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ABSTRACT: In this work we report the synthesis, crystal
structures, and magnetic behavior of 2p—3d—4f heterospin
systems containing the nitroxide radical 4-azido-2,2,6,6- “~
tetramethylpiperidine-1-oxyl radical (Njtempo). These com- /b

pounds were synthesized through a one-pot reaction by using \ [
[Cu(hfac),], [Ln(hfac);] (hfac = hexafluoroacetylacetonate, ,,D—'\
A -—
o

Cu,Ln,Rad

Ln = Dy"™, Tb™ or Gd"), and the Ntempo radical. Depending
on the stoichiometric ratio used, the synthesis leads to penta-

or trimetallic compounds, with molecular formulas /[\

[CusLn,(hfac)s(OH),(Nstempo)] (Ln = Gd, Tb, Dy) and .>
[CuLn,(hfac)s(N;tempo),(H,0),] (Ln = Gd, Dy). The (1

magnetic properties of all compounds were investigated by Cu anRadz

direct current (dc) and alternating current (ac) measurements.
The ac magnetic susceptibility measurements of Tb™" and Dym-containing compounds of both families revealed slow relaxation
of the magnetization, with magnetic quantum tunneling in zero field.

B INTRODUCTION Gatteschi et al.’ and further observed with many other Cu'—
Gd™ complexes,” gave a strong impulse to the development of
3d—4f combined chemistry. From the magnetic point of view,
the results were rather disappointing since the critical
temperatures were extremely low. Recently, the 4f metal ions
came back on the large stage of molecular magnetism after the
characterization of the first single-molecule magnets (SMMs)®
and single-chain magnets (SCMs) containing these ions.’
Among the lanthanide cations, Tb"™, Dy", and Ho", which
combine a large magnetic moment with a strong Ising-type
magnetic anisotropy,'’ are especially used to obtain heterospin
systems (3d—4f, 2p—4f, 4d—4f, Sd—4f) when looking for new
SMMs and SCMs.

Numerous systems exhibiting interesting magnetic properties
are based on the following pairs of spin carriers: 3d—4d,"" 3d—

The combination of different spin carriers within the same
molecular entity is a broadly employed strategy to obtain
molecular magnetic materials.”> There are two main reasons
for that: (i) the orthogonality of the magnetic orbitals of two
different spin carriers, which leads to a ferromagnetic
interaction, can be reached much more easily than the
accidental orthogonality within the homospin systems, and
(i) even if the magnetic coupling is antiferromagnetic, the
resulting spin can be big enough when a large spin (5/2, 7/2)
interacts with a small one, such as a spin 1/2, for example. The
ferrimagnetic approach to design molecule-based magnets,
developed by Kahn and co-workers, is based on this last fact.®
Indeed, one of the first rationally designed molecule-based
magnets is a heterometallic coordination polymer containing

MnH (S _ 5/2) and CuH (S _ 1/2)'4 sd,llc,d,IZ 3d_4f,7,8a,13 3d_5f,14 3d_Rad.,15 4f_Rad.,]6 4f—
High-temperature molecular magnets are, in general, 3d—3d’

heterometallic coordination polymers.® The first report on the Received: April 9, 2014

ferromagnetic interaction between Cu" and Gd™, made by Published: June 25, 2014
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4d," and 5d—4f'® In contrast, the number of polynuclear
complexes containing three different spin carriers is much
smaller. Various combinations can be imagined: 3d—3d'—3d",
3d—3d’'—4d, 3d—3d'-5d, 3d—3d'—Rad®, 3d—4f—Rad°®, etc.
Some of them are already illustrated by several compounds.
The first trimetallic 3d—3d’'—3d” complexes, all metal ions
being paramagnetic, were reported by Chaudhuri et al."” Their
synthetic approach is based upon the use of bicompartmental
ligands functionalized with oximato groups that coordinate to
the third metal ion. A [Cu™™n"Cr™] complex was obtained by
assembling a preformed [Cu"Mn"] complex with a bisoxalato—
chromium complex that acts as a metalloligand.*® A unique
3d—3d'—5d cluster, [Fe"sCo";W",], was reported recently.”!
Several trimetallic complexes, containing lanthanide ions, 3d—
3d'—4f, 3d—4d—4f, and 3d—5d—4f, have been also described.”
Concerning the heterospin systems containing two different
metal ions and an organic radical, the few known examples can
be organized as follows: (i) supramolecular networks,
constructed from heterobimetallic coordination polymers and
uncoordinated/weakly coordinated radicals;** (ii) heterobime-
tallic 3d—3d’ complexes with the organic radicals acting as
Iigands;24 (iii) heterobimetallic 3d—4f complexes with the
organic radicals acting as ligands.”® The first 2p—3d—4f and
3p—3d—4f complexes have been described by one of us>***°
and have been obtained by attaching the 2p (TCNQ®") or 3p
([Ni(mnt),]*") ligands to preformed [Cu"Ln™'Cu"] complexes
(TCNQ = 7,7,8,8-tetracyano-p-quinodimethane; mnt = mal-
eonitriledithiolate). Unfortunately, in both cases the strong
m—n stacking interactions between the 2p or 3p spin carriers
result in fully compensated antiferromagnetic pairs. Despite the
intensive use of nitroxide and nitronyl nitroxide radicals since
the early times of molecular magnetism, only very recently 2p—
3d—4f coordination compounds, which were obtained by
reacting hexafluoroacetylacetonates of Cu' and Ln™ with
nitronyl nitroxide radicals, have been reported.”** Herein we
present our results concerning the synthesis, crystal structures,
and magnetic behavior of two novel families of 2p—3d—4f
discrete complexes, assembled using a tempo derivative as a
ligand, namely, 4-azido-2,2,6,6-tetramethylpiperidine-1-oxyl
(Njtempo), shown in Chart 1. Although the spin density of

