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Electronic Properties and Stereochemistry of the Bis(diethylenetriamin0)- 
copper(i1) Cation. Part 1. A Fluxional Elongated CuNe Chromophore 

By Mary Duggan, Brian J. Hathaway,’ and John Mullane, The Chemistry Department, University College, 
Cork, Ireland 

The X-ray crystal structures of [Cu(dien),]CI;H,O, [C~(dien)~lCl[CIO,], [Zn(dien),]CI[CIO,], and 38% copper- 
doped [Zn(dien),] CI[CI04], have been determined by photographic data for the first three complexes and diffrac- 
tometer data for the doped system. All four complexes crystallise in the monoclinic space group P2Jc with Z = 4 ; 
the structures were solved by heavy-atom techniques and successive Fourier syntheses. The two copper(1i) 
complexes involve elongated rhombic-octahedral [Cu(dien) ,] ,+ cations with the elongation along the N ( l  )-Cu- 
N(3) bond direction with a small but significant difference in the observed tetragonalities (0.853 and 0.835 
respectively). The stereochemistry of the zinc( II) complex involves a compressed rhombic-octahedral ZnNs 
chromophore with the compression along the N(2)-Zn-N(5) bond direction. The structure of the 38% copper- 
doped [Zn(dien),]CI[CIO,] was analysed as an average CuN&nN, chromophore and an attempt was made to 
solve this structure as disordered CUN, and ZnN6 chromophores. The axes of the CUN6 chromophore in [Cu- 
(dien),]CI,*H,O are aligned parallel, while those of [Cu(dien),]CI[CIO,] are misaligned. The polycrystalline e.s.r. 
spectra of a series of copper-doped [Zn(dien),]XY complexes are reported at both room and liquid-nitrogen 
temperature; al l  the spectra are consistent with an elongated rhombic-octahedral CUN, environment and the 911 
and All factors show marked temperature dependence, with AAll varying from 8.9 to 36.0%. The temperature 
variation of the e.s.r. spectra of the copper-doped [Zn(dien),]XY systems have been confirmed by single-crysta I 
rotation e.s.r. data, consistent with the monoclinic space groups involved, and the directions of the g and A factors 
are shown to be temperature invariant. A correlation is established between the AAll values in the doped systems 
and the observed tetragonalities of the pure copper(l1) complexes. The electronic reflectance spectra of the dilute 
and concentrated systems are shown to be independent of copper concentration and the polarised single-crysta I 
electronic spectra of the doped system are assigned in a manner comparable to that of the pure copper(l1) complex. 
The temperature-variable data are interpreted in terms of a fluxional model for the copper-doped [Zn (dien),]XY 
systems and the data extrapolated to the concentrated copper(ll) complex. 

THE recent observation of significant temperature effects 
(fluxional behaviour) in the e.s.r. spectra of the copper- 
doped systems Ba[Zn (O,CH),] *6H20,1 [Zn( hf acac),- 
(py),] (where hfacac = hexafluoroacetylacetone and 
py = pyridine), and K,[Zn(OH,),][SO,], and their 
description in terms of a pseudo-dynamic Jahn-Teller 
effect 4-6 in these low-symmetry crystals has suggested 
an examination of the electronic properties, and their 
variation with temperature, of the near-octahedral 
CuN, chromophore in some [Cu(dien),]X, complexes 
and when these are doped into the corresponding 
[Zn(dien),]X, complexes as a diamagnetic host lattice 
(dien = diethylenetriamine). The crystal structures of 
[Cu(dien),]Br,*H,O and [Cu(dien),] [NO,], have been 
previously reported along with that of [Zn(dien),]Br,* 
H,O lo and monoclinic [Zn(dien),] [N0,],.11*12 The 
present paper reports the crystal structures of [Cu- 
(dien),] Cl,*H,O, [Cu( dien)2]C1[C104], [Zn (dien),] C1- 
[ClO,], and an attempted crystal structure determination 
of 38% copper-doped [Zn(dien),]CI[ClO,] as a disordered 
lattice. The electronic properties of these copper-doped 
[Zn(dien),]XY systems are reported and interpreted in 
terms of a fluxional elongated rhombic-octahedral 
CuN, chromophore. 

EXPERIMENTAL 

Preparation of Copper-doped Crystals.-The copper( 11)- 

doped [Zn(dien),] XY complexes were prepared by methods 
similar to those used for the preparation of the analogous 
pure copper or pure zinc complexes,’ but using the appro- 
priate ratio of copper : zinc salt to produce copper concentr- 
ations in the range 1-50y0. Single crystals were prepared 
by recrystallisation of the polycrystalline samples from 

water or methanol solutions. All samples were charac- 
terised by microanalysis (Table 1) and their morphologies 
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t 
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FIGURE 1 Crystal morphologies of the copper-doped [Zn(dien),]- 

