained in a quality
omparable with experiment, the parameters B and C are drastically
nderestimated with current DFT exchange-correlation function-
ls. This is no severe draw-back in the context of this contribution,
ecause B and C are usually available from the d-d spectra or can
e rather well estimated from Jørgensens rules in respect to the
ephelauxetic effect and its factorisation. We have applied LFDFT
nd critically evaluated the method in the case of the NiF6

3− poly-
edron in the low- and high-spin state, performing calculations
ith the complete set of Slater determinants and with a small set

f these, restricted to only weakly excited electron configurations
esides the ground state (Section 10; Table 18b). The nephelauxetic
ffect, as formulated by Jørgensen [10], is of sophisticated nature
nd utilises the spectroscopic experiment and ligand field theory. It
omprises two components – the central field covalency, which is a
cloud-expanding” effect, based on the participation of all electrons
f the central cation, and the symmetry-restricted covalency, which

nvolves d-electrons exclusively. The latter implies a larger reduc-
ion of B and C in magnitude, if interelectronic repulsion between
he somewhat delocalised eg(�) electrons than between the rather
ocalised t2g(�) electrons is involved – an effect born out from spec-
roscopic experiments. This concept of a differential covalency effect
y Reviews 254 (2010) 2703–2754 2747

does not necessarily match with DFT, where the electron density origi-
nates from all electrons, and more importantly, where electrons in the
occupied 3d-MO’s are taken as frozen (without SCF) when calculating
the energies of various Slater determinants. Aside from the dis-
cussed implications in respect to interelectronic repulsion – which
are not yet fully understood, as we think – it should be empha-
sized, that Kohn–Sham DFT is an orbital-based method as is ligand
field theory.

12.3. Computational comments

The DFT computations were performed with the Amsterdam
Density Functional program (ADF) [103]. Large Slater-type orbital
basis sets (STO, triple-�) with one d-type polarization function for
fluorine and chloride, and the frozen core approximation up to 3p
for metal ions and with 1 s for fluorine and chloride were used.
A series of test geometry optimizations on MnF6

3− in its ground
state configuration eg

2b2g
1a1g

1 in D4h
e, using various exchange-

correlation functionals, has been carried out. As follows from
the comparison between calculated and experimental Mn–F bond
lengths (Table B1 in the supplementary material), both, average
Mn–F bond lengths (aav) and Jahn–Teller distortions (�m

� ), are
best reproduced with the LDA-VWN and BP86 functionals. Other
gradient-corrected functionals lead to Mn–F bond lengths and
polyhedron distortions, which are distinctly larger than the exper-
imental ones. In difference to the structural quantities, the energy
splitting of, for example, Tg ground states turns out to be less sensi-
tive with respect to the choice of a specific functional; the variation
of these energies for TiF6

3− and VF6
3−, using various functionals –

pure DFT ones (VWN to BLYP) and hybrid – type ones with various
degrees of Hartree–Fock exchange (B3LYP* to X3LYP) – illustrates
this for D4h, D3d and D2h* molecular structures (Table B2). Also
because of the low computational costs (Table B1) we have cho-
sen the LDA-VWN functional for both, polyhedron structures and
energy splitting.

For the rather highly charged (MX6
3−) anions a charge-

compensating polarizable solvent continuum has been introduced,
by applying the conductor-like screening model (COSMO) as imple-
mented in ADF [103]. The dielectric constant of water (ε = 78.4) and
the solvent radii, specified in Table B3 in the supplemetary mate-
rial, have been used. The solute-solvent energy makes an essential
contribution to the total energy (about 40% in the VIII case;
Tables 6a and 6b), while it largely cancels in the Franck–Condon
energies (see Section 12.1). The neglect of a charge-compensating
polarizing solvent drastically lowers the restoring force constant
K�, which outweighs by far the opposite effect of the solvent on
the vibronic coupling constant V� (Table B4). Both observations
mirror the softer properties of the polyhedra in the absence of a
solvent, with a more covalent MIII–F bond due to ligands with-
out the imposed contrapolarising influence by counter cations and
hence with reduced electronegativity. Pronounced is the effect on
the radial distortion parameters and moderate on the average bond
lengths, which increase by 1/3 and 3%, respectively. The resulting
polyhedron structures are far from reality; the necessity to include a
charge-compensation into the DFT calculations is hence obvious, if
reliable data for the structure, but also for the energies and vibronic
parameters are desired – as has been noticed before ([9] and Section
3.1).

