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The lanthanide(III) cyanoacetate complexes of formula {[Ln,(CNCH,COO)q (H,0),]-2H,0},, where Ln= Eu (1), Gd (2), Nd (3), have
been prepared and characterized by X-ray diffraction analysis. Complexes 1, 2 are isostructural and differ from the binding scheme of
neodymium compound 3, structurally described earlier. In all cases, the cyano group of the cyanoacetate ligand is not coordinated to the
lanthanide cation. The carboxylic groups exhibit different binding modes: 2-bidentate-chelating, 2-bidentate and 2-tridentate-chelating
bridging for 1 and 2; 4-bidentate and 2-tridentate-chelating bridging for complex 3. The Eu compound 1 shows field induced
paramagnetism, as expected for a non-magnetic ground state with mixing from higher states. Combining the dc magnetization and
luminescence measurements the spin-orbit coupling constant 1=343+4 cm™' was found, averaged over the two different sites for Eu in the
lattice. In Gd complex 2, a crystal field splitting of D/kg=-0.11+0.01 K has been found for the S=7/2 multiplet of the Gd(III) ion. No slow
relaxation at H=0 is observed because the low anisotropy barrier allows fast spin reversal through classical processes. The application of
an external magnetic field induces two slow relaxation processes. It is argued that the first relaxation rate is caused by Resonant Phonon
Trapping (RPT) mechanism, while the second, slower one is due to the lifting of the Kramers degeneracy on the ground state. For
compound 3 heat capacity and dc susceptibility measurements indicate that at very low temperature the ground state Kramers doublet has
strong single ion anisotropy. The energy to the next excited doublet Azrs/kg= 104 K has been calculated by ab initio calculation methods.
The g* tensor has also been calculated, showing that it has predominant anisotropy along the z axis, and there is an important transversal
component. At H=0 quantum tunnelling is an effective mechanism in producing a fast relaxation to equilibrium at temperature above 1.8
K. The dipolar or exchange interactions and a sizable transverse anisotropy component in the ground state enhance the quantum
tunneling probability. Under an external applied field, two slow relaxation processes appear: above 3 K the first relaxation mechanism is
of Orbach type, with an activation energy U/kz=27 K; the slower one is caused by the direct relaxation process from the ground state to
the Kramers split levels by the applied field.

Recently, there have been described numerous lanthanide
complexes containing different organic ligands [3], acting as
building blocks in the construction of infinite architectures.
Among these ligands, the multidentate carboxylates are most
investigated. Certain choices of carboxylic ligands coupled with

1. Introduction

The synthesis and characterization of rare earth coordination
polymers are of intense current interest due to the unique
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properties of the various 4f ions and to their potential applications
as essential components in the production of new magnetic and
optical materials [1, 2].
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the lanthanide ions may lead to the formation of new complexes
of different dimensionality and unique properties [4]. To date, the
lanthanide(III) complexes with cyanoacetic acid have received
less attention [5]. Our studies concerning the use of cyanoacetic
acid with both O- and N- possible donor atoms as a ligand
towards 3d [6] and 4f [7] cations have shown that different
polymeric structures can be obtained due to the coordination
modes adopted by this ligand. In copper(Il) cyanoacetate
complex the cyano-group participates in the coordination to the
metal ion, whereas in neodymium(IIl) complex the coordination
is achieved by oxygen atoms only [6, 7].

In this paper, we continue the structural study of
lanthanide(II) cyanoacetate bridged complexes in order to
investigate the coordination abilities of lanthanide(II) ions in the
construction of polymeric structures and their magnetic behavior.
We have chosen complexes with composition
{[Ln,(CNCH,COO)4 (H,0)4]-2H,0},,, where Ln= Eu (1) Gd (2),

This journal is © The Royal Society of Chemistry [year]
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and Nd (3). The synthesis and X-ray structure determination of
complexes (1) and (2) is also presented, whereas that of complex
(3) was already reported in a previous work [7]. We note here
that the Nd complex is not isostructural to the Gd and Eu ones,
but is closely related. This family of compounds supply
Lanthanide substituted polymers with tri-capped trigonal prism
coordination and, consequently, similar ligand field interactions.
A comparative study of their magnetic properties under dc and ac
magnetic fields allow, in this case, to deepen in the understanding
of the peculiar Single Ion Magnet properties of the R=Gd and Nd
substitutions. The Eu compound serves as a reference compound
to determine the lattice heat capacity, an essential item in our
work. Then, both Gd and Nd, due to different reasons, low
anisotropy in the first case, and orthorhombic symmetry in the
s second, show field induced slow relaxation.

Indeed, there is currently much interest in the capacity of
Ln(III) compounds to show slow relaxational behavior. Many
examples based on Ln=Dy substitution have provided excellent
examples as Single Ion Magnets (SIM) [8], Single Molecule
Magnets (SMM) [9] or Single Chain Magnets (SCM) [10], in all
cases because of the extremely high uniaxial single ion
anisotropy of Dy.

Actually, in most SMM systems, slow relaxation arises from
the hindering to spin reversal by a uniaxial magnetic anisotropy.
s The combination of a high spin ground state and a magnetic
anisotropy energy barrier with respect to reversal of the spin
gives as a result magnetic bistability. The relaxation barrier must
be large enough to ensure stability of the moment orientation to
classical and thermally activated quantum fluctuations.

Attention has shifted in the last years from giant clusters with
the highest possible ground state spin and negative axial
anisotropy to more simple, SIMs, with the aim of understanding
magnetic relaxation processes. New fascinating phenomena are
an active research topic, as slow magnetic relaxation induced by
easy-plane anisotropy [11], field-induced or field-influenced slow
magnetic relaxation in mononuclear transition metal compounds
[12] and lanthanide compounds [13].

Gd(III) compounds have a very low anisotropy, which has
even been considered negligible in many studies. However, at
very low temperature the anisotropy can be effective enough to
show slow relaxation as in GAW, compounds [14]. In spite of this
example, no slow relaxational behavior has been reported on the
Gd substitutions of series like [Ln(BPDC), s(DMF)(H,0),].2H,0,
for example, which showed clear slow relaxation for other
Ln(I1I), like Tb or Dy [15].

With these antecedents, the observation of slow relaxation in
[Gdy(fum);(H,0),4].3H,O under an external applied field was
quite unexpected [13, 16]. In the present work we show that in
compound 2 the application of an external field induces a slow
relaxation process.

Besides, because of the very low anisotropy energy, low Gd-
Gd interaction and high spin moment, Gd complexes are finding
their place as potential very low temperature refrigerators by
means of their large magnetocaloric effect (MCE) [17]. The
figures of merit for this application of complex 2 are analyzed
below.

On the other hand, Nd complexes, which may show strong
anisotropy, have hardly been explored. In fact, the Nd(III) ion
may have a sufficiently high anisotropy to create a hindering
barrier to magnetic moment reversal and give rise to slow
relaxational behaviour. Otherwise to Dy, where the anisotropy
tensor is usually predominant in one direction, the Nd g'-tensor
may have large transversal components, therefore giving the
possibility to explore their influence on the dynamical behavior
65 of the Nd(III) as a SIM.
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Indeed, the Nd(III) ion has been included in 3d/Nd clusters in
the quest for SMMs, but just a few cases of slow relaxation have
been reported: in a [MnyNd,] cluster, a non-zero »’’(7, @) was
detected at low temperature [18], which was associated to the
presence of the neodymium light rare earth, and in [Mn;oNd,]
[19] and [Mn;;Nd,] [20] asymmetric clusters, where the same
feature was observed. Slow relaxation in Ni/Nd Single Chain
Magnet has been reported in just one case [21]. In all these other
examples the neodymium atom plays a secondary role, increasing

s the anisotropy to some extent. However, the role of Nd(III) as

Single Ion Magnet is not clear. Recently slow relaxation induced
by an  applied field has been  observed in
[NdCo(bpdo)(H,0)4(CN)6].3H,0 [22], a result that has incited
us to study this effect in compound 3.

