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of related delocalized clusters but with higher Fe:Mo ratios. 
Lastly, the set of electronic features now determined for 
MoFe,S4 clusters provides a meaningful test of any theoretical 
electronic structural model. One such model, based on the 
Xa  approach, has been d e ~ e l o p e d . ~ ’  Registry No. 1, 86645-74-1; 7, 86667-97-2; [MoFe3S4(SEt),- 

(Pr2cat)(Me2SO)J2-, 86645-75-2; (Et4N),[Mo2Fe6Ss(S-p- 

University (Grant CHE 81-06017) and the  Francis Bitter C6H4C1)4((al)2cat)], 80789-40-8; [MoFe3S4(S-p-C6H4Cl),- 
( (al),cat)CNIf, 80702-97-2; [WFe3S4(S-p-C6H4CI)~((al)2cat)cN]*, 
841 30-55-2; [MOF~~S~(S-~-C~H~C~)~((~~)~C~~)(M~CN)]~-, 80702- 
98-3; [ MoF~~S~(SP~)~(P~~C~~)(M~~SO)]*-, 86645-76-3. 
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Five-coordinate Cu2+ complexes were studied by means of ligand field and EPR spectroscopy in the compounds Cu(ter- 
py)X2-nH20 (X = C1-, Br-, I-, NO2-, NO3-, F). In addition single-crystal structure analyses of Cu(terpy)Cl2.nH2O (n 
= 0, P2,/a; n = 1, C2/c) were performed. The CuN3CI2 polyhedra are essentially tetragonal pyramids, though the influence 
of the rigid tridentate terpy ligand leads to deviations from this geometry. The pyramids are strongly elongated with apical 
Cu-CI spacings of -2.50 A and relatively short equatorial bonds. Similar geometries are derived from the spectroscopic 
data of most of the cited compounds. Apparently the elongated tetragonal bipyramid is the favored geometry for fivecoordinate 
Cu2+ complexes of the considered constitution. In the EPR spectra of some compounds exchange coupling between Cu2+ 
polyhedra of different orientations in the unit cell is observed. From the cooperative g tensors the molecular g values could 
be derived, with use of the crystallographic data. 

Introduction 
During the  preparation of the compounds Cu(terpy),X2- 

nHzO with Cu(terpy)?+ cations, in which Cu2+ is bonded to 
six N atoms in a strongly distorted octahedral coordination,’V2 
we observed the formation of the complexes Cu(terpy)X2- 
nH20 also. In these compounds the Cuz+ ions are bonded to 
three N atoms and two additional ligands. While the sym- 
metry of the  Cu(terpy), entities is determined by a strong 
first-order Jahn-teller effect, the  stereochemistry of the 
five-coordinated complexes can be discussed on the basis of 
a second-order Jahn-Teller effect with respect to  the  alter- 
native trigonal-bipyramidal (TBP) and square-pyramidal (SP) 
g e ~ m e t r y . ~  Electrostatic  calculation^^*^ show that  the  TBP 
geometry-with longer axial than equatorial bond lengths-is 
energetically slightly more stable than the SP geometry with 
a contracted apical bond distance, if electronic effects are 
absent. We are interested in the question of whether the 
presence of the  d9 cation Cu2+ will influence these relative 
stabilities and will consider this problem on a more general 
basis e l ~ e w h e r e . ~  In the  following we will report about the  
crystal structures of Cu(terpy)ClZ.nH2O with n = 1 and n = 
0 and give the results of spectroscopic measurements on a series 
of mostly newly prepared complexes, Cu(terpy)X2.nH20 (X 
= C1-, Br-, I- NOz-, NO3-, F). An interesting aspect in this 
connection is the correlation of the EPR spectra and the co- 

(1) w. Henke and D. Reinen, Z .  Anorg. Allg. Chem., 436, 198 (1977). 
(2) R. Allmann, W. Henke, and D. Reinen, Inorg. Chem., 17,378 (1978). 
(3) D. Reinen and C. Friebel, Inorg. Chem., in press. 
(4) R. J. Gillespie and R. S. Nyholm, Q. Rev., Chem. Soc., 11,339 (1957). 
(5) D. L. Kepert in “Inorganic Chemistry Concepts”, Vol. 6, Springer- 

Verlag, New York, 1982, p 36. 
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ordination geometries. This matter is rather complicated, 
however, because exchange interactions between Cuz+ poly- 
hedra with different orientations in the  unit cell may be 
present. 

Experimental Section 
Preparation of the Compounds Cu(terpy),X2.nH20. X = C1-. 

Concentrated solutions of CuCI2.2H20 in water and terpyridine in 
ethanol are united in the molar ratio 1:2. The green precipitate 
corresponds to m = 2 with varying water content (n N 2-4).’s2 The 
solid compounds dewmpare to the complex with m = 1 and tqyridme, 
if they are sharply dried over P205 or cautiously heated. The process 
is reversible, as we have found by means of X-ray analysis and ligand 
field (Figure 1) and EPR spectroscopy. If one dissolves CuC12.2H20 
and terpyridine (molar ratio 1:l) in boiling water (concentrated 
solution), green crystals of Cu(terpy)CI2 with n = 0 and n = 1 form 
side by side on cooling. The dark green crystals, which precipitate 
from the mother liquor if it is slowly evaporated in air at room 
temperature, have exclusively n = 1, however. The compound with 
n = 0 is not hygroscopic but stable even in moist air. It had been 
prepared and characterized by X-ray powder diagrams earlier! Anal. 
Calcd for m = 2, n = 4: C, 53.5; H, 4.5; N, 12.5. Found: C, 53.4; 
H, 4.0; N, 12.4. Calcd for m = 1, n = 1: C, 46.6; H, 3.3; N, 10.8. 
Found: C, 46.7; H, 3.4; N, 10.9. Calcd for m = 1, n = 0: C, 49.0; 
H, 3.0; N, 11.4. Found: C, 48.8; H, 3.1; N, 11.2. 

