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The temperature dependence of the X- and Q-band EPR spectra of Cs;[Zn(H,0)s](ZrFs), containing ~1% Cu®* is
reported. All three molecular g-values vary with temperature, and their behavior is interpreted using a model in
which the potential surface of the Jahn—Teller distorted Cu(H,0)s?* ion is perturbed by an orthorhombic “strain”
induced by interactions with the surrounding lattice. The strain parameters are significantly smaller than those
reported previously for the Cu(H,0)s?* ion in similar lattices. The temperature dependence of the two higher g-values
suggests that in the present compound the lattice interactions change slightly with temperature. The crystal structure
of the Csy[Zn(H;0)6)(ZrFs), host is reported, and the geometry of the Zn(H,0)¢?* ion is correlated with lattice strain
parameters derived from the EPR spectrum of the guest Cu?* complex.

Introduction differences in the proportions of the dnd dz_2 orbitals in

Understanding the mechanisms by which JaFeller (JT) the vibronic_ wave funcFions. In this case, the complex
distorted complexes undergo changes in geometry or orienta-undergoes little change in geometry with temperature. The
tion requires knowledge of the energy and localization of M0del was subsequently appliet the EPR data for the
their excited vibronic states? For this purpose, a model ~ CU(H:0)" ion doped into a range of zinc(ll) host lattices,
was developetiwhich calculates the vibronic energy levels N particular, the Tutton salts of general formula (catien)
of a 6-coordinate copper(ll) complex under the influence of [ZN(H20)s](SOs)2, where cation represents MHCs, Rb, and
2nd order JT coupling and a lattice strain of orthorhombic K:° and related compounddn these lattices, the EPR data
symmetry. Initially, this was used to interpret the temperature SUggest the copper(ll) complex has the more common

dependence of thg-values of the Cu@ complex ion tetragonally elongated geometry with a significant ortho-
formed when C#" is doped into KZnF.* This system rhombic distortion. The vibronic wave functions confirmed

involves a copper(ll) complex with the unusual tetragonally th? earlier conclusions of Silver and Geand Petrashen et
compressed octahedral coordination geometry, and thedl thatto a good approximation the temperature dependence
thermal changes in the EPR spectrum are caused byOf the g-values is caused by a thermal equilibrium between
two Jahn-Teller configurations of the Cu@#®)s>" ion with
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of the EPR spectra of Ctidoped into a range of other host Table 1. Crystal Data and Structure Refinement for
lattice$ and extended to treat the concomitant variations in C$Zn(Hz0)l(ZrFe)2

copper-ligand bond lengths observed for several pure  empirical formula HoCF1206ZNZr,
copper(ll) compoundsincluding also the cooperative in- ~ rystsize mr S 024> 028
teractions which sometimes occur for these syst€ms. T K 293'(2)

We report here our study of the temperature dependence wavelength, A 0.71073
of the EPR spectrum of 1% CL#* doped into the compound g;‘fg;‘éﬁéup P'ESQC(’,SI'Q'L)
Cs[Zn(H20)6](ZrFs).. This follows an earlier report of the a, A 6.9700(10)
dependence of the EPR spectrum on the doping concentration b, A 10.515(2)
of the C#™" ion in this host' and provides an opportunity to E ée 11.803(2)

| Hes : , deg 93.56(3)

study the properties of the Cuf8l)¢?" ion in a crystal lattice vV, A3 863.4(3)
which differs somewhat from that of the previously studied Z _ 2
Tutton salts. In contrast to the Tutton salts, because the gﬁfig:;sr%yg/ ﬁ' g'ggg
influence of the lattice strain in G&Zn[Cu](H,0)s} (ZrFe)2 F(000) 776
is relatively small, the vibronic levels localized in all three 0 range for data collection 5.8€27.85
minima of the warped Mexican hat potential surface become '™ting indices _9_518 = |9,<—lé3§ k<13,
thermally populated by room temperature. All thgeealues refns collected/unique 6060/183R([nt) = 0.0380]
therefore vary with temperature, allowing the parameters completeness 6 = 27.85 89.2%
describing the JT potential surface to be defined with gt'gfprgf;,;gﬁz()d full malrix least-squaresithn
considerable accuracy. In addition, the EPR suggests that GoOF onF? 0.875
the lattice interactions with the copper(ll) complex vary fg{qﬁhig‘sdgﬁsd!a;f"(')l Ré; 8-83(2)8' asgf 8-83‘5?
slightly with temperature, and the line shape changes in an .. ion coeff 0.0451(12) '

unusual manner. To evaluate properly the influence of the largest diff peak and hole, e & 1.973 and-0.731
lattice, the crystal structure of g&n(H,0)e](ZrFe), was
determined, and this is compared with that of the Tutton salts radiation. Experimental details are summarized in Table 1. The

and the analysis of the EPR spectrum. lattice parameters were refined using all data recorded from one
twin and KUMA KM4-CCD software, version 1.143. The data from
Experimental Results the more pronounced twin were extracted with great care. Initially,
) ) the recorded reflections were divided, by using the KM4-CCD
Preparation of Compounds.Single crystals of G§Zn(H20)el-  software, into two sets, corresponding to the two twins present in
(ZrFs), were grown by slow evaporation of an aqueous solution the sample. During the structure solution made on the data set of
containing a stoichiometric ratio of ZnZg#H,0 and CsZrFs with one twin only, several reflections affected by the second twin

a small admixture of HF. The ZnZgfeH,0 compound was  (pecause of complete or partial overlapping) were omitted from
synthesized as described previouSlgnd the CsZrFs compound the final calculations. Solution and refinement of the structure was
was synthesized from CsF and ZrBH,O dissolved in HF in a  performed with the SHELX-97 program packddend the structure
molar ratio 2:1. The Cu doped crystals were obtained by substitution diagram was made using the DIAMOND prograhihe structure
of the appropriate amount of ZnZgH,0 for CuZrfs-4H;0 in was refined in the monoclinic space groBglmh (no. 14) with
the water solution. Plastic apparatus was used to prevent corrosiongo formula units in the unit cell. This unit cell, which differs from
and the preparation was carried out in a fume hood using rubber 4t of the Tutton salts, was chosen to conform with that of the
gloves. high-temperature orthorhombic cell with the space g@omn(no.
X-ray Crystal Structure Determination. The crystal structure  58) describet for the high-temperature modification of the
was determined at 293 K. Preliminary measurements were madecorresponding copper compoundy[@ai(H,0)](ZrF),. All atoms
on several crystals, all of which were found to exhibit twinning iy the structure were found, and the positions as well as their
(ferroelastic twins within the sample). The structural data were ganjsotropic displacement factors were refined for non-H atoms; for
collected on a nearly single-domain sample using a X-ray single- H atoms, the isotropic displacement factors were refined. Complete
crystal KM4-CCD four-circle diffractometer (KUMA Diffraction, |istings of atomic coordinates, anisotropic displacement parameters,
Wroctaw, Poland) with a graphite monochromator and Ma K hond distances and angles, and hydrogen bonds are presented in
Tables 2, 3, and 4, respectively. The atomic numbering is shown

