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dien diethylenetriamine

ompha octamethylpyrophosphoramide
H,edta ethylenediamine tetraacetic acid dianion
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HBpv, hydroftris(pyrazol-1-yl)borate] anion

hfacac hexafluoroacetylacetonate anion

bipyam 2,2'-bipyridylamine

IpPCP tetraisopropylmethylenediphosphorate
fomp 4-formyl-2-methoxyphenolate

meen N,N', N”, N"-tetramethylethylenediamine

CAT 1,3-propanediammonium cation
terpy terpyridine

py pyridine

TMSO tetramethylenesulphoxide

NMIiz N-methylimidazole

HNAZ havaimidaznla

tach cis, cis-1,3,5-triaminocyclohexane
PyNO pyridine-N-oxide

thch tr'hydroxycyclohexane
A. INTRODUCTION

The copper(Il) ion is a typical transition metal ion in that it readily forms
stable complexes [1]; it is less typical in the formation of a wide range of
stereochemistries [2,3] and in the formation of series of distorted stereochem-
istries within a given coordination number, especially five and six coordina-
tion {4,56]. Despite this complicated behaviour, the relationship between
these various stereochemistries and the underlying one-electron orbital levels
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field it hias been assumed that the stereochemxstry determined by single-
cryvstal X-ray crystallography has involved a static stereochemistry of the
CulL.,, chromophore present. In the great majority of cases this is indeed the
case, especially when stereochemistries of extreme tetragonal distortion are
involved, such as the square or rhombic coplanar and tetrahedral stereochem-
istries. Nevertheless, for five and six coordinate complexes there is evidence
that not only do the stereochemistries vary over an appreciable range of dis-
tortion [4,5] (the plasticity effect, [5]), but there is increasing evidence that
the electronic properties of the copper(ll) ion in particular six coordinate
complexes vary with temperature (especxally the ESR spectra) [12 13],

which suggests that the underlying stereochemistry of the copper(ii) ion is
also temperature variable and consequently the room temperature X-ray
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temperature. Consequently for these temperature-variable or fluxional sys-
tems [14] it is essential that not only the electronic properties but aiso the
crystal structure should be determined at more than one temperature in
order to present an accurate description of the stereochemistry of the

copper(H) ion. Only a limited number of X-ray crystal structures of copper-
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(IT) complexes have been determined at both room temperature and at the
temperature of liquid nitrogen and while these are most important they
represent only the tip of the iceberg in the saga of fluxional copper(Il) com-
plexes. The purpose of this review is (i) to summarise the theoretical model
that accounts for the occurrence of fluxional six coordinate copper(Il) com-
plexes, (ii) to collect together the structural evidence for fluxional behaviour
and to correlate this with the temperature variable electronic properties and
(iii) to examine the use of the electronic properties of fluxional * copper(II)
complexes in predicting the local CuLs chromophore stereochemistry, particu-
larly, that of the compressed tetragonal ** octahedral stereochemistry of
copper(1l) complexes.

B. THE JAHN-TELLER THEOREM

The origin of the temperature variable stereochemistry for six coordinate
complexes of the copper(Il) ion lies in the special properties of the [Ar] 34°
electron configuration of the copper(Il) ion in an octahedral crystal field,
which generates a 2E,; doubly degenerate ground state [2,3,9]. This ground
state is subject to the Jahn-Teller theorem [15] which states that, “if a mole-
cule has an orbital degeneracy when the nuclei are in a symmetrical configu-
ration, then the molecule is unstable with respect to at least one asymmetric
distortion of the nuclei and the molecule will distort to lower its energy and
remove the orbital degeneracy”’. The theorem says nothing about the extent
of the distortion nor its direction, but in practice {16] the vast majority of
six coordinate copper(II) complexes involve an elongated tetragonal octahe-
dral stereochemistry with tetragonalities *** of 0.8—0.85 (the extent of which
is usually determined by crystal packing forces [2] such as hydrogen bonding
and Van der Waals forces), and involve for all practical purposes static copper-
(1I) stereochemistries. However, for a few six coordinate copper(II) systems
with tetragonalities in the region of 0.85—1.0, including the ten complexes
described in section C, a more detailed examination of the Jahn-Teller effect
and its consequences is required. For a detailed account of this the reader is
referred to the excellent reviews [15—24] in the literature.

* In this review the term *‘fluxional” is used to cover the whole range of temperature
variable CuLg stereochemistries. The term “dynamic Jahn-Teller effect” will be restricted
to high symmetry systems, such as octahedral or trigonal octahedral, which generate an
orbitally degenerate ground state E, or E, respectively, and the term “pseudo-dynamic
Jahn-Teller effect’’ will be used to describe the properties of low symmetry CuLg chro-
mophores whose fluxional properties may be considered to originate from the parent
Jahn-Teller effect.

** The term “elongated tetragonal octahedral” will be used to describe both the elon-
gated rhombic and tetragonal octahedral stereochemistries, except where the difference is
significant.

*%¥ Tetragonality {2,3], T = mean inplane Cu—L distance/mean out-of-plane Cu—L
distance.
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Fig. 1. (a) The potential energy surface {(Mexican Hat); (b) the normal coordinates Sp,
and Say,; (¢) the projection of the potential energy surface (a) warped by the inclusion of
non-linear terms viewed down the principle axes of (a) with Rj¢ = radius of the minimum
potential. Reproduced by permission of the authors [24].

Qualitatively, the electronic properties of the copper(II) ion in these near
orbitally degenerate ground states can no longer involve separately defined
electronic energies and vibrational energies (the Born-Oppenheimer approxi-
mation) but a vibronic potential energy surface, as in Fig. 1(a). The even
mode of vibration, of e; svmmetry, made up of two displacement coordinates
S». and Ssy,, Fig. 1(b), is the only mode that can couple with the electronically
degenerate ground state of 2E, symmetry, of energy E,, in a cubic system and
remove the orbital degeneracy. The energy surfaces which arise from this
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Fig. 2. Circular cross-section of the warping of the potential energy surface minimum E_
for (a) —ve coupling of higher order terms and (b) +ve coupling of higher order terms.

coupling, E_and E,, take the form shown in Fig. 1(a), which is known as the
““Mexican Hat” model. The surface E__involves a potential energy minimurm,
E;r, the Jahn-Teller stabilisation enexgy, relative to Ey, at a distance Ry,

the Jahn-Teller radius, from the origin. If only first order coupling terms are
involved the potential energy well has full cylindrical symmetry, but if higher
order terms are involved the lower energy surface is warped; if the sign of the
coupling constant is negative, Fig. 2(a), minima occur in the potential surface
for 8 = 0, 120 and 240° and these values correspond at equilibrium to three
equivalent elongated tetragonal octahedral distortions, along the three orthc-
gonal directions, 2, x and y axes, respectively (Fig. 2(a), points A, B and C).
The intermediate higher energy saddles D, E and F where 8 = 300, 60 and
180° then correspond at equilibrium to three compressed tetragonal octahe-
dral distortions with the compression along the y, z and x axes respectively,
Fig. 2(a). If the sign of the coupling constant is positive then the positions of
the elongations and compressions remain the same but their relative energies
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Fig. 3. The circular cross-section of the warped potential energy surface for (a) three Wells
of equal energy; (b) two Wells of equal low energy and (c) one low energy Well. Repro-
duced by permission of the authors [101].

are inverted (Fig. 2(b)). As long as the coupling is restricted to cubic and
quadratic terms the overall symmetry of the potential energy surface is still
Cj., but with strong Jahn-Teller coupling higher order terms must be included
which further warp the potential energy surface such that the strict Cj,
symmetry is removed. Figure 3 illustrates the three different situations that
can arise if three elongated tetragonal octahedral stereochemistries are
involved: tvpe (A), all three wells are of equal energy; type (B), two wells
are of equal low energy; and type (C), one low energy well occurs. In all
three cases a further classification, (i) and (ii), occurs depending on the rela-
tive magnitude of the potential energy barrier B and thermal energy kT, as in
Table 1.

In A(i) (B < thermal energy (kT, ca. 200 cm™')) all three wells will be
equally occupied and the complex will exhibit apparent octahedral symmetry
due to a dynamic distortion between the three elongated tetragonal distor-
tions of the nuclear framework and the complex will display a cubic crystal
structure, as in K,PbCu(NG.,), [25,26] and T1,PbCu(NO,)s [21], at room



TABLE 1

The three potential energy wells: (A) three wells of egqual energy; (B) two wells of equal
low energy and (C) one low energy well, separated by the potential energy barrier B
when, (i) B is less than thermal energy 27 and when, (ii) B is greater than &7

Type No, of Svmmeiry Culg
lowest wells

Adl) B< kT 3 Cubic Dynamic QOctahedral
or
A(il) B>kT 3 J Trigonal Static disordered Octahedral
B(i) B< kT 2 1 Two dimensional, Pseudo-compressed
fluxional octahedral
} Tetragonal :
B(ii) BR>kT 2 Twao dimensgional, Pgeudo-compressed
static disordered tetragonal octahe-
dral
C(i) B<kT 1 One dimensional, Elongated
] fluxional tetragonal
octahedral
f No symm.
C(iD) B>kT 1 ] One dimensional, Elongatedqd tetra-
static gonal octahedral

temperature. This situation also applies to trigonal tris(chelate)copper(1l)
complexes such as Cu(en)3SO4 [27] and (31:.(ornpha)3(0104)2 [22], which
both crystallise in high symmetry trigonal lattices. In A(it) (B > thermal
energy (kT)) an equal mixture is involved of the three elongated tefragonal
octahedral chromophores of Fig. 3(a), with their elongation axes misaligned
in three mutually perpendicular directions, with each well (I—III) thermally

isolated: the crystal system could still he cubie {or triconal) with disordered
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octahedral CuLg chromophores, but no definite examples of this situation in
concentrated copper(IT) complexes are known. For crystals of lower than
cubic or trigonal symmeiry further warping occurs, and for the situation illu-
strated in Fig. 3(b}, Well 1 is of considerably higher energy than Wells IT and
II1, which are of approximately equal energy and hence are approximately
equally occupied. For B(i) (B < thermal energy (2T)), the two 90° mis-
aligned Cul.s chromophores are thermally accessible and at any one copper
site a two dimensional interconversion of the elongation axes ocecurs; if the
thermal population of Wells I1 and III are approximately equal the crystallo- -
graphically determined Cul sterecchemistry will appear compressed octa-
hedrai, but is beiter described as pseudo compressed [Z8] in view of the two
dimensional pseudo-dynamic behaviour involved. For B(ii) (B > thermal
energy (kT)), then at any one crystallographic site there will be two identical

elongated tetragonal octahedral CuLg chromophores, which only differ in the
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Fig. 4. The effect of two elongated tetragonal octahedral CuLg chromophores misaligned
by 90° (antiferrodistortive order) on the average Cu—L bond distances and the g-factors.

relative orientation of their elongation axes by 90°, as represented in the top
half of Fig. 4. With approximately 50% occupancy, the average chromophore
stereochemistry will appear to be compressed octahedral, but as this is not a
genuine static copper(Il) stereochemistry this structural situation is also
better referred to as pseudo compressed tetragonal octahedral * or disordered
compressed to distinguish it from two dimensional dynamic, B(i), above.
Unfortunately the measurement of the Cu—L bond distances in both situa-
tions (B)(i) and (B)(il1) above, will only indicate a time averaged, (i), or a
statistically averaged, (i1), pseudo compressed octahedral geometry for the

* This structural situation should not be confused ‘vith the structural situation in
which the 90° misaligned elongated tetragonal octahedra (Fig. 5(b)) are present at
adjacent copper positions as in the lattice [37] of [CAT],CuCl,, Fig. 5(d), which
involves a slightly distorted two dimensional layering of elongated tetragonal octa-
hedral CuClg chromophores, but the different orientations are related by the ele-
ments of symmetry of the space group Prima and are not crystaliographically dis-
tinguishable, a structural situation that is referred to as antiferrodistortive ordering
[381

(aj l/ '/ \ !
; /

7 7
_/iv /

4/ A

Fig. 5. The types of crystallographical CuL.g chromophore orientations: (a) aligned (ferro-
distortive order); (b) misaligned (27 ~ 45°); (¢) 90° misaligned (antiferrodistortive order;
27 = 90°); (d) [CAT],CuCl, (where 27 = angle between the elongation axes).
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CulLs chromophore and cannot distinguish directly between these two alterna-
tives. The observed compressed rhombic octahedral geometries of the Cul,g
chromophores of the room temperature structures of Rb,PbCu(NO,)s [29],
Cs,PbCu(NO,), (I) [30], Cu(dien),(NO;), (II) [31,32], K,CuF, [33] and
Ba,Cu¥F, [34] and the low temperature structures of K,PbCu(NO,)s (II1)
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[281, Cu(en);S04 (IV) [35], Cu(dien),(NO;3), (II) [32] and Cu(tach),(NO;),
(V) {36] are all believed to involve one or other of the two situations (B)(i)
or (B)(ii) above and hence these geometries are best described as pseudo com:-
pressed rhombic octahedral [28] (see later).