X = Br-, I-. The light green compound Cu(terpy)Br2 is accessible 
indirectly by careful heating of C~( t e rpy )~Br~ .3H~O or directly from 
hot solutions of Cu(NO& and terpyridine by precipitation with a 
slight excess of KBr, by a procedure analogous to that described above. 
Brown crystals of Cu(terpy)12 are obtained by precipitation with KI. 
Anal. Calcd for X = Br-: C, 39.5; H, 2.4; N, 9.2. Found: C, 39.8; 

(6) C. M. Harris, N. N. Lockyer, and N. C. Stephenson, Ausr. J .  Chem. 
19, 1741 (1966). 
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Table I. Positional and Thermal Parameters for Cu(terpy)Cl, 
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Cul 
Cl1 
c12 
N 1  
N2 
N3 
c2 
c1 
c3 
c4 
c 5  
C6 
c7 
C8 
c9 
c10 
c11 
c12 
C13 
C14 
C15 

0.10969 (5) 
0.2357 (1) 
0.1286 (1) 
0.1183 (3) 

0.0535 (3) 
0.1871 (5) 
0.1885 (4) 
0.1118 (5) 
0.0392 (4) 
0.0438 (4) 

-0.0081 (3) 

-0.0285 (4) 
-0.1117 (4) 
-0.1714 (4) 
-0.1503 (4) 
-0.0663 (4) 
-0.0303 (4) 
-0.0784 ( 5 )  
-0.0372 (5) 

0.0483 (5) 
0.0922 (5) 

0.0669 (1) 
0.0227 (2) 
0.3144 (2) 

0.0277 (7) 
0.1931 (7) 

-0.1045 (6) 

-0.2872 (9) 
-0.1717 (9) 
-0.3327 (9) 
-0.2663 (9) 
-0.1508 (8) 
-0.0681 (8) 
-0.0878 (8) 
-0.001 2 (9) 

0.0954 (9) 
0.1080 (8) 
0.2010 (8) 
0.2899 (9) 
0.3742 (9) 
0.3679 (9) 
0.2744 (9) 

0.20687 (7) 
0.1356 (2) 
0.3360 (2) 
0.3466 (5) 
0.2272 (5) 
0.0572 (5) 
0.4941 (7) 
0.4002 (6) 
0.5339 (6) 
0.4818 (6) 
0.3874 (6) 
0.3221 (6) 
0.3492 (6) 
0.2752 (7) 
0.1769 (7) 
0.1568 (6) 
0.0559 (5) 

-0.0342 (6) 
-0.1254 (7) 
-0.1225 (6) 
-0.0308 (7) 

1.50 (3) 
1.97 (7) 
2.45 (7) 
2.3 (2) 
1.6 (2) 
2.2 (2) 
3.0 (3) 
2.0 (3) 
3.5 (4) 
3.1 (3) 
1.5 (3) 
1.9 (3) 
2.4 (3) 
2.0 (3) 
2.1 (3) 
2.1 (3) 
2.7 (3) 
3.2 (4) 
4.9 (4) 
4.6 (4) 
3.6 (4) 

2.04 (3) 
3.25 (9) 
2.19 (7) 
1.1 (2) 
2.3 (3) 
2.0 (2) 
2.3 (3) 
3.2 (3) 
2.7 (3) 
2.4 (3) 
2.5 (3) 
1.6 (3) 
2.2 (3) 
3.9 (3) 
3.2 (4) 
1.5 (3) 
2.2 (3) 
2.2 (3) 
2.5 (3) 
2.1 (3) 
2.1 (3) 

2.29 (3) 
4.14 (9) 
2.69 (7) 
2.2 (2) 
2.1 (2) 
2.2 (2) 
3.3 (3) 
2.8 (3) 
2.6 (3) 
2.4 (3) 
2.4 (3) 
2.6 (3) 
3.0 (3) 
3.4 (4) 
2.9 (3) 
2.4 (3) 
2.0 (3) 
2.6 (3) 
2.5 (3) 
2.3 (3) 
3.2 (3) 

-0.1 2 (3) 
0.08 (6) 

-0.32 (6) 
-0.0 (2) 
-0.0 (2) 
-0.0 (2) 

0.8 (3) 
0.7 (3) 
0.6 (3) 
0.1 (3) 

-0.2 (2) 
-0.4 (2) 
-0.2 (3) 
-0.3 (3) 

0.3 (3) 
0.1 (2) 

-0.3 (2) 
0.7 (3) 

-0.0 (3) 
-0.6 (3) 
-0.7 (3) 

0.39 (2) 
1.33 (6) 
0.13 (6) 
0.3 (3) 
0.5 (3) 
0.5 (2) 

-0.9 (3) 
-0.2 (2) 
-0.2 (3) 

0.9 (2) 
0.2 (2) 
0.3 (2) 
0.8 (2) 
0.5 (3) 

-0.4 (2) 
0.1 (2) 

-0.0 (2) 
-0.1 (2) 
-0.1 (2) 

0.4 (3) 
1.3 (3) 

0.01 (3) 
-0.13 (7) 
-0.28 (6) 
-0.5 (2) 
-0.3 (2) 
-0.3 (2) 
-0.4 (3) 

0.1 (3)  
0.6 (3) 

-0.2 (3) 
-0.2 (2) 
-0.6 (2) 

0.0 (3) 
-1.0 (3) 

0.1 (3) 
-0.3 (2) 
-1.0 (2) 
-0.1 (2) 

