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The reaction of Ln(NO3)3-6H,0 (Ln = Gd, Tb) and Cu(0,CMe),-H,0 with the polydentate Schiff base ligand
OH—C;oH;,—CH=NC(C,Hs5)(CH,0H), (HsL) in Me,CO afforded the heptanuclear heterometallic complexes
[CusLny(0,CMe)y(NO3)4(L)2(HL),] (Ln = Gd (1), Tb (2)) which were characterized by single-crystal X-ray
crystallography (1) and powder XRD measurements (2). Both complexes are isomorphous and consist
of a central core {CufLnY(pi3-OR)g(p13-0,CMe), )" described as two distorted centrosymmetrically related
cubane subunits, {CuLn"(p13-OR)3(3-0,CMe)}>*, with the common apex, Cu(1), residing on an inversion
center. Peripheral ligation and bridging is provided by two triply and two doubly deprotonated Schiff base
ligands, two 13-acetates and four chelate nitrates. Magnetic susceptibility measurements revealed the pres-
ence of dominant ferromagnetic interactions for both complexes. The magnetocaloric effect of 1 was exam-
ined via isothermal magnetization measurements under various applied fields and the maximum entropy
change was found equal to 15.7 J kg~! K~ at 2 K for AH = 5 T. Ac susceptibility measurements of 2 revealed
slow magnetic relaxation process suggesting the presence of single-molecule magnet behavior.

Magnetocaloric effect
Single-molecule magnet

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Molecular magnetic materials with interesting structures and
noteworthy physical properties have been extensively studied over
the past decades, and have been proposed for potential applica-
tions in high-density information storage devices, quantum com-
puting, spintronics and magnetic refrigeration [1]. The useful
physical property of each material, depends on the potential appli-
cation. For example, molecular magnetic materials should exhibit
large energy barrier for magnetization reversal in order to find
potential applications as information storage media. The combina-
tion of 3d/4f metal ions in one molecule can result in high spin
ground states (via the involvement of the 3d metal ions) along with
large single-ion anisotropy (via the presence of the 4f metal ions)
and provides, in many cases, considerable energy barriers for mag-
netization reversal leading to single-molecule magnet (SMM)
behavior. On the contrary, magnetic refrigeration requires mole-
cules possessing a large spin ground state and negligible magnetic
anisotropy. The magnetic refrigeration is based on the magne-
tocaloric effect (MCE) i.e. the isothermal change of magnetic
entropy (AS;,) and adiabatic change of temperature (AT,q) that

* Corresponding author. Fax: +30 210 6519430.
E-mail address: c.raptopoulou@inn.demokritos.gr (C.P. Raptopoulou).

https://doi.org/10.1016/j.poly.2018.05.003
0277-5387/© 2018 Elsevier Ltd. All rights reserved.

follow a change of the applied magnetic field (AH).The refrigera-
tion cycle involves (i) the adiabatic magnetization of the sample,
i.e. the increase of the external magnetic field followed by the
decrease of the magnetic entropy and heat capacity and increase
of the temperature, (ii) the isomagnetic enthalpic transfer, i.e. the
removal of the added heat from the sample under constant mag-
netic field, (iii) the adiabatic demagnetization of the sample, i.e.
the decrease of the external magnetic field followed by cooling of
the sample because the magnetic entropy remains constant, and
(iv) the isomagnetic entropic transfer, i.e. the sample is cooler than
the environment therefore it is heated again in order for a new
cycle to begin. The upper limit for the entropy change at T = o is
ASm =RIn(2S + 1), where R is the gas constant and S is the spin
value. In order to exhibit large MCE with potential applications
as low-temperature magnetic refrigerants, the molecular magnetic
materials should combine a large spin ground state, negligible
magnetic anisotropy, considerable degeneracy via low-lying
excited states, large metal-to-ligand ratio and low molecular
weight. Molecules with high spin ground state and large aniso-
tropy, such as Mnj, and Feg, have been initially examined as poten-
tial magnetic refrigerants in the liquid helium regime, albeit the
fact that the magnetic anisotropy reduces the maxima of the mag-
netic entropy due to degeneracy lifting of the energy levels [2]. The
use of the isotropic Gd" (S=7/2) ion has contributed in both
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research fields, i.e. single-molecule magnets and magnetic refriger-
ants. Gd-based complexes and multi-dimensional coordination
polymers have been extensively studied as magnetic refrigerants
with entropy change —AS,, up to 59] kg ! K~' (at 3K and AH =
7T)[3-8].

