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From field-induced to zero-field SMMs associated
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We have prepared a bis(compartmental) Mannich base ligand HyL (1,4,8,11-tetraaza-1,4,8,11-tetrakis(2-
hydroxy-3-methoxy-5-methylbenzyl)cyclotetradecane) specifically designed to obtain bis(TM"Ln") tetra-
nuclear complexes (TM = transition metal). In this regard, we have succeeded in obtaining three new
complexes of the formula [Zn,(u-L)(u-OAc)Dy,(NO3),] [Zn,(u-L) (u-OAc)Dy,(NO=)(OAC)]-4CHCl3-2MeOH
(1) and [TM,(u-H.L)5(u-succinate)Ln,(NOs),] (NOs),-2H,0-6MeOH (TM" = Zn, Ln" = Dy (2); TM" = Co,
Ln" = Dy (3)). Compound 1 contains two different bis(ZnDy) tetranuclear molecules that cocrystallize in
the structure, in which acetato bridging ligands connect the Zn" and DyIII ions within each ZnDy subunit.
This compound does not exhibit slow magnetic relaxation at zero field, but it is activated in the presence
of an applied dc magnetic field and/or by Dy/Y magnetic dilution, showing two relaxation processes
corresponding to each of the two different bis(ZnDy) units found in the structure. As revealed by the
theoretical calculations, magnetic relaxation in 1 is single-ion in origin and takes place through the first
"ion. When using the succinato dicarboxylate bridging ligand instead of acetate,
compounds 2 and 3 were serendipitously formed, which have a closed structure with the succinate anion
bridging two ZnDy subunits belonging to two different ligands. It should be noted that only compound 2
exhibits slow relaxation of magnetization in the absence of an external magnetic field. According to
experimental and theoretical data, 2 relaxes through the second excited Kramers doublet (Uegr = 342 K).
In contrast, 3 displays field-induced SMM behaviour (Uess = 203 K). However, the Co/Zn diluted version of
this compound 3z, shows slow relaxation at zero field (Uexr = 347 K). Ab initio theoretical calculations
ions is at the origin of the lack

excited state of each Dy

clearly show that the weak ferromagnetic coupling between Co' and Dy
of slow relaxation of this compound at zero field. Compound 2 and its diluted analogues 2y and 3z,, show
hysteresis loops at very low temperature, thus confirming their SMM behaviour. Finally, compounds 1 and

2 show Dy based emission even at room temperature that, in the case of 2, allows us to extract the split-

ting of the ground 6H15,2 term, which matches reasonably well with theoretical calculations.
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Introduction