We have emphasized the failure of DFT, when analysing inter-
electronic repulsion phenomena – and this deficiency becomes
also apparent, if spin-pairing phenomena are considered. In the

case of NiF6

3− the vertical high-spin/low-spin separation energy
ıeff

2,4 is nearly vanishing (see Section 10.1 and Table 18b), which
cannot be even approximately reproduced by the calculational
procedure applied here(≥2500 cm−1). We have tested various func-
tionals in respect to their usefulness for reliably mirroring the
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Table 20
Coupling parameters and force constants K� – excited state values K�

′ in italics – for the Tg ⊗ �g and Eg ⊗ �g vibronic coupling in MIIIX6
3− octahedra (X = F−; for Cl− in brackets);

the radial distortion and the JT stabilisation energy in the given ground states are also listed (see text). Data for CrIII and CoIII originate from excited states, and for NiIII also
the high-spin alternative was analysed.

MIII TiIII VIIIa CrIII MnIII CoIII NiIIIa CuIII

V� [eV Å−1] 0.82[0.27] 0.89[0.33] 0.7[0.25] ∼=0.75 0.65 0.68 ≈0.2
A1 [eV Å−1] 2.25[1.80] 2.0[1.1] 1.8[1.0] 2.00[1.35] 2.00 2.05 1.2
A2 [eV Å−2] 1.1 [1.2] 0.9[0.5] 0.8[0.4] 0.70[0.5] 0.8 0.90 ≈0.7
K� [eV Å−2] 9.9[5.4] 11.9[6.2] (12[6])b 9.1[5.0] 8.1 12.7c (7)d

7.8[5.0] ≈7.6[≈3.7] 7.5[3.5] 7.5 7.7 10.8 ∼=5.5
EJT [eV] 0.034[0.006] 0.033[0.008] –b 0.26[0.23] 0.026 0.194 –d

�m
� [Å] 0.083[0.050] 0.075[0.053] –b 0.26[0.34] 0.081 0.189 –d

Ground state 2T2g
3T1g

4A2g
5Eg

5T2g
2Eg

3A2g

a Without configurational mixing.
b Magnitudes, utilizing the estimated ground state force constant K� ∼= 12[6] eV Å−2, are: EJT ∼= 0.02 [0.005] and 0.16 [0.10] eV; �m

�
∼= 0.06[0.04] and 0.17[0.19] Å – for Tg ⊗ �g

and Eg ⊗ �g vibronic interactions, respectively.
c 3− 4 −2 ing EJ ∼ m ∼
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K� for NiF6 in the hypothetical T1g high-spin ground state is 8.6 eV Å , yield
d Magnitudes, utilising the estimated ground state force constant K� ∼= 7 eV Å−2, a

espectively.

hange in the interelectronic correlation and repulsion during a
pin-flip, and found the hybrid functional B1LYP to be a good choice
Supplementary material B3, Table B5). This is, however, a rather
ortuitous result – and not of essential help.

2.4. d–d spectroscopy and experimental

Finally, some critical remarks in respect to the determination
f the band positions in the d–d spectra are necessary. Because all
sed and quoted spectra are from powder reflexion data (between
98 and 77 K, exceptionally at 4 K) and hence absolute intensities
ere not available, the optical transitions were located according to

he absorption envelope. This procedure is surely subject to errors
n the case of energetically closely neighboured split bands, but
hould not touch the gross results too much. Wherever the ener-
ies were controlled by DFT, there was agreement within a rather
arrow error limit. Exceptions are clearly the broad-band spectra of
olids AITiIIIF4, where the excited state splitting can only be roughly
stimated, even at 77 K (Fig. 18).

Concerning the preparation of the solids, dealt with in this con-

ribution, we refer to the given literature (see for instance [59])

but generally remark, that the experimental effort is mostly
arge, and furthermore, that the handling of the mostly air- and

oisture-sensitive solids for the structural and optical studies
ffords considerable care.

ig. 42. The dependence of the JT stabilisation energy EJT (in eV) and of the extent of the
ctahedra – for Tg ⊗ �g and Eg ⊗ �g vibronic coupling, respectively. Also for the evaluation
� was employed (see text).
T = 0.027 eV and �� = 0.079 Å.
T ∼= 0.003 and 0.13 eV, �� ∼= 0.03 and 0.21 Å – for the Tg ⊗ �g and Eg ⊗ �g interaction,

