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Synthesis, structure and slow magnetic relaxation
of lanthanoid coordination polymers based on
ethynyl-bridged picolinate ligands
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A heteroditopic ligand (H,Ly) containing picolinate and benzoate moieties segmented by a triple bond has
been used in the preparation of a family of isostructural coordination polymers of the formula
[(CH3)oNHI[LN((H2,0),L4)0] (Ln = Eu (1), Gd (2), Tb (3), Dy (4), Ho (5) and Er (6)). The single crystal struc-
tures show that these compounds crystallize in the monoclinic /12/a space group and form anionic layers
with rhomboidal voids. AC magnetic susceptibility measurements show that compounds based on
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Kramers ions, such as the Gd (2), Dy (4) and Er (6) derivatives, present slow relaxation of magnetization
(SRM) under an applied DC magnetic field. On the other hand, Tb (3) and Ho (5) compounds, based on
non-Kramers ions, lack SRM properties. Compound 2 is one of the few reported Gd(i) compounds

rsc.li/dalton showing slow relaxation behaviour.
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Introduction

Lanthanoid coordination polymers (Ln-CPs) have recently
attracted a lot of interest in view of their fascinating photo-
physical and magnetic properties.’ In comparison with tran-
sition metals, lanthanoids have higher coordination numbers
and more flexible coordination geometries and, therefore, a
wide variety of interesting topological networks have been
reported: 1D chains,® 2D grids,” 3D porous structures® and
interpenetrating architectures.” Owing to these reasons, Ln-
CPs show great potential for applications in different fields,
such as catalysis, adsorption, luminescent sensors and mag-
netic materials for molecular spintronics and quantum infor-
mation technologies.®® However, their coordination spheres
and structures are hard to predict and the design of high-
dimensional Ln-CPs remains challenging."’

Due to their strong ionic character and poor electron delo-
calization, the magnetism of lanthanoid coordination com-
plexes had attracted less attention in the past, in comparison
with transition metal ions. This changed completely after the
observation of single-molecule magnetic (SMM) behaviour in
the lanthanoid bis-phthalocyanine complexes, [LnPc,]” (Ln =
Dy, Tb; Pc = phthalocyanine), reported by Ishikawa and
coworkers.">'? From then on, it has been clearly established
that the combination of unquenched spin-orbital angular
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momentum and crystal-field effects can lead to very large mag-
netic anisotropies of some lanthanoid ions, inducing huge
energy barriers for reversal of the magnetization, a typical
characteristic of the SMM character."'* While most cases
concern Dy(u) compounds,’® examples of other ions, such as
Tbh*", Er¥* and Ho®", are also known.'® Many of these lantha-
noid SMMs are mononuclear,'” but examples of higher nuclea-
rities also exist.'®?* Ln-CPs exhibiting slow magnetic relax-
ation are also widely known.">>*’ Since the magnetic inter-
actions between lanthanoid ions are rather weak, the slow
magnetic relaxation observed in many of these extended com-
pounds is due essentially to single ion anisotropy effects.*®
Lanthanoid single-ion magnetic anisotropy arises from the
splitting of the m; states by the electrostatic effects of the
crystal field. The energy gap between the different +m; doub-
lets (which determines the energy barrier for magnetization
reversal) is thus very sensitive to the coordination environ-
ment. By a judicious match of the ligand field with the shape
of the electronic density of the free metal ions, the energy
barrier can be greatly enhanced.>® As proposed by Long and
coworkers, an equatorial crystal field is needed to maximize
the magnetic anisotropy of Er’* ions, characterised by a
prolate electron density. On the other hand, Dy’*" and Tb**
having an oblate electron density would need an axial crystal
field. The family of dysprosium metallocenes, with a strongly
axial coordination environment, ranks among the best
examples of SMM behavior.*® Efforts are currently focused on
the preparation of air-stable mononuclear lanthanoid-based
SMMs with very high energy barriers for magnetization
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reversal.>’*> Arranging lanthanoid SMMs into coordination
polymers, in which the lanthanoid coordination sphere can be
constrained by the bridging linkers and the crystal symmetry,
has been suggested as a valuable strategy to improve the mag-
netic properties of these materials.">** Complexes with the
same coordination environment can be assembled in the
crystal lattice in different ways, providing insight into the rele-
vance of dipolar interactions for tuning the SMM properties.**
Rigid benzenedicarboxylate-type ligands, for example, 5-(4-
pyridyl)-isophthalic acid (H,IP-Py), isophthalic acid (H,IP) and
terephthalic acid (H,TP), have been widely employed in the
preparation of Ln-CPs.*® Compared with benzenedicarboxylate
ligands, the use of picolinate ligands is still scarcely investi-
gated. In fact, only one family of anionic networks prepared
from 5-(4-carboxyphenyl)picolinic acid and lanthanoid ions
have been reported.>® Prompted by this lack of studies, we
have undertaken the synthesis and magnetic studies of Ln-CPs
based on a family of segmented rigid polypicolinate
ligands.?”*® As part of this project, we report now on a series
of coordination polymers of the formula [(CH;),NH,][Ln
(H20),(Ly),] (Ln = Eu (1), Gd (2), Tb (3), Dy (4), Ho (5) and Er
(6)), based on the ditopic ligand 5-((4-carboxyphenyl)ethynyl)
picolinate (L,*>7), featuring benzoate and picolinate subunits
bridged by an ethynylene spacer (Chart 1). In a separate work,
the synthesis, structural characterization and luminescence
properties of the europium compound 1 have been reported.*

