ELSEVIER

Polymer 42 (2001) 5491-5494

polymer

www.elsevier.nl/locate/polymer

Polymer Communication

Syntheses and magnetic properties of novel complexes of polymer
containing bithiazole ring and salicylic acid

Jian Weng®, Li Ming Jiang®, Wei Lin Sun®*, Zhi Quan Shen®, Shi Qiang Liang"

“Department of Polymer Science and Engineering, Zhejiang University, Hangzhou 310027, People’s Republic of China
Department of Chemistry, Zhejiang University, Hangzhou 310027, People’s Republic of China

Received 18 September 2000; received in revised form 29 November 2000; accepted 1 December 2000

Abstract

A novel polymer (SDP) was first synthesized from 2,2’-diamino-4, 4'-bithiazole (DABT) with salicylic acid and paraformaldehyde (PF).
SDP—Fe®* was prepared from SDP and FeSO, in DMSO. SDP—Prussian blue was prepared from SDP—Fe?* and potassium ferricyanide
(K;3[Fe(CN)g]) in DMSO. They were characterized through IR, "H NMR, XPS and ESR. The magnetic behavior of two polymeric complexes
was measured as a function of magnetic field strength (0—60 kOe) at 5 K and as a function of temperature (5—300 K). SDP—Prussian blue
exhibits a hysteresis cycle at 5 K, the observed coercive field is H, = 40 Oe, and the remnant magnetization M, = 0.035 emu g~ '. The result
shows that SDP—Fe** is an antiferromagnet while SDP—Prussian blue is a ferromagnet. © 2001 Elsevier Science Ltd. All rights reserved.
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There has been much interest in the preparation of
magnetic polymers. Organic polymers containing paramag-
netic species may provide a new kind of magnetic material
owing to the magnetically long-range ordering of unpaired
electrons through spin—spin interactions [1]. The ability to
control the sign and magnitude of the magnetic exchange
interaction between adjacent metal ions in a polymeric
complex is of fundamental importance for the design and
synthesis of new magnetic materials based on polymeric
coordination complexes [2]. In 1998, Hoffmann et al. [3]
proposed that polymers built from sulfur, carbon, nitrogen-
containing five-membered rings would theoretically display
magnetic ordering, but none have been synthesized yet. Sun
et al. [4] reported the synthesis of poly(Schiff base) contain-
ing bithiazole ring (TAPDA) firstly by polycondensation of
2,2'-diamino-4,4'-bithiazole (DABT) with terephthalalde-
hyde and its properties of permeability, conductivity and
metal chelating with noble metal ions. We have reported
the synthesis of TAPDA-Fe”*" complex and its ferro-
magnetic properties for the first time [5]. Our interest in
the bithiazole-based polymers stems from their potential
to bind transition-metal ions. The 4,4’-bithiazole moiety
is used to provide dentate N-donor sites for binding
metal ions. DABT is incorporated into the polymer
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main chain, the corresponding resins are expected to
form polymeric metal complexes under suitable condi-
tions, and can be employed for potential electrical,
magnetic and optical materials by choosing the constituent
molecules appropriately.

It is known that hexacyanometalate ions, [M(CN)s]"", act
as good building blocks to provide bimetallic assemblies
such as Prussian blue, FeEI[FeH(CN)6]3-nH20. Prussian
blue and its analogues form a family of magnetic materials,
and a high T¢ or Ty is reported for some of these assemblies
[6-11]. However, as far as we know, no organic magnet
from polymeric complex containing bithiazole using hexa-
cyanometalate ions as bridging linkages has been reported.
In this paper, we first report the synthesis of organic poly-
meric Prussian blue analogue and its magnetic properties.

This paper is the first to describe the syntheses of a new
polymer (SDP) from DABT condensed with salicylic acid
and PF, and its complex with Fe?* (SDP—Fe2+), and the
complex (SDP—Prussian blue) from SDP—Fe®" and
K;[Fe(CN)g]. The preliminary magnetic properties of two
complexes are also reported for the first time.

DABT was prepared readily from 1,4-dibromobutane-
dione [12] and thiourea according to literature [13],
followed by several times of recrystallizations. The polymer
(SDP) was prepared from DABT and salicylic acid and PF
as shown in Scheme 1 (Synthetic route of SDP). A mixture
of salicylic acid and DABT with PF in the ratio 1:1:2 was
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heated in the presence of 2 M HCl as a catalyst at 100°C for
3 h. A yellow-green precipitate was formed and filtered,
washed successively with water, methanol and ether, and
dried under vacuum at 60°C for 24 h."

