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We present the crystal structures and magnetic properties of a series of magnetic compounds, M"{N(CN), },,
where M = Cu (1), Ni (2), Co (3) and Fe (4), and [Mn{N(CN), },(C,H;OH),]Z - (CH;),CO (5). In the
isostructural compounds 1-4, the dicyanamide anion is triply coordinating through its three nitrogen atoms. It
bridges the metal ions to form infinite 3D metal-organic frameworks with a rutile-type structure. The framework
contains doubly bridged M(—N=C—N—C=N—), ribbons that link approximately orthogonally through the
amide nitrogen atoms. The Jahn-Teller distortion in 1 has a strong influence on the packing arrangement
(M—N bond lengths: 1.98 and 2.47 A for 1 and 2.10 and 2.15 A for 3). On lowering the temperature the bond

distances in 1 remain unchanged except for a decrease of the M—N,

length to 2.45 A. Magnetic data for 1

amide

obey the Curie-Weiss law (@ = —2.1 K). 2 and 3 are ferromagnets with Curie temperatures (7;) of 9 and 21 K
and are characterized by hysteresis loops of 710 and 7975 Oe at 2 K, remnant magnetization, magnetization
approaching the expected saturation (gS) of 2 and 3 pg in high field, absorptive component (y") in the AC
magnetization and A peak in the heat capacity data. 4 is similarly characterized and shows behaviour that is
characteristic of a canted antiferromagnet: the Weiss constant is temperature dependent (+ 3 K in the range
200-300 K), there is a sharper peak than for 1 or 2 in the AC magnetization and the isothermal magnetization
at 3 K increases monotonically to ~ 1.3 p; (expected to be 4 pg for ferromagnetic alignment of the spins) in a
field of 8 T. Its coercive field (17 800 Oe) is the largest observed for any metal-organic compound and exceeds
those of alloys of SmCos and Nd,Fe,,B. The maximum energy product (B - H) is the highest for 3 and is
comparable to alloys of Sm—Co. We attribute the large coercive field to a combination of single ion and particle
shape anisotropies. 5 is paramagnetic at high temperature with ® = —3 K. Below 16 K it behaves as a canted
antiferromagnet with a very weak resultant spontaneous magnetization.

Considerable interest has recently arisen in the engineering of
infinite metal-organic polymeric frameworks, a principle aim
being the construction of architectures with novel chemical,
physical and mechanical properties.! In the area of organic
electronics there is a strong drive towards materials with com-
bined properties for opto-electronic, magneto-optical and
magneto-conducting devices. Our own interest over the past
few years has been devoted to the search for a magnetic super-
conductor where the electronically active component is an
organic moiety, such as a TTF (tetrathiafulvalene) derivative,
and where the localized moments reside on an inorganic part,
such as an anionic transition metal complex.> We have recent-
ly synthesized stable organic-inorganic hybrid salts (BEDT-
TTF),AFe(C,0,); - CcHsCN  [where A =K*, NH,* or
H,O; BEDT = bis(ethylenedithio)] that contain paramagnetic
layers of [AM"(C,0,);] sandwiched between conducting
BEDT-TTF layers.> The A = H,O salt is a superconductor
with a critical temperature of 8 K, while the K* and NH,*
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salts are semiconductors. Recently, Kini and coworkers
reported the highest T, ever reached by a donor-based organic
superconductor in salts of BEDT-TTF having diamagnetic,
polymeric anion layers of the form [Cu'{N(CN),}X]~
(X = C1~ or Br7).* These exciting and promising discoveries
prompted us to seek related species by replacing Cu* in
[Cu{N(CN),}X]~ (X =Cl~, Br~ or CN~ %) with paramagne-
tic transition metals.

Complexation of dicyanamide to Ni" was reported by
Kohler et al.® to yield species of the form [Ni{N(CN),},]*",
[Ni{N(CN),}5]~ and [Ni,{N(CN),}s]". The latter two were
proposed to have polymeric structures. In repeating these syn-
theses we obtained a light blue complex, Ni{N(CN),},, also
described by Kohler and colleagues,” which behaves as a fer-
romagnet below 21 K. Consequently, we prepared the Cu (1),
Co (3) and Fe (4) analogs and performed systematic studies of
their crystal structures and their optical and magnetic proper-
ties. The results for the series M"{N(CN),}, are presented in
this paper. Compounds 1-4 crystallize with a three-
dimensional structure of the rutile-type. With the exception of
1, all show spontaneous magnetization and have well-defined
hysteresis loops below the Curie temperatures. In this paper,
we also present the magnetic properties of a solvated adduct
of the manganese salt (5), which is a canted antiferromagnet
(weak ferromagnet) below 16 K. For this salt, we proposeq a
layer structure similar to that of Co{pyrimidine},(NCS), and

9 Following submission of this paper we have determined the struc-
ture of [Mn{N(CN),},(C,H;OH),]-(CH,),CO and confirm the
layered structure proposed
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Mn{SCN},(C,H;OH), .2*

The bis(dicyanamide)cobalt(tr) and its pyridine adduct were
also prepared by Kohler and coworkers.” They reported that
a blue form of Co{N(CN),}, forms on heating the pink
Co{N(CN),},(py), under vacuum, whilst Co{N(CN),}, pre-
pared from water forms as red crystals. The blue form was
also obtained when the reaction was performed in dry acetone
as solvent. Phenylarsonium salts of tris- and tetrakisdi-
cyanamide cobaltate(ir) have also been synthesized.”

The synthesis of bis(dicyanamide)copper(m) has previously
been reported.® Several adducts have subsequently been pre-
pared and their optical, vibrational and magnetic properties
studied.!® In a few of these cases, weak ferromagnetic
exchange was observed. In a very recent, communication,
Batten et al. ' reported the room temperature crystal struc-
ture of Cu{N(CN),}, and the observation of ferromagnetism
in the cobalt and nickel complexes with T, of 9 and 21 K,
respectively. The coercive field of the nickel complex was
found to be 191 Oe.

