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A tetranuclear complex and a 1-D coordination polymer with a ladder-like topology

have been obtained by connecting [N1"Dy"'| nodes with dicarboxylato ligands:
[Niy(valpn), Dy, (pdca),(NO:)(H,0),J(NO;)-4H,0 1, and _'[Ni.(H,O),(valpn),Dy,(tfa);]-4CH,CN 2
(valpn®™ = the dianion of the Schiff base resulting from reacting o-vanillin with 1.3-propanediamine;
pdea™ = the dianion of 2,6-pyridinedicarboxylic acid; tfa* = the dianion of the terephthalic acid). The
magnetic measurements show a ferromagnetic interaction between Ni" and Dy", and that both
compounds behave like SMM with strong tunnelling. The barrier of 2 (17.4 K) is higher than that of 1

(13.6 K).

Introduction

The synthesis of polynuclear complexes containing metal ions with
[sing-type magnetic anisotropy is of great interest in molecular
magnetism. Such compounds can act as nanomagnets, with a
hysteresis that is observed in the absence of long-range magnetic
order.! The nanomagnets are either clusters of various nucle-
arities (Single Molecule Magnets, SMMs), or one-dimensional
coordination polymers (Single Chain Magnets, SCMs).? The
combination of different spin carriers represents a powerful
strategy for designing low-dimensional molecular magnets.* When
two different metal ions are employed, at least one of them must
exhibit a strong uniaxial magnetic anisotropy. Let us take the case
of heterospin Single Molecule Magnets. Various combinations of
spin carriers (2p-3d, 2p-4f, 3d-4f, 3d-4d. etc.) have been employed
in order to fulfil the required conditions for the observation of
SMM behavior: a high spin ground state and a large easy-axis
anisotropy. The first condition is accomplished employing pairs
of spin carriers that interact ferromagnetically: Cu"-Ln", Ni'-
Ln"™, rad"-Ln".* The second one is fulfilled by employing strongly
anisotropic metal ions: Mn"™, Co", Tb™, Dy™, Ho™. Numerous
3d-4f SMMs have been constructed from Cu" and Tb"™, Dy™,
or Ho".® Other SMMs consist of high spin species obtained
from nickel(1r) ions interacting ferromagnetically with anisotropic
lanthanides.® The combination of paramagnetic ligands (rad") with
lanthanides that bring magnetic anisotropy was also successful
in designing SMMs.” Conversely, when the lanthanide is the
isotropic Gd" ion, the second metal ion has to be anisotropic.
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A nice example was recently reported by Chandrasekhar, Clérac
et al., and contains Gd" and Co".* Heterometallic SMMs
based on Gd" and Mn"' are also known.® Finally, SMMs can
be obtained by gathering two different anisotropic metal ions
within the same molecular entity, e.g. Mn"'-Ln" (Ln"" = Tb'",
Dy"!)lll}

The anisotropic high-spin oligonuclear complexes can be con-
nected through various spacers resulting in 1-D coordination
polymers with very interesting magnetic properties: (1) if the
spacers themselves are paramagnetic, Single Chain Magnets can
be obtained, the magnetic interaction between the nodes and
the spacers leading to either ferromagnetic or ferrimagnetic
chains;'' (2) if the spacers are diamagnetic, chains of SMMs are
formed, provided that the intermolecular interactions are weak
enough to prevent the transformation of the spin network into
a classical antiferromagnet.” Recently, Wernsdorfer er al."* and
Clérac er al."* have shown that the introduction of magnetic inter-
actions between SMMs, mediated by hydrogen bonds or bridging
ligands, exerts an influence on the quantum properties, shifting
the quantum tunneling resonances with respect to the isolated
SMMs.