The synthesis of heterometallic 3d/4f complexes is mainly
based on the hard and soft acids and bases (HSAB) principle accord-
ing to which, ligands possessing different donor atoms suitable for
coordination to 3d and 4f metal ions, preferably nitrogen and oxy-
gen, respectively, are used. Suitable co-ligands may also be present
in order to assist the self-assembly processes. In general, the mix-
ing of 3d and 4f ions with organic ligands would produce pure 3d
or 4f complexes rather than heterometallic 3d/4f ones. The final
products of the reactions depend on their relative potential energy
and based on HSAB rules it is assumed that the use of suitably
designed organic ligands which contain one or more coordination
pockets of both nitrogen and oxygen donors would favor the syn-
thesis of 3d/4f heterometallic complexes. Among the ligands used,
Schiff bases have been widely used for the synthesis of 3d, 4f and
3d/4f complexes because they offer the advantage of modular syn-
thesis via various combinations of starting materials and in addi-
tion they can be easily functionalized by choosing starting
materials with the desired side groups [9-12]. The various Schiff
base ligands containing coordination pockets as well as hydroxyl,
amino and carboxylate groups have resulted in a large number of
3d/4f complexes [13-22]. Among them, Cu"-Ln"" Schiff base com-
plexes have been extensively studied, for example dinuclear [23],
trinuclear [24-27], tetranuclear [28-31] and higher nuclearity
clusters [17,32-34]. Neighboring Ln™ ions exhibit similar ionic
radius and coordinating features, leading to isomorphic complexes
of the whole 4f series, whose magnetic properties are governed by
the nature of the f orbitals. The significant magnetic anisotropy of
Tb"™, Dy™, Ho™ and Er', as a result of the large spin-orbital cou-
pling as well as the crystal-field effect, make these ions excellent
candidates for the synthesis of molecular nanomagnets, whereas
the isotropic Gd" ion is more suitable for magnetocaloric measure-
ments and more importantly as a model ion for theoretical calcu-
lations concerning exchange interactions within 3d/4f clusters.

We present herein a part of our work on the Cu"/Ln"™ chemistry
with Schiff base ligands based on 2-hydroxy-1-naphthaldehyde
and various amino-alcohols as a means to new molecular magnetic
materials, i.e. the synthesis and magnetic study of the heptanuclear
clusters [CusLny(0,CMe),(NO3)4(L)>(HL),] (Ln=Gd (1), Tb (2), and
HsL = OH—C;oH;—CH=NC(C,Hs)(CH,0H),).

2. Experimental
2.1. General and spectroscopic measurements

All manipulations were performed under aerobic conditions
using materials as received (Aldrich Co). All chemicals and solvents
were of reagent grade. The ligand OH—C;oH;,—CH=NC(C,H5)(CH,-
OH),, HsL was synthesized by the equimolar reaction of 2-
hydroxy-1-naphthaldehyde and 2-amino-2-ethyl-1,3-propanediol
in MeOH. The immediately formed yellow solution was refluxed
for 1 h and concentrated in rotary evaporator to obtain yellow
crystals of HsL. Elemental analysis for carbon, hydrogen, and nitro-
gen was performed on a Perkin Elmer 2400/l automatic analyzer.
Infrared spectra were recorded as KBr pellets in the range 4000-
400 cm~! on a Bruker Equinox 55/S FT-IR spectrophotometer. Vari-
able-temperature and field magnetic measurements were carried
out on polycrystalline samples using Quantum Design PPMS 9T
and SQUID magnetometer Quantum Design MPMS 5.5. Diamag-
netic corrections were estimated from Pascal’s constants.