(8) Riley, M. J.; Hitchman, M. A.; Reinen, D.; Steffen, Gorg. Chem. in Figure 1.
1988 27, 1924. Steffen, G.; Reinen, D.; Stratemeier, H.; Riley, M. J.; EPR M EPR ied
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J. R.Inorg. Chem.199Q 29, 2123. Headlam, H.; Hitchman, M. A.; X-band (9.3 GHz) and Q-band~35.4 GHz) frequency in the
Stratemeier, H.; Smits, J. M. M.; Beurskens, P. T.; de Boer, E.; Janssen, temperature range 4800 K using ESR-230 and modified RE-

G.; Gatehouse, B. M.; Deacon, G. B.; Ward, G. N.; Riley, M. J.; Wang, 3 .
D. 'Inorg. Chem.1995 34, 5516. 1303 spectrometers. Self-constructed equipment was used to make

(9) Bebendorf, J.; Bui, H.-B.; Gamp, E.; Hitthman, M. A.; Murphy,

A.; Reinen, D.; Riley, M. J.; Stratemeier, #horg. Chem.1996 35, (13) Sheldrick, G. MSHELXL97: Program for the solution and refinement
7419. Simmons, C. J.; Hitchman, M. A.; Stratemeier, H.; Schultz, A. of crystal structuresUniversity of Gatingen: Germany, 1997.
J.J. Am. Chem. S0d.993 115 11304. (14) Brandenburg, K.; Berndt, M.; Bergerhoff, ®IAMOND: Visual
(10) Hitchman, M. A.; Maaskant, W.; van der Plas, J.; Simmons, C. J.; crystal structure information systenversion 2.1; Crystal Impact:
Stratemeier, HJ. Am. Chem. S0d.999 121, 1488. Bonn, Germany, 1999.
(11) Eremin, M. V.; Zavidonov, A. Yu.; Petrashen, V. E.; Yablokov, Yu. (15) tukaszewicz, K.; Pietraszko, A.; Tomaszewski, P. E.; Augustyniak-
V.; Davidovich, R. L.Solid State Phys. (Russiah®87 29, 3426. Jabtokov, M. A.; Yablokov, Yu. VAbstracts of XIV Polish-Czech
(12) Davidovich, R. L.; Levchishina, T. F.; Kaydanova T. A.; Buslaev. Seminar: Structural and Ferroelectric Phase TransitiogB&inoujscie,
Yu. A. lzv. Acad. Nauk USSR, Neorg. Matdi97Q 6, 493. 2000.
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Table 2. Atomic Coordinates %10% and Equivalent Isotropic
Displacement Parameters (A 10%), Anisotropic Displacement
Parametefs(A2 x 10%), and Hydrogen Coordinatex {0%) and Isotropic
Displacement Parameters{A 10%) for C[Zn(H,0)s](ZFe)2

Atomic Coordinates and Equivalent Isotropic Displacement Parameters

X y z Ueqy
Cs(1) 5007(1) 7050(1) 668(1) 36(1)
zr() 5178(1) 9804(1) 3473(1) 24(1)
zn(1) 0 10 000 0 28(1)
o(1) 2086(8) 8918(5) —T74(4) 33(1)
0(2) —2216(7) 8839(5) —718(4) 32(1)
0(3) —349(10) 11165(6)  —1439(5) 48(2)
F(1) 5197(8) 11 099(4) 4916(3) 43(1)
F(2) 4818(7) 7884(4) 3140(3) 36(1)
F(3) 7942(7) 9492(5) 3755(4) 48(1)
F(4) 5130(6) 9695(4) 1723(3) 34(1)
F(5) 5929(9) 11 566(4) 2936(4) 51(1)
F(6) 2357(7) 10 024(5) 3313(4) 50(1)

Anisotropic Displacement Parameters

Figure 1. Crystal structure projection along tleecrystal axis.

Un Uz Us3 Uz Uiz Uiz

measurements in the temperature rang80d0 K at X-band and in Cs(l)  43(1) 32(1) 33(1) 0(1) -1(1) —3(1)
the 100-300 K range at Q-band. Spectra at 4.2 and 77 K were %:]((11)) gg((i)) g(é)) %38)) _1?1()1) 1?1()1) _1(11()1)
measured using Dewars filled with liquid helium and nitrogen, 1) 33(2)  37(3) 29(2) —3(2) 6(2) —4(2)
respectively. Some measurements were carried out on a RADIO- 0O(2) 33(2) 3012 3120 -1 12 -1(2)
PAN SE/X-2547 spectrometer using an Oxford Instruments ESR O(3)  75(4)  41(3)  25(2) 6(2) —7(3) —16(3)
900 helium flow cryostat. Considerable difficulty was experienced Egg gégg gggg %g% _1?2()2) 4?2()2) :ggg
in identifying the direction of the Cu(}®D)es?" distortion because F@3) 33(2) 55(3) 56(3) —9(2) 5(2) -3(2)
of crystal twinning. This was because the smallest and the largest Eggg gg% gggg ;118 —2(02()2) 41(12()2) —é%
values of theg-tensor in one domain correspond to the largest and -
smallest in the second domain. Determininggkensor orientation F6) 42 61 422) —2002) 4@ 2
in the crystal lattice therefore required the selection of a single Hydrogen Coordinates and Isotropic Displacement Parameters
domain crystal. An optical goniometer was used to determine the X y 7 Ueq)
crystal morphology, and the directions of the princigaxes were H(11) 1630(170) 8550(110) —1080(100) 50(30)
deduced from spectra obtained for different orientations of the p(31) 30(170) 11910(120) —1610(110) 70(40)
magnetic field in the (011) plane by a procedure used previously H(21) —1700(200) 8360(140) —1140(120) 90(40)
for the C&+ doped Tutton salt& H(12) 2850(140) 9500(100) —1130(80) 40(20)

