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The magnetic properties of several materials from the class poly(metal phosphinates) have been
measured. In particular ESR spectra and the temperature dependence of the static susceptibility of three
poly (chromium phosphinatcs) imply that these polymers comprise a class of one-dimensional
antiferromagnetic chains with J/k ~4 K and with a varying degree of crystallinity. Structural disorder
is found to limit the range of spin correlations and, in the extreme case, prohibits extended
short-range order. The data are analyzed in terms of a model of chains of constant exchange but finite
length. Comparison is made with an alternative model of infinite chains with Heisenberg exchange J
varying randomly about a mean. The width of the distribution of J provides a direct measure of the

disorder in each system.

1. INTRODUCTION

The poly (metal phosphinates)' ™ represent an
interesting series of inorganic coordination poly-
mers whose solid-state properties have, up to
now, been almost completely ignored. They are
versatile materials capable of a variety of struc-
tures, crystalline modifications, and physical
properties. The polymeric nature of these com-
pounds comes from the ability of the phosphinate
anions [see Fig. 1(a)] to bridge between metal
centers. The structures and properties of these
materials depend on the substituents R, R’, etc.,
the type and oxidation state of the metal species,
and the nature of any other ligands which may be
present in the system.

Our present interest arises since the metal ion
can be of a transition series and therefore a mag-
netic site in the polymer chain. Since magnetic
susceptibility measurements show that the spins
are, in general, antiferromagnetically coupled,
there is a possibility of varying the strength of
this exchange interaction by substituting different
R groups in the phosphinate (-OPRR’O-) bridges.

In addition, the arrangement of the chains them-
selves can be varied by appropriate choice of me-
tal ion, combination of R groups, and method of
preparation. Some materials have separate chains,
while others are more or less cross linked. Dis-
order may be introduced either in the fabric of
the chain itself or in its relationship with other
chains. Thus, we have the possibility of a mag-
netic system which is both one dimensional and
(in an appropriate sense) amorphous.

The paper is arranged as follows: Sec. II sum-
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marizes the chemistry and structure of the poly-
metal-phosphinates; Sec. III deals with the mag-
netic properties, focussing primarily on three
chromium-based polymers with different degrees
of structural disorder; Sec. IV discusses the mag-
netic data and its correlation with structural dis-
order.

II. MATERIALS PREPARATION AND CHARACTERIZATION

Details of the chemical preparation of Ni, Co,
Mn, Cu, and Cr phosphinates have been given
elsewhere.® These references contain the main
features of the ir spectra. The visible spectra
show broad absorption band characteristic of the
appropriate metal ion in a moderately strong li-
gand field (see, for example, Ref. 2).

In this communication, we focus primarily on
three chromium-phosphinate polymers which were
chosen for their close approximation to one-dimen-
sional behavior and which are, respectively,
amorphous (sample A), crystalline (sample C), and
intermediate (B). Sample A is poly|lhydroxychro-
mium (III) bis-methylphenyl-phosphinate],
[Cr(OH)(0,PCH,CH,),],,? » having an average
value of 10° and a minimum value of 30. The
structure is shown in Fig. 1(b). This material is
a powder, totally amorphous with respect to x rays,
which displays minimal optical birefringence.
Materials B and C nominally have the same for-
mula®** [Cr(0, PCH,C.H,),(0,PCH, )], [see Fig.
1(c)]. Viscosity data indicate that B and C have
chain lengths at least an order of magnitude great-
er than A, Both form films, but B is brittle [ten-
sile strength 3000-3500 psi, elongation (3-6)%],
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FIG. 1. (a) General structure of poly(metal phosphi-
nates). R, R’,R"”,R" are alkyl groups or a phenyl group
and may be the same or different. M is a metal, the
oxidation state of which determines the number of
phosphinate bridges. (b) Most probable bridging struc-
ture for sample A (nomenclature is given in the text).
(c) Stoichiometric structure of samples B and C.