If the potential energies of Wells IT and III are significantly different, (see
Fig. 3(c)), then in type (C)(i) (B < thermal energy (kT)), the observed struc-
ture will be elongated tetragonal octahedral, but the observed tetragonality
will be temperature dependent, precisely as observed in the fluxional stereo-
chemistries of (NH,),Cu(OH;)s(S0,), (VI) [39] and Cu(tach),(NO;), [40]
(V) (section C). In type (C)(ii) (B > thermal energy (kT)), the potential ener-
gies of Wells II and 111, AE, are well separated, the elongated tetragonal octa-
hedral structure of Well 11, Fig. 3(c), predominates and the static non-
temperature variable elongated tetragonal octahedral stereochemistry occurs
as found for the majority of elongated tetragonal octahedral complexes of
the copper(Il) ion, with tetragonalities in the region T = 0.80—0.85 [2,3].

Thus the three diagrams of Fig. 3(a)—(c) contain all the structural situa-
tions required to account for the temperature variable stereochemistries
described in section C, all of which can be described in terms of one or more
elongated tetrasonal octahedral Cul., chromophores, combined through a
vibronic coupling mechanism to describe not only octahedral and elongated
tetragonal octahedral chromophore stereochemistries, but even the pseudo
compressed tetragonal octahedral as well. The latter could theoretically [41—
43] exist in its own right, Fig. 3(b), but at the present time there is no clear ~
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evidence that this stereochemistry can occur in concentrated copper(II) com-
plexes (see section H).

The three types of behaviour depicted in Fig. 3(a)—(c), also have implica-
tions in respect to the phase changes [13] involved in transitions between the
three types. Type (A) are high symmetry cubic or trigonal, type (B) are
generally orthorhombic or tetragonal but can be triclinic, and type (C) are
generally low symmetry monoclinic or triclinic. As the three types of behavi-
our are temperature dependent and determined by the relative magnitude of
the potential energy barrier B and thermal energy, lowering the temperature
can result in a change in the type of behavicur observed and a possible change
in phase [13]. The temperatures of the phase changes give no chemical infor-
mation, but they are important for all of these dynamic — static systems
involving transition from a high to a low symmetry lattice, as this must
involve the appearance of a mosaic structure [28,44] at the low temperature,
which will result in a varying degree of crystal twinning in the low tempera-
ture X-ray structure work. In the low temperature work on both K,PbCu-
(NQ,)e (III) [28] and Cu(ompha);(Cl0,), (VII) [44] the existence of more
than one phase was always a problem, but although solvable in the case of
K,PbCu(NO,)s (IIIL) [28] and Cu(en);SO, (IVL) [35] complexes, it was
deemed to be too serious a problem to justify the publication of the low
temperature crystal structure of Cu(ompha);(ClO;), (VII) [44]. In the low
temperature crystal structure [32] of Cu(dien),(NO3), (II) at ca. 150 K, no
change in phase occurred and hence no change in space group P2,2,2, or

Cs N o4)
12353 1922(1974)
N N N
04/ Clu\zgfs N ~ C::UYOZB o/ T&‘g’(‘f)“”
. ]
O¢ 1= N oroo. 295t O .
(vin) Cu(omph:l)a(;lo:c;z (VI Cu(tach)zr(c:Z)ii (mg) T(:_Hg’d/ogza)

(IX) (methoxyacetate), 2 HzO

local molecular structure. Likewise in the low temperature structures of
(NH;).Cu(OH,)6(S04), (VI) [39,45], Cu(tach),(ClO,), (VIII) [46] and
Cu(methoxyacetate), - 2 H,O (IX) [47], no change in phase or spaca group
occurs over this temperature range, and there is only a gradual change in the
actual geometry (see section C).

The above model for the effect of the Jahn-Teller theorem on six coordin-
ate copper(Il) stereochemistry, has the added advantage of defining the rela-
tionship between chromophores with a static stereochemistry and those with
a temperature variable or fluxional [14] stereochemistry. It also predicis the
order of magnitude of some of the parameters [24] involved and the type of
physical techniques that might be used to measure these quantitatively. The
Jahn-Teller radius Ryr = 0.3 A is available from X-ray diffraction data, the
angular barrier height B ~ 100—1000 cm™! is available from electron :pin reso-
nance measurements and the Jahn-Teller energy E;r =~ 2000 cm™! can be



277

examined by optical spectroscopy. The following sections will examine the
information available from these three techniques to determine their useful-
ness in predicting the presence of fluxional properties in copper(II) com-
plexes.

C. LOW TEMPERATURE X-RAY CRYSTALLOGRAPHIC DATA
(i) K, P5Cu(NOs )e

The most interesting structure is that of K,PbCu(NO,)s (III) which is cubic
at room temperature [25,26], space group Fm3, with the copper(il) atom
occupying a regular octahedral stereochemistry with a Cu—N bond distance
of 2.118 A ; below room temperature [28], 276 K, the space group changes
to orthorhombic and the local molecular stereochemistry to compressed
rhombic octahedral which does not change significantly down to 193 K [28],
Table 2. The corresponding tetragonalities change from 1.0 at room tempera-
ture to 1.049 and 1.034 for the two low temperature structures, values which
compare with those observed in the corresponding room temperature struc-
tures of Rb,PbCu(NQ,)s (XI) [29], and Cs,PbCu(NO,)¢ (1) [30], (Table 2)
which both involve a compressed rhombic octahedral CuNg chromophore

N
N 12313 N
\C§ 3052
2050
~ E \N
N r-o0ss7
(X} K,CaCulNO,)g
and contrast with those for the elongated rhombic octahedral chromophore

of the K,CaCu(NO, )¢ (X), K,8rCu(NO,)¢ and K,BaCu(NO, )¢ complexes
(Table 2) [48—50].

N

(ii) Cu(en)3SO,

The rcom temperature crystal structure [27] of Cu(en);SO,4 (IV) has been.
solved in the trigonal space group P31¢, with the copper(Il) ion involved in a
regular trigonal stereochemistry of D; symmetry with Cu—N distances of
2.150 A. The low temperature structure [35] at 120 K, was solved in the tri-
clinic space group P1 with very little distortion of the original lattice,

a = 8.814(8.966) *; b = 8.896(8.966); c = 9.5688(9.597) A; o = 90.34(90.00);
B = 89.73(90.0) and -y = 119.80°(120.0) and Z = Z. The CuNj, stereochemistry
is then best described as compressed rhombic octahedral with a tetragonality
of 1.078, rather higher than the low temperature (L) tetragonalities of the
K,PbCu(NO,)s (IIIL) complex and the room temperature (R) value for

* Data in parentheses refer to the room temperature data.
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TABLE 3
The Cu—N distances (&) in Cu(en)3S804 (IV)
Bond Temp. (K) Disordered

295 120 (1) (2) (3)
Cu—N(1) 2.15 2.06 2.16 2.16 2.46
Cu—N(2) 215 2.05 2.17 2.17 2.34
Cu—N(3) 2.15 2.22 2.04 2.26 2.04
Cu—N(4) 2.15 2.23 2.37 2.08 2.08
Cu—N(5) 2.15 2.23 2.01 2.23 2.01
Cu—N(6) 2.15 2.18 2.44 2.15 2.15
Tetragonality 1.0 1.077 0.871 0.953 0.863

Rb,PbCu(NO,)s of 1.053, but comparable to the room temperature value of
Cs,PbCu(NO,)¢ (I) of 1.077, and to both the room [31] and low [32] tempera-
ture structures of Cu(dien),(NOj3), (II) of 1.098 and 1.085, respectively. The
compressed rhombic octahedral CulNg chromophore of Cu(en);SO4 (IVL) has
been analysed as a disordered structure [12,35] involving three elongated
rhombic octahedral chromophores (Table 3) whose elongation axes are mis-
aligned by approximately 90° and related by the original three fold axis of

the room temperature structure (IVR). The tetragonalities given in columns
(1) and (3) are comparable, (0.867), while that of column (2) is significantly
higher (0.953).

(iii) Cu(tach),(NO;),

The CulNg4 chromophore stereochemistry [24] of Cu(tach),(INO3), (V)
involves six nearly equivalent Cu—N distances (2.164—2.173 A), despite the
involvement of two tridentate nitrogen chelate ligands, with a tripod confor-
mation, yielding six potentially equivalent ligands. The Cu(tach), cation has
Csy, site symmetry and the difference between the two crystallographically
different Cu—N distances is not significant; consequently despite the low
crystal symmetry the CulNg chromophore is considered to undergo a dynamic
Jahn-Teller distortion at room temperature [24]. At low temperature [26], ca.
120 K, a compressed tetragonal CulNg chromophore is involved with a tetra-
gonality, T = 1.073, comparable to the low temperature tetragonalities of
1.078 for Cu(en);S0O, (IV) [35] and slightly higher than that of 1.034 for
K,PbCu(NO,)s (III) [28].

(iv) Cu(dien),(NOs),

The crystal structure [31] of Cu(dien),(NO3), (II) has been determined
at 298 K and ca. 145 K. The CuNgz chromophore, involving two planar tri-
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dentate chelate ligands, has a compressed rhombic octahedral stereochemistry
with a tetragonality of 1.098 at room temperature which only decreases
slightly to 1.085 at low temperature {32], a difference that is only just
significant and primarily associated with the relatively long in-plane Cu—N
distance of 2.288 A in the room temperature structure. In the low temperature
structure [32]} of Cu(dien),(NO3), (II) not only is the compressed rhombic
octahedral stereochemistry retained, but the space group P2,2,2, remains un-
changed, a behaviour that parallels the data for the K;PbCu(NO,)s (III) com-
plex [28] between 276 and 195 K (Table 1). Attempts to resolve the CulNg
chromophore of the room temperature structure (IIR) into two 90° misaligned
elongated CulNg chromophores (see later) were unsuccessful [31].

(v) Copper Tutton salts

The crystal structure of (NH,),Cu(OH,)s(S04), (VI) has been measured at
295 [51,52], 145 [39,45] and 215 K [45]. The complex crystallises in the
monoclinic space group P2,/a, which remains unchanged at all three tempera-
tures, with the copper(ll) at a centre of symmetry. At room temperature the
structure of the Cu(OH,)¢2* cation involves an elongated rhombic octahedral
stereochemistry with a relatively high tetragonality of 0.914. There are signif-
icant changes in two of the Cu—O bond distances with decreasing tempera-
ture, the Cu—O(7) distance increases with decreasing temperature, the Cu—O-
(8) distance decreases and the Cu—O(9) distance shows no significant change.
The stereochemistry is elongated rhombic octahedral at all three temperatures
but the observed tetragonalities Table 4(a) are significantly less than 1.0 and
decrease with decreasing temperature. The tetragonalities of the correspond-
ing potassium [53], rubidium (XI) [54] and caesium [54] Tutton salts, Table
4(b), are much more comparable and similar to the low temperature tetra-
gonalities of the ammonium Tutton salts. Although the differences in the
tetragonalities are small, the correlation of tetragonalities with axial bond

TABLE 4

The Cu—OH, bond distances of (NHg),Cu(OH,)s(S04); at various temperatures and
(M!);Cu(OH;)6(S04); at room temperature and low temperature

Bond (NH4)2Cu(OH;)(S04)2

295 K 215K 145K M=K MI =Rb Ml =Cs
Cu—0(7) 2.219 2.250 2.278 2.069 2.031(2.000) 8 2.004
Cu—0:8) 2.095 2.041 2.012 2.278 2.307(2.317) 2 2.315
Cu—0(9) 1.961 1.967 1.970 1.943 1.957(1.978)2 1.966
Tetragonality 0.914 0.891 0.874 0.881 0.864(0.858) 2 0.858

2 Low temperature data (77 K).
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Fig. 6. Copper Tutton salts. Tetragonality vs. axial Cu—O bond length, Rz, [31].

length, Fig. 6, does suggest that there is a significant difference between the
Tutton salts at room and low temperature. The marked effect of tempera-

ture on the ammonium salts contrasts with an almost insignificant tempera-
ture effect on the Rb,Cu(OH,)s(S0;), (XI) [55], Table 4(b), and the corre-

o
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(XI) Rb;Cu(OH,).(SOy), {X1I) Cu(thch)(O3SCgH,CH3),

lation of Fig. 6 suggests [39] that the observed tetragonality is a function of
the atomic size of the cation present in this series of Tutton salts. It also
establishes [39] the situation that even for the same cationic species, [Cu-
{OH,)sJ**, different temperature variations may be present: for the ammoni-
um salt marked temperature variation is present; for the rubidium salt only
slight temperature variation is present and for the caesium salt the more usual
static stereochemistry is observed, as confirmed by the neutron powder data
for a-Cu(HCO,), [56], where T = 0.756, 0.758 and 0.762 at 296, 80 and 4 K,
respectively, indicating a negligible variation of structure over the range of
292 K.

