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Magnetism of the Dinitrogen Tetraoxide Adduct of Copper(n) Nitrate

By Richard P. Eckberg, D. Bruce Losee, and William E. Hatfield," Department of Chemistry, University of
North Carolina, Chapel Hill, N.C. 27514, U.S.A.

The magnetic susceptibility of a powdered sample of Cu(NO,;),*N,O4 has been determined in the temperature
range of 1:7—298 K. The data may be described by a two-dimensional Heisenberg antiferromagnetic model
yielding the exchange energy |J/| = 3-3 K and g = 2-20. The g value is in good agreement with the average g

value determined from e.p.r. measurements.

DINITROGEN tetraoxide adducts of transition-metal
nitrates comprise an interesting series of compounds.
Some of these compounds are thermally stable and can
be best formulated as nitrosonium salts of nitrato-
complexes, ¢.g. [NOJM(NO,),].1® Adducts of lower
stability are thought to contain discrete N,O, molecules.?
The compound Cu(NOs),'N,O, is known to be fairly
stable,® and a preliminary crystal-structure report ¢ has
revealed that the nitrosonium formulation obtains for
this compound. The copper-containing anions of
Cu(NO;),*N,O, form two-dimensional anionic polymeric
sheets, with discrete nitrosonium cations completing the
structure. Polymeric transition-metal complexes often
possess unusual magnetic properties, and much research
has been done on the magnetism of systems of this
nature.” Recently, there has been considerable interest
in the properties of two-dimensional polymeric com-
plexes.® Therefore, in order to determine the extent and
nature of any magnetic-exchange interactions in
Cu(NQy),'N,O, the magnetic susceptibility has been
measured from 1-7 to 298 K at varying field strengths.

EXPERIMENTAL

The compound Cu(NO,},N,O, was prepared by a modific-
ation of the method of Addison and Hathaway.®? Di-

1 C.C. Addison and B. J. Hathaway, Ckem. Soc. Special Publ.,
No. 10, 1957.

¢ C. C. Addison, L. J. Blackwell, D. H. Jones, N. Logan, E. K.
Nunn, and S. E. Wallwork, J.C.S. Chem. Comm., 1973, 347.

nitrogen tetraoxide (ca. 4-6 g) (Matheson, commercial grade)
was collected as a white solid in an Erlenmeyer flask (250
cm?®) cooled in a dry ice-acetone bath. The N,0, was
dissolved in nitromethane (50 cm?®) to make a solution of
ca. 90 mol % nitromethane, the optimum concentration
recommended by Addison and Hathaway.® The resulting
solution was transferred to a dry-nitrogen atmosphere
(anhydrous P,O; was used as desiccant in a glove-bag).
Copper turnings (ca. 5 g), filed to a bright finish, were then
placed in the solution. Fine blue needle-like crystals of
Cu(NO,),'N;O, began to coat the metal surfaces after
ca. 10 min; these crystals were periodically scraped off
and new product allowed to form on the freshly exposed
metal surfaces until the reaction appeared complete. The
process required ca. 10 h. In a typical run, 1 g of product
was obtained. The small light blue crystals were collected
on a sintered glass filter and washed with liquid N,O, and
with nitromethane. Powdered samples were then immedi-
ately prepared in the glove-bag and stored in a desiccator
under refrigeration until use (Found: Cu, 22-25; N, 19:95.
Calc. for CuN,O,,: Cu, 22-75; N, 20-05%). Microanalyses
were carried out by Galbraith Laboratories, Knoxville,
Tennessee,

Magnetic-susceptibility measurements were determined

3 C. C. Addison and N. Hodge, J. Chem. Soc., 1961, 2987.

¢ C. C. Addison and D. Sutton, J. Chem. Soc., 1964, 5563.

5 C. C. Addison and B. J. Hathaway, J. Ckhem. Soc., 1960,
1468.

¢ L. J. Blackwell, T. J. King, and A. Morris, J.C.S. Chem.
Comm., 1973, 644.

7 See, for example, R. C. Slade, Ann. Reports (4), 1972, 69,
101 and refs. therein.

8 A.D. Yoffe, Ann. Rev. Materials Sci., 1973, 8, 147.
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in the temperature range 1-7—298 K using a P.A.R. Foner-
type vibrating-sample magnetometer ® calibrated with
mercury(11) tetrathiocyanatocobaltate(rr) 1 and with
[(NH,],Mn[SO,],*6H,0.11 Temperatures were measured with
a calibrated gallium arsenide diode, constant-current source,
and digital voltmeter. Susceptibility data were corrected
for the diamagnetism of constituent atoms using Pascal’s
constants 12 and for temperature-independent paramagnet-
ism (t.i.p.)!® (according to NAgB?/x = 60 x 107 c.gs.
units). E.p.r. spectra were recorded at X band on a Varian
model E-3 spectrometer using diphenylpicrylhydrazyl
(dpph) as internal standard.

