Magnetostructural characterisation of two M-NCQO-bpa polymers
(M = Co, Mn and bpa = 1,2-bis(4-pyridyl)ethane)
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The combination of bpa with the pseudohalide cyanate (NCO™) leads to the preparation of two new isomorphous
compounds exhibiting the formula [M(NCO),(bpa),],"bpa where M = Co (1), Mn (2). Both of them have been
magnetostructurally characterised by means of X-ray diffraction analysis, TG measurements, IR and ESR
spectroscopies and measurements of the magnetic susceptibility. Both compounds consist of M—(gauche-bpa),~M
chains connected through H-bonds. The resulting network shows pseudo-channels (8.5 A x 9.3 A). The structure
also exhibits anti-bpa groups performing as crystallisation molecules that are perpendicularly disposed to the
pseudo-channels. Both compounds exhibit antiferromagnetic interactions through metallic centres.

Introduction

The dipyridyl organic ligands are well-known to be excellent
spacers for the preparation of coordination polymers. In this
context, 4,4'-bipyridine has been extensively used giving rise to
a large number of high-dimensional frameworks.! The effi-
ciency of this ligand as a mediator between the metallic ions lies
in the 4,4’-relative position of the N donor atoms that provide
the extension of the polymers.

Further research in this area has been devoted to other
dipyridyl ligands? that exhibit the 4,4'-relative position of the
N atoms but possess several R groups linking both pyridyl rings
(Scheme 1(a)). Obviously, each py—R-py ligand exhibits not
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only a distinct N-N' distance but also other distinguishing
characteristics. Among them, the rigidity of some of these
ligands is a clear limiting factor for a self-assembly strategy for
the synthesis of polymeric compounds. Therefore, the use of
flexible linkers like 1,2-bis(4-pyridyl)ethane (bpa) seems to be
specially convenient.

T Electronic supplementary information (ESI) available: powder XRD
data for compound 2. See http://www.rsc.org/suppdata/dt/bl/
b101192h/
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As a consequence of the freedom of rotation exhibited by the
ethyl group, bpa can adopt two different conformations, anti
and gauche (Scheme 1(b)), both conformers being able to per-
form as co-ordinating ligands (either bridging or terminal) and/
or as crystallisation molecules. As a result, bpa is characterised
by a remarkably high capability to become accommodated
in the structural framework, making it an excellent candidate
for the preparation of co-ordination polymers. Several bpa-
polymers have been reported over the last few years, illustrating
the potential of this ligand in this context.’

Our previous work with bpa concerned two families of 1D
and 2D compounds* where this ligand is combined with ambi-
dentate pseudohalides (L = N;, NCS). Both sets of compounds
(IML,(bpa),],, where M is a divalent cation and »n = 1,2) exhibit
bpa just as a bridging ligand. In this paper, we report on
two new isomorphous compounds where bpa groups not only
perform as co-ordinating ligands but also as crystallisation
molecules. Both compounds exhibit the formula [ML,(bpa),],
bpa where M = Co (1), Mn (2) and L = NCO. The complex
part of these compounds exhibit pseudo-channels formed by
the packing of M—(bpa),~M linear chains. The crystallisation
molecules of bpa are perpendicularly disposed to these pseudo-
channels.

Experimental
Syntheses

Synthesis of compound 1 was carried out by adding an aqueous
solution of KNCO (2.5 mmol) to an aqueous solution of
Co(S0,),*7H,0 (0.5 mmol). After one hour stirring a
warm ethanolic solution of bpa (1.5 mmol) was added to
this mixture. After five hours stirring at 50 °C, the resulting
solution was left to stand at room temperature. Several days
later, prismatic, pink, X-ray quality single crystals were
obtained (35% yield).

Compound 2 was similarly synthesised but using Mn(SO,),"
H,0 (0.5 mmol). In this case, pale yellow crystals were obtained
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after several days (53% yield) but they were not good enough
for single crystal X-ray analysis. Unfortunately, further
attempts to recrystallise this product did not lead to better
crystals.