XY systems, (a)  X = Y = NO, monoclinic type I ;  (b)  type 
11;  (c) X = Y = C1.0.5H20 or Br-O.5H2O; ( d )  X = C1, 
Y = C10,; and (e) the local molecular structure of the 
[Cu(dien)J2+ and [Zn(dien),]2+ cations and the atom-numbering 
scheme used 

established by X-ray crystallographic precession techniques 
[Figure 1 (a ) - (d ) ] .  In general the copper(I1)-doped 
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crystals corresponded in structure and morphology to those 
of the corresponding pure zinc(I1) complexes,11*l2 except in 
the case of the monoclinic form of [Zn(dien),][NO,], where 
two different morphologies occurred with the doped com- 
plexes, type I agreed with that of the pure zinc complex, but 
type 11, while having the same space group P2,/c, had a 

structures were refined by full-matrix least-squares refine- 
ment where the function minimised was Cw((F,I - IFo1)2 
until the final shift to error ratio for any parameter was 
less than 0.02 : I .  Calculated hydrogen-atom positions were 
used, with fixed C-H and N-H bond lengths of 1.08 (with 
a fixed temperature factor of 0.07 A,) and floated on the 

TABLE 1 

Microanalytical data for the [Cu(dien),]XY and [Zn(dien),]XY complexes 
Analysis (%) * 

Complex C H N M X 
[Cu (dien) ,]Cl[ClO,] 23.9 6.50 20.90 15.2 17.5 

(23.75) (6.40) (20.75) (15.7) (17.55) 
[Cu(dien),]Cl,.H,O 26.7 7.75 23.3 17.35 19.75 

(27.75) (7.80) (23.40) (17.70) (19.8) 
[Zn(dien) ,]Cl[ClO,] 23.45 6.30 20.80 15.90 17.3 

(23.60) (6.4) (20.65) (16.1) (17.45) 
* Calculated values are given in parentheses. 

related b u t  slightly different morphology [Figure 1, (a) and 

Crystal Data.-The crystal and refinement data of 
[Cu(dien),]Cl,*H,O (l) ,  [Cu(dien),]Cl[ClOJ (2), [Zn(dien),]- 
Cl[ClO,] (3),  and 38% copper-doped [Zn(dien),]Cl[ClO,] (4) 
are summarised in Table 2. The unit-cell parameters were 
determined from precession photographs and the intensity 
data were collected photographically using the equi-inclin- 
ation Weissenberg technique for ( I ) ,  (2), and (3). Five-film 

(b) 1. 
associated carbon- or nitrogen-atom positions ; no hydrogens 
were included for the water molecule of (1). A refined 
weighting scheme was used, where w = k/{021Fol + 
g lFo2] ) ;  the final values of k and g in the refiment are in 
Table 2. Complex neutral scattering factors l3 were used 
for the non-hydrogen atoms, Lorentz and polarisation 
corrections were applied, but no correction was made for 
absorption. The data for (4) were handled slightly 
differently from those o€ (1)-(3), a Patterson synthesis 

TABLE 2 
Crystal and refinement data 

Complex 
Molecular weight 
Stoicheiometry 

group 

b ( 4  4) 
B(") 

Dc (g cm-3) 

I4cm-Y 

z 
D,(flotation)(g ~ r n - ~ )  

Radiation 
F (000) 

Data used 
Number of unique reflections 
Number of parameters varied 

R' = (CAze/*/C(F,/d) 
k 
g 
Maximum final shift to  error 

= (XA/ClFol) 

(1) [Cu(dien),]Cl,-H,O 
358.54 

C8HZ8C1,CuN,O 

13.62( 6)  
P21ic 

8.80 (b)' 
1 3.96 ( 5) 
1 02.7 ( 5) 

4 
1.380 
1.458 

Cu-Ka, A = 1.541 8 A 
747.88 
46.88 

1, 508 
119 

0.058 8 
0.065 6 
0.472 2 

0.009 976 
0.010 

h, 0 - 7 ,  I ;  h, k ,  1-3 

(2) [Cu(dien),]Cl[ClO,] 
404.54 

C8H2~C1,CuN6O4 

9.23(5) 
1 3.92 ( 5) 
14.65( 5) 
116.0(5) 

4 
1.586 
1.588 

836.0 
47.27 

740 
91 

0.061 7 
0.065 7 
8.326 6 

0.000 401 

P2,lC 

Cu-Ka, h = 1.541 8 A 

0 - 7 ,  k ,  I ;  h, 1-2, 1 

Residual electron density (e 0.94 
Number of atoms anisotropic 9 

packs were used for each layer and the intensities were 
estimated spectrophotometrically using the S. R.C. Micro- 
densitometer Service (Rutherford Laboratory). The data 
for (4) were collected on a Philips PW 1100 four-circle 
diffractometer, using graphite monochromatised Mo-Ka 
radiation; a 8-20 scan mode was used and reflections with 
3.0 < 0 < 32" in one quadrant were examined. A constant 
scan speed of 0.05" s-l and a variable scan width of (0.7 
+0.1 tan 0)" was used. 