RESULTS AND DISCUSSION

The magnetic susceptibility of a powdered sample of
Cu(NO,)y'N,O, was determined in the temperature
range 77—298 K at a field strength of 10000 G. A
second sample was prepared and its susceptibility was
determined in the temperature range 1-7—77 K at
field strengths of 100 and 500 G, since co-operative
magnetic phenomena are sometimes masked by high
measuring fields.'#  Field-dependence studies showed
no significant field dependence nor hysteresis at 4-2 or
77 K. The e.p.r. spectrum of a powdered specimen of
Cu(NO,),°N,O, was recorded at 77 K. The two g-value
spectrum, which is typical of tetragonally distorted
copper(11) systems,!® was observed with resonances at
gy = 233 and g, = 2-12, yielding {g> = 2-19. No fine
structure was observed.

The magnetic-susceptibility data for Cu(NO,),'N,O,
obeyed the Curie-Weiss law (1} in the temperature range

xa = CI(T — 0) M

where C = Ng225(S + 1)/3k (2)

25—300 K. The best fit of the experimental suscepti-
bility to the Curie-Weiss expression (1) furnished the
parameters g = 2-20 and 6 = —4-7 K and is depicted
in Figure 1. For this fit, and the ones to be described
below, a non-linear least-squares computer fitting
program was used in which the quantity > [xi(expt.) —

yi(calc.)]? was minimized. The range of uncertainty in
the experimental magnetic susceptibilities is estimated,
from replicate measurements on the susceptibility
standards, to be 4-1%,. Below 25 K the data deviated
markedly from the Curie-Weiss expression, and there
was a maximum in the yy against T plot at ca. 3-0 K.
This behaviour is suggestive of an antiferromagnetic
interaction between the copper(11) ions in the polymer.
The two-dimensional framework of anionic sheets in
the adduct, as depicted by Blackwell ez al.,% is displayed
in Figure 2. The crystals belong to the space group

¢ S. Foner, Rev. Sci. Instr., 1959, 80, 548.

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

11 F. R. McKim and W. P. Wolf, J. Sci. Instr., 1957, 34, 64.

12 . Koénig, ‘Magnetic Properties of Coordination and
Organometallic Transition Metal Complexes,” Berlin, Springer—
Verlag, 1966.
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P2,/m, with z = 2, a = 469, b = 11-10, and ¢ = 7-13 A
(with 8 = 102-13°), where the copper atoms lie on

centres of symmetry at (0,0,0) and (0,1/2,0). Therefore
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Ficure 1 High-temperature dependence of the inverse molar
susceptibility of Cu(NO,),'N,O,: (Il), experimental data;
( ), best fit to the Curie~Weiss law

the copper—copper separation along @ is 4-69 A, and
along b is 5:55 A, with the layers separated by ca. 7-1 A.
Chains of copper atoms along the crystallographic a
axis are doubly bridged by nitrate ligands, while these
chains are themselves connected by single nitrate groups
along the b axis. FEach copper atom is six-co-ordinate
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FiGURE 2 View of the two-dimensional polymeric framework
of Cu(NO,),N,0,, after Blackwell e al.,® looking down the
crystallographic ¢ axis

and is bonded to six oxygen atoms in a tetragonally

distorted octahedral arrangement. Nitrosonium ions,

not shown in Figure 2, occupy lattice sites at y = 1/4.
The chain-like character of this structure, particularly

13 F, Maarschall, A. Botterman, S. Veta, and A. Miedama,
Physica, 1969, 41, 473.

14 For example, see R. P. Eckberg, W. E. Hatfield, and D. B.
Losee, Inorg. Chem., 1974, 13, 740.

15 B. N. Figgis, ‘ Introduction to Ligand Fields,” Interscience,
New York, 1966, ch. 11.
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along the crystallographic a axis, suggested that the
observed antiferromagnetic interaction might be ac-
counted for on the basis of a one-dimensional model.
The spin Hamiltonian describing magnetic exchange in
a chain of paramagnetic ions is (3),'6 where J is the

