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s containing the naphthalenyl
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In this contribution we report the synthesis, structure and magnetic properties of a family of lanthanide-

based one dimensional compounds [Ln(hfac)3(NaphNN)]n, where LnIII ¼ Gd (1), Dy(2), Tb(3) and NaphNN

is the nitronyl nitroxide (NN) radical 2-(10-naphthalenyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-Imidazole-

3-oxide-1-oxyl. The crystal structure reveals well isolated chains with a twofold helical axis. Magnetic

investigation of the gadolinium(III) chains showed relevant intrachain interactions between Gd–NN

nearest neighbors and also Gd–Gd and NN–NN next nearest neighbors. The magnetic interaction

parameters were obtained by fitting the data with a six membered ring model. The stronger

antiferromagnetic interaction between NN radicals was confirmed by investigation of the mononuclear

complex [Y(hfac)3(NaphNN)2] (4) with a similar coordination environment. The dynamic magnetic

properties of 2 and 3 were investigated by using the temperature and frequency dependence of the

magnetic susceptibility evidencing single chain magnet dynamics under a zero dc field.
Introduction

Single molecule magnets (SMM), single chain magnets (SCM)
and single ion magnets (SIM) present similar slow relaxation of
the magnetization without long range magnetic ordering. The
interest in these families of molecular nanomagnets arises from
their potential application to build ultra small information
storage and more recently spintronic devices, as well as the
interest in understanding their magnetic behavior.1 Many
efforts have been made in order to increase the blocking
temperature,2 which is dened as the highest temperature that
magnetic hysteresis can be observed in quasi static conditions,
now reaching liquid nitrogen temperatures as recently reported
for a dysprosium(III) mononuclear system,3 with small coercive
elds.

The rst example of SCM behavior was reported in 2001:
a one dimensional compound [Co(hfac)2{NIT(C6H4OMe)}]n
(hfac ¼ hexauoroacetylacetonate); NITPhOMe ¼
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2-(40-methoxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-o-
xide) presenting slow magnetic relaxation and hysteresis
around 4 K from one dimensional character rather than long
range ordering.4 Since then, many efforts have been devoted to
the synthesis of new chains with strong intrachain interaction
and large Ising anisotropy avoiding interchain interactions,
issues essential to obtain the aimed so called SCM behavior.5 In
fact, using NN radicals containing large pendant polyaromatic
substituents such as naphthalenyl or pyrenyl the interchain
magnetic interactions were effectively reduced and a strong
intrachain exchange interaction, high anisotropy and parallel
local easy axis lead to high blocking temperatures around 14 K
and very high coercive eld for cobalt(II)-based ferrimagnetic
chains.6 In SCMs, quantum tunneling of magnetization existent
in many SMM/SIM is avoided leading to larger coercive elds for
SCMs. More recently a new surge of interest in magnetic chains
emerged with the observation of strong magneto-chiral effect7

in a non-centrosymmetric three-fold helical cobalt(II)–NN and
a magneto-electric effect in the analogue manganese(II)–NN.8

Lanthanide ions are attractive building blocks for molecular
magnetic materials because of their large magnetic moment
and/or anisotropy as well as the possibility to explore additional
luminescent properties.9 Early reports on lanthanide–NN based
molecular chains were published by Gatteschi and co-workers.10

For the [Dy(hfac)3{NIT(Et)}]n the intrachain and the non negli-
gible interchain interactions resulted in a 3D magnetic order at
4.3 K.10d In 2005 the same group showed that it was possible to
increase the distances between chains by using as ligand
a radical containing two aromatic rings linked by an ether
group, avoiding the 3D order.11 The compound
This journal is © The Royal Society of Chemistry 2019
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[Dy(hfac)3(NIT(C6H4OPh))] presented slow relaxation of
magnetization as well as a magnetic hysteresis below 3 K typical
of SCM behavior.