Experimental
Materials and methods

All chemicals and solvents were used as received. Ligand L;*~
was synthesized as previously described.?”

Synthesis of [(CH;),NH,][Ln(H,0),(L;),] (Ln = Eu (1), Gd (2),
Tb (3), Dy (4), Ho (5) and Er (6)). A solution of Eu(NO;);-6H,0
or LnCl3-6H,0 and 5-((4-carboxyphenyl)ethynyl)picolinic acid
(2 equiv.) in DMF/H,O (3:2 ratio) was placed in a glass vial
and stirred for 30 min. Next, 2-3 drops of nitric acid (65%, aq.)
were added and the resulting suspension was placed in an
oven. The mixture was heated at 130 °C for 3 days and then
cooled to room temperature at a cooling rate of 0.2 K min™".
Colourless crystals were filtered and air-dried to give com-
pounds 1-6. Details concerning yields, elemental analyses and
IR spectra are given in the SI.

Single crystal X-ray diffraction. Suitable crystals of 1-6 were
coated with Paratone® N oil, fixed on a small fibre loop and
mounted on an Oxford Diffraction Supernova diffractometer
equipped with a graphite-monochromated Enhance Mo X-Ray
Source (4 = 0.71073 A) at 120 K. The data collection routines,
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Chart 1 The segmented picolinate-based ligand used in this work.
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unit cell refinements and data processing were carried out
using the CrysAlis software package.’® The structures were
solved using SHELXT 2018/2 via the WinGX graphical inter-
face*" and refined using SHELXL-2019/2.*> All non-hydrogen
atoms were refined anisotropically. H atoms on carbon atoms
were included at calculated positions and refined with a riding
model with relative isotropic displacement parameters. On the
other hand, H atoms on solvent molecules and amine H atoms
on dimethylammonium cations were found in Fourier differ-
ence maps and refined with constrained isotropic thermal
parameters. CCDC 2392560-2392564 contain the supplemen-
tary crystallographic data for 2-5, respectively. CCDC 2068840
contains the corresponding data for previously reported 1.*°
These data are provided free of charge by The Cambridge
Crystallographic Data Centre.

Powder X-ray diffraction (PXRD). PXRD measurements of
compounds 1-6 were performed at room temperature using
Cu Ko radiation (4 = 1.54056 A) in a 2-40° 26 range.
Polycrystalline samples were lightly ground in an agate mortar
and filled into a 0.5 mm borosilicate capillary prior to being
mounted and aligned on an Empyrean PANalytical powder
diffractometer. Simulated diffractograms were obtained from
single crystal X-ray data using the CrystalDiffract software.

Magnetic susceptibility measurements. Variable tempera-
ture susceptibility measurements were carried out for com-
pounds 1-6 in the temperature range of 2-300 K with an
applied magnetic field of 100 mT on ground polycrystalline
samples using a Quantum Design (San Diego, CA, USA) MPMS
XL-5 SQUID magnetometer. The susceptibility data were cor-
rected for the sample holder and the diamagnetic contri-
butions of the sample, using Pascal’s constants.** AC suscepti-
bility measurements were performed on the same samples of
compounds 2-6 at low temperatures with different applied DC
fields in the frequency range of 10 Hz-10 kHz using the
Quantum Design (San Diego, CA, USA) PPMS-9 equipment.

Other characterization techniques. IR transmission measure-
ments were performed for powdered samples at room tempera-
ture using an FT-IR spectrometer (Bruker, Alpha II) equipped
with an attenuated total reflection (ATR) accessory in the range of
400-4000 cm™. C, H and N elemental analyses were performed
using a CE INSTRUMENTS 1110 EA elemental analyzer (SCSIE,
Universitat de Valéncia). Thermogravimetric analyses were per-
formed on Mettler-Toledo TGA/SDTA/851e apparatus under an

N, atmosphere at a scan rate of 10 K min™".

