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Crystal Structure and EPR Studies of Potassium Catena-p-dichromatodiammine cuprate and
Dynamic Behaviour of Cu(Il) Doped Potassium Catena-p-dichlorodiammine-cadmium(II)
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Single crystals of K>[Cu(NH;),(CrOs),] (PCDCU) and copper(Il) doped K,[Cd(NH;),(CrO,),] (PCDC) have been prepared.
K5[Cu(NH;)2(CrOs),] crystallizes in triclinic modification with P1 symmetry, with one formula unit per unit cell. The units are linked to
form a polymeric anionic chain, extending along the a axis. The temperature dependence of the EPR spectra of polycrystalline sample of
Cu(Il) doped K>[Cd(NH;),(CrO,),] has been studied. The fluxional behaviour of the system is interpreted based on the Boltzmann

unit cell, one more signal with low intensity has been observed in the single crystal EPR spectrum.

| population of the unpaired electron in the three potential valleys. Though K>[Cu(NH;),(CrO.),] contains only one CuN,O, octahedron per |

Keywords: Electron paramagnetic resonance, Dynamic behaviour, Potential valleys.

INTRODUCTION

Octahedral or near octahedral complexes have been sub-
jected to intense investigation, due to their role in understanding
the different models of Jahn Teller distortions, viz., dynamic,
static and tunneling [1-9]. Most of the copper complexes
exhibit tetragonally elongated octahedral geometries, due to
J-T vibronic coupling. The compressed geometry observed in
a few cases, is in fact, due to the ligand field or steric strain
[10]. Intrinsic J-T coupling of Cu* ion completes with the
crystal lattice strain effect and results in dynamic J-T property
[10-15]. Temperature dependent EPR spectroscopy has been
employed to study such dynamic J-T behaviour [16].

Dynamic J-T effect, called as pseudo J-T effect is observed
in Cu® ions, present in a site of lower symmetry [17,18]. Such
dynamic behaviour is explained using different theoretical
models. Complexes, reported to have tetragonally compressed
geometry and d; ground state, were found to result from the
dynamic equilibrium between the long and intermediate bonds
of the tetragonally elongated octahedra with d,2_,2 ground state,
leading to plasticity [14].

Under the fluxional model [2], the observed stereoche-
mistry at a particular temperature is determined by the relative
thermal population of the three available potential energy wells.
Each of the well corresponds to an elongated octahedron, mis-
aligned in three mutually perpendicular directions. Hopping

between these wells leads to dynamic J-T behaviour. For Cu*,
doped into Zn** Tutton salts with counter cations, other than
K*, the Silver and Getz model gives a poor approximation
[15].

In dynamic J-T phenomena, where the Silver and Getz
model failed, the RHW model (vibronic coupling model)
supplemented it. It was used to calculate the energy states and
vibronic wave functions of six coordinate Cu** complex under
the influence of both J-T coupling and lattice strain interactions
[19,20]. Calculations were based on atomic displacements,
distance between atoms and thermal ellipsoid parameters
[21,22]. The temperature dependent ligand field has also been
attributed to the g-variation in many complexes [23].

Interest in fluxional behaviour has increased due to the
dynamic nature of Cu(Il) sites in proteins. Conformational
changes were suggested by EPR and Raman spectra [24].
Vibronic interactions were suggested to be responsible for the
temperature dependent EPR spectra of blue copper proteins
[25]. Further, such studies reveal the low energy pathways
involved in chemical reactions [26,27]. The vibronic coupling
plays a key role in the mechanism of the behaviour of the
“warm” superconductors [28,29].

The first two interactions are based on the electron-nucleus
interactions, which introduce the anharmonicity in the potential
surfaces. This leads to mean ligand—field strength, which is a
function of temperature [30]. While systems containing Cu(II)
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dopant showed dynamic J-T behaviour, the corresponding
undiluted complexes exhibited strong cooperative phenomena
between elongated octahedra. It is interesting to note that the
deuteration of (NHy),[Cu(H,O)s(SO4),] results in a dynamic beha-
viour, by interchanging long and intermediate Cu-O bonds [31].

