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The 1-D chain polymer [{Co(m-SO4)L3}n] (L = 3{5}-tert-butylpyrazole) was prepared by the

reaction of CoSO4 � 7H2O with 3 equiv. of L in MeOH. The complex contains trigonal

bipyramidal cobalt(II) centres with two axial O,O0-bridging sulfato ligands. The resultant linear

chains are arranged into an approximately hexagonal array, the molecules being well-separated

from each other by a honeycomb of interdigitated tert-butyl groups. Susceptibility data from

[{Co(m-SO4)L3}n] are consistent with an antiferromagnetic Curie–Weiss chain, which could be

well-interpreted using Heisenberg 1-D treatments. Three approaches to model these data were

studied to try and separate superexchange and zero-field splitting effects. A recently proposed

empirical approach gave g and J values in excellent agreement with a S = 3
2
Heisenberg chain

model, as long as the latter was performed using only high temperature data, which are not

affected by zero-field splitting.

Introduction

Interpretation of magnetic susceptibility data from polynuc-

lear, high-spin cobalt(II) species is complicated by the co-

existence of weak superexchange (|J| o 20 cm�1)1 and strong

zero-field splitting (ZFS, |D| 4 20 cm�1),2 which are often of

similar magnitude.3 It then becomes difficult to model J and D

independently from an isotropic susceptibility curve, particu-

larly in an antiferromagnetic system, since one effect cannot be

treated as a small perturbation of the other. Mathematical

treatments of this problem applicable to specific polynuclear

cluster structures are available.4,5 However, for 1-D cobalt(II)

coordination polymers, three different approaches to deriving

magnetic parameters from powder susceptibility data have

been commonly used. First are models treating the compound

as an isotropic Heisenberg chain of classical S = 3
2
spins.

Equations derived by Fisher6 and Hatfield et al.7 to describe

this situation are commonly employed,8 but the resultant J

values may be contaminated by ZFS effects, which are not

treated in this approach. Moreover, chain complexes of octa-

hedral cobalt(II) centres, the most common coordination

geometry for this metal ion, have a triplet ground state with

significant orbital angular momentum, which is poorly de-

scribed by an isotropic model.9,10 Numerical models of super-

exchange in cobalt(II) chains with Ising or XY magnetic

anisotropy are impractical for routine magnetochemical ana-

lyses.1 A second approach is to argue that if D is large and

negative, only the lowest lying mS = �1
2
sub-levels will be

populated at sufficiently low temperatures (typically assumed

to be below 30 K).4,9 Analytical expressions for magnetically

isotropic or anisotropic 1-D chains with S = 1
2
spins1 have

been used to derive J independently of D, for the putative mS

= 1
2
chains described by the low temperature data.11 Finally, a

more recent qualitative treatment proposed by Rueff et al.

describes the deviation of the material from Curie behaviour

using two different exponential terms, one of which contains

contributions from J and the other from D.12 Despite its

empirical origins, the simplicity of the Rueff approach has

led to it finding increasing use.12,13

As a continuation of our investigations of polynuclear and

supramolecular complexes formed by 3{5}-substituted pyra-

zole ligands,14–17 we have prepared [{Co(m-SO4)L3}n] (L =

3{5}-tert-butylpyrazole, 1). This compound crystallises as well

separated coparallel cobalt sulfate chains, making it an ideal

test bed for 1-D magnetic behaviour. We have compared the

utility of all three of the above treatments in the analysis of the

susceptibility data, making this the first test of Rueff’s quali-

tative approach to this problem against other methods.

Results and discussion

Treatment of CoSO4 � 7H2O with 3 equiv. of L18 in MeOH at

room temperature yielded a purple solution, which was filtered

and concentrated in vacuo. Slow diffusion of diethyl ether

vapour into this mixture yielded analytically-pure purple

crystals of 1 in 45% yield. The crystal structure of 1 shows

cobalt(II) centres exhibiting a trigonal bipyramidal stereo-

chemistry, with three pyrazole N-donors in the equatorial

plane (Table 1, Fig. 1). This geometry is slightly distorted

[t = 0.791(4)19] by the wide equatorial N(2)–Co(1)–N(11)

