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Table VI. Non-Hydrogen Atomic Coordinates for 2¢ with Esd’s in
Parentheses

x y z B, A2
Pt 0.23633 (4) 0.81275 (3) 0.171561 (20) 1.955 (15)
Pl 0.3093 (3)  0.64987 (20)  0.20193 (13) 2.22 (12)
P2 0.1980 (3) 0.76938 (19)  0.05211 (13) 193 (11)
Clt 0.1430 (3) 0.98185(20) 0.13735(14) 3.74 (14)
Ci2 0.2677(4) 0.85678 (23) 0.29793 (14) 4.52 (16)
Cl 0.3006 (10) 0.5791 (7) 0.1137 (4) 1.9 (4)
C2 0.3570 (12) 0.4794 (8) 0.1127 (5) 29 (5)
C3 0.3593 (12) 0.4323 (8) 0.0485 (5) 3.3(6)
C4 0.2986 (12) 0.4828 (8) -0.0194 (5) 3.3(5)
CS 0.2432 (11) 0.5819 (7) -0.0200 (5) 2.7(5)
C6  0.2462(10) 0.6328 (7) 00479 (4) 19 (4)
CIl 03006 (11) 0.6271(7)  0.2583(5) 2.7 (4)
C12  0.5253 (13) 0.6568 (9) 0.3406 (5) 4.1 (6)
Ci3  0.6126 (12) 0.6795 (10) 0.2239 (6) 4.7 (6)
Cl4 0.1866 (11) 0.5835 (8) 0.2495 (5) 2.8 (5)
CI5  0.2235 (14) 0.4687 (9) 0.2670 (6) 4.7 (N
Ci6  0.0279 (13) 0.5950 (10) 0.2082 (7) 5.5(7)
C21  0.3156 (11) 0.8302 (7) -0.0006 (5) 2.5(5)
C22  0.2753 (13) 0.9441 (8) -0.0215 (6) 4.3 (6)
C23  0.4767 (12) 0.8188 (9) 0.0415 (5) 4.1 (6)
C24  0.0070 (12) 0.7950 (8) -0.0032 (5) 3.2(9)
C25 -0.1047 (12) 0.7665 (9) 0.0390 (6) 4.7 (6)
C26 -0.0320 (13) 0.7488 (9) -0.0824 (6) 4.5 (6)

done with a Bruker built-in PANIC program. The J values are according
to the data in Table I, and LW = 1.6 Hz. All NMR data are summa-
rized in Table 1.

All of the reactions, manipulations, and purification steps involving
phosphines were performed under a dry nitrogen or argon atmosphere.
Other chemicals and solvents from commercial sources were used without
further purification, except as noted.

Syntheses. o-Phenylenebis(diisopropylphosphine) (1) and dichloro-
[o-phenylenebis(diisopropylphosphine) nickel(Il) (2a) were prepared ac-
cording to the literature methods.*

Dichloro{ o-phenylenebis(diisopropylphosphine) palladium(II) (2b). A
mixture of DH (0.0723 mmol) and (PhCN),PdCl, (0.0723 mmol) in
degassed dichloromethane (4 mL) was stirred at room temperature for
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5 h, during which the solution became brown. Methanol (3 mL) was
added to the reaction mixture, and the resulting solution was allowed to
sit overnight. A colorless crystalline solid was coliected (27.6 mg, 78%;
mp 275 °C dec). Anal. Caled for C3H,,P,Cl,Pd: C, 44.33; H, 6.61.
Found: C, 44.35; H, 7.00.

Dichloro[o -phenylenebis(diisopropylphosphine) Jplatinum(II) (2¢). A
flask was charged with DH (0.59 mmol) and K,PtCl, (0.59 mmol),
followed by a mixture of degassed water (5 mL) and ethanol (5 mL).
The resulting suspension was stirred for 3 h, after which white precipi-
tates were collected by filtration. The filtrate was extracted with CH,Cl,
to recover the remaining product, and the combined product was re-
crystallized from CH,Cl,/methanol. A colorless crystalline solid was
obtained (195.2 mg, 57%; mp 280-285 °C dec). Anal. Caled for
CsHiP,CLPL C, 37.51; H, 5.60. Found: C, 38.03; H, 5.70.

