
Ferromagnetic Exchange in Bichloride Bridged Cu(II) Chains: 
Magnetostructural correlations between ordered and disordered 

systems 
 

Susan N. Herringer,1 Christopher P. Landee,2 Mark M. Turnbull*,1 Jordi 
Ribas-Ariño*,3 Juan J. Novoa,3 Matthew Polson4 and Jan L. Wikaira4 

 
 

1 Carlson School of Chemistry and Biochemistry, Clark University, 950 Main St. Worcester, MA 
01610, USA 

2 Dept. of Physics, Clark University, 950 Main St. Worcester, MA 01610, USA 
3 Departament de Ciència de Materials i Química Física & IQTCUB, Facultat de 

Química, Universitat de Barcelona, Martí i Franquès 1, 08028-Barcelona, Spain 
4Dept. of Chemistry, University of Canterbury, Private Bag 4800, Christchurch, New 

Zealand 
 

email: mturnbull@clarku.edu 

 

 

ABSTRACT 

The synthesis, structure, magnetic properties and theoretical analysis of a new phase of 
dichloro(2-chloro-3-methylpyridine)copper(II) (2), and its isomorphous analogue 
dichloro(2-bromo-3-methylpyridine)copper(II) (3) are reported.  Both complexes 
crystallize in the orthorhombic space group Pbca and present square pyramidal Cu(II) 
ions bridged into chains by chloride ions with each copper(II) bearing a single pyridine 
ligand.  Variable temperature magnetic susceptibility measurements were well fit by a 
uniform 1D-ferromagnetic chain model with: 2, J = 69.0(7) K, C = 0.487 emu-K/mole-
Oe; 3, J = 73.9(4) K, C = 0.463 emu-K/mol-Oe (H = -JΣSi·Sj Hamiltonian).  The 
experimental J-values were confirmed via theoretical calculations.  Comparison to a 
known disordered polymorph of dichloro(2-chloro-3-methylpyridine)copper(II), 1, 
shows marked differences as there are significant antiferromagnetic next-nearest 
neighbor interactions in 1 in addition to randomness induced by the disorder with 
provide a distinctly different magnetic response.  The differences in magnetic behavior 
are attributed principally to the structural difference in the Cu(II) coordination sphere, 1 
being significantly closer to trigonal-bipyramidal, which difference changes both the 
nearest and next-nearest neighbor interactions. 

 

 

  



INTRODUCTION 

 

The structure and magnetic behavior of bihalide bridged Cu(II) chains have been 
studied for decades. One common structural motif in these complexes exhibits two trans 
halide ions and two trans ancillary ligands (frequently amines) coordinated to the 
copper ion in a pseudosquare planar array. These molecules are then linked into roughly 
linear chains by pairs of short Cu···X contacts (∼2.5–3 Å) between the molecules. 
Cu(py)2X2 complexes are prototypical(1) of these structures, but a wide variety of 
substituted pyridine complexes,(2) as well as other heterocyclic amines,(3) are well-
known in such complexes with both CuCl2 and CuBr2. With chelating ligands, the cis-
substituted CuL2X2 compounds are formed in which case the bridging halide ions 
generate quasi-helical structures which still maintain the bihalide-bridging motif.(4) 
Although magnetic behavior has not been determined for all of these compounds, those 
where such interactions have been reported share the common theme that the 
interactions via the bihalide bridge are antiferromagnetic, regardless of the cis/trans 
nature of the primary coordination at the Cu(II) center.  

The same is not true for five-coordinate, bihalide-bridged Cu(II) chains and oligomers. 
A somewhat smaller number of these compounds have been structurally characterized, 
and they fall into two classes: those where the ancillary ligand (nonbridging) is also an 
ion (frequently another halide ion) and those where the ancillary ligand is a neutral 
species. In the former category are several ammonium salts such as (4-
benzylpiperidinium)CuCl3,(5) (dimethylammonium)CuCl3,(6) (N-methyl-N-
butylimidizolium)CuCl3,(7) (ethyltrimethylammonium)CuCl3,(8) and 
(diethyldimethylammonium)CuCl3,(9) as well as the (tetramethylammonium)CuCl3 
compound(10) which exhibits a trichloride bridge between Cu(II) ions. Among these 
complexes, both ferromagnetic and antiferromagnetic interactions have been observed 
via the bridging chloride ions. 

There are very few compounds in the latter category where the ancillary ligand is 
neutral. Dichlorodimethylnitrosaminecopper(II),(11) 

dichlorotetramethylenesulfoxidecopper(II),(12) and dichlorodimethyl 
sulfoxidecopper(II)(12) are all uniform bichloride bridged chains with an O-bound ligand 
occupying the fifth coordination site (in the latter two compounds, short O···Cu 
distances provide a potential third bridge). Dichloro(1,4-oxathiane)copper(II) generates 
bichloride bridged chains, but with two different Cu(II) sites in the chain in an 
AABAAB pattern.(13) The A-site is a five-coordinate CuCl4O moiety (with the O from 
an oxathiane), while the B-site is tetragonal, CuCl4S2, with a square planar array of 
chloride ions and semicoordinate S atoms (from oxathiane molecules in adjacent chains) 
occupying the axial positions. The 2-allyltetrazole copper chloride complex(14) is similar 
to the A-sites having a CuCl4N coordination sphere and the B-sites having a CuCl4N2 
coordination sphere. Of these, only the copper-sulfoxide complexes have been 
examined for their magnetic behavior, and both compounds showed dominant 
ferromagnetic exchange within the chains. 



We recently reported the synthesis, structure, and magnetic behavior of a new member 
of this unusual class of pentacoordinate Cu(II) coordination polymers, the complex 
catena-dichloro(2-chloro-3-methylpyridine)copper(II) (1).(15) Due to its crystallographic 
disorder, it provided a random-exchange ferromagnetic chain which exhibited magnetic 
frustration due to next-nearest neighbor interactions. Both experimental and theoretical 
analysis of its magnetic behavior (see Figure 1) has been previously reported.(15) The 
bulk magnetic behavior of the complex was justified as a result of competing 
interactions within the chain structure through the theoretical calculations. Three 
structurally and magnetically distinct nearest-neighbor interactions occur, as a result of 
the structural disorder, which provide three equally distinct ferromagnetic exchange 
pathways, while the corresponding next-nearest-neighbor interactions are all 
antiferromagnetic (but of similar magnitude to each other). 

 

Figure 1.  Thermal ellipsoid plot (50% probability) of a portion of one chain of 
catena-dichloro(2-chloro-3-methylpyridine)copper(II), 1.  The pyridine ligands are 

disordered (50:50 occupancy) and both positions are shown at each Cu(II) ion.  
Hydrogen atoms have been removed for clarity. 

 

 

Further evidence to support the analysis of the compounds’ magnetic behavior can be 
provided through comparison with structurally similar complexes that lack the disorder 
observed previously, and we have isolated two related compounds, one of which is an 
ordered polymorph of 1. Here we report the synthesis, structure, magnetic properties, 
and theoretical analysis of that second phase of dichloro(2-chloro-3-
methylpyridine)copper(II) (2) and its isomorphous analogue dichloro(2-bromo-3-
methylpyridine)copper(II) (3). 