In this contribution we report a family of lanthanide-based
one dimensional compounds [Ln(hfac)3(NaphNN)]n, where
LnIII ¼ Gd (1), Dy(2) and Tb(3) and NaphNN ¼ 2-(10-naph-
thalenyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-3-oxide-
1-oxyl is a NN radical substituted with rigid and large pendant
polyaromatic group. This substituent contributed to increasing
the interchain distance between lanthanide ions being among
the largest known for Ln–NN chain. Magnetic investigation of
the gadolinium(III)-NN chain showed the relevance of intrachain
next-nearest neighbour between NaphNN radicals as well as
between gadolinium(III) ions. Additionally, a mononuclear
complex containing a diamagnetic ion, [Y(hfac)3(NaphNN)2] (4),
is described to elucidate the relevant next nearest neighbour
interactions (between the radicals) in the chain systems. The
dynamic magnetic properties of 2 and 3 were investigated using
temperature and frequency dependence of the magnetic
susceptibility revealing evidences of SCM behavior under a zero
dc eld.
Experimental
General

The solvents n-heptane and chloroform were distilled over
sodium and phosphor pentoxide, respectively. Elemental anal-
yses were performed on a PerkinElmer 2400 series II. Infrared
spectra (IR) were obtained using a Bruker ALPHA FTIR-ATR
spectrophotometer.
Synthesis

General synthetic procedure for [Ln(hfac)3(NaphNN)]n(1–3).
The complexes12 [Ln(hfac)3(H2O)2], where Ln

III¼ Gd, Dy or Tb and
the radical13 NaphNN were synthesized according to a previously
described procedure. Complexes 1–3 were synthesized using
a similar procedure. To a solution of 24 mg (0.03 mmol) of
[Gd(hfac)3(H2O)2] in 15 mL of boiling n-heptane was added 8 mg
(0.03 mmol) of NaphNN dissolved in 2 mL of chloroform. Aer
a couple of days at 15 �C in a dry atmosphere containing silica gel
as dehydrating agent, purple needle-shape single crystals were
obtained. Elemental analyses calculated for C32H22F18GdN2O8 (1)
C ¼ 36.20, H ¼ 2.09, N ¼ 2.64, found C ¼ 35.06, H ¼ 1.86, N ¼
2.38; for C32H22F18DyN2O8 (2) C¼ 36.02, H¼ 2.08, N¼ 2.63, found
C¼ 35.69, H¼ 1.78, N¼ 2.53; for C32H22F18TbN2O8 (3) C¼ 36.14,
H ¼ 2.08, N ¼ 2.63, found C ¼ 36.50, H ¼ 1.98, N ¼ 2.71. IR 1
(cm�1): 3139 (w), 3101 (w), 3003 (w), 2998 (w), 2979 (w), 2947 (w),
1646 (s), 1598 (w), 1555 (w), 1527 (m), 1499 (m), 1480 (m), 1463 (m),
1397 (m), 1375 (w), 1354 (m), 1333 (m), 1250 (s), 1193 (s), 1133 (s),
1096 (s), 1009 (w), 976 (w), 949 (w), 874 (w), 851 (w), 794 (s), 767 (s),
740 (m), 659 (s), 640 (m), 585 (s), 549 (w), 525 (m), 464 (m), 416 (w);
2 3142 (w), 3009 (w), 2964 (w), 2963 (w), 2941 (w), 1683 (w), 1648 (s),
1616 (w), 1598 (w), 1582 (w), 1557 (m), 1529 (m), 1503 (m), 1480
(m), 1462 (m), 1396 (m), 1376 (w), 1352 (m), 1333 (m), 1250 (s),
1194 (s), 1133 (s), 1098 (s), 1006 (w), 970 (w), 951 (w), 874 (w), 853
(w), 794 (s), 769 (s), 741 (m), 722 (m), 659 (s), 640 (w), 584 (s), 547
This journal is © The Royal Society of Chemistry 2019
(w), 529 (m), 466 (m), 451 (w), 418 (w), 409 (w); 3 3144 (w), 2994 (w),
2945 (w), 1685 (w), 1649 (s), 1598 (w), 1582 (w), 1556 (m), 1525 (m),
1501 (m), 1483 (m), 1462 (m), 1395 (m), 1378 (w), 1367 (w), 1354
(m), 1334 (m), 1395 (w), 1378 (w), 1367 (w), 1354 (m), 1334 (m),
1251 (s), 1194 (s), 1133 (s), 1098 (s), 1006 (w), 970 (w), 949 (w), 874
(w), 853 (w), 795 (s), 769 (s), 740 (m), 724 (w), 659 (s), 640 (w), 584
(s), 547 (w), 530 (m), 466 (m), 452 (w), 419 (w), 412 (w).