13. Final discussion and summary

13.1. The vibronic JT coupling

Table 20 summarises the JT stabilisation energies and radial
distortion parameters for the halide complexes of this study in
their ground states. They were derived, and the listed vibronic cou-
pling and force constants as well, by utilising carefully selected
DFT results (vide infra), supplemented by available experimental
data. In order to get the complete list of coupling constants, also
potential energy surfaces of singly excited states were analysed –
in particular in the d3 and d8 cases. In such a way, EJT energies
and �� values are obtained for each dn configuration and for both,
Tg ⊗ �g and Eg ⊗ �g vibronic interactions. According to the presup-
position of presenting structural and energy quantities, which refer
to �g vibrations in the respective ground states and which are hence
comparable within the considered range of dn configurations, we
used always the ground state force constant K� in these calcula-
tions (see Fig. 42). For CrIII and CuIII, K� was estimated in respect to
the parameters of VIII and NiIII (high-spin), the neighbours in the

periodic table, and in consistence with the DFT-deduced K ′

�-values
(Table 20). In Fig. 42 the dependence of �m

� and EJT on the respective
dn configurations for each type of vibronic coupling is displayed.

In the series from TiIII to NiIII(high-spin) and considering Tg ⊗ �g

coupling first, one observes the expected dependence of �� and

radial distortion �m
� (in Å) on the occupation number n of the 3dn cation in MIIIF6

3−

of those data, which refer to excited states, always the ground state force constant
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JT on the number of d-electrons – a decrease from the occupa-
ion t2g

1 toward t2g
3, an increase when adding eg electrons and a

ecrease again, if further t2g electrons are added; the enhancements
n the step from d3 to d4 obviously mirror the more pronounced
ntibonding character of the eg electrons, while the reverse effect
s seen, when moving from high-spin to low-spin NiIII. The main
eason for the phenomenon seems to be a pronounced reduc-
ion of the force constant, if an eg electron is added (d3 → d4:
� ≈ 12 → 9 eV Å−2; low-spin to high-spin d7: 12.7 → 8.6 eV Å−2

see Table 20). Accordingly, the dependencies in Fig. 42 are
imilar to those obtained, if the MIII ionic radii are looked at
Tables 16a and 16b), and well-known to experimental chemists.
he linear coupling parameters V�, reported here for the first time,
ecrease steadily from TiIII to NiIII and indicate an enhancement of
he bond covalency, which nicely correlates with the increase of
he MIII electronegativity in the same sequence – this phenomenon
as thoroughly discussed in Section 8. Analogous, though much
ore pronounced �� and EJT effects are observed in Fig. 42 for

he case of Eg ⊗ �g coupling. However, the numerical values of
1 do not vary perceptibly in dependence on the finer covalency
ffects just discussed, possibly because the A2 parameters are rather
pproximate, due to the inability of DFT to reproduce the 3dz2 –4s
nteraction exactly. Very striking is the enhancement of the bond
ovalency, when proceeding from NiIII to CuIII (Section 8); in par-
icular, V� decreases dramatically, but also A1 is reduced by 30%.
he large A1/V� ratio for the MIIIF6

3− octahedra (MIII: Ti–Ni) of
.2(5) indicates, that the vibronic interaction between the �g mode
nd a �-antibonding Eg state is considerably stronger than the
ne with an only �-antibonding T2g state. The ratio between the
orresponding JT-energies is, with about 10, the square of this
umber.

Also interesting is the analysis of the coupling constants,
f chloro- are compared with the fluoro-complexes. While the
1(Cl−)/A1(F−)-ratio is 0.68(12), the V�(Cl−)/V�(F−)-ratio is, with
.35(2), only half in magnitude. Both values indicate the expected

onicity decrease of the metal–halide bond, if F− is substituted by
he softer Cl−; on a finer scale, the �-antibonding properties are
ffected to a considerably larger extent – �-overlap becomes com-
aratively more effective in the longer bonds of the polarisable Cl−

igand. Due to the distinctly smaller force constants in the MIIICl63−

ctahedra, however, the radial distortion parameters and also the
round state stabilisation energies are near to the values in the
uoride case, if Eg ⊗ �g coupling is considered. In contrast, the JT-
nergies are – for Tg ⊗ �g coupling – much smaller for the chloride
omplexes. This observation moreover explains the easy formation
f MIIICl52− complexes, where an enhanced ground state splitting
s achieved via the loss of one soft axial ligand – which is observed
or MnIII.

