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The EPR single-crystal and powder spectra of mixed crystals of (3-chloroanilinium)8(Cd1-xCuxCl6)Cl4 are measured
as a function of temperature andx and analyzed with respect to the geometry and bonding properties of the CuCl6

polyhedra. These undergo strong distortions due to vibronic Jahn-Teller coupling, with the resulting tetragonal
elongation being superimposed by a considerable orthorhombic symmetry component induced by a host site strain
acting as a compression along the crystallographica axis. This strain becomes apparent in the cadmium compound
(x ) 0), whose crystal structure is also reported [a ) 8.701(2) Å,b ) 13.975(2) Å,c ) 14.173(2) Å,R )
81.62(1)°, â ) 72.92(1)°, γ ) 77.57(1)°, triclinic P1h, Z ) 1]. A calculation of the ground state potential surface
and its vibronic structure nicely reproduces theg values, Cu-Cl spacings, and ligand field data. At high copper
concentrations (includingx ) 1), the CuCl6 polyhedra are coupled elastically, with the long axes of neighboring
polyhedra having perpendicular orientations. The elastic correlation presumably is not of the long-range
antiferrodistortive type, however. Above about 55 K, the angular Jahn-Teller distortion component becomes
dynamically averaged within the time scale of the EPR experiment, leading to local tetragonally compressed
CuCl6 octahedra.

Introduction

A previous crystal structure determination of (3-Cl-an)8-
[CuCl6]Cl4 (3-Cl-an) 3-chloroanilinium) indicated a CuCl6

4-

complex with twotransCu-Cl bonds significantly shorter than
the other four.1 The g tensor of this compound is tetragonal
with g| = 2.04 andg⊥ = 2.23, the symmetry axis being parallel
to the short Cu-Cl(3) bonds (Figure 1). Initially, these data
were interpreted1 in terms of a complex with a tetragonally
compressed geometry and a dz

2 ground state, and the significant
shift of g| from the free electron value was explained in terms
of a vibronic admixture of dx2-y2 via a vibration of the form
illustrated in Figure 1a. However, a subsequent detailed analysis
of the temperature dependence of theg tensor and electronic
spectrum2 showed that, at the local level, each complex has an
orthorhombically distorted, tetragonally elongated, octahedral
geometry (Figure 1b), with the long and intermediate Cu-Cl
bonds in dynamic equilibrium. It was suggested2 that elastic
coupling between neighboring complexes probably produces
domains of complexes having the long and intermediate bonds
aligned in an antiferrodistortive order pattern,3 although the
extent and possible dynamic behavior of these complexes at
higher temperatures remain uncertain.
Unfortunately, even at 4 K the EPR (electron paramagnetic

resonance) spectra of the individual complexes could not be
resolved, because intermolecular electron exchange is faster than
the EPR time scale. However, EXAFS measurements at 10 K
revealed that a static disorder is present at low temperatures

with local Cu-Cl spacings of 2.28(1) Å (2x) parallel to [100]
and 2.38(2) (2x) and 2.83(5) Å (2x),4 in perfect agreement with
the estimations from the vibronic coupling model based on the
EPR results.2 The 293 K X-ray structure determination1 yields
compressed CuCl6 octahedra with bond lengths of 2.28 (2x) and
2.61 Å (4x), representing an averaged geometry according to
the dynamic or static disorder alternatives illustrated in Figure
1. The underlying elongated geometry, as calculated from the
ellipsoids of the thermal motions of the equatorial Cl- ligands
and Cu2+ in the (100) plane,2 again matches nicely with the
Cu-Cl spacings derived from EXAFS spectroscopy4 and the
vibronic coupling model.2

Although very recently5 the structural determinations were
extended down to temperatures as low as 156 K, no evidence
for structural changes was obtained. The space group, unit cell
dimensions, and Cu-Cl bond lengths calculated on the basis
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Figure 1. Geometry of the CuCl64- polyhedra in (3-Cl-an)8(CdCl6)-
Cl4salternative hypotheses: (a) tetragonally compressed octahedra,
perturbed by vibronic coupling. The motions of the Cl- ligands in the
crystallographic (100) plane are illustrated by two types of arrows. (b)
The two alternative elongated geometries.
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of a static disorder model did not change compared to the results
obtained at 293 K, aside from the expected small shrinkage
effects caused by the lowering of temperature. Hence, the static
disordersif presentsis expected to be of the short-range type,
because superstructure reflections are not observed.
The geometric situation as depicted in Figure 1 is explained

as originating from the interplay between the tendency of Cu2+

to create a tetragonally elongated octahedral geometry (higher
order vibronic Jahn-Teller coupling) and a host lattice-induced
strain acting as a tetragonal compression along the crystal-
lographic [100] direction.2 The corresponding vibronic coupling
model is illustrated in Figure 2 and will be discussed in greater
detail in the following. That the presence of a strain with the
sign of a compression is characteristic for this type of structure
is documented by the geometry of the NiCl6 polyhedron in the
corresponding Ni2+ compound, where Ni-Cl bond lengths of
2.38 Å (2x) parallel to [100] and 2.49 Å (4x) are reported.6

