1488 J. Am. Chem. S0d.999,121, 1488-1501

Cooperative JahnTeller Interactions in Dynamic Copper(ll)
Complexes. Temperature Dependence of the Crystal Structure and
EPR Spectrum of Deuterated Ammonium Copper(ll) Sulfate
Hexahydrate

Michael A. Hitchman,*-t Wim Maaskant,* Jaco van der Plast Charles J. Simmons? and
Horst Stratemeier’

Contribution from the Chemistry Department, Weisity of Tasmania, Box 252-75, Hobart, Tasmania
7001, Australia, Gorlaeus Laboratories, Leiden Institute of Chemistrypéraity of Leiden, P.O. Box
9502, 2300 RA Leiden, The Netherlands, and Mathematics and Sciens®i Brigham Young
University—Hawaii, Laie, Hawaii 96762

Receied May 26, 1998

Abstract: The crystal structure of the deuterated Tutton salt {NCu(D,0)s](SOs4), determined by X-ray
diffraction at several temperatures between 100 and 321 K is reported. The intermediate and lorg2st Cu
bond lengths of the JahiTeller distorted octahedral CugD)s?" ion progressively converge as the temperature

is raised above-200 K, and this is accompanied by a partial rotation of the ammonium and sulfate groups.
The g-values derived from the EPR spectrum of the compound exhibit similar behavior, as do thes&of

Cu?" doped into the isomorphous zinc(Il) compound. The temperature dependencegefahmes of Cé'-

doped (ND)2[Zn(D20)6](SO4)2 may be interpreted satisfactorily by a model which assumes a Boltzmann thermal
distribution between two energy states which differ solely in the orientation of the O} ion in the

lattice. However, such a model does not satisfactorily explain the behavior of pu,[CID,0)s](SOx)2,

and it is suggested that this is due to cooperative interactions. A new model, in which the probable energy
state of each complex is estimated after taking into account the likely orientations of its neighbors in the
lattice, is described. Application of this model suggests that the thermal behavior is dominated by the cooperative
interactions between complexes, these being transmitted via the hydrogen-bonding network. Comparisons are
drawn with the cooperative interactions observed in more strongly coupled-Jaliar systems and in
compounds for which the structural changes are associated with equilibria between two spin states.

Introduction levels of the vibrational states acting to mix in the higher
electronic state. Such behavior is rather rare. More commonly,
dynamic effects are associated with a warped ground-state
potential energy surface. In this case, the warping is caused by
thigher-order effects and interactions with the surrounding lattice,

nd the dynamic behavior is caused by the fact that some of
he resulting vibronic levels correspond to different orientations
of the complex in the crystal. When these vibronic levels are
close in energy, their population depends on temperature, so
that the average geometry and electronic structure of the
complex is temperature dependent. Experimentally, the geo-
metric changes are normally observed by X-ray or neutron
diffraction while the electronic wave functions are studied by
EPR spectroscopy.

A theoretical model was recently developed to interpret the
properties of “fluxional” copper(ll) complexes of this kifd.
Initially, this was used to interpret the temperature-dependent
g-values of six-coordinate Cti complexes in terms of second-

The stereochemistry and spectroscopic properties éf Cu
complexes are generally interpreted in terms of Jaheller
coupling! this being termed “dynamic” when the geometry and
electronic structure change as a function of temperature. Interes
in this area has recently been stimulated by the suggestion tha
dynamic JahaTeller coupling may be involved in the mech-
anism underlying the behavior of high-temperature supercon-
ductors? Moreover, the electron paramagnetic resonance (EPR)
spectra of certain copper “blue” proteins vary with temperature,
and it has been suggested that this is due to dynamic vibronic
coupling effects. Early reports of such behavior focused on
systems where a complex is essentially localized in one state,
with a higher state being admixed into this ground state by a
vibronic coupling mechanism analogous to that which provides
the intensity in Laporte-forbidden electronic transitidfisiere,
the dynamic effects result from the thermal population of upper
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Dynamic Jahr-Teller Coupling in Cu(ll) Complexes

metal-ligand bond length& The behavior of the complexes
formed by “doping” Cd" into various host lattices was
interpreted successfully using this approécH,and the model
was also applied to a range of pure copper(ll) complexes
exhibiting dynamic behavid®-16 In some cases, a distribution
of the different structural forms remained even after cooling to
4 K, making it hard to determine the nature of the complexes
unambiguously>16Here, measurement of the extended X-ray
absorption fine structure (EXAFS) proved a useful method of
confirming the geometries of the complexes at the local
level 16:17

Particularly interesting dynamic behavior is observed for the
copper(ll) Tutton salts, of general formula (catig@u(H20)e)-
(SOy),. The fluxional behavior of the octahedral Cu®)?"
group created when Ctiis doped into the zinc(ll) Tutton salts
formed with a range of cations has been studied by EPR
spectroscopy;>18-1%nd similar behavior has been reported for
undiluted (NH;)2[Cu(H20)6](SO4)2.2%21 The ammonium cop-

per(ll) Tutton salt is unusual because upon deuteration, although
the crystallographic space group is the same, the long axis of

the Jahr-Teller distorted Cu(RO)s2" complex occurs to a
different pair of water molecules from that in the hydrogenous
salt?2 Moreover, upon raising the pressure from 1 bar to 1.5
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these might be due to cooperative interacti®nkhe temperature
dependence of the CGtO bond lengths of the deuterated
compound measured by powder neutron diffracfoalso
reveals deviations from simple Boltzmann statistics, and here
also it was proposédthat this could be caused by cooperative
interactions between the complexes. To investigate this aspect
properly, it is desirable to study the temperature dependence of
both the EPR spectrum and the crystal structure of the same
compound, since the two techniques provide complementary
information?®> We report here the EPR spectrum of deuterated
ammonium copper sulfate hexahydrate recorded over a wide
temperature range. Its crystal structure has also been redeter-
mined more precisely by X-ray diffraction at a number of
temperatures. To allow comparison with a system where
cooperative interactions are absent, the EPR spectrum?t Cu
doped (ND)2[Zn(D20)6](SO4)2 was also measured.

To interpret the data, the influence of cooperative interactions
on the dynamic behavior is considered. The fact that cooperative
Jahn-Teller interactions can have a significant effect on the
crystal packing of copper(ll) complexes is well establistfed.
Such interactions are responsible for the highly ordered packing
arrangements often observed for®Ciewompound£®-30 How-

kbar at room temperature and cooling to 15 K, the deuterated €Ve" previous studies of cooperative Jafieller interactions

compound adopts a structure analogous to that of the hydrog-

enous compoungf the first known example of such a pressure-
dependent JahnTeller “switch”. For both the hydrogenous and

have usually focused on compounds where the complexes are
in close proximity and the cooperative interactions are therefore
strong. The effect of temperature on such systems is normally

deuterated sa'tS, a dynam|c equ|||br|um between the structura'dlﬁerent fl’0m that Observed fOI’ the TU'['[OI‘I Sa|'[S Rather than

forms occurs at room temperatffeand the latter exhibits a
hysteresis above ambient presstire.

To a first approximation, the variation of trgevalues of
(NH4)2[Cu(Hx0)6](SOs), over a limited temperature range obeys
a simple model which assumes a Boltzmann distribution over

each complex exhibiting a gradual change in apparent geometry
within a unit cell which maintains its symmetry properties, a
sharp, first-order phase transition occurs, involving a change
in the space group to a new, ordered packing arrangement of
the complexes. In these strongly coupled systems, the coopera-

two energy states, each corresponding to a different orientationtive Jahn-Teller interactions are conventionally treated by

of the Cu(HO)s?" ion in the crystal lattic@® However, a more
detailed study found significant deviations from this simple

means of parametrization schemes which refer to the whole
ensemble of molecules in the latti&3!

model at higher temperatures, and it has been suggested that A rather different approach has been used in the present work.
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In the Tutton salts, the ligand molecules of neighboring
complexes are not in direct contact. Rather, they are intercon-
nected by a hydrogen-bonding network involving the ammonium
and sulfate ions. It is therefore anticipated that cooperative
interactions between the complexes are relatively weak. The
model developed to interpret the effect of temperature on
deuterated ammonium copper sulfate hexahydrate is therefore
based upon those used successfully to describe the behavior of
the isolated Cu(kD)s?"-ions in C#" doped zinc(ll) Tutton
salts®® The solid is assumed to behave as a set of individual
complexes, each having two possible energy states, with the
effect of the cooperative interactions being simply to modify
the energy separation between these states for each complex.
The averagg-values and bond lengths in the lattice as a whole
are determined using random statistics. The present paper
describes the application of this model to the temperature
dependence of thg-values and CuO bond lengths of (NB).-
[Cu(D20)6](SOy)2, and the results are compared with those
reported for cooperative JahiTeller interactions in other
systems. Comparisons are also drawn with the equilibria
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Table 1. Crystallographical Data of (NP,[Cu(D.0)s](SOs), at Various Temperatures