Chart 1

o-z

the tempo detivative radicals is mainly located on the NO
group,">* the functionalization of the four-position of the
piperidinyl ring with the azide group gave rise to an additional
coordination site, favoring the aggregation of the heterotrispin

complexes.

B EXPERIMENTAL SECTION

Synthesis. All reagents and solvents were purchased from
commercial sources and used without purification. The radical
Njtempo was prepared as described elsewhere.””

[CusLn,(hfac)g(OH),(Nstempo)]. Ln = Gd™ (1), Tb™ (2), Dy™
(3): To a solution of 0.15 g (0.303 mmol) of [Cu(hfac),]-H,O (hfac =
hexafluoroacetylacetonate) dissolved in 1S mL of hot n-heptane were
added 0.17 g (0.202 mmol) of [Ln(hfac);]-2H,O and 0.02 g (0.101
mmol) of Nstempo under stirring. The resulting solution was cooled
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to 10 °C, and after a few days, dark green single crystals were obtained.
CuoH,oCusFsN,0,,Gd, 1: Yield = 14.3%; IR (KBr disk, v,,,/cm™):
2121 s (NN), 1649 vs (CO), 1351 w (NO), 1255 vs (CF), 1142 vs,
1102 s. C49H,oCusF,sN,O,, Th, 2: Yield = 17.3%; IR (KBr disk, v,,,./
cm™'): 2123 s (NN), 1647 vs (CO); 1351 w (NO), 1252 vs (CF),
1139 vs, 1101 s. CyoHyoCusF4sN,0, Dy, 3: Yield = 18.4%; IR (KBr
disk, Vpe/cm™): 2106 s (NN), 1645 vs (CO), 1352w (NO), 1251 vs
(CF), 1134 vs, 1100 s.

[CuLn,(hfac)g(H,0),(Nstempo),]. Ln = Gd™ (4), Dy™ (5): To a
solution of 0.036 g (0.076 mmol) of [Cu(hfac),]-H,O dissolved in 15
mL of hot n-heptane were added 0.123 g (0.152 mmol) of
[Ln(hfac);]-2H,0 and 0.03 g (0.152 mmol) of Njtempo under
stirring. The resulting solution was cooled to 10 °C, and after a few
days, green single crystals were obtained. CsgH,,CuFsNgO,Gd, 4:
Yield = 24.0%; IR (KBr disk, ,,,,/cm™): 2106 s (NN, 1645 vs (CO),
1351 w(NO), 1251 vs (CF), 1134 vs, 1100 s. CgH,,CuF,sN;O,,Dy,
5: Yield = 28.0%; IR (KBr disk, v,,./cm™): 2098 s (NN), 1648 vs
(CO), 1357 w (NO), (CF) 1250 vs, 1134 vs, 1100 s.

X-ray Diffraction. Single-crystal X-ray diffraction data for
compounds 1, 3, 4, and § were collected on a Oxford GEMINI A
Ultra diffractometer with Mo Ka (4 = 0.71073 A) radiation at low
temperature (120 K), while for 2, these data were collected using a
STOE IPDS II diffractometer operating with Mo Ka (1 = 0.71073 A)
X-ray tube with graphite monochromator. Data collection, reduction,
and cell refinement were performed by Crysalis Red, Oxford
Diffraction Ltd. program Version 1.171.32.38%® for 1, 3, 4, and S.
The five crystal structures were solved and refined using ShelXS-97
and ShelXL-97 packages.”® An empirical isotropic extinction parameter
x was refined, according to the method described by Larson;> a
multiscan absorption correction was applied.®' Single crystals of
compounds 1 and 3 presented disorder in the Nstempo azide group,
which was modeled with two possible arrangements. The structures
were drawn by ORTEP-3 for Windows®* and Mercury programs.*®
Summary of the crystal structure, data collection, and refinement for
compounds 1—5 are listed in Supporting Information (SI), in Tables
S1 and S2. Selected bond lengths and angles are summarized in Tables
1-3. SI, Figures S1 and S2 show the ORTEP representations of the
asymmetric units for compounds 1-S§.

Magnetic Measurements. Direct current (dc) magnetic measure-
ments were performed on a Cryogenic Sx600 SQUID magnetometer
in the temperature range of 2—280 K. The sample was placed in a
gelatin capsule, and the magnetic data were corrected for the
contribution of the sample holder. The sample diamagnetism
correction was estimated from Pascal’s constants. Alternating current
(ac) measurements were performed on a Quantum Design PPMS/
ACMS system using the same sample.