Crystallography. Crystals of 2a—c were obtained by recrystallization
from cosolvents (vide supra), Cell parameters were determined on a
CAD-4 diffractometer at 300 K and by a least-squares treatment. At-
omic scattering factors are from ref 12. The computing program was
the NRCC SDP VAX package.!”> The crystal data are listed in Table II,
and the non-hydrogen atomic coordinates are listed in Tables [V-VI.
The ORTEP diagram of complex 2a is shown in Figure 4. Other crys-
tallographic data are supplied as supplementary material.
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Introduction

The synthesis, crystal structure, and magnetic properties are reported for the novel compound Cu,(1,4-diazacycloheptane),Cl,.
The blue compound, Cu,C,oH,:N,Cl,, crystallizes in the monoclinic space group P2,/c¢. Cell dimensions are as follows: a = 13.406
(3), 5= 11.454 (2), ¢ = 12.605 (3) A; 8 = 115.01 (2)°; Z = 4. The structure was solved at room temperature by Patterson and
direct methods and refined to an R value of 0.037 (R, = 0.040), for 2089 observed reflections and 183 parameters. The binuclear
unit of the complex is roughly centrosymmetric, and the coordination environments around the two copper atoms are very similar.
Each metal center shows distorted (4 + 1) square-pyramidal geometry. The four short bonds involve the two nitrogens of
1,4-diazacycloheptane, a terminal chlorine atom, and a bridging chlorine atom. The long, apical bond involves a basal chiorine
atom of the other copper atom. The binuclear units are packed along the [101] direction. Each dimer is related to its two nearest
neighbors along this axis by cristallographic inversion symmetry and is connected to each of them by two Cu—Cl--H-N—Cu hydrogen
bonding interactions. As a result of this 1-D network of hydrogen bonds, the binuclear units are connected into infinite ladderlike
chains. The X-ray analysis of the compound does not reveal any close contacts between chains that may be regarded as bonding
interactions. The magnetic susceptibility vs temperature curve for the compound exhibits a maximum at about 8 K, strongly
indicative of antiferromagnetic exchange. Comparisons between theory and experiment with use of approximate Heisenberg models
have been made. The results indicate that, in order to account for the magnetic properties of the compound, both interactions
between nearest neighbors and interactions between next nearest neighbors must be considered explicitly in the spin Hamiltonian,
since they are of the same order of magnitude.

Exchange-coupled magnetic systems that display large amounts
of order in but one dimension, owing to their unique physical

*To whom correspondence should be addressed at the Dipartimento di
Chimica.

0020-1669/90/1329-1172802.50/0

properties, have occupied considerable experimental and theoretical
work.2
In the realm of copper(II) crystal chemistry, there has recently

(1) Exchange Interaction in Multinuclear Transition-Metal Complexes. 14.
Part 13: Chiari, B.; Piovesana, O.; Tarantelli, T.; Zanazzi, P. F. Inorg.
Chem. 1989, 28, 2141,
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been a considerable amount of success in finding ligand-bridged
uniform-chain systems (i.e. 1-D systems with a constant Cu--Cu
separation, as in 1a) and alternating-chain systems (1b), where
pairs of spins are alternately coupled.?

Exchange interactions between copper(1l) ions are largely an
isotropic phenomenon, and their description, therefore, requires
the use of Heisenberg exchange theory. Almost no analytical
results are available for 1-D Heisenberg models; nevertheless, the
magnetic behaviors of copper(IT) chains of the 1a or 1b type have
been characterized with considerable accuracy. This has been
possible on account of extensive experimental data,?d* reliable
results of several approximate theoretical methods? (of which the
most successful has been the cluster approach as developed by
Bonner and Fisher),? and the development of procedures for data
analysis that are convenient to use.*’

Bona fide examples of 1-D, exchange-coupled copper(Il)
compounds with the double-chain structure depicted in 1¢ or
structures derived from distortions of this model are instead very
rare, and their magnetic properties and behavior remain poorly
documented. 284

The distinctive feature of such double-chain compounds is that
second neighbors interact with a strength which is comparable
with that of the nearest neighbors; i.e., in the case of model 1¢,
the Hamiltonian is

. N
H= —2§(Jnsi'si+l + JunSrSie2) (1)

where J, is the coupling constant describing the nearest-neighbor
interaction and J,, pertains to the next-nearest-neighbor inter-
action. Part of the problem with these and related systems lies
with the fact that, as discussed elsewhere,®’ the determination
of the low-lying states for Hamiltonians such as (1), which is
clearly a prerequisite for any meaningful comparison between
theory and experiment, has not achieved the desired reliability.
For example, exact numerical calculations on finite chains turn
out to be often ambiguous in extrapolation to infinite chain
lengths.” As a matter of fact, few attempts have been made to
extract exchange-coupling constants from magnetic data for
systems of 1¢ type and they have been only partially successful 244
which may be understood in terms of the difficulty of the theo-

(2) For reviews see: (a) de Jongh, L. J. In Magneto-Structural Correlations
in Exchange Coupled Systems; Reidel: Dordrecht, Holland, 1985; p
1. (b) Bonner, J. C. Ibid., p 157. (c) Hatfield, W. E. /bid., p 555. (d)
Hatfield, W. E.; Estes, W. E.; Marsh, W. E ; Pickens, M. W.; ter Haar,
L. W,; Weller, R. R. In Extended Linear Chain Compounds; Miller,
J. S., Ed.; Plenum: New York, 1983; Vol. 3. (e) Carlin, R. L. Mag-
netochemistry; Springer-Verlag: New York, 1986. (f) Bonner, J. C.;
Blote, H. W. J.; Beck, H.; Muller, G. In Physics in One-Dimension;
Bernasconi, J., Schneider, T., Eds.; Springer-Verlag: New York, 1981;
p 115

(3) Bonner, J. C.; Fisher, M. E. Phys. Rev. A 1964, 135, 640.