This distortion must indeed be host site-specific because the
electronic ground state of Ni2+ in Oh symmetry, 3A2g, is
nondegenerate and, hence, vibronically stable.
It seemed worthwhile to us to diamagnetically dilute Cu2+

in the octahedral position to prevent exchange interactions
between the metallic centers and, hence, the averaging of the
g-tensor components. Not only does this discriminate between
the two alternative models in Figure 1, but the temperature
dependence of the EPR spectrum should also provide informa-
tion on the dynamics of the equilibrium between the structural
forms. Although we were not able to synthesize the corre-
sponding Zn2+ compound where Zn2+ possesses an ionic radius
similar to that of Cu2+,6 we succeeded in preparing the
analogous Cd2+ compound and the complete mixed crystal series
with the Cu2+ complex as both powders and single crystals.
The X-ray structure investigation yielded similar unit cell
parameters and the same space group for the Cd2+ and Cu2+

compounds. In particular, EPR measurements with variable
Cu2+ concentrations and temperatures have been performed to
elucidate the bonding properties and the geometry of the CuCl6

polyhedra in the host complex.

Experimental Section

Preparation. The complete mixed crystal series (3-Cl-an)8-
[Cd1-xCuxCl6]Cl4 could be synthesized by following preparation
methods described in the literature.1 Apparently the Cd2+ and Cu2+

compounds possess similar solubilities in water, because the analyses
of the crystallized products yield nearly the same Cu2+ to Cd2+ ratio
as that in solution. Typical analytical results are as follows [calculated
values for the solution composition (molar %) in parentheses]: N, 7.39
(7.54), C, 38.71 (38.80), H, 3.40 (3.80), Cl, 42.83 (42.95), Cu, 1.02
(0.86), and Cd, 6.47 (6.05) forx) 0.2; N, 7.55 (7.62), C, 38.89 (39.19),
H, 3.82 (3.84), Cl, 43.10 (43.38), Cu, 2.22 (2.16), and Cd, 4.27 (3.82)
for x ) 0.5. The compounds crystallized as transparent needles with
the needle axis parallel to the crystallographica direction.
EPR and Optical Spectroscopy.EPR spectra between 3.7 and 293

K were measured with a Bruker ESP-300 spectrometer at X- and
Q-band frequencies, using an Oxford Instruments flow cryostat. A
newly developed accessory also allowed the collection of powder data
continuously with the temperature at Q band (Bruker ER 5106 QT).
Electronic reflection spectra were recorded against sintered MgO

by using a Zeiss PMQII spectrometer, with a Zeiss-Leybold low-
temperature attachment.7 Reflectance data were transformed into log
k/s values according to the theory of Kubelka and Munk.8

Structural Investigation. The intensities were collected for a yellow
needlelike crystal (0.06× 0.1× 0.25 mm) at 20°C by using a Siemens
P4 diffractometer with graphite-monochromated Mo KR radiation (λ
) 0.710 73 Å) by theω-scan technique in theθ range of 0< 2θ e
56°. A total of 3996 independent reflections (Rint ) 0.00) was collected
in the index rangesh ) -9 to-1, k ) -15 to 14, andl ) -15 to 14,
of which 2597 were considered as observed [I > 2σ(I)]. Three standard
reflections were monitored after every 97 scans to standardize the
intensities. The cell parameters were obtained from 22 reflections (θ
) 95-25°). Siemens XSCAN was used for data reduction and no
absorption correction was applied. The structure was solved in the
space groupP1h (No. 2) by three-dimensional Patterson analysis with
successive difference Fourier syntheses and by full matrix least-squares
refinement onF2, with anisotropic thermal parameters assigned to all
non-hydrogen atoms. The hydrogen atoms were included at their
calculated positions with a fixed isotropic thermal parameter (Uiso )
0.08). The extinction correction was zero for this structure. The atomic
scattering factors were taken from the International Tables.9

The final residual value for the conventionalR1(F) ) ∑||Fo| - |Fc||/
∑|Fo| is 0.0448. The functionw(Fo2 - Fc2)2 was minimized with a
weighting scheme of the formw ) 1/[σ2(Fo2) + (aP)2 + bP], with a
) 0.0554,b ) 0.00, andP ) (Fo2 + 2Fc2)/3, resulting in wR2(F2) )
0.1111 and a goodness-of-fit GOF(F2) ) 0.857. The final electron
density difference synthesis showed no peaks larger than 0.520 or
smaller than-0.764 e/Å3. The crystallographic calculations were
carried out on a DEC AXP 3000/300 Workstation with SHELXTL-
Plus10 for the structure solution and molecular graphics. SHELXL 93
was used for the refinement.11

The positional and isotropic thermal parameters for the atoms
constituting the CdCl64- polyhedron in (3-Cl-an)8(CdCl6)Cl4 are col-
lected in Table 2. Bond lengths and bond angles for the same
polyhedron are found in Table 3. A full listing of data collection
parameters, positional and thermal parameters, and bond distances and
bond angles is available as supporting information.
Figure 3 shows the unit cell in stereographic projection and the