whereas C is flexible [2000-3000 psi, (17-25)%].*
Moreover, C is highly birefringent, indicating
crystallinity on a scale of thousands of angstroms;
B shows slight optical activity. Direct visual com-
parison of the three samples between crossed po-
larizers indicates birefringence C> B> A, X-ray
patterns of both B and C show diffuse scattering;
however, C shows several relatively sharp Bragg
peaks, indicating a higher degree of crystallinity.
We interpret the diffuse scattering as indicating a
disordered arrangement of the —OP(CH,)(CH,)O-
and —OP(C.H,,),0- bridging groups in the chains,
as well as lateral chain-chain displacements. How-
ever, both the optical properties and the x-ray
studies indicate that, on the average, the chains

of C are more regularly aligned, and the flexibility
leads to the conclusion that the plasticizing octyl
groups are distributed more evenly.* In addition,
the solubility of the films indicates that there are
few cross links and that therefore they are linear
polymer chains.

III. MAGNETIC PROPERTIES

The static susceptibility of the samples was
measured as a function of temperature between
4 and 300 K using a Faraday balance.® The g
values, linewidths, and line shapes were measured
at 10 and 30 GHz using conventional EPR spectro-
meters.

The static susceptibility was corrected for core
diamagnetism using Pascal’s constants.” The re-
sulting inverse susceptibility (x;*) is plotted as a
function of temperature [Fig. 2(a)] for some typi-
cal Co- and Ni-based materials. The high-tem-
perature data for these and several other materi-
als were fitted by a nonlinear least-squares pro-
cedure® to the form

Xp=C/(T+0)+xp, (1)

where C=g2p%S(S+1)N,/3k, © is the Curie-Weiss
temperature (defined here as positive), and X
is the temperature-independent Van Vleck contri-
bution to the susceptibility. C, ©, and X3P were
treated as fitting parameters. The results are
quoted in Table I.

We note that the three-parameter fit is not
unique. For example, in the mean-field approxima-
tion, © =22JS(S+1)/3k (wherez is the number of
nearest neighbors, equaling 2 in the case of one
dimension), and J may depend in some way on 7.
Therefore we expect our fit to give only approxi-
mate values of the microscopic parameters.®

From C is calculated the effective moment per
spin p =gVS(S+1). Assuming a value for S on the
basis of the number of d electrons, we obtain g
(static). This can be compared to the result ob-
tained directly from ESR measurements, which is
also given in Table I. In the cases where the ESR
spectra have been observed, the values are in ex-
cellent agreement.

We omit discussion of the low-temperature data
of these materials since they are not sufficiently
well characterized at the moment. Note, however,
that the behavior is qualitatively similar to that of
the three chromium materials [Fig. 2(b)].

In the high-temperature region, samples A, B,
and C have the same behavior, that of a paramag-
net with antiferromagnetic exchange interaction.
At temperatures below 20 K, there is variation;
sample A has an inverse susceptibility which ap-
pears to be going to zero at 0 K (i.e., the suscep-
tibility diverges).!'® Sample C has a susceptibility
with a broad maximum at 7 K, indicative of in-
creasing short-range order in one dimension.
Sample B falls between these two; it does not di-
verge, nor does it show a minimum in x,* (al-
though the curvature is concave upwards).

The high-temperature slopes of the x,;* vs T
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FIG. 2, Inverse susceptibility vs temperature, (a) Poly(nickel dioctylphosphinate) (8) (i.e., M=Ni, R=R'=R"=R"
=CyH;), poly(cobalt di-n-butylphosphinate) (+) (i.e., M =Co, R=R'=R" =R" = CH,CH,CH,CHj,), and poly(cobalt di-t-
butylphosphinate) (e) li.e., M=Co, R=R’'=R"=R" =C(CHg)4]. Ordinate for Co materials is on the left-hand side, for
Ni on the right-hand side. Lines are merely a guide for the eye. (b) Samples A (+), B(O), and C(e) (see text); curves
are generated from Eq. (2) using the values of the parameters in Table IL
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TABLE I. Representative data on several samples of nickel, cobalt, manganese, and copper poly(metal phosphinates).