Single-molecule magnets (SMMs) are open-shell coordination
compounds displaying slow relaxation of magnetization and,
as a result, magnetic hysteresis and magnetic memory below
the so-called blocking temperature (T3)." These properties
make SMMs potential candidates for magnetic data storage’
and molecular spintronic® devices. The SMM behavior mainly
depends on the magnetic anisotropy, which arises from the
combined action of spin-orbit coupling (SOC) and ligand field
effects. Therefore, it is not surprising that the best SMM pro-
perties have been observed for metal complexes containing
very anisotropic lanthanide ions, particularly Dy™. In fact, dys-
prosocenium analogues have been shown to be very efficient
as SMMs with a U (effective energy barrier for magnetization
reversal) of up to 1540 cm™" and Ty values surpassing the
temperature limit of liquid nitrogen.* Even though many other
factors should be considered, a fundamental one to observe
SMM behaviour is the easy-axis anisotropy of the Dy"™ ion. To
achieve this requirement, the Dy™ ion should have as strong
an axial field and as weak an equatorial ligand field as poss-
ible.’ It is worth noting that Ty and U are not always strictly
linked, since under-barrier relaxation pathways may co-exist
shortcutting the U.s and diminishing the functional Ty value.
Indeed, a wide variety of systems have recently been reported
with large Uy values, but with widely varying Tys®™ that are
typically smaller than those expected based on U values.
Inspired by these guidelines, we and others have prepared a
series of aminophenol Mannich and Schiff based compart-
mental ligands that can simultaneously host both 3d and 4f
ions in separate coordination pockets.'®* In such com-
pounds, the largest negative charge, and consequently the
largest ligand field, is provided by phenoxido groups, while
the remaining neutral heteroatoms provide weaker ligand
fields. Under these conditions, the magnetic anisotropy of the
Dy"™ ion mainly depends on the location of the phenoxido
groups in the Dy™ coordination sphere. For instance, in tri-
nuclear ZnDyZn complexes with two pairs of phenoxido
groups placed at opposite positions of the Dy™ ion, the crystal
field favours the easy-axis magnetic anisotropy, which usually
leads to an improvement of the SMM properties. Moreover, the
inclusion of diamagnetic Zn" can also be an adjuvant factor to
increase the easy-axis magnetic anisotropy of the Dy™ ion in
this type of 3d-4f complex.’® Additionally, it needs to be
pointed out that when both (3d and 4f) paramagnetic ions are
combined in a system, in some cases magnetic interactions
suppress quantum tunnelling of magnetization (QTM). This
fact could also favour the SMM behaviour at zero field, as
observed in some strongly coupled CrDy or NiDy based
compounds.'®"® However, it should be noted that the strategy
of combining two exchanged anisotropic metal ions into a
compound does not ensure SMM behaviour even in the pres-
ence of an applied magnetic field.'®"” Thus, in order to better
understand the magnetic interactions between 3d and 4f ions
and, most importantly, their effect on the SMM behaviour, it
would be very useful to prepare relatively simple 3d-4f
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systems. In addition, lanthanides can emit light in both the
visible and NIR regions."®'® Thus, multifunctional systems
with magnetic and luminescence properties can be obtained.
Besides, the emission bands are directly related to the elec-
tronic structure of the lanthanide ion, and therefore extremely
valuable information could be obtained from the emission
spectra.

In view of the foregoing, it becomes clear that the use of
compartmental ligands to prepare relatively simple 3d-4f
systems is still of paramount interest. In this regard, Comba
et al.'” are pioneers in preparing potential compartmental
ligands by incorporating aminophenol groups as substituents
at the nitrogen atoms of triaza- and tetraaza-macrocycles.
These ligands allow the preparation of linear 3d-4f-3d trinuc-
lear and 3d-4f dinuclear complexes, respectively.'’?° In the
latter case, no tetranuclear complexes were formed, since two
of the aminophenol groups linked to the 1,4,7,10-cyclodode-
cane macrocycle in alternating positions do not coordinate the
metal ions. In this regard, and in order to obtain tetranuclear
bis(ZnDy) compounds, we have designed and synthesized a
novel Mannich ligand, 1,4,8,11-tetraaza-1,4,8,11-tetrakis(2-
hydroxy-3-methoxy-5-methylbenzyl)  cyclotetradecane, H,L
(Scheme 1). This ligand has four (two and two) individual
pockets ideal for bis(3d-4f) systems, where all aminophenox-
ido groups would bridge 3d and 4f metal ions. These bis(3d-
4f) systems can be connected by different linkers to give very
interesting systems not only from a structural, but also from a
magnetic point of view.

Herein, we report the X-ray single-crystal structures, dc and
ac magnetic properties, theoretical ab initio calculations and
photoluminescence properties of the following bis(3d-4f) com-
plexes of the formula [Zn,(p-L)(p-OAc)Dy,(NO3), - [Zn,(p-L)(p-
OAc)Dy,(NO;)(OAc)]-4CHCl;-2MeOH (1) and [TMy(p-H,L)y(p-
succinate)Ln,(NO;),](NO;),-2H,0-6MeOH (TM" = Zn, Ln™ =
Dy (2); TM" = Co, Ln™ = Dy (3)). The aim of this work is four-
fold: (i) to confirm the formation of bis(ZnDy) tetranuclear
complexes and to analyse how the nature of the carboxylate
ancillary ligand (mono- or dicarboxylate) affects the final tetra-
nuclear structure; (ii) to determine whether complexes 1 and 2
exhibit SMM behaviour and, if so, to perform theoretical ana-

