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Abstract

Coordination polymers containing dicyanamide (N(gN)dca) or tricyanomethanide (C(CN)tcm) bridging ligands are described
from the perspective of their structure and magnetism. The binary compeuit{dca), form an isostructural series (MCr, Mn, Fe,
Co, Ni, Cu) having a single rutile-like network that involvess s-dca bridging. They display quite diverse types of long-range magnetic
order viz. canted-spin antiferromagnets (Cr, Mn, Fe), ferromagnets (Co, Ni, Cu). An up-to-date review is given of the diverse range of
physical measurements made on &kl(dca), series together with interpretations for the different net exchange coupling and consequent
3D order. The doubly interpenetrating rutile network M(teragries generally do not show long-range order except for a few members
at very low temperatures. The ‘mixed’ self-penetrating network compounds M(dca)(tcm) do show long-range otdeo,(Mi), albeit
at lower T, values than for the M(dca)parents. Modification of the M—dca networks is possible by incorporation of coligands into the
structures. Ternary species of type M(d€b),, where L is a terminal (e.g. pyridine, MeOH) or a bridging (e.g. pyraziné;Bpyridine)
coligand, display a diverse range of 1D, 2D and 3D structural types. With a few exceptions, the large number of compounds structurally
characterised contajiy s-dca bridging and display very weak antiferromagnetic coupling ¢a. —1 cnt?), typical of this bridging mode.
Compounds such as Mn(de§)yrazine) display a magnetic phase transition at low temperatures. This is also the case in the isostructural 2D
layer compounds M(dcgH,0) - phenazine (M= Fe, Ni) which, perhaps not surprisingly, do not have coordinated phenazines but, rather,
phenazines intercalated between layers of M(geg)0) in which ., 3 5 andu, s-dca bridging exists. Anionic networks of types M(dzand
M(dcaf~ formed by templation around cations of the organic (e.gEPhR,N*) or inorganic (M(2,2bipyridine}") types are described.

* Corresponding authors. Fax61-3-9905-4597.
E-mail addresses: stuart.batten@sci.monash.edu.au (S.R. Batten), keith.s.murray@sci.monash.edu.au (K.S. Murray).
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The latter display no magnetic interactions between the weakly antiferromagnetically coupled anionic sub-lattice and the paramagnetic cationi
sub-lattice.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Coordination polymers; Crystal engineering; Dicyanamide; Tricyanomethanide; Molecule-based magnetism

1. Introduction T
. . N N
The modular, topological approach to both the design and - _
description of coordination polymers, espoused by Robson L N// \N N// \N
and Hoskins in their seminal 1990 pap#}, has blossomed 1 I3
in the last 6 or 7 years to become a very wide field of re-
search[2,3]. Applications[4] of such crystal engineering T

include microporous materials (including use in gas stor-
age)[5], heterogeneous cataly$®], non-linear optical ac-

ZNy Z Ny

tivity [7], molecular sensor8], magnetic switchefd] and ~ ~ ~
molecule-based magndts0,11] s Hha

The coordination polymers of pseudohalide ligands such T
as cyanide, azide and thiocyanate have long been studied N N
for their interesting magnetic properti¢$2,13] Of late, = =
however, the larger pseudohalide ligands dicyanamide (dca, /N/ \\N\ - N/ \N\
N(CN),) and tricyanomethanide (tcm, C(CN)have been M135 l 1,15
attracting a lot of attention, partly due to the discovery of
long-range magnetic ordering in theM(dca) compounds 1 T
[14-16] Therefore, it is timely to review this area of chem- N N
istry. - N/ \N - N/ \N —

This review will focus mainly on compounds that have l W1as ~ l 1355 l
been crystallographically characterised, are polymeric, and o T
have bridging dca or tcm ligands. Structures with only mon- Scheme 1. Dca coordination modes observed to date.

odentate[17,18] and uncoordinated17r,17s,19]dca and

tem ligands will largely be ignored, as will those molecular |, - ; respectively). When a particular nitrogen atom coor-
structures containing bridging dca or tcm ligar{d8,20} dinates to more than one metal ion, the number representing
A particular focus will be the magnetic properties of these that atom is repeated as many times as required. Binding
pOlymeriC materials. For further details, especia”y for modes reported to date are showrSichemes 1 and.2

non-crystallographically characterised systems, the readeris  The magnetic exchange coupling constadtsjuoted in
directed to a number of other reviews on these compoundsthe following sections are based on the spin Hamiltonian

[21-25] A considerable amount of earlier work, particu-

larly by Kohler et al., is also eminently noteworthy. Many N N

of the compounds now being re-examined with the benefit | | ||

of modern crystallographic and magnetic instrumentation

were first synthesised in the period between the mid-1960s

and the early 1980s by Koéhler and co-workgzs]. = AN
A particular feature of the dca and tcm ligands is the vari- .~ P ~

ability in coordination modes they can displeychemes 1 i H15

and 2. To this end, we will use a system of notation through-

out this review to describe succinctly the binding modes

encountered. This will take the form, 5 ..., where the sub-

scripts denote the nitrogen atoms which are coordinating to

metal ions. For dca these can have the values 1, 3 or 5, while |

for tcm the possible values are 1, 5 or 7. The amide nitrogen

in dca is assigned the index 3, and the notatigrdca indi- P S / S

cates a monodentate dca binding through the amide nitrogen NZ AN — & ISV

atom, and not a tridentate dca anion. For tcm, unless oth- ~ l Wi1s7 ™~

erwise stated, bidentate and tridentate refer to coordination

via two and three nitrile nitrogen atoms only (ije; 5 and Scheme 2. Tem coordination modes observed to date.

M1,5,7
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—JS; - S, used in the various 1D, 2D and 3D models. Values  The types of magnetic order and the key magnetic pa-

of J are usually given in cm® but occasionally, ad/kg, in rameters are given ifable 1 Detailed discussions of these

temperature units Kkg =0.699 cnt® K1), parameters, such as the large coercive field in the hard
molecular magneta-Fe(dca) anda-Ni(dca), and factors
which affect the coercive field, have been gi@s]. The

2. Binary M(dca), and related compounds detailed physics of the magnetic structures has been probed
by Epstein et al. using neutron powder diffraction studies
2.1. Magnetic systems [28,29] «-Mn(dca} has a non-collinear antiferromagnetic

structureg]29] in which two sublattices are antiferromagnet-

Observation of long-range magnetic order in the bi- ically coupled and canted with respect to each other. The
nary d-block dicyanamide series of complexed/(dca) spin-orientation is mainly along tha-axis with a small
[14-16] caused great interest, excitement and competi- uncompensated component alobg The spin-canting is
tion, not only because these were homometallic species,induced by the successive tilting of the Mgiictahedra in
but because they provided new examples of molecular combination with magnetic anisotropy on the Mn@# g
network materials which enhanced the knowledge gained centres in thab plane. The canting angle has been estimated
in the 1980-1990s on heterometallicoxalato [10,11], to give quite diverse valugg9], but 0.05 is now accepted

p-oxamido[10] andu.-cyano (Prussian blug¢)0,12]molec- [27]. Lappas et al.35] have also recently studied the powder

ular magnets. neutron diffraction ofe-Mn(dca). While broadly agreeing
The structures of the isomorphous seriesvi(dca), with Epstein et al[29] that the antiparallel component of

M =Cr, Mn, Fe, Co, Ni, Cu contain 3D networkEig. 1) the two sublattices is along and the parallel component

of octahedral metal ions bridged by;ss-dca ligands — along b, they note that symmetry arguments forbid any
[14-16,26,27] The networks have the same topology as moment to be present alorg A pferro Value of 0.002g
that of rutile (TiQ), with six-connecting centres (metal was obtained and the sublattice magnetisation was found
atoms) and three-connecting centres (dca ligands) in the rato be 5.Qug (i.e. gS) which compares to 4.6dg found by
tio of 1:2. The metal ions are coordinated to four-equatorial Epstein et al[29]. The origin of spin canting was ascribed
dca ligands via their nitrile nitrogens and to two-axial dca mainly to Dzyaloshinsky—Moriya (DM) antisymmetric ex-
ligands via their amide nitrogens; in the Cu salt consid- change rather than to single ion magnetic anisotropy since
erable Jahn-Teller elongation (by ca. 0.5 A) of the axial the tilting of the Mn octahedral makes it difficult to see how
Cu—N(amide) bonds is observed. The M—N(amide) bonds this will cause moments to order in tla® plane. The DM
are also longer than the M—N(nitrile) interactions in all the mechanism also supports the value of the canting angle.
other crystallographically characterised members of this The H(T) magnetic phase diagrams show spin—flop
series, although the difference is only ca. 0.1 A or less. (SF)/antiferromagnetic and antiferromagnetic/paramagnetic
As mentioned above and Bection 1 these compounds  boundaries inx-Mn(dcap whereHsg (T=0 K) =4.8 kOe
show long-range magnetic ordering, and their magnetic and[36]. Inelastic neutron scattering measurements on this
other properties have been extensively studied recently us-compound have revealed spin-wavestat 1.5 meV [37].
ing a wide variety of techniques ranging from DC magnetic Muon-spin rotation studies showed strong muon-spin re-
susceptibilities and magnetisation (in field-cooled (FCM), laxation in the paramagnetic state due to low-frequency
zero-field cooled (ZFCM) and remnant magnetisation (RM) fluctuation of the electronic moments in the9:00'° Hz
modes), AC magnetic susceptibilities, specific heat, neutronrange. The relaxation is larger for Mn(l1741g) than for
diffraction [28,29], muon spin relaxatiof80,31] and Mdss- Co(ll) (*T1g) and Ni(ll) GAzg) [30].
bauer spectroscopw{Fe(dca)) [32,33] Ambient pressure a-Cr(dcay (Ty =47.0 K)[38] anda-Fe(dca) (Tn = 19.0
and high pressure studies have been made using some o) [15,32] are also canted-spin antiferromagnets, the Fe(ll)
these technique84]. compound displaying a very large coercive field of 17 800
Oe at 2 K which varies with temperature, particle shape and
size and synthesis method and arises from particle shape
and Fe(Il) magnetic anisotropi¢t5]. Its maximum energy
product, B- H)max of 16.6x 10° G Oe is similar to that of
the “hard” commercial SmGomagnets. The canting angle
for a-Fe(dca) was estimated to be 7.215]. The magnetic
ordering belowTy was nicely confirmed by Mdssbauer spec-
troscopy from which a magnetically split spectrum was ob-
served at 4.2 K in zero applied-fieldif. 2) [32]. AboveTy,
at 77 K, the unsplit quadrupole doublet was fitted to typical
high-spin octahedral Fe(ll) values of isomer sh#fte(1.21

Fig. 1. The rutile-like 3D structure ai-M(dca). Metal atoms are shown MM s1) and quadrupole splittingEq =3.17 mm sh).
in black, nitrogen atoms in grey, carbon in white. We see later the influence that network geometry and Lewis




106 SR. Batten, K.S. Murray/ Coordination Chemistry Reviews 246 (2003) 103-130

Table 1
Summary of magnetic data fer-M(dca) (CA, canted antiferromagnet; F, ferromagnet)
Cr Mn Fe Co Ni Cu

Reference(s) [38] [15,27,38] [15,32] [14-16] [14-16] [14-16]
Spin 2 5/2 2 3/2 1 1/2
sett (300 K)/ug 4.79 5.71 5.07 4.75 3.12 1.88
6 (K) -154 25 3.22 9.7 22.7 0.7
C (cm® K mol~1) 4.42 3.36 2.82 1.21 0.44
Type of order CA CA F F Fa
J (cm 1) - —0.2° - 0.982 1.75¢ -
Coercive field (Oe (2 K)) 300 406 17800 710 7975
Remnant magnetisation (énDe mol 1) 220 29-53 2792 8098 5975
T (K) 47.0 16.0 19.0 9.0 21.0 <17
Canting angle9) 0.05 7.2
Neutron diffraction; ordered sub-lattice magnetisatipn per Miug (T=2 K) 5.0 4.12 2.54 1.68

2 Ref. [39].

b Ref. [29] (mean field theory).

