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A new Cu"-Gd" heterometallic coordination polymer was obtained by a two-step synthesis, using the
molecular complex [Cu(H,IDC),(2,2’-bipy)]-2H,0 (1) as metalloligand and oxalate as auxiliary ligand
(H3IDC = 1H-imidazole-4,5-dicarboxylic acid). The new extended heterometallic network [Gd
(H20),(C,04)Cu(IDC)]-H,0 (2) crystallizes in a P1 triclinic space group presenting a 2D covalent structure.
From a structural point of view, (2) can be defined as Gd-zigzag chains [Gd(H,0),(C,04)]" linked by Cu-
based molecules, [Cu(IDC)] . A 3D structure is reached by non-covalent interactions between the layers.
Also Gd- - -Cu interlayer interactions through syn-anti carboxylate ligands can be observed. Whereas, from
room temperature to 100 K the network behaves as a paramagnet, below 20 K ferromagnetic interactions
are observed. The ferromagnetic state was also corroborated by isothermal hysteresis loops measured at
2 K, giving values for H. and M, of 50 Oe and 500 emumol~', respectively.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, coordination polymers (CPs) have gained much
attention mainly by the intriguing architectures, topologies, and by
the promising chemical and physical properties they present [1-5].
Thus, heterometallic coordination polymers (HCPs) including two
different kind of metal cations, 3d and 4f, are also a flourishing
research field. The structural richness and properties such as, chi-
rality, magnetism or luminescence have made HCPs a subject of
intensive research [6-8]. The assembly of the HCPs is mainly
reached by two different synthetic approaches. The one step syn-
thesis considers the mixture of both organic and inorganic reagents
at the same time, while in the second approach, a molecular 3d
metalloligand is previously synthesized, reacting later with the 4f
cation to give the 3d-4f HCPs. From a synthetic point of view, Cu''-
4f HCPs are attractive due to the coordination plasticity of Cu' ions,
which should produce a wide variety of coordination networks [9].
As an example, Cu" complexes with Schiff-bases [7] or with oxam-
ides [10,11] have proven to be effective metalloligands in the syn-
thesis of polynuclear heterometallic Cu"-4f complexes. Moreover,
Schiff-bases functionalized with carboxylic groups have also been
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used to obtain one dimensional Cu"-4f coordination polymers,
being the 4f cations linked by carboxylate bridges [12]. Addition-
ally, complexes synthesized from Cu" cations and malonamide-N,
N'-diacetic acid as ligands, give Cu"-4f 2D networks, where the car-
boxylate groups also promote the incorporation of 4f cations in the
structures [13]. On the other hand, interesting properties displayed
by Cu''-Gd™ HCPs have also been reported by Ye et al., for [Gd,Cu
(NIPH)4(H20)4]-6H,0 where NIPH = 5-nitroisophthalate. These
authors reported a reversible single-crystal to single-crystal trans-
formation, based on a dehydration and rehydration process of the
porous framework [14]. Besides, Miao et al., reported a relatively
large magnetocaloric effect for the 1D HCP, [CuGd(pta),(Hpta)
(4,4'-bipy)o.s(H20)] with Hpta = phthalic acid, as a consequence
of the ferromagnetic interaction between the spin carriers present
in the [Cu,Gd;] moieties, and also because of the lack of magnetic
anisotropy of both cations [15].