[Y(hfac)3(NaphNN)2].4H2O (4). To a solution of 78 mg (1.1
mmol) of [Y(hfac)3(H2O)2] in 10 mL of boiling n-heptane,
a solution of 24 mg (0.8 mmol) of the NaphNN radical dissolved
in 2 mL of chloroform was added. The nal solution was kept at
4 �C for 2 days giving purple block-shape single crystals suitable
for X-ray analysis. IR 4 (cm�1): 3144 (w), 2994 (w), 2961 (w), 2930
(w), 2859 (w), 1679 (w), 1650 (s), 1587 (w), 1553 (w), 1517 (m),
1480 (m), 1461 (m), 1398 (w), 1360 (m), 1337 (m), 1250 (s), 1190
(s), 1139 (s), 1101 (s), 1040 (w), 972 (w), 948 (w), 915 (w), 874 (w),
851 (w), 792 (m), 764 (s), 659 (m), 628 (w), 582 (m), 530 (m), 470
(w), 449 (w).

Crystallographic studies

Single crystal X-ray data for complexes 1–4 were collected on
a Bruker D8 Venture diffractometer using monochromatic
MoKa radiation (l ¼ 0.71073 Å). Data collection and cell
renement were performed with APEX3 soware.14 Data
reduction was carried out using SAINT.15 Empirical multiscan
absorption correction using equivalent reections was per-
formed using SADABS soware.16 The structure solution was
performed using SHELXS-2014 while the renement was per-
formed using SHELXL-2014 based on F2 through the full-matrix
least-squares routine.17 All non-hydrogen atoms were rened
using anisotropic displacement parameters. The hydrogen
atom positions were calculated using a riding model.18 Some of
the CF3 groups are disordered and uorine atom occupancies
were rened freely. Large thermal displacement parameters
were found for uorine atoms. The C–F bond length and F/F
distances were restrained to be equivalent. The displacement
parameters of disordered uorine atoms were constrained to be
the same using the EADP constrain. Compound 4 presented
loss of crystallinity at 150 K so the data was collected at room
temperature, but crystals did not diffract to high resolution
angles. Summary of crystallographic data collection and
renement are gathered in Table S1.† Powder X-ray diffraction
data for 1–4 were collected on a Bruker D8 Advance equipped
with a LynxEye detector using CuKa radiation at room temper-
ature. Powder X-ray diffraction (PXRD) patterns were simulated
from the structures determined by using single crystal X-ray
diffraction data. The experimental and simulated PXRD
patterns corresponded well in peak positions and relative
intensity, conrming the crystalline phase purity of the
compounds (see the ESI for details, Fig. S1 and S2†).

Magnetic measurements

Magnetic measurements were performed on a Physical Property
Measurement System (PPMS) from Quantum Design. All the
samples were mounted in a Teon tape and the anisotropic
compounds were pressed into a pellet manually. DC magnetic
RSC Adv., 2019, 9, 30302–30308 | 30303
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measurements were carried out using vibrating sample
magnetometer (VSM) option. The sample's diamagnetism
correction was estimated from Pascal's constants. AC magnetic
measurements were performed using the ACMS mode. The DC
magnetic data was tted and simulated using Soware Phi.19
Results and discussions

All complexes were obtained by reactions between [Ln(hfac)3] or
[Y(hfac)3] complexes and NaphNN radical using 1 : 1molar ratio
between the complex and radical. Compounds 1–3 were crys-
tallized in dry atmosphere while 4 was obtained aer opening
the reaction medium to the air. The contact of the solution with
the air was important for the formation of the crystals of 4 that
contains lattice water molecules. Even using the same reaction
condition of 1–3 (including dry atmosphere) and a slight excess
of yttrium(III) complex, it was not possible to obtain the iso-
structural chain containing the yttrium(III) ion.
Crystal structure