During an extensive study on the dicyanamide coordination
complexes, we have observed exceptional magnetic properties,
for example, a T of 56 K and coercive fields approaching 2 T.
In the series of salts M"{N(CN),},, where M is Cu, Ni, Co
and Fe, we have established magnetic ordering with Curie
temperatures reaching 21 K and coercive fields up to an
unprecedented 18000 Oe. We were able, for the first time, to
tune these two parameters continuously, and as desired, by
variation of the metal centres. Here we communicate the
crystal structures of M"{N(CN),}, (M = Cu and Co at 295
and 150 K), and the molecular structures (IR, Raman,
EXAFS) and magnetic properties (AC, DC, hysteresis and
heat capacity) of M"{N(CN),}, (M = Cu, Ni, Co and Fe) and
[Mn{N(CN),},(C,HsOH),] - (CHj;),CO.

Experimental

Synthesis

All starting materials were reagent grade from Fluka and were
used as received.

Two different methods were employed for the synthesis of
the compounds with copper, nickel and cobalt. The first was
the reaction at room temperature of aqueous solutions of
transition metal nitrate hexahydrates with aqueous solutions
of sodium dicyanamide, as described by Kohler and
coworkers.®” In general, gentle heating sped up the reaction
rate. The microcrystalline complexes obtained by this method
gave very well-defined powder X-ray diffraction patterns.
Recrystallization of the powders (150 mg) from water (200 ml)
over 3 and 9 months for copper and cobalt, respectively, gave
fine needles with maximum dimensions of 0.4 and 0.5 mm.
The second method, in which all reactions were carried out in
absolute ethanol, was employed to produce fine micron-size
powders. Solutions of the nitrate salt of the metals (3.0 g, 250
ml, T <10°C) and sodium dicyanamide (2.5 g, 250 ml,
T < 10°C) were mixed, and the temperature maintained
below 10°C. After 30 min, the solid sodium nitrate was fil-
tered off and the filtrate warmed to 40 °C (except in the case of
copper, where the filtrate was allowed to warm gently to room
temperature) under vigorous mixing. The resulting fine tur-
quoise green (Cu), pink (Co) and light blue (Ni) powders were
filtered, washed with acetone and air-dried. Chemical analyses
of the products for both synthetic routes were in very good
agreement with the stoichiometry M{N(CN), },.

Compound 4 was prepared from iron sulfate heptahydrate
by slight modification of the second method. All manipula-
tions were carried out under an argon atmosphere. The start-
ing materials were suspended in 500 ml of degassed ethanol
and gently heated at 50°C. White fibres of the product
appeared after 2 h, and the reaction was continued until the
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iron sulfate had been consumed (approx. 2 h). The resulting
creamy white powder contained Fe{N(CN),}, and Na,SO,.
Since the product is very soluble in water and quite air-
sensitive in solution, we did not manage to separate pure
Fe{N(CN),},. Due to the slight solubility of Fe{N(CN),}, in
ethanol the ratio Fe{N(CN),}, : Na,SO, was ca. 1: 1.6.

The manganese salt, Mn{N(CN),},, is highly soluble in
water. Consequently, reaction of [Mn(H,0).](NO;), with
Na{N(CN),} in water formed a viscous solution, which on
drying produced impure Mn{N(CN),}, of poor quality.
However, addition of an ethanol-acetone mixture to the
viscous solution and storage at 5°C for 24 h resulted in the
formation of clear colourless crystals of
[Mn{N(CN), },(C,HsOH),] - (CH,),CO. The crystals became
opaque on filtration due to loss of solvent of crystallization.

Physical techniques

UV/VIS and vibrational spectroscopy. UV/VIS spectra (200—
900 nm) were recorded by transmission at 295 K on a Hitachi
U-3000 spectrometer. Samples were prepared by grinding the
compounds in paraffin oil and dispersing the mixture between
two pieces of optical quartz. Infrared spectra were recorded by
transmission of a thin deposit of the compounds on a KBr
plate by use of a Mattson FTIR spectrometer. The thin
deposit was prepared by grinding the compounds in ethanol
and allowing a drop to dry on the KBr plate. Far infrared and
Raman spectra were recorded for us by Professor Y. Iwasa
(JAIST, Kanazawa, Japan).

EXAFS (Extended X-ray absorption fine structure). K-edge
transmission spectra of the metals were recorded at 80 K at
the synchrotron ring at the Laboratoire pour I'Utilisation du
Rayonnement Electromagnétique (LURE) in Orsay, France.
The samples were prepared by dispersing ca. 10 mg of com-
pound in 50 mg of cellulose.

TGA (Thermal gravimetric analysis). Data were collected in
the temperature range 20 to 1100°C by warming at 3°C
min~! in air or argon on a Setaram TGA-92 calorimeter.

Heat capacity. Measurements were made on a home-built
calorimeter that operates under pseudo adiabatic conditions.
Samples (200-300 mg) were pelletized and mounted with
grease on sapphire plates suspended by nylon wire. Due to the
insulating nature of the samples a reasonable time was
allowed for the heat pulse to dissipate until thermal equi-
librium was attained at each temperature.

X-Ray data collection and analysis

Single crystal data collection and refinement. Single crystal
X-ray refinement data were collected for Cu{N(CN),}, (1) at
150(2) and 295(2) K and for Co{N(CN),}, (3) at 150(2) K on
an Enraf-Nonius DIP2000 diffractometer equipped with
graphite-monochromated MoKa radiation, a nitrogen gas
cryostream and Eu/Ba image plate detectors. Consecutive
oscillations in ¢ (45 x 4° for 1, 90 x 2° for 3) were performed,
and the images were processed with the HKL suite of pro-
grams.'? Structures were solved by direct methods (SHELXS-
86!%) and refined by full matrix least-squares on F2
(SHELXL-93'%). All atoms were refined anisotropically.
Important crystallographic data are summarised in Table 1.