(Ui) Cu(thCh)z (03805H40H3)2

The crystal structure of Cu(thch),(O3;SCsH,CH3), (XII) has been measurecl
at room temperature and at the temperature of liquid nitrogen [46] (where
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thch is a tripod type, tridentate ligand). The stereochemistry of the CuNg
chromophore is elongated rhombic octahedral but with a significant decrease
in the observed tetragonality from €.931 at room temperature to 0.899 at the
low temperature, there is . change that parallels that observed in the ammoni-
um Tutton salt.

(vii) Cu(phen)3;(NO3 ), - 2 H,O

The room temperature structure of Cu(phen);(NO;), - 2 H,O (XIII) [57]
has a clear elongated rhombic octahedral CulNg chromophore, which becomes

N
2060(2039)

N ~N
2.147(2 120) _-~2.217(2.260)
Cu
2.201(2 2521, -7 I X:z«zoez)
N-T N

f2075¢2052)

295° N r.ogss
(153%) (0.920)

(XII) Cu(phen),(NO3),2Hz0

significantly more elongated [58] at 153 K, with the tetragonality decreasing
from 0.951 to 0.920 and consistent with a Fig. 3(c) (i) fluxional behaviour.

(viii) Cu(methoxyacetate), - 2 H,O

The crystal structure [40,47] of Cu(methoxyacetate), - 2 H,O (IX) has
also been determined at room temperature and at approximately 145 K [47].
At the former temperature the centrosymmetric CuOs chromophore, involv-
ing two trans methoxyacetate chelate ligands and two trans water molecules,
0O(4), involves a compressed rhombic octahedral stereochemistry with close
to axial symmetry and a tetragonality of 1.115. At low temperature the
tetragonality decreases to 1.084, primarily due to a significant elongation of
the inplane Cu—O(3) bond distance from 2.140 A at room temperature to
2.188 A at liquid nitrogen temperature. The marked increase (0.048 A) of
the Cu—O(3) bond distance plus the equally significant decrease (0.056 A) of
the Cu—O(1) distance suggest that the low temperature structure might
equally be considered as an elongated rhombic octahedral stereochemistry
with the elongation along the Cu—O(3) bond direction. Consequently the
structure of Cu(methoxyacetate), - 2 H,O may be unique in involving a
change from a compressed rhombic octahedral stereochemistry at room
temperature to an elongated rhombic octahedral stereochemistry at low
temperature, with a 90° rotation of the approximate principal axis of the
CuOg chromophore from the Cu—O(4) direction to the Cu—O(3) direction,
a behaviour that is consistent with a transition from a Fig. 3(b)(i) behaviour
at room temperature to a Fig. 3(c)(i) behaviour at 145 K. In addition there
is also a significant increase (0.05 A) in the Cu—O(4) distance: consequently
the Cu—O bond distance temperature changes, observed in Cu(methoxy-
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acetate), - 2 H,O involve a three dimensional change in stereochemistry com-
pared to the two dimensional change observed in the Tutton salts [45].

(ix) Cs, PbCu(NO; )

The system that best illustrates the three types of behaviour predicted by
Fig. 3(a)(i)—3(c)(i) is Cs,PbCu(NO,)s (I) [13,30] Table 2, which is cubic at
420 K (a-phase, Fm3) [13,30] with an octahedral CulNs chromophore;
orthorhombic at 323 and 293 K (8- and §’-phase, Fmmm) with a pseudo
compressed octahedral CuN chromophore; and monoclinic at 160 K (y-phase,
B2/b) with an elongated rhombic octahedral CuNg chromophore. The tetra- '
gonality of the pseudo compressed room temperature structure, Fig. 3(b)(i),
is 1.077, and that at 160 K is 0.91, Fig. 3(c){(i), suggesting some residual
fluxional behaviour, cf. 0.887 for Cs,PbCu(NO,)s, Table 2, although too
much weight should not be placed on the 160 K structure as this was deter-
mined by profile analysis of powder neutron diffraction data.

D. ANISOTROPIC THERMAL PARAMETERS

The presence of a dynamic Jahn-Teller behaviour in the Cul., chromo-
phores of these fluxional complexes should be reflected in a marked aniso-

TABLE 5

A comparison of the nitrogen atom thermal motion for MIQMHM {NO;)¢ systems; coot-
mean-square displacements (A ), displacements along the M—N bonds are indicated by an
asterisk. Reproduced by permission of the authors [24]

Uit /1 Usj
(a) Non Jahn-Teller complexes
K3 PbNi(NO» Jg N(1) 0.130 0.133 0.115*
K2 SrNi(NO3 )6 N(@1) 0.120 0.122 0.110*
(b) Static Jahn-Teller complexes
KaSrCu(NO; )¢ N(1) 0.141 0.144 0.119*
N(2) 0.113¥ 0.121 0.138
N(3) 0.130 0.111%* 0.129
{¢) Dynamic Jahn-Teller complexes (cubic)
K2PbCu(NO; )¢ N(1) 0.170 0.164 0.182*
(d) Pseudo compressed Jahn-Teller complexes
KoPbCu(NO;)s (276 K) N(1) 0.17 0.17 0.11%
N(2) 0.15 0.16* 0.15
N(3) 0.18% 0.11 0.25
RbyPhCu(NO;, )6 N(1) 0.148 0.152 0.128%
N(2) 0.182 0.190* 0.141

N(3) 0.199* 0.151 0.144
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tropy in the thermal motions of the six ligand atoms involved. As the differ-
ences are only small, care must be taken with the data collectior: and the
data, preferably, corrected for absorption, in order to minimise the effect of
any systematic errors in the data. The first evidence for significant thermal
motion, as evidence for dynamic Jahn-Teller effects was in the data for Cu-
(en);S04 (1V) [27] and K,PbCu(NO,)s (III) [25], but a wider discussion [24]
of the effect for the M,"M"Cu{NO,), system has been given involving the
comparison of the root-mean-square displacements of the ligand atoms of the
non-Jahn-Teller complexes M,'MNi(NO,)s, for static M,"M'"Cu(NO,) (such
as K,BaCu(NO,),) and fluxional M,'M"Cu(NQ,)s, (such as K,PbCu(NO,)
(II1)) at room temperature and at low temperature, Table 5. For nondynamic
systems, such as the nickel(II) complexes and the static copper(Il) complexes,
as the bending modes of an M—ligand bond are of lower energy than the
stretching modes, higher root-mean-square displacements will occur perpen-
dicular to the M—ligand bond directions, than along them, as shown in Table
5(a) and (b). For dynamic Jahn-Teller systems the opposite will apply (Table
5(c)) and for the pseudo compressed Jahn-Teller systems (Table 5(d)) which
involve a static distortion along Cu—N(1), but a dynamic distortion along
Cu—N(2) and Cu—N(3), smaller root-mean-square displacements are pre-
dicted to lie along the Cu—N bonds for N(1), but larger root-mean-square
displacements for N(2) and N(3). These predictions are clearly born out for
Rb,PbCu(NO,)s, but only partially for the less accurate data for K,PbCu-
(NO,), (III) (276 K).

F £
1981192} 185(185)
F F F F
~ Aa(z 223 ~ _Foe(z32)
Cu Cu
208(192) 208(1935)
,_-/ \,_. F/ l \F
F r-10s Foroie
(XIV) KyCuF, (XV) BayCuFg

Similar conclusions from the anisotropic temperature factors of the room
temperature structures of K,CuF, (XIV) [3] and Ba,CuFs (XV) [34] also

TABLE 6

Some AUY/2 (Cu—ligand) (A ) for Cu(NO;)s*” chromophores. Reproduced by permission
of the authors [24]

Compound N(1) N(2) N(3)
(a) Dynamic

K,>PbCu(NO,)g 0.144 . 0.144 0.144
Rb,; PbCu({NO;)g 0.062 (static) 0.145 0.147
{b) Static ’

K,PbNi(NO;)e 0.047 0.047 0.047

K,SrCu(NO; )¢ —0.030 0.040 0.053
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TABLE 7

Some AUY? (Cu—ligand) (A ) values for some CuLg (and NiLg) chromophores. Repro-
duced by permission of the author [60]

Compound L(1) 1.(2) L(3)
Cu(en)3(S04) 0.176
Ni(en)3(804) 0.097
Cu(tach);(ClO4), 0.095 0.136 0.151
Cu(tach),(NO3), 0.147 6.143 0.143
Ni(tach);(NO3), 0.052 0.052 -
Cu{dien),(NO3), 0.248 0.063 0.186
Cu(trispyrazolborate); (1) 0.07 0.04 <0.00
(2) 0.15 0.12 0.07
(NH,)>Cu(OH;)6(S04)2 0.125 0.115 0.036
Cu{methoxyacetiate); - 2 H,O0 0.102 0.097 0.118

suggest that the compressed stereochemistry is better described as due to anti-
ferrodistortive order [59,60], a type of disorder which is also consistent with
the observed anisotropies of the roof-mean-square displacements, but cannot
distinguish this from a two dimensional Jahn-Teller effect or static disorder.
The analysis of the root-mean-square displacements for CuL chromo-
phores in low symmetry systems can also be indicative of fluxional behaviour,
but has been expressed [24] in the form AU'?[Cu—N(1)] (Table 6) where
the nitrogen displacements are corrected for the displacements of the copper
atom and the AU values represent a bond displacement, rather than an isolated
ligand atom displacement, directed along the Cu—ligand directions. Using this
analysis for the M,IMCu(NO,)s systems of Table 5, identical conclusions in
respect of a static or dynamic behaviour are deduced, the AU'2(Cu—N)
values for static systems are <0.05 A, while for dynamic systems the values
are >0.10 A (Table 6). Using the AU'?(Cu—ligand) values (Table 7) and the
above criteria, this suggests that Cu(en);SO0, (IV) [27] involves a genuine
dynamic Jahn-Teller effect, that Cu(tach),(NO3), (V) [24] is as near a dyn-
amic system as a CuN, chromophore in a low symmetry lattice can be, and
that the CuNg4 chromophore of Cu(tach),(ClOy), (VIII) [24] and Cu(dien),-
(NOj3), (II) [31], involve a two dimensional dynamic Jahn-Teller effect; but
only in the latter complex does this correspond with a pseudo compressed
CuN, chromophore with a tetragonality greater than one, namely, 1.098. In
Cu(tach),(Cl0,), (VIII) the CuNg chromophore stereochemistry is clearly
elongated rhombic octahedral, but it must be undergoing some two dimen-
sional fluxional behaviour at room temperature comparable to the Cu-
(dien),XY system [61] and the copper Tutton salts [39,45] (Table 7). The :
AUY(Cu—L) values clearly support the two dimensional fluxional behaviour
for the Cu(OH,)s”* cation as demonstrated by the low temperature X-ray
crystallography of this complex (section C). The AU'?(Cu—O) data [47] for
Cu(methoxyacetate), - 2 H,O are of some interest in that all three values are
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comparable at ca. 0.1 A and indicative of fluxional behaviour on all three
Cu—O bonds, but are not large enough to represent a fully dynamic situation
in this low symmetry space group P2,/n (as suggested [24] for Cu(tach),-
(NO3;), (V)) but are nevertheless of sufficient magnitude to produce a signifi-
cant change in all three Cu—O bond distances of 0.05 A when the temperature
was lowered to 150 K. Finally the usefulness of the AU'?(Cu—N) values is
demonstrated for the two independent CulNg chromophores of Cu(HBpz;),
(XV1) [62]; both involve an elongated rhombic octahedral CuNg chromophore
for the same Cu(HBpz3), complex, but with significantly different tetra-
gonalities, 0.792 and 0.866 respectively. The former suggests a static elong-

‘?2 528 + 2 356

N : N
! _~3om+2082
u
1991 + 1998
N/ \N

F=0866+0732
(XV1) Cu(Hsz3)2-£1)+(2)

0

Eom e

ated Cu(1)N¢ chromophore with AUY?(Cu—N) values of ca. 0.05 A (Table 7)
while the latter has a significantly higher tetragonality consistent with the
presence of some fluxional behaviour which is supported by the AU"?-
(Cu—N) values (Table 7) indicative of a two dimensional fluxional behaviour
consistent with the greater in-plane rhombic distortion of the Cu(2)Ns
chromophore in this lattice.