angle, which is presumably imposed by the geometric require-

ments of the hydrogen bonds donated by these two pyrazole

groups (see below). The axial sites in the coordination sphere

are occupied by O-donors from two different O,O0-bridging

sulfate ligands, which link the metal ions into 1-D chains

running parallel to the crystallographic b-axis. Adjacent cobalt

ions in the chains are related by crystallographic 21 operations

(Fig. 2) and are separated by 6.5894(1) Å.
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Each L ligand in 1 donates an intramolecular hydrogen

bond to an O atom from a sulfate ligand bound to the same

cobalt ion. Two of these are donated to the two non-coordi-

nated O atoms from the same sulfate ligand while the third

involves one of these O atoms on the other symmetry-related

ligand (Fig. 1 and Fig. 2). Hence, one O atom on each sulfate

ligand accepts two hydrogen bonds from different [CoL3]
2+

centres while the other accepts one, and the pyrazole NH

groups on each cobalt centre in a chain are disposed in the

same head-to-head-to-tail orientation. Neighbouring chains in

the crystal pack by interdigitating their tert-butyl groups,

forming a near-hexagonal array of coparallel cobalt sulfate

chains embedded in a hydrophobic honeycomb (Fig. 3). The

closest distances between neighbouring cobalt sulfate chains in

the lattice range from Co(1)� � �O(31ii) = 8.2973(14) to

Co(1)� � �O(31iii) = 10.2164(15) Å (symmetry codes: (ii) 1
2
+

x, 1
2
� y, 1 � z; (iii) 1

2
� x, 1 � y, 1

2
+ z). The fact that the

paramagnetic chains in this material are so well isolated means

that magnetic dipolar or superexchange interactions between

chains should be minimal.

A powder sample of 1 exhibits wMT = 2.3 cm3 mol�1 K per

cobalt ion at 330 K, essentially equal to the value expected for

independent S = 3
2
cobalt(II) centres with a sensible g value.20

Cooling the sample causes a steadily more rapid decrease in

wMT, which reaches 0.2 cm3 mol�1 K at 4 K (Fig. 4). The shape

of this curve is typical of polynuclear cobalt(II) species, and is

expected to contain contributions from antiferromagnetic

exchange within the chain and zero-field splitting of the

cobalt(II) spin manifold. The data obey the Curie–Weiss law

throughout the temperature range studied, with g = 2.37(1)

and y = �42.5(9) K.20

In principle, the orbital singlet 4A02 ground state expected

from the trigonal bipyramidal cobalt centres in 1 (in idealised

D3h symmetry) means that they should be well-described by a

magnetically-isotropic Heisenberg chain model. However,

small distortions towards tetragonality in these compounds

split the degenerate e0 and e00 d-energy levels, which can

introduce a significant degree of magnetic anisotropy into

the system. This means that, in practice, small structural

changes may have a profound effect on the symmetry of the

g tensor and the sign of D in such compounds.21,22

Table 1 Selected bond lengths (Å) and angles (1) in the crystal
structure of 1

Co(1)–N(2) 2.0342(16) Co(1)–O(30) 2.1228(13)
Co(1)–N(11) 2.0315(16) Co(1)–O(33i) 2.0835(14)
Co(1)–N(20) 2.0483(15)

N(2)–Co(1)–N(11) 126.49(6) N(11)–Co(1)–O(30) 88.01(6)
N(2)–Co(1)–N(20) 116.99(7) N(11)–Co(1)–O(33i) 87.46(6)
N(2)–Co(1)–O(30) 92.38(6) N(20)–Co(1)–O(30) 86.75(6)
N(2)–Co(1)–O(33i) 87.08(6) N(20)–Co(1)–O(33i) 98.88(6)
N(11)–Co(1)–N(20) 116.45(7) O(30)–Co(1)–O(33i) 173.94(5)

Symmetry code: (i) 1 � x, �1
2
+ y, 3

2
� z.

Fig. 1 View of the cobalt coordination sphere in the crystal structure

of 1. Thermal ellipsoids are at the 50% probability level and all

carbon-bound hydrogen atoms have been deleted for clarity. Symme-

try code: (i) 1 � x, �1
2
+ y, 3

2
� z.

Fig. 2 View of the 1-D chain structure of 1. All atoms have arbitrary

radii. The unit cell orientation is shown in the inset (not to scale).