~N ~
(o) (o)
Vel
OH N] [N OH
OH N\\/N OH

Scheme 1 Structure of ligand Hyl.
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lysis of their electronic structure to support their magnetiza-
tion relaxation mechanisms; (iii) to perform experimental and
theoretical studies on compound 3, as well as on its dilute
counterparts 2y, 3z, and 3y, which are isostructural versions of
2, to elucidate the origin of the influence of the Co-Dy mag-
netic coupling on the SMM properties of 2; and (iv) to study
the luminescence properties of 1 and 2 and to correlate the
structure of their experimental emission spectra with the
theoretically calculated electronic structure.

Results and discussion

Synthetic procedures and details of the experimental and
theoretical methodologies used to study the reported com-
plexes are described in the ESL{

The compartmental ligand H,L (Scheme 1) possesses two
double pockets. Each pocket consists of an inner N,O, site
suitable for transition metal ions and another outer O, site
more suitable for harder oxophilic metal ions, such as lantha-
nides. Therefore, each ligand can give rise to two dinuclear
systems in one, ie. a bis(ZnDy) system, in which the macro-
cycle backbone links the ZnDy subunits. In good agreement
with this, the reaction of H,L with Zn(OAc),-2H,0, Dy
(NO3);:-5H,0 and Et3N in a CHCl3/MeOH solvent mixture pro-
duced the tetranuclear bis(ZnDy) complex (1). In 1, the Zn"
and Dy™
acetate group. Each ZnDy subunit is very similar in the coordi-

ions within each dinuclear subunit are bridged by an

nation environment of metal ions to the acetate-bridged dinuc-
lear compound we reported previously.’® In the synthesis of
compounds 2-3, H,L reacted with the corresponding TM
(NO3),:xH,0 and Ln(NOj3);-xH,0 in methanol in the first step,
and with succinic acid and Et;N in the second step. The final
complexes 2-3 exhibit a closed bis(TMLn) tetranuclear struc-
ture in which two dinuclear TMLn units are bridged by two
aminophenolate groups belonging to neighbouring ligands
and a succinate linker.

Crystal structures

The compartmental ligand H,L crystallizes in the triclinic P1
space group. The asymmetric unit consists of half of the
ligand, where the phenol groups are stabilized by intra-
molecular hydrogen bonds towards amines (crystallographic
data are given in Table S3,1 and the structure is shown in
Fig. S1%).

Compound 1 crystallizes in the monoclinic P2/c space
group (Table S3t for crystallographic data). The asymmetric
unit contains two different half molecules and three crystalli-
zation solvent molecules (two chloroform and one methanol
molecules). As mentioned above, two slightly different struc-
tures co-crystallize within the crystal structure, which will be
referred to as 1A and 1B hereinafter (Fig. 1). In both cases, the
fully deprotonated L'~ ligand encapsulates two pairs of
Zn"Dy™ systems, which are triply bridged by two phenoxido
groups of the main ligand and one syn-syn acetate group. In
both 1A and 1B, the transition metal possesses the same

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

Fig. 1 Perspective view of the molecular structure of 1 (1A top panel
and 1B bottom panel). Hydrogen atoms are omitted for clarity.

ZnN,O; square pyramidal coordination environment according
to SHAPE®' calculations (Table S61). The shortest bond
lengths correspond to Zn-O (1.969(2)-2.064(2) A), while the
Zn-N distances are somewhat longer (2.140(3)-2.221(3) A).