2.2. Compound preparations

2.2.1. [CU5Gd2(OgCMe)Z(NO3)4(L)2(HL)2]4Me2CO (14M32CO)

Solid Gd(NO3)3-6H,0 (0.075 mmol, 0.0339 g) was added under
stirring to a yellow solution of HsL (0.10 mmol, 0.0273 g) in Me,CO
(15 mL). After 10 min of stirring, solid Cu(0,CMe),-H,0 (0.10 mmol,
0.0200 g) was added and the solution became dark green. The stir-
ring continued for 30 min and the final reaction solution was kept
in closed vials. Crystals of 1 were formed after three days. Yield:
0.0095 g, ~20% based on Cu'. C80H95N8032CU5Gd2 (fW = 23]384)
requires C, 41.52; H, 4.18; N, 4.84%. Found: C, 41.39; H, 4.15; N,
4.82%. FT-IR (KBr pellets, cm™!): 3376(br), 3058(w), 2964(m),
2924(m), 1703(m), 1688(m), 1620(vs), 1605(vs), 1585(s), 1583(s),
1538(s), 1506(s), 1454(s), 1429(s), 1381(vs), 1362(s), 1336(s),
1292(s), 1275(sh), 1250(m), 1218(w), 1188(s), 1160(s), 1140(s),
1119(m), 1088(m), 1065(m), 1032(s), 998(m), 972(w), 948(m),
935(w), 912(m), 859(m), 830(s), 816(m), 780(m), 745(s), 659(w),
645(s), 575(s), 528(w), 514(w), 488(m), 463(m), 450(m), 415(m).

2.2.2. [CLl5Tb2(02CM€)2(NO3)4(L)2(HL)2]4M€2CO (24M€2CO)

Solid Tb(NO3)3-6H,0 (0.075 mmol, 0.0340 g) was added under
stirring to a yellow solution of HsL (0.075 mmol, 0.0205 g) in Me;-
CO (5 mL). After 10 min of stirring, solid Cu(O,CMe),-H,0 (0.075
mmol, 0.0150 g) was added and the solution became dark green.
The stirring continued for 30 min and the final reaction solution
was kept in closed vials. Microcrystalline 2 was formed after five
days. The identity of the microcrystalline material was established
by powder XRD measurements (see Fig. S1). Yield: 0.0219 g, ~60%
based on Cu" CgoHgsNgO35CusTh, (f.w.=2317.26) requires C,
41.47; H, 4.18; N, 4.84%. Found: C, 41.37; H, 4.16; N, 4.82%. FT-IR
(KBr pellets, cm~'): 3378(br), 3058(w), 2965(m), 2924(m), 1704
(m), 1689(m), 1620(vs), 1604(vs), 1586(s), 1583(s), 1538(s), 1505
(s), 1454(s), 1428(s), 1381(vs), 1362(s), 1337(s), 1292(s), 1276
(sh), 1250(m), 1219(w), 1188(s), 1161(s), 1140(s), 1119(m), 1089
(m), 1065(m), 1032(s), 998(m), 970(w), 948(m), 936(w), 912(m),
858(m), 830(s), 817(m), 780(m), 746(s), 659(w), 645(s), 576(s),
528(w), 514(w), 487(m), 463(m), 451(m), 414(m).

2.3. Single crystal X-ray crystallography

Crystals of 1.4Me,CO (0.12 x 0.15 x 0.30 mm) were taken from
the mother liquor and immediately cooled to —103 °C. Diffraction
measurements were made on a Rigaku R-AXIS SPIDER Image Plate
diffractometer using graphite monochromated Mo Ko radiation.
Data collection (w-scans) and processing (cell refinement, data
reduction and Empirical absorption correction) were performed
using the CrystalClear program package [35]. The structure was
solved by direct methods using sHeLxs-97 and refined by full-matrix
least-squares techniques on F? with sueix. ver2014/6 [36]. Important
crystallographic and refinement data are listed in Table 1. Further
experimental crystallographic details for 1-4Me,CO: 20ax = 54°;
reflections collected/unique/used, 53464/9632 [Ri, = 0.0283]/
9632; 742 parameters refined; (A4/0)max = 0.002; (A40)max/(40)min
=0.497/-0.381e/A%; R1/wR2 (for all data), 0.0447/0.0220.
Hydrogen atoms were either located by difference maps and were
refined isotropically or were introduced at calculated positions as
riding on bonded atoms. All non-hydrogen atoms were refined
anisotropically. Plots of the structures were drawn using the
Diamond 3 program package [37].