ORTEP illustration of the CdCl64- polyhedron. In contrast to the
situation for the analogous Cu2+ compound,5 the ellipsoids of the
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Figure 2. Warping structure of the ground state potential surface of
the CuCl64- polyhedron in mixed crystals (3-Cl-an)8(Cd1-xCuxCl6)Cl4
along the angular distortion coordinateφ. (a) represents the situation
for an initial Oh symmetry, and (b) is if an additional strain corre-
sponding to a compression along the moleculary axis (see Figure 3) is
present. The parameters of the underlying calculation are specified in
The Ground State Potential Surface of the Results and Discussion.
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thermal motions of the equatorial Cl(1) and Cl(2) ligands along the
molecularx andz axes are not significantly different from that of the
axial Cl(3) atom (approximately parallel toa), indicating the absence
of anomalous disorder or vibronic effects. The CdCl6

4- entity is
tetragonally compressed in an even more pronounced way than the
NiCl6 octahedron in the analogous nickel compoundspresumably due
to the larger polarizability of Cd2+ compared to Ni2+sagain document-
ing the presence of a distinct host site strain in this type of compound.

Results and Discussion

Cu2+-Doped Mixed Crystals. The CdCl6 octahedra are
tetragonally compressed, apparently with a tiny orthorhombic
distortion component superimposed, with Cl-Cd-Cl bond
angles rectangular within(1.4° (Table 3). The radial distortion
parameterF (eq 1) is=0.175 Å for the CdCl6 host polyhedron,
where theδai values (i ) x, y, z) are the deviations from the
average octahedral spacing of 2.63 Å, which is somewhat larger
than the value for the NiCl6 entity in the analogous nickel
compound (F ) 0.125 Å).

If Cu2+ is doped into the Cd2+ position in low concentrations,
EPR spectra as depicted in Figure 4 are observed. At temper-
atures above 70 K and at X-band frequency, a spectrum withg
values ofg⊥′ = 2.20 andg|′ = 2.035 is observed with a well-
resolved copper hyperfine splitting ing⊥′ and ag|′ signal that is
split into 13 components, suggesting participation of the chlorine
nuclei (see the analysis to follow and Table 4). The signal shape
is that of an axially symmetricg tensor, withg⊥′ > g|′ > g0.
The Q-band spectrum, which is more sensitive tog-tensor
anisotropies than resolving hyperfine splittings, reveals a tiny
orthorhombic symmetry component (gz′ = 2.21,gx′ = 2.20,gy′
) 2.03; Figure 4). Below 70 K, a discontinuous change to a
spectrum withg values that are typical for a tetragonally
elongated octahedron (eq 2, withφ = 0°) occurs, though the

g⊥ signal is again split by an orthorhombic symmetry compo-
nent, which is very distinct this time.

Though most polyhedra have transformed from the geometry
characterized byg|′ < g⊥′ to one corresponding to a tetragonal
elongation at=55 K, as we conclude from the temperature
dependence of some mixed crystals with different Cu2+

concentrations, a minor fraction seems to remain in the former
state even at 4 K, as is readily deduced from the respective
Q-band spectrum (Figure 4). The derivedg values aregy )
2.04,gx ) 2.09, andgz ) 2.30. Equation 2 gives the general
expressions for theg-tensor components inD2h ligand fields,
with the angular distortion parameterφ specifying the respective
geometries, including those withD4h symmetry (Figure 2).φ
) 0° (120°) corresponds to an elongation along the molecular
z (x) direction,φ ) 60° corresponds to a compression alongy,
and φ angles between these limiting values correspond to
intermediateD2h geometries.
One can interpret the EPR results on the basis of the ground

state potential surface along the angularφ coordinate in Figure
2 as follows. Without a strain influence, higher order vibronic
Jahn-Teller coupling stabilizesφ values of 0°, 120°, and 240°,
corresponding to elongated octahedra with dx2-y2, dy2-z2, and
dz2-x2 ground states, respectively.10 A strain in they direction,
with the sign of compression, reduces the saddle-point energy
atφ ) 60°, giving rise to the potential energy diagram in Figure

Table 1. Crystallographic Data for (3-Cl-an)8(CdCl6)Cl4

chemical formula C48H56CdCl18N8 formula weight (g/mol) 1495.51
a (Å) 8.701(2) space group P1h
b (Å) 13.975(2) T (°C) 20
c (Å) 14.173(2) λ (Å) 0.7107
R (deg) 81.62(1) Fcalc (g/cm3) 1.550
â (deg) 72.92(1) µ (cm-1) 11.31
γ (deg) 77.57(1) refinement F2

V (Å3) 1603(1) R1(F)a 0.0448
Z 1 wR2(F2)a 0.1111

a R1 ) ∑||Fo| - |Fc||/∑|Fo|; wR2 ) [∑{w(Fo2 - Fc2)2}/∑(wFo2)2]0.5,
with w ) 1/[σ2(Fo2) + (aP)2 + bP] andP ) (Fo2 + 2Fc2)/3.

Table 2. Positional Parameters and Equivalent Isotropic
Temperature Parameters (Å2) of the CdCl6 Polyhedron in
(3-Cl-an)8[CdCl6]Cl4

atom x y z U(eq)a

Cd(1) 0 0 0 0.0333(2)
Cl(1) -0.0703(2) -0.0678(1) 0.1915(1) 0.0413(4)
Cl(2) 0.0786(2) -0.1864(1) -0.0477(1) 0.0400(4)
Cl(3) 0.2902(2) -0.0023(1) 0.0019(1) 0.0343(4)

a U(eq) is defined as one-third of the trace of the orthogonalizedUij

tensor.