T(K)

100 180 240 270 298 321
formula D20CUN014S;
fw 419.8
space group P2,/a (monoclinic)
cryst size, mm sphere,= 0.35 mm
a(A) 9.392(2) 9.386(1) 9.369(8) 9.341(5) 9.297(5) 9.2696(4)
b (A) 12.6698(8) 12.6611(5) 12.6201(8) 12.5745(6) 12.5119(6) 12.4780(7)
c(A) 6.0680(8) 6.0871(5) 6.120(2) 6.150(1) 6.194(1) 6.2300(4)
p (deg) 107.14(2) 107.03(1) 106.78(4) 106.57(3) 106.36(3) 106.265(4)
V (A3) 690.0(2) 691.7(1) 692.8(5) 692.4(4) 691.3(4) 691.76(7)
z 2
Dcalc (g CITT3) 2.02
w(cmt) 19.5
diffractometer Enraf-Nonius CAD4-MACH
radiation Mo Ko
DOMA? 0.59 0.58 0.53 0.49 0.55 0.63
DOMB? 0.97 0.70 0.46 0.46 0.45 1.08
APTAP 1.46 1.63 1.64 151 1.70 1.46
APTBP 1.90 1.07 0.33 0.35 0.33 221
NPIPRE 1
SIGMA® 0.030
SIGPRE 2.0
MAXTIME ¢ 40
REPTIME 5000 5000 5000 5000 5000 2800
26 scan range (deg) 459 4-60 4-59 4-60 4-60 4-56
transmission factors 0.861.00 0.86-1.00 0.86-1.00 0.89-1.00 0.84-1.00 0.94-1.00
no. of unique nonspace group extinguished reflcns 1906 2001 1910 1997 1997 1613
no. of reflcns (1) used in least-squares with> 30, 1706 1769 1703 1739 1722 1267
no. of parametergj used in least-squares 118
largest shift/error 0.03 0.01 0.00 0.01 0.00 0.00
Re 0.029 0.028 0.028 0.030 0.035 0.032
Ry 0.042 0.038 0.040 0.042 0.052 0.037
goodness-of-fit 2.12 2.02 231 2.35 3.04 2.12
largest peak in finahF map, e/& 0.5 0.4 0.3 0.3 0.4 0.5

20Omega scan width (degy DOMA + DOMB tan6. ? Detector aperature APTA + APTB tand (mm, horizontal)¢ All intensities prescanned
at a rate of 16.18min ! (NPIPRE= 1); those obeying the prescan acceptance limit (SIGMApgf)g. < 0.03 were considered observed and not
rescanned, while those obeying the prescan rejection limit (SIGPRE)/Of¢ > 2.0 were considered unobserved and also not rescanned. All
others were rescanned by using variable rates so that the maximum scan times (MAXTIME) would not excé8ta#srd reflections measured
every RI%PTIME secondSR = 3 ||Fo| — |Fc|l/3|Fol. TRy = [IW(|Fo| — |Fc|)?3W|Fo|?]¥2, wherew(weight)= [o(Fo)] 2 9S= [SW(|Fo| — |Fc|)%
(n— P12

observed between the spin states of iron(Il) complexes, as thesg¢hermocouple probe. The unit cell constants and their standard

have some features in common with the present Syézk‘em. deviations were determined by a least-squares treatment (CELDIM)
of the angular coordinates of 25 high-angle r2flections. Thed-26
Experimental Section scan mode was used with a variable scan rate. The intensities of three
check reflections showed no discernible decrease. All diffraction
Preparation of Compounds.The preparation of (NE)2[Cu(D2O)g]- intensities were corrected for Lorentz and polarization effects and for
(SQy); has been described previoudhA sample of (ND),[Zn(D2O)s)- absorption using sevep scans. Previously determined atomic coor-

(SOy). was prepared by a similar method, and this was doped with a dinate$?> were used as the initial input. The structures were refined
little Cu?" by recrystallizing a mixture of the zinc(ll) salt with a 2%  using full-matrix least-squares methods with anisotropic displacement
mole equivalent of the copper(ll) compound in@ Analysis of the factors for the non-H atoms and fixed isotrofevalues for the H’s.
water evaporated from the compounds by mass spectroscopy indicatedRefinements were based nand computations were performed on a
that>~96% of the hydrogens had been replaced by deuterium atoms. pec-alpha computer using the teXsan software package. Unit cell
EPR Measurements.EPR spectra in the temperature range-77  parameters, data acquisition techniques, and structure refinement results

340 K were measured using a JEOL JES-FE spectrometer operating atare summarized in Table 1; €© bond lengths and H-bond contacts

a Q-band frequency of34 GHz. The temperature was controlled and  are listed in Table 2. All atomic positions, bond lengths and angles,

measured using a standard JEOL cryostat accessory. In the temperaturgnd hydrogen-bonding contacts are given in the Supporting Information.
range 4-77 K, spectra were recorded on a Varian E-15 spectrometer

at X-band frequency~9 GHz). The temperature was controlled and . )
measured using an Oxford Instruments flow cryostat. Results and Discussion

X-ray Measurements.The X-ray crystallographic studies were done
using an Enraf-Nonius CAD4 MACH diffractometer with graphite Temperature Dependence of the Crystal Structure of
monochromatic Mo I radiation ¢ = 0.710 73 A). A Crystal Logic ~ (ND4)2[Cu(D20)g](SOa)2. The structure of (NB)2[Cu(D20)g]-
liquid nitrogen cryostat was used to cool the crystal. To prevent loss (SQy), is shown in Figure 1. The general packing of the
of D,O for the measurement at 321 K, the crystal was mounted in a centrosymmetric Cu(BD)e2" ions and the way in which the
quartz capillary containing a saturated solution of the compound in gty cture changes as a function of temperature is similar to that
D,O. Temperatures were measured using a Cole-Parmer digital reported by Hathaway and Hew&and by Figgis et al*3 The

(32) (a) Kanig, E. Struct. Bondingl991, 76, 51. (b) Gulich, P.; Hauser, most pronounced influence of temperature is the effect it has
A.; Spiering, H.Angew. Chem., Int. Ed. Engl994 33, 2024. upon the Cu-O bond lengths. Neither the average value nor
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Table 2. Copper-Oxygen Bond Lengths for (ND[Cu(D20)s](SOs)2 at (NH,)2[Cu(H20)6](SOs). and Hydrogen-Bonding Distances at Various

Temperatures
T (K)
8 85 100 180 240 270 298 321
Cu—0 Bond Lengths
Cu(1)-0O(7yf 2.009(1) 2.010(1) 2.008(3) 2.012(2) 2.022(2) 2.041(2) 2.078(3) 2.116(3)
2.277(2) 2.273(2) 2.259(2) 2.244(2) 2.210(2)
Cu(1)-0(8yf 2.300(1) 2.301(1) 2.298(2) 2.298(2) 2.284(2) 2.263(2) 2.222(3) 2.181(3)
2.002(2) 2.008(2) 2.027(2) 2.041(2) 2.071(2)
Cu(1)y-0O(9y 1.961(1) 1.960(1) 1.958(2) 1.959(2) 1.959(2) 1.958(2) 1.960(2) 1.950(3)
1.969(2) 1.966(2) 1.957(2) 1.958(2) 1.959(2)
Hydrogen Bond Distances
O(3)---D(12) 2.00(3) 2.02(3) 2.03(3) 2.03(4) 1.98(5) 2.08(4)
0O(3)---D(12) 2.09(3) 2.04(4) 2.01(4) 2.18(4) 2.23(3)
0O(3)---D(13") 2.74(3) 2.68(3) 2.61(3) 2.66(4) 2.51(5) 2.35(4)
O(3)-+-H(13") 1.89(3) 2.01(4) 2.12(4) 2.15(4) 2.09(3)
O(3)---D(20") 1.79(4) 1.80(3) 1.81(4) 1.79(4) 1.79(5) 1.98(4)
O(3)---H(20") 1.96(4) 1.85(5) 1.97(5) 2.00(4) 1.92(3)
O(4)---D(13") 2.02(4) 2.01(4) 2.05(4) 2.23(4) 2.28(5) 2.21(4)
O(4)-+-H(13") 2.52(3) 2.50(4) 2.50(4) 2.50(4) 2.45(3)
O(4)---D(17) 2.02(4) 1.96(4) 1.98(4) 2.05(4) 1.83(5) 1.90(4)
O(4)-+-H(17) 1.92(4) 1.94(5) 1.76(4) 1.87(4) 1.86(3)
O(5)---D(14") 1.99(3) 1.96(3) 1.98(3) 1.99(4) 2.08(5) 2.01(4)
O(5)-+-H(14") 1.91(4) 1.93(5) 1.93(5) 2.02(4) 2.00(3)
O(5)---D(15) 1.95(4) 2.01(4) 2.04(4) 2.05(4) 2.11(5) 1.92(4)
0O(5)-+-H(15) 2.09(4) 2.06(5) 1.95(4) 2.01(4) 2.11(3)
O(5)---D(19") 1.97(4) 1.96(4) 1.96(4) 1.95(4) 1.95(5) 2.00(4)
0O(5)-+-H(19") 1.92(4) 2.00(5) 2.12(4) 1.85(4) 1.86(3)
O(6)---D(121) 2.00(4) 2.07(4) 2.15(4) 2.03(4) 1.96(5) 2.04(4)
O(6)-+-H(12"7) 2.15(4) 2.12(5) 2.01(4) 2.03(4) 2.04(3)
O(6)---D(16") 1.98(4) 1.95(4) 1.90(4) 1.92(4) 1.93(5) 2.21(4)
O(6)-+-H(16"i) 2.14(3) 2.09(4) 2.20(4) 2.24(4) 2.00(3)
O(6)---D(18") 2.07(4) 2.08(4) 2.13(4) 2.06(4) 2.10(5) 2.04(4)
O(6)---H(18") 1.91(4) 1.97(5) 2.07(4) 2.06(4) 2.06(3)