0.6 (3) 
-0.5 (3) 
-0.4 (3) 

atom x la Ylb  I C  B, A' atom x la Y l b  z lc  B, A' 
H1 0.243 (4) -0.140 (8) 0.364 (6) 3 (2) H9 -0.191 (3) 0.147 (7) 0.122 ( 5 )  2 (1) 
H2 0.236 (5) -0.334 (11) 0.548 (8) 7 (2) 
H3 0.115 (4) -0.430 (8) 0.592 (5) 2 (1) 
H4 -0.012 (4) -0.296 (9) 0.499 (8) 5 (2) 
H7 -0.121 (4) -0.163 (8) 0.394 (6) 3 (2) 
H8 -0.228 (4) -0.005 (7) 0.293 (5) 2 (1) 

6 0 10 12 14 16 10 6 8 10 12 14 16 18 
[103,,-~] 

Figure 1. Reflection spectra of (1-111) Cu(terpy),C12.nH20 (298 K) 
(I, m = 2; 11, m = 1 after drying over P205; 111, after exposure to 
moist air), (IV) Cu(terpy)C12 (4.2 K), and (V) Cu(terpy)12 (4.2 K). 
Band assignments for I, 111, and IV are according to C,, symmetry; 
sharp peaks below 6500 cm-' are due to the terpyridine ligand.' 

H, 2.3; N, 9.2. Calcd for X = I-: C, 32.7; H, 2.0; N, 7.6. Found: 
C, 33.1; H, 1.9; N, 7.7. 
X = NOT. Green crystals of C~(terpy)(NO,)~.2H~O were obtained 

from aqueous solutions of C U ( N O ~ ) ~  and terpyridine. We prepared 
the copper salt by reacting AgNO, with CuC1,. Anal. Calcd: C, 
42.4; H, 3.6; N, 16.5. Found: C, 42.4; H, 3.2; N, 15.9. 
X = NO3-. The reaction of C U ( N O ~ ) ~ . ~ H ~ O  and terpyridine in 

water and subsequent recrystallization yielded blue needles, which 
become opaque without mother liquor. The analysis is in agreement 
with the constitution C ~ ( t e r p y ) ( N O ~ ) ~ . H ~ 0 .  Anal. Calcd: C, 41.1; 
H, 3.0; N, 16.0. Found: C, 41.2; H, 2.8; N, 15.5. By drying the 
complex over P205 in vacuo, we obtained the anhydrous compound, 
which reversibly takes up water again in air. 

X = F. CuF, dissolves readily in boiling water in the presence 
of terpyridine. Only by evaporating the dark green solution nearly 
to dryness did we obtain a very hygroscopic compound of the pre- 
sumable constitution Cu(terpy)F2.nH20. 

Optical Measurements. The ligand field reflection spectra were 
recorded by a Zeiss PMQII spectrometer (Infrasil) with a low-tem- 
perature attachment. We used Sr2ZnTe06 (4000-12000 cm-I) and 

~ 1 2  -0.142 i4j 0.293 igj -0.038 i6j 4 i2j 
H13 -0.065 (4) 0.426 (8) -0.186 (5) 2 (1) 
H14 0.077 (4) 0.430 (9) -0.179 (7) 4 (2) 
H15 0.145 (4) 0.264 (8) -0.028 (5) 2 (1) 

freshly sintered MgO (8000-30 000 cm-') as standards. 
EPR Measurements. The EPR spectra were taken with a Varian 

E15 spectrometer (35 and 9 GHz) at 298,77, and 4.2 K. DPPH was 
used as internal standard (g = 2.003,). 

X-ray Structure Analysis of Cu(terpy)C12.nHz0 (n = 0,l) .  A light 
green (n = 0) single crystal with the habit of a truncated pyramid 
and a dark green single crystal (n = 1) of column shape, both of about 
0.01 mm3 volume, were chosen for the structural analysis. The h u e  
symmetry was 2 / m  in both cases. The intensities were measured with 
an automated Philips PW 1100 four-cycle diffractometer at 298 K 
and the data collected up to 0 23' b a w/20 scan technique (scan 
width 1.2') using Mo Ka (0.71069 i ) radiation (graphite mono- 
chromator). No absorption corrections were applied. 

n = 0. From the experimental extinctions (h01,l = 2n; OkO, k = 
2n) the space group P21/a could be uniquely deduced, which is easily 
transformable into P2, /c  (No. 14). We obtained the cell dimensions 
by a least-squares fit of 14 reflections: a = 16.088 (8) pm, b = 8.249 
(5) pm, c = 10.680 (4) pm, and B = 94.66 (3)' with Z = 4. The 
integral intensity and the background on both sides were measured 
for each reflection. From 4182 reflections 1669 remained that were 
symmetry independent. A total of 240 reflections had an intensity 
below the limit of observation: Fmin = 2 4 7 )  (a(F) is derived from 
the statistical standard deviation of a single measurement, u(Z)). They 
were included in the refinement but not in the calculation of the 
reliability factor R = EllF,,l- IFcll/CIFol. The positional parameters 
of the heavy atom could be deduced from the Patterson map. The 
subsequent first isotropic refinement (X-ray system 72) led to R = 
0.34. The difference Fourier syntheses yielded then all atoms in the 
asymmetric unit with the exception of the hydrogen atoms. Their 
positions were calculated with the assumption of a C-H bond length 
of 1 A. The last isotropic refinement resulted in R = 0.13. The final 
anisotropic refinement (H atoms isotropic) led to R = 0.054. Of the 
240 unobserved reflections only 2 were calculated to have intensities 
between 2 4 7 )  and 3 4 7 ) .  The final atomic and thermal parameters 
are given in Table I. 
n = 1. The observed extinctions (hkl,  h + k = 2n + 1; hOl, 1 = 

2n + 1; OkO, k = 2n + 1) are compatible with the space groups C 2 / c  
(No. 15) and Cc (No. 9). We decided to choose C2/c ,  because a test 
by means of Wilson statistics is in far better agreement with a cen- 
trosymmetrical space group. The analysis followed the same procedure 
as described for n = 0. While the H atoms of the terpyridine ligand 
were found in the Fourier map, the hydrogen atoms of the water 
molecule could not be detected. The dimensions of the monoclinic 
unit cell with Z = 8 are a = 17.18 (1) A, b = 9.54 (1) %., c = 18.76 
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Table 11. Positional and Thermal Parameters for Cu(terpy)CI,.H,O 

