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The magnetic susceptibilities of polycrystalline samples of the chain compounds M(2,2'-bipyridine)
(H.0):SO, (M = Fe, Ni, and Cu) have been measured in the temperature range 1.7 to 300 K. The iron
and nickel compounds exhibit broad maxima in xj, vs T at ~ 8 K. The experimental results can be
interpreted in terms of antiferromagnetic linear-chain systems and provide information on the magni-
tude of the intrachain interactions. Zero-field Mdssbauer spectra of a powder sample of trans-pu-
sulfato-diaquo(2,2’-bipyridine)iron(II) over the preceding range were also determined. The chemical
isomer shift value corresponds to 6-coordinate high-spin iron(IT). Below 2.0 K the compound exhibits
magnetic hyperfine splitting, suggesting long-range, three-dimensional ordering with a critical tempera-
ture of Ty < 1.7 K. By means of Oguchi’s Green's function theory and the experimentally determined
transition temperature Ty, an estimate of the ratio of the inter- to intrachain exchange interaction is

obtained.

I. Introduction

The theoretical and experimental study
of magnetic systems that exhibit exchange
in one or two dimensions has recently been
a very active research area (/). Our labora-
tory has been engaged in the last few years
in a research program on the magnetic
properties of certain materials with linear-
and zig-zag-chain structures which may be
expected to show interesting low-dimen-
sional behavior. In some of these chains, the
bridging between paramagnetic metallic
centers involves high-symmetry tetrahedral
anions, such as PO3~, AsO;3, and SO~ (2-
4). In addition to understanding the particu-
lar magnetic structure in question, the
study of these compounds provides the op-
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portunity to investigate superexchange ef-
fects as transmitted by different polyatomic
bridging groups. As a part of this program,
we now present the low-temperature mag-
netic properties of the linear-chain com-
pounds trans-u-sulfato-diaquo(2,2’-bipyri-
dine)M(II); with M = Fe, Ni, and Cu.
Single-crystal X-ray studies for the Ni and
Cu polymeric systems have been reported
(5). The metal is octahedrally coordinated
by one molecule of 2,2'-bipyridine, two wa-
ter molecules, and two SO;2 anions. The
coordination octahedra are strongly dis-
torted, while the sulfate anions have nearly
regular geometry. The chain articulation
occurs through the tetrahedral bidentate
SO;% bridging between [M(2,2'-bipyri-
dine)(H,0),] groups. Such chains are
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crosslinked to each other in a SO ——-
H,O hydrogen bonding network. The fore-
going local coordination, chain articulation,
and crosslinking are clearly illustrated in
Ref. (5). In section III it is shown that the
Fe and Ni systems exhibit one-dimensional
antiferromagnetic behavior, due mainly to a
superexchange mechanism via the one-di-
mensional pathway M-O-S-O-M. For
Fe, 3D ordering at considerably lower tem-
peratures is suggested.

I1. Experimental

The Ni and Cu compounds were pre-
pared as described previously (5). The new
Fe compound was synthesized in an analo-
gous manner but with a metal-to-ligand ra-
tio of 1/1. After the solution is stirred at
65°C for 30 min, Fe(2,2'-bipyridine)
(H,0),S0,4 precipitates as a red powder.
All the compounds gave the required analy-
sis (Table I). Cryogenic susceptibility mea-
surements and zero-field Mossbauer spec-
troscopy measurements were determined
as described previously (6). The X-ray
powder pattern (Debye-—Scherrer method)
of the new iron compound was identical to
those of the copper and nickel systems, in-
dicating that these compounds constitute an
isomorphous series.

II1. Results and Discussion

The temperature dependence of the cor-
rected molar susceptibility, xj,, its recipro-
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cal, x3 !, and the magnetic moment, gz of
a powder sample (H, = 5.10 kG) for the
range 1.5 to ~ 100 K are shown in Figs. 1, 2,
and 3 for the Fe, Ni, and Cu compounds,
respectively. The magnetic susceptibility is
field independent for fields varying from
1.60 to 5.10 kG and indicates the absence of
externally induced phase transitions (meta-
magnetism or spin-flop behavior) in this
low-field range.

