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The EPR single-crystal and powder spectra of mixed crystals of (3-chloroanilgt@dn)«Cu,Clg)Cl4 are measured

as a function of temperature arénd analyzed with respect to the geometry and bonding properties of the CuCl
polyhedra. These undergo strong distortions due to vibronic-Jaalher 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 crystallograplaigis. This strain becomes apparent in the cadmium compound

(x = 0), whose crystal structure is also reported=f 8.701(2) A,b = 13.975(2) A,c = 14.173(2) Ao =
81.62(1), B = 72.92(1}, y = 77.57(1}, triclinic P1, Z= 1]. A calculation of the ground state potential surface

and its vibronic structure nicely reproduces thealues, Cu-Cl spacings, and ligand field data. At high copper
concentrations (including = 1), the CuC{ 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 Jalefier distortion component becomes
dynamically averaged within the time scale of the EPR experiment, leading to local tetragonally compressed
CuCl octahedra.

Introduction @
_ L o |
A previous crystal structure determination of (3-Clsan) Clwio. e CLA2)
[CuClg]Cly (3-Cl-an= 3-chloroanilinium) indicated a Cugt PR
complex with twotrans Cu—Cl bonds significantly shorter than c1/ \‘Cl -
the other fou The g tensor of this compound is tetragonal cl 2

with g, = 2.04 andyp = 2.23, the symmetry axis being parallel

to the short Cu-CI(3) bonds (Figure 1). Initially, these data ® e ao
were interpretetlin terms of a complex with a tetragonally cl L@ Cla, | o)
compressed geometry and Aground state, and the significant N A~

: ; : — C
shift of g, from the free electron value was explained in terms /T\Cl o c1/ r\
of a vibronic admixture of @2 via a vibration of the form cl a cl Cl(1)

illustrated in Figure 1a. However, a subsequent detailed anaIyS|sFigUIIre 1. Geometry of the CuGt polyhedra in (3-Cl-an{CdCk)-

of the temperature dependence of theensor and electronic ¢, —ajternative hypotheses: (a) tetragonally compressed octahedra,
spectrum showed that, at the local level, each complex has an perturbed by vibronic coupling. The motions of theGgands in the

orthorhombically distorted, tetragonally elongated, octahedral crystallographic (100) plane are illustrated by two types of arrows. (b)
geometry (Figure 1b), with the long and intermediate-Ql The two alternative elongated geometries.

bonds in dynamic equilibrium. It was suggegtdidat elastic . .
ling bet ighbori | babl d with local Cu-Cl spacings of 2.28(1) A (3 parallel to [100]
coupling between neighboring comprexes probably produces and 2.38(2) (2) and 2.83(5) A (2),%in perfect agreement with

domains of complexes having the long and intermediate bonds AN / . :
P g d the estimations from the vibronic coupling model based on the

aligned in an antiferrodistortive order pattéra/though the t2 The 293 d . ield
extent and possible dynamic behavior of these complexes atEPR results. The KX-ray_ structure determinatioyields
higher temperatures remain uncertain. compressed Cu@bctar_]edra with bond lengths of Z.Z&I&n_d
Unfortunately, eventa4 K the EPR (electron paramagnetic 2.61 A (4, representing an averaged geometry according to
resonance) spe'ctra of the individual complexes could not bethe dynamic or static disorder alternatives illustrated in Figure
resolved, because intermolecular electron exchange is faster tharil'"[g:)? dl;ngfemgr;ﬁ;ﬁg?iﬁﬁgogn?g;?gg’ezsu;?éigfadagggn the
the EPR time scale. However, EXAFS measurements at 10 Kand Cé* in the (100) plané, again matches nicely with the

revealed that tatic disorder is present at low temperatur . .
evealed a static disorder is present at low temperatu eSCu—CI spacings derived from EXAFS spectroschayd the

vibronic coupling modet.

* Authors to whom correspondence should be addressed.

t University of Marburg. Although very recentl§ the structural determinations were
# University of Tasmania. extended down to temperatures as low as 156 K, no evidence
( S ﬁ_tzfélr(&;t Bl{b\'/'\z:‘ifg g‘\‘jé’?’}‘iijgf?(AES_I:(&i‘rClEM“j‘YLl_E'Hi?f?e% w g forstructural changes was obtained. The space group, unit cell

Inorg. Chem 1991 30, 823. ' dimensions, and CuCl bond lengths calculated on the basis

(2) Stratemeier, H.; Wagner, B.; Krausz, E. R.; Linder, R.; Schmidtke,
H. H.; Pebler, J.; Hatfield, W. E.; ter Haar, L.; Reinen, D.; Hitchman,  (4) Ellis, P. J.; Freeman, H. C.; Hitchman, M. A.; Reinen, D.; Wagner,
M. A. Inorg. Chem 1994 33, 2320. B. Inorg. Chem 1994 33, 1249.