Phosphinate
bridging Spin c X Moment g g Linewidth
Metal groups S (emuK/mole) © (K) (1072 emu/mole) p (kp) (static) (ESR) (gauss)
Nickel (1) bis-dioctyl 1 1.37 0 0 3.31 2.35 Not observed
+0.07 +0.3 +0.08 +0.06
bis -diphenyl 1 1.47 15.8 0 3.43 2.42 Not observed
+0.07 +2.2 +0.3 +0.08 +0.06
Cobalt (I) bis -dioctyl 2 2.69 19.1 0.4 4.64 2.40 Not observed
+0.14 +2.6 +0.6 +0.12 +0.06
bis -diphenyl 2 2.19 5.9 0.7 4.18 2.16 Not observed
+0.06 +1.4 +0.3 +0.06 +0.03
bis -(methyl 2 2.45 7.2 1.0 4.43 2.28 Not observed
phenyl) +0.07 +1.3 +0.4 +0.07  +0.03
bis-di-t-butyl 2 2.27 3.8 1.0 4.27 2.20 Not observed
+0.04 +0.7 +0.2 +0.03 +0.02
bis-di-n-butyl £ 2.38 25.0 1.0 4.36 2.25 Not observed
+0.06 +1.4 +0.2 +0.05 £0.03
Manganese (II) bis-dioctyl 2 3.61 0.8 2.2 5.38 1.82 2.00 810
+0.06 +0.8 +0.3 +0.06 +0.04 +0.01
bis-di-t-butyl & 3.90 9.3 1.0 5.58 1.89 2.00 135 (30 GHz)
+0.12 +1.7 +0.5 +0.08 +0.04 +0.01 170 (10 GHz)
Copper (II) bis-diphenyl 3 0.48 0 0 1.96 2.26 g£,=2.37 Multiline
+0.04 +0.1 +0.08 +0.09 g,=2.07 spectrum
S =2.17

curves of all three samples are consistent with
spin S =%, which is expected for Cr®* (d® configu-
ration) in sixfold octahedral coordination, ground
term “A,,."" The temperature dependence above
about 30 K does not follow precisely a Curie-Weiss
law. However, the deviation can be attributed to
temperature-independent (Van Vleck) paramagne -
tism xyy =8N,u%/10Dq, where N, is Avogadro’s
number, U is the Bohr magneton (N u%=0.261
cm™ /mole), and 10Dgq is the ligand field splitting
(*A,; —=*T,,), which can be found from the absorp-
tion band in the visible spectrum at 15000 cm™,
Using this crystal-field splitting, we estimate the
value x$&° =0,14x10~° emu/mole. The suscepti-
bility was fit in the form of Eq. (1) for the para-
meters C, ©, xy¥. Their values, together with
the effective moment p =gVS(S+ 1) and the de-
duced splitting factor g, are given in Table II.
The g values have also been measured by elec-
tron paramagnetic resonance where the spectrum
is found to consist of a single broad Lorentzian
line. The results (see Table II) are in excellent
agreement with the static susceptibility data. For
Cr® in a sixfold-coordination octahedral ligand
field, we expect a g shift from the free-spin value
2.002 of Ag=-4)k2/10Dg, where A is the spin-or-
bit coupling parameter in the L-S representation,
and k is the covalency correction factor.!' Setting
k=1 and using the free-ion value A =91 cm™, we

obtain Ag=-0.024, in excellent agreement with
experiment. This value of Ag is too small to use
in a meaningful re-evaluation of k.

