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A, INTRODUCTION 

The ability of coordination polyhedra to undergo distortion has been 

known in chemistry for some time. These distortions are determined by in- 
ternal tendencies in substances and are realized by external influences. 

Present experimental methods permit us to determine comparatively very 

fine str&tural features in compounds and also to detect the existence of Few 

types df modifications and isomers. Likewise the development of modem tMo- 
ry leads to the stage where certain particularities of the distortion of coordi- 
nation polyhedra may be satisfactorily explained in connection with the 
electron configuration of their central atoms. These new possibilities given by 
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experiment and theory allow us to present some new aspect of the stereo- 
chemistry of copper(U) comy:lexes connected with the plasticity of their co- 
ordination sphere. 

We are using the term “plasticity” to describe a special case of non-rigid 
complexes fl], caused by a feature of the central atom’s electronic shell. 

The aim of this paper is to discuss in more detail the following statements 
made on the basis of experimental results and quantum chemistry analysis. 

1. The coordination sphere of Cu” octahedral complexes, in contrast to 
most other central atoms, clearly demonstrates some pronounced properties 
of plasticity (non-rigidity) in the sense that it may have not one but several 
(or an infllite number of) stable conflictions which differ in metal-ligand 
distzmces. These plasticity properties are shown to be due to the Jahn-Teller 
or pseudo-Jahn-Teller effect and hence they may occur with other metal 
complexes (as well as other molecular systems) with degenerate and pseudo- 
degenerate electronic terms. 

2. The so-called distortion isomers of Gun compiexes 123, elaborated earlier, 
occur as a consequence of the plasticity properties of the Cu” coordination 
sphere combined with the stabilization properties of the crystal lattice. The 
compromise between these two characteristic properties, local and crystal, 
leads in the case under consideration to several stable configurations with nearly 
equal energies which can be observed at the same (room) temperature. 

B_ STEREOCHEMISTRY OF COPPER(U) COMPLEXES IN THE SOLID STATE AND THE 

PLASTICITY OF THEIR COORDINATION SPHERE 

As far as their structure is concerned, copper compounds display a rich- 
ness of shapes. This is due to a great number of various coordination poly- 
hedra, related to the possibility of distortion of the coordination polyhedron 
around Cu’r . Structures of Cu” compounds have been studied fairly extensively, 
several hundreds having been solved by single crystal X-ray analysis. Apart 
from this, intensive research into the structure of Cu” compounds is being un- 
dertaken with the aid of indirect physicochemical and physical methods. 

The coordination numbers of copper(H) vary from four to seven. The most 
usual are the four, five and six coordination numbers. 

The schematic representation of the coordination polyhedra of copper(fli) 
should be completed by further types shown in Fig. 1. In subsequent paragraphs 
we shall try to show how far the arrowheads in the scheme have just a 
formal character and how far they represent a successive and continuous 
transition from one type of coordination to another (we will not deal here 
with the case of square-tetrahedron transition though experimental evidence 
exists for this mutual transformation [3-51). 

In complexes of Cu”, continuous transition from one type of coordination 
to another may be demonstrated using the example of distorted octiedral 
coordination. Here the bonding angles change very little and thus handling of 
experimental data is greatly facilitated. Since there are many factors which 
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2+4 6 

3+2 

Fig. 1. Scheme of coordination polyhedra of copper(H) complexes 

influence the structure of a crystal, (e.g. formation of hydrogen bonds, inter- 
action of ligands, neighbouring atoms and molecules, Iattice defects, etc.), 
useful correlations must be based on a great many structural results. A statisti- 
cal elaboration of data is necessary in spite of the fact that they were obtained 
by various techniques and consequently their degree of accuracy and precision 
varies a great deal. With regard to these circumstances we concentrate chiefly 
on structures in which the coordination number of Cu” is six. This is the most 
common coordination number and a great number of structures have been 
solved. 

In this part of the paper we try to prove that there exists the possibility of 
dynamic transition between the coordination polyhedra as arrowed in Fig. 1. 
In this connection we determined and correlated the quantities Rs and RL for 
the chromophores CM&, CuNs and CuN@,. Rs is the average value of the 
four ~~~~rnic distances in the equatorial plane and R, is the central atom- 
donor atom distance at the fifth and sixth coordination sites for coordination 
number 4 + 2 (tetragonally distorted octahedron). 

We were also stimulated by Hathaway and Hodgson [ 6 1, who investigated 
the dependence of 7’ (tetragonality) on the parameters Rs and RL for some 
copper(B) complexes. Our investigation also followed work by Tomlinson et 
al. [7] who studied the dependence of Its on Rr, for compounds of the type 

Cu(NHa)4X2, to find out how distorted the bond Cu-X has to be, in order 
to be considered a case of “semicoordination”. Our correlation led to the 
conclusions presented here to demonstrate that the transitions shown in Fig. 1 
are possible. These conclusions express at the same time certain special 
properties of the stereochemistry of the coordination polyhedron of Cu’r. 
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A correlation exists between the variation of axial and equatorial titeratomic 
distances in Cu” complexes. We.shall prove this on the basis of crystallo- 
chemical data fix some chromophores. The same cqrrclusion may also be drawn 
from some structure .&&es of copper complexes by indirect me+&ods, as 
discussed, for example, in papers by Lever et al. f&9]. For irregular deformed 
octahedral coordination (coordination number 4+1+-l) the symbols Rt and Rz 
are introduced; these are chosen in such a way that the ratio RE/Rt should be 
greater than one (Fig. 2). The values R, and R, for the group of Cu’” com- 
pounds with a homogeneous and quasi-homogeneous coordination sphere * 
and with the coordination number 4+2 are given in Tables 1 and 2. For these 
compounds the pertinent correlations &e shown in Fig-s. 3a and 3b. 

The coefficients of order correlation and their critical values on the sjgnif- 
icance level of 0.01 with v = n - 2 degrees of freedom, where n denotes the 
number of experimental data of the respective set [84] are collected in Ttible 3 
For both correlations the relation II21 > Rcrit holds, thus their coefficients of 
order correlation are statistically significant. Some experimental data in these 
diagrams diverge considerably from the statistical mean values, most probably 
being due to experimental error. These values were not taken into account in 
the calculation of ccrrelation coefficients and in +he diagrams these points are 
marked by full circles (Figs. 3a and 3b). 

4+2 4*7+7 
Fig. 2. Schematic representation of the vaiues of Rp RE and RE in coordination poly- 
hedra. 

* With the expression “homogeneous coordination sphere” we understand the coordination 
sphere of those complexes which have not only identical atoms coordinated directly to the 
central atom, but those atoms belonging to the same ligands. The expression “quasi- 
homogeneous sphere” denotes cases, when the same atoms ere coordinated to the central 
atom, as e.g. CuNs and CuOe, but they are not, however, equivalent since they belong to 
different ligands. 
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TABLE I 

Values of Rs and RL of some copper compounds with the Cu0~ chromophore and co- 
ordination number 4+2 

compound KS IAt Rr. IAl Ref. 

CU(C~H~OHCOO)~ - 4 Hz0 
- Cd’CDl2 

Cu(salicyMdehydate)2 
C!u(ethyl acac)a 
Cu( 2,bdiphenyl acac)2 
Cu(bmethyf acac)2 
Cu(tropo?one)2 
cU( 3-phenyl acac)2 
Cu(glycoliate)2 
Cu( 1-phenyl acac)2 
fi(a-c)2 
Cu(salicylaldehydate)2 
Cu(salicyIaldehydate)2 
~u(~-nitroa~etophena~)2 
Na2WCO3 12 
WW%NO),UJO& 
CU(C~H~COO)~ - 3 Hz0 
~a&003 1.4 
Cu(meso-tartrate) - 3 Hz0 
CNOMPAM~O412 
Cu(phthaiate)2 - Hz0 

WOW2 

CuE204 
cuso4 

m2p4%2 
Cu(d-tartrate)- 3 Hz0 
Cu(meso-tartrate) - 3 Hz0 
~(Z-hydrox~2-me~y~- 

propionate)z - 2 Hz0 
cuuo4 

(%Cl.$H504)2'2H20 
Cu(H-maleate) - 4 Hz0 
C!IlO 
CuS04 * 3 Hz0 
W~,~nMOHkAS0.& 

- 3H20 1.96 
1.96 Cu(phthalate)z - Hz0 

Cu( phenoxyacetate)2 - 2 Hz0 1.96 

=~~~n$(OH)s(SO,), - 

PbCuSo24(OH)~ 
1.96 
1.96 

CuS04 - 5 Hz0 l-97 
CU( N&04)2 - 2 Hz0 1.97 

~Zo(so.$) 1.97 

@-(%#207 1.97 

&2(OH)2C03 1.97 
tig(si6olS)‘6H20 1.97 

1.88 3.00 10 
1.88 3.07 11 
1.90 3.24 12 
1.91 3.12 13 
1.91 3.14 14 
1.91 3.22 15 
1.91 3.30 16 
1.91 3.50 17 
1.92 2.54 18 
1.92 3.06 19 
1.92 3.08 20 
1.92 3.15 21 
1.92 3.21 22 
1.93 2.60 23 
1.93 2.77 24 
1.93 3.38 25 
1.94 2.51 26 
1.94 2.52 27 
1.94 2.54 28 
1.94 2.55 29 
1.94 2.58 30 
1.94 2.63 31 
1.94 3.07 32 
1.95 2.37 33 
1.95 2.38 34 
1.95 2.40 28 
1.95 2.48 28 

1.95 2.56 18 
1.95 2.56 35 
1.95 2.68 36 
1.95 2.68 37 
1.95 2.78 38 
1.96 2.42 39 

2.43 40 
2.46 30 
2.50 18 

2.52 40 
2.53 41 
2.41 42 
2.41 43 
2.52 44 
2.58 45 
2.58 46 
2.68 47 
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TABIX 1 (continued) 

Compound Rs (Al Ref. 