(3) Reinen, D.; Friebel, CStruct Bond 1979 37, 1. (5) Wei, M.; Willett, R. D.Inorg. Chem, in press.

S0020-1669(95)01418-2 CCC: $12.00 © 1996 American Chemical Society



3968 Inorganic Chemistry, Vol. 35, No. 13, 1996 Wagner et al.

a) compounds. In particular, EPR measurements with variable

-1000 ' ' CU?" concentrations and temperatures have been performed to

~ 1500 L i elucidate the bonding properties and the geometry of the £uCl

”é polyhedra in the host complex.

S -2000 - b . .

= /\/\/\ Experimental Section

L:Jé 2500 Preparation. The complete mixed crystal series (3-Cl-an)
-3000 - 4 [Cdi—xCuClg]Cl4 could be synthesized by following preparation

methods described in the literatdreApparently the C# and Céd*

L L compounds possess similar solubilities in water, because the analyses
of the crystallized products yield nearly the same&Cio Cc?* ratio
b) -1000 . T as that in solution. Typical analytical results are as follows [calculated

—_ values for the solution composition (molar %) in parentheses]: N, 7.39
T, -1500 (7.54), C, 38.71 (38.80), H, 3.40 (3.80), Cl, 42.83 (42.95), Cu, 1.02
g (0.86), and Cd, 6.47 (6.05) far=0.2; N, 7.55 (7.62), C, 38.89 (39.19),
s, 2000 H, 3.82 (3.84), Cl, 43.10 (43.38), Cu, 2.22 (2.16), and Cd, 4.27 (3.82)
8 2500 for x = 0.5. The compounds crystallized as transparent needles with
5 the needle axis parallel to the crystallograpaidirection.
-3000 EPR and Optical Spectroscopy. EPR spectra between 3.7 and 293
K were measured with a Bruker ESP-300 spectrometer at X- and
1 1

Q-band frequencies, using an Oxford Instruments flow cryostat. A
120 0 120 240 newl_y developgd 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
Figure 2. Warping structure of the ground state potential surface of by using a Zeiss PMQIl spectrometer, with a Zeiss-Leybold low-

angle ®

the CuC§*~ polyhedron in mixed crystals (3-Cl-a@di—xCuClg)Cls temperature attachmehtReflectance data were transformed into log
along the angular distortion coordinage (a) represents the situation  k/s values according to the theory of Kubelka and M#nk.
for an initial On symmetry, and (b) is if an additional strain corre- Structural Investigation. The intensities were collected for a yellow

sponding to a compression along the molecyilaxis (see Figure 3)is  npeedielike crystal (0.06 0.1 x 0.25 mm) at 20C by using a Siemens
present. The parameters of the underlying calculation are specified in p4 giffractometer with graphite-monochromated Ma. Kadiation ¢
The Ground State Potential Surface of the Results and Discussion. _ 471073 A) by thev-scan technique in thé range of 0< 20 <

56°. A total of 3996 independent reflectiorR{ = 0.00) was collected
of a static disorder model did not change compared to the resultsin the index rangel = —9 to —1, k= —15 to 14, and = —15 to 14,
obtained at 293 K, aside from the expected small shrinkage of which 2597 were considered as obsenied Po(1)]. Three standard
effects caused by the lowering of temperature. Hence, the staticreflections were monitored after every 97 scans to standardize the
disorder-if present-is expected to be of the short-range type, intensities. Th_e cell parameters were obtained from 22 rt_aﬂect'{ﬁ)ns (
because superstructure reflections are not observed. = 95-25). Siemens XSCAN was used for data reduction and no
The geometric situation as depicted in Figure 1 is explained absorption correction was applied. The structure was solved in the

N . space grougP1 (No. 2) by three-dimensional Patterson analysis with
as originating from thﬁ mt:erplay b detweer:l tcl;e Itendency dff uh successive difference Fourier syntheses and by full matrix least-squares
to create a tetragonally elongated octahedral geometry (higher ofinement o2, with anisotropic thermal parameters assigned to all

order vibronic JahnTeller coupling) and a host lattice-induced  on_hydrogen atoms. The hydrogen atoms were included at their
strain acting as a tetragonal compression along the crystal-caiculated positions with a fixed isotropic thermal parametky, &
lographic [100] directior. The corresponding vibronic coupling  0.08). The extinction correction was zero for this structure. The atomic
model is illustrated in Figure 2 and will be discussed in greater scattering factors were taken from the International Tables.

detalil in the following. That the presence of a strain with the  The final residual value for the conventioda(F) = Y ||Fo| — |Fc|l/

sign of a compression is characteristic for this type of structure X |Fol is 0.0448. The functiow(F,* — F¢?)* was minimized with a

is documented by the geometry of the Nj@blyhedron in the ~ Weighting scheme of the forw = 1/[0*(Fc’) + (aP)? + bF], with a
corresponding Nit compound, where NiCl bond lengths of = 0:0554,b = 0.00, andP = (F? + 2F¢?)/3, resulting in Ry(F?) =

2.38 A () parallel to [100] and 2.49 A () are reported. 0.1111 and a goodness-of-fit GO®[ = 0.857. The final electron

L . - . o density difference synthesis showed no peaks larger than 0.520 or
This dls_tortlon must indeed ?\1? _hOSt site-specific Eecaqse thesmaller than—0.764 e/R. The crystallographic calculations were
electronic ground state of Ni in On symmetry, %Az, is carried out on a DEC AXP 3000/300 Workstation with SHELXTL-
nondegenerate and, hence, vibronically stable.