3. Results and discussion
3.1. Synthesis and spectroscopic characterization

The reaction between Ln(NO3)3-xH,0 (Ln = Gd, Tb) and Cu(O,-
CMe),-H,0 with the Schiff base ligand HsL in Me,CO under stirring
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Table 1
Crystallographic data for 1-4Me,CO.
1-4Me,CO

Formula CgoHosCusGdaNg03
Fw 2313.84
Space group P2,/c
a (A) 12.9395(15)
b (A) 18.8940(19)
c (A) 18.6340(20)
% (%) 90.0
Q) 103.850(4)
v (°) 90.0
Vv (A%) 4423.0(8)
z 2
T (°C) -103
Radiation Mo Ko 0.71073
Peatca (g cm ) 1.737
u(mm') 2.744
Reflections with I > 2a(I) 8844
Ry? 0.0189
wWRy? 0.0437

Ry = 3(|Fo| — |Fe])/=(|Fo|) and wR, = {Z[w(Fo*-Fc2)?]/=[w(F3)*]}'/2.
2 w=1/[cXF2)+ (aP)? + bP] and P = (max F2,0) + 2F.%)/3,a= 0.0183
and b = 2.8767.

at room temperature afforded dark green solutions which gave
green crystals (1) or green microcrystalline materials (2) from
closed vials, according to the reaction:

Me,CO

2Ln(NO;), -6H,0 + 5Cu(0,CMe), -H,0 + 4H;L —2—
% [CusLiy (0,CMe), (NO3)4(L),(HL),],_, + 2HNO; + 8MeCO,H + 17H,0
(1)

The above reaction performed in different solvents (MeOH,
MeCN etc) and also similar reactions involving other copper salts,

e.g. chlorides, nitrates, perchlorates, gave microcrystalline or oily
products which could not be identified.

The IR spectrum of 1-2 exhibits a broad band a 3378 cm™!
attributed to the v(OH) vibrations due to the presence of the alkoxo
groups of the HL™ ligands. The bands at 3060, 2960 and 2920 cm ™!
are attributed to the v(=CH), v(CH3) and v(CH,) stretching vibra-
tions of the Schiff base and acetate ligands. A set of peaks in the
1600-1400 cm ™' region are attributed to the stretching vibrations
of the a-substituted naphthalene ring and the strong band at ~745
cm~!is attributed to the out-of-plane CH deformation vibrations of
the naphthalene ring. The very strong band at ~1605 cm™! is due
to v(C=N) vibration of the Schiff base ligands. This band appears
at lower frequency with respect to HsL (1620 cm™!) suggesting
coordination of the metal ions through the imino nitrogen. The v
(C—0) stretching frequency of the phenolic oxygen of HsL is seen
at 1396 cm™! and shifts to ~1355cm™! indicating coordination
to the metal ions [38]. The medium intensity bands at ~1703
cm~! are attributed to the v(C=0) vibration of the solvate Me,CO
molecules. The strong absorption bands at 1250 and 1360 cm™!
are attributed to the symmetric and antisymmetric vibrations of
the coordinated nitrates [39]. The v,((C=0) and v,{(C=0) are
observed at ~1505 and ~1362 cm™!, respectively, with A ~143
cm~! as expected for the bridging mode of the acetate ligands.
The strong band at ~1380 cm™! is attributed to the presence of
v3(E') [vq(NO)] mode of uncoordinated Ds, ionic nitrates; their
presence is probably due to partial substitution of coordinated
nitrates from bromides during the preparation of the KBr pellet
under pressure [40].

3.2. Description of the structure

Complex1 crystallizes in the monoclinic space group P24/c;
complex 2 is isomorphous to 1 based on powder XRD data
(Fig. S1). The asymmetric unit of 1 contains half of the complex
and two acetone solvates. The complex is neutral and consists of

Fig. 1. Partially labeled plot of 1.The metal core is highlighted in black. Color code: Gd pink octant, Cu green octant, O red, N blue, C light grey. Primed atoms are generated by

symmetry: (') —x, 1 —y, 2 — z. (Colour online.)
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five Cu'" and two Gd" ions which are held together via six ps-
Oalkoxo and two p3-O,cetaro atoms. The topology of the central core,
{CulGdY'(3-OR)s( a- OZCMe) 1", is described as two distorted
cubane subunits, {CulGd"(p5-OR)3(p3-0,CMe)y*, with a common
apex on Cu(1) which resides on an inversion center. The molecular
structure of the heptanuclear complex [CusGd,(0,CMe),(NO3)4(L)o(-
HL),| (1) is shown in Fig. 1. Selected bond distances and angles are
listed in Table 2.

