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Two isomorphous anionic metal dicyanamide extended systems [Cu(pCTH)][M(dca)s] (M = Mn(ll), Co(ll); dca =
dicyanamide; pCTH = 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetrazacyclotetradecane-4,11-diene) have been prepared
through [Cu(pCTH)]** templation and characterized by X-ray crystallography and magnetic measurements. In these
complexes, the [M(dca)s]>~ anions form 2D (4,4) distorted square-gridlike sheets in which each elongated octahedral
M(Ngea)s metal center is connected to four neighboring ones through single dicyanamide bridges in equatorial
positions. [Cu(pCTH)J?* cations lie between the sheets and display weak honding interactions with the axial
dicyanamide ligands on the M centers of two neighboring [M(dca),],2"~ sheets, thus leading to a 3D heterometallic
network. Variable-temperature magnetic measurements reveal weak antiferromagnetic interactions between metal
centers across u; s-dicyanamide bridging ligands. For the cobalt(Il) compound, the experimental data for T > 30 K
match well with the calculated curve by taking into consideration the spin—orhit coupling effect for the T4 ground
state of the cobalt(ll) and an axial distortion of the octahedral geometry. No long-range magnetic order was observed
in these compounds above 2 K.

Introduction mide-bridged systems consists of the cation templation of

In recent years, much research interest has been focuse&M(dlcak]_ fanr? [If\_/l(dlca)]z— ne}works? Ir|1 this case, theh
on homoleptic and heteroleptic dicyanamide-bridged ex- topology of the final assembly strongly depends on the

tended systems because of their fascinating structural anocountercatlo_n used in the templation process. Noteworthy,
topological features and interesting magnetic properties. paramagnetic metal complexes can be us_ed as countercations,
Thus, binary metatdicyanamide complexes:-[M(dca)], leading to h_eterometalllc systerffs-ollowing this strategy

with a 3D-rutile type architecture, magnetically order as and by using [Cu(pCTHJ (pCTH = 5'7’7’12'14'_14'
ferro- or antiferromagnetic spin-canted system3dbwer hexamethyl-1,4,8,11-tetrazacyclotetradecane-4,11-diene) as
than 47 K! To modify metat-dca assemblies, monodentate template paramagnetic countercation, we have succeeded in

and bridging ligands have been used as coligands, Ieadingobtaining a series of polymeric anionic metalicyanamide

to a wide variety of 1D to 3D systems, some of them complexes containing, s-bidentate dicyanamide bridges. We

exhibiting magnetic order An alternative route to dicyana- (1) (a) Batten, S. R.: Jensen, P.; Moubaraki, B.; Murray, K. S.; Robson,
R. Chem. Commurl998 439. (b) Kurmoo, M.; Kepert, C. New J.
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ecolacio@ugr.es (E.C.); francisco.lloret@uv.es (F.LL.). Z.; Lynn, J. W.; Bendele, G. M.; Pagola, S.; Stephens, P. W.; Liable-
T Universidad de Granada. Sands, L. M.; Rheingold, A. L.; Epstein, A. J.; Miller, J. Shem.
*Universidad de Valencia. Mater. 1998 10, 2552. (d) Kurmoo, M.; Kepert, C. Mol. Cryst.
§ University of Tetouan. Lig. Cryst.1999 334, 693. Batten, S. R.; Jensen, P.; Kepert, C. J,;
I'University of Helsinki. Kurmoo, M.; Moubaraki, B.; Murray, K. S.; Price, D. J. Chem.
U University of Jyvakyla Soc., Dalton Trans1999 2987.
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report here the structural characterization and magnetic
properties of [Cu(pCTH)][M(dca) [M = Co (1) and Mn

(2)], which to our knowledge represent a new type of
dicyanamide-bridged complexes.

Experimental Section

Syntheses.To prepare the compoundsand 2 the following
procedure was used: Co(N@6H,0 (27 mg, 0.093 mmol) and
Na(dca) (25 mg, 0.28 mmol) were dissolved in 10 mL of water.
The resulting solution was slowly layered with a blue solution
containing [Cu(pCTH)]CI@* (54 mg, 0.1 mmol) in 10 mL of water.
After several days at ambient temperature, suitable blue crystals
for X-ray diffraction were growing from the resulting blue solution.
For 2, 23 mg (0.093 mmol) of Mn(Ng),-4H,O was used. Anal.
Calcd forl, Cy4H3oN16CoCu: C, 43.17; H, 4.80; N, 33.58. Found:
C, 43.35; H, 5.10; N, 33.70. IR (KBr, cm): v(CN) 2301, 2266,
2254, 2208, 2189, 2146. Anal. Calcd 3y Co4H3,N;MnCu: C,
43.42; H, 4.82; N, 33.77. Found: C, 43.27; H, 5.02; N, 33.90. IR
(KBr, cm™1): »(CN) 2301, 2266, 2247, 2206, 2182, 2146.