Literature data shows that multidentate ligands exhibiting flex-
ible coordination modes with metal ions are useful in the construc-
tion of CPs. In this sense, different three-dimensional frameworks
based on lanthanide-zinc ions have been synthesized via
hydrothermal reaction. While {[Lny(H20),Zn4(H»0)4(ImDC)4(0x)]
6H,0}, (Ln=La, Nd, Sm, Eu) were obtained using 1H-imidazole-
4,5-dicarboxylic acid and oxalic acid as ligands [16], [H(H0)g]
[LnZny(imdc)4(Him),4] (Ln = La, Pr, Eu, Gd, Tb) were obtained using
1H-imidazole-4,5-dicarboxylic acid and imidazole (Him) as the
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secondary ligand [17]. Despite that much work has been developed
in these systems, the synthesis and characterization of new Cu'-
Gd™ complexes enriches the chemistry involved in the 3d-4f
heterometallic networks, aiming also for a better understanding
of the nature of the different observed properties. In this sense,
we are reporting the structural and magnetic characterization of
a new 2D Cu"-Gd™ HCP [Gd(H,0),(C,04)Cu(IDC)]-H,0 (2), which
was obtained from a copper-metalloligand synthesized from 1H-
imidazole-4,5-dicarboxylic acid (H3IDC) and 2,2’-bipyridine, [Cu
(HaIDC),(2,2bipy)]-2H,0 (1). Taking into account the multiple
deprotonation degrees that the HsIDC ligand can acquire giving
species such as H,IDC™, HIDC?~, IDC3~ and the wide capability to
bind multiples metal centres, we consider that 1H-imidazole-4,5-
dicarboxylic acid is an exceptional and efficient organic ligand to
obtain not only extended structures but also new 3d-4f HCPs.

2. Materials and methods
2.1. Single-crystal X-ray diffraction

Single crystals of compounds (1) and (2) were directly picked
from the reaction vessel, and glued on the tip of a capillary glass
using epoxy resin. Quick scans on the Bruker APEXII diffractometer
confirmed enough crystal quality to perform full recording of both
compounds. Data were reduced by saint [ 18], and empirical absorp-
tion correction were applied using sapass [19]. Using the otex2 [20]
package, the structure was solved with the sHeLxt [21] structure
solution program using Direct Methods and refined with the sHELXL
[22] refinement package using Least Squares minimisation. Addi-
tional data concerning the crystals and the refinement parameters
are detailed in the Supporting information (Table S2).

2.2. Magnetic susceptibility

Magnetic measurements were carried out using a Quantum
Design Dynacool Physical Properties Measurement System (PPMS),
equipped with a Vibrating Sample Magnetometer (VSM). The dc
data were collected under external applied fields of 0.2, 0.5 and
1 kOe in the 2-300 K temperature range. Diamagnetic corrections
(estimated from Pascal constants) were considered [23]. Magneti-
zation measurements were performed between 0 and +90 kOe at
temperatures varying from 2 to 11 K. Alternating current (ac) mag-
netic susceptibility measurements were performed on (2) at
1.25 kOe-dc field and a 4 Oe oscillating field, in the frequency range
of 178 and 1000 Hz.

2.3. Spectroscopic measurements

FTIR spectra were recorded on a Perkin Elmer BX-II spectropho-
tometer in the 4000-400 cm™! range, using KBr pellets. UV-Vis-
NIR spectra were obtained on a Perkin ElImer Lambda 1050 spec-
trophotometer UV-Vis/NIR, equipped with a Perkin Elmer
150 mm InGaAs Integrating sphere. The measurements were car-
ried out in the 200-1200 nm range using the solid sample without
any support.

2.4. Thermogravimetric measurements

Thermal gravimetric analysis was performed on a Mettler
Toledo TGA/DSC STAR system using N, atmosphere. The samples
were introduced in an alumina holder and heated from room tem-
perature to 900 °C with a rate of 5 °C/min.

3. Experimental
3.1. Synthesis of [Cu(H>IDC)x(2,2bipy)]-2H50 (1)

All reagents and solvents used to obtain (1) and (2) were of p.a.
quality, and used without any previous purification process. A sus-
pension in continuous stirring of H5IDC (0.156 g, 1.00 mmol), 2,2-
bipyridine (0.078 g, 0.50 mmol) and 70 uL of dipropylamine
(DPA) in 10 mL of acetonitrile (MeCN), was mixed with a solution
of Cu(NOs3),;-3H,0 (0.121 g, 0.50 mmol) in 10 mL of H,O/MeCN
1:1. The deep blue slurry solution was filtered and the supernatant
was kept at room temperature for 1 day providing blue needle-like
crystals, which can be isolated by filtration. As the crystals turned
opaque under air suggesting a loss of crystallinity, for X-ray exper-
iments the crystals were picked out and immediately glued to
avoid any solvent loss. MW: 565.9 g/mol. Yield of 82%, based on
copper salt.

