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First Ni'"-Ln"™ Coordination Polymers Constructed by Using [Ni(bpca),] as a
Building Block [Hbpca = bis(2-pyridylcarbonyl)amine]: Synthesis, Crystal
Structures and Magnetic Properties

Augustin M. Madalan,'?! Kevin Bernot,/™¢ Fabrice Pointillart,® Marius Andruh,*!#! and
Andrea Caneschi*!P!

Keywords: Nickel / Lanthanides / Heterobimetallic coordination polymers / Magnetic properties

Three new heterobimetallic 1D coordination polymers have
been obtained by assembling the [Ni(bpca),] complex, as a
building block, with lanthanide cations: [{Ln(O,NO)(H,0)3}-
{Ni(bpca),}](NO3),:3H,O (Ln Gd 1; Tb 2; Dy 3). The three
compounds are isostructural and their structure consists of
infinite cationic chains with Ln' ions connected by [Ni-
(bpca),] complexes acting as bridging bis-bidentate ligands.
The charge of the chains is counterbalanced by uncoordi-
nated nitrate ions. The Ln'™ ions display a coordination
number of nine: four oxygen atoms from the carbonyl groups
of the bpca ligands belonging to two {Ni(bpca),} moieties,
two oxygen atoms from a chelating nitrato ion and three

water molecules. The magnetic investigation of the gadolin-
ium derivative 1 revealed very weak intrachain Ni'-Gd™-
ferromagnetic interactions (¢ = +0.15K). The weak intra-
chain-exchange interactions, as well as the bad magnetic iso-
lation of the chains in the crystals, preclude the single-chain
magnet behaviour of compounds 2 and 3. The out-of-phase,
x''. signal observed with compounds 2 and 3 can be ascribed
to the magnetic slow relaxation of the lanthanide ions (Tb',
DYIH).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The interest in the 3d—4f combined coordination chemis-
try is strongly related to the tremendous development of
molecular magnetism.!"! In the early 1990s Cu'' and Gd™
ions were extensively employed in making heterometallic
complexes, because the exchange interaction between the
two ions was found to be ferromagnetic in most cases.[”!
Numerous Cu'-Ln"-polynuclear complexes, ranging from
discrete entities to coordination polymers with various di-
mensionalities and network topologies, were synthesized.l’!
In spite of the large spin carried by the Gd"! ion (S 7/2),
the critical temperatures for the classical molecule-based
magnets were found to be very low.[! The main reason for
this is the rather weak exchange interaction between Cul!
and Gd™. More recently, the interest of chemists moved
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towards lanthanides exhibiting a high anisotropy, as a pre-
requisite for designing single-molecule magnets (SMMs)
and single-chain magnets (SCMs). The best candidates are
terbium(I1I), dysprosium(IIT) and holmium(III). Indeed,
several SMMs based upon 3d and 4f (Tb™, Dy, Ho'™M)
ions were reported recently.l’] Moreover, it has been shown
that even mononuclear Tb™ and Dy™ complexes fulfil the
conditions to exhibit a slow relaxation of the magnetiza-
tion.!! Single-chain magnets constructed from anisotropic
lanthanides ions are known as well.l”]

Several synthetic strategies are currently employed to ob-
tain 3d—4f complexes:[!-3! (i) self-assembly processes involv-
ing metallo-ligands (building-blocks) and assembling Ln3*
cations; (ii) the clever use of dissymmetric bi- or tricompart-
mental ligands, which are able to interact selectively with
the two different metal ions; (iii) the employment of pre-
formed 3d-4f complexes as nodes, by connecting them with
various spacers; and (iv) one-pot procedures.

The coordination of the bis(2-pyridylcarbonyl)amine
anion, pbca, to various metal ions generates numerous bis-
chelated complexes, [M"(bpca),] and [M"(bpca),]*, which
can act as ligands towards a second metal ion forming oli-
gonuclear complexes'® and coordination polymers.[’! Mixed
valence Fe!'/Fe'! chains have also been obtained by as-
sembling low-spin [Fe(bpca),]* or similar cations contain-
ing methyl-substituted bpca ligands with Fe>* ions. These
compounds exhibit single-chain magnetic behaviour.[']
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Because of their strongly oxophilic character, the lantha-
nide cations easily interact with the oxygen atoms from the
carbonyl groups of the bpca ligands coordinated to the first
metal ion to form 3d-—4f-heterometallic complexes. In this
paper we report on the first one-dimensional coordination
polymers constructed from [Ni(bpca),] building blocks and
Ln3* ions.