In a series of papers we have shown that large heterometal-
lic clusters or coordination polymers can be assembled using
preformed heterometallic nodes and various spacers.'® The het-
erometallic nodes are easily obtained employing heterotopic
compartmental ligands. Such ligands are, for example, Schiff
bases derived from o-vanillin and diamines, originally designed
by Costes to generate binuclear 3d-4f complexes.'® Herein we
report the synthesis of two 3d-4f heterometallic systems, which
have been obtained following this synthetic approach: a tetranu-
clear complex, [Nix(valpn),Dy.(pdca),(NO,)(H,0)J(NO;)-4H.O
I, and a ladder-like coordination polymer _'[Ni,(H,O),(valpn),-
Dy, (tfa),]- 4CH,CN 2 (H,valpn is the Schiff-base resulting from
the 2: 1 condensation of 3-methoxysalicylaldehyde with propy-
lenediamine; pdea™ = 2,6-pyridine-dicarboxylate; tfa* = tereph-
thalate). The binuclear node, [NiDy], has been chosen because of
the magnetic anisotropy brought by the Dy" ion. Moreover it has
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been shown that the exchange interaction between Dy™ and Ni"
in such compounds is ferromagnetic.®"

Experimental
Materials

The chemicals used, o-vanillin, [I,3-diaminopropane, 2.6-
pyridine-dicarboxylic acid, terephthalic acid. Ni(NO;),-6H,O.
Dy(NO:):-5H,0, as well as all the solvents were purchased
from commercial sources. The mononuclear complex, [Ni(valpn)].
was prepared as follows: 10 mmol 1,3-propylenediamine and
20 mmol triethylamine were added under stirring to 50 mL
THF solution containing 20 mmol o-vanillin. After 30 min, an
aqueous solution (50 mL) containing 10 mmol Ni(NO,).-6H.O
is added. The resulting mixture is stirred for an hour, then
500 mL H,O were added to facilitate the precipitation of
the mononuclear complex. The light green solid obtained is
filtered and dried. In order to synthesize the binuclear precur-
sor, [Ni(valpn)Dy(NO;)(CH,CN)(H,0),]-(NO,):-H,0, 4 mmol of
Dy(NO;),-5H,0 are added to a suspension containing 4 mmol
[Ni(valpn)] in 20 mL acetonitrile. The reaction mixture is stirred
for about 20 min and then left to slowly evaporate at room
temperature.

[Niy(valpn), Dy,(pdea),(NO,)(H,0),]-4H,0:NO, 1 was prepared
as follows: three solutions, the first one containing 0.2 mmol
2.6-pyridine-dicarboxylic acid and 0.4 mmol LiOH-H,O dis-
solved in 10 mL water, the second consisting of 10 mL
I:1 water-acetonitrile mixture, and the third one containing
0.2 mmol [Ni(valpn)Dy(NO,)}(CH,CN)(H,0),]-{NO;),-H,O dis-
solved in acetonitrile were layered in a test tube. The slow diffusion
of the components yielded blue crystals of the compound 1. Caled:
35.54 C; 3.79 H; 6.38% N. Found: 35.2 C; 3.5 H; 6.6% N.

JHNiy(valpn), Dy, (H,0),(tfa);] 2 was prepared using
a4 similar procedure. A solution containing 0.2 mmol
terephthalic acid and 0.4 mmol LIOH-H.O dissolved in
10 mL water, another consisting of 10 mL 1:1 water—
acetonitrile mixture, and the third one containing 0.2 mmol
[Ni(valpn)Dy(NO;)(CH,CN)(H,0),]-(NO,).-H.O dissolved in
acetonitrile were layered in a test tube. The slow diffusion of the
components yielded blue crystals of the compound 2. Elemental
chemical analyses. Caled: 46,30 C; 3.77 H; 6.17% N. Found: 46.8
C;3.3H; 6.4% N.

X-Ray structure determination

Single crystals suitable for X-ray diffraction studies were obtained
by the slow diffusion technique, as described above, Data were
collected at 293 K on a STOE IPDS Il diffractometer using
graphite-monochromated Mo-Ko radiation (4 = 0.71073 A),
The structures were solved by direct methods and refined by
full-matrix least squares techniques based on F°. The non-H
atoms were refined with anisotropic displacement parameters. The
crystallographic data are collected in Table 1.