aReference 332 Reference 34 Top line, Cu-O bond lengths for deuterated structure; bottom line;-Oubond lengths for hydrogenated
structure (Simmons, Hitchman, Stratemeier, unpublished resutls). Symmetry corey, 8)(ii) %> — X, Y2 +y, 1 — z (iii) Y2 + x, Y2 —y, Z (iv)
1+xy,1+z MV Y—x=H+y 1l—z N )—x1-y, 1—z Vi) Yo+ x Y=y, 1+ z (vii) x,y, 1+ z

D15*

09* )
D19*
D20*

Figure 1. ORTEP drawing of the structure of (NP[Cu(D20)e](SOs)2
at 298 K. Ellipsoids of 50% probability are shown. The Cp@Q)>*
ion is centrosymmetric.

1 Cu(1)-0(8)
og 220 j
= -
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E ]
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2.00 —
i Cu(1)-0(9)
—WWWWWW
0.00 100.00 200.00 300.00

Temperature (K)

Figure 2. Plot of Cu—O bond lengths as a function of temperature
for (ND4)2[Cu(D2O)s](SOs)2. The convergence temperature of the
Cu(1)-0(7) and Cu(1)}O(8) bond lengths, ca. 340 K, appears to
correspond to the decomposition temperature of the crystal.

the shortest CaO distance, that to O(9), changes as a function

of temperature. The slight decrease in the-©{9) bond length
above ~250 K suggested by neutron powder dats not

two Cu—O bond lengths remain nearly constant from ca. 15 to
180 K, but progressively converge above this temperature (see

reproduced in the present, more accurate X-ray results. The othef-igure 2).

(33) Figgis, B. N.; Iverson, B. B.; Larsen, F. K.; Reynolds, P.Akta
Crystallogr. 1993 B49, 794.

(34) Figgis, B. N.; Khor, L.; Kucharski, E. S.; Reynolds, P. Acta
Crystallogr. 1992 B48 144.

The Cu(QO)s®" ions are interconnected by a hydrogen-
bonding network, with the deuterium atoms of the water
molecules forming hydrogen bonds with the sulfate ions, which
in turn are linked by hydrogen bonds to the ammonia cations.
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(ND4)2[Cu(D20)6](S04)2 (NHy)2[Cu(H20)6)(S04)2

(ND4)2[Cu(D20)6](SO4)2 (ND4)2[Cu(D;0)6](SO4)2

Figure 3. ORTEP drawing of part of the hydrogen-bonding network g6 4 ORTEP drawing of part of the hydrogen-bonding network

in (ND)[Cu(D-0)e](SOu)2 at 321 and 100 K. Ellipsoids of 30% e hydrogenated (top) and deuterated (bottom) ammonium copper

probability are s_hown. O and_ H-_bond lengths are indicateq in Tutton salts at 100 K. Ellipsoids of 30% probability are shown—Cu
angstroms. Incipient H-bonds are indicated by dashed lines. Notice thatand H-bond lengths are indicated in angstroms. Incipient H-bonds are

the O(4)--D(13) and O(3)+D(13) contact distances are approaching iy gicateq by dashed lines. Notice the switching of the Cu@{7) and
each other at high temperatures. Cu(1)-0(8) bond lengths.

The crystal packing is also influenced by temperature. Despite pond between N(10) and sulfate O(3) is somewhat stronger,
the changes in the Cu(P(7) and Cu(1yO(8) bond lengths,  ang that to O(4) somewhat weaker, in the hydrogenous
the hydrogen-bonding interactions, which are given in Table 2, :ompound (Table 2). The rotation of the ammonium and sulfate
do not change _dramatically with temperature, except for O(4) ions observed for (NB)2[Cu(D,0)e](SOu); as the temperature
-*D(13), which increases from 2.02(4) Aat100K 10 2.21(4) A s raised carries these groups toward the dispositions observed
at 321 K (see Figure 3). This is because, above ca. 180 K, bothtyr the hydrogenous salt, as shown in Figure 3. This suggests
the ammonium and sulfate groups undergo partial rotation, andipat the effect of temperature is to change the whole crystal
this acts to minimize changes in most of the hydrogen-bonding girycture toward that observed for the hydrogenous compound.
contacts. In (NH)2[Cu(Hz0)e](SOa)2, the O(3)--H(13) contact o the basis of the structural data alone, it might be thought
is stronger, varying from 1.89(3) A at 100 K to 2.10(4) A at  that the changes in the coppaaxygen bond lengths are due to
322 K, while the weaker O(4)}H(13) bond is 2.52(3) Aat e gradual onset of a phase transition due to a modification in
100 K and 2.15(4) A at 322 K (see Figure #)Thus, these  which the Cu(RO)2" ion exhibits a compressed tetragonal
particular H bonds are converging to equal strengths in both geometry, with this change being associated with the onset of
structures with increasing temperature, an energetically unfavor-ihe hindered rotation of the ND groups. In fact, the EPR
able situation. ) spectra are inconsistent with this interpretation (see following
~In considering the nature of the changes accompanying thesection), suggesting that the changes in the bond lengths are
rise in temperature, the structure of the corresponding hydrog- yue to the presence of a thermal equilibrium with a higher
enous salt is relevant. Here, the Cu{Q(7) and Cu(1)0O(8) energy form in which the geometry of the Cu@e2* ion is
bond lengths are reversed (Table 2), and the ammonium andsjmjlar to that observed at low temperature, but with the
sulfate groups have slightly different disp_ositions compared with copper-oxygen distances to O(7) and O(8) reversed, as in the
the deuterated salt (see Figure*#)n particular, the hydrogen  corresponding hydrogenous salt. The observed oxygen positions
(35) Simmons, C. J.; Hitchman, M. A.; Maaskant, W.; van der Plas, J.; 'eflect the average of the positions of the two forms, weighted
Stratemeier, H. To be published. by their thermal populations. Similar structural equilibria have
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been reported for a number of other copper(ll) complé¥es.
When disorder of this kind occurs, it is expected to produce an
elongation of the thermal ellipsoid parameters along the
directions of the bonds involved in the equilibrium, O(7) and
O(8) in the present case. In favorable circumstances, analysis
of the effect of temperature on the thermal parameters may yield
information on equilibria of this kind®

g-values

As has been noted previouggthe oxygen thermal ellipsoids
for (ND4)2[Cu(D,0)s](SOy), are not elongated appreciably along
the bond directions, although there is still some evidence of
disorder. For example, the mean-square vibrational amplitudes
AU(M—0) along the M-O bonds for the deuterated ammonium
copper and zinc Tuttons salts at 298 K are as follow: M{(1)
O(7)=0.015, 0.002 A M(1)—O(8) = 0.011, 0.006 A2; and
M(1)—O(9) = 0.005, 0.004 A2 for M Cu and Zn,
respectively. Although theAU values along the CuO(7,8)
bonds are considerably greater than those of the corresponding
Zn—0 bonds, they are still somewhat smaller than those found Figure 5. Temperature dependence of thealues of~2% C\¥" doped
for a typical Cd* pseudo-JahnaTeller complex. For example,  into (ND4)2[Zn(D20)e](SOu)2. The crosses are derived from X-band
the Cu-O bonds in the pseudo-Jahfieller complex [Cu- measurements on a single-crystal oriented with the magnetic field close
(bipyamy(ONO)JNO; at 298 K are both 2.215(5) ﬂnearly to the Cu(1)-O(8) bonds of one complex and the CutD)(9) bonds

. . of the second molecule in the unit cell; the other symbols are from
the same as the Cu(tD(8) bond in the deuterated ammonium  _hand measurements on a powdered sample. The lines show the values
copper Tutton salt. However, theU(Cu—0) value is 0.069

calculated using the model of dynamic vibronic coupling described in
A2 for the former versus 0.011%for the latted” It may be ref 9; see text for the parameters used in the calculation and eq 1 and

that the reduction of the vibrational amplitudes along the bonds 2 for the definitions of the parameters and orientation ofgkexes.
in the copper Tutton salts is partially the result of the hydrogen 1

; ; A, =900 cm
bonds between the water ligands and the sulfate O atoms, which 1
are absent in the aforementioned pseudo-Jdttier complex.
The thermal parameters also show no apparent elongation along

7y
=]

2.00{||||‘| LI I B B

100.00 200.00 300.00
Temperature (K)

7=300cm?

the Cr—O bond axe® in the compound [Cr(kD)e]SiFs, which
contains tetragonally elongated octahedral @@} ions with
the distortion disordered over all three-GD bond axes$?