Therefore, the static and dynamic magnetic behavior under a
low-frequency ac field of the compounds
{[Lny(CNCH,COO0)4(H,0),]-2H,0},, where Ln= Eu (1), Gd (2),
and {[Nd,(CNCH,COO)¢ (H,0),]-2H,0}, (3), structurally
described by us earlier [7], have been studied in this work.

2. Experimental

2.1. Synthesis

All reagents of reagent grade were purchased commercially and
used without further purification. Reaction of lanthanide Eu(III)
or Gd(III), oxides with cyanoacetic acid in molar ratio 1:3 in
water solution leads to polymeric complexes with the
composition {[Lny(CNCH,COO)¢ (H,0),4]-:2H,0},, where Ln=
Eu (1), Gd (2). Complexes are stable colorless crystalline solids
and can be stored in a dry atmosphere at room temperature for a
long time. These complexes readily dissolve in water but are

s insoluble in organic solvents such as acetone, acetonitrile,

benzene, methanol, and other common non-polar solvents.

{[Euy(CNCH,COO0)¢ (H,0)4]-2H,0},, (1). The solution of
cyanoacetic acid (0.51 g, 6 mmol) in water (10 ml) was added to
0.36 g (1 mmol) of Eu,0;. The resulting solution was passed
through a glass filter after stirring. The filtrate was stored at room
temperature for some weeks, whereupon colorless crystals of the
product suitable for X-ray analysis appeared. The crystals were
collected by filtration and dried under reduced pressure. Yield: 48
%. Anal. found (calc.)%: for {CoH,N3O9Eu},, C, 23.57 (23.60);
H, 2.59(2.62); N 9.14(9.18); Gd, 33.10(33.18). IR data (Nujol,
em’'): 3500br, 3340br, 3270br, 2265sh, 1630m, 1575s, 1560m,
1425s, 1255s, 1180m, 955w, 935m, 915m, 710m, 610m, 575m,
510w, 490m.

{[Gd,(CNCH,COO); (H,0)4]-2H,0},, (2). The complex was
prepared in the same way, as for 1, using 0.51 g (6 mmol) of
cyanoacetic acid and 0.35 g (1 mmol) of gadolinium(IIl) oxide
instead of europium(IIl) oxide. Yield: 52 %. Anal. found
(calc.)%: for {CoH{,N300Gd}, , C, 23.29 (23.33); H, 2.53(2.59);
N 9.02(9.07); Gd, 33.83(33.94). IR data (Nujol, cm™): 3545br,
3430br, 3250br, 2265sh, 1705s, 1600vs, 1580s, 1545s, 1410s,
1264m, 1195m, 955w, 930m, 915m, 700m, 570m, 515m.

{INd,(CNCH,COO)¢ (H,0)4]-2H,0}, (3). This complex was
prepared according to ref. [7].

2.2. Physical measurements details

Elemental analyses (C, H, N) were performed on an Elemental
Analyzer vario EL(III). The metal contents in the complexes was
determined gravimetrically as stable oxide by precipitating
lanthanide ions with ammonium hidroxide. IR spectra of

125 polycrystalline samples was recorded on a Perkin Elmer spectrum

100 FT IR Spectrometer in the range 4000-400 cm™.

2 | Dalton Transactions, [2014], [vol], 00—-00
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Table 1. Crystallographic data, details of data collection and structure refinement parameters for compound 1 and 2.

Compound 1 2

Empirical formula CsHy4Eu,NgO g C,sH,4Gd,NgO g
Molecular weight 916.35 926.93
Temperature (K) 293 100
Wawelength (A) MoKa; 0.71073 MoKa; 0.71073
Crystal system triclinic triclinic

Space group P1 P1

a(A) 9.2907(4) 9.2400(4)

b (A) 10.2235(4) 10.1910(4)
c(A) 16.6685(6) 16.5190(7)
a(®) 91.619(3) 91.341(2)

BO 91.911(3) 91.921(2)

7(°) 113.207(4) 113.132(2)
V(A% 1452.84(10) 1428.51(10)

Z 4 4

Deaie (g fem?®) 2.095 2.155

w(mm™) 4.367 4.694
Reflections collected/unique 10382/5916 [R;,; = 0.0211] 9653/5356 [R;,; = 0.0544]
Crystal size (mm) 0.20x0.20x0.15 0.25%0.25%0.20
R/ 0.0235 0.0500

WwRy’ 0.0552 0.1413

GOF° 1.013 1.065

APrax and Appin (€A) 1.00 and -0.71 1.37 and -2.25

Fluorescence emission spectra were obtained at room
temperature (RT) and 77 K, Liquid Nitrogen Temperature (LNT),
by exciting the samples with a 1000 W ORIEL 66187 tungsten
halogen lamp and a double 0.22 m SPEX 1680B monochromator.

s For the emission spectra, the excitation was carried out at 402

CRy = Z||F| - |FI/ZIFy), " wRy = {Z[w (F,% - FIZw(F,5* 1}
“GOF = {Z[w(F,> - FH? /(n - D)} 12 where n is the number of reflections and p is the total number of parameters refined.

nm. Fluorescence emission was detected using a 0.5 JARREL-

ASH monochromator with a Hamamatsu R928 photomultiplier
tube. All optical spectroscopy measurements were corrected from

the system response.

10

The dc magnetization and ac susceptibility of powdered

samples of the 1, 2 and 3 complexes were measured, from 1.8 K

to 300 K, using a Quantum Design superconducting quantum

interference device (SQUID) magnetometer. Additional ac The

measurements were also done on Nd compound 3, at fixed
15 temperatures in the range 1.9< 7< 10 K, with an excitation field

of 4 Oe, at dc fields in the range 0< H< 50 kOe, while sweeping
the frequency 10< f< 10000 Hz, in a Quantum Design PPMS
ACMS magnetometer. Measurements on powdered samples were
performed with the addition of Daphne oil, introduced to fix the
20 grains at low temperatures.

Heat capacity C(7) under different applied fields (0-30 kOe)

s 3. Structural characterization

3.1. IR spectrography
IR spectra showed the characteristic
corresponding to the presence of the cyanoacetate ligand in the
complexes. The cyanoacetate compounds display the absorption

Table 2. Selected bond distances (A) in gadolinium complex [Gd,(CNCH,COO)4 (H,0),4]-2H,0.

was measured on a pressed powder pellet fixed with Apiezon N
grease, using the same PPMS.

absorptions

Gd1-010 2.411(6) Gd1-02w 2.406(6) Gd1-08 2.381(6)
Gd1-02 2.555(6) Gd1-Olw 2.429(6) Gd1-03 2.401(6)
Gd1-011 2.346(6) Gd1-01 2.456(6) Gd1-04 2.819(6)
Gd2-03w 2.420(6) Gd2-07? 2.467(6) Gd2-08 2.814(6)
Gd2-012 2.364(6) Gd2-04 2.420(6) Gd2-06 2.523(6)
Gd2-09 2.305(6) Gd2-05 2.524(6) Gd2-Odw 2.397(6)

Symmetry transformations for equivalent atoms:
Vx-1y,z; Px+1,y,2

This journal is © The Royal Society of Chemistry [2013]
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Fig. 1. The structure of [Gdy,(CNCH,COO)4(H,0)4]-2H,O
asymmetric unit in 2.

band at 2265 cm’, attributed to the v(C=N) vibrations [23]. This
band did not change its position in the complex, suggesting the
non-coordination of the cyano group to the metal. The bands
assigned to the coordinated carboxyl groups (v,s) are located at
1580 and 1410 cm™ respectively. The presence of water
molecules is confirmed by the IR absorption at ~(3545-3250 cm’
") and ~1600 cm™ due to v(OH) and 3(HOH) vibration modes,
respectively.

