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The structure and magnetic properties and EPR spectra are reported for two copper chloride complexes of CuCl& 
stoichiometry. (l-Methylpiperazinium)zCuCl6 belongs to the triclinic space group Pi with u = 12.448 (8) A, b = 
11.891 (8) A, c = 6.577 (4) A, a = 84.16 (l)', B = 86.74 (l)", y = 93.56 (l)', and Z = 2. The structure contains 
isolated cations, C U C ~ ~ ~ -  anions, and lattice C1- ions. The CuCl$ anions have nearly D z ~  symmetry with an average 
trans Cl-Cu-Cl angle of 145.8'. The crystals of (piperazinium)zCuC16-MeOH are tetragonal, of space group 
P42/n, with a = 13.597 (8) A, c = 11.376 (8) A, and Z = 4. The structure is composed of isolated piperazinium 
cations, C1- ions, and methanol molecules and chains of nearly square pyramidal CuCls3- anions. The primary 
distortion of the CuCls3- species away from idealized C4, symmetry involves a small CZ, distortion imposed on the 
basal plane (trans C1-Cu-Cl angles = 166.8 (1) and 178.2 (l)', respectively). The basal Cu-Cl distances average 
2.313 A, while the apical Cu-Cl distance is 2.641 (3) A. These anions are linked together in chains via extremely 
long interactions of 3.936 (3) A between the apical C1 of one anion and the Cu atom of its neighbor. Magnetic 
susceptibility data are indicative of weak antiferromagnetic coupling in this latter compound. Analysis of the EPR 
line widths is consistent with a two-dimensional magnetic system. These results are interpreted in terms of a 
two-halide exchange pathway of the type Cu-C1-Cl-Cu between chains. 

Introduction 

Copper(I1) halide salts exhibit a wide array of interesting 
structural characteristics with a concomitant diversity in physical 
properties. Monomeric species normally exist as four-coordinate 
CuX42- anions, which exhibit geometries ranging from slightly 
compressed tetrahedra to square planar.' Monomeric five- or 
six-coordinate CuXz+," anions are much rarer.Z4 A bewildering 
array of oligomeric and polymeric species e~ist,5-~ in which five- 
and six-coordination are much more common. 

Copper(I1) halides possess many interesting physical and 
chemical properties, including thermochromism* and piezo- 
chromism,g catalysis,IO mixed-valence behavior,I I dynamic Jahn- 
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Teller effects,12 low-dimensional ferro-,I3 antiferro-,I4 and fer- 
rimagneticls behavior, to name some of the more prominent 
characteristics. 

In this paper, we report the crystal structure and electronic 
properties of two sal ts  with stoichiometries (piper- 
azinium)zCuC14-MeOH16 and ( 1 -methylpiperazinium)~cuCl6,~~ 
respectively. In the original papers, the electronic spectra of 
both compounds were interpreted in terms of CuC142- anions with 
coordination geometry close to square planar. 

Experimental Section 
Samples of (1-MepipzHZ)zCuCls and (pipzH&CuCls.MeOH, pre- 

pared as described in the literature,I6J7 were kindly provided by Prof. R. 
Battistuzzi. DSC studies were carried out on a Perkin-Elmer Delta Series 
DSC-7 calorimeter. EPR measurements were made on a Varian E-3 
spectrometer. Magnetic measurements were made on an EGCG PARC 
Model 155 vibrating-sample magnetometer. 

Crystals for X-ray analysis were mounted on a Philips PWllOO 
automated diffractometer in a random orientation: the resulting crystal 
data and the other details of data collection and refinement are quoted 
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Table I. Experimental Data for the Crystallographic Analyses 

Bonamartini-Corradi et al. 

(pipZH2)2CUCl6* 
(I-MepipzH2)2CuC16 MeOH 

formula CioH28CkCUN4 C13H24C16CUN40 
M ,  480.62 528.62 

a ,  A 13.597 (8) 12.448 (8) 
b, A 13.597 (8) 11.891 (8) 
c, A 1 1.376 (8) 6.577 (4) 
a, deg 84.16 (1) 
@, deg 86.74 (1) 
79 deg 93.56 (1) 
v, A' 2103 (2) 965 (1) 
z 4 2 
Pcalcd, g cm-' 1.518 1.820 
p, cm-I 18.10 19.85 
R = IIW/IIFoI 0.0327 0.0506 
R, = [Zw(AP)/ 0.0369 0.0548 