Results and Discussion

Structures

Three new compounds, with the general formula
[{Ln(O,NO)(H,0)5} {Ni(bpca),}](NOs),3H,O, were ob-
tained by self-assembly processes involving neutral
[Ni(bpca),] building blocks and Ln** ions (Ln Gd, 1; Tb,
2; Dy, 3). The crystallographic investigation revealed that
the three complexes are isostructural (Table 1). Therefore,
only the crystal structure of the dysprosium derivative will
be described here.

The structure of 3 consists of infinite cationic chains with
Dy3* ions connected by [Ni(bpca),] complexes acting as
bridging bis-bidentate ligands (Figure 1). The charge of the
chains is counterbalanced by uncoordinated nitrate ions.
The nickel ions are hexacoordinated by the two bpca li-
gands, as in similar complexes.’! The Ni-N(amide) dis-
tances [2.024(3) and 2.027(3) A] are slightly shorter than

the Ni-N(py) ones [2.110(3), 2.106(3), 2.115(3) and
2.131(3) A]. So the coordination polyhedron of the nickel
ion is slightly compressed.

The dysprosium ion displays a coordination number of
nine: four oxygen atoms from the carbonyl groups of the
bpca ligands belonging to two {Ni(bpca),} moieties, two
oxygens from a chelating nitrato ion and three water mole-
cules. The Dy-O distances vary between 2.336(3) and
2.481(3) A. The short distances correspond to the dyspro-
sium-aqua bonds. The distance between the metallic
centres within a chain is Dy-+Ni 5.865 A. Other relevant
bond lengths are collected in Table 2.

The analysis of the packing diagrams shows that all the
chains run along the crystallographic b axis. At the supramo-
lecular level, the chains interact through graphite-like m—n
contacts (3.38-3.62 A), which are established between the
phenyl rings arising from the bpca ligands from neighbouring
chains, resulting in a 3D supramolecular array (Figure 2).

The supramolecular interactions between chains are rein-
forced by hydrogen-bond networks perpendicular to the di-
rection of the chains. The formation of these hydrogen-
bond 2D arrays involves all the coordinated and uncoordi-
nated water molecules and nitrate ions. A detailed view of
this network is presented in Figure 3. It is interesting to
note that some of the crystallization water molecules self-
organize by hydrogen bonds into (H,O); clusters
(02S---03S---02S'+--03S’, Figure 3).

Table 1. Crystallographic data, details of data collection and structure refinement parameters for compounds 1-3.

Compound 1

2 3

Chemical formula

Cr4HogGdNNIO

M [gmol™] 962.48
Temperature AK] 293(2)
Wavelength [A] 0.71073
Crystal system monoclinic
Space group P2,/c

a[A] 9.1179(11)
b[A] 23.3192(32)
c[A] 16.4804(15)
a[°] 90

B 95.350(10)
71 90

VA3 3488.8(6)
VA 4

D, [gem ™) 1.808
F(000) 1868

u [mm] 2.515
Goodness-of-fit on F? 0.995

Final Ry, wR, [I>2a(1)]

R, wR, (all data)

0.0719, 0.1413
0.1845, 0.1780

Cr4H,sNoNiO,9Tb
964.15

Co4HosDyNyNiO g
967.73

293(2) 173(2)
0.71073 0.71073
monoclinic monoclinic
P2,/c P2,/c
9.1261(10) 9.0747(3)
23.287(2) 23.3593(7)
16.4972(11) 16.3107(5)
90 90
95.441(10) 95.177(2)
90 90
3490.1(6) 3443.41(19)
4 4

1.812 1.867

1872 1924

2.642 2.795
0.955 1.012

0.0520, 0.0947
0.1404, 0.1164

0.0356, 0.0718
0.0647, 0.0810

Figure 1. View of a cationic chain in crystal 3, along with the atom-labelling scheme.
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Table 2. Selected bond lengths [A] and angles for compounds 1-3.