(4) Hatfield, W. E. J. Appl. Phys. 1981, 52, 1985.

(5) Johnson, J. D. J. Appl. Phys. 1981, 52, 1991. Hall, J. W., Ph.D.
Dissertation, University of North Carolina, Chapel Hill, NC, 1977.
Estes, W. E.; Hatfield, W. E.; van Ooijen, J. A. C.; Redijk, J. J. Chem.
Soc., Dalton. Trans. 1980, 2121. Jotham, R. W. J, Chem. Soc., Dalton
Trans. 1977, 266. Baker, G. H., Jr.; Rushbrooke, G. S.; Gilbert, H. E.
Phys. Rev. A 1964, [35, 1272. Rushbrooke, G. S.; Wood, P. J. Mol.
Phys. 1958, 1, 257.

(6) Ananthakrisna, G.; Weiss, L. F.; Foyt, D. C.; Klein, D. J. Physica 1976,
816, 275. Majumdar, C. K,; Ghosh, D. K. J. Math. Phys. 1969, 10,
1388. Neimeijer, T. J. Math. Phys. 1971, 12, 1487, Majumdar, C. K.
J. Math. Phys. 1969, 10, 177. Majumdar, C. K.; Krishnan, K.; Mubayi,
V.J. Phys. C 1972, 5, 2896. Endoh, Y.; Shirane, C.; Birgenau, R. J.;
Richards, P. M.; Holt, S. L. Phys. Rev. Lett. 1974, 32, 170.

(7) Ananthakrishna, G. J. Phys. C 1975, 8, 717. Majumdar, C. K. J. Phys.
C 1970, 3,911. Seitz, W. A.; Klein, D. J. Phys. Rev. B 1974, 10, 2159.

ic

Table I. Crystallographic Data for Cu,(1,4-diazacycloheptane),Cl,

CU2C10H24N4C14 fw = 469.3

cryst class: monoclinic T=2°C

space group P2,/c A =0.71069 A

a = 13.406 (3) p = 1775 geem™
b=11.454 (2) A u = 29.88 cm™!
c=12.605(3) A transm coeff = 0.99-0.77
B8 = 11501 (2)° R =0.037

V= 1754.04 A3 R, = 0.040

Z=4

retical problem. Clearly, further experimental and theoretical
studies are needed in order to attain an adequate understanding
of the exchange problem in compounds with ladderlike structure.
A variety of potential properties of these compounds provide the
stimulation for such studies. For example, eq 1 is one of the
simplest examples of a multiterm Hamiltonian where the inter-
actions compete. For an antiferromagnetic system with both J,
and J,, of negative sign, the nearest-neighbor interaction tends
to align the next-nearest-neighbor spins, whereas the next-near-
est-neighbor term tends to antialign them. As described in detail
elsewhere, rich and varied magnetic* and phase?®®10 behavior is
to be expected from such Hamiltonians.

In a recent paper,!! we have reported a novel structural lad-
derlike compound, Cu,L,(CH;C00),-2H,0 (LH = N-methyl-
N'-(5-methoxysalicylidene)-1,3-propanediamine), whose magnetic
behavior is very close to that of an alternating chain. Here we
describe the synthesis, X-ray structure, and magnetic properties
of another new and interesting system, Cu,(1,4-diazacyclohep-
tane),Cl,, that exhibits double-chain structure and attendant
magnetic properties.

Experimental Section

Synthesis. A 0.40-g (4.00-mmol) quantity of 1,4-diazacycloheptane
was dissolved in warm methanol (125 mL). The ligand solution was
added to a solution of CuCl,2H,0 (0.70 g, 4.00 mmol) in the same
solvent (125 mL). The resulting deep blue solution was heated at about
60 °C for 1 h, and then it was allowed to cool to room temperature. Deep
blue, prismatic crystals separated. After the reaction mixture was al-
lowed to stand for ca. 48 h, the crystals were decanted, washed twice with
anhydrous ethanol, and dried under vacuum: yield 0.54 g (58%); mp
191-193 °C. Anal. Caled for C;gH,4N4Cl,Cuy: C, 25.60; H, 5.16; N,
11.94. Found: C, 25.84; H, 5.45; N, 11.76. The compound is slightly
air sensitive and virtually insoluble in common organic solvents.

Magnetic Measurements. Variable-temperature magnetic suscepti-
bility data were collected in the range 4.2-300 K, as previously de-
scribed.'?  Susceptibilities were corrected'? for the diamagnetism of the
ligand system (=121 X 107 cgsu/Cu atom). Our analyses used a tem-
perature-independent paramagnetic term, Na, of 60 X 107 cgsu/Cu
atom and did not include any zero-field splitting.