Henke, Kremer, and Reinen 

cu 1 
c11 
c12 
N1 
N2 
N3 
c1 
c2 
c 3  
c 4  
c 5  
C6 
c7 
C8 
c 9  
c10 
c11 
c12 
C13 
C14 
C15 
0 1  
0 2  

0.30922 (2) 
0.18399 (5) 
0.37656 (5) 
0.3232 (2) 
0.4043 (2) 
0.321 7 (2) 
0.2760 (2) 
0.2939 (2) 
0.3617 (2) 
0.4106 (2) 
0.3901 (2) 
0.4369 (2) 
0.5063 (2) 
0.5383 (2) 
0.5026 (2) 
0.4341 (2) 
0.3861 (2) 
0.4044 (2) 
0.3556 (2) 
0.2908 (2) 
0.2756 (2) 
0.50 
0.0 

0.12094 (5) 
0.0730 (1) 

0.2838 (3) 
0.2055 (3) 
0.01 10 (3) 
0.3186 (4) 
0.4257 (4) 
0.4992 (4) 
0.4657 (4) 
0.3568 (4) 
0.3109 (4) 
0.3687 (4) 
0.3175 (4) 
0.2121 (4) 
0.1565 (4) 
0.0446 (4) 

-0.0576 (1) 

-0.021 8 (4) 
-0.1272 (4) 
-0.1633 (4) 
-0.0910 (4) 

0.1529 (5) 
0.2450 (5) 

0.07072 (2) 
0.07824 (5) 
0.15883 (5) 
0.1415 (2) 
0.0435 (1) 

0.1905 (2) 
0.2394 (2) 
0.2371 (2) 
0.1861 (2) 
0.1395 (2) 
0.0825 (2) 
0.0663 (2) 
0.0074 (2) 

-0.0208 (2) 

-0.0340 (2) 
-0.0143 (2) 
-0.05 17 (2) 
-0.1 123 (2) 
-0.1420 (2) 
-0.1102 (2) 
-0.0497 (2) 

0.25 
0.25 

2.07 (2) 
1.92 (4) 
2.88 (4) 
2.5 (1) 
2.1 (1) 
2.6 (1) 
3.4 (2) 
4.2 (2) 
4.3 (2) 
3.3 (2) 
2.5 (2) 
2.3 (1) 
2.5 (2) 
2.4 (2) 
2.7 (2) 
2.5 (1) 
2.6 (1) 
3.6 (2) 
5.0 (2) 
4.4 (2) 
3.3 (2) 
5.9 (2) 
8.1 (3) 

2.47 (2) 
3.74 (5) 
3.80 (5) 
2.5 (1) 
2.2 (1) 
2.4 (1) 
3.1 (2) 
3.7 (2) 
3.5 (2) 
3.1 (2) 
2.5 (2) 
2.1 (1) 
2.7 (2) 
3.3 (2) 
3.2 (2) 
2.4 (2) 
2.5 (2) 
3.5 (2) 
3.9 (2) 
3.4 (2) 
3.2 (2) 
4.8 (2) 
3.4 (2) 

2.52 (2) 
3.70 (5) 
3.26 (5) 
2.6 (1) 
2.3 (1) 
2.6 (1) 
3.1 (2) 
3.2 (2) 
3.4 (2) 
3.6 (2) 
2.4 (1) 
2.5 (2) 
3.7 (2) 
4.3 (2) 
3.3 (2) 
2.5 (2) 
2.4 (2) 
3.0 (2) 
3.2 (2) 
3.6 (2) 
3.3 (2) 
5.2 (2) 

11.4 (4) 

-0.36 (2) 
-0.41 (3) 

-0.0 (1) 
-0.1 (1) 
-0.3 (1) 

0.1 (1) 
0.8 (2) 
0.1 (2) 

-0.2 (1) 
0.0 (1) 

-0.1 (1) 
-0.4 (1) 
-0.3 (2) 

0.1 (1) 
0.3 (1) 
0.1 (1) 
0.2 (2) 
0.1 (2) 

-0.7 (2) 
-0.6 (1) 

0 
0 

0.73 (4) 

0.43 (1) 
0.27 (3) 
0.41 (3) 
0.5 (1) 
0.3 (1) 
0.2 (1) 
0.8 (1) 
0.9 (1) 
0.2 (2) 
0.2 (1) 

-0.0 (1) 
0.1 (1) 
0.3 (1) 
0.7 (1) 
1.0 (1) 
0.4 (1) 
0.1 (1) 
0.7 (1) 
0.3 (2) 

-0.2 (2) 
0.1 (1) 
1.2 (2) 

-5.5 (3) 

0.09 (2) 
0.42 (4) 
0.93 (4) 
0.1 (1) 
0.3 (1) 
0.2 (1) 
0.4 (1) 

-0.1 (2) 
-0.8 (2) 
-0.3 (1) 

0.3 (1) 
0.2 (1) 
0.0 (1) 
0.5 (2) 
0.3 (1) 
0.4 (1) 
0.4 (1) 

-0.2 (1) 
-0.8 (2) 
-0.5 (2) 

0.2 (1) 
0 
0 

atom xla Ylb  zic E, A* atom x la Ylb  Z I C  E ,  A' 

H1 0.228 12) 0.265 (4) 0.188 (2) 4 11) H9 0.526 12) 0.179 14) -0.073 12) 4 11) 
~2 0.257 i3j 0.450 i5j 0.274 (2) 6 i i j  
H3 0.377 (2) 0.572 (4) 0.266 (2)  5 (1) 
H4 0.457 (2) 0.517 (4) 0.185 (2) 4 (1) 
H7 0.532 (2) 0.446 (4) 0.095 (2) 4 (1) 
H8 0.584 (3) 0.352 (5) 0.000 (3) 8 (1) 

~ 1 2  0.449 i2j 0.004 i4j -0.133 i2j 5 i i j  
H13 0.369 (2) -0.172 (5) -0.183 (2) 6 (1) 
H14 0.256 (2) -0.234 (5) -0.126 (2) 6 (1) 
H15 0.234 (2) -0,111 (4) -0.025 (2) 4 (1) 

F i e  2. Geometry of Cu(terpy)CI2 polyhedra in Cu(terpy)C12.nH20 
(n = 0, 1). 