The room temperature data of Tables 6 and 7 not only establish the value
of anisotropic temperature factors for indicating the presence of dynamic
Jahn-Teller effects in high symmetry crystals, but also for indicating the pre-
sence of fluxional behaviour in the stereochemistry of elongated rhombic
octahedral CuL,, chromophores whose differing tetragonalities might other-
wise be interpreted as arising from the plasticity effect [4,5] of the copper-
(II) ion alone.

E. ELECTRON SPIN RESONANCE

This is probably the most important physical technique used in the
examination of the electronic properties of fluxional copper(Il) systems [2—
4,12,20,28]. While the ESR spectra of copper(II) complexes may be measured
in the solid state, in solution and (to a lesser extent) in the gaseous state, in
order to correlate the observed ESR spectra with the X-ray crystallographic
data, the present article restricts the discussion to data obtained in the solid
state, either on polycrystalline samples or, preferably, on single-crystals [2,3].
The ESR spectra may be measured using pure copper(II) complexes or as the
copper(Il) complex diluted in the corresponding zinc(II) complex, as a dia-
magnetic host lattice. The advantage [2,3] of using concentrated copper(1I)
complexes is that the ESR data may be directly correlated with the crystallo-
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graphic data, but the ESR data are generally limited to the g-factors and

their directions, as exchange coupling [63] broadens the ESR spectra and
masks the hyperfine data. An even more serious disadvantage of measuring
the ESR spectra of concentrated copper(1I) complexes (as polycrystalline or
single-crvstal spectra) is that the spectra only yield crystal g-factors and only
in the case where the local molecular axes of the CuL chromophores of the
unit cell (related by the space group elements of symmetry) are aligned
parallel i.e. ferrodistortive ordering [38] Fig. 5(a), are the crystal g-factors
equivalent to the local molecular g-factors. In those complexes, where the lacal
molecular axes are misaligned (2v) by the space group elements of symmetry,
Fig. 5(b), (for which antiferrodistortive ordering [5] is the special case, where
27 = 90°) then resolution of the crystal g-factors into their local molecular
g-factors is necessary, with an uncertainty associated with the precise direc-
tions of the local molecular axes in the CuL¢ chromophore, a problem that is
most serious in low symmetry sterecchemistries [64]. The advantage of mea-
suring the ESR spectrum of a copper(1l) complex diluted in a diamagnetic
host lattice, i.e. the corresponding zinc(II) complex, is that accurate g-factors,
copper hyperfine and nitrogen superhyperfine data, along with the g-factor
directions of the magnetically different, but structurally equivalent misalignad
chromophores, are obtained [65]. Although these can be related to the bond-
ing direction of the host lattice they cannot be accurately related to the bond-
ing directions of the doped Cul, chromophore, as this is of unknown struc-
ture and orientation, and rarely corresponds exactly to the structure of the
ZnL, chromophore of the host lattice [65,66], even when the pure zinc and
copper complexes are nearly isomorphous [67]. The most serious limitation
of ESR spectra from a structural point of view is that, although the observed
g-factors can be shown to be consistent with a stereochemistry (as deter-
mined by X-ray erystaliography in the solid state), there is no way at present
that an ESR spectrum may be used to determine the structure of a copper(II)
complex i.e. its Cu—ligand distances and ligand—Cu—ligand bond angles. For
this reason although the temperature variation of the ESR spectra of copper-
(II) complexes have been used to suggest the presence of fluxional behaviour,
the low temperature structural data of section C are the major factual basis
for the theoretical model for the fluxional systems deseribed in section B,
and ESR data only provide supporting evidence. Nevertheless, the tempera-
ture variability of the ESR spectra of fluxional copper(Il) complexes identi-
fied a problem that has only been recently characterised by the use of low
temperature X-ray crystallography.

(i) Predicted ESR spectra

Using the model described in Fig. 3(a), (b) and (c), Table 8 lists the pre-
dicted ESR behaviour for concentrated copper(Il) complexes and copper(II)
doped zinc(II) complexes, including the type (i) and (ii) subdivisions, and
for the effect of exchange coupling on aligned (AL) and misalirmed (ML)
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KoCaCu(NO,)g
K,PbCu(NO,) ——=— RD,PbCU(NO,)g
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Fig. 7. The powder ESR spectra of some MIMXCu(NO,)s complexes.

local molecular axes. The following text describes the observed behaviour in
each class separately and gives some typical examples.

Type A(i) concentrated

Historically the first system to be observed with an isotropic ESR spec-
trum * [23,28,68—70] was the cubic K.PbCu(NO,)s complex, g; = 2.10
(Table 9), arising from the dynamic Jahn-Teller effect and involving three
potential wells of equal energy, which are thermally accessible, B < kT, Fig.
7(a). More recently [21] T1,PbCu(NOQO,)s, has been shown to have an isotropic
ESR spectrum g; = 2.124. A regular tris(chelate)copper(II) complex [2,3,71]
has D; symmetry and generates a *E ground state, for the d° configuration of
the copper(Il) ion, which is also Jahn-Teller unstable, and produces an iso-
tropic ESR spectrum, as in Cu(en);(S0O,4) [72—78], Fig. 8(a), and Cu(ompha);-
(Cl0,), [44] complexes, which both crystallise in a high symmetry space
group [27,44]. The CuQ4 chromophore in the trigonal crystals [79—81] of Cu-
(PyNO)eX, where X = NOj or ClO, yields isotropic ESR spectra [82,83] in
the concentrated complex, g; = 2.19.

Type A(i) Dilute
The ESR. spectra of copper(II) doped systems of high symmetry are remark-
ably limited; the only dilute hexanitro system known is Cu/Cs,SrCd(NO,)e

* Caution: the observation of an isotropic ESR spectrum [2,3] for a concentrated
copper(II) complex is only diagnostic of a dynamic Jahn-Teller system if, (a) six
equivalent ligands are present, and (b) the crystal system is of high symmetry i.e.
cubic or trigonal. An isotropic ESR spectrum can also be observed when misalign-
ment of the local molecular axes is present (Fig. 5) and exchange coupling [63]
results in an isotrcpic signal.
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TABLE 9

Type A ESR spectra for concentrated copper(Il) vomplexes and copper(lI) doped
complexes

Complex Stereochemistry Crystal Temp. g-factor
Type A(i) concentrated

K,PbCu(NO» )¢ Octahedral Cubic R.T. 2.10
Ti,PhCu(NO;)e Octahedral Cubic R.T. 2.124
Cu(en)s3(S04) Trigonal Hexagonal R.T. 2.13
Cu(ompha)3(Cl04), Trigonal Hexagonal R.T. 2.25
Cu(PyNO)s(Cl04), Trigonal Trigonal R.T. 2.19
Cu(PyNO)s(NO3 )2 Trigonal Trigonal R.T. 2.19
Type A(i) dilute

Cu/Cs3SrCd(NO3 ) Octahedral Cubic R.T.
Cu/Zn{en)3(NO3z)2 Trigonal Hexagonal R.T. 2.139
Cu/Zn(bipy)3(NO3), - 5 H,O  Trigonal Hexagonal R.T. 2.116
Cu/Zn(bipy)3S04 * 7 H,O Trigonal Monoclinic R.T. 2.10
Cu/Zn(hfacac)3;[CisH 9N ] Trigonal Monaoclinic R.T. 2.11
Cu/Zn(phen)3(NO3); - 2 H;O  Trigonal Triclinic R.T. 2.12

Type A(ii) concentrated, Type A(ii) dilute

No known examples

[84], which is reported to have an isotropic ESR spectrum at room tempera-
ture. Isotropic ESR spectra are also reported for the hexagonal system copper
doped Zn(en);(NO;), [74,85] and Zn(bipy)s(NO3), - 5 H,O [85] and also in
the lower symmetry systems of copper doped Zn(bipy)sSO, + 7 H,O [76],
Zn(hfacaC)3[Cl4H19N2] [86] and Zn(phen)3(NO3)2 -2 H20 [57], the first two
of which are monoclinic and the last triclinic. In these lower symmetry sys-
tems a near octahedral CulN; or CuQ4 chromophore must be present with three

near equivalent potential wells (Fig. 3(a)).

Type A(ii)

There have been no examples of either concentrated or dilute copper(II)

complexes exhibiting Type A(ii) behaviour.

Type B(i) concentrated

The ESR spectrum for the situation of Fig. 3(b)(i), with two equivalent low
energy wells is predicted [28,87,88] to be axial, but pseudo compressed in
type, i.e. g > g1 > 2.0 and not that associated with a genuine compressed
type ESR spectrum [2,3], namely, g; > gy = 2.0. The pseudo compressed type
ESR spectrum [30,89] is observed for complexes with a pseudo compressed
geometry, such as Rb,PbCu(NO,)s [29] Fig. 7(b), and Cs,PbCu(NO,), (I)

[30] where the orthorhombic space group is such that the local molecular
axes are aligned parallel (Table 10(a)), the ESR spectrum is axial with the
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Fig. 8. (a) The powder ESR spectrum of Cu(en)3SO,. (b) The single crystal ESR spectrum
of Cu(en)3 S04 rotation about the axis at 55 to the C3 axis (140 K).

lowest g-value, g;, clearly above 2.0 and not approximately equal to 2.0, as
required for a genuine compressed octahedral stereochemistry [2,3). The
effect of temperature on the isotropic ESR spectra of K,PbCu(NO,), (III)
[28,28,68—70] and Cu(en)3(SO4) (IV) [72—78] both show a characteristic
change to an axial spectrum, Figs. 7(a) and 8(a) respectively, with g; < g,,
but significantfly greater than 2.0, again characteristic of a pseudo compressed
ESR spectrum and consistent with the observed pseudo compressed stereo-
chemistries (IIIL and IVL, respectively) observed at low temperature, The
single-crystal ESR spectrum [72—78] of Cu(en);(SO,) (IV) at low tempera-
ture, Fig. 8(b), reveals three equivalent magnetic sites, with the g-values
2.060, 2.143 and 2.165 in the triclinic space group of the low temperature
structure, consistent with the presence of three separate mosaic phases. Cu-
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X = ClOs~. BF4™, NO3 21§M 295°K
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X = Cl0s7, NOy T7°K
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9
Fig. 9. The powder ESR spectra of some Cu(PyNO)sX, complexes, where X = BF;, NO3
and ClOg, at 295 and 77 K. Reproduced by permission of the authors [83].

(dien),(NO3), (II) crystallises in the orthorhombic space P2,2,2, [31] and
gives [{90] an isotropic signal, 2.102 in a powder sample, which only yields
very slight anisotropy in the single crystal g-factors of g, = 2.1034,

g, = 2.1179 and g, = 2.1350, due to almost complete misalignment of the
four CuN, chromophores in the unit cell (2y = 80°C). An attempt to resolve
[84] the crystal g’s into their local molecular g-factors, although subiect to
some uncertainty, yielded the g-factors 2.052, 2.144 and 2.159 (pseudo
reversed), which are consistent with a pseudo compressed rhombic octahedral
stereochemistry for the local CulNg chromophore consistent with the room
temperature crystal structure (IIR), with the lowest g-factor, 2.052, correlat-
ing with the short N—CU—N direction. The single-crystal ESR spectra showed
only a slight variation with temperature, consistent with the lack of variation
of either the space group or the CuN; stereochemistry with decreasing tem-
perature (IIL).