Crystallographic Data Collection and Structure Determination. A deep
blue, prismatic crystal with dimensions 0.20 X 0.15 X 0.08 mm? was
mounted on a computer-controlled Philips PW 1100 single-crystal dif-
fractometer equipped with a graphite-monochromatized Mo Ka radia-
tion. Cell parameters were determined by a least-squares calculation
based on the setting angles of 25 reflections with 20 angles ranging
between 14 and 26°. Cell dimensions and additional crystal data are
listed in Table I. The intensities of hk/ and kk! reflections were collected

(8) Nagle, J. F.; Bonner, J. C. Annu. Rev. Phys. Chem. 1976, 27, 291.
(9) Kincaid, J. M.; Cohen, E. G. D. Phys. Rep. 1975, 22¢, 57. Stryjewski,
E.; Giordano, N. Adv. Phys. 1977, 26, 487.
(10) Hornreich, R. M. J. Magn. Magn. Mater. 1980, 15-18, 387.
(11) Chiari, B.; Helms, J. H.; Piovesana, O.; Tarantelli, T.; Zanazzi, P. F.
Inorg. Chem. 1986, 25, 870.
(12) Chiari, B.; Piovesana, O.; Tarantelli, T.; Zanazzi, P. F. Inorg. Chem.
1984, 23, 2542,
(13) Mabbs, F. E.; Machin, D. J. Magnetism and Transition Metal Com-
pounds; Chapman and Hall: London, 1973.
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Table II. Fractional Atomic Coordinates in
Cu,(1,4-diazacycloheptane),Cly

Chiari et al.

Table III. Bond Distances (A) and Angles (deg) in
Cu,(1,4-diazacycloheptane),Cl,

atom x/a y/b z/c

Cu(l)  0.16545 (4)  -0.11721 (4) 0.19961 (4)
Cu()  0.34395 (4) 0.11374 (4) 0.28828 (4)
Ci(1) 02013 (1) 0.0765 (1) 0.1055 (1)
Q)  03177(1) -0.0887 (1) 0.3737 (1)
Cl(3) 00427 (1) -0.0460 (1) 0.2615 (1)
Cl(4)  0.4808 (1) 0.0676 (1) 0.2387 (1)
N(1) 0.2531 (3) -0.2236 (4) 0.1456 (4)
N(2) 0.0509 (3) -0.1875 (3) 0.0532 (3)
N(3) 0.2378 (3) 0.1967 (3) 0.3362 (3)
N(4) 0.4438 (3) 0.1913 (3) 0.4378 (3)
c(1) 0.2164 (5) -0.2031 (6) 0.0200 (6)
Q) 0.0917 (5) ~0.1826 (5) -0.0377 (4)
C@3) 0.0289 (4) -0.3075 (5) 0.0790 (5)
C4) 0.1210 (5) -0.3895 (4) 0.0956 (6)
C(5) 0.2339 (5) -0.3459 (5) 0.1739 (5)
C(6) 0.2716 (4) 0.1749 (5) 0.4621 (4)
0 0.3980 (4) 0.1722 (4) 0.5250 (4)
C(8) 0.4513 (4) 0.3171 (4) 0.4135 (5)
C(9) 0.3461 (5) 0.3820 (4) 0.3911 (5)
C(10)  0.2401 (4) 0.3225 (5) 0.3076 (5)

Octa

ce3

Figure 1. View of the molecular structure of the binuclear units in
Cu,y(1,4-diazacycloheptane),Cl,. Hydrogen atoms have been omitted for
clarity.

up to 26 = 50°; the w—26 scan technique was employed, the scan range
being 1.8° and the speed 0.06° s™!. Three standard reflections that were
measured periodically showed no apparent variation in intensity during
the data collection. The data were corrected for Lorentz and polarization
factors. A semiempirical absorption correction was applied on the basis
of the variation in intensity during the azimuthal scans of some reflec-
tions, according to the method of North et al.!* After the equivalent
reflections were merged, a set of 2089 independent observed reflections
(I > 30(I)) were retained for subsequent calculations.

The structure was solved by Patterson and direct methods and refined
by the full-matrix least-squares method with use of the SHELX-76 package
of programs.!*  Anisotropic thermal parameters were refined for all
non-hydrogen atoms. The hydrogen atoms were included at the calcu-
lated positions and refined with an overall temperature factor (U = 0.10
A?). The refinement was carried out with use of 183 parameters and
2089 observed reflections (R, = (Z(W(|Fo| = |FDHVY/ T (WF) Y, w =
(6¥(F,) + 0.0019F »)"!). The molecule is roughly centrosymmetric, with
the pseudocenter at about !/,, 0, !/,. The atomic scattering factors were
taken from ref 15 for the N, C, H, and Cl atoms and from ref 16 for the
Cu atom; the correction for anomalous dispersion was included.