! ! - ) Plug?® for the structure solution and molecular graphics. SHELXL 93
It seemed worthwhile to us to diamagnetically dilute?Cu was used for the refinemehit.

in the octahedral position to prevent exchange interactions The positional and isotropic thermal parameters for the atoms
between the metallic centers and, hence, the averaging of theconstitu_ting the CdGt~ polyhedron in (3-Cl-a{CdCk)Cl, are col-
g-tensor components. Not only does this discriminate betweenlected in Table 2. Bond lengths and bond angles for the same
the two alternative models in Figure 1, but the temperature Polyhedron are found in Table 3. A full listing of data collection
dependence of the EPR spectrum should also provide informa-Parameters, positional and thermal parameters, and bond distances and
tion on the dynamics of the equilibrium between the structural bog?gl??egIgssﬁoalsallﬁglir?if 22ﬁ’F?grts'?gr:;fgrr;ﬁf%rojecﬁon and the
formz.. AI;%EUQh we Wéarehnot %l:;le to syntheSI;e t.he ((:jqrre- ORTERP illustration of the Cd@l~ polyhedron. In contrast to the
spop Ing compound where possessgs an IOI’II(; radius  gjation for the analogous €ucompound, the ellipsoids of the
similar to that of C&"® we succeeded in preparing the

analogous C compound and the complete mixed crystal series 7y grefer, J.; Reinen, [Z. Naturforsch 1973 284 464.

with the Cd+ complex as both powders and single crystals. (8) See Kortm, G. Angew Chem 195§ 67, 694.

The X-ray structure investigation yielded similar unit cell  (9) International TablesCrystallography C 1992

+ (10) Sheldrick, G. M.SHELXTL-Plus, Release.24 Siemens Analyt.
parameters and the same space group for tie @dd C# Instruments Inc.: Madison, W1 1990.
(11) Sheldrick, G. MProgram for the Refinement of CrystdJniversity
(6) Shannon, R. D.; Prewitt, C. RActa Crystallogr 1969 B25, 925. of Gattingen: Gitingen, Germany, 1993.




Cw?*-Doped Mixed Cd/Cu Crystals

Table 1. Crystallographic Data for (3-Cl-ag(CdCk)Cl.
chemical formula GgHssCdChegNg formula weight (g/mol) 1495.51

a(A) 8.701(2) space group P1

b (A) 13.975(2) T(°C) 20
c(R) 14.173(2) 2(R) 0.7107
o (deg) 81.62(1) Pealc (g/cn¥) 1.550
S (deg) 72.92(1) u (cmt) 11.31
y (deg) 77.57(1) refinement F?

V (A3 1603(1) Ry(F)2 0.0448
z 1 WRy(F?)2 0.1111

2Ry = 3 ||Fol = Fcll/Y|Fol; WRe = [3{W(Fo* — F)F/3 (WFe?)7°,
with w = 1/[0%(Fs?) + (aP)? + bP] and P = (F? + 2F2)/3.

Table 2. Positional Parameters and Equivalent Isotropic
Temperature Parameters3fof the CdC} Polyhedron in
(3-Cl-an}[CdCI¢|Cl,

atom X y z Ueqy
cdl) o 0 0 0.0333(2)
cil) -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)
CI(3)  0.2902(2) —0.0023(1)  0.0019(1) 0.0343(4)

aU(eq) is defined as one-third of the trace of the orthogonalizged
tensor.

Table 3. Bond Lengths (A) and Bond Angles (deg) for the C¢iCl
Polyhedron in (3-Cl-ap{CdCk)Cl

Cd(1)-CI(3)  2.526(1) CI3YCd(1)-Cl(1)  89.66(4)
Cd(1-CI(1)  2.676(2)  CI(3YCd(1)-CI(2)  91.11(4)
Cd(1)-Cl(2)  2.680(2)  CI(1}Cd(1)-Cl(2)  88.82(5)

aThe Cd* position is centrosymmetric.

thermal motions of the equatorial Cl(1) and CI(2) ligands along the
molecularx andz axes are not significantly different from that of the
axial CI(3) atom (approximately parallel &), indicating the absence
of anomalous disorder or vibronic effects. The CgClentity is

tetragonally compressed in an even more pronounced way than the

NiCle octahedron in the analogous nickel compotpdesumably due
to the larger polarizability of CGd compared to Ni*—again document-
ing the presence of a distinct host site strain in this type of compound.

