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Magnetic Properties of Polymeric Dihalogenodi(nicotinamide)-

J.C.S. Dalton

and

Dihalogenodi(isonicotinamide)-copper(il)) Complexes
By Richard P. Eckberg and William E. Hatfield,” Department of Chemlstry, University of North Carolina,

Chapel Hill, N.C. 27514, U.S.A.

Magnetic susceptibilities of powdered samples of complexes of the general formula [{CuL,X,},] (X = Cl or Br,
L = nicotinamide or isonicotinamide) have been determined in the temperature range 4-2—286 K. The data
reflect an antiferromagnetic interaction of the linear-chain type and suggest a common structural assignment for all
four complexes. The structures are expected to be di-j.-halogeno-bridged chains analogous to those of [{Cu(py),-

Xg}al (X = Cl and Br, py = pyridine).

MacnETIC! and spectral L2 studies of the copper(1r)
halide complexes of pyrazine-2-carboxamide have led to
the conclusion that [{Cu(pyzc),Cl},] and [{Cu(pyzc),-
Br,}s] (pyzc = pyrazine-2-carboxamide) are made up of
infinite chains of six-co-ordinate copper(11) ions joined by
halide bridges. Similar investigations of copper(1r)
halide complexes of the related ligand pyridine-2-carbox-
amide have shown that they are monomeric, having
tetragonally distorted octahedral co-ordination about
each copper ion.34

Bivalent transition-metal chloride complexes of the
remaining pyridine-carboxamide ligands, pyridine-3-
carboxamide (nicotinamide, na) and pyridine-4-carbox-

! R. P. Eckberg and W. E. Hatfield, J.C.S. Dallon, 1975,
616.

2 M. Sekizaki and K. Yamasaki, Rev. Chim. minérale, 1969, 6,
265.

3 A, Masuko, T. Nomura, and Y. Saito, Bull. Chem. Soc.
Japan, 1967, 40, 511.

amide (isonicotinamide, ina), have been reported,®58
and i.r. spectral studies indicated that the carboxamide
groups of these ligands do not co-ordinate to the metal
ions. Thesei.r. characteristics are quite similar to those
of the complexes [{Cu(pyzc),Cly},] and [{Cu(pyzc)yBry}a)
which suggest that [{Cu(na)sXa}s] and [{Cu(ina),X,}a]
(X = Cl or Br) may show evidence of antiferromagnetic
exchange interaction at low temperatures, analogous to
the behaviour exhibited by the pyzc complexes. Accord-
ingly, as part of a study of polymeric complexes of the
general type [{CuLgXa},] (L = an aromatic nitrogen-
containing ligand), the complexes [{Cu(na)oCla}s], [{Cu-
(na)eBra},], [{Cu(ina):Cla},), and [{Cu(ina)sBre},] were
4 Y. Nawata, H. Iwasaki, and Y. Saito, Bull. Chem. Soc.
]apan, 1967, 40, 515.
8 K. Nagano, H. Kinoshita, and A. Harakawa, Chem. and
Pharm Bull. (Japan), 1964, 12, 1198.

Nagano, H. Kinoshita, and A. Hirakawa, Chem. and
Pharm. Bull. (Japan), 1964, 12, 1207.
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prepared by known methods and their magnetic and i.r.
properties studied to determine the nature and extent of
any magnetic exchange present.

EXPERIMENTAL

The method of Nagano 5 was used to prepare all four com-
plexes. To an ethanolic solution of nicotinamide (na) or
isonicotinamide (ina) was added stoicheiometric amounts of
ethanolic solutions of CuCl,*2H,0 or CuBr,. Insoluble pre-
cipitates of ({Cu(na),Cly},), [{Cu(na),Br,},], [{Cu(ina),Br,},],
and [{Cu(ina),Cl,},] immediately formed. These were re-
moved from solution by filtration, washed with ethanol,
acetone, and diethyl ether, and dried for 6 h in vacuo at
50 °C. Both chloride complexes were light blue crumbly
powders, while the two bromide complexes were yellow-
green resembling the chloride species in texture. All four
complexes were insoluble in water, acetone, diethyl ether,
methanol, and ethancol and sparingly soluble in NN-
dimethylformamide, dimethyl sulphoxide, and acetonitrile
[(Found: C, 37-85; H, 3:45; N, 14:9. Calc. for Cu(na),Cl,,
CuC,,H;,N,0,Cl,: C, 38:05; H, 3-20; N, 14-8. Found:
C, 37-85; H, 2-95; N, 14-8. Calc. for Cu(ina),Cl,, CuC,,-
H,;,N,0,Cl,: C, 38-:05; H, 3-20; N, 14-8. Found: C, 30-45;
H, 2-45; N, 11-6. Calc. for Cu(na),Br,, CuC,,H;,N,O,Br,:
C, 30-8; H, 2:60; N, 12:0. TFound: C, 30-35; H, 2-40; N,
11-6. Calc. for Cu(ina),Br,, CuC,,H,,N,O,: C, 30-82; H,
2:60; N, 12:0%]. Microanalyses were by P.C.R. Inc,,
Gainesville, Florida.

