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Summary characterised by chemical analyses, i.r., far-i.r., Raman,
ligand field and e.s.r. spectra. Magnetic susceptibility
Coordination compounds having the general formula measurements at low temperatures indicate a polymeric
ML,0Ox are described, with Ox = oxalato dianion; M = Ni, structure of anti-ferromagnetically coupled M?*" ions.
Coand Zn; L. = water and imidazoles. The compounds are All physical measurements agree with a polymeric struct-

ure built up by oxalate ions as tetradentate bridging ligands
* Author to whom all correspondence should be addressed. forming one-dimensional linear chains. Each metal ion is
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coordinated by four oxalate oxygens and two donor atoms
(N or O) in distorted octahedron.

For M = Ni, the magnetic susceptibility measurements can
be best described with the Heisenberg model including a
zero-field splitting; for M = Co, the Ising model gives the best
results. The exchange coupling constants, |J|, vary from
9-13 cm™!.

Introduction

As part of a research program on the magnetic properties
of polynuclear coordination compounds, a system of linear-
chain compounds is investigated in which the oxalato anion
acts as a tetradentate bridge between two metal ions. Thus
far, only two similar chains have been reported, ie.
Fe(H,0)0x") and Cu(NH3),(H,0),0x?. For the com-
pound Fe(H,0),0x two independent x-ray determinations
have been reported(3' 9 Each Fe!l ion is located at the
center of a distorted octahedron whose axial positions are
occupied by the oxygen atoms of two water molecules
whereas the equatorial positions are occupied by four co-
planar oxygen atoms belonging to two different oxalato
groups. Barros and Friedberg(®) showed that a rather strong
interchain interaction exists in the Fe(H,0),0x compound.
in order to eliminate this interchain interaction, we have
prepared and studied a series of compounds having the
general formula ML,0Ox, with M = Ni, Co and Zn; L = sub-
stituted imidazole; Ox = oxalato dianion.
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Figure 1. Schematic representation of polymeric ML,Ox com-
pounds.

In addition, compounds having L. = H,O were investi-
gated for comparison. In Figure 1 the proposed structure of
the compounds is illustrated schematically.

Results and Discussion
General

Table 1 lists the compounds with their analytical data.
All chemical analyses are in good agreement with the sug-
gested formulae. The nickel compounds are blue, the cobalt
compounds are pink, whereas the zinc compounds are white.
In addition zinc compounds, doped with 0.1 -2.0% Co™,
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were prepared for e.s.r. measurements (vide infra).

X-ray powder diffraction patterns show that compounds
with the same ligand but with different metal ions (including
Fe”, to be described later) are powder isomorphous, except
for water where differences occur in the line positions and
relative intensities. Probably the strong interchain hydrogen
bridges are responsible for this difference. Another exception
is the Ni(2-Mlz),0x compound which has a completely dif-
ferent set of lines, although thei.r. spectra of all 2-Mlz com-
pounds are almost identical.

For the Ni(H,0),0x compound, the water content
found by chemical analysis exceeded the theoretical content.
This suggests that some additional water molecules are en-
closed in the crystal structure. Small ditferences in the i.r.
spectrum of this compound are observed, compared with
the other water compounds. Furthermore, some additional
differences in the results of the physical measurementsoccur,
vide infra.

Table 1. Chemical analysis of ML,Ox compounds; with
Ox = oxalato dianion; M = Ni, Co and Zn: L = water or substituted
imidazole

Compound Found (Calcd.)%
C H N M
Ni(2-M12),0x® 38.3 1.1 17.5 18.9
(38.0) (3.9 (18.0) (18.9)
Co(2-MIz),0x 38.0 1.1 17.8 18.7
(38.0) (3.9) (18.0) (19.0)
Zn(2-M12),0x 37.9 3.9 17.7 20.1
(37.8) (3.8) (17.6) (20.6)
Ni(DMIz),0x") 320 48 16.0 17.2
(42.5) +.7) {16.5) (17.3)
Co(DMI12),0x 13.0 4.9 16.5 17.6
(42.5) (+.7) (16.5) (17.4)
Zn(DMIz),0x 11.7 4.8 16.0 19.2
(+1.7) (+.6) (16.2) (18.9)
Ni(Blz),0x¢) 49.2 3.2 144 15.3
(50.2) (3.1 (14.6) {15.3)
CotBlz),0x 48.8 3.1 14.2 15.2
(50.1) (3.1 (14.6) (15.4)
Zn(B12),0x 18.4 3.3 1+.2 16.7
(49.3) 3.0 (14.4) (16.8)
Ni(H30),0x 13.1 2.89) - 32.0
(13.1) (2.2) (32.1)
Co(H20),0x 13.2 2.5 - 32.3
(13.1) (2.2) (32.2)
ZniH»0),0x 12.9 2.2 - 34.3
(12.7) (2. - (34.5)

3 5 Miz = 2-methvlimidazole.

b) pmiz = 1.2-dimethylimidazole.