1 2 3

Nil N1 2.118(8) Nil N1 2.113(4) Nil-NI 2.110(3)
Nil-N2 2.025(7) Nil-N2 2.023(3) Nil-N2 2.024(3)
Nil-N3 2.110(7) Nil-N3 2.102(4) Nil-N3 2.106(3)
Nil-N4 2.125(7) Nil-N4 2.117(4) Nil-N4 2.115(3)
Nil-N5 2.024(7) Nil-N5 2.028(3) Nil-N5 2.027(3)
Nil-N6 2.126(7) Nil-N6 2.128(4) Nil-N6 2.131(3)
Gdl1-01 2.436(6) Tb1-Ol 2.429(3) Dyl Ol 2.406(2)
Gd1-02 2.407(6) Tb1-02 2.398(3) Dyl 02 2.397(2)
Gd1-03 2.429(6) Tb1-03 2.428(3) Dyl-03 2.422(2)
Gd1-04 2.424(6) Tb1-04 2.419(3) Dyl-04 2.404(2)
Gd1-05 2.472(8) Tb1-05 2.460(5) Dyl-05 2.473(3)
Gd1-06 2.494(8) Tb1-06 2.491(4) Dyl-06 2.481(3)
Gd1-O1W 2.403(6) Tb1-O1W 2.389(3) Dyl-OIW 2.349(3)
Gd1-02W 2.398(7) Tb1-02W 2.386(4) Dyl-02W 2.336(3)
Gd1-03W 2.394(7) Tb1-O3W 2.363(4) Dyl -03W 2.341(3)

Figure 2. View of the packing diagram in crystal 3 along the b axis [(a) the uncoordinated nitrate ions and water molecules were omitted
for clarity], and details of the n—= stacking interactions established between the phenyl rings arising from the bpca ligands from neighbour-
ing chains [(b) and (c)].

Toy S ee
Qe012 S

L 02W-"017 OIS &, .-

Figure 3. View of the hydrogen-bond network in crystal 3: O1W-H2W-O1S 1.77(5) A (x, y, 2); OIW-HIW--010 1.90(5) AEL+x,
z); OIS-H2S-+011 2.18(5) A (-1 + x, y, z); OIS-HI1S:-012 1.95(6) A (1 — x, 1 — y, —z); O2W-H3W--0O11 2.06(4) A (x, y, z); O2W-
H4W--013 1.94(5) A (1 - x, 1 - y, —2); O3W-H6W-09 2.10(7) A (x, y, 2); O3W-H5W--03S 2.07(6) A (x, , z); 03S-H5S-+028 1.97(8) A
(x, v, 2); O2S-H3S-+06 2.01(8) A (x, y, z); 02S-H4S+03S 2.134) A 2 - x, 1 — y, 1 — 2).
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The collective effect of the supramolecular interactions
plays a certain role in the magnetic properties of these com-
pounds (vide infra).

Magnetic Properties

In the present study we focused on the following lantha-
nides as partners for the nickel(I) ion: gadolinium, ter-
bium, dysprosium. The reasons for this are the following:
(i) the nature and magnitude of the Ni"-Gd"™-exchange in-
teraction can, in principle, be easily determined since Gd™",
with an 8S,,, ground term, has no orbital contribution to
the magnetic moment and the Heisenberg—Dirac—Van
Vleck Hamiltonian can be employed;!'!! and (ii) ter-
bium(III) and dysprosium(IIl) are expected to bring a
strong anisotropy to the magnetic moment and, conse-
quently, one important condition to eventually observe
the slow relaxation of the magnetization is fulfilled. The
nickel(IT) ion itself exhibits an anisotropy as a consequence
of the zero-field splitting effects.

These compounds are also potentially very appealing
from a dynamic point of view. In fact monodimensional
compounds based on both 3d and 4f ions are quite re-
cent!'” and to the best of our knowledge none of these dis-
play single-chain magnet (SCM) behaviour. As reminded in
the introduction, SCMs based either on 3d or 4f ions are
already known, but each of these categories of chains has
its own drawbacks.

