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A. IN’l’~OUUC’~‘lOi’! 

Six-coordix,ate copper complexes cannot be rigorously octahedral accord- 
ing to the Jahn--‘l’elier theorem [l], the highest symmetry compatible with 
this theorem being tetragonai [F--5]. Tetragonai distortion can be either eion- 
g&ion or compressIon of the octahedra. In principle ESR spectra provide a 
powerful tool for the assignment of stereochemistry in that opposite molecu- 
lar g patterns for the two distortions are expected [ 6,73, gl, i gl for elonga- 
tion alid g ,, < g, for compression. However, this pattern can be unambiguously 
recognized o111y from experiments on magnetically dilute compleses, since in 
the case oi undiluted co~nplexes exchange interactions [8,9] result in a crystal 
avelagi! of the ES& spectra and the molecular g values are not generally ob- 
tained. The crystal g values may have a pattern opposite to that of the molecu- 
lar g values, thus possibly leading to erroneous conclusions, depending on the 
relative orientation of the chromophores. In particular it is often found that 
elongated chromophores are coupled in the lattice in an antiferrodistortive 
fashion in a way which simulates a compressed octahedron. It is worth men- 
tioning that when dynamic Jahn-Teller effects are operative, X-ray structures 
can reveal compressed chromophores which are actually given by a time and/ 
01 space average of elongated octahedra. This point has not always been fully 
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understood, and many conflicting reports have appeared in the literature. It 
is our aim to review the theoretical aspects of the molecular g values of iso- 
lated chromophores and their relationship to the crystallographic g values un- 
der cschange narrowing conditions between coupled chromophores. Some 
six-coordinate compounds with gl, < g, in the solid state are also reviewed, 
grouped according to whether they are tetragonaiiy compressed or antiferro- 
distortively coupled elongated chromophores, with particular interest in 
those compleses experiencing dynamic Jahn-Teller distortion. 

B. MOLECULAR R AND A VALUES 

The ESR spectra of hexacoordinate copper(H) complexes are often quasi 
asial [6,10,11] with small lower symmetry components superimposed which 
determine some splitting of the g1 values. Although the actual symmetry of 
the cornpIes may be very low, so that the principa1 directions of the A and g 
tensors cannot be predicted a priori but must be esperimentally determined, 
the present theoretical analysis is restricted to orthorhombic Dzh symmetry 
for the sake of simplicity. In this case the linear combinations of the five real 
d orbitals spanning the irreducible representations of the group are 

la,(l)> = cos ck 1.~’ - y2) + sin (Y It’> 
la,(2)> = sin a Is’ -y’) -. cos ck lz’> 
I&,> = Isy) 

lb,,) = Is.?> 

‘W = lyz> 

The g and A values which can be calculated by standard perturbation techni- 
ques [7] are as shown in Table 1. In the limit of ar = 0” or Q’ = 90” the above 
espressions reduce to Dlh symmetry, with the unpaired electron in the 
d,z -.\‘z orbital or in the d,z orbita respectively. 

It is well known that in the limit of axial symmetry it is quite easy to ob- 
tain structural information from the g and A values [6,7,10,12] since for an 
elongated octahedron gll > gl; IA,1 < IA 11 I 5 120-200 X lo-” cm-’ while for a 
compressed octahedron g, > gll = 2.0023; IAll I > IAl I. Often the perpendicular 
r.---\r.-~-+ -c A c,.. ^1^---4.-~ --&-L-^-l-- ._-- _--11 Lx--L :A. :_ --A. -__---2--- r;“‘ll~“~KllL8 “L A I.“1 el”llg;aL.eu uL’l,a11t!u1a IS bU bIIlizll UliiL II. 1s IIUL, enpe11111e11- 
tally detected. Low symmetry components may alter this pattern a little, as 
shown by the expressions of Table 1. It is worth mentioning, however, that 
one cannot expect very large variations from the values of axial symmetry. 
For example the g, value in the case of a compressed octahedron will rarely 
exceed 2.05 unless the ligand field strength is very low, as in CuF, chromo- 
phores. 