H(22) —2960(160) 9270(110) —1180(100)  60(30)

H(32) —720(150) 11 060(100) —2180(100)  50(30)

Results and Discussion
aThe anisotropic displacement factor exponent takes the fe2n?[h?a

X-ray Crystal Structure of Cs,[Zn(H 20)¢](ZrF ¢)2. The x 2Uq1 + ... + 2hka x b x Usg]. bU(eq) is defined as one-third of the
crystal structure of GEZn(H;0)el(ZrFs); at room tempera-  ace of the orthogonalized;; tensor.

e, st e 1, Serophe i UTSEI 5010 () 2004 NS00 1290 K2 mks
P 208, 62, 9 difference also occurs in the relative orientations of the two

hav;a chosgt?] ?hlattlc& Cer'l” 'nbf"‘ dlfrl:erent \t/Jvay lndozcderﬂt_]o complexes in the unit cell. In the Tutton salts, the-A»(9)
conform wi € orthorhombic phase observed Tor e ;o ctions of the two Zn(kD)e*" complexes, which cor-

corresponding isomorphic pure copper(ll) compoundy- Cs res . . ;
X pond to the direction in which the complex is compressed,
,18
[Cu(HO)el(ZrFe)2, at high temperatur€:'® The observed approximately parallel. In the present compound, the
domain structure suggests a ferroelastic character for thedirection of the metatligand bonds of the two complexes

) : T
compound, I|ke2t+h§1t in GECU(H,0)e](ZrFs) - ) all make acute angles: 65480.65, and 71.36 between

~ The Zn(RO)e*" ion in Cs[Zn(H0)e|(ZrFe)2 lies on an e 7n-0(1), Zn-0(2), and Zr-O(3) directions, respec-
inversion center with three slightly different Z© distances tively.

(Table 3). The basic geometry is similar to that in the  gpR gpectra. It is convenient to illustrate the way in

analogous Tutton salts. There are, however, significant ynich the EPR spectrum of @Zn[Cul(HbO)e} (ZrFe)» varies

differences: rather than being isolated anions, the fluorozir- it temperature at X- and Q-band frequency using the
conate ions form ZF1;* dimers, and the distortion of the  gnecira of a powdered sample shown in Figures 2 and 3.
Zn(H,0)s*" complex from octahedral symmetry is consider- e values at room temperature were obtained from single-

ably smaller than that observed in the Tutton salts. For ¢ryqta| spectra. The direction corresponding to the largest
example, the ZrO distances are 2.110(2), 2.107(2), and g-value, gna = 2.506 at 4.2 K, is parallel to the ZrO(2)

o A M A Usachev A B Phve.: Condens, Mands bond (the longest in the Zng)s?>" complex (see Table 3))
(16) fuigustyniak, M. A Usachev, A. B. Phys.: Condens. Malid®993  and is larger than that observed in Tutton salts and hydrates
(17) Fischer, J.; Weiss, Rcta Crystallogr 1973 B29, 1137.

(18) tukaszewicz, K.; Pietraszko, A.; Tomaszewski, P. E.; Augustyniak- (19) Simmons, C. J.; Hitchman, M. A.; Stratemeier Jikbrg. Chem200Q
Jabtokov, M. A.; Yablokov, Yu. V. To be published. 39, 6124.
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Table 3. Bond Lengths (A) and Angles (deg) for
Cs[Zn(H20)g](ZrFe)2™ 42K
Zr(1)—F(3) 1.963(5)
Zr(1)—F(6) 1.977(5) 77K
Zr(1)—F(5) 2.038(5)
Zr(1)—F(4) 2.067(4)
Zr(1)—F(2) 2.069(4)
Zr(1)—F(1)#1 2.156(4)
Zr(1)—F(1) 2.181(4)
Zr(1)—Zr(L#1 3.6530(13) 165K
Zn(1)-0(3) 2.096(5)
Zn(1)—-0O(3)#2 2.096(5)
Zn(1)-0(1) 2.099(5)
Zn(1)-0O(1)#2 2.099(5) 300K
Zn(1)—-0(2)#2 2.105(5)
Zn(1)-0(2) 2.105(5)
0(3)-Zn(1)-0(1) 90.7(2) : : -
0(3)#2-Zn(1)-0(1) 89.3(2) 1.0 11 12 13
O(3)-Zn(1)-O(1)#2 89.3(2) Magnetic Field (T)
O(3)#2-Zn(1)-O(L)#2 90.7(2) ,
0(3)-Zn(1)-O2)#2 91.9(2) Figure 3. Temperature dependence of the EPR spectrum of powdered
O(3)#2-Zn(1)—-0(2)#2 88.1(2) Cs{ Zn[Cu](H20)g} (ZrFe)2 at Q-band frequency.
O(1)-Zn(1)-0O(2)#2 88.8(2)
O(1)#2-Zn(1)—0(2)#2 91.2(2)
0(3)-Zn(1)-0(2) 88.1(2)
0(3)#2-Zn(1)-0(2) 91.9(2)
O(1)-Zn(1)-0(2) 91.2(2)
O(1)#2-Zn(1)-0(2) 88.8(2)

a Symmetry transformations used to generate equivalent atoms:=»#1,
+1,-y+2,-z+ 1, #2,—x —-y+2 -z

185K

[
§ |

X
<

100 200 300
87K Temperature [K]
77K Figure 4. Temperature dependence of tiealues of Cg Zn[Cu](H20)g} -

(ZrFg)2. The lines are values calculated by the model of vibronic coupling
as described in the text with values of the orthorhombic component of the

B lattice strain of 20 cm! (full lines) and 50 cm? (dashed lines).

