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ARTICLE INFO ABSTRACT
Article history: In contrast to well established experimental results of vibronic coupling effects in octahedral d" com-
Received 22 December 2009 plexes with Eg ground states (Cu?*, Ag?*; Cr?*, Mn>* 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 3d™ cations - in particular for Ti'!, VI and

Keywords:

Jahn-Teller coupling

T and E ground states
Density-functional calculations

high-spin Co", Ni'"! with T,¢ and Ty ground states, which involve, to first-order, solely splitting of the
m-antibonding t;; MOs. Besides experimental results - structural and spectroscopic, mainly from d-d
spectra - data from computations are needed for a quantitative treatment of the Ty ® (&g + T2¢) vibronic
interaction as well as in the Eg ® €¢ coupling case (Mn'", low-spin Ni'!); DFT was the method of choice,

Strain effects if only critically selected outcomes are utilised. The theoretical bases of the treatment are the d" ligand
3d"-M!" cations field matrices in Oy, extended by the inclusion of lower-symmetry distortion parameters, and the con-
Halide ligands ventional theory of vibronic coupling. Caution is needed when classifying the effects of interelectronic
Ligand field theory 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 (Cr'!!, “A;, ground state). The
group-theoretical analysis of the interaction with the JT-active &g and T3 modes yields D4, D3q and Dyp,
as the possible distortion symmetries in the case of a Ty ground state. The DFT-calculations give clear
evidence, that the Dy, stationary points represent the absolute minima in the Ty ® (g¢ + T2g) potential
surface - in agreement with experiment, where available. For the first time, vibronic coupling constants,
characterising JT splitting of ground and excited T, states, can be presented for trivalent 3d" 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 o-antibonding e; MOs.

The tetragonal splitting of Ty states is typically only small, around 0.1eV, 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 A'M"'F4, 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 Ti! to Fe!''; the rather small electronegativity already of Co™"
suggests a reducing ligand-to-metal (3d") electron transfer for n > 6. Similarly, the low-lying ligand-to-
metal charge transfer bands in the d-d spectra of the Cu"'Fg3~ complex and the reduced Ty ® &4 coupling
strength suggest a pronounced covalency of the Cu'"-F, and, even more distinctly, of the Cu-0 bond,
which is of interest for superconductivity. The Ni''Fs3~ 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 ,2Ag(22Eg) and ,#Ag (2*T1g) 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 Tig ® £
coupling, which finally stabilises a spin-doublet ground state in Dyp,.

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 provide frequently only rather coarse information, their assistance in the energy
analysis is crucial.

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

The structural and energy properties and implications, which
accompany the Jahn-Teller effect of d" cations with Eg ground
states in octahedral coordination, have been thoroughly studied
and are rather well understood [I-3] - in particular for Cu?*,! but
also in the case of various other transition metal ions [1-6]:

2

d CE, (ta'ey) o', Mn’ d’ ZE,(ts"e.) Cu®’, Ag’

d E, (e, Co*', Ni*' (low-spin)

The vibronic interaction of the E®e type, involving the
Jahn-Teller active &g vibration, is very pronounced, due to the o-
antibonding character of the eg MOs. Even, if the parent octahedron
isnot of O, symmetry - because of the presence of different ligands,
of multidentate ligands with angular constraints, or of host site dis-
tortions induced by the crystal structure, for example - the action
of the vibronic coupling usually dominates and is mostly clearly
recognisable. Octahedral Tg (=Tg, T1g) ground states are much less
sensitive inrespect to site distortions and energetic splitting effects,
as we will show, because the antibonding t;; MOs involved are of
only m-nature (Tg ® (g + T2g) interaction)):

d' T () TP d® Ty, (tae'e,) Fe*', Co™

4 }Tlg(tzgz) e d 4T1i_. (tz;cgz] Co®*

In the cases listed there is mostly only indirect experimental
evidence for Jahn-Teller distortions, and furthermore one has to
carefully select examples, where strain effects definitely do not play
adecisive part. Before we turn to Jahn-Teller systems of such a kind
we shortly mention d" cations in tetrahedral coordination, which
possess doubly (left) and triply (right) orbitally degenerate ground
states, with rather different binding properties in comparison to
the octahedral coordination:

d' EhH vV, oY, Mn" d* Ty (et o d’ Ty (') Cu?

d® E(’ty))  Fe? d* T (e' ') Ni?

d® and, in particular, d® complexes with (o + ) antibonding T
ground states undergo significant Jahn-Teller distortion of the T® &
type [6], while for the d* case unambiguous evidence is scarce. One
of the rare examples is Cr2*, isomorphously substituted into the
tetrahedral Zn?* site of Cs,ZnCly. The d-d spectrum at 4K clearly
reveals two transitions at 5900 and 8600cm~!, and additionally
the most intense band of a contamination due to Cs,CrCly, where
Cr2* is octahedrally coordinated (Fig. 1). The two mentioned bands
have to be assigned either to the >B, — °E; >A; transitions in D,
compressed — here the B, — °B; transition is symmetry forbidden
—orto the Ay — °E(T,); °E(E) transitions in C3y, compressed. Inde-
pendent of whether the Jahn-Teller distortion is tetragonal (T® &
coupling) or trigonal (T® T, coupling), the ground state splitting
is considerable, 0.73 eV. In contrast, for example in the case of d!
cations in tetrahedral ligand fields, where the ground state is purely
m-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
valence Cu?*/Cu®" high-temperature superconductors. Some solid-state chemists
believe that an electron flow within the narrow byg(d,2 _,2 ) band - in D4, (elongated),
singly occupied and empty for Cu?* and (low-spin) Cu3*, respectively - is of crucial
importance in the superconductivity mechanism [4-6].

In this contribution we investigate M"WFg3- (MY =Ti-Cu)
complexes - for a preliminary report see Ref. [7] - and the cor-
responding chloride polyhedra, as far as they exist. In the d!, d2
and dS 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 Mn'! 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 Mn"'-F bond for example, the energy variation in the
3d(M'")—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 Fy, and F; 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,
F; is the stronger ligand in respect to F,, because of the larger ionic
bond increment [9]. In the following we choose isolated MU (X;)g3~
polyhedra as initial complexes, which are found in cubic elpasolite
compounds with the composition A, AIM"Xg (X=F, Cl) in good
approximation (Fig. 2a). Here, A’! and A! 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 MXg3~ 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 Mn'" [9].

The model structure, which defines M"(F;,)s polyhedra with
bridging ligands, is of the VF;-type, a perovskite-related (distorted)
ReOs-variant (Fig. 2b and c); here, the F,, ligands (non-linearly)
bridge two M'!! 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-Fe!l-octahedra,
present in the cubic perovskite KFeF3, in compounds Fe'M'VFg
(MV: Zr, Hf), which crystallise at 298 K in the ordered ReO3 type
(Fig. 2b) [11,12], and in FeF, 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 MV cation. The d-d spectra exhibit — as one might
argue (see below) - a splitting of the excited Eg state, which is
~2400 and =1800cm™! at 298K (Fig. 3) for the perovskite and
the FeMVFg solids, respectively [12]. The lifting of the degener-
acy of the Eg state suggests a splitting of the 5T2g ground state as
well, as the consequence of a tetragonal Ty ® &g Jahn-Teller cou-
pling. Because the Fell-octahedra are regular at 298 K, however,
the vibronic interaction is dynamic? at this temperature. FeZrFg
has been investigated by MoRbauer spectroscopy down to 4K [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-Fe!'-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.
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Fig. 1. The d-d spectra of Cr2* (powder reflection; arbitrary intensity scale) in the tetrachloro-coordination of Cs,ZnCly, with contributions from Cs,CrCls contamination

- originating from Dy, - elongated Cr''Clg octahedra (see text). Alternative assignments according to T® & and T® T, vibronic coupling (both compressed tetrahedra),
respectively, are shown in the state diagram.

(a)
@ A!I
oX
Al

e M"

oF

oF S
1l

M o 7"

(€ i

N
O
&

Fig. 2. The elpasolite structure of solids A’;,'A'M"Xg and the cationic coordination of the X~ anions (a); the ReOs structure [cubic parent structure of FeFs] and its ordered
variant [FeZr(Hf)Fg] are also shown (b); in (c) we depict the low-temperature (rhombohedral) unit cell of FeZrFg with the LiSbFg structure (ordered VF; type).
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5B4g SA1q
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Fig. 3. d-d spectra (powder reflection; arbitrary intensity scale) of the Fe!'Fg polyhedra in perovskite- and ordered ReOs-type solids (top left and right), and in FeF, with the
rutile structure (bottom left) — assignments according to D4y, compression (adopted from [14]). Structural data for various MF, compounds are also given (for the definition

of p see Eq. (4)).

phase transition to the low-temperature LiSbFg structure (ordered
VF3 type; see Fig. 2c). A possible tetragonal distortion induced by
vibronic coupling to the &; mode is not seen within the time frame
[13] of the MéRbauer method (~10-11 s); itis clearly visible in opti-
cal spectroscopy, however, where the time of excitation is shorter
by four magnitudes of order. A structural distortion effect is not
expected to be seen, because X ray and neutron diffraction methods
are based on cumulative data collections within longer time peri-
ods; here, only an analysis of the temperature ellipsoids may give
information. Thus, in the case of FeZrFg, we are left with the situ-
ation of an apparently orthorhombic polyhedron distortion, which
is caused by a very small structurally induced and static trigonal,
and a superimposed tetragonal distortion component, which splits
the excited Eg state, but appears as a dynamic effect in methods
with longer time frames. The excited state splitting of FeF; is, with
48,=3700cm! (0.46 eV), much larger than in the just discussed
cases [14], and the splitting of the ground state, 36, =1100cm™!
(0.14eV), has been measured by electronic Raman spectroscopy
[15] (Fig. 3); the §1/§, ratio (see the definitions in Section 2 and
in Fig. 4b) is about 2.3. The structural data indicate a static distor-
tion already at 298 K; the octahedra are tetragonally compressed
- and hence the orbital singlet °Byg (°Tog) is the ground state. The
distortion is strain-supported, however, because already the octa-
hedra of 3d" cations with non-degenerate ground states, as in MnF,
and ZnF,, are compressed, though only with a difference of 0.03 A
between the long and short bond lengths.

The arguments, used for hexafluoro-Fe!l-octahedra, for exam-
ple, to analyse a possible ground state splitting due to 5T2g®sg
coupling, need some closer consideration. They are based on the
static theory, used throughout this contribution, without including
vibrational effects. The energy diagram in Fig. 7 for the Ty — Eg
Franck-Condon transitions in the presence of T ® &g coupling
for an octahedral d! (or high-spin d®) complex illustrates, how an
excited state splitting in the d—d spectrum is related to a Jahn-Teller
distortion in the ground state. While this procedure can be consid-

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)
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

*

e C e
Do O Dah Dan Dan
ayg(dz2) b1g big
€y &g 251, ' 26'
T WS 28
(3/5)A b1g(dy2.y2) a1g 8g
........ bag
e,(d,,.d ; bl
9 @2/5)A Gat) 25 %
R N . 2
_____ =" T A ‘r" mmmmmaaa bSQ
287 tg N 28, S \‘8—21‘.2"
-~ ’ eg e
a1g bZQ(dxy) b2g
(©) (a) (b) (d)

Fig. 4. Schematic MO energy diagrams for octahedrally coordinated d! cations (a),
under the influence of T® & (b) and T® T, (c) coupling; the splitting scheme for
orthorhombic T® (& +7;) coupling of D,,* symmetry (see text) is depicted in (d).
Energetic shifts due to the 3d,,—4s interaction between ajg (4s') and ayg (3d,2) in
(b) and between a4 (4s') and ag (3d,> ) in (d) are effectively included in the diagrams;
the splitting parameters §; and §'; refer to a tetragonal elongation and compression
[281 (28'1)=A1 p+(—)A; p?], respectively. Other mutual symmetry-induced interac-
tions between 4 s and split-terms of ty, (3d) are of o- versus w-character and hence
very small. The upper indices c, e refer to designations compressed and elongated,
respectively.
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vibronic coupling case, whether the ratio between the respective
Jahn-Teller energy Ejr and the zero-point energy of the involved
vibronic energy is large (>1) or small («1) - according to the strong
and weak coupling limit, respectively. The given examples of Fe2*
halides also illustrate, that it is not a simple task to elucidate the
vibronic coupling symmetry - whether it is of tetragonal Tg ® &g or
of trigonal Tg ® T2 or of even orthorhombic Tg ® (&g +T2¢) nature
(see Section 2) — and furthermore to trace out whether the dis-
tortion is dynamic or static. On the other hand, the presence of
host site strains, structural ones and such ones, which are induced
by (as here) fluoride ligands in different binding states (terminal
or bridging), is crucial in cases, where the Jahn-Teller coupling
is weak (see Section 4). Binding strains, induced by the impact
of the cationic second-sphere environment on the binding prop-
erties of a ligator atom in a solid, are particularly significant for
oxygen as the ligand, which - dissimilar to halide ions - can usu-
ally not be observed in terminal positions, due to its larger anionic
(2-) formal charge [17]. In the following, we will for the cho-
sen model halide complexes with trivalent 3d cations derive the
vibronic coupling constants by employing ligand field theory and
the appropriate vibronic coupling expressions. As data sources we
use mainly the d-d spectra, besides other experimental evidence,
and carefully selected DFT results; the latter are particularly valu-
able in cases, where experimental outcomes are scarce. The basic
theory is presented in Section 2. We further investigate cases, in
which strain effects superimpose the vibronic interactions of the
Jahn-Teller type. A specific strain model within the vibronic cou-
pling concept is developed, and outlined in Section 4. In Sections 3,
5-7 and 9-11 the halide complexes of Ti'l, VIl Cr!ll, Mn!!l, Col!, Ni!!
and Cu'! are treated. Here, it is shown, that even coupling constants
for central cations with non-degenerate ground states can be esti-
mated. Section 8 presents a discussion of the stability of the chloride
complexes on the basis of respective optical electronegativities. In
Section 12, conceptional and computational implications of the DFT
results in relation to ligand field and vibronic coupling theory are
analysed. Section 13 summarises and supplements the obtained
results, and also presents an outlook toward new developments in
the field of vibronic JT coupling. The equations, derived in Section
2, refer to a d! (or high-spin d®) cation in octahedral coordination,
possessing a T ground state and an Eg excited state (Fig. 4).

2. The vibronic theory
2.1. General: T ® (eg +T2g) coupling

The general matrix (adiabatic approximation) describing the
coupling of an octahedral T, (or T1¢) ground state with Jahn-Teller

Qo(ﬁg)

Qegg)

Qo= Zlﬁ {2482, + 242, - Aay - Aa - Aay - Aay}

Q.= %a{Aa,+ Aoy~ Aoy - Acy b

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

(JT) active &g and Tz 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 Ve and V:; Qg Qs and QC Q. Qg are the components of
the &g and 7,4 vibrations, respectively). The basis of the matrix rep-
resentation is the components of an electronic Tz (or Tyg) 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 oszzg ground state and a tetragonally
compressed octahedron:

dyz d\(z dxy
12(Qe-V3QV.  -12QV. -1/2Q,V,

-1/2Q:V, -% Qo+ V3Q9Ve  -1/2Q:V,

-1/2Q,V, -1/2 Q:V, QoVe )

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

Epot = %{Ks(Qg +Q2) +I<T(Q§2 + QYZ] + ng)} (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 —Ejr(D4y©) with respect to
the regular octahedron, and the corresponding energy of the
conformers, distorted along one of the four 3-fold axes, is
—Ejr(D34°), the absolute minima of the six-dimensional poten-
tial surface are either those with Dy, - or D34¢-type distortions
(seeFig.4) - depending on whether Ejr(Dy, ) is larger or smaller
than Ejr(D34°). 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 &z and Ty, 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
Ejr(Dap©)=Ejr(D34€) a continuous distribution of minima with

Qc(T29)

Qo)

2{Aa+ Aay- Aa, - da)

Fig. 5. The symmetrized components of the vibronically active &g and T,; modes in Oy, and their analytical forms (Q;, Q. analogous to Q;; for the latter quantity the relation:
|Acx|=|Aax|=|Acty| =] Ac_y|=|Ac| holds and a is the metal ligand distance); the totally symmetric o vibration is also shown.
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!

-Q,

Fig. 6. The two-dimensional potential energy surface, describing the vibronic coupling between an octahedral Ty ground state and the &g vibrational mode. The projection

of the minimum positions at D4, compressed, onto the Qy—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
given in Appendix A.1.

2.2. The Tg ® &g vibronic interaction in Oy,

Leaving the coupling to the T,; modes aside, matrix (1) is
diagonal with respect to the tetragonal V, coupling energies. The
potential energy surface is sketched in Fig. 6. Setting:

Qg = peCOs@; Qg = peSing (3)

the minima of the three parabolic constituents occur at values of the
angular distortion parameter of ¢ = 180°, 300°, 60° - corresponding
to dyy, dy; or dy; ground states of the symmetry byg, and a vibronic
coupling energy of —V.p.. Having the relation Qf + Q2 = p2 in
mind (Eq. (2)), and utilising the analytical forms of the Qqy, Qg
distortion paths (Fig. 5), one easily defines the radial distortion
parameter:

1/2

pe ={Ad} + Ad®, + Aa} + Ad?, + Ad} + Ad® )} (4a)

where the Ag; are the bond length changes by the induced dis-
tortion with respect to the octahedral distance a. In the case
of a tetragonal compression or elongation (D4, point group;
|Aaz|=2|Aayyy|=2[3A4). Eq. (4a) simplifies to (Aq: difference
between long and short bond lengths):
Pe = iA (4b)
e = \/§ d

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

1 1
E(byg) = stpﬁ + Vepe cOS @ + jLSpg (5a)
1 5 1 1. 5
E(eg) = iI(S,o£ - ZVS,OE cos @ — ZLS,O.9 (5b)

where we have supplemented the energy expressions by the
second-order coupling term L. (see Appendix A.1) and by the

restoring energy. Minimising Eq. (5a) at ¢ =180° with respect to
p yields:
_ Ve . 1
T Ke+Lg' 2
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(byg)
at p™™ and ¢, ©=180° (or 300°, or 60°) — is accordingly:

1+a/2

=5 {27
and equivalent to 38, (Fig. 4b; D4y, ). Following the distortion paths
opposite to those, which meet the parabolic minima (¢§, = 0°, 120°
and 240°), one moves toward saddlepoints in the potential energy
surface, which appear as relative minima in the (E versus Qg) cross
section (Fig. 7). They refer to tetragonally elongated octahedra and
a doubly degenerate ground state, which is seen when minimising
the energy in Eq. (5b) with respect to p; at @5, = 0°:

pgm E{™ = —Ef = — o Ve (6)

.. Le
with K= a (5¢)

V, 1
P = s B =B = g Veot™ (7)
4’0 i [TiCIES-]snIv % .
35 = 0,04 2
il g9
3 0,02
3,04 A’g 0,00
2,5 e 0.1
< 204 5 T
A ,
W 45
1,0
0,54
0,04
-1I,O -Ol,5 O:U 0:5 1:0 A
—p Q —P

Fig. 7. The cross section of the adiabatic potential surface in Fig. 6 along the Dy,-
path for the 2,4 ground state and the 2E; excited state of the TiClg>~ polyhedron -
as calculated by DFT (with the parameters in Tables 2 and 3). The Franck-Condon
transitions within the 2T,¢ ground state and to the 2Eg split states are indicated.
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Table 1

Symmetry characteristic of the (Qy, Q=; Qz, Qn, Q;) space in Oy, (48 symmetry oper-
ations) under the influence of Tg ® (&g +T2¢) vibronic coupling (T';: representation
of vibrational mode; K (O, I';): kernel of class subdivision and H (O, K): the corre-
sponding factor group; EK: epikernel; k, h, ek - the numbers in parentheses - are
the respective orders). The listed groups G’ (Oy, 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 (Qg, Qc; Qz, Qn, Qt)
space is also listed.

i K(OnTj) H(OnK) EK G (On,EK) DV

&g Dop™(8)*  Cav (6) D4 (16) G5 (3) [0:0,000]

Tog G (2) Tq (24) D3 (12)  S4(4) [00, pr o pr]
Don* (8)*  Gsv (6) [00,00 p-]
Con (4) T(12) -

eg+Ty G (2) Tq (24) b
Don*(8)  Gsv (6) [1/2 p 0,00 p-]
Con (4) T(12) =

2 The notation D,,** and D,y * indicates, that the distortion in the molecular x-y
plane is radial (ax # ay; ¥ay, a,=90°) and angular (ax=ay; ¥ax, a, + 90°), with
the twofold axes extending along the bond lengths, and bisecting the bond length
directions in one plane (Fig. 5), respectively.

b Epikernels resulting from either Ty ® &g: Dan, Dop™* or Tg ® T2g coupling: Dsq.

The depth of these relative minima is - for small second-order
coupling constants L, — only one quarter of that calculated for the
absolute minima at D4, compressed.

A closer glance onto the symmetry of the Tg ® &g interaction by
group theory - we follow essentially the considerations of Murray-
Rust et al. [20] - allows a better understanding of the potential
energy surface in Fig. 6. Qg and Q; are the components of the &g rep-
resentation in Oy, and are both totally symmetric in the subgroup
Dy (Do ** - for the definition see Table 1) - as is easily verified by
inspecting the respective character tables. The invariant subgroup
D, ** is called the kernel K (Oy,, &¢) of the &g representation in the
octahedral group and possesses the symmetry of a general point
on the (E, Qq, Qg) surface. K serves as the kernel of a subdivision
of the octahedral group G into classes, which are the elements of
the thus defined factor group H (G, K). The order h of H is accord-
ingly g/k (=6), where g (=48) and k (=8) are the orders of G and K,
respectively. H can be considered as containing all those symme-
try operations, which transfer a distortion K into equivalent ones,
with different orientations. H (O, Dy}, ) is derived to be Cs,. While
K defines a general point on the potential energy surface, there
are other, higher-symmetry displacements, in the course of which
only one component of the &; mode becomes totally symmetric.
This condition defines a co- or epikernel. There is just one in our
case, EK (O, &g), which is of Dy, symmetry (Table 1). The six Dyp
extremum points at 0, {(—1, 0), (1/2, —=1/2+/3), (1/2, 1/2+/3)} in
the Qy—Q; plane subdivide into three with a positive sign, consti-
tuting the absolute minima in the potential surface (compressed
octahedra) - see Fig. 6 - and three with a negative sign, corre-
sponding to saddlepoints (elongated octahedra). Because the Dy,
minima correspond to special positions on mirror planes, they are
multiplied not according to the factor group Cs, but only tripled
according to the C3 subgroup (Table 1).

Very useful in this context is the epikernel principle, formu-
lated by A. Ceulemans et al. [19]. It states, that extremum points
prefer epikernels to kernels and maximal epikernels to lower rank-
ing epikernels. As the authors note, it follows the more general
statement (Curie, 1894 [21]), that the symmetry, characteristic of
a phenomenon, is the maximal one, which is compatible with the
existence of the phenomenon. Indeed, the Dy, distortions (Fig. 6)
refer to extremum points; orthorhombic distortions can only be
stabilised by applying either strains on the systems or possibly, for
example, by superimposing an additional Tg ® T, Vibronic coupling
(vide infra).

We will now shortly discuss the influence of spin-orbit cou-
pling, looking at the interplay of energy effects induced by the linear

br';
44 EC B
29
24 ’E,
0 - T
6 a].—;
-2 E
a9
. VeQy¢
-4 Bzg
T i ] 1 1
-4 -2 0 2 4

@=180°" ———— =0

Fig. 8. The interplay between vibronic T ® € interaction and LS coupling for the case
of a compressed and an elongated Dy, distortion of a six-coordinated d' cation, with
an orbital singlet and doublet ground state, respectively.

Jahn-Teller interaction according to D4, and by the LS coupling con-
stant ¢. Matrix (8a) — the (+)/(—) signs refer to the spin orientations
- considers this (for ¢ =0°, 180°), and Fig. 8 pictorially shows the
mutual dependence:

) do(®)  dy(F)
1 ' 1
~5E0 réc 3¢
PR | i
+ 2 Q 7 V;Qo ZC
1 i
F- =ie V.Q,
¢ 3¢ (8a)

For a ratio between V¢ p. and the effective constant ¢ of about
4(or 1), for example (values approximately valid for TiXg3~ polyhe-
dra with X=F~(Cl7)), the ,I'7 ground state at ¢ =180° is stabilised
with respect to the 2B, state by 2% (or 22%) when taking account
of LS coupling. On the other hand, in the elongated case at ¢¢=0°,
the I's ground state is stabilised by ¢/2 in respect to the 2Eg state,
independent on the V; p¢ /¢ ratio - but never making the elongation
energetically more favourable than the compression; the energy
difference between ,I'; and ['g in the case of a compressed and an
elongated octahedron, respectively, is distinct even for very small
Vepe /¢ ratios, when recalling that pS™ is by a factor of two larger
than p§™ (Egs. (6) and (7)). Explicitly, the energies of the ground
state in Dy, € are, for very small as well as for the chosen r=Vgps/¢
ratios:

r«l1: E(,'7)=-0.50{ - 0.50V:p,
r=1: E(,I'7)=-0.36¢—-0.86V:p¢ (8b)
r=4: E(,['7)=-0.15¢—-0.98V:p,

After all, LS coupling will not mislead conclusions derived from
results, which are obtained without LS coupling in the case of
Ve pe/[¢ ratios > 1, if the absolute minima at D4y, compressed, are
considered.

2.3. The Ty ® Ty, 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
Opik and Pryce [18], solutions are possible for certain special points
in the Q¢-Qy-Q; space. Some introductory symmetry considera-
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Cq4
[0,0,1] Cs

A

1,1,1]

Cs

' — [

— %
-
[1,0,0]
\e,
[1.-1,-1]

Fig. 9. The symmetry properties of the extremum points or planes on the poten-
tial energy surface according to Tog ® T2 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 (Qg, Qy, Q;) space or, alternatively, to
the cartesian coordinates and denote the positions of the four D34 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 D" epikernel symmetry in the (Qg, Qn, Q;) space (and correlate with
the six C; axes in Cartesian space). The faint arrows, shown for the ligand on the
x-axis, mirror angular displacements A« within the Q; components (i=§, 1, {) of
the T, mode (Fig. 5), and the fat arrows angular shifts Ao’ (Eq. (10b)) along the
face diagonals towards the trigonal axes (« =54,74° is the angle between the central
cation-ligand axes and the space-diagonal in a cube). One o4 plane of the T4 factor
group is indicated by point-dash lines.

tions may be useful again. The maximal epikernel for the T; ® Tog
interaction in Oy, is the trigonal subgroup D34 (Table 1). This sym-
metry characterises absolute minima, which are correlated with
the four C3 axes of the octahedron and an A;¢ ground state - recall-
ing, that the coupling constants are defined as positive quantities.
The respective displacement coordinates in the (Qg, Qn, Q) space
are +(—)pr {(111), (1-1-1),(-11-1), (-1-11)}, according to
the D34 condition |Q¢|=1Qy|=|Ql, and correspond to a trigonal
compression, if the (+) sign is chosen. The (—) sign is associated
with trigonally elongated octahedra at saddlepoints and a (still
Jahn-Teller unstable) Eg ground state (Fig. 9). The total-distortion
parameter p; is:

QF +Q2+QF =3p:2 = (pt)’ 9)

while p? reflects angular motions in only one of the three compo-
nents of the 7y, modes in Fig. 5. Utilising the analytical forms of
the respective distortion paths, the latter is derived to be of the
magnitude:

Pi=2a- A (10a)

where A« is the angular deviation from 90° according to Fig. 5 (we
designate in the following all parameters, which refer to the epiker-
nel symmetry Dy, * for Tg ® T2 coupling, with an upper star-index:
see Table 1 and Section 2.4) and a the metal-ligand distance. If the
distortion is trigonal, as considered so far, it is more convenient to
replace A« by the deviation A« from the angle of 54.74° between
a C3 axis and the three neighboured C4 axes in an octahedron, as
visualised in Fig. 9:

pr=+2a-|Ad| (10b)

The kernel symmetry is C;, and the factor group H (Oy,, C;) based
on it is Tyq. The latter symmetry creates for each general point C;
on the (E, Q, Qy, Q;) surface 24 equivalent ones (Table 1). The
absolute D;4 minima correspond to special positions on the 3-fold

axes of T4 (Fig. 9) and are generated from one of these by applying
the four symmetry operations within the S, subgroup of the factor
group Ty (Table 1). The epikernel next in ranking to D34 possesses
D,y symmetry (D, * in Table 1). It is associated with the three C4
axes in the (Qg, Qn, Q) space, according to the six displacement
triples +£{[100], [010], [001]} (Fig. 9). The different signs distin-
guish, whether the angular deviations A« are positive or negative
in the respective symmetrised coordinates (Fig. 5). Anyone of the
D, * extremum points on an S, axis of Tq multiplies according to
the six operations of C3,. The epikernel of lowest ranking possesses
Gy symmetry and considers all points in the (Qg, Qy, Q) space,
which are located on one of the six o4 mirror planes of Tq - exclud-
ing positions on the C3 or C4 axes. Explicitly, any Cyj, point [Qg, Qx,
Q] or [Qg, —Qn, Q] (with Q¢=Qy and Q; (i=§ m, {) # 0, £1) on
the tetrahedral o4 plane indicated in Fig. 9, is multiplied according
to the 12 symmetry operations of the rotation group T (Table 1).
Every distortion path between D,,* and D34 has this symmetry. In
all three epikernels only one of the three 7,; 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 Tz ® Tog coupling for an octahedrally coordi-
nated d! cation. For anyone of the four D34, 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 D34 condition

Q1 =1Qn[=1Qg=1):

t. i+ to
Y (Vi + errcz) 0 0
0 Y (Vips® + Xips™) 0

0 0 -Vip:© - errcz

(11)

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

1
to = ﬁ(dxy +dy; +dy;)  agg
1
ty = —(2dyy —dx; — d e 12
+ «/3( xy —dxz —dyz) eg (12)
1
t.=—(dy;—d e
ﬁ( vz — dyz) g

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

3
Ef = SKepS? = Vepf - Xop7? (13)

and after minimisation with respect to pS:

Va

1
oM = 3K, — 2X.° E‘l:m = —EJCT = —in,Oﬁm (14)

The Franck-Condon transition at of™ from a4 to eg - the ground
state splitting 387 (Fig. 4c) - correlates with 3EJCT in first-order and
is derived from matrix (11) and Eq. (14) to be of the magnitude:

¢ _3pc a 1. ,_ X
EFC_3EJT{1+1—2a}‘ ¢ 3K, (13)

The D34 distortion path in the reverse directions (along

pr{(-1-1-1),(-111),(1-11)or(11-1)}),isdescribed viaa sign

change of the Q; (i={, m, &) displacements on the non-diagonal posi-
tions of matrix (1) and accordingly of the V; contributions in matrix
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Structural and energetic DFT results for TiXg>~ polyhedra (X=F-, CI-) in the epikernel symmetries D4p,, D34 and Dy* of vibronic Tag ® (&g +T2¢) 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.