¢ Ref. [39] (spin-wave theory).
base coordination (or clathration) has on the4ee Moss- lowed by a decrease for Co, and a continued increase (up to
bauer parameters. Neutron diffraction studiesxelfe(dca) 26% at 17 kbar) for Fe. These effects were rationalised in
confirmed the spin-canting with the two Fe moments re- terms of electronic configuration and superexchange path-
stricted to theab plane, their components aloadeing anti- way/overlap differences. While there were early hints of

ferromagnetically related while a small canting aldrgjves weak spin-coupling irx-Cu(dca) [16], it is only recently
the observed ferromagnetism. The sublattice magnetisationthat ferromagnetic order has been observed by means of
u(Fe)=4.12up gives theusero alongb of 1.01up [35]. field dependent specific heat measuremgfg In this pa-
a-Co(dcay and a-Ni(dca) show ferromagnetic order per theJ values fora-M(dca), M = Co, Ni were obtained
with T¢ values of 9.0 and 21.0 K, respectiv¢lyd—16] The from magnetic specific heat data, and fitting to various theo-
coercive field for the Ni complex is very large and larger retical models for these Ising-like ions. The values are given
than for the Co compleiL5]. It has a larger energy product in Table 1
(26.0x 10° G Oe) than fora-Fe(dca). Neutron powder This brings us to one of the fascinating aspects of this
diffraction studies of the low temperature magnetic structure rutile-like series. Why are the Cr, Mn and Fe species
of the Co and Ni complexes show collinear ferromagnetism canted antiferromagnets, and the Co, Ni and Cu species
with spin orientation along the-axis [28]. There is no ferromagnets? Structurally they are the same (or similar)
spin-canting in these ferromagnets. Muon-spin relaxation and have doubly dca-bridged metals forming chains with
studies show strongly damped oscillations belwin the adjacent chains being nearly orthogonal to each other.
a-Co(dca) case from which information on dynamical ef- The d* configuration, and hence thg d% ligand-field
fects was gleanefB0]. Lappas et al. found agreement in configuration, changes along the series &r(dMn(d®),
the magnetic structure in their neutron powder diffraction Fe(cf), Co(d’), Ni(d®), Cu(cP). Kurmoo [27,34] employed
studies but with some discrepancies g, and uy; val- a Goodenough-typpl0] superexchange model for rutile in-
ues. They also studied mixed specie$Cog sNigs(dcad] volving four nearest neighbour exchange interactions, three
and a-[FepsNigs(dcay], the former, as expected, being of which Ja, Jo, Jc) are along the principal, b, c axes (two
a collinear ferromagnetT¢ =18.0 K), and the latter not  for each M centre) and ond) along the diagonal axes in
showing long-range ordgB5]. the unit cell (eight for each M). Théy interaction, along
The AC susceptibilitiesy’ and x”, were investigated as  the M—N=C-N-M (amide) pathway, is dominant. The other
a function of applied pressure fa-M(dcay, M =Fe, Co, three involve Mn—N=C—N—-C=N-M bridges and these are
Ni [34]. The results yielded information pertinent to under- known to give very weak coupling (see later). The contribu-
standing the mechanism of long-range order (i.e. superex-tions toJq arise from a number of overlaps between ligand
change pathways leading to canted spin antiferromagnetand metal ‘magnetic’ orbitals. Experimentally, it is known
(Fe) vs. ferromagnets (Co, Ni); see below). Application of that increasing the holes |§ t(i.e. Ni(tS eé) to Mn(lggeg))
pressure (1 bar to 18 kbar) displaces e or Ty values gives more antlferromagnetlc character ig—&y overlap
(max in x’) and also broadens the peak in the same orderleads to antiferromagnetic couplinggtty ferromagnetic
as the single-ion anisotropy, i.e. NiCo<Fe. The broad-  and g—g; ferromagnetic (note that these are different to the
ening for the Fe complex at high pressure makes the max-|,-CN~ and .- 0202— heterometallic systems whergyte,
imum in x’ difficult to detect. The pressure dependence of |eads to ferromagnenc coupling0,12). The relative mag-
the Tc (or Tn) values is quite marked and diverse, dis- nitude (ratio) of these exchange coupling terms will deter-
playing a linear increase (6%) for Ni, a small increase fol- mine the nature of the coupled ground state. Jahn—Teller
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Fig. 2. MOssbauer spectra farFe(dca) measured at 77 K (top) dn2 K (bott

splitting values given in the text. The nature of the splitting in the bottom spectrum shows that the sign of the quadrupole splitting is negative. The

internal hyperfine field is ca. 3 T.

elongation along the Cu—N(amide) bond iCu(dca)
weakens thely interaction thus leading to paramagnetic
behaviour above 1.7 K and ferromagnetic below 1.[34].
Jg is strong and positive in the ferromagnets=MCo, Ni.
The Qges configuration ina-Fe(dca) will give an equiv-
alent number of ferro- and antiferromagnetic interactions,
the latter being largest. Kurmoo predicteeV(dca) (tg )
to be a ferromagnet in view of thegt-tyg coupling[27,34(f].
Using Andersorj41], Goodenough40] and Kanamori's
[42] rules, Miller and Epstein and co-workg29] proposed
that a crossover from non-collinear antiferromagnetism
(M =Cr, Mn, Fe) to collinear ferromagnetism @Co, Ni)
occurs for a superexchange angig, of 142. This tilting
angle, between M- C. --M atoms (i.e. superexchange via

om). The fit of the top spectrum yielded the isomer shift and quadrupole

N—C=N unit), was thought to be the dominant superex-
change angle responsible for controlling the magnetism.
However, the observation by Lappas et[8b] of no order-

ing in a-[FegsNigs(dcap] (e =141.73 at 1.7 K) but only
enhanced short-range ferromagnetic coupling compared
with «-[Fe(dca)], demonstrates that factors other than
must play a part in determining the magnetic ground state.
One of the authors later expressed caution in the tilting
angle explanatiof43].

Ruiz et al.[44] have recently carried out theoretical cal-
culations on thex-M(dca), series using density functional
theory to obtain) values and magnetostructural correlations.
The p1,3 M-N=C-N-M pathway was found to provide
the stronger coupling, as was predicted in the Goodenough
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firmed our observation of weak antiferromagnetic coupling
but with evidence for antiferromagnetic order,Tat=5.0

K [48]. A recent neutron diffraction study on Mn(tcgn)
measured at 0.04 K did not obsera 5 K transition but
yielded the detailed magnetic structure, showing frustrated
triangular ordering of the ‘row model’ type. In combina-
tion with specific heat data, the ordering temperatfiige
was found to be 1.18 K. Unusual field dependence of the
ordering was observed which implied the existence of three
different field dependent phasgs].

The use of both dca and tcm ligands results in the synthe-
sis of M(dca)(tcm), M= Co, Ni, Cu[51]. These compounds
are both a structural and magnetic compromise between
model [34]. J values were calculated to be negative (an- the M(dca) and M(tcm} ‘parent’ compounds. The struc-
tiferromagnetic) for V(I1), Cr(ll), Mn(ll) and Fe(ll), and  ture contains octahedral metal ions and three-connecting
positive for Co(ll), Ni(ll) and Cu(ll), the value for Cu(ll)  p1.35-dca andw s 7-tcm ligands. The network formed is
being close to zero. The general agreement with experimen-closely related to that of rutile—indeed, it has the same
tal data is good and the agreement withalues obtained  Schéfli symbol. In the rutile-related M(tcempnd M(dca)
from mean field theory or spin-wave theoryaple J is structures square channels are formed, with metal ions
reasonable. The V(Il) calculation contradicts predictions lying on the edges and ligands on the sides. Due to the
from the Goodenough modgs4]. different sizes of the ligands, however, in M(dca)(tcm) a

The structures of M(tcm) M =Cr, Mn, Fe, Co, Ni, Cu, helical substructure is formed instead of a square chan-
Zn, Cd, Hg also form rutile-related networks, with octa- nel (Fig. 4), resulting in a self-penetrating network. The
hedral metal ions angly 57 bridging tcm aniong45-49] single self-penetrating network, closely related to but dif-
However, the larger size of the tcm ligand means that the ferent from the rutile net, is a compromise between the
networks are more spacious, such that two networks inter-single rutile network of M(dca) and the doubly inter-

Fig. 3. The two interpenetrating 3D rutile-like networks in the structures
of M(tcm),. The metal atoms are represented by the larger spheres.

penetrate Kig. 3). From a topological point of view, the
smallest rings in the networks are four-memberedtivin),
and six-membered Mtcm)s circuits (only the nodes, which

penetrating rutile networks of M(tcm) Co(dca)(tcm) and
Ni(dca)(tcm) display ferromagnetic ordering willa = 3.5
and 8.0 K, respectivelfp1]. Hysteresis data show that they

are the metal ions and the central carbons of the tcm an-are soft-magnets. Th&; values are lower than those of
ions, are counted). The interpenetration is such that thethe a-M(dca)y analogues, however, the M(tcsn)parent’
six-membered rings of one net are penetrated by tcm anionscompounds show no long-range ordering for Co and Ni.

of the second net, and vice versa. The four-membered rings The syntheses of the M(dca)(tcm) compounds were
are too small to be penetrated. The networks also showinspired by the structure of Mn(d¢gH.O) [51]. This
considerable distortion, indicating that the interpenetration compound contains water molecules bound to Mn cations,
results in a very tightly packed structure. The densities of and two types of dca ligands—one withpa s bridging

the tcm networks, however, are comparable to their dca ana-mode, the othefu1 35. The p135-dca ligands have the
logues, indicating that the packing in the latter structures is same function as those in the M(dca)(tcm) compounds. The

also very efficient. Another consequence of the interpene-

tration is the fact that the closest internetwork-MM dis-

tances are significantly shorter than the intranetwork ones.

The magnetic susceptibility data for the high-spin
M(tcm), series are generally indicative of weak antiferro-
magnetic coupling with no clear evidence for long-range
order. The Weiss constants are €81.2, Mn —-5.1, Fe
—25.0, Co—5.4, Ni —3.7, Cu—1.7 K[46]. The Cr system
yieldedJ=—1.6 cnT!, zJ = +0.04 cnt! when fitted to a
S=2 linear chain model modified to include chain—chain
(zY) coupling. Weak ferromagnetic interactions were evi-
dent in Co(tcny) from field dependent studies pf, below
20 K. A combination of magnetisation, specific heat and
neutron diffraction measurements on Cr(tgrahowed that
long-range antiferromagnetic order occurs, wlith=6.1 K
and moments aligned parallel ¢d49]. V(tcm), did not or-
der but showed weak antiferromagnetic coupli4g]. EPR
and magnetisation studies on Cu(tgrapd Mn(tcm} con-

Fig. 4. A portion of the self-penetrating 3D net contained in the structures
of M(dca)(tcm). Metal atoms are black, tcm atoms are grey, and dca
atoms are white.
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structural role of the tcm ligand is assumed by g0Hdca
moiety in the hydrate structure. In this moiety the water is

109

A second phase of Co(deathe B phase, can be formed
by depyridination under vacuum of Co(dggyridine}p

coordinated to the Mn and hydrogen bonds to the amide [16,26] This product forms as a deep blue powder, and

nitrogen of thep s-dca ligand. Thus three Mn atoms are
connected, two directly by the dca ligand, and the third via
the hydrogen bond to the water ligand. This moiety lies

the visible spectrum is identical to that of the Co doped
B-Zn(dcay described above. On the basis of this and a very
weak powder diffraction pattern for this compound, it is

across a mirror plane such that one of the NCN—M subunits believed thaf3-Co(dca) is isomorphous wittB-Zn(dca).

is superimposed by symmetry onto the-NH>O-M sub-
unit, and vice versa. Inspection of this disordered-d¢z0
moiety immediately brings to mind the tcm ligand, and in
a true example of ‘crystal engineering’, it was shown that

Upon exposure to the atmosphere the powder turns from blue
to pink, indicating a likely transformation to thephase.

The deep blue Co(ll) complex is a canted spin antifer-
romagnet withTy =9.0 K and values at 2 K ofi; =538

the same network could be generated by introducing tcm to Oe, RM=0.22 N3 [16,26] The doped sample of 0.12%

the reaction mixture to replace the d¢#O substructure.

B-Co/Zn(dca) was magnetically dilute, withiess = 4.6up

Indeed, the M(dca)(tcm) compounds even crystallise in the independent of temperatufg6]. A second transition was

same space group as the hydrate.

Mn(dcap(H20) is a canted spin antiferromagnet with
Tn=6.3 K [51]. It was first observed in trace quantities
in studies ofa-[Mn(dca)] where it gave a small deflec-
tion at 6.3 K in the FCM and the specific heat pl§23].

observed affy =2.7 K with glassiness implied from the
FCM and ZFCM versus temperature dfté]. The change
from ferromagnetic coupling in-Co(dca} to antiferromag-
netic coupling inB-Co(dca) primarily relates to changes
from 135 to wys5-dca bridging and different Co(ll) ion

The spin canting primarily arises because of the adjacentground states. The magnetic anisotropies on octahedral and

MnNg octahedra being disposed at 60t6 each other along
the Nymigebridged pathways. Neutron diffraction studies
would be required to obtain the magnetic structure in this
orthorhombicAma2 phase and in the M(dca)(tcm) materials.
A second polymorph, thg-form, can also be formed by
M(dca)y compounds. The structure gfZn(dca} displays a
2D (4,4) sheet structurd-(g. 5), in which tetrahedral metal
ions are bridged by 5-dca ligands[26,52] The kinked

nature of the dca bridge, aided by some bending at the coor-
dinating nitrogen donor atoms, allows the tetrahedral metal
ions to be bridged into a corrugated square-grid sheet struc-
ture. The sheets stack in an interdigitated fashion, such tha

the shortest Zn - Zn distances are between sheets (4.45 A)

rather than within sheets (shortest distances, via the dca

bridges, are 7.58 and 7.61 A).

Blue crystals of a mixed-metal solid solution phase, in
which Zn is doped with 0.12% Co, have also been formed
[26]; the structure is isomorphous with the 100% Zn phase.
Mixed metal solid solutions can also be made for the
M(tcm), anda-M(dca) series of compound85,46]

Fig. 5. The 2D (4,4) sheet structure pfM(dca). Atom shading as for
Fig. 1

tetrahedral Co(ll) centres are markedly different and this
may lead to spin-canting in thgisomer.