A sample calculation setting h= = 1, fz = 830 cm-‘, A__, = 12,000 cm-’ 
shows that in order to have g, = 2.05, cr must be ca. 73”, which is a very large 
admixture of B(r” j and ci(x” - y’). In iigand fieid terms 0 is given by 

cr = ; cot-’ 
2 W-y”lVlz’) 

- ----_--- 
(x’ -y”lVlx’ -yZ) -((z’m (1) 
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TABLE 1 

The expressions for the principal values of g and A tensors in D2,., symmetry a 

k<3_ /::cv 
2a) -i-f + 2 -A-:“_ (cos Q’ - J3 sin a)’ 

>= AZ 1 
8 

6’ z= = -----. cos’. sz A,.,, + 2.0023 

a(~ is defined in the text; [ is the spin-orbit coupling constant; fzi the orbital reduction fac- 

tor; the Ai*s are the energy separations between the ground and the indicated orbital; P = 2 

gN~Npg (l/r)’ where /.A, is the Bohr magneton, PN is the nuclear magneton, go is the nu- 

clear g factor, and r is the distance between the electron and the nucleus. K accounts for 

the contribution which brings the contact interaction into the value for the hyperfine 

splitting. 

where V is the appropriate ligand field operator. Using octahedral coordinates 
for the donor atoms and setting eu, = 4000 cm-‘, eoz = 3000 cm-‘, ea3 = 2000 
cm-’ for ligands labelled as in the scheme below 

l-7 

give a = Sl” and gz = 2.01 

L3 

e 

L2 

LP L3 

L1 

which is quite far from the limit of 2.05. The anisotropy associated with the 
eh values is pretty large, since the Dq values of ligands 1,2 and 3 would be 
1200,900 and 600 cm-’ respectively [ 13,141, (neglecting n-bonding). 



It is al)pneilr tnclelole rlmt the crystal g vdues can be closet to or lurther 
frown the molecuw g values ciepa;iuing on tne relative oliel~mtions ot the octa- 
hedra in tiio latrice. If ttie~e is no syrilraeuy ies~~ulnt in the crystal, as is oftell 

the case, the ocximecir~~ call be in ewrsr ielaLlve o~wi~tatioii, uetel mined by 
lat.tic*t~ forces aim/or cudpetnuvo mwracLJoI,s arliotlg tneln. ~~iosvever, two 
interesting limiting cases deserve some attetltion. For the s&e of sitnplicity we 

I 
-_--~-__ -- _ _ _-_ _____-- 

l-~__~~_~~_~~_~ _ _ _- 
Cl7bO 02io OZMO ozvo 03uo 0310 0320 0330 

MAGNt I IC I-ItCU (ICZS!Zl) 

Fig. 1. PolycryXalline powder ESK spec-mu 01 Cue~lj” C~CIUIIS (A) duped into Znen3(NOJ)-; 
(S) undiluted thchloride; (cj undiluted suitate. ‘ihe g vaiues nleasured on singie crystais 
airk = 2.21H,g:2 = g3 = 2.082;gl = 2.1b,g1 = 2.i2,g3 = 2.W;a;ldgl = 2.159.gz = 2.134, 
f2 - 2.053 tesge-LGi8eiy. 
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lake into consideration asially clon~ated or con~prcssecl octahedra, thi: estetl- 
sion to absolute lack of symmetxy being rather ohvious. ‘1’1~ most favourahle 
OrkllLa~iOil k tb!, iii Whk!h all the i)riilci@ axes (of either eloligat.iOn cJr (‘Uiil- 

pression) of the octahedra il1‘C parailcl to each other, so that, all the sit,65 are 
equivalenl in every orienlation of t;he crystal in the static magnetic field. ‘-1’11~ 
eschange interactions result in a washing out of the hypcrfine structure, but 
the g values are not altered, so that, in this case t.he crystal g values coincide 
with the molecular g values and they can he meaningfully compared to t11ci cnl- 
iulatccl values. This situation is often referred to as fcrrodistortivc order [ 17 1 
of clistorted octahedra. The fcrro- prefix has its origin in the similarity of 
this order to that observed in fcrroma~nctic materials. In the latter cxx all 
the spins are oriented parallel to each other, while ill the former the dislor- 
tion axes are oriented narallel to each other. It is worth menrioning ihat, ferrc?- ‘~ -- ---~ -- - -- 1.._-. __ ._ 
clistortive order does not imply ferromagnetic eschange among the distorlcd 
octahedra, and this point will become clearer later. 