Dan ﬂf,m (A) PE“‘ (A) ay (A) E (BZg g Eg) EJTC (eV) EJTe (eV) hwe (eV)
F- 0.0832 0.041b 1.973 0.103 eV 0.034 0.0085 0.047
Cl- 0.050? 0.023 2435 0.020eV 0.0065 0.0015 0.0255
Dsq psm (A) PE™ (A) aay (A) E (Arg — Eg) Ejr© (eV) Ejr (eV) hw- (eV)
F- 0.094¢ 0.022¢ 1.973 0.082eV 0.020 0.0015 0.0245
Cl- 0.018¢ ~0d 2434 ~0.001 eV <0.001 =0 0.005
Don* s (A) P (A) Qav (A) E (B3g = BZg) E (BSg = Ag) EJT* (eV)
F- 0.098¢ 0.039f 1.973 0.057 eV 0.0805 eV 0.022
Cl- 0.023¢ 0.022f 2.433 ~0.004 eV 0.019eV ~0.002
Ve V: Ke K: Le L Xr w
F- 0.82 0.50(8)¢ eVA-1 9.9 2.9(3)8 = ~0.5 1.7 ~0eVA-2
cl- 0.27 (~0.1) 5.4 = = = = ~0eVA-2
2 1.997 A (4x),1.925A (2x) and 2.449 A (4x), 2.406 A (2x), respectively.
b 1.960A (4x),1.995A (2x) and 2.428 A (4x), 2.448 A (2x), respectively.
¢ |Aa/|=1.92° and 0.45°, respectively.
4 |Aa’|=0.30° and =0°, respectively.
¢ Aa=1.43° and 0.27°, respectively.
f1.961A (4x),1.997 A (2x) and 2.427 A (4x), 2.446 A (2x), respectively.
2 +0.08eVA-! and +0.3 eV A-2: the lower and upper limits refer to D34 and D.y,*, respectively.
(11). The octahedra are now trigonally elongated and the lower X / X \
split-state is Eg(t+, t). We obtain: : \ f
3 1 1 f
e _ e2 e e2
E2’3 = jK'TpT - jVTpT + jXTpT
- y
pem = (16) Y
i 23K + X;
1
em __ e _ em
Ey3=—Ep= _4VTPT ﬁ

LS coupling has a similar energy effect on the ground state sta-
bilisation as the one discussed for Dy;,. The corresponding matrix
is easily constructed from those in Eqs. (1) and (8a), when keeping
only the V; and ¢ terms. In distinction to D4, we note, that the low-
est state in D34€ is raised in energy by LS coupling for large V; p:/¢
ratios, while LS coupling stabilises the ground state in D34° (see Eq.
(8b)):

1 9
D3q® E(T4)=—5Vaps - 5
D3q Vipr > (= E(3F4)=—VT,O§.+§ (17)
1
Vepr < &= E(al“4):_6v.rpg_%

However, because pf is much larger than p§ (Table 2; Egs. (14)
and (16)), we may readily conclude that the lowest state is the one
according to D34¢. A further inspection is not needed, for reasons
discussed in the next section.

The D,,* extrema correspond to saddle points in the Tyg ® Tog
potential surface in the linear approximation, with only one non-
diagonal Q; in matrix (1) different from zero. The derivation of
the respective diagonalised energy matrix (Eq. (18)) is straight-
forward, using Appendix A.1 for the supplementary higher-order
coupling contributions. The symmetry-adapted coordinate system
is sketched in Fig. 10, and the accordingly quantized wave functions

dxy dxz_yz

Fig. 10. The Dy, symmetry due to Q; (T¢)-type displacements (T,g ® T2g cOu-
pling),with the proper choice of the Cartesian axes (matrix and wave functions (Egs.
(18) and (19)) = the degeneracy of the o-antibonding e;* MO is, in first approxima-
tion, not lifted, because the overlap with the 3d,>(ag*) orbital is not influenced at
all and the one with the dyy(b1¢*) orbital - left - is (for small displacements) only
affected in higher order. Also the w-overlap with thed,» >(ag*) orbital of ty5* - right
- is not energetically influenced by the Q; motions in first order (see matrix (18)).

are given in Eq. (19).

di1(bsg) d-1(b2g) 4 (ag)
-1/2 Vi Qe - % LQ7 0 0
0 +1/2 V, Q¢ -1/4 L, Q7
0 0 +1/2 LQ7
(18)
1
dyqc1y = —=(dxz + (=)dyz) (19)

V2

The active vibrational z-component of Ty, determines the mag-
nitude of the radial distortion parameter in Eq. (10), with Q; = p.
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The ground state energy is accordingly:

1 1 1
E'(bsg) = 5Knpi? = 5Vepi = g Lep3? (20)

yielding the following radial distortion parameter and energy sta-
bilisation, respectively:

Vz

*M __

P = oK L ) 21)
E“M(bag) = ~Ejy = — 5 Vapi™

The same expressions result, if Q; = —pj is chosen - here with
d_1(byg) as the ground state wave-function (symmetry-equivalent
solution). When higher-order coupling is neglected, the ratio of
EJ*T(bg,g) and the stabilisation energy for the D3y minima EJCT (Eq.
(14))is smaller than 1 (~0.75), as expected from the epikernel prin-
ciple: Dy, * is of lower ranking than D34. This holds - as DFT shows
(vide infra) - also, if derived numerical values for L; and X; (Table 2)
are additionally taken into account. We finally point out, that the
distortion in Dy, * is of a different quality compared to that in Dsq.
In the latter point group it implies a correlated movement between
the three vibrational T, components.

We now treat the case of simultaneous coupling of &¢- and Ty-
type displacements with an electronic T ground state more closely,
and consider particularly the importance of higher-order coupling
terms between Q; (j=0, £) and Q; (i=§, m, {) displacements.

2.4. The Tg ® (gg +T2g) Jahn-Teller interaction

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

a. those typical for Ty ® &g coupling solely: Dy, Do ** (which was
a kernel before);

b. those characteristic of Tog ® Ty coupling solely: D3q;

c. those, which result from the coupling to both active vibrations:
Dyp*, Cap; both were present already in the smaller 7,4 space, but
have now undergone additional vibronic interactions with gg.

We consider first the extremum points of Dy, * symmetry, in
which a displacement according to Q; (i=& or m or () is com-
bined with a tetragonal distortion according to —1/2(Qq — v/3Qs),
—1/2(Qq + v/3Q:) or Qg, respectively. We have chosen an elongated
polyhedron (¢ =0), because a compression necessarily leads into
the D,,*™* point group, lacking a coupling with T, motions. This
case is visualised in the MO diagram of Fig. 4d. The following matrix
is valid for a displacement (—1/2 p. 0; 00 p;) of this type (Table 1),
when using matrix (1) accordingly and if second-order interaction
terms (Appendix A.1) are added:

dy, dy, dyy
12 Vepe -1/ (Lep + Lep?) =172 (Vape +Wpiepe) 0
=172 (Vape + Wpepr) =1/2 Vepe-1/4 (Lepaz + LtPTE) 0
0 0 Veps+1/2 (Lepe” + Leps)

(22)

After diagonalisation one obtains for the lowest energy compo-
nent:

1 1 1
E(b3g)=§ {Kspgz+KT/)-TZ—VSP§—VTP;—WP§/)?-—51-8:022 - 51-7,0-72}
(23)

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

em __ VS + Wpim . *IM

Ve +Wpem
Pe =K. L, ' br =7

2K; — L; (24)

The second-order coupling parameter W arises from the simul-
taneous interaction with gg and T, modes. From the analytical
expressions for p§™ and o™ one can easily obtain the two quanti-
ties as functions of V;, L;, K; (i= &, 7) 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:

1
Em(b3g) = —EJ*T = —Z(Vspgm + Vzpi™) (25)

The higher-order contribution via W may enhance Ejp(Dy,*)
beyond the energies resulting from the linear couplings T® € and
T® T2, because p§™ and pi™ might become larger with respect to
the values in Egs. (7) and (21) by the presence of a finite W param-
eter (Egs. (24)). Thus, one cannot exclude with certainty that the
orthorhombic Dy}, extremum points become absolute minima in
the (E, QyQz, Q:QnQy) potential surface. The MO scheme in Fig. 4d
displays main features of the considered vibronic interaction - the
T, ® g coupling (tetragonal elongation) leads to an orbital doublet
eg as the ground state, which is further split by the coupling to the
To¢ mode. The Franck-Condon transition energies between the Tyg
split-state manifold at p§™, p*™ and in D,,*, are from matrix (22)
after diagonalisation:

E(bsg — bag) = Vo pi™ 4+ Wpog™ o™ (26)
1
E(bsg — 2g) = 5 {(3v£pgm + Vo pt™) 4 Wpem prm
3 em?2 M2
+§(Lsp£ + L p7™) (27)

LS coupling modifies the JT energy slightly. With 1/2V;pi™ =
1/2Vepe™ = 180cm~! and ¢=125cm~! - values approximately
valid for the TiFg3~ 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 bz,
ground state as the absolute minimum, however (see Section 3).

We refrain from discussing the lower-ranking epikernel Cyy, (in
this point group three vibrational components out of five become
totally symmetric, in difference to D,,* 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 Oy,

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 g-antibonding character. Thus, the excited 2Eq state
in the d-d spectra of the TiXg3~ complexes in elpasolites A;ATiXg
undergo splitting of nearly 3000 cm~! for X=F [22,23] and still of
1350+ 150 cm~! in the case of the weaker Cl~ ligand [24] (Fig. 11).

The theory of E® e coupling is well available in the litera-
ture [6,18,16]. We shortly summarise the basic considerations. The
vibronic Hamiltonian for a d! cation has the matrix form (A, A, are
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Fig. 11. The d-d spectra (powder reflection; 298 K) of elpasolites A’;ATiXg (X=F~, CI~) and of TiF; (top part adopted from [23]). The chloride elpasolites (bottom, left) are
cubic for A, A=Cs, K; Cs, Na; Rb, Na with the unit cell parameters a=10.74; 10.39; 10.27 A, respectively, while K,NaTiCls is a lower-symmetry variant. The lattice constants
for the mixed crystals with In'! (bottom, right) decrease linearly with the Ti"! content from 10.53s to 10.39 A.

defined as positive quantities):

2 2 2
a2 d;

AiQe+ AxQe* - QD) -A1Qs+2 ArQeQ:
AQ+2ArQ0Q:  -AiQo- Ax(Qe’ - Q)

(28)

A1 and A, are the linear and quadratic coupling constants,
respectively, and Qg, Q¢ the components of the JT active &g vibration
(Fig. 5). The resulting energy equation — when adding the totally
symmetric restoring energy - is:

1/2 (29)

E_(y)= %Kspﬁ — (+)PelAT + A3 07 + 2A1A2 e COS 39}

The corresponding potential energy surface (leaving aside the A,
term) is of the well-known Mexican-hat shape without preference
for any value of the angular parameter ¢ (Fig. 12, left). If the A,
terms are taken into account, the potential energy surface becomes
structured with three absolute minima at ¢§, = 0°, 120°, 240° and
three saddle-points at ¢§, = 180°, 300°, 60°; the cited angles refer
to tetragonally elongated and compressed octahedra, respectively
(Fig. 12, right).

The symmetry analysis is analogous to that for Ty ® &g coupling
- the only epikernel present is Dy, the symmetry of the three
absolute minima and of the three saddlepoints in the (E, Qg, Qg)
potential surface. All other points possess the Do}, ** kernel symme-
try (Table 1). The higher-order coupling contribution comprises,
above all, the nd,>—(n + 1)s interaction, which usually determines
magnitude and sign of the A; increment in the 3d" cases. As may
be deduced from Fig. 13, the choice cos 3¢ = + 1 supports an energy
lowering of the a;¢(d,2 ) MO, due to the mentioned interaction with

a1g(4s), and hence a tetragonal elongation. One deduces from Eq.

(29),if E_ is minimised with respect to p. (for A? > A3 p2):
m A

Pe = K, 24, cos 3¢

1 (30a)
EN = —Ejr = —5 A1 05

The further minimisation in respect to the angular variable
yields:

cos3¢pm = +(—)1 = oh(¢h)

= 0°,120°, 240°(180°, 300°, 60°) (30b)
and as exact solutions of Eq. (29):
A 1
PPN = o, BB = 5A1PE"(of™) (31a)

The E-Qy cross section in Fig. 13 shows the absolute minimum at
@5, = 0°and the saddlepointat ¢ = 180°, appearing here as arelative
minimum. The Franck-Condon transition within a JT-split Eg state
of a six-coordinated d" cation in an elongated and in a compressed
Dy4p-ligand field, respectively, is derived from Eq. (29) to be of the
magnitude:

Epc = 205" {A1 + A2 05" €OS 3¢m) (31b)

Because we meet in the context of this study orbital doublets
of E; 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 D4y, D34 or eventually Dy, *
extremal points may occur as absolute minima. From these, the D34
symmetry cannot lift the degeneracy of an eg(Oy,) level (Fig. 4c),
and in the case of D, * (Fig. 4d) we may hence confidently assume
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Fig. 12. The potential energy surface for linear E® € coupling (left) and - in a cross section perpendicular to the energy axis — the warping due to higher order vibronic

interactions (right).

that it is nearly exclusively the component due to the tetragonal
elongation, which splits the orbital doublet, because T, is not a JT
active mode for an electronic Eg state. An angular displacement Ao
(Eq. (10)) will slightly weaken the dyy-ligand o-overlap (Fig. 10),
while the d>-ligand overlap stays as it is - thus even diminishing
the splitting of the eg MO. An energy contribution to the splitting
of an eg* MO (see Fig. 4c) from Q; displacements may hence be
neglected in first-order. We conclude, that a splitting of an excited
Eg state in the d-d spectra of an octahedral d" cation with a Tg
ground state (Fig. 11) either indicates a pure Tog ® &g vibronic inter-
action according to Dg4j, compression, or eventually hints toward a
Tyg ® (£g +T2g) coupling, in which only the contribution due to the
stretching mode (Dy4,, elongation) is energetically significant. The
latter is much less distinct than the one in Dy, however, due to
the relation p§™ = 2p5™ (Eqgs. (6) and (7)). DFT calculations have
been performed for the three mentioned possible polyhedron sym-
metries in the Tyg ground state of a d!-cation and in the excited Eg
state as well. The results are compared with available experimen-
tal data, in particular from optical spectroscopy, in the following
section.

2,51
2,04

1,54

E(eV)

06 -04 -02 00 02 04 06
Qs

Fig. 13. Cross section of the Mexican hat potential surface along the energy axis
for a cation with one electron in an excited eg* state; parameters are those for the
MnFs3~ polyhedron (DFT results): A; =2.00eVA-1; K. =9.1,A; =0.7 eV A2, adopted
from [9].

3. The Jahn-Teller effect in Ti'' X423~ polyhedra
3.1. Introductory remarks

In a study on Mn!"! 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 MnFg3~ 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 ® a1
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! in Op — (dzz)o's(dxz_yz )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 d" 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 MnFg3~ polyhedron (Eg ground state in
Oy -Dyp, cross section at ¢ =0°, 180°), obtained from point-by-point DFT calculations
in a solvent continuum, and the alterations of the average bond length with respect
tO daver. = 1.93 A at the minimum position for the a;¢! curve (bottom and amidst); the
figure on top displays the a;¢ potential energy branch in comparison to the harmonic
curve, resulting from the here applied theory (adopted from [9]).

3.2. Energy and structural results, from DFT and experiment

Table 2 summarises the DFT results for TiXg3~ polyhedra with
respect to the T,y ground state, and the derived parameters. We
note here, that, besides eV, we use also cm~! as the energy unit,
because the latter is common, if optical transitions are considered;
the conversion relationship is: 1eV=8065cm™.

Dyp: The Tog ® &g parameters Ve, K. and Le (vanishing) are calcu-
lated from the optimised radial distortion parameters pS™ and pg™,
and by utilising the Franck-Condon transition at p§™ (Egs. (5¢), (6)
and (7)).

D3q: Similarly, the Tyg ® T vibronic constants Vi, Kz, X; are
obtained from the DFT values for o™, o™ and for Ef. at o$™ (Egs.
(14)-(16)) - taking notice of Eqgs. (9) and (10a) in addition.

D, *: The Dyp coupling constants Ve and K are already known.
V: and K; are not necessarily identical with the corresponding
parameters in D3q, because the distortion pathway in the latter
point group implies three strongly correlated ligand displacements

of the D, *-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 p§™, pi™ (Eq. (24)) and the two
Franck-Condon transition energies between the split states of the
octahedral T,¢ parent ground state: B3z — Byg, Ag (Egs. (26) and
(27); Fig. 4d).

Considering first the fluoride complex, the ]JT stabilisation
energy is distinctly larger for the tetragonal (275cm~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 Tyg ® T coupling of D3g symmetry cannot
be responsible (Fig. 11). In D,y*, the optimised radial distortion
component pg™ for the Tz ® (€¢ +T2g) coupling is, within the mar-
gin of error, identical with the respective Dy,® value (Egs. (7)
and (24)), indicating a vanishing second-order £g—T5g coupling con-
stant W. The coupling constants V; and K; in D,,* are enhanced
by ~0.15eVA-1 and 0.6eV A~2 with respect to those in Ds4. The
derived ground state stabilisation EJ*T (180cm™1) is slightly larger
than the one in D34 - but considerably smaller than the D4y, € energy.
Even when taking the small contribution from LS coupling (vide
supra) into account, the Dy,¢ extremal points remain the absolute
minima in the Ty ® (€5 +T2g) 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 T ® &g
and Ty ® Ty coupling is about 1.65(25), the one between the totals
of the higher-order coupling and force constants in the expres-
sions for p (Egs. (7) and (14)), in D4y© and D34€ respectively, is:
(Kg +Lg)[(3K: — 2X:)~ 1.9(3); accordingly, in spite of V being larger
than Vi, even more pronounced angular distortions p. result in
comparison to those (o, ) induced by stretching vibrations (Table 2).
The energy effect is smaller in the Tog ® Ty, case, however — Ty,
is a softer mode than &g. After all, DFT says, that the ground state
splitting and the polyhedron distortion is exclusively caused by Ty ® &g
coupling. For the derivation of A, A 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 D4y, ) we use DFT optimised excited
state value for o™ and p'S™ (see Eq. (30a)) as well as the experi-
mental excited state splitting in the spectra of A,ATiFg elpasolites
(2900 +200cm~1) [22,23] - here applying Eq. (31b), but of course
with the ground state distortion p{™ (Table 3). Though the calcu-
lated electronic Franck-Condon transition from 2By, to 2By at pS™
reproduces the experimental energy within 200 cm~! (Fig. 11), the
position of the 2A1g state is not properly mirrored — DFT exagger-
ates the energetic effect of the a;g(nd)-a¢((n + 1)s) interaction (see
the discussion in Section 7.1). In Dyy,*, the 2B3g — 2B1g transition
(see Fig. 4d) is calculated to appear at 18.0 x 103 cm™1, significantly
lower than the experimental energy (Table 3). This observation
confirms, that a pure T»s ® &g coupling governs the energies and the
molecular structure of the TiFg>~ polyhedron. The resulting A; cou-
pling constant is considerably larger than V; - the latter imaging a
- and the former a g-antibonding effect (V¢/A; =0.36). The mag-
nitude of A; — and of A, as well - is consistent with that for Mn!!! 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 380cm™!, in the range of reported experimental values for
other M"Fg3- complexes with M!!! centres from the 3d series: Felll
(374cm~1)and Ga" (398 cm~1)[26], and close to the DFT energy for
CrFg3~ (417 cm™). The ratio A, between the (Tog ® £¢)-JT energy
and the zero-point energy hw; 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 A, A, 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 TiXs in elpasolites (X =F;, Cl¢) and TiF3 (X=Fy); besides the derived vibronic parameters the ligand field

strength A is listed.

E (Byg — Big? or Bsg — Ag?) E (B2g — Aqg? o1 B3g — Byg?) AP Ay (eV/ﬂ-\*l) K., Az (eVA*Z) . (A)
Fy, exp. 159 18.8(3)° 16.8 = = =
Calc. (Dgp©) 16.12 —d - 2.25 7.8¢1.1 0.222¢f 0.400¢f
Calc. (Day™) -d 18.02 - - - -
Fp, exp.8 14.1 17.7(2)° =153 [=2.9] [=12] [=1.3] -
Cly, exp. 11.4(1)° 12.8(2)¢ 12.0 - - -
Calc. (Dgp©) 12.0? - - 1.80 5.0¢1.2 0.241¢P 0.685¢h

2 If the (correct) assignment according to Dy,¢ compression, or the one in Dy, * (in the fluoride case) is chosen, respectively; energies in 10> cm~'.
b Taking the calculated electronic ground state stabilisation energy due to the vibronic T ® € coupling into account (see Fig. 4b); energies in 103 cm~".

¢ In parentheses: (+) variation width.
4 Not correctly accessible to DFT (see text).
¢ Excited states’ values (=K;').

2,092 (4x),1.900 (2x)A (a.y=2.028 A) and 1.913 (4x), 2.259 (2x) (aay =2.028 A), respectively.
¢ Estimated magnitudes for the 2T, ground state parameters are: Ve ~1.00 eVA~1; pS™ ~ 0.083 A , E;r€ ~0.04; eV.
h 2,567 (4x),2.358 (2x) [aay =2.497 A] and 2.381 (4x), 2.788 (2x) [aay = 2.517 A], respectively.

due to the large V05 /¢ ratio of 4.4 (/£ =0.8, £o=155cm~1 [27];
Fig. 8, Eq. (8Db)). The Ty vibrational energy is estimated by DFT
to be of the magnitude 200cm™!, lower than the one reported
for GaFg3~ (281cm™1) [26], but very near to the DFT value for
CrFg3~ (195cm™1). The ratio A between Ejr and the zero-point
energy is similar to A¢ (0.80) — but bears no relevance, because
the Jahn-Teller coupling via the T; mode does not refer to abso-
lute minima in the D34 and D, * point groups. We think, that the
JT interaction within the TiFg3~ polyhedron (and in Dy;€) is large
enough to justify a treatment without explicitly accounting for the
vibrational structure, at least in satisfactory approximation.

The elpasolite solids, whose d-d spectra are shown in Fig. 11, are
cubic at 298 K, and for Cs(Rb), KTiFg Ti-F bond lengths of 1.962(8) A
are reported [28], in perfect agreement with the averaged distance
from DFT (Table 2). Because the spectra definitely demand a dis-
torted octahedron, the Jahn-Teller coupling is obviously dynamic
at 298K, freezing into a static distortion only at lower tempera-
tures. The estimated ground state splitting, deduced from magnetic
measurements [22] is smaller (=400(40) cm~1) than the DFT value
(830cm~'; Table 2) - not unexpected in regard of the involved
dynamic/static implications.

The ground state Jahn-Teller coupling in TiClg3~ (D) is com-
parably much weaker. The linear coupling constant and the radial
distortion parameter are smaller by a factor of 0.33 and 0.60, respec-
tively, thanin the fluoride case (Table 2), yielding a ratio of only 0.19
between the respective JT stabilization energies. The latter number
reflects the considerably less pronounced energetic w-sensitivity
of the larger and softer chloride ligand with respect to changes of
the bond length. The D4}, ¢ extremum points are again absolute min-
imain the Ty ® (g + T2g) potential surface; the JT interaction in D3q4
and also in Do, * is nearly vanishing. The vibrational €¢ energy is cal-
culated to be of the magnitude 206 cm~!. It cannot be seen in the
Raman spectrum, but is usually located between a1z and 7, which
are observed at 310 and 133(8)cm!, respectively [24]. Unfortu-
nately, the force constant K; cannot be derived from DFT with
sufficiently high precision, in order to see whether the calculated
Tyg vibrational energy matches with the experimental value. There
are only few experimental studies on the ground state properties of
octahedral Ti'll, and only one with halide ligands [24]. From EPR and
magnetic data of the elpasolites Cs; KTiClg and Rb;NaTiClg a ground
state stabilisation by the Jahn-Teller effect between 25 cm~! (static
approach) and 110cm~! (dynamic treatment) is estimated. The
DFT energy (EJCT = 50cm™!, Table 2) is within this range. The ratio
between EJCT and hwg is 0.26, which is rather low and suggests a par-
tial quenching of the JT coupling. Magnetic and EPR data [24] are in
support of such a suppression, having the comparatively long time
frame of these methods in mind. The scarce structural data indi-
cate cubic lattices for the two above mentioned elpasolites at 298 K,

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 Dy,© wells of the ground state adiabatic potential sur-
face. For the calculation of A; and A, we adopt, as in the fluoride
case, besides the radial distortions in the 2Bqq, 2A1g (°Eg) 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™!
and remains unchanged, when diluting Til! on the octahedral lat-
tice position by In'!l; 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
o-antibonding excited Eg state as for TiFg>~, one obtains the numer-
ical values collected in Table 3. Very interesting is the observation,
that the A; 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 mr-covalence in tran-
sition metal-halide M"(ID_X bonds is more distinctly enhanced,
when substituting F~ by Cl~ as the ligands, than the o-overlap;
this phenomenon is well-known to experimental chemists.

A preliminary conclusion might be that the Jahn-Teller coupling
in TiXg3~ (X=CI~,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(Fy)g octahedra and fluoride ligands, which are bridging between
two Til-centres in the VF3-type lattice (Fig. 2¢); the bridging angle
is 150° and the Ti-F;, bond length is 1.964 A [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(F, ) polyhedron, we
consult results for the corresponding Mn!!' complex, as it exists in
MnF; - with an >Eg ground state in Oy,. Here the linear coupling
constant A; was 30% and the second-order coupling parameter A;
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Fig. 15. Semiquantitative MO diagrams for the Ti(F;)s 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 Fy
and Fy, (see text). The resulting A.. 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-F; than for the Ti-F, bond [9]. The used AOM parameters
are (in 103 cm'): et = 1.03, eX = 6.67, el (eff) = 8.12 (t), and e; = 1.4, el = 6.6,
el (eff) = 8.4 (b); they refer to the axial (||) and equatorial (L) bond lengths in the Dyy,,
compressed, octahedra. The antibonding energies are estimated with the reasonable
assumption: e /eX = 1.4; otherwise the energies in Tables 2 and 3 are used.

as well as the force constant were 20(5)% larger than in the elpa-
solite case. We refer to Section 7 and Table 13 for the respective
reasoning and the basic experimental data. Utilising these infor-
mation and the splitting energy of the excited 2Eg state in the d-d
spectrum of TiF; (0.45eV [22,23] - Fig. 11b), the data in Table 3
result. From these one obtains via Eq. (31) a polyhedron distor-
tion of p™ 2~ 0.08 A and via Eq. (6) a linear coupling constant of
Ve~1.0eVA~1, by ~20% larger than for the complex with terminal
ligands. A comparison with V; for the Mn(F;,)s complex and hence
an analysis of the -antibonding splitting of the excited 5T2g state
is not possible, because the respective absorptions are obscured
by quintet-triplet transitions (Fig. 29) [29]. After all, the polyhe-
dron distortion is about equal to that in the elpasolites, while EJCT
is 20% larger, in essential agreement with available magnetic data
[22]. Apparently, the Jahn-Teller distortion is here also dynamic at
298 K, becoming static only at lower temperatures. The semiquan-
titative MO schemes in Fig. 15 model the binding properties within
the hexafluoro-complexes of Tilll in elpasolites and in TiFs, as will
be discussed below.