Results and Discussion

Cu?™-Doped Mixed Crystals. The CdC} octahedra are
tetragonally compressed, apparently with a tiny orthorhombic
distortion component superimposed, with—-@d—Cl bond
angles rectangular withi#t1.4° (Table 3). The radial distortion
parametep (eq 1) is=0.17% A for the CdC} host polyhedron,
where thedg; values { = x, y, 2) are the deviations from the
average octahedral spacing of 2.63 A, which is somewhat larger
than the value for the Niglentity in the analogous nickel
compound § = 0.1% A).

p={2(0a%+ 6a’+ sa)}"” (1)

If Cu2t is doped into the Cd 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 spectrumgyith
values ofgy = 2.20 andg, = 2.03% is observed with a well-
resolved copper hyperfine splitting @ and ag, signal that is
splitinto 13 components, suggesting participation of the chlorine
nuclei (see the analysis to follow and Table 4). The signal shape
is that of an axially symmetrig tensor, withgy > gy > go.

The Q-band spectrum, which is more sensitivegttensor
anisotropies than resolving hyperfine splittings, reveals a tiny
orthorhombic symmetry componergy(= 2.21,g, = 2.20,0y

= 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, wigh= 0°) occurs, though the
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Figure 3. ORTEP drawings of (a) the unit cell of (3-Cl-a((FdCk)-
Cly and (b) the CdGlpolyhedron. The CeCI(3) distances (molec-
ular y axis) are oriented parallel to the crystallographiclirection,
while the Cd-CI(1) and Cd-ClI(2) spacings (molecular andz axes)
have orientations near the crystallograpbiandb directions, respec-
tively.

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

0, =g, + 4u, — 2u,(cos¢ — /3 sing)

g, = go + 4u, — 2u(cos¢ + V3 sing) 2

0,= gy T 4u,(1 + cosg)

Though most polyhedra have transformed from the geometry
characterized bgy < gz to one corresponding to a tetragonal
elongation at=55 K, as we conclude from the temperature
dependence of some mixed crystals with different2’Cu
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 derivgdralues aregy =
2.04,0« = 2.09, andg, = 2.30. Equation 2 gives the general
expressions for thg-tensor components iD,, ligand fields,
with the angular distortion parametgispecifying the respective
geometries, including those witDs, symmetry (Figure 2)¢
= 0° (12C°) corresponds to an elongation along the molecular
z (x) direction,¢ = 60° corresponds to a compression along
and ¢ angles between these limiting values correspond to
intermediateD,n, geometries.

One can interpret the EPR results on the basis of the ground
state potential surface along the angglaroordinate in Figure
2 as follows. Without a strain influence, higher order vibronic
Jahn-Teller coupling stabilizes values of 0, 12C°, and 240,
corresponding to elongated octahedra wiiad, dy2—2, and
dz_x ground states, respectively. A strain in they direction,
with the sign of compression, reduces the saddle-point energy
at¢ = 60°, giving rise to the potential energy diagram in Figure



3970 Inorganic Chemistry, Vol. 35, No. 13, 1996 Wagner et al.

x

|III

”‘\

gy

Prrrrrrrrrrn
3100 3200 3300 3400
[G]

10.0 105 110 115 120 125
[10°G]

IVa

b

gxl
I
Il
v
|
g gy
|
I
v
8x
|
8y

1 L 1 L 1 1 1

2800 3000 3200 3400 3600
[G]

Figure 4. Q-band (a) and X-band EPR spectra (b, c) ofCdoped (3-Cl-an(CdCk)Cls: 1, 293 K (the fine structure from the 100 K spectrum
is also shown), 5 mol %; I, 4 K, 10 mol %; IlI, 4 K, 30 mol % (th& hyperfine structure is also shown on a larger scale); IV, 130 K, 1 mol %;
V, 4 K, 5 mol %. The overlapping Cland C@" hyperfine structure in thgy signal of IV is shown in an enlarged section (IVa) together with the
single-crystal signal observed in thedirection.

2b. The minima ap = 0° and 120 are energetically stabilized > gy > go, with the symmetry axis being parallel to the
and shifted to slightly higher and lower values, respectively, of moleculary axis. Indeed, a thermal averaging of the low-
the angular coordinate, indicating orthorhombic symmetry temperaturey values according toy = gy andgr = Y,(gx +
contributions. At low temperatures, if only vibronic states g) nicely reproduces thg-tensor components at high temper-
within the two lower minima are occupied, octahedra elongated atures. This geometry may be viewed as being tetragonally
along z and x—with a superimposed orthorhombic distortion compressed within the time scale of the EPR experiment. It
component and an admixture of @nd gz into the dz_2 and reflects purely the strain symmetry, with the Jafireller
dy—»2 ground states, respectivetghould be observed (Figure coupling along the angulag coordinate being dynamically
1b), in perfect agreement with experiment. If upon temperature averaged.

