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The family of compounds [Mn(dca)o(bpa)] (1), [Fe(dca)o(bpa)] (2), [Co(deca)a(bpa)] (3), [Zn(dca)s(bpa)] (4), and
[Ni(dca)(bpa),]dca - 6H,0 (5), with dca = dicyanamide and bpa = 1,2-bis(4-pyridyl)ethane, has been synthesized. These
compounds have been characterized by single crystal (1, 2, 4, and 5) and powder X-ray diffraction (3), by Fourier transform
infrared (FTIR), UV—vis, and electron paramagnetic resonance (EPR) spectroscopies, and by magnetic measurements.
Compound 1 crystallizes in the monoclinic C2/c space group, Z= 4, with a=16.757(6), b=9.692(3), and ¢ = 13.073(4) A,
and 3 =123.02(2)°; Compound 2 crystallizes in the monoclinic C2/c space group, Z=4, with a=16.588(5), b=9.661(3), ¢=
12.970(5) A, and 3 = 123.16(3)°; Compound 4 crystallizes in the monoclinic C2/c space group, Z=4, with a=16.519(2),
b=9.643(2), c=12.943(2) A, and 3 = 123.15(1)°; Compound 5 crystallizes in the monoclinic C2/c space group, Z= 4, with
a=18.504(4), b=19.802(3), and c=8.6570(18) A, and /3 = 99.74(2)°. The compounds 1—4 are isostructural and show a
one dimensional (1D) disposition, with the metal(Il) ions bridged by double x4 5 dca ligands and unusually by a third bridge
consisting of the bpa ligand, which adopts a very low torsion angle to accommodate in the structure. This kind of structure
is unusual, even considering the voluminous bpa bridge. The compound 5 shows a 3D structure with layers of Ni-bpa joined
by single dca bridges. Magnetic susceptibility measurements show antiferromagnetic couplings, increasing for 1—3.
Compound 5 shows very slight antiferromagnetic interactions.
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Introduction

A considerable ongoing research has been directed, over
the last decade, at the design and preparation of coordination
metal complexes with multidimensional network structures
because of their fascinating physical properties, potential
applications, and the aesthetic beauty and complexity of
their structures. Thus, the preparation of crystalline materials
exhibiting some desired structural and topological features
becomes a fascinating challenge as it implies the control on
the related physical and chemical properties. In this sense, the
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strategy of synthesis has been widely confirmed to be a
determinant factor.

Among the variety of extended frameworks reported during
the past years, there are plenty of examples that could illust-
rate the relevance of the synthesis strategy. Since the azide
pseudohalide has been one of the most used ligands,' it has
been observed that the lower is the number of coordinating
atoms of the organic blocking ligand, from the tridentate
terpyridine to 4,4'-bipy-type ones, the larger is the dimen-
sionality of the formed system.”
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In fact, over the past decade a great amount of coordina-
tion networks exhibiting 4,4'dipyridyl-type ligands have been
reported.* Among them, bpa is characterized by a remark-
able high capability to get accommodated in the structural
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Scheme 1. Coordination Modes of Dca

d) p3—1,3,5-dca €) pug—1,3,5,5-deca

framework. Thus, as a consequence of the freedom of rotation
exhibited by the ethane group, bpa can adopt two different
conformations, anti and gauche, both conformers being
able to perform as coordinating ligands (either bridging or
terminal) and/or as templates by crystallizing in the cavities
of the cell. This flexibility makes bpa an excellent candidate
for the preparation of coordination polymers, as illustrated
by the increasing number of bpa polymers reported during the
past decade.’

In this context, a further step on the synthesis strategy
could consist of the substitution of the azide group by
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Table 1. Crystallographic Collection and Refinement Parameters for Compounds 1, 2, 4, and 5

Mn (1) Zn (4) Ni (5)
formula MnC;¢H,Ng FeCicH2Ng ZnC¢H,Ng NiCygH36N 10O
M, 371.28 372.19 381.71 667.38
cryst. syst. monoclinic monoclinic monoclinic monoclinic
space group C2Je C2Jc C2Je C2Je
alA] 16.757(6) 16.588(5) 16.519(2) 18.504(4)
b[A] 9.692(3) 9.661(3) 9.643(2) 19.802(3)
c[A] 13.073(4) 12.970(5) 12.943(2) 8.6570(18)
Bl 123.02(2) 123.16(3) 123.15(1) 99.74(2)
VA% 1780.2(10) 1739.9(9) 1726.1(4) 3126.3(11)
VA 4 4 4 4
F(000) 756 760 776 1400
Peated [2 €M ] 1.385 1.421 1.469 1.418
u(Mo Ko)/mm™! 0.757 0.882 1.439 0.679
range [°] 2.65—25.77 2.57-25.87 2.57-29.99 2.06—26.0
reflns coled 5514 6560 5159 12153
indep reflns 1609 1636 2523 3030
parameters 134 115 134 232
Ry (Fo) 0.0330 0.0378 0.0641 0.0500
wRo(F3)* 0.0866 0.0672 0.1572 0.0906
GOF 0.872 0.653 1.056 0.732