Results and discussion

The aim of this work is to check whether our strat-
egy for designing high-nuclearity complexes and coordi-
nation polymers, starting from heterobimetallic complexes,

Table 1 Crystallographic data, details of data collection and structure
refinement parameters for compounds 1 and 2

Compound 1 2

Chemical formula CaHpNiOuNiLDy, CuHNOLNi.Dy,
M /g mol™ 1757.51 1815.73
Temperature/K 293(2) 293(2)
Wavelength/A 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group P2, /n P2, /n

al/A 19.3054(6) 11.6443(4)
brA 15.4938(3) 16.3722(4)
/A 21.6876(7) 19.2871(8)

a () 90.00 90.00

B 98.176(2) 97.641(3)

y & 90.00 90.00

V/A 6421.1(3) Ied4.3(2)

Z 4 2

D./gem™ 1.797 1.651

w/mm-! 2975 2,615

F(000) 3432 1808
Goodness-of-fit on F* 1.033 1114

Final R,, wR, [ = 2a()]  0.0507, 0.0977 0.0585, 0.0919
Ry, wR. (all data) 0.0846, 0.1068 0.0902, 0.0996
Largest diff. peak and 1.609, —1.261 0.844, —2.286
hole/e A~

can be applied in order to organize SMMs into well-

defined architectures. The self-assembly processes between pre-
formed [Ni"Dy"™] complexes and the dianions of 2,6-pyridine-
dicarboxylic and. respectively, terephthalic acid afford two new
complexes: [Niz(valpn).Dy-"(pdca).(NO;)(H,0),J(NO,)-4H.O 1
and _'[Ni,(H,O).(valpn).Dy,(tfa),] -4CH;CN 2.

Description of the structures

The crystallographic investigation of 1 reveals cationic tetranu-
clear species. uncoordinated nitrate ions and water molecules.
The tetranuclear species can be described as resulting from
the coordination of a {Ni(NO,)(H,O)(valpn)Dy(H.O),(pdca)}
fragment. through an oxygen atom arising from one carboxy-
lato group, to the dysprosium ion from the second fragment,
{Ni(H,0),(valpn)Dy(H,O)(pdca)} (Fig. 1). In both fragments
the nickel ions are hexacoordinated, with a slightly distorted
octahedral geometry. The coordination positions around the Nil
ion are occupied by the two nitrogen atoms [Nil-N1 = 2.013(5);
Nil-N2 = 2.030(4) A] and the two phenoxo oxygen atoms arising
from the valpn ligand [Nil1-02 = 2.024(3), Nil-03 = 2.020(3) A].
with two aqua ligands in the apical positions [Nil-0O14 = 2.107(3):
Nil-O15 = 2.121(4) A]. The coordination sphere around the Ni2
ion is a little different. The equatorial plane is formed by the two
nitrogen atoms [Ni2-N3 = 2.021(5); Ni2-N4 = 2.040(5) A] and
the two phenoxo oxygen atoms of the Schiff-base ligand [Ni2-
06 = 2.024(4), Ni2-07 = 2.024(3) A], and the apical positions
are occupied by one aqua ligand [Ni2-022 = 2.105(4) A] and by
one oxygen atom [rom a nitrato ion [Ni2-023 = 2.160(5) A]. Both
dysprosium ions are nine-coordinated by eight oxygens and one
nitrogen. The Dyl atom is coordinated by four oxygen atoms
arising from the Schiff-base [Dyl-O1 = 2.645(4); Dyl-02 =
2.329(3); Dyl-03 = 2.344(3); Dyl-O4 = 2.579(3) A]. one aqua
ligand [Dyl-O13 = 2.408(3) A], one nitrogen and two oxygen
atoms from a pdea® ligand [Dyl-09 = 2.367(3) A; Dyl-N7 =
2.520(4) A; Dyl-012 = 2.429(3) A]. as well as by a carboxylato
bridging oxygen [Dy1-016 = 2.339(3) A]. The second dysprosium
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Table2 Selected bond distances (A) for  [Nis(valpn),Dy."- Table 3 Selected bond distances (A) for _'[Ni.(H,0),(valpn), Dy.(tfa),]-
(pdea).(NO,)(H,0),J(NO;)4H,0 1 4CH,CN 2
Nil-NI 2.013(5) Dyl1-01 2.645(4) Nil-N1 2.026(4) Dyl-01 2.644(3)
Nil-N2 2.030(4) Dy1-02 2,329(3) Nil-N2 2.048(4) Dyl-02 2.282(3)
Nil-02 2.024(3) Dyl1-03 2.344(3) Nil-02 2.038(3) Dyl1-03 2.295(3)
Nil-03 2.020(3) Dyl-04 2.579(3) Nil-03 2.007(3) Dy1-04 2.532(3)
Nil-014 2.107(3) Dy1-09 2.367(3) Nil-08 2.038(3) Dyl1-03 2.427(3)
Nil-015 2.121(4) Dyl-0l12 2.429(3) Nil-O11 2.203(3) Dyl-06 2.493(3)
Ni2-N3 2.021(5) Dyl-013 2.408(3) Dyl1-07 2.381(3)
Ni2-N4 2.040(5) Dyl-016 2.339(4) Dyl1-09 2.427(3)
Ni2-06 2.024(4) Dyl-N7 2.520(4) Dyl-010 2.438(3)
Ni2-07 2.024(3) Dy2-05 2.579(4)
Ni2-022 2.105(4) Dy2-06 2.303(3)
Ni2-023 2.160(5) Dy2-07 2.307(3)
Dy2-08 2.540(4)
gﬁ:g:; gig;}:; two dysprosium ions from two heterodinuclear nodes within
Dy2-020 2.435(5) one step of the ladder, and each carboxylato group chelates a
Dy2-021 2.438(5) dysprosium ion. The second coordination mode consists of an
Dy2-N8§ 2.500(4)