Compounds 1–3 are isostructural and crystallize in the P21/n
space group with the lanthanide ions octacoordinated by six
oxygen atoms from three bidentated hfac ligands and two
oxygen atoms from two NaphNN radicals (Fig. S3†). The
lanthanide ion is bridge-coordinated by NaphNN radical
generating 2-fold helical chains parallel to the crystallographic
b axis (Fig. 1). There are two crystallographically independent
lanthanide ions per unit cell, each one belongs to one chain
(Fig. S4†). The coordination environment of the lanthanide ions
were calculated using the SHAPE program (Table S2†) and the
geometries for Ln1 and Ln2 are better described as triangular
dodecahedron. The bond lengths are in the range 2.336(6)–
2.389(7) Å, 2.351(7)–2.387(7) Å, 2.316(4)-2.387(4) Å, 2.334(4)–
2.366(4) Å, 2.319(5)–2.380(6) Å and 2.344(5)–2.376(5) Å for Gd1–
O, Gd2–O, Dy1–O, Dy2–O, Tb1–O, Tb2–O, respectively. The
coordination environments of both lanthanide ions are very
similar with slightly longer bond lengths for Ln1–O when
compared with Ln2–O. Selected bond lengths and bond angles
are gathered in Table S3.† The two radicals coordinated to the
Fig. 1 View of the two crystallographically independent chains. The hydr
black, blue and red stand for lanthanide(III) ion, carbon, nitrogen and oxy

30304 | RSC Adv., 2019, 9, 30302–30308
lanthanide ions have bond angles O7–Ln–O8 and O15–Ln–O16
equals to 138.7(3), 138.85(16), 139.9(2), 138.5(2), 138.25(15) and
139.7(2)� for 1, 2 and 3, respectively. The intrachain distances
between lanthanide ions are nearly the same for the two crys-
tallographically independent chains being 8.456(6) Å for Gd1/
Gd1, 8.466(6) Å for Gd2/Gd2, 8.4379(6) Å for Dy1/Dy1 and
8.4488(6) Å for Dy2/Dy2, 8.5769(6) Å for Tb1/Tb1 and
8.5844(6) Å Tb2/Tb2. The shortest interchain distances
between lanthanide ions are 11.768(1), 11.436(2) and 11.5773(8)
Å for 1, 2 and 3 respectively, being among the largest known for
Ln–NN chains.11,20

Compound 4 crystallizes in centrosymmetric P�1 space group
and contains one crystallographically independent molecule
per unit cell. The yttrium(III) ion is also coordinated by six
oxygen atoms from three bidentated hfac ligands and two
oxygen atoms from two NaphNN radicals (Fig. S5†). The calcu-
lated coordination environment for YIII was also triangular
dodecahedron as observed for 1–3 (Table S2†). Differently than
observed for the chains 1–3, two NaphNN radicals are mono-
coordinated to YIII ion through only one of the two equivalent
oxygen atoms from nitroxide group leading to a mononuclear
complex. The Y–O bond lengths are in the range 2.299(6)-
2.383(6) Å and the bond angle O7–Y–O8 between the coordi-
nated oxygen atoms from nitroxide is 139.3(2)�, close to the
values observed for 1–3. The shortest intermolecular distance
between non-coordinated O atoms from nitroxide group is
5.14(2). This compound crystallizes with lattice water molecules
located in the channels between [Y(hfac)3(NaphNN)2] molecules
along the crystallographic direction b (Fig. S6†). These water
molecules are involved in hydrogen bonds. Short distances
between carbon atoms from adjacent naphthalenyl moiety are
compatible with p/p intermolecular interaction. These inter-
molecular interactions contribute to stabilize the crystal lattice.
Magnetic properties