Cu(CzHs0CH2COO)2 
- 2HaO 

cuwo*- 
CuIO3( OH) 
%,V’0MOH)4 

.Cu(cronotate)z - 2 Hz0 
T121CW%)21 
Ba2cb(HCOO)6 - 4 Hz0 
Cu(HCOO)e - 2 Ii20 
Cu(CH&eH4S02). 4 H20 
Cu2(0H)2CO3 
Cu(HCOO)s - 4 H,O 
Cu(HC00)2 - 2 H20 
[C~4H1~N21CWhfacac)3 
Cu(CH30CH2COO)2 * 2 H20 
Cd%i(OWgfN03)2 * n20 

K2BaCuW02 16 
Cu2(OH)Aa04 
C~~(NOB)~(OH)G 
cucro* 
CU4(N03)2fOH)6 

(~H4)2=(C204h” 2H2O 
(NH&Cll(C2O4)2 * 2 H20 

wwZn)4(0w6(S04~2 
-3H20 

Cu( 0MPA)3( C1O4)2 
CU( H2O)&iPe 
h(IPcP)s(CiO4 12 

~,(OHPO, 

Cu(N03)2Hg0. 3 H20 
w~,ZnI,(OH)6(S04)2 

- 3Ei20 

C~(C104)~ - 6 Hz0 
fi(H2%duo,),(~o2)2 

(NH4)2=(=4)2 * 6 H2O 

1.98 2.38 48 
1.98 2.40 49 
1.98 2.59 50 
1.98 2.69 51 
1.99 2.33 52 
1.99 2.44 53 
2.00 2.18 54 
2.00 2.30 55 
2.00 2.34 56 
2.00 2.36 46 
2.01 2.36 57 
2.01 2.37 55 
2.02 2.18 58 
2.03 2.13 18 
2.03 2.43 59 
2.04 2.29 60 
2.04 2.34 61 
2.04 2.34 62 
2.05 2.15 63 
2.05 2.23 62 
2.05 2.49 64 
2.05 2.74 64 

2.06 2.23 40 
2.07 2.07 65 
2.07 2.07 66 
2.07 2.11 67 
2.07 2.28 68 
2.10 2.10 69 

2.11 2.11 40 
2.13 2.28 70 
2.14 2.58 71 
2.15 1.97 72 

Abbreviations: PCD, N-phenyl-Z-carbarnoy1-5,5’-dimethylcyclohexane-l,3-dienate; acac, 
acetylacetonate; OMPA, octamethylpyrophosphoramide; hfacac, hexafluoroacetyiaceto- 
nate; IPCP, tetraisopropylmethylenediphosphonate. 

From the plots in Figs. 3a and 3b the following conclusions may be drawn 
for coordination number 4+2: 

1. The coordination sphere in the mo6 and cuN6 species may be described 
as a symmetrically axially distorted octahedron (tetragonal bipyramid). There 
are four structures of copper COmpkXCS with a chromophore mo6 and 
two structures with a chromopho~ CuNs which are exceptions in that the 
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TABLE 2 

Values of Rs and R, of some copper(D) compounds with the CuNa chromophore and 
coordination number of 4+2 

Compound Rs @I RL CA1 Ref. 

&Cu(phthaiocyanine)Z 1.94 3.28 73 
Cu(ethylenebidiguanide)Cl2 - H20 1.96 3.17 74 
CW.%H7N50)2(~04)2 1.97 3.14 75 
C’WH3 )4(NO2)2 1.99 2.65 76 
WN%hW3)2 2.01 2.62 77 
Na4fWNW4f ~~@203)212 - NH3 2.01 2.88 78 
~fphen)3P%)2 2-05 2.33 79 
Cu(N.N’-(CHs)aen)2(NCS)Z 2.06 2.52 80 
[aens I HdSCW4 2.08 2.58 81 
KzPbC’J(N%h 2.11 2.11 82 
CuenaSO, 2.15 2.15 83 

Abbreviations: phen, o-phenanthroline; en, ethylenediamine. 

central atom has a regular octahedral configuration. The dashed lines in Figs. 
3a and 3b represent the regular octahedron. 

2. The interatomic distances RL in the axial direction of the tetragonal 
bipyramid depend unambiguou&y (within the limits of experimental error) 
on the average value of the interatomic distances in the equatorial plane 22s. The 

3.2 - 

2.8 

2.6 

a b 

Fig. 3. Diagram Rs vs. RL for copper(D) complexes with the coordination number 4+2. 6 
and 2+4; a - cbromophore C&s; b - chromophore CuNa. 
The data in Fig. 3a are tabulated in Table 1; the data in Fig. 3b are tabulated in Table 2. 
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TABLE 3 
Values of the coefficients of order correlations 

Chromophore Corretation R v=n-2 &rit a 

mo6 Rs vs. RL -0.851 71 0.302 
_N6 Rs vs. Rx, -0.949 8 0.765 
a%, mN402 Ks;-~~L or -0.664 37 0.418 

L. 

’ Critical value of coefficient of order correlation. 

tetragonal bipyramidal coordination of the Cu” atom in these compounds re- 
prt?se~~s a unit in which an increase of the interatomic distances in the plane 
leads to a strengthening of the chemical bonds, and consequently, to shortening 
of interatomic distances in the axial direction, In the middle part of the curves 
(Fig- 3) the sum of all the interatomic distances Cu-L is constant and is 
approximately 12.6 A for the chromophore CuOfi. An analogous sum for the 
chromophore CuNG is approximately 14.3 A. 

3. In the diagrams Rs vs. R L for the chromophore Cu06 there is lying under 
the Ene t only one point which refers to a molecule with a fIattened tetra- 
gonad bipyramid. This is a rather unusurtl type of coordination for Cu”. At the 
lower end the curve has to stop at such a v&e of the axial distance R,, which 
is for steric reasons, still possible. The value of the minimal R, is approximately 
1.9 a for the chromophore Cu06, and 2.1 A for CuN6, respectively. 

4. For the chromophore CuOs the curve RL = f(Rs) lies under the analogous 
curve for CuN,. 

5. The correlation Rs vs. RL approaches the Y axis asymptotically. In the 
range where RL is greater than 3.1 A for the chromophore CuUs and 3.3 A for 
CuN, , Rs is relatively insensitive towards further increase of the value of R, . 
For this reason tie plots in Figs. 3a and 3b answer the question “how long may 
the distance Cu-X (where X is the oxygen or nitrogen atom) be and still be 
considered as a chemical interaction ?” ISvidently, it is that ~~~tornic distance 
RL at which no further decrease of the value Rs takes plztce. At such an inter- 
atomic distance the ligands in the plane approach the centraI atom at a minimd 
distance Rg(min), which for the chromophore CuOs is 1,9!2 a. Comparing the 
above with paragraph 3 we see that this is approximately the same distance 
as the least possible distance @,(min) in flattened tetragonal pyramidal coordi- 
nation. By analogy, for the chromophore CuN,, RE(min) equals 1.95 A, when 
the interatomic distance RL is about 3.3 A, and there is practically no chemical 
interaction between 0.1”’ and the nitrogen from the ligand in the axial position. 
The value of Rg(min) is smaller than that of RE(min), which is most probably 
caused by the fact that the points in the lowest part of the curve of the CuNs 
chromophore (F’ig. 3b) are not the lowest possible values of RL , (it is possible 
that the parameter R, may have a value lower than the minimum v&de Rz(min) 
m2.1 W found to date). 
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6. F’rom the distribution of points in Figs;, 3a and 3b it may be concluded that 
transition between the various types of coordination for copper(I1) compounds, 
represented by schemes I-II-III-IV in Fig. 1, is practically continuous in the 
range where R, = l-9-3.5 A and R, = 1.9-2.15 A for the chromophore CuOe ; 
and for the chromophore CuNe where EL. = 2.1-3.3 a and Rs = 1.9-2.15 A. 
Kence, it is evident that in this range of interatomic distances we meet various 
types of distortion of the coordination polyhedron, the changes in the axial and 
equatorial positions being interdependent. It is a manifestation of the plasticity 
of the coordination sphere of Cu” in that a flattening of the coordination 
polyhedron in one direction brings about elongation in the other direction, 
and vice versa. It is also a manifestation of the consequence of the mutual in- 
fluence of Iigands in copper(IIj complexes on their stereochemistry. 

It is also possible to show that some complexes of Cu” with different ligands 
comply with the Rs vs. RL relationship under certain circumstances. We 
examined data on complexes with the chromophore CuN402 which is tiequent- 
ly discussed in the literature. The oxygen atoms are always on the longer co- 
ordinate. 

We designate experimental data for the interatomic distances Cu-0 in the 
chromophore CuN402 by the symbol R T. Then from the data for the square- 
planar complexes Rz(min) and R$!(mi.n) (chromophores CuO, and CuN,, i.e. 
cases where the axial interaction of the central atom with the ligand is excluded) 
we calculate with the aid of eq. (1) 

R:(c) Rg(min) -= 
R”L .Rg (min) 

(1) 

the value of R:(c) (RR corrected), which we take for the Cu-0 interatomic 
distance in a hypothetical chromophore CuN40s in which the Cu-0 distance 
in axial positions is calculated from this eq. (1). 

As may be seen from Fig. 4, after using the above equation for the mixed 
ligand complexes with the CuN402 chromophore (Table 4) these complexes 
may also be included into the set of data for the CuNe chromophore (Fig. 3b). 
From Fig. 4 it follows that the values of Rg(c), calculated with the aid of eq. 
(l), (in Fig. 4 marked by squares) agree with the data obtained from the cour- 
dination sphere for the CL& zhromophore. We did not succeed, however, in 
finding cases Ga which the value of R:(c) would be less than 2.5 A. Also this 
diagram has a statistically significant coefficient of order correlation, (Table 
4; data corresponding to the full squares in Fig. 4 have not been incIuded 
in the calculation), and consequently, the existence of a mutual dependence 
between Rs and Rr, or R:(c) can be confirmed. 

In Figs. 5a and 5b the values of Rs vs. R6,/Bt for copper(I1) compounds 
with chromophores CuOs and CuNs or ChNqO:! (Tables 5 and 6) with co- 
ordination number 4+1+-l are plotted. 

Considering the data for the coordination polyhedra with coordination 
number 4+1+-l we stress the following conclusions: 

1. From Figs. 5a and 5b, it follows that there is, for the chromophores 
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1.8 29 2.0 2.1 2.2 2.3 4 f&. 