atom, Dy2, is coordinated by the four oxygen atoms of the
Schiff base [Dy2-05 = 2.579(4); Dy2-06 = 2.303(3); Dy2-07 =
2.307(3); Dy2-08 = 2.540(4) A], two aqua ligands [Dy2-020 =
2.435(5) A; Dy2-021 = 2.438(5) A] and three donor atoms from
a 2.6-pyridine-dicarboxylato ligand [Dy2-017 = 2.387(4); Dy2-
N8 = 2.500(4); Dy2-018 = 2.429(4) A]. The Ni- .- Dy distances
are around 3.5 A (Nil--- Dyl = 3.498; Ni2--- Dy2 = 3.464 A),
while the two Dy ions are placed approximately twice as far
(Dyl. - Dy2 = 6.788 A). Selected bond distances are collected
in Table 2.

Compound 2 is a [-D coordination polymer with a ladder-
like topology (Fig. 2). A step of the ladder is made by
a [Ni:(H.O)s(valpn), Dy,(tfa)]** moiety, which results by con-
necting two [Ni(valpn)Dy(H.O)]"* nodes by a terephtha-
lato spacer. The neighbouring steps of the ladder are con-
nected through other terephthalato anions, two for each
[Ni,(H.O),(valpn), Dy,(tfa)]** unit. Two types of terephthalato
spacers are observed within the structure of compound 2. The
first type is a symmetrical one, the terephthalato anion connecting

asymmetrical bridge formed between two adjacent ladder steps:
one carboxylato group is chelating a dysprosium ion, while the
second one coordinates to the dysprosium and nickel ions from a
binuclear node.

The nickel ions display a slightly elongated octahedral geometry,
with the equatorial positions occupied by two nitrogen atoms
and two phenoxo oxygen atoms of the Schiff-base ligand [Nil-
02=2.038(3), Nil-03 =2.007(3). Nil-N1 =2.026(4), N11-N2 =
2.048(4) A]. while the axial positions are filled by one aqua ligand
[Nil-O11 = 2.203(3) A, and one oxygen atom from a bridging
carboxylato group [Nil-O8 = 2.038(3) A]. The dysprosium ions
are surrounded by nine oxygen atoms: lour oxygen atoms arise
from the valpn® ligand [Dyl-O1 = 2.644(3) A; Dyl-02 =
2.282(3) A; Dyl1-03 = 2.295(3) A; Dyl-04 = 2.532(3) A] and
five others form three terephthalato spacers, ie. two chelating
carboxylato groups and one carboxylato group that bridges one
nickel and one dysprosium ion [Dy1-05 = 2.427(3) A; Dy1-06 =
2.493(3) A; Dyl1-07 = 2.381(3) A; Dy1-09 = 2.427(3) A; Dyl-
010=2.438(3) A]. The Ni- - - Dy distance within a nodeis 3.383 A,
while the shortest internode Dy - - - Dy distances are Dy - -- Dy” =
11.334 A and Dy - Dy’ = 11.643 A. Selected bond distances are
gathered in Table 3.