Cu(pyNO)¢X,, where X = ClO; and BFj, crystallise [79—82] in the trigonal
space group R3 with six equivalent Cu—O distances, 2.08—2.09 A, the pow-
der ESR spectra [82] are isotropic at room temperature, Fig. 9, but at 100K
are slightly anisotropie in the trigonal space group (2.168/2.190 and
2.174/2.179, respectively). At 4.2 K both spectra are anisotropic, but quite
different; the perchlorate involves a normal elongated type of spectrum with
2. =2.875, g, = 2.079, and g, = 2.075 while the tetrafluoroborate has a
pseudo compressed type spectrum, g, = 2.235, g, = 2.225 and g, = 2.083,
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consistent [83] with a ferrodistortive and antiferrodistortive order [82],
respectively, in this pair of cation distortion isomers. The ESR spectrum
[24] of Cu(tach),(NO;), (V) is isotropic at room temperature, consistent
with the near regular octahedral CulNg stereochemistry at rcom temperature,
T = 0.99, in this monoclinic space group C2/m {24]. The local molecular
axes of the CuNg4 chromophores are aligned; hence the isofropic ESR arises
from the near electronically degenerate ground state and a near equivaient
three potential well system (Fig. 3(a)). The spectrum becomes anisotrcpic
at low temperature and above 120 K, pseudo compressed in form, consis-
tent with the pseudo compressed octahedral stereochemistry [36] of the
structure at 120 K (VL). The ESR spectrum at 4 K (2.047, 2.081 and 2.250)
is consistent with an axial elongated CuNg stereochemistry, as observed [24]
in Cu(tach),(ClO,), (VIII) and suggests that the CulNg chromophore of Cu-
(tach),(NO;), may undergo a near dynamic Jahn-Teller behaviour at room
temperature, a pseudo dynamic Jahn-Teller behaviour at ca. 120 K and a
purely static behaviour at 4.2 K. Thus the variation of the ESR spectrum of
Cu(tach),(NO;), with decreasing temperature, illustrates the three types of
behaviour predicted in Fig. 3(a—=¢), although the final confirmation must
await a low temperature crystal structure determination below 93 K to con-
firm the static elongated rhombic octahedral stereochemistry of the CulNg
chromophore.

The powder ESR spectra [13,84]1 of K,CuF, (XIV) and Ba,CuFg (XV) are
axial (g; = 2.09 and g, = 2.28) and rhombic (g, = 2.05, g, = 2.20 and g3 =
2.86), respectively, consistent with earlier X-ray structure determinations
[383,34] involving aligned compressed axial and rhombic compressed CuFy
octahedra. But in view of the pseudo compressed type ESR spectra the struc-
tures have been re-examined and shown [59,60] to be consistent with anti-
ferrodistortive ordering in the plane at right angles to the c-axes, consequently
the crystal g-factors in this plane are not equivalent to the local molecular
g-factors and must be resolved into their local molecular g-factors, compli-
cated in the case of the Ba,CuF¢ (XV) complex by the presence of non-
linear Cu—F-—Cu bridging angles [34].

Type B(i) dilute

The ESR spectra of the copper(II) doped Zn(dien),(INO,), (orthorhombic)
(XVI) {32,65,91] and Zn(dien),(Cl0,), (cubic) [91] are both pseudo com-
pressed in type (Table 10) with the highest A-values (in parentheses) on the

N
214

N
//6;36
2228
\N
2.145
N

N
22&
21;5/

N

Zn

F=1040
(XVI} Zndien),{NOz),(orthorhombic)
highest g-values; spectra that are consistent with the compressed rhombic
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Fig. 10. Temperature variation of g-factors for copper doped Cu/Zn(dien)>,(NO3},.

cctahedral geometry of Cu(dien),(NO3), (II) [31] and Zn(dien),(NO;).
(XV1I) [91]. But unlike the lack of temperature effect on either the com-
pressed tetragonal octahedral CuNg chromophore of Cu(dien),(NOs), (II) or
its isotropic ESR spectrum the copper(II) doped Zn(dien),(NO;), (XVI)
ESR spectrum changes dramatically with decreasing temperature (Fig. 10)
from a pseudo compressed to an elongated tetragonal octahedral type. The
behaviour is consistent with a pseudo dynamic Jahn-Teller effect in the
copper doped Zn(dien),(NOj;), (XVI) at room temperature, (Fig. 3(b)) with
almost equal thermal occupation of Wells II and III, which at low tempera-

(o) (b
2.30} gy ¢ 2273

92: 208%

o I 1 1 1
a5 [0 135 180

Rotation (*®)

Fig. 11. Copper doped Zn(phen)3(NO3): - 2 H,0 (a) crystal morphology and g-factors
for sites 1 and 2; (b) single crystal rotation spectra about g, of site 1 and g3 of site 2,
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ture changes to a single dominant low energy potential Well IT (Fig. 3(c)) and
having the ESR spectrum consistent with an elongated tetragonal octahedral
CulNg chromophore.

Type B(ii) concentrated or dilute

No examples are known for a copper(II) complex in which there is ESR
evidence for two thermally isolated and 90° misaligned CuLg chromophores,
but there is evidence for their existence in the low temperature (91 K) single
crystal ESR spectrum [57] of copper(II) doped Zn(phen);(NOs), - 2 H,O
(Fig. 11). As the complex crystallises in the triclinic space group P1, the local
molecular axes of the ZnN chromophores are aligned parallel, so the two
90° misaligned sites must be at crystallographically equivalent centres and
hence fulfil the conditions for two equal potential wells, thermally isolated
by a potential barrier B > kT, Fig. 3(B)(ii).

Type C(i) concentrated

The ESR spectrum predicted for the situation of Fig. 3(c)(i)is 2.0< g; =
g, < g5 with R = g, — g,/8; — &,, clearly less than 1.0, a spectrum that is con-
sistent with an elongated tetragonal octahedral structure, [2,3] but if B< RT
the g-factors will be temperature variable. In high symmetry systems the
temperature variability is marked, as in Cu(ompha);(ClO,), (VII), Fig. 12,
where an isotropic g-factor of 2.25 [44] is obtained in the hexagonal room
temperature lattice, which at low temperature becomes triclinic, yielding
rhombic, 2.06, 2.12 and 2.52 g-factors (with copper hyperfine on the highest
g-factor) with R = 0.15, consistent with an elongated tetragonal octahedral
CuO¢ chromophore in the lower symmetry triclinic space group. Comparable
changes occur in the ESR spectrum [85] of Cu(bipy)3;(NO3), - 5 H,O (Table
11) which although of unknown structure crystallises [85] in the hexagonal

DPPH

A =90 x 104cm™

252

~ o~
NSNS

250 240

—————— =]

Fig. 12. The powder ESR spectrum of Cu(ompha)3(ClO4),. Reproduced by permission of
the authors {44].
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space group P6cc, to give iow temperature g-factors (Table 11) which are
comparable to those for Cu(bipy);(ClO,), [92] which has a static elongated
tetragonal stereochemistry (T = 0.87), Table 12. A potentially less complicated
system is that of Cu(phen);(NO,), - 2 H,O (XIII) [57,93] which crystallises

in the triclinic space group P1 with only two molecules in the unit cell with a
relatively high tetragonality [57] of 0.95 and yields an isotropic powder ESR
spectrum [92] of 2.134, but with z spread of g-values (2.110, 2.187, 2.2025)
in the single-crystal rotation spectrum. The powder ESR spectrum becomes
axial at liquid nitrogen temperature including copper hyperfine structure with
g1=2273(A4; =161 X16%*cm ) and g, = 2.062 (A, = 36 X 107* cm™!) which
are consistent with a clear axially elongated stereochemistry (XIIIL), observed at
153 K and the ESR spectrum does not change down to liquid helium tempera-
ture [92]. Full single-crystai rotation data [57] (involving copper hyperfine
splitting) confirms the clear increase in anisotropy of the g-factors with
decreasing temperature, with the g’s lying along the Cu—N bond directions
and predicting an elongated rhombic octahedral stereochemistry for the CuNg
chromophore at liquid nitrogen temperature, (XIIIL) with evidence for only
one magnetic site, a behaviour that contrasts with that observed [57] in the
copper doped Zn(phen);(NOs3), - 2 H,O system where two distinct magnetic
sites were observed (Table 9). Cu(bipy)sS0O, - 7 H,O crystallises [76] in the
monoclinic space group C2/c with a high tetragonality of 0.95 (Table 12) and
has an isotropic g-factor at room temperature, possibly due to misalignment,
but resolves out into an axial ESR spectrum at low temperature (Table 11)
consistent with an elongated tetragonal octahedral CulNg chromophore stereo-
chemistry.

In the monoclinic system of (NH,),Cu(OH,)¢(S0,). (VI) [51,562] although
complicated by misalignment of the CuO4 chromophores (27 = 80°), the
absence of exchange coupling allows the direct observation of the local mo-
lecular g-factors [94,95]. At room temperature the g-factors are clearly
rhombic (Table 11) with R = 1.0 suggesting a stereochemistry intermediate

A 8
R=10 R=z10
23 91t v ' 9n 23
! Pseudo !
I compressed |
93 gy 93
2.2F 1 : —422
|
92 1 ; 92
|
=1 1 94
21 S 1 g1 b g 21
| 1
! 1
1 1
20 1 1 1 20
100% A 50% O %
O%% 50% 8 100%

Fig. 13. The effect of mixing two CuNg¢ chromophores A and B misaligned by 90° as a
function of the % composition (R = gy — gy/g3 — g2 with g3 > g, > £1)-
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between elongated rhombic and compressed rhombic octahedral, an inter-
pretation that is clearly at variance with the room temperature structure of
this compiex (VIR) [51,52]. The g-factors change significantly at low tem-
perature [94,95] in a quite characteristic way; the lowest g-factor remains
temperature invariant, the intermediate g-factor decreases with decreasing tem-
perature and the highest g-factor shows a most significant increase in value
(Table 11). The net result is a significant increase in the R-value to 5.49, well
above 1.0 and consistent with an elongated rhombic octahedral stereochemis-
try of the CuO4 chromophore. In the case of (NH4),Cu(OH,)4(SO04), (VI)
these changes parallel the decrease in tetragonality [39] of the CuO¢ chromo-
phore from 0.914 to 0.865 described in section C, and may be understood in
terms of the potential energy system, described in Fig. 3(c¢)(i) in which one
elongated rhombic octahedral well (Well IT) dominates, but there is a signif-
icant contribution of Well III through thermal mixing, with B clearly less than
kT. The way in which the apparent g-factors vary with the percentage com-
position of the potential Wells II and III of Fig. 3(c)(i) is illustrated in Fig. 13.
For two elongated tetragonal chromophores A and B with equivalent g-fac-
tors, g; and g,, an equal mixture of A and B with their tetragonal axes mis- °
aligned by 90°, the situation of Fig. 3{(b)(i) and illustrated in Fig. 4, would
correspond to g,' = (g, +&;)/2 and g’ = g, giving g," > g/ > 2.0, which is the
correct sense for a pseudo reversed type of ESR spectrum and corresponds to
a pseudo compressed tetragonal octahedral stereochemistry. The significance
of Fig. 18 is that even the presence of 36% of either A or B radically changes
the appearance of the ESR spectrum from axially elongated (g) > g, > 2.0)
to an intermediate form with g5 > g2, > g, > 2.0 and R = 1.0 as in the case of
(NH,),Cu(OH,)¢(SO4), (VI) for which R = 0.97, suggesting that thereisa _
64/36% mixture of the elongated stereochemistries in the ground state of the
fluxional ammonium Tutton salt at room temperature. A number of com-
plexes clearly exhibit less than 36% fluxional character {95], thus the three
complexes Cu(dien),Cl, - H,O [61], Cu(dien),Br, - H,O [96] and Cu(terpy).-
(NO3), [97], Table 12, all involve elongated rhombic octahedral stereochemis-
tries and yield rhombic g-factors (Table 11) [61,98] with R values < 1.0,

but their g-factors are still temperature variable (Table 11) but with much
smaller, low-temperature, R-values. Such complexes are only slightly fluxional
and correspond with the potential energy diagram of Fig. 3(c)(i). The varying
tetragonality of the Tutton salts of Fig. 6 reflects the differing degrees of
fluxional behaviour [39] of the Cu(OH,)s** cations present, which is reflected
in the non-temperature variability of the g-factors [99] of the caesium salt and
only slight temperature variability of the rubidium salt.