Results and discussion
Synthesis and characterization

Crystalline lanthanoid(m) coordination polymers 1-6 were pre-
pared by the reaction of lanthanoid(ur) chlorides (or nitrates)
with the picolinic acid ligand H,L, at a high temperature. The
addition of an acid modulator (nitric acid) was necessary in
order to obtain single crystals suitable for structural character-
ization. All the compounds could also be obtained from the
corresponding methyl diester under similar conditions.

This journal is © The Royal Society of Chemistry 2025
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The phase purity of the bulk materials was confirmed by
PXRD measurements. The experimental diffractograms
recorded at room temperature for compounds 1-6 (Fig. S1)
match perfectly the simulated patterns obtained from single
crystal data of the Tb derivatives at 120 K, indicating that all
the compounds in the series are isostructural.

Thermogravimetric (TG) analyses were performed under a
nitrogen atmosphere (Fig. S2). TG curves for 1-6 are very
similar and present three separate steps of weight loss. The
first one corresponds to around 5% of total weight and takes
place between 416 and 435 K. It is ascribed to the release of
two coordinated water molecules (caled: 4.71-4.62%). The
second and third steps occur above 550 K and are attributed to
the decomposition of dimethylammonium cations and L,>~
ligands, respectively. These results are consistent with the for-
mulation deduced from single crystal X-ray diffraction
measurements, which shows the presence of two water mole-
cules per lanthanoid ion.

Structural properties

An analysis of single crystal X-ray data shows that 1-6 are iso-
structural (Table 1) and crystallize in the monoclinic space
group I2/a. Their asymmetric units contain half Ln*" cation
and half [(CH;),NH,]" cation, both sitting on a twofold axis,
one L,*>” dianion and one coordinated water molecule. The
alkylammonium cation compensates the negative charge of

Table 1 Crystallographic data
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the host framework and originates from the hydrolysis of di-
methylformamide (DMF) solvent molecules.***>

The lanthanoid cation exhibits an octacoordinated dis-
torted square antiprism geometry (Fig. 1). It is surrounded by
two chelating picolinate subunits with Ln-O3 distances in the
2.36-2.42 A range, considerably shorter than the Ln-N1 dis-
tances, lying between 2.52 and 2.59 A (Table S1). This is
expected from the strong oxophilicity of the Ln*" cations.*®
Two water molecules (with Ln-O1W distances between 2.31
and 2.38 A) and two monodentate benzoate groups with
slightly shorter bonds (Ln-O1: 2.30-2.35 A) complete the
coordination sphere of the lanthanoid ions. The water mole-
cules and benzoate anions coordinating to the same Ln**
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Fig. 1 Thermal ellipsoid plot of the Ln®*" coordination environment in
1-6.

1? 2 3 4 5 6
Chemical formula C3,H,sEuN;0, C3,H,6GdN;04, C3,H,6TbN;04 C3,H,6DyN3;04 C3,H,cHON3O4 C3,H,6ErN;O4¢
a(A) 11.97630(10) 11.9735(2) 11.95379(12) 11.93791(9) 11.9306(2) 11.93381(13)
b(A) 10.67410(10) 10.7027(2) 10.71643(11) 10.73099(12) 10.7799(2) 10.72771(15)
c(A 24.7299(3) 24.6745(4) 24.5755(3) 24.5071(3) 24.3559(4) 24.4262(3)
a(°) 90.00 90.00 90.00 90.00 90.00 90.00
B 98.0830(10) 98.214(2) 98.3607(9) 98.3972(8) 98.763(2) 98.6388(11)
7 (° 90.00 90.00 90.00 90.00 90.00 90.00
V(A% 3129.97(6) 3129.57(9) 3114.71(6) 3105.84(6) 3095.86(9) 3091.62(7)
T (K) 120.2(3) 119.9(3) 119.9(3) 119.95(10) 119.9(3) 120.00(10)
Z 4 4 4 4 4 4
M, (g m01—1) 764.52 769.81 771.48 775.06 777.49 779.82
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic

Space group
Crystal
dimensions (mm)

I2/a (No. 15)
0.224 x 0.151 x
0.104

I2/a (No. 15)
0.390 x 0.281 x
0.150

I2/a (No. 15)
0.324 x 0.194 x
0.118

I2/a (No. 15)
0.336 x 0.154 x
0.085

I2/a (No. 15)
0.121 x 0.105 x
0.083

I2/a (No. 15)
0.340 x 0.203 x
0.106

u(Mo Ka) (mm™)  2.066 2.182 2.333 2.469 2.619 2.778

A (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Density (Mg m™)  1.622 1.634 1.645 1.658 1.668 1.675