2.2. Non-magnetic systems

A number of other diamagnetic simple binary metal
salts of dca and tcm have also been reported. The struc-
ture of Pb(dcg) contains a complicated 3D network
of nine-coordinate Pb atoms bridged hyi 135 and
i1.1.355-dca ligandg53]. The compound Ag(dca) comes
in both trigonal[54] and orthorhombig¢55] modifications;
both structures contain 1D chains of metal ions bridged

y wmis-dca ligands which have helical and zigzag ge-
ometries, respectively. The structure of Ag(tcipp,57]
contains pyramidal three-coordinate Ag ions bridged by
w157 tem ions. 2D (6,3) sheets are generated, and layers
of doubly interpenetrating sheets are formed. The struc-
ture of Ag(tcm)(MeCN) has a similar structure, with the
now tetrahedral silver atoms also coordinating to terminal
acetonitrile ligandg458]. Hgx(tcm), has a 3D network of
(Hgz)?>" dimers bridged by 57 tcm aniong59].

The structures of the alkaline earth metal salts M(glca)
M = Mg, Ca, Sr, Ba have been reportggDd]. Mg(dca) is
isomorphous with the rutile-likex phase of the transition
metal salts. In the isomorphous 3D structures of the Ca and
Sr salts each metal is surrounded by eight nitrogen atoms,
while each dca has a1 135 bridging mode. The Ba salt
is isostructural with the Pb derivative described above. A
number of alkali metal salts of ddé1] and tcm[62] have
also been characterised crystallographically; the dca anions
have been found to trimerise at elevated temperatures.

3. Coordination polymerswith terminal coligands

To further explore the relationships between structure and
magnetism in metal-dca coordination polymers it is useful
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Scheme 3. Selected coligands contained in dca and tcm coordination polymers.

to have a variety of network topologies and dca binding ligands whose main function is to occupy certain portions
modes to draw upon. One way of modifying the network of the metal coordination sphere, or they may act as bridges
topology is to introduce coligands into the structure. These themselves and, in the process, increase the dimensionality
ligands Scheme Bcan either act as terminal non-bridging from 1D to 2D or 3D.
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In this section we will look at structures that contain ter- the fifth coordination site is occupied by a water ligand
minal ligands, beginning with 1D polymers, then working (vs. monodentate dca in the previous two structures), and

our way through 2D to 3D networks. again weak antiferromagnetic coupling=£ —0.35 cnt?l)
is observed for these zigzag chali@g].
3.1. 1D networks Three chain structures have been reported with the

tridentate chelating ligand 2;8,2"-terpyridine (terpy).

The simplest 1D networks are those that contain only one Mn(terpy)(dca)(An), An=OAc™ [74,75] or NO; [75,76]
bridging dca per metal. These chains generally have eithercontain seven-coordinate metal atoms coordinated to tri-
a linear or zigzag geometry, and are usually formed with dentate terpy ligands, chelating OAcor NO; anions,
bidentate or tridentate chelating coligands. There is muchand two trans wis-dca bridging ligands. The chains
current interest in the magnetochemistry of chain systemshave zigzag geometries, and only weak antiferromagnetic
such as those of the Haldane type containing even-spin metatoupling is observed J= —0.09 and —0.12 cn1?, re-
ions such as Ni(ll) or Mn(11163], and those of the so-called  spectively, for—JS; - S;). The chains in the structure of
‘single chain magnet’ typ§64]. [Mn(terpy)(dca)(HO)]dca are linear, however, the structure

The compounds M(dcalbpym)-H,O, M=Mn, Fe, also contains uncoordinated dca ligands which bridge the
Co, bpym=2,2-bipyrimidine [65] contain zigzag chains chains via hydrogen bonding interactions between the ni-
in which cis disposedu s5-dca ligands bridge metal ions trile nitrogens and the coordinated water ligands, generating
whose octahedral coordination spheres are completed by(4,4) sheetd76]. Again, only weak intrachain antiferro-
chelating bpym and monodentaje;-dca and HO lig- magnetic couplingJ= —0.20 cn11) is observed.
ands. The metals show weak antiferromagnetic coupling The tetradentate sal&n (N,N'-ethylenebis(salicylaldi-
across the dca bridges, the susceptibility data being fittedminato)) ligand has been used to produce the 1D chain
to a Fisher chaifj66] model (Mn:g=2.04,6=—-0.76 K, structures of M(salen)(dca), M Mn(lll), Fe(lll) [75,77]
Jkg =-0.15 K; Fe:g=2.34,6=-7.6 K, Jkg=—-0.42 These are rare examples of M(lll)-dca species and are
K; Co: g=2.58,0=-5.4 K, Jkg = —1.42 K). The anhy- related to M(salen)(OAc) chaing8]. The w1 s-dca lig-
drous complex Mn(dcajbpym) has a similar zigzag struc- and bridges coordinate in taans fashion, and weak anti-
ture O/lkg =—0.27 K, g=2.00), but is bridged by double ferromagnetic intrachain coupling is observed. Shi et al.
p15-dca bridgeq67]. It is isomorphous with the 2'ipy [77] assigned Mn(lll) to be high-spin and Fe(lll) to be
complexes described below. This zigzag chain structure low-spin using a Fisher chain model, deducihg —0.24,
capped byN,N-chelators is well known in.-oxalato sys- —7.65 cntl, respectively. The data for the Fe(lll) complex
tems[68]. The bpym ligand can itself also bridge between are clearly wrong and not representative of the high-spin
metal ions, and compounds in which it has this binding structure. They probably have a sample containing some

mode are discussed in the next section. (Fe(salen)O. Their solution electrochemical data are mean-
Linear chains of octahedral copper atoms are bridged ingless since the chains do not exist in solution. We had ear-
by bidentate tcm anions in the structure tihs-Cu(tcm) lier structurally characterised these salerromplexes and

(pyrazole)](tcm) [69]. The structure also contains unco- the sale-pherf~ (N,N’-o-phenylenebis(salicylaldiminato))
ordinated tcm counterions. ESR evidence pointed to weakanalogues, M (salo-phen)(dca). The fits of the mag-
exchange coupling. Curiously, data suggestive of ferromag- netic data, using Fisher chain models for high-sgia 2
netic coupling and long-range antiferromagnetic ordering (Mn) and S=5/2 (Fe) gave: Mn(salen)(dcag=1.91,
below 6 K were reported in the same paper for the compoundJ=—0.12 cnT!; Fe(salen)(dca),g=1.92, J=-0.12
Cu(tcm)(pyrazole}. This compound has a discrete molec- cm™1; Mn(sal-o-phen)(dca),g=1.88, J=—-1.85 cn7l;
ular structure, with copper atoms coordinated to three pyra- Fe(sale-phen)(dca),g=1.90, J=—0.72 cnt. For com-
zole ligands and one monodentate tcm ligand, and bridgedparison Mn(salen)(OAc) gavg=1.98, J=—1.8 cnT?,
into dimers by two further bidentate tcm moieties. Further zJ =0.1 cnt! [78] and Mn(salpn)(NCS), bsalpn= N,N'-
detailed magnetic studies are needed to confirm the ordering bis(salicylidene)-1,3-diaminopropane, gage=1.99, J=
The copper(ll) ion is often known to adopt five-coordinate —3.2 cnt? [79].
geometry, and a number of chain compounds have been Fe(TPP)(tcm), HTPP=5,10,15,20-tetraphenylporphyrin
reported in which such copper atoms, which are also co- contains iron(lll) porphyrin molecules bridged fpy 5 tcm
ordinated to chelating ligands, are bridged py s-dca anions[80]. The structure of Mn(TPP)(dcaJHF is simi-
ligands into 1D chains. Cu(ded), L =2,2-bipyridine lar, with manganese(lll) porphyrin molecules bridged into
(2,2-bipy) [70,71] or 2,2-dipyridylamine [72] also have chains by s-dca aniong81]. The magnetic moment of
monodentatgqu-dca ligands, and show zigzag and linear this complex rises gradually from 4.6g at 300 K to 4.8
geometries, respectively. No significant magnetic coupling at 50 K, then more rapidly to reach a maximum of /pg7
was observed for the former compound, while weak intra- at 5 K[81]. This is indicative of ferromagnetic coupling, a
chain antiferromagnetic couplingl€ —0.10 cm! for a common feature of Mn(lll) high-spin species.Avalue of
—JS; - S, model of Hall[73]) was reported for the latter. In~ +0.6 cnm! was obtained from a fit to 8= 2 Fisher chain
[Cu(pyim)(dca)(BO)INO3, pyim=2-(2-pyridyl)imidazole model. The alternative explanation of crystallite orientation
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effects and a negativ® value being responsible for this ligands associate in what looks initially likerastacked ar-
increase in moment with decreasing temperature can berangement. However, the distances between the mean planes
eliminated, since the data were reproducible under differ- of the ligands (3.543 and 3.601 A) are rather long. More sig-

ent fields[82]. Topologically, this complex is like thg.1 5
TCNE bridged compounds Mn(TPP)(TCNE) studied in
detail by Miller et al.[83]. This class of compounds dis-
play ferrimagnetic chain behavioug£ 2 Mn(lll); S=1/2
TCNE* ) with negativel (intrachain) values and long-range
order observed, in some cases, witj values up to 28 K.
Other compounds to have linear chains containing one

bridging dca ligand per metal include Li(dca)(MeGN)
[84] and Cu(dca)(PRh. [85], both of which con-
tain tetrahedral metals coordinated to twq s-dca lig-
ands and two monodentate ligands. [Ni(dca)$p@)Oa,

nificantly, the DMF derivative Mn(dca]DMF),, in which
the terminal ligands have ne system, displays an anal-
ogous interdigitated structur27]. Thus the role of any
- - - interactions in the pyridine derivative is minor, with
the driving force for the interdigitation being the maximisa-
tion of packing efficiency. The interplanar distance between
the pyridine rings is, of course, governed by the intrachain
Mn- - - Mn repeat distance.

The pyridine and DMF chains both display weak anti-
ferromagnetic coupling between the metal iods=(—0.24
cm~1 for both (using a-JS; - S, Fisher chain moddR7])),

pn=1,3-diaminopropane has metal centres coordinated toas do the structurally analogous Mn(dday, L = pyridazine

two chelating ligands and twiwans w1 5-dca bridges; only
very weak antiferromagnetic coupling is observi&b].
Similar observations were recently made for the struc-
ture and magnetism of the octahedral high-spirsgstem
[Co(dca)(2,2-biimidazole}]Cl, which has a helical chain
and imide—N(nitrile) binding d=2.22, D=40.3 cm?,
zJ=-0.04 cm! (intermolecular)) [53]. Ru(OAc)4l,

L =dca, tcm[87] contain [Ry(OAc)s]* dimers bridged
by n1 5-dca orpy s tecm ligands. Only very weak antiferro-
magnetic interactions were found to occur between the Ru
units through the dcay= 2.16,2Y = —0.33 cnmt) and tcm
(g=2.15,2Y = —0.22 cn1!) bridges.

Chains formed by two bridging1 s-dca ligands per metal
are much more common than those with only one per metal.
Such chains with a linear geometry (i.erans arrangement
of terminal ligands) are particularly common. The structure
of Mn(dca}(pyridine) [27,88] shown inFig. 6, is typical.
The metal ions are bridged by four-equatorial dca ligands
into a linear chain; each pair of adjacent metal ions is con-
nected by a pair of dca ligands. The chains pack in an in-
terdigitated fashionHig. 6), such that the terminal pyridine

Fig. 6. The interdigitating linear chain structure of M(dgayridine).
Atom shading as foFig. 1

[74] (3=—-0.75 cnT1), 4-benzoylpyridine[89] (J=—0.3
cm1) and 2-pyrrolidone[90] (J=-1.6 cntl) com-
pounds. The structures of Co(dg@-pyrrolidone} [90]
and Cd(dcg)pyridiney [91] are isomorphous with
the Mn derivatives described above; the Co compound
also shows antiferromagnetic coupling. The structure of
Cu(dca)(3-hydroxypyridine) [92] has this linear chain
topology, however, one of the Cu—N(dca) interactions is
only very weak (2.967(3) A).

The isomorphous structures of M(dg@leOH), M = Fe
[27,93] Mn [27] also have the linear chain topology de-
scribed here, however, interchain hydrogen bonding in-
teractions between the methanol and the uncoordinated
amide nitrogen of the dca ligands give rise to 2D lay-
ers. Both compounds again only show weak antiferro-
magnetic coupling. The&s=2 Fe(ll) data were fitted to
a chain model d=2.04, Jkg =—0.23 K) modified by
a mean-field termJ/kg =—0.02 K. Zero-field splitting
also plays a part. There was no evidence of a Haldane
gap. The structure of Cu(ded®-aminopyrimidine) has
similar chains cross-linked by hydrogen bonding between
the 2-aminopyrimidine ligands; no significant magnetic
coupling is observe{®4]. The Ni(ll) and Co(ll) analogues
also show very weak antiferromagnetic coupl[8§].

The structure of Mn(dcajH>0), - 2Mespyz, Mepyz=
tetramethylpyrazine contains 1D chains witanswater lig-
andgq96]. The tetramethylpyrazine ligands hydrogen bond to
the water ligands and form - Megpyz: - - H20- - - Meypyz: - -
H>O. .- chains which flank either side of the coordination
polymer chains. Very weak intrachain antiferromagnetic
coupling is observedJi=—0.16 cntl). The related tcm
complexes M(tcmp)(H20), - Megpyz, M=Co, Ni contain
similar chains of metal ions connected by douples tcm
bridges[97]. In this case, however, the chains are connected
into a 3D network by hydrogen bonding interactions be-
tween thetrans water ligands and the Mpyz molecules,
and between the water molecules and the uncoordinated
nitrogen atoms of the tcm anions. Both compounds showed
very weak intrachain antiferromagnetic coupling, with a
hint of interchain ferromagnetic coupling in the Ni case.
Neither compound displays long-range ordering.
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Fig. 7. The 1D zigzag chain inis-M(dca)(2,2-bipy). Atom shading as
for Fig. 1

The other form of chain that can be formed by com-
pounds containing two bridging dca ligands per metal is
that with the zigzag geometry. Only a few of these type
have been reported to date, mainly with bidentate chelatingrig. 8. A 1D tube from the structure of M(ded?-aminopyrimidine).
ligands (although ais arrangement of terminal ligands will ~ Metal ions (black) lie on the edges of the tube, whilgs s-dca ligands
also generate the same chain geometry). The isomorphousf,_orm the sides, and the periphery containg-dca and 2-aminopyrimidine
structures otis-M(dca)(2,2-bipy), M= Mn [88,89,98]or ligands.