 

 



EXPERIMENTAL  

 

2-Chloro-3-methylpyridine, 2-bromo-3-methylpyridine, and 1-propanol were purchased 
from Aldrich Chemical Co.. Copper chloride was obtained from J.T. Baker. All 
chemicals were used as received. IR spectra were recorded on a PerkinElmer FTIR: 
Paragon 500. X-band EPR was carried out on a Bruker EMX EPR spectrometer at room 
temperature. Elemental analyses were carried out by Marine Science Institute, 
University of California, Santa Barbara CA 93106. 

 

catena-(2-Chloro-3-methylpyridine)dichlorocopper(II) Phase A (1)(16) 

CuCl2·2H2O (0.258 g, 1.51 mmol, 50% excess) was dissolved in 4.0 mL of 1-propanol 
with warming. 2-Chloro-3-methylpyridine (0.128 g, 1.00 mmol) was dissolved in 2.0 
mL of 1-propanol and warmed. The CuCl2 solution was added to the pyridine solution 
slowly with stirring and a green solution resulted. The solution was covered with a 
watch glass and allowed to cool to room temperature slowly. Acicular clusters of yellow 
crystals formed after 2 days. The mixture was filtered, and the crystals were washed 
with cold 1-propanol and allowed to air-dry to give 0.085g (32.4%). IR (KBr): υ 3079w, 
3015w, 1588s, 1577m, 1440m, 1399s, 1275w, 1233m, 1208m, 1191w, 1136w, 1109s, 
1070m, 1033w, 998w, 837w, 802s, 728m, 707s, 570w, 518w, 459w cm–1. Anal. Calc. 
(found) for C6H6NCl3Cu: C, 27.50(27.15); H, 2.31(2.32); N, 5.35(5.22)%. 

 

catena-(2-Chloro-3-methylpyridine)dichlorocopper(II) Phase B (2) 

CuCl2·2H2O (0.254 g, 1.49 mmol, 50% excess) was dissolved in 3 mL of 1-propanol 
with warming. 2-Chloro-3-methylpyridine (0.134 g, 1.05 mmol) was dissolved in 2 mL 
of 1-propanol and warmed. The CuCl2 solution was added to the pyridine solution 
slowly with stirring. The solution was allowed to cool to room temperature. The green 
solution was covered with parafilm with a few holes poked through and then placed in a 
cold room (∼5 °C). Amber crystals started to form after 1 h. After 2 days, yellow 
(compound 1) and amber crystals were both present. The solution was warmed gently 
until the yellow crystals dissolved and the solution was allowed to continue to 
crystallize at ∼5 °C. Amber crystals were harvested by suction filtration after 3 weeks, 
which were washed with cold 1-propanol and allowed to air-dry to give 0.178 g 
(67.9%). IR (KBr): υ 3089w 3055w, 3011w, 2967w, 1590m, 1574m, 1455m, 1444s, 
1400s, 1387m, 1284w, 1236w, 1212m, 1199m, 1137w, 1110s, 1070m, 1052w, 1006w, 
839w, 800s, 730m, 705s, 573w cm–1. Anal. Calc. (found) for C6H6NCl3Cu: C, 27.50 
(27.4); H, 2.31(2.41); N, 5.35(5.30)%. 

 

catena-(2-Bromo-3-methylpyridine)dichlorocopper(II) (3) 



CuCl2·2H2O (0.259 g, 1.52 mmol, 50% excess) was dissolved in 5 mL of 1-propanol 
with warming. 2-Bromo-3-methylpyridine (0.174 g, 1.01 mmol) was dissolved in 2 mL 
of 1-propanol and warmed. The CuCl2 solution was added to the pyridine solution 
slowly with stirring. The resulting solution was allowed to cool to room temperature 
slowly and covered with a watch glass. After 2 days, blue crystals of (2-bromo-3-
methylpyridine)2CuBr2 had formed;(17) the crystals were dissolved back into solution 
with 0.5 mL of 1-propanol and warming [Note: the presence of excess copper(II) in the 
solution reduces, but does not eliminate the initial formation of the bis-complex. 
However, it redissolves easily and does not contaminate the final product]. The solution 
was allowed to slowly return to room temperature. Amber crystals formed within 24 h. 
The crystals were recovered by suction filtration, washed with cold 1-propanol, and 
allowed to air-dry to give 0.210 g (68.5%). IR (KBr): υ 3085w, 3048w, 1586m, 1571m, 
1457m, 1444m, 1434m, 1395s, 1278w, 1233w, 1207m, 1192w, 1128m, 1096s, 1060m, 
1049w, 1004m, 831w, 801s, 723m, 689m cm–1. Anal. Calc. (found) for C6H6NCl2CuBr: 
C, 23.51(23.4); H, 1.97(1.80); N, 4.57 (4.58)%. 

 

X-ray Determination 

Data collections were carried out on a Siemens P4 diffractometer utilizing Mo–Kα 
radiation (λ = 0.71073) and a graphite monochromator. The data collection, cell 
refinement, and data reduction were performed using SHELXTL.(18) Absorption 
corrections were made from redundant data using SADABS.(19) A preliminary report of 
the structure of 1 has been published.(15) The structures of 2 and 3 were solved 
employing direct methods and expanded by Fourier techniques.(20) Non-hydrogen atoms 
were refined anisotropically. Hydrogen atoms were placed in calculated positions and 
refined using a riding model with fixed isotropic U values. Full crystal and refinement 
details for 1–3 are given in Table 1 while selected bond lengths and angles are given in 
Table 2. Crystallographic data from single crystal refinements of 1–3 were used for 
comparison to powder X-ray diffraction data to establish the phase and purity of the 
samples used for magnetic studies. The structures have been deposited with the CCDC 
(1, #843602; 2, #1006829; 3 #1006828). These data can be obtained free of charge from 
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

 

Magnetic Susceptibility 

Magnetic data were collected using a Quantum Design MPMS-XL SQUID 
magnetometer. The powdered samples used in the magnetic studies were prepared from 
crushed single crystals. Samples were placed in gelatin capsules, and the magnetic 
moments were measured using magnetic fields of 0–50 kOe at 1.8 K. Several data 
points were collected as the magnetic field was brought back to 0 kOe to check for 
hysteresis effects; none were observed. The data are shown in the Supporting 
Information as Figure S1 (2) and Figure S2 (3). Temperature dependent magnetic 



susceptibility data were collected over a temperature range of 1.8–310 K in an applied 
magnetic field of 1 kOe. Background corrections were measured using an empty gelatin 
capsule. Temperature independent diamagnetic corrections (DIA), calculated from 
Pascal’s constants,(21) and the temperature independent paramagnetism (TIP) correction 
for copper, 60 × 10–6 cm3 mol–1, were applied to the data sets. 

 

Computational Details 

Following the same procedure described in ref 15, the values of the magnetic 
interactions (J) between the S = 1/2 spin centers were evaluated by means of density 
functional theory (DFT) calculations conducted with the Gaussian 09 program(22) using 
the B3LYP functional(23) and an Ahlrichs TZVP basis set(24) on all atoms. The J values 
for each cluster model were obtained by solving a set of equations involving the 
energies of properly chosen spin states, as described in ref 25. 

 

Table 1 – X-Ray data collection and refinement parameters for compounds 1-3. 