The other interesting limiting case is that in which in one pla-ile, long and 
short. axes alternate according to the scheme shown in Fig. 2. Perpendicular 
to this plane a short (or a long) asis is found in the case of eloilgated (or (:oni- 
pressed) octahedra respectively. This order is called antiferrodistortive ortIer 
[ 171. In this case only one molecular g value is obtained, which is that l>er- 
pendiculiu- to the plane and is the molecular gL component for boLh elongatecl 
.x,-A ~c,~~~.-occc,A nr.trrhnrlr-., 1.~ thr. nl,.,n tLn m~r\lnn..lc... e. . ..>A n .,..I,.,-.,_ .>.-c. CLI‘U L”rL.plr;~~r;u “lrllLIIL.zU‘U. 111 c11c pLa,LG Cl‘cj LLI”‘~LLLIoI s,; CUIU cj L VUIUC:J U‘KI 

averaged by the exchange interaction and the crystal g value cilnnot he Lake11 
as molecular g value _ 

A possible deviation from the antiferrodistortive limiting case occurs when 
the long axis of the magnetically inequivalent molecules form an angle 2 7’ ;t 
90” (see Fig. 3). By standard techniques it is easy to show that the principal 
crystal g values in the plane are related to the molecular values through the 
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+---Y- 
Fig. 3. A perturbation of the antif’errodistortive order with the angles bctwecn long ases 3 
90’ _ The third bond direction is orthogonal to the plane. 

following relations [ 151 

gi = gi cos’y + gi sin’y 

g: = gi sin’y + g;’ cos’y 
(2) 

From this formula it is apparent that for 27 = 90° the spectra will be isotropic 

in the plane, while for 2y # 90” anisotropic components will show up. Angles 
2y different from 90” can originate from bond angles different from 90” in 

the pseudo octahedron or from a twisting of the elongation asis of two octa- 
hedra relative to each other. When long and short bonds of the octahedra do 
not lie exactly in a plane, crystallographic g values do not yield the molecular 

values directly, since no symmetry results. However, if the atomic distortions 

are small and the non-planarity of short and long bonds is minimal, then one 
may refer to the antiferrodistortive model and will find that two principal 

crystallographic g values almost bisect the angles formed by the copper donor 
bonds. 

A typical example of antiferrodistortive order of elongated octahedra is 
given by several polymeric tetrachlorocuprates [ 181. Complexes of general 

formula (Cat),CuCl,, where Cat = NH; [19], RNH; [ZO-231, [Pt(NH),]i’ 
[24], [NH,(CH,)nNH,]” [25,26], are formed by essentially square coplanar 

CuCl, moieties linked together according to the scheme shown in Fig. 4. Two 
chlorine atoms are terminal, while four are bridging. All the terminal bonds 
are short and are almost parallel to each other, while the bridging chlorine 
atoms form a two-dimensional layer structure. The four short bonds around 
P?P~ rnnner qtnm 71-p nhnllt. 3.1f-l nm lnnc rvhilp t.he lonp hnndn range hetween -L-.. --==-- L ___-_ L__ _-___ _L_ =___ ____D) .._____ ____ ____~ --__-- --__D_ - --.. __.~ 
2SO and 320 pm. Notwithstanding these long bond distances, the spectral and 
magnetic properties are definitely those of elongated octahedra. A detailed 
study of the ESR spectra of NH,(CH,),NH,CuCl, has been performed [27]. 
The crystals are orthorhombic, space group Pnrna [26], and the orientation 
of the copper octahedra in the crystal is as shown in Fig. 5. The deviations 
from the simple picture of antiferrodistortive order described above are rather 

small, in the sense that the long and short bonds do not lie exactly in a plane. 
The layer is puckered by canting CuCl, units by 1.6” and 9.6” in the a and c 
-1.-_-L:--_ --^-..-L:_.^1__ ml_- ‘------ ^._^ ----.m^c-A L-V. I^___..^ _P,“,CP.“...C,A ,-:.., CIIItxLIWIIS respecLlvely _ 1Ilt: layers CiLtz sep.LaLe” uy lilyc‘? “1 t.‘L”b”L’clbCU QIIIIIIC: 
cations. The ESR spectra showed that one principal g direction is parallel to b, 
with g, = 2.053. The principal g, values are isotropic (2.169). These values are 
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Fig. 4. A scheme of the structure of CatzCuCIa complexes. Two other Cu-Cl short bonds 
are orthogonal to the plane. 