Mossbauer Spectra

Zero-field 5"Fe Mossbauer spectra for the
Fe compound at 295, 4.25, and 1.70 K are
shown in Fig. 4. The values of the Mdss-
bauer spectral parameters measured at 295
and 4.25 K are given in Table II. The value
of the isomer shift, 8, indicates 6-coordinate
high-spin iron(Il). This is in agreement with
the magnetic susceptibility data to be dis-
cussed subsequently. At 295 K, the value of
the isomer shift, 8, is in the range between
all-oxygen- and all-nitrogen-donor ligands
(7), reflecting the local coordination of Fe
in Fe(2,2'-bipyridine)(H,0),S0,. The in-
crease of & as the temperature decreases
can be ascribed to a second-order Dop-
pler shift (8). At 1.70 K, incipient magnetic
hyperfine splitting is observed in the Moss-
bauer spectrum (Fig. 4c). The relatively
condensed polymeric structure of Fe(2,2'-
bipyridine)(H,0),SO, and the magnetic sus-
ceptibility data to be considered below sug-
gest that the hyperfine splitting is due to the
onset of long-range (3D) magnetic order.
Similar behavior of the zero-field Msss-

TABLE I
CHEMICAL ANALYSES OF THE COMPOUNDS M(2,2'-BIPYRIDINE)(H;0)SO,

Calculated (%) Observed (%)
Compound C H N C H N
Fe(2,2'-bipyridine)(H;0),S0, 34.88 3.52 8.14 34.61 3.63 7.94
Ni(2,2'-bipyridine)(H;0).SO, 34.61 3.49 8.07 34.20 3.64 7.98
Cu(2,2'-bipyridine)(Hz0),S0, 34.14 3.45 8.17 33.93 3.76 7.80
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Fi1G. 1. (a) Molar magnetic susceptibility vs T (K) for
Fe(2,2’-bipyridine)(H,0),S0,, H, = 5.10 kG. (b) Mag-
netic moment vs T (K) for Fe(2,2'-bipyridine)
(H,0):S0,. (¢) Reciprocal molar magnetic susceptibil-
ity for Fe(2,2'-bipyridine)(H;0),S0,. Solid line is a
least-squares computer fit for the Curie—~Weiss Law
given in the text.

bauer spectra, but with a fully resolved
magnetic hyperfine splitting, has been re-
ported for the structurally related linear-
chain antiferromagnets hydrazinium fer-
rous sulfate Fe(N,H;),(SO,), and Fe(2,9-
di-CHj-phenanthroline)SO,. The transition
to long-range magnetic order for these two
systems occurs at ~6.3 and 3.5 K, respec-
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tively(3, 4).Inthe presentcasefullyresolved
magnetic hyperfine splitting apparently oc-
curs at temperatures below our experimental
capability.

Magnetic Susceptibility

Least-squares computer fits of x,; ! vs T
show that the Fe and Ni compounds obey
Curie—-Weiss laws over the ranges 35 to 296
K and 25 to 296 K, respectively. The values
of the Curie—Weiss parameters, w.x, para-
magnetic Curie temperatures, 6, and Curie
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F16. 2. (a) Molar magnetic susceptibility vs T (K) for
Ni(2,2'-bipyridine)}(H,0),S0,, Hy = 5.10 kG. (b) Mag-
netic moment vs T (K) for Ni(2,2’-bipyridine)
(H;0),S0,. (c) Reciprocal molar magnetic susceptibil-
ity for Ni(2,2’-bipyridine)(H;0).SO,. Solid line is a
least-squares computer fit for the Curie—Weiss Law
given in the text.
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Fi6. 3. (a) Molar magnetic susceptibility vs T (K) for
Cu(2,2’-bipyridine)(H;0);S0,, Hy = 5.10 kG. (b) Mag-
netic moment vs T (K) for Cu(2,2'-bipyridine)
(H40):80,. (c) Reciprocal molar magnetic susceptibil-
ity for Cu(2,2'-bipyridine)(H;0),S0,.

constants, C, are listed in Table III. There is
deviation from Curie—Weiss behavior for all
10 fields below 30 K (Fe) and 24 K (Ni).
Figures la and 2a show the temperature de-
pendence of x,; of a powder sample (Hy =
5.10 kG) of Fe(2,2'-bipyridine)(H,0),SO,
and Ni(2,2'-bipyridine)(H,0),80,, respec-
tively. A broad maximum in X, is observed
for the Fe compound at T, = 7.3 K. The
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TABLE 11

MOSSBAUER SPECTRUM PARAMETERS OF
Fe(2,2'-B1pYRIDINE)(H,0),S0,

T & AE, I I,
(K) (mmsec™)) (mm sec™) (mmsec™) (mm sec™)
295 1.10 1.51 0.27 0.26
4.2 1.24 2.27 0.33 0.33

7 Relative to Fe metal.

maximum in x,; for the Ni complex occurs
at Trax = 8.3 K. The steady decrease of the
magnetic moment with decreasing tempera-
tures (Figs. 1b and 2b) and the negative
paramagnetic Curie temperatures (Table
III) observed for these systems indicate a
dominant AF interaction. Moreover, as