Magnetic-susceptibility measurements over the complete
temperature range of 1-7—286 K on powder samples of
[{Cu(ina),CL}], [{Cu(ina),Bry},), and [{Cu(na),Br,},] were
recorded with a Foner-type vibrating-sample magneto-
meter 7 at a field strength of 10 000 G provided by an electro-
magnet controlled by a Ventron-Magnion precision power
supply. The same system was utilized to obtain suscepti-
bility data for [{Cu(na),Cl,},] in the temperature range
77—285 K. Low-temperature (4:2—77 K) results for
[{Cu(na),Cl,},] were obtained from the vibrating-sample
magnetometer, employing a measuring field of ca. 10 022 G
supplied by a P.A.R. model 150-A superconducting magnet.
Temperatures were measured with a calibrated gallium
arsenide diode. The magnetometer was calibrated with
mercury (11) tetrathiocyanatocobaltate(11).8® Ingeneral, the
magnetic susceptibilities are accurate to +1%,. All suscep-
tibility measurements were corrected for the diamagnetism
of constituent atoms using Pascal’s constants,® and for
temperature-independent paramagnetism (t.i.p.) ! (accord-
ing to NAgB%/A = 60 X 107 c.g.s. units). E.p.r. spectra of
powder samples were recorded at X-band at 77 K on a Varian
model E-3 spectrometer using diphenylpicrylhydrazine as an
internal standard. ILr. spectra of solid KBr pellet speci-
mens were recorded on a Perkin-Elmer model 421 recording
spectrometer calibrated by an I.U.P.A.C.-certified polysty-
rene standard.

RESULTS AND DISCUSSION

The experimental magnetic-susceptibility data of
polycrystalline samples of [{Cu(na)eCle}s) and [{Cu(na)y-
Brs},] are shown in Figure 1. Broad maxima in the

? S. Foner, Rev. Sci. Instr., 1959, 30, 548.

8 B. N. Figgis and R. S. Nyholm, J. Chem. Soc., 1958, 4190.

® H. St. Rade, J. Phys. Chem., 1973, 77, 424.

10 E, Konig, ‘Magnetic Properties of Co-ordination and
Organometallic Transition Metal Compounds,” Springer-Verlag,
Berlin, 1966.

11 E. Maarschall, A. Botterman, S. Vega, and A. Miedema,
Physica (Utrecht), 1969, 41, 473.

12 1. D. Dunitz, Acta Cryst., 1957, 10, 307.
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susceptibilities of the two complexes are apparent; the
susceptibility of [{Cu(na)eCls},] maximizes at ca. 16 K,
while [{Cu(na),Br,}s] exhibits the same effect at ca. 38 K.
Such behaviour is indicative of antiferromagnetic ex-
change in these complexes. The rise in the measured
moment at the lowest temperatures recorded is due to
paramagnetic impurities present in the samples.

There exist a number of complexes of copper(1I) pos-
sessing [{CuL,X,}n] stoicheiometry related to the na
complexes. X-Ray structural characterizations of the
parent complexes of this group, [{Cu(py)2Cla}s] and [{Cu-
(py)2Bra},] (py = pyridine), have revealed that they are
composed of infinite chains of Cu(py), groups linked
together by di-y-halogeno-bridges.’>13  Other struc-
tural studies 145 have shown analogous structures for the
chloro-bridged complexes [{Cu(4-vinylpyridine)sCla}n]
and [{Cu(4-Etpy)eCla}s]. The magnetic susceptibilities
of these four complexes have been determined over wide
temperature ranges; %17 the behaviour that they exhibit
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Ficure 1 Magnetic susceptibilities of [{Cu(na),X,},] plotted
against the reduced temperature: X = Cl (a); Br (b). Solid
lines are best fits to the Heisenberg linear-chain model

is very similar to that observed for [{Cu(na)sClg},] and
[{Cu(na)eBra},). If the latter are di-p-halogeno-chain
structures analogous to those described above, the only
site of co-ordination to copper(11) ions from the na mole-
cules must be the ring nitrogen atom while the carbox-
amide moiety does not interact with the metal ions.
Accordingly, i.r. spectra of [{Cu(na)2Cla}s]), [{Cu(na)2Bra}y],
and of free na were recorded to determine whether or not
the carboxamide group is bonded to the metal ion.