(1) A, and j3 = 96.8 (1)'. The total number of measured reflections 
is 4080 and the number of symmetry-independent reflections 2007. 
A total of 136 reflections had an intensity below 2u(F). The final 
R value was 0.029. The atomic and thermal parameters are collected 
in Table 11. The oxygen atom of the water molecule occupies two 
independent positions on the twofold axis.2' 

The scattering factors were taken from ref 7 for Cu, ref 8 for C1 
and 0, ref 9 for N and Cval, and ref 10 for H. 

Results and Discussion 
The Cu2+ ions are coordinated by the tridentate terpyridine 

molecule and the two C1- ions in both Cu(terpy)C12.nH20 
compounds (n = 0,l). The CuN3C12 geometries are best 
described as square pyramidal in reasonable approximation 

(7) D. T. Cromcr and J. T. Waber, Acta Crystallogr., 18, 105 (1965). 
(8) H. P. Hanson, F. Herman, J. D. Lea, and S. Skilman, Acta Crystallogr., 

17, 1040 (1964). 
(9) "International Tables for X-ray Crystallography", Vol. 3, Kynoch Press, 

Birmingham, England, 1972, Table 3.3 A. 
(10) R. F. Stewart, E. R. Davidson, and W. T. Simpson, J.  Chem. Phys., 42, 

3175 (1965). 
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Figure 3. Bond lengths (above) and bond angles (below) for Cu- 
(terpy)CI2: Cu-CI2, 2.469 A; ~C12-Cu-Cl1, 104.5'; LC12-Cu-Ni 
= cy,, a, = 99.5', a2 = 98.7', a3 = 92.4'. Standard deviations: u(C-C) - 
= 0.009 A, u(C-N) = 0.008 A, u(LC-C(N)-C) = 0.9', ~ ( C U - N )  
= 0.005 A, u(Cu-Cl) = 0.002 A, u(LN-Cu-N(C1)) = 0.4'. 

(Figure 2, Table 111). The N atoms and one Cl- ion represent 
the equatorial plane and are bonded in a relatively short 
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0 cu Table 111. Local Symmetry of CuN,Cl, Polyhedra in 
Cu (t erp y)C1 2*n H Oa 

eSpb eTBpb d e: Q ~ C  e l d  ee 

N1 -100 90 90 99.,  7 9  94., 80 97 78., 
N2  -100 120 0 98., 0 96.,  0 125 0 
N3 -100 90  270 92.,  280 96.,  279.,  97 281., 
C11 -100 120 180 104.,  181 101 179., 111 180 
c12 0 0 0 0 0 

(Figure 2). All coordinates are in degrees. Values for ideal 
TBP and SP (Q angles identical). 
with n = 0. 
e Values for Co(terpy)(NCO), l6 are included for comparison. 

distance, while the apical C1- ligand is found in comparatively 
great distance from the central Cu2+ ion. Bond lengths and 
bond angles are given in Figures 3 and 4.21 Because of the 
rigidity of the terpyridine ring the angles N2-Cu-N1 and 
N2-Cu-N3 deviate from 90" by about 10' and the Cu-N2 
bond length is smaller than Cu-N1,3 by 0.1 A. The average 
Cu-N distances (2.02 (2.01) A for n = 0 (1)) are much 
smaller than the average Cu-N bond length in C ~ ( t e r p y ) ~ -  
(NO3), (2.12 A)? The same is true for the Cu-Cll bond (2.25 
(2.22) A for n = 0 (1)) in comparison to the average distances 
in CuCIS3- polyhedra (2.35 A).3J1 On the other hand, the 
apical Cu-Cl2 bond is appreciably longer (2.47 (2.55) A for 
n = 0 (1)). The evidence of a strongly "apically elongated" 
square-pyramidal coordination is supported by further struc- 
tural results. Cu(terpy)(CN)N03.H20 crystallizes in the same 
space group as Cu(terpy)C12 and contains also elongated 
SPs.l2 The CN- ions bridge two polyhedra, in which the C 
atom is bonded in the equatorial plane (1.92 A) and the N 
atom occupies the apical position in a quite large distance from 
Cu2+ (2.21 A). The Cu-N1,2,3 bond lengths are the same 
as in the C1- compounds; the NO3- ion and the H 2 0  molecule 
are not bonded to Cu2+. C~(terpy)(NO,)~.H~0 is especially 
interesting, because H 2 0  participates in the bonding to CU*+.'~ 
It is found in the long-distance apical position (2.24 A), while 
one NOz- ion is bonded to Cuz+ in the equatorial plane via 
an 0 ligator atom (1.97 A). The Cu-N bond lengths are again 
the same as in the C1- complexes (2.01 A in the average). The 
second NO2- ion does not coordinate. 