Temperature Dependence of the EPR Spectrum of (Nf)»-
[Cu(D20)6](SOy).. Previous studies have showii that when
Cwt is doped into a zinc(ll) Tutton salt, the temperature
dependence of the EPR spectrum of the resulting gDjs3"
ion may be interpreted satisfactorily in terms of the behavior
of an isolated complex. To provide a comparison to highlight
the influence of cooperative effects in the pure copper(ll)
compound, the spectrum 6f2% Cw?+ doped into (NDQ),[Zn-
(D20)6](SOy), was therefore measured. The variation of the
g-values between 4 and 300 K is shown in Figure 5. The

g-values, and the way in which these change with temperature,

are very similar to those reported previously by Riley et al.
for ~2% CW" doped into the corresponding hydrogenous
zinc(ll) compound, and the model applied to this system,
referred to hereafter as the RWH moélekas also used to
interpret the present data. In this, the effects of Jaheller

A, =33 cm ! (equivalent to a warping parameter

1)
B =300cm?)
Q,= —550cm ™
Q.=120cm*

Here,A; is the first-order JahaTeller coupling constant, the
harmonic energy of theyevibration, A; is the second-order
Jahn-Teller coupling constant, ar@y andQ. are the tetragonal
and orthorhombic components of the lattice strain.

This implies that deuteration has little effect on the lattice of
(NHa)2[Zn(H20)6)(SOy)2. The change in structure which occurs
upon deuteration of (NIj,[Cu(H20)e](SOy). must, therefore,
be due to a shift in what is a very delicate balance between the
Jahn-Teller distortion of the metal complex and the hydrogen-
bonding interactions in the lattice. Tlgevalues of Cé&™-doped
(ND4)2[ZNn(D20)g](SOs4), do exhibit minor deviations from the
behavior predicted by the RWH model in the higher temperature
region (Figure 5). These could be due to residual cooperative

coupling are applied to second order, with the resulting warped jnteractions, or a slight variation of the lattice strain parameters
Mexican hat potential surface of the complex being perturbed with temperature. We are currently investigating these pos-
by an orthorhombic lattice strain induced by the surrounding sibilities in conjunction with a detailed comparison of the effect
crystal lattice. The parameters used to define the warped of deuteration upon the crystal structure of the zinc(ll) Tutton
Mexican hat potential surface and strain parameters giving salt.

optimum agreement with experiment were identical to those  The potential surface of the CufD)s?" ion in Cu?*-doped
estimate8 for Cl2t-doped (NH)2[Zn(H20)s](SOs)2: (ND4)2[ZNn(D20)e](SOv): is thus similar to that described previ-
ously? for the corresponding hydrogenous complex. The warped
Mexican hat potential surface has three minima, and the
temperature dependence of pgalues is due to the change in
the population of the two lowest vibronic levels, which are
essentially localized in the two lower energy minima. The third
minimum is too high in energy to be thermally populated at

(36) Burgi, H.-B. Trans. Am. Crystallogr. Assot984 20, 61. Stebler,
M.; Birgi, H.-B. J. Am. Chem. S0d.987 109, 1395.

(37) Simmons, C. J. Unpublished results.

(38) Cotton, F. A.; Falvello, L. R.; Murillo, C. A.; Quesada, J. F.
Solid State Cheni992 96, 192.

(39) Falvello, L. R.J. Chem. Soc., Dalton Tran&997, 4463-4475.
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400 — E = 184 cnt!, which agrees well with the difference between
| the two lowest vibronic levels estimated using the RWH model,

180 cn1?, confirming that in this case the SG model is realistic.
-800 In general terms, the variation as a function of temperature
of the moleculag-values of the Cu(BD)e2" ion in pure (ND),-
1 [Cu(D20)e](SOy) is quite similar to that of Cti-doped (ND),-
-1200 —| [Zn(D20)6](SO4),. Typical powder spectra measured at Q-band
frequency are shown in Figure 8. At low temperature, the EPR
1 spectrum has near tetragonal symmetry, but as room temperature
1600 —| is approached the resonances due to the two higheues
\ move together. The lowestvalue, g;, does not change with
\/

1

Energy /cm

temperature, and this shows that the actoehl structure of

the Cu(0)s*" complex does not change from a tetragonally
elongated toward a tetragonally compressed geometry, as might
1 be inferred from the change in copparxygen bond distances
(see preceding section). Such a structural change would require

-2000 J

200 R T that the form of the ground-state wave function goes frgmz
0 60 120 180 240 300 360 .
angle ® toward dz. This would cause the lowesfvalue to decrease
significantly, as is, indeed, observed for complexes where the

Figure 6. Variation of the energy minimum of the warped Mexican - i . .
hat potential surface of the CufD):2* ion in Ct?* doped into (ND),- proportion of these orbitals in the ground-state varies as a

[Zn(D-0)s](SOW)2, plotted as a function of the relative displacements function of temperaturé!“°This does not happen, and it may
of the two components of the Jaheller vibration. The plot is only be inferred that the basic cause of the temperature dependence

approximate, being measured at the radius of the-J&bHher minimum. of the g-values of pure (N2 [Cu(D20)s](SOq) is similar to
The potential surface is identical to that calculated previously f8tCu  that in the doped complex. The potential surface of the
doped into the corresponding hydrogenous zinc(ll) salt; see ref 9. Cu(D,0)¢2* ion is perturbed by lattice interactions. At low
temperature, just the ground vibronic state is occupied, and the
g-values reflect the true geometry of the complex. At temper-
atures above-200 K, a higher level, in which thg-values and
bond lengths involving the O(7) and O(8) water molecules are
reversed compared with the ground state, becomes thermally
epopulated. As electron exchange between the levels is rapid on
the EPR time scale, thpvalues associated with these directions
move progressively toward their mean value as the temperature
is increased.
Although the basic cause of the thermal behavior of pure
(ND4)2[Cu(D20)6](SOs)2 must be a thermal equilibrium of this
Level 1: g, =2.43, g,= 212, g,=2.07 kind, the way in which theg—valugs ch.ange with temperature
cannot be interpreted satisfactorily using the models developed
Level 2: ¢g,=213, g,=2.42, g,=2.06 2 to describe the complexes formed when?Cis doped into
diamagnetic host lattices. A plot similar to that made fo?Gu
wherex, y, andz are parallel to the CuO(8), —O(7), and—0(9) doped (ND)2[Zn(D20)6](SQs)2, based upon the SG model,
bond directions, respectively. This suggests that, to a goodwhich assumes that a Boltzmann distribution occurs between
approximation, the thermal behavior results from a Boltzmann two energy states corresponding to different orientations of the
equilibrium between structural isomers of the Cp@)2" ion, Cu(D;0)s*" ion, does not give a straight line (Figure 7b). A
these differing solely in the interchange of the bonds and possible cause of the deviation might be that at high tempera-
electronic wave functions associated with the O(7) and O(8) tures the rate of electron exchange between the two complexes
water molecules. The two highgrvalues change with tem- in the unit cell becomes comparable to the EPR time scale, and
perature, as they represent the values weighted by the relativethis contributes to the partial averaging of thealues. This
populations of the two vibronic levels, the rate of exchange cannot be the case, however, since a similar deviation is also
between the levels being faster than the difference between theirobserved in the variation of the bond lengths, and these are
g-values expressed in frequency units. A model of this kind unaffected by the rate of electron exchange between the
was first proposed by Silver and Géta explain the temperature  complexes. The most plausible explanation for the deviation is
dependence of the EPR spectrum offCdoped into K[Zn- that the thermal equilibrium between two orientations of the
(H20)6](SOs)2. This approach, subsequently referred to as the complex does not obey Boltzmann statistics for the pure copper-
SG model, has been successfully used to interpret the temper{il) compound. This seems reasonable because in the pure
ature dependence of EPR spettfaand Cu-O bond lengths copper(ll) compound, unlike the doped systems, when a
in a series of copper(ll) compoun@isThe SG model implies  complex at one lattice site is excited to a higher energy state,
that the ratio of the number of complexes in the lower level to the change in geometry will influence the lattice strain acting
that in the upper leveK = ny/ny, should obey the relationship  upon its neighbors. Thus, in the pure compound, the average
In K o 1/T, whereT is the absolute temperature. As may be Ilattice strain acting on the CutD)s>* ion is no longer
seen from the plot shown in Figure 7a, thevalues of Cé*- independent of temperature, as assumed in the RWH and SG
doped (ND)2[Zn(D20)e](SOs)2 obey this relationship reasonably  models. Because the complexes do not behave independently,
well. As K o eBkD wherek is the Boltzmann constant, the — : . — —
. . . (40) Steffen, G.; Reinen, D.; Stratemeier, H.; Riley, M. J.; Hitchman,
slope of the line yields the energy difference between the two \ a - 'Matthies, H. E.: Recker, K.; Wallrafen, F.; Niklas, J.IRorg. Chem.
levelsE. In the present case, the line of best fit yields the value 199q 29, 2123.