€ Blz = benzimidazole.

d) pifterent samples yielded hydrogen percentages in the 2.8 - 3.0
region (see texo).

Infrared and Raman spectra

Infrared spectra were obtained for all compounds and
for the free ligands. In addition, Raman spectra of the zinc
compounds have been recorded. The spectra show absorp-
tions due to both ligand vibrations and to oxalate vibrations.
The i.r. spectra of the compounds with the same ligand are
almost identical. Comparison with the i.r. spectra of the free
ligands and the Raman spectra of other zine complexes with
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these ligands (ZnL,Cl,) yields the position of the oxalate
absorptions in the spectra of the new compounds. The wave-
numbers of these absorptions for Zn(2-Mlz),0x in Table 2
have been listed. Data for Na,Ox and Fe(H,0),0x are in-
cluded because, in these compounds, the oxalate anion is
crystallographically known to have D,y symmetry(”)‘ From
the Table it is concluded that, in the new compounds, the
oxalate anions also have approximately D, symmetry and
must act as tetradentate ligands. Comparison with the data
of complexes, whose crystal structure determinations have
proved the tetradentate coordination of the oxalate anions,
confirms this®®. The only difference is that in our com-
pounds the asymmetrical C—O stretching at ca. 1650 cm™
is split into two components. This splitting may be due
either to a lowering of the lattice site symmetry or a combi-
nation band. A similar splitting occurs in some dimeric
niobium compounds described by Kergoat and Guerchais(®
in which rthe oxalate anion also serves as a tetradentate
bridging ligand.

1

Table 2. Oxalate absorptions in the i.r. and Raman spectra
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Far-i.r. spectra

Far-i.r. spectra were recorded in order to confirm that all
our compounds have similar structures and to see if M—L
vibrations could be assigned. In the far-i.r. region
(500—20 cm™') the metal oxygen and metal-ligand stretch-
ing and bending vibrations occur. The absorptions observed
in the 450—50 cm™! region for the ML,0x compounds with
the ligand bands are listed in Table 3. Also some tentative
assignments were made and are included in the Table. It is
clear that a strong mixing occurs between the M—Ox, M—L
and oxalate vibrations. However, all compounds reveal the
same pattern, indicating that the same kind of structure
must be present.

Theoretically 8 i.r. active vibrations (2 By, 3B,y,, 3Ba,)
for the MO4N, unit under D,y symmetry are expected.
However, we have to bear in mind, that by taking such a
MO4N; unit to calculate the number of bands one expect,
vibrations due to ligand-wagging and ligand-torsion are

Description

Zn(2-Mlz),0x Na,Ox Fe(H,0),0x
Raman I.r. Raman l.r. Lr.
vy Ag C—0 stretch (sym) 1465 1455
V) Ag C—C stretch 915 880
13 Ag O—C~0 bending (sym) 525 482
V4 Ay inactive
Vs Big C—0 stretch (sym) 1630 1642
Vg Byg C—C~-0 bending (sym) 585 568
v Bay C—C~0 bending (asym) +85 510 480
vg Big out of planc a) 220
vy Bay C—O stretch (asym) 1675, 16059 1612 1630 16309
Yig By out of plane a) 270°)
vy By C—0 stretch (asym) 1320 1355¢) 1315 1315
v3 + Vg Biy combination band 1365 1335 1360
ya Bay 0—C—-0 bending (asym) 800 8009 780 815

2) Could not be assigned. because of the strong overlap of this band with the M~Ox and M—L. vibrations that occur in the same region.

) Splitting caused

by a small lowering of the lattice site symmerry.
¢

Forbidden absorption band.
Very broad.

Table 3. Far-i.r. data of the ML,0x compounds, with Ox = oxalato dianion; M = Ni, Co and Zn; L = water or substituted imidazole

Compound Observed absorptions (cm™!)