The temperature dependence of the product of magnetic
susceptibility and temperature (cT vs. T) for 1–3 is reported in
Fig. 2. At the highest temperature, the cT value is 8.6, 15.0 and
12.2 emu mol�1 K for 1, 2 and 3, respectively. These values are
ogen atoms and CF3 groups were omitted for clarity. Color code: cyan,
gen atoms.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Temperature dependence of cT for 1 at 1 kOe (inset), 2 and 3 at
200 Oe (Top). Solid line represents the best fit curve using the model
described in the text. Spin topology used to fit magnetic data (bottom).
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slightly higher than expected considering a sum of one NaphNN
radical (S ¼ 1/2 with g ¼ 2.00) and one GdIII ion (S ¼ 7/2, g ¼
2.00) 8.3 emu mol�1 K for 1 and 14.6 emu mol�1 K for DyIII (J ¼
15/2, gJ ¼ 4/3) for 2, without magnetic interactions. For 3, the
obtained cT value at the highest temperature is equal to the
calculated one considering non-interacting TbIII (J ¼ 6, gJ ¼ 3/2)
and NN radical. As the temperature is decreased for 1, cT
increases slowly and reach a maximum of 8.8 emu mol�1 K at
31.2 K followed by a decrease to 7.2 emu mol�1 K at 2.7 K. This
behavior indicates a coexistence of ferro- and antiferromagnetic
interactions. Intrachain Ln-radical, radical–radical and also
Gd–Gd magnetic interactions can be expected. Since the inter-
chain distances between paramagnetic centers are large, the
magnetic interactions between them are expected to be very
small and were neglected in the magnetic analysis. In order to
quantify the magnetic interactions we used a model of six-
member ring (three pairs Ln-Rad) to simulate an innite
chain. This ring contains SGd ¼ 7/2 for gadolinium(III) ion and
SR ¼ 1/2 for NaphNN radical with the spin topology shown in
Fig. 2 (bottom) and described by the Hamiltonian in eqn (1).
The parameters J1 and J2 are intrachain Gd-radical and radical–
radical exchange interactions and J3 represents approximately
the Gd–Gd dipolar interaction.
This journal is © The Royal Society of Chemistry 2019
H ¼ �J1
Xi¼3

i¼1

ðS2i�1S2i þ S2iS2iþ1Þ � J2
Xi¼3

i¼1

ðS2i�1S2iþ1Þ

� J3
Xi¼3

i¼1

ðS2iS2iþ2Þ þ zeeman (1)

Being Sodd ¼ SR, Seven ¼ SGd, S7 ¼ S1 and S8 ¼ S2
The best t parameters obtained using gR ¼ 2.00 were gGd ¼

2.05, J1 ¼ 1.2 cm�1, J2 ¼ �12.4 cm�1 and J3 ¼ �0.06 cm�1. The
intrachain ferromagnetic Gd–NN exchange interaction (J1) is in
the range observed for other gadolinium(III)–nitronyl nitroxide
chains reported in the literature.10b,20b,21 This weak interaction is
due to the deep and localized nature of f magnetic orbitals of
gadolinium(III) ion. In fact, the ferromagnetic exchange inter-
action J1 is approximately one order of magnitude smaller than
the antiferromagnetic intrachain interaction between NN radi-
cals J2. This stronger AFM between NN radicals was conrmed
by the results obtained for the analogous compound containing
the diamagnetic yttrium(III) ion (see below) and is in agreement
with other gadolinium–NN radicals described in the literatur-
e.10b,21a,22 The obtained magnetic interaction J3 is close to the
calculated dipolar magnetic energy �0.035 cm�1 through the
expression E ¼ mB

2SGd
2gGd

2/4prGd–Gd
3 considering the shortest

intrachain distance between GdIII ions. In addition, we also
performed a t neglecting the intrachain dipolar magnetic
interaction between gadolinium(III) ions. Despite its small
value, no reasonable t could be obtained in the whole
temperature range and in particular at low temperatures with J3
¼ 0.

The eld dependence of the magnetization curves were tted
to the same Hamiltonian (eqn (1)) independently of the cT t,
but simultaneously for three isotherms (see Fig. S7†). The ob-
tained results with J1 ¼ 1.0 cm�1, J2 ¼ �9.2 cm�1, J3 ¼
�0.06 cm�1 are in agreement with the above reported cT.