space group P+/n Pi 

I wFo2] l2  

Table 11. Atomic Coordinates and Equivalent Isotropic Thermal 
Parameters for (l-MepipzH2)2CuC16 

atom x l a  y l b  T I C  Uca,"A2 

Cu 0.25000 
Cl(1) 0.33490 (7) 
Cl(2) 0.11593 (8) 
Cl(3) 0.83894 (8) 
N(1) 0.3590 (2) 
N(2) 0.4614 (3) 
C( l )  0.4304 (3) 
C(2) 0.4334 (3) 
C(3) 0.3914 (3) 
C(4) 0.3953 (3) 
C(5) 0.3460 (4) 

0.25000 
0.1 1485 (6) 
0.16847 (8) 
0.10533 (8) 

-0.0234 (2) 
-0.2098 (2) 
-0.046 (3) 
-0.1562 (3) 
-0.0738 (3) 
-0.1832 (3) 

0.0849 (3) 

-0.08068 (5) 
-0.13583 (9) 
-0.01731 (10) 
-0.28527 (1 1) 

0.2043 (3) 
0.2111 (3) 
0.3009 (4) 
0.3221 (3) 
0.0941 (4) 
0.1123 (4) 
0.1872 (5) 

214 (2) 

511 (4) 
395 (3) 

533 (4) 
357 (1) 
40 (1) 
39 (1) 

44 (1) 
45 (2) 
50 (2) 

40 (1) 

U, defined as one-third the trace of the diagonalized Uij tensor. 

Table 111. Atomic Coordinates and Equivalent Isotropic Thermal 
Parameters for (pizH2)2CuClcMeOH 

atom x / a  Y / b  z / c  u,, A2 

c u  0.22703 (7) 0.22660 (7) -0.01614 (1) 155 (3) 
Cl(2) 0.4144 (2) 0.2267 (2) -0.0376 (3) 344 (6) 
Cl(3) 0.0390 (2) 0.2235 (2) 0.0158 (3) 367 (6) 
Cl(4) 0.2392 (2) 0.4180 (2) -0.0009 (3) 355 (6) 
Cl(1) 0.2137 (2) 0.0319 (2) 0.0491 (3) 347 (6) 
CI(5) 0.2284 (2) 0.2301 (2) -0.4184 (3) 295 (6) 
Cl(6) -0.2589 (2) 0.3578 (2) 0.5528 (4) 494 (8) 
0 0.3213 (6) -0.1857 (5) 0.7355 (10) 56 (3) 
C( l )  0.2945 (9) -0.2435 (9) 0.9324 (16) 58 (4) 
N ( l )  -0.4178 (5) -0.0320 (5) 0.3570 (10) 33 (2) 
C(3) -0.4123 (7) -0.0616 (8) 0.5792 (13) 41 (3) 
N(2) -0.0234 (6) -0.0277 (6) 0.3028 (10) 35 (2) 
N(3) 0.5962 (5) 0.55500 (6) 0.4004 (11) 36 (2) 
C(6) 0.0046 (7) 0.4986 (8) -0.2822 (13) 48 (3) 
N(4) 0.0850 (6) 0.4418 (6) -0.4072 (12) 43 (3) 
C(8) -0.0976 (7) 0.0379 (7) 0.4175 (13) 37 (3) 
C(9) 0.4663 (7) -0.0261 (8) 0.3045 (13) 44 (3) 
C(10) -0.0354 (7) 0.1058 (7) -0.4397 (13) 40 (3) 
C(11) 0.4518 (7) 0.4024 (7) -0.5850 (13) 38 (3) 
C(12) 0.0400 (8) 0.4049 (7) -0.5906 (14) 47 (3) 
C(13) 0.5136 (7) 0.5011 (8) -0.7194 (13) 44 (3) 

in Table I. The structureamplitudes wereobtained after the usual Lorentz 
and polarization corrections; absorption corrections were deemed un- 
necessary. Both structures were solved by the heavy-atom technique and 
refined by full-matrix least-squares methods using anisotropic thermal 
parameters; hydrogen atoms, placed at the calculated positions, were 
introduced in the last refinement cycle [as fixed contributors i n  
(l-MepipzH2)2CuCl6]: thefinalatomiccoordinatesarequoted inTables 
11 and 111. The atomic scattering factors used, corrected for anomalous 
dispersion, were taken from ref 18; all the calculations were performed 
usinga Gould 32/77 computer at the Centrodi Studio per la Strutturistica 

(1 8) International Tables for  X-ray Crystallography; Kynoch Press: Bir- 
mingham, U.K., 1974; Vol. 4. 