3.2. Synthesis of [Gd(H>0),(C504)Cu(IDC)]-H,0 (2)

Compound (2) was obtained in a two steps reaction, using (1) as
metalloligand. (1) (0.053 g, 0.10 mmol), Gd(NOs),-6H,0 (0.090 g,
0.20 mmol) and K,C;04-H20 (0.037 g, 0.2 mmol) were placed in a
23 mL Teflon-lined stainless steel autoclave vessel with 10 mL of
water and heated at 120°C under self-generated pressure for
5 days. The reaction mixture was naturally cooled down to room
temperature; light blue plate crystals of (2) stable and suitable
for X-ray diffraction were separated by filtration. PM:
515.96 g/mol. Yield of 38.5%, based on lanthanide salt.

4. Results and discussion
4.1. Synthesis

According to a previous work, we used the 1H-imidazole-4,5-
dicarboxylic acid (H3IDC) ligand due to its outstanding coordina-
tion capabilities to create intricate 4f homometallic networks
[24,25] and also structures presenting helical chain arrangements
[26,27]. From a synthetic point of view, [Cu(H,IDC),(2,2bipy)]:
2H,0 (1) is a promising metalloligand for the synthesis of 3d-4f
heterometallic materials. In the previous reported Co"-Gd'"' net-
work [28], the [Co(H,IDC);(H,0),] metalloligand was used
together with oxalate as secondary ligand and the lanthanide
cation to obtain a 3D network. In the present study, we used 2,2-
bipyridine (2,2-bipy) as secondary ligand in (1) to modulate the
dimensionality of the network, by blocking two coordination sites
of the Cu" centre. However, when (1) was put under hydrothermal
conditions to obtain (2), the 2,2’-bipy ligand is lost and therefore
not present in the synthesized HCP (2). Even though the initial
ratio between Cu and Gd cations was 1:2, under the used
solvothermal conditions the thermodynamically more stable com-
pound with a 1:1 molor ratio between both cations was obtained.
Noticeably, if a 1:1 ratio between the metal cations is used as ini-
tial condition, [Gd(H,0),(C;04)Cu(IDC)]-H,0 (2) is not produced.

4.2. Thermogravimetric behaviour (TG)

The thermal stability of (2) was tested under N, atmosphere
(Fig. S1). The thermogram of (2) shows a first weight lost between
150-270 °C corresponding to 10.4%. This value correlates well with
the expected loss of all water molecules, associated with two coor-
dinated and one crystallization ones (10.5%) to give a anhydrous
compound [Gd(C,04)Cu(IDC)]. Later three consecutive steps occur,
giving a weight loss of 14.0%, 17.0% and 15.3% at 320 °C, 440 °C and
720 °C respectively (Table S1). The value of 14.0% matches well
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with the release of the imidazole fragment, C;HN, (14.0%), as pro-
duct of the degradation of IDC3~ fragment. Although De Moura
et al. have reported for complexes based on Cd", bromide and imi-
dazole, the loss of imidazole molecules at temperatures above
370 °C, [29]itis also clear that in our case, complementary analysis
should be done to confirm the loss of the imidazole fragment. The
final two steps, between 440 °C and 720 °C, should correspond to
the total decomposition of (2).

4.3. Spectroscopic behaviour

FTIR of (1) and (2) are given in Fig. S2. A broad band in the range
of 3700-3100 cm™! is assigned to stretching vibrations (vo_y) of
water molecules. Strong and broad absorption associated to asym-
metric (Vcooasym) and symmetric (Vcoosym) Vibrations of the car-
boxylate groups, belonging to the H,IDC™ for (1) and IDC3~ and
oxalate vibrations in (2), appear in the region of 1700-
1300 cm™ . The bands corresponding to the C=C and N=C bonds
of imidazole ring and 2,2-bypiridine (vc—c and vc—y), are found
almost in the same region of the carboxylate groups, being over-
lapped with these stronger vibrations. The band associated to the
protonated carboxylic group in HoIDC™ in (1) should appear at
1700 cm~! but is not observed probably due to its lower intensity
due to the existence of H-bonds.