The temperature dependence of cT for 2–3 shows a slow
increase of cT as temperature decreases reaching a maximum
(as seen for 1) followed by a decrease to a minimum of 12.5 emu
mol�1 K at 9.8 K and 13.2 emu mol�1 K at 5.3 K for 2 and 3
respectively. Below these temperatures, cT increases to 26.7 for
2 and 19.9 emu mol�1 K for 3 at 2 K, a behavior different from
the one observed for 1. The magnetic behavior of these
compounds is suggestive of a chain due to relatively strong
intrachain radical–radical interaction, and non negligible
dipolar Ln–Ln interactions (as observed for 1) as well as
magnetic anisotropy of DyIII or TbIII ions. Any trial to t the
magnetic data to estimate magnetic interactions and anisotropy
with models of a ring with up to 4 magnetic centers, 2 radicals
and 2 Ln ions resulted in overparametrization and unphysical
values of the parameters. Furthermore, any model with more
magnetic centers is unfeasible for our computing facilities. The
same difficulty applies for the magnetization versus eld results
shown in Fig. S8.†

The temperature dependence of cT for compound 4 is shown
in Fig. 3. At 283 K, the cT value of 0.81 emu mol�1 K is slightly
larger than the value expected (0.75 emu mol�1 K) for two non-
interacting magnetic radicals with SR ¼ 1/2 and g ¼ 2.00. As
temperature decreases, cT value is nearly constant, followed by
RSC Adv., 2019, 9, 30302–30308 | 30305
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Fig. 3 Temperature dependence of cT for 4 at 1 kOe. Solid line
represents a fit curve obtained using eqn (2) with parameters described
in the text. Inset: temperature dependence of c evidencing the
magnetic contribution of the dimer and paramagnetic contribution.

Fig. 4 Frequency dependence of real (c0) and imaginary (c0) magnetic
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a decrease of cT below about 100 K down to 0.13 emumol�1 K at
3.3 K, indicating antiferromagnetic interactions. Below 3.3 K,
a plateau is observed down to 2.0 K, suggesting a paramagnetic
radical. Since intermolecular distances between paramagnetic
centers are large, the expected magnetic interaction occurs only
between two NaphNN radicals coordinated to YIII ion. In order
to determine intramolecular interaction in 4, the magnetic data
was tted considering a magnetic dimer (H ¼ �JSRSR) using the
Bleaney and Bowers expression23 (eqn (2)) and isolated para-
magnetic centers presumably from traces of radical that did not
react fully.

cMT ¼ ðr� 1ÞNg2mB
2

kB

1

3þ expð �J=kBTÞ þ r
Ng2mB

2

3kB
SðS þ 1Þ

(2)

where S ¼ 1/2, N is Avogadro's number, mB is the Bohr
magneton, kB is the Boltzmann's constant, g is Landè factor and
r is the relative concentration of paramagnetic centers.

The best t was obtained with g ¼ 2.00 (xed), the magnetic
coupling constant J ¼ �20 cm�1 and 7.5% of paramagnetic
radical contribution. Similar magnetic coupling constant were
observed for one dimensional and also mononuclear yttriu-
m(III)-based compounds coordinated by NN radicals.24 Inset of
Fig. 3 presents the contribution of the magnetic dimer and
paramagnetic contribution. In fact, the obtained intramolecular
magnetic coupling constant between NN radicals for 4 is
stronger than the analogous found for compound 1, and in
agreement with dominant intrachain radical–radical magnetic
interaction when compared with the Gd-radical interaction. The
magnetization versus eld results corroborate with the above
ndings considering a paramagnetic contribution (r ¼ 6.5%)
and an antiferromagnetic dimer with J ¼ �20 cm�1 (see
Fig. S9†).
30306 | RSC Adv., 2019, 9, 30302–30308
In order to probe the magnetic relaxation of these
compounds, the dynamic magnetic properties of 2–3 were
investigated using temperature and frequency dependence of
the magnetic susceptibility under a zero dc eld. Both real and
imaginary magnetic susceptibilities of 2 show frequency
dependent maxima (Tmax) (Fig. S10†) with a small temperature
spread. These Tmax were used to estimate the parameter 4 ¼
DTmax/(TmaxD(log n)) ¼ 0.18, a value between spin glass (4 <
0.01) and superparamagnetic (4 ¼ 0.28) type behaviors.25,26 In
addition, the s0 (see below) value is very small, indicating
substantial interaction among the relaxing pieces of chain. Note
that the obtained value for 2 is close to the value found (4¼ 0.1)
for the SCM CoPhOMe.26