The polymer—Fe?" complex (SDP—Fe**) was prepared
from SDP and FeSO, in DMSO at room temperature under
purified nitrogen atmosphere for 5 days. A red-brown preci-
pitate was formed and filtered, washed successively with
water, methanol and ether, then the precipitated complex
was soaked in methanol for 24 h. The complex was isolated
by filtration and dried under vacuum at 60°C for 24 h. Thus
the polymeric complex (SDP—Fe”") was obtained.”

SDP—Prussian blue was prepared from SDP—Fe”" and
K;[Fe(CN)¢] in DMSO at room temperature for 3 days.
The blue-green precipitate was filtered, washed succes-
sively with water, methanol and ether, and dried under
vacuum at 50°C for 24 h.’

The structure of the polymer (SDP) was determined by 'H
NMR and Fourier transform infrared (FTIR). A strong reso-
nance at 6.92 ppm is attributed to the all-equivalent bithia-
zole ring protons in the '"H NMR spectrum of SDP. The
wide and weak resonance peak at about 11.74 ppm is the
COOH peak; at the same time, a broad peak at 8.53—
8.55 ppm is present, due to the formation of hydrogen

' SDP: yield 90%; IR (KBr,cm™'): 3680-3010(broad, s), 3000—
2500(broad, s), 1794(s), 1590(s), 1528(s), 1460(s), 1390(m), 1298(s),
1241(m), 1172(s), 1034(s), 873(s), 669(m); '"H NMR (500 MHz, DMSO-
d, ppm): 6 11.74(Ar-COOH, w), 8.53-8.55(broad), 7.78(Ar-OH), 7.34—
7.61(aromatic ring, H), 6.92(thiazole ring, H), 4.68(NH), 1.21(CH,);
[1=0231dLg"".

2 SDP-Fe**': yield 50%; IR (KBr, cm ™ '): 3680—3011(broad, m), 3000—
2500(broad, m), 1796(m), 1609(s), 1539(s), 1519(s), 1349(s), 1273(m),
1116(s), 1054(s), 990(s), 952(s), 873(s), 668(s), 616(s). SDP-Fe’" is
magnetic material and cannot be obtained right NMR resonance.
[CsH2N403S,(FeSO,)923],: Caled C 45.56%, H 3.04%, N 14.17%, O
15.87%, Fe 3.29%; Found C 45.42%, N 14.09%, O 15.93%, S 17.91%,
Fe 3.27%.

3 SDP-Prussian blue: yield 70%; IR (KBr, cmfl): 3307(broad, s),
2909(broad, s), 2073(s), 2024(m), 1794(m), 1610(s), 1540(s), 1521(s),
1349(s), 1076(s), 952(s), 873(s), 669(s). SDP—Fe>" —Fe(CN), is magnetic
material, and cannot be obtained right NMR resonance. {C;sH,N,O;S,-
[FeFe(CN)glo,},: Caled C 46.91%, H 2.88%, N 19.44%, O 11.51%, Fe
5.32%; Found C 47.01%, 19.56%, O 11.62%, Fe 5.28%.

bond by neighboring COOH and OH, and the protons of
COOH easily exchange with DMSO-d and H,O, so the
COOH peak at 11.74 ppm is weak. The aromatic ring
protons are present at 7.34—7.61 ppm. The CH, and NH
protons are present at 1.21 and 4.68 ppm. A broad band at
3680-3010 cm ! is observed in the FTIR spectrum of SDP,
which is due to the stretching vibration absorption of OH,
NH and Ar-H. The other broad band is present at 3000—
2500 cm ', this is a characteristic of COOH group in solid
state. The peak at 1590 cm™' is due to phenylene ring
stretching vibration (C=C), the peak around 873 cm ™' is
characteristic of 1,2,3,5-tetrasubstituted aromatic C-H
out-of-plane deformations. The bithiazole ring and skeletal
stretching vibration absorption are also observed in 1528,
1460, 1390, 1298, 1241 and 1034 cm ™' [14]. Thus, overall
the solution 'H NMR and FTIR spectra of SDP are in excel-
lent agreement with the proposed structure.