The materials were found to be highly susceptible to twin-
ning perpendicular to the c-direction, which is attributable to
the near-equivalence of the a and b axes and the pseudo-
mirror symmetry in planes of type {110}. We find that this
source of twinning is less prevalent in 1, where the angle
between ribbons is increased due to the Jahn-Teller
lengthening of the M—N(2) bond.

CCDC reference number 440/067.



Table 1 Summary of crystal data® for M{N(CN),},

1 1 2 3
Formula Cu{N(CN),}, Cu{N(CN),}, Ni{N(CN),}, Co{N(CN),},
FW/g mol~* 195.64 195.64 190.77 191.03
Measurement Crystal Crystal Powder Crystal
T/K 295(2) 150(2) 295(2) 150(2)
Space group Pnnm Pnnm Pnnm Pnnm
a/A 6.120(1) 6.082(1) 5.980(1) 5.970(1)
b/A 7.339(1) 7.288(1) 7.107(1) 7.060(1)
c/A 7.173 (1) 7.187(1) 7.393(1) 7.406(1)
U/A3 322.17(8) 318.57(8) 314.2 312.15(8)
V4 2 2 2 2
Pearcd/M 73 2.017 2.040 2.017 2.032
F(000) 190 190 186
w(MoKo)/mm ™! 3.317 3.355 2.674
Crystal size/mm 0.15 x 0.05 x 0.04 0.15 x 0.05 x 0.04 0.50 x 0.05 x 0.04
Mosaicity/° 0.5 0.5 0.4
20,0x/° 53.36 53.32 52.32
Total reflections 2966 2955 2124
Unique reflections 359 356 322
Reflections I > 2o(1) 298 316 319
R(int) 0.053 0.047 0.018
Parameters 29 29 29
R indices [I > 20(I)] R, =0.0293 R, =0.0265 R, =0.0182
wR = 0.0643 wR = 0.0634 wR = 0.0590

R indices (all data) R, =0.0419 R, =0.0352 R, =0.0183

. wR = 0.0758 wR = 0.0797 wR = 0.0590
Largest peaks/e A3 0.53, —0.36 0.47, —0.39 0.28, —0.30

“ From ref. 11: M = Cu, a=7.340, b = 6.1218, ¢ = 7.1815 é&; M=Ni, a=7294, b=6024, c=7023 A; M =Co, a=7301, b=6014,
¢=7073A.> M = Co, a = 5.964(1), b = 7.029(1), ¢ = 7.294(1) A (from neutron powder diffraction at 295 K on the D1B multidetector diffractom-

eter of the Institut Laue Langevin, Grenoble).

Powder XRD (X-ray diffraction). Ground samples were
pressed in a groove in a Perspex plate and mounted on a
D500 or a D5000 Siemens X-ray powder diffractometer. Data
were collected with monochromated Co- or Cu-Koal radi-
ation, respectively. Data were collected in the range
2 < 20 < 100° using a step size of 0.02°. The unit cell param-
eters were obtained using TREOR and DICVOL91.13

Magnetic properties measurements

Faraday balance magnetometry. Measurements of the tem-
perature dependent magnetic moments were made on a home-
built pendulum system capable of operating with a maximum
transverse field of 13000 Oe. The system is equipped with a
continuous flow cryostat operating down to 4 K. Poly-
crystalline samples (ca. 20 mg) were placed in gelatine capsules
at the end of a quartz rod and data were collected in zero field
and in an applied field of ~1 T. Routine corrections were
made for the contribution of the gelatine capsule and for the
sample diamagnetism using Pascal’s constants.

Vibrating sample magnetometry. The temperature depen-
dence of the magnetization hysteresis loops and remnant mag-
netisation were recorded on a Princeton Applied Research
vibrating sample magnetometer (model 155) having a
maximum field of 18000 Oe. The magnetometer is equipped
with a He bath cryostat with an Oxford instruments ITC4
temperature controller. The powdered samples were held
tightly in a Delrin container to prevent sample rotation.

SQUID (Superconducting quantum interference device) mag-
netometry. For measurements in near zero field (ZF) and for
hysteresis loops at 2 K with fields greater than 1.5 T, two
different SQUID magnetometers, Metronique and Quantum
Design were used. The latter was also used to measure the AC
susceptibilities.

Attempts to cool the samples in zero field using both
SQUID magnetometers and using standard procedures
(oscillation of the field for demagnetizing or quenching of the

superconducting magnets), failed to give the expected zero
magnetization at near zero temperature (2 K in our case). To
eliminate all remnant field, we finally warmed the Metronique
SQUID device to room temperature, allowed it to stand for
over one month and then performed the magnetization mea-
surements without ever applying a field. In each case we
obtained a negative spontaneous magnetization. Qur conclu-
sion is that there is a small negative earth field trapped within
the mu-metal shield of the cryostat. The magnetization data
shown in Fig. 5 have been multiplied by —1 and normalised
to the value at 2 K.

A comment is worth making here concerning sample
support. For preliminary measurements made on samples held
in gelatine capsules, systematic steps were observed in the hys-
teresis loops. We subsequently cemented the samples in poly-
ethylene glycol (melting point ~60°C) to prevent motion of
the particles. This procedure successfully removed all of the
anomalies.

For the solvated manganese salt (5), an agglomerate of crys-
tals with its solvent was placed in a gel cap, sealed and
inserted in a clear drinking straw for measurement. The absol-
ute value of the magnetization was calibrated to the amount
of manganese in the sample determined by chemical analysis.