Elemental analysis and atomic absorption results were
in good agreement with the MC;NgH;O, (M = Co, Mn)
stoichiometry for both compounds. Found (calc.): Co, 8.43
(8.47); N, 16.36 (16.11); C, 65.14 (65.61); H, 4.93 (5.21)% for
1: Mn, 8.12 (7.94); N, 16.47 (16.20); C, 65.44 (65.99); H, 5.38
(5.2)% for 2:

TG curves obtained for 1 and 2 (25-500 °C) showed that,
as reported for similar compounds,'“* both of them undergo
pyrolysis of the ligands, taking place in two steps. The first
step, which corresponds to a weight loss of 52.1 (1) and
54.1% (2), is centred at 180 (1) and 170 °C (2) and can be attri-
buted to two molecules of bpa per formula unit. The second
step (weight loss of 31.8 (1) and 34.1% (2)) takes place at
around 350 (1) and 320 °C (2). The identification of the final
residues was not possible due to the low crystallinity of the
samples.

Physical measurements

Microanalyses were performed with a Perkin-Elmer 2400
analyser. Analytical measurements were carried out in an
ARL 3410 + ICP with Minitorch equipment. TG curves were
obtained using a TA-Instruments SDT-2960 DSC-TGA unit
at a heating rate of 5 °C min~' in argon. IR spectroscopy
was performed on a Nicolet 520 FTIR spectrophotometer in
the 400-4000 cm™' region. Diffuse reflectance spectra were
registered at room temperature on a CARY 2415 spectrometer
in the range 500045000 cm™'. Magnetic susceptibilities of
powdered samples were carried out in the temperature range
1.8-300 K (at a value of 1000 Gauss) using a Quantum
Design Squid MPM5-7 magnetometer, equipped with a helium
continuous-flow cryostat. The experimental susceptibilities
were corrected for the diamagnetism of the constituent atoms
(Pascal tables).

Crystal structure determination

Single crystal X-ray measurements for compound 1 were taken
at room temperature on an Enraf-Nonius CAD-4 diffract-
ometer with graphite-monochromated Mo-K, radiation (4 =
0.71070 A), operating in /20 scanning mode using suitable
crystals for data collection. Accurate lattice parameters were
determined from least-squares refinement of 25 well-centred
reflections. Intensity data were collected in the 0 range 1-30°.
During data collection, two standard reflections periodically
observed showed no significant variation. Corrections for
Lorentz and polarisation factors were applied to the intensity
values.

The structure was solved by heavy-atom Patterson
methods using the program SHELXS97° and refined by a
full-matrix least-squares procedure on F? using SHELXL97.6
Non-hydrogen atomic scattering factors were taken from
International Tables of X-Ray Crystallography.” In Table 1,
crystallographic data and processing parameters for compound
1 are shown.

CCDC reference number 158590.

See http://www.rsc.org/suppdata/dt/b1/b101192h/ for crystal-
lographic data in CIF or other electronic format.

X-Ray powder diffraction data for compound 2 were
collected on a PHILIPS X’PERT powder diffractometer with
Cu-K, radiation in steps of 0.02° over the 5-60° 26-angular
range and a fixed-time counting of 4 s at 25 °C. The powder
diffraction patterns were indexed with the FULLPROF?®
program based on the Rietveld method® using the Profile
Matching option. Structural data and processing parameters
for 2 are given in Table 2.

Table 1 Crystal data and structure refinement for compound 1
Formula CoCy4NgH;0, Z 4

M 695.7 TIPC 20
Crystal system  Monoclinic AMA“ 0.71070

Space group Cylc Popdg cm > 1.31(3)

alA 19.869(2) Pealg cm™? 1.288

blA 9.639(2) wlem™ 5.23

clA 18.821(2) Unique data 5252

pl° 95.72(2) Observed data 3227

UIA? 3586.6(9) R (R’ 0.0628 (0.1458)
“Mo-Ka radiation, graphite monochromator. * R = [2‘\Fo| - |FC\‘/

S|F), R =[ Z[W(F,2 — FHZE[w(F2)]"? where w = 1/6*(|F,)).