3.2. X-ray crystallography

Crystallographic measurements for 1 and 2 were carried out with
an Oxford-Diffraction XCALIBUR E CCD diffractometer
equipped with graphite-monochromated Mo-K, radiation. The
crystals were placed at 40 mm from the CCD detector. The unit
cell determination and data integration were carried out using the
CrysAlis package of Oxford Diffraction [24]. The absorption
corrections were introduced by semiempirical methods based on
equivalent reflections. The structures were solved by direct
methods using SHELXS-97 [25] and refined by full-matrix least-
squares on Fo? with SHELXL-97 [26] with anisotropic
displacement parameters for non-hydrogen atoms. All H atoms
attached to carbon were introduced in idealized positions
(dcy=0.96 A) using the riding model with their isotropic
displacement parameters fixed at 120 % of their riding atom.
Positional parameters of the H (water) atoms were obtained from
difference Fourier syntheses and verified by the geometric
parameters of the corresponding hydrogen bonds. The main
crystallographic data together with refinement details are
summarised in Table 1. Selected bond lengths and bond angles
are given in Table 2.

CCDC-955419 (1) and CCDC-955420 (2) contain the
supplementary crystallographic data for this contribution.

The X-ray studies have demonstrated that compounds 1 and 2
have a similar composition and are isostructural. As an example,
the structure of 2 is presented and discussed below. The
perspective view of a neutral [Gd,(CNCH,COO)s(H,0),]-2H,0
asymmetric unit, together with the numbering scheme and
selected values of interatomic distances, is presented in Fig. 1 and
Table 2.

The tri-capped trigonal prism coordination, with nine oxygen
atoms surrounding each Gd atom; seven oxygen atoms
originating from carboxylate groups, and two from water
molecules. The values of the Gd-O distances are in the range
between 2.819(6) and 2.305(6) A. The two Gd sites are non-

&

)

%

P

3

&

Fig. 2. The structure of one-dimensional coordination polymer
{[Gdy(CNCH,COO) (H,0)4] 2H,0},.

equivalent, differing in the actual Gd-O distances (Fig. S.1).. The
carboxylate ligands adopt different coordination modes, so that
two of them are coordinated as bidentate-chelating ligands, while
the remaining four act as bidentate- or tridentate-chelating ligands
and provide the bridging function between the gadolinium atoms.
It results in the formation of one-dimentional coordination
polymers running along the a crystallographic direction in the
crystal. The structure of {[Gd,(CNCH,COO)4(H,0),4]-2H,0}is
shown in Fig. 2.

The Gd1---Gd2 and Gdl1---Gd2'(x-1,y,z) separations within

; tohe 1D polymeric chains are equal to 4.7023(6) A and 4.7245(6)

A, respectively. The polymeric structure is facilitated by four
intramolecular H-bonds formed between coordinated water
molecules and oxygen atoms from bidentate chelating
carboxylate groups: Olw---O6(1+x,1+y,z) 2.863(10) A, Olw-
H---06 2.06 A, ZOlw-H.--06 149°; O2w---05 2.705(10) A,
02w-H:--05 1.84 A, Z02w-H---05 161° O3w---O1 2.695(11)
A, O2w-H--Ol 1.84 A, £O3w-H--Ol 158° Odw---02(-
1+x,y,2) 2.773(10) A, O4w-H---02 1.88 A, £Z04w-H---02 155°.
The packing of the structure can be characterized as a 3D network
sustained by the numerous H-bonds formed between coordinated
and solvate water molecules and nitrogen atoms of cyanoacetic
groups: Olw---O5w(x,-1+y,2) 2.769(9) A, Olw-H---O5w 1.87 A,
Z01w-H---05w 174°;, O2w---06w(x,-1+y,2) 2.822(9) A, 02w-
H---06w 1.96 A, £Z02w-H:--06w 159°; O3w---O5w 2.851(9) A,
O3w-H:--05w 2.00 A, Z03w-H---O5w 156° Odw---O6w
2.77909) A, O4w-H---O6w 1.87 A, £O4w-H---O6w 174°;
05w---N1(-1+xy,2) 2.99(1) A, O5w-H.--N1 2.16 A, ZO5w-
H:---NI1 153° O5w---N2(I-x,-y,1-z) 2.88(1) A, O5w-H:---N2 2.07
A, Z05w-H.--N2 150° O6w---N3(I+x,1+y,z) 2.96(1) A, 06w-
H---N3 212 A, ZO06w-H---N3 155° O6w---N6(I-x,1-y,-z)
2.94(1) A, O6w-H-+-N6 2.10 A, ZO6w-H:--N6 154°;

The Eu compound is isostructural to the Gd compound. Two
non-equivalent sites for Eu are available, which are not identical
but very similar to those in the Gd complex (Fig. S.1). For the
sake of later comparison, we note that complexes 1 and 2 differ in
the binding scheme with respect to the Nd compound 3. In all
cases, the cyano group of the cyanoacetate ligand is not
coordinated to the lanthanide cation. However, the carboxylic
groups exhibited different binding modes: 2-bidentate-chelating
2-bidentate and 2-tridentate-chelating bridging for 1 and 2; while
it is 2-bidentate and 2-tridentate-chelating bridging for complex
3.

4 | Dalton Transactions, [2014], [vol], 00—00
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Fig. 3. Luminescence spectra of Eu complex 1 obtained at RT and 77 K: a) the Dy —’F,, b) the D, —’F, emission spectra.

In compound 3, the Nd coordination consists of seven oxygen
atoms originating from the carboxylate groups and two from
water molecules, as in compounds 1 and 2. Besides, the two Nd
atoms in complex 3 are symmetry related, so both are equivalent,

s and thus just one type of coordination surrounding the Nd atom
exists (Fig. S.1)..

3.3. Luminescence measurements

The magnetic properties of Eu(IIl) compounds are directly related
oto its optical ones, therefore, their determination are

complementary in this work. Besides, Eu(Ill) is known [27] to

yield a very intense luminescence spectrum, which, in turn, is

very sensitive to the local symmetry of the site where the ion sits.

Therefore, we have explored the luminescence spectrum of the
15 europium compound 1.

After the excitation with an excitation wavelength of 402 nm
from the ’F, to the °D; level, the system undergoes desexcitation
from the °D; to *Dy, and subsequent radiative decay from °Dj to
the "F; low lying states. We show in Fig. 3(a) and (b) the Dy

0 —'Fy and Dy —'F, emission spectra, respectively, at room
temperature and at 77 K. The presence of two *Dy —’F, bands is
only compatible with the presence of two distinct sites for the
Eu(Ill) ions. Moreover, the Dy —'F, spectra is neatly resolved
into a clearly split triplet (592-594 nm), and a second triplet,

»s visible as a doublet with a second line depicting a shoulder.
Besides, there is a spurious shoulder at low energies. This is clear
evidence that the two distinct Eu sites determined from the X-ray

10°
10' £ E
10° F .
o 10" E
3
10% & —a—H=0kOe |3
—e—H =5kO0e
g H=10kOe
10° ¢
—v—H=20kOe | j
— fit1.1x10°7°| 1
10" = el el
1 10 100

Fig. 4. Heat capacity of compound 1 at several applied fields.

diffraction experiments have different binding with the next
neighboring ligands.