The seven metal ions are held together via two L>~ and two
HL?~ ligands and two pi3-k30:k0’ MeCO;3 ligands. The triply depro-
tonated ligands, L*~, behave as 15-130,x30',k0”, kN (Scheme 1) and
bridge atoms Cu(1)/Cu(3)/Gd(1) of one cubane subunit with atoms
Cu(2)/Gd(1") of its centrosymmetric congener. The L3~ ligand
(defined by atoms O(11)/N(11)/0(12)/0(13)) chelates around Cu
(3) through the Ophenoxo (0(11))v Nimino (N(ll)) and Oalkoxo (O
(12)) atoms; the latter is also coordinated to Gd(1) and Cu(1), thus
acting as p3-bridge. The second deprotonated Ojjoxo (0(13)) of L3~
ligand coordinates to Cu(1) and also to the centrosymmetric Cu(2’)

Table 2

Selected bond distances (A) and angles (°) in 1-4Me,CO.
Distances
Gd(1)-0(13") 2.282(1) Cu(1)-0(41) 2.460(1)
Gd(1)-0(42) 2.384(1) Cu(2)-0(1) 1.884(1)
Gd(1)-0(3) 2.420(1) Cu(2)-N(1) 1.912(2)
Gd(1)-0(12) 2.422(1) Cu(2)-0(41") 1.984(1)
Gd(1)-0(22) 2.456(2) Cu(2)-0(2) 2.016(1)
Gd(1)-0(32) 2.466(2) Cu(2)-0(13") 2.878(1)
Gd(1)-0(21) 2.475(2) Cu(3)-0(11) 1.880(1)
Gd(1)-0(31) 2.516(2) Cu(3)-N(11) 1.902(2)
Gd(1)-0(2) 2.565(1) Cu(3)-0(2) 1.957(1)
Cu(1)-0(13) 1.951(1) Cu(3)—0(12) 1.971(1)
Cu(1)-0(12) 1.994(1) Cu(3)-0(41") 2.492(1)
Cu(1)---Cu(2) 3.622(1) Gd(1)---Cu(1) 3.3131(1)
Cu(1)---Cu(3) 3.129(1) Gd(1)---Cu(2) 3.845(1)
Cu(2)---Cu(3) 3.001(1) Gd(1)---Cu(3) 3.529(1)
Angles
0(13')-Gd(1)-0(31) 149.8(1) 0(42)-Gd(1)-0(31) 125.2(1)
0(42)-Gd(1)-0(3) 144.8(1) 0(3)-Gd(1)-0(32) 123.1(1)
0(22)-Gd(1)-0(2) 144.2(1) 0(22)-Gd(1)-0(21) 52.1(1)
0(13)-Gd(1)-0(32) 143.4(1) 0(32)-Gd(1)-0(31) 51.1(1)
0(12)-Gd(1)-0(22) 141.9(1) 0(13")-Cu(1)-0(12) 86.1(1)
0(42)-Gd(1)-0(2) 138.3(1) 0(13")-Cu(1)-0(41) 97.8(1)
0(12)-Gd(1)-0(21) 136.5(1) 0(12)-Cu(1)-0(41) 91.8(1)
0(3)-Gd(1)-0(12) 133.9(1) N(1)-Cu(2)-0(41") 176.0(1)
0(21)-Gd(1)-0(2) 133.8(1) 0(1)-Cu(2)-0(2) 177.0(1)
0(13)-Gd(1)-0(22) 130.0(1) N(11)-Cu(3)-0(2) 169.7(1)
0(32)-Gd(1)-0(21) 125.9(1) 0O(11)-Cu(3)-0(12) 179.2(1)
Cu(3)-0(2)-Cu(2) 98.1(1) Cu(1)-0(13')-Cu(2) 95.3(1)
Cu(3)-0(2)-Gd(1) 101.7(1) Cu(1)-0(13')-Gd(1) 102.7(1)
Cu(2)-0(2)-Gd(1) 113.6(1) Cu(2)-0(13')-Gd(1) 95.7(1)
Cu(3)-0(12)-Cu(1) 104.2(1) Cu(1)-0(41")-Cu(2) 108.7(1)
Cu(3)-0(12)-Gd(1) 106.4(1) Cu(1)-0(41")-Cu(3) 78.4(1)
Cu(1)-0(12)-Gd(1) 96.8(1) Cu(2)-0(41")-Cu(3) 83.4(1)