The comparison of the geometries of the CuN3C12 entities 
in Cu(terpy)Cl2.nH2O with the corresponding Co2+ polyhedron 
in Co(terpy)C12 (space group P ~ ~ / C ) ' ~  is quite informative. 
The Co2+ coordination is also approximately square pyramidal, 
but no bond length anomalies are observed. Though the ionic 
radii of high-spin Co2+ and Cu2+ are nearly identical, the 
average Co-N bond length (2.13 A) is much larger than the 
comparable Cu-N distance. Also the two C d l  bond lengths 
are equal (2.29 A) and rather intermediate between Cu-Cll 
and Cu-C12 in CuN3C12. Similar bond lengths as in Co- 
(terpy)C12 are found in Zn(terpy)C12,15 though the ZnN3C12 
geometry is intermediate between SP and TBP. Finally the 
compound C~(terpy)(NCO)~ demonstrates that the tridentate 
ligand can also accommodate a trigonal-bipyramidal coordi- 
nation with the N atoms in one equatorial and the two axial 
positions. The difference in geometry between the CoNS 
polyhedron in the mentioned compound and the CuN3C12 
entities is clearly demonstrated, if polar coordinates are used 
(Table 111). Again bond length anomalies (2.115 A (ter- 

a 0, @ = polar coordinates with respect t o  Cu-Cl2 bond direction 

Values for Cu(terpy)Cl,.nH,O 
Values for Cu(terpy)Cl,.nH,O with n = 1. 

(11) K. N. Raymond, D. W. Meek, and J. A. Ibers, Inorg. Chem., 7 ,  1111 
( 1968). 

(12) 0. P. Anderson, A. B. Packard, and M. Wicholas, Inorg. Chem., 15, 
1613 11976). ,-- -,- 

(13) R.Allmann, S. Kremer, and D. Kucharczyk, to be submitted for pub- 
lication . . _ _  _._ .. . 

(14) E. Goldschmied and N. C. Stephenson, Acta Crystallogr., Sect. B, B26, 
1867 (1970). 

(IS) F. W. B. Einstein and B. R. Penfold, Acta Crystallogr., 20, 924 (1966). 

13 

1 
Figure 4. Bond lengths (above) and bond angles (below) for Cu- 
(terpy)CIz.HzO: Cu-C12, 2.554 A; ~C12-Cu-Cl1, 100.9O; ~C12- 
Cu-Ni ai, a1 = 94.4O, a2 = aj = 96.7O. Standard deviations: 
u(C-C) 0.005 A, u(C-N) = 0.004 A, u(LC-C(N)-C) = 0.3O, 
~(CU-N) = 0.003 A, u(CU41) = 0.001 A, u(LN-Cu-N(C1)) = 0.1'. 

pyridine, 3X) and 1.95 A (NCO-, 2X))16 are not observed in 
the CoN5 polyhedron. We may conclude that in the com- 
pounds Cu(terpy)X2*nH20 with five-coordinated Cu2+ poly- 
hedra the apically elongated SP is the energetically preferred 
geometry. 

While each of the three pyridine rings in the compounds 
Cu(terpy)C12*nH20 is planar, they are slightly inclined toward 
each other by 6 O  at the most within the terpyridine frame. The 
N1 and N3 atoms deviate from the best equatorial plane by 
nearly 0.1 A (n = 0) and 0.05 A (n = 1) and the N2 and C11 
atoms by about -0.1 A (n = 0) and -0.05 A (n = 1). The Cu2+ 
ions lie 0.26 A (n = 0) and 0.33 A (n = 1) above this plane. 
Obviously the CuN3C12 polyhedron in Cu(terpy)C12.H20 
deviates less from a regular square pyramid than the one in 
the anhydrous compound (compare also the polar coordinates 
in Table 111). This argument is probably the reason for the 
comparatively larger difference between apical and equatorial 
Cu-Cl bond lengths in Cu(terpy)C12.H20. It is not easy to 
find an explanation for these slightly different local geometries, 
however. Possibly hydrogen bonding between C12 and H 2 0  
induces an elongation of the apical Cu-C12 bond length. 
Though we were not able to localize the hydrogen positions 
of the water molecule in the Fourier maps, the W 1 2  distances 
of 3.2 A are short enough indeed to give a strong argument. 

The positions of the four CuN3C12 square pyramids in the 
unit cell of the anhydrous compound-projected into the bc 
plane-are shown in Figure 5. The polyhedra around Cul 
and Cu2 as well as Cu3 and Cu4 are connected by an inversion 
center with an antiparallel orientation of the long Cu-Cl2 axes. 
The angle between the Cul-C12 and Cu3,4-C12 bond direc- 

(16) D. L. Kepcrt, E. S. Kucharski, and A. H. White, Inorg. Chem., 19,1932 
(1980). 
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Figure 5. Projection of the four CuN3C12 polyhedra in the unit cell 
of Cu(terpy)CI2 into the (100) plane. 

tions (Cul-Cu3 distance 7.54, Cul-Cu4 distance 8.59 A) is 
26’ = 68.4’, however. Though two signals are thus expected 
in a single-crystal EPR experiment, only one g tensor is ob- 
served. Hence, it seems reasonable to assume that the two 
sublattices Cul and Cu3 (Cu2 and Cu4) with a distance below 
8 A are exchange coupled.” The experimental g values are 
glcx = 2.ltI8, gzex = 2.135, and g3eX = 2.0T0 (298 and 77 K, g 
= 2.13,) (Figure 6). They obviously do not reflect the ap- 
proximate square-pyramidal geometry of the CuN3CI2 entity, 
because the following molecular g values are expected for a 
dX2-,,z ground state in C,, symmetry: 

gll = gz = go + gull g, = gx = gy = go + 2u, (1) 

Exchange interactions between differently oriented polyhedra 
with the canting angle 2d8 will induce a coupled g tensor, 
however: 

glex = (cos2 t)gll + (sin2 t)g, 
(2) 

gzex * (sin2 t)gll + (cosz t)g, g3eX = g, 

For 2t = 90’ (“antiferrcdistortive order”I9 of SP’s) eq 2 sim- 
plifies to 

gllcx = g, glcx = Mgll + g,) (2a) 

The canting angle 2t is easily calculated from the exchange- 
narrowed g tensor of eq 2: 

(2b) 
glex - g2ex 

glex + g2eX - 2g3ex 
cos 2t = 

We obtain 2t = 73’, in reasonable agreement with the crys- 
tallographic value of 2tf.’* The resulting molecular g tensor 
is gll = 2.2s3, g, = 2.070. The sequence gll > g, > go indeed 

(17) A direct Cuz*-Cu2+ exchange is rather improbable. The exchange 
pre-sumably occurs via an overlap between the spacious terpyridine rings 
of different Cu(terpy)L, polyhedra. The Cu-Cu distances may be 
useful as rough orientations concerning the strength of the electronic 
interaction but give no information concerning the superexchange 
pathway. 