Fig. 3 Partial packing diagram of 1 perpendicular to the coordina-

tion polymer chains, showing their arrangement into a near-regular

hexagonal array separated by interdigitated tert-butyl groups. The

view is along the (010) crystal plane with the [101] vector vertical.
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Importantly, the low g value shown by 1 (ca. 2.4) and the fact

that its magnetic data can be well-reproduced by Heisenberg

treatments, as described below, both imply that magnetic

anisotropy is small in this material.22 If 1 did show significant

magnetic anisotropy, then a substantially higher g factor of

3–4 would be expected.1,23

The magnetic data for 1 were first modelled by Fisher’s

expression for a Heisenberg chain of spins (eqn. (1) and

eqn. (2), S = 3
2
).6

wM ¼
Ng2b2SðS þ 1Þ

3 kT
� 1þ u

1� u
ð1Þ

u ¼ coth
2JSðS þ 1Þ

kT

� �
� kT

2JSðS þ 1Þ

� �
ð2Þ

Modelling the wM vs. T data over the entire temperature range

using this equation led to the parameters listed in Table 2. The

resultant fit reproduced the wM vs. T plot well, but significantly

underestimated wMT at higher temperatures (Fig. 4, top). This

was reflected in a derived g value significantly below that

predicted by the Curie–Weiss law (Table 2). Omitting the data

from this analysis below 30, 50 or 100 K, which should be the

most strongly affected by ZFS, resulted in only small changes

to J, but afforded a steadily increasing value of g and a

consequent improvement in the high temperature fit to the

wMT data (Table 2, Fig. 4). Increasing the low temperature cut-

off above 100 K had no further influence on the fitted

parameters, within experimental error.

Secondly, the low temperature magnetic data were modelled

by Bonner and Fisher’s equation describing an antiferromag-

netic Heisenberg chain of S= 1
2
spins (eqn. (3) and eqn. (4)).24

wM ¼
Ng2b2

kT

� 0:25þ 0:074975xþ 0:075235x2

1þ 0:9931xþ 0:172135x2 þ 0:757825x3
ð3Þ

x ¼ 2jJj
kT

ð4Þ

The results of this calculation were strongly dependent on the

high temperature cut-off used (Table 2, and Fig. 4, centre).

Using data at To 30 K afforded J and g values that were both

significantly larger than those found from the earlier analysis,

with g deviating strongly from that expected from the Curie

constant of the material. The fitted parameters both decreased

markedly as the cut-off temperature was lowered, towards the

values obtained by eqn. (1). However, even when the analysis

was restricted to T o 10 K, the value of g provided by eqn. (3)

was significantly higher than expected from the Curie–Weiss

law.

Finally, the complete magnetic data set was analysed using

Rueff’s approach (eqn. (5)):

wM ¼
A exp �E1

kT

� �
þ B exp �E2

kT

� �
T

ð5Þ

where D = E1, J = �E2 and A + B = 5Ng2b2/4k.12 This

equation reproduced the wM and wMT curves well over the

whole temperature range (Fig. 4, bottom). Although this good

agreement may reflect the fact that eqn. (5) is effectively a three

parameter model, compared to the two-parameter models

above, the correspondence between the g and J values yielded

by this method and by the high temperature fit to eqn. (1) is

striking (Table 2).

Conclusion

Despite its empirical nature, eqn. (5) appears to be the method

of choice to model magnetic data from 1, and probably from

other cobalt(II) chain complexes as well. Results obtained from

eqn. (1) and eqn. (5) are remarkably consistent, as long as only

high temperature data (that are not significantly affected by

ZFS) are included in the former analysis. Eqn. (5) avoids that

ambiguity and also provides a determination of D. Results

Fig. 4 Variable temperature magnetic susceptibility data for 1 per

cobalt ion, plotted as wM (J) and wMT (&) vs. T. The lines show the

best fits of the wM vs. T data to eqn. (1) for all data and T 4 100 K

(top), to eqn. (3) for T o 30 K and T o 10 K (centre), and to eqn. (5)

(bottom). See Table 2 for fitting parameters.