Index ranges for ~ —16/16, —14/14, —14/15, —13/14, —15/15, —14/14, —15/15, —13/13, —15/15, —14/13, —16/16, —13/14,
h k1 —34/34 -31/32 —-32/31 -31/30 -30/31 —33/33

26 range (O) 6.378-59.506 6.674-55.256 6.704-55.480 6.404-55.552 6.770-55.474 6.748-59.642
Goodness-of-fiton 1.153 1.111 1.097 1.119 1.098 1.085

Reflns collected 37152 26278 40403 58070 28 834 36 543
Independent 4273 (0.0249) 3421 (0.0251) 3519 (0.0244) 3495 (0.0364) 3413 (0.0517) 4193 (0.0300)
reflns (Rine)

Data/restraints/ 4273/0/218 3421/0/218 3519/0/218 3495/0/218 3413/0/218 4193/0/218
parameters

R1, wR2 [I> 26()]*
R1, wR2 (all data)®

“R1= F(Fo| = [F )V Z|Fol; WR2 = [Z[W(F,” = F*)) X[wF,"]]

0.0145, 0.0355
0.0158, 0.0363

0.0143, 0.0365
0.0153, 0.0371

This journal is © The Royal Society of Chemistry 2025

1/2 b

0.0128, 0.0311
0.0140, 0.0318

0.0159, 0.0358
0.0184, 0.0375

Published in a separate work.*”

0.0257, 0.0494
0.0317, 0.0522
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cation form a very strong intramolecular H-bond (average dis-
tance: O1TW---02: 2.587 + 0.011 A).

Continuous shape measure (CShM) calculations using
SHAPE 2.1 confirm that the coordination geometries of 1-6
are distorted square antiprisms (with minimum CShM calcu-
lated values corresponding to a D,q symmetry, Table $2).%¢7*°
In compounds 1-6, an average value of 9.133 suggests an
important distortion from the ideal geometry. In fact, the skew
angles (@), described as the offset between the two squares
defined by the mean planes through the coordinated atoms,
lie between 49.5° (Eu) and 48.6° (Ho), differing from the value
expected for an ideal D,q symmetry (@ = 45°).

The heteroditopic ligand L;*~ connects two Ln’* cations by
involving the two coordinating subunits (chelating picolinate
and monodentate benzoate anions). In turn, each Ln*" cation
is surrounded by four L,>” ligands. This connectivity results in
the formation of a 2D rhombus grid layer that presents chan-
nels (average size: 7.36 x 20.56 A) along the a axis (Fig. S3).
Dimethylammonium cations sit into these voids (one cation
per channel) and are connected to the host structure by hydro-
gen bonds (Table S3) with the non-coordinated picolinate
oxygen atoms (average distance N2---O4: 2.723 + 0.005 A).

Additional hydrogen bonds (Table S3) between coordinated
water molecules and picolinate oxygen atoms (average dis-
tance: O1W---03: 2.776 + 0.010 A) connect complexes of con-
secutive layers related by the centre of symmetry, bringing the
lanthanoid cations to a relatively short distance lying between
6.133 A (Eu) and 6.113 A (Ho). This leads to a three-dimen-
sional H-bonded network with an alternating AA'AA’ arrange-
ment (Fig. 2). Furthermore, n-n stacking interactions involve
pyridine and benzene aromatic rings of adjacent layers.

In all the compounds, the ligand L, shows a nearly
planar conformation (Table S4), with small dihedral angles
between the pyridine and benzene rings (mean value: 12.9 +
0.8°). Furthermore, the picolinate fragment exhibits a low
torsion angle (mean value: 6.8 + 0.9°) and the geometry of the
triple bond is almost linear (average -C-C-C- bond angles of
177.9 £ 0.8° and 177.5 + 0.6°).