Compound 1 2 3 

Empirical formula  C6H6NCl3Cu C6H6NCl3Cu C6H6NCl2CuBr 

Formula weight  262.01 262.01  

Temperature  108(2) K 111(2) K 111(2) K 

Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system (space group)  Monoclinic (C2/c) Orthorhombic (Pbca) Orthorhombic (Pbca) 

Unit cell:                             a 

(Å) 

10.0735(5) 16.0831(4) 16.3043(4) 

b (Å) 15.3951(8) 12.2128(3) 12.2138(3) 

                                   c (Å) 6.2152(8) 18.5204(5) 18.5935(5) 

                                   α (°) 90 90 90 

                                   β (°) 111.293(2) 90 90 

                                   γ (°) 90 90 90 

Volume (Å3) 898.07(13) 3637.77(16) 3702.66(16) 

Z 2 8 8 

Density (calculated) 1.938 Mg/m3 1.914 Mg/m3 2.199 Mg/m3 

Absorption coefficient 3.254 mm-1 3.214 mm-1 7.185 mm-1 

F(000) 516 2064 2352 

Crystal size (mm3) 0.31 x 0.05 x 0.03 0.40 x 0.36 x 0.32 0.45 x 0.34 x 0.10 

Theta range for data 

collection 

2.54 to 60.63o 2.20 to 27.53o 2.52 to 30.51o 

Index ranges -14 ≤ h ≤ 14 -20 ≤ h ≤ 20 -23 ≤ h ≤ 23 



 -21 ≤ k ≤ 22 -15 ≤ k ≤ 15 -17 ≤ k ≤ 16 

 -8 ≤ l ≤ 8 -24 ≤ l ≤ 24 -26 ≤ l ≤ 26 

Reflections collected (Rint) 10918 86912 62535 

Independent reflections 1381 ( 0.0608) 4179 (0.0374) 5610 (0.0752) 

Completeness to theta 99.40% 99.80% 99.30% 

Absorption correction Semi-empirical 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1381 / 9 / 105 4179 / 0 / 201 5610 / 0 / 201 

Goodness-of-fit on F2 1.238 1.141 1.014 

Final indices R1(wR2); 

[I>2σ(I)] 

0.0548 (0.1109) 0.0164 (0.0411) 0.0309 (0.0669) 

Final indices R1(wR2); all 

data 

0.0825 ( 0.1210) 0.0193 (0.0480) 0.0632 (0.0759) 

Max. diff. peak (hole) (e/Å3) 1.043 (-1.473) 0.441 (-0.370) 1.833 (-0.858) 

 

 

RESULTS and DISCUSSION 

 

Reaction of 2-halo-3-methylpyridine with excess copper(II) chloride in 1-propanol gave 
the products (2-halo-3-methylpyridine)dichlorocopper(II) (1–3) in 30–70% yield 
(Scheme 1). 

 

Scheme 1 – Preparation of 1-3. 

 

Compound 1 occurs as yellow, acicular clusters, while 2 and 3 form amber, rod-shaped 
crystals. Compounds 1 and 2 form as the kinetic and thermodynamic products of the 
crystallization, respectively. Compound 1 crystallizes initially from the reaction mixture 
(1–2 days). However, if the reaction mixture is left to stand, the crystals of 1 slowly 
dissolve and crystals of 2 form over the course of several days. The formation of 2 can 
be hastened by warming the mixture to redissolve compound 1 after it has formed. All 
three compounds were analyzed by single-crystal X-ray diffraction. Data collection and 
refinement parameters are given in Table 1. 

N X

CH3

N X

CH3

Cu Cl
ClClCl

+ CuCl2
1-propanol

X = Cl (phase B); 2
X = Cl (phase A); 1

X = Br; 3



 

X-ray Structure of Catena-(2-chloro-3-methylpyridine)dichlorocopper(II) (2) 

The asymmetric unit of compound 2 is shown in Figure 2; selected bond lengths and 
angles are given in Table 2. Compound 2 crystallizes in the orthorhombic space group 
Pbca with two crystallographically independent copper ions within the asymmetric unit, 
both of which are five-coordinate. Bond lengths and angles within the pyridine ring are 
comparable to those found in the complexes Cu(2-Cl-3-Mepy)2X2.(17) The pyridine 
rings are nearly planar with a mean deviation of the constituent atoms of 0.0037 and 
0.0043 Å for the N1 and N11 rings, respectively. The chlorine and methyl substituents 
are almost coplanar with the pyridine rings, deviating 0.0131/0.0012 Å and 
0.0054/0.0321 Å, respectively, for the N1 and N11 rings. Each of the pyridine rings 
occupies an equatorial position of their respective copper coordination spheres. 

 

Figure 2: The asymmetric unit of 2 showing 50% probability ellipsoids for refined 

atoms.  Only atoms whose positions were refined are labeled. 

 

The five-coordinate copper(II) chains of 2 form parallel to the b-axis (Figure 3) via 
bridging chloride ions. Using the continuous symmetry measure (CSM) approach,(26) 
the two copper coordination spheres can be shown to be significantly closer to square 
pyramidal [S(C4v) = 0.929 and 1.03] than trigonal bipyramidal [S(D3h) = 3.65 and 4.46] 
for each Cu1 and Cu2, respectively. There are eight independent Cu–Cl bonds, which 
vary in length from 2.2698(4) Å to 2.5581(4) Å. The Cu1–Cl–Cu2 angles range from 
90.171(15)° to 95.399(15)°. There exist two types of bridges between the copper ions: 
(1) equatorial–equatorial (eq–eq) bridges, where the bridging chloride ion occupies an 
equatorial position for both Cu1 and Cu2 (Cl1 and Cl3) and (2) axial–equatorial (ax–eq) 
bridges, where the bridging chloride ion occupies an axial position on one copper ion 
and an equatorial position on the other copper ion (Cl4 and Cl2). For example, Cl4A is 



axial to Cu2A and Cl2 is axial to Cu1. The dihedral angle Cu1–Cl4–Cu2A–Cl2A is 
−172.4° while that of Cu2A–Cl4A–Cu1–Cl2 is 93.7°. This second dihedral angle 
provides a symmetric twist to the chain, occurring alternately clockwise and 
anticlockwise successively along the chain. The twist prevents the close approach of 
neighboring chains. 

 

Table 2.  Selected bond lengths (Å) and angles (°) for 1-3.  Data in bold type refer to 

structural parameters for the chloride bi-bridged chains. 
Bond lengths(Å) 1 2 3 

Cu(1)-N(1)  1.967(8) 2.0399(14) 2.036(3) 

Cu(1)-Cl(1)  2.2915(10) 2.3400(4) 2.3411(8) 

Cu(1)-Cl(1)#1/Cl2 2.4582(12) 2.5581(4) 2.5712(8) 

Cu(1)-Cl3/Cl3#2  2.3196(4) 2.3235(8) 

Cu1-Cl4/#2   2.2698(4) 2.2723(9) 

Cu(2)-N(11)   2.0067(14) 2.004(2) 

Cu(2)-Cl(1)   2.3102(4) 2.3108(8) 

Cu(2)-Cl(2)   2.2915(4) 2.2942(8) 

Cu(2)-Cl(3)   2.3511(4) 2.3495(8) 

Cu(2)-Cl4/Cl4#3  2.5524(4) 2.5652(9) 

    

N1-Cu1-Cl1 96.7(2) 88.57(4) 88.67(8) 

N1-Cu1-Cl1/Cl2 87.2(2) 95.47(4) 95.00(8) 

N1-Cu1-Cl1/Cl3 141.6(2) 90.07(4) 89.91(8) 