Table IV. Bond Distances (A) and Angles (deg) for 
(1-Mepipz&)2CuC& 

cu-Cl( 1 )  2.259 (1) cu-CI( 2) 
N(l)-C(l) 1.499 (5) N(l)-C(3) 
~ ( 1 ) - ~ ( 5 )  1.496 (6) N(2)-C(2) 
N(2)-C(4) 1.484 (6) C(l)-C(2) 
C(3)-C(4) 1.503 (6) 

Cl(l)-C~-Cl(2) 95.86 (6) N(l)-C(l)-C(2) 
C(3)-N(l)-C(S) 112.1 (3) N(2)-C(2)-C(l) 
C(1)-N(1)-C(5) 112.0 (3) N(l)-C(3)-C(4) 
C(1)-N(1)-C(3) 109.2 (3) N(2)-C(4)-C(3) 
C(2)-N(2)-C(4) 111.2 (3) Cl(1)-Cu-Cl(1'a) 

C1(2)-Cu-C1(2a) 

Table V. Bond Distances (A) and Angles (deg) for 
(DiozH,bCuCln.MeOHo 

2.252 (2) 
1.495 (5) 
1.508 (5) 
1.513 (6) 

109.7 (3) 
110.7 (3) 
110.4 (3) 
11 1.5 (4) 
147.8 (1) 
142.7 (1) 

~. . -I- " 

cu-Cl(2) 2.328 (2) cu-Cl(3) 2.335 (2) 
cu-Cl(4) 2.285 (3) cu-CI( 1) 2.305 (3) 
cu-CI( 5) 2.641 (3) 0-C(1) 1.415 (11) 
N(l)-C(2) 1.506 (11) N(l)-C(3) 1.475 (10) 
~ ( 2 ) - ~ ( 4 )  1.470 (11) N(2)-C(5) 1.483 (11) 
N(3)-C(6) 1.472 (11) N(3)-C(7) 1.484 (12) 
N(4)-C(8) 1.496 (12) N(4)-C(9) 1.455 (12) 
C(2)-C(3a) 1.522 (13) C(4)-C(5b) 1.514 (12) 
C(6)-C(7c) 1.533 (12) C(8)-C(9d) 1.503 (13) 

C1( l)-CU-CI(5) 95.5 (1) C1(4)-CU-C1(5) 97.7 (1) 
C1(4)-C~-C1(1) 166.8 (1) C1(3)-C~-C1(5) 92.1 (1) 
C1(3)-CU-CI( 1) 88.8 (1) C1(3)-C~-C1(4) 90.5 (1) 
C1(2)-CU-C1(5) 89.5 (1) Cl(2)-C~-Cl(l) 90.2 (1) 
C1(2)-CU-C1(4) 90.1 ( 1 )  C1(2)-C~-C1(3) 178.2 (1) 
C(2)-N(l)-C(3) 110.0 (6) C(4)-N(2)-C(5) 112.3 (6) 
C(6)-N(3)-C(7) 112.1 (7) C(8)-N(4)-C(9) 11 1.7 (7) 

N(2)-C(4)-C(5b) 109.8 (7) N(2)-C(S)-C(4b) 109.1 (7) 
N ( ~ ) - C ( ~ ) - C ( ~ C )  109.0 (7) N ( ~ ) - C ( ~ ) - C ( ~ C )  109.5 (7) 
N(4)-C(8)-C(9d) 110.8 (7) N(4)-C(9)-C(8d) 11 1.5 (8) 

N(l)-C(2)-C(3a) 110.3 (7) N(l)-C(3)-C(2a) 109.8 (7) 

"Key: a = - x -  1, -y, 1-2;  b = -x, -y, 1-2;  c = 1 - x ,  1 - y ,  1 - 
Z;  d = -x, 1 - y, -1 - Z .  

Diffractometrica del CNR dell'Universitl di Parma with S H E L X ~ ~ , ~ ~  
O R T E P , ~ ~  and P A R S T ~ I  programs. Pertinent bond distances and angles are 
reported in Tables IV and V. 