X-ray Structure Determination. Crystallographic data and

Table 1. Crystallographic Data and Structural Refinement Details for
Compounds

1 2
empirical formula GaH32N16COoCuU GaH32N16MNnCu
formula weight 667.13 663.14
crystal system monoclinic monoclinic
space group P2,/c P2i/c
a(h) 11.1150(7) 11.1574(3)
b (A) 10.7961(8) 10.9042(3)
c(A) 12.6193(9) 12.6640(4)
f (deg) 101.621(5) 103.013(2)
V (A3) 1483.26(18) 1501.17(7)
z 2 2
T(K) 298(2) 173(2)

A (A) 0.71073 0.71073
o (g cm3d) 1.494 1.467

w (mm1) 1.321 1.174
goodness-of-fit 1.039 1.050
R13[I > 20(1)] 0.0364 0.0354
WR2[I > 20(1)] 0.0916 0.0797

AR1=Y||Fol — [Fell/3|Fol. PWR2= { J[W(Fo? ~ F?)/ 3 [W(Fe?)Z} 12

isomorphous and consist of anionic 2D (4,4) [M(d¢&)~

structural refinement details are presented in Table 1. Single-crystallayers and [Cu(pCTH3} cations intercalated between the

data collections fol and2 were performed at 298 K on a Siemens
P4 diffractometer and at 173 K on a Nonius KappaCCD diffrac-
tometer, respectively, using graphite-monochromatized Mo K
radiation. The structures were solved by direct methods and refined
on F2 by the SHELXL97 program.The N18 atom of one of the
dicyanamide ligands in boti and 2 was disordered on two

layers. The structure of the 2D systeni2aé given in Figure

1. Within the layers, tetragonally elongated octahedral metal
atoms [Co(Il) or Mn(11)], which lie on inversion centers, are
bonded to four equatorial bidentante dca bridging ligands
through the nitrile nitrogens atoms with-MN distances of

positions. The hydrogen atoms were treated as riding atoms using2.117(2) and 2.118(2) A fot and 2.199(2) and 2.205(2) A

the SHELX97 default parameters.

Results and Discussion

Reaction of two agueous solutions, one containing sodium

for 2, whereas the axial positions are occupied by two
monodentate dca ligands with-MN distances of 2.160(3)
and 2.262(3) A, respectively. The dca bridges connect each
metal to four neighboring metal atoms, leading to distorted

dicyanamide and the appropriate metal nitrate and the othersquare-gridlike sheets parallel to the plane. Within the

one containing [Cu(pCTH)](CIg)., results in formation of
blue crystals ofl and 2. The two crystal structures are

(2) (a) Vangdal, B.; Carranza, J.; Lloret, F.; Julve, M.; Sletted, Chem.
Soc., Dalton Trans2002 566 and references therein. (b) Kutasi, A.
M.; Batten, S. R.; Moubaraki, B.; Murray, K. 3. Chem. Soc., Dalton
Trans.2002 819 and references therein. (c) Manson, J. L.; Huang,
Q.; Lynn, J. W.; Koo, H.-J.; Whangbo, M.-H.; Bateman, R.; Otsuka,
T.; Wada, N.; Argyriou, D. N.; Miller, J. SJ. Am. Chem. So@001,