N1-Cu1-Cl1/Cl4 110.3(2) 162.41(4) 163.25(8) 

Cl1-Cu1-Cl2 86.44(4) 83.740(14) 83.64(3) 

Cl1-Cu1-Cl3 175.98(8) 177.634(17) 177.46(3) 

Cl1-Cu1-Cl4 91.19(5) 90.452(15) 90.52(3) 

Cl2-Cu1-Cl3 107.82(7) 98.317(15) 98.59(3) 

Cl2-Cu1-Cl4  101.875(16) 101.54(3) 

Cl3-Cu1-Cl4  90.267(15) 90.23(3) 

N11-Cu2-Cl1  162.73(4) 163.21(8) 

N11-Cu2-Cl2  86.14(4) 86.40(8) 

N11-Cu2-Cl3  90.13(4) 89.77(8) 

N11-Cu2-Cl4  99.72(4) 99.85(8) 

Cl1-Cu2-Cl2  90.682(15) 90.83(3) 

Cl1-Cu2-Cl3  91.140(15) 91.34(3) 

Cl1-Cu2-Cl4  97.529(15) 96.91(3) 

Cl2-Cu2-Cl3  173.008(17) 173.52(3) 

Cl2-Cu2-Cl4  103.438(15) 102.93(3) 

Cl3-Cu2-Cl4  83.011(14) 82.87(3) 

Cu1-Cl1-Cu1#1/Cu2 93.56(4) 95.399(15) 95.54(3) 



Cu1-Cl2-Cu2  90.171(15) 89.95(3) 

Cu1-Cl3-Cu2  95.177(16) 95.45(3) 

Cu1-Cl4-Cu2  91.114(15) 91.04(3) 

 

 

 

Figure 3: Depiction of the 5-coordinate geometry of the copper ions in chains of 2 and 3 
showing only those atoms in the copper coordination spheres for clarity 

 

Compound 2 is similar to other chloride-bridged square pyramidal copper complexes 
whose geometries can be described as “4 + 1” with four short Cu–Cl bonds and one 
longer Cu–Cl bond, although in 2 one of the equatorially coordinated atoms is a 
pyridine nitrogen.(5-10) The long Cu–Cl axial bond here, however, is shorter (2.5 Å) than 
that found in the usual 4 + 1 geometry (∼2.7 Å). Typical of this group of five-
coordinate copper complexes is the distortion of the two distinctly different trans angles 
in the basal plane; one angle is nearly linear (∼180°), while the other trans Cl–Cu–Cl 
angle is considerably bent (∼145–160°). Here, the two trans Cl–Cu–Cl angles for Cu1 
are 177.634(17)/162.41(4)° and 173.008(17)/162.73(4)° for Cu2, both of which are less 
distorted than typical complexes of “4 + 1” copper chloride coordination polymers. In 
general, the preferred stereochemistry of five coordinate copper(II) systems is that of a 
“4 + 1” geometry with a Cu–Cl’ distance in the range of 2.65–2.75 Å and a trans angle 
difference (Δ, vide infra) of 15–30°.(27) With its shorter axial bonds and small Δ value 
(10–15°), classification of 2 as a distorted square pyramid, rather than 4 + 1, is more 
appropriate.  

The bichloride-bridged chains form parallel to the b-axis (Figure 4a). The nearest 
interchain chloride–chloride contact distance is 6.853(1) Å (parallel to the c-axis). 
Therefore, the chains are well isolated from each other. The chains form layers in the 
bc-plane (Figure 4b,c). The layers stack parallel to the a-axis and are offset with 
pyridine rings projecting into the space between the layers, thereby minimizing the void 
volume in the crystal. 

 

 



 

(a)     (b) 

 
 

(c)  

Figure 4: Packing of 2 viewed parallel to the a-axis (a) and parallel to the b-axis (b and 
c).  Only the copper coordination spheres are shown in (a) and (b) for clarity.  (c) 
Packing diagram viewed parallel to the b-axis showing the positions of the pyridine 
ligands which separate the chains. 

 

X-ray Structure of catena-(2-Bromo-3-methylpyridine)dichlorocopper(II) (3) 

The asymmetric unit of compound 3 is shown in Figure 5 (selected bond lengths and 
angles are given in Table 2). Compound 3 crystallizes in the orthorhombic space group 
Pbca and is isomorphous to 2. Again, there are two crystallographically independent 
copper ions within the asymmetric unit, both of which are five-coordinate. Bond lengths 
and angles within the pyridine rings are comparable to those found in 1 and 2 and as 



reported for related compounds.(17) The pyridine rings are nearly planar with a mean 
deviation of the constituent atoms of 0.0049 and 0.0041 Å for the N1 and N11 rings, 
respectively. The bromine and methyl substituents are almost coplanar with the pyridine 
rings, deviating 0.0183/–0.0126 Å and 0.0069/0.0337 Å, respectively, for the N1 and 
N11 rings. Each of the pyridine rings occupies an equatorial position of their respective 
copper coordination spheres. 

 

Figure 5: The asymmetric unit of 3 showing 50% probability ellipsoids for refined atoms.  Only 

those atoms whose positions were refined are labeled. 

 

The five-coordinate copper(II) chains of 3 form parallel to the b-axis in the same 
fashion as for 2 (see Figure 3). The CSM approach shows that the two copper 
coordination spheres are again significantly closer to square pyramidal [S(C4v) = 0.902 
and 1.02] than trigonal bipyramidal, [S(D3h) = 3.81 and 4.45] for each Cu1 and Cu2, 
respectively.(26) There are eight independent Cu–Cl bonds, which vary in length from 
2.2723(9) Å to 2.5712(8) Å. The Cu1–Cl–Cu2 angles range from 89.95(3)° to 
95.54(3)°. Similar to 2, classification as a distorted square pyramid, and not a 4 + 1 
geometry, is justified by a short axial bond of 2.5712(8) Å and small Δ values of 14.2° 
(Cu1) and 10.3° (Cu2). Table 3 lists the Cu–Cl bond lengths and bridging angles 
pertinent to the bibridged chain for 2 and 3. Similar to 2, there exist two types of 
bridges between the copper ions: (1) equatorial-equatorial bridges (Cl1 and Cl3) and (2) 
axial–equatorial bridges (Cl4 and Cl2). The dihedral angle Cu1–Cl4–Cu2A–Cl2A is 
−172.3° while that of Cu2a–Cl4–Cu1–Cl2 is 94.0°. 

 

 



Table 3. Cu−Cl Bond Lengths and Bridging Angles, Cu−Cl−Cu, of the Bi-Bridged 
Chains Found in 2 and 3 

 

 

The bibridged chains form parallel to the b-axis. The nearest interchain chloride–
chloride contact distance is 6.875 Å (nearly parallel to the c-axis), so again the chains 
are well isolated. Similar to 2, the chains of 3 form layers in the bc-plane (Figure 4b). 
The layers stack along the a-axis and are offset by the substituted pyridine ligands 
projecting into the space between the layers. 