Table 3. Bond Lengths (Å) and Bond Angles (deg) for the CdCl6
4-

Polyhedron in (3-Cl-an)8(CdCl6)Cl4a

Cd(1)-Cl(3) 2.526(1) Cl(3)-Cd(1)-Cl(1) 89.66(4)
Cd(1)-Cl(1) 2.676(2) Cl(3)-Cd(1)-Cl(2) 91.11(4)
Cd(1)-Cl(2) 2.680(2) Cl(1)-Cd(1)-Cl(2) 88.82(5)

a The Cd2+ position is centrosymmetric.

F ) {2(δax
2 + δay

2 + δaz
2)}1/2 (1)

Figure 3. ORTEP drawings of (a) the unit cell of (3-Cl-an)8(CdCl6)-
Cl4 and (b) the CdCl6 polyhedron. The Cd-Cl(3) distances (molec-
ular y axis) are oriented parallel to the crystallographica direction,
while the Cd-Cl(1) and Cd-Cl(2) spacings (molecularx andz axes)
have orientations near the crystallographicc andb directions, respec-
tively.

gx ) g0 + 4ux - 2ux(cosφ - x3 sinφ)

gy ) g0 + 4uy - 2uy(cosφ + x3 sinφ) (2)

gz ) g0 + 4uz(1+ cosφ)

Cu2+-Doped Mixed Cd/Cu Crystals Inorganic Chemistry, Vol. 35, No. 13, 19963969



2b. The minima atφ ) 0° and 120° are energetically stabilized
and shifted to slightly higher and lower values, respectively, of
the angular coordinate, indicating orthorhombic symmetry
contributions. At low temperatures, if only vibronic states
within the two lower minima are occupied, octahedra elongated
along z and xswith a superimposed orthorhombic distortion
component and an admixture of dz2 and dx2 into the dx2-y2 and
dy2-z2 ground states, respectivelysshould be observed (Figure
1b), in perfect agreement with experiment. If upon temperature
enhancement vibronic states near or above the saddle point in
Figure 2b are thermally occupied, dynamic exchange between
the two minima occurs, leading to averagedg values withg⊥′

> g|′ > g0, with the symmetry axis being parallel to the
moleculary axis. Indeed, a thermal averaging of the low-
temperatureg values according tog|′ = gy andg⊥′ = 1/2(gx +
gz) nicely reproduces theg′-tensor components at high temper-
atures. This geometry may be viewed as being tetragonally
compressed within the time scale of the EPR experiment. It
reflects purely the strain symmetry, with the Jahn-Teller
coupling along the angularφ coordinate being dynamically
averaged.
The observed orthorhombic symmetry of theg′ tensor seems

to indicate that the host site strain is not purely tetragonal.
Indeed, the Cd-Cl(2) bond lengths are slightly larger than the

Figure 4. Q-band (a) and X-band EPR spectra (b, c) of Cu2+-doped (3-Cl-an)8(CdCl6)Cl4: I, 293 K (the fine structure from the 100 K spectrum
is also shown), 5 mol %; II, 4 K, 10 mol %; III, 4 K, 30 mol % (theAz hyperfine structure is also shown on a larger scale); IV, 130 K, 1 mol %;
V, 4 K, 5 mol %. The overlapping Cl- and Cu2+ hyperfine structure in thegy′ signal of IV is shown in an enlarged section (IVa) together with the
single-crystal signal observed in thea direction.
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Cd-Cl(1) spacings (Table 3). Although the difference is within
the standard deviations, it also occurs in the nickel compound5

and, hence, seems to be a real structural effect, which makes
φ(strain) slightly smaller than 60° and the two minima inequiva-
lent with a tiny energetic preference for the minimum atφ >
0°. The single-crystal EPR data give evidence that this is indeed
the case.
The needle-shaped triclinic crystal was adjusted such that the

acor abplane (which could not be distinguished in the habitus)
corresponded to the magnetic field plane in the EPR experiment,
with the singular needle axisa fixed at 0°. Subsequently, the
angular dependencies of the EPR signals were measured in the
two mutually perpendicular planes. Whileamatches the Cu-
Cl(3) direction (moleculary axis) to within 2°, the Cu-Cl(2)
and Cu-Cl(1) bonds (molecularz andx axes) deviate fromb*
andc* by less than 10°, where the latter directions correspond
to the projections of theaandbaxes into the plane perpendicular
to a (see Figure 3). The angular dependencies of theg-tensor
components at 140 K, withg|′ oriented parallel toa, are shown
in Figure 5A. They confirm the EPR powder data and also
nicely reveal the tiny orthorhombic strain component (Table
4). The corresponding angular dependencies at 4 K (Figure
5B) reveal the presence of two magnetically inequivalent
polyhedra with a perpendicular orientation of the long axes (see
Figure 5B caption), corresponding to the geometric situation in
Figure 1b, with a copper-copper distance too large to induce
exchange coupling. Theg values again match those derived
from the powder spectra (Table 4). It is interesting to note,
however, that the intensities of the two signals are significantly
different. In certain magnetic field orientations, one signal may
even vanish completely. Presumably the stronger intensity
spectrum is correlated with the long axis along the Cu-Cl(2)
bond, because the host site strain energetically favors this
geometry with respect to the polyhedron with an elongation of
the Cu-Cl(1) spacing, as already mentioned.
Before the hyperfine structure is analyzed in greater detail,

the orthorhombic symmetry component of the CuCl6
4- octa-

hedron at low temperatures is considered more closely. The
ligand field spectra of the Cd2+/Cu2+ mixed crystals at 293 and
5 K (Figure 6) are very similar to those of (3-Cl-an)8(CuCl6)-
Cl4, indicating that the geometry of CuCl6