30 The average spin-orbit parameter, deduced from the energy
difference between the center of mass of the ground state "F, and
the excited F, multiplets, gives the value Aopi=360£10 cm™,

4. Thermo-magnetic properties

" 4.1.Eu complex (1)

A. Static magnetic properties
The Eu(IIl) ground state "R, is non magnetic (L=3, S=3, J=0,
£1=0), however, it is split by the spin-orbit coupling into seven
w0 S’L’J states, with energies E(J)=AJ(J+1)/2, where A is the spin-
orbit coupling constant. Given that A is relatively small, the
crystal field (CF) components of the first 'F; and second 'F,
excited states can be thermally populated. Hence, the mixture of
"F, with excited states "F;, with J>1 and their thermal population
45 give rise to paramagnetic response to the application of an
external magnetic field, as we shall see.
The heat capacity (HC) at several applied fields, shown in
Fig. 4, depicts a field independent lattice contribution down to 2

T=18K

0.014} 0109

35 0.012

% (emu/mol

0.010

0008 1 1 1 1 1
0 50 100 150 200 250 300

T(K)

Fig. 5. Temperature dependence of the dc magnetic susceptibility
of Eu complex 1: () experimental data measured in an applied
field H=200 Oe. (-) Fit obtained with the parameter 1=343 cm’.
Inset: M(H) measured at 7=1.8 K.

This journal is © The Royal Society of Chemistry [2013]
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K, and a very small magnetic contribution below. Since the latter
is due to mixing of excited states, it is impossible to fit it to a
simple model. So, we use this measurement essentially to
determine the lattice contribution common to the series of
compounds in this work. It was fitted by the Debye

approximation at low temperature, C;” = AT®, with A/R=1.1x10"?

w

K, and the Debye temperature is 6,=240 K. From this parameter
the average sound velocity in the system, calculated as:

¢, =(ky /)0, (67°N /v ]2, [1]

where N is the number of molecules per unit cell, and V the cell
volume, yielded ¢,=2.04 x 10~ m/s. We have used these values
for the three compounds.

15 The experimental dc magnetic susceptibility y; of compound
1 measured from O< 7< 300 K in an applied field H=200 Oe is
shown in Fig. 5. As temperature is lowered from room
temperature, y,; increases smoothly tending towards a plateau,
with a value ;ﬁv[(LT)=1.l7i0.02><10'2 emu/mol. A small increase

0 at very low temperature is reminiscent of some spurious
paramagnetic rare earth. The M(H) measurements show, at 7=1.8
K paramagnetic behavior, see Fig. 5 (inset), with a constant slope
yielding to y(T=1.8K)=1.1120.01x10% emu/mol. These features
are common to many other europium(IIl) complexes [28].

25 The isotropic equilibrium magnetic susceptibility as a
function of temperature at zero field yy; of an Eu(III) ion has been
developed with the van Vleck approximation in terms of A as
only fit parameter [28a]. From the fit of Eq. 8 in Ref. [28a], for a
molecule containing two Eu(Ill) ions per formula unit, to the

3 experimental data (see Fig. 5) the value A=343+4 cm™ is found.
This determination of A from powder magnetic data is not
sensitive to the existence of two different europium sites. The
obtained value is in good agreement with the average spin-orbit
parameter deduced from the luminescence, 4,,=360x10 cm’,

35 The yu(7T=1.8K) determined from the M(H) measurement is
in excellent agreement with the value obtained from y(7) at the
plateau; i.e. the paramagnetic impurity is saturated and does not
hamper the slope determination from M(H). It can be compared
with the calculation based on the low temperature limit of
that relates it with the energies of the splitted excited triple
state7F1, considering the 7F0 as the ground state [28a], which for
two different sites i=1,2 is expressed as:

4

S

2
(;{M )LT o« ZZI/E; . (2]

3
=1 j=1
45
Using the energies of the main peaks in Fig. 3 (a) and (b), the
value (;(1\,[)LT=1.18><10'2 emu/mol is obtained, in excellent
agreement with the experimental result. One concludes that in
this compound the Eu(III) valence state is stable.

50

4.2. Gd complex (2)

A. Static magnetic properties
The free Gd(III) ion ground state is a &g multiplet (L=0, S=7/2).
ss In the absence of any perturbation, the ground state is spherically
symmetric, i.e. isotropic upon the application of an external field.
However, crystal field causes mixing of the ground state octet
and excited sextets or even higher electronic levels giving rise to
a Zero Field Splitting (ZFS) of the octet into four Kramers
e doublets [29, 30]. Thus, the distortion of the surrounding
coordinating atoms determines the actual electronic level scheme.

The Hamiltonian describing this level splitting can be written
as:

65 H,. :D{Sf—§S(S+l)}+E(Sf—S_f), [3]

where the axial, D, and orthorhombic, E, parameters can be
experimentally determined. On the application of an external
field the Zeeman term must be added:

70

H,=-g,uHS_ . (4]

The total Hamiltonian operates on the complete eight-fold basis
function of the unperturbed wavefunction 7/2,8,) -

75 In principle, these constants could be determined from EPR
spectra, however, the low temperature spectra (7=6 K) on powder
performed at the X-band and at RT in the Q-band were
featureless and no conclusive results could be obtained. In
contrast, the magnetic heat capacity, C,, at very low temperature

so 1s sensitive to this ZFS amounting to a few tenths of K since the

10 3
c |
QS 3 E
L v
0.1 L —8—H=0 Oe | |
B —e—H=5kOe | 3
F H =10 kOe
Z(a) y —v—H=20kOe
0.01 M| AN M |
1 10 100
T(K)

0.1

C/R

0.01

- (b)
1E-3 M| L N |

Fig. 6 a) Total low temperature HC of complex 2 powder
measured at several applied fields. The dashed line corresponds

to the lattice contribution, €' =AT?, which is extrapolated at
low temperature; b) Magnetic HC, C(7, H), and fit to the

predicted HC for a randomly oriented system of Gd(III) ions with
parameters D/kg=-0.11+0.01 K and £E=0+0.03.
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thermal population of the split levels gives rise to a Schottky type
of rounded anomaly in the 1 K range.

In Fig. 6 the Heat Capacity (HC) data measured at magnetic
fields H=0, 5, 10, 20 kOe are shown. Indeed, the magnetic

s anomalies are observable at low temperature, superimposed to the
lattice contribution Cp(7) which extends up to the highest
measured temperature.

The lattice contribution dominating the heat capacity C(H=0)
above 4 K is in excellent agreement with that determined for

1o compound 1 (Eu) (section 4.1 A), which has a negligible
magnetic contribution. As the latter compound, it was fitted by
the Debye approximation at low temperature, C!T=AT?, with
A/R=1.1x10"K".