Results

Structural Information. Final positional parameters for Cu,-
(1,4-diazacycloheptane),Cl, are given in Table II. Figure 1 is
a perspective view of the binuclear unit of the complex with the
atomic numbering scheme indicated. Intradimer bond distances
and angles are listed in Table III.

The halves of the binuclear unit are not related by crystallo-
graphic inversion symmetry; however, the coordination environ-
ments around the two copper atoms are very similar. The mo-
lecular symmetry is close to C;. Each metal center shows distorted

(14) North, A. C. T.; Philips, D. C.; Mathews, F. S. Acta Crystallogr., Sect.
A: Found. Crystallogr. 1986, 24, 351.

(15) Sheldrick, G. M. SHELX-76, Program for Crystal Structure Deter-
mination; University of Cambridge: Cambridge, England, 1976.

(16) International Tables for X-ray Crystallography; Kynoch: Birmingham,
England, 1974.

Cu()-CI(1)  2.653 (1) N(2)-C(3) 1.471 (6)

Cu()-CI(2)  2.302 (1) N(3)-C(6) 1.476 (6)

Cu()-CI(3) 2252 (1) N(3)-C(10) 1.489 (7)

Cu(1)-N(1)  2.001 (3) N(4)-C(7) 1.484 (5)

Cu(1)-N(2)  2.004 (3) N(4)-C(8) 1.485 (6)

Cu(2)-CI(1)  2.329 (1) C(1)-C(2) 1.533 (6)

Cu(2)-Cl(2)  2.642 (1) C(3)-C(4) 1.494 (6)

Cu(2)-Cl(4)  2.237 (1) C(4)-C(5) 1.500 (7)

Cu(2)-N(3)  2.006 (3) C(6)-C(7) 1.538 (5)

Cu(2)-N(4)  2.000 (3) C(8)-C(9) 1.511 (5)

N()-C(1)  1.465 (8) C(9)-C(10) 1.525 (7)

N(1)-C(5)  1.494 (7) .

NGB 1465 (5) Cu(1)Cu (2)  3.422 (0)
CI(1)-Cu(1)-CI(2)  93.0 (0) Cu()-N(1)-C(1) 107.0 (2)
Cl(1)-Cu(1)-CI(3)  98.6 (0) Cu(1)-N(1)-C(5) 107.7 (2)
CI(1)-Cu(1)-N(1)  96.6 (1) C(1)-N(1)-C(5)  113.3 (2)
CI(D-Cu(1)-N(2) 979 (1) Cu(1)-N(2)-C(2) 108.1 (2)
CI(2)-Cu(1)-CI(3) 958 (0)  Cu(1)-N(2)-C(3) 108.6 (2)
CI2)-Cu(1)-N(1)  90.0 (1) C(2)-N@2)=C3) 1126 (3)
Cl(2)-Cu(1)-N(2) 1638 (1)  Cu(2)-N(3)-C(6) 108.0 (2)
CI(3)-Cu(1)-N(1) 163.5(1)  Cu(2)-N(3)-C(10) 107.2 (2)
CI(3)-Cu(1)-N(2) 944 (1) C(6)-N(3)-C(10) 113.3 (2)
N()-Cu(1)-N(2) 769 (1) Cu(2)-N(4)-C(7) 108.1 (2)
Cl(1)-Cu(2)-Cl(2) 927 (0) Cu(2)-N(4)-C(8) 108.3 (2)
CI(1)-Cu(2)-Cl(4) 962 (0) C(T)-N(4)-C(8)  112.4(2)
CI(1)-Cu(2)-N(3)  89.6 (1) N(1)-C(1)-C(2)  109.8 (3)
Cl(1)-Cu(2)-N(4) 163.0 (1) NQ2)-C(2)-C(1)  108.4 (3)
CI(2)-Cu(2)-Cl(4) 100.0 (0) N(2)-C(3)-C(4)  112.8 (2)
Cl(2)-Cu(2)-N(3) 934 (1) C@B3)-C@)-C(5) 1153 (3)
CI(2)-Cu(2)-N(4)  99.1(1) N)-C(5)-C(4)  112.5(3)
Cl(4)-Cu(2)-N(3) 165.1 (1) N(3)-C(6)-C(7)  109.2 (3)
CI(H-Cu(2)-N(4) 939 (1) N(4)-C(1)-C(6)  109.0 (3)
N(3)-Cu(2)-N(4)  775(1) N@)-C(8)-C(9) 1121 (2)
Cu()-CI(1)-CI(2) 865 (0) C(8)-C(9)-C(10) 115.6 (3)
Cu(1)-Cl(2)-Cu(2) 873 (0) N(3)-C(10)-C(9) 112.0 (2)