Fig. 5. Schematic representation or the structure of the CuClo chromophore in (NHj- 
(CH~)JNH,)CUCII (ref. 26). 

typical of CuCIs- moieties [ 281. There is considerable evidence of exchange 
interactions within the layers. The above results have been used to calculate 
the principal molecularg values by assuming that 2y of relationship (2) is that 
formed by the bond directions (90” )_ Assuming furthermore that gb = g, of 
the molecule, gl, is found to be 2.285, a value which compares well to those 
usually reported for elongated octahedral copper(I1) complexes [ 61. 

Another interesting feature of these spectra is that the exchange coupling 
constant w‘hich is operative in the QC piane iS known from nXigll&iC suscepti- 
bility measurements to be positive [29,30], i.e. the eschange interaction is of 
the ferromagnetic type, showing that the antiferrodistortive order does not 
imply antiferromagnetic exchange. There is a further typical example of crys- 
tal g values which are far from the molecular values and which if taken errone- 
ously as molecular values might lead to incorrect conclusions about the struc- 
ture of the complex. C_uSO, - 5 H-0 is known to crystallize in the triclinic 
system, space group Pl, with two-independent copper ions in the unit cell 
[31,32]. Both the copper ions are practically identical and are coordinated by 
four water molecules and two oxygen atoms of two sulphate groups giving an 
elongated octahedron. The elongation axes of the two independent octahedra 
form an angle of ca. 85”. ESR spectra were run [33] at O-33,0.81 and 1.18 
cm-’ and only one line was detected at the two lower frequencies for all the 
orientations of the crystal in the static magnetic field with axial g values gll = 
2.09, gl = 2.27. However at the highest frequency two lines were resolved in 
the single crystal spectra and principal g values were found to be gn = 2.37 



TABLE 2 

Crystallographic g values for some copper(I1) compleses antiferrodistortively coupled 

Complex 

KzCuF_, 
Rb,CuF_, 

BnlCuFo 
Na2CuFG 

BnzCu(OIi), 

SrzCu(OH)b 

&(HII~) g(Hlc) ReT. 

2.09 2.28 8-l 
2.09 2.28 84 

RI Pr g3 
2.05 2.20 2.36 74.84 
2.09 2.46 84 

2.05 2.12 2.23 S5 

2.05 2.11 2.24 85 

and g, = 2.05 in accord with the view of elongated octahedra. Apparently 
increasing the spectrometer frequency makes the exchange interaction smaller 
than the separation of the resonance fields, so that the lines are no longer 
exchange narrowed and the individual components are resolved. The exchange 
coupling constant was estimated to be 0.15 cm-‘. Other cases of antiferro- 
distortive coupling of elongated octahedra have been reported from which the 

molecular g values have sometimes been tentatively calculated by assuming 
4-1-r. -,:, ~:..,.,+:,..r ,F CL.,. -1 +,....-A.. TL.-.cn f#. . . . . .L<fiL 0 -r\mnrrrc.rr\A r\c.tnh~Ar.?l U1tz “lnlll C~I‘cxzl,I”LLD “I Ult: t; bC‘lD”L. I,,“DC L”L WIIIL.I, a L”lllpLcJJcu “Lba‘Lcura1 

structure has been taken into consideration, even for comparison purposes 
are reported in Table 2. 

D. COOPERATIVE EFFECTS IN CHROMOPHORES EXPERIENCING DYNAMIC 

JAHN-TELLER DISTORTIONS 

Copper(I1) ions in solid compounds may sit in sites such that an orbitally 

degenerate ground state would be required_ Such high site symmetry however, 

is the result of time-averaged distortions; by coupling of electronic states with 

the vibrations dynamic distortion takes place. This situation has been found 

to occur only in six-coordinated complexes with Th or D3 site symmetry 

[ 34,361. The coupling of the ‘E electronic state with vibrations of E, species, 
as referred to Oh symmetry, gives rise to tetragonal distortions along the 
copper-donor bond. The energy dependence on the coordinates of the doubly 
degenerate vibration for the isolated molecule m the gas phase is reported in 

Fig. 6. The energy of the undistorted chromophore, EO, is the point where the 
potential surface crosses the vertical axes; three equivalent minima correspond 

to the three tetragonal distortions along three orthogonal directions. The 
energy difference between E, and the minima of the curve is that gained in 
the Jahn-Teller distortions_ As long as cooperative effects are absent or 
negligible the three distortions are equally probable and equivalent. When the 
thermal energy is larger than the saddle between the three minima, dynamic 
Jahn-Teller distortion takes place. At relatively high temperatures averaged 
C3 or higher symmetries may result in the solid state. In this case the mechan- 
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ism of freezing of the Jahn-Teller distortion is strongly dependent on environ- 

mental and/or cooperative effects. For example, in undiluted compleses when 

one chromophore is frozen out into either its elongated or compressed distor- 
tion this somehow affects the distortion of the contiguous molecules. The im- 
portance and the structural consequences of such solid state effects are not 
,s.,:1,. #v,.-.,.-l:,r.A ..,.” ..l...,..c. A,C,,C,va ccl311-j ~c~Lclcu,n~u LL”L always ucL~~Ltzu_ 