4- polyhedra does
not change significantly upon diamagnetic dilution with Cd2+.
By adopting the assignment for the Cu2+ compound, one obtains
(5 K spectra)

Hence, we may use the orthorhombic Cu-Cl bond lengths
in (3-Cl-an)8(CuCl6)Cl4 from EXAFS or from the thermal

ellipsoids or from the vibronic model (see the Introduction) to
interpret the low-temperatureg values. They correspond toφ

Table 4. gandA Hyperfine Tensor Components (×10-4 cm-1) of (3-Cl-an)8(Cd1-xCuxCl6)Cl4 Mixed Crystalsa

x< 0.3 g|′ ) 2.033,b g⊥′ ) 2.198, 2.204;b A|′ ) 2A′[2(Cl3)] ) 38.7,c A⊥′ )
-53,-57c (X band, 100 K, values from spectral simulation) (I)

gy′ ) 2.03,gx′ ) 2.20,gz′ ) 2.21 (Q band, 293 K) (I)
gz ) 2.30,d gx≈ 2.1,d gy = 2.04;d A| ) -107 (X band, 4-10 K) (II)
gz ) 2.30,gx = 2.08,gy = 2.04;A| = -107 (Q band, 4-10 K) (II)

x> 0.8 g|
ex ) 2.04,g⊥

ex ) 2.195 (X band, 4-293 K)e
g|
ex ) 2.035, g⊥

ex ) 2.20 (Q band, 4-293 K)e

a I, high-temperature spectra; II, low-temperature spectra.b Single-crystal values:gy′ ) 2.035, gx′ ) 2.20,gz′ ) 2.205 (X band, 140 K).c At 293
K, A|′ is not resolved andA⊥′ = -47. d Single-crystal values:gz ) 2.30,gx ) 2.09,gy ) 2.04 (4 K).eSuperposition by features as observed for
x < 0.3.

a2Ag(
2Eg) f b2Ag(

2Eg): 9000 cm-1 (4EJT)

f 2B1g(
2T2g): 10 400 cm-1 (Ez)

f 2B2g(
2T2g): =11 300 cm-1 (Ex)

f 2B3g(
2T2g): 12 600 cm-1 (Ey)

Figure 5. Angular dependencies of theg-tensor components for Cu2+-
doped (≈10 mol %) (3-Cl-an)8(CdCl6)Cl4 at 140 (A) and 4 K (B, C)
(X band). (A) θ ) 0° and 90° refer to the moleculary and
(approximately)z axes for+ and *, and the 0° direction for 0 is
approximately parallel tox. (B) θ ) 0° and 90° approximately refer
to the molecularz (x) and x (z) axes for the two magnetically
inequivalent sites * (+). (C) θ ) 0° and 90° are correlated with
the moleculary and (approximately)z (x) directions for the sites+
(*). The maximum and minimum positions in the diagrams were
shifted to θ ) 0° and 90°. The measured values deviated from
these angles by 10-15°, because the molecularz andx directions are
not located in the planes of measurement (see text) on the one
hand, and because of experimental single-crystal adjustment uncer-
tainties on the other hand. In the dashed region of (B), the signal
intensity nearly vanished in the background andg values could not be
evaluated.

Cu2+-Doped Mixed Cd/Cu Crystals Inorganic Chemistry, Vol. 35, No. 13, 19963971



= 9(1)°, as is deduced from eq 3.12 With this value and the

φ ) arctan{(δax - δay)/x3δaz} (3)

experimentalg-tensor components, the orbital contributions in
eq 2 can be calculated, which are correlated with the covalency
factorskj (j ) x, y, z) by eq 4, whereú0 ) 830 cm-1 is the free
ion spin-orbit coupling constant for Cu2+ and theEj are the
preceding ligand field transition energies. Comparatively low

values ofkz = kx = 0.69 andky = 0.64 result, suggesting rather
covalent Cu-Cl bonds. With the help of the estimated value
of the angular distortion parameterφ ) 9°, the hyperfine
splittings in the EPR signals can be analyzed with respect to
the properties of the Cu-Cl bond. In the respective eqs 5,13

the δgi are the deviations from the spin-only value, and the
calibrating factorP is of the magnitude 0.036 cm-1 for Cu2+.