Structure Solution and Refinement.-The structures of ( I ) ,  
(2),  and (3) were solved using three-dimensional Patterson 
and Fourier techniques, using the crystallography pro- 
gram SHELX-76 (G. M. Sheldrick), with successive 
addition of atom positions to improve the phasing. The 

0.020 
0.54 

1 

[Zn (dien) JCl [ClO,] 
406.37 

C,H,,C1,Ns04Zn 

9.23 ( 5) 
13.9 1 (5) 
14.65(5) 
1 16.0( 5) 

4 
1.588 
1.595 

840.00 
49.11 

760 
94 

0.056 2 
0.059 3 

12.615 4 
0.000 129 

0.003 
0.53 

1 

P % / C  

Cu-Ka, A = 1.541 8 A 

0 - 7 ,  k ,  I ;  h, 1-2, I 

405.67 -~ 

C8H26C12Cu0.~~N60~Zn0.6~ 
P21lC 

9.23O( 2) 
13.814( 2) 
14.709(12) 
1 1 6.35 (2) 

4 
1.588 
1.578 

838.27 
16.62 

Mo-Ka, h = 0.710 69 A 

3 289 
191 

0.034 7 
0.037 3 
2.434 3 

0.000 178 
0.010 
0.050 
21 

yielded the same heavy-atom position to that of (2) and (3) ; 
consequently the atom positions of (2) were used as the 
initial input data for (4) with a mean structure factor 
(f, = 0.38f&~1 + 0.62fzs,r~) and the structure refined as 
above. An attempt was made to solve the data as a dis- 
ordered structure l4 with two separate ZnN, and CuN, 
chromophores (weighted a t  0.62 and 0.38 respectively) and 
although reasonable geometries were obtained (see later) 
this solution resulted in final maximum shift to error values 
of < 0.4 and was considered not to converge satisfactorily. 
For this reason the disordered structure is not reported in 
detail and only the average structure is given. 

As the final structures of the [M(dien),12+ cations in all 
four structures are comparable *-14 and only differ in the 
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detail of the anions present, a summary of the most import- 
ant bond-length and bond-angle data is given in Table 3 and 
the detailed tables of the structure factors, atom positions, 

FIGURE 2 Polycrystalline e.s.r. spectra of a typical 1% copper- 
doped [Zn(dien),]XY system a t  room temperature and a t  
liquid-nitrogen temperature 

anisotropic temperature factor$, calculated hydrogen-atom 
positions, bond lengths, bond angles, and some relevant 
mean planes are given in Supplementary Publication No. 
S U P  22708 (60 pp.).* Figure l(e) shows the local molecular 

TABLE 3 
A summary of the more important bond lengths and angles 

for (1)  [Cu(dien),]Cl,*H,O, (2) [Cu(dien),]Cl(C10,], (3) 
[Zn(dien) ,]Cl[ClO,], and (4) 38% copper-doped 
[Zn(dien),]Cl[ClO,] (average structure) 

(1) (2) ( 3) ( 4) 
(a) Bond lengths 
M-N(l) 2.372(7) 2.386(14) 2.232(15) 2.297(5) 
M-N(2) 2.036(8) 2.037(13) 2.111(15) 2.099(5) 
M-N(3) 2.466(6) 2.516(13) 2.297(15) 2.386(5) 
M-N(4) 2.118(6) 2.089(13) 2.220(15) 2.169(5) 
M-N(5) 2.034(8) 2.025(13) 2.218(15) 2.097(4) 
M-N(6) 2.073(6) 2.036(13) 2.183(15) 2.143(5) 

(b) Bond angles 
N(l)-M-N(2) 79.3(3) 79.6(6) 80.4(6) 79.2(2) 
N(2)-M-N(3) 78.2(3) 77.8(6) 78.4(6) 78.7(2) 
N (1)-M-N( 3) 1 5 6 4  3) 155.3( 5) 156.2( 5) 155.4( 1) 
N(4)-M-N(5) 83.1(3) 82.0(6) 78.8(6) 81.0(2) 
N (5)-M-N ( 6) 83.5( 3) 83.7 ( 6) 80.2 ( 6) 80.6( 2) 
N(4)-M-N(6) 164.4(2) 162.0(6) 157.2(5) 159.1(1) 
N(2)-M-N(5) 178.4(2) 177.8(5) 175.4(5) 176.3(1) 

TABLE 4 

Electron spin resonance parameters for copper-doped [Zn(dien),] XY systems at  room temperature and liquid-nitrogen 
temperature 

X Y T (K) g l  gll All ( x lo4 cm-l) AAii (%) 
c1 c10, 291 2.052 2.228 155.0 

291 2.040 2.221 155.0 

C1*0.5H20 C1.0.5Hz0 291 2.048 2.212 142.6 

Br.0.5Hz0 Br.0.5H20 291 2.033 2.204 127.3 

29 1 2.046 2.216 132.4 

I I 291 2.054 2.193 129.8 

29 1 2.053 2.202 129.8 

291 2.054 2.205 124.5 

85 2.042 2.233 168.9 8.9 

85 2.035 2.237 170.6 10.1 

85 2.050 2.239 168.0 17.8 

85 2.035 2.236 155.3 22.0 

85 2.046 2.226 170.5 28.8 

85 2.051 2.237 168.0 29.5 

85 2.047 2.233 170.6 31.4 

85 2.049 2.229 169.3 36.0 

c1 BF, 

NO3 NO3 
[monoclinic type I] 

c1 NO3 

Br NO3 

structure of the [M(dien),lB+ cation and the atom-numbering 
scheme used. 