Thermal studies were carried out on samplesof (pipzH2)2CuC&.MeOH 
over the temperature range 40-260 OC. with a scanning rate of 5 "C/ 
min. A small anomaly, characteristic of a structural phase transition, 
was observed with an onset of 97 OC (peak at 102 "C) with a heat of 
transition of 1700 J/mol. Further anomalies, characteristic of decom- 
position, occurred at 140 and 245 OC. 

ReSult.9 

Structure Descriptions. Despite the similar stoichiometries, 
the crystal structures of the two compounds show distinctly 
different structural characteristics, with neither salt containing 
a CuC16'anion, as might be implied by the simple stoichiometric 
formula. The differences between the two structures are 
attributable to the difference in hydrogen-bonding capabilities 
of the two cations, as well as to differences in packing energies. 

The salt of the 1-methyl derivative contains discrete dications, 
CuC142- anions, and C1- anions, as seen in Figure 1. The CuC1d2- 
anions are located on sites of Cz symmetry, with the symmetry 
axis parallel to the c axis, and have a compressed tetrahedral 
geometry: Cu-Cl(1) = 2.259 (1) A, Cu-Cl(2) = 2.252 (1) A, 
The trans Cl-Cu-Cl angles cited are a t  the upper end of the 
range normally observed for compressed CuC&*- tetrahedral 
systems.' It should be noted that the thermal parameters for the 
chloride ions are anomalously large, generally larger than those 

Cl(1)-Cu-Cl(1) = 147.8 (l)', C1(2)-Cu-C1(2) = 142.7 (1)'. 

( 19) Sheldrick, G. M. SHELXX: Program for Crystal Structure Determination. 
University of Cambridge, 1976. 
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Laboratory: Oak Ridge, TN, 1965. 
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CK2) 

Figure 1. Illustration of the structural unit in (l-MepipzH2)2CuCla. 
Hydrogen-bonding interactions are denoted by open bonds. 

of the cation. Large thermal parameters for the halide ions in 
CUC&~- anions have been associated with the presence of disorder 
and/or large librational motions.' 

The cations and anions are hydrogen-bonded together into a 
three-dimensional network with the following hydrogen-bonding 
contacts: N(2)-C1(1) = 3.174 (4) A, H(7)-C1(1) = 2.06 ( 5 )  A; 
N(l)-C1(3) = 3.054 (4) A, H(l)-C1(3) = 1.98 ( 5 )  A; N(2)- 
Cl(3) = 3.130 (4) A, H(6)-C1(3) = 2.25 (6) A. Thus, Cl(2) is 
not involved in the hydrogen bonding, while the isolated chloride 
ion, C1(3), has two short N-H-Cl interactions. 

The structure of (piperazinium)2CuCl6.MeOH is much more 
interesting. It contains two independent dications, pentacoor- 
dinate CuCl53- anions, and C1- anions. The CuCls3- anions can 
be described as having essentially a square pyramidal type 
coordinationgeometry. The basalCu-Cl distances average 2.314 
A (range: 2.285 (3)-2.335 (3) A), while the apical distance is 
2.641 (3) A. A small but significant Cb distortion exists which 
is apparent in the trans Cl-Cu-CI angles and the distances in the 
basal plane. The C1( 1)-Cu-C1(4) angle is 166.8 (1)O, with the 
Cu-Cl distance averaging 2.295 A, while the C1(2)-Cu-C1(3) 
angle is nearly linear, 178.2 (1)O, with longer Cu-Cl distances, 
2.332 A. 

The striking feature of the structure is the chains of CuCL3- 
anions formed parallel to the c axis. The square pyramids are 
arranged such that the apical chloride ion occupies the antiapical 
site beneath the base of the adjacent square pyramid at a distance 
of 3.936 A (Figure 2). While this distance is too long to be 
considered a coordinate or even semicoordinate interaction, it 
may provide a pathway for a (weak) magnetic superexchange 
mechanism, as discussed later. The stacks of chains form a 
distorted square lattice, as seen in Figure 3. One set of short 
Cl-Cl contacts (dotted lines in Figure 3) exist between pairs of 
CuC153- anions. In addition, multiple N-H...Cl and O-H-Cl 
hydrogen bonds (see next paragraph) provide stability to this 
structure and provide possible magnetic exchange pathways 
perpendicular to the chain direction. 