2-Miz 380m  358m 2715 151m  115m 98m
Nit2-M1z),0x +27m®)  105m?) 3855 29652 273m 252mP 220w 195m 175m 74m
Co(2-Mlz);0x 420m®)  405m?) 1855 270br?) 176br

Zn{2-MIz),0x 425m3) 410w 384s 234brd) 177m  158s

DMIlz 130m 2725

Ni(DM12),0x 4505 429m?)  411m®) 30058 272m 259mP) 215m  181m 163m
Co(DMiz),0x 4435 413m?) 390m®) 27352 239m®)  196m  162m 147m
Zn(DMIz),0x +1s 117m? 403md) 24252) 220w®) 203m  182m 171w 155m 141m
Blz 416s 270s 2415 227m 155s 106s
Ni(Blz),0x 432m 42382 403md) 292m 30052 273s)  254m 2255 170br
Co(BI2),0x 430w 42158 4o0m?) 292m 283m@) 264s0) 228 198m 149m
Zn(BI2);0x $32m 424m® 408md) 288m 24553 230sP) 195w 148s

Ni(H,0),0x 450vhrd) 358mb) 33252 285s%) 252w 203s

Co(H20),0x 4345vhrd) 355mb) 30652 282md) 182 153m

Zn(H,0),0x 425vbrd) 2955®) 25053 240s®)  195m 147

a)

Vibrations with Ox—M —~Ox characrter.
Vibrations have M—1. character.
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neglected. Furthermore, one out-of-plane v1brat10n (B
of the oxalato anion occurs at ca. 270 cm ™, a region where

also M—Ox and M—L stretching vibrations are expected, some

of which having the same symmetry and giving rise to coup-
ling of vibrations. The theoretically expected features de-
scribed here are observed for all compounds by the occur-
rence of a broad absorption in the 250—300 ecm™' region.
In addition, absorptions of the free ligand are known to
occur in the 200—300 cm™! region. For reasons outlined
above, no attempt was made to give a complete far-i.r. data
assignment; only Ox—M—0Ox and M—L vibrations were
assigned.

The sequence of the vibrations Ni—Co—Zn is just as ex-
pected from electronegativity and mass of the metal ions;
however, the two highest Ox—M~—0x vibrations do not
follow this sequence and it is assumed, that these are
C—0—-M—-0—C ring vibrations.

Ligand field spectra

The band maxima, and calculated values of Dq and B for
the nickel and cobalt compounds are listed in Table 4. Dq is
the ligand field splitting and B the Racah parameter for an
octahedral environment of the metal ion. These parameters
are calculared using published methods, dealing with aver-
aged environment(19).

The differences in the Dq values may be due to differ-
ences in steric hindrance of the various ligands.

Examination of the position of [Ox]*” and H,0 in the
spectrochemical seriest! 1) shows that the Dq values in our
compounds are unusually high. This may be due to a lattice
cffect, as is found in some hydrates, or due to a m-back-
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bonding effect of the symmetrically bridging oxalato anions,
resulting in a lowermg of the (partly) filled t;, orbirals. The
B- values occur in the region expecred for octahedral Co"

and Nil compounds.

Electron spin resonance spectra

The e.s.r. parameters of the Co-doped Zn compounds are
collected in Table 5. Commonly, these parameters can be
used to obtain information about the structure of and the
bonding in the compounds. Our main goal was to confirm
the tetragonal geometry and to find out a possible deviation
from axial symmerry.

To obtain sufficiently sharp resonance lines, the samples
have to be cooled below 20 K in order to increase the spin-
lattice relaxation time. In this temperature region, high-spin
octahedral Co'l compounds behave as having ficticious S = 1/2
spin systems.

Theories about the interpretation of spectral data and the
relation with ligand field parameters were published as early
as 1951 by Abragam and Pryce(”)A They described theoretical
curves of g, and g, plotted against each other in the weak
and strong field approximations for trlgonal symmetry.

According to Abragam and Pryce a relationship exists
between structural and spectral parameters. The g values are
extremely sensitive to small changes in the geometry around
the Co'! ion.