H = _]‘Zl[siz'S(Hl)z + y(Siz* S+ -+
SiSa+1y)] ()

exchange energy and y can have values ranging from
zero to one. For the limit y = 0 the anisotropic Ising
model results, while for y = 1 the isotropic Heisenberg
model obtains. The Heisenberg chain model was chosen
to describe the experimental susceptibility results.t?
Although no closed-form expressions for the magnetic
susceptibility of an isotropically coupled linear-chain
antiferromagnet are available, the results of Bonner
and TFisher ¢ for infinite chains, where kT [|J|~
1-282 and | J|xp.x/8%82N =& 00735, may be used for
graphical fitting. The best fit of the susceptibility of
Cu(NQ,),"N,0, to the Heisenberg linear-chain model
yielded the parameters J = —1-09 K and g == 2-12.
Although the fit was good at high temperatures, the
Heisenberg linear-chain model failed to adequately
account for the observed magnetic behaviour at tem-
peratures below the susceptibility maximum. Also, the
calculated g value of 2+12 is not in good agreement with
the experimentally determined g values obtained in the
e.p.r. experiment; all of which implies that this linear-
chain model of exchange is not an adequate description
of the magnetic behaviour of Cu(NO;)y*N,O,.

Copper(11) formate tetrahydrate, Cu(O,CH),4H,0,
has a crystal structure very similar to that of
Cu(NO,),'N,0,, with the copper ions arranged in sheets
ca. 6-2 A apart.® The magnetic behaviour of copper(i1)
formate tetrahydrate has been the subject of several
studies 192 and is believed to provide a very good
example of a two-dimensional antiferromagnetic lattice.
In particular, a single-crystal susceptibility study 2
of the formate complex demonstrated the utility of the
two-dimensional Heisenberg antiferromagnetic formalism
for the description of magnetic properties of this general
structure. Exact solutions for the magnetic suscepti-
bilities of two-dimensional Heisenberg antiferromagnetic
lattice structures are not available, but exact series
expansions (in powers of reciprocal temperature) out to
sixth-order terms for nearest-neighbour systems have
been calculated by Rushbrooke and Wood.?* Lines 23
has utilized these series expansions to generate an
expression for the temperature dependence of the
magnetic susceptibility of a quadratic-layer Heisenberg
antiferromagnet (four nearest-neighbour interacting

16 j, C. Bonner and M. W. Fisher, Phys. Rev., 1964, A135, 640.
17 For discussion on this point see R. W. Jotham, J.C.S. Chem.
Comm., 1973, 178.
. 18 R. Kiriyama, J. Ibamoto, and K. Matsuo, Acta Cryst., 1954,
, 482.
1® R. L. Martin and H. Waterman, J. Chem. Soc., 1959, 1359.
s 20 H. Kobayaski and T. Haseda, J. Phys. Soc. Japan, 1963, 18,
41.
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spins) from the exchange Hamiltonian (4) where the
H =3 ]SeS; (4)

summation includes all pairs of nearest-neighbour spins

7 and 7. The most convenient series to employ is that
for the reciprocal susceptibility ™, for which equation (5)
Ng282/y] = 30 + EICN/B"“I (5)
n=

results. In equation (5), 6 = kT/JS(S+ 1) and Cy
are the first six coefficients calculated from Rushbrooke
and Wood’s general formalism. For spin 1/2, C; = 40,
Cy = 2:667, Cy = 1:185, C, = 0-149, C5 = —0-191, and
Cg¢ = 0-001. The exchange energy, J, in this expression
is defined as positive for an antiferromagnetic inter-
action and is in units of K. Lines points out % that the
series expansion (5) is only an approximation which
ceases to be of much quantitative value below kT ~

0-9JS(S + 1). Therefore, the lowest-temperature data
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Ficure 3 Low-temperature dependence of the molar suscepti-
bility of Cu(NO,;),"N,0,: (ll)., experimental data; (——),
best-fit Heisenberg quadratic-layer antiferromagnetic expan-
sion; (— — —), best-fit simple-cubic (three-dimensional) anti-
ferromagnet expansion

{(below 2:7 K) were not included in the fitting of experi-
mental results to the above expression.

The results of the best fit of the 100 G data to equation
(8) are shown in Figure 3. The fit is extremely good in
the whole experimental range T = 2-7—300 K for the
parameters J = 3-30 K and g = 2-20. The fact that
experimental susceptibilities recorded below T', . match
calculated values of y, may be coincidental. Although
the experimental magnetic behaviour of Cu(NO,)y*N,O,
appears to be well described by the Heisenberg two-
dimensional antiferromagnetic model, it is difficult to
justify  predominantly two-dimensional magnetic
character for the adduct solely on structural grounds.