The expressions forAx andAy are generated ifφ is augmented
by 240° and 120°, respectively, and thei indices of theδgi are
shifted according to the sequencesx f y f z andx f zf y,
respectively. For the special case of an elongated octahedron
and a dx2-y2 ground state, eq 5a results (φ ) 0), whereR andR′
are the mixing coefficients of the metal ion and the LCAO ligand
orbitals, respectively, in the ground state MO. The Fermi

contact term isκ ) 0.43 for Cu2+ in the case of a dx2-y2 ground
state (eq 5), but may decrease if a dz2 contribution is admixed
(φ > 0).14

With the parameter setφ ) 9°, R ) 0.86, andκ ) 0.27, a
consistent account of the observed hyperfine splittings can be
given. The experimentalAz value of the low-temperature
spectrum (Table 4) is nicely reproduced (-106× 10-4 cm-1),
while Ay andAx are calculated to have the magnitudes 32 and
8 × 10-4 cm-1, respectively. Both splittings are not resolved
in the partly overlappinggx andgy signals of the powder spectra
(Figure 4), but are partly in the single-crystal spectra. In
switching to higher temperatures, a dynamic averaging process
according toAx′ = Az′ = 1/2(Ax + Az) andAy′ = Ay is expected.
In good agreement with this model and the 100 K EPR spectra,
hyperfine splittings of-50 and 32× 10-4 cm-1 (Table 4) are
calculated. One should keep in mind, however, that a descrip-
tion of the transition from the static to the dynamic disorder
just by averaging the respective parameters is rather crude. It
does not take into account the change in the electronic wave
function in the higher vibronic states, which are more strongly
delocalized along the angularφ coordinate than those localized
in either of the two minima (Figure 2).
When the magnetic field is parallel to the short Cd-Cl(3)

direction, a pattern of 13 equispaced lines is observed (Figure
4). Such a pattern is expected if the magnitude of the hyperfine
coupling with the copper nucleus (spinI(Cu)) 3/2) along this
direction is approximately twice that with the nuclear spins of
the two equivalent chlorine atoms Cl(3) (spinI(Cl) ) 3/2). Here,
the splittings due to the other chlorine atoms, and the slight
differences in splitting expected for the two isotopes of chlorine,
are not resolved. The observed relative intensities of the lines
(Figure 4, IVa) nicely reproduce the expected intensity ratios
(1:2:4:6:7:8:8:8:7:6:4:2:1). The value of the chlorine superhy-
perfine coupling constant,=19.4× 10-4 cm-1 (from spectral
simulations), is in good agreement with that reported15 for the
interaction parallel to the metal-chlorine bonds of the planar
CuCl42- complex in Cu2+-doped K2PdCl4 (23 × 10-4 cm-1),
when it is remembered that slightly longer Cu-Cl bonds should
be present in the six-coordinate complex.
As expected, a chloride hyperfine structure is also observed

in the low-temperature single-crystal signals along the molecular
x (z) andy directions, connected with the short Cu-Cl spacings.
They are only partly resolved, however, and could not be
analyzed quantitatively. All other interactions with the ligand
nuclei should be smaller and, hence, are not resolved. The
Fermi contact term in the proposed parameter set has decreased
considerably with respect to the value for a dx2-y2 or dy2-z2 ground
state and indicates a distinct 4s admixture into the electronic
ground state wave function caused by the orthorhombic ligand
field component (φ ) 9°).14 The mixing coefficientRsthough
still in a range valid for a predominantly ionic bondsis smaller
than that derived for CuF64- polyhedra (>0.9)12 with the more
electronegative fluorine ligand.
The features near theg⊥′ positions in the Q-band spectra at

4 K (Figure 4, II and III), whose intensity increases withx
(g⊥

ex), are due to exchange clusters, and the correspondingg|
ex

signal contributes to the spectral intensity atgy. These clusters
are defined and discussed in the next section. The partly
resolved hyperfine structure superimposed on theg⊥′ signals
indicates that only weakly coupled dimers might also be present
in addition to more extended clusters.

(12) Reinen, D.; Atanasov, M.Magn. Res. ReV. 1991, 15, 167.
(13) Ozarowski, A.; Reinen, D.Inorg. Chem. 1985, 24, 3860.

(14) Steffen, G.; Reinen, D.; Stratemeier, H.; Riley, M. J.; Hitchman, M.
A.; Matthies, H. E.; Recker, K.; Wallrafen, F.; Niklas, J. R.Inorg.
Chem. 1990, 29, 2123.

(15) Chow, C.; Chang, K.; Willett, R. D.J. Chem. Phys. 1973, 59, 2629.

Figure 6. Reflection spectra of mixed crystals (3-Cl-an)8-
(Cd1-xCuxCl6)Cl4: I, x ) 0.05, 293 K; II,x = 0.5, 293 K; III,x ) 0.5,
5 K. The marked d-d transitions of spectrum III are specified in the
text. The sharp features at 7600 cm-1 and below 7500 cm-1 are due
to the extended cationic frame of the compound.

uj ) kj
2ú0/Ej (j ) x, y, z) (4)

Az ) P{(-κ - 4/7 cosφ)R
2 +

δgx/14(3- 2x3 sinφ)/(2 cosφ - 1)+

δgy/14(3+ 2x3 sinφ)/(2 cosφ - 1)+ δgz} (5)

φ ) 0: A| ) P{(-κ - 4/7)R
2 + 3/7δg⊥ + δg|}

A⊥ ) P{(-κ + 2/7)R
2 + 11/14δg⊥} (5a)