IV. DISCUSSION

At low temperature, the susceptibility deviates
from the Curie-Weiss form as a result of magne-
tic short-range order limited by the structural
disorder. Fisher'? has given an exact solution for
the susceptibility of a chain of classical (S =)
spins coupled according to Heisenberg exchange of
strengthJ. His Eq. (3.10) contains explicitly the
number of spins in the chain, N+1, We modify
this equation for finite spin after the method of
Wagner and Friedberg!® to obtain the molar sus-
ceptibility of a sample consisting of chains of
average number of spins N+1,

SHESS+1N, (N+11-u +2u[1 — (~u)"*1]
X Fisher = 3ET N 1+u W!

(2)

where u = —coth[ 2JS(S +1)/kT] +4T/2JS(S +1) is the
temperature parameter. The susceptibilities were
least-squares fitted'® to X, = Xgiser + Xyv, With Xyv
fixed at the values obtained above, and g, J, N
treated as parameters. The best values of g, J,
and N are given in Table II, and the fitted curves
are drawn on Fig. 2(b): The values of 2JS(S +1)/k
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from the Fisher fit agree well with the Curie-
Weiss constant © [2zJS(S +1)/3% in mean-field
theory].

The numerical results indicate that the value of
N increases with the degree of crystallinity from
a value of 2 for the most amorphous material to
an immeasurably large value for the most crystal-
line. Although the model is obviously oversimpli-
fied, we interpret these results to mean that the
coherence length for spin correlation is limited in
the amorphous case to next nearest neighbors,
whereas in the crystalline case the limit is the
polymer chain length. Alternatively, we can view
the susceptibility as arising from spins coupled
by an exchange interaction which is constant in the
crystalline case, but in the amorphous case has
fluctuations from bond to bond of the order of J
itself such that J has a nonvanishing probability
of being zero.

The values of g obtained by this method are
somewhat lower than those obtained directly by
spin resonance, but considering the simplicity of
the model and the approximations inherent in
Fisher’s solution (infinite spin, neglect of three-
dimensional effects) the overall picture is remark-
ably consistent. The low value of N obtained for
material A indicates that the model of an extended
chain should be replaced by clusters of a few spins
isolated or weakly coupled to each other.

A somewhat more realistic model is to use
Fisher’s solution for classical spins, but to apply
it to a chain in which the exchange J; varies ran-
domly with the position of the bridge i.'* If there
is no correlation in this variation, i.e., (u(J;)u/,)
=(u W uJ ) =(w? (where the average( ) is over
the distribution of J), then we obtain simply

NgAS(S +1) 1 ()
- 3kT 1 +(u)

(3)

for an infinite chain., We have computed this func-
tion for the distribution

1/, J—sx<sJd; < T+32 4a)
P(J,) = { / 2 i 2 (

0, otherwise . (4b)
The result is

__—kT (2J + A)sinh[(2J = 2)S(S +1)/kT]
“onSS+1) (2 = A)sinh[(2T + A)S(S +1)/ET]"

(5)

This function, which has the correct form in the
limit A -0, yields a divergent susceptibility at
zero temperature whenA/2J>1; i.e., when there
exist some interactions which are either zero or
ferromagnetic.

The data, corrected for x{¥ as obtained from
the high-temperature analysis, were fitted to

(u)

TABLE II. Magnetic parameters of the three samplesA, B, and C. Quoted standard deviations arise statistically from the scatter in the data and do not in-

clude consistent errors which might arise from the calibration of the susceptometer or the weighing of the samples.
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2 Fitting procedure would not converge with finite N; N was set equal to < in order to fit the other parameters.
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FIG. 3. Curves fitted to the susceptibility data of
samples A (+), B (O), and C (e), using Egs. (3) and
(5). Values of the parameters are given in Table IIL.

Eqgs. (3) and (5) for the parameters g, J, and A.
The quality of fit is much better than that using
Eq. (2), the mean-square error being reduced by
a factor of 3 or more. The fitted curves and the
data are shown in Fig. 3, and the values of the
expressions g, 2JS(S+1)/k, and A /2J (the relative
width of the square distribution) are given in Ta-
ble III.