The g-factors of Cu(methoxyacetate), - 2 H,0 (IX) [100] are clearly
rhombic with R = 0.54 (Table 11) and follow the same characteristic varia-
tion with temperature as observed for the Tutton salt [94], but with one
slight difference, namely, the lowest g-factor also decreases slightly with tem-
perature. This implies that although the fluxional involvement of Wells II and
III is the dominant factor (Fig. 3(c)(i)) the potential barrier between Wells 1
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TABLE 13

Type C g- and A-factors (X10™® ¢cm™!) for fluxional copper(II) doped zinc(II) systems at
room temperature and at the temperature of liquid nitrogen, ca. 77 K

Host Lattice Room temperature (ca. 295 K)
&1 Ay & A, g3 43 R
Type C(i) dilute
Zn(en)3(NO3 ), 2.139 56
Zn(bipy)3(NOs3); - 5 H:O 2.116
Zn(bipy)3(804), - 7 H,0 2.138
. Zn{CsHsNO){Cl05): 2.080 9 2.367 103

Zn(tetramethylene

sulphoxide)e(Cl04), 2.075 2.38 133
Zn(N-methylimida-

z01e)g(C104 )2 2.061 13 2.977 171
Zn(imidazoie)¢Cl, - 4 H,0O 2.170 57.7
BayZn(HCO, )6 - 4 H,0 2.11 34 2.340 98
K,Zn(OH,)s(S04); 2.033 58 2.0252 52 2.322 57 (191 K)
Mg(OH,;)sHsedta 2.033 61 2.198 27 2.355 95
Zn(hfacac)pya 2.113 9 2116 23 2.278 104
Site 1
Sites 2 and 3
Zn(dien); Br; - H,O 2.033 <25 2.113 51 2.204 127.3
Zn{CsH4NSO3), - 4 H,O 2,030 74 2.202 56 2.263 53 2.82

2.055 77 2.221 42 2.284 63 2.64

Zn{methoxy-

acetate), - 2 H,O 2.077 109 2.328 <25
Zn(NHg4)2(NH3),(CrO4), 2.017 147 2.216 10 2.230 10
Type C(ii) dilute
Zn({pyrazine)

(804)- 3 H,O 2.109 64 2.214 25 2.412 119

and II is low enough in Cu(methoxyacetate), - 2 H,O for some thermal occu-
pation of Well I to be involved, in other words the room temperature struc-
ture must involve thermal mixing of all three elongated chromophores mis-
aligned by 90°, proportional to the thermal occupation of the potential
Wells I, II and III.

Thus the best guide to the presence of fluxional behaviour is the room tem-
perature tetragonality (T): if this lies in the range 0.90—0.99 for a six coor-
dinate chromophore then some fluxional effects (or disorder) are the most
likely explanation of the observed isotropic or pseudo rhombic g-factors.

Type C(i) dilute
In the trigonal class, the Cu/Zn(en);SO, system [74,85] does not appear to
exist, although the corresponding Cu/Zn(en);(NO;3), system has been reported
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Liquid nitrogen temperature (ca. 77 K)

&1 A, 82 Az &3 A3 Temp. (K)
2.082 2.248 168 120
2.077 2.260 157 93
2.068 2.268 150 93
2.080 9 2.367 103 7
2.090 18 241 125 77
2.065 13 2.307 165 77
2.088 37.5 2.300 158.3 90
2.08 18 2.390 131 90
2.030 59.6 2.200 36.0 2.364 76.0 77
2.033 60.7 2.150 <20 2.420 96.5 4.2
2.028 71 2.185 41 2.365 105 77
2.073 2.340 144 133
2.070 4 2.089 3.0 2.344 151 4.2
2.074 125 2.226 104 2.242 107 4.2
2.033 <25 2.065 <25 2.236 155.3 77
2.055 83 2.1435 25 2.362 100 91
2.078 110 2.329 <25 93

2.014 1446 2.109 429 2.287 26.2 77

2.109 2.214 2.414 717

[74,85] (Table 13) to have an isotropic signal at room temperature, g; = 2.139
and A4; = 56 X 107% cm ™!, which is slightly anisotropic in the single-crystal data,
g1=2.153and A; =68 X10%cm™}, g, =2.129 and A, = 50 X 10™* cm™. Be-
low 70 K the powder spectrum becomes anisotropic characteristic of an
elongated tetragonal CuNg chromophore, g, = 2.248, Ay = 168 X 107 em™!
and g, = 2.082, with no hyperfine observed on g,. The spectrum of a single
crystal at low temperature is highly complex, but may be interpreted using
the extreme g-values from the powder spectra to involve six equivalent mag-
netic sites related by the original six-fold axis of the P63;22 space group. From
an analysis of the temperature variation of the line width [74], associated with
the highest g-factor, the height of the potential energy barrier of Ay, was
estimated to be 102 +2 cm™! consistent with the value obtained in the
Cu/K,Zn(0OH,)(50;), system of 120 cm™! [101] (see later).
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The powder ESR spectrum of 10% Cu/Zn(bipy)s:(NQO;), - 5 H,O [85] is iso-
tropic at room temperature (g, = 2.116, Table 13) with no evidence for
copper hyperfine and becomes anisotropic at low temperature, g, = 2.077
and gy = 2.260 (A; = 157 X 107% cm™!) values consistent with an elongated
rhombic octahedral CuNg chromophore stereochemistry. The single-crystal
ESR spectra indicate the presence of six near equivalent magnetic sites, com-
parable to the situation in the Cu/Zn(en);(NQO;), system [74, 85].

1% Cu/Zn(bipy)3;S0O, - 7 H,O [76] also yields an isotropic ESR spectrum
(g, = 2.138, Table 13) which becomes anisotropic at liquid nitrogen tempera-
ture; g, = 2.068 and g; = 2.268 (4 = 150 X 10™* cm™!) clearly indicative of
fluxional behaviour, but the single-crystal spectra showed the presence of
two magnetically equivalent sites (28 = 130°), g, = 2.070, g, = 2.15 (4, =
70 X10% cm™ ') and g5 = 2.270 (A; = 152 X 107* cm™') consistent with the
monoclinic space group C2/c, and an elongated rhombic CulNg chromophore
stereochemistry.

The powder ESR spectrum of the Cu/Zn(C;H;NO)(ClO,), system [83] at
room temperature shows a clear anisotropic signal g; = 2.367 (A;= 103 X 10~
cm™!), g, =2.080 (4, = 9 X107% cm™') with an additional isotropic signal at
2.183 displaying no hyperfine structure. The anisotropic signal is tempera-
ture invariant and the single-crystal rotation spectra are consistent with three
(see Fig. 5(a)(ii)) magnetically inequivalent sites with equivalent g-factors
related by the trigonal three-fold axis. The isotropic signal shows some evi-
dence of splitting at low temperature, suggestive of a dynamic Jahn-Teller
site, but the whole system is complicated by the presence of weak ESR sig-
nals (<16%) due to impurity solvated species, in this system such as Cu-
(Cs;H;NO),4(ClO,),, solvate.

The effect of temperature on the powder ESR spectra [102] of Cu/Zn-
(tetramethylene sulphoxide)(Cl0,4), and Cu/Zn(N-methylimidazole)s(ClO,),
changes an anisotropic ESR signal at room temperature without copper hy-
perfine structure to an anisotropic signal at 95 K (Table 4) with hyperfine on
the highest g-value only, suggesting a fluxional Jahn-Teller effect at room
temperature, changing to a static elongated CuL, chromophore at 95 K. The
single-crystal ESR spectrum of Cu/Zn(imidazole)¢Cl, - 4 H,O [103] also
shows an isotropic powder ESR spectrum at room temperature g; = 2.1702
(A; = 57.67 X 107 em™!) becoming anisotropic at 77 K, g, = 2.2995 (4 =
158.3 X 10™% cm™*) and g, = 2.0878 (A = 37.5 X 107 cm™!) again suggestive
of a near'dynamic to static Jahn-Teller change with temperature. As the
space group of Zn(HZDT)4Cl, - 4 H,O is triclinic P1 [104], at room tempera-
ture only one orientation of the three possible magnetic sites is observed,
which is indicative of tunneling between the three Jahn-Teller configurations,
which is justified by the observation of some anomalous angular dependence
of the g-factors.

The first clear ~vidence of the temperature variability of the ESR para-
meters for the copper(Il) ion was for the triclinic copper doped Ba,Zn-
(HCO,)s - 4 H,0 [105] system (Table 13) but interpreted in terms of a

4
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Fig. 14. The powder ESR spectra of copper doped K;Zn(H;0)s(S0,):. Reproduced by
permission of the authors [101].

vibronic mixing of the 3d,:z level of the copper(Il) ion into the 3d,2_,2
ground state. In the single-crystal measurements a maximum of four lines
were observed in any one direction, which coalesced into a single line, in ‘he
direction of the lowest g-factor, a behaviour that is consistent with the pre-
sence of only one magnetic site as expected for a triclinic space group.

The most important work {101] in this area is that of the copper doped
K,Zn{OH,)s(S0,), system which first established the temperature variability
of the ESR spectra down to liquid helium (Fig. 14) and then interpreted the
temperature variability in terms of the dynamic Jahn-Teller effect using a po-
tential energy diagram comparable to Fig. 3(c)(i) and first suggested a poten-
tial energy barrier between two misaligned elongated chromophores. Not only

a) (b}
253 100+
Aj
24 80}
93
A
23 60+
92
@ a0k / 40k Az
21 20}
a4 Ax10™*cm™?
204 ol
U — R 1 i ]
100 200 300 100 200

Temperature °K

Fig. 15. Copper doped Kzzn(ng }s(S04)2. Temperature variation of (a) the g-factors and
(b) the A-values, single crystal data. Reproduced by permission of the authors [101].
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I S =75cm™!

I II InI

Fig. 16. Circular cross section of the potential energy surface associated with the three
Jahn-Teller Wells I—III in copper doped K;Zn(OH;)(S04)2- Reproduced by permission
of the authors [101].

did the data illustrate the temperature variation of the g-factors, but also of
the A-factors (Fig. 15) which display the same type of temperature variation
characteristic of the g-values, namely, that A, increases with decreasing tem-
perature, A, decreases and A, is temperature invariant. The single-crystal spec-
tra showed two sets of four hyperfine lines which coalesced into one set of
four lines along the b-axis and in the ac-plane of the monoclinic crystal, con-
sistent with the presence of two misaligned CuO¢ chromophores in the P2, /a
unit cell. The directions of the g-factors of the individual sites corresponded
with the direction of the Cu—O bonds and the direction of the g-factors are
shown to be temperature invariant as required by the dynamic Jahn-Teller
effect. From a quantitative analysis of the temperature variation of the g- and
A-factors, the energy splitting values from the three wells (Fig. 16) were
found to be 8y, =75 ecm™! and 8,; = 450 cm™!. The rate of inter-well
jumping between the two lowest valleys was determined from the tempera-
ture variation of the line widths and yielded a Ay, value of ~120 cm™! for
the height of the warping barrier between Wells II and III. In view of the
detailed energy data concerning the barrier heights of Fig. 16, it must be em-
phasised that the data were obtained in the copper doped potassium Tutton
salt. It would be of interest to examine the data from the corresponding
copper doped ammonium and caesium Tutton salts, firstly, to see how these
varied with the different cations and secondly, to see how the values com-
pared with the extent of fluxional behaviour indicated by the variable tem-
perature X-ray crystallography results [31,32] of section C and illustrated in
Fig. 6. An equivalent but less detailed analysis of the single-crystal ESR spec-
trum [106] of the Cu/Mg(OH,)sH,edta complex has also been reported.

The term fluxional [14] was first introduced to account for the tempera-
ture variation of the g- and A-factors of the Cu/Zn(hfacac),py, [86] system
down to liquid helium temperatures. Down to 133 K only one magnetic site
existed, displaying marked temperature variability with g-factors typical of a
fluxional elongated rhombic octahedral CuN,O,4 chromophore (Table 13).
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Fig. 17. The CuN,04 chromophore stereochemistries contributing to the three non-
equivalent magnetic sites of copper doped Zn(hfacac);py,.

Below 133 K more than one magnetic site is present: at 4.2 K the high tem-
perature site is still present and the most intense, but in addition two further
equivalent sites are present, with the two sites related by the two fold axis of
the zinc host lattice. The g-factors are clearly different from the high tem-
perature spectrum with (g, = 2.074, g, = 2.226 and g5 = 2.242). These pseudo
compressed type g-factors suggest a pseudo compressed type doped CuN,O,
chromophore stereochemistry, which contrasts with the elongated stereo-
chemistry associated with the most intense magnetic site and for the pure
complex (Table 12). The three magnetic sites are misaligned by ca. 90° (as
required by trapping out of a pseudo dynamic near cubic system) and only
one of them is elongated (Fig. 3(c)(i)) and fluxional, while the other two are
pseudo-compressed (Fig. 3(b)(i)), with near equivalence of the two contribut-
ing 90° misaligned elongated rhombic octahedral CuN,O, chromophores

(Fig. 17) at each of sites (2) and (3).