Table 2 Structural data and refinement for compound 2

Formula MnC;4NgH;,0, pl° 95.63(9)
M 691.7 UIA? 3690.8(3)
Crystal system Monoclinic T/I°C 25

Space group Cyle A 1.54056
alA 19.967(5) Rp¢ 8.78

blA 9.841(2) Rwp® 12.0

c/A 18.873(4) GOF 2.22

“ Rp = 100[Zly, — yllVZly,l. * Rwp = [Z[wly, — ylUZDwly 11"

x

Fig. 1 ORTEP" view (50% probability) of the chains of 1 packed on
the xy plane. The discontinuous lines represent H-bonds.

Results and discussion
Structural analysis

Compound 1 consists of linear Co—(bpa),~Co chains extending
along the [010] direction that are packed along the xy planes
(Fig. 1). The four bpa ligands that are linked to each octahedral
Co™ adopt the gauche conformation providing an intermetallic
distance of 9.639 A. These ligands are located on the equatorial
positions of the co-ordination sphere, the axial positions being
occupied by terminal N-co-ordinated cyanate groups. While the
metallic cations are situated on the same plane, one of the bpa
groups and one of the NCO ligands are directed upwards from
the plane, the remaining ones being directed downwards. Fig. 1
also shows the H-bonds between the Oyco and the C atoms of
the ethane groups of the bpa ligands. The H-bonds, together
with some selected parameters for 1, are displayed in Table 3.
As seen, Co—Nyo distances (2.066(3) A) are slightly shorter
than the Co-N,,, distances (2.200(3) A, on average). On the
other hand, the bond angles associated with the co-ordination
sphere are very close to the ideal ones. The NCO ligands are
nearly linear (N-C-O angle is 178.5(4)°) and the py—C-C—py
torsion angle for the co-ordinated bpa groups is 66.3°. Similar
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Table 3 Selected bond distances (A) and angles (°) and most important intermolecular H-bonds (donor - + - acceptor < 3.5 A) for compound 1

Co(1)-N(1)
Co(1)-N(2ii)
Co(1)-N(3)

N(1)-Co(1)-N(li)
N(1)-Co(1)-N(2ii)
N(1)-Co(1)-N(2ii)
NQiii)-Co(1)-N(3)
N(@3i)-Co(1)-N(1)
N(3)-Co(1)-N(1)

Intermolecular H-bonds
C7-H7A
C15-H15
C2-H2

C7-H7A -+ Ol(iv)

2.196(3)
2.204(3)
2.066(3)

90.8(1)
89.8(1)
177.5(1)
178.3(2)
87.8(1)
91.0(1)

0.966(9)
0.90(5)
0.93(3)

135(3)

N(3)-C(13) 1.158(4)
C(13)-0(1) 1.198(4)
N(@3i)-Co(1)-N(2ii) 89.7(1)
N(3)-Co(1)-N(2ii) 91.5(1)
N(2ii)-Co(1)-N(2iii) 89.6(2)
C(13)-N(3)-Co(1) 167.5(3)
N(1i)-Co(1)-N(2iii) 177.5(1)
N(3)-C(13)-0(1) 178.5(4)
C7-01(iv) 3.456(5)  H7A---Ol(iv) 2.701(4)
C15-0l(iii) 3.499(5)  HI5- - - Ol(iii) 2.66(3)
C2-N4(iv) 3.444(5)  H2---N4(iv) 2.76(3)
CI5-H15- - - Ol(iii) 155(4) C2-H2- - - N4(iv) 1313)

Symmetry transformations used to generate equivalent atoms: (i) —x, y, —z

+ 172;(00) —x,y+ 1, —z+ 172; (i) x, y + 1,z (iv) x — 172,y —1/2, z.