Electronic Properties.-These were recorded as previously 
described.6g l6 

Table 4 lists the polycrystalline e.s.r. spectral results of a 

T tK 

FIGURE 3 Polycrystalline e.s.r. data as a function of temperature: 
(a) copper-doped [Zn(dien),]Br,.H,O, g factors ; (b) copper- 
doped [Zn(dien)2]Br2*H,0, A factors; (c) 10% copper-doped 
[Zn(dien),]Cl,.H,O, A factors; and ( d )  10% copper-doped 
[Zn(dien),]CI[ClO,], A factors 

series of copper-doped (Zn(dien),] XY complexes measured 
at  room and liquid-nitrogen temperature with the temper- 
ature va.riation indicated by the percentage change in the 
A , ,  values. Figure 2 illustrates typical e.s.r. spectra for 
these systems { copper-doped [Zn(dien),]Cl[ClO,] >, demon- 
strating how the spectra change with temperature. Figure 
3 shows the detailed temperature variation of the g and A 
factors of copper-doped [Zn(dien),]Br,*H,O and the All 
factors for [Cu(dien),]Cl,*H,O and [Cu(dien),]Cl[ClO,], the 
tabulated data for which is included in S U P  22708. Table 
5 lists the room-temperature single-crystal g and A factors 
for the copper-doped [Zn(dien),]Cl,-H,O and [Zn(dien),]- 
Cl[ClO,] systems along with their direction cosines and those 
of the Cu-N directions. Table 6 lists the polycrystalline 
g factors for some concentrated copper( 11) complexes measured 
at  room and liquid-nitrogen temperature. Table 7 lists the 
polycrystalline electronic reflectance spectra of some 10% 
doped and concentrated [Cu(dien),]XY complexes.1s 
Figure 4 illustrates the polarised single-crystal electronic 
spectra of the copper-doped [Zn(dien),]Br,*H,O system. 

DISCUSSION 

Description of the Crystal Structures.-All four struc- 
tures consist of non-centrosymmetric [M(dien),12+ cations 

Index issue. 
* For details see Notices to Authors No. 7, J.C.S. Dalton, 1979, 
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and ionic anions with no evidence for co-ordination of the 
metal by the anions or by the water molecule in (1). In  
the cations the diethylenetriamine ligands co-ordinate as 
planar tridentate ligands, as found previously 8-12 for 
this ligand when bonded to  the copper(I1) ion, with no 
exceptional bond lengths or angles. In  (1) and (2) the 
CUN, chromophore has an elongated rhombic-octahedral 

mediate bond lengths (Figure 5) .  Included in Figure 5 
are the bond lengths for the CuN, and ZnN, chromo- 
phores of the disordered solution l4 from the data for the 
38% copper-doped [Zn(dien)JC1[C104] crystals. Des- 
pite the failure of this model to fully converge, the stereo- 
chemistries of the separate chromophores are closely 
comparable to those of the corresponding pure zinc(I1) 

TABLE 5 

temperatures, direction cosines of g factors, and the local molecular direction of CuN, chromophores 
Copper-doped [Zn(dien),]XY systems : single-crystal data, g and A factors, R values at room and liquid-nitrogen 

[ Zn (dien) 2] Cl[ ClO,] [Zn (dien) 2]C12.H20 
* h 

f 7 I 7 

85 K 291 K 291 K 85 K 
2.0460 2.0456 
2.0922 2.0540 
2.2389 2.2446 

ca. 30 ca. 30 
75 40 

155 168 
8.4 

0.32 0.45 

2.0410 2.0381 
2.1244 2.0988 
2.2302 2.2416 

ca. 26 ca. 26 
75 70 

143 168 
17.5 

0.79 0.43 

Direction cosines 
a* b c a* b c 

g1 0.866 0 0.121 9 0.422 6 0.087 2 0.992 5 0.069 4 
ga 0.173 6 0.615 7 -0.819 2 -0.906 3 0.121 9 0.422 6 

0.938 7 0.112 1 0.325 9 0.094 7 0.994 2 0.051 7 
0.155 0 0.620 8 -0.768 5 -0.925 1 0.055 5 0.375 7 

ga 0.258 8 -0.788 0 -0.707 1 -0.422 6 0.121 8 -0.906 3 
N(2) 
N (4)-N(6) 
N( 1)-N( 3) 0.278 9 -0.746 2 -0.604 5 -0.399 2 0.062 0 -0.914 8 

stereochemistry, with the elongation along the N( 1)- 
Cu-N (3) direction.8 Consequently, the two dien 
ligands are inequivalent in their bonding role as observed 
previously for [Cu(dien),]Br,*H,O.* The tetragonalities 
of the CuN, chromophore of (1) and (2) are comparable 
to those listed previously, Table 8. In  the ZnN, 
chromophores the dien ligands are more nearly equi- 
valent in their mode of co-ordination, and the stereo- 
chemistry is better described as compressed rhombic- 
octahedral,10-f2 but with the compression along the short 

and copper(I1) complexes. This suggests that  within 
the isomorphous series of copper-doped [Zn (dien),]Cl- 
[ClO,] complexes the CuN, chromophore assumes the 
s tereochemis t ry of concent rated [ Cu (dien) 2] C1 [ClO,] and 
is not seriously modified by the compressed stereo- 
chemistry of the ZnN, chromophore of the diamagnetic 
host lattice even at this 38% copper(I1) concentration. 