 

X-ray Structure of catena-(2-Chloro-3-methylpyridine)dichlorocopper(II) (1)(28) 

The asymmetric unit of compound 1 is shown in Figure 6. Unlike 2 and 3, compound 1 
crystallizes in the monoclinic space group C2/c. Bond lengths and angles of the pyridine 
ring are comparable to those found in 2 and 3. The pyridine ring is nearly planar with a 
mean deviation of the constituent atoms of 0.0452 Å. The chlorine and methyl 
substituents are nearly coplanar with the mean plane of the pyridine ring, deviating 
0.0745 and −0.0362 Å, respectively, but are inclined to opposite sides of the pyridine 
ring plane. 

a)            b)  

Figure 6: a) The asymmetric unit of 1 showing 50% probability ellipsoids for 
refined atoms.  Hydrogen atoms are not labeled for clarity. b) The Cu coordination 

sphere in compound 1 including the two sites of the disordered pyridine ligand (N1 ring 



has solid bonds while the N1A ring has hollow bonds). Symmetry operators: A, 1-x, y, 
.5-z; B, 1-x, 1-y, 1-z; C, x, 1-y, z-0.5. 

 

The copper atom sits on a 2-fold axis and thus the pyridine ring is fully disordered with 
a 50% occupancy for each position as required by symmetry (Figure 6b). There is also 
only one chloride ion coordinated to the copper ion in the asymmetric unit, which is 
symmetry generated by the 2-fold axis parallel to the b-axis to produce Cl1B. The two 
additional, coordinated chloride ions are generated by a c-glide plane perpendicular to 
the 2-fold axis. 

Compound 1 also forms bi-bridged five-coordinate copper(II) chains (Figure 7). Using 
the CSM approach,(22) the copper coordination sphere is seen to be significantly closer 
to trigonal bipyramidal [S(D3h) = 1.11] than square pyramidal [S(C4v) = 3.10]. The 
geometry of the copper coordination sphere is the same for both disordered sites for the 
pyridine ligand, as required by symmetry. The copper coordination structure of 1 is 
similar to that seen in the dimeric anion, Cu2Cl8

4–, found in tris(ethylene 
diamine)cobalt(III) di-µ-chlorobis-[trichlorocuprate(II)] dichloride dihydrate, 
[Co(en)3]2[Cu2Cl8]Cl2·2H2O.(27) The Cu2Cl8

4– anion contains distorted trigonal 
bipyramidal Cu(II) ions. The distortion of the TBP copper ions in Cu2Cl8

4– occurs as an 
opening of one basal plane angle to 142.3(2)° and the closing of another basal plane 
angle to 96.3(2)°. The dimer [(2-chloro-3-methylpyridine)2CuCl2]2 exhibits a similar 
distortion with basal plane angles of 141.6, 110.3, and 107°.(17) The Cu–Cl bond in 
Cu2Cl8

4– that is opposite the large basal plane angle is elongated. This distortion is also 
found in other five-coordinate copper dimers, such as bis(3-
aminopyridinium)hexachloro-dicuprate (II)(27) and di-µ-
chlorobis[dichloro(guaninium)copper(II)]dihydrate.(29) While the large Cl–Cu–Cl angle 
is typical of the folded 4 + 1 geometry found in many copper(II) halide salts, the 
elongated bond is significantly shorter than normal for such species (∼2.5 Å vs 2.7 Å). 

The bond elongation in 1 is observed in the two equatorial Cu–Cl bonds with lengths of 
2.458(12) Å (Cl1A and Cl1C). Because there is disorder in the position of the pyridine 
ring, there are two large basal plane angles of 141.6°. Therefore, unlike the reference 
compounds, and 2 and 3, which have only one long bond, 1 has two. This long Cu–Cl 
bond length is intermediate between a typical trigonal bipyramidal terminal ligand (2.4 
Å)(30) and a square pyramidal terminal ligand (2.5 Å).(31) 

Blanchette and Willett, working to define a pathway for the transformation from square 
pyramidal to trigonal bipyramidal, plotted Cu–L′ (semicoordinate bond) distances 
versus the trans angle difference (Δ) of copper(II) chloride complexes.(27) They noted 
that there are only two known compounds which exist geometrically on the conversion 
line from square pyramidal to trigonal bipyramidal—the 3-aminopyridinium 
chlorocuprate salt(27) and the guaninium dimer.(30) Compound 1 also fits this description 
since it has a Cu–Cl′ distance of 2.458 Å and a Δ value of 34.4°. Table 4 gives a 



comparison of bond lengths and angles of 1, the guaninium dimer, and the 3-
aminopyridinium salt. 

 
Figure 7: The 5-coordinate copper chain formed by 1.  Only one position for the disordered 

pyridine ligand per copper ion is shown for clarity.  Symmetry operations: A, x, 1-y, z+0.5; B, x, 1-y, z-
0.5; C, 1-x, 1-y, 1-z; D, 1-x, y, 0.5-z. 

 

 

Table 4: Comparison table of bond lengths and angles of 1, di-µ-

chlorobis[dichloro(guaninium)-copper(II)]dihydrate, and bis(3-

aminopyridinium)hexachlorodicuprate (II). 
 1 Guaninium dimer 3-aminopyridinium salt 

Cu-Cl equatorial (Å) 2.458(12) 2.447 2.496 
Cu-Cl axial (Å) 2.2915(10) 2.288 2.279/2.320 

Cu-Cl-Cu bridge (o) 93.56(4) 98 94.9 
Δ (o) 34.4 35 29.1 

 

Each bridging chloride ion occupies the equatorial position of one copper ion and the 
axial position of the subsequent copper ion to which it is bonded. This is similar to the 
guaninium dimer, but differs from the 3-aminopyridinium salt; in the 3-
aminopyridinium salt, each of the bridging chloride ions occupies an equatorial position 
of both copper ions to which it is coordinated. All of the Cu–Cl–Cu bridging angles in 1 
are 93.56(4)°, which is smaller than that observed in both the 3-aminopyridinium salt 
(94.9°)(27) and guaninium dimer (98°).(30) Compound 1 also differs from the reference 



compounds in that the nitrogen containing ligand coordinates to the copper in an 
equatorial position in place of a fifth chloride ion. 

 

Magnetic Data 

Temperature dependent magnetic data were collected on 2 and 3 from 1.8–310 K. All 
data were interpreted with the H = −JΣSi·Sj Hamiltonian. The data [χT(T) and 1/χ(T)] 
for 2 are shown in Figure 8, while those for 3 are shown in Figure 9. 

 

Figure 8. A plot of χT versus log T and 1/χ versus T for 2. The solid line shows the fit to 
a 1D ferromagnetic chain model. 

There is no maximum observed in χ(T) down to 1.8 K, and the χT product increases 
sharply with decreasing temperature signifying ferromagnetic interactions. Unlike 1, no 
maximum is observed in the plots of χT(T) for either 2 or 3. The χmol versus T data for 
compounds 2 and 3 were fit with a 1D ferromagnetic chain model.(32) At the lowest 
temperatures (<6 K) the data deviate from the fitted values suggesting weak interchain 
interactions. X-band EPR spectra were collected at room temperature, yielding g∥ = 2.16 
and a g⊥ = 2.21 for 2 and g = 2.16 (isotropic) for 3. The results of the fitting are 
presented in Table 5. 

 



 

Figure 9. A plot of χT versus log T and 1/χ versus T for 3. The solid line shows the fit to 
a 1D ferromagnetic chain model. 

Table 5:  Magnetic fitting results for compounds 2 and 3. 

Compound J (K) Curie Constant % errora R2 
2 69.0(7) 0.487(2) 5.9% 0.99931 
3 73.9(4) 0.463(1) 6.3% 0.99977 

a Difference between fitted value of the Curie constant and that measured by EPR. 