(4 + 1) square-pyramidal coordination. The four short bonds are
to the two nitrogens of 1,4-diazacycloheptane, a terminal chlorine
atom, and a bridging chlorine atom. The long, apical bond involves
a basal chlorine atom of the other copper atom. The copper-ligand
bond lengths are in the range of Cu-N and Cu~Cl bond distances
observed for structures of other parallel-planar bis(u-chloro)-
bridged copper(II) compounds.2d7

Atoms N(1), N(2), Cl(2), and CI(3) lie between 0.02 and 0.08
A from the best plane calculated for those four atoms and Cu(1).
Cu(1) sits 0.19 A below that plane, toward the apical CI(1) atom.
The deviation of Cu(2) from its corresponding basal plane is also
0.19 A, toward CI(2). The four-membered Cu,Cl, bridging unit
is very nearly planar, the maximum deviation from planarity being
0.06 A. The Cu(1)-Cl(1) and Cu(1)-Cl(2) bond distances of
2.653 (1) and 2.302 (1) A, respectively, are longer and shorter
than the corresponding Cu(2)—Cl(2) and Cu(2)—-CI(1) distances
of 2.642 (1) and 2.329 (1) A, respectively. A slight difference
between the bridging angles at CI(1), 86.5 (0)°, and CI(2), 87.3
(0)°, parallels the difference between the bond lengths of the
bridging unit. The intradimer Cu(1)--Cu(2) separation is 3.422
0) A.
The binuclear molecules are packed along the [101] direction
of the monoclinic space group P2,/c. Each dimer is related to
its two nearest neighbors along this axis by crystallographic in-
version symmetry and is connected to each of them by two Cu-
Cl---H-N-Cu hydrogen-bonding interactions. The interdimer,
hydrogen-bonding N--Cl contacts along [101] alternate between
two values, one of 3.37 A, between N(2) and CI(1)’ (and, of course,
between the symmetry-related N(2)” and CI(1) atoms), and the
other of 3.29 A, between N(4) and Cl(2)”. As a result of this
1-D network of hydrogen bonds, the binuclear units are connected
into infinite ladderlike chains, as schematically shown in Figure
2. The separations between the copper atoms of nearest-neigh-

(17) Hatfield, W. E. Comments Inorg. Chem. 1981, 1, 105 and references
therein.



Cu,(1,4-diazacycloheptane),Cl,

|
|
way ) | [101]
|
I
cut1) cigny Cu1)!
Cl(z)"I Cuf2) ! Cuf2}*'!
}
5
| 5
| N(4)'!
| ]
N(4) I
| E}
|
I
cu(2) cl(2) cu(2)
c1(1) ' cu (1) cul(1)
| 3
| 3
) N(2)
1 I
N2y |
| 3
l
|
Cu(l)! cl{1)! cu(1)"
cL(z)" Cu(2)! cu(2)’
|
|
I

a b

Figure 2. (a) Simplified scheme of a fragment of the ladderlike chain
structure of Cu,(1,4-diazacycloheptane),Cl,. Symmetry code: (single
prime) %, ¥, 2; (double prime) 1-x, §, 1-z. Ligand atoms not involved
in any bridging have been omitted for clarity. (b) Simplified scheme of
the five pathways available for exchange.

boring binuclear units along the chains are as follows: Cu(1)-
«Cu(1) = 5.774 (0) A, Cu(1)-Cu(2)’ = 6.996 (0) A, Cu(1)-
Cu(2)” = 7.002 (0) A, Cu(2)Cu(2)”’ = 5.822 (0) A; Cu(l)~
«Cu(1)” = 9.359 (0) A, and Cu(2)Cu(2)’ = 9.380 (0) A.

The X-ray analysis of the compound does not reveal any close
contacts between chains that may be regarded as bonding in-
teractions, suggesting that the individual chains in the structure
are effectively isolated.

Magnetic Properties. Corrected magnetic susceptibility data
for Cu,(1,4-diazacycloheptane),Cl, are given in Figure 3. The
presence of an antiferromagnetic interaction is clearly indicated
by the maximum at about 8 K in the susceptibility vs temperature
curve, The inverse susceptibility vs temperature plot obtained for
data above ca. 20 K is linear with a slope of 2.353 (8) cgsu™! K™,
and hence there is a Curie constant, C, of 0.425 (1) cgsu-K and
a calculated g value of 2.13 (0). This g value was held constant
during all the fitting calculations described below.