Results

From the chemical analyses there is consistently 0.5% hydro-
gen present in all of the compounds. This corresponds to 0.5
H,O per formula unit, as proposed by Batten et al.'! and
Kohler and colleagues.” We found no evidence for water in
our infrared data, and thermogravimetry shows only a small
weight loss (<0.3%) below 100°C, most likely coming from
adsorbed moisture on the polycrystalline powders. The calcu-
lated solvent-accessible volume is zero for each structure,'®
indicating there are no regions lying between the van der
Waals surface of the framework with enough volume to
accommodate absorbed species.
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Crystal structure

A summary of the crystal data and the bond lengths and
angles are given in Tables 1 and 2. The dicyanamide is triply
coordinating (Fig. 1), an arrangement that has not been
observed in any of the other reported salts that contain this
anion.!” Apart from the free ion, such as in Cs{N(CN),}
and (BEDT-TTF),{N(CN),},!® the dicyanamide anion has
previously shown three modes of coordination: singly
coordinated!® wvia one of its terminal nitrogen atoms
as in Ni(en),{N(CN),},, Cu(phen){N(CN),}, Cu(methyl
imidazole),{N(CN),},; doubly coordinated by the two
terminal nitrogen atoms as in (CH;),Sn(N(CN),),,
(CH3);Sn{N(CN),}, Ag{N(CN),}, Nd[{N(CHj;),};PO],-
[N(CN),]52° and (BEDT-TTF),Cu{N(CN),}X;** and quad-
ruply coordinating in (CH3),TI{N(CN),}.>! In the novel triple
coordination observed here, the C(1)—N(2)—C(1) angle is
considerably smaller than that observed previously (118.5° for
1 and 117.2° for 3, compared to an average of 126° for the
other structures).

The crystal structure of 1 is identical to that determined
recently by Batten et al.'* As such we will keep our dis-
cussions brief, only highlighting the main structural points

Table 2 Bond lengths (A) and angles (°) for M{N(CN),},

Cu{N(CN),}, Cu{N(CN),}, Co{N(CN),},
T/K 295 150 150
Intramolecular
M—NI1 1.979(3) 1.980(2) 2.096(1)
M—N2 2.473(4) 2.449(3) 2.153(2)
N1—Cl1 1.144(4) 1.150(4) 1.152(2)
N2—C1 1.305(4) 1.309(3) 1.324(2)
N1—M—NI1 87.5(2) 87.4(2) 85.13(9)
N1—M—N1 92.5(2) 92.6(2) 94.87(9)
NI—M—N2 88.6(1) 88.8(1) 88.95(6)
N1—M—N2 91.4(1) 91.2(1) 91.05(6)
C1—N1—M 158.4(3) 158.6(2) 159.91(14)
Cl1—N2—Cl1 118.5(2) 118.4(2) 117.2(2)
N1—C1—N2 174.0(3) 174.3(3) 175.3(2)
Intermolecular
N1---N1 3.856(6) 3.787(5) 3.732(3)
Ni1---C1 3.811(4) 3.737(4) 3.750(2)
Cl---C1 3.534(6) 3.451(5) 3.552(3)
C1---N2 3.617(5) 3.543(4) 3.769(3)
N2---N2 3.474(9) 3.404(8) 3.766(5)*

“ Note the large increase of the N2---N2 distance due to slippage of
the dicyanamide.

Cul” Cul’

Cul’ Cul’

Fig. 1 Coordination of the triply coordinating dicyanamide anion to
Jahn-Teller distorted Cu" in 1 (axial bonds are represented by dashed
lines). This unit forms the basis of an infinite 3D polymeric network
that is closely related to the rutile structure. The four structurally
independent atoms are labelled, as are all equivalent Cu atoms.
Thermal ellipsoids are 50% probability for the 295 K structure
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and the effect of lowering the temperature. The structure of 3
has not been reported previously. A very close similarity of
the powder X-ray diffraction patterns of 2 and 3 suggests
closely similar structures for these complexes.

The crystal structures of M"{N(CN),}, are based on close
packing of linear ribbons that propagate along c. Within these
ribbons, the dicyanamide forms double bridges between metal
ions. Adjacent ribbons are slipped by half ¢, so that the apical
amide nitrogen atoms complete the 4 + 2 coordination on the
M" ions (Fig. 2). The structure may alternately be viewed as a
single network with connectivity identical to the rutile poly-
morph of TiO,, where M and dicyanamide replace Ti and O.
The asymmetry of the dicyanamide anion (and in 1, the Jahn—
Teller distortion of Cu") means that the structure is ortho-
rhombic rather than tetragonal, and more closely related to
CrCl, .22 In contrast, two regular rutile-type networks inter-
penetrate in M"™{C(CN);}, (where M = Zn, Cu, Ni, Co,
Mn).23

The M"{N(CN), }, structures distort from a regular tetrago-
nal lattice to optimize van der Waals interaction distances
between neighbouring dicyanamides (Table 2). This results in
the bridged metal chains adopting a chair conformation, with
the C1 and N2 lying out of the MN1, planes. The extent of
this distortion determines the angle between neighbouring
ribbons, and depends both on the choice of metal cation and
on temperature. On cooling 1 from 295 to 150 K, the van der
Waals interaction distances shorten due to a 40 to 45%
decrease in thermal amplitudes (Table 2). There is also a con-
siderable shortening of the Cul-N2’ distance from 2.473(4) to
2.449(3) A, whereas the equatorial Cul—N1 bonds remain at
1.98 A. These combined effects mean that the dihedral angle
between the planes of neighbouring ribbons in 1 decreases
from 52.3 to 50.2° for planes defined by N1, and from 69.2 to

Fig. 2 Off-axis projection of the structure of (top) Cu{N(CN),}, and
(bottom) Co{N(CN),},



68.1° for planes defined by N2. Correspondingly, the a and b
axes shorten by 0.6 and 0.7%, respectively. Interestingly, there
is an accompanying 0.2% lengthening in the ¢ axis due to a
decrease in librational motion within the ribbons.