For a closer analysis of the binding properties of the fluoride
ligands toward an M"l(3d) cation the angular overlap model (AOM)
[30] is the method of choice. The linear and higher-order vibronic
coupling constants for gg-type ligand displacements can be readily
expressed in terms of AOM energy parameters e; (a: metal-ligand
distance) [6]:

2
Alzé(dﬁ); Ay = 3 (deSd)
2 da 4eys \ da

The latter are defined as accounting for the antibonding effect
with respect to the free 3d cation:
ei=kS? (i=o0, m; sd) (33)

but with an effective charge (ec) as in the complex. The charge
reduction with respect to the formal oxidation state due to the
electron flow from the ligand to the central cation defines a

binding phenomenon, which CK. Jérgensen called central field cova-
lency [10]. In Eq. (33), the S; are standard overlap integrals of
the metal-3d with the s- and p-ligand orbitals, and the k; mea-
sure, how effective this orbital overlap is energetically. The e;
energy effects originate from weak covalent bonding, and com-
prise metal 3d-to-ligand antibonding interactions (here specifically
within the antibonding eg* and tys* 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 CK. Jorgensen defined
as symmetry-restricted covalency [10]. In Eq. (32) it is assumed,
that the higher-order coupling via A, is solely determined by the
nd,» — (n+ 1)s interaction; the respective AOM parameter is eg
[30], which plays a dominant role in the interplay between the
elongated and compressed conformations of a Jahn-Teller distorted
octahedron. Considering explicitly the D4, distortion of an octahe-
dral complex, switching from the general definitions to the AOM
energy parameters connected with the eg and t,g molecular orbitals
and from a to the radial distortion parameter p, one obtains:

Es(big") =3es,  Eo(aig*) =2elh(eff) +es; el(eff) = el — Eqys

(34)

En(byg") =4ex and Ex(eg*)=2(ek +el) (35)

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

In Fig. 15 the MO diagrams of an M"(F;)g and an M"(F,)s com-
plex are displayed side by side. The used energies are from DFT and
optical spectroscopy for M = Ti (ground state splitting and optical
transitions to a;g* and byg* - see Figs. 7 and 11), which - with the
arbitrary, but reasonable choice el e+ = 1.4 for the tetragonally
compressed complexes - allows one to calculate the AO parame-
ters e{ (j=1l, L; i=0, ). 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 3d"-M!!! cations with 1<n<9 -
do not depend on whether the fluoride ligands in M'Fg complexes
(M 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!l. are larger in the case of the Ti(F, ) polyhedron. Accordingly,
the ligand field strength is smaller (Fig. 15), when recalling that
A=3es —4er. 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 F;, due to a more pronounced charge flow
toward the metal caused by the higher negative formal charge (—1).
In the case of F;, 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(F;)s polyhedron. The energy difference Aec
reflects this (ec: effective charge) and will be a significant quantity
when treating complexes, in which F; and F, 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 Fy-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 F; > F,, 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 A!TiF4 (A!: Na [33], K [34], Rb, Cs [35])
which crystallise in the TIAIF, structure (Fig. 16 top) or in lower-
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Fig. 16. The tetragonal unit cell of TIAIF4 (above) and the also tetragonal TIAIF4-type structure of CsFeF, [40] with puckered layers (bottom, right); bond lengths and bond
angles in the trans-Fe(F;),(Fp )4 polyhedra (bridging angle F,-Fe-F,: 166.4°) are shown on the left — partly adopted from [40].

symmetry variants of this type. In the single trans-M"(Fy)4(F¢),~
complexes, constituting the lattice, terminal and bridging ligands
(perpendicular to and in the planes, respectively) are simultane-
ously present. The polyhedra are tetragonally compressed (Table 4),
even if the ground state is vibronically stable, as in the compounds
with Felll (6A14(d>) ground state in Oy,). The corresponding strain-
induced bond length anisotropy - measured by o5 =0.105(1) A (Eq.

Table 4

Structural data - references, see text - for the trans-M"(F;),(F;, )4~ octahedra (M"-
Fo=a,; M"-F,=q,; aver. bond length a,, - in A) in TIAIF4-type lattices (Fig. 16).
Data, estimated from spectroscopic results, are set in brackets.

M Al a. (4x) a; (2x) oy e
Fe  Kb,Rb%d,Cs¢  1.963(5) 1.871(9)  1.932(4)  0.105(12)
Ti Nab 2.022 1.877 1.973 0.168
KP 2.009 1.887 1.968 0.141
CsP 1.998 1.877 1.958 0.140
% KP, Rb€, Cs¢ [1.97+0.04]c  [1.88] 1.94 [20.125]¢
Ccr a-Rb4TIC =1.935 =1.845" 1.905" ~0.105"
Co  Cs 1.969 1.812 1.917 0.181
Lid:g 1.964+0034  1.827 1.919 0.173

2 Observed distortions; induced by the structural strain solely in the case of: Fe!,
Cr'”.

b Orthorhombic structures, with mutual layer displacements.

¢ Tetragonal or pseudo-tetragonal structures.

4 The B-modification of RbCrF, is reported to crystallize similar to Cs(K)CrF4
(Table 12).

e The V-F, bond lengths in the x-y-plane (Fig. 30) - 1.93 and 2.01A (¢, =137°
(223°)) - presumably equilibrate, either dynamically or even due to vibronic
quenching, with p decreasing to an apparent value of ~0.105 A (see text).

f Adopted in comparison to Fe!! with an equally non-degenerate ground state.

& Structure description according to the topology of a dirutile-type lattice [92];
with a distinct orthorhombic component of the polyhedron distortion in the Co(Fy(4)
plane.

(4b); Table 4) - occurs, though the bond distances in the Felll(F; )3~
complexes of the elpasolite RbNaFeFs — 1.933 A [36] - and in the
Fell(F)s polyhedra of FeF; — 1.923 A [37] - are nearly equal, and
also of the same magnitude as the averaged bond length in the
TIAIF,-type solids A'Fe'F4 (A'=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(F;),(Fy)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(F;)s3~ octahedron, as it occurs in elpaso-
lites, as the parent complex; the partial substitution of terminal
(Ft) by bridging (F},) ligands is considered as a non-random strain,
imposed on the system. One component of this strain is surely of
elastic origin, because Fy, 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(¢s) to the force
constant, which depends on the deviation (¢-¢s) of the angular
parameter from that structural conformation, which is favoured by
the elastic properties of the Ti'l octahedron (lower index s denotes
strain). In the specific case of replacing four F;- by F,-ligands in one
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octahedral plane, studied here, ¢s is chosen in such a way, that it
eases a polyhedron distortion along the a4 (g¢) pathway toward
a tetragonal compression - following the structural observation in
the Fell(F;),(F;,)4 polyhedron:

AESt = —Ksp2 cos(¢ — s) =>:  =Ksp?cose, forps=180°

(36a)

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

A3Qp(QF —3Q2) = A3p3 cos ¢(1 — 4sin? @)

Depending on the sign of As, it favours or destabilises a tetrago-
nal distortion in anyone of the three potential wells of the adiabatic
potential surface (Fig. 6). If one wants to stabilise a Dy, distor-
tion only in one potential well, the factor in parenthesis — which
makes the three wells energy-equivalent - is omitted, leaving a lin-
ear cos-dependence as chosen in Eq. (36a). The Ks-term breaks the
symmetry by the introduction of an angular term, which favours
the minimum at ¢s=180° in the present case and, in particular,
destabilises an elongation along the F.-Fe-F¢-molecular direction
(¢=0). The origin of the soft mode behaviour along the a1 (D4n)-
distortion path is the larger total bond strength between Fe!l' and
F¢~ as compared to Fell'-F, =95, with a shorter spacing in the for-
mer case. These properties modify, in the here used model, as an
elastic strain the force constant, even if vibronic coupling increments
are not present. The tetragonally compressed Fe!l| Cr!'|(Fy),(Fb)s~
octahedra in solids AFe[Cr]F, (ps = 0.105 A; Table 4) with orbitally
non-degenerate ground states thus substantiate the necessity to
account for an elastic strain term. However, as shown below, a sec-
ond strain term is needed, if one wants to meet the requirements of
available experimental (and calculated) data. The straightforward
intuitive procedure is the adoption of binding strain components V§
and A3, which possess the same symmetry as Ve and Aq (see matrix (1)
- the diagonal elements — and matrix (28), respectively) - the for-
mer mirroring the Tog ® £¢- and the latter the Eg ® gg-interaction.
The angular coordinate is set constant, however, because the bind-
ing situation - created by the substitution of bridging ligands into
the molecular equatorial plane - refers to d-MOs (here dyy,) with
fixed orientations in space (¢ = ¢5). ¢; is not necessarily identical
with ¢s (Eq. (36a)), butin the present case, where both strain effects
are (at least predominantly) caused by the F¢-by-F,,-replacements,
s = @5 = 180° is valid, because the tetragonally compressed octa-
hedra in A'Fe!'[Cr!!'|F4 also demand this distortion angle:

(36b)

Q; = Pe COSPs = —Ps

(37)
Q3 = pssings =0

Accounting for the elastic strain contribution via Ks and for the
binding strain component via V3, one obtains the following adia-
batic energies for the split states of 2T2g, when restricting to ¢ =0°
and ¢=180°:

Eq(bag) = 3(Ke + Ks cos 9)p2 + (Vs cos @ — V3)pe + 1L 02 (38a)

E> 3(eg) = (Ko + Ks cos 9)p2 — 1(Vecos @ — V§)ps — SLepZ  (38b)

With ¢y, = 180° from experiment (and L; = 0) one obtains for the
232g ground state after minimisation in respect to pg:

sm __ VE +V85 .

e = Ko —Ks (39a)

1
E1=- JST = *E(Va + VE)P.ng
The index s is meant to denote, that strain effects participate;
piM is the experimentally observed distortion parameter for solids

ATiF4 (0.155(15) A; Table 4). The Franck-Condon transition energy
within the octahedral ?Ty4 ground state at this distortion is:
Ejc = 3(Ve + V3)oi™ = 3E5; (39b)

The vibronic Tz ® &g coupling and both strain components
favour the elongation of the (equatorial) Ti-F,, bonds, whereby the
mr-antibonding energy of the singly occupied dyx, MO is lowered in
respect to the octahedral tyg-parent MOs (Egs. (38a) and (38b)), due
to the action of a by V§ enhanced coupling parameter and a by Ks
reduced force constant. While the preference of an elongated to a
compressed Dy;, distortion - or vice versa - is a first-order effect in
Tg ® gg vibronic coupling, it is of only second-order in the E; ® ¢
case. The master equation for the excited state splitting of the com-
pressed Ti'll polyhedra in solids ATiF, at the ground state distortion
pIM is:

E'sc = 2(A1 — A3 cOS@m + A2 08™ 05 3¢m) o™ (¢m = 180°)  (40)

Here, we have supplemented A; by the A3 contribution accord-
ing to the modified binding situation with respect to the Ti(F;)g3~
polyhedron; the second-order constant A, 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 p as a variable:

QeS = Scos ¢s; Q3 = Ssing; (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 ATiF; and
the elpasolites in comparison (E'}- at pi™, Eq. (40), as well as E'f¢
at p™, Eq. (31); numerical values in Tables 2 and 3). Already in
a coarse consideration, with A; ~0, an increase of A; of about 1/3
(A3 ~ (1/3)Aq) 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,
Cu?*-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 Mn'!!, for example (see Section
7.2).
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Table 5
Vibronic coupling constants (Ve, VS; A1, A;® in eVA-! and K¢, Ks in eV A-2)3, Jahn-Teller energies (eV)" and tetragonal splitting parameters (in 10° cm~!) € of the trans- and
cis-configured M(F,),(Fy)4 polyhedra in compounds AM"F, (Tables 4 and 11). The radial distortion parameters are also listed.

Ml A Ve Vs A A Ke Ks Ejr 8 &' om

Ti Cs, Rb 0.82 0.14 225 ~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 0.060¢ 0.6 1.1s 0.125¢
Cr Rb, Tl 0.7 ~0.45 1.8 ~0.4 7.5 = = 0.65 1.05 0.105°
Co Cs 0.65 0.21 2.00 0.65 8.1 33 0.078 0.8 2.05 0.18,
Cr Cs 0.7 ~0.25° 1.8 ~0.45° = = = 0.4 0.9¢ 0.097°

2V, A and Kg, L, A, are chosen as for the M(F;)s3~ polyhedra in the elpasolites.

b For the compressed (Ti, Co) and D,,-distorted (V; ¢ = 137°, 223°) polyhedra in the absolute minimum of the adiabatic ground state potential surface, respectively
(Fig. 22).

¢ 85, 81/(81) are the splitting, expected or obtained from the experiment (see Fig. 4), and contain energy contributions from central field covalency, in distinction to Ejr (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 A (see Table 4).

¢ Strain-induced values.

f Calculated when using pg, for the cis-Cr(F;),(F, )4 polyhedron distortion (see text).

& Cis-elongated polyhedra: §;.

4.2. Solids A'Til"F,

When analysing the structural and energetic ground state prop-
erties of the Til'(Fy)4(Ft),~-octahedra in solids AITi'F4, we meet
the difficulty, that the available experimental and DFT data do not
suffice to determine Ks and V§ separately. One may evaluate Ks via
the following approximate energy relation, however:

1 2 1 cm2 ~ ~ { pgm 2}
=(Ke —Ks)ps — sKep™ =0=Ks=Ke ¢ 1— ( ) (41)
2 2 Ps

Eq. (41) reflects, that the enhancement of the local polyhedron
distortion from p{™ (Table 2) to ps is supposed to be solely induced
by the action of Ks - if only the elastic energy contributions are
considered and vibronic coupling is left aside. It adopts the distor-
tion of the Ti(Ft )3~ polyhedron, accessible by DFT (oS™ = 0.083A ),
and the resulting distortion, if four F; are replaced by F, ligands
in the corresponding Fe'' or Cr'!' complexes (0s=0.105 A). V5 is
now also easily accessible, utilising Eq. (39a), with p$™ = 0.155A..
The magnitudes of Ks (derived via Eq. (41)), which mirrors the
structural-elastic strain, and of V3, which comprises the binding
strain induced by the larger vibronic coupling within the Ti-F, as
compared to the Ti-F; bonds (from Eq. (39a)), are listed in Table 5.
We learn, that the elastic strain enhances the radial distortion
from 0.083 to 0.13A (Eq. (39a) with V& = 0), while the further
increase by the binding strain amounts to 0.025 A. If one factorises
the 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
with a factor of {(Vs + Vg)/Vg}2 =~ 1.4 and the elastic force with a
factor of K¢ /(Ks — Ks) = 1.6. The distortion in compounds with non-
degenerate ground states (Fel' or Cr!') is the result of the soft mode
property of aig (&g) along the Dy, distortion path, which eases
displacements toward a tetragonal compression and aggravates
motions toward Dyp,¢, for M"(F, )4(F¢) polyhedra.

When evaluating the ground state splitting in the case of
M"(F;),(Fp,)4 polyhedra (Eq. (39b), one has to make allowance of
an additional energy increment Aec (=0.12eV) due to a different
effective charge, depending on whether bridging or terminal lig-
ands are involved. Thus, as Fig. 15 illustrates, the AOM parameters
el‘.‘(t) and eil(b) (i=mm, o) refer to different reference points on the
energy scale. Because, according to our vibronic model, we have
chosen the parent Ti(F;)s3~ octahedron as the zero-point of the
energy scale, a correction has to be applied to the experimental
splitting, in order to match with the AO and vibronic coupling ener-
gies. As we will outline in Section 6.3, the ground state splitting,
as given by Eq. (39b) for the case of the Ti"l(Fy,)4(F¢),~ octahedra,
has to be enlarged by approximately 0.06eV (see the considera-
tions in connection with Egs. (55a) and (55b)). Having this in mind,

one obtains 38, = 0.28 eV for the expected experimental Tz 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 szg ground state and a Dy, 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 A contribu-
tion, which would add an additional =0.02 eV to the stabilisation
energy.

Fig. 18 depicts the d-d spectra of various solids ATilF4
(A'=Na, Rb, Cs). In particular, the excited ?Aq (2Eg) split state at
~20.5 x 103 cm~! is very broad and intense and allows only a rough
estimate of the splitting energy (48 ~ 7000 cm~! or 0.9eV), 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 Aec = 0.08 eV (see
Egs. (55a) and (55b) and Fig. 15) and utilising pS™ = 0.155A , an A3
parameter addition of 0.55 eV A~! is obtained. The enhancement of
the linear vibronic coupling is about 25%, and hence smaller than
the one for the full substitution of F by Fy, (A5ATi(F;)g — Ti(Fp)3),
consistent with the underlying strain model. A short non-numerical
outline of the above outlined strain model has been previously
presented [7].

1,54 —m—Ti(F)>
trans-Ti(F ),(F,),"

E(eV)

Fig. 17. Cross section of the adiabatic ground state potential surface along the
energy axis at ¢=180°, 0° for the TiFs3>~ 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§ parameters in Table 5; the contribution from the Aec
increment is not included in the treatment. The minimum positions are indicated
(™ =0.155A).
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Fig. 18. d-d spectra [31,32] of solids A'Ti"'F, crystallising in TIAIF,-type lattices.

5. Vibronic coupling in VI'Xg3~ polyhedra
5.1. Ground state analysis

We anticipate, that the trend for the extent of the stabilisation by
vibronic coupling follows the sequence D4y, © > D34¢ ~ Dy, * not only
in the case of TiXg octahedra, but also for VXg complexes, and will
prove that in the end of this section. The ligand field matrices for
a d? cation in octahedral coordination with a tetragonal distortion
component (only spin-triplet states) are summarised in Eq. (42):

2 2 1 1 1,1 1 1 1,1
e (tag) bag by (geg) bygag (tgey)

Ay |28 -6B By CTa) [ A-2(5,-82)-3B
(u’Tig) | -6B A+2(5; + 8,) +9B
eglbls‘(tZgz}) eglbtg](ﬁﬂlegb egwami(bglegl)
8 3B -3\3B
B (2" Tig, 3B A+28 -8 -3V3B
Tagb Tig) 3V3B -3V3B A-28,-5,+6B
aig'big' (eg)

Bi, CAz) [2A-3B

(42)

They differ from those given by Perumareddi [45] by being fully
diagonalised with respect to all ligand field parameters and by
differently defined tetragonal field splitting parameters. The quan-
tities 8, and &1, used here, refer to the undistorted octahedron as
the origin, with the electronic splitting energies obeying the cen-
tre of gravity rule [46], which may be considered as appropriate
as long as A is large with respect to §1, 8, (see Fig. 4). The chosen
signs of 8, and §; characterise a tetragonally elongated structural
configuration, and the diagonal energy of the O}, ground state 3T1g
(tyg?) is set to zero.

The energy matrix for the ground state T;g ® &g coupling of a d?
cation is easily constructed by employing matrix (1) - with V;=0
and summing up the one-electron energies. Higher-order L, con-

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):

dy,'dy'

dy'dy' dy'dy'

-Vepecos@

¥ Vepe(cose + V‘3simp)
V5 Vepe(coso - V3sing)

(43)

The diagonal energies have to be supplemented by the restor-
ing force 1/2Kp?. The absolute minimum appears at ¢ =0° and
the saddlepointat ¢ = 180°, characterised by tetragonally elongated
and compressed octahedra and a many-electron 3A2g and 3E; 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:

3Arg: pEM = %; Eme — _%vgpgm =-Ef (44a)
€
1V, 1
3Eg: piMm = fi; EMC = — 2 Vepd™ = —Efy (44b)

The Franck-Condon transition within the ground state at p§™ is
calculated to be of the energy:
Efc = 3EJ‘3T (45)

From the DFT optimised values for pg™, o™ and Eg.
(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 3Tig(tag?)->Tig(togleg!)
configuration interaction will be considered later.

The influence of spin-orbit interaction in D4, may be taken from
the diagram in Fig. 19, where the electronic energy of the ;3T1¢(t2g?)
split states in dependence on the ratio between the first-order
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Table 6a

Structural (A) and energy (eV) data for the isolated VFs3~ polyhedron in Dyy, result-
ing from spin-unrestricted DFT calculations in a solvent continuum (Rse}y = 0.95 and
1.40 (A); for VI and F, respectively) - total energies E; (which include the sol-
vent energy increments Ey, ) in respect to the 3Ay, (eg2) ground state at —53.878 eV
(Esolv =—21.470eV); optimised data in italics. Calculations refer to the diagonal ener-
gies in the matrices of Eq. (42); LS coupling is not accounted for.

Table 6b

Structural (A) and energy (eV) data for the isolated VClg3~ polyhedron in Dyy, result-
ing from spin-unrestricted DFT calculations in a solvent continuum (Rs.}, = 0.95 and
1.75 (A), for VI and CI, respectively) - total energies E; (which include solvent
energy increments Egy ) in respect to the 3A;; (e42) ground state at E; = —42.449eV
(Esoly = —17.483 eV); optimised data in italics. Results refer to the diagonal energies
in the matrices (42); without LS coupling.

Config. Symmetry a, a, Qay IEN(ES) Config. Symmetry a, a (i Et (Esov)
E.® g2 Dap? Dyp? 1.918°  1.983¢  1.940 =0 E.¢ g2 Dap? Dap® 2374  2420°° 2390 O
Ex€ eglbzg1 Dah Dan 1.950¢ 1.918¢ 1.939 —0.007¢ E)€ eglbzg1 Dyp Dan 2.396¢ 2.373¢ 2.388 —0.020¢
(0.059) (0.053)
Es¢ bag(eg)! Dap Dopy 1.918 1.983 1.940 0.100¢ Es¢ bag(ey)! Dap Don 2374 2.420 2390  0.026°
big(bag)! (0.016) big(b2g)! (0.006)
E4¢ eglblgl Dap Dan 2.037 1.894 1.989 1.8214 E4€ eg1b1g1 Dap Dap 2.505 2.329 2.446 1.4604
(0.358) (0.335)
Es¢ eg'big! Dap Dap 1.918 1.983 1.940 2.2684 Ese eg'big! Dap Dan 2374 2.420 2390  1.652¢
(0.198) (0.109)
Eg® eglagg! Dyn Dap 1.885 2.249 2.006 1.8714 Eg® eglagg! Dan Dap 2335 2.741 2.470 1.53549)
(0.428) (0.251)
E;¢ egla]g1 Dah Dgn 1.918 1.983 1.940 2.3124 E;¢ eglalg1 Dyp Dan 2374 2.420 2.390 1.7944
(0.276) (0.063)
Eg® bag'big! Dap Dap 1.918 1.983 1.940 2.940 Eg® bag'big! Dap Dap 2374 2.420 2390 2113
(0.217) (0.080)
Eqo¢ bzglalgl Dap Dan 1.918 1.983 1.940 1.929 Eq¢ bzglahg] Dap Dap 2.374 2.420 2.390 1.468
(0.182) (0.104)
Eio® tzgz o Dgyp Op 1.918 1.983 1.940 —0.0264 Eir© tzgz e Dgyp Oy 2374 2.420 2.390 —0.049
(0.014) (0.014)
2 Nuclear arrangement. 2 Nuclear arrangement.
b Electronic distribution. b Electronic distribution.
¢ Used for the derivation of V. and K, (see text). ¢ Used for the derivation of V; and K. (see text).
4 Energies too low, caused by self-interaction (see text). d Energies too low, caused by self-interaction (see text).
e —p 43 p, 23 e —e 43, 203
=g 2g - =g 2g -
3 Jahn-Teller coupling and the LS coupling constant ¢ ({o=210cm™1)
3] A isdisplayed. The respective equations, referring to ¢ =0° (180°), are:
2g play p q gloy
2 b 1 1,3 2 1/2
! *E Ela 1] =(F)gVepe + 3¢ F z{Vsng(i)évapsC +%)
1 g _ (1 322 4 452,172
) E[a,bFS]—(¢)zVsPe¢Z{Vgpg'f‘gf } (46)
1 1
w0+ E[F3,4]=(i)7Vs,Os— 3¢
1 1
-1 E[T2] = (£)3Vepe + 3¢
‘E
24 Tg One readily sees, that - though LS coupling stabilises the tetrag-
V.Qu/c aly . onal compression (by 1/2¢) to a larger extent than the elongation
-3 e~o 1 Azg - the 3Ayg(e4?) state is always lowest. In the case of a very weak
T T T T T

-4 -3 -I2 I‘I 0 1 2 3
@=180" —— ¢=0"

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

Table 7

vibronic interaction the JT contribution to the ,I"; 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 D34-type distortion.
The relevant equations, which can be used to evaluate the respec-
tive Vi, K; and X; parameters, are easily accessible, by summing up,

Vibronic coupling within V(X;)s3~ polyhedra (X=F, Cl): DFT results (without and with - see footnote b - configurational mixing: Tables 6a and 6b), supplemented by
experimental data - Tig ® &g and Eg ® £,? interactions. Ground state Tyg ® To¢ coupling data for trigonally distorted V(F; )3~ octahedra, as derived from DFT, are also listed.

Dan pem (A) psm (A) aa (A) E (Byg — Eg) Ejr¢(eV) Ejr€ (eV)
F 0.075 0.037 1.939 0.100eV 0.0335P 0.0085
Cl- 0.053 0.027 2.389 0.025eV 0.008 0.002
Dan Ve A; (eVA-1) K. (eVA-2) &2 A, (eVA-2) A (eV)© calc. exp. 81 8, (103cm™1)
F- 0.89P 2.0 11.9 =7.6 0.9 2.12 2.01(1) 0.62 0.27

Cl- 0.33 1.1 6.2 =365 0.5 1.62 1.55 0.24 0.07

D34 pem (A) pEm (A) ay (A) E (Azg — Eg)

F- 0.0154 0.024 1.94 ~0.013 eV

3 Excited state values, referring to an octahedral tyg'e,! configuration.

b The corresponding effective values accounting for configurational mixing are: V,*f=0.84eVA-1, p¢ = 0.07o A and Ex*=0.03¢ eV.
¢ The calculated B (=B ) parameters are 470 (F~) and 350 (Cl-) cm~!, those deduced from the d-d spectra, 650 and 525 cm~! for F~ and Cl-, respectively - see text.