Ψg ) Rdx2-y2 - R′Lx2-y2
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Mixed Crystals with High Copper Concentrations. In-
creasing the Cu2+ concentration in the mixed crystals abovex
= 0.3 washes out the hyperfine splittings in the high-temperature
spectra by line broadening due to exchange effects between
CuCl64- neighbors (Figure 7, I). Atx> 0.6 additional features
appear, which correspond to the spectrum characteristic for (3-
Cl-an)8(CdCl6)Cl41,2 (Figure 7, II and V). We may understand
the low-temperature EPR spectra as superpositions of essentially
two species: (1) statically elongated octahedra with a distinct
orthorhombic symmetry component superimposed and with the
long axis extending along the molecularz and/orsslightly less
preferredsx directions and (2) exchange-coupled pairs or
extended clusters of CuCl6

4- polyhedra possessing a mutually
perpendicular orientation of the long axes along the molecular
z andx directions (Figure 2b).
For the latter clusters, exchange coupling according to eq 6

is expected,2 leading tog-tensor components ofg|
ex ) 2.04 and

g⊥
ex) 2.19, which are in good correspondence with those values

observed here (Table 4, Figure 7) and forx ) 1.0.2 The line

widths of the respective spectra, which show the features typical

of exchange narrowing, are consistent with the presence of
magnetic interactions in the pure copper(II) compound.2 At
temperatures above≈55 K dynamical averaging is expected,
as we may infer from the EPR results for low doping
concentrations (see Results and Discussion, Cu2+-Doped Mixed
Crystals). Because dynamic and electronic exchange induces
analogousg-averaging effects (eq 6), however, we may distin-
guish between the two mechanisms only by the line shape. The
spectra forx ) 0.7 in Figure 7 (II and IV) in particular give
distinct evidence for the presence of exchange clusters, with a
strongly narrowedg|

ex signal at 10 K.
The Ground State Potential Surface. The parameters

determining the ground state potential surface of Cu2+ on the
Cd2+ sites in (3-Cl-an)8(CdCl6)Cl4 are readily calculated by
utilizing the respective equations,12which describe the influence
of linear and higher order Jahn-Teller coupling on an octahedral
Eg state in the presence of strain. They are valid under theshere
fulfilledscondition that the strain is small compared with the
linear vibronic coupling. The radial distortion parameter of the
CuCl64- polyhedra in mixed crystals (3-Cl-an)8(Cd1-xCuxCl6)-
Cl4, as calculated from the Cu-Cl bond lengths in the Cu2+

compound (x ) 1.0) utilizing eq 1, amounts toFt ) 0.61(2) Å,
while the strain-induced distortions in the Cd2+ host (x ) 0)
and in the corresponding Ni2+ compound areFs ) 0.175 and
0.125 Å, respectively. The ground state splitting 4EJT = 9000
cm-1 (see ligand field spectra) allows an estimation of the linear
vibronic coupling parameterA1 on the basis of the radial
distortion parameterFt found for the CuCl64- polyhedron, if a
proper choice for the higher order Jahn-Teller coupling terms
comprisingâ is made (eq 7).

Here 2â is the energy difference between the minima and
saddle points in Figure 2a, and we anticipate the valueâ )
350 cm-1 obtained by using the vibronic coupling model
described in the following. Withφ ) 9°, A1 is estimated to be
=6900 cm-1 Å-1. Ft, according to eq 8, is the sum of the Jahn-
Teller-induced distortionFJT and a strain contribution. With

Fs ) 0.125 Å, adopted from the Ni2+ compound, andφs ) 60°
(compression along the moleculary direction), one estimates
that the strain part of the total distortion amounts to about 13%.
The strain parameter, deduced from eq 9, is aboutS) 850 cm-1,
which is somewhat larger in magnitude than the valueS) 600
cm-1 used previously.2 Finally, one may estimate the ground

state stabilization by the combined action of Jahn-Teller
coupling and strain from eq 10.12 It is approximately 2700
cm-1.

The preceding values forA1 andSmay be used as the basis
for a vibronic calculation.2 This requires an estimate of the
energy of the Jahn-Teller vibration (details of the relationships
between the various parameters are given in ref 16). The force
constant is given by eq 11, and substitution ofA1 ) 6900 cm-1

Å-1 and FJT ) 0.53 Å yieldsk ) 13 000 cm-1 Å-2. For a

(16) Riley, M. J.; Hitchman, M. A.; Reinen, D.Chem. Phys. 1986, 102,
11.

Figure 7. EPR powder spectra of mixed crystals (3-Cl-an)8(Cd1-xCuxCl6)-
Cl4 for high x values at X band: I and III (x ) 0.6), 293 and 12 K; II
and IV (x) 0.7), 293 and 10 K. At Q-band frequencies: V and VI (x
) 0.8), 293 and 4 K.

g|
ex ) gy g⊥

ex ) 1/2(gx + gz) (6)

4EJT = 2A1Ft + 2â cos 3φ (7)

Ft = FJT + Fs cos(φ - φs) (8)

S) A1Fs (9)

Em ) -1/2A1FJT - â cos 3φ - Scos(φ - φs) (10)
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ligand mass appropriate to chloride,M ) 35.45 amu, the
relationship in eq 12 yields an energyhν = 110 cm-1 for the
eg vibration. Both this energy and theA1 value ()6900 cm-1