Although complexes 2 and 3 are isostructural with 1, their
crystal structures differ significantly due to the absence of a
strong Jahn-Teller distortion. In 3, the M—M distance in the
chain (Cu—Cu = 7.187 A, ¢ axis parameter) is increased to
7406 A due to an increase in the M—N,, distance from 1.98
(Cu) to 2.10 A (Co). The reverse is seen for the b parameter,
7.288 (Cu) to 7.060 A (Co), due to a decrease of the M—N, 4.
distance from 2.45 (Cu) to 2.15 A (Co). Most importantly, the
distortion away from a regular tetragonal lattice is less severe
in 2 and 3 than in 1, and consequently the ribbons lie more
closely orthogonal to one another (for 3, the dihedral angle is
58.8° for planes defined by N1 and 79.1° for planes defined by
N2). Furthermore, the intermolecular van der Waals inter-
actions between dicyanamides differ significantly from those of
1 due to an effective slippage of these units (Table 2).

EXAFS

The EXAFS data were analysed by the Michalowicz suite of
programs.”* The oscillatory components of the fine structure
of the spectra are shown in Fig. 3. The traces for 24 are
superimposed to demonstrate the close similarity of the coor-
dination sphere and the structure of the three complexes. This
is in good agreement with the results of the powder X-ray
diffraction.

UV/VIS and infrared spectra

The energies and assignments of the bands observed in the
UV/VIS spectra of the compounds are given in Table 3. The
absorption bands are, in general, very weak, as expected for
ligand field transitions. The colours of the compounds and
their corresponding spectra are consistent with octahedral
coordination. The energies of the observed bands imply that
the dicyanamide is a relatively weak-field ligand and lies
between H,O and NH; (or CH;CN) in the spectrochemical
series. This is consistent with the observed magnetic suscep-
tibilities for high-spin metal ions.

Infrared and Raman spectra of the Co, Ni and Fe complex-
es are very similar, indicating closely related structures,? and
are mutually exclusive, as expected for the metal ions in D,,
(2/m) site symmetry. The ligand vibrations (in cm™1) at 2280,
2211 v(C=N), 1316 v(IN—C), 968 v(N—C), 687 3(N—C=N),
527 y(IN—C=N) and 504 3(N—C=N) have little dependence
on the metal. In contrast, the low frequency bands vary quite
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Fig. 3 Metal K-edge EXAFS oscillation functions kyx(k) of

M{N(CN), }, measured at 80 K

Table 3 Assignments of the optical spectra® of M{N(CN),},

Metal Vinax/om ! Asssignment

Cu 14600 2B, - 2B,
27000 2B,; - 2E,

Ni 16300 A4 — Ty (F)
26000 A, 3T, (P)
34000

Co 19400 AT, (F) > *A,(P)
21000 4T, (F) > *T,(P)
31250
34 500

Fe 32000 ST, - 3T, ?
39500 ST, - 3T,.?

¢ [Mn{N(CN),},(C,H;OH),] - (CH;),CO does not show any spin-
allowed absorption band in the visible range of the spectrum.

strongly, the v(M—N) band increasing with increasing mass of
M. Two M—N stretching vibrations are observed in each
spectrum, confirming the tetragonal distortion around the
metals.

Magnetic properties

Paramagnetic region. The temperature dependence of the
magnetic moment of compounds 1-5 are represented as the
product of the susceptibility and temperature in Fig. 4. Appro-
priate details of the experimental conditions are given in the
captions. The magnetic properties of the copper salt depend
on the choice of synthetic route: Cu{N(CN),}, by the alcohol
route shows a ferromagnetic interaction [® = +0.7(1) K],
whilst the more highly crystalline material obtained by rec-
rystallization from water (1) shows an antiferromagnetic inter-
action [@ = —2.1(4) K] as reported by Batten et al.'! Due to
the lack of structural information on the former we will
confine our discussion to the latter. The magnetic data of 1
were fitted to the Curie-Weiss law for the whole temperature
range studied. No difference in behaviour between samples
prepared by the two routes was observed for 2 and 3. Above
100 K, the data for these salts can be fitted to the Curie—Weiss
law with the parameters given in Table 4. The positive values
of the Weiss constant for 2 and 3 suggest that ferromagnetic
interactions dominate in these materials. The xT data for 4
show a very broad maximum; fitting of the high temperature
data gives ® = +3(1) K. This behaviour is difficult to inter-
pret due to the large spin—orbit effect for high-spin Fe.2¢ The
data for the Mn complex (5) fit the Curie-Weiss law between
17 and 300 K with ® = -3.0(1) K. The Curie constants of all
five materials lie within the range observed experimentally for
high-spin transition metal complexes?” and are in good agree-
ment to those given by Kohler and colleagues.®” Below 50 K,
the effective moment of 24 increase monotonically to a
maximum (not shown in the case 2 and 3). A maximum is
observed because of the non-linearity of the magnetization
due to spin saturation below the transition temperature.?”