In Figure 2, our experimental g, and g are plotted against
each other and compared with the theoretical plots given by
Abragam and Pryce. Most of the spectra show three g values,
characteristic for rhombic geometry; in those cases the value
(g2 +g3)/2 was used to calculate g;. Our experimental values

Table 4. Ligand field data for the ML;Ox compounds; with Ox = oxalato dianion: M = Ni and Co; L = water or substituted-imidazole

. 3. 3
Compound 3 1g(P) — 3 1g(F) hg - l2g — "Agg Dq ., B o
(cm™1) (em”™ 1 (em~ 1) (em ) (em )
Ni(2-MlIz),0x 26000 16000, 13700sh 9400 940 878
Ni(DMIiz),0x 26000 15900, 13700sh 9500 945 871
Ni(B12),0x 25060 15600, 13 300sh 9000 900 895
NitH,0),0x 25060, 27()408) 15700, 14000sh 9400 935 922
4.. 4. N
4 1gP) — g — Pag = " TigF)
(em™H) (em™ 1) (ecm™")
Co(2-Ml1z),0x 19 300 16 500sh 8600 940 785
Co(DMI1z),0x 19400 16500sh 8600 935 795
Co(BI2),0x 18900 16 500sh 8300 910 775
Co(H,0),0x 20000 17 000sh 8500 930 840

) This splitting is caused by a lowering of the symmetry, probably due to additional water molecules in the crystal lattice (see text).

Table 5.

are 0.01; A values are accurate to ca. 2G in the ideal splitting case)

E.s.r. parameters at X-band frequencies of ML,Ox compounds, with M = 98% Zn and 2% Co (uncereainties in the g values

Compound g1 =g g2 g3 gL =0.5 (g2 + g3) Ay = Ay A, Az
() (G) (G)

M(H;0);0x 6.28 3.75 2.62 3.19 86 N g)zu‘)

M(2MI2),0x 0.29 3.62 2.52 3.07 708) )

M(DM12),0x 5.51 3.66 3.66 3.66 71 NS 0

M(BI2),0x 5.68 4,20 2.78 3.49 76%) )

) Ihe hypertine structure is not completely resolved; lin the ideal case the absorptions split into 8 lines (M[(Co) = 7/2 and one expects
21+ 1 = 8 splittings) |.
b No hyperfine structure is observed.
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Figure 2. Experimental values of gy plotted against g ; drawn

curves are the theoretical ones for weak-field (upper curve) and
strong ficld (lower curve).
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Figure 3. E.s.r. derivative curve of the 2% Co doped Zn(DMIz),0x
compound at +.2 K.
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Figure 4. E.s.ro derivative curve of the 2% Co doped Zn(H,0)0x
compound ar +.2 K.

tall between the two extreme cases of weak-field tupper
curve) and strong-field (lower curve). The observed Ay
values for our compounds are all in the region of 70 G; this
value is frequently found for imidazoles that are octahedrally
coordinated to CoM and that have g, > ¢, (3

From the e.s.r. experiment, we can conclude that in the
present compounds the Co® " ion is octahedrally coordi-
nated; however, only the DMIz compound shows strict
axial symmertry, whereas all others reveal a rhombice distor-
tion. It is remarkable that only for the ligand without an
acid N 11 group, is axial symmetry observed. This suggests
that hydrogen bonding between the azole ligands and the
oxalato anions is significant. Two lustrative spectra are
drawn in Figures 3 (axial) and Figure 4 (rhombio).
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Magnetic measurements

Magnetic susceptibility measurements at low temperature
(4.2—100 K) were carried out to determine the sign and
magnitude of the exchange coupling between the metal ions
and to confirm the linear chain behaviour. For all compounds
the susceptibility curves show a broad maximum, indicating
that the metal ions are coupled antiferromagnetically. To
describe the experimental susceptibility data, a model is
needed. The basic properties of the models can be under-
stood from the spin interaction Hamiltonian, e.g.\'7:

H=-2] Z(aS}- S} +b(S}- Sy +5{-s¥) (1)
i.j

where J is the exchange parameter between nearest neigh-

bours, T is the summation over all pairs of ions i and j and
i

S*, $¥ and S* are the components of spin angular moment S.

The a/b ratio is an anisotropy parameter.

In many cases, S represents the effective spin operator,
utilized in the description of a (2S + 1)-fold degenerate
ground state of a magnetic ion. Crystal field anisotropy may
suppress e.g. the S* and S¥ components and thereby induce
anisotropic exchange.