The relaxation times were determined from ts of the frequency
dependence of the real and imaginary magnetic susceptibilities at
xed temperatures using the generalized Debye model27 (Fig. 4).
The relaxation times were tted according to an Arrhenius law s¼
s0 exp(Ds/kBT) giving an activation barrier Ds ¼ 35 � 2 cm�1 and
pre-exponential factor s0 z 10�14 s (Fig. S11†). This small pre-
exponential factor was also observed in other Dysprosium(III)–NN
chains reported as SCM in literature.20a The a values obtained from
a Cole–Cole analysis are in the range 0.72–0.80 indicating a wide
distribution of relaxation times (see Fig. S12 and Table S4† for
details). In one dimensional compounds the correlation length (x)
is related to cT, and increases when the temperature decreases
following the expression cT ¼ Ceff exp(Dx/kBT), where Ceff is the
effective Curie constant of the repeat units in the chain and Dx is
the energy to create a domain wall. This expression is valid in both
Ising-like as well as anisotropic Heisenberg regimes.28 We have
found Dx ¼ 2.9 K (2.0 cm�1) for 2 and 1.9 K (1.3 cm�1) for 3, from
the slope of a ln(cT) versus 1/T plots (see Fig. S13 and S14†).

For compound 3, a maximum of c00(T) could not be observed
within the available temperature and frequency range
(Fig. S15†), we used the procedure described by Bartolomé
susceptibilities at different temperatures for 2 where the solid lines are
the best fits obtained with a generalized Debye model.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Plot of ln(c00/c0) as a function of the reciprocal temperature.
Lines represent best linear fits.
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et al.,29 also used for Ln-chains30 to estimate the relaxation
parameters. Assuming only one relaxation process, the expres-
sion ln(c00/c0) ¼ ln(us0)+ Ds/kBT was used to evaluate Ds and s0.
In Fig. 5 the ln(c00/c0) vs. 1/T graph is presented and linear ts
give an activation barrier Ds ¼ 6.7 cm�1 and pre-exponential
factor s0 z 10�7 s. Such high values of s0 were already
observed in other Tb-nitronyl nitroxide chains.31
Conclusions

A family of lanthanide-based one dimensional compounds
containing a nitronyl nitroxide radical was synthesized and
characterized. The large separation between lanthanide ions
caused by large pendant substituent in nitronyl nitroxide
radical afforded a one dimensional magnetic behavior. The
investigation of the gadolinium(III) derivative evidenced the
relevance of intrachain next near neighbor between NaphNN
radicals as well as between gadolinium(III) ions to the magnetic
behavior. Magnetization results could be modeled by a six
member ring model resulting in JNN–NN ¼ �12.4 cm�1, JGd–NN ¼
1.2 cm�1 and JGd–Gd ¼ �0.06 cm�1. The strong antiferromag-
netic interaction between NaphNN radicals was conrmed by
investigation of the mononuclear complex [Y(hfac)3(NaphNN)2]
where JNN–NN was found to be �20 cm�1 from magnetization
data versus temperature and eld. The anisotropic Dy and Tb
chains presented dynamic magnetic properties typical of single
chain magnets with blocking temperatures below 2 K.
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Magnetic Materials: Concepts and Applications, Wiley-VCH,
2017, ch. 6; (c) S. Dhers, H. L. C. Feltham and S. Brooker,
Coord. Chem. Rev., 2015, 296, 24–44; (d) H.-L. Sun,
Z.-M. Wang and S. Gao, Coord. Chem. Rev., 2010, 254,
1081–1100; (e) X. Meng, W. Shi and P. Cheng, Coord. Chem.
Rev., 2019, 378, 134–150.