Cd [99], shown inFig. 7, are indicative. Weak antiferro-

magnetic coupling only Y= —0.4 cnt! using —JS; - S, The magnetism of these tube-like systems is intriguing
[89]) is observed for the Mn derivative. Escuer et al. used and not yet fully understood. The 3 5-dca bridging is ex-
superexchange calculations to companes-dca andus 3 pected to lead to stronger coupling thans bridging and,
azide bridging, the latter being stronger due to the more as in a-Ni(dca), ferromagnetic coupling is anticipated.
efficient pathway9q89]. This is so in Ni(dcay(2-aminopyrimidine) as evidenced by

A small nhumber of other 1D dca bridged coordination a gradual increase ipeff from 3.1ug at 300 K to 4.9
polymers with more unusual topologies has been reported.at 3.6 K, before decreasing a little as the temperature is
The structure of Mn(dcajH,O)(aminopyrazine) has a decreased to 2 KLO1]. Increasing the fieldat4 T leads to
ladder-like motif, withp.1 5-dca ligandg4100]. The rungs of a broader maximum at lowetes values. Such behaviour
the ladders are formed by double dca bridges, while the sidesis reminiscent of Zeeman level depopulation effects within
are formed by single dca bridges. The octahedral coordina-which M is not linear with H[102]. Use of small DC fields
tion sphere of the metal is completed by terminal aminopy- (20 and 200 Oe) gives a rapid increasepigy below 20
razine and water ligands. Weak antiferromagnetic coupling K but not that typical of long-range order. AC susceptibil-
and zero-field splitting was noted without long-range order. ity measurements and FCM and ZFCM DC data also do

The structure of the 1D chains of Cu(dg@-aminopyri- not yield bifurcation characteristic of magnetic order. Kur-
midiney has been mentioned above, and we also have moo [103] has calculated the 20 Oe data quite well using
the Co analogue, which forms 2D (4,4) inclined interpen- a Heisenberg model for short-range coupling assuming a
etrated nets involving hydrogen bondifg5]. It shows Nig fraction of the tube, with positivé values. The Co(ll)
monomer like magnetic moment behaviour. Another prod- analogue does not show long-range order but shows typical
uct, M(dca}(2-aminopyrimidine), M= Co, Ni can also be  octahedral 8 behaviour ofuc, between 300 and 20 K, then
obtained by reaction of the two ligands with metal ions goes through a minimum followed by a rapid increase to a
[101]. These latter products have a fascinating 1D tube-like sharp maximum of 4,9z at 4.4 K. Lower fields give even
network, which is shown ifrig. 8 The edges of these tubes higher uco values at 2 K. Very similar behaviour is dis-
are occupied by the octahedral metal ions, while the sidesplayed by Co(dca|H20)- phenazine, described later with
are formed byu1 3 5-dca ligands. The coordination sites on an interpretation. There are aspects of the above behaviour
the periphery of each tube are occupied by bridging-dca in the 3D network compounds M(degpyrimidine)- EtOH
ligands and terminal 2-aminopyrimidine ligands coordinat- (M =Fe, Co) but clear AC susceptibility and hysteresis
ing through one of the aromatic nitrogen atoms. The tubes evidence for long-range ordeify=3.2 K for the Fe(ll)
are connected into a 3D net by intertube hydrogen bonding complex and 1.8 K for Co(ll)) was obtaindd04]. This
between the 2-aminopyrimidine ligands (MHonor and is surprising for w1 s-dca bridging (with wq,3 pyrimi-
aromatic N acceptor) and between the 2-aminopyrimidine dine). The isostructural Ni(dcgpyrimidine)- H2O is also
ligands and thev1 5-dca ligands (NH donor and amide dca  a canted-spin antiferromagnet, withy =8.3 K [105].

N acceptor). An interesting feature of the tubes is that the Cu(dca}(2-aminopyrimidine) shows Curie-Weiss be-
topology of the M—dca net is identical to that of the square haviour indicative of weak antiferromagnetic couplii®®].
channels in the rutile-like M(dca)compounds mentioned Tube-like 1D coordination networksFig. 9 are also
in the previous section. formed in the structures of M(dcaM,4-bipy)(H20)-
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3.2. 2D networks

Only a small number of compounds has been reported to
contain 2D M—dca networks with non-bridging coligands.
These structures, for the most part, have either (4,4) or (6,3)
topology with bridgingws s-dca ligands. Those structures
with (4,4) topology include Mn(dcaj4-cyanopyridine)
[108] and Mn(dca)(EtOH), - Me;CO [27]. Both com-
pounds have #@rans arrangement of terminal ligands and
show weak antiferromagnetic coupling. The 4-cyanopyridine
data were fitted to 2D Curely66b,109] or Lines [110]
models yieldingg=2.01,J= —0.17 cnrX. The compounds
M(tcm)2(EtOH), M =Co, Ni have (4,4) sheet structures
with bridging p1 5 tcm anions, similar to the Mn—dca ana-
logue[85]. There is also extensive intrasheet hydrogen bond-
ing between the ethanol ligands and the uncoordinated arms
of the tcm anions. The structure of Mn(dg@)20)2 - 2(2,5-
Mezpyz), 2,5-Mepyz=2,5-dimethylpyrazine has similar
sheets with water ligands occupying the axial positions on
the metal iond100]. The water ligands hydrogen bond to
2,5-Mepyz molecules that lie between the layers and con-
nect them into a 3D network. Magnetic measurements show
Fig. 9. A 1D tube from the structure of M(de@4-bipy)(Hz0)- solv. gspin canted phase transitiqn at1.78 K th_e hydrogen_ bond-
Note the topology is different to the tube show’n fig. 8 Metal ions ing between Iayers_may be_ important in this observation of
(large circles) lie in the middle of the sides of the tube, whiles-dca long-range magnetic ordering.
ligands form the edges and the rest of the sides. The terminal water The structure of Cu(dca(s,5-dimethyl-2,2-bipy) also
ligands lie inside the tube (as do the solvent molecules, omitted here for has (4,4) topology, but is slightly different to the above ex-
clarity), while monodentate 4:bipy ligands radiate out from the tube. amples[111]. Each copper atom is coordinated to a single

chelating ligand rather than twtoans monodentate ligands,
0.5MeOH, M=Mn, Fe, Co, 4,4bipy=4,4-bipyridine and one of the Cu—-N(dca) links is only a weak interaction
[106] and M(dca)(4,4-bipy)(H20)-0.5H,0, M=Mn (3.006(2) A).
[88,98], Fe[107]. Although the 4,4bipy ligand can act as 2D sheets with (4,4) topology and bridging: s-dca
a bridging ligand (and does in other dca compounds, vide ligands are formed in the structure of Mén(dca) [112].
infra), in these compounds it is monodentate. The tube has aThe related structure of M&n(dca) contains 1D chains of
different topology to the 2-aminopyrimidine tubes described MeszSnt moieties bridged byrans w1 5-dca ligandg112].
above. It contains only 5 bridging dca ligands, with the  Me3Sn(tcm)(HO) is molecular, with monodentate tcm,
metal ions sitting not at the edges but in the middle of the however, hydrogen bonding interactions between the un-
sides of the tubes. Each metal is coordinated to four of thesecoordinated nitrile nitrogens of the tcm ligands and water
bridging dca ligands in an equatorial arrangement, and theligands on adjacent molecules create 2D (6,3) networks
four dca ligands connect each metal to four other metal ions.[113].
The octahedral geometries of the metal ions are completed The structure of [Cu(en)[Mn(dca)y], en= ethylenedia-
by terminal 4,4-bipy ligands on the periphery of the tubes, mine contains dca ligands displaying both thes and (the
and water ligands which lie in the interiors of the tubes. rare) 3 bridging modeq114]. The Mn ions are bridged
The tubes pack in the crystal structure such that the unco-into linear chains by double; s-dca ligands. The octahedral
ordinated nitrogen atoms of the 4Mipy ligands of each  Mn coordination spheres are completedians dca ligands
tube hydrogen bond to the interior water ligands of adjacent bonding through a nitrile nitrogen each. These dca ligands
tubes, generating two interpenetrating 3D nets. The magneticthen crosslink the chains into sheets with (4,4) topology
properties of the hemihydrate and hemimethanolate Mn(ll) by binding via their amide nitrogen atoms intrans fash-
compounds are similar, typical of weak antiferromagnetic ion to Cu(en} moieties. Despite the 3 bridging mode,
coupling and fitted to &=5/2 1D Fisher chain{JS; - S,) only weak antiferromagnetic coupling is observag{=
model to yieldJ=—0.33 cm! (0.5H,0) andJ=-0.21 —0.24 cnd).
cmL. There were hints of long-range order occurring in ~ The compounds M(tcraf2-methylimidazole), M = Co
the 0.5H0 case but not in the 0.5MeOH case. The Fe(ll) [115], Cu[116] both contain octahedral metal ions coordi-
and Co(ll) analogues showed very weak antiferromagnetic nated totrans monodentate 2-methylimidazole ligands and
coupling as judged by powder susceptibilities and single bridged by bidentate tcm anions. The topologies of the net-
crystal data on the anisotropic Co(ll) complg06]. works formed, however, are very different. The Co structure
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the latter simulated using &JS; - S, linear S=1/2 trimer

model withJ = —15 cnm L. The Mn analogue of the Cu (4,4)

sheet structure is isomorphous, and the magnetism is dom-
. inated by ferromagnetic Mn-radical interactionb=(+3.9

N \/ cm~1); any coupling via the dca bridges is either very weakly
N /_@9/ antiferromagnetic or non-existert)(= —0.17 cnr1) [121].

~ | The magnetic data bear further study, particularly by vary-

ing the field, since there are other possible reasons for
j _ sharp maxima occurring ipes (Or xmT) versusT plots at
W = 9= low temperature. Finally, when the closely related radical
3 i \ ligand 2-(4-pyridyl)-4,4,5,5-tetramethylimidazoline-1-oxyl
(imi-pPy) is used, the compourais-Cu(imi-pPy)(dca) is
obtained[122]. This compound shows a 1D zigzag struc-
ture with doublews s-dca bridges between the metals and a
cisarrangement of radical ligands. Again, the metal—-radical
interactions dominate the magnetic data, and only weak an-
Fig. 10. The 2D (6,3) sheet topology of M(dgé),10-phen), M= Cu, Cd. tiferromagnetic interactions via the dca bridges are reported.
In our work on the M(dca)-Lewis base adducts we em-
ployed sterically hindered bases such as phenazine, which
consists of linear 1D chains with double tcm bridges, while is also well known to act as an intercalator. The M-dca
the Cu complex has 2D (4,4) sheet topology. networks in the structures of M(dedh»O)- phenazine,

There have also been three M—dca structures reportedM = Fe, Co, Ni[123] show the very interesting topology
with (6,3) topology. The structure of Cu(dca)(MeCN) is a displayed inFig. 11 The structure contains bojly 5 and
rare example of a structure containipg 3 s-dca ligands, n1,35-dca ligands, as well as two types of metal ions. One
with the tetrahedral Cu(l) geometry completed by terminal type of metal bonds to six dca ligands (four-equatorial
acetonitrile ligandg117]. The isomorphous structures of 1 s-dca ligands and two axighi 3z s-dca ligands coordi-
M(dca)(1,10-phen), M= Cu[91,118] Cd[99] contain (6,3) nating via the amide nitrogens), while the other bonds to
sheets in which two thirds of the links are singie s-dca four-equatorialwy 3 5-dca ligands (via the nitrile nitrogens)
bridges and one third of the links are double-dcayM and two axial water ligands. In the crystal packing these
connections Kig. 10. The octahedral metal ion geometry M(dca)(H20) sheets alternate with layers of phenazine
is completed by the chelating 1,10-phenanthroline ligands. molecules which hydrogen bond to the water ligands of the
One of the Cu—N(dca) interactions in the Cu compound is sheets and bridge them into a 3D network. The topology
weak (2.821(3) A), and only weak coupling=£ 0.2 cnt?) of the sheets is very significant in that it is identical to
is reported, although, unusually, it is of a ferromagnetic na- a 2D substructure that can be defined in the rutile struc-
ture [70]. This bears further scrutiny since thgs value at tures ofa-M(dca), (which, as mentioned previously, show
room temperature (r.t.) was less than the spin-only value. long-range magnetic ordering). In fact, theM(dca)