the temperatures under consideration. A plot illustrating the
warping of the Mexican hat potential surface is shown in Figure
6. The meaning of the plot has been discussed in detail
previously? To a good approximation, the second vibronic level
involves a wave function for which two of thg-values and
concomitant bond lengths are interchanged compared with thos
in the ground level. With the direction of the axial and
orthorhombic lattice strains defining ttzeand x axes, respec-
tively, and a negative sign corresponding to a compression, the
g-values of the first two levels are as follows:
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Figure 7. Plot showing the dependence I6f the ratio of complexes in the lower energy state to that in the upper state, and absolute temperature
for (@) Ci" doped into (NQR)2[Zn(D20)s](SO4)2 and (b) pure (ND)[Cu(D20)e](SOs)2. The lines represent “best fits’ assuming a linear relationship
between InK and 1T.

[Cu(D20)g](SOy)- if the energy separation between the two
lower wells in the warped potential surface (Figure 6) is assumed
to decrease progressively as the temperature incretises
g-value and bond length data may be reproduced satisfactorily
if this separation approximately halves on going from 200 to
300 K. However, this conclusion applies to the lattice as a whole,
whereas the calculations embodied in the RWH mé&deid
183K indeed the SG modélefer to the potential surface of an isolated
complex. Therefore, while it is true to say that the effect of the
cooperative interactions is to make the energy difference
between the two orientations of the Cu(@e?" ion temperature
dependent, to interpret this quantitatively we need to consider
how this occurs via modification of the potential surfaces of
the individual complexes in the lattice. The problem is ap-
proached by considering that the energy of each complex is
influenced by the orientations of its neighbors, with random
statistics being used to determine the behavior of the population
as a whole.

(a) Model Describing the Cooperative Interactions.For
the reasons given above, it appears that the present problem
involves just two states of the basic Cu(e?™ complex.
Moreover, to a good approximation, thlievalues and bond

| lengths of the upper state are very similar to those of the ground

]0(')00 ' 12000 state, being simply interchanged in direction. At any tempera-
ture, theg-value and copperoxygen distance associated with
any particular bond are simply the average of those of the two
states, weighted by the fraction of time the complexes spend in
that state. At temperaturg, this fraction of time is given by
cooperative interactions will influence the potential surfaces of the expression
the complexes and must be included in any model used to
interpret their thermal behavior. f = exp(—E/KT)/[1 + exp(—E/KT)] 3)

Cooperative Interactions in (NDs)2[Cu(D20)e](SO4).. Within
the framework of the SG model, the fact that a plot ofkn whereE is the energy of the upper state aki Boltzmann’s
against 1T is highly nonlinear for pure (NB2[Cu(D20)g](SOs)2 constant. The cooperative interactions mean that, for pure
implies that the energy differenéebetween the two orientations  (ND4)2[Cu(D20)s](SOs)2, the energy difference between the
of the Cu(DO)s?" ion varies as a function of temperature, and states of any particular complex depends on whether its
the sense of the curvature (Figure 7b) shows Ehdecreases  neighbors are in the ground or upper state. In the present
as the temperature rises. A similar conclusion has been reache@pproach, the effect of the basic lattice strain, which is not
on the basis of the temperature dependence ofthalues of influenced by the orientation of neighboring complexes or the
the corresponding hydrogenous compoghdimilarly, the temperature, is described by a param&eAdded to this is a
RWH model may be used to interpret the data for pure D contributionJ for each neighbor in “contact” with the particular

magnetic field [Gauss]

Figure 8. Typical EPR spectra of powdered (We[Cu(D,0)s](SOx)
at various temperatures measured at Q-band frequency.
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Figure 9. Schematic illustration of the cooperative interactions resulting 220 —
from the thermal excitation of a CugD)e?" ion in (ND4)2[Cu(D2O)g]-
(SO .
. . . . m]
complex under consideration. This depends on the relative 210 : D'F = ‘ —
orientation of the neighbor. For a complex in its ground state, 0.00 100.00 200.00 300.00

the interaction is negative when a neighbor is also in its ground Temperature (K)

state, and the interaction is destabilizing and positive when it gjgyre 10. Temperature dependence of thealues of (ND),[Cu-

is in the upper state. As a starting point of the calculation, the (p,0)4(S0;), estimated using various values of the basic lattice strain
lattice is assumed to have a particular distribution of complexes energyE and cooperative interaction enerdyboth in cntt [(a) E =

in the upper and lower states. The energy level separation 0f621,J = 0; (b) E = 150,J = 58.9; (c)E = 50,J = 71.4; (d)E = 9,
every complex is obtained in terms BfandJ by noting the J=176.5; (e)E =5, =77; () E=0,J = 77.6]. The best fit occurs
energy state of each neighbor. The Boltzmann equation (eq 3)for E = 9 cni* and J = 76.5 cm* (d). The symbols represent
is then applied to determine the probability that each complex €XxPerimental measurements.
is in its upper state. A random number generator is used to
decide whether each complex is, in fact, in the upper or lower
state. An iterative procedure is used to decide when the 2.30 s g
population of complexes has reached equilibrium after each
temperature change. At convergence, the calculation yields the
number of complexes in each state at any particular temperature,
and hence the average €0 bond lengths and-values. o
Clearly, the approach depends on the symmetry relationships
of the particular lattice under consideration. In general, the
cooperative interactions may act differently along each Cartesian
axis, and for a centrosymmetric octahedral complex three
parametersly, Jy, andJ, are required. In (NQ)2[Cu(D-O)g]-
(SQy)2, the Cu(RO)s?" ions stack in such a manner that the
Cu—0 bonds involved in the thermal equilibrium lie in a plane
(see the next section and Figure 9). The cooperative interactions 200 s
are therefore expected to involve a two-dimensional array with ’
each complex in “contact” with four neighbors add = 0.
Moreover, the long and intermediate bonds of neighboring i ' l ‘ \ ‘
complexes are approximately parallel. When one complex is 0.00 100.00 Temperatjr(::ogg) 300.60
thermally excited, it will act to “squeeze” two neighbors while
applying a “negative pressure” to the other two, as illustrated F19ure 11. Temperature dependence of the C{®)7) and Cu(ly

. S . . 0O(8) bond lengths of (NE)[Cu(D.0)s](SOs), estimated using the
§qhemat|cally in Figure 9. To S|mpllfy the p.roblem, WE asSUMe  4iues of the basic lattice strain energyand cooperative interaction
initially that these two effects are identical i.8,,= Jy = J. At

’ ) energyJ as given in Figure 10. The best fit here also occurs for (d);
very low temperature, every C(_)mplex in the lattice therefore the various symbols represent different experimental measurements.
has an energy-4J, with an excited-state enerdy + 4J. A

complex with one neighbor in its excited state has an energy of cooperative JahaTeller effects in two dimensions has already
—2J in the ground state anfl + 2J in the upper state. As the  been describetf. The temperature dependence of the population
temperature rises, and more complexes go to the upper statepf complexes in the upper state, and hence the observed bond
complexes with more than one neighbor in the upper state will lengths andj-values, turns out to be quite sensitive to the values
occur, and the pattern of energy states develops further. of E andJ, as may be seen from the plots in Figures 10 and
Based upon this model, a computer program was written to 11. Here, values of andJ have been chosen so that changes
calculate the averagg-values and C#O bond lengths in ~ commence when the temperature rises~200 K. A lattice
(ND4)2[Cu(D-0)](SOs)2 as a function of temperature. The COnsisting qf 180« 180 comp!gxes was usgd |n.the calculation,
physics of this problem are analogous to the Ising model for with periodic boundary conditiorf§. The “noise” in the curves

2.20 —

2.10 —

Cu-O bond lengths (A)

two-dimensional lattice$t A numerical approach for simulating (42) Maaskant, W. J. A.; de Graaff, R. A. G. Chem. Educ. B.986
63, 966.
(41) E.g.: ter Haar, DElements of statistical mechanj¢solt, Rinehart (43) Born, M.; Huang, KDynamical theory of crystal lattice€larendon

and Wilson: New York, 1961; Chapter 12. Press: Oxford, 1962.
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reflects the fact that random statistics are used to generate the a) b)
populations. The use of a smaller sized lattice simply increased g o
this noise. Temperature stepsloK were used, with each data
point being the average of four calculations. For each calcula-
tion, it was assumed that convergence had occurred when th
change in population fraction was less than 0.003.