The absolute minima of the adiabatic potential surfaces for
g ⊗ (�g + �2g)-type vibronic interactions are those, which charac-
erise purely tetragonal polyhedron distortions (Tg ⊗ �g coupling).
3d minima, originating from Tg ⊗ �2g coupling solely, are sad-
lepoints, and this holds also for the extremum points of D2h*
ymmetry; here, the higher-order vibronic coupling term W, which
esults from the interaction of coupled (�g + �2g)-type motions with
he electronic Tg parent ground state, is vanishing. This is most
robably so, because the coupling to the �g- dominates by far the

nteraction with the �2g-mode. The given general statement is valid
or both, the fluoride and – even more pronounced – the chlo-
ide complexes of the 3d-MIII metals. A recent investigation [100]
n pseudo-octahedral cyanide complexes of TiIII, VIII and low-spin

nIII, FeIII shows, that this is not necessarily so. Here, only for TiIII

JT(D4h) is largest, while for the other polyhedra EJT(D3d) is reported
o dominate in energy. However, the JT stabilisation energies are
ery small in these cases, with magnitudes around 100(40) cm−1,
s one might indeed suppose in view of the pronounced
y Reviews 254 (2010) 2703–2754 2749

covalent character of the MIII−CN− bond with back-donating
�-properties.

Fascinating compounds are elpasolites with NiF6
3− polyhedra,

first prepared by Klemm and Hoppe [104], in which NiIII appears
in the low-spin state. The application of DFT allowed here to con-
struct the adiabatic potential energy curve of also high-spin NiIII

[99], whose minimum is calculated to be located about 100 cm−1

above the one for the low-spin ground state (Section 10). Generally,
DFT is of only restricted help in the analysis of high-spin/low-spin
equilibria – unless reliable information about the magnitude of
interelectronic replusion and correlation effects is available from
experiment, as in this case.

The formalism, used in this contribution [6], differs from the
one, frequently adopted in literature [105]. The latter is based on
vibronic parameters A1, V�, A2, K�, which have the dimension of
an energy, and on dimensionless vibrational coordinates Qi (i = �,
�), in the Tg ⊗ �g and Eg ⊗ �g coupling cases. However, because in
this study �� is a significant observable and also reliably obtainable
from DFT, we prefer the here applied approach.

13.2. The influence of strain and cooperavity

The investigated model solids A′
2AMIIIF6 were assumed to con-

tain isolated MIII(Ft)6
3− octahedra, which possess, with regard

to their individual JT distortions, a widely unrestricted geomet-
rical freedom in respect to each other in the elpasolite lattice;
the large and polarisable A′, A alkaline cations embody only small
disturbances and thus mediate merely very weak elastic interac-
tions between the JT-distorted complex anions. The mentioned
(here absent) intermolecular interactions represent, what is usu-
ally called the cooperative Jahn–Teller effect [106]. In a mechanistic,
molecular-type description [1,6], these interactions lower the force
constant K� by favourably adjusting the individual polyhedron dis-
tortions toward each other. Accordingly, the radial distortion and
the JT stabilisation energy increase, if compared with a single,
vibronically isolated JT-unstable entity, which is embedded in the
higher-sphere environment of MIII(Ft)6

3− octahedra with orbital
singlet ground states (MIII = CrIII and FeIII, CuIII(both high-spin) or
InIII, GaIII for example). Fig. 11 substantiates by the d-d spectra of
mixed crystals Cs2Na(In1−xTix)F6, that the premise of very weak
elastic coupling between the TiF6

3− polyhedra is satisfied: the split-
ting of the excited Eg state comes out to be independent on x.

If one proceeds to compounds AMIIIF4 with structures based
on MIII(Fb)4(Ft)2

− octahedra, which possess common bridging lig-
ands (Fb) in the equatorial plane (Fig. 16) − or in one molecular
trans-arrangement and two cis-oriented directions (Fig. 28) − the
elastic coupling is of a different quality. The modification of K� with
respect to the reference situation with (in fair approximation) ter-
minal ligands exclusively was taken into account in a strain model
in Section 4, by the introduction of an additional parameter Ks –
modeling the different elastic properties of Fb- in comparison to Ft-
ligands. However, the structural pecularities of these types of solids
demand the further consideration of the different binding qualities
of the two kinds of ligands. This difference becomes immediately
apparent, if the structural and spectroscopic properties of com-
pounds MIIIF3 with MIII(Fb)6 octahedra are contrasted with those
of the elpasolites (Fig. 15). We have transposed this binding diver-
sity into a strain concept via the definition of additional first-order
vibronic coupling V s