Ordered state. Curie (or Néel) temperatures (Table 4) were
determined by cooling the sample in a field estimated to be
less than 0.1 Oe (2-4) and 7 Oe (5). The critical temperature
was taken at the point where the magnetization becomes non-
zero (Fig. 5). It was also determined by the peak maximum of
the dispersive component of the AC measurements in zero DC
field. The magnetization data in the vicinity of the transition
(Tc-0.8 Tp) for 2-4 were fitted to a power law to give a value
for the critical exponent P in the range 0.49 + 0.02.28 This is
close to the value of 0.5 expected for a mean-field ferromagnet.
Similar analysis for 5 gave B = 0.37(1), considerably different
from 2-4. Data lying just above T were fitted to give v’; it
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was found to be 0.98(3), 0.91(4), 0.29(1) and 0.33(12) for 2-5,
respectively. The expected value for a mean field magnet is 1.0.
Fits to the high temperature susceptibilities for 2 and 3 gave
v = 1.0 + 0.05. The slight deviation from mean-field behav-
iour for 2 and 3 is also seen in the value of the Weiss con-
stants (obtained by fitting the data above 50 K), which are
marginally larger than the respective transition temperatures
(Table 4). The Weiss constant for 2 given by Batten et al.'! is

[
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Fig. 5 Temperature dependence of the relative magnetization in an
applied field of less than 0.1 Oe for M{N(CN),}, :(A) Ni, (O) Co, (@)
Fe, and for (A) [Mn{N(CN),},(C,H;O0H),] - (CH,),CO in 7 Oe

close to ours and is exactly that of the Curie temperature,
while that of 3 is surprisingly smaller than its T¢.

AC susceptibilities. The temperature dependence of the AC
susceptibilities measured in an applied field of 3 Oe oscillating
at 20 Hz are shown in Fig. 6. Each compound is characterized
by a symmetric real (dispersive) component (') and an asym-
metric imaginary (absorptive) component (x") of the complex
susceptibility. The presence of the imaginary part confirms the
existence of magnetic long-range ordering. The decrease of the
real part and the highly symmetric peak at T indicate that the
particles are close to being single domain. The widths of the
peaks for 2 and 3 are very similar, whilst those for 4 are
approximately halved. The peak intensity for 2 is, as expected,
larger than that of 3, whereas that for 4 is unexpectedly lower.
These two anomalies suggest that the magnetic behaviour of 2
and 3 are the same, whilst that of 4 is different. We will take
up this point in more detail after discussing the hysteresis
loops of the compounds.

No transition was evident from the AC susceptibility mea-
surement of 5. We attribute this to the sharpness of the tran-
sition, and to the low value of the coercive field (which
apparently does not exceed 3.5 Oe, the amplitude of the
applied AC field). The data between 17 and 300 K can be
fitted to a Curie—Weiss law with the same parameters as found
from the DC measurements (Table 4).

Table 4 Summary of magnetic data

Compound 1 1°
M, d", Spin (S) Cu, d°, 1/2 Cu, d° 1/2
C/cm® K mol ~? 0.44 0.44
Heee/Hp 1.88 1.88
0/K 0.7(1) —2.14)
Te/K from:

M in 0.1 Oe

¥ in ZF

C,in ZF
B
Y
y
M/pg in [H/T] 1[7] 171
M,/ ig 0 0
H /Oe at2 K 0 0
(B H)p,t/10° G Oe 0 0

Entropy/J K~ mol™*

“ Synthesized from alcohol; *Synthesised from water.

2 3 4 5
Ni, d&, 1 Co, d7, 3/2 Fe, d°, 2 Mn, d5, 5/2
121 2.82 322 454

312 475 5.07 6.02

22.702) 9.7(6) 3(1) —3.0(1)
21.202) 9.7(2) 18.5(2) 16.02)
20.9(1) 9.0(1) 18.8(1)

21.1(4) 9.03) 19.003)

0.49(2) 0.49(2) 0.49(2) 0.37(1)
1.00(5) 1.00(5)

0.98(3) 0.91(4) 0.29(1) 0.33(12)
1.98[5] 2.56[5] 1.38]

1.07 1.45 0.50 0

7975 710 17800 <35

26 2 16.6 0

5.6 10.1 46
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20 Hz

Hysteresis loops. The hysteretic behaviour (magnetization
vs. field) below the Curie temperatures for compounds 2, 3 and
4 are shown in Fig. 7. As expected, the field dependence of the
magnetization of 1 takes the form of the J = 1/2 Brillouin
function. Above the Curie temperatures the isothermal mag-
netization of 2 and 3 are linear down to nearly 2 K above Tg.,
again confirming mean-field behaviour. Just below T, we
observe coercive fields and remnant magnetizations. The iso-
thermal magnetization versus field has been recorded for 24
for every degree below the transition temperatures. In each
case, we noted an increase of the coercive fields and remnant
magnetizations as the temperature is lowered. The results are
shown for the case of 3 in Fig. 8(a). The remnant magne-
tization increases in a manner similar to the magnetization in
a very small field as shown in Fig. 8(b).

The coercive field is strongly dependent on the particle
shape and size.?°3° For example, the cobalt and nickel com-
pounds recrystallized as needles (~100 pm) from water have
coercive fields of <100 and <4000 Oe at 4 K, respectively,
whereas those prepared by the ethanol route (fibres of <1 pm)
reach fields of 600 and 7000 Oe. The size effect is more dra-
matic for the iron compound: the coercive field doubles from
8000 to >16000 Oe at 4 K on simply grinding the compound.
The data presented in Fig. 7 and 8(a) and those listed in Table
4 were obtained from ground samples prepared by the alcohol
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Fig. 7 First magnetization and hysteresis loops (M vs. H) for
M{N(CN),},, M = Cu (T =2 K), Ni (T =2 K), Co (T = 4.5 K), Fe
(T = 3 K) and for [Mn{N(CN), },(C,H;OH),] - (CH,),CO (T = 5K)
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route. Electron microscopy shows that these samples consist-
ed of very fine cylindrical particles ranging in size from 0.1-0.5
um. As expected, there is no dependence on synthetic route or
crystallite size for the value of the magnetization for fields in
the range 5-8 T. The behaviour in this region, namely the
slightly lower than expected values of the saturation magne-
tization and its gradual monotonic increase, characterizes
these materials as hard magnets. The saturation magne-
tization of 2 and 3 tend to the expected values of ¢S, 2 and 3
pg in a field of 5 T, respectively. However, that of 4 is 1.3 pg,
approximately a third of the expected value (4 py for high spin
Fe" assuming spin only and g = 2).