The width of the distribution parameterizes, in
a unique manner, the magnetic disorder, which
can be seen to relate directly to the structural
disorder. Even in the case of the most “crystal-

TABLE III. Parameters giving best fit to the suscep-
tibility of samples A, B, and C, using Egs. (3) and (5).

Sample g 2JS(S +1) /& r/2d
A 1.95+0.05 13+1 1.9 £0.2
B 1.95+0.05 22+1 0.90+ 0.08
C 1.89+0.06 25+ 1 0.66+0.06

line” sample, the value of A is not negligible. This
is as one would expect, since the relatively well-
ordered polymer is far from being a good crystal.

V. CONCLUSION

We have concentrated on only a small subset
from this class of materials which can be expected
to yield many interesting solid-state properties.
There are problems inherent in elucidating the
structures of polymers, but this initial study shows
that the magnetic properties can be understood in
traditional terms, and that they can be used (in
conjunction with other techniques) as a probe of
the molecular properties of these transition-metal
polymers.

ACKNOWLEDGMENTS

We are grateful for helpful discussions with Dr.
A. B. Harris and Dr. T. Lubensky.

*Work submitted in partial fulfillment of the require-
ments for the Ph.D.

TSuppmrted in part by the National Science Foundation
through the Laboratory for Research on the Structure
of Matter and Grant No. DMR 74-22923, and by the
Advanced Research Projects Agency through Grant
No. DAHC-15-72C-0174.

«tSupported in part by the Advanced Research Projects
Agency through ARPA Order No. 2043, and by the
Office of Naval Research through Contract No.
NO0014-69-C-0122,

1B. P. Block, Inorg. Macromol. Rev. 1, 115 (1970),
and references therein.

ZPiero Nannelli, H. D. Gillman, and B. P. Block,

J. Polym. Sci. 9, 3027 (1971).

SPiero Nannelli, B. P. Block, J. P. King, A. J. Sara-
ceno, O. S. Sprout, Jr., N. D. Peschko, and G. H. Dahl,
J. Polym. Sci., 11, 2691 (1973).

‘Piero Nannelli, H. D. Gillman, and B. P. Block (un-
published).

H. D. Gillman, Inorg. Chem. 13, 1922 (1974), and
references therein; H. D. Gillman and J. L. Eichel-
berger (unpublished).

8The apparatus is described in J. C. Scott, A. F. Garito,
and A. J. Heeger, Phys. Rev. B 10, 3131 (1974).

"Modern Coordination Chemistry, edited by J. Lewis and
R. G. Williams (Interscience, New York, 1960), p.

403.

8 Biomedical Computer Programs X-sevies Supplement,
edited by W. J. Dixon (University of California Press,
Berkeley, 1970), p. 177.

9For a discussion of the determination of J by experi-
ment, see dJ. S. Smart, in Magnetism, edited by G. T.
Rado and H. Suhl (Academic, New York, 1963), Vol.
III1.

Yother amorphous systems with antiferromagnetic be-
havior have been found to have a diverging suscepti-
bility, e.g., A. W. Simpson and J. M. Lucas, J. Appl.
Phys. 42, 2181 (1971); T. Egami, O. A. Sacli, A. W.
Simpson, A. L. Terry, and F. A. Wedgwood, in Amov-
phous Magnetism, edited by H. O. Hooper and A. M.
de Graaf (Plenum, New York, 1973), p. 27.

H1gee, for example, B. N. Figgis, Introduction to Ligand
Fields (Interscience,‘ New York, 1966).

12M. E. Fisher, Am. J. Phys. 32, 343 (1964).

3G, R. Wagner and S. A. Friedberg, Phys. Lett. 9, 11
(1964).

4Models of random exchange have become increasingly
popular in recent years; see for example T. Tonegawa
and P. Pincus, Abstracts of Conference on Magnetism
and Magnetic Materials, San Francisco, 1974 (un-
published); D. Cabib and S. D. Mahanti, Prog. Theor.
Phys. 51, 1030 (1974); D. C. Rapaport, J. Phys. C 5,
1830, (1972).