The structure is tied together through a series of hydrogen 
bonds between the dications, the methanol molecule, and the 
CuCl53- and C1- anions. Again, the lattice chloride, C1(6), is 
involved most extensively in hydrogen bonding: C1(6)-0 = 3.024 

N(2) = 3.152 (7) A, C1(6)-H(20) = 2.077 A. The hydrogen 
bonding to the basal chloride ions in the C U C ~ ~ -  anions is 
considerably weaker, and no significant hydrogen bonding to the 
apical chloride occurs. A short N-H-0 contact between one of 
the dications and the methanol molecule also exists: 0-N( 1) = 
2.780 (9) A. 

Elecbodc Structure. The electronic absorption spectrum of 
the (1-MepipzH2) salt has previously been reported by Marcot- 
rigiano et ala1' The d-d portion of the spectrum consisted of a 

(7)A;C1(6)-N(3) 3.163 (7)A,C1(6)-H(13) =2.084A;C1(6)- 

Figure 2. Illustration of the CuC15* anions in (pipzH&CuClcMeOH, 
showing the stacking parallel to c. The open bonds indicate the long 
interspecies Cw-Cl interaction. 

broad band centered at 10 420 cm-l. Visual inspection of the 
reported spectrum would indicate the presence of several ab- 
sorption bands between 9000 and 12 000 cm-'. This agrees well 
with the calculated transition energies for this geometry,' where 
transitions occurring at 8600,9000, and 1 1 400 cm-1 are predicted. 

The powder EPR spectrum at room temperature of (1- 
MepipZHZ)2CUC16 consists of a single broad, asymmetric line 
which can be interpreted in terms of an axial g tensor with 
components g, - 2.07 and gll - 2.25. No sharpening of the 
spectrum is observed at 78 K, but some structure is evident, 
probably due to unresolved hyperfine lines. 

Structurally, the pseudo-S4 axes of the compressed tetrahedral 
coordination sphere of the C U C ~ ~ -  anions are all parallel to the 
crystallographic c axis. Thus, the crystal gH and g ,  values should 
be directly identifiable with the molecular 811 and g ,  values. 
However, compressed tetrahedral CuCL2-anions with trans angles 
near 145' are found to have values of gll - 2.30-2.32, as shown 
in Table VI.22-27 To account for this discrepancy, it must be 
assumed that the local pseudo-& axes are not parallel to the 
tetragonal c axis. Rather, the anions must be disordered in a 
manner so as to yield the observed average structure. 

The electronic absorption spectrum for the pipzHZ2+ salt has 
been reported to consist of a single, relatively sharp band at 1 1 490 
cm-l in the d-d r e g i ~ n . ~  Above the phase transition at 97 OC, 
the spectrum changes abruptly, now exhibiting peaks at 6760 
and 10 640cm-1.3 Thisisattributed totheformationofadistorted 
tetrahedral CuC1d2- species. Remeasurement in our laboratories 
of the room-temperature spectrum of a thin film melted between 
glass plates revealed the presence of several weaker shoulders at 
approximately 10 500 and 9OOO cm-I. The room-temperature 
spectrum agrees well with the reflection spectra28 obtained at 5 
Kfor Co(NH3)6CuCls and [N-(2amet)pipzH3]CuC15-2H20. The 
former shows a series of (four) transitions between 8000 and 
11 300 cm-', while in the latter three transitions are discernible 
between 8200 and 11 500 cm-1. 

For the (pipzH2)2CuC&.MeOH salt, the powder EPR spectrum 
isclearlyaxial innaturewithg, = 2.067 andql= 2.307. Virtually 

(22) Ferguson, J. J .  Chem. Phys. 1964,40, 3406. 
(23) Nelson, H. C.; Simonsen. S. H. Acra CrysralIogr. 1981, A37, (2-168. 
(24) Gaura, R. M.; Stein, P.; Willett, R. D.; West, D. X. Inorg. Chim. Acra 

1982, 60, 213. 
(25) Dyrek, K.; Goslar, J.; Hodorowicz, S. A.; Hoffmann, S. K.; Olehyn, B. 

J.; Weselucha-Birczynska, A. Inorg. Chem. 1987, 26, 1481. 
(26) Cassidy, P.; Hitchman, M. A. Inorg. Chem. 1977, 16, 1568. 
(27) Antolini, L.; Benedetti, A.; Fabretti, A. C.; Giusti, A. Inorg. Chem. 