6 (a) M. G. F. Vaz, R. A. A. Cassaro, H. Akpinar, J. A. Schlueter,
P. M. Lahti and M. A. Novak, Chem.–Eur. J., 2014, 20, 5460–
5467; (b) R. A. A. Cassaro, S. G. Reis, T. S. Araujo,
P. M. Lahti, M. A. Novak and M. G. F. Vaz, Inorg. Chem.,
2015, 54, 9381–9383.

7 R. Sessoli, M. E. Boulon, A. Caneschi, M. Mannini,
L. Poggini, F. Wilhelm and A. Rogalev, Nat. Phys., 2015, 11,
69–74.

8 M. Fittipaldi, A. Cini, G. Annino, A. Vindigni, A. Caneschi
and R. Sessoli, Nat. Phys., 2019, 18, 329–334.

9 (a) F. Pointillart, T. Cauchy, O. Maury, Y. Le Gal, S. Golhen,
O. Cador and L. Ouahab, Chem.–Eur. J., 2010, 16, 11926–
11941; (b) A. Lannes, M. Intissar, Y. Suffren, C. Reber and
D. Luneau, Inorg. Chem., 2014, 53, 9548–9560; (c) X.-L. Li,
C.-L. Chen, H.-P. Xiao, A.-L. Wang, C.-M. Liu, X. Zheng,
L.-J. Gao, X.-G. Yanga and S.-M. Fang, Dalton Trans., 2013,
42, 15317–15325.

10 (a) C. Benelli, A. Caneschi, D. Gatteschi, L. Pardi and P. Rey,
Inorg. Chem., 1989, 28, 275–280; (b) C. Benelli, A. Caneschi,
D. Gatteschi, L. Pardi and P. Rey, Inorg. Chem., 1990, 29,
4223–4228; (c) C. Benelli, A. Caneschi, D. Gatteschi and
R. Sessoli, Inorg. Chem., 1993, 32, 4797–4801; (d) C. Benelli,
RSC Adv., 2019, 9, 30302–30308 | 30307

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06506g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 8

/2
/2

02
5 

7:
15

:0
4 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
A. Caneschi, D. Gatteschi and R. Sessoli, Adv. Mater., 1992, 4,
504–505.

11 L. Bogani, C. Sangregorio, R. Sessoli and D. Gatteschi,
Angew. Chem., Int. Ed., 2005, 44, 5817–5821.

12 K. Bernot, L. Bogani, R. Sessoli and D. Gatteschi, Inorg. Chim.
Acta, 2007, 360, 3807–3812.

13 T. Sugano, M. Kurmoo, H. Uekusa, Y. Ohashi and P. Day, J.
Solid State Chem., 1999, 145, 427–442.

14 APEX3 v2016.1-0, Bruker AXS.
15 SAINT V8.34A, Bruker AXS Inc., 2013.
16 G. M. Sheldrick, SADABS, Program for Empirical Absorption

Correction of Area Detector Data, University of Göttingen,
Germany, 1996.

17 G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Crystallogr.,
2008, 64, 112–122.

18 C. K. Johnson, in Crystallographic Computing, ed. F. R.
Ahmed, Munksgaard, Copenhagen, Denmark, 1970, pp.
207–219.

19 N. F. Chilton, R. P. Anderson, L. D. Turner, A. Soncini and
K. S. Murray, J. Comput. Chem., 2013, 34, 1164–1175.

20 (a) X. Wang, Y. Li, P. Hu, J. Wanga and L. Li, Dalton Trans.,
2015, 44, 4560–4567; (b) C. Li, J. Sun, M. Yang, G. Sun,
J. Guo, Y. Ma and L. Li, Cryst. Growth Des., 2016, 16, 7155–
7162; (c) K. Bernot, L. Bogani, A. Caneschi, D. Gatteschi
and R. Sessoli, J. Am. Chem. Soc., 2006, 128, 7947–7956.

21 (a) C. Benelli, D. Gatteschi, R. Sessoli, A. Rettori, M. G. Pini,
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