123 162 and references therein. (d) Marshall, S. R.; Incarvito, C. D.;
Manson, J. L.; Rheingold, A. L.; Miller, J..$norg. Chem200Q 39,
1969. (e) Martin, S.; Barandika, M. G.; Ruiz de Larramendi, J. |.;
Cortes, R.; Font-Barth, M.; Lezama, L.; Serna, Z. E.; Solans, X.;
Rojo, T. Inorg. Chem 2001 40, 3687. (f) Dasna, |.; Golhen, S.;
Ouahah, L.; Pé&m, O.; Daro, N.; Sutter, J. . R. Acad. Sci. Ser. llc:
Chim 2001, 4, 125 and references therein. (g) Triki, S.; Thetiot, F.;
Galan-Mascaros, J. R.; Pala, J.N&2w J. Chem2001, 25, 954. (h)
Riggio, |.; van Albada, G. A,; Ellis, D.; Spek, A. L.; Reedijk,ldorg.
Chim. Acta200], 313 120 and references therein. (i) Escuer, A.;
Mautner, F. A.; Sanz, N.; Vicente, Raorg. Chem.200Q 39, 1668
and references therein. (j) Sun;-BV.; Gao, S.; Ma, B-Q.; Wang,
Z.-M. New. J. Chem200Q 24, 953 and references therein. (k)
Mrozinski, J.; Kohout, J.; Hvastijoya. Pol. J. Chem1997, 71, 883
and references therein.

(3) (a) van der Werff, P. M.; Batten, S. R.; Jensen, P.; Moubaraki, B.;
Murray, K. S.Inorg. Chem2001, 40, 1718. (b) van der Werff, P. M.;
Batten, S. R.; Jensen, P.; Moubaraki, B.; Murray, K. S., Tan, H.-K.
Polyhedron2001 20, 1129. (c) Raebiger, J. W.; Manson, J. L;
Sommer, R. D.; Geiser, U.; Rheingold, A. L.; Miller, J.I8org. Chem.
2001, 40, 2578. (d) Wang, Z.-M.; Sun, B.-W.; Luo, J.; Liao, C.-S.,
Yan, C.-H.; Li, Y. Inorg. Chim. Acta2002 332, 127. (e) Batten, S.
R.; Jensen, P.; Moubaraki, B.; Murray, K. & Chem. Soc. Chem.
Commun200Q 2331.

(4) Sheldrick, G. MSHELX-97, Program for crystal structure refinement
University of Gdtingen: Gitingen, Germany, 1997.

(5) Tait, M.; Busch, D. Hlnorg. Synth.1978 18, 5.

buckled square Wunits, the equatorial coordination planes
of neighboring M atoms are not coplanar but exhibiting
dihedral angles of 19.56(6)and 20.99(5) for 1 and 2,
respectively. The intralayer MM separations through the
dicyanamide bridge are 8.3037(4) and 8.3558(2) A, ffor
and 2, respectively, whereas the -MM distances through
the diagonals are different [12.6193(9) and 10.7961(8) A for
1 and 12.6640(4) and 10.9042(3) A fa}, thus indicating
that metals in M units adopts a rhombus rather than a square
disposition. Copper atoms of the [Cu(pCTH)]cations,
which also lie on inversion centers, exhibit a square-planar
coordination environment with typical CtN distances of
1.984(2) and 2.005(2) A fot and 1.984(2) and 2.009(2) A
for 2. Copper atoms are further semicoordinated at the axial
positions by two nitrile nitrogen atoms of the M-axially
coordinated dca ligands of neighboring [M(dd&'~ sheets
[Cu—N distances of 2.767(4) and 2.757(3) A]. Each copper-
(I1) atom links two M atoms of neighboring sheets that are
shifted by a unit in the direction (Figure 1b). If these weak
bonding interactions are considered, then [Cu(pCTH)]
cations act as two connecting nodes linking the [M(gle&)
layers to form ax-Po-like 3D heterometallic network (Figure
2). Note that among the homoleptic dicyanamide-bridged
compounds reported so far, as far as we know, @ghEn-
(dca) exhibits, like1l and 2, a 2D structure with single
dicyanamide bridges connecting each metal atom to four

Inorganic Chemistry, Vol. 42, No. 8, 2003 2721
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Figure 1.

(a) A fragment of the anionic 2D (4,4) [M(dc@y®™~ sheets o2 (1 is isomorphous). N18b with minor occupancy is omitted for clarity. (b)

Bonding interactions between Mraxially coordinated dca ligands of two neighboring sheets and [Cu(pCTklions leading to a 3D bimetallic network.

Nonlabeled atoms at the corners of the unit cell represent Mn atoms.

neighboring one%.In this compound due to the tetrahedral

a magnetic field of 1 T, thguT values gradually decrease

Zn'" centers, the layers are markedly buckled. Several 3D with the temperature as a consequence of both the—spin

heteroleptic dicyanamide compounds such as M{iog))
[pyz = pyrazine, M= Mn(ll) and Cu(Il)]" have, as a part

orbit coupling effects and weak antiferromagnetic interac-
tions. In a field of 0.025 T, however, the.T values rise

of their structure, square-gridlike layers similar to those found sharply at arou 9 K toreach a maximum of 2.62 émol*

for 1 and2.