On the one hand, transition ions are obviously good can-
didates to build SCMs as they generally give rise to strong
magnetic-exchange interactions in the system. Hence Co'l,
Nill, Mn™, Fe'! based SCMs are known.!'3] But these ions
are slightly anisotropic and this precludes more spectacular
slow relaxation. On the other hand, some of the lanthanide
cations such as the Tb™! and Dy"" are highly anisotropic.
As the g, values are very large and the g, almost vanished,
they can be considered as almost perfect Ising ions. How-
ever, the magnetic interaction between the 4f ions is rather
weak as their magnetic orbitals are highly shielded by the
5s, 5p and 6s ones. In fact, reported 4f-based SCMs also
involve organic radicals providing the required strong intra-
chain-magnetic interaction. Hence these chains are not
strictly based on 4f ions but have to be considered as 2p—4f
magnetic chains.l”! Finally, a huge amount of work reports
quite strong magnetic-exchange interactions between transi-
tion and lanthanide ions in molecular complexes.!'3! There-
fore, combining 3d or 4f ions in the same one-dimensional
edifice could offer the possibility to enhance the magnetic
slow relaxation process in SCMs.

Static Magnetic Properties

{[{Gd(O>NO)(H;0);:}{Ni(bpca)>} | (NO;)3H>0}, (1)
The thermal variation of the yy7 product is shown in
Figure 4. It has a constant value equal to 8.99 cm?K mol™!
from 300 to about 70 K and then it increases slightly. Below
5536
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25 K, the ymT product decreases rapidly to reach a value
of 7.40 cm®* K mol! at 3 K. The value of yy7 at room tem-
perature (8.99 cm®K mol™!) is close to the expected value of
8.96 cm?*K mol ! for the two isolated Gd"™ (S 7/2, g 2.00)
and Ni'' (S 1, g 2.08) complexes. The experimental and cal-
culated magnetizations from 0-6 T are shown in Figure 5.
The value of the magnetization at 6 T is 8.6 pp, close to the
expected saturated value of 9 pg for one Gd'" and one Nilf
ion; even if the curve is not flat. The calculated magnetiza-
tion is obtained from a classical Brillouin function for two
magnetically isolated Gd™ (S 7/2, g 2.00) and Ni'' (S 1, g
2.08)P%! jons.

M cm® K mol

100 150 200 250 300
T/K

Figure 4. Thermal variation of the yy;7 product in the temperature
range 3-300 K for 1 (gray circles), 2 (dark-gray squares) and 3 (dia-
monds).

M1y

05— T T
0 2 4 6

HIT

Figure 5. Experimental (gray circles) and calculated Brillouin-func-
tion (full black line) magnetizations of 1 over the field range 0-6 T.

The experimental and calculated magnetizations are
quasi-superimposed (Figure 5), the magnetic-exchange in-
teraction is indeed supposed to be very weak between the
Ni'" and Gd"" ions through the bpca~ ligand. At high field
the calculated magnetization is lower than the experimental
one leading to a possible very weak ferromagnetic interac-
tion. The Gd'! ion is the only truly isotropic lanthanide ion
(g 2.00) and can thus be easily modelled. The ferromag-
netic-exchange interaction is confirmed by the weak but
positive Curie-Weiss constant 0 +0.15 K, extracted from

Eur. J. Inorg. Chem. 2007, 5533-5540
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the fit of the high temperature region of the ' vs. T curve
(Figure S1). On the other hand the decrease at low tempera-
tures, out of the fitted region, can be attributed to two phe-
nomena: (i) antiferromagnetic-intermolecular-exchange in-
teractions from the short contacts between two nearest ni-
trate anions bonded to a Gd™! ion leading to the formation
of a hydrogen-bond network (Figure 3) and n—m interac-
tions between the phenyl rings of the bpca  ligands (Fig-
ure 2); and (ii) zero-field splitting of the Ni'l ions.

{[{Tb(O;NO)(H,0)3}{Ni(bpca)2}](NO3),3H,0}, (2)
and {[{Dy(O,NO)(H;0);}{Ni(bpca)3}](NO;s),3H,0},
(3)

The thermal variation of the yy7 product and the mag-
netization curves are shown for the two compounds in Fig-
ure4 and S2, respectively. The values at 300 K are
12.94 cm? K mol™! for 2 and 15.30 cm?®K mol™! for 3. These
experimental values are close to the expected values of
12.90 cm?*Kmol ™! and 15.25 cm?®Kmol ™!, respectively, cal-
culated from the equation yp T (Ng?nif3K)[Sni(Sni + 1)] +
(NG*Lof130)[J1n(JLn + 1)], with one Ln Tb™ (J 6, g5 3/2)
or one Ln Dy™ (J 15/2, gy 4/3)[!4] associated with one Ni!l
ion (S 1, g 2.08). Both curves show a plateau on cooling
until 150 K and then decrease in a monotonous manner. At
3 K the ym7 product has a value of 8.30 cm® Kmol!' and
9.60 cm? K mol! for the Tb'™! and Dy'!! derivatives, respec-
tively.