A family of lanthanoid complexes based on a similar het-
eroditopic  ligand  5-(4-carboxyphenyl)picolinate  dianion
(CPA*7) has been reported.*® The resulting compounds of the
formula [(CH;),NH,][Ln(H,0),(CPA),] are isostructural to 1-6,
although the crystal structure of these compounds was initially
reported in the C2/c space group, due to the choice of a non-
conventional unit cell.>® The lanthanoid coordination sphere
is analogous to that described for 1-6, and identical rhombus
grid layers are formed. Owing to the presence of the ethyny-
lene spacer, the size of the channels in 1-6 along its longest
direction is notably higher in comparison with this family of
compounds. Moreover, it is worth noting that the channels
present a hydrophilic character, due to the fact that they are
internally covered by non-coordinated carboxylate oxygen
atoms that may allow specific interactions between guest mole-
cules and the host framework in post-synthetic cation
exchange processes. These post-synthetic processes allow the
fabrication of new materials with enhanced properties that

13146 | Dalton Trans., 2025, 54, 13143-13154
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Fig. 2 View of the crystal structure of 1-6 along the x (top) and y
(bottom) directions showing the layered structure. H atoms have been
omitted for clarity.

may not be possible to obtain by direct methods. For instance,
the replacement of dimethylammonium cations with Li* ions
in [(NH,)(CHj;),],[Zn,(BDC);(DMA),]-6DMF (BDC>~ = 1,4-ben-
zenedicarboxylate; DMA = dimethylamine) results in an
increase in its internal surface area and methane sorption
capacity.”® In another case, exchange of the nickel() cations
located in the pores of Ni,[NiyjCu,-(Mesmpba),];]-54H,0
(Mezmpba®’™ = N,N'-2,4,6-trimethyl-1,3-phenylenebis(oxamate)
ligand) with barium cations produces a novel coordination
polymer that presents improved features for SO, adsorption.”*
Lanthanoid chemistry generally results in the formation of
isostructural compounds since lanthanoid ions exhibit
common chemical properties. Nevertheless, lanthanoid con-
traction can lead to slight structural changes or result in full
structural rearrangements that influence the physical pro-
perties of the materials. In the latter scenario, the structure of
the polymers varies dramatically with increasing atomic
number of the lanthanoid ion. For instance, the complexes
[Lny(HL);(H,0),,]-XH,O0 (HL>~ = 3,5-pyrazoledicarboxylate)
range from porous 3D frameworks (Ln = La-Pr, Nd and Sm)
and 2D double decker structures (Ln = Eu, Gd and Tb) to 2D
monolayer frameworks (Ln = Dy, Ho and Er).>* In our case, all
the compounds 1-6 are isostructural but it can be seen that,
with increasing atomic number, the cell volume and Ln-O and

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Variation of the Ln—-ligand bond lengths with increasing atomic
number (2) of lanthanoid ions for 1-6.

Ln-N bond lengths decrease continuously. The same is
observed for intramolecular and cation-anion H-bonding
interactions (Table S3). This is a clear signature of the lantha-
noid contraction effect (Fig. 3). The dimensions of the channels
exhibit continuous variation across the lanthanoid series: the
long dimension becomes shorter with increasing atomic
number, whereas the short dimension shows quite the oppo-
site effect (Table S5). With respect to the ligand geometry, devi-
ation from coplanarity is slightly more pronounced as the
cation size decreases (Table S4). This effect might be respon-
sible for the increase of the H-bonding interaction (O1W---O3)
between layers.

Magnetic properties

The thermal variation of the y,,T product (y, is the molar
magnetic susceptibility, Fig. 4) shows constant values at high
temperatures, in agreement with those expected for the Ln**
ions in their ground states (Table 2).>* In the Eu*" derivative

16
A14 )
2 s tossesses asmmamanss
S T
€10 Tb (3
o Gd (2)
QEL 6
:‘3 ! Eu(1
2 ud
0 T L L L B
0 50 100 150 200 250 300
T (K)

Fig. 4 Thermal variation in the y,,T product for compounds 1-6. Solid
lines are the fits to a simple model with weak intermolecular interactions
(see the text).
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Table 2 DC magnetic susceptibility data for 1-6
1 2 3 4 5 6
Ln3+ Eu3+ Gd3+ Tb3+ Dy3+ HO3+ Er3+
GM* Fo  *Sip "Fe *Hisp  lg s
g 0 2 3/2 4/3 5/4 6/5
ATeatc 0 7.87 11.81 14.17 14.06 11.48
Hlexp” 1.55  7.82 11.49 14.10 13.74 11.78
&7 exp 2.00 1.49 1.33 1.23 1.22
|13Jf (em™) 0.93 1.18 1.39 1.15 1.48
7/ (em™) —0.009 —0.047 —0.034 —0.051 —0.053
. 3 S(S+1)—-L(L+1
“GM = ground multiplet. ’g ==+ S+ UL+ . cale =
2 2 2J(J+1)

Napg

ngzj(]Jr 1) (emu K mol™?). ?Value measured at 300 K (emu K
mol™?). ¢ D: zero-field splitting parameter.”zj: mean-field parameter.