B RESULTS AND DISCUSSION

Two families of heterospin 2p—3d—4f complexes were obtained
by reacting a mixture of bis(hexafluoroacetylacetonate)
complexes, namely, [Cu(hfac),]-H,0 and [Ln(hfac);]-2H,0,
with 4-azido-2,2,6,6-tetramethylpiperidine-1-oxyl (Nstempo).
Three pentanuclear [Cu;Ln,(hfac)s(OH),(Nstempo)] (Ln
Gd 1, Tb 2, Dy 3) and two trinuclear
[CuLn,(hfac)s(H,0),(Nstempo),] (Ln = Gd 4 and Dy $5)
neutral species are formed. A tempo derivative functionalized
with a coordinating group was chosen to facilitate the
aggregation of the three spin carriers within the same molecular
entity. The use of different molar ratios of the reagents allows a
good control over the nature of the final products. The excess
of copper(Il) ions (the pentametallic family) seems to favor the
deprotonation of the water molecules, resulting in hydroxo ions
that act as bridging ligands.

Description of the Structures.
[CusLn,(hfac)g(OH) (Nstempo)]. Complexes (1—3). The five
metal ions are held together by four hydroxo bridges, as well as
by oxygen atoms arising from eight hfac™ ligands. The three
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Table 1. Selected Bond Lengths, Distances (A) for
Compounds 1, 2, and 3

1 2 3
distances Ln = Gd™ Ln = Tb™ Ln = Dy
Cul—02 2.553(7) 2.523(8) 2.487(3)
Cul—O07 1.933(6) 1.937(7) 1.928(5)
Cul—O010 1.946(6) 1.941(8) 1.938(4)
Cul—O017 1.937(6) 1.926(9) 1.936(5)
Cul—O018 1.917(6) 1.920(1) 1.913(6)
Cu2—O08 1.907(6) 1.899(8) 1.912(5)
Cu2—O019 1.871(6) 1.906(9) 1.887(6)
Cu2—020 1.963(6) 1.977(9) 1.958(6)
Cu2—O021 1.932(6) 1.954(9) 1.936(5)
Cu2—05 2.646(6) 2.645(5)
Cu3—02 2.498(6) 2.759(9) 2.469(4)
Cu3—09 1.915(6) 1.917(7) 1.909(5)
Cu3—010 1.936(6) 1.954(8) 1.925(5)
Cu3—O01S§ 1.919(7) 1.900(1) 1.909(5)
Cu3—O016 1.920(6) 1.912(9) 1.920(6)
Ln1—Ol1 2.353(7) 2.367(9) 2.326(5)
Lnl—O2 2.696(6) 2.524(7) 2.781(6)
Lnl1—O3 2.406(6) 2.357(8) 2.370(5)
Lnl—O4 2.334(6) 2410(1) 2.317(S)
Ln1—O5 2.426(6) 2.347(9) 2.402(5)
Ln1—O06 2.398(7) 2.415(8) 2.366(5S)
Lnl—O7 2.436(5) 2.458(7) 2.416(5)
Ln1—O8 2.489(5) 2.512(8) 2.442(5)
Ln1—QO9 2.429(6) 2.424(8) 2.388(4)
Ln2—O7 2.417(5) 2.400(8) 2.380(5)
Ln2—O08 2.387(5) 2.370(7) 2.365(5)
Ln2—09 2.414(6) 2.388(8) 2.398(5)
Ln2—O010 2.448(6) 2.419(7) 2.423(5)
Ln2—O11 2.377(7) 2.350(1) 2.357(5)
Ln2—O12 2.317(6) 2.340(1) 2.298(6)
Ln2—O013 2.367(6) 2.352(9) 2.335(5)
Ln2—O014 2.354(6) 2.352(8) 2.340(4)
Cul--Cu3 3.232(2) 3.201(2) 3.212(1)
Cul--Lnl 3.805(1) 3.766(1) 3.795(1)
Cul--Ln2 3.393(1) 3.426(2) 3.372(1)
Cu2--Lnl 3.768(1) 3.905(2) 3.741(1)
Cu2---Ln2 3.755(1) 3.720(1) 3.742(1)
Cu3--Lnl 3.731(1) 3.802(1) 3.721(1)
Cu3--Ln2 3.422(1) 3.386(2) 3.397(1)
Lnl--Ln2 3.6348(5) 3.6230(7) 3.5817(5)

compounds have similar structures; compounds 1 and 3 are
isomorphous (monoclinic, P2,/n), while compound 2 crystal-
lizes in the P2;/c monoclinic space group. The molecular
structures for compounds 1—3 are presented in Figure 1. Apart
from the slight differences between them (see below), the
pentanuclear cores in the three compounds are constructed in a
similar way.

First of all, it is important to highlight that two out of the
eight hfac™ molecules (labeled A and B in Figure 1) act as
bridging ligands, while the six others (C—H) are coordinated
solely to one metal center (either Cu" or Ln™). The metal ions
in the core are bridged by four hydroxo (07, 08, 09, and O10)
and by the A and B hfac™ ligands. The molecule A is
coordinated through O1 to Lnl, whereas the O2 atom bridges
three metal ions (Cul, Cu2, and Lnl). The molecule B is
coordinated through O6 to Lnl and through OS5 simulta-
neously to Ln1 and Cu2 only in the Gd™ and Dy™ derivatives.