( 1  8) Because the g, components of an axial molecular g tensor are presum- 
ably located in the best equatorial plane, 2e is defined as the canting 
angle between the normals to the equatorial planes of two interacting 
polyhedra, which is not necessarily equal to 2e’ (2e’ = crystallographic 
canting angle between the long axes of two interacting square pyramids). 

(19) D. Reinen and C. Friebel, Sfruct. Bonding (Berlin), 37, 1 (1979). 
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Figure 6. EPR powder spectra of Cu(terpy)C12.nH20 (I, n = 0; 11, 
n = 1) and C~(terpy)(NO~)~-2H~O (111). 

reflects eq 1 and is indicative of a d,2-y2 ground state. A 
trigonal-bipyramidal geometry demands g, > g,, N go. The 
g tensor in this case is explicitly 

gll = go g, = go + 6u.L (3) 
Though the symmetry of the CuN3C12 polyhedra deviates 
significantly from C,, we have based our calculation on the 
assumption of regular square pyramids. Presumably the 
molecular g tensor is slightly orthorhombic, however (see 
below). The 298 K ligand field spectrum shows a broad band 
at N 13 000 cm-I, which resolves into a peak at 13 200 cm-’ 
and a distinct shoulder at 10200 cm-’ at 5 K (Figure 1). We 
tentatively assign these bands to the nonresolved transitions 
B, - B,, E (A,, ,  A,) and to B, - A, in C,, symmetry, re- 
spectively. With these energies we can estimate the covalency 
factors from the orbital contributions ui (eq 1) 

kiZXo 
ui = - (i = 1 1 ,  I; Xo = 830 cm-I) ( la)  

Ai 
and obtain k 0.72. 

Cu(terpy)C1,-HzO contains eight CuN3ClZ polyhedra in the 
unit cell. Between four of them the same symmetry relations 
as described for the anhydrous compounds are valid, but with 
a canting angle 2; = 83.7’. The four additional Cu2+ poly- 
hedra are generated by the translation ’/,, 0) and do not 
represent new orientations. The shortest distance between 
polyhedra connected by 2e’ is 8.7 A. The single-crystal EPR 
experiment yields two signals in all directions as expected for 
two nonequivalent orientations of the eight polyhedra. The 
powder g values are g, = 2.238, g, = 2.06z (298, 77, and 4.2 
K; g = 2.12,). The two additional weak signals with g values 
of 2.138 and 2.16’, which are only visible in the powder 
spectrum (Figure 6), can be understood as being induced by 
exchange interaction between the two EPR spectroscopically 
nonequivalent sites with a distance of 8.7 A (glex = 2.16,, gzex 
= 2.138, g3ex = 2.06,; g = 2.120) and are indeed well repro- 
duced by applying eq 2 with the crystallographic 2d angle. 
At present we have no explanation for the simultaneous 
presence of molecular and cooperative g values, however. g, 
is split into two components (6g N 0.01) in the single-crystal 
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value slightly higher than that calculated for the CuN3C12 
polyhedra results. The g tensor of C ~ ( t e r p y ) ( N O ~ ) ~ - H ~ 0  
resembles that of the nitrito complex (g, = 2.25 (broad signal), 
gy = 2.060, g, = 2.053; g = 2.12). The main absorption band 
is centered around 14800 cm-', with a shoulder around 12000 
cm-' ( 5  K). One may suggest that H 2 0  coordinates in the 
basal plane of a CuN302 square pyramid, in which the apical 
position is occupied by a weakly bonded NO3- ion. The IR 
spectrum is not in contradiction with this assumption. It is 
further interesting to note that the abstraction of water by P205 
changes the EPR spectrum appreciably. An obviously ex- 
change-narrowed g tensor with the components 2.185, 2.133, 
and 2.07' (g = 2.130) is observed. 

We have finally collected spectroscopic data for [Cu(ter- 
py)CN]N03-H20. The space group (P21/c)'2 is equivalent 
to that of Cu(terpy)Cl,. The Cul-Cu3,4 distances (compare 
Figure 5 )  are 5.21 and 8.90 A, respectively. As in Cu(ter- 
py)C12 only one narrow signal is observed in the single-crystal 
EPR experiment. Obviously the g tensor (2.158, 2.106, 2.M5) 
is cooperative, induced by an exchange coupling between Cul 
and Cu3-in analogy to Cu(terpy)Cll. From the experimental 
g values (g = 2.106) the canting angle 2t = 70.3O is calculated 
(eq 2), which is in good agreement with the crystallographic 
value 26' = 72.2O between the long apical Cu-N axes of the 
two EPR spectroscopically nonidentical Cu 1 and Cu3 poly- 
hedra in the unit cell.18 The molecular g values, calculated 
from eq 2b, are gll = 2.209 and g l  = 2.055. Corresponding 
to the small average g value and the strong equatorial (Cu- 
N3C) and weak apical Cu-ligand bonding, the ligand field 
band is found at 16000 cm-', with a weak shoulder at about 
12000 cm-'. The covalency parameter is k -0.71. 