After subtracting to lower temperatures the extrapolated

15 CL(T) to the total C(T) one obtains the magnetic HC curves,
C(T, H), which are shown in Fig. 6 (b).

The theoretical magnetic HC curves were calculated as
follows: for a given orientation (8, @) of the magnetic field
relative to the ion main axes, the single-ion Hamiltonian with

20 uniaxial anisotropy and Zeeman term has been considered:

Zeeman

H,(0.9)=H +H,,,, =DS!+ES;-S))+ (5]
g, HpH (sinOcos @S, +sinfsin S +cosbS.)
The heat capacity for a system of N=2N, magnetic atoms can be
»s numerically calculated from the derivatives of the partition
function Z() for one Gd ion:

Z"%7-7"
—} ; (6]

C(e,co)/R=2/32[ pe

30 with Z” and Z*’ the first and second order derivatives with respect
to f=1/kgT of the partition function corresponding to the above
Hamiltonian. In a second step, the angular averaged specific heat
for the powder sample is calculated as:

Td(pjfc(ﬁ,(p)siné’dﬁ

s C, =00 . (7]
J.d(pj.siné’dé’
0 0

The experimental curves have been fitted to the calculated
heat capacity of a randomly oriented system of non-interacting
Gd(III) ions subject to a ZFS with D/kp=-0.11+0.01 K, £=0+0.03

2 K, and g;=2.

The obtained D value is comparable in magnitude (though of
opposite sign) to the value D/kg=0.093 K and |E|/kg =0.007 K
calculated by ab initio calculation methods in a Gd(III) ion with
coordination nine, albeit of very different atoms [31]. This is a

4s very small anisotropy, but, as we see below, has important
consequences on the relaxation behavior of the compound.

The magnetocaloric effect (MCE) performance parameters
have also been determined from the measured HC data. The
magnetic entropy change AS,,(7, ABy) for selected field changes

s0 ABy=pp(H-H,), see Fig. 7(a). A maximum final field H=20 kOe
was chosen as to compare with other available data in the
literature, where this field is taken as standard, since it is
reachable with permanent magnets in the potential application as
magnetic refrigerator. So, for AH=20 kOe the maximum value

55 AS™* =64.941 mJ cm”® K is found at 7™*=0.79 K. The full

S :
S=7/2 140

435
3.0
25 &
1972
20 &2
15
1.0

-AS (mJ.cm® K™

0.5
0.0

—m— AB=(5-00kOe
—@— AB=(10-0) kOe
—A— AB=(20-0) kOe

15 20

Fig. 7. Top: Temperature dependence of the magnetic entropy
change, AS,,, as obtained from heat capacity data (Fig. 6) for the
indicated applied-field changes AH. Left vertical axis units in
volumetric mJ.cm™ K'; right: units in R constants. Dashed line
is the full entropy content for a S=7/2 spin system; b)
Temperature dependence of the adiabatic temperature change
AT ,y(T) as obtained from the heat capacity measurements.

width at half maximum of the 4S,, curve is OTgyy, =3.1K and

the relative cooling power is RCP =—AS;® x Ty, =203.8 mJ

cm”. Besides, the adiabatic temperature change AT ,4(T)=T4T; has
been calculated by solving the equation S,,(T; 4H)-S,,(T;, AH)=0
e (Fig. 7(b)). For AH=20 kOe the temperature decrease at its

maximum value is AT, =6.9 K at T=1.3 K.
These figures of merit are quite similar to those of
[{Gd(OACc)3(H,0),},]-4H,0 (p=2.038 g cm™, AS™™ =66.5+1 mJ

em® K, 7"=0.9, 8Ty =3.2K , RCP=212.8 mJ cm™, AT/™

es =11.8 K at 7=2 K) [32]. In both cases the Gd-Gd interaction is
negligible. Let us note that in compound 2 7™ is slightly lower,
thus more favorable, than those examples reported recently as
candidates for MCE at very low temperatures [33].
The equilibrium dc magnetic susceptibility of gadolinium
70 complex 2 was measured from 1.8 K to 300 K with a dc field of 1
kOe. The #7T(300 K)=15.53£0.05 emu.K/mol and remains nearly
independent of temperature down to 1.8 K (Fig. 8). There is no
deviation from this line except for a small spurious peak due to
some impurity at low temperature. It has been satisfactorily fitted
75 with the model of two Gd(III) ions with L=0, S=7/2 isotropic
spin, with g;=2.0, predicting at RT »7(300 K)=15.76 emu.K/mol.
Isothermal magnetization curves, M(H) have been measured
at 1.8 K, 5 K and 10 K. The magnetization data represented as a
function of the reduced applied field collapse into one curve, as

This journal is © The Royal Society of Chemistry [2013]

Dalton Trans., [2014], [vol], 00—00 | 7



Dalton Transactions

20
16 ‘
[
19 - 12 o 4
— 18 Fer# -~ - Fit
S S : B 18K
g 4 ® 5K -
2 17| ' 10K
E O L 1
3 0 1 2
~ 16 “BH/kBT
N s c60000 sece
15
14 " 1 " 1 " 1 " 1 " 1 "
0 50 100 150 200 250 300
T(K)

Fig. 8. Temperature dependence of the 7 of Gd complex 2: ()
experimental data measured in an applied field A=1 kOe. (-).
Inset: Magnetization vs. the reduced applied magnetic field,
M(pugH/kgT) measured at 7=1.8 K, 5 K and 10 K. (-) Fitted curve
to S=7/2 multiplet (g;=2.0).

shown in inset Fig.8. The isothermal M(ugH/kgT) curve,
measured at 7=1.8 K was fitted with the same model of isotropic
spin. No deviation from the Brillouin function for S=7/2 and g
=2 was distinguishable, as could be expected for such a small
s anisotropy as D/kg=-0.11 K. As can be seen in Fig. 8 (inset) the
saturation magnetization amounts to M=14 pp/f.u. for two Gd
ions per formula unit. In these measurements the two different
sites for the Gd atom play no role.
Therefore, down to 1.8 K, no contribution from the Gd-Gd
10 interaction can be distinguished within the dimeric molecule, or
within the 1-D polymeric chain, in spite of Gd-Gd distance of the
order of 4.7 A. The tridentate chelate bridging (Gd1-Gd2) or the
cyanoacetic acid bidentate bridge and H-bonds (Gd1-Gd2’) do
not seem to be efficient in generating any significant exchange
15 interaction in the chain of gadolinium complex 2. This is in
contrast to, for example, p-oxoacetate-bridged Gd complexes
[34], where zig-zag chains with weakly ferromagnetic interaction
via single-atom oxygen from the acetate groups were found, or
the antiferromagnetic Gd-Gd interaction detected in the 2-D MOF
20 [GA(HCOO)(OACc),(H,0),], where the interaction takes place via
single formato anti-anti bridges [35].

B. Dynamic properties: ac susceptibility
At H=0 and down to 7=1.8 K, the ac susceptibility at different

»s frequencies coincides with the equilibrium susceptibility. This
implies that any relaxation process at H=0 is much faster than the
highest frequency applied (f=1 kHz). The very small anisotropy
energy of Gd in this complex cannot hinder spin reversal
efficiently above 1.8 K.

30 However, as an external field is applied, both the in-phase
7 (T) and the out-of-phase component »’’(7) of the susceptibility
show frequency dependence, indicating that the field enables
slow relaxation processes. Figures 9a shows the ac susceptibility
imaginary component »’’(f) data measured at H=2 kOe and

35 different temperatures. From these data the relaxation time at
different temperatures is obtained since y’’(7, f) has a maximum
when the condition @., 0(T)=1 is fulfilled (@ex,=27f).

It is noteworthy to observe that, at a given temperature, two
7’ maxima are measured at two different frequencies. The Cole-

40 Cole plots of these experiments (see Supplementary material, Fig.
S2 and S3) show too the existence of two clear slow relaxation
processes: the first one, with a relaxation time z~107 s, and a
slower one with 7~0.2-1 s. Fig. 10 shows the In #«(1/T)

dependence of the two processes. The width of the time constants
45 fall below a=0.4, thus there is a small distribution of constants
evidently due to the fact that we are studying a powdered sample.

The physical scenario for Gd(IIl) is very different than for
orthodox SIMs, since the anisotropy energy of Gd is very small
(Azps’kp= 0.7 K), even lower than Zeeman splitting (Ay/kg=1.9 K

so for M =7/2 at H=2 kOe).

