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The combined use of bpm (2,2'-bipyrimidine) and dca (dicy-
anamide) has led to the preparation of two compounds of
general formula [M,bpm(dca),]-nH,O. Compound 1 (M = Nj,
n = 1) exhibits a 2D layered structure based on ladder-like
moieties. These units, whose steps are bpm groups, extend
through single dca bridges, the connection between distinct

ladder-like units taking place through double dca bridges.
Compound 2 (M = Zn, n = 0) consists of a 3D structure based
on the same type of ladder-like moieties that are connected
to another four on the plane perpendicular to the extension
of the ladders.

Introduction

The design of multidimensional networks has been an
important area of research in coordination chemistry. Thus,
the preparation of crystalline materials exhibiting some de-
sired structural and topological features becomes a fascinat-
ing challenge as it implies the control of the related physical
and chemical properties. In this sense, the synthetic strategy
has been widely confirmed to be a major factor.

Among the variety of extended frameworks reported dur-
ing the last few years, there are plenty of examples that
illustrate the relevance of the synthetic strategy. Since the
azide pseudohalide has been one of the most used ligands,
a couple of azide systems can be mentioned in this context
(Scheme 1). For instance, the compound [Mn(N3),bpy],
(bpy = 2,2'-bipyridine) consists of Mn chains where the
Mn'! ions are alternatively bridged by double end-on (EO)
and double end-to-end (EE) azide bridges.!! The substitu-
tion of bpy by the tetradentate bpm (2,2'-bipyrimidine) in
an M:bpm molar ratio of 2:1 induces the connection of the
Mn chains resulting in the compound [Mn,(N3)sbpm],.
This is a 2D honeycomb-like structure where the sheets ex-
hibit an infinite hexagonal array of Mn!' ions bridged by
bis-chelating bpm and double EO azide-bridges.”

A further step in the synthetic strategy could consist of
the substitution of the azide group to generate new M-bpm-
L compounds (L being the new ligand). With this aim, we
have selected dicyanamide (dca), as previously done by
other researchers.[?l This ligand, similarly to the azide li-
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gand, exhibits several coordination modes. Thus, besides
the monodentate terminal coordination,* bidentate,® tri-
dentatel® and even tetradentate!”? modes have been reported
for dca (Scheme 2). The potential of dca for the preparation
of extended frameworks is illustrated by the great deal of
recent attention focussed on coordination polymers con-
taining this ligand.®!
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Taking into account the above-mentioned aspects, two
compounds of general formula [M,bpm(dca),]'nH,O (M =
Ni, n = 1 for compound 1; M = Zn, n = 0 for compound
2) have been synthesised and magnetostructurally charac-
terised. For both of them, a ladder-like moiety can be pro-
posed as a basic structural unit whose repetition leads to a
2D array for 1 and to a 3D network for 2.

Results and Discussion

Structural Analysis

The structural characterisation of compound 1 has been
carried out by means of X-ray powder-diffraction pattern
analysis on the basis of the structure of
[Co,bpm(dca)s]-H>O (3). This compound has been struc-
turally characterised at 100 K by Marshall et al.’l and at
273 K by us. Therefore, since the X-ray powder-diffraction
data collection for 1 was carried out at 273 K, we have used
our structural data for 3 as initial parameters for the refine-
ment of 1. The observed, calculated and difference X-ray
diffraction pattern for 1 are displayed in Figure 1. As can
readily be seen, there is a good agreement between the
theoretical and experimental data. Thus, the fact that 1 and
3 exhibit the same stoichiometry and space group (Pnma)
and similar structural parameters [a = 16.111(3) A b=
12.755(2) A, ¢ = 10.455(2) A for 1 and a = 16.212(2) A,
b = 12.972(2) A, ¢ = 10.502(2) A for 3] clearly indicates
that compounds 1 and 3 are isomorphous. This isomorph-
ous relationship is also confirmed by the rest of the analyt-
ical techniques discussed in this work for 1.
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Figure 1. Observed, calculated and difference X-ray diffraction pat-
terns for 1

Figure 2 shows a view of the structures of 1 and 3. As
observed, they consist of layers of octahedrally coordinated
metallic cations. The 2D network can be described on the
basis of ladder-like moieties extending along the x direction
through single dca bridges, the steps being the bpm groups.
These ladders are connected through double dca bridges
along the y direction. The intermetallic distance through
bpm is the shortest one (5.770 A for 3) while the distance
through the single dca bridges is the longest one (8.299 A
for 3), with the one through double dca links being interme-
diate (7.202 A for 3). The layers are waved and are closely
packed along the z direction. Additionally, there are molec-
ules of water of crystallisation located between these layers.