For example Cu(OMPA)i’ (where OMPA is octamethylpyrophosphoramide) 

has II3 symmetry at room temperature 1371 as a consequence of dynamic 



Jahn-Teller effects; the ESR powder spectra reflect this situation giving an 

isotropic g value of 2.25 and show evidence of exchange narrowing since no 
hyperfine splitting is observed [38]. At 90 K, probably as a consequence of a 
phase transition, the Jahn-Teller distortions are frozen out [ 361. Three mag- 
netically non equivalent molecules are detected with ag pattern (g, = 2.510; 

g, = 2.102;g, = 2.080) typical of elongated tetragonal octahedra. A single 

crystal study has shown that the three directions of elongation are orthogonal 

to each other. Hyperfine splitting is clearly detected in correspondence with 
theg, direction with A, = 95 X 10eJ cm -‘. Unless further studies are under- 
taken cooperative effects do not show up. 

The case of Cuen,SO_, in which the copper atom again has D3 symmetry at 
room temperature [39] is different from those discussed above. Hydrogen 
bonding between bound en and the counterion sulfate gives rise to strong inter- 
actions within the crystal. At room temperature the DJ symmetry is the result 
of a dynamic J&n-Teller effect; indeed, an early investigation of the electronic 
spectra [40] had found that the energ of the transitions and their polarizations 

were not consistent with such a high symmetry. The ESR spectra, averaging over 
the three distortions, simulate D, symmetry [41-431. At 180 K, however, a 

phase transition occurs and three ESR signaIs appear showing that three mag- 
netically non-equivalent sites are formed with a g pattern different from that ob- 
sewed qt. room t.emnerqt.lIre Th_e th_ree sites are eqlually poplulated (:vith_in esperi- i __-_ - L.. ---___ ---__r-- L---W. 

mental error) and are equivalent to each other. The g values are completely an- 

isotropic with g, = 2.159, g, = 2.134 and g, = 2.053. Although g, and g2 are suffi- 
ciently close to each other so that one might be tempted to consider them as the 
split components of g,, and gll < g,, suggesting a compressed octahedral distor- 
tion, the considerations of Section B rule out the possibility of this interpreta- 
tion. In particular, attempts to compare the observed g values with the theoreti- 

cal espectations of Table 1 give h, = 3.92 [44], which is obviousIy meaningless. 
On the contrary the g values are consistent with an antiferrodistortive ordering 
-c L,__ 0~ ~rle cnromopnores ror eacn mdgnetiLdny non-equivaien~ siLe. i\w nyperrme -~I_.__.-- _.-P_ _._-- c_._ -_ -*,- --c---II-_cll-- .--._ ____:-._,_._L _ZL_ =I_ 1---__..~Z._- 

splitting is observed and the lines appear to be exchange narrowed. One princi- 

pal direction of g is found parallel to a bond direction, while the others bisect 
the M-N bonds in the tetragonal plane. 

A single crystal X-ray investigation at 120 K has shown 1451 that the unit 

cell is triclinic with Z = 2. The copper complex has a compressed tetragonal 
geometry although the thermal ellipsoids are particularly large. As a matter of 
fact the root mean square displacements at 120 K are similar to those of room 

temperature [39], which were considered large in comparison to those of com- 
plexes not experiencing Jahn-Teller effects, e.g. the nickel(B) complex [46]. 

Such a peculiarity was interpreted to give support to the view of an arrange- 
ment of tetragonally elongated octahedra coupled in such a way as to simulate 
tetragonally compressed octahedra. Such a choice was based on: 

(i) The impossibility of accounting for three ESR signals with a single com- 
pressed chromophore. 

(ii) The similarity of the powder ESR spectra with those of Cuen3C!lz - 
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Pig. ‘7. The three distorted chromophores of Cuen$304 obtained through the refinement 
discussed in the text. 