Fig. 4. Diagram R, vs. RL, Rf(c) for copper(U) complexes with the coordination number 
4+2,6;0 - chromophore CuNa; u - chromophore CuN*02_ 
The data in Fig. 4 for the chromophore CLING are tabulated in Table 2; and for the chromo- 
phore cUiV402 in Table 4. 

0.~0~ and CuN, or CuN,02, a continuous transition between the coordina- 
tion expressed in Fig. 1 by schemes III-V and V-VI, as well as by II-III; 
the data for the latter correspond to RE/@, = 1.0. 

2. The four shorter Cu-L distances are very sensitive to changes in the 
@,/A?? ratio only when deviations from the symmetrically distorted octa- 
hedron axe small, (BE/R? -1.05). With increase of the ratio @JR:, no 
substantial changes in the values of R, were observed- 

3. In the range where Rs is fairly insensitive to variation of RfJRf,, the 
average value Of the Rs parameter for the chromophore -06 iS Smaller 
(1.97 A) than the analogous value for the chromophore CuNs or CuNaOZ: 
(2.03 A). This is in agreement with conclusions from paragraphs 5 and 6 for 
the coordination number 4+2 where the value Rg(min) was also smaller than 
Rg(min). Whereas the latter values correspond to the square-pianar arrange- 
ment around the CLX” in the chromophores CuNG and CuOS, the distances 
Rs from Figs. 5a and 5b correspond to the Mragonal pyramidal coordination 
of Cu” . Increase of the coordination number causes an increase of the inter- 
atomic distances in the equatorial plane of the coordination polyhedron, whicl 
agrees with conclusions from paragraph 2 for the coordination number 4+2. 

T&e above data show that the structure data for the coordination poly- 
hedra of various selected groups of Cur1 complexes, do reveal an interdepen- 

n 
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TABLE 4 

VaIues of RS and R$(c) of some copper(I1) compounds with the CuNb02 chromophore 
and coordination number of 44-2 

Compound Rs [At R0 (c) 
&I 

Ref. 

Cu(CHa0CH2C00)~(imidazole) 
K&XI(H~NCH&ONCH~COO)~ - 6 Hz0 
Cuen&l2 - Hz0 
Cu(imidazofe).$O~ 
Cu(histamine)z(C104)2 
Cu(N,N-(CH~)2en)~(1,1,1,5,5,5-hexa- 

fluoropentane-2,4-dionato) 
Cu(l,2-PDA),(CIO& 

m(NH3)4(m%)2 - H20 
Cu( l,3-BDA),(C!10,)2 - bfue 
CXI(~,~-BDA)~(CIO~)~ - violet 
Cu(N-(CHa)en)2(Cg04) - 2 Hz0 
~(N-(CH3)‘=)2(C104)2 

Gm=2(NOs)2 
[Cuen2]4Si8020 - 38H20 
CWWCR3)enkztN%)2 
~(N,N-(GH3)en)2(1,1,f,5,5,E;-hexa- 

~uoropentan~-2,4-dionato) 
Cuen,(§GN)(GtO,) 
Cu[N-(2-hydroxyethyi)en] n(C104)2 
Cuen2(CiO4)z 
Cu(N,N’-(CH3)Zen)2S04 - 4 Hz0 
Cu(N,~-(CH3)2en)2(N03f2 
[Cuencj.&IiaOco - 38 Hz0 

Gu(1,3-PDA)2(C6H5C00)2 
CIJ(~,~-PDA)~(NO~)~ 
[Cuenz ] 4Sisf&o * 38 Hz0 
(Wl,2-PDAMN%), 
Ck~(l,2-PDA)~Cr20~ 

1.98 
2.00 
2.00 
2.01 
2.02 

2.02 
2.02 
2.03 
2.03 
2.03 
2.03 
2.03 
2.03 
2.03 
2.03 

2.03 
2.03 
2.03 
2.04 
2.05 
2.05 
2.05 
2.05 
2.06 
2.06 
2.06 
2.06 
2.10 

2.88 85 
2.82 86 
2.66 87 
2.63 88 
2.67 89 

2.84 
2.66 
2.78 
2.63 
2.73 
2.55 
2.57 
2.64 
2.65 
2.59 

2.84 
2.77 
2.52 
2.65 
2.60 
2.57 
2.80 
3.10 
2.53 
2.60 
2.71 
2.62 
2.67 

92 
93 
93 
94 
95 
96 
97 
93 

90 
99 

100 
101 
102 
103 

97 

104 
105 

97 
106 
107 

Abbreviations: PDA, propanediamine: BDA, butanediamine. 

dence between the Cu-L distances in the axial direction and those in the 
equatorial plane of the coordination polyhedron, and further indicate the 
plasticity of the coordination sphere of Gun _ 

In studying the plasticity of coordination polyhedra of Cu” complexes 
the question arose, “to what extent do Cuxi complexes differ in this property 
from complexes of other central atoms. 7” The theory would predict similar 
properties for complexes of some other central atoms (see section E). On the 
other hand tbe experimental data indicate that other central atoms generally 
exhibit much less plasticity than copper. This may be seen in comparing 
differences in the interatomic central atom-ligand distances for complexes 
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Fig. 5. Diagram .Rs vs. R6JRE for copper(H) complexes with the coordination number 
4+1+1; 
‘Ibe data in Fig. 5a are tabulated in Table 5; and in Tabfe 6 for Fig. 5b. 

TABLE 5 

Values of Rs and R6,/& of some copper(H) compounds with the CuO6 chromophore 
and coordination number of 4+1+1 

Compound Es CA1 R6 lR2 
r& 

Ref. 

Cu(acac)(H~O)~picrate 1.92 1.11 108 
C.%(d-tartrate)( H20)3 1.94 1.03 28 
a”Cu~P*o7 1.95 1.27 109 
a(N0312Cff3N02 1.95 1.19 110 
Cu(dl-lactate)2 - II20 1.95 1.26 18 
CuSeO3 - 2 Hz0 1.96 1.41 111 
Cu(C,jH,NO)z(NOa)2 1.96 1.15 112 
~dP04)2(0H)4 1.96 1.06 113 
CuTeO, 1.97 1.40 113 
Cu(phenoxyacetate)g - 2 Hz0 1.97 1.03 18 
Cu3M020g 1.98 1.06 114 
C~r(N0s)~ - 2.5 Hz0 1.98 1.12 115 
~5(P04)2(OH)4 1.98 1.13 51 
=CWJO3)2 1.98 1.06 116 

C~3(OH)Z(C03)2 1.99 1.19 117 
Cu(maIeatej2 - Hz0 1.99 1.33 37 
CuHP03 - 2 Hz0 1.99 1.29 118 
Cu(phenoxyacetate)a - 3 Hz0 2.00 1.31 119 
Cu(hfacac)3 2.01 1.02 120 
~(pcp)3(~04)2 2.06 1.01 121 
Cu3M020g 2.21 1.08 114 

Abbreviations: acat, acetylacetonate; hfacac, hexafluoroacetylacetonate, 
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TABLE 6 
Values of Rs and R”,/Ri of some copper(I1) compounds wilvith the CuN6 and CuN402 
ehromophore and coordination number 4+1+1 