The origin of the first process (zy) is not straightforward and
needs from further discussion. This relaxation occurs in the whole
measured temperature range, from 1.8 K to 10 K. One might
assign it to a direct process (7'~T), however, this mechanism

ss would not explain the experimental data in the whole temperature
range. Moreover, the process cannot be assigned to an Orbach
mechanism, since the energy value calculated from the In 7(1/7)
at 10 K, U/kg=17 K, is orders of magnitude larger than the
anisotropy barrier.
60 Nevertheless, the inverse of the faster relaxation time follows
ar'oaT? dependence (see Fig. 10 (b), inset). It has been recently
proposed for a Gd complex [16] that such temperature
dependence can be explained in terms of Resonant Phonon
Trapping (RPT) mechanism [36, 37]. This process takes place
when phonon-bottleneck effect sets on. Then the energy of the
lattice modes created by the relaxing spins cannot be released into
a thermal reservoir sufficiently fast. These phonons may be
reabsorbed by other spins, and the effective relaxation time
becomes longer.
70 For RPT to take place the system must fulfill some conditions
[15, 37], namely: (i) spin-spin interactions must be rather weak,

6!

a

(@) H=2.0 kOe |

%" (emu/mol)

%" (emu/mol)

f(Hz)

Fig. 9. Imaginary component of the ac susceptibility of complex
2 as a function of the frequency, »’’(f); a) x’’(T) at constant field
H=2.0 kOe at different temperatures; b) at constant temperature
T=2.0 K, at different applied fields.
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Fig. 10. a) Relaxation time as a function of the inverse
temperature, 7(1/7), for complex 2, at H=2 kOe. Slow process 7;
(black symbols) and slower one 7, (red symbols). The size of
each point is proportional to the height of the corresponding
maximum; b) inverse of the faster slow relaxation time as a
function of temperature, 7 }(T). (Dashed line): Fit to 7'=KT 2,
with K=61.86 s K between 5 — 10 K.

so that energy transfer via the spin-spin interaction is not
expected to be important; ii) at the temperature at which the very
slow relaxation is observed the influence of thermal phonons may
be neglected; and iii) the wavelength of the trapped phonons
s should be considerably larger than the typical separation between
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Fig. 11. Field dependence of the relaxation time for the two
processes, 7(H) and z(H), in Gd complex 2 at 7=2.0 K,
determined from the p’’(f) plots in Fig. 9b. The size of the
symbols is proportional to the y’” peak intensity.
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the spins, kor,,<<1, where r,, is the average distance between spin
sites, and kg is the wave vector of the trapped phonon with the
energy hv,. Indeed, the difference between the splitted energy
levels S,=7/2 and S,=-7/2 in a magnetic field of 2 kOe is ~1.9 K,
therefore, using the Debye approximation hvy=ck, and the
average sound velocity obtained from the specific-heat data, it
results ky=1.9x10" m™. Taking into account that ravz4.7/°% in this
complex, the condition kyr,=9x10° <<1 is fulfilled. It may be
concluded that the faster of the two relaxation processes in the Gd
compound can be explained in terms of the RPT mechanism. The
relaxation time 7; is of the same order as that reported for the RPT
process for the Gd,(fum);(H,0)4].3H,O complex reported by
Orendac [16].

The second observed slow process has relaxation time values
in the order of 7~0.1 to 1 s. The Kramers degeneracy of the
Gd(IIT) ground state is lifted by the static field, resulting in a
multi-level system with slow relaxation. In this case an Orbach
and/or direct processes may govern the dynamics. Such a slow
process is active mainly at low temperatures, where level splitting
causes a thermal depopulation of all spin states and Orbach
processes may take place. In fact, 7(1/T) could be fitted to an
Arrhenius law with an activation energy of U/kg=5.5 K, of the
same order as the levels splitting (4y/kg=1.9 K). Similar values
for a field induced relaxation in a Gd compound
[phen,Gd,(HCOO),(HCOO),.,,(NO;3)] have been observed at
H=2.75kOe [13 ].

In order to study the evolution with the applied field of the
two relaxation processes, we performed ac susceptibility
measurements at constant 7=2.0 K, at different fields (0.05 < H <
50 kOe) down to very low frequencies (0.02 < f < 10° Hz), see
Figure 9b. The determined field dependence of the two relaxation
paths is shown in Fig. 11. The very slow process 75(H) increases
with field reaching a value of 7,=4 s at 20 kOe. As the slow
relaxation follows an Arrhenius law with T, higher magnetic field
implies larger activation energies and therefore longer relaxation
times. The faster process, 7(H), on the contrary, decreases as
field increases. That variation can be explained within the RPT
mechanism. As levels energy splitting grows with magnetic field
strength, the energy of involved phonons in RPT process
increases and the condition kyr,, <<1 is not so strongly fulfilled.
Therefore, RPT is less effective as magnetic field increases and
relaxation time decreases.

4.3. Nd complex (3)

A. Static magnetic properties

The neodymium cyanoacetate complex 3 [7] is not exactly
isostructural to the europium and gadolinium complexes reported
above. Though the Ln coordination is similar; i.e. by nine oxygen
atoms, the 1-D linear chains are brought about by a not quite
identical binding scheme. Besides, it has just one type of
neodymium site, in contrast to the Eu or Gd. There are also two
types of bridges; on one hand (Nd-Nd’), four cyanoacetic acid
bidentate ligand, and, on the other hand (Nd-Nd’’), through two
tridentate chelate bridging anions of the cyanoacetic acid. Though
strictly speaking, there is just one Nd per formula unit, we adhere
to considering a duplicate formula unit to compare with the
compounds 1 and 2.

The Nd(III) has a free ion “Io, ground state (S=3/2, L=6,
J=9/2), which is split by ligand field into five Kramers doublets.
The lowest doublet is the only one populated at temperatures of
the order of a few K [38].

Relativistic ab initio calculations were performed in order to
determine the energy level structure of the Nd(III) multiplet

This journal is © The Royal Society of Chemistry [2013]
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Fig. 13. HC of compound 3 at H=0 and other magnetic fields. For
H=0, (dashed) fit of the HT tail of the exchange interaction. (Full
lines) Schottky HC for average g;'=2.4.

Fig. 12. Nd coordination environment and calculated direction of
the easy axis of magnetization in complex 3. Hydrogen atoms

have been omitted for clarity. two terms, a longitudinal term parallel to the z-axis, and a
transversal term parallel to the y-axis.
ground state and the main axes of the g*-tensor for its doublet Figure 13 shows the the heat capacity as a function of