The Tb' ion is a non-Kramer ion having a "F¢ ground
state whereas the Dy ion is a Kramer ion with a °H;s),
ground state.'!! Including them in a one-dimensional com-
pound is of interest as it brings great anisotropy to the sys-
tem and can give rise to SCM behaviour.[”l However, the
fitting of the magnetic data of such a sample is complicated
by the strong spin-orbit coupling affecting the lanthanide
ions. In particular, the ground state is split into Stark sub-
levels under the influence of the crystal field.I'®! The crystal-
field effects are of the order of 100 cm™' for lanthanides.
Consequently when the temperature decreases, the depopu-
lation of these sublevels leads to a deviation from the Curie
law leading to a variation of the y\7 product even in the
absence of any exchange interaction. One can consider that
at low temperature only the non-Kramers ground state (for
Tb™ ion) or Kramers doublet (for Dy ion) are populated
because the energy state separation between the ground
state and the first exited state is greater than 1500 cm~'.['!]
The magnetic properties can thus be modelled using an ef-
fective spin S 1 (for Tb'™! ion) and S.g 1/2 (for Dy ion)
with a very anisotropic g.¢r value. Below 150 K, the decrease
of the y\ 7T product for both compounds is therefore attrib-
uted to the depopulation of the Stark sublevels of the Ln'!
ions and not to a magnetic-exchange interaction. This phe-
nomenon hampers the observation of an eventual magnetic-
exchange interaction between the Ni'l and the Ln"" ions.
However, some of us, in a previous work on a trinuclear
compound of formula {[Ni(bpca),][Dy(hfac);](CHCI5)}
(noted 4),3<! have demonstrated that a weak ferromagnetic-
exchange interaction between the Ni'l and the Dy™ ions
through the bpca™ ligand can occur. Moreover previous in-
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vestigations on similar compounds have shown that with
these types of compounds Dy'"- and Tb'"!-based com-
plexes display magnetic-exchange interactions of the same
nature.?!

The magnetic analysis of the Gd'! derivative gives us evi-
dence of a weak ferromagnetic exchange interaction with
the Ni'l ion, and hence we found it reasonable to consider
that the Ln' and the Ni'! ions are weakly ferromagnetically
coupled in 2 and 3. Given the structural configuration of
these compounds, we believe that the interchain interac-
tions should be considered as the principal cause of the low
temperature decrease of yy\7. The low value of the intra-
chain-magnetic interaction, together with the numerous
pathways expected to alter the good isolation of the chain,
do not allow for a fit of the yp7 vs. T curve with a ferro-
magnetic-chain model.

Dynamic Magnetic Properties

For the reasons stated above we focus our ac analysis on
the Tb'™ (Figure S3) and Dy'!! (Figure 6) derivatives. In the
absence of an external field a small frequency dependence
is visible on either the in or out-of-phase signals (¥’ and
x'', respectively). Even if weak, these signals differ notably
from the noise of the susceptometer. However, both deriva-
tives display a low y''/y’ ratio, with most of the suscep-
tibility coming from the in-phase component of the magne-
tization. We thus found it unreasonable to attribute this fre-
quency dependence to a magnetic slow relaxation.

0o

o

3 -1
2/ 7" cm”mol
N B

o

4
T/K

Figure 6. Temperature dependence of the in-phase (half filled sym-
bols) and out-of-phase (filled symbols) susceptibility for 2 (from
100 to 20000 Hz). In the inset the out-of-phase susceptibility is en-
larged.

Different reasons may explain the absence of a diver-
gence of the yy 7 product at low temperature, together with
the non-relevant '’ signal. The first and obvious one is the
very weak intrachain-magnetic interaction. As described
thanks to the study of 1, the interaction is very low (Curie—
Weiss constant 0 +0.15 K) in these chains. However, no 3D
ordering is visible here. This is in contrast with what has
been observed in other reported chains.!'? Another reason
is the bad magnetic isolation of the chains. The n-stacking
interactions (Figure 2) between the chains and the extended
network created by the hydrogen bonds (Figure 3) strongly
alter the ratio between the intra- and interchain interac-
5537
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tions. This hampers the apparition of a single-chain mag-
netic behaviour.