Compound Rs CA1 R6 ,izE 
rG 

Ref. 

~~~~~~~~~~~~~~~~~~~~~~~ - H2O 1.96 1.03 122 
WIJ30)2C12 1.98 1.38 123 
Wbipy)2(~O4)2 1.99 1.11 124 
-fN3)2 2.00 1.07 125 
WNH3 kSe% 2.01 1.07 126 
Cu(l,3-PDA)2S04 - Hz0 2.03 1.30 127 
Cu<NH3)4S04 - H20 2.03 1.49 126 
CWbipy)a(C104 )2 2.03 1.10 128 
Cu(N-(CHa)en)z(malonate) - 2 Hz0 2.03 1.17 129 
Cu(NH3)&04 - H,O 2.05 1.30 130 
Cutren-pyg 2.09 1.05 131 
ti(dien)z(N%)z 2.11 1.05 132 

Abbreviations: IBO, 2,2’-iminobis(acetamidoxime); bipy, bipyridine; PDA, propanediamine; 
en, ethylenediamine; tren-pys, tris(4-(2-pyridyl)-3-aza-3-butenyl)amine; dien, diethylenetri- 
amine. 

with analogous chromophores e.g. ti”0s and CO%~ [ 1331. Where &dent 
cobalt, nickel and di- or trivalent iron are coordinated by ligands with forma- 
tion of a more or less reguiar octahedron, the copper(I1) compounds usually 
possess a less symmetric coordination polyhedron resulting from deformation 
of the coordination polyhedron around Cuu. Thus, e.g., in compounds MX,, 
where X is a halogen, with Con, Ni”, Fe”‘, Fe” the coordination of the metal ap- 
proaches an octahedron, with Cu Ii , however, a deformed octahedral coordi- 
nation is present. 

Compounds of the type M2P20, (where M = Zn”, Cu’*, Ni”, CoI’, Mn” 
and Mg[‘) exhibit a crystal structure of the thortveitite type [ 45,109]. With 
the exception of Mn2Pz0,, there exist two modifications - the high- 
temperature (fl) and the low-temperature (a) modifications. The high- 
temperature modification shows the bonding angle p--O--P = 180”, 
while for the low-temperature form this angle is smaller than 180” (Fig.. 6). 

The difference in the bond lengths RL -Rs in the coordination poly- 
hedra of the high-temperature modifications for the central atoms studied 
decreases in the sequence 

&* > Co” > Ni” > Zn” > Mn’” > Mg” (Table 7). 

This order also reflecti the difference in the degree of distortion of the coor- 
dination polyhedron of the central atoms. 

From the data in Table 7 it is apparent that Cur1 also keeps in its low- 
temperature modification, the coordination number 6, while the other central 
atoms in their low-temperature form generally decrease their coordination 
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0-p O-0 
Fig. 6. Schematic representation of the hond angle P-O-P in the crystal structures of 
c~-M~P~OT (M = Cu, Ni, Co, Mn, Mg and Zn). 

number. Half of the central atoms in the low-temperature modifications of 
Co2P207, Ni2P201 and MgsPaO, keep their coordination number 6 while 
the other half decrease to 5. In Zn2Pz07 only one third of the central atoms 
in the low-temperature form retain their original coordination number of 6, 
while two thirds decrease to 5,These circumstances indicate that in the low- 
temperature form of all the pyrophosphates mentioned, the central atom 
Cu” adapts best to the new conditions (owing to the greatest plasticity of 
its coordination polyhedron). 

Cu,P,O, also suffers the smallest variation in the bonding P-O-P angles 
between the high-temperature and the low-temperature modifications com- 
pared with the other compounds; this also indicates that copper(I1) is the 
“softest” metal of the group and therefore has the least influence on the change: 
in structure of the pyrophosphate anion in the transition from the high- 
temperature modification of Cu2Ps07 to the low-temperature form. 

The case of the MaPsO, compounds and others f1333 prove that Cu” 
complexes exhibit some peculiarities which require comment and consideration. 

The data presented above, knowledge from the next section on distortion 
isomerism of Cur1 complexes, and also the currently generally accepted 
understanding that copper(U) complexes are characterized by a high-degree of 
distortion of their coordination polyhedra, made us search for a better under- 
standing of the reasons for these properties. In section E we elucidate the 
plasticity of the coordination polyhedra and the existence of distortion isomers 
of Cu” complexes, using the theory of vibronic interactions in electronically 
degenerate states, a special case of which is the effect and the pseudo-effect 
of J&n-Teller. This section shows why the ds electron configuration of the 
central Gun atom has such a significant effect on certain properties of the 
stereochemistry of complexes of this central atom. This section also indicates 
for which further complexes the phenomena may be expected. 
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C. ISO&¶ERS OF COPPER(I1) COMPLE2UZS ARISING FROM THE PLASTICITY OF THE 
COORDINATION SPHERE, AND SOME OF THEIR PHYSICAL PROPERTIES 

(i) General survey 

The plasticity of the coordination sphere of copper(H) complexes is most 
evident in a phenomenon we caIled distortion isomerism 121. 

We collect here the xesults of X-my analysis together with those indicating 
the existence of a relationship between the changes in distortion of the co- 
ordination polyhedra of Cu” complexes and their physical properties. 

In studying the analogy between the mutuat influence of ligands for 0.1” 
and Pt” compounds in 1959 we published 1142) data on the preparation of 
LY- and O-isomers of Cu(NHs)aXz (X = Cl, Br). The compounds prepared were 
subjected to X-ray analysis [ 143-1453 _ 

Figure 7 shows that the two complexes, (Y- and ,8-Cu(NHs)&ka , may be 
considered to reflect different types of distortion of the octahedral arrange- 
ment of the coordination polyhedron. Some experimental data can be also 
explained by the existence of so-called intermediates: compounds occurring 
between the two limiting states of distortion of the octahedral ligand con- 
figuration [Z46]. We also present information on the spontaneous inter- 
conversion of the different isomers of Cu(NHa)aXa and on the influence of 
pressure and temperature on these transformations (see below). 

With regard to the above differences in structure, it is possible to predict 
how the relative d-orbital energies will vary, and hence predict how the 
spectrum of one will compare with that of another. The experimental results 
[114?] are in agreement with these predictions. Magnetic measurements in- 
dicate [ I.481 the presence of a relatively strong ~tif~~orna~et~e inter- 

a-CulM& Bfj p-tMN&fiBr* 

Fig. 7. Schematic representation of the caordination sphere around Gun of ty- and i3- 
CSZ(NH~)~BQ_ Data from refs. 143-144. 
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action which is different for the Q- and P-isomers of 0.~fN’Ha)~Br~. 
Using analogous methods as in the preparation of cy- and P-Cu(NHs)sBr, 

(applying the so-called Peyron-Jorgensen rules [149,150] for the preparation 
of cistrans isomers of PtAaXa), we succeeded in preparing different isomers 
of ~(NHs)~(NCS~~ 1151 J. Also for these compounds intermediate strut- 
tures were found [152]. X-ray analysis [153] showed that the differences 
between the isomers are caused by deviations from linearity in the NCS 
gro’clps and in some central atom-ligand interatomic distances. Both isomers 
have a distorted octahedral ligand arrangement with the sulphur atoms in 
trans-positions in the more distant axial places (Fig. 8). The isomers differ 
though not greatly in several physical properties_ The electronic spectra 
show t154f that the d-d band of the P-isomer has a higher energy than the 
cy-isomer, indicating that the P-isomer is somewhat more distorted than the 
cu-isomer. This is in agreement with the values of the magnetic moments, which 
are practically, in the whole temperature region measured, an average of 0.04 
B.M. lower for the &isomer [ 1543, owing to the increased tetragonal dis- 
tortion. 

There is a marked difference in the EPR spectra, the spectrum of the @- 
form being axial and that of the a-form ortborhombic. This implies the 
presence of distortion in the equatorial plane in the a-isomer [ 1541. 

The possibility that these phenomena for complexes of the composition 
Cu(NH&Xz could occur more commonly and could represent an exanrple 
of a new type of isomerism for copper(H) compounds 11551 stimulated us 
to devote appropriate attention to this problem. We presented results [2] 
which showed unambiguously that in substances of the type CuAaXa 
isomerism of the above type is often found. In the following paragraphs we 
present those cases which have been studied in some detail. 

~vestigation of two forms of b~(s~icyI~dehydato~ copper(H) compounds 
[21,22] showed that they differ in different axial contact with the n-bonding 
system of the adjacent molecule. Figure 9 shows these differences and stimu- 
lates a more profound analysis of r-bonding interactions with the central atom. 

The two isomers of bis(l,3-diaminobutane)copper(II) perchlorate exhibit 
very similar structures [93]. The coordination polyhedron has the form of 
a distorted octahedron. The six-membered ring formed by coordination has 
in both cases a chair conformation with rather differing angles. The greatest 
differences in the interatomic distances have been observed in the C&--O 
bonds to the oxygen atoms of the perchlorate group in the axial positions. 
‘Ibis distance is 2.579(6) A for the blue-violet form and 2.676(10) A for the 
red (Fig. 10). There is little interaction between neighbouring molecules 
in this structure. 

In both forms of Cu(NH2NHCONH2)Clz, semicarbazide is bonded to Cu” 
as a chelate [156]. Besides the differences in the mutual positions of the semi- 
carbazide ligands in adjacent octahedra, there are differences in the inter- 
atomic distances between the central atom Cu” and the Cl atom in axial 
positions of the distorted octiedron (see Fig. 11). 
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Fig. 8, Schematic representation of the coordination sphere around Gun of CY- and p- 
CU(NH~)~(SCN)~. Data from ref. 153. 

In the crystal structures of cy- and W3.x2P207 tie copper atoms are coor- 
dinated by six oxygen atoms which are placed at the apices of a distorted 
octahedron [45,109]. The equatorial plane is &mmed by four oxygen atoms 
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Fa?M (1) Fcml (8) 
Fig. 9. Schematic representation of the coordination sphere around tin of form (I) and 
form (II) of Cu(salicylaldehydate)2. Data from refs. 21.22. 

from three pyrophosphate anions. The isomers differ mostly in their Cn-0 
bond lengths on the long coordinates. The a-isomer has terminal oxygen 
atoms on the axis, with Cu-0 distances of 2.32 and 2.94 A, the p-isomer 
is symmetrical with interatomic distances of 2.58 A (Fig. 12). 

Kidd et al, f15’7] prepared three pairs of isomers CuL&la , where L = 3- 
picoline-N-oxide, 4-picoline-N-oxide, or 2.6-lutid~e-dioxide. In each, one 
form is green and the other is yellow. X-ray analysis of the isomers with L = 
4picoline-N-oxide showed [ 1581 that the yellow form consists of a highly 
distorted tetragonal pyramid with chlorine atoms in apical positions, while 
the green form has a square structure with chlorine atoms in the truns posi- 
tion (Fig. 13). The yellow isomer is dimeric, whereas the green is monomeric 
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Fig. 10. Schematic representation of the coordination sphere around Cu’ of the bfue- 
violet and red-violet form of bis( 1,3*diaminobutane) copper perchlorate. Data from 
ref. 93. 

Fig. 11. Schematic representation of the coordination sphere around CuU of the orthorhomb- 
ic and monoclinic isomer of Cu(NH2NHCONHz)Clz. Data from ref. 156. 