Compound 2 consists of a 3D network where each Zn'!
cation is octahedrally bonded to one bpm (through N1 and
N2 atoms) and four dca ligands (two N3—-C5-—
N4—C6—NS5 groups and two N6—C7—N7—C8—N8
groups). As seen in Figure 3, the two Ny, atoms occupy
two of the equatorial positions. Since the bpm ligands are
N,N',N'"',N'"'-tetradentate they allow the connection be-
tween two metallic cations. On the other hand, the four dca
groups act as 1,5-bridges with the N3 and N6 atoms at the
remaining equatorial positions and the N5 and N8 atoms
at the axial positions. As a result each Zn'" cation is linked
to five metallic centres: one through bpm (Zn-Zn distance
is 5.895 A) and four by dca ligands [Zn:-Zn distances
through the N3,N5- and N6,N8-bonded dca groups are
7.446 and 7.656 A, respectively].

The 3D structure of 2 can also be described on the basis
of covalently interconnected ladder-like moieties. Thus, as
observed in Figure 4, the ladder-like moieties also consist of
bpm steps. These units extend along the x direction through
N3—C5—N4—-C6—N5 dca groups. Each ladder unit is con-
nected to another four through N6—C7—N7—-C8—N8 dca
groups along the [011] and [01] directions.

Table 1 displays the selected bond lengths and angles for
2. As can be seen, the coordination sphere is quite distorted
in relation to both distances and angles. The presence of
the rigid bpm ligand accounts for the bond angles being far
from the ideal values. The Zn—NS8 distance deserves special
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2

R Figure 4. (Top) [011] view of the structure for 2 and (bottom) exten-
I il sion of the ladder-like moieties along the [100] direction

Figure 2. (top) View of the 2D structure and (bottom) the packing  Table 1. Selected bond lengths (A) and angles (°) for compound 21!
of the layers for 1

Zn—N(1) 2.171(2) N(5)—Zn—N(2i) 98.67(8)
Zn—N(2i) 2.258(2) N(6)—Zn—N(3) 100.31(10)
Zn—-N(3) 2.028(2) N(6)—Zn—N(1) 92.84(8)
Zn—-N(5) 2.030(2) N(3)—Zn—N(1) 158.51(8)
Zn—N(8) 2.788(2) N(6)—Zn—N(2i) 157.67(8)
Zn—N(6) 2.040(2) N(3)—Zn—N(2i) 87.44(8)
N@3)—-C(5) 1.149(3) N(1)—Zn—N(2i) 74.42(6)
C(5)-N@) 1.285(3) C(5)-N(3)—Zn 142.07(18)
N(4)—C(6) 1.294(3) N(3)-C(5)-N@)  172.73)
C(6)—N(5ii) 1.146(3) C(5)-N@)—-C(6)  123.5(2)
N(6)—C(7) 1.137(3) N(5ii)—C(6)-N@4)  171.7(3)
C(7)-N(7) 1.295(3) C(6ii)~N(5)—Zn  171.8(2)
N(7)-C(8) 1.292(3) C(7)—-N(6)—Zn 163.1(2)
C(8)-N(8) 1.127(4) N(@6)-C(7)-N(7)  172.6(3)

N(5)—Zn—-N(6)  100.49(10) C@®)-N(7)—-C(7)  122.12)
N(5)-Zn—-N(3)  100.0809) N(8)—-C@®)-N(7)  172.8(3)
N(5)—Zn—N(1)  94.08(8)

[l Symmetry transformations used to generate equivalent atoms:
. . . o . i=-—x,—y —znii=x—1ypyzii=x+1,y,:z
Figure 3. ORTEP view (50% probability) of the coordination envir-
onment for 2