“Ry(Fo) = [(CIIFol = [Fel)/(SIFoD], and wRx(Fg) = [S[w(F§ — FO’)/SDw(F5) "% where w = 1/[0%(|Fql) + (0.03P)*], with P = (Fj + 2F)/3.

another mononegative bridging ligand, in order to generate
new (M—L,—bpa) compounds (L = bridging ligand). With
this aim in mind, we selected dca: a ligand that, similarly to
azide, exhibits a great versatility in its coordination modes.
Thus, besides the monodentate terminal coordination,’
bidentate,’ tridentate,® and even tetradentate’ fashions have
been reported for dca (Scheme 1). The potentiality of dca for
the preparation of extended frameworks is illustrated by the
great deal of attention focused on coordination polymers
containing this ligand.'*""

Taking into account the above-mentioned aspects, four
compounds of general formula [M(dca),(bpa)] [where M is
the divalent transition cation: Mn (1), Fe (2), Co (3), and Zn
(4)] have been synthesized and characterized structurally,
spectroscopically, and magnetically. Compounds are iso-
structural and show a one dimensional (1D) structure, con-
sisting of chains with the M(II) ions bridged by double x; s
dca ligands and unusually by a third bridge corresponding
to the bpa ligand. Besides, a 3D interpenetrated compound
of formula [Ni(dca)(bpa),]dca:6H,0 (5) has been obtained,
using the same synthesis procedure, with single bpa and dca
bridges.

Experimental Section

Materials. All solvents and starting materials for synthesis
were purchased commercially and were used as received. M(II)
nitrate hydrates (Aldrich), 1,2-bispyridylethane (Lancaster), and
sodium dca (Aldrich) were used without further purification.

Synthesis of [Mn(dca),(bpa)], (1). This compound was synthe-
sized by slow addition of a methanolic solution (15 mL) contain-
ing sodium dca (0.178 g, 2 mmol) and Mn(NO3),-6H,0 (0.287 g,
1 mmol) to a solution of bpa ligand (0.158 g, | mmol) in the same
solvent (5 mL). Yellow prismatic crystals appeared after two
weeks from the resulting solution, which was left standing at room

(11) (a) Carranza, J.; Brennan, C.; Sletten, J.; Lloret, F.; Julve, M.
J. Chem. Soc., Dalton Trans. 2002, 3164-3170. (b) Dalai, S.; Mukherjee,
P. S.; Zangrando, E.; Chaudhuri, N. R. New J. Chem. 2002, 26, 1185-1189.
(c) Dalai, S.; Mukherjee, P. S.; Ribas, J.; Diaz, C.; Zangrando, E.; Chaudhuri,
N.R. Indian J. Chem., Sect. A: Inorg., Bio-inorg., Phys., Theor. Anal. Chem.
2003, 42, 2250-2256. (d) Ghoshal, D.; Mostafa, G.; Maji, T. K.; Zangrando, E.;
Lu, T.-H.; Ribas, J.; Chaudhuri, N. R. New J. Chem. 2004, 28, 1204-1213.
(e) Maji, T. K.; Matsuda, R.; Kitagawa, S. Nat. Mater. 2007, 6, 142—148.

Table 2. Crystallographic Data and Processing Parameters for the Co Compound
)"

Co (3)
formula CoC¢Ng
M, 363.17
cryst. syst. monoclinic
space group C2Je
alA] 16.612(2)
b[A] 9.6246(13)
c[A] 12.9957(17)
BI] 123.319(4)
VIAY 1741.9(4)
z 4
A, [A] CuKqy
R} 33
RS 4.8
R%p 6.2
N—P+C 2250
de 2.54

“ R = 10003 (Toi = I))/>"(Toi R = 10003 (voi = yei)l/ > (voi): Rip =
M/ w o)1V 4 = [M/N — P + CP; R, and R,,, values are
background uncorrected; M = Y [w (yoi — yci)z]; N = number of data;
P = number of refined parameters; and C = number of restrictions.

temperature. The crystals were filtered off, washed with ether,
and dried in air. Yield of 42.3%. Anal. calcd for C;¢H;,NgMn:
C, 51.76; H, 3.26; N, 30.18. Found: C, 51.23; H, 3.12; N, 29.47.

Synthesis of [Fe(dca),(bpa)], (2). This compound was synthe-
sized by the same method as 1 but using Fe(NO3),-6H,O (0.288 g,
1 mmol). Red-brown prismatic crystals appeared after one week
from the resulting solution, which was left standing at room
temperature. The crystals were filtered off, washed with ether,
and dried in air. Yield of 62.2%. Anal. calcd for C;sH,NgFe: C,
51.64; H, 3.25; N, 30.11. Found: C, 51.33; H, 3.07; N, 29.68.