It is apparent that replacement of the basic lattice strain by a
cooperative interaction causes thevalues and bond lengths
to alter more rapidly as a function of temperature than is
predicted by Boltzmann statistics. This is exactly what is
observed when the behavior of pure (WEPCu(D,0)s](SOq)2
is compared with that of Cti-doped (ND)2[Zn(D20)e](SOy)2. i o ) i
The temperature variation is quite sensitive to the ratio of the Figure 12. Schematic pictures of the orientations of the Ci@R*"
cooperative interaction to the basic lattice strain, and the '9"5" (N)ACU(D0)](SCy), estimated for a two-dimensional lattice

. of 35 x 35 complexes using the statistical model of cooperative-dahn
behaviors of both thg-values and bpnd Ien.gths qf (NR[Cu- Teller coupling (a) withE = 200 cnt, J = 0 ¢t and (b) WithE =
(D20)el(SOx). are reproduced satisfactorily using the same g cnrt, g = 76.5 ent. For both picturesT = 280 K. The directions
values for thesek: = 9 cnt, J = 76.5 cni't, as may be seen  of the Cu-0O long bonds of each complex are indicated by a dash, this
from the data points shown in Figures 10 and 11. For Figure being white when the complex is in its lower energy state and black
10, the minor deviations at higher temperatures may be due towhen it is in its higher energy state.

a slight increase in the averagevalue associated with the “red-
shift” of the excited-state energies which occurs on warming.
Such an effect has been observed in other dynamic sysfems.
The fact that] > E implies that the relative energies of the
two lower wells of the warped Mexican hat potential surface
of each Cu(O)s?" ion are strongly influenced by the geom-
etries of neighboring complexes, and that cooperative effects
play a dominant part in the lattice interactions. The effect of
removing the restrictiod, = J, was explored, and it was found
that although this did not improve the fit with experiment, the
data could be reproduced satisfactorily if one parameter is
increased by up te-25%, while the other is reduced propor-
tionately. If the anisotropy was further increased, agreement with
experiment worsened progressively.

suggests that the structural “switch” will not occur randomly
throughout the lattice. The cooperative interactions should cause
the excited complexes to tend to cluster in domains. To
investigate this aspect, it is convenient to represent the disposi-
tion of the complexes visually. Pictures illustrating typical
packing arrangements calculated with and without the influence
of cooperative interactions are shown in Figure 12b and a,
respectively. The direction of the long bond of the CyQR>"
ion is illustrated by a dash, with this being white when it
corresponds to the initial low-energy orientation and black when
it corresponds to an excited high-energy orientation. Figure 12b
shows a typical lattice at 280 K generated using the parameters
giving optimum agreement with the data observed for JND
. [Cu(D20)6](SOy)2. Figure 12a illustrates the type of arrangement
It seems reasonable that changing the geometry of one g ated for this lattice in the absence of cooperative interac-
Cu(D:0)?" fon has a pronounced effect on the energies of its iyns (j.e., assuming the SG model), with an energy separation
neighbors, since the bonds involved in the structural change lie yatween the orientations chosen to give a similar proportion of
in a plane in which the complexes are quite close to one a”Othercomplexes in the higher energy state2@%). In contrast to
(Figure 9). The reason that the average energy difference e random behavior exhibited by the complexes obeying simple
between the two orientations decreases progressively as theyqizmann statistics (Figure 12a), those in the lattice where
temperature rises is that the potential surface, and hence theyong cooperative interactions are present show a clear tendency
energy difference between the relevant vibronic energy levels o the excited complexes to aggregate with their bonds stacked
of each complex, is influenced by the orientations of its i the stable antiferrodistortive manner (Figure 12b). This
nelghbors. The lattice thus comprises an ensemble of complexesfmp”es that many of the complexes which are thermally excited
having a range of energy states. At low temperature, every gij|| have a packing arrangement similar to that in the ground
complex is in a highly favorable environment, and the upper giate, but involving a set of complexes which have also switched
energy state has an enery+ 8] ~ 620 cmm™. When a  hejr orientations. However, the position of the domains will
complex is excited to this state, it destabilizes four neighbors, fjyctuate dynamically throughout the lattice. The partial averag-
and the energy required to excite each Qf these.decreafe_:s t0 ing of theg-values and Ct+O bond lengths at high temperature
+4J ~ 315 cnt™. If a complex has two neighbors in the excited  may be understood as follows. For any particular complex, the
state, a change in orientation does not alter the cooperative|ength and associategivalue of each bond are the average of

interaction, so only the small basic enerdy~ 9 cn, is those of the two energy states weighted by the time the complex
more and more complexes are thermally excited,aberage orientation at low temperature. On warming to 280 K, the

energy required to populate the upper state thus decreases, asomplex spends-22% of its time with the orientation reversed,
observed experimentally. It must be stressed that the numericalprobab|y as part of a domain in which the orientation is reversed
values presented here are not meant to be taken too literally for most complexes. The average atomic positions will therefore
the model is very simplistic. For instance, next-nearest-neighbor shift 22% of the way toward this new orientation, as will the
interactions are ignored. However, the concept that at anyinstantg_vamesl provided that the complex exchanges between the
of time the lattice Comprises a set of Complexes, each of which energy levels more rap|d|y than the EPR time scale. The fact
has energy levels which depend on the energy states of itsthat the g-values are partially averaged at high temperature
neighbors, does appear to provide a useful description of theshows that this latter condition is satisfied.
cooperative forces in the compound. In fact, some evidence that domains occur in crystals of
Because excitation of one complex enhances the probability (ND4),[Cu(D,0)s](SOs4)2 at 12 K has already been provided
that its neighbors will also undergo excitation, the model from analysis of the line shapes observed for the diffraction
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peaks from synchrotron-generated X-rays, though in this caseis consistent with this interpretation of the experimental
these are thought to represent regions with somewhat differentobservations.
Jahn-Teller distortions at the Cu sité$The ordering implied The unit cell of (ND)2[Cu(D20)e](SOs), has two Cu(RO)s*"
by domain formation should also affect the entropy of the system ions in the unit cell. In the crystal plane in which the complexes
at high temperature, lowering this compared with a lattice having are in closest contact, (001), one complex is located at the center
a similar number of complexes in the excited state, but of the unit cell, and this is linked via a hydrogen bond network
distributed in a random fashion. This should influence the way to the four neighbors of the second type at the unit cell corners.
in which the heat capacity of the compound varies with The Cu(1)-O(7) and Cu(1)}O(8) bonds of both types of
temperature. Complexes which exhibit equilibria between two complexes lie approximately in this plane, with the bonds of
spin states sometimes show thermal behavior which is quite intermediate length of the central complex, Cu{D)(7), being
similar to that exhibited by the present complex (see the section,approximately parallel to the long bonds, CutQ(8), of two
Comparisons with Other JahkiTeller Systems and High-Spin/  neighbors, and the long bonds of the central complex being
Low-Spin Equilibria), and here evidence for the ordering of nearly parallel to the intermediate bonds of the other two
thermally excited complexes into domains under the influence neighbors. Thus, the cooperative effects are expected to be
of cooperative interactions has been obtained from differential dominated by interactions with four neighbors in a nearly two-
calorimetry? It is planned to undertake similar experiments dimensional array. When a complex is thermally excited, the
on (NDy),[Cu(D20)e](SQy)2. The behavior illustrated in Figure  lengthening of the Cu(£)O(7) bonds will increase the strain
12b is reminiscent of that which occurs for magnetic moments acting along the Cu(+)O(8) bonds of its two neighbors, while
upon the breakup of magnetic ordering, and an attempt wasthe concomitant shortening of the CuAp(8) bonds will reduce
made to look for the hysteresis effects commonly observed for the compression acting on the Cu{)(7) bonds of the other
magnetic materials. Hysteresis has, indeed, been observed fotwo neighbors (Figure 9). Both effects will reduce the ortho-
the structural change induced in (BBICu(D20)s](SO4)2 by a rhombic component of the lattice strain, hence decreasing the
variation in pressuré® However, theg-values were found to energy difference between the two lower wells of the Mexican
alter in the same way when the temperature decreased as whehat potential surface. This is just what is inferred from the
it increased, implying that no hysteresis occurs, at least over behavior of theg-values and bond lengths. The axial component
the time scale of these changes (a few minutes). A crystal wasof the lattice strain, which influences the energy of the highest
also cooled rapidly from room temperature to 4 K, but here well, and which involves the wave function associated with a
also the spectrum was identical to that of a sample cooled change in the Cu(£)O(9) bond length and lowess-value,
slowly. should not be influenced by the cooperative interactions, and
(b) Relationship between the Cooperative Interactions and ~ this also agrees with experiment. The packing of the complexes
the Crystal Structure. While the basic tetragonally elongated N the lattice is therefore exactly that expected to give the
octahedral geometry of the Cu{D)2* ion is determined by ~ OPserved temperature dependence of the bond lengths and
the Jahr-Teller vibronic coupling, the modest orthorhombic ~ 9-values. , o ,
distortion and the disposition of the complex are decided by If the pre_sen_t model_ is realistic, it implies that the influence
interactions with the surrounding crystal lattiteds discussed  ©f cooperative interactions on tigevalues and bond lengths of
in detail previously, the lattice strain perturbs the warped complexes undergoing dyngmlc Jatreller equilibria is closely
Mexican hat ground-state potential surface, the main effect being "€/atéd to the crystal packing of the complexes. The relatively