2t R. B. Flippen and S. A. Friedberg, /. Chem. Phys., 1963, 38,
2652.

22 A. Mookherji and S. C. Mathur, J. Phys. and Chem. Solids,
1963, 24, 1386.

2 A. K. Gregson and S. Mitra, J. Chem. Phys., 1969, 51, 5226.

24 G. S. Rushbrooke and P. J. Wood, Mol. Phys., 1958, 1, 257.

25 M. E. Lines, J. Phys. and Chem. Solids, 1970, 81, 101.
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There does not appear to be a good insulator separating
copper atoms along the ¢ axis, and long-range exchange
between copper ions along ¢ is not ruled out on sym-
metry grounds. Therefore, a fit of the experimental
data to the simple cubic-lattice antiferromagnetic
approximation was made to determine the appropriate-
ness of a three-dimensional model to this system.
Expression (6), where 6 = kT/JS(S + 1), the reduced

] — (o)1 — (23499 (®)

susceptibility x, = xm/Ng382% and B; are the coefficients
(for 7 < 9) derived by Lines 2 for the series expansion
(6), was utilized to generate the theoretical ‘ best fit’
curve depicted in TFigure 3. With parameters [ =
190 K and g = 2-20 the fit was good at high tem-
peratures, but began to diverge from experimental data
in the region T < 20 K finally becoming quite poor in the
low-temperature region. Of course, the series expansion
(6) is, like the two-dimensional expansion (5), of limited
utility at very low temperatures. The two-dimensional
model seems much more appropriate, however, because
copper-copper separations in the ab plane are sig-
nificantly smaller than the 7-1 A separation along the
crystallographic ¢ axis, and because the bridging
nitrato-groups in the ab plane can provide a ready
cxchange path between copper ions which is lacking in
the c direction.

The powder susceptibility of Cu(NO,),2:5H,0O has
been found 26 to have a rounded maximum at 3-2 K;
this behaviour is so similar to that found for Cu-
(NO,)y"N,0, that the possibility that our samples were
in fact the former compound must be ruled out.
Cu(NO,),"N,O, Is thermally unstable; prolonged heat
much above 30 °C will remove N,0, and form anhydrous
Cu(NO,),.5 Naturally, exposure toatmospheric moisture
will then convert the material to the hydrated salt.
Care was taken in the handling of Cu(NOQ,),'N,O4 to
prevent exposure of the packaged samples to either
excessive heat or moisture; the analytical results

J.C.S. Dalton

indicate that little, if any, decomposition of Cu(NO,), -
N,0, to Cu(NO,),-2-5H,0 had taken place, as copper and
nitrogen in the hydrate are 27-3 and 12-059,, re-
spectively. Freshly prepared specimens of Cu(NOj), -
N,0, were always surrounded by an aura of brown NO,
gas at room temperature, which disappeared when the
samples were cooled, in agreement with the reported
behaviour of Cu(NOg)y'N,O,.

The magnetism of the hydrated salt has been inter-
preted in terms of theoretical calculations for binary
clusters.28  Although the structure of Cu(NO,),°N,O,
does not suggest the likelihood of dimeric-type magnetic
exchange between copper(11) ions, for the sake of
completeness, an attempt was made to fit the experi-
mental susceptibility data to the Bleaney-Bowers
equation for exchange-coupled spin 1/2 ions.?” The
best fit to the dimer expression yielded the parameters
g =216 and 2] = —3-13 K. Although the g value
calculated is in reasonable agreement with experiment,
the dimer expression (not unexpectedly) fails to provide
a good account of the magnetism of Cu(NOy),"N,O4. In
addition, the reported value of y,,  at 3-2 K for
Cu(NO,),*2-5H,0 is 0-065 c.g.s. units per mol,2® which is
considerably larger than the 0-052 c.g.s. units per mol
found for y,,,, of Cu(NO,)yN,O, at 3-0 K. Finally, the
nature of the synthesis itself rules out as extremely
unlikely the formation of substantial amounts of any
other product save the desired Cu(NQO;)y'N,O,4. Single-
crystal susceptibility measurements of this species, to
further characterize the ordered state, would certainly
be desirable, should it be possible to synthesize crystals
large enough for these measurements.
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26 1. Berger, S. A. Friedberg, and J. T. Schriemp{, Phys. Rev.,
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