7510

Table 2. Selected Bond Angles (deg) for Compounds 1, 2,
and 3

1 2 3
angles Ln = Gd™ Ln = Tb™ Ln = Dy™
Cul—02—Cu3 79.6(2) 74.4(2) 80.8(2)
Cul—O010—Cu3 112.7(3) 110.5(4) 112.5(2)
Cul—02—Lnl 92.9(2) 96.5(3) 92.0(2)
Cul—O7—Lnl 120.7(3) 117.4(3) 121.4(2)
Cul—O7—Ln2 102.0(2) 103.9(3) 102.5(2)
Cul—O010—Ln2 100.5(2) 103.0(3) 100.7(2)
Cu2—O05—Lnl 95.9(2) 95.5(2)
Cu2—O08—Lnl 117.4(3) 120.9(4) 118.0(2)
Cu3—O02—Lnl 91.8(2) 91.9(3) 90.1(2)
Cu3—09—Lnl 117.9(3) 121.9(4) 119.6(2)
Cu3—09—Ln2 103.9(2) 103.2(3) 103.5(2)
Gd1—O7—Ln2 97.0(2) 96.4(3) 96.6(2)
Gd1—09—Ln2 97.3(2) 97.7(3) 96.9(2)
02—Cul—07 78.5(2) 77.1(3) 80.0(2)
02—Cul—O017 100.0(2) 112.0(4) 100.5(2)
07—Cul—O018 171.1(3) 96.0(4) 170.7(2)
07—Cul—O010 85.0(3) 83.9(3) 84.2(2)
010—Cul—O017 174.3(4) 87.9(4) 173.8(2)
017—Cul—O018 93.3(3) 92.1(4) 93.0(2)
02—Cu3—09 81.3(2) 74.3(3) 82.2(2)
02—Cu3—O016 104.9(2) 110.0(3) 103.1(2)
09—Cu3—010 84.7(2) 83.8(3) 84.5(2)
09—Cu3—015 91.5(3) 90.8(4) 92.0(2)
010—Cu3—016 90.9(3) 92.2(4) 91.1(4)
015—Cu3—016 92.9(3) 93.3(4) 92.4(2)
08—Cu2—020 92.6(3) 91.2(3) 92.2(2)
08—Cu2—021 92.6(3) 85.4(4) 84.2(2)
019—Cu2—020 92.0(3) 91.7(4) 92.4(2)
019—Cu2—021 91.6(3) 91.7(4) 91.2(2)
N1—021—Cu2 123.2(5) 122.3(9) 123.6(4)

The Njtempo organic radical is coordinated through its oxygen
atom to the basal plane of the Cu2 ion. The three copper ions
are pentacoordinated with slightly distorted square-pyramidal
geometries in 1 and 3. Cul is coordinated in the basal plane by
the D hfac™ ligand and by two hydroxo-bridging groups (O7
and 010), which connect Cul to Lnl and Ln2 (O7) and to
Cu3 and Ln2 (010). The apical position is occupied by an
oxygen atom, O2, arising from the A ligand [Cul-02 =
2.553(7) in 1, 2.523(8) in 2, and 2.485(5) A in 3]. This oxygen
atom connects three metal ions: Cul, Cu3, and Lnl. The Cul—
O distances in the basal plane vary between 1.916(6) and
1.946(6) for 1, between 1.920(1) and 1.941(8) for 2, and
between 1.911(6) and 1.936(4) A for 3. The trigonal distortion
from the square pyramidal geometry is evaluated by the 7
parameter, defined as 7 = [(0 — ¢)/60],>* where 6 and ¢ are
the largest and second-largest angles between the donor atoms
forming the basal plane in square-pyramidal geometry (6 > ¢).
The value of the 7 parameter for Cul is 0.04 in 1, 0.07 in 2, and
0.03 in 3. The Cu2 ion is coordinated in the basal plane by one
hfac™ chelating ligand (H), one nitroxide oxygen atom (021),
and one oxygen atom (O8) from the hydroxo ligand, which
links Cu2 to Lnl and Ln2. In compounds 1 and 3, the apical
position of Cu2 is occupied by an oxygen atom (OS) arising
from the B ligand connecting Cu2 to Lnl (Cu2-0S5 =
2.646(6) in 1 and 2.645(5) A in 3). The value of the 7
parameter for the Cu2 is 0.01 in 1 and 0.003 in 3. The
remarkable difference between the terbium derivative, 2, when
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Table 3. Selected Bond Lengths, Distances (A), and Angles (deg) for Compounds 4 and §

4 5

bonds Ln = Gd™ Ln = DyHI
Cul—09 1.936(5) 1.933(5)
Cul—O010 1.940(7) 1.937(5)
Cul—O11 1.917(5) 1.915(5)
Cul—O012 1.944(6) 1.943(5)
Cul—N2 2.656(6) 2.663(6)
Cul—NS5 2.477(6) 2.476(6)
Lnl—O1 2.410(5) 2.365(5)
Lnl—O2 2.408(5) 2.392(5)
Ln1—O3 2.372(5) 2.349(5)
Lnl—O4 2.321(5) 2.304(5)
Lnl—O5 2.326(4) 2.441(5)
Lnl—O06 2.457(5) 2.289(4)
Lnl—O7 2.353(4) 2.333(4)
Ln1—O8 2.388(5) 2.364(S)
Ln2—O013 2.288(5) 2.270(5)
Ln2—O014 2.353(6) 2.337(5)
Ln2—O01S§ 2.431(4) 2.407(4)
Ln2—O016 2.341(6) 2.308(5)
Ln2—O017 2.409(5) 2.376(4)
Ln2—O018 2.404(4) 2.375(4)
Ln2—O019 2.386(5) 2.358(5)
Ln2—020 2.386(5) 2.373(S)
Lnl--Cul 9.645(1) 9.512(1)