Electronic UV-Vis-NIR spectra of (2) and HsIDC free ligand are
shown in Fig. S3. Both spectra have strong absorptions below
400 nm, with a maximum at 255 and 320 nm assigned to m-m*
and n-7t* transitions of the organic ligand [30]. On the other hand,
three d-d transitions corresponding to v (dy/dy; — de_y2), V2
(dy — de_y2) and v3 (d» — d,o_,2) can be expected for a Cu" cation
presenting a square planar geometry. While for [Cu(acac),] based
complexes, absorptions at 500, 650y 750 nm assigned to vi, v,
and vs, respectively were observed in the presence of a non-coor-
dinating solvent [31], Kongchoo et al. reported only one absorption
at 500 nm in solid state for a square planar Cu" macrocyclic com-
plex [32]. In our case [Gd(H;0),(C,04)Cu(IDC)]-H,0 (2) gives one
wide absorption centred at 650 nm, being associated to the overlap
of vy, v, and v; transitions [33]. Emission UV-Vis spectra in solid
state for (2) were recorded at excitation energies associated to each
maximum of the absorption spectra, but no emission was observed
in the studied range.

4.4. Structural description

Structural parameters of (1) and (2) are given in Tables 1 and S2.
Analysis of single crystal X-ray diffraction revealed that [Cu(H,-
IDC),(2,2bipy)]-2H,0, (1) crystallizes in a triclinic P1 space group,
and corresponds to a mononuclear complex where the Cu' centre

Table 1
Crystal data for (1) and (2).
1 2

Formula CuCyoH18Ng010 CuGdC;H;011N,
MM/g mol! 565.9 515.96
T (K) 298 298
Crystal System triclinic triclinic
Space group P1 P1
alA 7.720(7) 6.964(2)
b/A 13.086(11) 7.159(2)
c/A 14.329(13) 12.180(4)
af° 92.821(15) 101.904(3)
Bl° 103.940(15) 91.500(4)
y/° 106.471(17) 94.031(4)
VA3 1336.5 592.194
V4 17 5
R-factor (%) - 4.1

is in a four-coordinated environment CulNy, giving a square planar
geometry (Fig. S4). No counterion was found in (1), therefore, the
charge balance suggests that the imidazole ligand is in a diproto-
nated form, H,IDC™, reported also in other similar molecular com-
pounds [34-37]. In the structure of (1) the Cu" centre is bonded to
one bidentate kN,N’-bipy and two kN-H,IDC~ anions, with the Cu"
centres interacting through the axial position with the carboxylate
groups belonging to the H,IDC™ ligand. Furthermore, two water
crystallization molecules were found. Considering that the solvent
loss makes (1) very unstable outside the mother liquor, poor single
crystal diffraction data were obtained. Therefore, the electronic
density associated to solvent molecules (modelled as solvent
mask) could not be assigned, obtaining an R factor ca.12%. How-
ever, the crystallographic data of (1) had enough quality to identify
a well-defined mononuclear complex. This information allows us
to examine the changes in the coordination around the Cu" centres
when this metalloligand is used to give the HCP (2).

The analysis of the single crystal X-ray diffraction for compound
(2) shows an extended 2D covalent network presenting an asym-
metric unit formed by one Cu" and one Gd" cations, one full-
deprotonated IDC3~ ligand, one oxalate anion (C,03") and three
water molecules (Fig. 1a). The layers are further connected though
H-bonds, reaching a 3D structure (Fig. 1b). The Cu" cation presents
a square planar geometry with a CuN,0, coordination sphere,
formed by two bidentate «N,0-IDC3~ ligands coordinated in a trans
conformation. Also, Cu" interacts in the axial position with two
additional free carboxylate groups belonging from another two
IDC3~ molecules (Cu—0 = 2.577(5) A), thus forming an elongated
octahedron. The axial and equatorial IDC3~ molecules have the pla-
nar imidazole rings disposed in a parallel form, permitting a n-m
staking interaction among them (Fig. 2a). In other Cu-Gd" poly-
mers based on pyridine-2,3-dicarboxylic acid [38] or pyridine-
2,5-dicarboxylic acid [39] a similar parallel arrangement can be
found between the axial and equatorial ligand rings.