 

Theoretical Calculations 

The model system chosen to carry out this study is shown in Figure 10a. In the chosen 
model, four consecutive Cu(II) ions were excised from the chain structure; the central 
Cu–Cu pair has the same chemical environment as is found in the crystal. The segment 
was terminated by replacing two lateral Cu(II) ions with Zn(II) ions to decrease the 
complexity of the calculations; the Zn(II) ions have no unpaired electrons and thus do 
not contribute a magnetic moment, while they mimic quite effectively the electric field 
generated by the Cu(II) ions which they replace. Two K ions at the end points of the 
chain have been included to maintain the electroneutrality of the overall system. The 
pyridine ligands have been replaced by ammonia molecules on the Zn(II) ions to 
simplify the calculations. 



a) b) 

Figure 10. a) Model system used to evaluate magnetic exchange in 2 and 3. b) Magnetic 
topology applied to compounds 2 and 3.  J1 refers to the nearest-neighbor (NN) 
magnetic interaction of the central Cu—Cu pair. J2 and J3 are associated with the 
magnetic interaction between next-nearest-neighbor CuII ions. J4 and J5 refer to NN 
magnetic interactions between the terminal CuII ion pairs. 

 

The magnetic topology associated with the selected model is schematized in Figure 10b. 
As shown in this figure, our model systems allow us to evaluate not only the magnetic 
interactions between nearest-neighbor Cu(II) ions (J1, J4, and J5 in Figure 10b), but also 
the presence, or absence, of next-nearest-neighbor interactions between Cu(II) ions (J2 
and J3 in Figure 10b). 

The computed J values are collected in Table 6. All the exchange constants are 
ferromagnetic for compounds 2 and 3, including the NNN-exchange between 
nonadjacent Cu ions (although these NNN-exchange values for 2 and 3 may be 
considered negligible). The values for 1 have also been included in Table 6 for 
comparison, and it is worth emphasizing that while the NN-interactions in 1 are also 
ferromagnetic, the NNN-interactions in 1 are all antiferromagnetic and significantly 
larger than the values obtained in 2 and 3. The values presented in Table 6 are in good 
agreement with those obtained from fitted of the susceptibility as a function of 
temperature data. 

 

Table 6.  Calculated exchange constants for 1-3 (K).  See Figure 10 for the 

definitions of the different J values. 

Compound J1 J2 J3 J4 J5 

2 81.3 0.66 1.45 77.9 81.0 

3  80.5 0.66 1.38 77.7 80.1 

1a 49 -12.7 -12.7 49 49 

A See Figure 10 for the definitions of the different J values. The disorder in 1 



leads to three different NN- and NNN-exchange values.  The average values are 
reported for comparison. 

 

Discussion 

A number of penta-coordinate chloride bibridged copper chains exhibit ferromagnetic 
behavior. This family of compounds includes catena-(piperazinediium 
hexachlorodicuprate),(33) polymorphs of catena-
(bis(dimethylammonium)hexachlorodicuprate),(34)catena-
((cyclopentylammonium)trichlorocuprate),(35)catena-
((ethanolammonium)hexachlorodicuprate),(36)catena-((isopropyl- 
ammonium)hexachlorodicuprate),(37)catena-(bis(2-amino-4-chloro-6-
methylpyrimidinium)-hexachlorodicuprate),(38)catena-
(tetramethylethylenediium)hexachlorodicuprate,(39) and catena-(bis(pyrrolidinium) 
hexachlorodicuprate.(40) The strength and sign of the NN magnetic exchange in these 
compounds has been tied to two structural parameters: the Cu–Cl–Cu bridging angle (φ) 
and the bifold angle (σ) at each Cu-center.(41) 

It is convenient to think of the chains as a series of bihalide-bridged dimers. A common 
way of describing distorted square pyramidal copper dimers (Cu2Cl6

2–) is through the 
bifold angle (σ)—the angle between the bridging Cu2Cl2 plane and the terminal CuCl3 
plane (the bending of the square pyramidal basal plane). Species with symmetric 
bridges (φ ≈ 96°) and bifold angles, σ, less than ∼25° often exhibit antiferromagnetic 
behavior while species with σ > ∼25° tend to exhibit ferromagnetic behavior. In 2 and 
3, the axial ligands of Cu1 and Cu2 are involved in the bihalide bridge, and thus the 
bridging between the centers is not symmetric. This is not often the case in such copper 
dimers. Axial ligands are more often involved in interdimer interactions, if they are 
involved at all. The σ values determined for 2 and 3 are well below this 25° threshold, 
but both compounds exhibit strongly ferromagnetic interactions. The bifold angle was 
determined by measuring the angle between the Cu2Cl2 bridging plane and the plane of 
the Cu, N, and Cl of the opposite side of the basal plane for each copper ion. The bifold 
angles of 2 are 14.2° for Cu1 and 18.7° for Cu2, while in 3 they are 14.9° for Cu1 and 
18.8° for Cu2. It appears that since the bridging between the copper centers is not 
symmetric, the use of the bifold angle does not adequately classify the magnetic 
interactions. 

While there are many distorted/bifolded square pyramidal copper(II) structures,(5, 32, 42) 
only three structures were found to contain di-µ-chlorobridged species that had both 
equatorial–equatorial and axial–equatorial bridges between Cu(II) ions, as seen in 2 and 
3—tetrakis(ethyltrimethylammonium) tetradecachloropentacuprate (II) 
[(ETrMA)4Cu5Cl14],(8) copper(II) chloride tetramethylenesulfoxide [CuCl2(TMSO)], 
and copper(II) chloride dimethyl sulfoxide [CuCl2(DMSO)].(12) While CuCl2(TMSO) 
and CuCl2(DMSO) are reported to be bridged by two chloride ions and one oxygen 
atom, the Cu–O distances are quite long (∼2.9 Å). Similarly, (ETrMA)4Cu5Cl14 has 



been reported to be tribridged, but with one Cu–Cl distance of over 2.9 Å, which is 
substantially longer than the other Cu–Cl distances. These longer bridges have been 
ignored for the current discussion. Unlike 2 and 3, the Cu–Cl–Cu bridging angles 
observed in these three compounds are all acute (Table 7). The equatorial-equatorial 
Cu–Cl bond lengths are normal at ∼2.3 Å. The axial Cu–Cl bonds are shorter in 2 and 3 
than in the reference compounds by at least 0.1 Å. 