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cc - Cu,Pz 0; p- Cu;P*Op 

Fig. 12. Schematic representation of the coordination sphere around Cu* of Q- and p-Cu2- 
P207. Data from refs. 45, 109. 

in agreement with its magnetic moment of 1.96 B.M. For the isomers with 
L = 3-picoline-N-oxide the value of peff (1.97 B.M.) is only known for the 
green isomer, being practically identical with that of the green isomer with 
L = 4-picoline-N-oxide; consequently, a similar structure may bz assumed. 
The yellow form is thermally less stable and at 100-110°C changes to the 
green form, The structure of the yellow isomer with L = 2,6-lutidine-N-oxide 
may be regarded, according to the X-ray analysis [ 1591, as an intermediate 
between a c&square and tetrahedral structure. Its p,.f value is 2.09 B.M. at 
273 K and with decreasing temperature drops to 1.85 B.M. at 77 K, evidently 
caused by a weak ~t~e~orna~etic interaction. The green isomer of the 
same composition displays interesting magnetic behaviour; at 273 K, peff 
equals 1.50 B.M., with decreasing temperature it rises to 1.73 B.M. at 77 K. 
It seems that in this isomer ferromagnetic as well as antiferromagnetic inter- 
actions take place, with the former dominating at lower temperature. 

Two isomers of Cu(8-hy~oxyq~ola~)~ [ 160,161], a and j3, differ in 
their structures. The less stable a-isomer has a pseudo-octahedral environment 
for Cu” in a polymer chain structure, whereas the more stable &isomer con- 
sists of dimers and the environment of the Cu” atom has the shape of a tetra- 
gonal pyramid with an oxygen atom at the apex. While the equatorial bond 
lengths are approximately identical in both isomers, there is a considerable 
difference in axial bond Iengths. Their magnetic properties are practically 
identical and their peff values are constant with temperature. A marked de- 
crease of these values may be observed at temperatures below 7 K. The EPR 
spectrum of the cw-isomer is axial, that of the p-isomer is orthorhombic. 

The different isomers of Cu(2-pic)2(NOs)2 possess [162] an almost unique 
case of polymorphism, since both forms have the same space group and almost 
the same unit but, different packing. Both isomers have a mono- 



GREEN ISOMER 

Fig. f3. Schematic representation of the coordination sphere around CUE of thcl yellow 
and green isomer of Gu(4-picoline N-oxide)@,. Data from ref. 158. 

&tic structure. Above the basic square-planar arrangement, approximately 
in the middie of which the Cu” atom is sited, there are two lunger distance 
oxygen atoms of tfie nikrdfz group mutuatly in c&-positions. The most signi% 
icant differences are in the Cu-0, (oxygen atom of the nitrate group) distances 
(see Fig. 14). There are also significant differences in the polarized single 
crystal spectra [163f of these isomers and in the g-values. (go = 2.0563; g2 = 
2.0742 and g3 = 2.2740 - form I.; and gl = 2-0619; g, = 2.0642 and gs = 
2.2830 - form Il., single crystal data). 



275 

Fig. 14. Schematic representation of the coordination sphere around 
form (II) of Cu(2-picoline)~(NO~)~- Data from ref. 162. 

Gun of form (I) and 
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In the isomers of the monoclinic [164] and orthorhombic [165] 

Cu(N-ethylsalicylaldiminate)s , the copper atoms are coordinated by two 
nitrogen atoms and two oxygen atoms from two chelate rings of N-ethyl- 
s~icyl~dim~ate. The two isomers differ in the degree of tetrahedral dis- 
tortion of the square planar coordination of the central atom. 

Stackelberg f 1661 studied three isomeric forms of Cu(N-methylsalicyl- 
aldimine)s (ar, p, y), described their unit cells and determined the space 
groups. X-ray analysis of the at-isomer [167] showed a perfect planar arrange- 
ment with the Cu” atoms forming chains with the distance Cu-Cu = 3.33 A. 
.clceording to X-ray analysis [168], the r-isomer contains dimeric five-coor- 
dinated molecules with the Cu-Cu distance somewhat greater than in the 
chains of the a-isomer. The EPR spectra 11693 of both the above isomers are 
isotropic with g,, equal to 2.034 and 2.064 for the e- and T-isomers, respec- 
tively . 

The largest number of isomeric Cu” complexes are those with composition 
Cu { l,?-bjs(Z’-py~dyl)-2,6-di~~ep~e~ (NCS), ; Gibson and McKenzie f 1701 
prepared seven products designated as Q, 7, 6, E, 77, 8 and K. Among these, fl 
and $;’ have different stoichiometric composition and consequently are not 

isomers. The structures of the a and y isomers have been solved by X-ray 
analysis 11’711 and consist of complex cations which form distorted trigonal- 
bipyramidd structure in which only one NCS anion is coordinated to the Cu” 
by one nitrogen atom. These two isomers differ in the conformation of organic 
ligands and in the Cu-N bond lengths. The greatest differences occur in the 
Cu-NCS bonds. The two isomers above, as well as others from this group 
were also examined with the aid of powder diffraction patterns [170] which 
showed that there are significant differences between the individual isomers. 
The electronic and IR spectra fl?O] were recorded for the tr, -y and 8 isomers. 
It is interesting that the d-d band energy is identical for both the (Y and 8 
isomers (15.0 kK), and different for the y isomer (13.4 kK), while on the other 
hand the vibrational frequencies NH, and those of the pyridyl ring and of NCS 
are identical in the y and 8-isomers and different in the a-isomer. Decreased 
ener,T of the d-d band in the y-isomer, compared with that of the a-isomer, 
is in agreement with the somewhat longer Gu-N distances and consequently 
with the weaker ligand field. Gibson and McKenzie [170] prepared another pair 
of isomers, a- and p-Cu { 1,6-bis(2’-pyridyl)-2,5-diazahexane} - Cls - 0.5 HsO. 
X-ray diffraction diagrams of these isomers differ, their electronic and IR spectra, 
however, show only small differences. 

Two isomers of the complex ~(~-~-bu~lpy~ole-2-~~b~d~ine)* are 
known, one triclinic and the other tetragonal. They have, according to X-ray 
analysis [172], a distorted tetrahedral configuration, with different Cu-N bond 
lengths and different dihedral angles, which, in the triclinic isomer are some- 
what greater than in the tetragonal. The magnetic and spectral data have been 
published [173] only for the triclinic isomer, the peff of which equals 1.98 B.M. 
at room temperature; in chloroform solution p,ff 7 1.95 B.M. and the absorp- 
tion bands of the electronic spectrum lie at 15.50 and 23.53 kK. These data 
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are in agreement with the structure which was found to be intermediate be- 
tween a plane and a tetrahedron. 

The compound Naz[Cu(cyanoureate).+] exists in two modifications [ 1743 ; 
the purple-violet Q- and the steel-blue @-form. The crystallographic data ob- 
tained from the X-ray diffraction diagrams show that both forms possess the 
same space group (Pmm2,); they differ in the number of formula units in the 
unit cell and in the dimensions of this unit cell. The electronic spectra of both 
IY- and P-modifications display broad bands in the range 16.7-20.0 kK and 
33.4-35.7 kK, and in the range l2.5---15.4 kK and 33.4-45.5 kK respectively. 
The EPR spectrum of the a-modification is axial with gi = 2.0149 and gli = 
2.092; the P-modification has a pseudo-isotropic EPR spectrum with gaV = 
2.0149. Nutiu et al. [174] believe that the a-modification exists in a mono- 
meric and the P-modification in an associated form. The spectroscopic data 
agree with this assumption since the d-d band energies indicate for the a- 
modification a planar and for the @modification a pseudo-octahedral configura- 
tion. The pseudo-isotropic EPR spectrum of the latter modification depends 
most probably on the exchange interaction which occurs as a consequence of 
the association. 

Three isotieric forms [ 1751 of Cu(2,4-lutidine),(NC0)2 were prepared, 
two violet a-, and fi-, and one blue y-form. According to X-ray powder 
patterns the crystal structures of the a’- and @forms are closely similar, where- 
as the y-form has a quite different structure. For the CY- and &isomers the 
electronic spectra indicate a tetragonal structure which is slightly more dis- 
torted in the p-isomer; the y-isomer possesses a pseudo-octahedral structure. 
The IR spectra infer that in the y-isomer the NC0 groups are N-bridging, 
this proposal being supported by the ferromagnetic interaction. In this isomer 
axial ligation of Cu(2,4-lutid~e)~(NCO)~ takes place through nitrogen atoms of 
the NC0 groups. These results show that the a- and ~-~(2,4-lutidine~~(NCO~~ 
are distortion isomers and that the diminished distortion of r_Cu(2,4-lutidine),- 
(NC0)2 is related to linkage isomerism. 

The blue [176] and dark blue isomers 11771 of Cu(N,N’-dibenzylethylene- 
diamine)zBra prepared from aqueous or ethanol solutions display differences 
in their electronic spectra attributed to the existence of a five-coordinated 
configuration for the blue form, and of tetragonal coordination for the dark 
blue isomer. The EPR spectrum of the five-coordinated isomer indicates a 
distorted trigonal-bipyramidal environment for the Cu” atom with the ground 
state d,z. 

The brown and yellow-orange isomers [175] of Cu(N-methyisalicyIidene- 
imine)Cl were found to possess distinctly different magnetic properties. It 
is evident that a very strong a&ferromagnetic interaction takes place in both 
but is much stronger in the yellow-orange isomer. Significant differences were 
also found in the d-d band energies. Both isomers are supposed to possess a 
binuclear structure with a pseudo-octahedral environment in the brown and a 
distorted trigonal-bipyramidal environment of the Cu” atom in the yellow- 
orange isomer, respectively. 
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The electronic spectra of the red and orange isomers I1793 of Cu(dianti- 
pyrrylmetbane)2(CiQb)2 with d-d bands at 12.35 and 12.30 kK, respectively, 
are typical for pseudo-tetrahedral geometry and indicate greater planar dis- 
tortion fur the orange isomer, 

(ii) Effect of temperature or pressure 

Because of the plasticity of the coordination sphere of CA?’ complexes, 
distortion of the pofybedra of these complexes should be influenced by 
temperature or pressure. It is some time since Pfeiffer and GIaser showed 
f180J that Cu(asym-(CzH,)zethylenediamine),(C~04)2 which is red at room 
temperature, becomes blue at 40” C. Similarly, orange [(CsHs)sNH]sCuC& 
changes to a green form [181] with decreasing temperature. On the basis 
of the present state of understanding of the structure of Cur1 complexes the 
above changes may be attributed to changes in the distortion of the re- 
spective coordination polyhedra. 

Interconversion of some isomers of Cu’r may also be brought about by the 
action of pressure 11511. Increasing pressure of cr-Cu(NEI&Brz is transformed 
to a certain degree into the &form_ On the other hand, with increasing the 
temperature, the transition of the @-isomer to the a-form, which occurs siowIy 
even at room temperature, is acceIerat&d [182]. 

Two isomer& forms of the complex ~(bisf2-pyridyl)-disufphide)Cliz have 
been prepared [ 81, the yellow-green and the dark blue. The electronic and IR 
spectra recorded at room temperature and at low temperature indicate apseudo- 
‘octahedral and a cis-planar structure for the yellow-green and for the dark bIue 