Symmetry operation: (') —x,1-y,2 —z.

ns-k0:¢30":x 0" :x N

and Gd(1’), acting also as ps-bridge. The doubly deprotonated
ligands, HL?~, behave as p3-k30,k0',k0",kN (Scheme 1) between
atoms Cu(2)/Cu(3)/Gd(1) of each cubane subunit. The HL?~ ligand
(defined by O(1)/N(1)/0(2)/0(3)) chelates around Cu(2) through
the Ophenoxo (O(1)), Nimino (N(1)) and Oaixoxo (0(2)) atoms; the latter
is also coordinated to Gd(1) and Cu(3), thus acting as p3-bridge.
The protonated O,jkox0, O(3), is coordinated to Gd(1).

Cu(1) presents distorted octahedral coordination geometry con-
sisting of two deprotonated O,xoxo atoms from two L3~ ligands (O
(12)/0(13) and their centrosymmetric ones) with Cu(1)-Ogjkoxo
~1.95 and 1.99 A in the equatorial plane, and two [i3-acetato oxy-
gen atoms (0(41)/0(41")) in the apical positions with Cu(1)-Oacetato
~2.46 A. Cu(2) and Cu(3) and their centrosymmetric ones are five-
coordinate with square pyramidal geometry. The equatorial plane
in Cu(2) is defined by atoms O(1)/N(1)/0(2) of one HL?>~ and O
(41’) of one p3-Oacetate With bond distances in the range 1.88-
2.02 A and the apical position is occupied by 0(13') of one L*>~ at
~2.88 A. The trigonality index 7=0.02 indicates almost ideal
square pyramidal geometry in Cu(2). The equatorial plane in Cu
(3) is defined by atoms O(11)/N(11)/0(12) of one L*> and 0(2),
one of p3-O,jkox0 atoms of HL2~ with bond distances in the range
1.88-1.97 A and the apical position is occupied by the p3-Oacetato
atom O(41’) at ~2.49 A. The trigonality index 7=0.16 suggests
square pyramidal geometry in Cu(3). The coordination sphere
around Gd" ions consists of nine oxygen atoms, the p3-Ogpoxo O
(2) and the protonated Ojxoxo O(3) of HL?~, the two p3-O,koxo O
(12) and O(13) of L*>~, the monodentate O,cerato O(42) and atoms
0(21)/0(22) and 0(31)/0(32) from two chelate NO3 ions. The bond
distances around the gadolinium ions are in the range 2.282(1)-
2.565(1) A. Continuous Shape Measures by using the program
sHAPE [41] show that the best-fit polyhedron around the Gd(1)
atoms in 1 is either a spherical capped square antiprism CSAPR-9
(CShM = 1.31428) or a muffin MFF-9 (CShM = 1.31490).

The protonated alkoxo group of each HL?~ participates in
hydrogen bond with one of the Me,CO solvate molecules [O(3)- - -
0(51)=2.676 A (—x, 0.5+y, 1.5 —z), HO(3)---0(51)=1.989 A, O
(3)-HO(3)---0(51) = 166.3°; Fig. S2].