� and As
1 increments, supplementing V� and A1,

valid for the MIII(Ft)6
3− parent complex (see Section 4). The results

of a strain analysis along these lines confirm qualitative conclu-

sions from chemical intuition. As may be taken from Table 5, for
solids AIMIIIF4 containing TiIII and high-spin CoIII with T2g ground
states, the Ks/K� ratio is rather large with 0.39(2) and indicates a
pronounced soft mode behaviour of the 
1g(�g) vibration toward
a tetragonal compression. The binding strain contributions via V s

�
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nd As
1, on the other hand, if four equatorial Ft ligands are replaced

y Fb, amount to 24(8)% and ≈28(5)% (derived from excited states),
espectively. These numbers yield – if transposed into correspond-
ng EJT ratios – an enhancement of about 59%, which is larger than
he increase by the elastic strain. Though both types of strain-
ncrements (V s

� , As
1 and Ks) indicate a considerable perturbation

f particularly the Tg ⊗ �g vibronic coupling landscape, they are
till perceptibly smaller in respect to the situation, characterised by
�, A1, A2 and K� solely. Accordingly our approach, to consider the
rst-order JT effect as the basic phenomenon for the ground state
tabilisation, is surely justified. Nevertheless, in the Tg ⊗ �g cou-
ling case, the total strain effect more than doubles the JT-energy.
n interesting result for VIII is, that possibly an orthorhombic defor-
ation of the trans-configured V(Ft)2(Fb)4

− octahedra in solids
VIIIF4 occurs (Tables 4 and 5; Fig. 22), because here – in contrast

o the situation for TiIII and CoIII – strain and JT coupling act in ster-
cally different directions. Furthermore, though the error limit is
onsiderable, we could even derive vibronic coupling increments
s
1 and V s

� for the trans-, and also for the cis-CrIII(Ft)2(Fb)4
− octa-

edra in solids ACrIIIF4, with magnitudes not far from those, just
iscussed (Table 5). In the case of the trans-MnIII(Ft)2(Fb)4

− enti-
ies in compounds AMnIIIF4 finally, sufficient experimental data
re available for exact calculations within the splitting of the 5B1g
round state in Fig. 31. The deduced Ks/K� and As

1/A1 ratios of 0.34
nd 0.18, though smaller, still lie acceptably close to the values
or the complexes with Tg ground states (Section 7, Table 13); the
-dependence of the 5Bg ground state potential surface (in D2h)

s displayed in Fig. 31. We refrained from performing DFT calcu-
ations, using sections of the AMIIIF4-structure centred around the
asic MIII(Ft)2(Fb)4

− octahedron, because the choice of such clusters
s rather arbitrary, unless the translational symmetry is properly
ccounted for – affording more sophisticated calculational proce-
ures (see the following subsection).

The advantage of the proposed strain model is, that the newly
efined vibronic parameter increments bear direct significance in
espect to observables, such as the polyhedron structures and JT
tabilisation energies – a draw-back is, that more unknowns, origi-
ating from the elastic and binding strain have to be fitted, instead
f one global constant in Hams approach [41]. We add, that the
ovel strain concept is flexible enough, to account – via Ks – not
nly for the modification of the elastic properties, induced by local
earrangements within the basic polyhedron (for example by the
ubstitution of Ft- by Fb-ligands), but also for changes, introduced
nto the lattice via the cooperative-elastic coupling between the JT-
istortions of the single polyhedra – giving rise to long-range ferro-
r antiferrodistortive order phenomena.