0.75 en which is known by X-ray data [45,473 to be tetragonally elongated. 
(iii) The consideration that when copper is doped into the zinc analogue 

(Znen,(NO,),) the chromophore is tetragonally elongated. An analysis of the g 

values for the undiluted Cuen,SO, on the basis of an antiferrodistortive order 
gives LLC =ameg pattern for a doped Cuen,(NO,), complex. 

Attempts were made to account for the diffuse electron density seen in the 

Fourier synthesis around the nitrogen atoms by assigning them to disordered 

positions. The refinement was possible only if a population of 2/3 was assigned 

to the positions which are closer to the copper ion and a population of l/3 to 
the further positions. ‘rhis corresponds to describing three elongated compleses. 
The three chromophores which result from this analysis are reported in Fig. 7. 
They are substantially different from each other in contrast with the observation 

that the three g sets obtained from the single crystal spectra are equivalent within 

experimental error. If three equivalent chromophores are required, then the anti- 
ferrodistortive ordering imposed by doubling the nitrogen positions within each 
chromophore is not quite satisfactory. One may conclude therefore that the 
r\l-...,.“C:- _T._c nf +hr. ln... + mnn~.+llro rtrllotll D nf rllnn cn grp aptllaii,r eluLr6;ablun -== vL LIIc; Iv.y ceIIIPGL~~ULG DtiIULUUrb VI vuLr13Uvi ULL uUU..__J 
largely misaligned, and that the simple antiferrodistortive order does not apply 
and the angular deviations in the distorted octahedra may play a role in deter- 
mining the X-ray diffraction pattern. On the other hand an arrangement of 
elongated octahedra which cannot be related in a simple way to antiferrodistor- 
tive order was found in the X-ray structure of Cuen,Cll - 0.75 en. 

The picture of the Cuen,SO, crystals below 180 K as obtained by the ESR 
and X-ray data is that of an assembly of domains, related by the trigonal axis of 
the room temperature cell. Within each domain elongated octahedral chromo- 
phores are present arranged in such a way that the eiongation axes are iXf$iy 

misaligned. The number of domains must be large. 
Another interesting case of Jahn-Teller distorted complexes which can give 

rise to different complicated behaviour is that of the hexanitrocuprates(II) of 
general formula M$V”Cu(NO& [48,49]. Several X-ray reports at variable tem- 



peratures are now available [ 50-583. The high temperature phases are cubic 
when M” = Pb, with the copper ion having T,, site symmetry as a result of 

dynamic Jahn-Teller distortion. At low temperatures the situation is some- 

what similar to that of Cuenz+, the ESR spectra [59--611 indicating that the 

chromophores are coupled in antiferrodistortive order [ 17,621. However, 
owing to strong cooperative effects each domain is very large so that they 
can be detected through microphotography. As a consequence the population 
of the three differently oriented domains may be non-equivalent and strain 
may favour one orientation with respect to the other two [59]. Accordingly, 
the single crystal ESR spectra display three signals of different intensities but 

no copper hyperfine is ever resolved. Sometimes even a single signal can be 
detected r 631. This means that a single domain is formed which can be suit- I. 1 
able for X-ray studies. Such studies have shown that the structure of the chro- 
mophore is tetragonally compressed with the nitrogen having anomalously 
large thermal ellipsoids: again. the compressed octahedron may be the result 

of antiferrodistortive coupling of elongated octahedra. Another interesting 
point in these structural data is that if the bond distances of the compressed 
chromophores are compared to those of similar elongated compleses such as 
K,CaCu(NO,),, [50], the short bond in the compressed complex compares 
well with one of the short bonds in the elongated complex, while the long 
L---1- -c cl-- -------e--1 _---I--_ UULIU> VI we curnp~esaeu CUIII~I~:K correspond to ihi? average Of Oile ShCXi arid -__^---^ 

one long bond of the elongated complex. 

The transition from dynamic to static Jahn-Teller distortions occurs 
through two phase transitions 164-661: the former leaves dynamic distortions 
on the plane where the elongation axes of antiferrodistortively coupled ions 

lie; the latter corresponds to a completely frozen situation and is separated 
from the former only by a few degrees. The two situations are not different 
in the X-ray experiment but the dynamic nature of the high temperature fac- 

tors can be shown quite nicely through anomalous angular dependence of the 
linewidths in the ESR spectra [62]. 