(1), the expected y,T value is zero since it has a diamagnetic
’F, ground state. Nevertheless, a room temperature value of ca.
1.55 cm® K mol™ was observed (Table 2 and Fig. 4) due to
thermal population of the first two excited "F; and “F, multi-
plet levels that arise from the splitting of the ground “F term
by first-order spin-orbit coupling. As expected, when the temp-
erature is decreased, y,7T in compound 1 decreases due to
thermal depopulation of the lowest excited multiplets and
tends to zero at very low temperatures. Accordingly, we have
fitted the y,,T product of 1 to a simple expression depending
only on the first-order spin-orbit coupling (1) parameter:**

ImT =
Nﬁ2 24 +Ae—x +Be—3x + Ce—6x +De—10x +Ee—15x +Fe—21x
3kTx 1+ 3e % + 5e73% + 776X 4 9e~10x 4 1115 4 13e21¥

where A = (27x — 3)/2, B = (135x — 5)/2, C = (378x — 7)/2, D =
(810x — 9)/2, E = (1485x — 11)/2, F = (2457x — 13)/2 and x = A/kT.

The best fit to this equation for compound 1 is obtained for
1=395(3) cm™', a value similar to those obtained for other Eu
() complexes.> ™’

The Gd(u1) compound (2) shows, as expected, a constant
value of around 7.8 em® K mol™" in the temperature range of
300-10 K and a sharp decrease at lower temperatures to reach
a value of 5.7 cm® K mol™" at 2 K (Fig. 4). This behaviour
suggests the presence of a very weak antiferromagnetic coup-
ling mediated by the carboxylate bridges. The other com-
pounds (3-6) show a gradual decrease in the y,,T value with
decreasing temperature which can be attributed to the pro-
gressive depopulation of the sublevels arising from the split-
ting of the ground term by the presence of the ligand field and
to very weak antiferromagnetic Ln-Ln interactions.’® The mag-
netic properties of compounds 2-6 (solid lines in Fig. 4) were
fitted with a simple model including a zero-field splitting (D)
and an antiferromagnetic coupling (z/) term, using the
program PHL>® The use of the mean-field approximation is
justified since Ln-Ln interactions are very weak (Table 2) in all
cases, as expected for Ln** cations connected through carboxy-
late bridges.”®
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Alternating current (AC) magnetic susceptibility measure-
ments of 2-6 were performed in order to study the low-temp-
erature magnetic relaxation behaviour of these compounds (in
the presence of an oscillating AC field of 3.95 Oe). The two pre-
requisites for observing slow relaxation of magnetization are
(i) a bistable electronic ground state, which arises from the
combination of spin-orbit coupling and crystal-field splitting
in the case of lanthanoid complexes, and (ii) magnetic an-
isotropy, being inherent in lanthanoid cations. Tb**, Dy** and
Ho*" exhibit oblate 4f charge distributions, whereas the distri-
bution of Er*" is prolate and that of Gd** is spherical.>® The
europium derivative was not included in these experiments
due to the presence of a non-magnetic ground state. Under a
zero direct current field, none of the compounds show any
noticeable out-of-phase AC (yp,) signal, indicating a small
energy barrier for spin reversal and/or fast quantum tunnelling
of the magnetization.

When a DC field is applied, compounds 2 (Gd), 4 (Dy) and
6 (Er) exhibit frequency-dependent out-of-phase signals (ym)
(Fig. S4-S6), indicating that fast relaxation is suppressed in a
DC field. In these three cases, the frequency dependence of
the ym signal suggests the presence of two maxima, indicating
two different relaxation processes: a slow relaxation process,
with a relaxation time 7, operating at lower frequencies and a
faster relaxation process, with a relaxation time 7,, operating at
higher frequencies. This seems to be in contradiction with the
existence of only one crystallographically independent Ln*" ion
in compounds 2-6. However, the observation of two different
relaxation processes is rather common in lanthanoid-based lat-
tices and may be attributed to the presence of relaxation path-
ways via excited states.’® For the Gd compound (2), the two
maxima are clearly seen at high fields (Fig. S4). The yy, signal
increases as the DC field is increased and the fast relaxing
component reaches a maximum intensity at a static field
around 120 mT. For the Dy derivative (4), the
relaxation process appears below the frequency range of the
experiment (Fig. S5), but it is clearly observed that the
maximum of the fast relaxation process (z,) shifts to lower fre-
quencies and increases its intensity with increasing magnetic
field, reaching a minimum frequency and a maximum inten-
sity for DC fields around 50 mT. For the Er derivative (6), the
maximum of the fast relaxation process (z,) remains almost
constant as the DC field is increased in the range of 0-60 mT
and shifts to higher frequencies for higher fields (Fig. S6),
reaching the highest intensity in the out-of-phase signal for
Hpc = 80 mT.