A number of compounds has been reported with radical structure can be generated by removing the phenazine and
coligands. The structure of Mn(NITpRyica), NITpPy=
2-(4-pyridyl)-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide
contains 1D linear chains of metal atoms connected by dou-
ble w1 5-dca bridgeq119]. One type of NITpPy molecule
coordinates in the axial metal positions, while the other
type lie uncoordinated in the lattice. Only weak antifer-
romagnetic interactions are observed which are thought
not to involve the radicals, but rather involve intrachain
Mn- .- Mn interactions via the dca bridges. The structure
of Cu(NITpPy)(dca) - 3MeCN has similar chains but no
uncoordinated NITpPy molecules in the lattif20]. By
contrast, the structure of Cu(NITpRlca) - 2MeCN con-
tains 2D (4,4) sheets, even though the metal atoms are again
bridged byu.1 5-dca ligands and the radical ligands again co-
ordinate in aransfashion[120]. The magnetic data for both
Cu compounds are suggestive of ferromagnetic-OQu . :

. . . . Fig. 11. A single M(dcg)(H20) sheet from the structure of
interactions via the dca bridges at low temperatures (meanM(dca)g(HZO)-phenazine. Note the two different dca bridging modes,

field 2/ =+1 cm 1), however, the magnetic properties are ang the two different metal coordination environments. Atom shading as
dominated by Cu-(radical)antiferromagnetic interactions, for Fig. 1
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water molecules, and moving the sheets such that the amidey’ versusT for a ferromagnet but such shapes have recently
nitrogens of theu, s-dca ligands come to occupy the coor- been seen in a layered 4¥ie; p.-cyano ferromagneil 24]
dination sites previously occupied by the water ligands. and assigned to the dynamics of magnetic domains in the
Interestingly, the structures of these phenazine derivativesordered phase. The hysteresis loop of the present compound
are also reminiscent of the Mn—2,5-M®yz structure de- s typical of a soft ferromagnet. Thd versusH isotherm
scribed abov§l00]. In all these structures the uncoordinated at 2 K shows a rapid increase at very low fields then a
heterocyclic Lewis bases hydrogen bond to water ligands gradual, slow increase reachiivj=2.9 NB at 5 T. Further
in the layers, connecting them into 3D networks. The steric confirmation for the ordered phase came from the zero-field
bulk of both ligands no doubt plays a role in preventing their Méssbauer spectra in which the two quadrupole doublets at
direct coordination to the metal ions. It is also useful to note 77 K gave a magnetically split hyperfine pattern beléw
that both compounds are to date the only ones with terminal (at 2 K).
coligands (defined by only considering coordination bonds)  Our earlier report[123] on Fe(dcay(H20)- phenazine
to show long-range magnetic ordering, indicating that hy- mentioned a separate layered structure, Fef¢idapD), -
drogen bonding bridging pathways are perhaps important in 2phenazine2EtOH, which also contained intercalated
such phenomena. phenazine held betwegm s-dca doubly-bridged chains of
The Fe(ll) and Ni(ll) phenazine derivatives give clear ev- Fe(H0),. The magnetic ordering reported at 4.5 K is now
idence for long-range magnetic order, no doubt influenced known to be due to contaminating Fe(dg#),O) - phenazine
by the stronger coupling provided by theg 3-dca bridg- [125].
ing moieties. Magnetisation contributions from traces of  In contrast to Fe and Ni, the Co(ll) phenazine complex
a-[Ni(dca)] were observed in the Ni(ll) data and were eas- gives no clear evidence for long-range order, i.e. no bifur-
ily identified in relation to a ferromagnetic transition at 5.7 cation in FCM and ZFCM. In a field of 1 T, the observed
K followed by 3D antiferromagnetic order below 5 K. At 2  decrease imnco from 4.84ug at 300 K to 4.2(g at 20 K,
K, Hc is 65 Oe and RM is 3177 cirmol~1 Oe, which is followed by an increase to a maximumjifx, of 4.52up at
indicative of a soft ferromagnet. 4.3 K (Fig. 13, is a reasonably common ‘minimaxco/T
The Fe(Il) complex gives a clear bifurcation in the FCM motif in polymeric Co(dca)2-aminopyrimidine) [101]
and ZFCM plots affc=4.5 K (Fig. 12. The AC x’ data, and Co(tcmy [46] species. It derives from the effect of
determined at 10 Hz, shows a rapid increasew&d with
a maximum at 4.5 K, then a more gradual decrease such that
x' does not reach zero at 2 K. This is not a typical shape of

0.10
FCM

0.08 -

0.06 ZFCM

Her / Hp

0.04 -

M/NB

002 [~ 35 1 | 1 1 1

\\.\._FH_._._H_H 0 50 100 150 200 250 300
0.00 -

2 4 6 8 10 5.5

0.0020 |-

Freq = 10Hz
0.0015 |-

Her / B

0.0010 |-

¥ (emu)

0.0005 |

35 1 1 1 1
0 10 20 30 40 50

T/ K

0.0000 |-

T/K

Fig. 13. Top: Plots of magnetic moment, per Co, vs. temperature for
Fig. 12. Top: Plots of field cooled and zero field cooled magnetization vs. Co(dca)(H»0)- phenazine in fieldsfol T (squares) and 20 Oe (circles).
temperature for Fe(dcgH20) - phenazine. Bottom: Plots of AC in-phase  Bottom: Expansion of the 2-50 K region in fields varyingrfrd T to
(x') and out of phasex(”) susceptibilities for Fe(dca)H,O)- phenazine. 20 Oe.
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spin—orbit coupling and low-symmetry ligand field splittings termined. Cu(dca)2-methylbenzimidazole)is reported to
on single—ion4Tlg states combined with weak ferromag- be weakly antiferromagnetically coupled=¢ —0.4 cntt)
netic coupling between such ions. Thermal depopulation of and to exhibit long-range antiferromagnetic ordering under
the resulting Zeeman levels yields the unusual temperatureca. 15 K. No experimental evidence is presented to support
dependence ofic, at different field values. The exchange this. IR analysis suggesis; 5 bridging dca ligand$129].
coupling is presumably not strong enough to overcome Two polymorphs of Cu(dcafimidazole) have been found
single ion effects and yield the long-range order displayed to have different magnetic propertigs30]. IR analysis sug-
by the 3D ferromagnet-Co(dca) [14—-16]and by the lay- gests thex phase haw s bridging dca ligands)= —1.7
ered, hard ferrimagnet (Q(JOH)S(dcah-GHZO, although cm™1), while the 8 phase hagu 3-dca = —6.7 cnTl).
the latter is dominated by intra-layer (cobalt-hydroxide) Both compounds are postulated to show long-range mag-
coupling rather than by inter-layer coupling, via the dca netic ordering below 15.7 K, but this ordering is antiferro-
bridges[126,127] magnetic for thex phase and ferromagnetic for tBephase.
Another very unusual structure with terminal coligands Again, there is little evidence presented for this postulate.
is that of Mn(dca)(H20), - H20 [27,33a] This compound
contains both 1D chains and 2D sheets of the same compo-3.4. Summary
sition (Mn(dca}(H20).), each containing 5-dca bridges
and metal coordination spheres composed of four-equatorial In summary, we find that coligands are easily incorpo-
dca and two axial water ligands. The 2D sheets have (4,4)rated into M—dca networks, and the resultant structural
topology, and stack such that the windows of the sheets modification results in a wide range of new networks with
align and create channels. The linear 1D chains, in which differing topologies. Unfortunately, magnetic exchange be-
the metals are connected by double dca bridges, lie in theseaween metal centres in almost all the compounds discussed
channels. The structure also contains intercalated waterabove is only very weak, if present at all, and antiferro-
molecules, and between the sheets there are complicateagnagnetic in nature. This is, however, in keeping with the
2D hydrogen bonding networks involving the intercalated fact that all but a few structures contain only lopgs-dca
water molecules, the coordinated water ligands, and thebridges. Only one compound (Cu(dgg),10-phen)) with
uncoordinated amide nitrogen atoms of the dca ligands. 1 5-dca bridges showed possible ferromagnetic cou-
The magnetic data indicates only very weak antiferromag- pling. The two other sets of compounds discussed in

netic coupling. Another hydrate structure, Mn(dg&i,O), this section that definitively show ferromagnetic inter-
was mentioned earlier in conjunction with the M(dca)(tcm) actions (i.e. the tube-like M(dcgR-aminopyrimidine),
compoundg51]. and the 2D sheet-like M(dcgH20)- phenazine), contain
w13 5-dca ligands. Long-range magnetic ordering is only
3.3. 3D networks observed in M(dca(H20)-phenazine, M=Fe, Ni and

Mn(dca)(H20); - 2(2,5-Mepyz), even though the latter

Only two 3D M—dca networks have been reported to date contains onlyw1 s-dca bridges. This is, however, not un-
with terminal coligands. The first such structure is that of precedentedp-Co(dca) (vide supra), for example, has
Me,Tl(dca)[128]. The dca ligand in this complex shows an only w1 5-dca and also shows long-range magnetic ordering
unusualw1 1,35 coordination mode, coordinating to one Tl [16,26]
each via one of the nitrile nitrogens (TI-=N2.60(4) A) and Finally, although outside the scope of this review, there are
the amide nitrogen (TI-M:2.90(3) A), and to two Tl atoms  a few unusual molecular structures involving dca worthy of
via the other nitrile nitrogen (FN=2.79(4), 2.81(4) A). consideration here. The syntheses of a triply bridged Fe(ll)
Each octahedral Tl also coordinates (much more strongly) dimer, [LFe1s5-dcayFelL]BFs, L =CH3C(CH2PPh)s
to two trans methyl ligands (TI-C= 2.08(4), 2.15(5) A). An and a tetrahedral tetramer containing both dca and cyanide
unusual coordination modegw{ 1 5,7) iS also shown by tcm  bridges, [(LFej(w15-dcay(CN)sFe(ui-dca)lBR, have
in the related MgTl(tcm) compound, which again has a 3D been reported131]. The three ‘basal’ Fe(ll) ions are
network structurg128]. low-spin, while the apical Fe(ll) is high-spin. No crystal

The second 3D M-dca network is that of [Cu(gn)  structures of these compounds were determined, how-
[Mn(dca)], pn=1,3-diaminopropangl14]. This structure ever, those of closen;s RC(CN), analogues were.
contains zigzag Mn(dca)chains in which each metal is The structure of [Cu(bpca)@®)(dca)p, bpca=bis(2-
bridged by double dca bridges. These chains are then in-pyridylcarbonyl)amidate was determined, and it was found
terconnected byis disposedtrans-Cu(pn)(dcay bridging that the metal ions were bridged into a dimeric arrangement
moieties. This generates 3D diamond-related networks; by two w1 3-dca ligands[70]. The Cu—N(amide) interac-
three such networks interpenetrate. All dca ligands have tion, however, was weak (2.799(2) A), and no intradimer
the p1 5 bridging mode, and only weak antiferromagnetic magnetic interactions were observed. Co(gap-
interactions are observed. biimidazole) is a rare example of monodentate-dca

Three further compounds reported by Hvastijovéa et al. are ligands coordinating (in arans fashion) through only
worth noting, although no crystal structures have been de-the amide nitrogeri132]. Hydrogen bonding interactions
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between one of the nitrile nitrogens and the' hidmidazole CC‘C’?-*‘O\, f‘(‘o—{‘c—c«(gm JJO—CC_@?;\
1

chelates links the molecules into chains. However, the mag- e T =) [\7as“s!
netic behaviour is that of a distorted mononucléiﬁg
cobalt(ll) system. The compound Fe(dg@pptp, abpt=4-
amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole was found to dis-
play spin crossove$= 2<«>S= 0, which could be induced

by both light and thermal activatidan33]. The crystal struc-
ture showed that the iron is coordinated to two chelating
ligands and twdrans monodentate.-dca ligands. Histori-
cally, this was the first mononuclear Fe(ll)-dca complex to
be discovered and the results were compared with the anal-
ogous Fe(NCS)Jabpty compound. Our own, contempora-
neous efforts led to high-spin complexes containingdca
ligands of type Fe(dcal4R-1,2,4-triazole)H20), which
formed sheet-like hydrogen bonded arrgy84]. Very re-
cently Real et al. have isolated dinuclear spin-crossover
complexes of type [Fe®(u1,5-dca)Fe(N)]3", where N Fig. 14. Two interpenetrating 3@-Po networks in the structure of
is a pentadentate polypyridyl chela{d35]. a-M(dcay(pyrazine). Large circles represent the metal atoms.

trating 3D networks withu-Po (or ReQ@) topology Fig. 14).
4. Coordination polymers with bridging coligands Each net is composed of 2D (4,4) sheets of metal atoms
bridged by.1 5-dca ligands that are then connected by the
As well as the intense structural and topological interest pyrazine ligands, generating the 3D netwofk$6,137]
in such mixed ligand species, it was hoped that introduc- The other polymorphf-M(dca)(pyrazine), M= Co, Ni,
tion of a second bridging ligand would, in conjunction with  Cu, Zn, consists of 2D (4,4) sheefid. 15. In this poly-
dca bridging, yield enhanced magnetic coupling leading to morph, the M(dca) substructure is composed of linear
long-range effects. The nature and length of the coligand chains of metal atoms bridged by doulplgs-dca bridges;
will, of course, influence such magnetic effects. The long these chains are then bridged by the pyrazine ligands to
linker ligands such as 4:bipyridine are expected to yield give a 2D (4,4) topology. Although the dimensionality and
very weak coupling, but have been much used in designingtopology of the two polymorphs are vastly different, it is
network structures and microporous mater[al8]. In fact, interesting to note that the local geometries of the metal
there are great advantages, in a wider crystal engineeringions are identical—four-equatorighs s-dca bridges and
context, in the use of dicyanamide and tricyanomethanide astwo-axial pyrazine bridges. The different structures are a
a bridging ligands for coordination polymers. They are an-
ionic, and thus networks formed with these ligands are un-
likely to require anionic counterions to balance the charge of
the metal atoms, as is the case for many other network com-
pounds. Unlike other bridging anions such as the smaller
pseudohalides (and with the exception of the large number
of polycarboxylate donor ligands usggf,5g,5h,5i,5j), dca
and tcm are also able to bridge reasonably large distances,
and can act as three-connectors as well as two-connectors.
Also, when acting as two-connectors the uncoordinated ni-
trogen atoms can accept hydrogen bonds from other compo
nents of the structure, which may stabilise or influence the
networks formed.
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4.1. Bidentate pyridyl-donor bridging coligands