The main difference between the structures for 1 and 2
attention as the value of 2.8 A clearly implies that the cova- lies in the connection between ladder-like units. Thus, while
lent connection between distinct ladder-like units is weak. each ladder is connected to another two through double
Nevertheless, similar values have been accepted in the liter-  dca bridges along the y direction for 1, each ladder is linked

ature as bond lengths.”! to another four through single dca bridges for 2. This is a
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consequence of the orientation of the coordination oc-
tahedra in relation to the extension of the ladder-like moi-
ety. Thus, for 1 the axial direction of the octahedra fully
coincides with the extension direction, while for 2 it does
not. Obviously, this different disposition is responsible for
the occurrence of a 2D array for 1 and a 3D structure for 2.

IR and ESR spectroscopy

A summary of the most important IR bands correspond-
ing to compounds 1 and 2, together with their tentative as-
signment,['” is displayed in Table 2. As observed, both
compounds exhibit strong absorptions in the region
2315—2190 cm ™! that correspond to ve—n modes. There
are also strong bands at about 1580 cm ! for both of them
(with a shoulder at lower wavenumbers for 2) that have been
attributed!"!! to the asymmetric doublet characteristic of
ring stretching for bis-chelating bpm. The absorptions due
to molecules of water of crystallisation were detected for 1
at about 3400 cm™!.

Table 2. IR bands (cm~!) and assignments for compounds 1 and 2

1 2
dea, Veym + Vagym (C=N) 23121 2352i,2292i
dca, vyym (C=N) 22571 22651
dea, veym (C=N) 21901 22251, 21651

dca, v (C—N) 1413m, 1360m 14151, 13601
bpm, (C=C, C=N), bis-chelating  1585m 15801, 1565i
H,O0, crystallisation (O—H) 3410m —

An X-band ESR spectrum at room temp. was recorded
on a powdered sample of 2 doped with 1 mol % Cu (Fig-
ure 5). As observed, the signal is characteristic of an axial
g tensor exhibiting hyperfine splitting on the parallel com-
ponent which corresponds to the electronic spin—nuclear
spin (°’Cu, I = 3/2) coupling. Values of g; = 2.315, g, =
2.075 and 4 = 143 X 10—4 cm™ ' have been determined.
The sequence g, > g, > 2.04 indicates a d,*_,* ground
state in good agreement with the elongated octahedral to-
pology of the [CuNg] chromophores.!'?]

[ dX"/dH /(a.u.)
410*

-410* |-

experimental
————— calculated

-810%

| ! | ! ! L | L L ! I J
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Figure 5. Experimental and calculated ESR powder spectra for
[(Zng.99Cuq 01),bpm(dca),]
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Magnetic Properties

The magnetic characterisation of compound 1 was car-
ried out by measurement of the thermal variation of the
magnetic susceptibility, x,,. The experimental data, plotted
as the thermal variation of the reciprocal susceptibility
(xm") and the product y,,7T are shown in Figure 6.

X, T /cm®Kmol XL /mol cm™®

1.2 300
1 - 250
0.4 - 100
0.2 ~ 50
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0 L I e 0
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temperature / K

Figure 6. Thermal evolution of y,,,”! and %,,T for 1 and their cor-
responding theoretical curves (fit 2 for %, T)

The 7, values for 1 increase from 3.53 X 1073 cm? mol ™!
at room temp. up to a maximum, and afterwards decrease,
tending to zero. The peak in y,, shows two maxima (16.54
X 1073 em? mol ! at 24 K and 16.95 X 1073 cm?® mol ! at
17 K). This small anomaly, shown in the inset in Figure 6,
will be discussed below. The Curie—Weiss law is followed
down to 50 K with values of C,, = 1.19 cm® K mol~! and
0 = —30.75 K. The y,,,T curve decreases continuously upon
cooling from 1.07 cm?® K mol™' (per Ni atom) at room
temp., tending to zero.