4 |Aa/|=0.32° and 0.42°, respectively.
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from matrix (11) and when adding the restoring energy:

E1(3A2g—eg2) = 51(7/052 +XTP$2 - Vips

em __ VT - E& — 1V em (473)
T e M
E;3(3Eg-ajgleg!) = %KTPFrZ - %XTP-CrZ - %Vﬂog

cm 1 VT . C __ 1‘/ cm (47b)
=33 —x, r= g

They are valid for octahedra, elongated and compressed along
a trigonal axis, respectively, with the former referring to the min-
imum positions in D3q symmetry. The Franck-Condon transition
within the octahedral 33T1g(eg2) ground state is accordingly:

(47¢)

1-a X
ES(CAyg — Eg) = 3EL {71 — 20} T a= 3;7
While the energy effects for the V(Cl; )3~ polyhedron are below
numerical significance and not given, we discuss some interesting
results for the fluoride complex. The calculated p$™ distortion at the
relative D34® minimum is extremely small (Table 7), and accord-
ingly also the ground state splitting of Ef- = 105 cm, if compared to
the corresponding, by a factor of 6 larger, p$™ and E§ . values for Till!
(Table 2). We refrain from giving numbers for V;, K; and X, in view of
the small radial distortion and energy values. It is very probably the
(in relation to K;) large X; coupling constant, which mainly dimin-
ishes p™ and Egc in the trigonally elongated structure (Eq. (47a),
VI and enlarges these quantities in the compressed case (Eq. (14),
TiM). In the D34¢ conformation the ajg(to!) electron cloud is sub-
ject to repulsion by the six ligands at an angle of >54.74°, while in
D34¢ the d-electron distribution according to Axg(t+'t_1) is such,
that the repulsion angle is with >35.26° distinctly smaller, with a
correspondingly more pronounced destabilising effect. In Dy, * the
tetragonal distortion component is the same as in Dy, indicating
again a vanishing W contribution; A« is only about 0.38°, yield-
ing with p™ = 0.025 A an equally only tiny distortion. After all we
can confidently assume, that in the d? case of VXg3~ (X=F~, CI-)
polyhedra the Tg ® £g coupling clearly dominates the ground state
potential energy surface - even much more pronounced than for
Tilll

5.2. Excited state analysis

Inspecting the matrices of Eq. (42), the Racah parameter of
interelectronic repulsion, B, comes additionally into play, when
considering excited states. DFT usually underestimates this repul-
sion energy within open d" shells considerably (see Section 12).
We accordingly prefer to use B as calculated from the d-d spec-
tra (Fig. 20). When translating DFT into ligand field energies, one
should notice that both concepts are orbital-oriented. Accordingly,
the DFT energies in Tables 6a and 6b, labelled by specific MO config-
urations, refer to the diagonal energies of the ligand field matrices.
With this information at hand we can readily formulate the follow-
ing master equations for the vertical transitions at the ground state
distortion p§™:

ES —ES = A+28) +48, +9B (g2 — byg'byg") (48a)
ES —ES = A—281+48; —3B (eg? — byg'agg!) (48b)
E% — Eg =6B— 48] (Eg1b1g] — e]g]a]g]) (48C)

Though in the case of Eq. (48c) the energy difference between
two orbitally degenerate 3E; (3Taq, 3Tig) states is involved, it
implies the excitation of an electron between orbital singlets and
should hence not be falsified - see Section 3.1 - by self-interaction.
From the three equations (48) the quantities A, §; and B are acces-
sible (Table 7), because the ground state splitting 36, is known

Rb,NaVF,

CszNaVFﬁ
CszLiVF6

v(10°cm™)

5 10 15 20 25 30

3 1 3
o, = lem 29 Cs,RbVCI,
K,NaVCl,
/A\M /Rb,NaVCl,
Cs,NaVCl,
Cs,KVCI,
v (10°cm™)
5 10 15 20 25 30

Fig. 20. d-d spectra (solid state reflection) of elpasolites Ay’AVXs (298K; 23Tig
ground state) with X =F~ (above) and Cl- (below), respectively. The band assignment
is according to the parameters A =16,200 (12,500)cm~" and B=650 (525)cm~! for
F~ (Cl7). In the fluoride case, a possible tetragonal ligand field component, as seen
by DFT, is indicated via a D4,® band fitting (;3Azg (a3Tyg) ground state; §; =0.62,
8,=0.27 x 103 cm~1). For the band at ~10.000 cm~' [43] see Appendix A.2.

already. Recalling that 48; equals 2(A; o™ + A2 0S™2) in the case
of a tetragonal elongation (Eq. (31b); Fig. 4), we need further equa-
tions of condition in order to derive A, besides A;. We have chosen
the optimised excited state polyhedron distortions for eg'b; gl (D4n
compressed) and eglalgl (Dg4p, elongated) for the calculation; the
corresponding state energies in respect to t2g2 in Oy, are obtained
by summation from Egs. (5a), (5b) and (29):

(ES) = A+ 1Vsps — A1 ps + Az p2 + LK, p?

(ES) = A — 3Vepe — A1 pe — Ay p2 + 3K, p% + 6B (493}
Minimisation with respect to p. yields:
jom _ 241 = Ve
N 2K, + 4A; (48b)

oM = 2A1 + Ve
& T 2K —4A;

With these relations and with the §; energy at hand, we readily
calculate the excited state parameters A, Ay, and K, (Table 7). The
latter is an effective force constant, partly reflecting excited state
properties, and correspondingly smaller than K. The magnitude of
A, is possibly subject to errors (too large) due to the already men-
tioned deficit of DFT to correctly account for the 3d,> -4s interaction
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(see Section 7.1) — without touching the gross result, however.
After all, the DFT calculations allow the determination of the lig-
and field parameters A, §; and &, as well as the Racah parameter of
interelectronic interaction B. On a finer scale, the vibronic coupling
parameters Aq, A;, Ve and K, were deduced - replacing the coarser
energy quantities §; and §,. Though we do not want to stress a
fully quantitative significance of the results too much, the obtained
parameter set in Table 7 is very reasonable in relation to that for
Till. Also the calculated A values are consistent with those derived
from the d-d spectra (see below). B is about 30% smaller than the
experimental value. The JT-stabilisation energies are near to those
for Tilll (Tables 2 and 7). The d-d spectra in Fig. 20 do not show
symmetry splitting at the first glance, thus indicating a regular Oy,
coordination. Possibly (vide infra), the Jahn-Teller coupling is sup-
pressed. One reason for the absence of band splitting might be the
configurational mixing of the excited state 3Ayg (bag'b1g!) state
into the strong-field ground state 3A2g (eg?) via the non-diagonal
matrix element 6B (see Eq. (42) and the following section).

The d-d spectra of the elpasolitic solids A, AVClg in Fig. 20 have
a cubic appearance, with the two broad transitions 33Tz — 3Ty,
>T1g at 11,450(50) and 18,300(100) cm~1, yielding A = 12,500 and
B=525cm~!. For the Cs, Na compound the band positions are
slightly lower (11,100 and 17,900 cm~!), with a correspondingly
reduced A parameter of 12,300cm~!. All solids are - with the
exception of Cs,RbVClg - cubic compounds with unit cell param-
eters 10.08 A (K,Na), 10.20 A (Rb,Na), 10.34 A (Cs,Na) and 10.68 A
(Cs,K) [32]. The third transition of low intensity (—3Ayg; two-
electron jump) is expected to occur at ~24,000 cm~!, where indeed
a discontinuity in the intensity increase toward the charge-transfer
region is observed. The spectra of the corresponding fluorides
resemble those of the chlorides in appearance, showing the first
two spin-allowed transitions at 14,850(50) and 23,250(50)cm™!,
similar to the band positions reported for Cs,KVFg [47]. The (in Oy,
but see Section 5.3) derived A and B parameters are 16,200 and
650cm™1, respectively. The third low-intensity main band should
occur at =31,000cm~!. There was earlier [48] much discussion
about the origin of the broad low-energy band appearing around
10,000 cm~!, which was assigned to the lowest 33T1g — 1Eg, 1Tog
transitions [49]. We can unambiguously show [43], however, that
this absorption is caused by VIVOFs3~ impurities and will give evi-
dence for this in Appendix A.2.

5.3. The ground state properties due to configurational mixing

We shortly consider the mixing of the eg? (tzg2) ground state
with the b2g1b1gl (tzgleg1) excited state via interelectronic repul-
sion (mediated by the Racah parameter B) in order to obtain
parameters and energies for the true many-electron ground state
a3Agg (a3Tig) (see the 3Ayg matrix in Eq. (42)). The mixing coef-
ficients of the respective wave functions in the O}, ground state
are calculated for VFg3~ (with A=16,200cm~!, B=650cm™!) to
be of the magnitudes c; =0.985 and c,=0.17. The electronic
ground state stabilisation energy (—24,) is accordingly reduced to
=285 = —28,¢] +2(81 + 82)c2 = —1.758; (with §1/8, = Aq/Ve =23
from Table 7), yielding a reduced effective linear coupling con-
stant VEf of 0.84eV A~1 and, in particular, a by 12% diminished Ef:
energy. After all, the Jahn-Teller stabilisation energy has become
smaller by less than 15%, switching from the fluoride complex of
Ti' (Ef. = 0.034eV; Table 2) to that of V! (EF = 0.030 eV; Table 7).
This reduction is most likely not the reason, why vibronic coupling
might be suppressed in the case of the vanadium(III) fluoride com-
plexes. Magnetic measurements, which we have performed with
the cubic elpasolite Cs,RbVFg (and with Cs,KVClg as well), suggest
an only tiny ground state splitting of ~0.02 eV; this energy is near
to the margin of error of the method. Possibly, as suggested in the
case of Ti'l already, DFT slightly overstates the vibronic coupling.

3

2g b’ 1g AZQ

10 15 20 25 30 35

Fig. 21. The d-d spectra of solids AVF, (A =Cs, Rb, K) at 298 K. Band assignments
(energies in 103 cm~') under the assumption of a compressed Dy, polyhedron
symmetry (,3Eg (23Tig)-ground state; see text), with the best-fit parameter set:
A=15150, B=650, §;'=1150, §, =600cm~"'; the octahedral parent terms are also
indicated. The ,3Ayg (:3Tyg) state is calculated at =1500cm~!; the transition to
the 3Byq state (at =29,000cm™") is a forbidden two-electron jump. Observed and
calculated band positions are:

Al b Eg 3Bag b>Azg AEg
Cs ~13.6 ~14.8 19.5 25.0
Rb 134 15.6 20.0 254
K 134 15.4 19.8 255
Calc. 13.5 15.5 19.7 25.0

The JT stabilisation energy of 240cm~"! is not much smaller than
the zero-point energy of the &g vibration (~380cm™!, estimated
from data in [26]), and the VETpeff/¢-ratio is - with £=170cm™!
(£o=210cm~! [27] and ¢/Zp=0.8) - nearly 3. Hence, both ratios
do not really support a suppression of the Jahn-Teller coupling.
Experimentally, an Oy, symmetry of the VFg3~ polyhedra in cubic
elpasolite-type hosts is suggested by a spectroscopic study on V3*
doped K;NaScFg; the 9K luminescence fine structure of the a3T1g
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 Oy,. A ligand field calculation, using the DFT energies for 6, and
8, is not in contradiction with, in particular, the broad-band char-
acter of the ;3Tq¢ — ,3Ty4 transition and the distinct asymmetry in
the high-energy descent of this band (Fig. 20).

5.4. The presence of bridging besides terminal ligands

VF5 crystallises in an ReOs-type lattice with almost regular
V(F;,)s octahedra and bond lengths of 1.935 A [51], perfectly match-
ing with the (averaged) DFT value (Table 7). The reported spectrum
is, again, cubic in appearance [47]. The A parameter (15,250cm™1)
is 6% smaller than the elpasolite value, while the B parameter
(650cm™1) is identical. Inspecting the d-d spectra (Fig. 21) of
AVF, solids (Al: K, Rb, Cs) with a TIAIF4-related structure (Table 4)
pronounced band splitting and intensity distributions within the
considerably split b3T1g 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.

5.5. The strain influence in solids A'VF,

We use an analogous procedure to that, introduced in Section 4
and applied to ATiF, solids, for the evaluation of the strain-induced
parameters K; (elastic strain) and V§, A3 (binding strain). The former
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constant is again considered as a non-cubic correction to the force
constant K, which eases ligand displacements toward a tetragonal
compression and aggravates displacements toward a tetragonally
elongated polyhedron distortion. The latter statement holds for the
binding strain parameters as well. The energy equations for a d2
cationinthe presence of an elastic and binding strain, at an arbitrary
angle ¢, are (see matrix (43),Eqs.(38a)and (38b); ¢s = 180°,Ls = 0)):

E(dyz1dxz] )= —Vgpgcosg+ Vips + %(KE + Ks cos gl))pg
E(dy;"'dyy" )= Ve pe(cos p++/3sing)— 2V ps + 3 (K + Ks cos )02

E(dx;"dyy') = 1V pe(cos @ — v3sin @) — L V3 pet 1 (Ko +Ks cos @) p?
(50)

Here, the dyy orbital is stabilized by —Vjp. and the dy., dy;
MOs are raised in energy by +1/2VEpe. In contrast to Tilll, the
d? cation VI aims at a tetragonal elongation (¢ =0°) by the V-
induced Jahn-Teller forces, thus in a deviating direction in space
with respect to the elastic and the binding strain. Accordingly, an
orthorhombic D,;, symmetry might result as the energetic compro-
mise. Any angle ¢ between 120° (or 240°) - Dy}, elongation along
the molecular x (or y) axis — and 180° - D4, compression along z -
is obviously feasible. Hence both, Ks and V§, favour a D4, © polyhe-
dron distortion and a doubly degenerate ground state >Eg (dy; ! dxy 1,
dy;'dxy!), while the vibronic coupling due to V. tends toward a
D¢ structure and an orbital singlet 3Byg (dx;!dy,!) as the ground
state. One can easily show, that an energy stabilisation along the
orthorhombic distortion pathway is only feasible, if 3B3g(dxy'dx;")
[or alternatively Byg (dxy ' dy;!)] becomes the new ground state. The
absolute minimum occurs at:

sm _ 1 Ve(v/35ingm — cos gm) + Vs*

(51a)

€ 2 K¢ + Ks cos om
with the energy:
E.=—-E;= —H(Ve(V3singm — cos pm) + Vs} pgm (51b)

The successive differentiation of EJST with respect to the angular
parameter allows one to fix ¢ by the straightforward, but rather
complex expression:

S
Ks (@— o COS @y + % singom)
&

=2aKe with: o = —(sin ¢ + V3 cos ). (51¢)
The Franck-Condon transitions: dxy1dxz1 —
dyy'dyz"(E5))and — dy;'dy,'(EZ)) within the 3Bsg, 3By, 3Ag
(3T2g) split-state manifold (see Fig. 4d) occur at:
ED = 3V, ps™ sin
ke efe S ¢m (51d)

E) = 1(Ve(v/3sin gm — 3 c0S ) + 3V} o™

For the estimation of Ks we refer to the same consideration as
employed for the ATiF, solids (Eq. (41)), namely, that the restor-
ing energy does, approximately, not change if passing over from
the V(Ft)s3~ complex (1/2Kep™2) to the M(Ft),(Fp)4~ polyhedra
in AMF4-type compounds (1/2(Ke — Ks)pZ) - with the condition,
that vibronic coupling is not considered. The estimated (with p§™ =
0.075A, ps=0.105A; Tables 4 and 7) strain correction to the force
constant is rather large (Table 5). We now proceed to derive V3,
oM and ¢m from the band splitting energy §,, thereby utilising
Egs. (51). Because the energy §; is obtained by band fitting of the
d-d spectra in Fig. 21 on the (not necessarily correct — see below)
assumption of a D4, symmetry, we approximately correlate 34,
with Epc = E(FZC) -1/2 E(Flc), but with the correct angular parameter
@m # 180°(Eq.(51d))and after the experimental splitting (Table 5)
has been reduced by a correction due to the differing central field

2000
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Fig. 22. Cross section of the adiabatic ground state potential surface along the
energy axis and unfolded along the angular g-path, at o™ =0.125 A, for the
V(F¢)2(Fp)s4 polyhedra in solids AVF,4 (Eq. (50), with the vibronic parameters from
Table 5) — without taking account of the configuration interaction via B and of the
Aec correction. The electronic (dy,! dyy '), (dy,' dy'), (di;! dy,') configurations refer
to 3Bsg, 3Bg and 3Ag states in Doy, respectively (see Fig. 4d); energies are in respect
to Oy,.

covalency of the terminal and bridging ligands (see Fig. 15 and
Eq.(55a)) by 1/2Aec =0.06€V (36, = 0.22eV = Eg- = 0.16eV).The
resulting V§ parameter is somewhat larger in magnitude than for
Til', while the ¢, angle of 137° (223°) (Table 4) suggests a strongly
orthorhombic polyhedron structure, closer to an elongation along
one of the F,-V-F, axes than to a tetragonal compression along
the Fi-V-F; axis. The extent of the polyhedron distortion (pi™ =
0125 A ) exceeds only slightly the strain-only value of 0.105 A. Our
results suggest a similar lattice as the one found for A'MnF, com-
pounds, where an antiferrodistortive order of short and long M-F;,
bond lengths in the crystal planes perpendicular to the M-F; 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
Ve but, on the other hand, promotes a compression along the z-
axis via the binding strain term V§, 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 ¢-dependence of the adiabatic ground
state potential curves in a cross section parallel to the energy
axis at pS™ =0.125A (Fig. 22). The absolute minima occur at
¢m=180+43° and EJST =485cm~! (Table 5); from p™, ¢y and

day=1.94A in Table 7, one estimates the bond-lengths listed in
Table 4. The energy gap between the D,j,-distorted and the Dyj-
compressed octahedron at ¢ =180° is only ~300cm~!. One may
hence suggest, that the orthorhombic component is either dynamic
- possibly down to rather low temperatures, with equilibrated
VIL_E, bond lengths of 1.97 A (Table 4) - or even completely sup-
pressed by the common action of LS coupling and vibrational
quenching, with an apparent distortion parameter of pi™(dyn.) =
0.105A. The energy of the minimum positions is significantly
affected by spin-orbit interaction; the energy barrier toward the
D4 € structure at ¢ =180° is thereby lowered by ~50cm~!. 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
KVF, indicates (Fig. 21). Accordingly, the extent of the distortion
of the trans-V(F;),(F, )4~ octahedra would be about that induced
solely by the elastic strain, as in Fe(F¢)(Fp )4~ (rS™ = 0.105A = ps;
Tables 4 and 5). Unfortunately, no structural data for the polyhe-
dron distortion in the TIAIF4-related structures of A'V!I'E, solids are
available, which could test the predictions.
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We now turn to the estimation of A} from the splitting param-
eter 81, which was obtained via band-fitting (Fig. 21) and has to
be corrected with respect to central field covalency contributions
by 2/3A..=0.08eV (Fig. 15; Eq. (55a)). Adopting the con-
cept of a suppressed orthorhombicity (¢m=180°, pS™ = 0.1054 ;
Tables 4,5 and 7), and utilising Eq. (60), which are derived in Section
7, a coupling constant Aj of ~0.4eV A-1 results. Also here a signif-
icant enhancement of the E; ® &g coupling strength is indicated,
when switching from the VI!-F; to the VI!-F, bond, which is iden-
tical with the one in the case of Ti'll (A3 /A;(Ti) = AS /A1 (V) = 0.2).

6. Crl"Xg3- polyhedra
6.1. The ligand field parameters

The d3 energy matrices for the high-spin states, including the
distortion parameters 81, 8- characterising possible Dy, deforma-
tions, are easily derived from those for d? (Eq. (42)) - recalling
the necessary sign switch for A, §; and §,. The energies - with
respect to the #Agg(tyg>) [in Dgp: 4Byg(eg?byg!)] ground state and
for a tetragonal elongation - are accordingly [52,46]:

2 1 2.1 2, 1 2,1 I, Iy 1 1,2
€g blg (tlg €y ) € ag (t2g €y ) b23 ag blg (tZg €g )

Brg| A+2(5) - 82) *Azg | A-2(8,+8)+12B -6B

(26'T1g) 6B 2A +28, + 3B

eg]nglalgl (tZgzegl) eglblg]blgl (tzglegl) eglalglblg] (tZglegz)

By | A-26,+5,+3B -3V3B 3B
(*Tog, -3V3B A+28+5,+9B -3v3B
ab Tig) 3B -3\3B 2A-5,+3B

(52)

In Fig. 23 a series of spectra with the cubic elpasolite structure
is collected, with the Cl~ ligand [32]. The derived (matrices (52)
with §; =8, =0) ligand field parameters A are smallest, if the size
difference between A’ and A is largest (Cs,Na) — because there is no
significant compression effect on the CrClg3~ octahedra in such a
case. Conversely, A islargest for acombination K, Na (Table 8). With
respect to the interelectronic repulsion parameters we follow the
considerations of C.K. Jorgensen, who discriminates between By,
Bte and Bee - depending on whether in the considered MO config-
uration two tyg, one tyg and one eg, or two eg electrons interact
[10]. In the d? case of VI we have dealt with one-electron exci-
tations tg? — tyg'eg! and hence with B exclusively. The latter
Racah parameter B (tag> — =tyg?es!) = Bye, derived from the chlo-
ride spectra (Table 8), does not change significantly with the Al,
A’l-composition, though a small fluctuation occurs, due to the
sensitivity to reading errors in the position of the second band.
The nephelauxetic ratio 8=Bt/By (Bo=920cm~! [49] - for the
free Cr3* cation) is 0.60(2), practically identical with the value for
VClg3~ (0.61; By =860cm~1) [49]; also A is similar for Cr'' and VI,
CsyNaCrClg is a hexagonal elpasolite, presumably with the same
12-layer structure as the fluoride analogue (Fig. 26) [53]. By pres-
sure application or by a change of the preparation conditions it can
be obtained as a cubic elpasolite, however. Rb,LiCrClg is presum-
ably a hexagonal elpasolite as well, but could not be transformed
into the cubic structure under pressure; A (13,600cm~!) and Be
(600 cm~1) are in the range of the values in Table 8. The third spin-
allowed transition 4A2g—> b4T1g - which is expected to occur at
about 29,000cm™! as a weak band (nearly a two-electron jump) -
is lost in the intensity increase toward the charge transfer region.

KzNaCrC]s

'
f TI,NaCrCl,

- Rb,NaCrCl;

e Cs,TICrCI,

05 05

P Cs,Rb, K, .CrCl,
~ Cs ,KCrCl,

- Cs,K  Na, CrCl,

~,

CsK, ,Na, CrCl,

=zt 20

CszNaCrCIs

! V(10%em™)

8 10 12 14 16 18 20 22 24 26 28 30 32

Fig. 23. d-d spectra of various cubic Cr'-chloride elpasolites at 298 K; the two
bands around 13 and 19 x 10° cm~! are the transitions 3Azg — 3Tog and — 3Ty,
respectively (see Table 8).

In Fig. 24 four high-sensitivity solid-state reflection spectra at
77K are depicted, where various weak spin forbidden transitions
are resolved. Two of them, at 14,600 and 15,200 cm~! in the region
of the first main transition, are sharp because they occur within
the ground state t2g3 configuration (negligible A dependence). The
energies of the respective two transitions are - for A/Bg ~ 20 [54]:
0.04A +6.4B +3Cyi; —a°T1g:  0.03A+7.6By +3Cy

(53)

aazEg:

yielding a By value of 760 cm~! (with Cy/B: =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 t,¢ electrons only - in difference to the smaller value of
Bte 2550cm™!, where a more covalent o-antibonding eg electron
participates. Jorgensen has analysed these covalency effects; we
refer to his work, without going into further detail [10]. The third
visible quartet-doublet transition (— aszg) with an about 0.2A-
dependence is observed at 20,200 cm~!.The A independence of the
two low-energy quartet-doublet transitions (Eq. (53)) can be nicely
followed, when inspecting the spectrum of the cryolite Cs3CrClg;
here, the ligand field parameter is rather large (13,800 cm~1) - due
to the compression of the CrClg3~ 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 Cs,NaSeClg at 15K is reported by Wenger
and Giidel [55], where the mentioned 4Ayg — 32Eg, a2T1g, 2°Tag
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Table 8

Unit cell (A) and ligand field parameters (103 cm~") of cubic elpasolites A’; ACrClg.
ALA K,Na TI,Na Rb,Na Cs,Na? Cs,Kq2Nayp, Cs,K Cs,Rby 2K 2° Cs,Tl
A° 13.65 (0.60) 13.00.53 13.10.57 12.65 0.54 12.85 0.56 13.05 0.57 13.00.55 12.8 0.54
a 10.00¢ 10.06 10.144 10.29 10.44 10.65¢ 10.68 10.70

Preparation under pressure (50 kb) or at higher temperatures (see text).

B, as derived from the A,z — ,%Ty, transition with the excitation of (approximately) one electron from tag into eg(=B), is in the average: 550 +20cm™".

a
b Cs,Rb: non-cubic elpasolite with A=13,050 and B=540cm™"!.
C
d

Reported already in literature [58].

M/ Cs,KCrCl,
Cs,NaCrCl,
Rb,NaCrCl,

C.=;30rClﬁ

V (10%cm™)

2 i L i L 1
10 15 20 25

Fig. 24. d-d spectra of elpasolite-type? Cr''-chloride elpasolites (Cs3CrClg is a dis-
torted variant) at 77K with resolved 4Ayz — 2%Eg, 2?T1g and 42Ty transitions at
14,600, 15,200 and =20,200cm".

spin-flip transitions are analysed in detail. The 7K luminescence
4T2g — 4A2g fine structure was interpreted as originating from a
(dynamical) Dy, °-type distortion of the magnitude 0=0.135A in
the excited state. Our DFT results indicate an only slightly larger
value (0.153 A) for the tetragonally compressed Cr(Cl¢)s3~ polyhe-
dron in the 4Bzg (eg2b1g1 ) MO configuration, which represents the
minimum in the adiabatic potential surface of the split octahedral
4Tyg (tag2eg!) state (see below).

We now turn to the discussion of the corresponding fluoridic
elpasolites. 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
cubic structures with the exception of the first two, which crys-
tallise with hexagonal structures (Fig. 26). There is an overlap of
the two spin-forbidden (—a2Eg, a%T1¢) with the first main transi-

tion (—>4T2g) -indifference 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 A-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™!, 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
(=A) 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 7-antibonding
tyg or o-antibonding eg MOs [10]. The nephelauxetic ratio Bte/Bo
nearly equals the one for the VI elpasolites (8=650/860=0.76;
Fig. 20) also in the case of the fluorides. Because the position of
the second band (aa“T]g) in the d-d spectra, from which B 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 ,*T1g(tog' eg2)) ~ Bee as well. The comparison of published B
parameters is often difficult and confusing, because very frequently
asingle Bvalue 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
A is comparable to the value for VI, The third main transition
4A2g — b4T1g 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 nephelauxeticratio with increasing occupation of the eg orbitals
(Table 9) nicely illustrates the augmenting d-covalency in the Cr'l-F
bond.

We shortly discuss the structures of hexagonal elpasolites
(Fig. 26) with a possibly different bonding of the M 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 M"-F-Al

Table 9
Spectroscopic results for solids A’; ACrFs - band positions (shoulders in parentheses), assignments and derived parameters (energies in 103 cm~!, C/B=4).
AAZg" azEg aZTlg 4TZg aZTZg aAT]g b4T1g A Bttc Btec Beec
15.22 (15.8) 16.3 (22.8) 23.6 36.0 -
15.3P 15.8 =16.2 (22.2) 23.1 35.0 16.2b 0.79 (0.86) =0.685 (0.745) =0.62 (0.67)

a Ref. [56] (A",A: K,Na).
b Own results (Fig. 25).

¢ For the nomenclature: Jorgensen [10] denotes these quantities Bss, B3s and Bss, respectively; nephelauxetic ratios (Bo =920 cm~1) in parenthesis.
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Fig. 25. d-d spectra of elpasolite-type solids A,’ACrFg (A’, A: Cs, Li and Cs, Na hexagonal; Cs, K and K, Li cubic) at 298 K in an extended energy range (right), and at 77 K (left);

assignments according to the parameter set in Table 9.

bridging or sites, in which - due to a (partly or fully) face-
connection between the octahedra - all or half of these bridges
are strongly bent. Because the contrapolarising Al alkaline ions
are ionic in their bonding character, if they are large, a differ-
ing binding behaviour is not expected. If only 3d cations occupy
the octahedral positions and hence M!'-F-M! bridges occur, as
in compounds A'M""F3, a significant weakening particularly of the
T-antibonding properties is observed on diminishing the bond
angles from ~180° (in perovskite) to about 80° in the case of face
connections - indicated by a distinct increase of the ligand field
strength. This has been studied for the solid CsNiFs, which crys-
tallizes dimorphically in lattices of the hexagonal perovskite type
(see [71]).

6.2. Vibronic coupling in excited states

We are now prepared to estimate effective linear vibronic cou-
pling constants V; and A; also for Cr'!l, This can be done, by
performing DFT optimisations in the excited states 4T2g, 34T1g,
resulting from the octahedral tzgzeg1 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
Ti' and VI 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-

AS o\
D

O

CszNaCrF6

O A FN O

c o Al 2c 7 O L
o MU O &L

€

P
Ny

CSQNaTi F6

Fig. 26. Two variants of hexagonal elpasolites with the constitution Ay’ AM" F: the structure of Cs,NaTiFg (space group Cs,') [60] and the Cs;NaCrFg type (space group D34°),

adopted from [53].
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Estimated vibronic parameters for the Cr(X;)s>~ octahedra (X=Cl-, F-), derived from DFT when using calculated polyhedron distortions and Franck-Condon transitions
involved in the excited 4Tog, 4Ty (t2g2e5 ') states (see Appendix A.3).2 The average Cr-F bond lengths (in parentheses) are by =0.06 A larger than the ones in the ground state,

due to the participation of the totally symmetric o.;g mode.