K Q-band, the sharp resonances at 4.2 K become so broad they
almost disappear at 77 K in the powder spectrum and become
hardly detectable for the single crystal, before reappearing
as broad peaks again at higher temperatures (Figure 3). The
resonance due to the lowegtvalue also moves to lower
field as the temperature is increased, though this commences
L at relatively high temperature;80 K. The net result of these
260 260 300 320 340 shifts and the signal broadening is that by room temperature
e, “:""9"9"; field B im? con R a single broad, asymmetric signal characteristic gftensor
ijgure Z. emperature ependence O the spectrum Oof powdere Wlth a rather Sma” aniSOtrO a x= 226ﬂ: 002' int
Cal Zn[Cul(HO)e} (21Fe)e at X-band frequency. = 2.24 4+ 0.02, andgiow = 2?{6 jrf%.m is observed.gThe

of trigonal symmetry5~7 That direction associated with the ~behavior of theg-values, as measured at X-band frequency
intermediate valueg,, = 2.100, is parallel to the shortest in the range 4.2130 K, and Q-band above 77 K, is shown
Zn—0(3) bond, while that parallel to the loweSjoy = in Figure 4.

2.077, corresponds to 20(1). At low temperature, the The thermal behavior of the EPR spectrum ob{@s-
spectra are thus characteristic ofydensor of near axial ~ [Cu](H20)e} (ZrFe). has some features in common both with
symmetry. Hyperfine structure due to coupling with the those reported for the Cuidoped Tutton salt®®and with
copper nuclear spih= 3, splits the resonances of the highest those of Cé" doped [Zn(HO)g]XFs, X = Si?° and Zr/2!
and lowestg-values. As the temperature is raised, the low- The C#" doped Tutton salts show a smooth convergence
field resonance correspondingdg.xand the resonance due of just the two higheg-values in the temperature range-50

to thegn-value broaden and start to converge at quite low 300 K, with the signals progressively broadening as the
temperature. At X-band, this broadening is most pronounced
at~50 K, with the peaks becoming better resolved again in (20) Dgang, F. S.; Buisson, R.; Williams, F. I. B.Phys. (Paris)L.974 35,
the region 86-100 K, before becoming so broad that the (21) éiaﬁdinov, A. M,; Zaripov, M. M.; Yablokov, Yu. V. VINITI, Deponent
hyperfine structure is lost abovel30 K (Figure 2). At 30.08.77N355 Ref. J. Phys.1978 N1, 1d734.

J

16K
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temperature rises. The lowast/alue of the Cu(H0)s?" ion Q-band suggests that at this microwave frequency and
in the Tutton salt host does not change belsy800 K temperature the frequency difference of the resonances is
because the lattice strain interaction has a large negativecomparable to the rate of exchange between the wave
component (corresponding to a compression of the octahedrafunctions giving rise to the signatd.However, a detailed
site) acting along one of the metdigand bond directions,  explanation of the influence of temperature and microwave
so that the vibronic wave function corresponding to the axial frequency upon the line shape requires further study, and
elongation of the bonds along this direction is too high in we are carrying out further work on this aspect.

energy to be thermally populated at room temperatife. The values of the lattice strains are reflected in the
The convergence of the two highgvalues is due to thermal  distortions exhibited by the Zn@®)s?>* ions in the host
population of the vibronic wave function localized largely lattices. These are conveniently measured by the parameter
in the second minimum of the warped Mexican hat potential p used to describe the JT radius of distortion of a six-
surface, with the rate of exchange between the wave coordinate copper(ll) compleX:

functions always being so rapid that the signal corresponds
to the weighted average of the two wave functiénghe o= \/ (20x2 + 20y° + 207°) 1)
[Zn(H20)6)XFs host (X= Si and Zr), on the other hand, has

trigonal symmetry, so that, except for the effects of small For a typical zinc(ll) Tutton salt, (Nkj2[Zn(H20)e](SOs)2,
random strains, the wave functions localized in the three p = 0.055 Al® while for C$[Zn(H,0)e](ZrFe)2, it is only
minima of the Mexican hat potential surface of the Cu- 0.009 A (Table 3). A basic feature of the £&n(H,O)d-
(H,0)s2" ion are equal in energy. At 4.2 K, the rate of (ZrFe): lattice is, therefore, the rather small anisotropy of
exchange between the three lowest energy levels is relativelythe lattice forces acting on the hydrate complex. The EPR
slow, and the EPR spectrum is the superposition of the threespectrum may be used to estimate the lattice interactions
spectra of the three lowest vibronic wave functions. Each perturbing the copper(ll) complex, as discussed below,
has ag-tensor corresponding to a tetragonally elongated though these may differ somewhat from those acting on the
octahedral coordination geometry but with the long bonds Zn(H:0)s*" ion because of the different shapes of the copper
along a different axid®22 When the temperature is raised, and zinc complexes.

the signals broaden and almost disappear in the regien 30  Potential Surface and Vibronic Energy Levels of the

60 K, where the rate of exchange is comparable to the EPRCopper(ll) Complex. The nature of the “warped Mexican
time scale. Above~60 K, the g-tensor is quite isotropic  hat” potential surface resulting from Jahmeller vibronic
because the rate of exchange between the three vibronic wavéeoupling for a 6-coordinate copper(ll) complex, and the way
functions becomes more rapid than the frequency differencein which this is perturbed by interactions with the surround-
between their EPR signals so that an exchange-averagedng lattice, has been discussed extensivé&lye The basic
spectrum is observed. parameters defining the potential surface of the GO(F"

The most important factor deciding the thermal behavior ion in the absence of lattice perturbations, and the way in
of the EPR spectrum of the CufB)s2* ion in these lattices ~ which these were estimated, have been described previously.
is the influence of the host lattice, in particular, the magnitude These parameters
of the strain interactions which perturb the warped Mexican
hat potential surface and discriminate energetically between A, =900 cm™; hv;;=300cm™; f=~300cm*
the directions along which the JT distortion can occur. For ]

Cs{ Zn[Cu](H:0)g} (ZrFe)., these interactions are consider- have been used to interpret successfully'the temperature
ably weaker than in the Tutton salts, though still much larger dependence of thg-tensors observed for this complex ion
than the residual random strains present in the trigonal Zn-in @ range of zinc(ll) Tutton salts and similar lattieesand
(H,0)eXFs lattices. This means that for §Zn[Cu](H,0)e} - were therefore taken as the starting point in the present
(ZrFe), all three potential energy minima become thermally calculations. Here, the linear JT_ coupling coefficidptand
populated by room temperature, rather than just two as for the energy of the JahtTeller active V|brat|o.rthT are both

the doped Tutton salts. All thregvalues therefore change ~kNown quite accurately from spectroscopic studietow-

as a function of temperature. The smooth change in the &Ver, the parametg, which describes the energy by which
g-values suggests that these correspond to the averageH*e minima of the basic warped Mexican hat potential surface
values of the populated wave functions, as is the case forare stabilized by higher-order effects, was much less well
the doped Tutton salts. On the other hand, the change indefined, the uncertainty being-+150 cnt®® A major
line shape of the EPR spectrum ob{Zn[Cu](H:0)e} (ZrFo)> purpose of the pres_ent study was, therefore, to estimate this
with temperature is somewhat similar to that observed for Parameter more reliably.