enhancement vibronic states near or above the saddle point in  The observed orthorhombic symmetry of tiidensor seems
Figure 2b are thermally occupied, dynamic exchange betweento indicate that the host site strain is not purely tetragonal.
the two minima occurs, leading to averaggsdalues withgy Indeed, the Ce&CI(2) bond lengths are slightly larger than the
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Table 4. gandA Hyperfine Tensor Components {04 cm™?) of (3-Cl-an}(Cdi—xCWuClg)Cls Mixed Crystald

x<0.3 or = 2.03,° g = 2.19, 2.20;° Ay = 2A[2(CI3)] = 38.7¢ Ay =
—53,—57 (X band, 100 K, values from spectral simulation) (1)
gy = 2.03,0¢ = 2.20,g, = 2.21 (Q band, 293 K) (1)
g:=2.309gy~ 2.1% g, = 2.04¢ Aj= —107 (X band, 410 K) (II)
g, = 2.30,0¢ = 2.08,g, = 2.04;A; = —107 (Q band, 410 K) (Il)
x>0.8 g = 2.04,g->* = 2.19 (X band, 4-293 Ky
0= 2.03, g = 2.20 (Q band, 4293 Ky

21, high-temperature spectra; Il, low-temperature speétgingle-crystal valuesg, = 2.03, g« = 2.20,9, = 2.20; (X band, 140 K).c At 293
K, Ay is not resolved andy = —47. 9 Single-crystal valuesg, = 2.30,gx = 2.09,g, = 2.04 (4 K).¢ Superposition by features as observed for
x < 0.3.

Cd—CI(1) spacings (Table 3). Although the difference is within
the standard deviations, it also occurs in the nickel compound
and, hence, seems to be a real structural effect, which makes
¢(strain) slightly smaller than 8Gand the two minima inequiva-
lent with a tiny energetic preference for the minimumpat

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 ab plane (which could not be distinguished in the habitus)
corresponded to the magnetic field plane in the EPR experiment,
with the singular needle axisfixed at . Subsequently, the 0 15 30 45 60 75 90 106 120 135 150 165 180
angular dependencies of the EPR signals were measured in the
two mutually perpendicular planes. Whaematches the Cu
CI(3) direction (moleculay axis) to within 2, the Cu-CI(2)
and Cu-Cl(1) bonds (moleculaz andx axes) deviate fron*
andc* by less than 10, where the latter directions correspond
to the projections of tha andb axes into the plane perpendicular
to a (see Figure 3). The angular dependencies ofgttensor
components at 140 K, witf, oriented parallel t@, 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 dependencied & (Figure
5B) reveal the presence of two magnetically inequivalent 2043710 20 30 40 50 80 70 80 B0 100 110 120 130 140 150 150 170 180
polyhedra with a perpendicular orientation of the long axes (see rl
Figure 5B caption), corresponding to the geometric situation in
Figure 1b, with a coppercopper distance too large to induce 2.20F
exchange coupling. Thg values again match those derived
from the powder spectra (Table 4). It is interesting to note, 2.24F
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-Ql(2)
bond, because the host site strain energetically favors this
geometry with respect to the polyhedron with an elongation of
the Cu-CI(1) spacing, as already mentioned. 20 S R R RN 3

Before the hyperfine structure is analyzed in greater detail, 0 10 20 30 40 50 £0 70 B0 80 100 110 120130140 150160 170180
the orthorhombic symmetry component of the CgiClocta- el
hedron at low temperatures is considered more closely. TheFigure 5. Angular dependencies of tligtensor components for €t
ligand field spectra of the Gl/Cu?* mixed crystals at 293 and ?)C(’psgnfz)lo '(23' ;/0) (%?'-:;%(C?ggkzgfzratt 014t?1 e(AZn?)Tgcﬁlgry(Ba’nCd)
(5:|:< Eﬁé?g;in(g ?t:gtvtig Slergllrﬁert?; t‘foé?}(g; (psolcy:/lhz((?r;%%es (approximately)z axes for+ and *, and the 0 direction forO is

! J 5 . 7 EY . approximately parallel ta. (B) 6 = 0° and 90 approximately refer
not change significantly upon diamagnetic dilution with®€d {5 the molecularz (x) and x (2) axes for the two magnetically
By adopting the assignment for the €wompound, one obtains  inequivalent sites *£). (C) # = 0° and 96 are correlated with
(5 K spectra) the moleculary and (approximately} (x) directions for the sites+

(*). The maximum and minimum positions in the diagrams were
shifted to & = 0° and 90. The measured values deviated from

3

7]

2.08r

2n (2 27 2 . —1
a Ag( Eg) —b Ag( Eg)' 9000 cm™ (4E;p) these angles by 1015°, because the molecularmandx directions are
.2 2 . —~1 not located in the planes of measurement (see text) on the one
Blg( ng). 10400 cm™ (E) hand, and because of experimental single-crystal adjustment uncer-
2 2 C o~ ~1 tainties on the other hand. In the dashed region of (B), the signal
BZQ( TZQ)' 11300cm™ (E) intensity nearly vanished in the background @nehlues could not be
2 2 . =1
— Bsg( ng)_ 12 600 cm (Ey) evaluated.