In the FTIR spectrum of SDP—Fe**, a significant change
observed was that the peak at 1298 cm ™' in the spectrum of
SDP was blue-shifted to 1349 cm ~'. The peak at 1298 cm ™'
in SDP might be due to the skeletal vibration, which was
caused by imino-interchange isomer of 2-amino-thiazole
[15]. Due to coordination, imino-interchange isomer no
longer existed, and skeletal vibration of bithiazole appeared
at 1349 cm™'. This suggested that the coordination has
taken place through ring nitrogen atom of thiazole. The
peak at 1116, 1054, 990 and 952 cm ™! in the spectrum of
SDP-Fe**, which were assigned to v3,, vap, V3 and vy of
Soi, suggested that the SO~ is a bidentate ligand via
oxygen atoms [16].

The solid state FTIR spectrum of SDP-Prussian blue
exhibits two distinct cyano stretching vibrations at 2073
and 2024 cm™', with the high-frequency band being the
most intense. On comparison with K;[Fe(CN)¢] (veny =
2033 cm™ ') [10] the low-frequency vibration is assigned
to the two equivalent cyano ligands. The high-frequency
vibration is then assigned as the axial CN ligand transform-
ing to bridging ligand. This assignment is also consistent
with vibrational spectroscopic studies of similar CN-
bridged complexes [17].

XPS survey in the range of binding energy from 0 to
1400 eV was conducted to determine the chemical compo-
sition of the two complexes. It was found that the complex
consists of Fe, N, C, O and S elements, and the atomic
concentration of these elements in the two complexes was
determined based on the individual XPS spectrum of each
element.>® The binding energies of oxygen and nitrogen
were changed due to coordination of Fe*". It was reported
that the stoichiometry for metal ions and DABT was in the
ratio 1:1 or 1:2. The X-ray crystal structure of the complexes
had been determined [14]. According to the analytical data
and structure of the complexes, the polymeric complexes
were suggested as [C;sH;)N4O3S,(FeSOy)p23], and
{C5H2N4O38,[FeFe(CN)glo2 }

The ESR spectra of the polymeric complexes, SDP—Fe?"
and SDP-Prussian blue, were measured at 77 K and an
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Fig. 1. Magnetization curve (M) versus applied field (H) at 7 =5 K for
polymeric complexes.

unsymmetrical line of an anisotropy g factor was observed.
The g factors of the two polymeric complexes were 4.1709
and 4.2672 for SDP—Fe’" and SDP—Prussian blue, respec-
tively. All ESR spectra were very broad, implying that the
large exchange region is more efficient for the present poly-
meric complexes. For a bulk ferromagnet, it is necessary
that parallel coupling dominates on the scale of the lattice,
but the orthogonality conditions are difficult to impose on all
the neighbors of a given spin. In other terms, avoiding some
bonding interaction between the unpaired electrons repre-
sents a big problem. If the spins are different from each
other, then the nonorthogonality ions of the magnetic orbi-
tals are not too severe a problem, because an antiparellel
alignment of the spins will lead to uncompensated moments
and to a weak ferromagnet [18].

A typical relationship between magnetization and applied
field for the polymeric complexes at 5 K is shown in Fig. 1.
For SDP-Prussian blue, M increases sharply until about
40 kOe and the rising trend is slow above 40kOe. A
magnetic saturation effect can be observed for the SDP—
Prussian blue, it can be seen that the value of relative satura-
tion magnetization is 7.2 emu g~ for SDP—Prussian blue.
This may be a ferromagnet. On the other hand, for SDP—
Fe?", the magnetization increases with increasing applied
field in a nearly linear manner. The SDP—Prussian blue has
a higher relative saturation magnetization than the other,
which might be resulting from the superexchange interac-
tion of ferrous ions and Fe*" in [Fe(CN)s]*~ through cyano
(CN) bridging linkage. The magnetization (M) normalized
with saturated magnetization (M) for SDP—Prussian blue is
plotted versus the ratio of magnetic field and temperature
(HIT) (Fig. 2). The M/M, plot of SDP—Prussian blue is
compared with the theoretical Brillouin cures for
J = 1/2-11/2. It should be noted here that, for a disperse
spin system, an “average” Brillouin function is never
followed in a strict manner for monodisperse spin systems.
The M/M; plot is close to the Brillouin curves for J = 9/2,
which indicates a ferromagnetic coupling.