the Cu" doped Zn(HO)eXFs hosts,**2 suggesting similari- (23) Carrington, A.; McLachlan, A. Dntroduction to Magnetic Resonance

ties in the thermal behavior of the exchange rate between Harper & Row: New York, 1967; Chapter 12.

the vibronic wave functions. (24) Reinen, D.; Friebel, CStruct. Bonding (Berlinl979 37, 1. Reinen,
. D.; Atanasov, M.Magn. Reson. Re 1991, 15, 167.

In general terms, the extreme broadenlng of the Q'band (25) Yablokov, Yu. V.; Usachev, A. E.; Ivanova, T. Radiospectroscopy
EPR spectrum of G§Zn[Cu](H.0)e} (ZrFe). at ~77 K in of Condenced MatteZaripov, M. M., Ed. Moscow: Science, 1990.
Petrashen, V. E. Ph.D. Thesis, Kazan University, 1985.

(22) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of (26) Hitchman, M. AComments Inorg. Chert994 15, 197. Reinen, D.;
Transition Metal lonsClarendon: Oxford, 1970; p 460. Hitchman, M. A.Z. Phys. Chem1997, 200, 11.
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The temperature dependence of gaealues is due to the
perturbation of the potential surface by lattice interactions,
which are represented by the axial and orthorhombic strain
component& andS.. These render the three minima of the
warped Mexican hat potential surface inequivalent. Provided

Hitchman et al.

be reproduced satisfactorily assuming that perturbations of
a potential surface due to the host lattice are much smaller
than those for the Cu(®)s*" doped into the Tutton safts
and the orthorhombic component of this lattice interaction
decreases slightly as the temperature increases.

that, as in the present systems, the strain is small compared Another possible explanation for the unusual behavior of

with g, it has little effect on the position of the minima in
the potential surface. The energy of the highest well relative
to the lowest is decided largely b, while that of the
intermediate well is influenced mainly . Provided the
warping of the potential surface is relatively large, as is the
case for the Cu(kD)s?" ion, it follows that the temperature
dependence of the highest and intermedigtalues depends
mainly uponS, while that of the lowest-value is decided
largely by $.526WhenS, < 0, the ratio off to § strongly
influences the position of the lowest energy minimum in the
warped Mexican hat potential surface, and, hence, the
anisotropy of theg-values of the lowest vibronic wave
function®262” This means that if the axial strain is well

the two higheg-values could be that cooperative interactions
between the copper(ll) complexes occur. The cooperative
interactions in the G§Zn[Cu](HxO)s} (ZrFs)2 System are due

to coupling via the phonon fielt},so the possibility of long
distance cooperative interactions should not be ignored. The
EPR study of the concentration dependence of the spectra
in Cs{Zn[Cu](HxO)s} (ZrFs). shows that cooperative interac-
tions do take place, but only where the copper content is in
the range 46:60%, not at lower doping levels of copp@ér.
There is also no evidence of an unequal distribution of'Cu

in the crystal leading to the pair formation. Moreover, as
shown elsewher® although an additional stabilization of
the lowest JT configuration of25 cm! takes place in k

defined, the warping parameter may be deduced accurately{ Zny oJCup.og(H20)s} (SOy), this does not influence the

also.

The above constraints were used to fit healues of Cs
{Zn[Cu](H.0)s} (ZrFs)2, and in the low-temperature region
(4—70 K), good agreement with experiment was obtained
using the warping and strain parameters:

B=225cm% S,=-100cm’; S =50cm*

as shown by the dashed lines in Figure 4. Here, the negativeS

sign for § means that the strain acts as a compression.
Excited-state energies Heg) = 11 000 cm?, linear cou-
pling constant A(*T) of the excited state-450 cn1?, and
orbital reduction parameteks = 0.875,k, = 0.87, andk, =
0.85 were used to estimate tgevalues from the electronic
components of the vibronic wave functions. These values
are quite similar to those giving optimum agreement with
the experimental data of the €uloped Tutton salts (E[2g)
=11 900 cm?, Ay(?Tog) = —330 'L, ke = k, = k, = 0.88°
Because for G$Zn[Cu](H.O)e} (ZrFs)2, the lowestg-value
starts to rise as the temperature increases abd\EK, the
axial strain,S, and f may be determined relatively ac-
curately, with a change in either parameterdf5% causing

a noticeable worsening of the fit. This is in contrast to the
doped Tutton salts, where the lowegivalue shows no
temperature dependence in the available temperature region,

so that the axial strain, and, hence, the warping parameter

B, could only be estimated rather approximately.

Although the above parameters provide a satisfactory fit
for the temperature dependence of grealues of Cg Zn-
[Cu](H20)6} (ZrFe)2 in the low temperature region, the two
higher g-values converge more rapidly than the model
predicts at higher temperature (7800 K, Figure 4). The
g-values above~160 K may be reproduced satisfactorily
assuming an identical set of parameters except for a slightly
smaller value of the orthorhombic strai®, = 20 cm?, as
indicated by the solid lines in Figure 4. The behavior of the
g-values over the whole temperature range may, therefore,

(27) Reinen, D.; Krause, $norg. Chem.1981, 20, 2750.
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behavior of the isolated Cu complexd$e most plausible
explanation for the anomalous behavior of{@[Cu]-
(H20)e} (ZrFe), is that the lattice changes slightly as the
temperature is raised, probably as a result of changes in the
hydrogen bonding interactions. It has also been observed that
for (NH4)2[M(H 20)6](304)21 M = Zn and Mg, the orthor-
hombic distortion of the metaligand bond lengths decreases
lightly on warming from~100 to 300 K°2°

A convenient way of representing the potential surface of
the Cu(HO)?" ion is by plotting the energy as a function

of Jahn-Teller angleg which is defined by the following
linear combination of the two componen@, Q. of the
Jahn-Teller active vibratiort*2¢ Here, p is the radial

Qy=pcosg; Q=psing

displacement in the JahiTeller mode. The energy of this
circular trough of the “Mexican hat” potential surface,
calculated by the method in ref 5 at the JT radiusf the
energy minimum, is shown for the CufBl)s** ion in Cs-
{Zn[Cu](H0)g} (ZrFs)2 in Figure 5. The full line corresponds
to the orthorhombic strain at low temperatufe= 50 cnt?,
while the dashed line corresponds to that at higher temper-
atures S = 20 cnt. The very close similarity between the
lines shows that the surface changes very little with tem-
perature. The effect is only detected because the orthorhom-
bic component of the strain is so small in this system.