1988, 27, 2182. 
(28) Reinen, D.; Friebel, C. Inorg. Chem. 1984, 23, 791. 
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Table VI. EPR Parameters for CuCls2- Anions 

trans CI-Cu-CI 
cation4 angle, deg mol g values ref 

c s  129.2 2.384.2.105, 2.083c 22 
PCP 132.6 2.363, 2.068b.d 23 
4APaH20 134.6 2.315, 2.081d 24 

5MAP 140.0 2.329, 2.064d 24 
cinc 142.1, 148.0 2.292, 2.05Ic 25 
1-MepipzH2 142.0, 147.8 2.25, 2.07d this work 
nmpH 180 2.221, 2.040d 26 
abtH 180 2.21, 2.05c 2 1  

2.372, 2.069b*d 

PCP = 1-( 1-phenylcyclohexyl)piperidinium, 4APeH20 = 4-ami- 
nopyridinium hydrate, 5MAP = 5-methyl-2-aminopyridinium, cinc = 
cinchonium, nmpH = N-methylphenethylammonium, abtH = 2-ami- 
nobenzothiazolium. b Liquid N2 measurements. Molecular g values 
calculated from crystal g values. d Crystal g values are identical with 
molecular g values. 

no change occurs when the sample is cooled from room 
temperature to 78 K. The gll value is somewhat larger than that 
observed for [N-(2amet)pipzH3]CuCly2H20 (gll = 2.295) and 
the low-temperature form of CO(NH~)&UC~S (gil = 2.28),28 
indicating a somewhat greater axial elongation in the (pipzH2)2- 
CuCl&H3OH salt, in agreement with the structural results.18 

Magnetic Properties. Figure 4 shows a plot of xmT vs T for 
the compound (pipzH2)2CuCl6.MeOH. The downward curvature 
as Tis lowered is clearly indicative of antiferromagnetic exchange 
coupling. As indicated in the structure description section, two 
limiting cases for exchange pathways would be anticipated: 1D 
coupling along the stacks of CuCls3- anions and 2D coupling 
through H-bonding and Cl-Cl contacts perpendicular to the 
stacks. (It would be anticipated, however, that any coupling 
along the stacks would be ferromagnetic, since the magneticdX2.+ 
type orbitals lie perpendicular to the chains with exchange 
mediated by the apical C1 ion. Thus the overlap integral between 
adjacent species will be zero by symmetry, which leads to 
ferromagnetic behavior.) Consequently, the data were fit to the 
expressions for both the 1 D and 2d antiferromagnetic systems,*9.30 
although it is known that susceptibility data cannot distinguish 
between the two. The results are shown in Figure 4 for the 1D 
model with J / k  = -1.80 K and g = 2.10. The corresponding 
parameters for the fit to the model for a 2D square lattice 
(indistinguishable from the 1D fit) are J / k  = -1.0 K and g = 
2.10. 

To further characterize the low-dimensional nature of this 
system, the single-crystal EPR spectra were recorded at room 
temperature. The resonance fields and line widths exhibit axial 
symmetry about the chain axis, with 811 = 2.299, g, = 2.063, AH11 
= 58  G, and AHL = 19.5 G. In addition, the line widths show 

(29) Baker, G. A., Jr.; Rushbrooke, G. S.; Gilbert. H. E. Phys. Reu. 1964, 
135. 1272. - - - .  - -  - 

(30) Baker, G. A., Jr.; Gilbert, H. E.; Eve, J.; Rushbrooke, G. S. Phys. Lerr. 
1967, ZSA, 207. 
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Figure 4. Plot of xmT vs T for (pipzH2)2CuCl~MeOH. The solid line 
is the fit to the spin l / 2  Heisenberg linear chain model with J/k = -1.8 
K and g = 2.10. The 2D spin ' / 2  Heisenberg model gives an identical 
fit with J/k = -1.0 K and g = 2.10. 
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Figure 5. EPR line widths as a function of B ( 0  = Oo corresponds to Hllc): 
solid line, fit to 1D spin-diffusion model; dashed line, fit to 2D spin- 
diffusion model. See text for parameters. 