ground state, using the CASPT2/RASSI-SO [39] method as s temperature measured at different fields. At H=0, the magnetic
implemented in the MOLCAS 7.8 package [40]. This relativistic contribution to the low temperature HC is just a high temperature
quantum-chemistry approach has proven suitable to analyse the tail, C/R=A,.T? (A,=0.011 K?), caused by the interaction to
s magnetic anisotropy of lanthanide ions, and, in particular, to other Nd nearest neighbors. Hence, within this model the Nd-Nd
predict the direction of their easy axis of magnetization (EAM) interaction can be obtained since, within a mean field model [42],
[41]. The atomic positions were extracted from the x-ray crystal s with S*=1/2 and for N=2N,, since we consider 2 Nd per f.u:
structure (see Figure 12). The cluster model includes the studied
Nd ion and two La(IIl) ions in the positions of the two neighbour 7z
10 Nd(III) ions. The model also includes the cyanoacetic acid Ao :m
ligands and water molecules surrounding the studied Nd(III) ion B
and the water molecules surrounding the two neighbor Nd(III)
ions. In order to reduce the computation time, without a Assuming z=2 next Nd neighbors and ]5 < ])2, << ]5, one
significant loss of accuracy, the cyanoacetic acid ligands around
15 the two neighour Nd(III) ions have been replaced by -0.5 point
charges. The replacement of the neighour Nd(III) ion by an
La(III) ion is done in order to reduce the active space. After that,
the chosen CASSCF active space consisted of the Nd 4f orbitals,
containing 3 electrons in seven orbitals [CASSCF(3,7)]. An 3
20 averaged-state CASSCF calculation was done on the 4I
quadruplets (13 roots) and then a CASPT2 correction was
applied.
Ab initio calculations of the energies of the excited doublets
have been performed, yielding the five Kramers doublets at the
2s energies 0, 103.7, 276.1, 317.4 and 398.2 K i.e. the energy
from the ground state to the first excited level is Azgs/kp=~104 K.
The easy axis of magnetization is depicted in Fig. 12, and does
not correspond to any of the site symmetry axes. The ground state
doublet expressed in effective spin S*=1/2, g* factors are:
30 gx*=0.3, gy*=1.2, gz*=3.9, where z is the principal axis of the g *
tensor. It does not correspond to any principal crystallographic
axis. Therefore, though the predominant anisotropy is along the z-
axis, there is an important transversal component. 0 50 100 150 200 250 300
The Hamiltonian describing the quantum behavior of the
35 system at low temperatures can be written in terms of the S*=1/2, TK)
anisotropic exchange interaction model:

27242 [9]

ss obtains an average value for the exchange interaction
|7.]=0.15K. Of course, we cannot determine the sign of this

1" T(emuK/mol)

1 L | L | L | L | L | L

Fig. 14. Temperature dependence of the y7T of Nd complex 3: (o)
experimental data measured in an applied field H=50 Oe. Dashed
H, 2—21:2(5:,,5:,,-)—2132(5:,,5:,,-)—21}\2(5}\,[5;,-) : (8] line: prediction for two free Nd ions. Inset: Magnetization vs. the

" " " reduced applied magnetic field, M(ugH/kgT) measured at 7=1.8
K, 5 K and 10 K. (-) Fitted curve to S*=1/2 doublet with

Since th h tants J," rtional to g, and SN .
40 mce € exchange constants J, are proportional to g, an (gx =g, 21.8, g =37)

gx*<<gy*, then j? <% <<j? and the Hamiltonian can be reduced to

10 | Dalton Transactions, [2014], [vol], 00—00 This journal is © The Royal Society of Chemistry [2014]



Page 11 of 15

[

o

20

2!

3

G

15

35

4

4

5

5

6

o

=

S

Dalton Transactions

interaction.

At H#0, clear Schottky type anomalies show up. They have
been fitted to the predicted HC for a field split Kramers doublet
with g;*=2.4 in an effective spin S*=1/2 model. As the field
increases, the experimental HC at the lowest temperatures is
larger than the Schottky heat capacity. The difference can be
assigned to a little broadening of the HC due to the angular
random distribution of anisotropy axes.

The powder equilibrium dc susceptibility was measured from
1.8 to 300 K, and has been depicted in Fig. 14 as y7(7). It
decreases monotonically from the room temperature value
2T(300K)=2.93(2) emu.K/mol. This value is already lower than
the prediction for two independent free Nd(III) atoms per formula
unit (y7=3.27 emu.K/mol). Its reduction as temperature decreases
is the result of the thermal depopulation of the excited doublets.

Isothermal magnetization curves, M(H) have been measured
at 1.8 K, 5 K and 10 K. The reduced curves are almost
superimposed, although a small deviation is detected at 10 K,
where contribution from excited levels is slightly noticed (Inset
Fig. 14).

At T=1.8 K the M(H) curve obeys to an effective $'=1/2 field
dependence. It fits best to the prediction under the assumption of
a ground doublet anisotropic with the average g*=2.4, after
performing the angular averaging for a randomly oriented powder
(see Fig. 14, inset). This value is near the g*,,=1.8 obtained from
the ab initio calculations. At any rate, the fully uniaxial
anisotropy case (gx=g,=0, g,70) can be completely disregarded.
The fit tensor parameters are similar to those found for Nd(III)
diluted in La ethylsulfide complex, for example (gx*=gy*=2.072,
g, =3.535) [43]. In such a case, the ground doublet is composed
of a combination of the ‘9 /2,47 /2> and ‘9 /2,45 /2> electronic states.

B. Dynamic properties: ac susceptibility

The dynamic behavior as a function of temperature and field has
been studied by means of ac susceptibility measurements at
varying frequency.

At H=0, no contribution to »’’ could be observed above 1.8
K, implying that there exists a relaxation process (z<107 s) in this
condition faster than the frequency window of our experiment
(0.01 < f< 10 kHz).

Furthermore, we studied the dynamic behaviour under the
application of magnetic fields. We performed frequency
dependent (0.1<f<10" Hz) ac susceptibility measurements at
different constant temperatures at H=1.5 kOe (this magnetic field
was chosen because the »’’(f) intensity is maximum, as we shall
see later). Figure 15a shows the »”’(f, T) data. The double-peaked
2’ (f) curves evidence the existence of two different slow
relaxation paths above 1.8 K, a faster one (7;) and a slower one
(7). The Cole-Cole plots of these experiments (see
Supplementary material, Fig. S4 and S5) show too the existence
of two clear slow relaxation processes. The width of the time
constants fall below =0.3, thus there is a small distribution of
constants as in the Gd compound, due to the fact that we are
measuring a powdered sample.

The relaxation time #«(1/T) dependence of the two existing
processes has been deduced from the position of the ’ (7, f), see
Fig. 16. The faster process 7 (10° - 102 s) decreases
continuously as the temperature is increased, tending to a
continuous slope at the highest temperatures measured. From the
slope of the z{(1/T) curve at high temperature an Arrhenius law

o
%

=
P

%

8

with an activation energy value U/kg=26.6(1) K is found for the
Nd(III) ion, which is very small compared to the energy
difference between the ground state and the first Kramers doublet
(Azrslkp=104 K). The relaxation time of the other, very slow
process is almost temperature independent 7,=0.1 s and gains
intensity at low temperatures.

In order to study the evolution with the applied field of the
o two relaxation processes, we performed ac susceptibility
measurements at constant 7=2.0 K, at different fields (0.05 < H <
50 kOe) down to very low frequencies (0.02 < f' < 10° Hz), see
Figure 15b. The determined field dependence of the two
relaxation paths is shown in Fig. 17. The faster process z(H) is
promoted by the field, it gains intensity and reaches a maximum
7~4.5x107 s at 1.5 kOe and subsequently decreases with
increasing field. Besides, the very slow process appearing for
fields above 1.5 kOe, grows in amplitude and z(H) is maximum
at very high fields (z;=3 s at 30 kOe ).

The application of an external field has the effect of detuning
the quantum tunneling process and allows the observation of the
Orbach process already at low fields. The field strength at which
this process appears gives us an estimation of the internal dipolar
field. Indeed, as explained elsewhere [44], the tunneling time
s depends on the distribution of dipolar (or exchange) energy bias

P(Egip) and on the quantum tunnel splitting Ar.

o
£P(Ey,)

Tor [10]
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Fig. 15. Imaginary component of the ac susceptibility as a
function of frequency, 7’(f); a): x’’(T) at constant field H=1.5
kOe at different temperatures; b) at constant temperature 7=2.0
K, at different applied fields.
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lower limit of the transversal component of the dipolar field (Eq.

[10]), Hgipxy > 19 Oe. Values for Hg,yy of similar strength as
20 Hygyp, would give QT times of 6 10 s, well beyond our frequency
observation window.