The model may be used to estimate the ligand displace-
ments which lattice strain tern$, S similar to those acting
on the Cu(HO)¢?" ion would cause in a non-JahkiTeller
active complex such as Zn§B)s>".5> For the strain param-
eters suggested by tlievalues at lower temperaturgy =
—100 andS = 50 cn1?, these ligand displacements are

5x=0.0045 A; oy =0.0003 A; 5z= —0.0048 A (2)

(28) Augustyniak-Jabtokov, M. A.; Yablokov, YBolid State Commun
200Q 115, 439.
(29) Simmons, C.; Hitchman, M. A.; Stratemeier, H. Unpublished results.
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Figure 5. Circular sections through the potential surface at the radiakJahn
Teller distortion corresponding to the energy minimum for the GQ)gF™

ion in Cs{ Zn[Cu](H:0)s} (ZrFe)- for orthorhombic components of the lattice
strain§ = 50 cnt! (full line) andS. = 20 cnt! (dashed line); see text for
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Figure 6. Circular section through the potential surface at the radial-dahn
Teller distortion corresponding to the energy minimum for the GQsF™

ion in Cs{Zn[Cu](H20)e} (ZrFe)2 for an orthorhombic component of the
lattice strainS. = 50 cnml; see text for the parameters used in the
calculation. The squares of the vibrational components of the first eight
vibronic wave functions are shown. The contribution from the vibrational
motion in the radial direction to the zero-point energy has not been
subtracted from the energy levels, as is sometimes done in sucl? plots.

the parameters used in the calculation.

(H20)¢?" and Zn(HO)e*" ions have different shapes, this is
'not a contradiction, because the complexes will interact with
the surrounding lattice in a different manner. A structural
3) study of the isomorphous g€u(H,O)e](ZrFe). com-
pound®>*shows an elongation of the octahedron in the-Cu
The changes in bond lengths with temperature implied by O2 direction at 150 K, which switches to the €03
the EPR analysis are very small, being less than the standardliirection above 260K, with the shortest distance at both
deviations of the bond lengths (Table 3). temperatures corresponding to a compression along the Cu
The deviations observed for the hexahydrate ion ig-Cs  O1 direction. This implies that the lattice strain interactions
[Zn(H20)6](ZrFg), at 293 K are are sensitive not only to the nature of the metal ion, but also
to temperature. In the Ctidoped zinc(ll) Tutton salts, the
direction of the relatively large dominant axial compression
(S = ~ —500 cn1?) derived from the EPRhas always been
. . found to coincide with the shortest Z® bond of the host
The overall distortiorp (eq 1) to be expected from the  ;inc complexe8°but this is not always the case for the small
strain parameters derived from the EP_R analysis is 0.0093,thorhombic distortion. For Cu doped K[Zn(H,0)-
A_at low temperature and 0.0085 A at high temperature. The (s, this distortion is in the opposite direction to that
distortion, thus, does not change much with temperature a”dimplied by the strain deduced from the EPR spectrum of
is very close to the value of 0.009 A observed for the zinc Cw?* doped into this host lattic&! For Cs{ Zn[Cu](H.O)s} -
host at 293 K. The orientation of trgetensor with respect 7k, hoth the tetragonal and orthorhombic lattice distor-
to the Zn(HO):*" ion means that the largest, intermediate, {jons are very small and apparently do not play a decisive
and smallesg-values are approximately parallel to theZn (e in determining the structure of the doped Ca@biz+
02, Zn-03, and Zr-O1 bonds, respectively. For an 5,
orthorhombically distorted copper(ll) complex, the magni- A yseful picture of the structures involved in the dynamic
tudes of theg-values correlate with the metaligand bond  penayior is provided by plots of the squares of the nuclear
lengths?° that is, the highesg-value is associated with the  components of the vibronic wave functions. These are shown
longest Cu-L bond, and so forth, so that the 2® bond i, Figure 6 for the first eight levels for a circular section
lengths should follow the sequence Z@2 > Zn—03 > through the potential surface of the Cu@®¢?* ion in Cs-
Zln—Ol if similar lattice strain parameters act on the hos'F {Zn[Cu](H0)e} (ZrFe), at low temperature. The three lowest
zinc complex as on the guest copper complex. The long axis|eyels are each strongly localized in a different minimum of
of the Jahn-Teller distorted guest Cu@)s*" ion does e warped potential surface. To a good approximation, the
indeed correspond to 2r02, the direction of the weakest  qth, sixth, and eighth wave functions correspond to the
lattice perturbation acting on the host zinc complex. How- first excited vibrational levels of the first three wave
ever, the Zr-O1 bond is slightly longer than that to O3, SO fnctions. Again, these are strongly localized in the three
the directions of the short and intermediate-@ubonds do  minima, though the inequivalence of the two maxima of each
not match those of the zinc complex (though it should be yaye function indicates that some delocalization occurs.

noted that the differences in bond lengths for the zinc These wave functions represent vibrations of excited levels
complex are less than their uncertainty). Because the Cu-

while for those deduced from the EPR at higher temperatures
S = —100 cntt andS = 20 cnT?, they are

ox=0.0032 A; oy =0.0016 A; 6z= —0.0048 A

Szn-on= —0.00LA; 0z op= 0.005 A;
Ozn-03 = —0.004 A (4)

(31) Whitnall, J.; Kennard, C. H. L.; Nimmo, J.; Moore, F.Eryst. Struct.
Commun.1975 4, 717. Ref 5 is in error on this aspect.

(30) Hitchman, M. A.J. Chem. Soc. A97Q 4.