Å-1) are distinctly lower than those used in previous studies,
namely,=150 cm-1 2 and 10 500 cm-1 Å-1 (estimation from
angular overap calculations).12 While the overall Jahn-Teller
distortion of the CuCl64- complex is strongly influenced byA1
andhν, the warping parameter is expected to be very sensitive
to the orthorhombic distortion.17

We have carried out vibronic calculations as described
previously2 for a range ofâ values, and optimum agreement
with the observedg values and bond lengths was obtained by
usingâ ) 350 cm-1. This value appears to be more realistic
than the previous estimateâ ) 550 cm-1 2 and compares well
with the values 290 cm-1 reported by Bacci for Cu2+-doped
NaCl18 and 300 cm-1 for the Cu(H2O)62+ ion.19 Theg values
and bond lengths for the lowest vibronic state of the CuCl6

4-

complex calculated with the parameter setA1 ) 6900 cm-1 Å-1,
hν ) 110 cm-1, andS) 850 cm-1 are in reasonable agreement
with the experimental values (in parentheses):gy ) 2.03 (2.04);
gx ) 2.07 (≈2.09);gz ) 2.34 (2.30); Cu-Cly ) 2.20 (2.28) Å;
Cu-Clz ) 2.38 (2.38) Å; Cu-Clx ) 2.92 (2.83) Å.
Here, an isotropic orbital reduction coefficient of 0.69 was

used in the calculation. We included a very small orthorhombic
component of the strain in the calculation (0.3 cm-1), corre-
sponding to aæs value deviating slightly from 60° (59.8°). This
induces, in agreement with the experimental result, a slightly
higher energy of the form in which theg values and bonds along
the x andz directions are reversed. The calculated distortion
in the absence of Jahn-Teller coupling,Fs ) 0.12 Å, is also in
good agreement with that observed for the nickel complex.
The variation in the energy of the complex as a function of

φ plotted at the Jahn-Teller radius of the lowest minimum, the
calculation being based on the preceding parameters, is shown
in Figure 2b. A similar plot in the absence of lattice strain is
given in Figure 2a. It may be seen that the barrier height
between the minima at 10° and 110° is substantial,≈370 cm-1,
so that the two lowest vibronic wave functions are strongly
localized in these two wells. The first wave function showing
a significant delocalization across the barrier lies 292 cm-1

above the ground state.
A test of the self-consistency of this model is provided by

the temperature at which the EPR spectrum undergoes a
transition from a dynamically averaged signal to one where the
observed signals associate with the wave functions, which are
localized in the wells atæ ) 9° and 111°, respectively (Figure
2b). Here, the energy difference between the signals, measured
in frequency units, approximately equals the rate of exchange
Rbetween the two orientations, as described by the relationship
in eq 13.20 µB is the Bohr magneton andh is Planck’s constant.

Substitution ofgx ) 2.09,gz ) 2.30, and the average magnetic
field of the signalsB ) 0.34 T into eq 13 yields the rateR≈
2.09 × 109 s-1. Since the energy difference between the
structural isomers is small compared with the activation energy
∆E*, the latter can be estimated from eq 14,21 wherek is the
Boltzmann constant andR is the gas constant. Substitution of

the preceding exchange rate and the temperature of coalescence
T ≈ 60 K into eq 14 yields∆E* ≈ 260 cm-1. While this
activation energy is not expected to be identical with the energy
of the first delocalized wave function, 292 cm-1, it seems
reasonable that they are similar in magnitude.

Conclusions

The spectroscopic results on the mixed crystals (3-an-Cl)8-
(Cd1-xCuxCl6)Cl4 provide evidence that the geometry and
bonding properties of the CuCl6

4- polyhedra in the Cd2+ matrix
are essentially identical to those forx) 1.0. Hence, cooperative
elastic and electronic effects seem to be very small, as expected
for a situation where the interacting polyhedra are isolated from
each other in the lattice.3,12 On the basis of the temperature-
dependent EPR investigation of the doped compounds, one may
infer, for (3-an-Cl)8(CuCl6)Cl4, that above≈55 K the CuCl64-

polyhedra are dynamically exchanging more rapidly than the
EPR time scale, while below this temperature the system freezes
into statically elongated octahedra with a distinct orthorhombic
symmetry component superimposed (Figure 1b), which are
elastically and electronically coupled (antiferrodistortive pairs
or clusters). The EPR analysis was more successful for isolated
CuCl64- polyhedra embedded in a diamagnetic matrix than for
the copper compound itself, because in the latter case weak
dipolar or exchange coupling leads to cooperativeg values,
which do not allow full characterization of the molecularg
tensor. It remains to be considered whether the static order in
the low-temperature region is short-range or long-range in nature
with an antiferrodistortive pattern. In the latter case a super-
structure is expected to evolve below=55 K. This temperature
is lower than those for which X-ray structure analyses are
available.5

The bonding properties of the CuCl6
4- polyhedra have been

characterized by utilizing the spectroscopic results obtained and
applying an appropriate vibronic coupling model.16,19
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k= A1/FJT (11)

hν ) 5.806xk/M (12)

R≈ |gx - gz|µBBπ/x2h) (13)

R≈ kT(exp[-∆E*/(RT)]/h (14)

3974 Inorganic Chemistry, Vol. 35, No. 13, 1996 Wagner et al.