In summary, two mechanisms cooperate in favoring fast
tunneling at H=0: the non-zero dipolar field that splits the
Kramers degeneracy and allows new relaxation pathways
between the ground and the excited levels, on one hand, and the
fact that in the present Nd(III) ion there is a quite remarkable
transverse component in the g* tensor. Therefore there may be an
important relaxation in the transversal plane. The QT process is
very effective and its relaxation time is short (7gr<1.6 X 107 ),
below our frequency window. As a consequence, there is no y’’
contribution at the temperatures measured. This may be the
reason for not observing slow relaxation at H=0 in most single-
ion Nd complexes above 5 K [45]. There are some complexes
containing Nd that show slow relaxation at H=0, however, in
those examples the Nd moment is coupled to transition metal
atoms in intermetallic clusters, so they do not belong to the class
of SIM we are studying here [18-21].

The application of the external field has, as a first effect, the
quenching of the QT mechanism. A second effect is the
promotion of an Orbach type spin-lattice relaxation. In the
temperature range above 3 K it yields to activation energy lower
than Azzg [22]. In fact, Azrg would correspond to the highest limit
for a thermally activated quantum tunneling (TAQT) activation
energy only at H=0.

45 Besides, a second very slow process appears below 3 K, with

["Hot 5 k06 |

»
Ll

L) 2

S

Ulk=26.6K
7=1.75x10"s

3

S

0.1 0.2 0.3 0.4 0.5
1/T (K"

g
o

Fig. 16. Relaxation time as a function of the inverse temperature
of relaxation processes found for Nd complex at H=1.5 kOe. The
dependence of the two relaxation pathways, 7(1/T) and z(1/7),
determined from the y’’(f) plots in Fig. 15a are depicted. The size
of the symbols reflects the decrease of intensity of the ' peak
corresponding to the 7y process. (-) Arrhenius law with activation
energy U/kp=26.6 K.

3:

3

The energy bias distribution may be approximated to a

Gaussian, with P(fdip = 0)2 1/N27 0y, , where the width oy,

w

@

can be estimated from the condition o, = kgTy .

At H#0, the QT probability decreases as the Zeeman energy
bias moves the tunneling energy window out of the dipolar
energy bias distribution. We may consider that for an external
field given by H=20y;,,, QT is suppressed. The Orbach process
appears at about 0.5 kOe. Therefore, the width of the bias field is
estimated to be oy, ,=Hgip ;<250 Oe. For the Nd compound, this
dipolar field would imply the magnetic ordering transition would
occur at KgTy = 0zqip = Oqip,z/ gzt = 0.06K; this low value is
in agreement with HC measurements, where ordering is not
observed in C,(T) curves down to 0.35 K.

At H=0, the absence of y’’(7) within the measurement
window implies that the QT relaxation time is faster than 107 s.
Taking into account that the tunnel splitting, A = g% Hgip vy, this
experimental threshold allows us as to give an estimation of

10" 3
=
[N
10%F f 3
"‘.\ T2 0K
10'3 1 1 1 1 1 1 1 1
01 2 3 45 10 20 30 40

H (kOe)

Fig. 17. Field dependence of the relaxation time for the two
processes, z(H) and z(H), in Nd complex 3 at 7=2.0 K,
determined from the p’’(f) plots in Fig. 15b. The size of the
symbols is proportional to the y’° peak intensity.

a

S

I

S

relaxation time 7y, which increases strongly in amplitude as the
temperature decreases. This slow process is quite ubiquitous in
many SIMs when a field is applied. We have identified it as the
direct relaxation process via spin-phonon relaxation favoured by
the lifting of the Kramers degeneracy by the application of the
external field [8].

5. Conclusions

The lanthanide(Ill) cyanoacetate polymers of formula
{[Lny(CNCH,COO)4 (H,0)4]-2H,0},, where Ln= Eu (1), Gd (2),
Nd (3) have been synthesized and characterized by single-crystal
X-ray diffraction. Complexes 1 and 2 are isostructural and differ
from the neodymium compound 3 structurally described earlier.
In all cases, the cyano group of the cyanoacetate ligand is not
coordinated to the lanthanide cation. The carboxylic groups
exhibited different binding modes: bidentate-chelating, bidentate
and tridentate-chelating bridging for 1 and 2; bidentate and
tridentate-chelating bridging for complex 3. The three compounds
have the similar tri-capped trigonal prism coordination of seven
oxygen atoms from the carboxilate groups and two from water
molecules.

The three compounds have conventional magnetic behavior
in a static field: The Eu complex is paramagnetic, with the mixing
of the ground state with excited levels governing its properties.
Two different sites are discernible from luminescence
measurements.

The paramagnetic Gd complex is almost isotropic, although a
small anisotropic component has been found, caused by mixing
of the excited states. There are two different Gd sites, but we
could detect no site-dependent magnetic properties. From the heat
capacity measurements the figures of merit as a magnetocaloric
cooler have been determined, and we found complex 3 to be
comparable to other Gd complexes where the Gd-Gd interaction

s0 is negligible.
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In the Nd complex the Nd atoms are at equivalent sites. The
Nd site is very anisotropic, with a predominantly uniaxial
component, although a transverse component is also present.

Both Gd and Nd complexes have Kramers degenerate
electronic states. In principle, the QT process should be forbidden
for them. However, they show no slow relaxation at zero dc bias
field, since a very fast relaxation process promotes equilibrium
down to the lowest temperature measured (1.8 K). In the Gd case
this fast process is of classical nature over a very small anisotropy
barrier. In the Nd complex it can be explained in terms of a QT
process favored by the transverse component in the anisotropy.

However, under the application of a high enough external
field (H=2 kOe) two slow relaxation processes are induced with
relaxation times 7 and z,. In the case of the nearly isotropic Gd
complex, the small anisotropy plays no role in the observed

relaxation. It is shown that 7 ¥ T2 , which is considered as a

proof that resonant phonon trapping (RTP) is the cause of the
spin slowing down because of the phonon-bottleneck effect. The
slow process becomes more intense at the expense of the fast one,
which is interpreted as due to Orbach relaxation processes
between ground and excited states, favored by the lifting of the
Kramers degeneracy by the external field.

In contrast, for the Nd compound the fast relaxation process
is accounted for by an Orbach type spin-lattice relaxation with z
governed by an activation energy that decreases with decreasing
temperature. The slow component 7; seems to be caused by direct
relaxation processes with Kramers split excited levels.

Direct and Orbach processes under an applied fields have
been detected by means of EPR measurements to occur in Nd
compounds already in the 60’s [46]. In those experiments an
average relaxation time was measured. Improving on that result,
in the present experiments the two relaxation times are actually
resolved.

We conclude that both the Gd and Nd complexes present
slow relaxation only when an external field is applied, albeit with
a quite different relaxational behavior mechanism. The Gd
complex can be satisfactorily described in terms of the RTP
mechanism, and thus, described as a SIM. Besides, there have
been reported only a few neodymium containing clusters, with
slow relaxation processes, described as SMMs. We would like to
emphasize that in the present Nd complex, slow relaxation is
solely caused by the only magnetogenic atom, Nd, which behaves
as a SIM. This finding deserves a deeper on-look to homonuclear
Nd complexes as SIMs.
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The cyanoacetate complexes, {[Ln,(CNCH,COOQ), (H,0),]-2H,0},,
with Ln= Gd, Nd, show field-induced slow relaxation ascribed to
two different processes: Resonant Phonon Trapping and lifting
of the Kramers degeneracy on the ground state for Gd, and an
Orbach and direct processes for Nd.