Inorganic Chemistry, Vol. 41, No. 2, 2002 235



Hitchman et al.

Table 4. Hydrogen Bonds for G§Zn(H,0)e](ZrFe)2 (A and degy
D—H---A d(D—H) d(H-+A) d(D---A)  O(DHA)

305
O(1)-H(11y--F(2)#2 0.60(12) 2.14(13) 2.735(7) 169(15)
261 O(3)-H(31y--F(5)#4 0.85(13) 1.82(13) 2.666(8) 175(12)
230 O(2)-H(21y--F(2)#2 0.82(15) 1.90(15) 2.711(7) 169(14)
O(1)-H(12y--F(4)#5 0.93(10) 1.81(10) 2.723(7) 164(9)
190 O(1)-H(12)y--F(5)#5 0.93(10) 2.60(10)  3.020(7) 108(7)
O(2)—-H(22y--F(4)#3 0.86(12) 1.94(12) 2.758(7) 159(11)
O(2)—H(22)--F(6)#3 0.86(12) 2.69(11) 3.284(7) 128(9)
O(3)—H(32y--F(6)#3 0.90(11) 2.05(11) 2.833(7) 145(9)
82 O(3)—H(31)--F(1)#4 0.85(13) 2.76(13) 3.302(8) 123(10)
O(2)-H(21y--F(1)#1 0.82(15) 2.93(14) 3.318(7) 111(11)
O(3)—-H(32y-F(3)#5 0.90(11) 2.83(11) 3.366(8) 120(8)
0 a Symmetry transformations used to generate equivalent atoms:x#1,
+ Yoy = Yo, —z4 Up; #2,X — Yo, =y + 35, z— g #3,—X, —y + 2, ~Z
#4,X — Uy, =y + 5,z — Yy #5, —x + 1, -y + 2, -z
Table 5. g-Values and Relative Energi€sof the First Six Levels of
Energy (crﬂl) the Potential Surfaces with Values of the Orthorhombic Component of

the Lattice Strain

Figure 7. Plots of the squares of the first six vibronic wave functions for  |eye| Eacm? g-values EpPcm-1 g-value$
the Cu(HO)s2t ion in Cs{Zn[Cu](H20)e} (ZrFe)2 for an orthorhombic
component of the lattice stral = 50 cnt!. The vibrational components 0 2.506 2.094 2.08 0 2.506 2.096 2.078

are shown on the left, and the electronic components, on the right. 82 2.101 2.502 2.075 33 2.100 2.502 2.076
190 2.095 2.083 2.487 165 2.091 2.086 2.487

N -

230 248 2119 2.072 226 2.453 2.146 2.066
261 2491 2.094 2.09 256 2296 2.26 2.083
305 2.147 2.453 2.064 266 2.314 2.241 2.085

ag =50cnTl S =20 cntl

ok w

of the “angular” component of the Jahiteller mode! This
corresponds to a vibrational motion that produces an orthor-
hombic geometry#26The fifth and seventh levels represent
the first excited vibrational states of the two lower wave e influence of lattice strain on the position and relative

functions; this time, they are in the radial component of the gnergies of the minima in the JT surface has been discussed
Jahn-Teller active vibration of the parent complex. For this ;4 getail elsewher®2632\When such strain interactions are

vibration, just a single peak is observed in this circular plot very small, the higher-order terms which warp the potential
because the wave functions extend radially away from the g\, iface parametrized b, favor minima atp = 0°, 12¢°
center of the Mexma_n hat potentlgl su.rface. _ and 240, each of which corresponds to a tetragonally
' A more complete picture of 'Fhe V|brat|9nal wave fun'ctlons elongated octahedral geometry. An axial compression shifts
is prov_|ded. by the probability plots in two vibrational  he minima from these positions, and it has been shown that
dimensions: @ Q., or equivalentlyo, ¢. These are shown, e ratio|S,/8| must exceed 9 for the lowest energy minimum
together with their relative energies, for the first six levels correspond to a compressed tetragonal georf&#When

on the left side of Figure 7. Here, it may be seen that the IS/B] < 9, an orthorhombic geometry amgtensor occur.
fifth wave function consists of two peaks with the disposition |, the present cas& = —100 cnt and = 225 cnt?, so

expected for the radial component of the first excited he rati, 0.44, is quite small, and the orthorhombic distortion
vibrational level of the lowest state. The corresponding sssociated with the lowest vibronic wave functions is
probability plots for the electronic components of the vibronic  inimal. The orthorhombic straif is also very small, so
wave functions are shown on the right side of Figure 7. To ihis has little influence on the geometry.

a good approximation, the first three levels correspond 10 The principalg-values of the first six levels are shown in

de--type orbitals with different orientations and very little  tapje 5 for the potential surface in the low temperature (a)
admixture of a g-type component. This is consistent with 54 high temperature (b) regions. Very similar values occur
the small orthorhombic component of tigetensor at Iow  or the three lowest levels, with these differing simply in
temperaturé? For the lowest level, the lobes of the wave ey directions. Moreover, theggvalues are almost identical
function are at right angles to the direction of the smallest fo the two potential surfaces, confirming that the temperature
component of the lattice strain. This means that the filled dependence of the orthorhombic component of the lattice
dz-type orbital associated with the longest-€X0 bonds is  grain has little effect on the composition of the wave
directed toward the portion of the lattice which can best f;nctions. The main effect of the different value of the
accommodate the elongation of the Jafiieller distortion. o rthorhombic strain used to fit the higher temperature
For the second and third wave functions, the change in g-values is to slightly shift the relative energies of the

orientation of the orbital lobes points the long axis of the ;pronic levels. For the potential surface at low temperature,
Jahn-Teller distorted Cu(kD)s*" ion toward the directions e g.values of levels 4 and 5 are quite similar to those of
of the middle and largest lattice strain components, respec-jqye| 1, and those of level 6 are similar to those of level 2.
tively. The electronic components of the fourth and fifth Thjs js consistent with these three higher levels approximat-
wave functions look very similar to those of the lowest level, ing closely to upper vibrational states of the lowest pair of
as expected for the two components of the first excited

vibrational state of this two-dimensional minimum. (32) Bir, G.I. Saw. Phys. Solid Stat@976 18, 1627.
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electronic states. However, thgevalues of the potential
surface at higher temperature do differ from those of the
low temperature surface in one respect, namely that for levels
5 and 6 the two largeg-values are quite similar. This implies
that the wave functions of these levels are significantly
delocalized between the two lower minima of the potential
surface. The delocalization occurs because the two levels,
which correspond to upper vibrational states of the two
lowest vibronic wave functions, are very close in energy. A
similar effect has been reported for other “dynamic” copper-
(I) complexes>® Although such a delocalization has an
insignificant effect on the temperature dependence of the
g-values, it may possibly affect the rate of exchange between
the lowest pair of energy levels. It may, therefore, influence
the temperature dependence of the line shape of the EPR
spectra, and we are currently investigating this aspect.