Hence, we may use the orthorhombic-8ol bond lengths ellipsoids or from the vibronic model (see the Introduction) to
in (3-Cl-an}(CuCk)Cl,; from EXAFS or from the thermal interpret the low-temperaturg@values. They correspond
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log k/s
10 15 20 25
v(10° em™)
Figure 6. Reflection spectra of mixed crystals (3-Cl-gn)

(Cdi-xCuLlle)Cly: I, x=10.05, 293 K; II,x = 0.5, 293 K; lll,x = 0.5,

5 K. The marked ed transitions of spectrum Il are specified in the
text. The sharp features at 7600 ¢hand below 7500 cmt are due
to the extended cationic frame of the compound.

= 9(1), as is deduced from eq’3. With this value and the

¢ = arctad (3, — 0a,)/v/30a,} 3

experimentab-tensor components, the orbital contributions in
eg 2 can be calculated, which are correlated with the covalency
factorsk; (j = x, y, 2) by eq 4, wheré&, = 830 cn1t s the free

ion spin—orbit coupling constant for Gt and theE; are the
preceding ligand field transition energies. Comparatively low

U]- = k]2CO/E] (J =XY, Z) (4)

values ofk, = ki = 0.69 andk, = 0.64 result, suggesting rather
covalent Cu-Cl bonds. With the help of the estimated value
of the angular distortion parameter = 9°, the hyperfine
splittings in the EPR signals can be analyzed with respect to
the properties of the GuCl bond. In the respective eqs'5,
the dg; are the deviations from the spin-only value, and the
calibrating factorP is of the magnitude 0.036 crh for Cu2™.

A, = P{(—k — *I; cosg)a® +
0g,/14(3— 2¢/3 sing)/(2 cosp — 1) +
89,/14(3+ 2V3 sing)/(2 cosp — 1) + 6g,} (5)

=0: A =P{(—«—*)a®+ %009, + g}

Ay = P{(—x + )0 + Y 00}

¢
(5a)

— _ ]
‘Pg = OLdXZ,yz o sz,yz

The expressions fok, andAy are generated ip is augmented
by 240 and 120, respectively, and theindices of thedg; are
shifted according to the sequences>y — zandx — z—vy,
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contact term is = 0.43 for C#* in the case of a,d 2 ground
state (eq 5), but may decrease if a@bntribution is admixed
(¢ > 0).1

With the parameter set = 9°, oo = 0.86, andk = 0.27, a
consistent account of the observed hyperfine splittings can be
given. The experimentah, value of the low-temperature
spectrum (Table 4) is nicely reproduced1(06 x 104 cm™1),
while Ay and A, are calculated to have the magnitudes 32 and
8 x 1074 cm™1, respectively. Both splittings are not resolved
in the partly overlappingy 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 toAy = Az = Y5(Ac + A;) andAy = A, is expected.
In good agreement with this model and the 100 K EPR spectra,
hyperfine splittings of~-50 and 32x 104 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 angularcoordinate than those localized

in either of the two minima (Figure 2).

When the magnetic field is parallel to the short-GZi(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 (sgifCu) = 3/,) along this
direction is approximately twice that with the nuclear spins of
the two equivalent chlorine atoms CI(3) (sp{€l) = ¥/,). 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 constan&19.4 x 1074 cm™! (from spectral
simulations), is in good agreement with that repctddr the
interaction parallel to the metathlorine bonds of the planar
CuCl?Z complex in Cd"-doped KPdCl, (23 x 1074 cm?),
when it is remembered that slightly longer-€aGl 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 (2) andy directions, connected with the short-€Gl 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 ¢ or dz—2 ground
state and indicates a distinct 4s admixture into the electronic
ground state wave function caused by the orthorhombic ligand
field component¢ = 9°).1 The mixing coefficient—though
still in a range valid for a predominantly ionic borts smaller
than that derived for Cuf polyhedra ¢0.9)*2 with the more
electronegative fluorine ligand.

The features near thgy positions in the Q-band spectra at
4 K (Figure 4, Il and 1ll), whose intensity increases with
(93), are due to exchange clusters, and the corresporgiing
signal contributes to the spectral intensitygat These clusters
are defined and discussed in the next section. The partly
resolved hyperfine structure superimposed ondhesignals

respectively. For the special case of an elongated octahedronpgicates that only weakly coupled dimers might also be present

and a ¢k—y2 ground state, eq 5a resulis € 0), whereo. ando!’
are the mixing coefficients of the metal ion and the LCAO ligand
orbitals, respectively, in the ground state MO. The Fermi

(12) Reinen, D.; Atanasov, MMagn Res Rev. 1991, 15, 167.
(13) Ozarowski, A.; Reinen, Onorg. Chem 1985 24, 3860.

in addition to more extended clusters.