P (A)h = egzblg1 (aav)® egzalg1 (aav)® egInglblg1 (aav)® eg1|~72g131g1 (aav)®
Cl- 0.153 (2.413) 0.454 (2.439) 0.276 (2.42;) 0.371(2.426)

F- 0.117 (1.95g) 0.413(1.98y) 0.238 (1.965) 0.253(1.965)
Epc* (eV) x=(a) (b) Ve Ay A, K’

Cl- 0.848 0.584 0.25 1.0eVA-! 0.4 3.5eVA-2
7= 1.186 0.949 0.7 1.8eVA-! 0.8 7.5eVA-2

2 The calculated Racah parameters By are 360 (Cl-) and 530 cm~! (F~) - about 30% smaller than the experimental energies (Tables 8 and 9), similar to the situation for VI

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

stants — the consistency with the vibronic parameters of Ti'll and
VI js also mostly striking. We will use the parameter set, derived
for the Cr(F;)g3~ parent octahedron, in the analysis of the d-d spec-
tra of solids ACrF4 with F¢/F,-mixed ligand coordination spheres of
Cr'"', Here, experimental information can be extracted from the d-d
spectra, showing distinct splitting of orbitally degenerate excited
states (Fig. 27).

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

The ligand field spectrum of CrF3, with a distorted ReO3 struc-
ture and octahedra with exclusively bridging ligands (Cr-F, bond
lengths: 1.901 A[61]), shows only the two broad 4Azg — 4Tag, 24T
transitions [56]. The derived ligand field strength of 14,800 cm™!
is about 9% smaller than in the case of Cr(F;)s3~ entities, while the
nephelauxetic effect (Be ~ 700 cm~1)is practically identical in both
cases - in perfect analogy to corresponding solids with VI and Tilll,

The investigated compounds A!CrF4, whose d-d spectra are
depicted in Fig. 27, possess only in the cases Al =Rb, Tl and NHy4 (not
shown) a TIAIF4-related structure with tetragonally compressed
trans-Cr(F;),(Fp )4~ octahedra, as can be deduced from X-ray pow-
der data (Table 4) and also from the d-d spectra (see below). The
splitting parameters 8} and &;, obtained by band fitting to the
experimental spectra via the matrices in Eq. (52), are near to those
for AVF, solids of the same structural TIAIF4-type (Tables 5and 11).
They are, after correction with respect to Aec (see Eq. (55a)), trans-
formed into the adiabatic potential analogues via the following
expressions - for ¢ = s = 180° — when utilising Egs. (39b) and (40):

28, — 0.04 = 2557 = (V, + V$)psm

(54)
28, — 0.04 = 285" = (A1 + A5 — AppS™)psm

We choose the distortion parameter to be of the magnitude
0s=0.105A from the solids AFe!'F4; this value should approxi-
mately hold also for the compressed trans-Cr(F;),(F,)4 polyhedra
in the ACr''"F, compounds with an equally non-degenerate ground
state (Table 4) and a similar metal-ligand bond length (Table 12).In
contrast to Ti" and V! the distortion is purely due to the action of

Table 11

V (10%m™)

15 20 25 30
Fig. 27. The d-d spectra of solids A'Cr''F, (77K). Band assignments and fitting in
Dan (octahedral parent term designations are indicated above) for A'=Na, K and
Cs - elongated cis-Cr(F;)2(Fp )4~ octahedra - and for A'=Rb (and TI) - compressed
trans-Cr(Fy)2(Fp, )4~ octahedra; fitting parameters as in Table 11. The spin-forbidden

transitions - in Op: #Agg — 22Eg, 22Ty — occur approximately within the octahedral
tye> configuration and are indicated for CsCrF4 by dotted lines (see text).

Observed band positions (in 10> cm~') and assignments in the d-d spectra of solids A'Cr'"'F4 (Fig. 27), with cis-(A' =Na, K, Cs) and trans-Cr(F; ),(Fy )4~ octahedra (A" =Rb, Tl).
Best-fit ligand field parameters are listed; the Bt and Be. parameters were taken from Table 9 for reasons given in the text and in order to keep the number of unknown

parameters small.

Al 34Eg 4Bzg anZg b4Eg b4Eg b4A2g A 81 /8] ! 82

Cs 14.4 16.5 19.4 233 33.2 34.0 15.3 1.0 0.4
K =15.5 189 23.0 = =

Na ~14.5 =16.0 20.4 23.2 33.5(2) 153 ~0.75 ~0.3
Rb =15.5 14.7 25.0 21.2 =339 =33.3 15.6 1.05 0.65
Tl =15.5 14.7 25.0 21.2 = =
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Structural data (A) for the cis-M"(F;),(F,)s~ octahedra in solids AMF,, which crystallise in the NaNbO,F, lattice? or in a structure with columns of interconnected cis-
polyhedra® (Fig. 28).

Al M ay (cis) ay, (cis) ap (trans) e Ref. Dsb (e

Na va 1.871 1.959 1.971 1.934 [62b] 0.109 0.052
Na Fe? 1.874 1.956 1.955 1.928 [62d] 0.094 0.046
Na Cre 1.861 1.936 1.927 1.908 [62c] 0.082 0.033
Cs Crb 1.851 1.940 1.929 1.907 [63] 0.097 0.039
K Crb 1.860 1.943 1.926 1.910 [64] 0.088 0.028

" Calculated from the single bond distances (ps) and from the averaged bond lengths (1/2{ac(cis)+ay(cis)}) perpendicular to ay, (trans) (pay), respectively.

an elastic strain. Utilizing the datain Table 10 (see Appendix A.3) via
Eq. (54) binding strain components result, which are rather large
in the Tg ® &4 coupling case (V) and near to those of Ti'" and VI, if
Aj is considered (Table 5).

Solids AICrF, with Al=Na, K, Cs crystallise in very interesting
structural alternatives, in which the polyhedron interconnection
occurs partly via fluoride anions in cis-position. In the NaNbO,F,
type [62a] (Fig. 28, Table 12) puckered layers of octahedra share two

X

Fig. 28. The monoclinic and hexagonal structures of NaCrF4 (NaNbO,F,-type - top)
and CsCrF4 (columns of three interconnected chains - central; adopted from [63]);
the cis-Cr(F;)2(Fy)s octahedron in CsCrF4 is shown at the bottom (the Cr-F,-Cr
angles in the trans- and cis-directions are 177.9° and 149.3°, respectively; the bridg-
ing function of the Fy, ligands is indicated).

ligands in trans-position perpendicular to the paper plane and two
further ligands in cis-position within this plane; solids NaMF, with
M=V [62b], Cr [62c], Fe [62d] adopt this structure. If the Al 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
CsCrFy is depicted in Fig. 28, bottom. The bridging angles between
two Cr'"' centres in these structures are between <(Cr-F,-Cr) = 150°
and about linear. It is striking, that — choosing Fe!ll and Cr'' with
non-degenerate ground states - the single M"I-F;, 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(F; ), (Fp, )4~
octahedra in TIAIF4-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 Cy, symmetry
of the cis-configured octahedron is regarded as being D4y, ; the poly-
hedron is elongated along the F,,-M-F;, axis (z), with smaller bond
lengths in the cis-(Fy, ), M(F: ), plane (xy) - obtained by averaging the
respective M-F, and M-F; 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 A — 3%#T14 bands
and their intensity distributions in Fig. 27, if the spectra of CsCrF,
and RbCrF,4 are compared; the centres of gravity of the split bands
possess nearly the same energetic position at 22.3(2) x 103 cm™!
in the chosen assignments. The shoulder, which appears at about
22.500cm™! in the ascent (Al =Na, K, Cs) or descent (Al =Rb) of the
4B1g — b Eg band, has to be assigned to the octahedral 4Ayg — 32Tog
transition, which is nearly A-independent and should not split sig-
nificantly in a tetragonal field. The solid RbCrF, 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-M"(F;),(Fp,)4~ configuration, are collected in Table 12. The
listed distortion parameters pg (sb: single bond) were calculated
from these data, utilising the recipe of Eq. (4a); the p,y values, which
result when averaging over the a¢(cis) and ay(cis) bond lengths, are
also given. The pg, distortions in the cases of Fe'l and Cr'! with
orbital singlet ground states are smaller by about 0.01 A than those
of the compressed trans-Fe!ll(F),(F;, )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-M"(F;),(F},)4~ octahedra in solids AMF, are, respec-
tively (see the MO schemes in Fig. 15):

trg: Eleg) = 2{el(t) + ek(b)) — 3 Acc
E(byg) = 4ex(b) — Aec
38, = 2(el(t) — e(b)) + 1 Aec
eg:  E(arg) = 2e5(t) +ek(b) — 1 Aec
E(b1g) = 3ez(b) — Aec
48, = 2{ell(t) — eX(b)) + 2 Aec

(55a)
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tag 1 E(bag) = 2{ex(t) + e (b)) — 1 Aec
E(eg) = 2el(b) + ek(b) + ek(t) — 3 Aec
38, = ek(t) + ek(b) — 2elk(b) + 1 Aec

eg: E(big) = 3lex(b)+ex(t)) — 3 Aec
E(ag) = 2el(b) + L{eg(b) + ex(t)) — 2 Aec
431 = ef(b) + ek (t) — 2el(b) + 1 Aec

(55b)

The superscripts ||, L refer to the axial direction and the equa-
torial plane, respectively, while (b) and (t) stand for bridging and
terminal ligands. The el‘, parameters contain, in an effective way,
energy contributions from the 3d,,-4s interaction (= ell (eff); Sec-
tion 3.3, Eq. (34)); they diminish this binding increment in the
compressed (e‘(‘,(t)) and elongated case (el',(b)) and are the more sig-
nificant, the larger the deviation of the octahedra from a regular Oy,
structure is. According to our model, the AOM energies are defined
as referring to the M(F;)g3~ parent octahedron as the zero-point of
the energy scale, and hence a correction with respect to the central
field covalency is necessary. It is 1/2 and 2/3 A¢c for the ty end eg
splitting, respectively, in the trans-case and half in magnitude for
the cis-octahedra, as one may deduce from Fig. 15. If one uses the
structural result of nearly equal M-F,, bond lengths in the cis- and
trans-positions in question and infers: eX(b) = el (b), es(b) = ell(b)
- anot necessarily correct presumption (see below) - it is seen, that
the - and o-splitting should be larger by a factor of about 2 for the
trans- in comparison to the cis-configured Cr(F¢), (F,)4~ octahe-
dra; however, the &) /§; ratio is lowered, if the 3d > -4s interaction
is taken into account, because &, and 8, are reduced and enhanced
in magnitude, respectively.

We now contrast the AOM expressions for the do and dm
splitting parameters of the cis-Cr(F;),(F,)s polyhedra with the
respective adiabatic potential equations. Choosing the coordinate
system as in Fig. 28 for CsCrF4 and modelling the elongated (||z;
¢=0) complex by the steric mean of two trans-configured com-
pressed polyhedra, in which the F-Cr-F; axis is alternatively
oriented along the x- (¢s =300°) and y-axis (¢s =60°) — both with
the distortion pg, =0.10 A (see the definition in Table 12, footnote
a), valid for each of the two component polyhedra - one obtains
the following relations:

285" = (Ve + 3V)psp

(56)
285" = (A1 + 3A] +A2050)Psb

857, §{°" are the experimental splitting energies 85, §; from Table 11,
obtained from band fitting (Fig. 27), but corrected (Eq. (55b)) with
respect to Aec. Egs. (56) are derived using the diagonal energies of
matrix (43) with ¢ = 0°, supplemented by the symmetry-equivalent
Vg (at ¢s=60°, 300°) additions - for 85°" — and adopting Eq. (59)
- for 8°f; here, we mirror the binding situation for Cr'll by the
excited tpg?es! configuration in Oy, with the tye? and eg! orbital
components referring to §5°" and 6{°, respectively. The respective
effective charge correction is (see Eq. (55b)): (1/12)Aec=0.01eV.
The inspection of Eq. (56) in comparison to those, valid for the
trans-polyhedra (Eq. (54)), signalizes essential agreement with the
experiment (Table 5, 3. and 5.line) - §5°' should be smaller in the
cis-case due to a smaller support by Vg, while the §{°" splitting
might be about equal, when supposing that 1/2A35 ~ 2A; pg™. The
magnitudes of V and Aj (derived via Eq. (56)) are indeed near to
those of the other M!!' cations (Table 5). If one uses the by a factor
of more than 2 smaller p,y distortions instead of pg, — inconsis-
tent with the vibronic model - there would be essential agreement
with the AOM (Eq. (55b)), but generate Aj and V; increments of
non-sensibly large magnitudes. Apparently, the steric effect, imaged
by pgp, does not depend on, whether the M"-F, and M"'-F, bonds
occur in the same molecular direction (here along the molecular

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-F(F;,) bonds in
the molecular xy-plane impose their properties onto the M-Fy(F;)
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 NaM''F, give preference to the
structure-type II in the absence of a Jahn-Teller instability (Fe'll,
cr'), Ti''- 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, NaV'F, — VI aims at
a tetragonal elongation - crystallises in structure II, with a slightly
enhanced radial distortion in respect to that of Fell' and Cr'l''! with
orbital singlet ground states in the same lattice. VI is also found
in TIAIF4-kind solids K(Rb,Cs)VF,4, however, where the elastic and
binding strain act against the JT forces. Here, the distortion of the
trans-V(F;)2(Fy )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
(M = 0.125A ), or of Dy, © symmetry with vibronically suppressed
orthorhombicity (oS™ = 0.105A ).

7. Mn'"Xg3- polyhedra
7.1. Fluoride as the ligand

A DFT and ligand field study of the vibronic coupling in the
SEg ground state of Mn(F¢)s3~ 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(F,)s polyhedra in MnFs. The latter are
based on the d-d spectrum [9,29] and on the structural data of
MnF;3 [66], which crystallises in a monoclinically distorted VF5 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; 1.91A4;
a;=2.09A). While the radial distortion is nearly unchanged in
respect to thatin the elpasolites, the ground state splitting increases
by 50% (Table 13, Fig. 29), giving unambiguous evidence for a
distinctly larger coupling parameter A; and force constant Kg,
when replacing the terminal by bridging ligands. The observed
ground state splitting in the cubic elpasolites Cs;K(Na) MnFg and
in [Co(NH3)s]MnFg is of the magnitude 9.3(4) x 103 cm~!, which
value is exactly reproduced by DFT, and originates from a consid-
erable tetragonal elongation of the MnFg3~ octahedra. The splitting
is by about 10% smaller, and the elongation is also perceptibly
reduced [67b], in the case of the cryolite Na3MnFg, where pack-
ing effects in the monoclinic lattice impose strain restrictions on
the extent of distortion. The splitting of the excited 5Tag(tzg2eg?)
state is ~2000 cm~! (~0.25 eV) in the elpasolitic cases, correspond-
ing to a coupling parameter V, of 0.64eVA-!. 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
Ve(exp.)to 0.77 eV A~1. A calculation of V, is not possible for MnFs,
because here (as in compounds AMnF, ) the excited state splitting is
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Table 13

Vibronic coupling [9] and distortion parameters (. in A; A; in eVA~'; Ay, K. in eV A-2; E in eV) for the Mn'"Fs polyhedra in elpasolites [67a] (a), MnFs [66] (b) and in solids
AMnF, (Al: Na [70], K [72a], Cs [72a,b]) (c). The data in brackets refer to the strain parameters A;5 and K. Underlined data are experimental.

e o A A Epr Epr¢ Epc® ® Ke
aMn(F)s 0.26(2) 0.19 2.00 0.70 026 0.19 115 0°(120°,240°) 91
b Mn(Fy )s =027 - =26 =085 ~0.36 - 1.52 ~0°(120°,240°) =11,
€ Mn(F ) (Fy )a?® 0.385° - [0.35] 0.80 0.43 - 1.84¢ 128° (23200 [3.1]

2 The listed best fit parameters Ay, A1® and Ay, K;, K; yield: pi™ = 0.38 A, @m=135°(225°)=0a,=1.790, ay, =2.025 + 0.135A and EgcS=1.84¢eV.
b According to structural data from Ref. [70-72]: a,=1.810(7), a, =1.865(9), ax=2.169(2) A and a,, = 1.948(2) A (Fig. 30).
¢ Experimental ground state splitting Egc® =1.88 eV [29]; Acc-correction =0.04 eV (see text).

obscured by quintet-triplet transitions, which have gained inten-
sity by M'-Mn!!" interactions via F,, bridging ligands (Fig. 29) [29].
From the spin-forbidden transitions (see the respective ligand field
matrices for d® in Dy, elongation [68,46], in the supplementary
material Appendix B.1) the Racah parameter B and the C/Bratio are
calculated to be of the magnitudes 780 cm~! and 4.6, respectively
[29]. The former value corresponds to a nephelauxetic ratio ~0.80
(using the By parameter in Table 16), consistent with those for VI
and CrllI,

The B1g(eg?bg'asg!) ground state in Dyp€ is subject to a signifi-
cant interaction with a higher energy state of the same symmetry,
where the 3d,; electron is excited into the 4s-orbital. As mentioned
before, this effect is accounted for by the higher-order coupling
constant A;. We can accordingly estimate the respective energy
contribution to the ground state splitting via the following expres-
sion (see Eq. (31b)):

AEf. = Ef — Ef-(withAy = 0) = 2{(A1 + A2 05™) p§™ — A1( ™))
(31¢)

where (p€™)' is the hypothetical radial distortion with A, = 0. With
the parameter values in Table 13 one obtains 0.27 eV - which is
about 23% of the observed Franck-Condon energy (1.15 eV). Though
the energy contribution is significant, it is distinctly smaller than
the energy stabilisation due to the E; ® & JT coupling. There is
further convincing experimental evidence for 3d,»-4s mixing, for
example in the case of Cu?*in tetragonally compressed CuFg*~ octa-
hedra, with a ground state of Byg (b2g?eg*b14%a1g ") symmetry; here,
the mixing of 4s electron density into 3d,; is directly seen in the
EPR hyperfine splitting (see [112]). The d-s interaction was first
studied by Smith, utilising the angular-overlap model [69a]; it can

AMnF,

v (10%m™)

T T T T T T T T T T T T
4 6 8 10 12 14 16 18 20 22 24 26 28

Fig. 29. d-d spectra (5K) of the hexafluoro-manganese(Ill) polyhedron in the elpa-
solite Cs; KMnFg — top — in MnF; —amidst — and in an AMnF4-type solid - bottom. The
ligand field transitions in D4y, nomenclature are indicated, with >Byg, 5A1g and 5By,
SEg resulting from the octahedral E; ground state and T, excited state, respectively
(adopted from Refs. [9,29]). The 3E; markings for MnF; and CsMnF, refer to band
positions, which are roughly estimated as averages over orthorhombic split terms;
for a fitting within ligand field theory - also of the sharp quintet-triplet transitions,
see Ref. [29] and the supplementary material B1.

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

7.2. The strain in solids A'MnF,

We now turn to the discussion of the binding properties in the
trans-Mn(F¢),(Fp )4~ octahedra, as they occur in solids A'Mn!'F4
(A'=Li to Cs, Tl) with a strongly JT-distorted TIAIF4-type struc-
ture. As one might expect, not a tetragonal compression (¢ =180°),
but a bond length anisotropy in the x-y plane, with a pro-
nounced elongation along one of the F,-Mn-F;, polyhedron axes is
observed (Fig. 30). The cooperative order within the {Mn(F)4/3 }oo
layers is antiferrodistortive [1]. The average polyhedron distor-
tion, reported for solids AMn"'F4 (a;=1.81A; ay, =2.02+0.154;
p=0.39A; a,y=1.95A) corresponds to an angular parameter ¢
of =130° (Table 13, Fig. 30). The correlation between the angu-
lar parameter ¢ and the deviations from the average bond length
within the distorted polyhedron is given by the following relations
(see also Eq. (4a)) [9]:

Aax + Aay + Aa; =0
CcosQ = (f) Aayg, sing = (%)(Aax—Aay) (57)

The appropriate vibronic perturbation matrix for E® € coupling
in the presence of a strain at ¢, if a d4(t2g3eg1) ground state, as
in the case of Mn""[equivalent to a d'(eg!) excited state], is con-
sidered, adopts the form - see matrix (28), supplemented by an A3
contribution:

A1pCOS @+ ASpcos@s + Az p? c0s2¢  —A1psing — AS psings + Ay p? sin2¢
—A1psing — AS psings + Ay p* sin2¢  —A; pcos g — AS pcos gs — Ay 0% cos 2¢

(58)

The sign of the A;® increment is chosen (according to the given
experimental reality) to supportad,, . ground state and to desta-
bilise a d,» ground state. The following energy equation results, if
the Aq contribution dominates:

E: = 3(Ke — Ks cos(¢ — ¢5))p2 £ {(A1 + A cos(¢ — ¢s)
+A; pg COS 3¢} g (59)

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

A1 —A1°cos@

sm __
Pz = K. 7K cosg — 2A, cos 3¢ (60)

ES = — (A1 — A cosp)oi™ = —Ef;

Efc = 2{(A1 — A cos @) + Ay pi™ cos 3¢} o™
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Fig. 30. The trans-Mn(F;),(Fy)s polyhedron in solids with a TIAIF4-related structure(in CsMnF4 the Fy,(1)-Mn-F,(2) and F,.-Mn-F,, angles are 90.0(3)° and 90.0(1.5)°, respec-
tively, and the Mn-F,-Mn bridging angle is 161.9°) [70-72]. The tetragonal unit cell and the antiferrodistortive order between long and short Mn-F;, bond lengths in the a-b

plane (adopted from [70-72a]) are shown below.

The successive minimisation of EJST in respect to ¢ yields an
additional relation between Kg, K, Aq, Ay, Ai, and @m, which is,
though easily obtained, rather complex and not given analytically
here. Utilising the experimental data, namely p3™, Ej (the effec-
tive charge-corrected 48{°" splitting energy) and ¢, as listed in
Table 13, A and Ks can be derived from Eq. (60), using otherwise
A1, Ay and K, from the Mn(F;)s3~ parent complex. In distinction
to the d! and d? cases of Ti'l and VI, we can accordingly deduce
the elastic strain contribution to the force constant, Ks, here reli-
ably. Furthermore, assisted by the mentioned additional relation
as a third equation of condition, we have adjusted the A, cou-
pling constant and refined the angular parameter ¢, ; the resulting
parameter set is listed in Table 13. ¢n, is larger than the experimen-
tal distortion angle, reflecting a more pronounced orthorhombic
deformation component, while the bond lengths deviate by only
about 0.015 A from the range of reported values (see the best fit
parameters in footnote a of Table 13). One should consider here,
that the bond length difference between ax(ay) and ay(ax) within
the antiferrodistortive order of approximately along ax(ay) elon-
gated octahedra in the ab-plane of the TIAIF4-related structure
(Fig. 30) is not easily revealed exactly by X-ray crystallography.

In Fig. 31 the ¢ dependence of the lower ground state poten-
tial surface is depicted. It is governed by the interplay between the
binding and elastic strain parameters A5 and K;, favouring ¢ =180°,
on the one hand, and Aj, stabilising ¢ =120°(240°), on the other
hand. At the latter angles there is an extension along x(y) and a
compression along y(x), which are both F,-Mn-F;, axes; this poly-
hedron structure is only partly favoured by the imposed strain, but
is the ideal geometry with respect to the second-order coupling
constant A, (see Eq. (60)). The minimum positions are calculated
to occur at @3, = 135° and 225°, rather far away from the tetrag-

onal compression at ¢=180°, and indicating that A, 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 1/3Aec =0.04 eV for obtaining E} (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~! and tantamount
to the barrier, which tips the scales for either having a dynamically
equilibrated tetragonal compression of the Mn(F;),(F}, )4~ octahe-
dron parallel to z, or a frozen-in structure near to Dy, elongation
(I or ||y). The barrier height is — in contrast to the V"' case (Fig. 22)

-0,10 4
-0,15 4
-0,20 4
-0,25 4

E_(eV)

-0,30 1
-0,35 4
-0,40 4
-0,45 4

T T T T T
150 200 250 300 350
o()
Fig. 31. The ¢ dependence of the ground state potential surface of the trans-
Mn(F;)2(Fy)a~ octahedron in solids A'MnF, at p™ (Eq. (60) — with the parameter
set in Table 13, footnote a).

T
0 50 100
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Table 14

2735

Observed and calculated d-d transitions (in units 10> cm~!) of the MnCls?~ octahedron with various countercations and in solution (assignments and DFT calculations
according to C4, symmetry; ground state: °B; (e2by'a;!)). The numbers in parentheses indicate the (+) variations of observed transitions.

— Ay — E? — By CT. a, (A) a, (A)
(NEtsg ), 115 16.0 - 23.9
BipyH,; phenH; 13.8(2) 17.2(3) 18.2¢ 239 2.5834 2.332(4)4,2.2414
Acetone solut. ~13.0 17.4(2) - 23.8(2)
DFT 9.0 153 17.0 - 2.419¢ 2.292¢,2.287¢

a Strong, electronically allowed transition; no splitting due to an eventual symmetry-lowering to C,y is resolved or calculated.

b For the pure salt (powder data), for the doped (NEt, );InCls compound (single crystal) and for the salts with (NMe4)*, (NHMe3)* countercations (powder results).

¢ This transition is vibrationally allowed only in (_Lz) polarisation in C4,, and expected to appear ||z as well, if the polyhedron symmetry is lowered to Cy,.

d Structural data [78] are for the bipyH, salt; the polyhedron structure (=Cy,) only slightly deviates from C4y, with bond angles between @, and a, : 95.0(3.0)° and 99.4°,

and in the a, plane: 89.2(6)°, 165.5(4.4)°.

¢ The absolute minimum is found at C,, (Table 15), with a polyhedron structure very near to C4y; the bond angles between a; and a, are 98.0° and 95.9°.

- out of reach of thermal energies. The derived strain parameters

A5 =0.35eVA ! and Ky =3.1eVA-2 are in full accord with those,
estimated for Ti, V and Cr (Table 5).

Though a diagram similar to that in Fig. 31 was derived, using
the strain formalism proposed by Ham [41] (see Fig. 11 in [9]), the
approach, used here, better suffices the requirements of inorganic
solid-state chemistry. It is strongly linked to the chemical real-
ity and lends more detailed insight into the structural and energy
implications of the involved aggregates of atoms in the considered
solid - in particular by introducing a binding in addition to an elas-
tic strain. The procedure, chosen here to ascertain the coupling and,
specifically, the restoring energy increments, differed partly from
that, applied in Sections 4 and 5.5 for Ty(q), ground states, because
a wealth of structural data is available.

We finally shortly discuss the case of Na;MnFs, which
crystallises in a chain structure with tetragonally elongated
trans-Mn(F¢)4(Fp )~ octahedra (a;(F,)=2.1094, a,(F;)=1.8494A;
aav=1.936A; p. =0.30A; <(Mn-F,-Mn) = 133°) [69] and only two
F~ ligands in bridging positions. Applying the strain model with
@=¢s=0° and utilising the d-d spectrum with an °Eg ground

state splitting of 12,500 cm~! [73], one deduces: AS = 0.3eVA -
a nearly vanishing Ks contribution and a JT stabilisation energy of
0.34eV - based otherwise on the parameter set in Table 13. The
spectroscopic data from a single crystal study on TIMnFs-H,0 with
an analogous structure [74], yield a comparable result. Not unex-
pected (the elastic coupling via Fy, is only one-dimensional), solely
the binding strain has a significant influence on the extent of the
tetragonal elongation.