Fig. 1

Perspective view of the tetranuclear complex 1, along with the atom numbering scheme.
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Fig. 2 Perspective view of the ladder-like coordination polymer 2. and labeling scheme (L0 =-1+ x, 3,z 0=2-x, | =y, - 2).

Magnetic properties

The static and dynamic magnetic properties of compounds 1
and 2 have been investigated. Let us start with the tetranuclear
compound, 1. The temperature variation of the yy T product per
tetranuclear unit is represented in Fig. 3. At room temperature
the value of yy T is 29.94 emu mol™ K, which corresponds well
to the four uncoupled paramagnetic centers: two Ni" ions (S =1,
g=2)and two Dy" ions (J = 15/2, 8§ =5/2, L =5,"Hs, g152 =
4/3), the expected value being 30.34 emu mol™' K. By lowering
the temperature. y, 7" decreases continuously down to 12 K due
to the depopulation of the Stark levels of the Dy" ions. Below this
temperature it remains almost flat, only slightly increasing, then to
decrease below 6 K, reaching 24.96 emu mol' K at 2 K. The field
dependence of the magnetization has been measured at 7 =2 K
and the results are reported in Fig. 4. The magnetization rapidly

|

304 =i
000556555 5550(
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)
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$ . 8

,T (emu K mol”
(3]
P
l |}

i 26
26 .
. ' 20
'F_' T T T 0' T 1 0 T T T T 1
0 50 100 150 200 250 300
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Fig. 3 Plot of T versus T curves recorded for compound 1 (solid
squares) and for 2 (open circles). In the inset the low temperature region
is enlarged and the calculated y,, T values are reported as solid grey lines
(see text for the parameters).

14+
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Fig.4 Field dependence of the magnetization for 1 (solid squares) and for
2 (open circles) measured at T =2 K. In the inset the data for 2 measured
at T = 1.8 K (black). 2.4 K (dark grey) and 4.4 K (grey) are plotted vs.
the scaled variable H/T to evidence deviations from superposition at high
fields.

increases up to 10 kOe to reach ca. 11 uy with a weak but linear
increase for higher field.

A slightly different T behaviour has been observed for 2, as
shown in Fig. 3. The typical decrease of the yy 7 starts around
250 K but a more evident upturn is observed below 30 K, with y T
going from 27.06 to 29.29 emu K mol™. Also in this case a decrease
is observed below 5 K. The magnetization versus field curve is
very similar to that of 1, showing however a weaker increase at
high field. The temperature dependence of the magnetization is
very typical of anisotropic materials, and rescaling the data by
plotting M. vs H/T gives superimposable curves only for lower
fields (see inset of Fig. 4).
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In order to get some qualitative information on the magnetic
exchange involving the dysprosium and nickel pairs we have tried
to simulate the low temperature behaviour assuming for the Dy(111)
ions an effective spin S,; = 1/2 with Ising type anisotropy.'
We have first analyzed the behaviour of 2 by assuming that the
exchange interactions mediated by the tfa* ligands are negligible,
thus reducing the Spin Hamiltonian to:

Hpul'r = “‘JnJJ_.—.\';S:.\':'S:D_r W DM[S;.\._‘ - 1/7385(85y + l]]
th g—.BrﬂﬁH:S: oy + g!\s‘uﬁH'S.\-f (1)

The data in the inset of Fig. 3 are satisfactorily reproduced
assuming g, = 194, g%, =1, gy, = 2.2, Dy, = 4 cm™, and
S yep, = 6 cm™, The large value estimated for g, is typical of
this ion and confirms the validity of the Ising model we have
employed."™ " The increase of yyuT below 30 K is therefore
attributed to the ferromagnetic exchange interaction between Ni-
Dy, in agreement with what is observed in phenoxo-bridged Ni-Gd
pairs.**'” The exchange energy however appears smaller for Dy™
than for Gd" despite the larger J value, as here an S, = 1/2
is employed. No magneto-structural correlations are available for
Dy-M pairs as in most cases the analysis of the magnetic data is
only performed at a qualitative level. The decrease of ¥, T below
5 K is well accounted for by the single ion anisotropy of Ni',
therefore hampering any estimation of the interactions mediated
by the terephthalate ligand.