 

Table 7:  Comparison of Bond Lengths and Bridging Angles of 2, 3, and Reference 
Compounds CuCl2(TMSO),(12) CuCl2(DMSO),(12) and (ETrMA)4Cu5Cl14

(8) 

 2 (Cu1/Cu2) 3 (Cu1/Cu2) TMSO DMSO ETrMA 

Eq-eq 

Cu-Cl (Å) 

2.340/2.310 

2.351/2.320 

2.341/2.311 

2.349/2.323 

2.321/2.356 2.236/2.352 2.31/2.368 

2.34/2.292 

Eq-eq 

Cu-Cl-Cu (o) 

95.4 

95.2 

95.5 

95.5 

86.7 87.57 84 

85 

Eq-axial 

Cu-Cl (Å) 

2.292/2.558 

2.270/2.552 

2.294/2.571 

2.272/2.565 

2.254/2.663 2.326/2.714 2.308/2.69 

2.308/2.60 

Eq-axial 

Cu-Cl-Cu (o) 

90.2 

91.1 

90.0 

91.0 

81.0 80.92 77.2 

79.2 

T at χT mas ~2 K ~2 K 7.4 K 12.3 K 30 K 

Maximum in χ None None 3.9 K 5.4 K ~7 K 

J (K) 69.0(7) 73.9(4) 78 90 75.4; -2.96 

 

While it has been demonstrated experimentally that hydroxy and alkoxy bridged 
systems have a direct correlation between the bridging angle, φ, and the sign and 
magnitude of the magnetic exchange, J, such correlations have not been exhibited by 
chloro-bridged systems.(43) It has been suggested that since the hydroxy and alkoxy 
bridged systems exhibit regular Cu–O bonds and chloro-bridged systems vary 
significantly in the Cu–Cl length, the bridging length as well as the bridging Cu–Cl–Cu 
angle must be taken into consideration. Hatfield and co-workers(44) have suggested that 
the singlet–triplet exchange coupling, J, varies as a function of the ratio φ/R, where φ is 
the Cu–Cl–Cu′ bridging angle and R is the length of the long, out-of-plane Cu–Cl bond. 
For values of the ratio between 32.6 and 34.8°/Å, the exchange interaction is 
ferromagnetic. The exchange interaction is antiferromagnetic for ratios below 32.6 and 
above 34.8°Å–1. However, more recent work shows a dependence on the geometry of 
the copper coordination sphere, i.e., square pyramidal (SP), tetragonal square pyramidal 
(SPTH), and trigonal bipyramidal (TBP).(45) Rojo et al. demonstrated this dependence 
by plotting J versus the φ/R ratio of a variety of bibridged copper chloride dimers; by 
connecting the various ratios for SP and SPTH, they show ferromagnetic interactions 
occurring between 32 and 32.5° for SP and between 32.5 and 34.8° for SPTH. This 
significantly limits the range at which ferromagnetic interactions are likely to occur. It 



is important to recognize that this has been utilized for µ-chloride-bridged dimers with 
axial–equatorial connections. 

Isomorphous compounds 2 and 3 have one axial–equatorial and one equatorial–
equatorial bridge between each pair of copper ions; there is no inversion center at the 
bridging center and the bridges are unsymmetrical. There are four independent bridging 
chloride ions in each compound—two located in ax-eq positions (Cl2 and Cl4) and two 
in eq–eq positions (Cl1 and Cl3). Therefore, the φ/R ratio was calculated for each 
bridging halide using the long Cu–Cl* bond and the bridging angle for that particular 
chloride ion (Table 8). The φ/R ratio of the eq–eq bridges is ∼40.7°/Å for both 
compounds; this is well outside the limits presented above. The φ/R ratio of the ax–eq 
bridges is between 35 and 35.7°/Å. While this lies just outside the limits for the 
observed ferromagnetic behavior, it would be expected that systems with φ/R ratios near 
the limit values would exhibit weak magnetic interactions. Compounds 2 and 3 exhibit 
strong ferromagnetic interactions with exchange constants of 69.0(7) K and 73.9(4) K, 
respectively. 

 

Table 8: Calculations of φ/R for 2 and 3 using long Cu-Cl bond length and the 

respective Cu-Cl-Cu angle.  Cl1 and Cl3 form equatorial-equatorial bridges, while Cl2 

and Cl4 form axial-equatorial bridges. 
2 Cu-Cl* long (Å) Cu-Cl*-Cu (°) φ/R (°/Å) 

Cl1 2.3400(4) 95.399(15) 40.8 

Cl2 2.5581(4) 90.171(15) 35.3 

Cl3 2.3511(4) 95.177(16) 40.5 

Cl4 2.5524(4) 91.114(15) 35.7 

3 Cu-Cl* long (Å) Cu-Cl*-Cu (°) φ/R (°/Å) 

Cl1 2.3411(8) 95.54(3) 40.8 

Cl2 2.5712(8) 89.95(3) 35 

Cl3 2.3494(8) 95.45(3) 40.6 

Cl4 2.5652(8) 91.04(3) 35.5 

 

As mentioned previously, reference compounds CuCl2(TMSO), CuCl2(DMSO), and 
(ETrMA)4Cu5Cl14 have acute bridging angles; the compounds have comparable Cu–
Cleq-eq bond lengths and long Cu–Clax-eq bond lengths.(12) As such, the φ/R ratios for 
CuCl2(TMSO), CuCl2(DMSO), and (ETrMA)4Cu5Cl14 are smaller than that observed in 
2 and 3. However, the ratios are also not within the limits expected for ferromagnetic 
material (Table 9). It is clear that the correlation of J to the φ/R ratio may not be 
employed in the case of eq–eq bridged systems, nor may it be utilized when there is one 
eq–eq bridge and one ax–eq bridge. 



Table 9: A comparison of calculated φ/R values for 2, 3, and reference compounds 
CuCl2(TMSO), CuCl2(DMSO), and (ETrMA)4Cu5Cl14. 

 2 3 TMSO DMSO ETrMA 

φ/R (°/Å) ax-eq 35.3 and 35.7 35 and  35.5 30.4 29.8 28.7 and 30.5 

φ/R (°/Å) eq-eq 40.8 and  40.5 40.8 and  40.7 36.8 37.2 36.4 and 36.3  

 

The reference compounds CuCl2(TMSO) and CuCl2(DMSO), as well as 
[(ETrMA)4Cu5Cl14] remain the best basis for comparison of magnetostructural 
correlations for 2 and 3. Unlike many of the previously reported chloride bibridged 
systems, these compounds have one ax–eq bridge and one eq–eq bridge, and they 
behave in comparable ways magnetically (Table 7). Unlike the EtTrMA salt, in which 
the χT product increases to a maximum of 2.8 emu/(K*mol) at 30 K and then decreases 
monotonically to zero as the temperature decreases further, the χT product of 2 appears 
to level off at approximately 2 K and 3.3 emu/(K*mol); compound 3 behaves similarly. 
This maximum in the χT product is also observed in CuCl2(TMSO) (at 7.4 K) and 
CuCl2(DMSO) (at 12.3 K). The reference compounds also reach a maximum in 
susceptibility, χ, but 2 and 3 do not. The fact that there is no observed maximum in 
susceptibility for 2 and 3, and the χT product is only leveling off at ∼2 K indicates a 
much weaker interchain interaction than that observed in the TMSO, DMSO, and 
ETrMA complexes which must be antiferromagnetic. This belief is confirmed by the 
crystal structure which shows that chains of 2 and 3 are well isolated with the closest 
interchain chloride–chloride contact distance being greater than 6 Å. While compounds 
2 and 3 have similar Cu–Cleq bond lengths to TMSO, DMSO, and ETrMA near 2.3 Å, 
the Cu–Clax bond lengths are at least a tenth of an angstrom shorter. Compounds 2 and 3 
also have slightly obtuse bridging angles, while TMSO, DMSO, and ETrMA have acute 
bridging angles. The exchange constants for 2 and 3 are comparable to those observed 
in the TMSO and ETrMA compounds. 