isomer, respectively. The yeilow-green isomer& form is transformed by the 
action of heat or pressure to the dark blue form which has the greater axial 
distortion. 

Lever et al. [9J measured the electronic and IR spectra and magnetic 
moments of the complexes ~{~yrn-(C~H~)~ethyle~edi~ine)~X~ (where 
X = NOs, RF4 and ClO* ), at various temperatures. The complex wi+A X = N0a 
was studied in two isomeric forms, the blue and the red, The bIue isomer was 
assigned a pseudo-octahedral and the red a planar coordination of the Cu” 
atom; in aII complexes under investigation changing temperature resulted not 
only in pronounced changes in calour, but also in significant changes in the 
measured physical properties. All these changes were interpreted as due to 
distortion of the coordination polyhedra brought about by the changing inter- 
action of the axial anionic figands with the C&N4 chromophore. With decreasing 
temperature a contraction of the planar Cu-N bonds and consequentiy a 
weakening of the above mentioned axial interaction take place. In this context 
it is interesting to paint out the magnetic behaviour of the blue and red isomers 
with X = NOs ; their magnetic moments at room temperature are very similar, 
at decreasing temperature, however, differences in the &ff values increase. Other 
isomeric pairs e.g. ~~~YcIohexyl~~e)~~~ [183], ~~NHs)~~SCN)~ [154] 
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and Cu(NHs)aBra 11483 were observed to have similar magnetic behaviour. 
The complexes Cs,CuC!, and CsaCuBr, which have a distorted tetrahedral 

structure (symmetry Dad) are converted to planar structures by the action of 
high pressure [3]. 

We found, in many cases, interconversion of distorted isomers will occur 
spontaneously when these species are allowed to stand under normal conditions. 
Thus, for example, as mentioned earlier P-Cu(NH3)ZBrz changes to the OL- 
isomer [148] and CY- and fl-Cu(NHs),(NCS), change in the course of time 
to form a species whose structure is something between the structures of the 
QI- and #S-isomers [ 184]_ The yellow-green isomer of dichloro-(bis(Z-pyridyl)- 
~~ide)~opper(II) changes spon~~ously in the course of several weeks to 
form the blue isomer [8], etc. 

All these facts indicate that the thermodynamic stability of the distortion 
isomers is different and that the energetic barriers of transition from one state 
to the other are not always great. 

The data indicate that the differences in properties of the distortion isomers 
of Cu” complexes are rather small, but are reproducible and become more 
pronounced with decreasing temperature. 

Naturally, causes other than the plasticity of their coordination sphere may 
be responsible for differences in physical properties of Cu” complexes. In 
addition to the isomers above less commonly, cis-, truns- and linkage isomers 
of Cur’ complexes are also known [185-1931. 

D. DIFFERENCES IN THE CHEMICAL PROPERTIES OF THE DISTORTION ISOMERS 
OF COPPER( II) COMPLEXES 

In this section we discuss the chemical behaviour of the distortion isomers 
of Cu” complexes. 

(i) Preparation of distortion isomers of 0.4” complexes 

All factors affecting chemical equilibrium (total solution concentration, pH, 
solvent, temperature, molar ratio of the components, pressure etc.) play an 
important role in the preparation of distortion isomers. This is regardless of 
whether the reactions are carried out in a homogeneous or heterogeneous sys- 
tem. The above factors are important because they exhibit great influence upon 
the composition and structure of the coordination sphere of the initial reactants. 

The so-called Peyrone and Jorgensen rules [149,150], were applied to the 
preparation of isomers of CuA2Xz 11421. The synthesis did not produce ck- 
trans isomers, but just the distortion isomers of CufNH, jzX2 (where X = Cl, 
Br, NCS). It was also observed that different Cu” : NHs molar ratios and 
different crystallization temperatures [194] influence the preparation of CK- 
and /MSI(NH,)~(SCN)~ . Similar dependence was also observed when preparing 
isomers of CuCl,(semicarbazide) [X36], Cu(8-hydroxyquinolinate)z l 2 Hz0 
[195] and ~(8-hy~oxyq~no~a~)~ [160]. Changing the composition of the 
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coordination sphere of the initial Cu” reactant has been used to prepare the 
distortion isomers of Cu(py)a(NCS), 11961 and the isomers of Cu(salicyl- 
aldehydemethylamine)s [ 180,19’7]. 

The preparation of distortion isomers using various different solvents can 
also be connected with a change in the starting state of the coordination sphere 
of the central Cu” atom, e.g. in the preparation of the isomers CufZ-hydroxy- 
IV-methyl-l-naphthaldimine)s , or Cu(N,N’-disalicylidenepropane-1,2-diamine)s 
1223. Similarly the isomers of Cu(salicylaldehydate)s [21,22], Cu(CsHd- 
0HC00)2(CSH5N)2 Cl981 and CLI(C~H~OHCOO)~ - 4 Ha0 [199,200] have 
been prepared. Naturally in the preparation of isomers different solubility can 
sometimes play a role; e.g. ~-~(s~icy~~dehydemethyl~~e)~ crystallizes 
from the mother liquor after the e-isomer [ 1661. 

We can demonstrate that the composition of the coordination sphere also 
plays an important role in the preparation of distortion isomers from complexes 
in solid state. By thermal decomposition of Cu(NH,),Brs, P-Cu(NHs)sBr, is 
formed 11421, but by decomposition of Cu(NH&Brs, rr-Cu(NH&Bra is 
formed [ 2011. A similar situation prevails with the anhydrous Cu(HC00)2 
isomers [ 2021. 

The effect of temperature on the preparation of distortion isomers can be 
demonstrated with a whole series of compounds, e.g. with a- and &Cu(NHa),- 
fNf392 11941, a- and @Cu( 8-hydroxyquinolinate)2 [195], a- and P-CU(NO~)~ - 
(2-pie& 11621, Cu(asym-(CsH,),en),X. [9], etc. Temperature plays an im- 
portant role with reactions in heterogeneous systems as well. For example, 
when Cu(CsH40HCOO)2 - 4 Hz0 and Cu(CeHsCOO)s - 3 HsO were dehydrated, 
two forms of Cu(CeH40HC00)2 and three forms of Cu(CaHSC00)2 were 
prepared [2C3] respectively. Prolonged heating of a-Cu(CHA)&l, * in the 
solid state in a closed ampoule yields the p-isomer [ 2041. As examples of the 
preparation of distortion isomers at various temperatures and pressures; the 
preparation of CY- and ~-CLI(NO,)~ [US] and cy- and &Nas[Cu(cyanoureate),] 
[3.74] could be also pointed out. In this connection papers [9,205 ] dealing with 
the influence of temperature on the tetragonal distortion of Cu” complexes 
are interesting. 

When preparing distortion isomers of Cu(salicylaldehydate)s [21,22], 
Cu( Z-hydroxy-l-naphth~dehydate~~ [ 1801, ~(~,~-2-hydroxy-l-naph~yl- 
idenepropane-1,2-diaine)s [197] and Cu(N-methylsalicylafd~~a~~~ 
[180] the effects of solvent and temperature are mutually intermingled. 

(ii) Decomposition reactions 

Relatively small structural differences between distortion isomers often 
result in significantly different chemical reactions. The decomposition tempera- 
ture of &Cu(NHs)sBrs is about 30°C higher than that of the or-isomer [205]. 

When observing the thermal decomposition of (Y- and fl-Cu(NH,)2(NCS)2, 

* CHA = cycfohexyiamine. 
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or their so-called intermediates [ 1521 their DTA curves differ in the tempera- 
ture range for the destruction of the thiocyanate group [206]. 

The thermal decomposition of some pairs of isomers (e.g. cy- and Wu(Py)a- 
(SCN)s [196] ) also differs in stoichiometry. Isomers of Cu(2,6-Iutidine)&la 
also have a different behaviour on heating f157] _ When analysing the kinetics 
of the thermal decomposition of two isomers of Cu(HCOO)a , it was found 
[207] that both isomers are decomposed at a different rate. The isomers 
of the oxalate-diammine copper{II) complex differ in enthalpy, kinetic 
parameters and stoichiometry of thermal decomposition [ 2081. 

More or less significant differences in the behaviour of distortion isomers 
were also observed with other types of reaction. Thus, (Y- or ~-~~NHs)~Br~ 
give differently coloured solutions in methanol or acetone [ 205]_ The effect 
of structural differences between QI-, p- and r-Cu(NHs)aCs04 on the 
course of hydrolysis of these complexes has been discovered [ZOS] . Qualita- 
tively the same results have been obtained in the reactions of isomers of the 
oxalate-diammine copper(H) complex with liquid and gaseous ammonia 
[209,210]. Different reactivity towards ammonia was also observed with the 
Cu(CHA)aCla isomers [204]. 

On the basis of differences in stoichiometry, rate and mechanism in the 
chemical reactions of distortion isomers one can presume that they are 
different substances from the chemical view point, despite the fact that they 
may differ very little in structure. 

E. THE JAHN-TELLER AND ?SEUDOJAHN-TELLER ORIGIN OF THE PLASTICITY 
OF THE Cu= COORDINATION SPHERE AND DISTORTION ISOMERISM 

The first papers dealing with distortion isomerism evoked interest and 
lively theoretical reverberations. The fact that such isomers were observed in 
Cu” compounds which, in an octahedral configuration, have a doubly degenerate 
electronic ground term led from the very beginning to the assumption of their 
Jahn-Teller origin. Initially Djatkina and Porai-Koshits [211] made the as- 
sumption that affinity (distortion) isomers are due to several possible types of 
deformation of the coordination sphere of copper in CuAsXs compounds 
arising as a consequence of the Jahn-Teller effect. What, however, was not 
taken into consideration in this paper [ 213.1 is that the differences in ligands 
of the first coordination sphere, strictly considered, break up the degeneracy, 
in consequence of which, it is not possible to expect distortions of the Jahn- 
Teller type [ 2123. Liehr [ 2131 in this connection, pointed out that in cases 
similar to the one under consideration, deformations of a pseudo-Jahn-Teller 
type are basically possible. 

In principle, this conceptually correct approach to the problem could not 
at that time lead to a satisfactory solution since the theory of vibronic inter- 
actions in electronically degenerate states (which includes the Jahn-Teller 
and pseudo-Jahn-Teller effects, as special cases) was not sufficiently elaborated 
at that time, However, since then, this theory has reaped significant successes, 
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which allw~ us to present here a more exact view on the origin of distortion 
isomerism and its broader aspect the plasticity of the coordination sphere of 
some transition metals. Our study will be based on a detailed paper of one of 
us f2143 which de& with Jahn-Teller effects in crystal chemistry and spec- 
troscopy. 

Let us first describe some general conclusions from the paper (2143, which 
are relevant for what follows. The basic electronic state of the Cuu complex 
in a regular octahedral configuration is doubly degenerate and the adiabatic 
potential energy of the nucleus in agreement with the &&n-Teller theorem 
has no minimum in this configuration, which fact is generaby interpreted as its 
instability. In the space of normal displacements of the octahedral nuclei Qs and 
&, (Fig. 15) the adiabatic potential surface in the Wear vibronic approximation 
has the shape of the so-called “Mexican hat” shown in Fig. 16. The depth of 
the trough depends on the linear vibronic coupling constant Ax (determined by 
the rate of change of the electronic states with change of the metakligand 
distance). 