ko] g % \&‘\ P
ﬁx’:1 \\\\ \:\\h "T; AL hf?
S\ ol % _H/\‘-_\ \\\ \f:i‘ ?‘\)—3""\ le
‘.\}(;;\_\‘LL.A} . )'L.-..\) ! j:\ /‘L-'\\\
. ) I \\‘-\" )\‘ '--\\\‘\.\ ¢
" :
\‘\L W 0.\4»- i :12‘ [ »
" b
533 . “‘\ "‘\:\‘i ‘T\llf “4» hk?
« : “‘-\‘)‘“\ % ?&)\“\ R
S A VE PN 3
v -y TS NS 6 }f\ \l-\f‘:‘ﬁl
\_k\ ¢ : A\ \\ LS
\\L 1 0.\-&}_ S L Y
*}__‘ +® \\\ "':'\\ b | b
. L. \t.} O"‘Lk_\
i
¥y

Fig. 2 (110) view of the structure for 1. The discontinuous lines
represent H-bonds.

low values of the torsion angles have been found for other
M-—(gauche-bpa),~M chains.3-

The Co—(bpa),—Co chains are disposed along xy planes that
are packed along z as shown in Fig. 2. Thus, there are xy planes
of crystallisation with bpa molecules located between the
planes of Co—(bpa),~Co chains. These bpa groups, adopting
the anti conformation with a torsion angle of 179.9°, are dis-
posed along the [110] and [1—10] directions in alternate planes.
The resulting arrangement provides a highly efficient filling
of the space that is based on a great number of H-bonds
(Table 3).

The relative shift of the chains along both x and z directions
produces pseudo-channels (8.5 A x 9.3 A) along the [10—1]
direction. The bpa planes intersect these pseudo-channels as
shown in Fig. 3, giving rise to cavities. However, this compound
is not sufficiently robust to be considered a proper microporous
compound since, as mentioned before, decomposition starts at
low temperature as a consequence of the fact that the 3D
framework is based on H-bonds.

The powder X-ray diffraction pattern for compound 2 is very
similar to the theoretical pattern generated for compound 1.
Therefore, the values corresponding to the cell parameters and
space group of compound 1 were used as initial data for the
refinement of the experimental patterns for compound 2. The
experimental, calculated (according to the best fit parameters
shown in Table 2) and difference patterns are shown in Fig. 4
for compound 2. These results clearly indicate that compounds
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Fig. 3 (10—1) view of the structure for 1 showing the existence of
pseudo-channels formed by the complex part of the compound (dark)
and the intersecting planes of bpa crystallisation molecules (light).

Intensity (arbitrary units)

10 15 20 25 30 35 40 45
20/degrees

Fig. 4 Experimental,
diffraction patterns for 2.

calculated and difference powder X-ray

1 and 2 are isomorphous. The isomorphism of 1 and 2 is also
confirmed by the rest of the techniques used in this work.

IR and UV-VIS spectroscopies

A summary of the most important IR bands corresponding to
compounds 1 and 2 together with their tentative assignments '’
is given in Table 4. As can be seen, both spectra exhibit an
intense absorption at about 2200 cm ™' which is associated with
the asymmetric stretching mode of the cyanate ligand.



Table 4 Selected IR bands for bpa and [Co(NCO),bpa,]-bpa (1) and [Mn(NCO),bpa,]-bpa (2), together with their assignments

bpa [Co(NCO),bpa,]-bpa [Mn(NCO),bpa,]-bpa
Cyanate, v,i(CN) — 2206s 2199s
Cyanate, v(CN) — 1300 1301
Cyanate, 0 — 617 618
Pyridyl ring stretching, v(C=C) 1594 1612 1612
W(ArC-C, C=N) 1413 1419 1419
Pyridyl ring breathing, 6(ArC-H) 982 1016 1016
Pyridyl out of plane bending, v(ArC-H) 817 828 828
Pyridyl ring in plane vibration 539 550 548

compound 2 (Mn)

r compound 1 (Co}
AN AAAAAAAAA

%m Tlem3 K mol™'

0 50 100 150 200 250 300

Temperature/K

Fig. 5 Thermal evolution of y,7 for compounds 1 and 2 and the
corresponding theoretical curve for 2.

On the other hand, the frequencies of the IR bands related to
the bpa ligand in both compounds are very close to their posi-
tions in the free ligand (which are also displayed in Table 4)
showing that the pyridyl rings are nearly planar in the com-
plexes. These results are indicative of a similar co-ordination
of the ligands to the metallic ions, as expected for isomorphous
compounds.