An eight-coordination around the Gd" is observed, reached
exclusively by oxygen atoms, belonging to one 0,0’-IDC3~, two
independent chelating 0,0'-C,0%~, and two water molecules. The
geometry on Gd" was confirmed by the shape software, obtaining
the more accurate fitting for a square antiprism geometry
(Fig. 2b). A summary table for the geometry calculation is given
in Table S3. Regarding to the ligands in (2), the coordination mode
observed for oxalate anion correspond to ,-K0,0'-k0”0"” binding
two Gd"™ centres. In the case of IDC3~ anion, the coordination mode
can be described as 5?-kN,0-x0,0'. The free carboxylate group is
weakly interacting with a copper centre from a neighbouring layer
with a Cu---O1 distance of 2.577(5)A. The coordination of both
IDC3~ and oxalate ligands are shown in Fig. 2c.

The 2D covalent structure of (2) can be described in terms of
two homometallic fragments, Gd-based chains and Cu molecular
moieties. In the Gd-chains, the diacuogadolinium centres are
bonded by bis-chelating 0,0’-oxalate anions to give [Gd
(H,0)5(C204)]" moiety with dcq_casz=6.171(1)A (#2=—x+1,
—y+1, —z+2) and dgg_cas1 = 6.252(1) A (#1 = —x, —y +2, —z+2).
The inversion centre localized in the C=C bond belonging to the
oxalate ion (C6—C6*!, #1=—x, 2 —y, 2 —z) define the zigzag
chains, which are disposed in a parallel form along the ab plane.
In the [Cu(IDC)]~ fragments, two carboxylate groups are acting as
coordinating centres. The 2D covalent structure is reached by the
coordination of the Gd chains with the [Cu(IDC)]” moieties
(Fig. 3a) through both carboxylate groups, one in a monodentate
fashion and the second bridging the 3d and 4f cations, with a
dcd-casa =6.289(1)A (#4=x, y+1, z). A 3D structure is reached
by hydrogen bonding interactions between the layers (O—H-:--O,
Table 2) and also for pseudo coordinative axial interaction between
carboxylate groups of one layer and Cu" cations of a neighbouring
layer (Cu---01 distance of 2.577(5) A). Gd. - -Cu#4 interlayer inter-
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Fig. 2. Coordination environment and geometry for (a) Cu", (b) Gd" and (c) coordination modes for IDC?~ and C,03" in (2).

actions through syn-anti carboxylate ligands can be also defined, while the Cu" and Gd™ centres give a two and three connected
with a distance of 5.517(13) A (#4=x, y + 1, z). The simplification nodes, respectively (Fig. 3b). This simplification permits to identify
of the network by a contraction of IDC>~ and C,0% " to its respective more clearly the zigzag Gd-chains and the connections by the Cu-
centroids, gives a ditopic angular and lineal spacer respectively, isolated fragments.
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Fig. 3. (a) View of the 2D covalent structure of (2), in fuchsia the [Cu(IDC)]~
moieties and in green the [Gd(H,0),(C,04)]" zigzag chains. (b) Simplified view of
the extended structure of (2); Gd-chains in green and Cu-moieties in red. (Colour
Online.)

[s important to state that in the Cambridge Data Base no results
were obtained for Cu"-Gd"' heterometallic systems based on the
HsIDC ligand. However, three similar systems can be found for tri-
azole and pyrazole: [Cu,Gd(TDA)N3(H,0)4-2H,0] [40], [Cu,Gd
(TDA)z-Cl(H20)4]2H20 [4]] and [CUan(pdC)z(SO4)(H20)4]Hzo
[42] where H,TDA is 1,2,3-triazole-4,5-dicarboxylic acid and
Hspdc is 3,5-pyrazoledicarboxylic acid. The two compounds based
on triazole were synthesized under hydrothermal conditions and
correspond to 3D networks, where the TDA?~ presents a kN,0-,
k0,0 for Cu" and Gd", respectively similar to the observed for
IDC3~ in (2). The main difference between these compounds is
the presence of N3 or Cl™ as auxiliary ligands. The third example
also corresponds to a 3D network obtained from 3,5-pyrazoledicar-
boxylate (pdc~) and SO3~ anion as ligands. In this case, the coor-
dination mode of the pdc3~ anion is kO,N for the Cu" cation and
kN',0'-x0",0” for the Gd"" cation, being the last coordination mode
different to the observed in (2).