This large discrepancy cannot be accounted for by
assuming that 4 is a hard magnet and that the applied field is
not large enough to achieve saturation. The second anomaly
in the behaviour of 4 is that the first magnetization curve has
a linear dependence rather than an increasing gradient (as
seen in Fig. 7 for the case of 2). Several hypotheses can be
invoked to explain this behaviour. The first is that the effective
spin, given the large spin—orbit coupling and the tetragonal
distortion, may be reduced to S = 1/2; thereby accounting for
the value of 1.3 pg. The effective spin 1/2 may be achieved
since the t,, are the only orbitals affected by spin—orbit coup-
ling described by an orbital quantum number (L) of 1.
However, if this is the case the Landé value (g) should be ca. 4.
The value of the Curie constant (C = 3.22 cm® K mol~!) does
not support this argument. Furthermore, the linear increase of
the first magnetization curve is not consistent with the picture
of a ferromagnet with a reduced gS. The second hypothesis is
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that 4 may be a ferrimagnet having three closely related sub-
lattices (2 having spin up and 1 spin down), if, for example, the
magnetic structure adopts the trirutile type. In this case, the
saturation magnetization will be 1/3 of 4 py (1.3 pg) as
observed. However, the shape of the first magnetization curve
and the width of the peak in the AC susceptibility are not
consistent with this view. One probable explanation for this is
that the magnetic structure is that of a canted anti-
ferromagnet. In this case it is difficult to reverse the spin, since
the field needed is expected to be larger than that equivalent
to the antiferromagnetic exchange field between the sub-
lattices. In our case, a rough estimate of the lower limit from
the value of the Weiss constant is >20 T. A canted anti-
ferromagnetic ground state will also explain the linear depen-
dence of the first magnetization, the high coercive field, the
sharper and lower value of AC susceptibility peaks and the
low value of the critical exponent. Normally, canted anti-
ferromagnets have sharper transitions.>! From the magnitude
of the magnetization, a rough estimate for the canting angle is
~25°.

Maximum energy product. Given that we have almost
square hysteresis loops it is of interest to calculate the
maximum energy products (B - H) and compare them with
those of known hard magnets (Fig. 9).3° The values we
obtained are 2, 26 and 16.6 x 10° G Oe for 24, respectively.
Although these values are at temperatures that are too low for
any practical use, they are close to those of alloys of Sm—Co.
We consider this is an important breakthrough in this field as
it shows promise of achieving better performance magnets
from molecular systems. One practical and ecological advan-
tage of these materials is that the cost of materials and manu-
facturing are very low compared to metallic and alloy systems.
Furthermore, the shape anisotropy to reduce the demagne-
tizing fields is ‘generic’, being based purely on the molecular
structure (the packing of one dimensional rods) and does not
need to be optimized through manufacturing processes.

Heat capacity. The temperature dependence of the total spe-
cific heats of 24 are shown in Fig. 10. In each case there is a
A-anomaly reflecting the establishment of long range order at
Te., as determined by the aforementioned techniques. The
phonon contribution is expected to be very similar for the
three compounds since they are isostructural. The lattice con-
tribution has been estimated from the plot of C,/T vs. T?, and
the magnetic contribution obtained by subtracting the lattice
part from the total. The entropy was therefore calculated by
integration of the C,/T vs. T plot. The values, 5.6, 10.1 and 4.6
J K™ ! mol™! for 2-4, respectively, are lower than expected
{R In(2S + 1)}. We are unable to perform measurements on 5
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specific heat of

due to loss of solvent of crystallization in the high vacuum
needed in the sample port. The shape of the observed A peaks
for 2 and 3 after removal of the lattice contribution are consis-
tent with that expected for mean-field magnets.

Discussion

The unit cell volumes for the isostructural salts M"{N(CN), },
are closely similar, the small differences being attributable to
variation of the ionic radii of Co", Ni"" and Cu". This obser-
vation, accompanied by calculations of void volumes with
PLATON,!% suggests that the atoms are efficiently packed in
a rutile-type structure. The large Jahn—Teller distortion about
Cu" in 1 has a strong influence on the geometry of the frame-
work structure, leading to a considerable decrease in the angle
between neighbouring ribbons (52.3° compared to 58.8° in 3).
The lattice is slightly compressible, and the T¢ of 3 is increased
from 21 to 22.6 K on application of an isotropic pressure of 17
kbar.32 In these salts, the dicyanamide ligand is triply coordi-
nating through its three nitrogen atoms, the first time such
an arrangement has been observed. Previously, dicyanamide
had been seen to adopt three different types of bonding:
coordinating wvia one terminal nitrogen, bridging two
metal atoms via the two terminal nitrogen atoms, and bridg-
ing four metal atoms such that one of the terminal nitrogen
atoms is doubly coordinating. It shows considerable m—m
interactions in the compounds Ni(en),{N(CN),}, and in
Cu(Meim),{N(CN), },.*°