Thea=b =1 case is called the Heisenberg model in which
the magnetic interaction is isotropic. The caseofa=1,b=0
describes an extreme anisotropic coupling and is called the
Ising model. The case a = 0, b = 1 is called the XY model or
planar Heisenberg model if 1t is required that the spins lie
within the molecular xy-plane. Determination of the thermo-
dynamic functions starting from the general interaction
Hamiltonian (1), gives rise to severe problems. Until now
closed form expressions for the partition function could be
derived only for the S = 1/2 Ising model(!®) the S=1/2 XY
model™'*) and for the classical limit § = oo with arbitrary
spin dimensionality(lf’). Numerical approximations con-
cerning the thermodynamic properties of infinite chain
systems are available. Bonner and Fisher''” and Weng“g)
applied the methods of extrapolation from limited chain
length calculations to obtain thermodynamic values for
the infinite chain. Weng neglected the influence of zero-
field splitting for ions S > 1/2 on the thermodynamics of
such chains. In fact all ions with S > 1/2 (except those in
an S-state) may exhibit a large zero-field splitting. Recently,
de Neef!!?) published some thermodynamic properties of
linear chains with Heisenberg exchange and crystal field
anisotropy tor S = 1 ions. De Neef found that the influence
of the zero-field splitting on the specific heat is more pro-
nounced than on the magnetic suceptibility. Since our data
concern only the magnetic susceptibility, in our description
of the experimental susceptibility data, both Weng's results
and de Neef's results for the S = 1 systems (Ni chains) are
considered. For the § = 1/2 systems — as is the case for Co"
at low temperatures — the results of Bonner and Fisher!?
are available, for the Heisenberg model.

Within the Ising model, closed form expressions for the
parallel and transverse susceptibility are available for the
S=1/2 systems(zo). For the S = I'system, Suzuki et al 2D
published the parallel susceprtibility versus temperature curve.
Within the XY model, for S =1/2 only, the transverse sus-
ceptibility has been calculated by Katsura''™!. To the best of
our knowledge no theoretical work has been carried out
previously for systems $ > 1/2. In the present paper, the
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experimental susceptibility data have been interpreted in
the light of the aforementioned calculations and approxima-
tions. We are aware of the fact that the listing of possible
ways to interpret our magnetic susceptibility data is not
complete. Especially in the isotropic case, much more theo-
retical work has been done, i.e. high temperature series ex-
pansions(zz), Green's_function approaches(23), low-tempera-
ture approximations(24) (spin wave theory). However, using
all these available results would lead us much too far from
the goal of this work, namely to find out if we are dealing
with chains of high one-dimensionality, and to obtain an
indication for the strength of the magnetic interaction.

In the next section, the experimental magnetic suscepti-
bility data of the Ni and Co chains will be described and
discussed.

Nickel compounds

All susceptibility versus temperature curves show a broad
maximum, typical for antiferromagnetically coupled metal
ions. Principally the metal ions can be coupled in three
different ways, i.e. in dimers, one-dimensional chains and
two-dimensional chains. Ginsberg(zs) published the theo-
retical expression for the susceptibility of Ni dimers, but it
was not possible to describe our susceptibility data with this
expression. Furthermore, Hendrickson, et al.(26) pa¢ pub-
lished magnetic data of crystallographically established
dimeric oxalato-bridged nickel compounds. Comparing their
data with ours it is evident that our susceptibility maxima
are much broader and lower, whereas T,y is of the same
order of magnitude.

Distinguishing between one- and two-dimensional struc-
tures from magnetic measurements on powders is more
difficult; however, from the i.r. spectra of the compounds
under discussion and that of e.g. Fe(H,0),0x, it is clear that
one-dimensional structures are involved here. Moreover, C—0
and C—C—O vibrations differ strongly for the bis-bidentate
(one-dimensional) and the tetramonodentate (two-dimen-
sional) cases.

From these arguments, it is assumed that in the present
compounds the metal ions are coupled in one-dimensional
chains. This is confirmed by the excellent agreement be-
tween calculations according to the one-dimensional models
and the observed susceptibility data, vide infra.

The relevant susceptibility data for the NiL,Ox com-
pounds are listed in Table 6, together with the ] and g para-
meters obtained for the different one-dimensional models.
Within the Heisenberg model, our susceptibility data were
fitted to both Weng’s and de Neef’s results. Weng!®) has
published results obtained from extrapolation of limited
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chain-length calculations, neglecting zero-field splittings.
De Neef(!?) did the same, but included an axial zero-field
splitting D, taking an extra term in the Hamiltonian 1,

2
namely — D Z(Siz — 2/3). Some results according to Weng

and de Neef,ltogether with the experimental data of the
compound Ni(2-Mlz),0x, are plotted in Figure 5. Within the
Ising model, the theoretical expression for the parallel sus-
ceptibility given by Suzuki, et. al., was used to describe the
experimental data(1):

NGB g )
2kT at(a+2)

with a = exp (=2 J/kT).