The difference between 1A and 1B (besides bond distances
and angles, Table S471) lies in the coordination environment of
the Dy ions. They both exhibit DyO, coordination spheres,
and seven of the nine oxygen atoms belong to the same
groups, namely, two phenoxido and two methoxy belong to
L', two oxygen atoms come from the bidentate nitrate and
one oxygen belongs to the bridging acetate. The last two
oxygen atoms, however, belong to an additional bidentate
nitrate in 1A and another additional chelating acetate in 1B. In
terms of bond lengths, Dy-O bonds fall into four different cat-
egories: the shortest Dy-Ophenoxido bonds (in the range of 2.262
(2)-2.285(2) A), intermediate Dy-O,,.acetate (2-329(3) A and 2.346
(3) A), longer Dy-Onpjerace (between 2.441(3) and 2.500(3) A) and
the longest Dy-Opmethoxy (in the range of 2.515(2)-2.572(2) A).
For the chelating acetate, the Dy—Ogcetae bond lengths are
longer than those for bridging acetate, but shorter than those

Dalton Trans., 2024, 53, 7971-7984 | 7973
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of Dy-Onitrace: 2.407(3) A and 2.441(3) A. Although the differ-
ences between 1A and 1B are small, they seem to have a signifi-
cant effect on the dynamic magnetic properties related to
them (vide infra). SHAPE analysis shows that the coordination
polyhedra in both cases are far from ideal symmetry, but in
both cases, they best fit a capped square antiprism (Table S77).
Finally, the shortest intermolecular Dy™..-Dy"" distance is
8.3079(7) A, while intramolecular distances are 12.3011(6) A
and 12.1047(6) A for 1A and 1B, respectively.

Compounds 2 and 3 are isostructural and crystallize in the
orthorhombic Pha2 space group (for crystallographic data, see
Table S31). In view of this, only compound 2 will be described
hereinafter as an example. The X-ray crystal structure of 2 con-
sists of the [Zn,(pu-H,L),(p-succinate)Dy,(NO;),]*" cation, two
NO;™ anions, six methanol and two water crystallization mole-
cules (Fig. 2).

Only one of the two double pockets in each ligand acts as
predicted, encapsulating a dinuclear Zn"Dy™ entity. As for the
other pocket, only one aminophenolate group coordinates to
the Dy"" ion (located in the pocket of the other H,L>~ ligand)
in a bidentate form via the oxygen atoms of the phenoxido and
methoxy groups, while the other aminophenol group remains
uncoordinated with the phenol group in the protonated state.
Hence, three of the four phenol groups are deprotonated,
acting as Zn"Dy™ bridging phenoxido groups (O1 and 03
from the pocket) or as monocoordinating non-bridging phe-
noxido group (O7). Nonetheless, the ligands exhibit the H,L>~
mode, since part of them have a zwitterionic form. More
specifically, the protons from O7 migrate to the nearest amine
N4, forming one asymmetric centre in each ligand, which is
stabilized by a hydrogen bond between N4H..-O7. Taking into
account that the asymmetric unit contains only half of the

Fig. 2 Perspective view of the molecular structure of compound 2.
Hydrogen atoms (except the phenolic and zwitterionic ones) and the
counterions are omitted for clarity.
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molecule, both new centres in the molecule have the same con-
figuration (R, R’ or S, S'). However, bearing in mind that there is
no chiral directing agent to force the structure to be one enan-
tiomer or the other, they both co-crystallize in the crystal struc-
ture (Fig. S21). The role of the succinate ligand is essential in
this structure because it acts as a double bridging group. On
the one hand, it forms a bridge between Zn" and Dy"™ ions in
the same way as in 1, and, on the other, it connects two dinuc-
lear entities located in the pocket of each ligand.