Electron paramagnetic resonance spectra of Cu(Il) doped
(NH,),[Zn(NH3),(CrO,),] (hereafter referred to as ACDZ) was
interpreted to indicate the presence of ground state [32]. The
changes in the single crystal EPR at low temperature were
deduced to be a phase transition at 278 K. The temperature
dependent EPR of (NH.4),[Cd(NH;),(CrOs),] (hereafter referred
to as ACDC) was attributed to the structural changes due to
the reorientation of ammonia molecules [33]. The high and
low temperature crystal structures [34] of ACDC revealed a
phase transition below 290 K, forming a triclinic lattice, iso-
morphous with the undiluted copper complex [35].

Generally, the Cu* ions are used as a probe to enter the
lattice substitutionally in place of the divalent cation [36-42].
The EPR studies on Cu** doped NINS single crystal indicates
that the paramagnetic center has a rhombic symmetry with
the Cu*ion having distorted octahedral environment [43]. The
electron paramagnetic resonance spectra of Cu** doped diaqua-
bis(nicotinamide)bis(o-sulfobenzimidato-N)-cadmium(II)
single crystal shows that the Cu®* ions substitute for magneti-
cally in equivalent Cd** ions and observed two magnetically
in equivalent Cu®'sites [44]. Also, the single crystal EPR spectra
at room temperature shows that two different Cu®* complexes
were located in different chemical environments which
contained two magnetically nonequivalent Cu** sites [45].

The EPR and optical absorption study of Cu** doped
lithium potassium sulphate single crystals show that the copper
enters the lattice substitutionally and is trapped at two magne-
tically in equivalent sites [46]. Kripal ef al. [47] reported the
EPR and optical absorption studies of copper ions in diglycine
calcium chloride tetrahydrate. Recently, Ucar [48] observed
the Cu® and VO™ ion substitute with the Zn** ion in the host
lattice of VO** and Cu** doped Zn(I) complex. The angular
variations of the EPR spectra shows that two different Cu®*
and VO** complexes are located in different chemical environ-
ments and each environment contains two magnetically in
equivalent Cu**and VO™ sites in distinct orientations occupying
substitutional positions in the lattice and show very high angular
dependence.

Behaviour of Cu(Il) doped K.Mg(H,0)s(SO.), and the
corresponding zinc salts, with other counter cations have been
reported to be different [19]. Changes of anions often lead to
change of structure and magnetic properties of the Cu(II)
octahedra in complexes of the type Cu(en);X,, where X = SO,
or C1[49]. Studies on Cu(IT) doped, KoCd(NH3),(CrO4)-(KCdCr),
were under taken with a view to prove into the fluxional beha-
viour of Cu N,O4 chromophore in the light of the J-T behaviour
of Cu(Il) ion. Possible changes in magnetic and structural
properties were analyzed. Further, cooperative phenomena in
KCu(NHj;),(CrO.),, (KCuCr) was investigated using single
crystal X-ray diffraction and EPR studies.

As expected, the Cu(Il) doped KCdCr reveals dynamic
properties, similar to its ammonium analogue. However, the
single crystal EPR spectrum of KCuCr exhibits changes, unob-
served in the ammonium counterpart.

EXPERIMENTAL

Synthesis of single crystals of K,[Cd(NHj;),(CrOy),]
(PCDC) were grown using literature methods, reported for
(NH.)2[Cu(NH;)x(CrO,),] (ACDCU) and (NH, [ Cd(NH3)x(CrO,),]
(ACDC) respectively [33,35], replacing ammonium dichromate
by potassium dichromate. Well developed, dark brown and
needle shaped PCDCU and PCDC were obtained. The Cu(II)
is doped in PCDC single crystal, yellow prismatic Cu(II) doped
crystal were obtained within a week.

X-ray diffraction measurements were carried out on an
Enraf-Nonius CAD4 diffractometer, at 293 K. The data were
subjected to Lorentz and polarization corrections. All atoms,
except hydrogens, were refined anisotropically.