However, in no case could a reasonable fit be obtained,

probably due to the influence of the perpendicular suscepti-
bility, which is neglected. Because octahedrally coordinated

423 + 53‘2 -a+1)

afa+a™')? +8]05

Xr

‘ %m ey mole)

J 8
T / \\
/ RN
0.0081 / N
N
/-
/
0.00734 .
0.0065-
_l ’ _ WENG . J:-120cm”'. g:217, D.0cm”
00057 GeNEEF J:-120cm™' g:220, D= -12.0¢m”

OOOLQT

— T{K)

Figure 5. Molar susceptibility xp, of Ni(2-M1z),0x as a function of
temperature; + = experimental points. The full curve represents the
theoretical curve for ] = —12.0em™ , D=0 cm™! and g = 2.17 ac-
cording to the results of Weng. ‘The dotted curve represents the
theoretical curve for J = —12.0 em™!, D = ~12.0 cm™} and g = 2.20
according to de Neet's results.

Nil! compounds generally have g-values that are not very an-
isotropic, it is evident that the powder susceptibility could
not be described by taking into account only the X, contri-
bution.

From Figure 5 it 1s seen that our data can be described
very well within the Heisenberg model (for temperatures
above ca. 40 K), with and without a D-term.

Table 6. Susceptibility data for NiL,Ox compounds with L = H,0, 2-Mlz, DMIz, Blz. Uncertainties in the last digit are in parentheses

Compound Xmaxa) Tmax Weng's results de Neef’s r%s)ul[s
(emu mole (K) ~Jtem™H) g O=- b
f_l(cm“l) g

Ni(H,0),0x 0.00928(9) +1(2) 11.0(4) 2.12(4) 11.5(3) 2.22(2)
Ni(2-Miz),0x 0.00889(9) 45(2) 12.0(2) 2.17(2) 12.0(2) 2.20(1)
Ni(DMIz),0x 0.00870(9) 47(2) 12.4(2) 2.18(2) 12.5(2) 2.22(2)
Ni(Blz),0x 0.00876(9) +6(2) 12.4(2) 2.19(3) 12.5(2) 2.23(2)
) Corrected for diamagnetism of constituent atoms using Pascal’s constants(27),

b) High temperature region.
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From these experiments and the knowledge that Ni?”
ions, coordinated octahedrally, can exhibit zero-field split-
tings up to ca. 30 cm™! and the fact that even at Q-band
trequencies no e.s.r. spectra could be obtained, it is reason-
able to assume that describing the susceptibility data within
a model including a D-term is the most honest approach.
However, the value of this axial zero-field splitting para-
meter, D, must be regarded only as a rough estimate, because
de Neef(!®) published results only for values D = nx [J|, with
n=—4, -2, —1,0, +2, +4. The best fits for all our com-
pounds were obtained for the curve with n = —1. The next
best fit was obtained by taking the curve with n = 0. (The
results of Weng are very close to those of de Neef with N=0.)
The sharp susceptibility decrease at the lowest temperatures
can be explained in several ways. A first reason for this de-
crease could be that the ground state of the Ni** ion is a
nonmagnetic singlet caused by the exchange integral and the
D-term. Another explanation is that the Ising system occurs
here, but as no expression for the perpendicular susceptibility
is known it is not possible to confirm this. However, g/ needs
to be much larger than g in order to give rise to a large
powder-susceptibility decrease at low temperatures and this
is seldom found for Ni** ions. A third explanation could be
that anisotropic interchain coupling gives rise to the strong
susceptibility decrease. As mentioned above, such an aniso-
tropy is not expected for Ni2* ions.

For the Ni(H;0),0x compound an increase in suscepti-
bility at very low temperatures was found, indicating the
presence of a small amount of paramagnetic impurity. Im-
purity corrections in the 0.5 to 1.0% range (for different
samples) of a monomeric nickel compound was necessary in
order to describe the data with Weng’s results. This correc-
tion hardly effected the susceptibility data in the high tem-
perature region, from which the J/D parameter, n, was cal-
culated.

To find out to what extend the phenomena of zero-field
splitting, inter-chain coupling or anisotropic intra-chain
coupling are involved, better theories must be awaited. Espec-
ially, a description of the low temperature region where
these phenomena give rise to serious problems in interpreta-
tions, is needed. A first step towards assembly of more ex-
perimental data could be the collection of single-crystal
susceptibility data; however, so far no crystals have been
prepared.

A second reason for the observed increase in suscepti-
bility at lowest temperatures for the Ni(H,0),0x could be
the onser of long-range magnetic order, i.e. interchain cou-
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pling (vide infra). In that case the interchain coupling must
be ferromagnetic.