The behavior of compound 1 is distinctly different, not solely in terms of the 
randomness introduced by the crystallographic disorder, but also due to the difference in 
geometry at the Cu(II) ion and the NNN-exchange which is both stronger and 
antiferromagnetic. The question of why the position of the pyridine ligand should affect 
the magnitude of the ferromagnetic exchange between the Cu(II) ions in 1 remains, but 
the observation that syn-orientations lead to larger exchange provides a significant clue. 
(We define the syn-orientation as that where the substituents on the pyridine ring are 
oriented on the side of the Cu···Cu pair in question, while the anti-orientation is that 
where the substituents are directed away from the Cu···Cu pair in question.) Consider a 
portion of the chain (Figure 11) and the locations of the pyridine ligands with respect to 
a pair of adjacent copper ions. Although the structures are slightly better described as 
trigonal bipyramidal, they are intermediate in nature and the orientation of the metal d-
orbitals is highly dependent upon the position of the pyridine ligand. This becomes clear 
if we examine the Cu1–Cu1A pair (Figure 11). 



 

Figure 11 – A portion of the bichloride bridged chain structure of 1.  Only the Cu-
coordination spheres are shown for clarity.  The atoms N1S and N1BS represent the 
syn-orientation of the pyridine ligands while the atoms N1AA and N1CA (dotted 
circles) represent the anti-orientation with respect to the Cu1-Cu1A pair. 

Cu1, Cl1, Cu1A, and Cl1A comprise the planar bridge which provides the principle 
superexchange pathway for the pair. Cl1B and Cl1C deviate only slightly (∼0.12 Å) 
from that plane. If we consider that the pyridine moiety on Cu1 is in position N1S (the 
syn-position), then we can choose to describe the Cu1 ion as a highly distorted square 
pyramid with Cl1, Cl1A, Cl1B, and N1S comprising the basal plane (the angles N1A–
Cu1–Cl1A and Cl1–Cu1–Cl1B are 141.6° and 176.0°, respectively), and they thence 
have the greatest overlap with the d(x2 – y2) orbital, while Cl1E is left in the pseudoaxial 
position. Given this geometry, it is reasonable to assume that the greatest unpaired 
electron density lies in the d(x2 – y2) orbital and is therefore most delocalized onto these 
ligands—specifically Cl1 and Cl1A which bridge to Cu1A—leading to stronger 
exchange between Cu1 and Cu1A. This is supported by the spin-density displayed in 
Figure 12a. 

 

a) b)



 
Figure 12.  Spin density (cutoff at 0.01) of two different configurations of 

compound 1: a syn—syn configuration for the central pair of Cu ions (top), and an 

anti—anti configuration for the central pair of Cu ions (bottom). These spin densities 

were obtained from UB3LYP/ TZVP calculations of the high-spin state of the model 

systems. 

 

The same argument can be made for Cu1A if we take the pyridine to be in the syn-
position (N1BS) and Cl1, Cl1A, and Cl1C as the other basal ligands. Considered in this 
fashion, the fold-angle at each Cu1 and Cu1A is 38.9°, much greater than the minimum 
value of 22° expected for ferromagnetic exchange. If, on the other hand, the pyridine 
moiety lies in position N1AA (anti), then the atoms N1AA, Cl1, Cl1B, and Cl1E would 
constitute the basal plane and Cl1A would occupy the pseudoaxial position. In this 
geometry, Cl1 overlaps strongly with the d(x2 – y2) orbital, while Cl1A would overlap 
more strongly with the d(z2)-orbital with its lesser unpaired electron density (see spin 
density of Figure 12b), leading to weaker exchange. The same arguments are made 
when the pyridine is in position N1CA on Cu1A. This change in overlap of the bridging 
chloride ions agrees well with the observed trend of decreasing exchange as the Cu(II) 
ion pairs migrate from syn-syn, to syn-anti, to anti-anti. 

The NNN-exchange occurs via close Cl···Cl contacts which are well within the sum of 
the van der Waals radii for all three compounds. The lack of disorder in the location of 
the chloride ions in 1 means that the parameters dCu–Cl, dCl···Cl, θCu–Cl···Cl, and θCu–Cl···Cl–Cu 
are unaffected by the position of the pyridine ligand (these parameters have been shown 
to be significant in the two-halide exchange pathway for bromocuprates).(46) The two-
halide NNN-superexchange parameters for compounds 1–3 are given in Table 10. 

 

Table 10 – Parameters for two-halide NNN-exchange in compounds 1-3.a 

compound dCu-Cla dCu-Clb dCl…Cl θCu-Cl…Cl θCl…Cl-Cu θCu-Cl…Cl-

Cu 

1 2.291 2.458 3.395 135.9 105.3 75.5 



2(Cu1···Cu1) 

  (Cu2···Cu2) 

2.340 

2.310 

2.320 

2.552 

3.329 

3.273 

139.8 

136.7 

102.2 

101.7 

96.4 

81.8 

3(Cu1···Cu1) 

  (Cu2···Cu2) 

2.341 

2.311 

2.350 

2.565 

3.334 

3.277 

139.8 

136.6 

101.9 

101.0 

97.5 

83.2 
a Note: In compounds 2 and 3 there are two different NNN-pathways due to the 
presence of two independent Cu(II) ions. 

 

The NNN-superexchange pathways for 2 and 3 are virtually identical which agrees well 
with their isomorphous nature and the calculated values for JNNN for the two 
compounds. The majority of the parameters are also similar when compared to 1. The 
Cl···Cl distance is slightly longer in 1, but there is an interesting difference in Cu–Cl 
bond lengths. In 2 and 3, one of the NNN-exchange pathways shows two short Cu–Cl 
bonds, while the other shows one short and one long Cu–Cl bond. In 1, all the NNN-
pathways are identical, one short and one long Cu–Cl bond, but the long bond is 
significantly shorter (∼0.1 Å) than those of 2 and 3. The other significant difference lies 
in the Cu–Cl···Cl–Cu torsion angle. It has been shown in related copper bromide 
complexes that the superexchange via the two-halide pathway reaches a maximum at 
values near 0° and 180°, while it approaches zero at torsion angles near 90°. These 
values are all near 90° for 2 and 3, while the value for 1 is significantly smaller. Thus, 
the difference in the sign and magnitude of the NNN-magnetic exchange interactions is 
not surprising and explains the distinct difference in behavior between 1 and 2/3. 

 

Conclusions 

The preparation and characterization of the isostructural complexes dichloro(2-chloro-
3-methylpyridine)copper(II) (2) and isomorphous analogue dichloro(2-bromo-3-
methylpyridine)copper(II) (3) and their comparison with the known polymorph of 2, 
dichloro(2-chloro-3-methylpyridine)copper(II) (1) via experimental and computational 
methods have provided significant magnetostructural information regarding magnetic 
superexchange in bihalide bridged materials. The very similar structures of 2 and 3, 
bichloride bridged chains of five-coordinate Cu(II) ions with a Cl4N nearly square-
pyramidal coordination sphere, support the observed similarities in their magnetic 
properties. The magnetic exchange in both compounds is well fitted by a uniform 1D 
ferromagnetic chain model with negligible next-nearest neighbor and interchain 
interactions. Comparison to 1, where the same coordination sphere forms a similar 
bichloride bridged chain, but where the coordination sphere at each Cu(II) ion is much 
closer to trigonal bipyramidal, indicates that the difference in geometry is responsible 
for both a reduction in the nearest neighbor exchange and for the presence of a 
significant, antiferromagnetic next-nearest neighbor exchange which makes the 
behavior of 1 very different from 2/3. Theoretical calculations support both the 



magnitude and sign of all fitted exchange values. Further work is in progress to identify 
additional members of both classes of materials. 
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