The temperature dependence of x7 products of SDP—
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Fig. 2. Normalized plots of magnetization (M/M,) versus the ratio of
magnetic and temperature (H/T) for SDP—Prussian blue at 5 K, and the
theoretical curves corresponding to the J = 1/2, 3/2, 5/2,7/2, 8/2, 9/2, 10/2
and 11/2 Brillouin functions, respectively.

Prussian blue is shown in Fig. 3. Experimental susceptibil-
ities were corrected for diamagnetism of the constituent
atoms by the use of Pascal constants. For SDP—Prussian
blue, the product T increases with decreasing temperature
above 5.1 K, reaching the maximum at 5.1 K, which indi-
cates that the weak ferromagnetic interaction among spins is
realized in the solid state between 5.1 and 25 K. The results
of the field dependent magnetization (Figs. 1 and 2) also
confirmed the above result. The ferromagnetic interaction in
SDP—Prussian blue may be due to the superexchange inter-
action of Fe?" and Fe" in the [Fe(CN)6]3 ~ through cyano
(CN) bridging linkage. The result indicates weak and
short range ferromagnetic ordering for SDP-Prussian
blue at low temperatures. For SDP—Fe**, the product of
xT decreases sharply with lowering temperature above
10 K, then decreases gradually with decreasing tempera-
ture below 10K, indicating a strong antiferromagnetic
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Fig. 3. Magnetic susceptibility data for SDP—Prussian blue at low field H =
1000 Oe.
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Fig. 4. Field-dependent magnetization showing a hystersis loop of SDP—
Prussian blue at 5 K. (Insert) Expanded view of the region from —80 to
80 Oe.

interaction for SDP—Fe*" in the solid state in the range
5-300 K.

To get complementary information on the magnetization
of the SDP—Prussian blue, the hystersis curve of SDP—Prus-
sian blue was measured at a low temperature (Fig. 4), which
is a characteristic of ferromagnetic interactions. At 5 K, the
observed coercive field is H. = 40 Oe, and the remnant
magnetization M, = 0.01 emu g_l. These data show that
the polymeric complex (SDP—Prussian blue) is an organic
ferromagnetic polymer. Further investigations by our group
are in progress.

Acknowledgements

This project was financially supported by National
Natural Science Foundation of China. (NO: 59873018)

References

[1] Maclachlan MJ, Aroca P, Coombs N, Manners I. Adv Mater
1992;4:612.
[2] Kahn O. Molecular magnetism. New York: VCH Publishers, 1993.
[3] Genin H, Hoffmann R. Macromolecules 1998;31:444.
[4] Sun WL, Gao XS, Lu FC. J Appl Polym Sci 1997;64:2309.
[5] Weng J, Sun WL, Jiang LM, Shen ZQ. Macromol Rapid Commun
2000;21:1099.
[6] Mallah T, Thiebaut S, Verdaguer M, Veillet P. Science
1993;262:1554.
[7] Verdaguer M. Science 1996;272:698.
[8] Sato O, Iyoda T, Fujishima A, Hashimoto K. Science 1996;272:704.
[9] Ohba M, Maruono N, Okawa H, Enoki T, Latour JM. J] Am Chem Soc
1994;116:11566.
[10] Bernhardt PV, Martinerz M. Inorg Chem 1999;38:424.
[11] Mitasaka H, Matsumoto N, Okawa H, Re N, Gallo E, Floriani C.J Am
Chem Soc 1996;118:981.
[12] Ruggli P, Herzog M. Helv Chim Acta 1946;29:98.
[13] Erlenmeyer H. Helv Chim Acta 1948;31:206.
[14] Tian YN, Yang P, Li QS, Zhao CG, Chin. J Chem 1996;14:428.
[15] Jing XY, Cheng SD, Me SY. Practical manual of infrared spectro-
scopy. Tianjin: Science and Technology Press, 1992 (p. 312).
[16] Cotton FA, Wilkinson G. Advanced inorganic chemistry. New York:
Wiley, 1988 (p. 488).
[17] Wang C, Mohney BK, Williams RD, Petrov V, Hupp TT, Walker GC.
J Am Chem Soc 1998;120:5848.
[18] Caneschi A, Gatteschi D, Sessoli R, Rey P. Acc Chem Res
1989;22:392.