Synthesis of [Co(dca),(bpa)], (3). This compound was synthe-
sized by the same method as 1 but using Co(NOs),+-6H,0 (0.291 g,
1 mmol). Red prismatic crystals suitable for X-ray diffraction
appeared after two weeks from the resulting solution, which was
left standing at room temperature. The crystals were filtered off,
washed with ether, and dried in air. Yield of 42.8%. Anal. calcd
for C;sH,NgCo: C, 51.21; H, 3.22; N, 29.86. Found: C, 51.95;
H, 3.27; N, 29.22.

Synthesis of [Zn(dca),(bpa)], (4). This compound was synthe-
sized by the same method as 1 but using Zn(NOj3),-6H»0 (0.297 g,
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Table 3. Selected Bond Lengths (A) and Angles (°) for Compounds Mn (1), Fe (2), and Zn (4)

[Mn(dca),bpa] (1) [Fe(dca),bpa] (2) [Zn(dca),bpa] (4)
Mn(1)—N(1) 2.265(2) Fe(1)-N(2) 2.190(3) Zn(1)—N(1) 2.144(2)
Mn(1)—N(2) 2.224(2) Fe(1)—N(9) 2.162(4) Zn(1)—N(2) 2.167(2)
Mn(1)—N(4)" 2.229(2) Fe(1)-N(7)" 2.155(4) Zn(1)—N(4)? 2.173(2)
N(1)—C(1) 1.322(3) NQ2)—C(11) 1.328(5) N(1)—C(1) 1.330(3)
N()—C(5) 1.333(3) N(Q2)—C(12) 1.329(5) N(1)—C(5) 1.340(3)
N(@2)—C(7) 1.144(3) C(4)—N(7) 1.135(5) N@Q)—C(7) 1.139(3)
N(3)—C(7) 1.293(3) N(3)—C(4) 1.301(5) N(3)—C(7) 1.294(3)
N(3)—C(8) 1.300(3) N(3)—C(5) 1.294(5) N(3)—C(8) 1.304(3)
N@)—C(8) 1.136(3) C(5)—N(9) 1.142(5) N4)—C(8) 1.133(3)
N(1)*—Mn(1)—N(1) 180.0 N(Q2)—Fe(1)-N(2)" 180.0(1) N(1)*—2Zn(1)-N(1) 180.0
N(2)—Mn(1)—N(2)* 180.0 N(7)°—Fe(1)—N(7)¢ 180.0 N(Q2)*—Zn(1)-NQ2) 180.0
N(4)’—Mn(1)—N(4) 180.0 N(9)'—Fe(1)-N(9) 180.0 N(4)*—Zn(1)—N(4y 180.0
N(Q2)*—Mn(1)—N(1) 89.49(8) N(7)’—Fe(1)-N(2) 89.48(12) N(1)—Zn(1)-N(2) 90.21(8)
N(4)’—Mn(1)—N(1) 90.50(8) N(9)—Fe(1)—-N(2) 89.61(12) N(1)—Zn(1)—N(4) 89.62(10)
N(2)—Mn(1)—N(4)” 90.55(9) N(7)’—Fe(1)-N(9) 91.26(13) N(2)—Zn(1)—N(4)* 89.64(9)

Cex =12, =y 12—z L 12,y 12, 2412 = x = 1y, —z+ 12 = x4+ 32, =y 4+ 3/2, —z. —x + 1, y, —z— 1)2.  x + 12, —y + 3/2,

2128 =x,y, —z 4+ 12 =x + 12, =y + 1)2, —z + 1.

a)

Figure 1. Ortep view, 50% probability ellipsoids, with atom numbering scheme for: (a) compound 1, (b) compound 2, and (c) compound 4.

1 mmol). Red prismatic crystals suitable for X-ray diffraction
appeared after two weeks from the resulting solution, which was
left standing at room temperature. The crystals were filtered off,
washed with ether, and dried in air. Yield of 46.5%. Anal. calcd
for C;sH,NgZn: C, 50.35; H, 3.17; N, 29.36. Found: C, 50.85;
H, 3.22; N, 28.75.

Synthesis of [Ni(dca)(bpa),]dca-6H,0O (5). This compound
was synthesized by the same procedure as the other four; slow
addition of a methanolic solution (15 mL) containing sodium
dca (0.178 g, 2 mmol) and Ni(NO3),-6H,0 (0.291 g, 1 mmol) to
a solution of bpa ligand (0.158 g, 1 mmol) in the same solvent
(5 mL). However, an immediate blue precipitate appearing was
dissolved again. Blue prismatic crystals of this compound appeared
after two weeks from the resulting solution, which was left

standing at room temperature. The crystals were filtered off,
washed with ether, and dried in air. Yield of 26.5%. Anal. calcd
for CogH36N1oOgNi: C, 50.39; H, 5.44; N, 20.99. Found: C,
50.59; H, 5.32; N, 21.88.