(14) Steffen, G.; Reinen, D.; Stratemeier, H.; Riley, M. J.; Hitchman, M.
A.; Matthies, H. E.; Recker, K.; Wallrafen, F.; Niklas, J. Rorg.
Chem 199Q 29, 2123.

(15) Chow, C.; Chang, K.; Willett, R. D. Chem Phys 1973 59, 2629.
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of exchange narrowing, are consistent with the presence of

magnetic interactions in the pure copper(ll) compogindt
temperatures above55 K dynamical averaging is expected,
as we may infer from the EPR results for low doping

I concentrations (see Results and Discussiod;@wped Mixed
Crystals). Because dynamic and electronic exchange induces
analogoug-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 (Il and 1V) in particular give

Ir
""" N/ distinct evidence for the presence of exchange clusters, with a

strongly narrowedy® signal at 10 K.
The Ground State Potential Surface. The parameters
I determining the ground state potential surface of'Can the
Cd?t sites in (3-Cl-ang(CdCk)Cl, are readily calculated by
utilizing the respective equatio#éwhich describe the influence
of linear and higher order JahiTeller coupling on an octahedral
v Ey state in the presence of strain. They are valid undertisze

------ . fulfilled —condition that the strain is small compared with the
| linear vibronic coupling. The radial distortion parameter of the
CuCk*~ polyhedra in mixed crystals (3-Cl-ad;—xCuClg)-
Cly, as calculated from the GtCl bond lengths in the Cu

compound X = 1.0) utilizing eq 1, amounts tox = 0.61(2) A,

| &™ while the strain-induced distortions in the £cdhost & = 0)

and in the corresponding Ni compound areps = 0.1% and

2800 3000 3200 3400 3600 0.1 A, respectively. The ground state splitting4 = 9000
[G] cm (see ligand field spectra) allows an estimation of the linear

vibronic coupling parameteA; on the basis of the radial

distortion parametep; found for the CuG*~ polyhedron, if a
proper choice for the higher order Jatifeller coupling terms
Y comprising is made (eq 7).
4E;; = 2A,p, + 23 cos I )
%

Here 35 is the energy difference between the minima and
saddle points in Figure 2a, and we anticipate the v@ue
o 350 cnt?! obtained by using the vibronic coupling model
8L I8 described in the following. Witlp = 9°, A; is estimated to be
~6900 cnmt1 A-L. p,, according to eq 8, is the sum of the Jahn
Teller-induced distortiorpyr and a strain contribution. With

100 105 110 115 120 125 g

Figure 7. EPR powder spectra of mixed crystals (3-Clsf®h«CuCle)-
Cl, for high x values at X band: | and lliX= 0.6), 293 and 12 K; Il 01 = Pyt Ps cos@p — ¢S) (8)
and IV (x=0.7), 293 and 10 K. At Q-band frequencies: V and ¥I (

=08), 293 and 4 K. ps=0.12% A, adopted from the Ni* compound, angs = 60°

Mixed Crystals with High Copper Concentrations. In- (compression along the moleculardirection), one estimates
creasing the Cif concentration in the mixed crystals above  that the strain part of the total distortion amounts to about 13%.
~ 0.3 washes out the hyperfine splittings in the high-temperature The strain parameter, deduced from eq 9, is aBei850 cnT?,
spectra by line broadening due to exchange effects betweenwhich is somewhat larger in magnitude than the vage 600
CuCk*  neighbors (Figure 7, ). At > 0.6 additional features ~ cm~! used previously. Finally, one may estimate the ground
appear, which correspond to the spectrum characteristic for (3-

Cl-an)y(CdCk)Cl4%2 (Figure 7, Il and V). We may understand S= A 9)
the low-temperature EPR spectra as superpositions of essentially

two species: (1) statically elongated octahedra with a distinct state stabilization by the combined action of Jafieller
orthorhombic symmetry component superimposed and with the coupling and strain from eq 18. It is approximately 2700

long axis extending along the moleculaand/or—slightly less cm L

preferred—x directions and (2) exchange-coupled pairs or

extended clusters of Cugt polyhedra possessing a mutually E,= —1/2Al,oJT — pcos 3¢ — Scosp — ¢)  (10)
perpendicular orientation of the long axes along the molecular

z andx directions (Figure 2b). The preceding values fa% andSmay be used as the basis

For the latter clusters, exchange coupling according to eq 6 for a vibronic calculatio. This requires an estimate of the
is expected,leading tog-tensor components gf** = 2.04 and energy of the JahnTeller vibration (details of the relationships
g™ = 2.19, which are in good correspondence with those values petween the various parameters are given in ref 16). The force
observed here (Table 4, Figure 7) and o= 1.02 The line  constant is given by eq 11, and substitutior\et= 6900 cnt?