In  the monoclinic space group of (1) the CuN, chromo- 
phores are aligned virtually parallel [2a = 14" (ref. 18); 
Table 51 with the elongated N( 1)-Cu-N(3) direction 

TABLE 6 
The polycrystalline g factors of [Cu(dien),]Cl,*H,O and [Cu(dien),]Br,-H,O at (a) room temperature and (b)  liquid nitro- 

gen temperature, with the corresponding polycrystalline g factors of the dilute copper-doped [Zn(dien),]X, systems 
in parenthese? 

[Cu(dien),]Cl,-H,O 

[Cu(dien),]Br,*H,O 

(4 (4 Agll 
61 2.050 (2.041) 2.049 (2.038) 
g, 2.070 (2.124) 2.090 (2.099) 
g, 2.210 (2.212) 2.226 (2.329) 

g1 2.043 (2.033) 2.043 (2.035) 
g2 2.097 (2.113) 2.065 (2.065) 
g3 2.213 (2.204) 2.230 (2.236) 0.017 (0.032) 

0.016 (0.027) 

N(2)-Cu-N(5) bond directions, consistent with the 
spherical symmetry of the dl0 configuration of the zinc- 
(11) ion and the constraints imposed by the ' bites ' of the 
dien ligands. In (2), (3), and (4) the perchlorate ion 
occupies a general position and no unusual bond lengths 
or angles are 0bserved.l' 

The structure of 38% copper-doped [Zn(dien),]Cl- 
[ClO,] is very similar to those of the pure copper(I1) and 
zinc(I1) complexes, except that the average structure of 
the copper-doped ZnN, chromophore involves inter- 

lying in the ac plane and inclined at  an angle of 30" to the 
c axis, similar to the situation in [C~(dien),]Br,*H,O,~ 
with which (1) is isomorphous and nearly isostructural. 
In  [Zn(dien),] [NO,], 11?12 the ZnN, chromophores are 
slightly misaligned (2a = 10") while in (2), (3), and (4) 
there is almost complete misalignment (Table 5 ;  2a = 

Electronic Profierties. -The e . s. r. spectra of the copper- 
doped system (see Table 4 and Figure 3) are typical l8 of 
an elongated rhombic-octahedral cuxr;, environment, 

75"). 
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namely gll > gl (gl z g,) > 2.0, for the copper(I1) ion 
diluted in a diamagnetic host lattice. Four copper 
hyperfine lines l9 are associated with the gll value with 
All ca. 120 x 10-4-170 x cm-l but no hyperfine 
structure is observed on gl, as A I is probably less than 

TABLE 7 
Electronic reflectance data (cm-l) for (a)  some 10% copper- 

doped [Zn(dien),] XY complexes and (b) the correspond- 
ing pure copper(I1) complexes, with relative intensities 
in parentheses 

(a) [ Zn (dien) ,] C1 [ClO,] 16 100 (0.9) 9 900 (0.6) 
[Zn(dien) 3]C1,-H,0 16 100 (0.9) 9 600 (0.6) 
[Zn (dien) ,] Br,.H,O 16 100 (0.9) 9 500 (0.6) 

(b)  [Cu (dien) ,]Cl[ClO,] 16 100 (0.9) 9 900 (0.6) 
[Cu(dien),]Cl,*H,O 16 100 (0.9) 9 600 (0.6) 
[Cu (dien),]Br,*II,O 16 100 (0.9) 9 500 (0.6) 

25 x cm-1. The spectra are consistent with the 
known stereochemistry of the elongated CuN, chromo- 
phore of the three corresponding pure copper(I1) com- 
plexes, [Cu(dien),]Br,*H,O, [Cu(dien),]Cl,*H,O, and [Cu- 
(dien),]Cl[ClO,] and are not consistent with the com- 
pressed rhombic-octahedral stereochemistry of the 
ZnN, chromophores of the host lattices. 

The e.s.r. spectra change significantly with temper- 
ature; 1-3 as the temperature is lowered the gII and All 
values increase, while gl shows a smaller decrease 
[except in the case of copper-doped [Zn(dien),]C12*H,0]. 
These temperature changes are even more significant in 

TABLE 8 
The tetragonalities (T) for the [M(dien),12+ cation (T 

= mean in-plane bond distancelmean out-of-plane 
distance) 

[Cu (dien) ,]Br,.H,O 0.835 
[Cu (dien) ,] Cl,*H,O 0.853 
[Cu(dien) ,]Cl[ClO,] 0.860 

[Zn(dien)21 [BF,], 1.054 1 
[Zn (dien) ,]Cl[ClO,] 1.053 5 
[Zn(dien) ,]Br,.H,O 1.045 2 

[Zn(dien) 21"0312* 1.040 0 

[Zn(dien) ,][No312 1.031 7 

(1.04 3) 