In 2, the ZnN,Oj; coordination sphere is very similar to that
in 1. However, although the DyO, coordination environment is
formed by the same seven out of nine oxygen atoms belonging
to the same groups as in 1 (two phenoxido, two methoxy, two
nitrate and one succinate oxygen atoms), the additional
chelate nitrate (or acetate in 1B) is replaced by a chelate
formed by the oxygen atoms of the phenoxido and methoxy
groups of the neighbouring ligand, resulting in a distorted
muffin geometry (Table S7%). Therefore, the ZnDy subunits are
connected by two aminophenolate groups belonging to neigh-
bouring ligands and by a bis(chelate) succinate connector,
forming a closed structure. Dy-Ophenoxido bond lengths are the
shortest ones in the range of 2.227(4)-2.313(4) A, the Dy-
Ocarboxylate 15 slightly longer at 2.320(4) A and the rest of Dy-O
lengths are larger than 2.4 A (Table S$51). Remarkably, among
the wide variety of donor atoms in this system, the most nega-
tively charged phenoxido groups somehow provide the system
with an appropriate crystal field leading to an axial ground
state, which favours the SMM behaviour. Indeed, open angles
with values of 137.32(16)° and 143.73(15)°are found between
01-Dy1-07 and O3-Dy1-07, respectively. As will be shown in
the following sections, such a ligand field is important in
explaining the dynamic magnetic properties of this system.

Within the molecule, the Dy"™...Dy™ and Zn".--zn" dis-
tances are 8.6991(6) A and 7.6269(9) A, respectively, and the
shortest intermolecular Dy™..-Dy"" and Zn™..-Zn" distances
are 10.8644(6) A and 11.5391(9) A, respectively. In compound
2, the solvent molecules could not be properly refined.
However, Fig. S3 and S4t1 show the supramolecular structure of
3 to clarify how these molecules are arranged in the 3D struc-
ture. It is worth mentioning that nitrate counterions as well as
methanol and water molecules form a complex hydrogen-
bonding pattern along the b axis (Fig. S31), while the cationic
[Co,(pu-H,L),(p-succinate)Dy,(NO;),**  units are linked by
hydrogen bonds between O5H::-O3N. Thus, the cationic frag-
ments grow to form a 2D framework in the ab plane (Fig. S47).

Static magnetic properties

The temperature dependence of the y,,T product (yy being the
molar susceptibility) of polycrystalline samples of complexes
1-3 in the 2-300 K temperature range at an applied field of 0.1
T is given in Fig. 3. The room temperature y,7 values for 1
and 2 of 57.90 and 28.26 cm® mol " K, respectively, are in the
expected ranges for four and two non-interacting Dy™ ions
(14.17 cm® mol ™" K; ®Hy5/, and g = 4/3). Compound 3, contain-
ing additional anisotropic Co" ions, has a value of 33.95 cm®
mol™" K at room temperature, which is greater than the

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Experimental temperature dependences of the yuT product
under a field of 0.1 T for complexes 1-3 and the SINGLE_ANISO (1 and
2) and POLY_ANISO (3, J = 0.48 cm™) simulated data using the results
of ab initio calculations (solid red lines).

expected value for two Co™ (with S = 3/2 and g = 2; 1.875 cm®
mol ™" K) and two Dy™ ions of 32.09 cm® mol™ K. This fact is
mainly due to the unquenched orbital angular momentum of
Co" ions. Complexes containing a sole type of anisotropic ion
(1 and 2) demonstrate the usual temperature dependence of
the ymT product. Thus, ym7T gradually decreases with decreas-
ing temperature due to the depopulation of the M; sublevels of
the Dy" ion arising from the splitting of multiplets by the
ligand field. The final drastic drop for 2 could be indicative of
magnetic blocking.>” In contrast, for compound 3, a gradual
decrease in y\T is followed by a sharp increase below 25 K,
reaching a value of 35.08 cm® mol™ K at 2 K. This behaviour
below 25 K clearly indicates the existence of a ferromagnetic
coupling between Co" and Dy™ ions via bis(phenoxido)succi-
nate bridges. As can be seen in Fig. 3, ypT vs. T curves for 1-3
are very well reproduced by theoretical calculations (see below
in the “Theoretical studies” section). For all compounds, there
is both a lack of saturation (Fig. S5 and S6%), and some non-
superimposable features in the reduced magnetization curves
(Fig. S7 and S8t) in the 2-5 K temperature range, which
suggests the occurrence of magnetic anisotropy.