The diffuse reflectance spectrum for compound 1 is typical
of octahedral high spin Co(i1) complexes. Thus, the UV-VIS
spectrum shows three spin-allowed transitions from Ty, to “T,,
(v, =9480 cm ™), *A,, (v, = 18350 cm ') and “T,(P) (v; = 20870
cm™Y), respectively, the v, transition appearing as a shoulder
of v;. The values of D, = 1139 cm™' and B = 606 cm™' which
have been calculated from these transitions are typical for high
spin Co(1) complexes."! The value of B is indicative of 65%
covalency of the Co—N bonds in compound 1. The spectrum
also shows a charge-transfer band above 38000 cm™' which
could be due to the presence of the four pyridyl rings around
the metallic ion.

Magnetic properties

In order to evaluate the magnetic performance of 1 and 2,
molar magnetic susceptibility values, y,,, were recorded in the
5-300 K range. The y,,” ' curve for 1 has been observed to follow
the Curie-Weiss law down to 50 K with values of C,, = 3.50 cm?
K mol™! (per Co), 0 = —16.9 K and g = 2.73. For 2, the Curie—
Weiss law is obeyed across the whole range of temperatures
with values of C,, =4.38 cm® K mol™" (per Mn), 0 = —0.6 K and
g=2.00.

Fig. 5 displays the thermal variation of the y,,7" product for 1
and 2. As observed, the y,,T curve for 1 continuously decreases
upon cooling from 3.29 cm® K mol ™' at rt down to 2.45 cm® K
mol™' at 20 K. At lower temperatures, y,,I" values increase
again up to 2.59 cm® K mol™" at 10 K. Upon further cooling,
xmI tends to zero. On the other hand, the y,, T values for 2
decrease very slowly across the whole range of temperatures
from 4.38 cm® K mol ™' per Mn at rt. As observed, y,,7 remains
practically constant down to 40 K, the y,,7 value at 5 K being
3.90 cm® K mol ™.

The decreasing values of y,7 upon cooling indicates the
occurrence of antiferromagnetic coupling for 1 and 2. This
magnetic exchange must be attributed to the intermetallic
coupling through the bpa bridges, which is expected to be weak
as a consequence of the long pathway through this organic
ligand. The fact that the slope of the decreasing y,,7" curve
is higher for 1 (Co"™) than for 2 (Mn") is obviously due to the
spin—orbit coupling contributing to the decrease of g in the
Co" compound.

With the aim of interpreting the magnetic data, eqn. (1)
has been used. This expression corresponds to an infinite-spin,
linear chain model scaled for S = 5/2, where N and k are the
Avogadro and Boltzmann constants, respectively, and £ is the
Bohr magneton.

) _Ng2ﬁ2S(s+1)<1 —u> (1
=TT 1+ u
T C2JS(S + 1)

U= coth—; T,
Ty Ty k

According to eqn. (1), the best fit parameters for compound 2
have been determined to be g = 2.00 (in good agreement with
the experimental data) and J = —0.05 cm™'. Similar values of
the exchange constant have been found for related M—(gauche-
bpa),~M chains.*

For compound 1, no good fit has been possible due to the
contribution of the spin—orbit coupling. On the other hand,
the slight increase of the magnetic moment with decreasing
temperatures observed between 20 and 10 K deserves some
attention. According to the structural features, the occurrence
of low-temperature ferromagnetic coupling or canting
phenomena are discarded as well as the presence of any kind
of impurity. Thus, the occurrence of this anomaly is currently
under investigation.

Concluding remarks

Compounds 1 and 2 are very good examples of the high
capability of the bpa ligand to be incorporated in structural
frameworks. Thus, in these compounds bpa is present in both
conformations, gauche and anti, as chelating ligands and as
crystallisation molecules, respectively. This versatility in per-
formance is due to the flexibility of bpa, which adopts py—C-C—
py angles as different as 66.3° and 179.0°. The coupling through
gauche-bpa gives rise to antiferromagnetic interactions for both
compounds 1 and 2.
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