From this figure we car! see that in the linear approximation under considera- 
tion, the octahedral Cur’ complex has a continuous series of configurations 

Fig. 15. The Qe and Qe norm& coordinate dispkcements for an odtahedrai compkx of 
Oh symmetry. 
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with equal energy, corresponding with the series of minima points along the 
circular trough. They change from tetragonal octahedron distorted along the 
0, axis (F’ig. 16~3) to an equivalent tetragonally distorted octahedron - but 
now along the 0, axis (Fig. 16b) and to one along the 0, axis (Fig. 16c), 
through intermediate configurations where ah three pairs of distances to the 
hgands are different (Fig. 16d). In the absence of any stabilizing factor (see 
below) the system performs uninterrupted circular motions along the trough, 
for which the (quantum-mechanically~ averaged configuration is an undis- 
torted octahedron [214,215]. 

It is just this continuous series of nudear configurations with equal energy, 
determined by the “Mexican hat” type adiabatic potential (Fig, 16), which re- 
presents, in general, the basis of the plasticity of the C!u” coordination sphere 
and leads to the diversity of distortion and other stereoisomers of its octa- 
hedral complexes. Indeed, as is easily seen from the illustration of the poten- 
tial, any of the above mentioned configurations of minima points of the 
trough may be realized (with equal probability) in the stereochemistry of the 
complex, if only this confi~ation can be stabilized. In particular there may 
be conditions when stabilization of not one but several of these configurations 

Fig. 16. Adiabatic potential surface for an octahedral complex with an orbitally degenerate 
E term as a function of the normal coordinates Qe and Q, shown in Fig. 15. The meaning 
of W is given in eqn. (6). I&- is the value of the adiabatic potential for Q = 0, the Jahn- 
Teller stabilization energy. 
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is possible. In such a case we obtain distortion isomers which differ by the 
lengths of their metal-ligand bonds. 

If, for the doubly degenerate E-term under consideration the second order 
(quadratic) vibronic interaction terms are also important, then their inclusion 
into the calculation leads to some warping of the “Mexican hat”; three addi- 
tional minima occur along the trough, the respective distorted configurations 
corresponding with the three directions of tetragonal deformation of an octa- 
hedron (Fig. 16a, b, c). In this case the plasticity of the Cu” coordination 
sphere is limited by these three directions. The importance of second order 
terms of the vibronic interaction is determined by the vibronic coupling con- 
Z&UltA*. which (similar to Al) is dependent on the nature of the metal+igand 
interaction, (see ref. 214). In some cases, the situation is possible when 
A2 << Al (in comparable units) and then the quadratic terms are not essential. 

Thus the general Jahn-Teller effect theory certainly predicts a plastic co- 
ordination sphere around Cu” , in the sense that the electronic structure of Cu” 
admits (even demands) an asymmetric spatial configuration of the six ligands, 
with the limitation that their coordinates must be placed in the trough of the 
“Mexican hat” a circle with normal coordinates Qf + Qf = constant, (or if 
quadratic terms are essential, into three minima of tetragonal type). There can 
be no doubt, at present, about this conclusion. The existence of this effect 
itself is testified to by its numerous direct as well as indirect experimental 
manifestations [ 214~-216], Only the magnitude of the effect remains, a priori, 
an unknown for concrete cases without detailed calculations. An example of 
a numerical estimate of the order of magnitude of the effect is given below 
(see p. 291). However, it is known that Cu” (together with Mn”‘, Cr” and 
others) is one of the carriers of the strongest J&m-Teller effect. 

The m~ifes~tion of J&m-Teller dynamics of the coordination sphere 
for complexes in electronically degenerate states, has been discussed in a 
number of papers (see ref. 214). Such dynamics of themselves can lead neither 
to absolute distorted configurations nor (the more) to isomers. The transforma- 
tion of dynamic distortions to static ones can take place only under the in- 
fluence of an additional stabilizing factor. Let us specify this Iast concept. 

The external factor stabilizing a Jahn-Teller distorted configuration (one 
of many equivalent configurations) can be: 

1. Any weak low symmetry perturbation, e.g. the influence of the next (sub- 
sequent) coordination sphere, intramolecular (Van der Waals) interactions, 
hydrogen bonds, etc. 

2. Cooperative interactions of dynamically distorted complexes leading to 
a phase transition. 

In the latter case, the effect of distortion of the neighbouring centres on a 
given centre, also represents a low symmetry perturbation, but unlike the 
former, it has dynamic character (at temperatures higher than the temperature 
of the phase transition). Low symmetry outside influences lead of themselves 
to the deformation of the complex, which in the case of weak perturbations 
is very small, but in the presence of the J&m-Teller effect, these perturbations 
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as though the weak outside influences were reinforced (amplified) by vibronic 
interactions [214,217]. The magnitude of the distortion in this case is 
determined, above all, by the magnitude of the Jahn-Teller effect, while 
the character and direction of the deformation depends on the outside stabil- 
izing factor. The plasticity of the coordination sphere of copper is, 
therefore, caused by the electronic and vibronic structure of the complex, but 
its manifestation depends on the character and nature of the stabilizing exterior 
factor (just as the plasticity of clay depends on itself, but the sculpture ob- 
tained from it is determined by the work of the sculptor). 

These theoretical conclusions are qualitatively fully confirmed by the ex- 
perimental data given above. The deformation statistics of octahedral CuOs 
and CuNs species, which are given in part B (Figs. 3a and 3b) testify with 
certainty that the tekagonally distorted (elongated) octahedron (corresponding 
to one of the three minima of the adiabatic potential taking into account the 
quadratic vibronic interaction terms) is stabilized in the crystal state. In each 
of the individual cases presented there it is possible to determine qualitatively 
what the nature of the stabilizing factor is: the differences in the second co- 
ordination sphere (sometimes in the limits of the polyatomic ligand itself) or 
the phase transition, caused by the cooperative interactions of the distortions. 
In a few cases, when diffraction measurements show a regular octahedral 
structure for the copper(I1) complex (as in the case of the [Cu(H,O),f 2* 
octahedron in a crystal of CuSiFe * 6 H20 [663 ) the Jahn-Teller dynamics of 
the Cu” coordination sphere is preserved in the crystal, which fact is also 
proven by physical methods, especially by EPR spectra [ 214,218]. Such 
preservation of the dynamics at room temperature can be observed in all 
cases when the complex has cubic symmetry and when the interaction be- 
tween the complexes in the crystal state is small (in these cases a phase transi- 
tion with the stabilization of a definite distortion on each centre can, in prin- 
ciple, take place at lower temperatures). 

Special consideration is needed for distortion isomers, whose formation is 
conditioned by the stabilization of not one, but two or several distorted con- 
figurations. The isomer cases discussed above seem to be due to such a com- 
promise of the plasticity properties of the Cu” coordination sphere and the 
stabilizing properties of the crystal lattice, that the various configurations so- 
formed have nearly equal energies and therefore the isomers exist simultaneously 
at the same (room) temperature. 

It is necessary to emphasize that the requirement of very close energy values 
for the isomers, which is essential for the possibility of their observation at the 
same (or approximately the same) temperature, narrows very much the num- 
ber of possible observations of distortion isomerism. In fact the number of 
such isomers is no doubt greater than those described above, but since the dif- 
ferences in their energies are great, they can be discovered only by investiga- 
tion on a broader temperature scale. 

Now consider the crystals Cu(NH&X2 (X = Cl, Br) as an example to 
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demonstrate how formation of the experimentally observed distortion isomers 
are caused by combination of the known electronic (more precisely - vibronic) 
properties of the central atom with the stabilization properties of the cry&& 
as a whole f!219] - FSrst we take into account the fact that the crystal is made 
up of mutually parallel chains each of which is arranged as illustr&ed in Fig. 
17, where ali the X atoms occupy equivalent bridge positions [143--1451. 
Inside the chain there is a strong interaction between copper(H) cen&s 
through bridge atoms, white the chains between them are bonded by weak 
Van der Waals (and/or hydrogen) bonds. Each copper atom is surrounded by 
four X atoms in the plane of the square and two A atoms in positions 5 and 6. 
As a’consequence of the difference between the X and A atoms the de- 
generacy of the basic Cn’r state in the octahedron is lifted, the 2Eg term 

. 
sphts into 2Axrs and ‘B rx, Let this splitting be 2A (Fig. 18). For the sake of 
simplicity we shall assume that the term ‘Ax9 is Iower (all further considerations 
are valid and remain the same in the opposite case too). 

If we assume that the X atoms in the plane form a regular square, then the 
polyhedron CuX4A2 is a tetragonally deformed octahedron with I), symmetry. 
Let us examine the pseudo-&&n-Teller effect on the orbital states 2AI, and 2B1, 
of such a complex (see refs. 214 and 219). Their wave functions $A~, and $sl, 
in the crystal field theory limit are identical with the atomic k%nctions dz2 or 
&2--Y z (for a d-hole). The normal vibration & which mixes the investigated 
states transforms as A, X B1, = &,. The atomic displacement corresponding 
with this vibration is shown in Fig. 19. Let the vibronic coupling constant for 
the pseudo-Jahn-Teller effect be denoted by CL, 

where V is the eiectron-vibrational (vibronic) interaction operator. 
Then the secular equation for the electronic state perturbed by the nuclear 
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Fig. 18. Adiabatic energy of the ground (1) and the first excited state (2) of a bipyramidal 
Gun complex with D4h symmetry as a function of normal displacements QBz9. 

Fig. 19. The &, epe nuclear displacements for a dipyramidal complex of De symmetry. 
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movement has the form 

-A -e 

a. Q 

a.& 1 

I 

= 0 (4) 
A--E 

its roots being 

El.2 = * JA2 +a2Q2 (5) 

Adding to these expressions for the electronic energy the core interaction 
(elasticity) terms ‘2 KQ2, where R = Mwa is the force constant of the normal 
displacement Q (M is the reduced mass, w is the B,, vibration frequency), 
we obtain the expression for the adiabatic potential 

W,(Q) = i KQ2 +_ JA2 + a2Q2 (6) 