The Spin Hamiltonian parameters obtained for 2 have been
employed for 1, where we have added the Dy-Dy interaction
mediated by the carboxylato bridge. The Spin Hamiltonian
becomes:

B =l 4+t

feira pair it

oy 05, 45, 8

ot (2)

where A and B refer to the two Ni-Dy pairs here assumed identical
despite the significant structural differences. The very low temper-
ature decrease is well reproduced by adding an antiferromagnetic
Dy--- Dy interaction J-p, 5, = -1 em™. According to literature
data,” the exchange interaction between 4f metal ions bridged
by the carboxylato group is supposed to be very weak. This
value is however just indicative, as the single ion anisotropy of
the Ni ion can be different from that estimated in 2. Moreover,
dipolar interactions are of the same order of magnitude but
hard to estimate without a precise knowledge of the orientation
of the easy axes of the Dy ions.'™ It must be noticed that the
experimental y,, T continues to decrease down to ca. 12 K in 1.
As a constant yT would imply that only the ground doublet
is populated we deduce that the first excited doublet of the J =
15/2 multiplet is much closer in energy for 1 than for 2. This
is in agreement with the higher slope in the M vs. H curve at
high fields observed for 1. The assumption of our simplified Ising
Spin Hamiltonian seems therefore less appropriate for this system
than for 2. Moreover, in the absence of additional information
from single crystal data all anisotropy axes have been assumed to
be collinear. Non-collinearity of easy axes in molecular systems
comprising Dy™ has been recently shown to affect substantially
the magnetic behaviour.”'

The dynamic magnetic behavior of 1 was investigated in the 0.2—
25 kHz range by using alternating current (ac) susceptometry. In
zero static field both in-phase (¥") and out-of-phase (¥”') compo-

2. 7" (emu/mol)

T(K)

Fig. 5 Real (solid circles) and imaginary (open squares) components of
the ac susceptibility of 1 measured in zero static field and in the frequency
range 0.2-25 kHz (colour scale from red to blue).
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Fig. 6 Real (solid circles) and imaginary (open squares) components of
the ac susceptibility of 2 measured in zero static field and in the frequency
range .2-25 kHz (colour scale from red to blue).

nents of the magnetic susceptibility show frequency dependence
(Fig. 5). The shape of the signals is broad, without maxima,
suggesting multiple relaxation processes, as well as fast quantum
tunneling of the magnetization. This effect is even more evident
in the zero field ac data of 2, which reveal the typical levelling of
x” (Fig. 6). Peaks in y¥” vs. T are observed when the variation
of the relaxation time, 7, with temperature allows them to go
through the condition for maximum " signal, ie. @t = | with
@ the angular frequency of the ac field. When the relaxation time
depends weakly on temperature, ie. in the presence of tunneling,
these peaks become severely distorted and an accurate estimation
of the relaxation time can only be done by plotting " as a function
of the frequency of the oscillating field as done in Fig. 7. While 1
does not show maxima, these are well defined for 2 bul they become
almost temperature independent below 2 K. The tunneling rate is
therefore estimated to be of the order of 2 kHz, while the extracted
relaxation times are reported in the Arrhenius plot of Fig. 8. The
data strongly deviate from a linear behaviour with the relaxation
time approaching saturation at low temperature. By only fitting
the high temperature data and assuming 7 = 7,exp(A/kT) a very
small energy barrier A = 2 K is estimated, associated to a very
large pre-exponential factor 7, = 1.3 x 10~ s, confirming that we
are observing a smooth transition between a thermally activated
regime and a quantum tunneling one,
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Fig. 7 Frequency dependence of the imaginary components of the ac
susceptibility of 1 (left) and of 2 (right) measured in zero static field upper
panels and in a static magnetic field of 750 and 1000 Oe for 1 and 2,
respectively (lower panels). Temperature color scheme in the legend.
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Fig. 8 Temperature dependence of the relaxation time reported as an
Arrhenius plot for 1 in 750 Oe static field and for 2 in both zero and 1000
Oe static field. The solid lines represent the linear fit as described in the
text.