EPR spectra were recorded using a Varian E-112 X-band
spectrometer. Elemental analysis was performed, using a GBC
902 atomic absorption spectrometer.

RESULTS AND DISCUSSION

K5[Cu(NHj3),(CrOs),] (PCDCU) crystallizes in the triclinic
modification with P1 symmetry, having one formula unit in
each unit cell. The crystallographic data are presented in
Table-1. The structure of PCDCU is shown in Fig. 1. The bond
angles of O—Cu—O and N—Cu-O are in the range of 88-93°,
close to the values expected for a regular octahedron. Further,
the O—Cr-0O angles lie within 106-113°, indicating the tetra-
hedral nature of CrO, units. The Cu—N and Cu—O bond lengths
(Table-2) suggest strong Jahn Teller coupling, leading to
elongation along Cu—O, bond (2.425 A) while, Cu-0; is of
intermediate length, the Cu—N; is the shortest (1.986 A). The
copper atom is coordinated to four oxygen atoms from CrO,
units in the equatorial plane and two nitrogen’s from two axially
disposed ammonia molecules. The units are linked to form a
polymeric anionic chain, extending alone the a direction (Fig.
2). While the Cu-N bonds orient along the ¢ direction, the
Cu-Os unit lies in the ab plane, placed in between a and b
axes.

TABLE-1
CRYSTALLOGRAPHIC DATA FOR PCDCU AND ACDCU
Empirical formula  K,[Cu(NH;),(CrO,),]  (NH,),[Cu(NH3),(CrO,),]
Formula weight 407.54 365.67
Wave length 0.710733 A 0.71073 A
Crystal system Triclinic Triclinic
Space group P, P,
Unit all a=8.101(2) A a=7362(2) A
dimensions b=8.172(2) A b=6.932(1) A
c=11.9286(11) A c=5.895(1) A
o= 83.482(10)° a=112.39(8)°
B=74.175(11)° B =92.79(2)°
v=78.28(2)° v=107.06(3)°
Volume 744.72) A} 261.5 A
Z 1 1
Density calculated 1.836mg/m’ 2.34(5) mg/m’
F(000) 421 183
Reflections 2821 1896
collected
Final R indices R, =0.0264 0.025
WR,=0.0742
R indices (all R, =0.0278 0.034
data) WR,=0.0759
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Fig. 1. Ortep diagram of the structure of K,Cu(NHs),(CrO,), [PCDCU]

TABLE-2
SELECTED INTERATOMIC DISTANCES IN PCDCU (A)
Distance Distance
Cu-N, 1.957 (0.023) Cr;-0; 1.643 (0.017)
Cu-O; 1.991 (0.017) Cr,-0O, 1.682 (0.018)
Cu-N, 1.986 (0.018) Cr,-O, 1.674 (0.016)
Cu-0O, 2.049 (0.015) Cr,-O4 1.591 (0.015)
Cu-O, 2.417 (0.018) Cr,0; 1.652 (0.017)
Cu-O, 2.425 (0.019) Cr,04-$, 1.678 (0.016)
Cr,-0,-$, 1.601 (0.018) Cr,0O; 1.698 (0.018)

b

i |

Fig. 2. Line diagram of PCDCU, showing view down c axis and extension
of chain along a-axis (ortep)

Temperature dependent EPR spectra of polycrystalline
sample of Cu(II) doped PCDC, in the range of 77-303 K are
shown in Fig. 3. Copper hyperfine features are evident, espe-

l DPPH

308 K

273K

228 K

188 K
148 K

85K

77 K

Fig. 3. Temperature dependent EPR spectra of polycrystalline sample of
Cu(II) doped PCDC (77 to 300 K)

cially at low temperatures. The apparent ground state at room
temperature is dz, as indicated by g, - g, > g (Table-3). The g
values compare well with those of Cu(Il) in ACDC at 300 and
77 K. With increasing temperature, the highest g factor g,
decrease while the intermediate one, g, increases. The lowest
g-tensor, g; remains temperature dependent. At 303 K, g, and
2> nearly coalease, leading to axial symmetry. The temperature
variation of g-tensor is shown in Fig. 4. The A tensor values,
extractable only at low temperature, exhibit a similar trend.
However, A; is the longest, followed by A, and A, in that order.