Interprgtatlon Involving a The.rmal. Eqwhbnqm be- Figure 8. (a) Least-squares fit to thg-values of CgZn[Cu](H20)s}-
tween Orientation Isomers.Previous interpretations of the  (z¢r,), assuming a Boltzmann distribution to three energy levels differing
dynamic behavior of copper(ll) complexes have often only inthe orientation of the-tensors. Part (b) is like part (a) but with the
involved an equilibrium between two “orientation isomers” €nergy of the first excited level varying linearly with temperature. See text

. L . for the method of calculation.
which have similaig-values and bond lengths, but with the
directions of the largest and intermediagevalues, and not, as these converge more rapidly than is predicted by eq
associated bond lengths, interchanged in the crystal lattice;5. However, the observed behavior can be reproduced
Silver and Getz developed a model based on this assump+easonably well, if it is assumed that the energy of the first
tion.2 This approach has been used to interpret the temper-excited level decreases linearly with temperature; théhjs,
ature dependence of the two higlevalue$” and metat = (Eiz* — OT). The least-squares fit to eq 5 with this
ligand bond lengtt® of a range of complexes. The magnitudes relationship substituted into the Boltzmann expressions
of the g-values of the first three vibronic levels are quite (Figure 8b) yields the “best-fit” estimatés>* = 90 cnr?,
similar (Table 5), suggesting that the SilvéBetz approach 6 = 0.2 cnT* K™%, andE;3 = 180 cn1™. A minor discrepancy
should be valid, so it is of interest to extend the treatment to remains as the two larggrvalues are slightly overestimated
the present system where all thrgevalues change with  at high temperature. This is presumably due to the neglect
temperature. Following Silver and Getz and Petrashen etof other higher vibronic states in the treatment, because this
al.>8 the molecularg-values of the complex are given by aspect is reproduced satisfactorily in the more complete

model (solid curve, Figure 4). However, it is apparent that

g-values

0 100 200 300
Temperature [K]

9T = KiGa + Ko0, + Kegys the g-values of Cs{Zn[Cu](H.O)e} (ZrFs). may be repro-
Ko+ Koo+ K duced quite well assuming a thermal equilibrium between
9,(T) = KiGy + KoGo + Ky three “orientation isomers” with the proviso that the energy
difference between those involving a switch in direction of
gAT) = K9, + K8, + Kygs ) 9

the two largeig-values decreases linearly as the temperature
is raised. The treatment implies an energy separation of the
two lowest levels of 84 cmt at 30 K and 30 cmt at 300 K.
This agrees well with the separations 82 and 32 %tm
estimated for the potential surface at low and high temper-
ature using the more complete model of vibronic coupling
(Table 5). The same is true for the energy separation of the
first and third levels, which is 180 crh using the Silver
Getz type approach and 190 and 165 érior the low and
high-temperature potential surfaces of the more complete
model.

Here, K| is the fractional population in level determined

by Boltzmann statisticg,(T) is theg-value of the complex

as a whole at temperatuie and gy and so forth are the
g-values of the levels = 1, 2, 3. The subscriptg y, andx
refer to theg-values along the shortest, middle, and longest
Cu—0 bonds, respectively. As discussed previoddlyis
choice of the molecular coordinate system results from the
fact that the principal symmetry axis of the system is
provided by the axial strain. Equation 5 suggests that the
temperature dependence of tigalues depends on just two
parameters, the energies, andE;; of the two upper levels  conclusions
relative to the lowest level. Taking values fgr gy, andg,

equal to those observed at low temperature fof Ds[Cu]- ~ The variation of the EPR spectrum 6f1% Cu" doped
(H:0)6} (ZrFo), the least-squares fit shown in Figure 8a into Cs[Zn(H,0)6)(ZrFe)2 can be interpreted satisfactorily
yields the energieg;, = 85 cnt ! andE;s = 180 cnrl. For using a potential surface perturbed by Jafeller vibronic

this, although the behavior of the smallegtvalue is coupling and the influence of lattice strain interactions. The

reproduced satisfactorily, that of the two largevalues is ~ (€mperature dependence of thealues and the variation of
the EPR line shape with temperature both suggest that the

(33) Simmons, CNew. J. Chem1993 17, 77 and references therein. lattice strain interactions are rather weak, considerably
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smaller than those derived previously for®Cuoped into equilibrium between these energy levels. The rate of
several Tutton salts of general formula (catigfn(H.0)g]- exchange between the energy levels is always fast enough
(SQy).. Moreover, it appears that the orthorhombic compo- that an averagey-value is observed; though, at Q-band
nent of the strain decreases somewhat between 4.2 and 30€@equency, the EPR signals associated with the two higher
K. The crystal structure of GZn(H,0)e](ZrFs), confirms g-values almost disappear ai80 K, suggesting that here
that the lattice perturbations acting on the Zp@h?* ion the rate of exchange is almost equal to the microwave
are quite small, as this has an almost regular octahedralfrequency. In future experiments, it is proposed to study this
geometry. The orientation of thg-tensor shows that the aspect by measuring the temperature dependence of the EPR
lattice strain interactions acting on the guest Gi@)#* ion spectra of single crystals at several microwave frequencies.
are somewhat different from those perturbing the host zinc-
(1) complex.

To a good approximation, each of the three lowest vibronic
wave functions deduced for the Cu®B)s®" ion in Cs[Zn-
(H20)6](ZrF¢), correspond to the same tetragonally elongated
octahedral geometry with a slight orthorhombic distortion,
but with the long axis of the JahfTeller distortion and
largestg-value directed to a different pair of oxygen atoms.
The g-values vary with temperature because of a thermal 1C010464D
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