an angular dependence indicative of spin-diffusion processes 
associated with low-dimensional magnetic behavior. This con- 
tribution to the relaxation processes exhibits a minimum in AH 
when the magnetic field makes an angle of 5 5 O  with the chain 
axis. Figure 5 shows a plot of AH vs 9 (9 = angle between the 



cucl6" Complexes 

Table VII. Coordination Geometry of Representative CuC1s3- 
Species 

cation dr1.3, A dr2.4, A drs, A dqb.4, deg 641.3, deg ref 

Inorganic Chemistry, Vol. 31, No. 18, 1992 3863 

ameta 0.02 -0.076 0.18 k22.4 f7.4 3 
amet) 0.014 -0.070 0.329 f21.0 f0.4 36 
pipzc 0.005 -0.058 0.251 f23.4 f0.9 this work 

a amet = N-(2-ammonioethyl)piperazinium trication. In the salt 
(amet)4CusC122. c pipz = the piperazinium dication. 

field direction and the chain axis) with a fit to the expression 

Co(NH3)b3+ 0 0 0  0 0 34 

m(e) = A + B COS* e + q3 cosz e - 11" 
where the A and B terms arise from spin ani~otropies~l and the 
C term represents the contribution from spin-diffusion pro- 
cesses32 with n = 4/3  for 1D behavior and n = 2 for 2D magnetic 
systems. The data in Figure 5 were fit to models which included 
contributions from either 1D (solid line) or 2D (dashed line) 
spin-diffusion processes with parameter values A = 14, B = 30, 
and C = 5.6 G for the 1D model and A = 15.9, B = 25.4, and 
C = 2.8 G for the 2D model. The fit obtained by assuming a 2D 
type spin-diffusion process is clearly superior. The relaxation 
processes, as sampled by the EPR experiment, are consistent 
with the two-dimensional magnetic nature of this system. 

Discussion 
The (pip~H2)2CuC1~-MeOH salt provides a further example 

of a rather rare species, an isolated five-coordinate CuXs3- anion, 
and gives further insight into the distortion pathways for such 
species. Reinen and Atanasov have examined the idealized D3h - CdU pathway" based the time-averaged trigonal bipyramidal 
CuCls3- anion in C O ( N H ~ ) ~ C U C ~ ~ ~ ~ - ~ ~  and the nearly perfect 
square pyramidal CuCls3- anion in (amet)CuCl~HzO.~ Starting 
with the hypothetical D3h species, I, the distortions may be 
characterized by changes in the Cu-Cli distances, 6ri, and in the 
C15-Cli bond angles, These parameters, for several species, 

(31) Soos, 2. G.; Cheung, T. T. P.; McGregor, K. T. Chem. Phys. Left. 1977, 
46, 600. Soos, 2. G.; McGregor, K. T.; Cheung, T. T. P.; Silverstein, 
A. J. Phys. Rev. 1977, B16, 3036. 

(32) Richards, P. M. In Local Properties at Phase Transirions; Muller, K. 
A., Rigamonti, A., Eds.; North Holland: New York, 1976; p 579. 

(33) Reinen, D.; Atanasov, M. Chem. Phys. 1989, 136, 27. 
(34) Raymond, K. N.; Meek, D. W.; Ibers, J. A. Inorg. Chem. 1968,7,1111. 

Bernal, J.; Korp, J. D.; Schlemper, E. 0.; Hussain, M. S. Polyhedron 
1982, I ,  265. 

(35) It isalsoclaimed that theCuCI~~-anionisreallyordered in thisstructure: 
Bernal, I. Private communication. 

CI  ,-Cu- c15 C I 3  

/ \  
CI2 c 1 4  

I 

are given in Table VII. For the idealized D3h - C4u pathway, 
the relation Eari = 0 holds. This is the case for the species in 
(amet)CuCl~.HzO but does not hold for the species in (pipzHz)z- 
CuCl6-MeOH nor for the quasi-isolated C~C15~-anions in (amet)4- 
CusCl22.36 This is in accord with a survey of the structural 
characteristics of a large number of CuCl3L2 species where it was 
shown that only a few species had geometries lying on the D3h - C4u pathway.)' Most exhibited a so-called 4+1 geometry, 
characterized by 6& = 64) < 5' ,  -20' < 642 = 644 < lo', and 
6rs > 0.3 A. Thus it would appear the low-energy pathway for 
the D3h - C4u interconversion is really the route depicted in 11. 
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