The higher accuracy with which the g- and A-factors of copper doped zinc
complexes may be measured is well illustrated in the powder ESR spectra of
a series of Cu/Zn(dien),XY complexes [61], Table 14, all involving on axial
elongated type of spectra, which becomes more axial with decreasing tem-

TABLE 14
AA 3-values (%) for Cu/Zn(dien); XY complexes

X Y AA 4 (%)
Cl ClO,4 8.9
Ci BF, 10.1
c1 ci, H,0 17.8
Br Br, H,O 22.0
NO; NO; (monoclinic) 8.8
I I 29.5
Cl NO; 31.4

Br NO; 36.0
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Fig. 18. The tetragonality {T) of Cu{dien), XY complexes v. A4 ;% measured on the corre-
sponding copper doped Zn(dien), XY powder ESR spectra.

perature; the single-crystal data for the copper doped Zn(dien},Br, - H,O sys-
tem [87], clearly indicates the characteristic temperature variation (see Fig.
15), of a fluxional CuNg chromophore. If AA;, the percentage change in 4,
from room temperature to liquid nitrogen temperature, is taken as a measure
of the extent of fluxional behaviour, there is a significant variation in the
AA; values (8.9—36.0%) depending on the nature of the anions X and Y
(Table 14) the increasing value of which suggests an increasing amount of
fluxional behaviour. If the AA; values of the three complexes of known crys-
tal structure are plotted against their tetragonalities (Fig. 18) a reasonable
correlation is obtained [61] which suggests that the small differences in the
observed tetragonalities 0.83—0.86, are real and reflect a difference in the
fluxional behaviour of the Cu(dien),?* cation in these crystal lattices. It also
suggests that in this series of near isostructural M(dien), XY complexes, there
is a correlation between the electronic properties of the concentrated and
dilute complexes, not withstanding that the ZnN4 chromophore stereochemis-
try of the host lattice has a compressed rhombic octahedral stereochemistry
(XVI) [61]. compared with the elongated rhombic stereochemistry of the
pure copper(ll) complex (Table 12).

The room temperature ESR spectrum of the copper doped Zn(CsHs;NSO;), -
4 H,0 system [107] (Table 13) was one of the earliest spectra [108] to be
reported as indicating a compressed rhombic octahedral stereochemistry, but
which indicated an elongated stereochemistry in the corresponding pure
copper(I1) complex (2.059, 2.080 and 2.294); both predictions were made in
the absence of any crystallographic data on the structure of the MO4N,
chromophore in either the zinc or copper complexes. The crystal siructures
[107] of Zr(CsH4NSQO;), - 4 H,O and Cu(CsHyNSO;); - 2 H,O (Table 12) are
now known; both are monoclinic, but they are not isomorphous as their
formulae suggest, but both involve a trans MO,N, chromophore. In the zinc
complex the ZnO4N, chromophore has a compressed rhombic octahedral
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stereochemistry, seemingly consistent with the room temperature g-factors
(Table 13) with an R-value of 2.64. In the copper(Il) complex the CuO4N,
chromophore is elongated rhombic octahedral with g-factors (Table 13) yield-
ing an R-value of 0.20, consistent with the elongated CuO,;N; chromophore.
Nevertheless the g-factors of copper doped Zn(CsH;sNSO;), - 4 H,O are
clearly temperature variable [107] (Table 13), consistent with the presence
of marked fluxional behaviour, with the R-value changing from 2.64 to 0.41
suggesting an elongated stereochemistry at the low temperature typical of a
fluxional CuN,O, system. This system emphasises the dangers of attempting
tc predict the CuL, chromophore stereochemistry in Cu/Zn doped systems
in the absence of structural data and the effect of temperature on the ESR
spectra.

The powder ESR spectra [109] of copper doped Zn(methoxyacetate), -
2 H,0 (XVIII), (Table 13) is of interest as it is anisotropic even at room tem-
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(XVIID Zn(methoxyacetate)z-2 H,0

perature, with a reversed type ESR spectrum, g, > g; > 2.0, and suggests a
compressed CuO¢ chromophore stereochemistry, an observation that would
not be inconsistent with the compressed rhombic octahedral stereochemistry
of the corresponding Cu(methoxyacetate), - 2 H,O complex [40,47] except
that the zine(IT) complex (XVIII) [109] is not isomorphous with the copper-
(II) complex (IX), (orthorhambic Fdd2 and monoclinic P2,/n, respectively)
despite their comparable stoichiometry. In addition while the methoxyacetate
chelate ligands of the copper(II) complex (IX) occupy trans-planar positions
about the centrosymmetric CuOg¢ chromophore; in the zinc complex (XVIII)
the arrangement is cis-octahedral, with a cis elongated distortion, involving a
2-fold site symmetry at the zinc atom. The powder ESR spectrum (Table 13)
is axial with little evidence for a rhombic component and with clear evidence
for the largest copper hyperfine splitting on the lowest g-factor, but none on
the higher g, , a pattern that is more typical of an ESR spectrum consistent
with a genuine compressed octahedral stereochemistry (see section H). In
addition the spectrum shows little change with temperature.

The doped ESR spectrum reported [110] for copper doped Zn(NH,),-
(NH;3),(CrO,), (Table 13) is nearly axial with an R-value of 14.3, well above
1.0 and a very low lowest g-factor of 2.017 at room temperature, values that
clearly suggest a compressed axial CulN,0,4 chromophore with only a small
rhombic component. The lowest g;-factor of 2.017 would seem to rule out a
pseudo compressed rhombic octahedral stereochemistry and the associated
largest A-factor of 144.6 X 10™% cm™! further supports a genuine static com-
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pressed rhombic octahedral CulN,O; stereochemistry. Nevertheless the ESR.
spectrum at 77 K, g, = 2.014, g, = 2.109 and g5 = 2.287, suggests a com-
pressed rhombic octahedral stereochemistry, as the lowest g-factor is tem-
perature invariant, with the temperature variability restricted to g, decreasing
and g; increasing at the lower temperature. This pattern is difficult to rational-
ise with any -sort of fluxional behaviour even including two compressed rhom-
bic octahedral chromophores misaligned by 90°, but this possibility seems to
be ruled out by the non temperature variable and almost free electron g-value
of the lowest g-factor. A two dimensional fluxional behaviour between two
very rhombic compressed CuN,0O,4 chromophores with the compression axes
aligned parallel, to retain the lowest g-factor may be passible, but the realisa-
tion that the reported ESR spectra are not continuously variable from 295—
77 K, but are characterised by a sharp transition at 278 K and are then virtu-
ally temperature independent down to 77 K, indicates a phase change at

278 K and rules out any fluxional behaviour in this system. The pattern of
g-factors at low temperature suggests a transition to a distorted trigonal
bipyramidal CuN,0,0’ chromophore [64,111,112] or alternatively a cis-
distorted octahedral CuN,0,0,’ chromophore [113].

Type C(ii) concentrated and dilute

The non-temperature variable ESR spectra of the vast majority of copper-
(II) complexes with an elongated tetragonal octahedral stereochemistry [2,3]
are typical of Fig. 3(c)(ii) behaviour with B > kT, and are not reported in
detail.

An interesting set of ESR spectra is reported (Fig. 19) for <1% copper
doped Zn(pyrazine)SO, - 3 H,O [114], which crystallises in the triclinic space
group P1 with Z = 1. Three g-values are observed with copper hyperfine on the
highest and lowest .(Table 6) and the angular variations are consistent with
three magnetically equivalent sites, with comparable intensity and equivalent
rhombic g-factors, g; = 2.414, g, = 2.214 and g, = 2.109, which equate with
an elongated rhombic octahedral CuO¢ chromophore. As the spectra are
reported to be non-temperature variable they weculd seem to represent the
three static potential wells of Fig. 3(a)(ii) all equally occupied with the
elongation axes misaligned by 90°, but exhibiting no fluxional behaviour as
B is greater than thermal energy.

OPPH
site 1 site2 site 3

g |
PaAA Y

1
2 a0 W 200

Fig. 19. The single-crystal ESR spectrum of ca. 1% copper doped Zn(pyrazine)(SO,4)- 3 H.O
Reproduced by permission of the author {114].
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(ii) Summary

This ESR section illustrates not only the varying behaviour of the differ-
ent pure copper(Il) complexes and different copper(II) doped zinc(II) sys-
tems and their variation with temperature, but occasionally the different
behaviour of the concentrated copper(Il) complexes and their related copper-
(II) doped systems [107] and emphasises the importance of co-operative
effects {13,20] in these molecular type lattices of concentrated copper(II)
complexes compared with the electronic properties of isolated copper(II)
chromophores in the corresponding doped systems.

F. ELECTRONIC SPECTRA

Figure 20 gives a section [24] through the potential energy surface of Fig.
1(a) and shows the splitting of the 2E, term into two components, ¥_ .,
with no appreciable splitting of the higher energy 2T, term. Two transitions
are predicted, E; and E,, for Eyr >> hs > kT, and application of the Frank-
Condon principle, within the harmonic first order model, gives E; =~ 4E¢
and E, = A + 2E;,. Table 15 lists a number of copper(Il} complexes contain-
ing CulNg chromophores with equivalent ligands and gives, d,, the average
Cu—N distance, the Jahn-Teller radius, R 1, calculated [24] from the expres-
sion R}y = £&., Ad?, the value of E;r calculated assuming E, = 4E;r, E, and f,
the quadratic force constant calculated from f = 2E ;¢ /R3¢. The values of E, .
are reasonably constant irrespective of whether a dynamic or static system is

/
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Fig. 20. A section through the potential energy susfaces of the Mexican Hat of Fig. 1(a).
Reproduced by permission of the authors [24].
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TABLE 15

Structural and spectroscopic data for some copper(11) complexes involving equivalent
ligands at room temperature. Reproduced by permission of the authors [24].

Compound do(A) Ry7(A) Ejp(kK) E(kK) f=2E;7/R%¢
(mdyn A-1)

Dynamic

Cu(en)3S04 2.150 0.358 2.18 15.7 0.68

K,PbCu(NO, ) 2.111 0.333 1.75 16.5 0.63

Ti,PbCu{NO,)¢ 2.118 0.308 1.86 16.5 (0.78)

Cu(tach),(NO3), 2.164 0.329 0.80
Pseudo dynamic

Rb,;PbCu(NO, ) 2.136 0.252 1.92 15.7 1.20

Cs,PbCu(NO, )6 2.171 0.343 1.92 16.3 (0.75)
Static

K,CaCu(NO;)e 2.138 0.303 1.98 16.5 0.85

K,SrCu(NO; )¢ 2.127 0.318 1.90 16.5 0.75

K,BaCu(NO;)s 2.132 0.308 1.92 16.55 0.81

Cu(bipy)3(Cl04), 2.134 0.355 2.17 154 0.69

Cu(phen)3(ClO4), 2.134 0.336 1.90 15.2 0.67

involved and the values of E; appear significantly lower in the dynamic
Jahn-Teller system, than in the static systems of the MjM" Cu(NO,)s complexes,
with the pseudo dynamic complexes equating better with the static systems,
consistent with the interpretation of their structures as involving a pseudo
compressed octahedral stereochemistry. The differences do seem to corre-
late in the hexanitro complexes [24], with the d, values (the average Cu—N
distances), but even here the value for Rb,PbCu(NO,)s does seem rather high
for no good reason. As the d, valucs are constant, then it is not surprising
that the R, values are reasonably constant, as both are calculated from the
Cu—N distances. At present there are too few reliable data for the chelate
nitrogen systems [21] of Table 15 to indicate a definite correlation with
hexanitro complexes, but the structural and spectroscopic data are of the
same order of magnitude, if not showing a 1 : 1 correlation, with probably
least correlation observed in the quadratic force constants, f, which are evalu-
ated as a ratio of the spectroscopic and structural data, f = 2E ;¢ /R3y.

The use of polarised single-crystal spectroscopy in these fluxional systems
has not been extensive: all the cubic systems [68] show no polarisation and
the trigonal [77,115] only show a change of intensity (Fig. 21(a)) which is
in marked contrast to the type of polarisation obtained in a statically dis-
torted system such as K,BaCu(NO,)s [116] (Fig. 21(b)) or Cu(bipy);(ClO,),
[71]. The observation of no polarisation, but only a change in intensity could
be used to suggest the presence of extensive fluxional behaviour, in concen-
trated copper(Il) complexes, such as [CsH,9N,]Cu(hfacac); [71]. Neverthe-
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Fig. 21. The polarised single-crystal electronic spectra.

less it should be remembered that the presence of a small amount of fluxio-

nal behaviour does not rule out the observation of marked polarisation, as in
Cu(dien),Br, - H,O [117] or Cu/Zn(dien),Br, - H,O [61] (Fig. 21(c) and (d})
both of which involve weak fluxional behaviour.

Some attempts have been made to predict the stereochemistry [13,59] of
the CuLg chromophore doped in a diamagnetic host lattice, i.e. 10—30%
copper doped Ba,ZnFg, from the electronic reflectance spectra, but the final
answer even to this question must await the availability of X-ray crystallo-
graphic data on 5—10% copper doped zinc systems [61,107,118].