(4 CoPPer(I1) Elongated N(1)-Cu-N(3) 

(b) Zinc(1r) Compressed N(2)-Zn-N(5) 

(isomorphous with CI,.H,O) 

(ort horhom bic) 

(monoclinic) 

* Ref. 12. 

the full single-crystal e.s.r. data of copper-doped 
[Zn(dien),]Br,*H,O, Figures 3(a) and 3(b), and in the data 
for copper-doped [Zn (dien),]C1[C104] and [Zn( dien),] C1,* 
H,O where the A,!  values only are reported, Figures 
3(c) and 3(d). In the single-crystal data the g, and A ,  
values increase with decreasing temperature, g, and A ,  
decrease, and g, and A ,  show no significant temperature 
variation. 

The copper-doped system yielded typical l9 angular 
variation of the single-crystal e.s.r. spectra consistent 
with the monoclinic systems involved, the precise details 
of which depend very much on the alignment of the 
copper-doped ZnN, chromophore present. In copper- 
doped [Zn(dien)JX,*H,O (X = C1 or Br), where the 

chromophores are virtually aligned,8 only four hyperfine 
lines are observed in the rotational e.s.r. spectra (except 
in the direction of g, where an almost isotropic signal was 
observed), consistent with only one magnetic site. Table 
5 lists the direction cosines for the observed g and A 
factors along with the direction cosines of the appro- 
priate copper-doped Zn-N directions. The g values 
clearly lie close to the bonding directions and establish 
the presence of an approximately d5~-2/a ground state for 

Q, 
u 
C 
0 

0 
UI 

n 

n 

L 

a 

FIGURE 4 

15.5 
A 

15.4 
n 

16 16 12 10 8 6 
I O - ~ ~  1 cm-l 

Polarised single-crystal electronic spectra (ref. 16) 
of (a)  copper-doped [Zn(dkn),]Br,*H,O ; (6) copper-doped 
[Zn(dien),][NO,], monoclinic type I ; and (c )  [Cu(dieii),]Br,* 
H,O. 

these copper-doped [Zn(dien),]X,=H,O systems, con- 
sistent with the data previously determined l6 for the 
pure [Cu(dien),]Br,*H,O, with g, associated with the 
N(2)-N(5) direction, g, with the N(4)-N(6) direction, and 
g, with the N( 1)-N(3) direction. Corresponding data 
were also obtained for the copper-doped [Zn(dien)J- 
Cl[ClO,] system, Table 5,  but due to the gross misalign- 
ment of the CuN6 chromophores, two magnetic sites are 
present misaligned by approximately 2~ = 75" and four 
e.s.r. lines only are observed in the ac-plane and in the 
unique b-axis spectra; elsewhere more than four lines 
were observed associated with the two magnetic sites 
present. Nevertheless, the data of Table 5 indicate that 
the g factors of the two separate sites correspond with 
the Cu-N directions of the copper-doped ZnN, chromo- 
phores. In  all the single-crystal data although the g and 

See ref. 16 for x ,  y,  and z notation 
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A factors may vary (Table 5 )  with temperature, their 
directions are temperature invariant. 

In all of the room-temperature and low-temperature 
polycrystalline and single-crystal e.s.r. spectra of the 
dilute copper-doped systems no evidence for nitrogen 
hyperfine splitting was observed despite the presence of 
CuN, chromophores. Table 6 reports the temperature 
variation of the polycrystalline e.s.r. spectra of the pure 
[Cu (dien) 2] Br2*H20 and [Cu (d ien),] C12*H20 complexes ; 
in both complexes g, increases with decreasing tem- 
perature and g, is almost temperature invariant, the 
position of g2 is much less certain but decreases in the 
former but not in the latter. This temperature variation 

higher intensity of the z-polarised band at 15 400 cm-l in 
the dilute system. The polarised single-crystal spec- 
trum, Figure 4 ( b ) ,  of the nearly aligned copper-doped 
[Zn(dien),][NO,], monoclinic system is also like that of 
the bromide and suggests that  the CuN, environments of 
the two dilute systems are very similar, in spite of the 
failure to isolate crystals of the pure monoclinic [Cu- 
(dien),][NO,], complex.12 In view of the similarity of 
the polarised spectra of the dilute and concentrated 
[Cu(dien),]Br,*H,O systems the spectra may be assigned 
in the manner previously reported for the pure copper(I1) 
complex,ls the results being listed in Table 9. 

Fluxional Model.-The marked temperature variation 

( 0 )  I =  0.860 

“5) 
(c) I =0.907 

1 
Disordered chromophores 

FIGURE 5 Local molecular structures of the MN, chromophores of l - l O O %  copper-doped [Zn(dien),]C1[CIO4J. (a) 100% Cu ; (b) 
100% Zn; (c) average Cu,.,, : Zn,.,,; (d) disordered 38% CuN,; and (e) disordered 62% ZnN, 

parallels the variation of the g factors in the dilute 
systems (except for the behaviour of the much less 
certain g2) and confirms that the temperature variation 
of at least g, and g, is independent of the copper(I1)-ion 
concentration. 