The shape of the curves W,(Q) is essentially dependent on the relationship 
between the parameters a, A and R. If A > (a2/K), then both curves are 
parabolas. The case of reversed inequality, 

A < a”/K (7) 

is of interest for us. In this case the curves W,(Q) have the form illustrated 
in Fig. 18, We see that in the Iower curve the adiabatic potential for the 
ground state has its maximum at the point Q = 0, which corresponds to a 
regular bipyramid Da, and two equivalent (symmetrical with respect to point 
Q = 0) minima at the points 

Q;.a =+ j/R (8) 

In this way, the vibronic interaction (the pseudo-Jahn-Teller effect) on each 
center causes a deformation of the tetragonal bipyramid so that the basic 
square with X atoms in its apex changes to a rhombus with a great diagonal 
along the 0, axis (minimum I in Fig. 18) or along the 0, axis (minimum II). 

As a result of strong interaction between the deformations on the neigh- 
hour&g centros in the chain (through the common X atoms) the last one 
easily passes into the ordered state in which the center distortions are cor- 
related, and remains in this correlated state up to high temperatures [214]. 
Here the vibronic distortions are being fixed by the second of the stabilizing 
factors mentioned above - phase transition. Taking this into consideration, 
we can assume that an individual chain has, at room temperature, two 
stabie states, I and II (Fig. ZO), which correspond to two minima for each 
centre (I and 11 in Fig. 18). Thus we corn.. fi to a conclusion about the possible 
existence of two stable equivalent structures of the chain CuAsXs , caused by 
the pseudo-Jahn-Teller effect on each bipyramidal centre CuX4Aa, and the 
ordering of the distortions in the chain as a result of strong interaction 
between the centres. 

There still remains one important crystalline factor to investigate - the 
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Q -cu @ -NH3 B)-Br, Cl 

Fig. 20. Two equivalent motives in the ordered chains of the CuAzXz crystal corresponding 
to the minima I and II in Fig. 18. 

interaction between chains. Analysing the structure of the crystal CuAzXz 
composed of parallel chains, one can see that the interaction between them 
will be optimal for the undistorted structure of each chain when the crystal 
as a whole is cubic. Indeed, in such a crystal, the corresponding distances 
between the atoms in different chains are minimal, and they increase with 
distortion of the chains towards the structures I or 11. The magnitude of the 
energy differences for the interacting chains in a cubic crystal and in a crystal 
with chains of type I or II is not known (ahhough in principle it could be 
estimated semiempiric&iy). We can, however, imagine the situation quaiitative- 
ly illustrated in Fig. 21a, where it is shown that the interaction energy of the 
chains in the crystal under consideration has its minimum when Q = 0, where 
Q is the coordinate of deformation of the chains, corresponding to the B1,- 
type coordinate given above (Fig. 19) for each centre. By adding the adiabatic 
energy of the chain (taken from Fig. 18) to the energy of interaction between 
the chains as a function of Q (Fig. 21b), we obtain the resulting totai energy 
of the‘crystal (Fig. 21~). This latter as evident from the figure has, under the 
accepted assumptions, three minima: in addition to the two minima I and fl[ 
for the energy of the chains (corresponding with the pseudo&&n-Teller 
distorted configurations), there is a shallow minimum for the undistorted 
cubic confi,auration when Q = 0. 

Complementary minima in this scheme can he obtained for CZJ&&S in 

which a part of the chains is in minimum I and another part in minimum IL 
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b 

c 

Fig. 21. Energies of intermolecular interaction between the chains (a), vibronic interac- 

tions in the chains (b) and their sum (c) as a function of ordered displacements consistent 
with the normal coordinates ~~~~ on each Gun center. 

For these crystals, the interaction between the chains (for the same reasons 
as mentioned above) is even smaller than when all of them are mutually cor- 
related (ordered) and are found in the same type of minima (either I or II), 
and therefore, the complementary minima will be shallower (less deep) than 
minima I and II for fully correlated crystals (but deeper than the minimum 
for a cubic crystal when Q = 0; it is assumed that the vibronic energy inside 
the chains prevails over the intramolecular energy). 

It can be easily shown that the scheme described above qualitatively 
elucidates all the basic facts which are observed in the distortion isomerism of 
compounds CuAzXz . Indeed, the states of the deepest minima I or II (Fig. 
21) correspond to the observed a-isomers with structure given in Fig. 20. 
The relative minimum, at Q = 0, corresponds to the unstable &isomer which 
has a cubic structure with a regular bipyramid in each centre. The additional 
relative minima (for crystals with mutually uncorrelated distorted chains) 
correspond to the intermediate structures described in refs. 2,146. Such an 
interpretation is in agreement with all the features (peculiarities) of these 
isomers, with the way they behave under the influence of temperature and 
pressure, with the methods of their preparation, the spectral properties, the 
conditions of their interconversion, ect. (see chapters C. and D.). 

Good crystals are obtained only in the case of the p-isomer [2,143-1451, 
i.e. in the case, when in agreement with the theory, the intramolecular inter- 
action, leading to the formation of the cry&I, is just a maximum. On the 
other hand, the a-isomer and intermediate structures, in agreement-with the 
weak interaction between their chains, are not obtained in the form of crys- 
tals. In this connection it may also be relevant that especially in the case of 
the p-isomer (and only in this case) the crystal Cu(NHs)aXz, (X = Cl, Br) 
contains a great admixture of the compound NH4X [143], which itself grows 
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in a cubic crystal isomorphic with the crystal of the p-isomer Cu(NH&X, , 
these two compounds easiIy forming mixed cubic crystals 11431. It is quite 
possible that the cubic structures of the Cu(NH3)2X2 chains, being unstable 
due to the pseudo-Jahn-Teller effect on each center, are stabilised not only 
by intramolecuIar interactions between chains, but also by the presence 
of many N&X molecules, which alternate in the ckain with the Cu(NHa)zXz 
molecules (in the ratio -1 : I). A theoretical solution to the problem of what 
is the basic cause of cubic crystal structure stabilization - the presence of 
additional molecules in the chains or interaction between chains, will be 
possible only by evaluation of the chain interaction energy as a fi;lnction of 
the distortion in the chains. 

The results obtained are based essentially on the assumption that the 
non-equality [ 71, the criterion of the pseudo-Jahn-Teller effect, is fulfilled. 
To confirm this statement the constants A, a and K for the Cu” system under 
consideration must be obtained and compared. For this reason a numerical 
calculation of the electronic energies E(Q) for the system Cu(NH3)2Br~ in 
the ground A,, and first excited B,, states as a function of the QBlg dis- 
tortion was undertaken 12201. The results give directly the 24 value equal 
to the difference between these energies at Q = 0, and the a value, easily ob- 
tained from eqn. (5). The magnitude of K = Mm2 may be obtained from the 
experimental value of the &, type vibration frequency w. Since the latter 
has not yet been measured, avalue of w = 100-200 cm-’ was taken by 
analogy with other infrared spectra data available for Cu” compounds. 

The calculations allow us both to check the pseudo-Jahn-Teller effect 
criterion [7] and to estimate the magnitude of distortion in the adiabatic 
potzytial minimum through eqn. (8). The results are [220] : A =s 1.3 X lo3 

=r 14 X lo3 cm-l a-l, and Q’ = 0.2 - 0.5 a (Q’ varies with the 
~gn&k? of u), the last value being in qualitative agreement with the 
experimental Q’ = 0.4 A (see the X-ray data for the a-isomer [143-1451). 
Thus, direct numerical calculation confirms the pseudo-Jahn-Teller origin 
of the coordination sphere distortion in the crystal under consideration. 

F. CONCLUDING REMARKS 

The main intention of this paper is to draw the attention of the reader to 
a new type of crystallochemical property belonging to coordination com- 
pounds with degenerate or pseudo-degenerate electronic terms (especially E 
terms), namely, the plasticity of the coordination sphere and distortion iso- 
merism. These properties were analyzed and confirmed by a comprehensive 
study of available experimenti data on Cu” coordination compounds, and 
the proof of their Jahn-Teller and pseudo-Jahn-Teller origin is given on the 
basis of the latest progress in the theory of these effects. 

Many crystallochemical data as well as data obtained by different methods 
of structure research allowed us to show that the coordination polyhedron of 
Cu” complexes is relatively plastic. A concrete manifestation of iB plasticity 
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is.distortion isomerism, demonstrated in this paper by a considerable number 
of examples. The present experimental knowledge presented here and its 
theoretic& interpretation allows us to draw the conclusion, according to which 
pfasticity and distortion isomerism a.& typical and general features of copper(lI 
ccmplexes. This structure-geometry behaviour becomes evident in many of 
their physical and chemicai properties. 

Calculations of the pseudo-Jahn-Teller distortion in the Gun coordination 
sphere of the Cu(NHs)2Br2 crystal were carried out and together with the idea 
of the cooperative effect in the crystal chains and interchain interactions lead 
to an uncon~~dicto~ quaiitative (and even semiquantitative) elucidation of 
the origin of the distortion isomerism in this crystal. Since the vibronic con- 
st,ants for coordination compounds depend mainly on the nature of the metaI 
atom (the calculations [220] show a relatively weak dependence of the ecu” 
constant on the ligand atoms) there is no doubt of the general validity of the 
effect in other (3.1” compounds, Moreover, similar properties as described 
above for Cu” complexes may be expected for ali coordination systems with 
a doubly degenerate E ground term (octahedral Mnm, cr”, Ni”‘, fow spin 
Co*I, etc.). However, since their vibronic constants may be quite different 
from that of Cu”, it is not known a priori in what compounds and under 
what conditions (especially, at what temperatures) the properties of plasti- 
city and distortion isomerism can be observed for the complexes of these 
metal ions. 

The results of this paper are interesting also in another aspect. The crystal 
chemistry of coordination compounds is developing now mainly on the ground 
of the idea of compact packing of atomic groups in crystals governed by 
minimum Van der Wadis (or, more generally, electronic) interatomic and 
intermolecular interaction energy. The considerations given above lead to stress 
upon a new important factor, namely, that of vibronic structure of the coor- 
dination center, which may lead to new trends in crystal chemistry. 
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