Ln2--Cul 9.547(1) 9.6307(9)

4 S

angles Ln = Gd™ Ln = Dy"
09—Cul—O010 92.7(2) 92.8(2)
011—Cul—O012 92.9(2) 92.6(2)
09—Cul—O012 89.4(2) 89.5(2)
010—Cul—O011 84.8(2) 85.0(2)
09—Cul—N2 87.3(2) 87.2(2)
09—Cul—NS5 87.9(2) 88.1(2)
01—Ln1—O02 70.4(2) 71.1(1)
03—Lnl—04 71.1(2) 71.5(1)
05—Lnl—06 72.3(2) 72.5(2)
07—Lnl1—O08 70.6(2) 70.6(2)

Ln1—O07—N1 160.0(4) 159.9(4)
014—Ln2—O015 70.9(2) 71.7(2)
016—Ln2—017 74.2(2) 75.3(2)
018—Ln2—O019 71.5(2) 71.9(2)
013—Ln2—020 95.0(2) 95.0(2)

Ln2—O013—N8 148.4(4) 145.7(4)

N4

N4

Figure 1. Crystal structures of the pentametallic compounds 1 and 3 (left) and 2 (right). The disorder in the azide group (1 and 3), the N tempo
methyl groups, and the hydrogen and fluorine atoms were omitted for sake of clarity.

compared with compounds 1 and 3 consists in the coordination
environment of Cu2, which is tetracoordinated, with a slightly
distorted square-planar geometry (see Figure 1, right). The
Cu2—O0 distances within the basal plane vary between 1.871(6)
and 1.963(6) in 1, between 1.899(8) and 1.906(8) in 2, and
between 1.891(6) and 1.958(5) A in 3. The Cu—021 bond
length (021 arises from the Njtempo ligand) is slightly shorter
in 1 when compared with 2 and 3: Cu2—021 = 1.932(6),
1.954(9), and 1.936(5) A, respectively. The coordination
environment of Cu3 ion is very similar to that of Cul, the basal
plane being occupied by the E hfac™ ligand and by two
hydroxo-bridging groups (09 and O10), which further link
Cu3 to Lnl and Ln2 (09) and Cu3 to Cul and Ln2 (O10).
The axial position of the Cu3 is occupied by one fS-diketonato
oxygen atom, O2, from the A ligand (Cu3—02 =2.498(6) in 1,
2.759(9) in 2, and 2.469(4) A in 3). The Cu3—O bond lengths
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within the basal plane vary as follows: 1.915(6)—1.936(6) in 1,
1.900(1)—1.954(8) in 2, and 1.909(5)—1.925(5) A in 3. The
value of the 7 parameter for Cu3 is 0.008 in 1, 0.02 in 2, and
0.008 in 3.

The lanthanide ions in the three compounds show similar
coordination environments. Lnl has a coordination number of
nine, being coordinated by one terminal hfac™ ligand, C, two
bridging (A and B) hfac™ ligands, and by three p;-hydroxo
bridges (07, 08, and 09), which link Lnl to two Cu" ions
(Cul and Cu3) and to Ln2. The coordination geometry of Lnl
is distorted tricapped trigonal prismatic (Figure 2). The Lnl—
Odiketonate ONd lengths fall in the range of 2.334(6)—2.696(6)
in 1, 2.347(9)—2.524(7) in 2, and 2.317(5)—2.781(6) A in 3,
while the Lnl—Oyyg,0y, bond lengths vary between 2.429(6)
and 2.489(5) in 1, between 2.424(8) and 2.512(8) in 2, and
between 2.388(4) and 2.442(5) A in 3. The Ln2 ion shows a
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Figure 2. Coordination environments of the lanthanide ions in
compounds 1-3.

coordination number of eight with a distorted bicapped trigonal
prismatic geometry (Figure 2), being coordinated by two
terminal hfac™ ligands (F and G) and by four p;-hydroxo
bridges (07, 08, 09, and 010), which connect Ln2 to the
other four metal ions (Cul, Cu2, Cu3, and Lnl).

The Ln2—Ogjctonate PONd lengths are in the following ranges:
2.317(6)=2.377(7) in 1, 2.336—2.352(9) in 2, and 2.298(6)—
2.357(6) A in 3, while the Ln2—Oy, 40, distances are in the
range of 2.387(5)—2.448(6) in 1, 2. 370(7) 2.419(7) in 2, and
2.365(5)—2.423(5) A in 3. The metal-metal distances within
the pentanuclear complexes are Cul--Cu3 = 3.232(2); Cul--
Lnl = 3.805(1); Cul--Ln2 = 3.393(1); Cu2--Lnl = 3.768(1);
Cu2---Ln2 = 3.755(1); Cu3--Lnl = 3.731(1); Cu3--Ln2 =
3.422(1); Lnl-Ln2 = 3.6348(5) A in 1; Cul--Cu3 =
3.201(2); Cul--Lnl = 3.766(1); Cul--Ln2 = 3.426(2);
Cu2-Lnl = 3.905(2); Cu2-Ln2 = 3.720(1); Cu3-Lnl =
3.802(1); Cud-Ln2 = 3386(2); Lnl-Ln2 = 3.6230(7)A in 2;
Cul--Cu3 = 3.212(1); Cul---Lnl = 3.795(1); Cul-~-Ln2 =
3.372(1); Cu2--Lnl = 3.741(1); Cu2--Ln2 = 3.742(1); Cu3-
Lnl = 3.721(1); Cu3---Ln2 = 3.397(1); Lnl---Ln2 = 3.5817(5)
A'in 3. Selected bond distances and angles for compounds 1—3
are gathered in Tables 1 and 2.