Magnetic Properties. The temperature dependence of the
xm T product ofl between 2 and 300 K is given in Figure 3.
The value ofyuT at 300 K of 3.48 crimol~! K substantially
exceeds the spin only value of 2.250%mol™! K expected
for uncoupled high-spin C'¢S=3/2) and Cti (S=1/2) ions
with g = 2, thus indicating that an important orbital
contribution due to Co(ll) with 4T ground state exists. In

(6) Jensen, P.; Batten, S. R.; Fallon, G. D.; Moubaraki, B.; Murray, K.
S.; Price, D. JJ. Chem. Soc. Chem. Commu999 177.

(7) () Jensen, P.; Batten, S. R.; Fallon, G. D.; Hockless, D. C. R;;
Mobaraki, B.; Murray, K. S.; Robson, R. Solid State Cheni999
145, 387. (b) Manson, J. L.; Incarvito, C. D.; Rheingold, A.; Miller,
J. S J. Chem. Soc., Dalton Tran$998 3705.
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K at 7 K and then decreasing rapidly toward 2.54 cnol™*

K at 2 K. This low-temperature behavior might be due either
to a spin-canting antiferromagnetism (weak ferromagnetism)
or to traces ofx-[Co(dca)]? ¢ which shows ferromagnetic
order at 9 K. It should be noted that two additional samples
of hand-picked single crystals showed the same low-
temperature dependence pattern. The high temperature (30
300 K) magnetic behavior df most likely follows that of a
magnetically isolated six-coordinated high-spin Co(ll). The
single-ion excited states for high-spin'Cim O, symmetry
are well-separated from thf ;4 ground state“fTiy — “Toq

~ 9000 cnT?) and they can be neglected. THeg ground
state is split into a sextet, a quartet, and a Kramer’s doublet
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Figure 3. Temperature dependence i T and field dependence of M
(inset) for1.

by spin—orbit coupling. The Hamiltonian describing the
spin—orbit coupling is given by eq 1

Heo= —AciLS 1)

where k and 1 are the orbital reduction and spiorbit
coupling parameter, respectively. The inclusion of the
factor is due to the use of AP isomorphism. That iSA

Comparing the matrixes calculated in both ways, one arrives
at the following expression (eq 2)

_32-¢

A
1+¢?

)

which describes the dependencefodn the strength of the
cubic crystal fieldc is the mixing coefficient of théT 4 (F)
and“T4 (P) terms (eq 3).

YT = —==l"(TuP) + (TP ()
1+c

The ¢ value can be determined from the cubic ligand-field
(Dq) and interelectronic repulsioB) parameters (eq 4).

B B B 1/2
c=0.75+ 1875 - 1.25{1 185+ 2.25(D—q)z] 4)

In our case is not possible to obtain the corresponding
spectrum of the ColNcore due to the presence of the Cu-
(p-CTH) chromophore.

In the weak crystal-field limitB > Dq), one obtains that
¢ =0 (A= 3/2, the value used in most of the studies dealing
with the magnetism of Co(ll) compounds), whereas in the
strong crystal-field limit B < Dq), one getsc = —1/2
(A=1).

In 1, the six-coordinated Cldon is axially distorted (four
equatorial bismonodentate dca bridges with-Nldistances
of 2.12 A and two axial monodentate dca ligands withM
distances of 2.16 A), being roughB,,. Under an axial
distortion, the triplet orbitafT,4 ground state splits into a
singlet*A,q and a doubletEy level with an energy gap of
D. The one-center operator responsible for an axial distortion
can be expressed as (eq 5)

H,, = D[LZ2 - %L(L + 1)] (5)

The full Hamiltonian involving the spirorbit coupling,
axial distortion and Zeeman interaction is given in eq 6.