Taking into account the lack of similar reported Cu-Gd™
heterometallic compounds, we compare the structural characteris-
tics of (2) with two previously reported Co"-Gd™ 3D heterometal-
lic networks synthesized also with H3IDC and oxalate as ligands
[28]. In these 3d-Gd™ networks independent substructures formed
by Gd"-oxalate can be identified, which are connected to each
other by 3d moieties, Co"-HIDC?~/IDC3>~ based zigzag chiral chains
in Co"-Gd"™ networks and Cu"-IDC3~ isolated moieties in (2). This
difference could be originated by the spatial disposition of the
HIDC?~/IDC3" ligands, being trans in the Co" chains and cis in the
Cu'' molecules, together with the coordination geometry that each
metal centres can acquire (octahedral CoN,O4 and square plane
CuN,0;). On the other hand, the coordination of IDC3~ is #*-kN,
0-x0,0'-x0',0"-x0"”,N for Co-Gd™ networks and 5?-kN,0-x0,0’

for the Cu"-Gd" network (2). Furthermore, the Co"-Gd"" networks
are characterised by having Gd-Gd connected by 1,1-carboxylate
and oxalate bridges, while Co-Gd cations are connected either by
1,1 and 1,3-carboxylate bridges, being the last one in an anti-anti
conformation. However, in the case of compound (2) the Gd-Gd
atoms are only bridged by oxalate groups and the Cu-Gd cations
are only connected by one 1,3-carboxylate bridge with an anti-anti
conformation.

Since small modifications in the hydro/solvothermal conditions
can produce great structural and compositional changes, the
higher metal condensation degree observed in the Co"-Gd" net-
work is not surprising. Literature data show some studies that cor-
relate the condensation of metal centres around of the
carboxylates groups with the used temperature in the hydrother-
mal synthesis. Thus, the work reported by Chen et al. [43], and
Tong et al. [44], show that under hydrothermal conditions, a higher
reaction temperature should favour a higher diversity of the coor-
dination modes of the carboxylate groups together with a higher
amount of metal cations coordinated to these groups. Therefore,
it seems reasonable to consider that the higher temperature used
to obtain both Co"-Gd™ networks (165 and 170 °C) compared with
the used in (2) (120 °C), should explain the lesser metal content.

4.5. Magnetic properties

The dc magnetic measurements using a polycrystalline sample
of (2) were performed as function of magnetic field and tempera-
ture. The temperature dependence of magnetic susceptibility was
obtained between 2 and 300K at applied fields of 0.2, 0.5 and
1 kOe; ,mT versus T plots are shown in Fig. 4. For the three applied
fields, a similar behaviour was observed between room tempera-
ture and 20K. The , T value at room temperature is near to
8.4 emuKmol !, slightly higher than the expected for non-interact-
ing centres of Cu" and Gd™ (8.25 emuKmol™'; Sc, =1/2, Scq=7/2
and g = 2). A higher ,uT value at room temperature has been also
reported for other 3D-heterometallic networks based on Cu'-Gd™
[45]. As the sample is cooled down, 5T values remain constant till
100 K. Between 100 and 20K, a slight decrease of ,uT can be
observed, reaching a value of 8.1 emuKmol~! at 20 K, indicating
that antiferromagnetic interactions predominate in this tempera-
ture range. Below 20 K, the , T values become dependent of the
applied field and an abrupt increase of , T is evidenced. For the
lowest applied field of 0.2kOe a constant increase of ,uT is
observed until a value of 10.0 emuKmol~! is reached at 2 K. How-
ever, a maximum value of the , T is observed at applied fields of
0.5 and 1.0 kOe. For an applied field of 0.5 kOe, the maximum value
of 9.2 emuKmol ™! is reached at 3.4 K while for 1.0 kOe the maxi-
mum of 8.6 emuKmol ! is observed at 6.5 K. Below this maximum
temperature, the , T values decrease again reaching at 2 K values
of 8.9 and 6.7 emuKmol~! for 0.5 kOe and 1.0 kOe, respectively.
The increase of ,uT value below 20 K is indicative that in this tem-
perature range ferromagnetic interactions are present. In addition,
the yi versus T plot at 0.2 kOe follows the Curie-Weiss law
between 300 and 50 K. The fitting of the experimental data gives
a 0 value of —0.08 K and C = 8.4 emuKmol~! (Fig. S5). The negative