Dynamic magnetic properties

At zero field, only compound 2 exhibits well-defined maxima
in the y"m(T) plot below 28 K. Compounds 1 and 3 display
non-zero signals, but without maxima (Fig. S9 and S10%). This
may be due to the presence of a fast QTM process that prevents
SMM behaviour. In order to suppress it, well known tech-
niques have been used, such as the application of external dc
fields and magnetic dilution in isostructural diamagnetic
matrices.”* >

Frequency and temperature dependent ac susceptibility
measurements were performed under an optimum dc field of
2.5 kOe for 1 (see field optimization data in Fig. S11 and
S12%). To estimate the relaxation times of the two observed
processes (FR, fast relaxation and SR, slow relaxation) the
x"wm(v) curves were fitted in the temperature range of 2.0-2.6 K
and 7.0-13.0 K, respectively (Fig. S15 and S167). The signifi-
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cant difference in operating temperatures for these processes
allowed us to make this distinction. It is worth mentioning
that for the FR process, only data above 1000 Hz were fitted to
the generalized Debye model, since data below this frequency
are significantly affected by the SR process.

The temperature dependence of the magnetization relax-
ation time in molecules exhibiting slow relaxation of the mag-
netization is commonly described by eqn (1):

v ' =AH*T + By /(1 + B,H?*) + CT" )

+ Tal exp(—Uest/kpT)
where the first two terms correspond to the field dependent
direct and QTM relaxation processes, respectively, whereas the
third and fourth terms represent the field independent Raman
and Orbach relaxation processes, respectively. Despite the high
a values obtained from the Cole-Cole plots for 1 in both
regimes (FR: 0.37 (2.0 K)-0.62 (2.6 K); SR: 0.52 (7.0 K)-0.49
(13.0 K)), which may be due to the mixing of the FR and SR
processes, the temperature dependence of the relaxation times
can be fitted to the Orbach process (Fig. 4). The best fit Uey
and 7, values are given in Table 1. Additional data analysis was
accomplished using the CCFIT software.>® This methodology
gave results comparable to those obtained by separating the
two temperature regimes (Fig. S197).

i — Orbach SR, 1
1 — Orbach FR, 1
-8
% i Orbach SR, 1y
£ 1 Orbach + Raman
10 / ‘ FR, 1y
12 ——
0.0 0.2 0.4 0.6

7K

Fig. 4 Arrhenius plot for relaxation times for 1 and 1y under 2.5 kOe
applied field.

Table 1 Uy, 0. C, n, and zqtm parameters generated from the fit of the
relaxation time—temperature dependence for 1, 1y, 2, 2y, 3, 3z, and 3y

dc field Orbach Raman QTM
Comp. kOe Uest (K) 7o (s) C(s'K™ n Tarm (8)
1 2.5 9.2(FR)  6.4x107"
66.9 (SR) 1.2x1077
1y 2.5 46.8 (FR) 2.6x107'" 285.4 2.04
94.0 (SR) 1.6x107°
2 0 261.0 2.1x107°
1 342.4 24x107"° 49x10™* 511
2y 1 326.7 1.5x107"° 1.0x10™* 5.64
3 2.5 203.0 1.4x107% 9.8 1.61
3n 0 347.2 9.0x107'" 0.052 3.86 1.2x107°
2.5 334.8 24%x107"° 1.0x10™* 5.65
3y bis(CoY) 1.5 588.5 (FR) 2.59 4.9 x107*
3y (CoDy)(CoY) 209.1 (SR) 6.0 x 1077