Table 2 Magnetic fitting parameters for 1. J values are quoted
according to a H = �2J(S1S2) Hamiltonian

Method g J/cm�1 |D|/cm�1

Eqn. (1), all data 2.23(1) �3.19(3) —
Eqn. (1), T 4 100 K 2.30(2) �3.61(3) —
Eqn. (3), T o 30 K 4.12(6) �7.7(2) —
Eqn. (3), T o 10 K 2.8(2) �3.8(4) —
Eqn. (5), all data 2.3(1) �3.60(1) 22.9(3)
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from eqn. (3) did not agree with the other two approaches,

presumably because the premise that only the mS = �1
2
sub-

levels are populated in 1 at low temperatures is not valid, even

at 10 K.3,25 This is consistent with eqn. (3) yielding results that

approached the other methods more closely, as more high

temperature data were omitted. Alternatively, however, since a

susceptibility analysis cannot give the sign of D, it might be

that D is positive rather than negative. In that case, the low-

lying mS = �3
2
sub-levels would be populated at low tempera-

tures, making the assumptions behind the treatment in eqn. (3)

invalid. Single crystal EPR studies of mononuclear, high-spin

trigonal bipyramidal cobalt(II) complexes have afforded D

values that are either positive or negative, depending on quite

subtle structural factors.21

Experimental

3{5}-Tert-butylpyrazole (L) was synthesised by a literature

procedure,18 while all other reagents and solvents were pur-

chased commercially and used as supplied.

A solution of CoSO4 � 7H2O (0.39 g, 1.38 mmol), L (0.51 g,

4.11 mmol) and NaOH (0.055 g, 1.38 mmol) was stirred in

MeOH (30 cm3) for 6 h. The deep purple solution was filtered

and concentrated in vacuo to ca. 5 cm3. Slow diffusion of Et2O

vapour into the solution gave purple crystals. Yield 0.33 g,

45%. Found: C, 47.5; H, 6.8; N, 16.0. Calc. for C21H36Co-

N6O4S: C, 47.8; H, 6.9; N, 15.9%.

Single crystal X-ray structure determination

Crystal data for 1: C21H36CoN6O4S, Mr = 527.55, orthor-

hombic, P212121, a = 10.7470(2), b = 13.1706(2), c =

18.1220(4) Å, V = 2565.07(8) Å3, Z = 4, m(Mo-Ka) =

0.788 mm�1, T = 150(2) K, 35 378 measured reflections,

5834 independent, Rint = 0.060, R1(F) = 0.031, wR2(F
2) =

0.077, Flack parameter 0.196(11).

Diffraction data were collected with a Nonius KappaCCD

area detector diffractometer fitted with an Oxford Cryosys-

tems low temperature device using graphite-monochromated

Mo-Ka radiation (l = 0.71073 Å). The structure was solved

by direct methods (SHELXS9626) and developed by full least-

squares refinement on F2 (SHELXL9627). The crystal was

refined as a racemic twin. No disorder was detected during

refinement and no restraints were applied. All non-hydrogen

atoms were refined anisotropically, while all hydrogen atoms

were placed in calculated positions and refined using a riding

model. Crystallographic figures were prepared using

XSEED,28 which incorporates POVRAY.29

While the ADSYMM routine in PLATON30 suggested the

alternative space group Pnma for 1, transformation of the data

into this higher symmetry space group and re-refinement of the

structure led to a noisy model with highly unsatisfactory

residuals [wR2(F
2) = 0.61]. Examination of the diffraction

data showed that hk0 reflections with h odd, and 0kl reflections

with k+ l odd, which would be systematically absent in Pnma,

were often weak but were consistently observed. Therefore,

this apparent higher symmetry is an artifact and our refine-

ment in P212121 is appropriate.

CCDC 646395. For crystallographic data in CIF or other

electronic format see DOI: 10.1039/b700987a

Other measurements

C, H and N microanalyses were carried out by the University

of Leeds School of Chemistry microanalytical service. Mag-

netic susceptibility measurements were obtained using a Quan-

tum Design SQUID magnetometer in an applied field of 1000

G. Diamagnetic corrections were estimated from Pascal’s

constants.20 All magnetochemical calculations and graph

drawing were carried out using SIGMAPLOT.31 No para-

magnetic impurity or TIP terms were included in these ana-

lyses.
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