H=—AcALS+ D[LZZ - %L(L + 1)] + B(—AxL + g.9H
(6)

No analytical expression for the magnetic susceptibility,
which depends o\, k, 4, andD, can be derived. Matrix
diagonalization techniques allowed us to determine the values
of these parameters. The best-fit parameters wging 2.07

and the experimental data for> 30 K areA = 1.43 B/Dq

= 1.05 andc = —0.18),k = 0.91,4 = —160 cn'%, andD

= 800 cm!. The calculated curve matches well the
experimental data in the temperature range<30 < 300

K. At T < 30 K, the magnetic data are below the calculated
curve, suggesting that a very small antiferromagnetic interac-

appears to distinguish between the matrix elements of thetion between the Cbions occurs. This, together with the
orbital angular momentum operator calculated with the wave fact that the structure is centrosymmetric, seems to support

functions of the groundT,4 term with those calculated with
the use of P-basigy, —10 |1, 00 and|1, —10). So,A can
be defined by the symbolic equatiot:(Tig) = —AL(P).

that the rise inyuT at 9 K is due totraces ofo-[Co(dca)]
rather than to spin-canted antiferromagnetism. The values
of the parameters obtained by the previous fit are within the

Inorganic Chemistry, Vol. 42, No. 8, 2003 2723
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Figure 4. Temperature dependence gjT and field dependence of M
(inset) for2.

range of those reported for high-spin octahedral Co(ll)
complexes. The value df is slightly smaller than that of
the free ion {o = —180 cm!) due to covalent effects. The
value ofA about 1.43 is in agreement with the weak ligand-
field expected for the Co(ll) ion irl. Finally, the energy
gap O = 800 cnm?) between the orbital singletA,, and
the orbital doublet!Eg (D > 0 means thatA,q is the ground
term), indicates a low distortion, in agreement with the high
magnetic moment at room temperature.

The magnetization vBl plot at 2.0 K of a polycrystalline
sample ofl is shown in the inset of Figure 3. At 50 kOe,
compoundl shows a saturatiolls value of 3.2Qug, that is,
2.17 ug per cobalt(ll) ion and about 1.Q3 per Cu(ll). The
Ms value for cobalt(ll) is smaller than thés expected value
of 3 for g = 2. This difference is due to the fact that only
the ground Kramers doublet is populated at 2.0 K to which
an effective spir&x = 1/2 with ag = (10 + 2Ak)/3 can be
associated. So, foh = 1.43 andk = 0.91 aMs value of
2.10ug is calculated. This value is closer to the experimental
one.

The magnetic properties @fin the form ofymT vs T plot
are shown in Figure 4. At room temperature in a field of 0.1
T, the ymT has a value of 4.80 chmol™ K, which is in
excellent agreement with the expected value of 4.76 cm
mol~! K for isolated M (S=5/2) and Ct{(S=1/2) with g
= 2. Upon coolingymT values slightly decrease between
300 and 50 K and then decrease more rapidly to 2.41 cm

2724 Inorganic Chemistry, Vol. 42, No. 8, 2003
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mol~* K at 2 K. This behavior is indicative of weak
antiferromagnetic coupling mainly occurring between Mn-
(1) ions throughu; s-dicyanamide bridges combined with
very small single-ion zero-field splitting effects®”°In view

of the long Cu-N distance involving the intersheets Mn
NCNCN-Cu pathway, magnetic data were fit to two models
for a 2D classical square lattice Heisenbeary= 2JS1S3
antiferromagnet (Lines®sand Curely’8 models), including

a Curie term to account for the copper(ll) contribution. The
best fit values were as follows: Lineg~= 2.00,J= —0.11
cm %, Curelyg = 1.99,J = —0.12 cm! (in both cases, the
Curie constantC, for Cu(ll) was fixed to 0.4, witlg = 2.07).
This smallJ value is similar to those observed for other 2D
Mn(ll) complexes containing either double or double and
single five-atoms dicyanamide bridg&s:"°TheM vs H plot

at 2 K (see inset Figure 3) is almost linear @p3 T and
then undergoes a curvature to reach a value ofNj34at 5

T. This value is only slightly lower than the expected value
of 6Ng for Sun + Scu = 5/2 + 1/2 = 3.

These and other cation-templated coordination polymers
clearly reveal that the features of the cation such as size,
shape, charge, available coordination positions, ability to
form hydrogen bonding, etc. play a key role in the formation
of the architecture of the coordination polymer. In this case,
the [Cu(pCTH)}" cation promotes the formation of a new
type of anionic bimetallic dicyanamide network. Cation
templation of anionic metal dicyanamide bridged assemblies
by other metatmacrocycle complexes are currently under
study.
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