The magnetic results for 1 are clearly indicative of the
occurrence of antiferromagnetic coupling between metallic
centres. Since the dca ligand is a poor magnetic mediator,!3!
these interactions should be attributed mainly to the ex-
change through the bpm ligand.[3>-'4

In order to evaluate the antiferromagnetic interactions
for 1, Equation (1) was used first. This expression, based on
the isotropic spin Hamiltonian H = —JS,*Sg, accounts for
the molar magnetic susceptibility corresponding to a Ni!l
dimer (S5 = Sg = 1).

2N2g? [ exp(J/KT) +Sexp(31/KT) | M
Km =T |1+ 3exp(/ KT) + Sexp(3) /KT) |

where N and k are the Avogadro and Boltzmann con-
stants, respectively, and B is the Bohr magneton.

This model reproduces the experimental data quite accur-
ately with values of J/ = —18.3 cm ! and g = 2.12 (fit 1).
However, as mentioned above, there is a small anomaly on
the y, vs. T curve for 1 that has not been explained. This
anomaly could be attributed to the occurrence of weak ex-
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change through the dca bridges at low temperatures that
could provoke a slight lack of compensation of the anti-
parallel spins. If we now consider this exchange as an inter-
dimer molecular field, the magnetic data for 1 can be in-
terpreted by Equation (2). The best theoretical curve gener-
ated (fit 2) is displayed in Figure 6 (J = —16.5cm™!, g =
2.14 and zJ' = —3.1 cm™"). It is worth mentioning that no
significant improvement has been found compared to fit 1.

Xm

K (@)

X 2 )
55 2 Am
Ng“B

=(1-

The sign and magnitude of the exchange constants J cal-
culated for the interaction through bpm is comparable to
others found in the literature. Thus, values between —14
and —11 cm™ ' have been reported for Ni-bpm-Ni
bridges.['>] The moderate efficiency of bis-chelating bpm as
a magnetic coupler is explained by the strong overlap be-
tween d,”_,* magnetic orbitals (the x and y axes being the
ones corresponding to the Ni—Ny,,, bonds) through the
symmetry-adapted HOMO of the bpm bridge.['®! The fact
that the Ni-bpm-Ni fragment is practically planar favours
the overlap increasing the magnitude of the coupling.

The isomorphous Co'' compound (3) has been charac-
terised magnetically by Marshall et al.’] Compound 3 ex-
hibits antiferromagnetic interactions that are mainly attrib-
uted by the authors to the dimeric exchange through bpm
(as found for 1). Unfortunately, since the attempts by Mar-
shall et al. to model the magnetic behaviour of 3 do not lead
to any J values, there is no possible comparison between the
exchange constants for 1 and 3.

Conclusion

The combined use of dca and bpm has led to the pre-
paration of extended frameworks with two Nil and Zn'!
atoms. The antiferromagnetic Ni'! compound exhibits a 2D
array where ladder-like units are connected through double
dca bridges. The bpm ligands are the steps in the ladder-
like moieties, their extension taking place through single
dca bridges. Molecules of water of crystallisation can be
found between the resulting waved planes. The Zn'' com-
pound is anhydrous and exhibits the same kind of ladder-
like units. In this case, however, each unit is connected to
another four through single dca bridges resulting in a 3D
array.

Experimental Section

Synthesis: The synthesis of compound 1 was carried out by mixing
an aqueous solution of Ni(NO3),6H,0 (0.50 mmol) and a meth-
anolic solution of bpm (0.25 mmol). Afterwards, an aqueous solu-
tion of dca (1 mmol) was added and left to stand at room temper-
ature. After several days, poor-quality blue crystals were obtained
(45% vyield, 62.57 mg). Unfortunately, further attempts to recrys-
tallise this product did not lead to better quality crystals. The syn-
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thesis of compound 2 was performed in a similar manner with
ZnCl,. In this case, prismatic, yellow, X-ray quality single crystals
(34% yield, 62.22 mg) were obtained.

Elemental analysis and atomic absorption results were in good
agreement with the CgH3;NgNiOg 5 stoichiometry for 1, and the
CgH;NgZn stoichiometry for 2.

1: caled. C 34.4, H 1.4, N 40.2, Ni 21.0; found C 33.0, H 1.7, N
38.3, Ni 21.2.