Cobalt compounds

The relevant susceptibility data of the CoL,0x com-
pounds, together with the J and g parameters obtained
within the Ising model, are given in Table 7. The suscepti-
bility curves again show a broad maximum typical for an
antiferromagnetic linear-chain system.

In describing magnetic properties of Co?* jons in an octa-
hedral field, one has to bear in mind that, at very low tem-
peratures, Co'l actsas though it had a ficticious spin S = 1/2.
In a cubic octahedral field the *F orbital state of the free
Co?*" ion splits into three levels of which the lowest level *T,
is triply degenerate. Under the action of an axial or rhombic
distortion — as is the case in the present compounds (vide
supra) — of the crystal field in combination with spin-orbit
coupling, the *T level splits into six Kramers doublets caus-
ing the ground state of the Co®" ion to be a doublet. The
same energy level remains lowest for all values of the field
strength and the splitting between the two lowest lying
doublets is so large, that up to ca. 20—25 K the system
can be described as having a spin S = 1/2. For higher tem-
peratures, thermal occupation of the higher situated Kramers
doublets cannot be ignored, resulting in an increase of the
susceptibility compared to the fictious S = 1/2 system sus-
ceptibility. This would give rise to severe problems in the
interpretation of the data. In order to correct for this in-
crease in susceptibility, the energy differences between
ground state and the five Kramers doublets must be known
and to calculate these energy differences one has to know
the crystal field strength and also the spin-orbit coupling
constant. Since these parameters are not known for the
compounds under discussion, no description of the high
temperature part of the susceptibility curves was attempred
and so only the low temperature parts were fitted as being
S = 1/2 systems in the 4.2—-20.0 K region. Within the Heisen-
berg model, Bonner and Fisher(!”) published the extrapo-
lated curve for S = 1/2 ions. Their results, together with Ising
and experimental results for Co(H,0),0x, are plotted in
Figure 6.

By means of the results?® for parallel and transverse
susceptibility in the Ising model with S = 1/2 and the formula,
Xpowder = 1/3 Xy + 2/3 Xy, a fit with the experimental sus-

Table 7. Susceptibility data for CoL,0x compounds with L = H,0, 2-Mlz, DMlz, Biz. Uncertainties in the last digit are in parentheses
Compound me“ﬂ Tmax Fitting parameters (Ising model) E.s.r. data

(emu mole” ") (K) z®) g? -] glb - b gy Bl

(em™ ) (cm™HH®)

Co(H70),0x 0.0425(4) 18.0(5) 6.1(1) 3.3(D) 9.3(3) 3.2(1) 9.1(3) 0.004(5) 6.28(1)  3.19(1)
Co(2-MI2),0x 0.0405(4) 18.5(5) d) d) 4 30010 9.5(5) 0.049(4)  6.29(1)  3.07(1)
Co(DMI2),0x 0.0390(3) 19.5(5) 4) 9 9 342 10.6(6)  0.042(4)  5.51(1)  3.66(1)
Co(Blz),0x 0.0435(4) 15.0(5) d) d) d) 3.3(1D) 9.3(H)  0.066(H)  5.68(1)  3.49(1)
) No impurity correction.
b) Impurity correction included.
9 n units (emu. K. mole ™).
4) No fit could be obtained.
:_)) C-value corresponding to roughly 1% of a monomeric cobalt compound.

Corrected for diamagnetism of constituent atoms using Pascal’s constants(27).
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ceptibility data was tried. The theoretical expressions for
parallel and transverse susceptibility are given by:

N 2
Xs = 4fT - gy - exp (2 J/KT)
NBZ 2 2
XL = syl Bl {ranh (iJ1 7 ko) + (IJI 7kT) - [sech® (|J| /kT)]}

Within the confines of the XY model, Katsura(!® pub-
lished the perpendicular susceptibility for an infinite S = 1/2
system.

Tx {emu mole }
m

O.GLOW

0.0354
—— . Ising J=~93cm'|,g”=6.|,gl=3.3
--_ - Heisenberg - J= —100cm~' g=¢7

0.030

0.025 b—- T T T T T T T T T T T T
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Figure 6. Molar susceptibility xpmy, of Co(H20);0x as a function of
temperature; + = experimental points. The full curve represents the

theoretical fit for ] = —9.3 cm™!, gy = 6.1 and g = 3.3 according to
the Ising model. The dotted curve represents the theoretical fit for

J=—10.1 cm™! and g = 4.7 according to the results of Bonner and

Fisher.