Copper(IT) doped (NH,).[Zn(NH3),(CrO,),] (ACDZ) and
(NH4):[Cd(NH3),(CrOs4),] (ACDC) have shown temperature
dependent EPR behaviour [33-35,50], similar to Cu(Il) doped
PCDC. The two dimensional fluxional behaviour of the
CuN,O,4 chromophore in these systems were interpreted in
terms of three in equivalent J-T valleys [50], as well as dynamic
vibronic coupling [34]. In the first model, the temperature

TABLE-3
SPIN HAMILTONIAN PARAMETERS FOR Cu(II)/PCDC, PCDCU AND RELATED COMPOUNDS (A, in units of 10 cm™)
Host lattice Temp. (K) g 2 2 A, A, A, Ref.
300 2.2986 2.0951 2.0374 - - - Present work
PEDCU 77 2.2977 2.0886 2.0391 — — — Present work
Single crystal 300 2.3078 2.0903 2.0380 — - — Present work
300 2.259 2222 2.015 - - 158.6 Present work
Cu(I/PCDC powder 77 2.297 2.126 2.018 45.8 54.2 146.6 Present work
(NH,),[Cd(NH,;),(CrO,),] 300 2.229 2.215 2.012 - - 154.3 [50]
single crystal 77 = = — — 43.9 149 =
Powder 300 2.244 2.214 2.013 - - - [50]
77 2.289 2.113 2.019 -
293 2.33 2.08 2.04 - - - [34,50]
(NH,[Cu(NH; ),(CrO,),] 77 2.30 2.13 2.02 = = = [34,50]
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Fig. 4. g-Tensor variation with temperature for Cu(Il) doped PCDC

dependent principal g-values and the differences in the energy
splitting between the three J-T configurations, the elongation
axes of which are misaligned by 90° to each other, were related
to the Boltzmann population by the unpaired electron in the
three potential valleys.

The model proposed for Cu(II) doped PCDC is illustrated
in Fig. 5. The least populated higher energy well 3, corresponds
to the configuration with elongation along the short Cu-N bond,
which experiences the maximum lattice strain and the g-factor
g:. The most stable well 1 is populated by the structure, elongated
along the favoured Cu—O, direction and the intermediate well
2 lying closer to well 1, refers to the species with elongation
along Cu-O; bond. The ground state electronic configuration
is di2.y2 in all the three configurations. When E < kT, hopping
occurs between wells 1 and 2, resulting in fluxionality between
Cu-O, and Cu-O;bonds (and temperature dependence of g;
and g»). Since the frequency of hopping is greater than the
EPR time scale, an average picture, leading to a compressed
geometry is experienced at room temperature. Well 3, being
higher in energy, is unaffected by increase of temperature.
However, a temperature, as low as 77 K, is not sufficient to
freeze the system completely in the lowest valley 1. Assuming
Boltzmann distribution and using the Silver and Getz model
[2], the relative population, K, calculated at various tempe-
ratures, between wells 1 and 2, was employed to arrive at the
value of 8, their inter valley energy barrier. The data, listed
along with ACDZ, ACDC and Tutton’s salts are provided in
Table-4. It is interesting to note that the substitution of NH4*
ion by K* ion decreases the 8, values, a trend observed in

A

Energy

Fig. 5. Potential energy associated with the three elongated CuN,O,
octahedra of PCDC. The elongation direction (....) is indicated

TABLE-4

INTER VALLEY ENERGY BARRIER FOR Cu(Il) DOPED PCDC
Compound 3, (cm™) Ref.