In order to further explain the properties of these two
chains we want to compare them to the previously cited
{[Ni(bpca),][Dy(hfac);](CHCI3)} (4) compound. This com-
plex is a field dependant SMM, in the sense that its slow
relaxation is switched on by a small external field. It thus
displays a field dependence at the maximum of the y'' val-
ues. In fact it exhibits a low '/’ ratio in the zero-external
field, which is a consequence of a fast zero-field tunnelling
of the magnetization. Recent results on phthalocyaninate
derivatives of lanthanide!®! have shown that this fast tunnel-
ling can be suppressed by applying a small static field. Sur-
prisingly it was found that 2 and 3 do not behave in the
same way and do not show any field dependence of the out-
of-phase susceptibility.

A last consideration can be made thanks to a close analy-
sis of the molecular structure of 3 and 4. This latter com-
plex is very similar to the chain. Its inner core formed by
the [Ni(bpca),] moiety is highly similar to that of the chain.
The major deviations in the Ni''™-N, distances and angles
are about 0.02 A and 2°, respectively. From the magnetic
point of view the similarity in the compression of the octa-
hedron around the nickel ion allows us to assume that the
anisotropy is equal in 3 and 4. The main differences be-
tween the two compounds are obviously in the environment
of the Dy ions. The {[Ni(bpca),][Dy(hfac);](CHCIs)}
complex is made up of Dy™ coordinated to three hfac
entities and two oxygen atoms from the bpca™ ligand, which
can be considered to be in a cis position. This arrangement
gives a coordination polyhedron with two quasi-quadrilat-
eral faces composed of four oxygen atoms [torsion angle
(010-09-015-013) 176.6°, (014-016-011-012) 11.43°].
The coordination polyhedron is close to a square antiprism,
a Dy, site symmetry.

On the contrary the coordination polyhedron of Dy™ in
3 has a different symmetry. Indeed the torsion angle be-
tween the four oxygen atoms sharing the possible quadrilat-
eral face is (02-O1-06-05) 165.7°, which is now quite far
from the expected 180°. Hence the coordination poly-
hedron, even if slightly distorted, is close to a 4-capped
square antiprism, having a Cj, site symmetry.['4]

Ishikawa and coworkers have shown how the magnetic
slow relaxation of 4f systems is strongly related to the sym-
metry of the lanthanide polyhedron.'>! Unfortunately
quantitative analyses were only performed for the D;;, sym-
metry. But by the same manner, it seems reasonable to con-
sider that in our case the passage from a Dy, to a D,; sym-
metry affects the dynamic properties of the Dy(hfac); moi-
ety. In fact, the crystal field potentials for these two site
symmetries are quite different.!® This may be, together
with the above hypotheses, an explanation for the absence
of a slow relaxation in 2 and 3. Over the investigated tem-
perature range we are not able to assign unambiguously the
origin of the out-of-phase signal. Given the very low inter-
action between the magnetic centres along the chain, it
seems reasonable to think that the magnetic slow relaxation
of the lanthanide ion is one of the origins of the '’ signal.
5538
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Conclusions

Compounds 1, 2 and 3 are examples of 3d—4f molecular
chains in which the magnetic intrachain interactions are
quite weak. This, together with their bad magnetic isola-
tion, hampers the apparition of a magnetic slow relaxation
in 2 and 3. However, we can learn something from these
compounds. On comparing them with 4, the absence of any
field dependence of the out-of-phase susceptibility in 2 and
3 may highlight the role played by the symmetry of the lan-
thanide polyhedron. The use of the lanthanide precursor in
an appropriate symmetry environment may be an ad-
ditional key to favour the slow relaxation of the lanthanide
ion in 4f-based compounds. To the best of our knowledge,
compounds 1-3 are the first coordination polymers con-
structed by using [M(bpca),] complexes as building blocks.