Fe(2-2 bipyS04)(H20),
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F1G. 4. Zero-field MOssbauer spectra for Fe(2,2’'-bi-
pyridine)(H,0).80, (@) T = 295 K, (b) T = 4.5 K, and
(¢) T = 1.70 K (with least-squares Lorentzian fits).
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TABLE III
MAGNETIC PARAMETERS

o° ct Xmax X 10? Trnax
Compound Met® (K) {(emu mole~-!) (emu mole™?) (K)
Fe(2,2'-bipyridine}(H,0),S0 5.30 —8.10 3.52 14.20 7.3
Ni(2,2’-bipyridine)(H,0),SO, 3.20 —15.51 1.29 46.77 8.3
Cu(2,2’-bipyridine)(H,0),SO, 2.07 —22.7 0.54 Not observed —_
¢ Values obtained from least-squares computer fits of x,;;~! vs T to the expression x,;~* = (T — 8)/C.

mentioned before, the 3D magnetic order-
ing for the Fe compound occurs at very low
temperatures as suggested by its zero-field
Mossbauer spectrum at ~1.70 K. On the
basis of the crystal structure, it is plausible
to interpret the magnetic properties of the
Fe and Ni systems in terms of an AF inter-
action, with the broad maximum in y,; due
to one-dimensional (intrachain) superex-
change along a single M-0-S-0-M path-
way between metal atoms. Linear-chain an-
tiferromagnetism has also been observed in
the compounds M(N,H;),(SO,), with M =
Mn, Fe, Co, Ni, and Cu (9) and Fe(2,9-di-
CH,-phenanthroline)SO, (4). The intra-
chain interaction is again due to a superex-
change mechanism via the M-0O-S-O-M
pathway, and comparisons of the present
results with those for the preceding com-
pounds are made subsequently.

Intra- and Interchain Interactions

The exchange interaction in a magnetic
system is usually expressed by a parameter
called the exchange constant, J (cm™),
which is often written as J/k (K).

The effective spin Hamiltonian

H = =23 [aSiSF + b(SFSF + SESP] (D)
i

has been widely used in the interpretation
of experimental results of magnetic systems
(/). In this expression, J is the exchange

constant between nearest neighbors and
has a negative sign for AF coupling; %, S,
and S* are the components of spin §, and
the ratio a/b is an anisotropy parameter.
The Ising model, which is obtained by set-
ting b = 0, describes the case of extreme
anisotropic spin coupling (/). The aniso-
tropic coupling obtained when a 0is
called the XY model. If a = b, there is com-
plete rotational symmetry in spin space and
we obtain the Heisenberg model. Most real
systems fall somewhere in between, though
in general, ions with isotropic g values usu-
ally provide Heisenberg systems, while
highly anisotropic g values often imply Is-
ing behavior. Only a few XY magnetic sys-
tems have been discovered so far (/).
Many Ni?* compounds have been suc-
cessfully described by the Heisenberg
model. On the basis of the spin Hamiltonian
(1), Weng (10) has obtained the theoretical
susceptibility as a function of temperature
for AF Heisenberg chains with S = 1. For
this susceptibility calculation the reiations

kTmax(X)/[J] = 2.7, (2)
IXmax/ Ng?B8% = 0.0872 3)

hold, where T, is the temperature corre-
sponding to Xmax, N = Avogadro’s number,
and 8 = Bohr magneton. From the experi-
mentally determined values of x,., and
Thax for the Ni(2,2'-bipyridine)(H,0),SO,
chain (Table III), we calculate, using (2),
J/k = -3.1 K. This value is comparable
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with those obtained for the structurally re-
lated chain Ni(N3H;)o(SOy), (J/k = 3.3 K)
(9). In this analysis an error of =0.5 K in
the estimate of T, (x) for our data results
in a variation of |J/k| from 3.3 to 2.9 K.

At this point we mention that single-ion
zero-field splitting effects can be large for
Ni** and in some cases are comparable to
the exchange interaction involved (/).
Probably, the best method for evaluating
this complication is a determination of the
temperature dependence of the magnetic
heat capacity. Unfortunately, facilities to
carry out this experiment are not available
to us. However, the temperature variation
and large decrease in the absolute value of
the magnetic moment for the Ni?* and Fe?*
complexes strongly suggest that the ex-
change interaction dominates over the
zero-field splitting effects. In the absence of
magnetic heat capacity data, we do not con-
sider zero-field effects any further herein.