Since the majority of bridging coligands used have been
pyridyl donor ligands, we shall start with the simplest

pyridyl-donor bridge of all, pyrazine. Two different topolo- e O OO Ay O OO v——.’\—o—o—o-@o?,
gies are formed with this ligand—3D nets))(and 2D TS0 0T OO0 e
nets @) [136-140] The structures o&-M(dcap(pyrazine),  Fig. 15. The 2D (4,4) sheet structure@M(dcal(pyrazine). Large circles

M =Mn, Fe, Co, Ni, Cu, Zn are composed of two interpene- represent the metal atoms.
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result of the different alternative M(dca)substructures  J=—2.6 cnT 1. a-Fe(dca)(pyrazine) has typical high spin
formed. Due to Jahn-Teller distortion, the Cu compounds d® Méssbauer parameters viz= 1.20 mm s, AEQ=2.36
have space groups different to the related structures withmm s1 (4.2 K); comparea-Fe(dca) §=1.21 mm s1,
other metal ions (but the same Bravais lattice type and net-AEqg=3.17 mm 51 (77 K) and Fe(dcafH»0) - phenazine,
work topology)[136]. The « phase of the Cu compounds site 1: §=1.17 mm s, AEg=3.08 mm s?! (77 K),
also appears to be metastable; if the gregrhase is leftto  site 2: §=1.32 mm s, AEg=3.22 mm s'. It shows
stand in the reaction mixture, it is transformed to the flue  Curie—-Weiss susceptibility and magnetic moment data in-
phase after several days. No such transformation has beemlicative of orbital degeneracy5‘(2g parent), spin—orbit
observed for the other metal complexes. coupling and weak antiferromagnetic coupling; the lat-
An interesting aspect of the phase is that some of ter confirmed by the linear dependence of magnetisation
the compounds have been found to undergo phase changean field (0-5 T). This is quite unlike the susceptibil-
At 223 K and r.t.,, the Mn compound was found to be ity data noted for the ordered complexed-e(dca) and
orthorhombic (space groupnma), with the dca ligands  Fe(dca}(H20)- phenazine because of the s-dca bridg-
showing disordef137]. Structure determinations at 173 and ing mode and the Fe—pyrazine—Fe superexchange pathway.
123 K, however, showed monocliniPZ;/n) symmetry and The Co(ll) isomers tell a similar story and do not display
pseudo-merohedral twinning, with the dca ligands becom- the low temperature anomalies shown by the phenazine
ing ordered. Thus the disorder of the dca ligands at higheradduct and other Co(ll)-dca and —tcm polymers. Only in
temperatures is dynamic since on lowering the temperaturethe case ofa-Mn(dca)(pyrazine) was long range order
they become ordered in two possible orientations related by noted, of an antiferromagnetic typd=£ —0.12 cnt1) with
the twin law. This is also supported by an experiment con- Ty =2.5 K, and this was confirmed by neutron powder
ducted in which data were collected on a crystal below the diffraction measuremen{d39]. Observation of a magnetic
phase change temperature, followed by heating of the crys-phase transition in only the Mn(ll) member of the series
tal above the phase change (whereupon the dca ligands ggrobably relates to its high spin-multiplicity and lack of
from being ordered to disordered), then returning the crys- orbital degeneracy/spin—orbit effects. Linker ligands having
tal temperature to below the phase change (whereupon theshorter and more effective bridges than pyrazine would be
dca ligands become ordered again) and collecting data agairmequired to get stronger net coupling, and consequent 3D
[137]. The proportions of each twin (i.e. the ratio between order. Such was the case in some three-atom bridged pyrim-
the two dca orientations) in the two data sets below the phaseidine complexes of Ni(ll), Co(ll) and Fe(l1]J104,105]
change were found to be different. The Fe compound wassuch as Fg{; s-dcap(pyrimidine)- EtOH (Tn=3.2 K)
also found to display a similar phase change, although it which is a canted-spin antiferromagri@04], and the 2D
occurs at a different temperature, at 173 and 223 K it was compound Fg(; s-dcap(bpym)s-xH2O which shows
found to beP2;/n with pseudo-merohedral twinning, while  stronger short-range antiferromagnetic coupling than in
at r.t. it was found to bé@nma with disordered dca ligands ~ Fe(dca)(pyrazine), viz.J=—1.6 cnT!, but no long-range
[137]. The pyrazine ligands were also disordered in the r.t. order [142]. The Co(ll)-bpym analogue showed antifer-

Fe structure. romagnetic coupling of similar magnitude. Clearly, the
Rotational motion of the pyrazine ligand &xMn(dca) pyrimidine bridging pathway provides stronger coupling

(pyrazine) has been observed and studied in recent quasielaghan does theus s-dca pathway.

tic neutron scattering experimenf$40]. The motion in- A derivative of pyrazine, 2,5-Mgyz, is contained in the

volves a 180 rotational jump about the N- N axis of the structure of Cp(dca)(2,5-Mexpyz) [143]. In this structure
ligand. Between 200 and 410 K the motion is on the scale of the metal atoms are five-coordinate, most likely due to the
nanoseconds, while a phase change occurs at 408 K, and ancreased steric bulk of the ligand compared with pyrazine
425 K this motion occurs on a time scale of picoseconds. Be- itself. The metal atoms are bridged by 2,5-gz ligands
low 200 K the pyrazine is apparently static, but whether this andp.1 5-dca ligands into a rare five-connected 3D network;
change in the pyrazine rotational freedom is correlated with two such networks interpenetrate. A combinationyofer-

the structural switch between ordered and disordered dcasusT andM versusH data indicated that long-range anti-
ligands associated with the crystallographic phase changeferromagnetic order occurs, @ = 5.0 K, in this material.

is, at present, unclea-Cu(dca}(pyrazine), which has a Use of other sterically bulky derivatives of pyrazine, such
more compact structure, shows no rotational motion of the as aminopyrazine, 2,5-Mpyz, Meypyz and phenazine, has
pyrazines. resulted in structures with either monodentate or uncoordi-

The «- andB-M(dcak(pyrazine) series generally display nated pyrazine derivatives; these were discussed in the pre-
weak antiferromagnetic coupling between high spin M(Il) vious section.
centreqg136,137] No changes irny/T plots were evident at The pyrimidine ligand, mentioned earlier, is closely re-
the temperature of the crystallographic phase changes, delated to pyrazine, with the nitrogen atoms having a 1,3
scribed above. Maxima iy, at 3.5 K, were noted in the two  disposition instead of a 1,4 disposition in the six-membered
Cu(ll) isomers which allowed analysis using a &3-1/2 ring. As a result, the ligand bridges not in a linear
Rushbrooke and WoofiL41] model employingg=2.25, fashion, but with a kinked ‘V’-shaped geometry. The
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Fig. 16. The 3D network with distorted-Po topology in the structures
of M(dcay(pyrimidine)- solv.

structures of M(dca)pyrimidine)- EtOH, M=Fe, Co,
Ni(dcap(pyrimidine)- H,O and Cu(dcg)pyrimidine)-
MeCN are isomorphoufl04,105,144] The metal ions are
bridged by w1 5-dca ligands into (4,4) sheets, and then

Fig. 17. The 2D inclined interpenetration of (4,4) sheets in the structure
of Co(dca)(4,4-bipy)- 1/2H,0 - 1/2MeOH. Large spheres represent metal
atoms, and solvent molecules are omitted for clarity.

linear M(dca) chains formed by single; s-dca ligands
bridging between the metal atoms. The five-coordinate cop-

these sheets are bridged by the pyrimidine ligands to give per atoms are also bound to monodentatedca ligands.

3D networks witha-Po topology Fig. 16). The M(dca)

These monodentate dca ligands, however, also form weaker

sheets are corrugated to accommodate the kinked nature ofnteractions between their amide nitrogens and the copper

the pyrimidine bridge; this and the shorter MM distance

atoms (Cu-N=2.867 A). These interactions cross-link the

across this bridge means that, unlike the analogous pyrazindnterpenetrating sheets into a single 3D network, and give
compounds, solvent molecules are included in the structurethe copper atoms pseudo-octahedral geometries and the dca

rather than a second interpenetrating network. No signifi-
cant magnetic coupling is observed for the Cu compound,

ligands involved a pseudgs 3 bridging mode.
The structures of Cu(dcg¥,4-bipy)-S, S=H0,

however, as indicated above, the Fe, Co and Ni complexesMeOH are isomorphous and contain 2D (4,4) sheets with
show spontaneous magnetisation below transition tempera-the same topology as the previous compoldrtib]. In these

tures of 3.2, 1.8 and 8.3 K, respectively.
The 4,4-bipyridine (4,4-bipy) ligand, like pyrazine, is
a linear pyridyl-donor bridging ligand, but is considerably

longer and generates a much more varied array of struc-

tures[106,107,145]We have already discussed the tube-like
structures formed with monodentate "dpdpy ligands, and
we will discuss here structures with bridging ‘4bipy coli-

gands. A much wider variety of structures has been discov-

ered compared with those containing the pyrazine ligand.
The structures of M(dca}4,4-bipy), M=Fe, Co, Ni
[106,107,145]all contain interpenetrating--Po 3D net-
works. Metal ions are bridged byrans 4,4-bipy and
n1,5-dca ligands, and despite the longer length of the col-
igand length, they, like the pyrazine phase compounds,
contain only two interpenetrating nets. The structure of
Co(dca)(4,4-bipy)- 1/2H,0 - 1/2MeOH [106] also con-
tains bridging 4,4bipy and w1 5-dca ligands, however, it
displays 2D (4,4) sheet topology, analogous tofhghase
of the pyrazine derivatives. Linear M(deajhains contain-
ing double dca bridges are crosslinked togins 4,4 -bipy

structures, however, the Cu(dca) chain substructure has a
zigzag geometry, and interpenetration of networks does not
occur. The Cu ions again have a weak sixth interaction, this
time to solvent molecules (Cu—92.925(3), 2.917(2) A,
respectively).

Finally, two 4,4-bipy structures have been reported with
only monodentate dca ligands. Fe(d¢4)4-bipy)(H20); -
4,4-bipy [106] consists of linear chains of metal ions
bridged bytrans 4,4-bipy ligands. The coordination spheres
of the Fe atoms are completed by twans water ligands
and twotrans p1-dca ligands. The structure also includes
uncoordinated 4,4ipy molecules. Hydrogen bonding in-
teractions between the uncoordinated’ -4y molecules
and the water ligands, and between the uncoordinated ni-
trile nitrogens of the monodentate dca ligands and the water
ligands link the chains into two interpenetratingPo 3D
networks. The structure of Z(0Ac)4(4,4-bipy)s(dca)
contains 1D polymers with an unusual ‘three-legged ladder’
topology[146]. The rungs of the ladders each contain three
Zn atoms bridged by four acetate ligands; these rungs are

ligands to generate the sheets. The larger length of thelinked by triple 4,4-bipy bridges. The monodentagg-dca

4,4-bipy bridge means that, unlike the pyrazine derivatives,
this compound displays inclined interpenetratidig( 17).
The structure of Cu(dcg(4,4-bipy)-H,O also has 2D
(4,4) nets showing inclined interpenetratift06]. In this
structure, however, the 4;Bipy ligands bridge between

ligands are coordinated to the sides of these ladders.

As expected from the large M—4;8ipy—M separations,
and the poor superexchange properties dtdigy, the mag-
netic properties of the various high-spin M(dga3,4-bipy
phases are generally indicative of very weak to zero
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antiferromagnetic coupling and a consequent absence ofa-Cu(dca)(bpee) polymorph consists of 2D (4,4) sheets
long-range order. Theg s-dca bridges cannot compensate showing twofold 2D-2D parallel interpenetratiof3] in

for the 4,4-bipy bridges in the way that chloride bridging which the metal ions are bridged by both bpee pag-dca
can in CoCj(4,4-bipy), which displays metamagnetic or- ligands. The same ligands bridge in tifge polymorph,
dering, Ty =5.0 K [147], and 1 3-azido bridging can in however, this structure contains five interpenetrating 3D
Mn(N3)2(4,4-bipy), which displays a canted-spin ground diamondoid networks that exhibit a very unusual interpen-
state, Ty =42.5 K[148]. etration topology.