3.3. Magnetic measurements

Magnetic susceptibility measurements as a function of temper-
ature were recorded from polycrystalline samples of 1-2 at 1000
Oe dc field. The ywT product for 1 at 300K is 15.16 cm® Kmol !
which is lower than the theoretical value of 17.625 cm?® Kmol ™!
for five Cu" ions (S=1/2 with C=0.375 cm® Kmol~!, g=2) and
two Gd" ions (S =7/2 with C=7.875 cm® Kmol~}, g=2). The ymT
product increases gradually as the temperature is decreasing
reaching the value of 18.06 cm® Kmol™' at 15K and then it
increases rapidly to the value of 24.27 cm® Kmol~! at 2 K (Fig. 2).
The overall temperature dependence of the yyT product suggests

CH=N
g OH
Cu2
7N\
O~ n1

H Lz- Cu3

n3-k0:k0":x 0" :xN

Scheme 1. The coordination modes of the L3>~ and HL?~ ligands in 1.
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the presence of dominant ferromagnetic interactions between the
five Cu" and the two Gd™ ions. The magnetization measurements
at 2K as a function of the external applied field show a rapid
increase upon increasing of the magnetic field reaching a value
of 16.12 Ny at 8 T (Fig. 3). The clear saturation above 4 T suggests
the presence of an isolated ground state of low magnetic aniso-
tropy. The saturation of M at 16.12 pp is lower than the value of
19 pg expected for two Gd" (S=7/2) ions and five Cu" (S=1/2)
ions which are uncoupled or completely ferromagnetically coupled
(Sr=19/2), suggesting that some of the metal ions are antiferro-
magnetically coupled. This can be achieved if we assume that the
central Cu" ion has opposite spin arrangement with respect to
the other metal ions, leading to a total ground spin state of S=
17/2. The saturation value of the magnetization should be then
equal to 17 pp which is close to the experimental value of 16.12 pp.

Magnetization data were recorded in the 2-9 K temperature
range under external applied magnetic field up to 5T in order to
explore the magnetic entropy changes —AS; and evaluate the
magnetocaloric effect (MCE) of 1. Field-dependent magnetization
plots for 1 are shown in Fig. 4. The —AS;, can be calculated from
the experimental magnetization data by using the Maxwell
equation
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Fig. 4. Field-dependent magnetization plots for 1 at 2-9 K.
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—ASn(T)py = / [9M(T,H)/9T],dH )

or by using the simpler numerical approximation to the above inte-
gral [42]

Mi - MH]
|AS,| Z T T AH; (3)
where M; and M;.; are the experimental values of magnetization at
T; and T, temperatures, respectively, under an applied field of
intensity H;. The experimental values of the magnetic entropy
change obtained from the experimental isothermal magnetization
curves under various magnetic field variations are shown in Fig. 5.
The maximum entropy change of 15.7 ] kg~! K~! is obtained at 2
K for AH=5T. For a system containing two Gd™ (S =7/2) and five
Cu' (S=1/2) ions which are fully decoupled, the maximum —AS,,
value of 27.4 J kg~ ! K~! can be calculated from the equation —AS,
=nRIn(2S + 1), which is larger than the value calculated experimen-
tally by isothermal magnetization measurements. The maximum
entropy change obtained in several Cu-Gd complexes of various
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nuclearities and metal topologies are in the range 11.9-34.5 ] kg ™!
K~! in the temperature range 2.0-4.5 K for AH =7 T [43-47].

The ymT product for 2 at 300K is 26.32 cm® Kmol~! which is
slightly larger than the theoretical value of 25.50 cm® Kmol ™! for
five Cu" ions (S=1/2 with C=0.375 cm?Kmol !, g=2) and two
Tb™ ions (S=3, L=3, J=6 with C=11.81cm?Kmol™!, g=3/2).
The ymT product increases gradually upon lowering the tempera-
ture and reaches the value of 77.36 cm® Kmol ' at 4K and then
drops to 64.95 cm® Kmol ™! at 2 K (Fig. 2). The overall temperature
dependence of the yuT product suggests the presence of dominant
ferromagnetic interactions between the five Cu' and the two Tb"
ions. The large value of T product at 2 K suggests the presence
of a large spin ground state. The magnetization measurements at
2 K as a function of the external applied field show a rapid increase
upon increasing of the magnetic field reaching a value of 18.28 Ny
at 8 T (Fig. 3) without saturation. The value of the magnetization is
lower than the value of 23 ug expected for two Th'™ (J =6, g=3/2)
ions and five Cu" (S =1/2, g =2) ions which are uncoupled or com-
pletely ferromagnetically coupled. This behavior indicates the
presence of magnetic anisotropy and/or possibly low-lying excited
states.