Discussion

The most prominent structural feature of Cu,(1,4-diazacy-
cloheptane),Cl, is the presence of well-isolated ladderlike chains
parallel to [101]. Inspection of Figure 2 shows that, basically,
the double-chain structure of the compound deviates from the l¢
model in that the pathways connecting each copper atom to the
two nearest-neighboring copper atoms are not equivalent. Figure
2 also shows that, owing to the low symmetry of the chain, five
pathways corresponding to five different Cu~-Cu separations are
available for intrachain magnetic exchange between nearest
neighbors or next-nearest neighbors. Strictly speaking, therefore,
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Figure 3. Magnetic susceptibility data for Cu,(1,4-diazacyclohep-
tane),Cl,. The solid line through the data was generated by the ex-
pression given in the text for Heisenberg exchange in an alternatingly
spaced chain with J = —6.0 cm™, @ = 0.78, and g = 2.13.

the spin problem for the compound involves five exchange-coupling
constants and a Hamiltonian of the form

R N2 N2
H=-2J, 2521"52;'-1 - 2-12;52,"52#1 -
fw/z o jA R Na
2-’3};} (S2j+1'S2j—1 + S2j'S2j+2) - 2J4E232k'32k+1 -
N2

215E2(~§2k+1'~§2k—1 + Szk'S2k+2) (2)

where the J subscripts refer to the relative pathways in Figure
2,i=123,..,j=13,5,..,and k = 2,4,6,.... Such a complex
Hamiltonian cannot presently be used for the analysis of magnetic
data. We have, therefore, considered the question of whether the
magnetic structure of the compound may approximately be de-
scribed by some simpler, tractable model that is implicit in (2).
This possibility clearly depends upon the relative magnitude of
the coupling constants that characterize exchange along the chains.
The A, B, and C models described below were tentatively selected.

Model A. We first note, with the aid of Figure 2 and eq 2, that
if the intradimer exchange pathway 1 leads to an exchange in-
teraction that is considerably stronger than those propagated by
the interdimer 2-5 exchange pathways, then the model represented
by eq 2 reduces to a model of weakly interacting spin pairs. The
use of this model is suggested by the accepted? notion that su-
perexchange interactions are usually very short-ranged (~ry_p'°
dependence) and the fact that exchange pathway 1 corresponds
to a Cu--Cu distance (3.422 (0) A) which is much shorter than
those (in the range 5.774 (0)-7.002 (0) A) for the other pathways.
In the molecular field approximation, the magnetic susceptibility
for such a model is given'®!? according to eq 3, where xy, the

X'm (per Cu) = xm/[1 - (42J°/ Ng?B*)xm] 3)

xm (per Cu) = Ng@ sinh (gBH /kT)/H[exp(-2J/kT) +
2 cosh (gBH/kT) + 1] + Na (4)

susceptibility of the isolated pair system, is given by expression
4, z is the number of nearest-neighboring dimers (in this case z
= 2), and J’ accounts for the presence of weak magnetic inter-
actions between neighboring dimers. The best fit of eq 3 to our
data yielded J = -4.6 (3) cm™! and zJ’ = -4.7 (2) cm™. The
agreement factor, defined as F = 3~ ;(x,°%) 1 (x,** — x,%1%9)2, was
9.42 X 107* for 77 observations. The use of eq 4 (to which eq
3 reduces for zJ’ = Q) yielded J = ~5.9 (3) cm™! but only a
marginal fit to this model was obtained, with F = 1.09 X 1072
Although the model represented by eq 3 provides a rather precise
fit to the experimental data, it is not an acceptable physical picture

(18) Myers, B. E.; Berger, L.; Friedberg, S. A. J. App!. Phys. 1968, 40, 1149.
(19) Smart, J. S. Effective Field Theories of Magnetism; Saunders: Phila-
delphia, PA, 1966.
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of the material, since the correction term is virtually equal to the
primary interaction parameter. Clearly, the intermolecular in-
teractions cannot be considered as a weak perturbation on the
isolated pair system. They must be considered explicitly in the
spin Hamiltonian.

Model B, The second model that was attempted in data fitting
was the simplest extended-system model suggested by the structure
of the compound. This is the alternating-chain model that obtains
from eq 2 if |J,| and |J5| (the nearest-neighbor interactions) are
considerably larger than | /5| (the next-nearest-neighbor interaction)
and, in addition, J, ~ J, and J; ~ J5. This latter condition is
suggested by the fact that pathways 2 and 4 on one hand and
pathways 3 and § on the other involve closely similar Cu---Cu
separations and bridging moieties that are of the same chemical
nature and symmetry. The magnetic susceptibility of alternating
chains of isotropically coupled s = !/, ions may be written as in
(5), where X = ~J/kT and constants A-F are power series in terms

xm (per Cu) = (Ng*B82/kT)(A + BX + CX?) X
(1 + DX + EX? + FX*) + Na (5)