Table 2

Hydrogen bonds for (2).
D—H.- A d(D—H) d(H---A) d(D---A) <(DHA)
0(9)—H(9A)- - -O(4)#4 0.849(9) 1.940(13) 2.787(6) 175(7)
0(9)—H(9B)- - -O(6)#5 0.849(9) 2.05(3) 2.856(6) 157(7)
0(10)—H(10A)- - -O(8)#6 0.848(9) 2.027(11) 2.874(6) 178(7)
0O(10)—H(10B)---0(11) 0.847(9) 1.83(3) 2.640(6) 160(7)
O(11)—H(11B). - -O(1)#7 0.849(9) 2.04(4) 2.804(7) 149(7)

#1 —x, —y+2, —z+2,#2 —x+1, —y+1, —z+2, #3 —x+1, -y, —z+ 1, #4x,y+1,z, #5x + 1, y,z, #6x — 1, y, z, #7—x, -y + 1, —z + 1.
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Fig. 4. yuT vs. T plot for (2) at applied fields of 0.2, 0.5 and 1.0 kOe.

Weiss constant is indicative that the bulk interaction between the
metal centres is weakly antiferromagnetic in nature.

The field dependence of the reduced magnetization of (2) at 11,
9,7,5,3 and 2 K are given in Fig. 5a. According with these data, the
saturation of (2) is reached at approximately 60 kOe only at 2 and
3K, giving a value of 8.0 N which correlates well with that
expected for eight electrons (one electron of Cu’-d® and seven of
Gd"-f7), Furthermore, the N, versus HT~! plots at different temper-
atures show a complete overlap of the curves, thus confirming the
lack of first-order orbital moment contribution. To corroborate the
existence of a magnetic order at low temperatures, isothermal
magnetic hysteresis loops were measured at 2, 3 and 4 K between
+60 kOe (Fig. 5b). Although the coercivity field (H¢) and remnant
magnetization (M,;) were observed for all isothermal hysteresis
loops, higher values of H. and M, of 50 Oe and 500 emumol~! were
observed at 2 K. Additionally, alternating current (ac) magnetic
susceptibility measurements between 1.8 and 22 K were per-
formed on (2). Although ac susceptibilities are very small and
noisy, a maximum near to 10 K can be found both the in-phase
(¢'m) and out-of-phase (”v) susceptibility (Fig. S6), which is in
agreement with the dc susceptibility data. Finally, both the in-
phase (y'm) and out-of-phase (y”m) maximum is frequency
independent.

(a)

0 T T .4 T T
0 10 20 30 40

HT'[kOe K]