From Figure 6, it is clear that the Ising model describes
the susceptibility data best, especially in the low tempera-
ture region where the Heisenberg curve fails. It was not pos-
sible to describe the experimental data within the XY
model, just as expected, because the influence of the parallel
susceptibility on the powder susceptibility is neglected in
this model. For all cobalt compounds, a good fit with the
experimental data could be obrtained neither for the Heisen-
berg nor for the XY model. This is in agreement with the
e.s.r. results, i.e. g, > g which is indicartive of the presence
of an Ising type of interaction. Using a least-squares tech-
nique, the data were fitted to the expression for Xpowder
within the Ising model in two different ways, yielding the
values for the parameters listed in Table 7. As mentioned
before, the approximation resulting from a fictious S = 1/2
system only holds for temperatures below ca. 20 K. In this
region small amounts of paramagnetic impurity and inter
chain-coupling effects also become important. These effects
very strongly influence the gy and to a lesser extent the g
and J parameters. For these reasons the data were fitted in
two ways:

Firstly, the data were fitted withourt a correction for a
small amount of paramagnetic impurity with parameters
g/, g1, and J. Only for the compound with L = H,0 could
a reasonable fit be obtained (viz. Figure 6). The g para-
meters, calculated in this way, correlate well with those ob-
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tained from the e.s.r data for the compound with L = H,0.

Secondly, the data were fitted with a correction for the
presence of a paramagnetic impurity, having a Curie-like
susceptibility C/T. Using fixed gy and g, ], and C as param-
eters the data were fitted within the Ising model. The values
for the fixed g, were taken from the e.s.r. data, because
these could be obtained with great accuracy for all com-
pounds.Examination of these parameters, listed in Table 7,
reveals that for all compounds the g, results are in good
agreement with the e.s.r. data, indicating that the CoL,0x
compounds seem to be good examples of one-dimensional
Ising compounds. Differently prepared samples of one
compound yielded data that could be fitted with slightly
different C-values and identical g, and J values.

Final remarks

The compounds under discussion appear to be linear-
chain coordination compounds, in which the oxalato
dianion acts as a tetradentate bridging ligand. The mertal ions
are antiferromagnetically coupled, with relatively large values
for the exchange integral, J. The ligands hardly seem to in-
fluence the J-values, in agreement with a super-exchange
pathway via the O—C—0 or O—C—C—0 bonds of the oxalato
dianion. Qualitatively such a polyatomic bridge having a
mirror plane perpendicular to the chain, can be regarded as
acting like a molecular orbiral and because of the symmetry
each metal ion will interact identically with this bridge
orbirtal, giving rise to antiferromagnetic coupling(zf’).

At present, the corresponding Fel compounds are being
investigated and preliminary Mossbauer experiments reveal
that for the compound having L = water at ca. 20K lonﬁ-
range magnetic order, i.e. interchain coupling, sets on(?8).
However, a second peak in the susceptibility versus tempera-
ture curve as published by de Barros and Friedberg(s), could
not be detected thus far. This indicates that it is difficult to
distinguish between anisotropic intra chain coupling and
anti ferromagnetic inter chain coupling from susceptibility
measurements alone.

Experimental
Synthests

All chemicals were commercially available and used with-
out further purification. Ligands used are: water (H;0),
2-Methylimidazole (2-Mlz), 1,2-Dimethylimidazole (DMlz),
and Benzimidazole (Blz).

On mixing solutions of the Ni, Co and Zn metal(II)
chlorides (5 mmol) and the ligand (20 mmol) in H,O and of
sodium oxalate (5 mmol) in H,O, very finely divided pow-
ders separated. These powders were filtered and washed with
dry ethanol and diethyl ether and dried i» vacuo at room
temperature.

Analysis

All samples were checked for purity by chemical analysis
(M, C, H, N) and i.r. spectra.
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Physical measurements

Lr., far-i.r.-, ligand field-, e.s.r.-spectra, x-ray powder diffrac-
tion patterns and magnetic susceptibility measurements, were
performed as described elsewhere(®). Raman spectra of solid
samples were obtained using a JEOL Raman spectrometer
using Ar and Ne excitation.
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Note added in press

A recent x-ray structure determination in our department of
Zn(2-Ml2),0x(H,0)g s has shown that linear chains with tetra-
dentate, symmetric oxalate bridges indeed occur. In this partic-
ular case the ligand 2-Mlz occur in a cis orientation, in agreement
with the rhombic es.r. spectrum of the Co-doped compound.
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