to render the three minima inequivalent in energy to give a i

simple behavior of the present compound, in which only the
surface such as that shown in Figure 6. To a good approxima-two higherg-values and the two longer bonds exhibit deviations
tion, each minimum corresponds to a similar geometry for the

from Boltzmann statistics, is due to the fact that here only the
Cu(D0)e?" ion, but with the short, intermediate, and long

orthorhombic component of the lattice strain is affected by
Cu—0 bond lengths (and associated electronic wave functions) cooperative interactions. Such a situation is expected only for
occurring to different oxygen atoms. Considering the lattice .

compounds in which the complexes pack with the long and
interactions as constraints (i.e., as compressions), ingND mjtermediate bonds of neighboring. complexe§ alternating and
[Cu(D,0)](SO:), the strongest interaction acts along the lying in one plan_e_, thq so-calleql a_ntlferrod|stort|v_e arrangement.
Cu(1)-0(9) direction, with a weaker interaction along Cuf1) When this cond|t|or_1 Is not satisfied, a change In geometry Qf
0O(7) and the weakest interaction along C#{@X8). The lowest one complex may mf!uence.both. the gX|aI and orthorhompm
energy well of the potential surface therefore corresponds to apompoqents OT the lattice strain of 'ts. neighbors. The pooperatlve
geometry with the short, intermediate, and long-@ubonds interactions will th_en alter the warping of the potential surface
to these three oxygen atoms, respectively (Table 2). The well in a manner that influences the temperature dependence of all

of intermediate energy, that which becomes thermally populated :Eree g—ve:lue(s: and t?fnd Ientgths.guc: a S'ttrl:a'i'on occm:rs for
at room temperature, corresponds to a geometry in which the (e complex Cu(methoxyacetai@).0).. Here, the temperature

bonds to O(7) and O(8) are interchanged in length, while the dependence of thg-values appears to obey simple Boltzmann

highest well, which involves a lengthening of the bond to O(9) statistics to a first approximation, but a detailed evaluation of
is not thermally populated at room temperature. The presentthe Wayt the EPR fﬁef‘fa fan? ;I:ystal st:ucture (;/al;ry (\;V'th
model presumes that the cooperative interactions caused by th emperature shows that, in fact, aliree gvaiues and bon

change in geometry of a complex act by influencing the lattice engths show significant deviations from the behavior predicted

p o .
strain. Itis therefore important to see whether the crystal packing _by the SG modet’ The crystal _packlng in th's. compound
implies that a structural change in one complex is expected to

(44) Figgis, B. N.; Reynolds, P. A.; Hanson, J. C.; MutikainerRHys. influence the axial strain of its neighbors, and we are currently
Rev. B 1993-], 48, 13372. . . extending the present model in an attempt to treat this situation.
(45) Jakobi, R.; Spiering, H.; Gmelin, E.;"@ch, P.Inorg. Chem1988 In considering the dynamic equilibrium, it is important to

27, 1823 and references therein. . . .
(a6) For discussions of the way in which the balance between Exe-Jahn [€C0gnize that the structural change involves more than just the

Teller coupling and lattice interactions influence the geometry of a copper ~ (47) Jakob, B.; Reinen, IX. Naturforsch.1987 42b 1500. Simmons,
complex, see: Reinen, D.; Hitchman, M. A.Phys. Cheml997, 200, 11. C. J.; Hitchman, M. A.; Stratemeier. H. Unpublished results.
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copper complex. Partial rotations of the ammonium and sulfate cuprate$® or on compounds where the metal ions are linked
ions also occur (see the section, Temperature Dependence oby bridging ligands. Here, large cooperative interactions are
the Crystal Structure of (NP,[Cu(D20)s](SOs)2). Moreover, expected, since a change in the positions of the ligand atoms
the water ligands are not in direct contact, so the cooperative of one complex will have a strong influence upon the coordina-
interactions are, in fact, transmitted via a hydrogen-bonding tion geometry of its neighbors. The most pronounced effects
network (see Figures 3 and 4). This network is presumably occur in continuous lattices involving bridging ligands, as is
disrupted when one complex is thermally excited in isolation the case, for instance, in,RuF,. This has planes of Ctiions
from its neighbors. The clustering of the excited complexes into linked in an antiferrodistortive manner by bridging fluorides,
ordered aggregates, as suggested by the present model, wilvith short terminal Cu-F bonds perpendicular to these shégts.
minimize this disruption, which will occur only at the interface  Here, an interchange in the bond lengths of the bridging fluorides
of the domains. The fact that cooperative interactions have aat one atom must necessarily strongly perturb the coordination
strong influence on the thermal equilibrium has implications of its neighbors. Dynamic behavior of the kind observed for
for the interpretation of the structural change which occurs for the Tutton salts is thus inhibited, and the structure eCkF,
(ND4)2[Cu(D20)s](SOs)2 at high pressure. Above300 bar, the is unchanged up to room temperature. When structural changes
structure alters to that of the corresponding hydrogenous do occur on heating this type of compound, the cooperative
compound, the most pronounced change being a “switch” in interactions ensure that the atoms move in a concerted fashion,
the Cu(1}>-O(7) and Cu(1)O(8) bond lengths analogous to so that the phase changes are generally sharp, and to a new
that observed in the thermal equilibritd?*In the mechanism ordered structure. The effects of cooperative Jaheller
proposed for thig? it was inferred that the lattice strain is distortions and the way they are influenced by temperature in
pressure-dependent, changing in such a manner that the relativeompounds of this kind may be rather complicated. For the
energies of the two lower wells in the warped Jafieller compound CsCugJlwhere these interactions have been studied
potential surface are reversed in the high-pressure phase. Suckhomprehensively, the vibrations of the whole unit cell, rather
a change might occur progressively, so that, in principle, it might than just those of isolated complexes, must be included in the
be possible to fine-tune the pressure to produce a structure intreatment in order to satisfactorily explain the structures
which the two lower wells are equal in energy, so that the observed at different temperaturég°In these strongly coupled
averaged bond lengths would correspond to a compressedsystems, the cooperative Jatifeller interactions are conven-
tetragonal geometry. In practice, it does not seem possible totionally treated by means of parametrization schemes which refer
achieve this goal. Although the change has not yet been studiedo the whole ensemble of molecules in the latfi®ét
at the molecular level, the unit cell parameters do not change The structures of polynitrocuprates of general formuj8-A
gradually from those of one phase to the other. Rather, they [Cu(NO,)g], where A and B represent a range of mono- and
“switch” within a narrow pressure range, with no evidence for divalent cations, are also profoundly influenced by cooperative
an intermediate phageThe compound (NkJ2[Cr(H20)e](SOs)2 interactions. Here, the interactions between neighboring com-
has a structure similar to that of (NP[Cu(D20)g](SOs)2, and plexes are not cushioned by hydrogen-bonding effects, so the
it has been observétthat doping the chromium compound with  cooperative interactions are probably stronger than those in the
Zn?" ions induces a structural change similar to that produced Tutton salts, though considerably weaker than those in continu-
by pressure for the deuterated copper(ll) salt. A switch in the ous lattices involving bridging ligands. In thephase of KPb-
structure of (NR),[Cu(D,0)s](SOs), is also induced by doping  [Cu(NOy)g], which is the stable form below 273 K, it is now
with a small percentage (ca. 1.5%) ofZZnons. Here, the switch  knowrP! that the Cu(NGQ)¢*~ ions have a tetragonally elongated
appears to occur sharply, and it does not seem possible tooctahedral geometry, with the long and one pair of shortiSu
produce an intermediate pha¥é hese results confirm that the  bonds arranged in a two-dimensional antiferrodistortive packing
structural changes cannot be thought of in terms of isolated arrangement (originally, the X-ray and EPR data were misin-
copper complexes. Instead, a change in the geometry of oneterprete&? as indicating a ferrodistortive arrangement of tet-
complex alters the hydrogen-bonding network, inducing a strong ragonally compressed octahedra). Above 280 K, a sharp phase
tendency for its neighbors, and indeed the lattice as a whole, totransition to thex cubic phase occurs. Here, X-ray diffraction
switch to the other structure. For the thermal equilibrium, this implies that each Cu(Ngx*~ ion has six identical CaN bond
manifests itself in the formation of domains at high temperature, lengths, and the EPR signal is isotropic. However, it is thought
but for the changes induced by pressure or doping with"Zn that this is caused by a dynamic equilibrium in which the
ions, it has the effect of making the structure switch sharply direction of the long bonds of each tetragonally elongated
from one phase to the other. complex fluctuates randomly among the three Cartesian axes.
(c) Comparisons with Other Jahn—Teller Systems and Between 273 and 280 K, an intermedigtgphase occurs, in
High-Spin/Low-Spin Equilibria. As discussed already, the which dynamic fluctuations of the long bonds occur, but only
packing of the Cu(R0)s%" ions in (NDy)2[Cu(D20)g](SOs)2 in the plane in which the long and short bonds are stacked in
corresponds to the antiferrodistortive arrangement of long and the low-temperature pha&The behavior of (NB)2[Cu(D;O)g]-
intermediate bonds observed for many six-coordinatd*Cu (SOs), thus shows similarities to that of Rb[Cu(NQ)g], the
complexes. The popularity of this type of structure is attributed main difference being that the dynamic behavior increases
to the fact that it optimizes the space requirements of the-dahn gradually rather than sharply as the temperature is raised, without
Teller distorted complexes, and cooperative interactions are any change in the space group, and never reaches the stage that
generally assumed to provide the basic driving force which the dispositions of the long and short bonds become energetically
causes the adoption of this type of lattiéddowever, previous equivalent. The relatively modest influence of the cooperative
studies have usually focused on compounds where the com-"(50) Hidaka. M.; Walker, P. Bolid State Commur.979 31, 383.