Physical Techniques. Microanalyses were performed with a
LECO CHNS-932 analyzer. Infrared spectroscopy was performed
ona MATTSON FTIR 1000 spectrophotometer as KBr pellets
in the 400—4000 cm ™' region. Diffuse reflectance spectra were
registered at room temperature on a CARY 2415 spectrometer
in the range 5000—45 000 cm ™. Electron spin resonance (ESR)
spectroscopy was performed on powdered samples at the X-band
frequency, with a Bruker ESR 300 spectrometer equipped with
a standard OXFORD low-temperature device, which was cali-
brated by the NMR probe for the magnetic field. The frequency
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Figure 3. Ortep view with atom numbering scheme showing 50% probability ellipsoids of compound 5 (water molecules have been omitted for clarity).

was measured with a Hewlett-Packard 5352B microwave fre-
quency computer. The magnetic susceptibilities of polycrystal-
line samples of the complexes were carried out in the tempe-
rature range 2—300 or 4—300 K at a value of the magnetic field
of 1000 G, using a Quantum Design Squid susceptometer
equipped with a helium continuous-flow cryostat. The complex
(NH4)Mn(SOy4),-6H,O was used as a susceptibility standard.
The experimental susceptibilities were corrected for the diamag-
netism of the constituent atoms (Pascal tables).'>

Crystal Structure Determination. Single crystals of compounds 1
and 4 were glued to a thin glass fiber with epoxi resin and collected,
at room temperature, on an Enraf-Nonius CAD-4 automatic
four-circle diffractometer with graphite-monochromated Mo K,
radiation (A = 0.71070 A), operating in w/26 scanning mode using
suitable crystals for data collection. Accurate lattice parameters
were determined from least-squares refinement of 25 well-centered
reflections. Intensity data were collected in the 0 range 2.65—25.77°
for the compound 1 and in the 6 range 2.57—29.99°for the
compound 4. Single crystals of compounds 2 and 5 were glued to
a thin glass fiber and collected, at room temperature, on an STOE
IPDS 1 (imaging plate diffraction system) diffractometer with
graphite-monochromated Mo K, radiation (A = 0.71070 A).
Accurate lattice parameters were determined from 1213 and 1713
reflections for compounds 2 and 5, respectively. Intensity data were
collected in the 6 range 2.57—25.87° for compound 2 and 2.06—
26.00° for compound 5. Corrections for Lorentz and polariza-

(12) Earnshaw, A. Introduction to Magnetochemistry; Academic Press:
London, 1968.

Table 4. Selected Bond Lengths (f\) and Angles (°) for Compound 5

Ni—N@3) 2.101(4) N(@3)—Ni—N(7) 91.93(16)
Ni—N(5) 2.155(4) NGY'—Ni—N(7)*  86.88(15)
Ni—N(7) 2.079(4) N(5)*—Ni—N(7) 88.14(16)
NG)Y*-Ni-N(3)  86.4(2) N(7)=Ni—N(7)* 172.8(3)
N(3)=Ni—N(5) 176.52(18)  N(3)—Ni—N(5)* 90.42(13)
NG)-Ni—NG)*  92.8(2) C(17)~N(7)—Ni 168.5(4)

NG)-Ni—N(7)*  93.34(16)

“—x,y, —z+ 3/2.

tion factors were applied to the intensity values. The structure
was solved by direct methods using the program SIR97'% and
refined by a full-matrix least-squares procedure on F° using
SHELXS97.'* Nonhydrogen atomic scattering factors were
taken from the International Tables of X-ray Crystallo-
graphy.'> In Table 1, crystallographic data and processing
parameters for compounds 1, 2, 4, and 5 are shown. An iso-
morphous to compound 1 has been reported.!!

(13) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.; Giacovazzo,
C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, R. J. Appl.
Crystallogr. 1999, 32, 115-119.

(14) Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112-122.

(15) (a) Cromer, D. T.; Waber, J. T. International Tables for X-Ray Crystal-
lography, Vol. IV, Kynoch Press: Birmingham, U.K., 1974. (b) Rodriguez-Carvajal, J.
FULLPROF: A Program for Rietveld Refinement and Pattern Matching Anal-
ysis; Abstracts of the Satellite Meeting on Powder Diffraction of the XV Congress of
the IUCr; Toulouse, France, 1990, p 127. (c) Rietveld, H. M. Acta Crystallogr. 1967,
12, 151-152. (d) Rietveld, H. M. J. Appl. Crystallogr. 1969, 6, 65-67.
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Figure 4. View of the interpenetration of the two 3D grids.