7.3. The chloride ligand

There are only very few reports about the existence of
MnClg3~ complexes with the coordination number of 6, which
can apparently only be stabilised by the presence of large
counter cations, as in the compounds [Co'(1.2-pn)3;]Mn!!Clg and
[Rh!(C3H19N2)3]MnClg [75]. On the other hand, a series of salts
with the MnCls2~ anion has been reported, and spectroscopically
characterised [76]. A break-through was the single crystal ligand
field study of C. Bellitto et al., which revealed the, for a Jahn-Teller
unstable species expected (see below), strongly apically elongated
structure [77] - confirmed by the results of an X-ray structural
analysis (Table 14) [78]. The assignment of the d-d bands (Cgy
symmetry) in the powder spectra is straightforward; the electron-
ically allowed (in xy) 5Bj(e2by!a;')— >E(e'by'a; by !) transition
dominates in intensity, while the further °B; — °A;(e2by'b;1),
5By(e?a;'by1) transitions, which gain weak intensities by vibra-
tional mechanisms, are only seen as shoulders of the former band.
They are resolved and can be localised precisely in the single crys-
tal spectra (Fig. 32) [77]. Two kinds of d-d spectra, depending
on the nature of the countercation, are observed. The spectrum
with the higher-energy d-d positions stems from the solid-state

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 B; — A; transition is
distinctly smaller and somewhat nearer to the DFT value in magni-
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

25 20 15 10
v(10%em™)

Fig. 32. Single crystal d-d spectra of Mn" doped (NEt;);InCls (above) and of
(bipH,)MnCls (below), with || and L referring to the C4-axis of the MnCls2~ square
pyramid (adopted from [77]); assignment in C4y (B1(e?by'a;!) ground state) - the
band at 24 x 103 cm™! is of charge-transfer origin.
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Table 15

DFT results: The structures and energies (Erc: ground state splitting) of various [Mn"'Cls_»]*~--polyhedra (x=0, 1). The estimated coupling and force constants for the
ground state (Ay, Az, K:) of the MnClg3~ polyhedron are given in the last column (obtained by the fit to the calculated p. values in D¢ and Dgy,¢ and the experimental Epc®

energy).
E; (eV) pe (A) dav (A) Erc (10°cm™1) (For MnClg*~)
MnClg3~ Dyp, elong. —42.380 0.3432 240 6.49> Aq 1.35eVA-1
Dyp, compr. —42.312 0.219? 2.39 3.89 Ay 0.5eVA-2
MnCls2- Cyy (elong.) —35.377¢ d 2315 9.35 K. 5.0eVA-2
Dsp —34.908 € 2.295 -

2 Bond lengths: 2.597 (ax), 2.300 A (eq) and 2.262(ax), 2.451 A (eq), respectively.

b The Big — Bag, Eg transitions are calculated at 16.25 and 16.32 x 10° cm™! and observed at ~17.5 x 10> cm~!; the experimental energy for the Bz — A;g transition is

83 x103cm1.
€ 0.031 eV below the Cy4, optimisation.
4 Structural data see Table 14.
e Bond lengths: 2.260 A (ax); 2.315A (eq).

simulated by DFT (COSMO). The deviation is small for the B; — E
band (~5%), but considerable in the case of the B; — A; transition,
which might be partly caused by the before-mentioned deficiency
of DFT to reproduce the 3d,>-4s interaction exactly. Surprisingly,
the single crystal study of Bellitto et al. and the DFT calculations as
well indicate, that the B; — B, transition is energetically positioned
above the B; — E band. According to Egs. (34) and (35) - modified
from octahedral Dy, to Cy4y, with five-coordination - this is a quite
unexpected result in view of the pretended stronger m-bonds in the

equatorial plane than in the apical direction:
Ey(B; — E) =3eL —2eL ¢l

2( 1 ) o ™ o (61&)
E3(B] — Bz) = 39# — 46’#

The observation might be understood, however, when assum-
ing that -antibonding effects contribute only little to the Mn'-Cl
overlap interaction. Neglecting m-overlap completely, the AOM
energies for the d-d transitions of a five-coordinated d* complex
are as follows [30]:

E1(B1 — A1) = 2(1 — 3sin? a)et — ell(eff)
E3(By — E) = 3 cos? a1 — 2 tan? Sar)ek

E3(B; — By) =3 cos* aes

(61b)

if the AOM consideration is refined by taking the deviation of the
apical-to-equatorial bond angle from 90° in C4y, dcv, into account.
el‘,(eff) includes the (here rather large) d-s interaction energy -
see Egs. (32)~(35). The energy difference E3 — E, 3/2(sin? 28a)eg,
results from the canting between the dyx; and dy, metal orbitals
and the m-orbitals of the equatorial ligands, which introduces o-
overlap components and leads to an energy relation E3>E,, as
observed. In a rough estimate one obtains (with o =8° and the
transition energies in Table 14) AOM parameters: eg = 6200 and
ell(eff) = —1400 cm~! for the bipyH, or phenH, compounds, when
neglecting m-overlap effects. The effective quantity e‘(‘,(eff) is nega-
tive and indicates e!l /E4s ratios<1 - a quite common situation for
polyhedron structures near to square planar [30].

We think, that the lack of m-energy contributions is caused by
the large deviation of the five-coordinate complex from octahe-
dral. While this pronounced distortion meets the strong tendency
of the o-antibonding E® & vibronic effects in the ground state,
the m-overlap - weak anyhow for the chloride ligand - rather
opposes a distortion, if it exceeds the limit favoured by the T®
coupling (minimum of the adiabatic potential curve at a much less
pronounced radial distortion p.). In such cases, even vanishing
energy effects for the 3d(M'!)-3s, p(Cl~) mr-overlap may happen.
We finally note that the reversed sequence of the m-antibonding
dxy and dx./dyy energies is a more general problem, and has been
particularly discussed for planar low-spin d® complexes. In these
cases, for example [79], differential interelectronic d-d repulsion
effects have been invoked in a rather sophisticated explanation.

The correct vibronic coupling treatment for a d*-cation in
five-coordination should be based on a D3-polyhedron symme-
try, with an 5A’1(e”2e/2) ground state and a closely neighboured
5E’(e”ze’la’ll) excited state, giving rise to an A} ® ¢ ® E' pseudo-
JT interaction with considerable radial and angular distortions. The
distortion pathway, originating from D5}, possesses Cy,-symmetry;
the minima on the adiabatic potential surface are usually located
very near to the Cyy, structure, which occur as accidental points
on the ground state potential surface [80]. The DFT calculations on
MnCls2- show, that - due to this vibronic interaction - the trigo-
nal bipyramid is less stable than the very-near-to-C4, 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
Mn!Clg3~ 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 MnClg3~ salts. d-d
spectroscopic studies [75] report a weak band at 8300 cm~! - obvi-
ously corresponding to the octahedral >E, ground state splitting
and found at a by 1800cm~"! larger energy than obtained by DFT
- and a shoulder at ~17,500cm~! on the slope of a strong and
broad band, appearing at 22,400 cm~!. The shoulder is assigned
to the ®Byg(°Eg) — °Byg, SEg(°Tyg) transitions, which are calcu-
lated at 16250 and 16,320cm™!, respectively — by ~1000cm™~!
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 O}, than the MnCls2~ polyhedron and
indicates a very small V; coupling constant. As discussed above,
the large distortion, imposed on the octahedron by the E; ® &g
coupling, opposes the tendency of a Ty ® ¢ interaction, which
aims at a considerably smaller p value. The ligand field strength
is A=13.3 x 103 cm~! - areasonable value in comparison to those
of the corresponding Ti'!, VI and Cr'" complexes (Tables 3, 7 and 8)
with A-energies of 12.5(5) x 103 cm~!. In Table 15 the vibronic
parameters for the >Eg ground state of the Mn(Cl;)s3>~ polyhe-
dron are listed, as derived from DFT by a best fit to the p§™, pS™
distortion parameters and to the experimental Ef. energy. Their
magnitudes, in comparison with those for the corresponding fluo-
ride complexes, follow the data for the V! and Ti'! polyhedra.

8. The ligand-to-metal charge transfer in MClg3~ polyhedra
(M'™: Ti-Co)

We have still to comment on the strong high energy bands
at 23.9 and at =22.4 x 103 cm™!, which are observed in all spec-
tra of the MnCls3~ polyhedron [76] and in the two spectra of the
MnClg3~ complex [75], respectively, and which have definitely to
be assigned to a chloride-to-manganese(Ill) charge transfer. The
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Table 16a

Optical electronegativities xop of trivalent M" cations (M" =Ti-Co; high-spin) in
complexes MClg3~, embedded in an elpasolite matrix, as estimated from the onset?
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 10° cm~1);
the spin correction (SC) due to the change in the ligand field by the excitation [85]
is also given.’ E'(CT) denotes the corrected (see Eq. (62)) excitation energy. The
E'(CT) energies in parentheses refer to the lowest-energy spin-allowed t;," — tzg"
transition, as calculated by DFT (spin-unrestricted, in Op,; for Mn"" in D4,©), but also
corrected by the empirical SC energy.

M n  Onsetat® SCford" —d™b E/(CT) Xopt(MI 1 (A)
Ti 1 21 —14/3B  ~-25 275(36) 21(1.8)  0.67s
vV 2 20 —28/3B -5 29(30)  2.0s(2.0) 0.64s
a3 27 +14B +7.5 235(29) 22(2.0s) 0.61s
Mn 4 22s¢ +49/3B  +9, 13(175) 255(24) 064

Fe 5 25¢ +56/3B  +11s 13.5(8)  2.55(2.75) 0.64

co 6 [11] +14B +9 [6I'(3)  [2.8](2.9) 0.605

2 Estimated maximum E(CT) of the lowest-energy electron-transfer band at ~
onset energy @ 4 x 10°cm~! (assuming a width of the charge-transfer band of
~8000cm).

b Energies calculated with the nephelauxetic ratio Bi/Bo = 0.6 (see Tables 7 and 8)
and using the free cation By values 860, 920, 970, 1020 and 1070 cm~" for V! to Co'!
(after Ref. [49]), respectively, and By ~ 800 cm~! (estimated) for Ti''.

¢ Utilising Eq. (62), with xopt (CI7)=3.0.

d Effective ionic radii for the metal ions, from M"-F bond lengths, with
r(F~)=1.29 A; values are nearly identical with those of Shannon and Prewitt [86].

¢ Location of lowest parity-allowed ti,"—tyz* charge-transfer transition
(MnClg3~ and FeClg3~ - see text).

f Energies in brackets derived with the assumption of xop =2.8 for Co'!' (see text).

origin of the lowest energy spin- and parity-allowed transition of
this kind is, in cases as those considered here, the excitation from
an (approximately) non-bonding t;, MO into an empty or partially
occupied antibonding tp¢* MO. The former is largely ligand-centred,
while the latter is predominantly localised at the metal ion. One
recognises the onset of the charge-transfer absorption in the spec-
tra of the Ti(Cl;)s3~ polyhedron already in the visible region, which
thereafter covers the blue-violet spectroscopic range and accord-
ingly imparts a greenish-yellow colour to the complex (Fig. 11;
Table 16a). Similarly, at about 20 x 103 cm~! occurs the intensity
increase in the case of V(Cly)g3~, leaving as the colour-determining
feature the narrow minimum at =21 x 103cm~! - the origin of
the blue-violet hue of the respective compounds (Fig. 20). The
dark-violet-colour of the Cr(Cly)g3~ salts results from d-d transi-
tions exclusively, because here the charge-transfer region starts
only at 27 x 103 cm~! (Fig. 23). It is interesting to further look at
the d° case of Fe(Cly)g3~. Fig. 33 shows the 298 and 5K reflex-
ion spectrum of the cubic elpasolite Cs,NaFeClg (a=10.325 A); the
given ligand field parameters are evaluated following a procedure
described elsewhere [81]. The increase from the very weak spin-
forbidden sextet-quartet d-d transitions toward the high intensity
charge-transfer region is particularly pronounced here, and occurs
already around 17.0 x 103 cm~!. The colour-determining mini-
mum appears at ~16,000 cm~!, in the orange spectroscopic region.
The UV electron transfer spectrum of the Fe3*-doped alpasolite
CsyNaYClg shows the first parity- and spin-allowed t;," — tyg*
charge-transfer band at =25 x 103cm~! [82]. The onset starts
already at a rather low energy in the case of the FeClg3~ octahedron,
because it refers here to spin-forbidden and not to spin-allowed
d-d transitions with a distinctly larger intensity, as in the case of
the M Clg3~ complexes considered previously.

The MnCl52- salts are green according to the narrow minimum
between the d-d band at ~20 and the charge transfer transition
at 24 x 103 cm~1. The relative instability of the MnClg3~ octahe-
dron with respect to MnCls2~ is documented by the red shift
(by ~1500cm™1!) of the ligand-to-metal charge-transfer; this is
opposed to the expectation [83] when increasing the coordina-
tion number. The excited By — °Bag, *Eg transitions occur in the
region of the t;," — tyg* band (Table 15). Hence, only the spectro-
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Fig. 33. Powder reflexion spectra of the FeClg>~ octahedron in a cubic elpaso-
lite matrix (5Ag ground state); assignment with A =10.65 and B=0.62 x 10° cm™!,
C/B=4.0.

scopic region below 17,000 cm~! 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 Jargensen 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; in10% cm™1) = 30{ xopt(anion) — xopt(cation)} (62)

where xopt 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 t," into ty,*. 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 Ti'll to Co'!! (see also Table 16b). In the
cases of Tilll to Cr!!! the onset to the charge-transfer region served as
the basis for the estimation of the optical electronegativity, while
for Fe!l' and Mn'"! the experimental parity-allowed t1," — t;¢* tran-
sition energies could be directly used for the derivation of xopt.
Though the numbers obtained for the former complexes are only
rough estimates, there is clear evidence for an increase of (M)
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 d1-23 — to the d*°6 — electron config-

Table 16b

Optical electronegativities of complexes M"'Fs3~ in elpasolites (see Table 16a), as
calculated by Eq. (62) with xopc(F~)=3.9 and after having applied the necessary
correction due to B and A.

Mt E(CT)[49]  Correct.[85]  E(CT)  xopt (MM)  R(A)
Ni (t%e!) 320 A—-35/3Bb 28.0 2.9, 0.59
Cu(ty®es?) 295 A+14/3 B 117 3.5 0.62

2 Effective ionic radii with r(F~)=1.29 A (Tables 18a and 19); reported values [86]
are for Ni'': 0.56 A (low-spin) and 0.60 A (high-spin).

b with B=0.78, A=13.1 (Ni'') and ~0.7, 14.5 x 103 cm~! (Cu") (Bp=1.12 and
~1.2 x 103 cm™! [49]).
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urations by about 0.4, due to the occupation of eg* MOs. We have
also estimated the transition energies from the — with respect to
the metal centre non-bonding - t;," MO to the w-antibonding tyg*
MO by DFT. Though deficient with respect to interelectronic repul-
sion, the sequence of the deduced E'(CT) energies roughly follows
the one of the experimental estimations, with a similar gradation
from Ti'' to Co"". In the latter case, the suggested optical electroneg-
ativity of 2.8 - the small ionic radius (Table 16a) demands a high
ionisation energy - predicts the t;," — tp¢* CT band to occur around
15,000 cm~. Apparently, charge transfer bands completely cover
the visible region [87], and indicate an only very low energy bar-
rier for the Co?* — Co?* reduction. To our best knowledge, high-spin
Co'' complexes with chloride as the ligand are indeed not reported.
Tentatively, the following decomposition redox process may be for-
mulated, with the very stable tetrahedral Co!!Cl42~ tetrahedron as
the final product:

Collcly™ — col'cly + I + 1cl, —AH (63)
—39.08eV  -29.54ev —/-14eV T ggey

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

The dependence of the hue of a solid on the, here, M-L binding
properties in an M!l(3d)Lg colour centre — which becomes appar-
ent in the energy positions of the ligand field bands in the d-d
spectrum - is a fascinating aspect of application and aesthetics in
an otherwise rather formal and theoretical field of research. It is
the merit of O. Schmitz-DuMont to have first systematically stud-
ied the interrelation between the colour and the constitution of
solids with 3d-cations [88], which also implies the possibility to
steer the hue by the aimed interference into the bonding charac-
teristics of the colour-centre in the host solid. This aspect can be
extended toward Jahn-Teller systems, where the extent of a vibron-
ically induced polyhedron distortion can be equally controlled via
the properties of the matrix. For example, if in the nearly white
host NH4Fe''P,0; manganese(lll) is doped into the Fel' position,
a blue colour appears, due to a sharp minimum between the ZBlg
(2Eg) — 2Bag, 2Eg (*Tyg) transitions and the charge-transfer region.
The full substitution by Mn!!' raises the local JT-distortion p, of
the Mn""Og-octahedra, caused by a decrease of the force constant.
The latter effect is the consequence of the enhancement of the
cooperative-elastic interactions between the distorted octahedra.

Table 17

The corresponding increase of the ground state splitting 4 Ejy 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. Co'"Xg3- 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 Ti'! (Section 3.2). The electron configuration is high-spin
dS - this is, what is observed [89] for CoFg3~ and what should hold
for hypothetical CoCls2~ and CoClg3~ octahedra as well - with one
electron exceeding the half-filled d-shell; the treatment is hence
analogous to that for Til!, as long as only the spin-quintet states
are considered. With p§™, p§™ and the Franck-Condon transition
within the ground state for Dyy¢, 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 Till!
(Table 2); the instability of the hypothetical CoClg3~ 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 TiClg3~. The calculated
small JT energy of 210cm~"! for the Co(F;)s3~ octahedron, corre-
sponding to a bond length anisotropy of only 0.07 A, suggests a
dynamic bond length equilibration at 298 K. We have also consid-
ered the extremum points corresponding to the possible Tz ® Tog
and Ty ® (g +T2g) vibronic interactions. They are even smaller in
relation to the EJCT energy for the Ty ® &g coupling than observed in

the d! case of Ti"'; again, the higher order &g ® T2, coupling term W
isvanishing. 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 Cs;NaCrFg structure (Fig. 26),
exhibiting a splitting of the excited >E, state 0of 2500 cm~!, in agree-
ment with the value reported by Cotton and Meyers in 1960 for
the elpasolite K;NaCoFg [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
3d,»—4s interaction are not recognisable in this case. We further
use the experimental energies and the DFT-optimised structural
distortions in the excited 581g and 5A1g states - in analogy to the
d! case of Ti'll - for the evaluation of A1, A; and K}. As for the ground

Structural and energy DFT results for the 5T, ground state (T,¢ ® €¢ coupling) — above - and the 5E, excited state of CoXg complexes (X=F;~, Cl;~, F,~) - below - together
with the derived coupling constants; the cubic ligand field strength is also listed. For the DFT-calculations in D34 and D;," see footnote d.

og™ (A) o™ (A) aay (A) E (Byg — Eg) Er€ (eV) Ve (eVA) K. (eVA-2)
Fo~ 0.0812 0.038> 1.927¢ 0.078 eV 0.026¢4 0.654 8.1d
Cli- 0.0682 0.032> 2.373 0.015eV 0.005 0.15 22
P (A) P (A) E (Bog — Big)® E (Bog — Aig)® Af (103 cm™) Ap (eVA-1) K, (eVA-2) Ay
Fo~ 0.215 0.328 1.628(1.48)eV 1.910(1.79) eV 12.7 2.00 7.7 0.8
Fy = = (1.38)eV (1.82)eV 12.3 =268 ~0.9,8 =~0.958

2 1.950A (4x), 1.880A (2x) and 2.400 A (4x), 2.341 A (2x), respectively.

1.914A (4x), 1.947 A (2x) and 2.364 A (4x), 2.392 A (2x), respectively; the ratio p&™ /p¢™ is approximately 2, demanding L. = 0.

b
¢ Experimental: 1.890(5) A [90b]; in CoFs: 1.895 A [90a].
d

The estimated Ejr€ (D3q) and Ejr* (D2, *) energies are 0.003 and 0.011 eV, respectively (see text), with V; = 0.25(1)eVA-" and K; ~3.5eVA-2.

¢ Experimental energies in parentheses.
f

Calculated from experiment, but taking the DFT-ground state splitting due to T»¢ ® £¢ coupling into account.

& Estimated magnitudes for A; and A,, K.’ (enhancement by 30% and 20% in respect to the values of the F; ligand, respectively - in analogy to Ti''; see Tables 2 and 3) -
assuming the same increase in the case of V, (0.85 eVA~!) and K, (9.7 eV A-2), the ground state radial distortion and Jahn-Teller stabilisation energy come out to be of the

magnitude: p§™ ~ 0.083 A; Ejr~0.037 eV, respectively.
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Fig. 34. The d-d spectra (T=298K) of hexacoordinated Co in the rhombohedral
elpasolite Cs;NaCoFg and in compounds A'Co''F; with TIAIF4-type structures. The
assignment and band fitting was performed in D4y, compressed (°B;g ground state),
on the basis of the parameters: A=12.7 and 12.0; §;'=0.625 and 2.0; §, =0.21 and
0.8 x 10% cm~" for the former compound and the latter solids, respectively. A global
B was chosen as 0.825 x 10> cm~! and C/B as 4.3. The calculated band positions of
the spin-forbidden quintet-triplet transitions in D4y,¢ (see the ligand field matrices
in the supplementary material B1) are indicated above in the figures (the respective
octahedral parent terms are: 3Eg (— 3Aqg, 3Big); 3Tog (— >Bag, 2Eg); 3Tig (= 3Agg,
3Ey)).

state, the derived coupling constants are smaller than for the TiFg3~
complex (Table 3).

Analogous to the elpasolites, the Co(F, )¢ octahedra in the VF3-
type structure of CoFs3 are regular at ambient temperature with a
nearly identical bond length (1.895 A) [90a]. The excited state split-
ting in the d-d spectrum is 0.44 eV [90b], from which - following
the procedure used in the Ti'll case - the vibronic constants listed
in Table 17 are estimated. The suggested distortion as well as the
JT energy are close to the values for TiF; (Table 3) and also indicate
dynamic behaviour, at least at 298 K. Low-temperature studies are
not reported.

9.2. The strain in solids A/CoF

We proceed with the discussion of the structures and d-d
spectra [31,32] of various compounds A!Co''F, (Fig. 34) with
a TIAIF,-related structure and constituting trans-Co(F;),(Fy)4™
species. Structural data are known for CsCoF,4 [91] (Table 4). Besides
the latter solid, bond length data are only reported for LiCoF,
[92], with a strongly distorted TIAIF4-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§ arising
from the substitution of the four equatorial F; by F, ligands are
derived (Table 5) by utilising the distortions of the Co(Ft)g3~ (from
DFT), of the Co(F;),(F)s4~ (in CsCoFy4) and of the Fe(F;),(Fy)s~ (in
AFeF, solids) octahedra (Tables 4 and 17), analogous to the d! case
via Egs. (39)-(41). The structural strain enhances p$™ from 0.081 to
0.137 A; the binding strain causes the further increase to 0.181A.
From the deduced JT stabilisation energy a ground state splitting of
(after the Aec correction) 38, =0.29 eV is derived. The excited 5Eg
state splitting, with transitions at 9.5(2) and 17.7(2) x 103 cm™1,
allows one to calculate A3, utilising Eq. (40) with ¢ = ¢s=180° and
at p$™ =0.181A, again after having applied the Aec correction.
Though the vibronic addition A3 is rather large in comparison to
that in the d! case (Table 5), it is still of a reasonable magnitude
in view of particularly the broad-band character of the 5Bzg — 5A1g
ligand field transitions, which handicaps an exact energy reading.

The V£ /V. and A;%/A ratios, in the case of Tilll, VIl Co'll (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(F;),(Fy )4, with non-degenerate ground
states, are still of acceptable magnitude. The derived ligand field
parameter for the trans Co(F;),(F;, )4~ octahedron (12.0 x 103 cm1)
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 >Byg — >Bg, °A1g 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 x 103 cm~! as transitions to the split states of the octahedral
parent states 3Eg, ,>Tog and 1, -3T1g and are (nearly) A indepen-
dent, hence involving the Racah parameters By and Cy;. Though not
completely resolved - here the spectrum of NaCoF,4 shows the best
resolution - they can be fitted rather well with the A and & ener-
gies taken from the observed quintet-quintet transitions and the
8, value from DFT and - for the ACoF, solids - from Table 5. A
B parameter of 825cm~! and a C/B ratio of 4.3 were the reason-
able choice for the spectroscopic fit. The respective nephelauxetic
ratio (20.77) is near to those involving Be for VI and Crl!', but
noticeably smaller than the By value of Cr'" (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 Co'!
cations. Such a mechanism, in the Mn'!! case, gives rise to a dra-
matic intensity increase of some sextet—quartet transitions in the
presence of Fy ligands (Fig. 29) [29]. For the ligand field calcula-
tion we have used the matrices given by Perumareddi for a Dy
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~! in the spectrum
of Cs;NaCoFg seems to originate from that a3T1g term, which is of
the lowest energy from all intermediate tzgf’eg1 spin states present.
The eventually stabilised low-spin 31A1g(t2g6 ) ground state (see the
lA1g matrix in the supplementary material Appendix B.1)is - in first
order - calculated at an energy: E=5B+8C—2A +2§, above the
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real SBzg ground state, corresponding to 7.55 and 10.1 x 103 cm™!
for the Co(F¢)s3~ and the trans-Co(F;),(F;,)s~ octahedron, respec-
tively, if the ligand field parameters in Fig. 34 are used. Including
configuration interaction, these energies are considerably reduced
to 4.8 and 7.2 x 103 cm~!. Nevertheless, high-spin Co'" is clearly
favoured in the interplay between A and interelectronic repul-
sion in fluoride complexes. DFT is not helpful in the calculation
because of its repeatedly mentioned deficiency to reproduce inter-
electronic repulsion energies with the necessary precision. The
high-spin/low-spin separation energy in the d’ case (see the fol-
lowing section) is of comparable magnitude to that for d®, if only
the (A, B, C) increments are considered (Eq. (64)); in that case, it
is the additional JT contribution by the Eg ® &¢ vibronic coupling,
which finally stabilises a low-spin ground state.

10. The NiFg3~ polyhedron
10.1. High-spin or low-spin ground state?

Only few elpasolitic solids of the constitution A,ANiFg have
been prepared and structurally characterised (A/, A: Cs, K; Rb, K;
Rb, Na; Cs, Na) [93]. They crystallise in cubic structures at 298 K,
with the exception of Cs;NaNiFg, which is a hexagonal elpaso-
lite of the Csy;NaCrFg-type (Fig. 26). The d-d spectrum of K3NiFg
was interpreted by Allen and Warren [49], who presented evi-
dence that the band appearing around 6500 cm~! has to be ascribed
to the transition within the Jahn-Teller-split 2E¢ ground state of
low-spin Ni'l, The analysis of the d-d spectra of various solids
A,'ANiFg and, particularly, their EPR spectra and the temperature
dependence of the g-values [94] have confirmed this presumption
and further suggested that the spin-doublet-quartet separation
(between the potential energy minima of the azAlg ground state
and the lowest excited spin-quartet 34A2g state - in Dy, elon-
gated) is very small [1]. The powder reflection d-d spectrum of
the elpasolitic solid Cs;KNiFg exhibits four, in particular at 5K
well resolved, bands (Fig. 35). From the underlying eight Laporte-
forbidden spin-allowed transitions, expected in the energy region
up to =26 x 103 cm~!, only five are also vibronically allowed, via
the (octahedral) 71, vibration; these are the 42A1g — 22B1g, 2bc2Eg
and bzAlg transitions, from which the last one is presumably the
shoulder at ~25 x 103 cm~! - appearing, where the intensity starts
to rise toward the charge-transfer region. We have fitted the spec-
tra, utilising the matrices for a d’ cation in a tetragonally elongated
octahedral ligand field with respect to a2Eg (t;¢%eg!) ground state in
Oy, (see supplementary material B.2) [95,46], for obtaining reliable
values for A, B and §; (= 1/2(A1 +A205™)p™); C/B was arbitrar-
ily set to 4.0, while §, (= 1/2Vgp™) was adopted from a fit to
the orbital contributions to the g-values (vide infra). The essen-
tial features in the absorption spectra are rather well reproduced
with the parameter set given in the caption of Fig. 35. We remark,
that the band positions are not very sensitive to smaller alter-
ations of A, B and /B, as long as ngfl (Fig. 36) remains at the same
energy. The chosen global B parameter is essentially By - yield-
ing a nephelauxetic ratio (Bo=1120 cm~"! [49]) of 0.70, perceptibly
reduced with respect to the values for VI and Cr'!' (0.755). The (ver-
tical) quartet-doublet separation s, in first order — as one can easily
reproduce from the diagonal energies in the respective matrices
(see the supplementary material B.2):

82,4 = E(*Ayg — egbjeal b1y) — E(Ajg — efbsal;)
= A—4B+C)+2(81 - 8) (64)

and turns out to be of the magnitude of ~280cm~!. Configuration
interaction is considerable and brings this energy to =770cm™!
(Fig. 35). LS coupling further raises the energy of the ,4A;4 state
with respect to the azAlg ground state (Fig. 36).

|
4 4. 4 4
aly O T N
e o /¥ s
WA E,—Di— B, E, By “BigpAs
I I Ll
2. 2. 2. 2 A
Oh: aT:|g aT bT A /2
YA A N SR P
D, I, iAzgilligrBzgiAz EaiAigB, 2
I b

Cs,KNiF,

7 (10%cm™)
T T T T

5 10 15 20 25

Fig. 35. The d-d spectrum of Cs,KNiFs (after [94]); the band assignment (see
text) and fitting procedure was performed with the parameters 6; =1700 and
8,=320cm™!, deduced from the energy of the ;2A;g — ,2Byg transition and from
EPR spectroscopy, respectively, with C/B=4.0 and using A and B (=B.) as best fit
parameters (= 13.1 and 0.78 x 103 cm~!, respectively). The spectrum of the hexag-
onal elpasolite Cs;NaNiFg, with a low-spin and a high-spin site side by side (see
text), is shown below.