As we will demonstrate in the second paper of this ~ e r i e s , ~  
the square pyramid with short equatorial bond lengths and a 
strongly elongated apical bond length is the energetically 
slightly preferred geometry of CuL5 polyhedra with respect 
to a compressed trigonal bipyramid. This statement is sup- 
ported by the experimental findings for the class of compounds 
Cu(terpy)X2.nH20, presented above. The terpyridine ligand 
is very rigid, however, and induces significant deviations from 
C, symmetry. Explicitly, the bond angle Nl-Cu-N3 is always 
155 f 5 O  in the octahedral and the five-coordinate complexes 
discussed above. Also the T"-N2 bond length is usually 
significantly shorter than the T'LN1,3 spacings. Principally, 
the terpyridine frame can accommodate not only a square 
pyramid (coordination in the equatorial plane (Figure 2)) but 
also a trigonal bipyramid (coordination in the axial and one 
equatorial position), as was found in Co(terpy)(NC0),16 for 
example. Deviations from the square-pyramidal geometry may 
eventually occur, if weak X ligands are coordinated. Possible 
examples are the CuN,(Br,I), polyhedra discussed before for 
which unfortunately crystallographic data are not available 
at present. A structural analysis at 298 K may sometimes be 
misleading, because a coordination geometry is presented that 
is only the dynamic average of polyhedra with quite different 
symmetries. In these cases EPR spectroscopy is the method 
of choice, which can unambigously discriminate between the 
different dynamic or static coordination alternatives via the 
electronic ground states. Sometimes the g tensor is severely 
influenced by exchange interactions, however, which give rise 
to complications. We have demonstrated by comparison with 
structural data that it is even then often possible to evaluate 
the molecular g tensors. 

Registry No. I, 51063-22-0; 11, 84894-25-7; 111, 86471-86-5; 
Cu(terpy)Br2, 25971-38-4; Cu(terpy)12, 25970-66-5; Cu(terpy)- 
(N03)2-H20, 86471-88-7; Cu(terpy)F2, 86471-89-8. 

measurement. The ligand field absorption-a strong band at 
14 500 cm-' and a shoulder at about 11 000 cm-I ( 5  K)-is 
distinctly shifted to higher energies compared to the signal for 
the anhydrous compound, in agreement with the smaller av- 
erage g value and the larger difference between the apical and 
equatorial bond length in the case of Cu(terpy)Cl2-H2O. The 
covalency parameter is again k - 0.72. Though a hyperfine 
structure is not resolved in the single-crystal and powder 
spectra of Cu(terpy)C12.nH20, line-width considerations 
support the given arguments. AHpp varies from 120 G (gll) 
to 6 G (g,) for the complex with n = 1, while the line width 
in the case of the anhydrous compound is only 10 G for g3cx 
and about 40 G for glcx, g c .  The presence of exchange 
interactions (n = 0) should indeed lead to an apparent nar- 
rowing of the EPR signal,20 which is maximum in the direction 
of the lowest g value, g3cx (connected with A,; A ,  < All). In 
the case of uncoupled polyhedra the unresolved hyperfine 
splitting is expected to induce compartively broader signals, 
in particular in the gll direction (connected with All). The 
observed line widths are in accord with these arguments and 
confirm the presence of exchange narrowing in the EPR 
spectra of the anhydrous complex. 

Single crystals of Cu(terpy)Br2 with a presumable CuN3Br2 
coordination exhibit only one EPR signal. The powder 
spectrum is orthorhombic with g values of 2.&10, 2.l&, and 
2.032 (g = 2.132). Because the line-width effects are very 
similar to those of Cu(terpy)C12*H20, the g tensor is presum- 
ably molecular. The large anisotropy of the two lower g values 
would indicate a geometry rather intermediate between a 
square pyramid and a trigonal bipyramid for the CuN3Br2 
polyhedron. A final decision, whether the EPR spectrum 
reflects the molecular geometry or is exchange narrowed, is 
not possible, however, because crystallographic data are 
lacking. The ligand field spectrum shows a broad asymmetric 
transition at -12000 cm-'. The g tensor of Cu(terpy)12 is 
also orthorhombic: 2.206, 2.1 lo, 2.066 (g = 2.l&). The sin- 
gle-crystal spectra show only one signal with line-width 
magnitudes and variations comparable to those of Cu(ter- 
py)C12. Hence, the assumption of exchange narrowing seems 
reasonable, though the structure is not known yet. The broad 
ligand field band at 298 K is resolved at 5 K into a quite 
narrow transition at 10200 cm-' and a shoulder on the 
high-energy side at 12700 cm-' (Figure 1). The reverse in- 
tensity ratios of the two bands compared to the spectrum of 
Cu(terpy)Cl, are striking and possibly indicate significant 
deviations from the SP geometry. The unit cell of Cu(ter- 
~ y ) ( N 0 , ) ~ . 2 H ~ 0  (space group contains two CuN3(0- 
H2)(ONO) polyhedra, which are connected by an inversion 
center. Accordingly, only one signal occurs in the singlecrystal 
EPR spectra, which show line-width effects similar to those 
for Cu(terpy)C12.H20. Hence, the observed g values reflect 
the local geometry (g, = 2.24,, gy = 2.066, g, = 2.04, (298, 
4.2K); g = 2.1 l9  (Figure 6)). The orthorhombic component 
is due to the deviation from C,, symmetry. The g tensor is 
very similar to the one observed for Cu(terpy)Cl2.H2O, though 
an orthorhombic component is resolved in this case. With the 
energy of the broad ligand field band ( N 15 700 cm-'), a co- 
valency parameter k cv 0.74, is estimated (eq 1, la). As 
expected for the substitution of two C1 by two 0 ligands, a 
(20) A. Abragam and B. Bleaney, 'Electron Paramagnetic Resonance of 

Transition Ions", Clarendon Press, Oxford, England, 1970, p 508. 
(21) Parallel to our work, a structure determination on Cu(terpy)CI2.H2O 

was published with analogous results, though the bond lengths and 
angles differ slightly, due to a higher R value (0.065): T. Rojo, M. 
Vlasse, and D. Beltranporter, Acta Crystallogr., Sect. C, C39, 194 
(1983). 