The electronic spectra of all these copper-doped 
[Zn(dien),]XY and [Cu(dien),]XY systems are very 
similar (Table 7) with two bands,16 the more intense at 
16 100 cm-l and the less intense at 9 500-9 900 cm-l and 
only the latter varies slightly with the anion present. 
For the systems of Table 7 the spectra were independent 
of the copper(I1)-ion concentration and showed little 
variation with temperature ((200 cm-l to  higher energy). 
The polarised single-crystal electronic spectra of the 
copper-doped [Zn(dien)ABr,*H,O system, Figure 4(a), 
was identical with that observed in the corresponding 
[Cu(dien),]Br,*H,O complex,16 Figure 4(c), except for 
some small but significant differences, in the energy of the 
lower-energy bands in particular, and the relatively 

of the e.s.r. spectra of these copper-doped systems can be 
understood in terms of the presence of fluxional be- 
haviour ,-, in the cuL6 chromophore as recently de- 
scribed for the copper-doped Ba[Zn(02CH),]*6H20, 
[Zn(hfacac),(py),], and K,[Zn(OH2)6][S04], systems. 
All of these systems occur in lower than cubic symmetry 
and the cuL6 chromophores will be subject to the pseudo- 
dynamic Jahn-Teller effect 4-6 to  varying degrees. 
Under the effect of the low crystal symmetry the ob- 
served cuL6 chromophore stereochemistry at  a par- 
ticular temperature is determined by the relative thermal 
population of the three available potential-energy wells, 
each corresponding to an elongated rhombic-octahedral 
stereochemistry misaligned in three mutually per- 
pendicular directions and related by the three-fold axis 
of the parent octahedron (Figure 6). When only the 
lowest potential-energy well, I ,  is occupied a static 
elongated chromophore is observed which is non- 
temperature variable, but if the next lowest potential- 
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energy well, 11, is low enough in energy (AE < kT) ,  then 
partial thermal population will occur and the observed 
stereochemistry will be a mean of the elongated rhombic- 
octahedral stereochemistries of I and 11, weighted 
according to their thermal population. In  addition the 
observed stereochemistry (and the associated e.s.r. 
spectra) will be temperature variable, a result that has 

TABLE 9 
The one-electron energy level assignment (cm-l) of (a)  

copper-doped [Zn(dien),]Br,*H,O, (b)  copper-doped 
[Zn(dien),][NO,], monoclinic type I, (c) pure [Cu- 
(dien) 2] Br,*H,O 

Assignment (4 (4 (4 
dz'+dz'-ya 9 4 0 0  8 800 8 800 
dz~+d,r-ya 10 300 9 800 9 900 
dzl+dz*-va 15 400 15 500 15 400 
d,+dzs_ya 15 200 15 800 15 900 

been predicted20*21 and confirmed by the recent low- 
temperature crystal structure ,, of [NH,],[Cu(OH,),]- 
[SO,], (see Table 10) where the elongated rhombic- 
octahedral stereochemistry of the room-temperature 
structure shows a marked increase in the elongation 
present a t  a temperature of sa. 150 K, which parallels 
marked changes in the e.s.r. spectra.23 

In the copper-doped [Zn(dien),]XY system the three 
elongation axes are along the N( 1)-Cu-N(3), N(4)-Cu- 
N(Ci), and N(2)-Cu-N(5) bonding directions; of these the 

m I n: 
FIGURE 6 Potential-energy diagram for the copper-doped 

[Zn(dien) JXY systems, elongated rhombic octahedral 

last one corresponds to the highest energy as it involves 
the most energetically unfavourable elongation against 
the constraint of the methylene links of the dien ligand. 
The two elongations involving the terminal nitrogen 
atoms are comparable, energetically, and of lower 
energy, with lattice-packing forces determining that I 
lies lowest, with I1 to slightly higher energy, but ther- 
mally accessible. The greatest elongation (and lowest 
tetragonality, T )  will occur when only I is occupied and 

will correspond to the least variation of gll or All with 
temperature. If AAII, Table 4, is taken as a measure of 
the variation of All with temperature, the larger AAll,  the 
greater the fluxional behaviour present, the higher the 
thermal population of 11, and the higher the observed 
tetragonality for the CuN, chromophore in the cor- 
responding pure copper(x1) complex. Where this data 
is available, Figure 7, it shows a reasonable correlation 

[C u ( d i en ),lCL t ClO, 1 /Y / I  0.83 I 
0 10 20 

A A,, 1 O/o 

FIGURE 7 Plot of the tetragonality (T)  of [Cu(dien),]XY 
complexes against AA 11, measured on the corresponding 
polycrystalline samples (see Table 4) 

between the observed tetragonality of the pure [Cu- 
(dien),]XY complexes and the corresponding value of 
AAll in the dilute systems, and suggests that  the small 
differences in the observed tetragonalities of these three 
complexes are real differences and arise from the in- 
herent differences in fluxional behaviour due to dif- 
ferent crystal-packing effects. The maximum value of 
g, and A ,  and the minimum value of g, and A ,  will occur 
when only I is occupied, i.e. a t  low temperature (Figure 
6);  with increasing thermal occupation of I1 the values 
of g, and A ,  will be lowered and those of g, and A ,  will 