Table 5. Selected Most Important Intermolecular Hydrogen Bonds for Com-
pound 5

Olw—HI101 Olw---N4 H101---N4 Olw—HI101:--N4
0.85(14) 2.40(3) 1.8(2) 132(16)

Olw—H201 Olw---0O2w H201---02w Olw—H201::-0O2w
0.84(19) 2.07(4) 1.54(7) 117(13)
O2w—H102¢ O2w---03w  HI102---03w  O2w—H102---03w
0.87(8) 2.38(4) 1.72(8) 130(6)

02w—H202¢ O2w---0O3w H202---03w  O2w—H202---03w
0.87(8) 3.01(4) 2.29(7) 140(7)

“—x,y, —z+3/2.

X-ray powder diffraction data for compound 3 were collec-
ted on a PHILIPS X’PERT powder diffractometer with Cu K,
radiation in steps of 0.03° (20) over the 7.01—69.99° (26) angular
range and a fixed-time counting of 4 s at 25 °C. X-ray diffraction
patterns for Co (3) were refined, with the FULLPROF'®
program based on the Rietveld method,'**¢ by using as initial
values the cell parameters, space group, and atomic coordinates
of compound Mn (1). The experimental, calculated (according
to the best-fit parameters shown in Table 2), and difference
patterns can be observed in Figure S1,Supporting Information.
These results confirm the isostructural character of compounds
(1—4) (see Table 2).

Results and Discussion

Structural Analysis. The four compounds 1—4 are iso-
structural, exhibiting some slight differences in structural
parameters. Selected bond distances and angles are col-
lected in Table 3, and perspective views of the structures
Mn (1), Fe (2), and Zn (4) are depicted in Figures 1 and 2.

The structures consist of uniform chains in which
adjacent metal ions are triple linked by two dca and one
bpa bridge. Every metal ion is coordinated to two pyridyl
nitrogen from bpa ligands (at the axial sites) and four nitrile
nitrogen from dca (at equatorial positions) (Figure 1).
The M—Ny,,, distance [2.265(2), 2.190(3), 2.144(2) A for
compounds 1, 2, and 4, respectively] is slightly larger than
that of M—Ngye, [2.224(2), 2.159(5), and 2.167(2) A for
compounds 1, 2, and 4, respectively] for the Mn (1) and Fe

(16) Miller, J. N.; Miller, J. C. Statics and Chemometrics for analytical
Chemistry, 4th ed.; Pearson Education Limited: England, 2000.

(2) that show slightly elongated octahedron polyhedra
but not for the Zn (4) showing a slightly compressed octa-
hedron polyhedron.'® In compound 4, the distances and
the angles are slightly lower due to the contraction of the
completely filled d orbital.

In these unusual triple-bridged chains, the bpa ligands
adopt the gauche conformation with a very low torsion angle
(47,47.9, and 49° for compounds 1, 2, and 4, respectively)
to accommodate to the M—(dca),—M separation. In the
present complexes, the M(dca), chains are bent into an
unusual boat conformation, yielding a sinusoidal chain.
Obviously, the distortion of these chains from linear to
sinusoidal is induced by the gauche coordination of
the bpa ligand. On the other hand, due to the extremely
high flexibility of bpa, this ligand can adopt a noticeable
low py—C—C—py angle to get accommodated to the
M. --M distances, (7.3 for compound 1 and 7.2 A for
compounds 2 and 4) imposed by the dca ligands. These
chains extend along the [101] direction (Figure 2a). On the
other hand, Figure 3b shows the bpa ligands adopting the
gauche conformation and forming arcs that are alterna-
tively disposed upward and downward in relation to the
dca ligands.

Views of the structures in the (001) plane are represented
in Figure S2, Supporting Information, where it can be
observed as two different pscudochannels. The first consisting
of the dca ligands and the latter by the arches of the bpa.

The structure of [Ni(dca)(bpa),]dca-6H>O (5) consists
of two-fold interpenetrated a-Po-like (simple cubic phase)
networks. The coordination environment of the Ni (II)
ion, with atom numbering, is shown in Figure 3. Four
bpa groups occupy the equatorial positions of the co-
ordinating sphere [Ni(1)—N(3)ppa = 2.101(4) A and Ni(1)—
N(5)bpa = 2.155(4) A], whereas the axial ones are occupied
by two N-bonded dca ligands [Ni(1)—Ngye, = 2.079(4) A]
(Table 4), conforming a compressed octahedron polyhedron.

Each bpa ligand, in anti conformation, acts as a bridge
coordinating to two nickel atoms via the two extreme 4,4’
nitrogen atoms. These bpa ligands connect the Ni(II)
atoms into square grid-like [Ni(bpa),], sheets (x,y plane),
while these sheets are further connected to each other



Article

Figure 5. View of the disposition of the free dca and solvent molecules
(red) in the voids. Both showing large thermal parameters.