2: caled. C 34.7, H 1.1, N 40.5, Zn 23.6; found C 34.5, H 1.0, N
39.3, Zn 23.1.

Physical Measurements: Microanalyses were performed with a
LECO CHNS-932 analyser. Analytical measurements were carried
out in an ARL 3410 + ICP with a Minitorch equipment. IR spec-
troscopy was performed on a Nicolet 520 FTIR spectrophotometer
in the 400—4000 cm™! region. ESR spectroscopy was performed
on powdered samples at the X-band frequency, with a Bruker ESR
300 spectrometer equipped with a standard OXFORD low-temper-
ature device, which was calibrated by the NMR probe for the mag-
netic field. The frequency was measured with a Hewlett—Packard
5352B microwave frequency computer. Magnetic susceptibilities
and the magnetisation of powdered samples were carried out in the
temperature range 1.8—300 K at values of the magnetic field up to
10000 G, using a Quantum Design Squid magnetometer, equipped
with a helium continuous-flow cryostat. The experimental suscept-
ibilities were corrected for the diamagnetism of the constituent
atoms (Pascal tables).

Crystal Structure Determination: X-ray powder diffraction data for
compound 1 were collected on a PHILIPS X'PERT powder dif-
fractometer with Cu-K, radiation in steps of 0.02° (20) over the
5—60° (20) angular range and a fixed-time counting of 4 seconds
at 25 °C. The powder diffraction patterns were indexed with the
FULLPROF! program based on the Rietveld method!!”~'8lusing
the Profile Matching option. Crystallographic data and processing
parameters for compound 1 are given in Table 3.

Table 3. Crystallographic data for 1

Formula C8H3N8Ni00.5
M 278.11

Crystal system Orthorhombic
Space group Pnma

a [A] 16.111(3)

b [A] 12.755(2)
c[A] 10.455(2)

a [°] 90

BI°] 90

vI[° 90

U[AY 2148.4

Z 8

T [K] 293

A [A] 1.5425

Rl 7.50

Ry, 9.80

GOF 2.55

e Rl” = 100[100(|y07yc|)/|y0 ] — [0 pr = [(W|J/o - J/c|2)/(W|J’o|2)]1/2~
— [T GOF = [Ryp/Rexpected]’-

X-ray measurements for 2 were carried out at room temperature
on an Enraf—Nonius CAD-4 diffractometer operating in the ©/20
scanning mode. Accurate lattice parameters were determined from
a least-squares refinement of 25 well-centred reflections. Intensity
data were collected in the 6 range 1—30°. During data collection,
two standard reflections observed periodically showed no signific-
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ant variation. Corrections for Lorentz and polarisation factors
were applied to the intensity values. The structure for 2 was solved
by heavy-atoms Patterson methods using the program SHELXS-
9711 and refined by a full-matrix least-squares procedure on F>
using SHELXL-97.?% Non-hydrogen atomic scattering factors
were taken from International Tables of X-ray Crystallography.l?!l
Crystallographic data and processing parameters for 2 are shown
in Table 4.

Crystallographic data (excluding structure factors) for the struc-
ture(s) included in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
no. CCDC-150936 (2) and -150937 (3). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK [Fax: (internat.) + 44-1223/336-033;
Email: deposit@ccdc.cam.ac.uk].

Table 4. Crystal data and structure refinement for compound 2

Formula CgH;NgZn
M 276.55
Crystal system Monoclinic
Space group P2,/c
a[A] 7.446(4)

b [A] 11.478(4)
c[A] 12.064(4)
o [°] 90

B 107.75(2)
Y[l 90

U [AY 982.0(7)

zZ 4

T [K] 293

A AR 0.71069
Pobs [g em 7] 1.85(4)

Peal [g Cm73] 1.871

g [mm™1 2.489
Unique data 2860
Observed data 2299

R(R')®! 0.0356(0.1031)

[al Graphite monochromated Mo-K,, radiation. — 1 R = [|F,| —
[FNFL, R = {[w(F> = FVw(FS] Y2, where w = 1/6%y|F|.
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