Such peculiar behavior of the lead hesanitrocuprates(I1) has been attributed 
to the strong net of covalent Cu-N-O-Pb bonds spread all over the crystal 
[60]. When Pb is substituted by alkaline earth ions the elongated chromo- 
phores are antiferrodistortively ordered at room temperature [ 171. It is reason- 
able to think that at high temperature dynamic Jahn-Teller distortions may 

occur and indeed this has been found to be the case for K2CaCu(N02)6 at 
18O’C [50]. A similar ferro- and antiferrodistortive order of elongated octahe- 
dra as determined by the counterion is found for the Cu(pyNO),,X, com- 
plexes where pyN0 is pyridine N-oxide and X=CIOA, BF, [67,68]. In both 
cases the copper has a trigonal site symmetry at room temperature [68]: at 

low temperature the tetrafluoroborate is ferrodistortively coupled whereas the 
perchlorate is antiferrodistortively coupled (Table 3). 



TABLE 3 

Crystallographic g values ror the clnsscs of compounds which include at lens: one complex cspwicncing dynamic Jnhn-‘I’cllcr distortion 
with 611 < gl for the hozctl chromophores 

Compound Temp. 
(10 

b’l 6t ner. 

298 
90 

298 
71 

298 
273 
298 
245 

295 
5 

295 
180 

2.lGL!li(C31 2.18 in: 
2.31 

2.17 filla) 2.19 ITL(C3) 

2.08 
2.23 
2.25 
2.26 
2.25 
2.25 
2.26 
2.26 
2.24 
2.12 
2.06 
2.12 
2.06 
0 nr: he”” 

2.06 
2.27 
2.4G 
2.126 
2.053 

3.08 2.07 

2.22 
2.06 

2.07 
2.07 
2.07 

2.OG 
2.07 
2:07 
2.07 

2.12 
2.143 

2.12 
2.15 
” ‘Ic ‘,li, 
2.15 
3.27 
2.1 1 
2.11 

2.134 

17 
17 
17 
17 
17 
17 
I? 
17 
17,59,G:, 

2.162 
17 

62 

62 
84 

41-43 
2.159 

,n.. “..\ I ~\ ,.lr\ \ 

(LU, al) (cn)J(IuuJ)~ 2s5 2. IS0 = 2,istj n . IS0 = 56 . 10-j cI1l-i 42 

70 2.248 2.082 168 * lo-” 
Cu(en)$l2 . 075 en 298 2.07 2.12 2.16 

CU(~II)~CU(CN)~ 298 

45,47 

2.07 2.14 2.17 45 

2.23 

2.05 
2.06 
2.06 

2.05 
? 111; i._., 
2.05 

G7,68 

G7,68 
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E. TETRAGONALLY COMPRESSED OCTAHEDRA 

There is a number of truly tetragonally compressed octahedra (Table 4) 
either diluted in the host lattices and as pure solids. The diluted chromo- 
phores are of two types: (i) those which undertake the distortion of the host 
lattice, i.e. the host complex is by itself compressed; (ii) those which occupy 
lattice defects of crystals which do not have any relationship with the guest 
complex. In the latter case the structure of the complex is unknown and there 
is no simple relationship between the type of host lattice and the induced dis- 
tortion of the resulting copper complex. 

The compIeses with MX, chromophores doped into host complexes whose 
structures have been solved by X-ray analvsis. are those wit!1 X = F in ., --~ I ~~-- d_m___ 

TABLE 4 

g values of tetragonally compressed six-coordinated copper(H) complexes 

Cu2+ in: 6: g, g, -4, As 11,. Ref. 

Diluted single crystal 

CdWOd 
ZnWOJ 
__ _..^ 
MgWU4 

CSCI 

NH4CI (Center I) 
NHeCI (Center II) 
NH4CI (Center III) 
NH+Br (Center I) 
NH4Br (Center II) 
NH4Br (Center III) 
ZnFz 
BazZnFo 

(NH4)2Zn(NH3)2(CrOa)z 
Cd(pz)#2 (at 77 K) 
Cu(NHj)zNi(CNa) . 2 CbHh 
(Cu, Zn)-3-pyridine sulfonate 
Cu in L-histidine hydroclo- 

ride monohydrate 
Cu in diglycine-barium 

chloride monohydrate 

Diluted powder spectra 
Cu(NH3)2C12-NH&l 
Cu(NH3)2C12-Mg(NH3)&lz .___- 
Cu(NHJ)zBr2--NH4Br 