Before discussing the energies within the azEg—ﬂ“ﬂg split state
manifold in the ground state region in greater detail, we report
about the DFT results for the NiFg3~ polyhedron in the low-spin
and high-spin state, respectively; in both cases, vibronic coupling
leads to tetragonally elongated species. The vibronic parameters
A1, A, and K, for low-spin NiFg3~ were derived, using the experi-
mental Franck-Condon transition E§. within the 2Eg ground state,
which is larger than the DFT value by about 15%, and the p. val-
ues, at Dgp€ and Dy, € (Appendix A.4; Table 18a). In order to gain
some insight into the (low-spin) t2g5eg2 excited state properties as
seen by DFT, we have further calculated the optimised distortion
parameters for the two lowest 2By, states (eg?byg'as4%/b1g2) and
the Franck-Condon transitions in Dgy® from 2A;4(eg?bog?asg!) to
these two states, in order to compute Vg, besides A, Bre and K}; the
respective equations are specified in Appendix A.4. The magnitudes
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Table 18a

2741

Structural (A) and energy (eV) results from DFT for tetragonally distorted NiFs3~ polyhedra in the low-spin 2Eg (t2¢%eg") - above - and the (hypothetical) high-spin *Tig (t2g°eg?)
ground state - below - in Oy In addition, excited t,z°e,? spin-doublet states were analysed (for the calculation procedures see text and Appendix A.4). The derived vibronic
parameters and force constants Aq, Ve, Ay, K and K.’ for low- and V¢, K, for high-spin Ni'" are also listed. Effective distortion and energy parameters with inter-configurational
mixing accounted for (see text), are additionally given in brackets (oS, Ejr®) and mirror observable quantities.

2 P Qav Epc® ® Epc© Ejr® Ay Ay K

0.189" [0.183] 0.143b 1.881 0.726 (0.844) 0.560 0.194 [0.182] 2.05eVA-1 0.9 12.7eVA-!
PE™ (eg*bog'arg?)” Gay PE™ (bog'eg?big?)” ay Ve K

0.668 (Dap®) 1.973 0.238 (Dar©) 1.928 0.68eVA-1 10.8eVA-2

ol o Gay Epc® Epr® Ve Ke

0.070° [0.060] 0.037° 1915 0.064 0.021 [0.015] 0.61eVA-! 8.6eVA=2

In parenthesis: experimental value (6400 cm~!), but corrected for interconfigurational mixing = 6800 cm~'.
a;=1.991,a, =1.827A [a;,=1.987,a, =1.828 A] and a, =1.797, a, =1.921 A, respectively.

For the excited tyg°eg? doublet state in Oy. A and B come out as listed in first line of Table 18b.

a
b
¢ The transition energies from 2A; to the two 2By states with these configurations, at p¢™. (Appendix A.4), are calculated at: 22.14 and 22.40 x 10° cm~!, respectively.
d
e

a,=1.956,a, =1.895A and a, =1.894, a, =1.926 A, respectively.

of the p. values and of the two Egc transition energies, obtained by
DFT, are listed in Table 18a, together with the derived V; coupling
and K}, force constant. The calculated ligand field strength perfectly
matches with the one derived from the d-d spectra, while By comes
out too small by 15% (Table 18b, first line, and Fig. 35). For conve-
nience, we give also in Table 18a pg- and Ef'-values, which mirror
in an effective way the reduction of the JT-coupling by configura-
tional mixing with excited doublet states of the same symmetry.
Furthermore, a DFT calculation with the complete set of 120 Slater
determinants for the d’ configuration was performed, again adjust-
ing the obtained energies to the respective ligand field expressions;
the procedure of the respective LFDFT approach is outlined else-
where [96] (see also Section 12). The resulting ligand field and
Racah parameters are confronted with the results from Table 18a
in Table 18b (first two lines). The complete calculation yields an
enhanced A parameter, far away from the experimental energy
(Fig. 35).
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Fig. 36. Energy diagram for the NiFg3~ octahedron in Cs,KNiFg (adopted from [94])
in the energy region of the ground state. The ligand field calculation was performed
with the parameter set, used in Fig. 35; the LS coupling constant was set to 500 cm~!,
according to a /£, ratio of 0.7 (£, =715cm™! [27]).

The calculation for the hypothetical high-spin polyhedron is
based on the matrices in Eq. (42), which are valid for the d” con-
figuration as well, when considering that a spherically symmetric
tyg3eg? electron shell is added to d2. The diagonal ground state
splitting 36, in Dyy© is:

3VepS™ = E(*Eg — egbag”arg'bly) — E(*Agg — eg?bag'a1g!biy)
(65)

and directly accessible to DFT. The respective energy and the dis-
tortion parameters pf™ = 2p5™ = V, /K¢(Le = 0) yield the vibronic
constants V; and K, in Table 18a. From the three transitions from
4Azg(eg?baglalgbig!) to the excited 4Byg, 4By states and to the
second 4A2g state at p&™ = 0.070 A (diagonal energies in matri-
ces (42)), calculated via DFT, A, §; and a global B parameter are,
additionally to d,, accessible and summarized in Table 18b (third
line). 8, is nicely reproduced with the A; and A, parameters from
low-spin Ni'l - a rather consistent result. V; is smaller by about
10% than the value, deduced from data for low-spin Nilll - in view
of the small 8, splitting a still reasonable outcome. Derived effec-
tive values pg™ and Efff indicate a pronounced partial suppression
of vibronic coupling, by the configuration interaction between the
two #Ay, states. For high-spin Ni'' 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 8; and §, splitting parameters for low-spin
Ni'l (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 NiFg3~ (bot-
tom two lines) - energies in 103 cm~"'. 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).

A 81 82 B C/B oels
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 35 -29

2 The doublet-quartet and quartet-doublet separations 8,4 and 84,°, respec-
tively - first and second, and, third and fourth line. The data from the d-d and EPR
spectra for low-spin Ni" yield: 8,4 =0.90 (§; =1.70, §, =0.32), and the suggested
separation energy for high-spin Ni' is §,,¢"=1.20 (§; =0.57,8,=0.17) x 10> cm~" -
with A=13.1 and B=0.78 x 10% cm~! in both cases (from Fig. 35).
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Fig. 37. The EPR spectra of the elpasolite Cs;KNiFg (the signal g,’ is probably due
to exchange coupling between g, and g, - see text) and of Cs,NaNiFs with the
hexagonal Cs;NaCrFs structure and two different Ni'" sites - adopted from [94].

of the two calculated values is taken, A does not differ essen-
tially from the mean for high-spin Ni'! (Table 18b, 3./4.line) -
14.1(8) and 13.9x 103 cm™!, respectively - and comes out to
be about 7% larger than the experimental value in the low-
spin case (Fig. 35). The occurrence of a single value for A is
supported by the experimental data, underlying the potential
surface in Fig. 40 (vide infra); it is surprising only in the first
instance, when solely focusing on the by =0.035 A larger aver-
age bond length in the high-spin case (Table 18a). However, as
the ground state potential curves indicate, their minima occur
at nearly the same energy, and one may thus confidently sug-
gest, that the Ni-F bond strength is comparable in the low- and
high-spin case.

As has been pointed out already, the alternative 2A1g
(eg?bag?arg!) and 4Ayg (eg?bag'arg!big!) ground state energies
are subject to alterations caused by configuration interaction with
excited states of the same symmetry and the same spin. These
effects are small in the case of the here present low-spin ground
state, but are of significant influence on the splitting of the lowest-
energy 4T1g excited state (Table 18a). One has further to consider,
however, that the low-spin aZAlg ground state undergoes addi-
tional mixing with the ,*Ay, and ,?Eg states, located in close
energetic neighbourhood, via LS coupling (vide infra). This is seen
by EPR spectroscopy, which is a finer probe to the energetic sit-
uation within the ground state than the d-d spectra [94]. Fig. 36
illustrates the energetic landscape of the competing octahedral ,%Eg
and a4T1g states in the presence of LS coupling. The respective inter-
action between the ,2A;, ground state and the 34A,g, 4%E; excited
states gives rise to large orbital contributions to the g-tensor com-

ponents (Fig. 37) [94], from which the energy separations 85 and

353ff (the notation: “effective” indicates, that configuration inter-
action has been accounted for) emerge with high precision. The, in
the first instance, unexpected result is, that 34, (at p™ = 0.189A)

comes out smaller (320cm~!) than expected by DFT (520cm™!,
Table 18a). The mismatch is most certainly caused by the neglect
of LS-coupling in the DFT calculation and by errors introduced by
the 3d,2-4s interaction, which is not properly accounted for in DFT.
Nevertheless, the magnitudes of the coupling constants A;(2.05)
and V; (~0.65 eV/A) are well in range of those, derived for Til! to
Co'" in fluoride ligand fields.

The EPR spectrum of the hexagonal elpasolite Cs;NaNiFg 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 Ni'l 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 NiFg3~ 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(8; —9,)=2800cm™! of less
than 20% (Eq. (64)) would suffice to stabilise the alternative 34A1g
ground state. The d-d spectrum of Cs;NaNiFg gives also hints for
the partial presence of high-spin Ni'll. It is less structured than that
of Cs;KNiFg (Fig. 35), caused - as one might suppose — by broad-
band intensity contributions due to ;4Ag(3*T1g) — *Bag, b*Eg(4T2g)
and —,%Eg, ,*A24(,?T1g) transitions. The latter should appear at
11.2,12.3 and 21.8, 23.8 x 103 cm~!, and might have obscured the
sharp minimum at ~10,000cm~!, enhanced the intensity of the
32A1g — a2Eg band, and, in particular, filled the deep minimum gap
between 22 and 24 x 103 cm™!, respectively, in the spectrum of
Cs,KNiFg. The given band positions are calculated with the param-
eter set of Fig. 35, but with the §; and &, energies for high-spin Ni!!
(0.57 and 0.17 x 103 cm™!, respectively; Table 18b).

From the EPR data and low-temperature structural powder
investigations it was concluded that Cs;KNiFg and Rb,KNiFg
undergo second order phase transitions at =145K and =260K,
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 NiFg3~ octahedra (Fig. 39). For the Cs;K-elpasolite
a local distortion of p™ = 0.14A [97] was roughly estimated at
T< 77 K from X-ray data, not too far from the DFT value p&ff = 0.18 A
(Table 18a). Elpasolitic solids with Mn'! 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 Ni'll case, as compared to Mn!!,
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 4K, due to the
aA1g-a%Azg, 4*Eg 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 Ni'' on
the octahedral sites and thermal averaging processes. This effect
explains the positive deviation of x-T from the low-spin value at
higher temperatures (Fig. 38) via a specific energy barrier AE; 4.
On the other hand, the effect of a drastic decrease of xT below the
limit given by the low-spin curves, occurring at low temperatures, is
without doubt due to antiferromagnetic interactions according to a
negative paramagnetic Curie temperature ). The existence of such
wide-distance interactions in elpasolites is indeed documented
for the analogous solids A;AMnFg with tetragonally elongated
Mn''Fg3- polyhedra in ferrodistortive order and a (d,,)" config-
uration on each paramagnetic centre (Fig. 39; top left); deduced 6,



D. Reinen et al. / Coordination Chemistry Reviews 254 (2010) 2703-2754 2743

2,5- )
*
*
high-spin  «
— *
E 2,04 *
o R
S
= *
*
£, 1.5 *
¥
1,01— ; . . . . .
0 50 100 150 200 250 300
TK]
1,00 -
m—exp
— 0751 AE, =500 cm”

9,?—8-5 K +——low-spin

%T [K.cm®mol
_D
3

o

[

(4]
1

100 150 200 250 300 350
TIK]

-50 0 50

Fig. 38. The calculated magnetic susceptibility (x) in dependence on temperature,
for low-spin and high-spin NiFg3~ polyhedra (parameter set of Fig. 35, and with
reduced energies for §; and §; - 0.57 and 0.17 x 103 cm~! - bottom and top, respec-
tively), in comparison with experimental results for Cs,KNiFs. The data fit was
achieved by the assumption of a thermal admixture of quartet to doublet Ni' species
via the energy barrier AE;4, and assuming the presence of weak antiferromagnetic
coupling between the low-spin Ni'! centres (for the fit quality between 50and 110K,
see text).

values are here also around —8 K [29]. The correlation between the
spins of the d, electrons via the interconnecting (A'Fg) polyhedra
within the ferrodistortive order demands antiferromagnetism.
With the sketched model, a rather good fit to the experimen-
tal data is achieved (Fig. 38) - though there are deviations in the
temperature region between 50 and 100 K. We think, that domains
with antiferrodistortive elastic coupling, present in the vicinity
of the temperature of the phase transition, are responsible for
the discrepancy. Evidence for the existence of antiferrodistortive
pairs 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-
ular g and a g, tensor component - oriented parallel to a long
(a) and a short (a, ) Ni''-F bond length, respectively - due to the
mentioned clusters with parallel spin orientation within neigh-
boured tetragonally elongated NilFg3~ polyhedra. Fig. 39 displays
the two alternative patterns of elastic ordering in the elpasolite
lattice (top and bottom left). In large domains with antiferrodis-
tortive elastic coupling the planar ferromagnetism is expected to
give way to a three-dimensional antiferromagnetic arrangement,
caused by antiparallel spin-orientation between the planes. A sim-
ilar complex structural situation has been analysed for the Cu?*
centre with a hole in the dX27y2 orbital, via EPR and magnetic
investigations on compounds Ba(Sr),"'Cu'W(Te)V!0g and corre-
sponding mixed crystals with Zn2* on the Cu2?* positions [98].
While in the former solids a ferrodistortive order of elongated CuOg
polyhedra (Fig. 39, top right) is stabilised, with first-order tran-
sitions to the cubic phase at very high temperatures, on dilution
with Zn?* the alternative antiferrodistortive order (with short-

range character) becomes energetically more favourable; here,
the phase transition to the cubic elpasolite structure is of con-
tinuous nature. To summarize: for Cu'l, as for low-spin Ni', 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 Nill' on
the octahedral sites of elpasolites A, ANiFg, favours the formation
of antiferrodistortive domains with short-range order - in a similar
way as initiated by the non-JT cation Zn?*, when substituted into
the Cu?* sites of Ba,CuWOg.

The potential energy diagram in Fig. 40 is a model description
of the energetic situation in the competing a2A1g, 34A2g ground
state manifold. For the construction of the potential curves the
force constants for low-spin and high-spin NiFg3~ (K =12.7,

Kb =8.6eVA _2) as well as the corresponding effective p. val-
ues (pcff(ls) = 0.183, pff(hs) = 0.060A ) were used (Table 18a),
and in addition the effective doublet-quartet separation energy
8§f£l =~ 900 cm~! (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 Ni'll involves not only a
change of p. but also an expansion of the average Ni-F bond length
8a=0.034A, we adopt the Bersuker concept [16] of a single inter-
acting displacement mode q. The respective coordinate §q, which
comprises changes of both, £g- and a14-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:

1KDS(8pe) 4 1Ko(V/B8a)” = 1Khs(5q)? (66a)
2 K, 2V
5q= {(spgff) + K%(\/éaa) } (66b)
€

Here §p¢f = 0.183 — 0.060 = 0.123 A is the decrease of the radial
distortion when switching from low- to high-spin Ni'll (Table 18a),
while +/68a refers to the average bond length increase according
to the a1 motion. Explicitly, Eqs. (66a) and (66b) visualize the dis-
placement of the adiabatic potential energy surface of high-spin
Ni'l in respect to the low-spin potential curve, along the q coordi-
nate. With the tentative choice of K, /K¢ =1.2 - suggested by DFT and
by reported energies of the two a1¢ and &g vibrational modes (see
the data for FeFg3~ in [26]) - a displacement 8q=0.153 A results.
The potential energy diagram in Fig. 40 is now easily constructed
via the following expressions:

E(ls) = %K};(aq)z’ atdq=0.153A = 53{2 + A4 -
E(hs) = 1KD5(0.153 - 8)” + A 4. atdg =0 = &5,

The quantity of major interest is A, 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~'. The energy
AE’2’4 (~300 cm~1!) characterises the point of intersection between

the two potential curves at g~ 0.08 A and is loosely correlated
with the barrier height AE,4 in Fig. 38, which steers the occu-
pation of formerly low-spin sites by high-spin Ni''; indeed, the
two quantities are of comparable magnitude (400 + 100 cm~!). The
quartet-doublet separation energy 85, resulting from Fig. 40, is
=1100cm~!, indeed near to the 3#A3z-22A4 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 is adjusted by taking second
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Fig. 39. The ferrodistortive order of tetragonally elongated Ni''Fs3~ octahedra in elpasolites A,'ANiFs (top, left; the open circles stand for the intervening A'Fg polyhedra)
and the phase diagram of Ba,Zn;_,Cuy,WOg mixed crystals (top, right; for details see text). The bottom figures illustrate the alternative antiferrodistortive order between the
NiFs3~ polyhedra with a view into the planes, perpendicular to [00 1], and the induced ferromagnetic spin correlation (the black ellipsoids stand for the intervening F-Al-F
bridges and their overlap with the 3d,> and d,2_,> orbitals; the orbitals, due to Ni'! in the square-centre, are not shown) - adopted from [1].

order vibronic coupling into account (= K —2A, =10.9eV/A?),
significant changes of the above reported energies do not emerge.

We now comment on the DFT results for 85, and 657 in
Table 18b. Due to the underestimation of interelectronic repulsion,

and because of an, in one case, overrated A value, (ngEl energies

‘A
aeﬂ 2 2g
42
Cs,KNiF,
: EA2,4
-0,1 0,0 0,1 0:2 (}:3

5q(A)

Fig.40. Potential energy diagram for the NiFs>~ polyhedra in elpasolites (as in [99]).
The 8q coordinate is defined in reference to the absolute energy minimum of low-
spin Ni'' at pg™ (eff)=0.183 A; the minimum for high-spin Ni'! at p¢™ (eff)=0.060
and §a=0.034A(8q=0.153 A)is located at aby =100 cm~"' higher energy. For further
details see the text.

result, which are by far too large; for the same reason, the 85{2
separation energies come out to be strongly negative. Considering
the splitting parameters only, the following analytical expression
for the sum of 8,4 and 8,4, (diagonal energies; see Eq. (64)) can
be formulated. It refers to the alternative 2A;4(eg*byg2asg") and
4Azg(eg?baglag ! b1g!) ground states if A, B, C are equal in the low-
and high-spin case:

2.4+ 842 =2((81 — 82) — (81 — 82)™) (64a)

and is consistently (1.7 +0.25) x 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 A-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~! would reduce (ng; and shift

the 5fo2 energy to much less negative or even positive magnitudes.

We summarize, that it is preferentially the strong ?Eg ® &g cou-
pling (8‘15 =1.7 x 10> 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

Ni'l species lie very close in energy [99].
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Table 19

Structural and energy DFT results for the CuFg3~ octahedron in the excited tyg°e, configuration - optimised data and Franck-Condon transitions, calculated according to
Appendix A.3 - and the derived coupling parameters (above). The Egc transitions, originating from the Ay (t24°e4?) ground state in Oy, (diagonal energies; in 10> cm~'), are

listed below, together with the ligand field parameters deduced.

o (A) eg?big! (aav)

egzalg1 (aav)

eg]ng]blg] (aav) egleglalgl (aav)

0.129° (1.962)

0.322¢ (1.970)

0.208¢ (1.970) 0.301¢ (1.972)

Erc@ (eV) Erc® (eV) A1 Ve A2 K’

0.882¢ 0.315¢ 1.2=02eVA-! =07 =5.5eVA?
Erc *Agg — 1Tag (t2g°e?) — 4Tig (t2g”eg?) — 1Tig (tag"eg?) a(A)
(On) 14.34° (=A) 18.98° (=A +12B) 29595 (=2A+3B) 1.909

2 A half-filled shell eg?byg'b1g'asg! has to be added; c, e refers to Dy, elongated, and compressed, respectively. For the nomenclature (a), (b), see Appendix A.3.
b See the d3 matrices in Eq. (52); the derived B parameter is 0.39(1) in comparison to the spectroscopic value of 0.70(5) x 103 cm~!; the experimental A value is

143(2)x 103 cm~".

11. The Cu'Fg3- polyhedron

In Table 19 we have listed the DFT results for the CuFg3~ octa-
hedron. Having in mind, that the addition of a half-field d-shell
(tag>eg?) does not change the energy matrices, if only the highest-
multiplicity terms are considered (see Eq. (52)), we followed the
procedure described in Appendix A.3 for Cr'!! for the evaluation of
the coupling and force constants. Surprisingly, the coupling con-
stants A; and Vg (the latter has - as well as K and A, - a larger
margin of error) come out very small in comparison to the param-
eters derived for the cations, preceding Culll. The thus indicated
discontinuously increased bond covalency is also detected, when
analysing the charge-transfer and d-d spectra (see below). We have
furthermore calculated the Franck-Condon transitions in Oy, by DFT
- here using the D4,-MOs, however, in order to avoid falsifications
due to self-interaction in the case of orbital degeneracy. While
the calculated A parameter nicely matches with the experimen-
tal value (Fig. 41), the Racah parameter is more than 40% smaller
than that, derived from the d-d spectra, which is an even larger
mismatch than that found for Cr'! (Table 10).

There is only one d-d spectrum - for the elpasolite Cs; KCuFg -
reported in literature [49]. Fig. 41 shows a second example
[31], with band positions near to those of the Cs solid. The
3A2g — 33T1gtransition is rather broad and hence the B¢ parameter

CsNiGaFg
;ng ?E)T1g
3 3
;Eg ng 6T1g
Rb,KCuF;
v (10%em™
67 10 15 20 25

Fig. 41. The d-d spectrum (T=298K) of the hexafluoro-Ni'-complex (3Azg(t2c%e4?)
ground state)) in a pyrochlore-type structure (top); the assignment and band fitting
is accomplished with: A=7.5, a single parameter B=0.95 x 10> cm~! (B/By=0.92)
and a ratio C/B=4.2. The spectrum of the isoelectronic Cu™Fs3>~ octahedron
(T=298K)in the cubic elpasolite structure is shown below; band fitting was achieved
with the same C/B-ratio and A =14.5; Bee =0.62, Be ~0.75 x 103 cm~1.

subject to larger errors (~0.75 x 103 cm~1). The nephelauxetic
ratio (with By=1200cm~! [49]) is, with B~0.6, considerably
lower than those for VI, Cr!ll and Co'! (=0.75) - indicating also
via the interelectronic repulsion a pronounced increase of the
bond covalency. In the spectra of the isoelectronic Ni%* 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: i3Ag (tzg%eg?)— alEg (=te%eg?)
and —,1Tog (Ztpg°ey>). The three absorptions are expected (see
the respective Tanabe-Sugano energy matrices) — for A/B ratios
around 20, as for CullFg3- - to occur at:

E(,*Azg—a'Eg) = 0.015A + 7.4Bee + 2Cee (68a)
E(,*Azg—a'A1g) = 0.165A + 8.1Bee + 4Cee (68b)
E(,*Agg—a'Tag) = 1.025A + 7.0Bre + 2Cee (68¢)

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~"! in the spectra of Cs(Rb),KCuFg a Bee
parameter of 620 cm~! (Eq. (68a)); because only o-antibonding eg
electrons are involved, a further covalency reduction with respect
to Bee is expected. In the case of the Ni'"Fg*#~ 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 b3T1g and
aszg - the latter is revealed as a shoulder on the low-energy slope
of the ;3Ay5 — 1, 3Ty main transition in the case of Ni?* - are calcu-
lated to appear at =33.5 and 26.5 x 103 cm~! for Cul!, already in the
charge-transfer region. The ;3Ayg — 2! A1 transition (Eq. (68Db)) is
reported to appear as a very weak peak in the spectrum of Cs, KCuFg
at 16,400 cm~! [49], about 1000 cm~! lower than predicted in our
parameterisation.

The trend of increasing covalency has been substantiated for
the hexachloro-complexes of the series of cations from Ti'l to Fe!l!
in Section 8, where the optical electronegativity of the M!!! 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 Nil! to Cu'll. This effect is reflected by the optical electroneg-
ativity (Eq. (62)) as well. From the reported [49] lowest-energy
t1 ' = eg* ligand-to-metal charge-transfer band of the NiFg3~ and
CuFg3~ octahedra - after having applied the correction arising from
changes in the interelectronic repulsion, and here also with respect
to the ligand field parameter A because of the filled tp¢ subshell - a
dramatic enhancement of xopt from Nilll to Cu'll 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 Zn''Fg3~ octahedron cannot be stable, for the
obvious reason of charge transfer bands, which would cover even
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the low-energy spectroscopic region [87]. For similar arguments,
chlorocomplexes of 3d"-M!! cations are not expected to exist as
stable species, if n> 6 ( xopt(Ni"") & xopc(Cl7"); Tables 16a and 16b).

The (+I1I) oxidation state of copper is still reasonably stable
in ligand fields of oxygen ligator atoms - in spite of the smaller
electronegativity in comparison to fluoride. Usually the Cul -
centres are low-spin in this environment, however, and adopt a
square-planar coordination. These energetic and structural prop-
erties originate from the pseudo-JT coupling between the Eg- and
1A g-excited states within the tyg5e4? ground state configuration
(see Eqgs. (68a) and (68b)), which eventually stabilises a low-spin
(eg*bag?as4?) ground state in Dyp,. The symmetry aspects and ener-
getic implications are considered in detail elsewhere [99].

12. DFT calculations and further details
12.1. Vibronic coupling calculations

One main goal of this work has been to explore the ground state
potential energy surface of hexafluoro- and hexachloro-complexes
of 3d metals in their Tog (d', high-spin d®) and Ty (d?, high-spin
d’) ground sates and to rationalize on this basis their spectra and
structures. Because the ground state energy splitting and the finer
structural details of these complexes are not known from experi-
ment, we used DFT results as a data base to deduce these quantities
from first principles. An analysis of the DFT data in terms of the
Tg ® (gg + T2g) vibronic coupling model then allows one to deduce
the otherwise inaccessible vibronic coupling parameters.

The general procedure of obtaining the vibronic coupling and
force constants from DFT via the relevant distortion parameters and
Franck-Condon transition energies is outlined in Sections 2.2-2.4
for the Tg ® Tog, Tg ® £ and Tg ® (&g + Ty, ) Vibronic interactions and
is related to the one in [100]. It is extended to the E; ® &g cou-
pling case in Section 2.5. The derived equations refer to the Z(S)ng,
2(5)Eg ground and excited states, respectively, of d' (high-spin d®)
cations - Sections 3 and 9.1 - and to the d? (high-spin d7) con-
figurations with 3(“)Tg—type ground and excited states, which are
treated in Sections 5.1-5.3 and 10.1. A critical discussion, con-
cerning the discrimination of certain DFT data with respect to
their usability in the vibronic coupling and ligand field calculations
is given in Section 3.1. Besides the mentioned electron configu-
rations the excited T, states of octahedral Cr3* and Cu®* were
analysed. Because the ground states are orbital singlets in these
cases, the coupling and force constants had to be deduced from
DFT data on carefully selected excited state configurations (Sections
6.1, 6.2 and 11). Neglecting higher-order coupling contributions,
the following relations between the linear coupling and force
constants (Tg ® &g interaction), and the DFT-deduced radial dis-
tortion parameters and Franck-Condon transition energies within
the Tg ground state splitting exist [100] at the absolute minima
of the adiabatic Bys(T2g) and Ag(T1¢) potential energy surface for
d1,d® (high-spin)and d?,d” (high-spin), with pI" = pS™ and pg™,
respectively:

_ 2 Erc(Dap).

2 Epc(Dgn)
30 0 e

3 (oY
and, similarly, in the Tg® Ty coupling case for an Aqg(T) or
Apg(Tig) ground state, with oI’ = p™ and p$™, respectively:
2 Epc(D3q), K2 Erc(D3q)
— -S4 = 2 2R3
3o 9 ()
While Eq. (69) turns out to be exact in the considered cases
(L¢ =0), expression (70) is only approximate, because here the

second-order coupling constant X; is of significant magnitude
(see Table 2, for instance). If the D,,* stationary points are con-

Ve (69)

|7A (70)

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 + Ty ) vibronic coupling are: p" = pg™ (Dyp) (d") or p<m
(Dg4p) (d?) and p™ (D,y,*) in both cases; the transition energy incre-
ments in D,y * (see Fig. 4d), to be substituted into Eqs. (69) and (70),
are as follows (d'-nomenclature):

Erc(Aan) = Erc(Bsg — Ag) — 3Erc(Bsg — Bag)
Epc(D3q) = Epc(B3g — Bog)

The DFT calculations show indeed, that, according to the
premise, the higher-order coupling is weak or even vanishing; W
- which couples the T, 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 Ty ® &g vibronic interaction
are clearly the absolute minima in the case of the analysed fluoro- and
chloro-complexes of the 3d-M"! cations from Ti to Cu.