plexes are in close proximity, as is the case in the hexanitro- (51) Noda, Y.; Mori, M.; Yamada, YSolid State Commuri976 19,
1071;1977, 23, 24752.

(48) Araya, M. A.; Cotton, F. A.; Daniels, L. M.; Falvello, L. R.; Murillo, (52) Harrowfield, B. V. Solid State Communl1976§ 19, 983 and
C. A. Inorg. Chem.1993 32, 4853. references therein.

(49) Simmons, C. J.; Hitchman, M. A.; Stratemeier, H. Unpublished (53) For a detailed discussion of the cooperative interactions in hexani-
results. trocuprates(ll), see ref 28, pps 260.
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interactions on the structural behavior of the Tutton salts which the unit cell dimensions respond to doping concentration
presumably reflects the mediating influence of the hydrogen- and pressure provides useful information which may be
bonding network. incorporated into models describing the cooperative fotees.
The thermal behavior of (NP,[Cu(D20)s](SOs)2 is remi- It would be quite inappropriate to treat dynamic Jafieller
niscent of that of some of the complexes which exhibit equilibria equilibria in a similar manner. When €uis doped into an
between spin states. These also obey Boltzmann statistics inanalogous Z# complex, the equilibrium refers to the change
solution and when doped into the corresponding zinc compound,in orientation of a highly asymmetric complex in a lattice formed
but they frequently show deviations attributed to cooperative from essentially undistorted host complexes. This bears little
interactions when in the pure state. Spin equilibria have been correspondence to the corresponding energy difference in the
studied most comprehensively for Fe(ll) compoufiiblere,  |attice of the pure copper(Il) compound, which is composed of
the structural changes range from sharp phase transitionsyigphiy distorted complexes. There is thus no reason the energy
mv_olvmg a switch in space group, tq more gradual changes in separation between the structural isomers GF@loped (ND),-
which the space group is maintained. Although the latter [Zn(D20)e](SOw)> should be similar to the basic energy differ-
compounds are similar to (\R[Cu(D;0)el(SOn)2 as faras the o 00 o the forms involved in the thermal equilibrium of pure
underlying cause and basic pattern of behavior are concerned imilarly. the chanae in orientation
there are important differences between the dynamic Jahn (ND2)2[CU(D0)6](SOu),. Similarly, chang
Teller effect and spin equilibria. The latter involve two quite involved in the JahrTeller equmbrlu_m_ WI|| not alter the cry_stal
volume, so the overall compressibility of the crystal is not

distinct electronic wave functions of a complex, whereas the "’ i . .
former is usually best thought of as simply a change in directly related to the mechanism by which the cooperative
interactions are transmitted.

orientation. Spin equilibria therefore involve forms which differ

in entropy and other important properties, such as bond strength
and light absorption. These complications are absent for mostConclusions

Jahn-Teller equilibria. For both kinds of equilibrium, the .

cooperative effects are due to the fact that thermal excitation 1€ temperature dependence of the two highealues of

of a complex causes a change in geometry, which may influencethe C“@O%H ion formed when a small amount of éws.

the energy states of its neighbors. However, a change from thedoped into (NQ)2[Zn(D20)g](SOs)2 may be interpreted satis-
high-spin®Tq state of an octahedral Fe(ll) complex to the low- factorily using a simple model involving Boltzmann statistics,
spin lAg state predominantly involves an approximately equal which assumes an equilibrium between structural isomers which
contraction in all the metalligand bonds-a displacement in differ solely in their orientation in the lattice. Basically similar
the totally symmetricuq vibration. Although attempts have been  behavior is observed for thg-values and two of the CtO
made to develop a model in which Jahfeller distortions play bond lengths of pure (NP, [Cu(D20)s](SOs),, except that as

an important role in the spin equilibria of iron(Il) complex@s,  the temperature is raised these converge more rapidly than is
it has been pointed out that the distortions are always very smallpredicted by Boltzmann statistics. It is presumed that the
and are not expected to influence the spin equilibria signifi- deviations from the simple model in the pure compound are
cantly32® The opposite is true for dynamic Jahieller due to cooperative interactions between the complexdsn
equilibria. Here, the two forms normally have similar average one complex becomes thermally excited, it influences the energy
bond lengths, the energy difference simply involving a change states of its neighbors. The complexes are interconnected by
in the orientation of the highly asymmetric complex in the hydrogen-bonding linkages which involve the ammonium and
crystal lattice. Because spin equilibria involve forms which differ - gjtate jons, and the changes in the-@bond lengths which
significantly in vqume, they are sensitive to.changes in Pressure. occur upon raising the temperature are accompanied by partial
Jahn-Teller equilibria, on the other hand, involve a change in yations of these two ions. The cooperative interactions are thus
orientation of t_he asymmetric complex but almost no change transmitted via a hydrogen-bonding network, and the thermal
n vqur_ne. In this context, itis Interesting that (WCU(DZO).G]' equilibrium involves the lattice as a whole, not merely the copper
(SQy) in fact doesshow a switch in structure when subjected complexes. A model to describe the cooperative interactions is

to pressure. However, it appears that this is due to the influence resented. This assumes each complex has two eneray states
of pressure on the hydrogen-bonding interactions in the lattice, pre : . ; >N comp - gy
rather than on the geometry of the copper compfex. which de_pend on its orientation in the lattice. However, the
It is to be noted that, when the spin equilibria of complexes energy difference bgtwegn the s.tates .Of any particular complex
formed by doping are studied, the geometry of the guest complexoIepends on the orientation of its neighbors. The r_1umb_er of
complexes in each energy state at any temperature is estimated

is quite similar to that of the host. This has important . - - -
consequences as far as the way in which cooperative interactiond!Sing statistics. The statistical model explains the temperature
dependence of the-values and bond lengths of (NJ3-

in spin equilibria are generally treated. The behavior of the * A )
complex at low concentration, where Boltzmann statistics are [CU(D20)s](SOu)2 satisfactorily and suggests that the cooperative
obeyed, is taken as the basic energy difference of the equilib- interactions have a dominant influence on the thermal behavior
rium. As the concentration of the guest2Fecomplexes is of the compound. A pictorial representation of the distribution
progressively increased, additional cooperative interactions Of the complexes suggests that the cooperative interactions cause
influence the thermal behavior, these reaching a maximum for the thermally excited complexes to cluster in domains, and this
the pure compound. The decrease in volume of the iron(ll) explains several aspects of the behavior of N[Zu(D20)g]-
complex which accompanies thig,; — Ag spin change induces  (SOy)2 under the influence of temperature and pressure. While
a negative pressure on its surroundings in the lattice. This causeghe cooperative interactions in (NR[Cu(D20)g](SOq4)2 show

the cooperative interaction which influences the energy differ- some similarities to those in other copper(ll) compounds, and
ence between the spin “isomers”. Because the spin change alterso the spin equilibria exhibited by some iron(ll) complexes,
the volume of the complex, and hence the crystal, the way in

(55) Kohler, C. P.; Jakobi, R.; Meissner, E.; Wiehl, L.; Spiering, H.;
(54) Kambara, TJ. Phys. Soc. Jprl981 50, 2257. Gltlich, P.J. Phys. Chem. Solids99Q 51, 239.
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