The dynamic magnetic properties of 2 were investigated by ac
magnetic susceptibility measurements as a function of tempera-
ture at different frequencies and were performed at zero dc field
and also under external field of 1000 Oe. The plots of in-phase
and out-of-phase ac magnetic susceptibilities at low temperatures
under zero dc field are shown in Fig. 6. The data show that the out-
of-phase magnetic susceptibility deviates from zero at tempera-
tures below 3 K and at the highest frequencies recorded. The devi-
ation in the values of y” is frequency dependent and the tails
shown are characteristic of slow relaxation of the magnetization.
No maximum in yx” is observed down to 2 K, which is the lowest
temperature for our setup. Application of a dc field of 1000 Oe
did not alter the ac signal profile (Fig. S3). If we assume that the
relaxation of the magnetization occurs through a single process,
the ac susceptibility data can be approximated with the Debye
model with In(y”/y’) = In(®wTg) + Uege/ kT (w = 27tv) [48] and hence
the energy barrier Ueg/kg and 7q values can be estimated. The linear
fit to the In()" /') versus 1/T data gave Ueg/ks = 9.4 £ 0.1 K and pre-
exponential factor 7o=1.120.2 x 107’ s for 2 (Fig. 7). The plot of
x" versus y' (Cole-Cole plot) for 2 in the temperature range 2.1-
3K at zero dc field is shown in Fig. 8. The data were simulated
according to equation
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Fig. 6. Temperature dependence of y' and x” of 2 under different frequencies at
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where yr is the isothermal susceptibility i.e. the susceptibility in
zero frequency, and ys is the adiabatic susceptibility i.e. the suscep-
tibility at high frequencies where the magnetization is not zero. The
solid lines in Fig. 8 represent the simulation semicircles according
to Eq. (4) (the respective yrand ys values at the indicated temper-
atures are listed in Table S1). The overall magnetic behavior of 2 is
similar with that of congener Cu"-Tb"' complexes of various topolo-
gies and nuclearities which exhibit single-molecule magnet charac-
teristics [33,46b,49-53].

4. Concluding comments

The combination of a Schiff base ligand which contains a coor-
dination pocket of Ophenoxo/Nimino donor atoms and Ogjioxo PENtant
groups with Cu(O,CMe),-H,0 and Ln(NOs)3-6H,0 (Ln=Gd, Tb)
afforded two heptanuclear heterometallic complexes [CusLn,(0,-
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CMe),(NO3)4(L)2(HL);] (Ln = Gd (1), Tb (2)) whose magnetic prop-
erties depend on the nature of the Ln™ ion. The molecular structure
of 1 consists of five Cu" and two Gd" jons linked through two L3~
and two HL?~ ligands, two p5-k30:x0' MeCO3 ligands and four
chelate nitrates. The metal topology is best described as two dis-
torted {CusGd} cubane subunits with a common apex on a Cu"
ion. The isomorphous structure of 2 was confirmed by powder
XRD measurements. The magnetic susceptibility data for both
complexes revealed the presence of dominant ferromagnetic inter-
actions between the metal ions. Magnetization measurements for
1 suggest a ground state of spin S =17/2 which arises considering
that the central Cu" ion is antiferromagnetically coupled to the
CuyGs, moiety. The magnetocaloric effect of 1, examined by
isothermal magnetization studies under AH=5T, revealed the
maximum entropy change of 15.7 ] kg~! K~'at 2 K. The significant
anisotropy of Tb'™' resulted in single-molecule magnet behavior
for 2 as shown in ac susceptibility measurements. More work is
currently underway in our group to prepare and characterize other
members of this family of {CusLn,} complexes by varying the lan-
thanide ions and the Schiff base ligands in order to gain insight into
their magnetic properties.

Acknowledgment

This research is implemented through IKY Scholarships Pro-
gramme and co-financed by the European Union (European Social
Fund - ESF) and Greek national funds through the action entitled
“Reinforcement of Postdoctoral Researchers”, in the framework of
the Operational Programme “Human Resources Development Pro-
gramme, Education and Lifelong Learning” of the National Strategic
Reference Framework (NSRF) 2014-2020».

Appendix A. Supplementary data

CCDC 1833290 contains the supplementary crystallographic
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