Two strong i.r. absorptions at ca. 1 700 and 1 400 cm™
are characteristic of the unsubstituted acid amide group,1®
and are diagnostic of carbonyl co-ordination. The two
bands of [{Cu(na)yCl,},] and [{Cu(na),Br,},] were not sub-
stantially shifted away from those of the ligand, which
mmplies that the bonding of na to copper is through the
ring nitrogen atom only. The same conclusion was

13 V. Kupcik and S. Durovic, Czech. J. Phys., 1960, 10, 182.

14 M. Laing and E. Horsfield, Chem. Comm., 1968, 735.

15 M. Laing and G. Carr, J. Chem. Soc. (4), 1971, 1141.

18 D, Y. Jeter and W. E. Hatfield, J. Inorg. Nuclear Chem.,
1972, 34, 3055.

7 N. W. Laney, R. F. Drake, V. H. Crawford, D. H. Hodgson,
and W. E. Hatfield, unpublished work.

18 D. J. Pasto and C. R. Johnson, ‘ Organic Structure Deter-
nﬁination,’ Prentice-Hall, Englewood Cliffs, New Jersey, 1969,
ch. 4.
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reached for the complexes {{Cu(pyzc)eCla},] and [{Cu-
(pyzc)eBra}a].!  Since the magnetic properties of the pyzc
complexes are similar to those determined for those of na,
it seemed appropriate that the linear-chain model
employed to describe the magnetism of [{Cu(pyzc)2Cla}q]
and [{Cu(pyzc)eBra},) should be utilized to explain that
of the corresponding na complexes.

The Hamiltonian for spin interaction between neigh-
bouring paramagnetic ions along an infinite one-dimen-
sional chain is given by equation (1),® where J is the

N
H=—] _21 [SeSt+12 + ¥(SwSa+1e + SiSci+1)]
1)

exchange energy and y can have values ranging from 0
tol. Wheny = 1, the isotropic Heisenberg model is the
result, while for the limit y = 0 the anisotropic Ising
model is obtained. Closed-form expressions for the
magnetic susceptibility of a linear chain of ions of S =
are available for the Ising model,?° while the Heisenberg
model can be approximated by using the results of
Bonner and Fisher ¥ for infinite S = } chains where
KT o /|J| = 1:282 and |l /e28N = 0-0735.  The
anisotropic Ising simplification of the exchange Hamil-
tonian (1) is substantially in error for the description of
one-dimensional polymeric systems having large exchange
interactions.® Furthermore, a single-crystal magnetic-
susceptibility study 2 of the linear-chain complex
[{Cu(pyz)2(NOs)2},] demonstrated that, even for the
small value |J|/K = 5-3°, the exchange interaction is
quite isotropic. The Heisenberg approximation was
therefore chosen to describe the experimental magnetic
susceptibilities of [{Cu(na)sClz},] and [{Cu(na)2Bra}y,).
Since no closed-form expressions are available for the
Heisenberg linear-chain model susceptibility, the experi-
mental data were fitted to the results of Bonner and
Fisher 1% graphically. The best fits obtained for the
susceptibilities of [{Cu(na)sCle},] and [{Cu(na)eBrs},] are
shown in IFigure 1. The data were corrected for inclusion
of paramagnetic impurities which are present due to the
rapid precipitation of the complexes during their syn-
theses. It was assumed that the observed molar mag-
netic susceptibilities were the sum of the susceptibility of
paramagnetic impurities plus that arising from the linear
chain.! If it is assumed that the susceptibilities of any
paramagnetic impurities present obey the Curie law,
expression (2) for the total observed magnetic susceptibil-
ity results, where p = 9, impurity/100, S = 4, and g was

xz = {p[Ng*S(S + D)]/BET} + (10 — P)tohain  (2)

set equal to the value obtained from the Heisenberg fit of
the experimental results. A 1-97%, impurity correction
was incorporated into the Heisenberg fit of the chloride
data, and a 0-29, correction was added to the bromide
results. The parameters obtained were: for {{Cu(na),-
Clg}n), J = —10-1cm™tand g = 2-09; for [{Cu(na),Br,},],
J =20-6cmlandg2-14. The J values are estimated to
be accurate to +1:0 cm™.

The e.p.r. spectrum of [{Cu(na):Cle},] showed two

19 7. C. Bonner and M. E. Fisher, Phys. Rev., 1964, 135A, 640.
2 M. E. Fisher, J. Math. Phys., 1963, 4, 124.
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absorptions, g =22 and g, =207 ({g) 2-12). The
bromide spectrum consisted of one broad signal centered
at {g) = 2-11. These average g values are in reasonable
agreement with calculated values of {g) obtained from the
Heisenberg fits, which illustrates the validity of the iso-
tropic linear-chain model for describing the magnetism of
the [{Cu(na)sXs}a] complexes.