Experimental Section

Syntheses: The [Ni(bpca),] complex was obtained according to
ref°®! The compounds [{Gd(O,NO)(H,0);}{Ni(bpca),}](NOs),
3H,O (1), [{Tb(O.NO)(H20)s} {Ni(bpca),}J(NO3)»*3H,O (2) and
[{Dy(O,NO)(H,0)3} {Ni(bpca),}](NO3),-3H,O (3) were obtained
by the same manner: [Ni(bpca),] (0.05 mmol) was dissolved in a
mixture of CHCl;/CH3;OH (1:1, SmL) and added to a methanolic
solution (3 mL) containing Gd(NO3);*6H>O (0.05 mmol) for 1,
Tb(NO3);*6H,O (0.05mmol) for 2 and Dy(NO;3);*SH,O
(0.05 mmol) for 3, respectively. After 2-3 min the combination of
the components produced very fine needle-like light-brown crystals.
These same solutions, containing the crystalline precipitates, were
allowed to stand at room temp. for 1-2 d, which resulted in the
dissolution of the precipitates, and further standing for 2 d led to
the occurrence of the prismatic light-brown crystals of 1, 2 and 3,
by slow evaporation.

Gd(0,NO)(H,0)3}{Ni(bpca),} | (NO3),:3H,0 (1): Yield 82%. IR
data (KBr): v = 3375 (s, broad), 1675 (s), 1596 (m), 1563 (m), 1470
(w), 1447 (w), 1382 (vs), 1345 (s), 1283 (m), 1114 (w), 1090 (w),
1043 (w), 1018 (w), 833 (vw), 799 (W), 757 (m), 713 (W), 628 (m),
544 (vw), 517 (w), 418 (w) cm . C2qHosGdNgNiOy (962.48): caled.
C 29.92, H 2.91, N 13.09; found C 30.4, H 2.7, N 12.9.

[{Th(O,NO)(H,0);}{Ni(bpca),}|(NO3),:3H,0 (2): Yield 85%. IR
data (KBr): ¥ = 3367 (s, broad), 1675 (s), 1597 (m), 1563 (m), 1471
(w), 1449 (w), 1384 (vs), 1347 (s), 1291 (m), 1150 (w), 1093 (w),
1044 (w), 1018 (w), 833 (vw), 811 (vw), 758 (m), 718 (w), 633 (m),
519 (w), 420 (w) em™!. CoyHpgNgNiOgTb (964.15): caled. C 29.87,
H 2.90, N 13.07; found C 29.3, H 3.1, N 12.8.

[{Dy(0,NO)(H,0)3}{Ni(bpca),}|(NO3),-3H,O (3): Yield 91%. IR
data (KBr): ¥ = 3356 (s, broad), 1674 (s), 1597 (m), 1561 (m), 1473
(m), 1451 (m), 1384 (vs), 1297 (m), 1150 (vw), 1094 (w), 1046 (w),
1017 (w), 833 (vw), 811 (vw), 759 (m), 720 (w), 634 (m), 519 (w),
420 (w) cm !, Co4Ho5DyNgNiOg (967.73): caled. C 29.76, H 2.89,
N 13.02; found C 29.3, H 2.9, N 13.1.

X-ray Structure Determinations: X-ray diffraction measurements
were performed with a Bruker-Nonius Kappa CCD diffractometer
using graphite-monochromated Mo-K, radiation (1 = 0.71073 A).
The structures were solved by direct methods and refined by full-
matrix least-squares techniques based on F2. The non-H atoms
were refined with anisotropic displacement parameters. Calcula-
tions were performed using the SHELX-97 crystallographic soft-
ware package.
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CCDC-653381 -653383 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Magnetic Measurements: All magnetic measurements were per-
formed using pellets in order to avoid orientation of these very
anisotropic materials. The de-magnetic susceptibility measurements
were performed with a Cryogenic S600 SQUID magnetometer be-
tween 2 and 300 K in an applied magnetic field of 0.1 T for tem-
peratures in the range 2-50 K and 1 T for temperatures between 50
and 300 K. These measurements were all corrected for the diamag-
netic contribution as calculated with Pascal’s constants. The ac-
magnetic susceptibility measurements were performed on the same
samples using a homemade ac-probe operating in the range 100—
25000 Hz.['"!

Supporting Information (see also the footnote on the first page of
this article): Temperature dependence of y ! for compound 1 (Fig-
ure S1), magnetization versus field curves for compounds 2 and 3
(Figure S2), Temperature dependence of the in- and out-of-phase
susceptibilities for compound 3 (Figure S3).
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