)

Absorbance (a.u)

40000 30000 20000 10000
Wavenumber (cm™)

Figure 6. UV—vis spectra of compounds 2, 3, and 5.

in the [001] direction by the bridging dca to give a 3D
network. (Figures 4 and S3, Supporting Information).
Large cavities are formed owing to the combination of
the long distance between the Ni atoms and the ligand
sizes; these cavities are able to accommodate another inter-
penetrating lattice (Figure 4). This phenomenon is also
observed in the complexes M[N(CN),]»(pyz),!” where
M = Mn (II), Fe (I), Co (II), Ni (II), and Zn (II) and
pyz = pyrazine). The intranetwork Ni- - -Ni separations
are 13.551 and 8.657 A (through the bpa and dca ligand),
these exceed the shortest Ni- - -Ni internetwork separa-
tion of 8.301 A. The dca ligand possesses pseudo-Cs,
symmetry with C=N bond distances ranging from 1.135
to 1.147 A. The central amide nitrogen in the N(CN),™
ligand was positionally disordered owing to the relatively
large cavities in the system and the hydrogen bonding
(Table 5). The structure is completed with another N(CN), ™
ion acting as a counterion and six water crystallization
molecules that site in the voids of the interpenetrating
structure showing large thermal parameters (Figure 5).

(17) (a) Manso, J. L.; Incarvito, C. D.; Rheingold, A. L.; Miller, J. S.
J. Chem. Soc., Dalton Trans. 1998, 3705-3706. (b) Jensen, P.; Batten, S. R.; Fallon,
G. D.; Hockless, D. C. R.; Moubaraki, B.; K. S. Murray, K. S.; Robson, R. J. Solid
State Chem. 1999, 145, 387-393. (c) Jensen, P.; Batten, S. R.; Moubaraki, B
Murray, K. S. J. Solid State Chem. 2001, 159, 352-361. (d) Brown, C. M.; Manson,
J. L. J. Am. Chem. Soc. 2002, 124, 12600-12605.
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Table 6. IR Bands (cm ™) and Assignments for Compounds 1-5

compound bands'® (1) (2) 3) @) 5)
Vassym rsym(C=N) 2300 2307 2305 2300 2315
Vagsym(C=N) 2230 2240 2237 2245 2260
Veym(C=N) 2175 2180 2180 2175 2195
»(C=C,C=N) 1615 1615 1600 1615 1605
»C—C,C—N) 1360 1355 1350 1360 1385
»C—H) 825/810 820/810 835/810 830/810 840/815

»(M—N) 535/515  535/520 540/520 535/520 550/505

Table 7. UV—Vis Bands (cm ') and Assignments for Compounds 2, 3, and 5

compound transition band v(em™)

(2) Sng - Al ViA 9200
ST» — B, Vig 11000

3 Tlg(F) — ng 2 9200

Tl (F) - A2 V2 19000

Tlg(F) — T.g(P) V3 20500

5) Azg — ng 2 10200
g ‘Eg V! 13350

*Azg - Tlg(F) Vs 16 500

*Ase = *T14(P) vy 27000

“Spin-forbidden transition.

In spite of the interpenetration, there are large voids in the
global structure that are occupied by the free dca ligand
(counterion) and the crystallization water molecules show-
ing hydrogen bonding (see Table 5). These molecules are
responsible for the interpenctration of the grids not to be
centered, but displaced each other (see Figure 5).

Infrared Spectra. The most important aspects concern-
ing the infrared spectra of compounds 1—5 deal with the
possibility of characterizing the presence of the different
coordination modes of the bpa and dca ligands.

The IR spectra of the five compounds are quite similar
and exhibit three strong absorptions in the 2300—2170 cm ™'
region characteristic of the dca ligand. The bands at about
2175, 2180, 2180, 2195, and 2175 cm™ ' (very strong) for
1-5, respectively, correspond to symmetric vc=n mode
of this ligand. The characteristic bands of the pyridyl
rings in the bpa are shown around 1600 and 1350 cm ™' in
all the five compounds (Figure S4, Supporting Informa-
tion, and Table 6).

UV —vis Spectroscopy. The diffuse reflectance spectra
for compounds 2, 3, and 5 can be observed in Figure 6,
and the results have been shown in the Table 7. The
spectra have been 1nterpreted following Tanabe—Sugano
diagrams.'” The results are in good agreement with the
values found in the literature for each ion in their co-
ordination environment.*

The diffuse reflectance spectrum for compound 2 ex-
hibits a single allowed transmon 6 ng 5Eg) split due to
the Jahn—Teller effect (° E,issplitinto A, +°B;). Athigh
wavenumbers, the spectrum shows a charge-transfer
band overlapping with the triplet states. The values of
Dq and the (8/3)do are 920 and 1800 cm ™', respectively.

(18) (a) Nakamoto, K. Infrared Spectra of Inorganic and Coordination
Compounds, 5th ed.;John Wiley & Sons: Hoboken, NJ, 1997; (b) Pretsch, E.;
Clerc, T.; Seibl, J.; Simon, W. Tablas para la Elucidacion Estructural de
Compuestos Organicos por Métodos Espectroscipicos; Alhambra: Barcelona,
1980.