Despite forming an isostructural series, there is considerable
variation in the magnetic properties of 1-4. An interesting
question is what differences may account for 1 being paramag-
netic, 2 and 3 being ferromagnetic, and 4 being a canted anti-
ferromagnet. For compounds having the rutile structure,
Goodenough33 has proposed a phase diagram that consists of
four possible ground states depending on the ratio of the
exchange interactions. In the present rutile-type structure
there are four independent nearest-neighbour magnetic-
exchange interactions: eight equivalent super-exchange (J4, d
for diagonal) via M1—N1—C1—N2---M1" (M---M’ of 5.94
A), two equivalent direct (J,) along a at 5.98 A and two (J,)
along b at 7.11 A and a further two that are a combination of
direct and super-exchange (J) along ¢ at 7.34 A. Within this
structure type the magnetic ground state and Curie tem-
perature, and therefore the magnitudes and signs of the mag-
netic exchange interactions, are found to depend greatly on
the M—N coordination distances and on the degree of struc-
tural distortion. The absence of any clear relationship between
the Curie temperature and the metal spin state for the differ-
ent transition metals provides further evidence for the fine
dependence of the magnetic behaviour on the structure rather



than the metal spin state alone. The relatively weak magnetic
exchange in 1 is likely to reflect a severe weakening of the J,
interaction due to the Jahn-Teller distortion about the Cu"
ion, and indicates that the other exchange interactions are
weak. Furthermore, this observation suggests that it is the
approximate orthogonal super-exchange pathway, J,, that is
highest in magnitude for 2-4. We propose that it is a strong
and positive J; in both 2 and 3 that is responsible for the
moderate temperature ferromagnetism in these materials.

Compounds 2 and 3 have almost identical structures, and
both behave as mean-field magnets. Comparing the data of
these salts, there are two anomalies to be noted. The Curie
temperature is expected to vary as S(S + 1), but does in fact
follow the reverse behaviour. This may reflect the argument
that the magnitude of, and therefore the competition between
different exchange interactions, depends strongly on the struc-
ture. Secondly, octahedral Co" has a larger orbital contribu-
tion and therefore a higher anisotropy than Ni, and so 3
might be expected to have a larger coercive field than 2. One
possible reason for the opposite behaviour observed may be
the synergy of the parallel alignment of magnetocrystalline
anisotropy and shape anisotropy in 2 but perpendicular align-
ment in 3.

There are several possible reasons for the observation of
canted antiferromagnetism in the Fe complex (4). In the rela-
tively weak, pseudo-octahedral ligand field, the 3d® electronic
configuration is expected to give rise to the 5ng ground state.
With two electrons in the t,, orbitals and two in the e, there
will be an equivalent number of antiferromagnetic and ferro-
magnetic interactions, the former presumably being the larger
in magnitude since an antiferromagnetic ground state is estab-
lished at low temperature. Since spin—orbit coupling is large
for Fe'', antisymmetric exchange is likely to cause a canting of
the sublattices according to the Dzyaloshinskii-Moriya
mechanism.3* With only one metal site in the crystallographic
asymmetric unit, however, such a mechanism cannot operate.
This points to the possibility that the structure of 4 is based
on trirutile, like that of WCr,Og,2?*® which can accommo-
date three slightly different metal sites. The resolution of a
trirutile structure from that of a normal rutile is difficult from
powder diffraction data due to the near equivalence of the
three layers within the tripled cell. Given the poor quality of
the X-ray powder diffraction pattern, which resembles that of
the fine powder of the cobalt and nickel complexes, we cannot
comment further on this possible structural modulation.

Due to the similarities in behaviour of 5 to the 2D-
polymeric canted antiferromagnets, Co{pyrimidine},(NCS),
and Mn{SCN},(C,H;OH),, we propose a similar layer struc-
ture for [Mn{N(CN),},(C,Hs;OH),] - (CH;),CO.*? The lower
value of T [Fig. 4(b)] at the maximum for 5 than for 4
implies that the canting angle is smaller, in good agreement
with the fact that the spin-orbit coupling for Mn" is smaller
than for Fe'. Consequently, the mechanism for canting is by
second-order effects. Further crystallographic and electron
paramagnetic resonance studies are in progress to elucidate
the mechanism and magnitude of the canting.

The cyanide and polycyanide ligands first emerged as good
building units for constructing magnetic materials when it
was3® demonstrated that high critical temperature magnets
can be achieved by the appropriate choice of metals in the
Prussian blue family and Manriquez et al.®” observed that
V(TCNE), - solvent is a room temperature magnet. Salts of the
families M"(TCNQ),*®and M™(TCNE),*° have more recently
been reported to show magnetically ordered ground states
over a wide range of temperatures (including one above room
temperature), although poor crystallinity has hampered their
crystallographic characterisation. In contrast, the highly crys-
talline polycyanide salts M"{C(CN);}, (M = Cu, Ni, Co, Fe
and Mn) are dominated by antiferromagnetic interactions.?3
Amongst the different families of transition metal-polycyanide

complexes, the dicyanamides represent an ideal system for
study, providing a rich diversity of magnetic properties, which
range from paramagnetic to canted antiferromagnetic to ferro-
magnetic, and being among the most crystalline for the
purpose of structural characterization.

Conclusions

The dicyanamide anion is well-suited to aligning divalent
transition metals in such a way that their magnetic orbitals
are approximately orthogonal. The reaction proceeds though
a self-assembly of the M™ and the N(CN),~ to give tetrago-
nally distorted octahedra, the N(CN), ™ adopting an unprece-
dented triple coordination. The magnetic ground states of
metal salts of this anion depend on the electronic configu-
rations and on the geometry-dependent balance between fer-
romagnetic and antiferromagnetic interactions. Compounds 2
and 4 have the largest coercive field (7975 and 17800 Oe,
respectively) of all known metal-organic magnets, as a result
of the synergy of parallel alignment of the magnetocrystalline
anisotropy and the shape anisotropy. This study demonstrates
that, in the design and synthesis of new metal-organic
magnets, the organic ligand should be multidentate to bind to
several metals, be small to promote direct exchange inter-
actions between the moments, and have delocalized electronic
densities (e.g., m electrons) to enhance indirect exchange
between metal sites. The shape and positions of the binding
sites in the ligand are crucial in the organization of the metals
around it.
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