The fit of the frequency dependence of yy, to a Debye
model for two relaxation processes (eqn (1), solid lines in
Fig. S4-S6) gives us the relaxation times (7) for each applied
DC field.®® Despite that there are seven adjustable parameters
in eqn (1), the isothermal (y;; and y») and adiabatic (ys) sus-
ceptibilities, as well as the relaxation times (z; and z,), can be
easily estimated from the in-phase signal (yp,) values at
different frequencies and from the position of the low- and
high-frequency maxima, respectively. The calculated z; values
are reliable only for 2 (Gd), since the maxima of the first relax-

slow
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ation process lie outside the measured frequency range for the
other compounds.

g

(wr1)' ™™ cos (7)

IR 77 -
1+ 2(07) ™ 5111(71) + (o7,) 2™

X'(@) = (rr — Xs)

(7)™ cos (%)
+ W2 = Xr1) .
1+ 2(wzr,)" " sin (%) + (wry)* 2™

(1)

The relaxation times (r,) obtained from the fit to the Debye
model increase as the DC field increases for the Gd compound
but reach maxima for 7, at around 100 mT (Fig. S7) and 50 mT
for the Dy and Er derivatives (Fig. S8 and S9). This behaviour
can be well reproduced with the general model (eqn (2)),*"
with the parameters displayed in Table S6 (solid lines in
Fig. S7-S9).

B,

—1 n
— AH'T + — L
’ EEEYNE

+D (2)
A, By, B, and D in this equation are parameters corresponding
to the different relaxation mechanisms: direct (4), quantum
tunnelling (B; and B,), Raman and Orbach (D, since they are
field-independent). H is the applied DC magnetic field and n
is equal to 4 for Kramers ions (Gd, Dy and Er).

Once the optimal DC fields are determined where the yp,
signal is more intense and appears at a lower frequency
(maxima in the 7, vs. H plots), a detailed study of the frequency
dependence of the AC signal as a function of the temperature
was performed under applied DC fields of 120, 50 and 80 mT
for the Tb, Dy and Er derivatives, respectively. For the Gd
derivative (2), the frequency dependence of yy, in an applied
DC field of 120 mT shows at 1.9 K a maximum at around 800
Hz and a shoulder located at ca. 20 Hz. Both features shift to
higher frequencies as the temperature increases (Fig. 5a). The
fit of this data to the Debye model for two relaxation processes
(eqn (1)) gives us the relaxation times 7; and 7, at each temp-
erature. These data, displayed in an Arrhenius plot (In z versus
1/T, Fig. 5b), show for 2 a linear dependence at high tempera-
tures with a clear curvature at lower temperatures.®> Attempts
to fit the Arrhenius plots of compound 2 to all the possible
mechanisms in eqn (3) show that the best fit is obtained
including only the Orbach and direct mechanisms (second
and fourth terms in eqn (3)) with the parameters displayed in
Table 3 (solid lines in Fig. 5b).

Uest
kT

T =t + 10t exp (— ) + CT" + AH*T (3)

In the case of the Dy derivative (4), we have studied the fre-
quency dependence of the out-of-phase signal in a 50 mT DC
field at different temperatures. At 1.9 K, we observe a
maximum in the yf, signal at 6000 Hz (Fig. 6a). This
maximum shifts continuously to higher frequencies as the
temperature is increased. This behaviour indicates that the
predominant mechanism for the relaxation of the magnetiza-

This journal is © The Royal Society of Chemistry 2025
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: Hpe = 120 mT
R
0.1 0.2 0.3 0.4 0.5
/T (K1)
Fig. 5 (a) Frequency dependence of yy, for the Gd derivative (2) in a DC

field of 120 mT at different temperatures. Solid lines are the best fit to
the Debye model for two processes (eqn (1)). (b) Arrhenius plot of the
relaxation times for 2 in a DC field of 120 mT. The solid line is the best fit
to a model with direct and Orbach relaxation mechanisms (eqn (3)).

tion is thermally activated. We have fitted the data to a Debye
model for two relaxation processes (eqn (1)) to obtain the relax-
ation times of the fast relaxation process (z,) at each tempera-
ture (7, values are unreliable, the slow relaxation process lying
outside the frequency range). The Arrhenius plot (In z versus 1/
T, Fig. 6b) shows a linear behaviour with a very slight curvature
at low temperatures, pointing to the presence of a thermally
activated mechanism. Attempts to fit the data with the three
possible mechanisms (quantum tunnelling was discarded in
the presence of an applied DC field) show that the data can be
fitted to Orbach and direct mechanisms with the parameters
shown in Table 3 (solid line in Fig. 6b).
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Fig. 6 (a) Frequency dependence of yn, for the Dy derivative (4) in a DC
field of 50 mT at different temperatures. Solid lines are the best fit to the
Debye model for two processes (egn (1)). (b) Arrhenius plot of the relax-
ation times for 2 in a DC field of 50 mT. The solid line is the best fit to a
model with direct and Orbach relaxation mechanisms (eqn (3)).