The experimental magnetic-susceptibility results for
[{Cu(ina)sCle},] and [{Cu(ina)aBras},] are shown in
Figure 2. Broad maxima in the susceptibilities of both
complexes were observed, with x_ .. at 9-5 K for the
chloride and 36 K for the bromide species. The usual rise
in susceptibility at very low temperatures due to para-
magnetic impurities was seen in both cases. These
results are very similar to those observed for the corres-
ponding na complexes. The ir. spectra of ina, [{Cu-
(ina)2Cle}s], and [{Cu(ina)sBra},] were recorded over the
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FiGURE 2 Magnetic susceptibilities of [{Cu(ina),Xs},] plotted
against the reduced temperature: X = Cl (a); Br (b). Solid
lines as in Figure 1

range 2 000—1 000 cm™.  As was the case for {{Cu(na),-
Cla}s] and [{Cu(na)2Bra},], there was no evidence of co-
ordination of copper to the carboxamide moiety of ina.

The data were fitted to the Heisenberg linear-chain
approximation in the same manner as described for the
na complexes. The results of the best fits are presented
in Figure 2. For [{Cu(ina)sCls}s], J = —52 cm™ and
g = 2-16 plus a 0-69%, paramagnetic-impurity correction.
For [{Cu(ina)sBrs},], the Heisenberg fit yielded a value of
J = —20-2 cm™® with g =2-15 plus a 0-3%, impurity
correction. The e.p.r. spectra of both complexes con-
sisted of one broad absorption centered at {(g> = 2-11 for
the chloride complex and at {g> = 2-12 for the bromide.
Although the agreement between calculated and experi-
mental g values is not as good for the ina complexes as for
the Heisenberg results for na and pyzc,* the discrepancy is
not so large as to invalidate the Heisenberg parameters
calculated for [{Cu(ina)sClg}s] and [{Cu(ina)sBra},].
A comparison of Heisenberg results for linear-chain
[{Cul.,X,},] complexes is shown in the Table.

The similarities in magnetic and ir. behaviour noted
for these related species argue that the same frans-
elongated linear structure must be present in all. Since

% R, W. Jotham, J.C.S. Chem. Comm., 1973, 178.
22 D, B. Losee, H. W. Richardson, and W. E. Hatfield, J. Chem.
Phys., 1973, 59, 3600.
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Heisenberg parameters calculated for
linear-chain [{CuL,X,},] complexes

J/em™ g Ref.
H{Cu(py)sCla}n] —915 2.05 16
[{Cu(py)aBry}a] —189 211 16
{Cu(pyzc);Clydn) —10-7 2:12 1
[{Cu(pyzc)yBry}a] —16-6 2-13 1
[{Cu(na),Clg},] —10-1 2-09 *
{{Cu(na),Bry},] —20-6 2:14 *
{{Cu(ina),Cl,},] —52 2.16 *
{{Cu(ina),Bry},] —20-2 2:15 *
* This work.

the structures of [{Cu(py)eXa}s] (X = Cl or Br) are
known to be di-u-halogeno-bridged one-dimensional poly-
mers,1%13 it is reasonable to postulate analogous struc-
tures for the na and ina complexes. Such a structure has
been proposed for the pyzc complexes.! The postulated
structure for the complexes [{Cu(na)eXs},] and [{Cu-
(ina)eXa},] is shown in Figure 3. Goodenough # demon-
strated that antiferromagnetic exchange results when two
d® cations interact via a single orbital of an anion even if
the bridging cation—-anion-cation angle is 90°. An ex-
change mechanism of this nature is consistent with the
observed magnetic and spectral properties and with the
postulated structures of the four complexes.
Examination of the exchange coupling constants in the
Table reveals that the |J| values for the bromide com-
plexes are consistently higher than those of the corres-
ponding chloride complexes. If the Cu-X-Cu angles in
these complexes are similar to the 92° angle in [{Cu(py),-
Clp},] 1? and the 93° angle in [{Cu(py)eBre}s],*® the
stabilization of the singlet states in the bromide com-
plexes can be understood in terms of the bridge-angle
dependence observed for a series of hydrogen-bridged
copper(11) complexes.2 However, the problem is surely

28 J. B. Goodenough, ‘ Magnetism and the Chemical Bond,’
Interscience, New York, 1963, p. 180.

24 K. T. McGregor, N. T. Watkins, D. L. Lewis, R. F. Drake,
D. J. Hodgson, and W. E. Hatfield, Inorg. Nuclear Chem. Letters,
1973, 9, 423.
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more complicated due to the different copper-halide bond
lengths and the orbital energies of the halide bridges. It
is clear that more structural data are required in order to
interpret the variation in exchange coupling in these
interesting linear-chain systems.
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FIiGure 3 Proposed structure for the na and ina complexes of
copper(11) halides (heavy lines do not imply bond lengths but
indicate that the halide ion lies below the plane of the page)
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