For the furthermore considered vibronic Eg ® &g interaction in
the tys3eg! and tyg®e,! ground state configurations of octahedral
Mn3* and low-spin Ni** (and in the excited Eg states of d! and
dS(high-spin) as well) the approximation of linear vibronic cou-
pling yields (Section 2.5):

(71)

Ar(+ArpFm) = 7(1/2)%9415) (72)
(1/2)Epc(Dgp°)
Ke(-Ap) = ————
’ (o5mY?

The higher-order addition is given in parentheses; it stabilises,
via the 3d,>-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
A, may have magnitudes up to nearly 25% of those, stemming from
Aq.

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 (T, or Tyg). For exam-
ple in the case of octahedrally coordinated Til! (d!) one electron
is evenly distributed between the dy;, dy,; and dy, 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
Dyy, or D3y symmetry, electronic transitions within the Tg ground
state involve a doubly degenerate excited split state (eg! in the
given example). For the energy calculation one has of course
to employ the relevant structural properties in D4, or D3q4, but
may use an electron distribution according to the lower Dy, or Cs
symmetry, where eg splits into byg and bsg 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 (Ejr(Dyp, or D3g)), 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 Ejr 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 E; 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{(= E; — Eq)y) €nergies, because
the electrostatic solute-solvent interaction (Eg,) iS not associ-
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ated with the local properties of the MUXg3~ centres, which

we are interested in d-d spectroscopy [44]. However, because
the solvent energies are frequently subject of casual fluctua-
tions, as here — due to the rather large negative charge on the
solute - we chose the total energies in our calculations. Since,
in the consideration of vertical Franck-Condon transitions, the
assumption is met, that Eg,, does not change essentially dur-
ing the excitation, the introduced inaccuracy is only small. As
one may infer from Tables 6a and 6b, for example, the coupling
parameters, derived from the DFT data base, are possibly slightly
overrated.

12.2. DFT and interelectronic correlations

The deficiency of DFT to reproduce the parameters of interelec-
tronic repulsion, as they emerge from experimental d-d spectra
via the application of ligand field theory, will be critically anal-
ysed now. d-Electrons in transition metal complexes are localized
und subject to strong correlations in their motion. In the dynamic
correlation, electrons avoid each other instantaneously, occupying
to maximum extent different regions in space. This kind of corre-
lation is well accounted for by utilising the exchange-correlation
hole, intrinsic for the Kohn-Sham formulation of DFT. The static
correlation is either completely neglected in a single determinant
DFT approach, or considered in an effective way by an appropri-
ate choice of the exchange-correlation functional. In ligand field
theory, the mixing of Slater determinants via interelectronic repul-
sion accounts for this type of d—d correlation. The DFT-based ligand
field model (LFDFT) [96] takes advantages of both, DFT and ligand
field theory. LFDFT uses the complete set of Slater determinants,
thereby comprising the various distributions of the d-electrons
over the available molecular orbitals. The energies are derived
utilising a common set of such orbitals, obtained in an average-of-
configuration DFT calculation (AOC-DFT [102]). These energies and
the explicit use of the composition of the 3d orbitals, expressed
in terms of corresponding standard basis functions (dxy, dy;, dxz,
d dX27y2 ), yields both, the Racah parameters of interelectronic
repulsion (B and C) and the (5 x 5) matrix of the ligand field [96].
In difference to common other parameterizations, as in the angular
overlap model (AOM), the crystal field theory (CFT) or combina-
tions of these, the AOC-DFT approach, yields all parameters from
first principles without additional approximations (such as param-
eter additivity and transferability in AOM); it also allows to describe
low-symmetry complexes and avoids overparameterization. While
values of the ligand field matrix elements are obtained in a quality
comparable with experiment, the parameters Band Care drastically
underestimated with current DFT exchange-correlation function-
als. This is no severe draw-back in the context of this contribution,
because B and C are usually available from the d-d spectra or can
be rather well estimated from Jergensens rules in respect to the
nephelauxetic effect and its factorisation. We have applied LFDFT
and critically evaluated the method in the case of the NiFg3~ poly-
hedron in the low- and high-spin state, performing calculations
with the complete set of Slater determinants and with a small set
of these, restricted to only weakly excited electron configurations
besides the ground state (Section 10; Table 18b). The nephelauxetic
effect, as formulated by Jergensen [10], is of sophisticated nature
and utilises the spectroscopic experiment and ligand field theory. It
comprises two components - the central field covalency, which is a
“cloud-expanding” effect, based on the participation of all electrons
of the central cation, and the symmetry-restricted covalency, which
involves d-electrons exclusively. The latter implies a larger reduc-
tion of B and C in magnitude, if interelectronic repulsion between
the somewhat delocalised eg(o) electrons than between the rather
localised ty¢(r) electrons is involved — an effect born out from spec-
troscopic experiments. This concept of a differential covalency effect

2,

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 1s for fluorine and chloride were used.
A series of test geometry optimizations on MnFg3~ in its ground
state configuration eg?byg'asg! in Dgp®, 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 (aay) and Jahn-Teller distortions (of'), 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 TiFg3~ and VFg3~, 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 Dyp, D34 and D, ™ 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 (MXg3~) 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 (¢ =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 V! 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
Ke, 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 M"'-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 toinclude 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 NiFg3~ the vertical high-spin/low-spin separation energy
ngf‘l 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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Coupling parameters and force constants K, - excited state values K,' in italics - for the Ty ® £¢ and Eg ® &g vibronic coupling in M"'Xg3~ octahedra (X =F~; for CI~ in brackets);
the radial distortion and the JT stabilisation energy in the given ground states are also listed (see text). Data for Cr'" and Co™" originate from excited states, and for Ni'" also

the high-spin alternative was analysed.

M]]] Ti“[ V]]]a Cr]]] Mn[[[ CO”] Ni[[[a Cu[[[
Ve [eVA-] 0.82[0.27] 0.89[0.33] 0.7[0.25] =075 0.65 0.68 ~0.2
A; [eVA-1] 2.25[1.80] 2.0[11] 1.8[1.0] 2.00[1.35] 2.00 2.05 12
A, [eVA2] 1.1[1.2] 0.9[0.5] 0.8[0.4] 0.70[0.5] 0.8 0.90 ~0.7
K [eVA~2] 9.9[5.4] 11.9[6.2] (12[6])° 9.1[5.0] 8.1 12.7¢ (7)
7.8[5.0] ~7.6[~3.7] 7.5[3.5] 75 7.7 10.8 =55
Epr [eV] 0.034[0.006] 0.033[0.008] b 0.26[0.23] 0.026 0.194 —d
o [A] 0.083[0.050] 0.075[0.053] b 0.26[0.34] 0.081 0.189 _d
Ground state 2Toe 3Tig 4Azg SEg 5Tag 2Eg 3A2

2 Without configurational mixing.

b Magnitudes, utilizing the estimated ground state force constant K, = 12[6] eV A2, are: Ejr=0.02[0.005] and 0.16 [0.10] eV; p* = 0.06[0.04] and 0.17[0.19] A-forT;® &g

and Eg ® £, vibronic interactions, respectively.

¢ K, for NiFg>~ in the hypothetical *Tg high-spin ground state is 8.6 eV A2, yielding Ejr =0.027 eV and p™ =0.079 A.
4 Magnitudes, utilising the estimated ground state force constant K, =7 eV A2, are: Ejy =0.003 and 0.13 eV, p, =0.03 and 0.21A - for the Ty ® &4 and Eg ® &, interaction,

respectively.

change in the interelectronic correlation and repulsion during a
spin-flip, and found the hybrid functional BILYP to be a good choice
(Supplementary material B3, Table B5). This is, however, a rather
fortuitous result - and not of essential help.

12.4. d-d spectroscopy and experimental

Finally, some critical remarks in respect to the determination
of the band positions in the d-d spectra are necessary. Because all
used and quoted spectra are from powder reflexion data (between
298 and 77K, exceptionally at 4K) and hence absolute intensities
were not available, the optical transitions were located according to
the absorption envelope. This procedure is surely subject to errors
in the case of energetically closely neighboured split bands, but
should not touch the gross results too much. Wherever the ener-
gies were controlled by DFT, there was agreement within a rather
narrow error limit. Exceptions are clearly the broad-band spectra of
solids AITilllF,, where the excited state splitting can only be roughly
estimated, even at 77 K (Fig. 18).

Concerning the preparation of the solids, dealt with in this con-
tribution, we refer to the given literature (see for instance [59])
- but generally remark, that the experimental effort is mostly
large, and furthermore, that the handling of the mostly air- and
moisture-sensitive solids for the structural and optical studies
affords considerable care.
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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, Ejr energies
and pg values are obtained for each d" 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 d" configurations, we
used always the ground state force constant K, in these calcula-
tions (see Fig. 42). For Cr' and Cu', K, was estimated in respect to
the parameters of VI and Nil! (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 o and Ejr on the respective
d" configurations for each type of vibronic coupling is displayed.

In the series from Ti' to Ni"'(high-spin) and considering Tg ® &g
coupling first, one observes the expected dependence of ps and
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Fig. 42. The dependence of the JT stabilisation energy Ejr (in eV) and of the extent of the radial distortion o' (in A) on the occupation number n of the 3d" cation in M!Fg3-
octahedra - for Ty ® &4 and Eg ® &g vibronic coupling, respectively. Also for the evaluation of those data, which refer to excited states, always the ground state force constant
K. was employed (see text).
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Ejr on the number of d-electrons — a decrease from the occupa-
tion tpg! toward ty¢3, an increase when adding eg electrons and a
decrease again, if further tg electrons are added; the enhancements
in the step from d3 to d* obviously mirror the more pronounced
antibonding character of the eg electrons, while the reverse effect
is seen, when moving from high-spin to low-spin Ni''. The main
reason for the phenomenon seems to be a pronounced reduc-
tion of the force constant, if an eg electron is added (d® — d*:
Ke~12—9eVA~2; low-spin to high-spin d7: 12.7 > 8.6eVA~2
- see Table 20). Accordingly, the dependencies in Fig. 42 are
similar to those obtained, if the M jonic radii are looked at
(Tables 16a and 16b), and well-known to experimental chemists.
The linear coupling parameters V¢, reported here for the first time,
decrease steadily from Ti'' to Nil' and indicate an enhancement of
the bond covalency, which nicely correlates with the increase of
the Ml electronegativity in the same sequence - this phenomenon
was thoroughly discussed in Section 8. Analogous, though much
more pronounced p. and Ejr effects are observed in Fig. 42 for
the case of Eg ® €5 coupling. However, the numerical values of
A1 do not vary perceptibly in dependence on the finer covalency
effects justdiscussed, possibly because the A; parameters are rather
approximate, due to the inability of DFT to reproduce the 3d,>-4s
interaction exactly. Very striking is the enhancement of the bond
covalency, when proceeding from Ni'l to Cu!'" (Section 8); in par-
ticular, V, decreases dramatically, but also Ay is reduced by 30%.
The large A;/V, ratio for the M"Fg3- octahedra (M'!: Ti-Ni) of
3.2(5) indicates, that the vibronic interaction between the g mode
and a o-antibonding Eg state is considerably stronger than the
one with an only m-antibonding T, state. The ratio between the
corresponding JT-energies is, with about 10, the square of this
number.

Also interesting is the analysis of the coupling constants,
if chloro- are compared with the fluoro-complexes. While the
A1(Cl7)/A1(F~)-ratio is 0.68(12), the Vg (Cl~)/V¢(F~)-ratio is, with
0.35(2), only half in magnitude. Both values indicate the expected
ionicity decrease of the metal-halide bond, if F~ is substituted by
the softer Cl~; on a finer scale, the m-antibonding properties are
affected to a considerably larger extent — r-overlap becomes com-
paratively more effective in the longer bonds of the polarisable CI~
ligand. Due to the distinctly smaller force constants in the M"Clg3~
octahedra, however, the radial distortion parameters and also the
ground state stabilisation energies are near to the values in the
fluoride case, if Eg ® g¢ coupling is considered. In contrast, the JT-
energies are - for Tg ® &g coupling — much smaller for the chloride
complexes. This observation moreover explains the easy formation
of M'Cl52~ complexes, where an enhanced ground state splitting
is achieved via the loss of one soft axial ligand - which is observed
for Mn'll,

The absolute minima of the adiabatic potential surfaces for
Tg ® (eg + T2g)-type vibronic interactions are those, which charac-
terise purely tetragonal polyhedron distortions (Tg ® &g coupling).
D34 minima, originating from Tg ® To¢ coupling solely, are sad-
dlepoints, and this holds also for the extremum points of Dy,*
symmetry; here, the higher-order vibronic coupling term W, which
results from the interaction of coupled (&g + T5¢)-type motions with
the electronic Ty parent ground state, is vanishing. This is most
probably so, because the coupling to the gg- dominates by far the
interaction with the Tp,-mode. The given general statement is valid
for both, the fluoride and - even more pronounced - the chlo-
ride complexes of the 3d-M'! metals. A recent investigation [100]
on pseudo-octahedral cyanide complexes of Tilll, VI and low-spin
Mn!, Felll shows, that this is not necessarily so. Here, only for Till!
Ejr(Dg4p)is largest, while for the other polyhedra Ejr(Dsq) is reported
to dominate in energy. However, the JT stabilisation energies are
very small in these cases, with magnitudes around 100(40)cm™!,
as one might indeed suppose in view of the pronounced

covalent character of the M!"—CN~ bond with back-donating
-properties.

Fascinating compounds are elpasolites with NiFg3~ polyhedra,
first prepared by Klemm and Hoppe [104], in which Ni'l appears
in the low-spin state. The application of DFT allowed here to con-
struct the adiabatic potential energy curve of also high-spin Nill!
[99], whose minimum is calculated to be located about 100 cm™!
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 Ai, Vg, A, K¢, which have the dimension of
an energy, and on dimensionless vibrational coordinates Q; (i=0,
g), in the Ty ® &g and Eg ® &g coupling cases. However, because in
this study pe 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’ZAM"IFG were assumed to con-
tain isolated M"(F;)s3~ 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 M"(F;)¢3~ octahedra with orbital
singlet ground states (M = Cr'!l and Fel!, Cull(both high-spin) or
In'!, Gal! for example). Fig. 11 substantiates by the d-d spectra of
mixed crystals CsyNa(Iny_4Tix)Fg, that the premise of very weak
elastic coupling between the TiFg3~ polyhedra is satisfied: the split-
ting of the excited Eg state comes out to be independent on x.

If one proceeds to compounds AM"F, with structures based
on M"(Fy)4(F),~ octahedra, which possess common bridging lig-
ands (Fp) 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 F,- in comparison to F-
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 M""F; with M"(F;)s 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§ and Aj increments, supplementing V, and A,
valid for the M!!l(F;)g3~ 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 A'M'F, containing Ti' and high-spin Co™ with T, ground
states, the Ks/K. ratio is rather large with 0.39(2) and indicates a
pronounced soft mode behaviour of the ag4(gg) vibration toward
a tetragonal compression. The binding strain contributions via V§
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and A3, on the other hand, if four equatorial F; ligands are replaced
by F,, amount to 24(8)% and ~28(5)% (derived from excited states),
respectively. These numbers yield - if transposed into correspond-
ing Ejr ratios - an enhancement of about 59%, which is larger than
the increase by the elastic strain. Though both types of strain-
increments (Vg, A} and K;) indicate a considerable perturbation
of particularly the Ty ® &g vibronic coupling landscape, they are
still perceptibly smaller in respect to the situation, characterised by
Ve, A1, A; and K¢ solely. Accordingly our approach, to consider the
first-order JT effect as the basic phenomenon for the ground state
stabilisation, is surely justified. Nevertheless, in the Ty ® &g cou-
pling case, the total strain effect more than doubles the JT-energy.
Aninteresting result for V!l is, that possibly an orthorhombic defor-
mation of the trans-configured V(F;),(F,)s~ octahedra in solids
AVI'E4 occurs (Tables 4 and 5; Fig. 22), because here - in contrast
to the situation for Ti'l and Co"! - strain and JT coupling act in ster-
ically different directions. Furthermore, though the error limit is
considerable, we could even derive vibronic coupling increments
A3 and V; for the trans-, and also for the cis-Cr!!l(F;),(F, )4~ octa-
hedra in solids ACr'''F,, with magnitudes not far from those, just
discussed (Table 5). In the case of the trans-Mn!!!(F;),(F;, )4~ enti-
ties in compounds AMn''F, finally, sufficient experimental data
are available for exact calculations within the splitting of the 5B1g
ground state in Fig. 31. The deduced Ks/K. and A3 /A ratios of 0.34
and 0.18, though smaller, still lie acceptably close to the values
for the complexes with Tg ground states (Section 7, Table 13); the
@-dependence of the 5Bg ground state potential surface (in D,p,)
is displayed in Fig. 31. We refrained from performing DFT calcu-
lations, using sections of the AM"F4-structure centred around the
basic M"(F¢),(F, )4~ octahedron, because the choice of such clusters
is rather arbitrary, unless the translational symmetry is properly
accounted for - affording more sophisticated calculational proce-
dures (see the following subsection).

The advantage of the proposed strain model is, that the newly
defined vibronic parameter increments bear direct significance in
respect to observables, such as the polyhedron structures and JT
stabilisation energies - a draw-back is, that more unknowns, origi-
nating from the elastic and binding strain have to be fitted, instead
of one global constant in Hams approach [41]. We add, that the
novel strain concept is flexible enough, to account - via Ks - not
only for the modification of the elastic properties, induced by local
rearrangements within the basic polyhedron (for example by the
substitution of F¢- by Fy-ligands), but also for changes, introduced
into the lattice via the cooperative-elastic coupling between the JT-
distortions of the single polyhedra - giving rise to long-range ferro-
or antiferrodistortive order phenomena.

13.3. Recent theoretical and computational approaches

This contribution is sited in solid-state coordination chemistry,
with the aim to use DFT results as a data base, wherever these
turned out to be reliable. Also, only stoichiometric (not doped)
compounds were considered, always close to the chemical real-
ity - restricting to halide compounds of the M!!(3d) series and host
structures, which are suited to serve as model systems. Though not
directly related to this thematic, we shortly focus our attention on
some novel trends in the field of JT-coupling with a closer refer-
ence to theoretical and solid-state physics. We shortly comment
on Cu?*-doped fluoride hosts, because the formal treatment on a
molecular level is identical with that in Sections 7.1 and 7.2 for
high-spin Mn3*, possessing a d* configuration (a spherical d° shell
is the difference). Interesting indeed are here the results of clus-
ter computations [107], performed on Cu2*-doped K,Zn(Mg)F,, for
example. The respective layer structure resembles closely that of
TIAIF, in Fig. 16 - with pseudo-octahedral Zn(F),(F;,)4 host sites,
subject to elastic and binding strain increments due to the pres-

ence of bridging ligands in the molecular xy-plane. These sites are
tetragonally compressed at very low doping levels, possessing a
d,> ground state, but with a distinct delocalisation toward d, >
[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 Cu%* - but the com-
puted energy gap toward the elongated Cu(F;),(F},)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 Cs,CuCl4 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(F;),(F,), octahedra in
the K;ZnF,4-, but also in the BayZnFg-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 Cu?* 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 O, symmetry — as Cu?* in MgO [113]. The phenomena, if
Cu?* occupies octahedral sites, however, where the volume of the
substituted cation exceeds by far that of the dopants, are still less
well understood (Cu2*/Ca0, Sr0) [114].
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Appendix A.
A.1. The T® (g +13) coupling matrix

The general vibronic Hamiltonian is, up to second order:
1 2 2y, 1 2 2 2
H = [5K:(0] + Q)+ 3K(@ + Q3 +QD)| 1
1 1
+ |Vey + 5102 - @) - 7L:(202 - 0F - @) Gy

+ [ VeQs +LoQoQs ?LT(Q,; - Qﬁ)} Ce

+ | VaQs + X:QnQ + W (—;Qe + ?Qs) Qg} G

1 V3
+ VTQT] +XTQ§Qg +W <2Q9 - ZQE) Q’T]:| C"]

+ [V2Qg + X+ Qs Qn + WQ Q€

The basis of the matrix representation is T1q, T1g, T1y OF Tyg, Toy,
Ty, using Griffith’s standard notations. I is the (3 x 3) unit matrix,
and the G (j=9, &; & m, {) matrices, containing the appropriate



D. Reinen et al. / Coordination Chemistry Reviews 254 (2010) 2703-2754 2751

coupling coefficients, are defined as:

1 V3
3 00 -5 00
G=|g 1 of G- %
03 0 0 S0
0 0 -1 0 0 0
00 0 0o o -1 o -1
1 2 2
=100 -5 ¢,=|0 0 0| =1
Ce = 2 mn= (= -5 0 0
1 1
0 5 0 5 0 O 0 0 0

K and K; are the harmonic force constants, V. and V; the lin-
ear JT vibronic constants for the T® € and T® T, direct products,
respectively. W is the quadratic constant arising from the coupling
between T, and & vibrations, and L., L; refer to quadratic cou-
pling constants resulting from the non-totally symmetric part of the
e®e¢e and T, ® T, symmetrized direct products. The second order
coupling constant X; is non-diagonal within the T, ® To¢ direct
product and couples different components of the active vibration.
All constants are obtained from the corresponding many electron
wavefunctions.

We have, contrary to the usual convention - for the sake of a
better overview of the coupling constants in the various interaction
mechanism - reduced the C¢, Gy, C; matrices by a factor of 1/2. Here,
for example in the T® Ty (D3,¢) and T® & (D4y€) coupling cases
of a d! cation, a direct comparison of the m-antibonding effects is
possible when inspecting the first-order relations (Fig. 4):

1

1
Eyr = EVTpT =8," and Ejr = 2 Vepe =82

A.2. VIVOX53~ impurity centres

The presence of VIVOXs53~ centres (X=F~, CI7) in elpasolites
A,'AVXg (Fig. A1) depicts the d-d spectrum of the elpasolitic mixed
crystal K,NaTige'VVg1"VOFs. The tetragonally compressed d!-
polyhedron of C4, symmetry gives rise to a pronounced Jahn-Teller
splitting of the parent Zng ground state. We assign the high-

K ,NaTiggVg}OF,

v (10%cm™)

Fig. A1. The d-d spectrum, referring to the colour centre.

DPPH

K,NaTiggV1OF;

V=34.37 GHz ; H{DPPH)=12262G

9=1.937
Ay =176-10" em™!

2+,
VO in Cs,NaVF;
V=35.11 GHz;; H(DPPH)=12527G

9n=1.849 [Ay|=17010"*em™!

A N L O O

o~

H(G)

Fig. A2. Q-band EPR spectra of the solid in Fig. A1 and of VIVOFs3~ as an impurity
centre.

intensity band at 9500cm~! to the 2B, — 2E transition (=36;); it
appears in the spectra of the vanadium(lIll) fluoride-elpasolites
at nearly the same energy, obviously due to the presence of a
VOFs3~ impurity centre (see below) (Fig. 20).The much weaker
band at 15,800 cm™! is accordingly the 2B, — 2B; excitation (AE),
which vanishes under the 33T;g — 3T»4 band-envelope of V(III). The
2B, — 2A; transition is expected at >40 x 103 cm~!.

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 VI!
elpasolite. They are largely identical, confirming the presence of
VOFs3~ 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 d! cation in the byg MO into binding parameters
[115], and further parameter choices [43] are given below.

vIVO™ centre - dyy ground state: y = a dyy - B Lyy

Bgl| =2.00; - g = 8k CY/AE  Bgi =2.00; - g, = 2k, *Ce/38; (L, =250 cm™)

4 2 3 2 2 11
A =P {(x+ 2)ot- 25g, - 5g AL=P {(k- 2)a?- —5
I {-(x 7)“ 708 h 1=P{-(x 7)(1 1 g1}

Meaningful results are only obtained with negative hyperfine
tensor components:

P=170-10" cm™ K2NaTios" Vo1 OFs = k; = 0.7, k, = 0.8;

k=10.78 Ay=-176, A,=-64- 10" em™ and o = 0.84

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 VIVOZ* impurities
(Fig. A3). From the well resolved A hyperfine structure and the
g-values a MO coefficient o = 0.80 is calculated. This indicates the
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2+
VO™ 'in Rb,NaVCl,
V=35.17 GHz ; H{DPPH)=12542G
|Ay|=160-10"*cm™
—

|
911=1.934

12437 12629 12821 13013 13205 13397 13589 H(G)

Fig. A3. Q-band EPR spectrum of impurity centres in V'-chloride-elpasolites.

expected larger m-electron delocalisation in the VCly-plane. A, is
about —60 x 10~4cm~! and responsible for the weak additional
spectroscopic features between the second and fifth A-hyperfine
lines.

VOX53~ impurity centres are also indicated in the IR spectra of
VIl elpasolites; here, a sharp band at =940cm~! appears, which
is tentatively assigned to the V!V-0 vibration. This band is also
seen in the IR spectra of fluoride and chloride alpasolites of Ti'l (at
~910cm~1), where the Ti'VOX5 centre is otherwise silent in EPR
and the d-d spectra.

A.3. Vibronic coupling in the Cr(X¢)s> (X=Cl-, F~) octahedra, as
derived by DFT

1. Energies and p-values for the minimum positions of the excited
state adiabatic potential energy curves for the following MO con-

figurations in D4y, (parent configuration in Oh:tzgzeg1 ):

4Byg (eg2b1g') — Dgp

E:€ *Ké/)g + A+ Veps — (A1 — A2 02)0e
cm o Al — Ve
Pe = K24,

4Arg(eg?arg!) — Dgp®

1.,
E® = 5 Kip2 + A +12B — Vepe — (A1 +A20¢)Ps

em A1+ Ve
& K’ 2A;

1
4Eg(eg!byg arg!') — Dap®

1 1
Es® = EKQ,O?E +A+3B+ ivsps — (A1 +A20¢)pe
pem — A —1/2Vg
& K —2A;

4Eg(eg'byg'big') — Dyp

1, 1
Es® = 5K 07 + A+ 9B — 5Vepe — (A1 — Appe)pe
am _ A1 +1/2V,
e K. +2A,

2. Franck-Condon transitions between:

482g and 4A2g .

Erc® = E5 — E1“(at p§™) = 12B + 2(A; — Ay pT™)pg™

4Argand By

Erc™ = E;© -

Ex®(at pg™) = —12B+ 2(A1 + A 05 )™

The four energy equations under 1. are diagonal energies of the
matrices (52), with the substitutions:

28y = Vepe(Le = 0)

261(87) = (A1 + (—)A20¢)pe

where (81; p§)and (§1'; pg) 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 Dy, compression. The results of the DFT calculations
are summarised in Table 10. Because we had to use one energy
connected with an a1g1 configuration, the parameter A, might be
slightly erroneous, due to a not necessarily correct consideration of
the 3d,,-4s interaction (vide supra) by DFT, particularly in the case
of the chloride polyhedron.

A4. Analysis of the 2Eq(d”) ground state splitting in Dy,

In the following we list the MO configurations in Dg4;, 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
281g matrices, and to the energies of the lowest two By, states, after
diagonalisation with respect to the tetragonal ligand field component.
For the optimisation with respect to the radial dlstortion parame—
ter, the restoring energy ((1/2)Ksp2 and (1/2)K.p for the tyo%eq
ground and the t2g5eg excited state conﬁguratlon respectively)
has to be added to the listed ligand field energies:

A
D4he;2A1g(eg4b2g2a]g1) = E = —(A1 + A2 08)0sS; pet™ = e _12A2
2 2, 4p 1 . A
D4hc. B1g(b2g Eg b1g )=> E = —(A] —Azpsc)psc, pscm = m
D4he N Epc(zAlgﬁzB]g) = 2(A1 -‘,—Azpsem)psem = 431
Dan® : Erc(®B1g—2Arg) = 2(A1 — A2 ™)™ = 48
Dan®:2Bg(eg?bag' a14%) =
2A1 +V,
E=A Vel — 2(A; +Arp,)p,C + 20B; p,o™ = S+ Ve
=K, —4A,
D4hc:282g(b2g] Eg4b1g2) =
2A1 -V,
E=A vV /C_2A _A /C : ycmo 1 €
+ Ve Og ( 1 2P )pa Pe I<é +4A2
e.p e 2 4p 1. 29y _
D4n© @ ErcS( A1g—> Bzg[Eg b2g dig ]) = A —28; — 25, + 20B

Epce(2A1g—>2B2g[eg4b2g]blgz]) =A+ 681 — 262
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We are aware, that the utilized Franck-Condon energies involve
excitations with the participation of the a;g orbital and may give
rise to small numerical errors in the magnitude of A, (see text).

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ccr.2010.04.015.
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