Besides, the inter-layer interactions through Cu"-Cu" and Cu''-
Gd™ cations together with the presence of a hetero-spin system
(Scu=1/2; Sga=7/2), makes the analysis of magnetic behaviour
more complex (Fig. 6). It is important to note that the interactions
between the Gd" cations occur exclusively by oxalate bis-chelating
bridges with a length of ca. 6 A, being similar to those reported by
Cafiadillas et al., for Gd-oxalate honeycomb-2D networks, where a
very weak antiferromagnetic coupling between the Gd'!! cations
was observed (J = —0.005 cm™!) [46]. The Gd-Cu interactions pre-
sent in (2) are mediated by anti-anti or syn—anti carboxylate
bridges, belonging to intralayer o interlayer interactions, respec-
tively. Literature data show that analogous 1D systems presenting
Cu"-Gd"™ bonded by syn-anti carboxylate bridges and with a
Cu---Gd distance of 5.991A, have a ferromagnetic interaction
between the metal centres, giving a J value of 1.3 cm™! [12]. The
same type of magnetic interactions (J=0.426cm~!) was also
reported for 3D Cu"-Gd"™ networks, with Cu---Gd distance of
6.010 A and bonded by anti-anti carboxylate bridges [47]. Another
magnetic pathway correspond to the IDC3~ anion, with both car-
boxylate groups permitting the interlayer communication of the
copper(ll) cations via axial-equatorial interactions. In this sense,
Ghoshal et al., report for analogous systems that the interaction
between copper(ll) cations depends of the axial Cu—O distances,
giving smaller J values for longer axial distances. Furthermore the
authors also reported that the succinate ligand, which is similar to
the Cu—0,CCCCO,—Cu fragment of the IDC3~, produces an antifer-
romagnetic coupling between copper(Il) centres, with a J value of
—2.7 cm™! [48]. Table 3 summarizes the structural characteristics
of each exchange pathway present in (2). Taking into account all
the above-mentioned behaviour the antiferromagnetic interactions
observed for (2), should arise from the Gd-Gd and Cu-Cu interac-
tions, while the Cu-Gd interactions should be responsible for the
ferromagnetic interactions.

5. Conclusions

In summary, a new Cu"-Gd"" heterometallic coordination poly-
mer was obtained using a two-step synthesis, where the previously
synthesized mononuclear complex [Cu(H,IDC),(2,2bipy)]-2H,0
acts as a metalloligand. The assembly of the mononuclear complex
to give the extended network [Gd(H,0),(C204)Cu(IDC)]-H,0 is
reached under hydrothermal conditions, being promoted by the
incorporation of an auxiliary ligand (oxalate) and a 4f cation.
Clearly, the experimental conditions used in this work, together

(b) ) M,, [emu mol”)

50000
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25000

T T 1
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—+—20K
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-50000

Fig. 5. (a) Ny vs. HT! curves for (2), measured at 11,9, 7, 5, 3 and 2 K. (b) Hysteresis loop of (2) at 2, 3 and 4 K, with an inset for the 2 K loop.
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Fig. 6. Types of bridges found in the extended structure of (2); in green the
interactions that result from the interlayer packing. (Colour Online.)

Table 3
Summary of bridges involved in (2).

Connection Bridge type Distance (A)
Gd1-Gd1#2 oxalate 6.171(1)
Gd1-Gd1#1 oxalate 6.252(1)
Gd1-Cul#4 carboxylate anti-anti 6.289(1)
Gd1-Cul#4 carboxylate syn—anti’ 5.517(13)
Cul-Cul#4 imidazolate’ 7.159(2)

#1-x,—y+2,—z+2,#2-x+1,-y+1,—z+2,#3—x+1,-y,—z+1,#4x,y+1,z#5x
+1,y,z,#6x—-1,y,z, #7 —x, —y+1, —z+ 1.
" Interactions that result from the interlayer packing.

with the choice of a ligand with multiple deprotonation degrees
and the wide capability to bind multiples metal centres, offers an
excellent synthetic approach to obtain novel 3d-4f heterometallic
compounds. This Cu-Gd"™ network is one of the few reported
3d-4f coordination polymers based on the 1H-imidazole-4,5-dicar-
boxylic acid (HsIDC) ligand. The 2D lamellar structure of [Gd
(H20),(C304)Cu(IDC)]-H,0 is reached by the link of 1D-zigzag Gd-
chains and discreet Cu" complexes. A 3D structure is reached by
hydrogen bonding interactions and the axial interaction between
carboxylate groups and Cu'' cations belonging to two parallel
sheets. Also Gd- - -Cu interlayer interactions through syn-anti car-
boxylate ligands can be established. From a magnetic point of view,
the experimental evidence shows that the Cu"-Gd"™ network
behaves as paramagnet from room temperature to 100 K and anti-
ferromagnet between 100 and 20 K. But the most important aspect,
is the ferromagnetic behaviour observed at low temperatures.
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