The analysis of the magnetization dynamics in lanthanide-based
SMM s is much more complex than in the case of metal ions with
quenched orbital momentum, for which the Spin Hamiltonian
approach is able to rationalize most observations.* It is generally
assumed that relaxation at intermediate temperatures, ie. lower
then the Debye temperature of the system. occurs through a
thermally activated process that involves the first excited Stark
levels,® However, especially for low symmetric environments, the
transverse components of the crystal fields efficiently admix the
states on opposite sides of the barrier generated by the Ising
anisotropy. It is thus rather common to observe below 4 K an
efficient underbarrier mechanism of relaxation.®” This is indeed
what is observed in 1 and 2,

The mechanism ol guantum tunneling can be reduced by
applying a static field that removes the degeneracy of the levels
on the opposite sides of the barrier.? For this reason the ac
measurements were also carried out in the presence of a static
field, which was selected to be 750 Oe and 1000 Oe for 1 and 2,
respectively, by scanning the field at 7= 2 K and selecting the one

that shifts the peak in ¥” to the lowest frequency. ¥ now exhibits
a frequency maxima for both compounds (lower part of Fig. 7),
allowing an estimation of the Arrhenius parameters also for 1, i.e.
A =136 K and 1, = 7.7 x 10¥ s, the last value being typical of
SMM behaviour. The same analysis performed on 2 provides A =
17.4 K and 7, = 8.0 x 10”7 5. These parameters are extracted from
the high temperature data to exclude from the fitting the curvature
observed at low temperature but are anyhow only indicative of
the energy gap between the ground and the first excited doublets,
Interestingly a smaller A value is observed for 1, in agreement with
the trend observed for both y, 7 vs. T and M vs. H curves. The
application of a static field, despite its strong effect. does not seem
to be able to totally suppress tunnelling in 2, in contrast with that
observed in 1. This is not surprising, because in 2 tunneling has
shown to be very efficient.

Another important parameter is the width of the distribution
of the relaxation time, which has been investigated by plotting x”
vs. ¥’ in the so called Argand plot (see Fig. S1 and S2 in ESIT).
The deviations from the ideal behaviour of a single relaxation time
that results in a semicircle are taken into account by an empirical
parameter ¢.?* For 1 this parameter has been found to oscillate
between 0.16 and 0.24, without any distinet trend. Such values are
rather common in SMM.**

In the case of 2 4 constant increase from o = 0.10 to
0.30 on decreasing the temperature is observed. This trend is
usually encountered when at low temperature, quantum tunnelling
becomes efficient,®** and suggests that disorder or defects more
strongly affect the admixing of the states, and thus the tunneling
rate, than the height of the barrier.

Conclusions

The new systems described here illustrate that anisotropic high
spin 3d-4f binuclear complexes can be organized in either high-
nuclearity clusters or in coordination polymers, preserving their
SMM behavior. Both compounds exhibit a strong tunnelling,
despite the chain character of 2. This is not surprising as we have no
evidence of a sizeable interaction mediated by the tfa* diamagnetic
ligands. On the other hand, as shown in a previous paper.' a
chain of SMMs can be transformed into a SCM by connecting
the heterometallic nodes through paramagnetic spacers, e. g
metalloligands. The barrier observed for 2 is however higher than
that of 1, in agreement with the static properties that suggests a
larger separation between the ground and the first excited doublet
of the Dy"™ Stark levels. Surprisingly, tunnelling also survives in
a static field for 2, while it is more efficiently suppressed in 1.
We can tentatively attribute this observation to the weak Dy-Dy
interaction present in 1 in analogy with that observed in a Dy-
Radical tetramer.” Further investigations performed for instance
by diluting the Dy-Ni pairs in diamagnetic analogues containing
yttrium are necessary to confirm this hypothesis.
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