(19) Tanabe, Y.; Sugano, S. J. Phys. Soc. Jpn. 1954, 9, 753.

(20) Lever, A. B. P. Inorganic Electronic Spectroscopy; Elsevier: London,
1984.
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Figure 7. X-band powdered EPR spectra at room temperature of: (a) complex 1 and (b) Mn-doped [Zng ¢9sMng s(dca),bpa] system.
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Figure 8. X-band powdered EPR spectra of: (a) compound 3at 7' = 20 K and (b) Co-doped [Zn.997C0¢ go3(dca),bpa] at 7' = 4 K. The solid line shows the

observed spectra, and the discontinuous line shows the calculated spectra.

The diffuse reflectance spectrum for compound 3 exhi-
bits three transmons attr1buted to spin-allowed transitions
from *T,, — e ng, 4A2g, and *T, g aS corresponds to high-
spin octahedral Co'™. At 35000 cm ™' the spectrum shows
a charge-transfer band. The values calculated from these
transitions are Dq = 980 and B = 870 cm™'. The value
of B is indicative of an 89.6% of covalence of the Co—N
bonds in this compound

For 5, the UV—vis spectrum exhibits the typical transi-
‘uons for octahedral Ni(IT) compounds'®*° with values of

= 1020, B=880(84.5% covalence) and C =3382cm ™!

(C/B 3. 84) calculated for spin-allowed transitions from

Azg ng, 3T, o(F), Tl «(P) and the spin-forbidden
transition from “A,, — E

EPR Spectroscopy and Magnetic Properties. X-band
powdered electron paramagnetic resonance (EPR) spectra
for compounds 1 and 3 were recorded at room temperature
down to 4.2 K. Besides, due to the isomorphism with the Zn
compound (4), X-band EPR spectra of Mn- and Co-doped
[Zng.9sMng gs(dca),bpa] and [Zng 997C00 003(dca);,bpa] com-
pounds have been recorded. This is in order to study the
behavior of the different ions in diluted systems.

Figure 7a shows the room temperature EPR spectrum
of compound 1. As can be observed, an isotropic signal
appears centered at a g;,, value of 2.002. This signal is char-
acteristic of the Mn(II) ion in an octahedral environment.

As can be observed (Figure 7b), the number of signals is
greater than the corresponding 6 signals expected for the
hyperfine coupling. This could be indicative of the pres-
ence of a significant zero field splitting. The great number
of signals observed does not let us make calculations in
order to obtain the hyperfine coupling constant.

In the case of compound 3, Figure 8a shows the EPR
spectrum at 20 K. The low-temperature EPR spectra for
Co(II)ions (S = 1/2) usually shows a very wide signal with
a g tensor next to the isotropic and with values in the order
of'4.33. In this case, due to the high wideness of the signal,
calculations of accurate values of the g tensor have not
been possible.

A rhombic symmetry of the g tensor can clearly be
observed, together with the hyperfine coupling constant
(Figure 8b). The simulation of the EPR spectrum, dis-
continuous line in Figure 8b, gave us the following set of
values g =543,4,=147x10"* 18~ 4475, A5, =109 x

4 and g3 = 2.665, A5 =20 x 10~ *. These values are in
good agreement w1th those observed for Co(II) ions in an
octahedral environment with a rhombic symmetry.

The magnetic susceptibilities of the Mn (1), Fe (2), and Co
(3) compounds were measured in the 4.2—300 K tempera-
ture range and showed that y,,, values continuously increase
upon cooling for the three compounds, not exhibiting any
maxima in the whole studied temperature range.
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Figure 9. Thermal evolution of y,,7 and x;l for compound 1 and the
corresponding theoretical Curie—Weiss law. The solid curve showing the
best fit of experimental data to eq 1.

Figure 9 shows the thermal variation of the reciprocal
magnetic susceptibility, ym', and the y,, T product for 1.
The ¥, T magnitude contmuously decreases upon cool-
ing. On the other hand, Xm has been observed to follow
the Curie—Weiss law over the measured temperature
range with Cy,, = 4.36 cm® K mol " and 6 = —0.09 K.

These data suggest the presence of weak antiferromag-
netic interactions taking place through the triple Mn—
(dca),bpa—Mn bridges. In order to evaluate the exchange
constant, we have used the analytical expression®' for an
infinite chain of classical spins, scaled to S = 5/2 (eq 1),
derived by Fisher and based upon the spin Hamiltonian
H = —2JZSI‘S,'+1

NgzﬁSS—l-l l—u
Xm =

T T 2JS(S+1
where u = ?a—coth ?”; T, = %

(1)
where N and k are the Avogadro and Boltzmann con-
stants, respectively, g is the Landé factor, and f is the
Bohr magneton. According to eq 1, the best-fit para-
meters for compound 1 have been determined to be g =
2.00 and J/k = —1.8 K.