An analogous calculation of J/k can be
performed for the Fe(2,2'-bipyridine)
(H,0),S0O, chain within the Heisenberg
model, although it must be stated that it is
usually not possible to describe the mag-
netic properties of Fe?" compounds by ei-
ther the pure Heisenberg or Ising models.
In Fe?* compounds, the crystalline field an-
isotropy and the magnetic exchange inter-
action can be of the same order of magni-
tude, thus precluding the interpretation of
the data in terms of these two simplified and
extreme situations. In any event, we give
the calculations for each case as a rough
estimate. The relations derived by Reedijk
and Witteveen using Weng’s type of calcu-
lation are

KTna(0/V| = 6.9, 4
WlXmax/ Ng** = 0.0937. (5)

From the experimental value of T, (Table
11I) and using (4) we calculate J/k = —1.13
for Fe(2,2'-bipyridine)(H;0);SO,. Because
g is not known for this compound and be-
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cause g is usually anisotropic for Fe?* com-
plexes, we have not used Eq. (5) to calcu-
late J/k. The value of J/k obtained for the
Fe chain is similar to that obtained for
Fe(N,H;).(SOy), (J/k = —2.2 K) (9) using
the same Heisenberg-type calculation. Wit-
teveen and Reedijk also calculated an esti-
mate of J/k using the Ising model owing to
the probable magnetic anisotropy of this
iron compound. In their work the parallel
susceptibility, x;, of linear AF chains with
S = 2 is calculated by computer methods.
From the numerical results obtained for §
= 2, the theoretical curve in which |J]x,/
Ng2p? is given as a function of kT/|J| is
composed. For this general curve within
the assumptions involved,

kT max(X)/M] = 7.5, ©

and

|J|Xmax/Ng2B2 = 0.1009. )]
From (6), using other powder data, Wit-
eveen and Reedjik calculated the value
J/k = —2.04 K for the linear-chain
Fe(N.H;),(SO, within the Ising model.
Similarly, we calculate for the Fe(2,2'-bi-
pyridine)(H,0),S0, chain, J/k = —0.97 K.
Nevertheless, as the authors point out, a
calculation of J/k using Eq. (6) introduces
an error because the powder-susceptibility
curve is made up of x; and x, . Regrettably,
for an Ising chain system, a theoretical
result of x is only known for spin § = $.

Another method for evaluating J/k is
from application of the ‘‘reduced spin
model’’ (/1). In this method, based on the
Ising model, the magnetic susceptibility is
expressed as

, _Ng*BS(S + 1)

XM kT exp(J'/kT),

(8)
where J' represents the exchange energy
for a system composed of spins capable of
orienting only parailel or antiparallel. J' is
related to the true intrachain exchange con-
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stant J by

3/4 1 [k
k=371

Figure 5 shows a plot of log(3kxI/N B%)
vs I/T (T > 40 K) for the Fe(2,2'-bipyri-
dine)(H,0),S0O, chain. From the slope, J'/
2.30, and intercept, log[g2S(S + 1)], of the
straight line of best fit, the values of the
intrachain constant ( J/k) and effective mag-
netic moment (.4 can be calculated. They
are 0.96 K and 5.30, respectively. The
value of J/k is quite close to that obtained
from the Heisenberg and Ising methods de-
scribed above, indicating that the reduced
spin method is a reasonable approximation
for the present one-dimensional AF linear
chains and that J/k ~ 1 K. The u.s value
obtained by the reduced spin method is
identical to the value obtained from the
Curie—Weiss fit of the susceptibility data.

Although it has been demonstrated theo-
retically that in an Ising or Heisenberg
chain with nearest-neighbor interaction
only, no long-range order (spontaneous
magnetization) can occur for T > 0 (/2),
compounds having low-dimensional mag-
netic properties practically always undergo
a transition to long-range (3D) order. This is
due to the relatively weak interchain inter-

T T T

T T T T

FERD DU T S S | I W T
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F1G. 5. Plot of susceptibility data at 40 K < T < 300
K using the ‘‘reduced spin model’’ for Fe(2,2’-bipyri-
dine)(H,0),S0,.
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action ( J ;) that becomes more important
as the temperature decreases.