Cu(NHa)zBrz-Mg(NHJ)2Br2 

Undiluted single crystal 

2.012 2.302 2.496 92 

2.000 2.434 2.379 77 

2.Oi3 2.334 2.385 76 

2.012 2.217 2.217 151 
2.045 2.254 11 
2.000 2.219 233 
2.009 - 118 
2.004 2.217 2.217 182 

2.029 2.190 170 
2.035 2.204 70 
2.061 2.428 2.354 53 
1.990 2.360 125 
2.017 2.230 2.216 147 

2.010 2.210 2.210 130 
2.019 2.232 2.232 90 
2.030 2.202 2.263 74 

2.013 2.153 2.262 131 

2.021 2.217 143 

2.000 2.223 228 65 102 
2.007 2.224 81 76 102 

2.008 2.178 141 - 102 
2.016 2.174 157 - 102 

Diethylenetriamine copper(I1) nitrate 
Bis(methoxyacetate)diaquo copper(H) 
Bis(2,2’-bipyridyl) copper nitrate 

g1 g2 g3 

2.103 2.118 2.135 
2.079 2.167 2.348 
2.029 2.170 2.205 

15 - 
- 18 
- i8 
- - 

75 
67.2 

- 
- 
- 
- 

18 8 

10 10 
- - 

58 
55 

31 62.4 

10 

75 
75 
“< 

;“6 
86-91 
86-91 
86-91 
92-95 
92-95 
92-95 
72 

96 

97 
78 
98 
99 

100, 
101 

83 
103 
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Ba2Zn,_,Cu,F, and Znl_sC~,,F, with 3i = 0.3 and y = 0.01 respectively. The 
ZnF, compound has a compressed octahedral structure [ 70,711 (Zn-F dist- 
ances 204 and 201.5 pm) which apparently induced a similar distortion in the 
doped copper. However the g value is very large 1721 and has been tentatively 
accounted for by a large angular deviation (smaller F-Cu-F angle in the tetra- 
gonal plane = 79.8” and small ligand field strength). The barium hexafluoro- 
zincate also has a compressed octahedral structure [ 731 with Zn-F distances 
oI’ 196 and 205 pm. The copper doped complex shows a gll value of 1.99 [74] 
which is quite consistent with expectation since second order terms are 
expected to decrease the gi, value below the spin only value in the pure 
Ba$uF,, complex. The ESR si:ectra are typical of elongated chromophores 
antiferrodistortively coupled. 

Small gl, values are also observed for copper(I1) doped into several tung- 
states of bivalent ions [75]. In this case a CuO,, compressed chromophore 
occurs whose degree cf relative compression can be deduced from the cell con- 
stants. 

Finally there are some diluted chromophores formed by four weak ligands 
in the tetragonal plane and two strong axial ligands. Typical are the CuO,N,, 
CuCl,N, and CuN, chromophores present in the complexes (NH,),Zn(NH,),- 
(CrO,), [76], Cd(pyrazole),C12 1771 (see Table 4) and Cd(NH,)* (Ni(CN),) - 
2 C,,H, [78] respectively. The interesting feature of the ESR spectra of the 
latter complex is that the gll and g, values are slightly temperature dependent, 
a characteristic which has also been found for other copper(I1) complexes 
with the unpaired electron in the d(z’) orbital [74]. The origin of the tempera- 
ture dependence was attributed to vibronic coupling, an effect which shows 
up more neatly for a glj = 2.00. 

The pure compounds reported as tetragonally compressed have been ana- 
Iyzed by means of X-ray methods [80,81]. All of them are of low symmetry 
and show spin exchange. Therefore the crystal g values can be related to mole- 
cular values only through an arbitrary choice of the main g directions 182,831. 

F. CONCLUSIONS 

ESR spectra of six-coordinated copper(H) complexes showing gll < gl can 
be assigned to a compressed tetragonal distortion if (i) there is evidence that 
exchange interactions are not operative i.e. the hyperfine coupling constant is 
resolved and (ii) gn is close to the spin only value. Values larger than 2.05 
should be considered suspiciously unless gl is larger than 2.25. Low symme- 
try components might in principle relax this condition. 

When exchange narrowing is operative in the crystal, assigning a compressed 
tetragonal distortion on the basis of the ESR spectra is hazardous because anti- 
ferrodistortive type of order may be operative. Values of gll larger than 2.05 
(gl < 2.25) and g directions bisecting the copper--donor bonds are strong indi- 
cations of the latter kind of coupling. 
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