The analysis of the packing diagrams for crystals 1—3 (Figure
3) reveals the formation of supramolecular chains supported by
hydrogen bonds established between one hydroxo group from
one molecule and an azide nitrogen atom from another one
(010--N4B' = 2.823(14) A for 1; 010---N4" = 2.89(2) A for 2;
N4B---010% = 2.833(12) A, for 3;i = —x + 1/2,y+1/2, —z +
1/2,ii=x—y—1/2,2=1/2;ili=—x+ 1/2,y + 1/2, =z +1/
2).

[CuLny(hfac)g(H,0),(Nstempo),]. Complexes 4 and S. The
crystal structures of the isostructural compounds 4 and $
(Figure 4) consist of U-shaped neutral trimetallic species
containing one Cu" and two Ln" ions (Gd™ 4 and Dy" 5).

The structure can be described as resulting from two
{Ln(hfac);(Nstempo)} units that act, through their nitrogen
atoms (N2 and, respectively, NS) from the N; groups, as
metalloligands toward the copper ion from a {Cu(hfac),} unit.

Figure 4. Crystal structure of compounds 4 and S. Nstempo methyl
groups, and hydrogen and fluorine atoms were omitted for sake of

clarity.

The two nitrogen atoms are coordinated into the apical
positions of the copper(I) ion, which is therefore hexacoordi-
nated, with an elongated octahedral geometry. The Cu—N,,q4,
(Cul—N2 and Cul—NS) bond distances are 2.653(6) and
2.477(6) A in 4 and 2.662(6) and 2.476(6) A in 5. These bond
distances are similar to the previously reported ones for the
[Cu(hfac),(Nstempo)], chain.'>* Each {Ln(hfac);(Nstempo)}
moiety results from the coordination of the organic radical,
through the nitroxide oxygen atom, to the lanthanide ion. The
two crystallographically nonequivalent lanthanide ions are
coordinated by three hfac™ chelating ligands, one nitroxide
oxygen atom (Gd1—07 = 2.353(4), Gd2—013 = 2.288(5) A;
Dyl—07 = 2.333(4), Dy2—013 = 2.270(5) A), and one aqua
ligand (Gd1-08 = 2.388(5), Gd2—020 = 2.390(5) A; Dyl—
08 = 2.364(5), Dy2—020 = 2.373(5)A). The coordination
geometry of lanthanide ions Lnl and Ln2 in these compounds
is distorted bicapped trigonal prismatic. The Ln—O getonate
distances vary between 2.321(S) and 2.457(5) A (in 4) and
between 2.289(4) and 2.441(5) A (in §). The intramolecular
Cu---Ln distances are slightly larger for the gadolinium
derivative [Gd1--Cul = 9.645(1) and Gd2---Cul = 9.547(1)
A] when compared with the dysprosium derivative [Dyl1---Cul
= 9.6307(9) A and Dy2--Cul = 9.512(1) A]. Selected bond
distances and angles for compounds 4 and S are gathered in
Table 3.

Figure 3. Hydrogen bonds in compound 2. Symmetry code: ii = x, —y —

1/2,z — 1/2.
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Intermolecular hydrogen bonding between an hfac™ oxygen
atom (OS) and the aqua ligand from another molecule leads to
supramolecular dimers, as shown in Figure S (OS--020i
2.865(5) and O8i--O15 = 2.850(6) A, symmetry operation i:
—x,2—y 1 —2).

Figure S. Formation of supramolecular dimers through H-bond
interactions in compounds 4 and . Symmetry code: i =—x,2 —y, 1 —
z. Nstempo methyl groups, and hydrogen and fluorine atoms were
omitted for sake of clarity.

Magnetic Properties of the Gadolinium Derivatives 1
and 4. The magnetic properties of compound 1 were
investigated in the temperature range of 2—280 K, and the
plot of yuT versus T, where yy is the molar magnetic
susceptibility, is shown in Figure 6. At 280 K, the value of T,
16.8 cm® mol™' K, is lower than the expected one for
uncoupled three Cu" ions, two Gd™ ions plus one radical (17.3
cm® mol™" K). On lowering temperature, yT slightly decreases
down to 16.5 cm® mol™" K around 220 K then remains constant
and decreases furthermore at lower temperatures. Since Gd™

Yo L/ em’ K. mol”