Finally the lack of effect of temperature on the electronic energies of
fluxional copper(II) systems must be mentioned: as electronic transitions are
very fast, the observed spectra represent the extremes of the Cul.s chromo-
phore stereochemistry. As these represent the distorted environment in which’
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the chromophore spends most of its time and as this is not affected by the
extent of thermal mixing, the electronic spectra of fluxional systems are
essentially temperature independent, unless the stereochemistry happens to
change with temperature in the event of a phase transition. Thus although
the electronic spectra yield the electronic energies of fluxional systems, they
are much less informative of fluxional behaviour than the ESR spectra.

G. JAHN-TELLER EFFECTS
(i) Cooperative

The three types of behaviour of copper(Il) complexes described by Fig.
3((a)—{(c)) must largely be determined by hydrogen bonding and Van der
Waals forces, which together make up the lattice packing effects which deter-
mine a given space group structure. Due to the ability of the d? configuration
of the copper(Il) ion to accommodate small differences of bond lengths and
bond angles, a flexible stereochemistry [4] or plasticity effect [5] results and
copper(1I) complexes are characterised [2,3] by a range of distorted rather
than regular stereochemistries. A converse of this flexible stereochemistry is
that in concentrated copper(Il) complexes, the presence of adjacent Cul.,
chromophores may also influence the final copper(II) stereochemistry and
this is referred to as the cooperative Jahn-Teller effect [13]. This is particu-
larly important where bridging monoatomic ligands common to two adjacent
chromophores are present, as in K,CuF,, [33,59,60] but is also important for
more molecular lattices {13] involving isolated anions, such as Cu{NQO,)¢*" in
the M,"M™Cu(NO,)s complexes, or cations such as Cu(dien),** in Cu(dien),X,
complexes [61]. For the formation of a dynamic Jahn-Teller situation, Fig.
3(a)(i), not only must six equivalent ligands be present, but the complex must
crystallise in a high symmetry lattice, cubic or trigonal, for the maximum
cooperative Jahn-Teller effect to occur. The change to lower symmetry sys-
tems, two dimensional fluxional or static, invariably results in a change in
phase, i.e. cubic to orthorhombic in the hexanitro series (Table 8) which is
accompanied by a change from an isotropic to anisotropic ESR spectrum,
but very little change in the Jahn-Teller radius Ry or Jahn-Teller energy E; ¢
is observed, Table 15. This suggests that the cooperative Jahn-Teller effect
[13] present in all of these concentrated copper(Il) complexes are comparable
and only modified slightly by the symmetry of the lattice. The situation in
copper doped diamagnetic host lattices is, however, different as at low dilu-
tion the copper—copper separations are sufficiently large to rule out any
cooperative effects between the copper chromophores and the differences
observed [85] in the ESR spectra of Cu({phen);(NO;), - 2. H,O (one magnetic
centre) and copper doped Zn(phen);(NO;), - 2 H,O (two 90° misaligned mag-
netic centres) are good examples of the cooperative Jahn-Teller effect. In the
1—100% copper doped Ba,ZnWO system [13] (Fig. 22(a)) the reflectance
spectra are very dependent on the percentage doping, but as these differen-
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Fig. 22. The electronic reflectance spectra of 1—100% Cu/Ba;ZnWOy; (a) variation with
composition, (b) the variation of the d,2 < d 2_2 transition ({), 4E;1, with composi-
tion x. Reproduced by permission of the authors [13].

ces are accompanied by a change of phase, cubic to tetragonal, the changes
of Fig. 22 cannot be associated only with a change in the cooperative Jahn-
Teller effect, although the change in energy of the d,2 -~ d,2 — ,2 transition
from 4.5 - 6.5 kK for the doping range 20—50% does seem to be associated
with this effect in this system.

(ii) Non-cooperative
Nevertheless for a number of coordination complexes [67] of the copper-

(II) and zinc(II) ions, which have the same empirical formula and the same
space group, no change in phase occurs over the range 1—100% copper doped
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(a)
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A3:-1286x10%x cm™! gy = 2203 gp=210 g,=2043

~——— g-factor

Fig. 23. (a) The electronic reflectance spectra of 1—100% copper doped Zn(dien),Br; - H,0.
(b) The polycrystalline ESR spectra of 1—100% copper doped Zn(dien),Br; - H,0.

zinc complex, Table 16; for these five different stereochemistries (Table 16)
there is no significant change in electronic reflectance or ESR spectra from
1—100% (Table 16), which is illustrated for one complex in Fig. 23.

Thus the data of Table 16 show no significant variation of either the g-fac-
tors or the electronic transitions, over the complete concentration range 4
1—100%, and strongly suggest that the stereochemistry of the CuL, chromo-
phore in these soft molecular lattices is independent of the percentage copper
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concentration, for a wide range of different stereochemistries. This implies
that while for each of these pure copper(IT) complexes the actual stereo-
chemistry must be determined by a number of factors, i.e. the type and num-
ber of ligands present, the non-spherical symmetry of the copper(Il) ion, crys-
tal lattice effects such as hydrogen bonding and Van der Waal forces, the
stereochemistry is not determined by the presence of the other copper{II)
complexes in the lattice as would be required by the cooperative Jahn-Teller
effect [13]. In addition as the stereochemistry of the CuL,, chromophore is
the same for 100% Cu and 1%, in the latter, the Cul,, stereochemistry must
be independent of the pure ZnL, chromophore stereochemistry [66], an inde-
pendence that is best seen in the constaney of the electronic reflectance spec-
tra (Fig. 23(a)). Consequently, in these systems, it would be valid to use the
more accurately measured g- and A-factors of the 1% copper(II)-doped zinc-
(IT) complexes, with the CuL,, chromophore stereochemistry of the 100%
copper(I1} complex, but it must be emphasised that before this type of extra-
polation may be used the following conditions must be fulfilled; namely, (a)
the copper(Il) and zinc(II) complexes have the same composition and space
group with comparable unit cell parameters, and (b) the g-factors and elec-
tronic spectra must be independent of the copper concentration; only then
can these complexes be described as non-cooperative Jahn-Teller systems.

The first prediction [119] of the non-cooperative Jahn-Teller effect was
the equivalence of the g-factors [94] of (NH,),Cu(OH,)¢(S0O,), and of copper
doped (ND4),Zn(0OH,)s(S0O4), [119].

H. COMPRESSED OCTAHEDRAL STEREOCHEMISTRY

While the bulk of this article has reviewed the fluxional properties of
copper(II) complexes in the process it has cast increasing doubt [12,13,87]
on the existence of a genuine compressed rhombic octahedral stereochemis-
try for a CuLg chromophore in concentrated copper(Il) complexes.

The compressed stereochemistries of Rb,PbCu(NO,)s, Cs,PbCu(NO,)s (1),
Cu(dien),(NQO;), (II), K,CuF, (XIV), Ba,CuF¢ (XV) and Cu(methoxyacetate),
2 H,0O (IX) all have alternative descriptions. The compressed axial structure
[120] of B-Cu(NH;),Br, (Table 12) was only based on X-ray powder data and
that of Cu(NH;),C,0;4 - 2 H,O [121] (Table 12) is not consistent with the
single crystal ESR data. The structure of Cu(fomp),(meen) [122]} (Table 12)
could well be a genuine static compressed rhombic octahedral stereochemistry,
but as an unusually complicated thermal motion was involved and as no ESR
spectra were reported, the final answer must await temperature variable ESR
spectra and preferably a low temperature crystal structure determination.

The ESR evidence [12,123] for a compressed rhombic octahedral stereo-
chemistry in copper(II) doped systems is much more convincing; see Table 17.
All of these systems are characterised by low g-values, of approximately 2.00,
combined with significant copper hyperfine splitting on the lowest g-factors
characteristic of a d,2 ground state and generally considered to arise [2,123]



TABLE 17

Some typical examples of Cu doped systems involving possible compressed rhombic octa
hedral CuLg chromophores

Complex £1 &s £3 Ay Aq Asz Ref.
Ay >> A= A3
ZnWO, 2.000 2379 2.434 77 18 124
CsCl 2.012 2,217 2.217 151 125
NH4Ci(II) 2.000 2.219 233 67 126
NH4Br(I) 2.004 2.217 2.217 182 127
Ba;ZnFg 1.990 2.360 125 13
(NH4)2Zn(NH;3),(CrO4), 2.017 2216 2.230 147 10 10 110
Cu(NH3),Cl,/NH;Cl 2.000 2.223 228 65 127
Cu(NHj3),Cl,/NH,4Cl 2.008 2.178 144 123
5% Cu/Zn{methoxy-
acetate), - 2 Hy,O 2.077 2.328 110 199
2% Cu{Cd(pyrazole),Cly 2.01 2.21 2.24 130 128
Ay < A, < Ay .
5% Cu/Zn(bipyam),(NO3); 2.030 2.194 2.216 52 82 84 5
Cu/Zn(bipy)2(ONO)NO3 2.024 2,168 2.199 30 92 106 35,
37
Cu/Zn(bipyam),(ONO)INO, 2.028 2.170 2.203 32 94 96.4 76

Cu/[Zn3 sO(0,CMe)s(py)]; 1.996 2.267 2.293 18.3 325 1644 1290

from symmetry mixing of the 8d,2 and 4s orbitals. The spectra show little
temperature variation and must therefore relate to an essentially static CulL,,
stereochemistry which could well be compressed six coordinate octahedral,
but in the static doped systems the possibility of a eis distorted octahedral
CuL,, chromophore [130,131] as in the copper doped Zn(methoxyacetate), -
2 H,O (XVIHI) {109], where the ZnO, chromophore is cis-distorted octahe-
dral, should not be ruled out. Likewise in these copper(Il) doped systems a
change in coordination number is possible, i.e. six to five as suggested for the
low temperature g-factors of the copper doped Zn(NHj;),(NH;),(CrO,4), [110]
{see section E).

Consequently in view of the doubt about the existence of the static com-
pressed tetragonal octahedral stereochemistry in concentrated copper(II) com-
plexes, it is not possible to suggest an ‘“electronic criterion’’ for this stereo-
chemistry [132], but there may well be an ESR criterion {123] in the dilute

copper systems.

I. CONCLUSIONS

(a) From the limited number of room temperature and low temperature
crystal structures that have been determined the structural changes are con-
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sistent with the warped Mexican hat model for the potential energy surface
for these dynamic - static changes in copper(Il) complexes.

(b) In these dynamic—static changes the phase transitions involve very low
energies (ca. 0.1 kcal mole™!) and the average structural (d, and R;) and
spectroscopic (Eyr, E, and f) properties show little variation across the phase
transitions.

(c) A number of systems involve a two dimensional dynamic situation mid-
way between dynamic and static and characterised by a pseudo compressed
octahedral stereochemistry and pseudo reversed type g-factors with g, > g,>
2.0. In these complexes the compressed octahedral stereochemistry is not a
genuine static stereochemistry of the copper(Il) ion, but a two dimensional
time average (or static disordered) structure comparable to the three dimen-
sional time average structures of the regular octahedral and trigonal octahe-
dral stereochemistry of copper(lI) complexes.

(d) While the bulk of the elongated rhombic octahedral complexes of the
copper(Il) ion involve a static CuL s chromophore stereochemistry, with
tetragonalities T = 0.8—0.85, an increasing number, characterised by tetra-
gonalities > 0.85, are found to have temperature variable or fluxional stereo-
chemistry, in which T decreases with decreasing temperature. These fluxional
systems are also characterised by a variation of the local molecular g-factors
such that the highest, g5 increases, g, decreases and the lowest g, remains
temperature invariant. At room temperature the R-value, g, —&,/83 — &2, is
>1.0 suggesting an approximate d,2 ground state, but at low temperature the
R-value decreases to <1.0, consistent with an approximate d,2_,2 ground
state. Consequently the g-factors of these fluxional systems are of little value
in suggesting the local CuL chromophore stereochemistry unless they are
first checked for non-temperature variability. By the same criteria, g-factors
of fluxional copper(II) complexes cannot be involved in calculating the mo-
lecular orbital coefficients of the CuL, chromophore as the usual molecular
orbital expressions refer to static stereochemistries.

(e) The importance of cooperative lattice effects in pure copper(ll) com-
plexes relative to the copper(1I) doped/zinc(1l) complexes is becoming
increasingly apparent, especially those involving rigid lattices, where the
change in phase associated with a high symmetry to low symmetry transition,
can result in a change in the electronic properties, but usually these are small.
In copper doped diamagnetic systems changes in the electronic properties
with dilution are small, but these are most marked where a phase transition
occurs. In copper doped zinc complexes involving less rigid molecular com-
plexes where the copper and zinc complexes are isomorphous, and for a
range of stereochemistries, no change in structural or electronic properties is
observed from 1—100% copper, which suggests that in these systems a non-
cooperative Jahn-Teller effect is operating.
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