TABLE 10 
The Cu-0 bond distances of [NH,J,[Cu(OH,),][SO,], 

a t  room temperature, 298 K, and at ca. 150 K 
298 K ca. 150 K 

Cu-O(7) 2.219(5) 2.30( 1) 

Cu-O(9) 1.961(5) 1.96( 1) 
Cu-O(8) 2.095(5) 2.02(1) 

increase, while gl and A ,  will remain temperature in- 
variant. The fluxional model for the temperature vari- 
ation of he e.s.r. spectra of these copper-doped systems 
is also consistent with the absence of any change in 
direction of the measured g values with change in 
temperature. This arises due to the correspondence of 
the direction of the separate g factors of the two 90" 
misaligned chromophores in the potential wells I and I1 
such that only the magnitudes of the average g factors 
are temperature variable and not their directions. 
While the above AAII  values, Table 4, give a measure of 
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the increasing fluxional behaviour of the different copper- 
doped systems it has not been possible to estimate the 
AE values of Figure 6 as the data of Figure 3 suggests 
that the minimum of the temperature variation has not 
been reached even at  the temperature of liquid nitrogen, 
and the g and A factors associated with the purely 
static CuN, stereochemistry are not available. 

The lack of variation in the energies of the electronic 
spectra of the copper-doped systems with concentration 
does suggest that there is, at most, only a small variation 
in the basic elongated rhombic-octahedral CuN, stereo- 
chemistry. The association of the differing tetragonal- 
ities with small differences in the extent of fluxional 
behaviour suggests that  the electronic spectra are very 
insensitive to differences in stereochemistry which must 
be locked in by the bite of the dien ligand, with crystal- 
packing factors modifying this only slightly from one 
lattice to another. The presence of fluxional behaviour 
will have little effect on the energies of the electronic 
transitions as these are relatively fast s) compared 
with the vibrations of the CuN, chromophore s). 
Consequently, the electronic transitions will correspond 
in energy to the extrema of the molecular vibrations 
associated with the vibronic mechanism, a factor which 
is consistent with the similarity of the polarised single- 
crystal electronic spectra of the concentrated and dilute 
copper-doped [Zn (dien),] Br2*H20 systems (Figure 4). 

It is relevant to ask whether the extent of fluxional 
behaviour is the same or different in concentrated and 
dilute copper-doped systems. The differences in the 
electronic spectra are minor and only in the aligned 
crystal system of the chloride and bromide complexes 
are the g factors (but not the A factors) similar in the 
concentrated and dilute form, and their separate vari- 
ations with temperature determinable (Agll) (Table 6). 
While the Agil values for the chloride and bromide 
are comparable, there is a significant difference between 
those of the concentrated and the dilute complexes, 
with the difference in the dilute complexes larger by 
a factor of two. This would suggest that the fluxional 
effect in the dilute systems may be greater than in the 
pure complexes, where the close proximity of like 
[Cu(dien),12+ cations would limit 24 the freedom of the 
cation to undergo independent fluxional behaviour. 
This is also consistent with the earlier observation l2 

that the copper(I1) ion readily distorts to give an 
elongated rhombic-octahedral stereochemistry which is 
independent of the compressed rhombic-octahedral 
stereochemistry of the ZnN, chromophore of the host 
lattice. For this reason, care should be exercised in 
equating the properties of the copper(I1) ion diluted into 
a diamagnetic host lattice with those of the concen- 
trated complex, even when the parent complexes are 
isomorphous, unless there is clear electronic evidence that 
they correspond. For the same reason it would be 
equally unwise to equate the local stereochemistry of a 
copper(I1) ion in a doped system with the geometry of 
the host lattice.26 

The term ' Plasticity effect ' 24 has been introduced 

recently to describe the ability of the copper(I1) ion to 
generate distortion isomers having the same empirical 
formulae but slightly different static local molecular 
stereochemistries and , corresponding slightly different 
ciectronic properties. This concept has been extended 
recently 26 to the formation of cation-distortion isomers 
in the series [Cu(dien)(bipyarn)]X, [X = NO,; ClO,. 
0.5H20, or C.l=H,O ; bipyam = bis(2-pyridyl)amine] in 
which the CuN, chromophore varies from a distorted 
trigonal-bipyramidal to a distorted square-pyramidal 
stereochemistry, but each with a static local molecular 
stereochemistry. The three complexes [Cu(dien),]XY, 
(X = Cl, Y = ClO,; X = Y = C1*0.5H20; and X = 
Y = Br*0.5H20) also represent a series of cation- 
distortion isomers in which the rhombic-octahedral 
CuN, chromophore increases its apparent tetragonality 
from 0.835 to 0.860, a change that is associated not with 
a variation in a static stereochemistry but with a change in 
the fluxional properties of the CuN, chromophore. 
Consequently, while the existence of distortion isomers 24 

(as well as cation- or anion-distortion isomers may 
be associated with the plasticity effect of the copper(1.r) 
ion,% the isomers may be observed with either static 
or fluxional stereochemistries. 
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