T T T
150 200 250

T/K

T
100

0 50

300

Figure 6. Thermal dependence of the yT product for 1 (@) and 4
(O) at H = 1 kOe. Solid lines represent the best fit.
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has a ®S;, ground term, with no orbital contribution, the
decrease of yyT comes from predominant antiferromagnetic
interactions among the spin carriers within the compound. On
the basis of the crystal structure of compound 1, up to nine
magnetic exchange interactions should be taken into account,
namely Cu2—Rad, Cu2—Gdl, Cu2—Gd2, Cul—Cu3, Cul—-
Gdl1, Cul—Gd2, Cu3—Gdl, Cu3—Gd2 and Gd1-Gd2 (Figure
1). However, the value of the Cul—010—Cu3 angle
[112.7(3)°] involving basal positions of the two copper ions
is much larger than 97.5° and a very strong antiferromagnetic
interaction occurs between Cul and Cu3.>* The high
temperature decrease of yT on lowering temperature results
from this interaction. Indeed, the value of 16.5 cm® mol™ K
corresponds to the theoretical one for two uncoupled Gd™ ions
plus two S = 1/2 spins. Therefore, below 220 K, the magnetic
behavior of compound 1 can be investigated on the basis of
four interacting spins, namely, two S = 1/2 and two S = 7/2.

To avoid any overparametrization, the attempt to reproduce
the magnetic data considered only the interactions between
Cu2 and the Njtempo radical, and between Gdl and Gd2,
within an isotropic spin Hamiltonian (eq 1).

= _]l(gcuz'gRad) - ]2(§Gd1'§Gd2) + Zeeman terms

(1)

These calculations were performed with the MagProp routine,
available under the program DAVE.* The solid line in Figure 6
shows the best fit for compound 1 found with g = 2.01, ], =
—6.3 cm™, and J, = —0.13 cm™. Concerning the CuH(square
pyramid)—Rad® coupling, its nature depends on the coordina-
tion position of the nitroxide radical: if this one is located in the
apical position, the two magnetic orbitals (7* and d,_) are
orthogonal, and the interaction is expected to be ferromagnetic,
while the basal location of the nitroxide radical favors an
antiferromagnetic interaction.>’ Since in compound 1 the
Njtempo ligand is coordinated in the basal plane of the copper
ion, this exchange interaction is expected to be antiferromag-
netic. The obtained Gd"™'—Gd™ coupling constant is within the
range observed for other compounds previously reported.®® It is
noteworthy that this simple model reproduces also very well
the isothermal field dependence of the magnetization at 1.8 K,
shown in Figure 7.

The plot of y\T versus T for compound 4 is also shown in
Figure 6. The high-temperature value of 16.9 cm® mol™" K
corresponds to the expected value for one Cu" ion, two Gd™
ions, and two radicals. When the compound is cooled, the y\T
value remains mainly constant and decreases at lower
temperatures. Given that Gd"™ does not present anisotropy
the decrease of the yyT value comes from predominant
antiferromagnetic interactions among the spin carriers. In
compound 4, the copper(Il) ion is coordinated to the zero spin
density azide nitrogen atoms; thus, only the magnetic
interactions between gadolinium and radicals were considered.
A careful analysis of the crystal structure revealed that the
coordination geometry of the radical to both gadolinium(I1I)
site presents quite different Gd—O—N angles and Gd—-O
distances. Therefore, the magnetic data were reproduced by an
isotropic spin Hamiltonian (eq 2), which considers two
different exchange interactions and an isolated copper ion:

A= _]1(SGd1‘SRad1) - JZ(SGdz'SRadz) + Zeeman terms

)
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The magnetic fit was also carried out using the Magprop
routine.”® The solid line in Figure 6 shows the best fit for
compound 4 found with g = 2.02, J; = —6.9 cm ™, and ], = —0.7
cm™". The obtained Gd™—Rad* coupling constants are within
the range observed for other compounds previously
reported.’”*® The antiferromagnetic nature of the Gd™—Rad*
interactions is also confirmed by the isothermal magnetization
versus magnetic field measurements (Figure 7). At 2 K, the
ground state corresponds to two S = 3 and one S = 1/2
uncorrelated spins. As ], is small, magnetic fields higher than 20
kOe might overcome this antiferromagnetic interaction, and
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therefore the magnetization value at 65 kOe (14.1 ) is higher
than the expected one for two S = 3 and one S = 1/2 spins (13
ug) but lower than the one for two S = 7/2 and three S = 1/2
spins (17 pg). Furthermore, the isothermal magnetization M
versus H/T curves at 2 and 4 K (Figure S3 in the SI)
corroborate this ground state with a very good superposition at
low fields and a slight deviation at high fields coming from the
weak ], interaction as explained before.

Magnetic Properties of Compounds 2, 3 and 5. The
plots of y/T versus T for compounds 2, 3, and § are shown in
Figure S4 in the SI. The room-temperature values are 23.6 (for
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Figure 9. Arrhenius plot from the out-of-phase peak at H = 4 kOe for 3 (a) and 5 (b).

2), 28.5 (for 3), and 27.8 cm® mol™" K (for 5), slightly lower
than the expected spin-only values for noninteracting ions
(25.1, 29.8, and 29.5 cm® mol ™" K, respectively). As explained
for compound 1, a very strong antiferromagnetic interaction
occurs between Cul and Cu3 also in compounds 2 and 3,
leading to an expected high-temperature value corresponding to
two uncoupled Ln™ ions plus two S = 1/2 spins (24.4 for 2 and
29.1 for 3). For these three compounds, the decrease of y T
with cooler temperatures can result from the depopulation of
excited Stark sublevels, antiferromagnetic interactions, and/or
significant magnetic anisotropy.