The ligand 1,4-bis(4-pyridyl)ethane (bpea) is a longer, An interesting series of structures has also been obtained
more flexible analogue of 4/bipy. Two isomorphous struc-  through reaction of Cu(l), tcm and three different bridg-
tures have been reported with this coligand. The structures ofing ligands[150]. The networks all display 2D (4,4) sheet
M(dcay(bpea), M=Mn [108], Cu[72] contain 1D chainsin  topologies, but different modes of maximising packing
which each pair of adjoining metals is triply-bridged by two efficiency (interdigitation, interpenetration, intercalation).
w1 s-dca ligands and one bridging ‘U’-shaped bpea ligand. Cu(tcm)(hmt), hmt hexamethylenetetramine contains in-
The bpea ligands coordinate irtrans fashion to the metal  terdigitating sheets, Cu(tcm)(4;8ipy) shows twofold
ions, with dca ligands occupying the other four-coordination 2D—2D parallel interpenetration, while Cu(tcm)(bpee)
sites. Weak intrachain antiferromagnetic interactions are ob- 1/4bpee 1/2MeCN shows intercalation of molecular species
served for both compoundg£ —1.25 and—0.22 cnt?, into channels created by the sheet packing. Significantly,
respectively). the 4,4-bipy and bpee structures differ significantly from

The even longer bridge 1,3-bis(4-pyridyl)propane (bpp) the analogous dca structures, even though the tcm ligands
has been found to form two polymorphs with the formula all have a bidentatev; 5 bridging mode (as do the dca
Cd(dcay(bpp)[149]. One polymorph has a 1D chain struc- analogues).
ture analogous to the bpe structures described above, while Reaction of Ag(tcm) with various bridging ligands re-
the second polymorph has a 2D sheet structure. The sheetsults in a number of interesting coordination polymers
contain 1D zigzag M(dca)chains in which adjacent metal [57,58] The structures of Ag(tcm)(k)2, L=pyrazine,
ions are bridged by doublg; 5-dca bridges. The bpp lig-  4,4-bipyridine, 1,4-diazobicyclo-[2.2.2]-octane have the
ands coordinate in @sfashion, and connect the chains into same network topologies. The silver atoms are bridged
2D sheets with (4,4) topology. These sheets are highly cor- by tridentate tcm anions into (6,3) nets, and these sheets
rugated, and show very unusual 2EBD parallel interpen-  are linked together by the linear bridging coligands. Thus
etration[3]. each silver atom is five-coordinate, and in these struc-

A rich variety of structures has been obtained from the tures two such 3D nets interpenetrate. The 3D networks
reaction of Cu(l), dca and various pyridyl-donor bridging in Ag(tcm)(hmt) have the same topology, however, in this
ligands[117]. The structure of Cu(dca)(Mpyz).,2 is com- structure the hmt ligands are three-connecting, the tcm an-
posed of 2D (6,3) sheets in which trigonal Cu(l) ions are ions are two-connecting, and there is no interpenetration.
bridged by Mapyz andu.1 5-dca ligands. Reaction of Cu(l)  The structure of Ag(tcm)(phenazing) has two interpene-
and dca with 4,4bipy results in two products—a kinetic  trating 3D networks constructed by the bridging of layers of
product, in the form of yellow—orange dichroic crystals, and doubly interpenetrating 2D (6,3) sheets of Ag(tcm) (similar
a thermodynamic phase, which forms as dark red crystalsto those in the structure of Ag(tcm) itself (vide supra)) by
after 1-3 days at the expense of the kinetic phase. The ini-phenazine ligands.
tial product, Cu(dca)p(4,4-bipy)(MeCNY), - 1/2(4,4-bipy), Ag(tcm)(methylpyrazing), contains ladder-like 1D
is composed of 1D ladder-like polymers. The sides of the polymers in which Agg1s-tcm) chains form the sides
ladders are formed by tetrahedral copper atoms bridged byand bridging methylpyrazine ligands the rungs. The tetra-
singlep 5-dca bridges, while the rungs are formed by bridg- hedral silver atoms are also coordinated to monodentate
ing 4,4-bipy ligands. The tetrahedral coordination spheres of methylpyrazine ligands. The structure of Ag(tcm)(bpee),
the copper atoms are completed by terminal acetonitrile lig- bpee= 1,4-bis(4-pyridyl)ethene also contains ladder-like
ands, while uncoordinated 4;8ipy molecules are included  motifs, however, in this case the rungs are defined by bridg-
in square channels formed by the packing of the ladders. Theing bidentate tcm anions and Ag(bpe) chains define the
final product, Cu(dcay(4,4-bipy)s(MeCN),, is composed  sides. ‘Uncoordinated’ tcm anions are also present, and
of thick 2D layers in which the metal ions are bridged by weaker secondary interactions between both the silver atoms
both 4,4-bipy andp 5-dca ligands. These layers interpen- and both types of tcm anions define two interpenetrating
etrate in an unusual 2B 3D parallel interpenetration mode 3D networks. Finally, the structure of Ag(tcm)(®y/z)y/2,

[3]. Interestingly, the ratio of acetonitrile is the only differ- Mespyz=tetramethylpyrazine contains 2D networks in
ence in the formulae of these two compounds. which tube-like Ag(tcm) 1D nets are linked by bridg-

The analogous reaction with 1,4-bis(4-pyridyl)ethene ing Meypyz ligands. The ‘tubes’ are composed of two
(bpee) also produces two products, however, in this caseAg(tcm) chains in which the silver atoms are bridged by
they both appear to be thermodynamically stable and havetwo-coordinate tcm anions. The two adjacent chains are
the same formula, Cu(dca)(bpee). The structure of thethen connected to each other via significantly longer bonds
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from the tcm nitrogen atoms not involved in the intrachain
bonding to the silver atoms of the other chain. These ni-
trogen atoms bond to the silver atoms with a rather low
CN-Ag angle of 101.6(%)

4.2. Other bridging coligands

Nicotinic acid (Hnic, 3-pyridylcarboxylic acid) contains
both a pyridyl donor group and a carboxylic acid donor
group. In the structure of G@dca)p(nic)s(H20)s - 2H,0,
ladder-like 1D nets are formed in which the nic anion acts
as both a monodentate ligand, coordinating via the pyridyl
nitrogen, and a bridging ligand, coordinating via both the
pyridyl nitrogen and a carboxylate oxygen atdibl].
The ladders are constructed from Co(niy(®), moieties
bridged into linear chains by s-dca ligands that coordi-
nate to the metal ions in @s fashion. These chains form

the sides of the ladders; the rungs of the ladders are formed

by Co(H,O)4(nic), bridges. Only very minimal magnetic
coupling between metal centres is observed.

The isomorphous structures of M(dg&@po), M= Co, Ni,
Mn, apo= 2-aminopyridineN-oxide, contain complicated
3D networks[152]. Mz(apo} dimers, in which the metal
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Fig. 18. The 2D (4,4) sheet structure contained ig(iypym)(dca) - H20.
Atom shading as foFig. 1L Water molecules are omitted for clarity.

into 3D networks by furthecis disposedus s-dca bridges.

atoms are bridged by the apo oxygen atoms, are bridged in alThe third structure type, 2D (6,3) sheets, is formed by

helical fashion by s-dca ligands; each dimer is connected

Fe(bpym)(dca)(H20), [142]. Each Fe centre is connected

via these bridges to eight other dimers. The susceptibilitiesto three others by one bpym bridge and twag s-dca

were analysed using a twbmodel in whichJ is the in-
tradimer constant andl is the interdimer constant. Maxima
in xm versusT plots were indicative of antiferromagnetic
coupling. Best-fits yielded=—-17.8 cnt!, J =2.7 cn1!
(Co); J=—40 cnt!, Y =1.5 cnr® (Ni); J=—-1.3 cn1'?,
J =-0.18 cntt (Mn).

The structure of [Cd(tcm)(hmt)(@#D)](tcm), hmt= hexa-

bridges. The coordination spheres of the Fe atoms are com-
pleted by terminal water an@.;-dca ligands. Hydrogen
bonding interactions between the water ligands and the
uncoordinated nitrile nitrogen atoms of the monodentate
dca ligands connected these sheets into a 3D net. In all
structures described here the magnetism is dominated by
coupling across the bpym bridge, with any contribution via

methylenetetramine has a complicated 3D network which the 1 5-dca bridges being negligible.

can be related to the rutile netwofk53]. The Cd ions are

The ligand HAT (1,4,5,8,9,12-hexaazatriphenylene) gen-

connected by tridentate tcm anions and hmt ligands which erates an unusual 3D network structure z(EtAT)(dcak
coordinate to two Cd centres and hydrogen bond to a water(H20), [156]. Although the porous nature of this compound

ligand coordinated to a third. In addition, the structure con-

results in a poorly resolved structure, the network is formed

tains uncoordinated tcm anions which also hydrogen bond toby bridgingp1 5-dca ligands and tris-bidentate HAT ligands.

the water ligands. Bridging B(OMg)andp., 57 tcm anions

The network can be described in terms of4G6AT)(dca)

connect seven-coordinate Cd ions into a chiral 3D network tetrahedral cages. The metal ions occupy the corners of a

in the structure of Cd(tcm)(B(OMg)- xMeOH [154].

tetrahedron, the HAT ligand covers one face of the tetrahe-

In the previous section we described a few structures thatdron, and the dca bridges connect the three Co ions coordi-

contain terminal 2,2bipyrimidine (bpym) coligands. The

bpym ligand, however, can also act as a bridging ligand,

nated to the HAT ligand to the Co ion occupying the fourth
corner of the tetrahedron. These tetrahedra are connected to-

and three different structural types have been reported together by, 5-dcaligands and shared Co ions, such that each
date which contain this ligand and dca. The structures of tetrahedron is connected to six others in a 3D network with

Ma(bpym)(dca) - H,O, M=Fe [142], Co [65], Ni [155]
contain 2D (4,4) sheet$i{g. 18. The metal ions are linked
in one direction by singlgu; s-dca bridges, and in the
other by alternating bpym and douhlg s-dca bridges. The
structures of M(bpym)(dca), M =Mn [67], Cu [67,70],

Zn [155] have 3D networks based on 1D ladders in which

a-Po topology (taking the tetrahedral cages as nodes). The
compound also contains uncoordinated dca anions, however,
the non-framework portion of the structure is poorly resolved
and these were not identified crystallographically. Tfie
versusT data were characteristic of uncoupled Co(ll) cen-
tres and fitted well to a zero-field sp=3/2 model with

bridging bpym ligands provide the rungs and the sides g=2.01 andD = 38.9 cn1. There was no evidence for any

are defined by metal ions bridged Inans disposed sin-

long-range ordering. The net effect of HAT apd s-dca

gle p1 5-dca bridges. These ladders are then cross-linked bridging is to yield extremely weak short-range coupling.
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two polymorphs are formed when dca and pyrazine ligands
are combined, while even greater numbers of structural types
have been discovered for the dca‘ipy combination. The
pyrazine compounds also display complex crystallographic
twinning, and phase changes are prevalent. Not suprisingly,
increasing the steric bulk of pyrazine-type coligands in the
M-dca systems decreases the coordination modes of these

Wy Whig P Y ligands from bidentate to monodentate to uncoordinated.
_,;,kﬁ\jz;:\“,;’f'/?‘-‘i:;é\E‘:\j; Apart from the structure of Cd(OH)(dca), the bridging dca
LR ’;};4, : s : ”;,‘ s ligands in all 'Fhe ;tructures with bridging coligands gdopt
the w15 coordination mode. For tcm, however, the triden-
RRK& e R aan tate bridging mode is more common. This means that mag-
{1 Yagy oy {41 netic exchange in these materials is generally very weak,
I e F dddd 4 (S except where the bridging coligands themselves are good

propagators of magnetic exchange (i.e. bipym, pyrimidine,
apo, hydroxide). The compoundsMn(dca)(pyrazine) and
Cuw(dcap(2,5-Mepyz) do show long-range ordering, but

_ only at very low temperature§j =2.5[138,139]and 5.0
Fig. 19. The structure of Cd(OH)(dca). Cd atoms are shown as large black K [143], respectively)
spheres, oxygen atoms as large grey spheres, carbon atoms as small grey ! P Y)-

spheres, and nitrogen atoms as small pale spheres.

5. Cation templation of anionic metal-dca networks

As briefly mentioned earlier, Kurmog126,127,157]
has reported two metal hydroxide based materials which We have described in the previous two sections how the
contain dca and tcm, namely €{®H)sX,-6H,O and introduction of coligands can be used to modify the topology
M2(OH)s(dcay, X =dca, tcm, M=Ni, Cu. The Co and  of metal dicyanamide networks. Another very effective ap-
Ni compounds were found to show long-range magnetic proach, however, is to synthesise anionic metal dicyanamide
ordering—ferrimagnetic for CoT¢=58 K (dca), 38 K networks. These anionic networks require the presence of
(tcm)), ferromagnetic for NiTe =25 K (dca), 23 K (tcm)). countercations; variation of the size, shape and charge of
The copper compounds show no long-range ordering. De-these countercations can be used to vary the topology of the
tailed structural data, however, have not been reported,anionic networks.
although the compounds are thought to contain metal hy- For example, consider the isomorphous structures
droxide layers separated by dicyanamide molecules. In theof (PlyE)Mn(dca}, E=P, As [159,160] The anionic
case of the Co complex, IR analysis has indicated mon- Mn(dca) nets have 2D (4,4) topology in which metal ions
odentateui-dca ligands. are bridged in one direction by singlg s-dca bridges, and

Recently, however, we have determined the structure of in the other by doublqy; 5-dca bridges Kig. 20. These
Cd(OH)(dca), synthesised inadvertently from an aqueous
methanolic reaction containing Cd(ll), dca and tetram-
ethylpyrazing[158]. Although the latter does not appear in
the product, it presumably acts as the hydroxide-generating
base in this reaction. The structure, showrfFig. 19 con-
sists of Cd(OH) layers bridged by dca ligands showing
an unprecedentegs 1 5 bridging mode. The monodentate
nitrile nitrogen also forms a hydrogen bonding interaction
with the tridentate hydroxide ligand.