The experimental data for compound 2, plotted as the
thermal variation of the reciprocal susceptibility and the
%mT product are shown in Figure 10. The variation of ;'
is well described by the Curie—Weiss law within the whole
range of temperature, with values of C,, and 6 of 3.39 cm®
K mol " and —0.59 K, respectively. The y,, T term is prac-
tically constant down to 100 K, rapidly decreasing upon
further cooling.

The thermal variation of y,,7" together with the sign
of the Weiss constant is consistent with the occurrence
of antiferromagnetic couplings. eq 2 can be proposed as
a theoretical approach to the magnetic behavior of com-

(21) Fisher, M. E. Am. J. Phys. 1964, 32, 343.
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Figure 10. Thermal evolution of y,,7 and x;l for compound 2 and the
corresponding theoretical Curie—Weiss law. The solid curve showing the
best fit obtained by eq 2.
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Figure 11. Thermal evolution of %, 7 and yy,' for compound 3 and the
corresponding theoretical Curie—Weiss law (solid line).

pound 2. In this expression, xy, is a function of the J para-
meter due to exchange couplings along an infinitive-spin
linear chain?! with S = 2:

_ 6Ng? B [1—u]
Im = 3k (11l

T T J
where u = ?O—coth(T) and T, = 12? (2)

According to eq 2, the best-fit parameters for com-
pound 2 have been determined to be g = 2.11 and J/k =

—0.66 K. The value of g lies among the usual ones for
octahedral Fe(II) ions (2.08—2.33).”

(22) Mabbs, F. E.; Machin, D. J. Magnetism and Transition Metal
Complexes; Chapman and Hall: London, 1973.
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Figure 12. Thermal evolution of y,,7 and y.,' for compound 5 and the
corresponding theoretical Curie—Weiss law (solid line).

Plots of ym' and ym7 Vs temperature are shown in
Figure 11 for compound 3. As can be seen, the Curie—
Weiss law is followed at temperatures down to 50 K, with
values of C,, and 6 of 3.49 cm® K mol™' and —1.99 K,
respectively. The decreasing values of y,,7 upon cooling
could be indicative the existence of antiferromagnetic
couplings, as for the rest of the isomorphous compounds.
However, the experimental value per Co at room tem-
peratureis 3.10 cm® K mol ™!, significantly larger than the
spin-only value of high-spin cobalt(II) (1.88 cm® K mol ',
S = 3/2) but slightly smaller than the value expected for
the free ion in *F state with negligible spin—orbital
coupling (3.38 cm?® K mol ™). This indicates a significant
contribution of the orbital angular momentum, typical of
the 4T1g ground term for Co(Il) in an octahedral field.
Thus, the decrease of u.g should be mainly attributed to
the spin—orbital coupling together with weak intrachain
antiferromagnetic interactions due to the dca bridges.
The lack of an appropriate magnetic model to describe
this situation has precluded quantitative magnetic anal-
ysis for this compound.

The experimental data for compound 5, plotted as the
thermal variation of the reciprocal susceptibility and the
%m 1 product, are shown in Figure 12. The variation of X;,l
is well described by the Curie—Weiss law within the whole
range of temperature, with values of C,, and 6 of 1.42 cm®
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K mol™' and —0.1 K, respectively. The y,T term is
practically constant down to 50 K, very slowly decreasing
upon further cooling. Both, the thermal variation of y,,, 7'
together with the sign of the Weiss constant is consistent
with the occurrence of slight antiferromagnetic coupling
in the compound. Attempts to fit the magnetic data for
this compound to a linear chain model (Ni—dca chains,
S = 1) with a J' in the molecular field approximation
(Ni—bpa bridges) have been unsuccessful. This may be
due to the extreme weakness of the interactions observed
or to requiring a specific model not yet available.

Conclusions

The combined use of dicyanamide (dca) and 1,2-bis(4-
pyridyl)ethane (bpa) has led to the preparation of five extended
frameworks with Mn(II), Fe(Il), Co(I), Zn(I1I), and Ni(II)
ions. The same type of unusual structural array has been
obtained in four first cases: one-dimensional (1D) [M(dca),-
(bpa)] (1—4) compounds with the metal(Il) ions bridged by
double u; 5 dca ligands and unusually by a third bridge
consisting of the bpa ligand, which shows one of the lowest
torsion angles known to date. While in general M(dca), is
octahedral, Zn(dca), is not, and therefore, it is to be noted
that in this case compound 4 is octahedral. On the contrary,
compound 5 shows a 3D structure of the a-Po like type with
planes of Ni-bpa joined by dca ligands. Furthermore, two
grids are interpenetrated in the global 3D structure. The
relatively weak antiferromagnetic interactions are in agree-
ment with the existence of double x4 5-dca—single bpa bridges
in compounds 1—3. Lower antiferromagnetic interactions in
compound S may be in agreement with the existence of only
one dca bridge joining Ni(II) ions in this compound.
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