3.3. Recent theoretical and computational approaches

This contribution is sited in solid-state coordination chemistry,
ith the aim to use DFT results as a data base, wherever these

urned out to be reliable. Also, only stoichiometric (not doped)
ompounds were considered, always close to the chemical real-
ty – restricting to halide compounds of the MIII(3d) series and host
tructures, which are suited to serve as model systems. Though not
irectly related to this thematic, we shortly focus our attention on
ome novel trends in the field of JT-coupling with a closer refer-
nce to theoretical and solid-state physics. We shortly comment
n Cu2+-doped fluoride hosts, because the formal treatment on a
olecular level is identical with that in Sections 7.1 and 7.2 for

igh-spin Mn3+, possessing a d4 configuration (a spherical d5 shell

s the difference). Interesting indeed are here the results of clus-
er computations [107], performed on Cu2+-doped K2Zn(Mg)F4, for
xample. The respective layer structure resembles closely that of
lAlF4 in Fig. 16 – with pseudo-octahedral Zn(Ft)2(Fb)4 host sites,
ubject to elastic and binding strain increments due to the pres-
y Reviews 254 (2010) 2703–2754

ence of bridging ligands in the molecular xy-plane. These sites are
tetragonally compressed at very low doping levels, possessing a
dz2 ground state, but with a distinct delocalisation toward dx2−y2

[108,109,105]; the energy barrier of the ground state potential
curve at 180◦ (see Fig. 31) is tiny or even vanishing. The calcula-
tions, with the choice of sections from the structure of varying size,
reproduce the compressed coordination for Cu2+ – but the com-
puted energy gap toward the elongated Cu(Ft)2(Fb)4 conformation
is far from reality, with at least 0.2 eV [110]. A better approach to
reality than the sketched cluster calculations – which undoubtedly
have their merits – are computations, which use the full symme-
try of the lattice and its periodicity, with the unit cell as the basic
structural entity [111]. Calculations of this kind on Cs2CuCl4 and
related compounds, and on the Co2+-analogues, for example, show,
that the structural properties of the Cu(Co)Cl42− tetrahedra can be
reproduced within rather narrow limits [44]. An interesting fea-
ture of the structural behaviour of the Cu(Ft)2(Fb)2 octahedra in
the K2ZnF4-, but also in the Ba2ZnF6-host [112] – where the elas-
tic strain component is enhanced in respect to the former lattice
– is, that the local distortion changes from compressed to elon-
gated, when increasing the Cu2+ concentration [108,112]. It is here
the presence of cooperative-elastic forces between the JT species,
which stabilise the elongated conformation as compared to the
situation at very low doping levels. These experimental observa-
tions might be challenging to theorists. We particularly note the
progress in the treatment of the cubic anisotropy, if Jahn–Teller
cations are incorporated into host structures, which offer sites of
perfect Oh symmetry – as Cu2+ in MgO [113]. The phenomena, if
Cu2+ occupies octahedral sites, however, where the volume of the
substituted cation exceeds by far that of the dopants, are still less
well understood (Cu2+/CaO, SrO) [114].
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Appendix A.

A.1. The T ⊗ (� + �2) coupling matrix

The general vibronic Hamiltonian is, up to second order:

H =
[

1
2

K�(Q 2
� + Q 2

� ) + 1
2

K�(Q 2
	 + Q 2

� + Q 2
� )

]
I

+
[

V�Q� + 1
2

L�(Q 2
� − Q 2

� ) − 1
4

L�(2Q 2
� − Q 2

	 − Q 2
�)

]
C�

+
[

V�Q� + L�Q�Q� −
√

3
4

L�(Q 2
	 − Q 2

�)

]
C�

+
[

V�Q	 + X�Q�Q� + W

(
−1

2
Q� +

√
3

2
Q�

)
Q	

]
C	

+
[

V�Q� + X�Q	Q� + W

(
−1

2
Q� −

√
3

2
Q�

)
Q�

]
C�

+ [V�Q� + X�Q	Q� + WQ�Q�]C�
The basis of the matrix representation is T1
, T1�, T1� or T2	, T2�,
T2�, using Griffith’s standard notations. I is the (3 × 3) unit matrix,
and the Cj (j = �, �; 	, �, �) matrices, containing the appropriate
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oupling coefficients, are defined as:

� =

∣∣∣∣∣∣∣∣∣

1
2

0 0

0
1
2

0

0 0 −1

∣∣∣∣∣∣∣∣∣
C� =

∣∣∣∣∣∣∣∣∣

−
√

3
2

0 0

0

√
3

2
0

0 0 0

∣∣∣∣∣∣∣∣∣

	 =

∣∣∣∣∣∣∣∣∣

0 0 0

0 0 −1
2

0 −1
2

0

∣∣∣∣∣∣∣∣∣
C� =

∣∣∣∣∣∣∣∣∣

0 0 −1
2

0 0 0

−1
2

0 0

∣∣∣∣∣∣∣∣∣
C� =

∣∣∣∣∣∣∣∣∣

0 −1
2

0

−1
2

0 0

0 0 0

∣∣∣∣∣∣∣∣∣
K� and K� are the harmonic force constants, V� and V� the lin-

ar JT vibronic constants for the T ⊗ � and T ⊗ �2 direct products,
espectively. W is the quadratic constant arising from the coupling
etween �2 and � vibrations, and L�, L� refer to quadratic cou-
ling constants resulting from the non-totally symmetric part of the
⊗ � and �2 ⊗ �2 symmetrized direct products. The second order
oupling constant X� is non-diagonal within the �2g ⊗ �2g direct
roduct and couples different components of the active vibration.
ll constants are obtained from the corresponding many electron
avefunctions.

We have, contrary to the usual convention – for the sake of a
etter overview of the coupling constants in the various interaction
echanism – reduced the C	, C�, C� matrices by a factor of 1/2. Here,

or example in the T ⊗ �2 (D3h
c) and T ⊗ � (D4h

c) coupling cases
f a d1 cation, a direct comparison of the �-antibonding effects is
ossible when inspecting the first-order relations (Fig. 4):

JT = 1
2

V��� ≡ ı2
� and EJT = 1

2
Vε�ε ≡ ı2

.2. VIVOX5
3− impurity centres

IV 3− − −
The presence of V OX5 centres (X = F , Cl ) in elpasolites
2

′AVX6 (Fig. A1) depicts the d–d spectrum of the elpasolitic mixed
rystal K2NaTi0.9

IVV0.1
IVOF5. The tetragonally compressed d1-

olyhedron of C4v symmetry gives rise to a pronounced Jahn–Teller
plitting of the parent 2T2g ground state. We assign the high-

Fig. A1. The d–d spectrum, referring to the colour centre.
Fig. A2. Q–band EPR spectra of the solid in Fig. A1 and of VIVOF5
3− as an impurity

centre.

intensity band at 9500 cm−1 to the 2B2 → 2E transition (=3ı2); it
appears in the spectra of the vanadium(III) fluoride-elpasolites
at nearly the same energy, obviously due to the presence of a
VOF5

3− impurity centre (see below) (Fig. 20).The much weaker
band at 15,800 cm−1 is accordingly the 2B2 → 2B1 excitation (�E),
which vanishes under the a

3T1g → 3T2g band-envelope of V(III). The
2B2 → 2A1 transition is expected at >40 × 103 cm−1.

In Fig. A2 the EPR spectrum of the solid, whose d–d spectrum
is shown in Fig. A1, is contrasted with the EPR spectrum of a VIII

elpasolite. They are largely identical, confirming the presence of
VOF5

3− impurity centres in the letter solid. The formation of such
impurities can only be accomplished by carefully avoiding access
of oxygen during preparation and measurements.

The master equations, transposing the g- and hyperfine-tensor
components for a d1 cation in the b2g MO into binding parameters
[115], and further parameter choices [43] are given below.

Meaningful results are only obtained with negative hyperfine
tensor components:

The large mixing coefficient ˛, which refers to the equatorial
VIV–ligand bonds, is in accord with the pronounced ionic fluoride

coordination in the xy-plane, as is the covalency parameters k⊥.

Interestingly enough, the EPR spectra of the chloride elpaso-
lites also provide evidence for the presence of VIVO2+ impurities
(Fig. A3). From the well resolved A|| hyperfine structure and the
g-values a MO coefficient ˛ ∼= 0.80 is calculated. This indicates the
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ig. A3. Q–band EPR spectrum of impurity centres in VIII-chloride-elpasolites.

xpected larger �-electron delocalisation in the VCl4-plane. A⊥ is
bout −60 × 10−4 cm−1 and responsible for the weak additional
pectroscopic features between the second and fifth A||-hyperfine
ines.

VOX5
3− impurity centres are also indicated in the IR spectra of

III elpasolites; here, a sharp band at ∼=940 cm−1 appears, which
s tentatively assigned to the VIV–O vibration. This band is also
een in the IR spectra of fluoride and chloride alpasolites of TiIII (at
910 cm−1), where the TiIVOX5 centre is otherwise silent in EPR
nd the d–d spectra.