A similar study was performed for the Er compound (6). In
this case, the DC field was set to 80 mT and the frequency
dependence of the out-of-phase signal was measured at low
temperatures in the 1.9-2.35 K range (Fig. 7a). Fitting of the
data to a Debye model for two relaxation processes (eqn (1))
yields the relaxation times of the fast relaxation process (z,) at
each temperature (z; values are again unreliable). The
Arrhenius plot (Inz versus 1/T, Fig. 7b) also shows a linear
behaviour with a very slight curvature at low temperatures. As
in the case of 4, the data can be fitted to Orbach and direct
mechanisms with the parameters shown in Table 3 (solid line
in Fig. 7b).

It is worth noting that 2 is one of the few reported Gd(m)
lattices showing slow relaxation of magnetization (SRM). In

Table 3 Magnetic parameters obtained from the fit of the Arrhenius plot to the general model (egn (3))

Compound Hpc (mT) Process AH* (K™) 7o () Uesr (K)
2 (Gd) 120 7 6.3(3) 2.5(6) x 107° 95(3)
7 1.51(1) x 10° 4.4(1)x 107 21.4(3)
4 (Dy) 50 7 1.4(3) x 10* 1.1(8) x 107% 17(2)
6 (Er) 80 7 1.9(2) x 10* 1.1(2)x 107" 48(3)

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) Frequency dependence of yr, for the Er derivative (6) in a DC

field of 80 mT at different temperatures. Solid lines are the best fit to the
Debye model for two processes (eqn (1)). (b) Arrhenius plot of the relax-
ation times for 6 in a DC field of 80 mT. The solid line is the best fit to a
model with direct and Orbach relaxation mechanisms (eqn (3)).

comparison with the many reported Dy(m) compounds
showing SRM,**~®° the number of Gd(m) compounds showing
SRM is much lower. Since the Gd*" ion has a half-filled 4f”
configuration, the ground state multiplet ®S,, is magnetically
isotropic, excluding in principle the existence of an energy
barrier for spin reorientation. Thus, it has been suggested that
slow relaxation in Gd(m) complexes can be ascribed to a
phonon-bottleneck effect.®” This picture assumes that the
wavelength of the resonant phonon is larger than the separ-
ation between Gd** ions, a situation that could be possible in
2, where the lanthanoid cations are separated by a distance
slightly larger than 6 A. However, although the first reports on
SRM of Gd(m) compounds refer to polymeric structures con-
taining short Gd-Gd distances,”®**”7° well isolated mono-
nuclear Gd(m) compounds exhibiting SRM have been
reported.”’ It has been argued that zero-field splitting in
strongly distorted environments could account for the
efficiency of the resonant phonon trapping.”

Finally, the AC magnetic susceptibility of 3 (Tb) and 5 (Ho)
shows that these compounds lack SRM properties, even in the
presence of a DC magnetic field. This may be related to the
fact that Tb®>" and Ho>" are non-Kramers ions. In fact, previous
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studies show that a strong axial crystal-field symmetry is
needed for the observation of SRM effects in non-Kramers
ions. In the case of compounds 1-6, there are four shortest
Ln-O distances leading to an equatorial-like ligand field that
may induce a larger energy barrier for spin reorientation in the
erbium(mr) compound.

Conclusions

A heteroditopic ligand L,>” containing distant picolinate and
benzoate anions connected by an ethynylene bridge has been
used in the synthesis of a family of 2D anionic coordination
lattices of the formula [(CH;3),NH,]|[Ln(H,0),(L;),] (Ln = Eu (1),
Gd (2), Tb (3), Dy (4), Ho (5) and Er (6)). AC magnetic measure-
ments show that lanthanoid ions with doubly degenerate
ground states (Kramers doublets) 2, 4 and 6 present slow relax-
ation of magnetization when a DC magnetic field is applied. It
has been shown that, under these conditions, the dynamic
properties of these compounds follow direct and Orbach
mechanisms. On the other hand, non-Kramers ions (3 and 5)
show lack of slow dynamic properties. Interestingly, compound
2 constitutes one of the few examples of slow relaxation in a
Gd(ur) compound.
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