A1 and py;r = 0.53 A yieldsk = 13000 cnt A-2. For a
97 =09, 9~ ="0+g) (6)
(16) Riley, M. J.; Hitchman, M. A.; Reinen, BChem Phys 1986 102

widths of the respective spectra, which show the features typical 11.




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

k= A/p;r (12) Substitution ofg, = 2.09,g, = 2.30, and the average magnetic
field of the signal8 = 0.34 T into eq 13 yields the rae ~

|igand mass appropriate to chloridd] = 35.45 amu, the 2.09 x 10° s1. Since the energy difference between the
relationship in eq 12 yields an energy =~ 110 cnt! for the structural isomers is small compared with the activation energy

e, vibration. Both this energy and th& value E6900 cntt AE?*, the latter can be estimated from eq Z4wherek is the
Boltzmann constant and is the gas constant. Substitution of

v = 5.806/kM (12) R~ kT(exp[-AE*(RT))/h (14)
A1 are distinctly lower than those used in previous studies,
namely,=150 cnt!2 and 10 500 cm! A~ (estimation from
angular overap calculation¥). While the overall JahnTeller
distortion of the CuGl~ complex is strongly influenced b
andhv, the warping parameter is expected to be very sensitive
to the orthorhombic distortioH.

We have carried out vibronic calculations as described
previously for a range of8 values, and optimum agreement
with the observed values and bond lengths was obtained by
using = 350 cnT™. This value appears to be more realistic  The spectroscopic results on the mixed crystals (3-ag-Cl)
than the previous estimafe= 550 cnt! 2 and compares well  (Cd,_,CuClg)Cl, provide evidence that the geometry and
with the values 290 cnt reported by Bacci for Cii-doped bonding properties of the Cugt polyhedra in the C&# matrix
NaCH8 and 300 cm! for the Cu(HO)s?" ion.*® Thegvalues  are essentially identical to those for= 1.0. Hence, cooperative
and bond lengths for the lowest vibronic state of the GHClI  elastic and electronic effects seem to be very small, as expected

the preceding exchange rate and the temperature of coalescence
T ~ 60 K into eq 14 yieldsAE* ~ 260 cntl. While this
activation energy is not expected to be identical with the energy
of the first delocalized wave function, 292 cfp it seems
reasonable that they are similar in magnitude.

Conclusions

complex calculated with the parameter Agt= 6900 cnT* A2, for a situation where the interacting polyhedra are isolated from
hv =110 cnt?, andS= 850 cnt* are in reasonable agreement each other in the lattic!2 On the basis of the temperature-
with the experimental values (in parentheseg)= 2.03 (2.04);  dependent EPR investigation of the doped compounds, one may
O« = 2.07 (+2.09);9, = 2.34 (2.30); Ce-Cly, = 2.20 (2.28) A; infer, for (3-an-CI}(CuCk)Cls, that abovex55 K the CuC§*~
Cu—Cl, = 2.38 (2.38) A; Cu-Cl, = 2.92 (2.83) A. polyhedra are dynamically exchanging more rapidly than the

Here, an isotropic orbital reduction coefficient of 0.69 was EPR time scale, while below this temperature the system freezes
used in the calculation. We included a very small orthorhombic into statically elongated octahedra with a distinct orthorhombic
component of the strain in the calculation (0.3 & corre- symmetry component superimposed (Figure 1b), which are
sponding to aps value deviating slightly from 60(59.8). This elastically and electronically coupled (antiferrodistortive pairs
induces, in agreement with the experimental result, a slightly or clusters). The EPR analysis was more successful for isolated
higher energy of the form in which thgevalues and bonds along  CuCk*~ polyhedra embedded in a diamagnetic matrix than for
the x andz directions are reversed. The calculated distortion the copper compound itself, because in the latter case weak
in the absence of JahiTeller coupling,os=0.12 A, isalsoin  dipolar or exchange coupling leads to cooperativealues,
good agreement with that observed for the nickel complex.  which do not allow full characterization of the moleculgr

The variation in the energy of the complex as a function of tensor. It remains to be considered whether the static order in
¢ plotted at the JahnTeller radius of the lowest minimum, the  the low-temperature region is short-range or long-range in nature
calculation being based on the preceding parameters, is shownyith an antiferrodistortive pattern. In the latter case a super-
in Figure 2b. A similar plot in the absence of lattice strain is structure is expected to evolve bele¥B5 K. This temperature
given in Figure 2a. It may be seen that the barrier height is lower than those for which X-ray structure analyses are
between the minima at $@&nd 110 is substantial~370 cn1?, available®
so that the two lowest vibronic wave functions are strongly  The bonding properties of the Cuftt polyhedra have been

localized in these two wells. The first wave function showing - characterized by utilizing the spectroscopic results obtained and
a significant delocalization across the barrier lies 292 &m applying an appropriate vibronic coupling modek

above the ground state.
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