In the particular case of the Fe(2,2'-bi-
pyridine)(H,0),80, chain and in the ab-
sence of specific heat measurements, an up-
per bound to the transition temperature to
long-range order (7Ty) is taken as 1.70 K
from the magnetic hyperfine splitting of its
Mossbauer spectrum at that temperature.
An estimate of the ratio of the intrachain
exchange constant, Ji,, to the interchain
interaction, J ., can be given by means of
a theory developed by Oguchi for antiferro-
magnetic Heisenberg linear chains on the
basis of double-time temperature-depen-
dent Green’s function theory (/3). Using
the experimentally determined T = 1.70 K
and the intrachain interaction constant J/k
= —1.13, the ratio |Jinter /Jinera) = 1 X 1072 s
obtained for the Fe system. This estimated
value is fairly close to the |Jiner/Jinwal Value
found for the structurally related AF
Fe(N;H;),(SOy), (I\Iinter/\,intrai =3 x 107®
(9). For this compound, the one- and three-
dimensional magnetic interactions are ob-
served in the temperature dependence of
the heat capacity (/4). A broad maximum
in Cp vs T is observed at 12.3 K and is
associated with the intrachain interactions,
while a A anomaly corresponding to long-
range (interchain) magnetic ordering is ob-
served at 6.9 K. Moreover, the stronger in-
terchain (3D) magnetic interactions are
clearly seen in the magnetic hyperfine split-
ting of the Mossbauer spectrum of this com-
plex with Ty = 6.3 K (3). The smaller
| Jinter/Jintra| ~ Tatio  calculated for the
Fe(2,2'-bipyridine)(H,0),SO, chain is
clearly consistent with our Mossbauer
spectroscopy data for this system, i.e., in-
cipient hyperfine splitting of its Mossbauer
spectrum at lower temperatures.

The Cu(2,2’'-bipyridine)(H,0),SO, chain
does not show the broad maximum in xj, vs
T as observed for the Ni and Fe chains and
u is close to the spin-only value at all tem-
peratures. Clearly, the exchange interac-
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TABLE IV

COMPARISON OF THE VALUES OF J/k, |Jinter /Jintral» AND Tpnax FOR M(2,2’-BIPYRIDINE)(H,0),S0,* COMPOUNDS
AND THEIR M(N,H;),SO, ANALOGS"¢

Tonax 00 Jlk from Tpax (X0 Trax (CP) Jik from Trnae (Cp)

Compound (K) (K) (K) (K) Minter /Jinteal
Fe(2,2'-bipyridine)}(H;0),SO, 7.3 -1.0 — — 1 x 1072
Fe(N3;H)s(SO)s 15.3 -2.2 11.7 2.9 3 x 1072
Ni(2,2’-bipyridine)(H;0):SO, 8.3 -3.1 — — —
Ni(NsH)s(SO,), 8.7 -3.2 3.7 -2.0 <1 x 1072
Cu(2,2'-bipyridine)}(H,0),SO, Not observed _ — — —
Cu(N:H;)y(SOy)s 2.1 —1.65 -1.95 -1.9 <1.5 x 107t

@ This work.

b Reference (9).
¢ Reference (14).

tions are much weaker. This also appears to
be the case in the hydrazinium sulfate se-
ries M(N;H;),(S0,), (M = Fe, Ni, and Cu)
(9). The exchange interaction is again
weaker for the Cu chain as compared with
the Fe and Ni compounds, although a maxi-
mum in x vs T is barely observed at T ,,, =
2.1 Kand at T ~ 1.95 K from specific heat
measurements (/4). This is believed to be
due to the 1D antiferromagnetic interac-
tions. From the latter results, J/k for
Cu(N,H;).SO, has been estimated to be ap-
proximately —1.99 K. By comparison with
the results for Cu(N.H;),(SO,); we may as-
sume J/k is approximately —1 or less for
the Cu(2,2’-bipyridine)(H,0),SO, complex.
There is no evidence of 3D ordering for
either Cu(2,2'-bipyridine)(H,0).SO, or
Cu(N,Hy),(SO ) -

We conclude this work by briefly com-
paring the (values) of J/k presented here
for the M(2,2'-bipyridine)(H,0),S0, linear-
chain complexes with those found for the
hydrazinium sulfate systems in terms of
their known structure. Table IV shows the
J/k values for the two series of linear-chain
systems.

It can be seen that the low-dimensional
interchain magnetic interactions are gener-
ally stronger for the M(N,H,),(SO,), series.
T ..x for these compounds occurs at higher
temperatures than for the M(2,2'-bipyri-

dine)(H,0),S0, complexes. This observa-
tion can be rationalized in terms of the num-
ber of M-O-S-0O-M pathways present in
each series. In the M(N.H;),(SO,) series,
there are two such

0-5-0
Mo-5-0-M

pathways. This apparently leads to stronger
1D antiferromagnetic interactions than for
the M(2,2'-bipyridine)(H,0),SO, chains in
which there is only one for a sulfato bridge
between adjacent metal ions of the chain.

A high-field MGdssbauer spectroscopy
study of the nature of the electric field gra-
dient tensor and magnetic exchange of
Fe(2,2'-bipyridine)(H,;0),SO,is now inprog-
ress.
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