of the alternating parameter a = J’/J.*¥  The two J values
obtained from the best fit of eq S to our data were -6.0 (2) and
-4.7 (2) cm™. F was 1.45 X 1073, The theoretical susceptibility
curve is drawn in Figure 3 and represents again a rather precise
fit to the experimental data. It should however be noted that
although the J values of 6.0 and —4.7 cm™" are in the range (from
-8.0 to +3.2 em™) so far observed® for chloride-bridged copper(II)
dimers and chains, neither of these values conform to the de-
pendence of J upon the ratio ¢/R, (¢ = angle at the bridging
chlorine, Ry = long, out-of-plane Cu—Cl bond distance) established
for such compounds.?!721.22 QOn the basis of this correlation,
for the ¢/ R, values of 32.6 and 33.0°/A found for the compound,
an either nearly zero or small positive value would be expected
for Jy, as actually observed, for example, for Cu(dmg)Cl, that
exhibits ¢/R, = 32.6°/A and J = +3.2 cm .22 Another
difficulty with the alternating-chain model lies with the fact that
the condition |J,| » |/4| is difficult to justify. In fact, although
the Cu--Cu separation pertaining to pathway 3 (6.996 (0) A) is
considerably longer and less favorable than that (5.774 (0) A)
for pathway 2, the superexchange pathway distance between the
copper(IT) ions is actually longer for 2 (8.027 &) than for 3 (7.703
A). In addition, both 1 and 2 pathways have a less favorable
symmetry than 3 (vide infra) for propagating magnetic exchange.

Model C. Finally, we take into account the electronic structure
of the copper(II) ions and tentatively assume that the two virtually
equivalent exchange interactions by the 3 and § pathways (which

(20) Hali, J. W.; Marsh, W. E.; Weller, R. R.; Hatfield, W. E. Inorg. Chem.
1981, 20, 1033.

(21) Marsh, W. E.; Hatfield, W. E.; Hodgson, D. J. Inorg. Chem. 1982, 21,
2679 and references therein.

(22) Hatfield, W. E. Inorg. Chem. 1983, 22, 837 and references therein.
Hatfield, W. E.; Weller, R. R.; Hall, J. W. Inorg. Chem. 1980, 19, 3825.

(23) Swedung, D. H. Acta Chem. Scand. 1969, 23, 2865.

(24) Watkins, N. T.; Dixon, E. E.; Crawford, V. H.; McGregor, K. T;
Hatfield, W. E. J. Chem. Soc., Chem. Commun. 1973, 133,

(25) Megnamisi-Belombe, M.; Novotny, M. A. Inorg. Chem. 1980, 19, 2470.
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involve in-plane electron density of square-pyramidal copper(II),
with a d,2,» ground state) are much stronger than those which
involve out-of-plane unpaired electron density, i.e. the interactions
mediated by 1,2 and 4. The resultant picture is one of two weakly
interacting uniform chains of copper atoms. The magnetic sus-
ceptibility for such a model system may be written2 as in (6),

x'm (per Cu) = xy(1 = 220 %/ Ng269™ (6)

xm = (Ng282/kT)(0.25 + 0.14995X + 0.30094.X2) X
(1.0 + 1.9862.X + 0.68854X2 + 6.0626X%)" + Na (7)

where xy, the susceptibility of an isolated Heisenberg chain, is
given® by eq 7 (where X = J/kT) and the zJ’ correction term
makes allowance for a weak interaction between the two chains.
The best fit of eq 6 to the data yielded J = -4.5 (3) em™, zJ' =
-2.4 (3) em™!, and F = 1.3 X 107, Once again, the model provides
a rather precise fit to the experimental data, but this fit is
meaningless for the correction term and the primary interaction
parameters are of similar magnitude.

The main conclusion that can be drawn from the results of the
A, B, and C model calculations, especially when they are con-
sidered collectively, is that models that neglect J,, J,, or J5 (i.e.
exchange interactions between nearest neighbors or next-nearest
neighbors in the chain structure depicted in Figure 2) with respect
to one another are not realistic. This relevant feature, which, by
itself, is fully consistent with the X-ray structural results for the
compound, clearly implies that in order to achieve an adequate
description of its magnetic structure, a Hamiltonian must be used
that simultaneously contains at least J,, J,, and J,, i.e. a Ham-
iltonian of the form

. N N N
H =20, 2800851 = 2,285 Sq41 = 2J3Z!Si'si+2 (®)
=1 i=1 i=

Adequate results for the low-lying states for (8) have to be
obtained before the J values that characterize exchange in the
present and similar compounds can be reliably deduced from
magnetic data.

Conclusion

The congruent structural and magnetic properties of Cu,-
(1,4-diazacycloheptane),Cl, suggest its use for further experi-
mental and theoretical studies as a bonafide example of next-
nearest neighbor chain systems. It does not appear possible to
attain a deeper insight into the interesting potential properties
of condensed systems of this type without further synthetic efforts
aimed at obtaining additional examples of such compounds and
without concurrent theoretical efforts aimed at obtaining con-
venient procedures for the analysis of their magnetic properties.

Supplementary Material Available: Tables SI and SII, listing thermal
parameters and derived hydrogen positions (2 pages); a table of calcu-
lated and observed structure factors (12 pages). Ordering information
is given on any current masthead page.

(26) Brown, D. B.; Donner, J. A,; Hall, J. W.; Wilson, S. R.; Hodgson, D.
J.; Hatfield, W. E. Inorg. Chem. 1979, 18, 2635.