4.3. Summary

Both dca and tcm form a wide variety of 1D, 2D and
3D network structures when combined with bridging coli-
gands. The fact that the dca and tcm ligands act not only as
bridges but also as counterions means that interpenetration
is commonly observed; uncoordinated counterions, which
often lie in the network cavities and block interpenetration,

are not required. Polymorphism also seems to be a partic-rig. 20. The structure of (RE)M(dca, with the 2D (4,4) anionic network
ularly common occurrence in these systems. For example,(red) in the foreground, and the cation packing (blue) in the background.
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anionic sheets alternate with layers of4Bfi cations that o
show distinct intercation supramolecular interactions. The

cations form columns in which adjacent cations show or-

thogonal fourfold phenyl embraces (O4PH$p1]. The

columns are interconnected by intercation- - w interac-

tions. -

These intercation supramolecular interactions are easily 7/
disrupted by replacement of one or more phenyl groups of =
the cation with alkyl substituents. Thus use of MgPh
countercations produces a 3D netwdrig( 21). The anionic
networks in (MePgP)Mn(dca} are composed of metal ions
bridged by both single and douhlg s-dca ligands and pos- :
sess a novel five-connected topoldd$%9]. The cations lie \ \
in pairs in cavities within the network{g. 21) and exhibit
pseudo-sixfold phenyl embrace (pseudo-6PE) intercation in-
teractiong162]. 7 —-O

While the network topologies are different, all three of /
these Mn structures display similar magnetic properties, in-
dicative of weak antiferromagnetic coupling.

The structures of (Pfi*)Co(dcaj [160,163]and (PhAS)
M(dca)y, M = Co, Ni [164] have the same 2D (4,4) sheet
structure as the Mn derivatives, although the singlg-dca
bridges are disordered in some of the structures and ordered
in others (with a resultant doubling of one unit cell length).
The uco/T data for (PhAs)Co(dca} are indicative of‘Tlg
temperature dependent behaviour, with the unusual field de-
pendence inuco evident below 20 K such that a minimum
is noted, at 9 K, in fields of 0.01 and 0.1 T but not in
fields of 1 or 2 T. Similar behaviour was displayed by the
3D MePhPtsalt. Such behaviour for Co(ll) has been men-
tioned earlier and probably originates from Zeeman splitting
combined with weak exchange coupling. DC and AC sus-
ceptibility tests for long-range order proved negative. This
was not the case, however, for @As)Ni(dca), which or-
dered below 20.1 164]. We took great care, using AC
data and hysteresis loops, to show that this transition was
not due to contaminating-Ni(dcay. The PhP' salt also
showed order, but, surprisingly, the 3D MePH salt did
not. These differences remain intriguing. 2D sheet systems
are generally not expected to show long-range order but
there are many examples now known which do, including
some discussed hergih26,127,165]

Solvated species can also be obtained from the cation tem-
plation reactions described above. In particular, the struc-
tures of (PhAS)2[M 2(dcak(H20)] - H2O - xMeOH, M= Co
(x=1), Ni (x=0.5)[164] contain 1D ladder-like networks.
The ladders contain linear chains of metal ions bridged by
doublep 5-dca bridges. These chains are linked in pairs by
singlep s-dca ligands to generate the ladder motif. The pe-
ripheries of the ladders contain monodenjatedca ligands
and water ligands; hydrogen bonding interactions betweenare present. In this case, however, the columns are linked
these ligands and intercalated water and methanol moleculesogether by bothr- - .7 and C-H- . 7 interactions. Mag-
link the ladders into 2D layers. These layers alternate with netic studies on these methanolate species demonstrated the
layers of PhAs™ cations that again exhibit extensive inter- great care needed to eliminate traces of the ferromagnets
cation supramolecular interactions. Like the {BjM(dca)y a-M(dcap, M =Co, Ni evident at 9.0 and 21.0 K. The
structures, columns of cations showing O4PE interactions u/T plot for Co is similar to that for the Co(dcg)phase.

Fig. 21. The structure of (MeBR)Mn(dca}, showing (top) two cations
within a single network cavity, and (bottom) the overall 3D network of
the anion (cations omitted for clarity).
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Exposure of the Ni solvate to air leads to loss of methanol materials being superconductor$; &12.5, 11.6 K, re-
and appearance of magnetically ordered behaviour. In con-spectively)[168]. The coordination polymer consists of 1D
trast, fresh samples sealed in a quartz tube showed no magehains of trigonal Cu(l) ions bridged by, s-dca ligands
netic order. and coordinated to terminal halide ions. The origin of the

An anionic M(dcai* network has also been reported. The superconductivity, however, lies in the packing arrangement
structure of (PhP)Co(dca) contains 1D linear chains in  of the layers of ET radical cations. Two structures with
which metal atoms are connected by doybjg-dca bridges cyanide coligands and vastly different properties have also
[160,163,166] The octahedral metal coordination geome- been reportedd-(ET),Cu(dca)(CN) is a two-dimensional
tries are completed bgrans monodentatqui-dca ligands. Heisenberg antiferromagnet below ca. 220 K and shows
Magnetic data indicate very weak coupling, a minimum in no superconductivity169]. The coordination polymer sub-
the u/T plot of the type discussed for (Phs)Co(dcay be- structure consists of (6,3) sheets of trigonal cuprous ions
ing assigned by one grouf66] to ferromagnetic coupling,  bridged by cyanide angd; s-dca ligands, with layers of dou-
with ferromagnetic order below 1.75 K. This needs confir- bly interpenetrating sheets formed-(ET),Cu(dca)(CN),
mation. however, is a superconductor withTg of 11.2 K [170].

The use of the metal-containing M(2—,l2ipy)§+ cations, The coordination polymer substructure consists of trigonal
some of which are paramagnetic, produces the com-Cu(l) ions bridged by cyanide ligands into zigzag chains;
pounds [M(2,2-bipy)s][M’(dcak]> (M =Fe, M =Mn or the dca ligands coordinate in a mondentatefashion.

Fe; M=Ni, M’ =Mn) [167]. These compounds contain 2D Finally, two Cu—dca polymers have been reported which
(6,3) M(dcay sheets kig. 22 in which each metal ion is  might be considered to be cation-templated, although the
connected to three others by three pairg.pf-dca ligands. cations are coordinated to the netwofk§'1]. The struc-
The cations lie within the hexagonal windows of the an- ture [TI(18-crown-6)][Cu(dcg) contains 2D (4,4) sheets
ionic sheets. The magnetic susceptibilities are summationsof Cu(l) ions bridged byu1 s5-dca ligands; half these lig-

of those from the cationic and anionic contributions and ands also coordinate to the Tl atoms via their amide nitro-
no sub-lattice interactions are evident to date. Other mixed gen atoms. The structure of [Rb(18-crownsfJJus(dca)k]
metal compounds of type [Cu(efiMn(dca),] have been contains highly branched 1D @(dea)z‘ networks contain-
described above. We are continuing work with cations of ing both ‘bridgingu1 5" and ‘monodentateu;’ dca ligands.
various structural and magnetic types in order to produce These 1D nets are connected into an overall 3D net by inter-
hybrid species along the lines used in metal—-oxalate anionicactions between the Rb cations and both the nitrile nitrogens
networks[10,11]} Many novel structural types are emerging. of the ‘monodentate’ ligands (giving a fingl; 5 bridging

The use of the bis(ethylenedithio)tetrathiafulvalene) (ET) mode) and amide nitrogen atoms of half of fags-dca lig-
radical cation generates a number of anionic Cu(l) coordina- ands (generating a final; 3 5 bridging mode). The related
tion polymer materials that display very interesting magnetic non-polymeric structure of [Cs(18-crown-6)](de#),O has
and electrical properties. The compourd@ET),Cu(dca)X, also been reported 72].

X = Br, Cl are isomorphous, with the chloride and bromide

6. Concluding remarks

We have presented an up-to-date and detailed review of
the structural and magnetic features of coordination poly-
mers containing dicyanamide and/or tricyanomethanide
bridging ligands. These anionic pseudohalide ligands have
been shown to be excellent ligands for the formation of
network structures. In particular, M—dca networks are par-
ticularly ‘malleable’[2a], with modification of the M(dca)
substructure topology readily achieved through introduction
of coligands or by cation templation. The ability of systems
like the M—dca networks to adopt a variety of network
topologies and ligand bridging modes allows the relation-
ship between crystal structure and physical properties to be
explored over a wide range of related systems. In this way,
useful data on the relative importance of various structural
features in particular materials can be determined, and new
‘designs’ which optimise particular physical properties can
be delineated. The relationship observed to date between
Fig. 22. The 2D (6,3) topology observed in the structures of Structure and magnetic properties in dca- and tcm- contain-
[M(2,2'-bipy)s][M’(dca)]>. ing coordination polymers is summarised below.




126 SR. Batten, K.S. Murray/ Coordination Chemistry Reviews 246 (2003) 103-130

The structural types range from the binary rutile-like net- w1 s-dca bridges. Unfortunately the spread bialues is
works a-M(dca)y and M(tcmb, through the self-penetrated too small to make correlations with e.g.-MM distance
M(dca)(tcm), to an array of interpenetrated and interdigi- or dca geometry, the majority of thedevalues being neg-
tated ternary structures in the species M(dca)where L is ative and less than one wavenumber, even in cases where
a terminal or bridging Lewis-base donor ligand. The anionic a second bridging ligand (e.g. pyrazine, 'd¥pyridine,
M(dca); and M(dcai‘ networks display 2D or 3D struc-  pyrimidine) is present. Reasons for the very weak coupling
tures dependent upon the nature of the templating cation; of-occurring acrossvy s-dca bridges, compared, say, 9 3
ten only subtle changes in cation characteristics are requiredazide bridging, have been given in terms of ligand-to-metal
for substantial change in anionic network topology to occur. ‘magnetic’ orbital overlap concep{89].

Polymorphism and the formation of multiple products  While the correlation betwee 3-dca bridging and
in a single reaction mixture are particularly common in stronger coupling/long-range order holds in many cases,
dca chemistry, and particular care should always be takenit is not infallible. Examples such ag-Co(us s-dcay,
when examining new materials. Reactions should always Mn(.1 5-dcap(pyrazine), Mfr1 s-dcap(pyrimidine) and
be closely scrutinised for formation of multiple products, (PhAs)[Ni(uw1 5-dcag] break such a prediction. The avail-
and characterisation of bulk products by powder diffraction ability of very low temperature instrumentation such as
is very important, especially when materials show interest- neutron diffraction has also revealed long-range order in tcm
ing magnetic properties. On more than one occasion we species having. s bridging modes such as Mn(tcgb0].
have been initially misled by a magnetically ordered minor ~ To date, the anionic networks of type M(dgajlo not
product. reveal any magnetic interactions occurring between the

From a magnetic point of view, the long-range ordered anionic sublattice and magnetic cation sublattices (e.g.
materialsa-M(dca) have caused great interest in the con- M(2,2’-bipy)§+).
text of homometallic molecular magnets, and complement From a general perspective, the dca and tcm coordination
extensive studies made in recent yearspsoyano (Prus- polymers have yielded much valuable fundamental informa-
sian blue),u-oxalato andu-oxamido heterometallic com-  tion on homometallic magnets, albeit at ordering tempera-
pounds. Whereas the nearest neighbour exchange couplindgures below 50 K. The poor superexchange capabilities of
in the latter systems have been primarily influenced by the these diamagnetic cyano-based bridging groups means that
nature of the ‘magnetic’ d-orbital on each metal, leading, for ordering temperatures close to r.t. are unlikely to be attained,
instance, to orthogonal overlap, and ferromagnetic coupling unless, for instance, new materials containing coligands of
in appropriate cases (e.d,,/e, contributions in M—CN-M the w-cyano orp-hydroxide v-oxide) types can be synthe-
systems), the structural features in homometallic extendedsised. We are working towards such aims.
framework magnets of the dca type, or of halid&73],
imidazolate-[174] or organophosphatd173,175]bridged
systems, also play a major role. We believe that we have un-Acknowledgements
covered large parts of the ‘M—dca iceberg’, the tip of which
was recently highlighted by D& 76]. We would like to thank our co-workers on the dca and

The OL-M(dC&k Compounds have been subjected to a bat- tcm work, Dr. Boujemaa Moubaraki, Dr. Paul Jensen, Anna
tery of modern solid state physics techniques (eg muon ro- Kutasi, Patricia van der Werff, David Price, Alexander Har-
tation studies, neutron diffraction) in order to discover their ris, Angela Ziebell, Emily Tan, Dr. Gary Fallon, Dr. David
innermost magnetic secrets. The results of these measuretockless, Professor Richard Robson, the late Dr. Bernard
ments have been reviewed here, together with descriptionsHoskins, Dr. Brendan Abrahams, Dr. Cameron Kepert and
of calculations of superexchange used to understand theDr.- Mohamedally Kurmoo. This work was funded by grants
different types of ground state coupling, ranging from an- from the Australian Research Council and the Monash Re-
tiferromagnetic (Cr, Mn, Fe) to ferromagnetic (Co, Ni, and, search Fund, and we would also like to thank Degussa AG
possibly, Cu). Theus 3-dca bridging pathway yields the for their generous donation of Na(dca).
lowestJ value in both a Goodenough-type superexchange
model for the rutile network and in density functional the-
ory calculations. As the number of holes in the levels
in the M(Il) ion increase, so does the antiferromagnetic .
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