.3. Vibronic coupling in the Cr(Xt)6
3-(X = Cl−, F−) octahedra, as

erived by DFT

. Energies and �-values for the minimum positions of the excited
state adiabatic potential energy curves for the following MO con-
figurations in D4h (parent configuration in Oh:t2g

2eg
1):

4B2g (eg
2b1g

1) − D4h
c :

E1
c = 1

2
K ′

��2
� + � + V��� − (A1 − A2��)��

�cm
� = A1 − V�

K ′
ε + 2A2

4A2g(eg
2a1g

1) − D4h
e :

E2
e = 1

2
K ′

��2
� + � + 12B − V��� − (A1 + A2��)��

�em
� = A1 + V�

K ′
� − 2A2

4Eg(eg
1b2g

1a1g
1) − D4h

e :

E3
e = 1

2
K ′

��2
� + � + 3B + 1

2
V��� − (A1 + A2��)��

�em
� = A1 − 1/2V�

K ′
� − 2A2
4Eg(eg
1b2g

1b1g
1) − D4h

c :

E4
c = 1

2
K ′

��2
� + � + 9B − 1

2
V��� − (A1 − A2��)��

�cm
� = A1 + 1/2V�

K ′
� + 2A2
y Reviews 254 (2010) 2703–2754

2. Franck–Condon transitions between:

4B2g and 4A2g :

EFC
(a) = E2

c − E1
c(at �cm

� ) = 12B + 2(A1 − A2�cm
� )�cm

�

4A2g and 4B2g :

EFC
(b) = E1

e − E2
e (at �em

� ) = −12B + 2(A1 + A2�em
� )�em

�

The four energy equations under 1. are diagonal energies of the
matrices (52), with the substitutions:

2ı2 = V���(L� ∼= 0)

2ı1(ı′
1) = (A1 + (−)A2��)��

where (ı1; �e
�) and (ı1

′; �c
�) refer to elongated and compressed octa-

hedra, respectively. Note also the sign change in the expressions for
the splitting parameters when switching from a tetragonal elon-
gation to a D4h compression. The results of the DFT calculations
are summarised in Table 10. Because we had to use one energy
connected with an a1g

1 configuration, the parameter A2 might be
slightly erroneous, due to a not necessarily correct consideration of
the 3dz2 –4s interaction (vide supra) by DFT, particularly in the case
of the chloride polyhedron.

A.4. Analysis of the 2Eg(d7) ground state splitting in D4h

In the following we list the MO configurations in D4h and their
ligand field energies, with the octahedral 2Eg ground state as the
reference, which we have used to derive the equations for four dis-
tortion parameters and four Franck–Condon energies. The latter
refer to the diagonal energies of the lowest states in the 2A1g and
2B1g matrices, and to the energies of the lowest two B2g states, after
diagonalisation with respect to the tetragonal ligand field component.
For the optimisation with respect to the radial distortion parame-
ter, the restoring energy ((1/2)K��2

� and (1/2)K ′
��′2

� for the t2g
6eg

ground and the t2g
5eg

2 excited state configuration, respectively)
has to be added to the listed ligand field energies:

D4h
e:2A1g(eg

4b2g
2a1g

1) ⇒ E = −(A1 + A2��
e)��

e; ��
em = A1

K� − 2A2

D4h
c:2B1g(b2g

2eg
4b1g

1) ⇒ E = −(A1 − A2��
c)��

c; ��
cm = A1

K� + 2A2

D4h
e : EFC(2A1g→2B1g) = 2(A1 + A2��

em)��
em = 4ı1

D4h
c : EFC(2B1g→2A1g) = 2(A1 − A2��

cm)��
cm = 4ı′

1

D4h
e:2B2g(eg

4b2g
1a1g

2) ⇒

E = � − V��′
�

e − 2(A1 + A2�′
�

e)�′
�

e + 20B; �′
�

em = 2A1 + V�

K ′
� − 4A2

D4h
c:2B2g(b2g

1eg
4b1g

2) ⇒

E = � + V��′
�

c − 2(A1 − A2�′
�

c)�′
�

c; �′
�

cm = 2A1 − V�

K ′
� + 4A2
D4h
e : EFC

e(2A1g→2B2g[eg
4b2g

1a1g
2]) = � − 2ı1 − 2ı2 + 20B

EFC
e(2A1g→2B2g[eg

4b2g
1b1g

2]) = � + 6ı1 − 2ı2
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We are aware, that the utilized Franck–Condon energies involve
xcitations with the participation of the a1g orbital and may give
ise to small numerical errors in the magnitude of A2 (see text).

ppendix B. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.ccr.2010.04.015.
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