Dynamic Magnetic Properties. The dynamic magnetic
properties of compounds 2, 3, and 5 were investigated by
temperature- and frequency-dependent ac magnetic suscepti-
bility measurements. No clear frequency dependence was
evidenced in any compound under H = 0 Oe static magnetic
field. However, it is well-known that in SMM the energy barrier
responsible for the relaxation process can be tuned by a
magnetic field, suppressing, for instance, the quantum tunneling
by removing the quasi-degeneracy of the ground states.
Therefore, the ac susceptibilities were also measured under a
static magnetic field. With H = 1500 Oe, compound 2 exhibits
slow relaxation of its magnetization, with a slight frequency
dependence of the in-phase (y’) susceptibility (Figure SS in the
SI), although no maxima in the in-phase (y’) or out-of-phase
(x") susceptibilities could be observed above 2 K. Under H = 4
kOe, compounds 3 and § exhibit frequency-dependent maxima
in both in-phase (y') and out-of-phase (y”) susceptibilities
(Figure 8).

For these compounds, the in-phase and out-of-phase signals
moved to higher temperatures with field, which is a signature of
the presence of quantum tunneling of the magnetization in zero
field. For 3, the relaxation time obtained from the out-of-phase
susceptibility peaks was fitted to an Arrhenius law (Figure 9a),
giving an energy barrier of AE/ky = 24 K and a pre-exponential
factor 7y = 5 X 107° s, within the range of values for SMMs.*!
Furthermore, the value of the relative variation of y” peak
temperature (T;) per decade frequency (K = AT /[TA(log
1) is 0.12 for compound 3, which is close to the typical value
for compounds with superparamagnetic behavior (0.28).***
For compound §, the shape of the magnetic susceptibilities
under H = 4 kOe does not look like that of a classical SMM
with a single relaxation process. Indeed, the broad out-of-phase
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susceptibility peaks reflect the presence of a distribution of
relaxation time. The width of this distribution can be directly
accessed from the Cole—Cole plots (Figure 10), introducing
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Figure 10. Cole—Cole plots for compound S.

the a parameter in the Debye formula.** On lowering
temperature, the distribution broadens and a changes from
0.18 at 6 K to 0.37 at 3.5 K. The Arrhenius plot from the out-
of-phase susceptibility peaks is shown in Figure 9b, leading to
an energy barrier of AE/kg = 21 K and a pre-exponential factor
7o = 1 X 107 s, larger than typical values for SMMs.*' This
larger pre-exponential factor suggests that the applied field of 4
kOe suppressed only partially the quantum pathway of
relaxation. The value of the relative variation of y” peak
temperature (T;) per decade frequency is 0.14 for compound S,
which is close to the value for superparamagnets. Moreover,
one must stress the shape of the in-phase susceptibility for the
highest frequencies as well as the increase at low temperature of
the 10 kHz out-of-phase y” susceptibility. Indeed, such behavior
may suggest the presence of another relaxation process at lower
temperature, which seems coherent with the presence of two
distinct Dy ions in the crystal structure of compound 5.
Measurements at much lower temperature would be very
helpful to seek better insight into the other possible relaxation
processes. Finally, the dynamic properties of compounds 3 and
S are consistent with an SMM behavior induced by the large
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anisotropy brought by Dy" and the presence of quantum
tunneling at zero field.

B CONCLUSIONS

We synthesized and characterized two novel families of 2p—
3d—4d triheterospin systems. The first family consists of three
pentametallic compounds with unprecedented magnetic core
(1-3) in which the metal jons are held together by four
hydroxo bridges and eight hfac™ ligands. The second family
consists of trimetallic compounds in a U-shaped architecture, as
a result of two {Ln(hfac);(Nstempo)} units bridged to one
{Cu(hfac),} unit through a radical molecule. Interestingly, it
was observed that a small change in stoichiometry of the
building blocks used in the reactions favors the water molecules
deprotonation leading to the formation of pentametallic
compounds. This change allowed us to modulate the final
architecture and consequently the magnetic properties of these
compounds. The investigation of the dc magnetic properties of
compound 1 confirmed the presence of a strong antiferro-
magnetic interaction involving the copper ions via hydroxo
bridges, as well as antiferromagnetic interactions between
radical and copper and between gadolinium ions. In the
trimetallic compound 4, it was observed that the antiferro-
magnetic interactions between Gd™ and radicals led to a
ground state characterized by uncorrelated two S = 3 and one S
= 1/2 spins at low temperature. The dynamic magnetic
properties, under a static magnetic field, revealed that
compounds 2, 3, and S5 exhibit slow relaxation of the
magnetization, with an energy barrier and pre-exponential
factor for compounds 3 and § consistent with an SMM
behavior. The synthetic strategy presented herein is general and
can be further developed using a large variety of organic radicals
decorated with additional coordinating groups.
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The ORTEP representations of the asymmetric units of
compounds 1—5§ are depicted in Figures S1 and S2. The
isothermal magnetization M versus H/T curves measured at 2
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displays the thermal dependence of the yyT product for
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