K,[CAd(NH,),(CrO,),] (PCDC) 127 Present work
(NH,),[Cd(NH;),(CrO,),] 190 [29]
(NH,),[Cd(NH;),(CrO,),] 230 [29]
K, [Mg(H,0)4(SO,),] 90 [31]
Ky[Zn(H,0)(SO,),] 75 [29]
(NH,),[Cd Zn(H,0)4(SO,),] 230 [30]
Rb,[Zn(H,0)¢(SO,),] 175 [30]
Cs,[Zn(H,0)¢(S0,),] 290 [30]

Tutton’s salts [2,51,52]. While ACDC gives a value of 190
cm™ while PCDC yields only 127 cm™. This lowering could
be attributed to the H-bonding network formed by the counter
cations NH,", with the oxygens, ligated to copper [35]. The
fluxional movement of Cu-O bonds is, thus restricted to hydrogen
bonding attraction, resulting in higher &, , for the ammonium
analogue.

Fig. 6 presents the X-band powder EPR spectra of PCDCU
at 77 K and 300 K, revealing a ground state and a tetragonal
elongation with an orthorhombic component. The g-tensor
values are provided in Table-3. The g-values compare well
with those of ACDCU at 300 and 77 K. Absence of any tempe-
rature dependence rules out any dynamic behaviour as witne-
ssed in the doped lattice. Hence, a strong J-T coupling, even
at higher temperatures is revealed.

Typical single crystal EPR spectra for the ¢ axis rotation
are shown in Fig. 7. Two signals are observed, the g-tensors of
which are misaligned by 90°, as indicated by the angular
variation of the g-tensors for a*, b* and c* axis rotations
(Fig. 8). When the maximum and minimum g-values match
with the powder values of g; and g,, the two sets of signals
may correspond to two possible orientations of the ortho-
rhombically distorted tetragonally elongated geometry. Of
the two orientations, one has elongation along Cu-O, and
the other along Cu-N. Similar results have been obtained in
[Cu{P(CsH4N)3},Br,-8H,0] [53]. The intensities of the two
signals are obviously different, one of them being very weak,
which is due to the species with elongation Cu-N bond.

A similar behaviour has also been noticed in
(NH4),[Cu(NHj3)2(CrOs),] [53]. Although the triclinic unit cell
contains only one CuN,O, octahedron, the presence of the
second signal with very low intensity could be attributed to
the small disorder in the crystal, indicated by the site occupancy
factor (sof) for some of the atoms in the octahedron.
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Fig. 6. Powder EPR spectra of PCDCU at 77 K and 300 K
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Appearance of three such signals has also been explained due
to the occurrence of three domains within which the elongated
octahedral are in an antiferrodistortive order and the ordered
domain extend only for a few adjacent cells [49] for Cu(en);SOs,.
Similar variations in intensities of the two antiferrodistortively
coupled octahedral have been revealed by the 4 K spectrum
of Cu(Il) doped (3Cl-en)s(CDCls)Cls [14].

In contrast to the intensity ratio 1:2 in (NHzs), Cu(NH3),(CrOy),
[29], the ratio appears to be 1:12. Further, the smaller signal is
splitinto two approximately equal signals in the case of PCDC
in certain orientations. This may be due to the appearance of
third species, with elongation along the Cu-O, direction, which
in other orientations, may coincide with the direction Cu-N.

Rotations about the needle and b* axes revealed clearly
the presence of again two sites. The g-tensors of the two sites
move parallel to each other in these planes, as expected, with
nearly the same intensity ratios as in the c axis rotation. The
direction cosines obtained from G matrix matches with those
from the crystal data. Hence, the principal g-tensors orient
along the bond directions.

Conclusion

Crystal structure studies suggest strong J-T coupling in
PCDCU, which contains the CrO, units, linked to form a
polymeric chain along a axis. While the copper doped cadmium
analogue shows temperature dependent J-T effect, the
undiluted system has no such dynamic behaviour. The presence
of aless intense signal in the EPR spectrum of PCDCU is due
to the small disorder in the crystal. The Boltzmann population
of the unpaired electron is mainly in potential valleys 1 and 2
and the population in well 3 is unaffected by temperature.

Fig. 7. Angular variation of EPR spectra of PCDCU for axis rotation of (a) a*c* plane, (b) a*b plane and (c) bc*plane
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