Dalton Trans., 2024, 53, 7971-7984 | 7975
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Magnetically diluted samples were also studied to avoid
possible intra- or intermolecular dipolar Dy---Dy interactions
that may contribute to QTM. At zero applied dc field, the
dynamic behaviour of 1y is very similar to that of 1 under an
external field of 1 kOe (Fig. S207) in terms of SR, whereas FR
appears to be hidden by a strong QTM. Therefore, magnetic
dilution does not completely suppress QTM, but it is sufficient
to trigger the SMM behaviour of the SR process. We repeated
the measurements for 1y under the same optimal external
field as for 1 (2.5 kOe, Fig. S22t). Again, FR and SR processes
were individually analysed by choosing the appropriate temp-
erature range in y"\;(v) curves. The temperature dependence of
the relaxation times for the FR process was fitted to a combi-
nation of Raman and Orbach processes, whereas a single
Orbach mechanism was considered for the SR process (Fig. 4).
The corresponding magnetic parameters are given in Table 1.
The analysis with CCFIT is shown in Fig. S27, where consist-
ent results are displayed.

The simultaneous appearance of two sets of maxima in the
x"m(T) and y"\(v) plots may be due to (i) the presence of intra-
or intermolecular interactions,”””*® (ii) the emergence of novel
relaxation mechanisms due to the presence of an external
magnetic field,"* or (iii) the coexistence of two crystallographi-
cally independent Dy"" ions,*® although it is known that even a
unique type of Dy ion can show two maxima.’® We have
ruled out the first hypothesis, since 1y still exhibits two
maxima. Based on the strategic rules of ligand field design
proposed by Rinehart and Long”® for oblate ions such as Dy,
axial ligand fields are optimal for stabilizing higher M; states.
Therefore, when donor atoms with higher electron density are
located in opposite positions in the Dy coordination sphere,
the ligand field ensures the formation of an axial ground state.
Thus, we conclude that the molecule that owns an acetate
group as a chelating ligand provides better axiality of the
ground state of the Dy™ ion than the one that contains a
second nitrate (acetates provide more electron density than
nitrates, as will be discussed later in the computational part).
In view of this, we associate FR to the molecule possessing two
chelate nitrates (1A), whereas SR is attributed to the molecule
with acetate as a chelate (1B).

Compound 2 behaves like a zero-field SMM, displaying
temperature- and frequency-dependent maxima in the ac sus-
ceptibility plots (Fig. 5 and Fig. S28 and S29t) below 28 K. The
long tails below the maxima at low temperatures indicate the
presence of QTM. Relaxation times were extracted from the
17.2-27.6 K temperature range (Fig. 5, top). Although the cur-
vature of the Arrhenius plot at intermediate/low temperatures
suggests that other relaxation mechanisms besides Orbach
take place, it was not possible to obtain a reasonable fit
(namely, combinations of Orbach + Raman and/or QTM were
attempted). Considering the foregoing, only the linear part of
the high temperature regime was fitted giving the values of U
and r, given in Table 1.

With the aim of qualitatively investigating the influence of
field and dilution on QTM, both quenching techniques were
applied. For this purpose, we analysed the dynamic magnetic
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Fig. 5 Variable-temperature frequency dependence of the y"y signal
under zero applied field for 2 (top panel). Arrhenius plots for relaxation
times for 2—-2y under different experimental conditions (bottom panel).
The solid lines represent the best fits. Inset: reduced fragment of 2.

properties of 2 and 2y under an optimum external magnetic
field of 1 kOe (Fig. S31 and S327%). The fact that the QTM is
gradually quenched is evidenced by the decrease of the tails in
the y"m(T) plots (Fig. S34 and S38t). Consequently, the relax-
ation times become longer in the studied temperature range.
On this occasion, we were able to fit the temperature depen-
dence of the relaxation times for 2 and 2y with the simul-
taneous occurrence of Orbach and Raman processes (Fig. 5,
bottom). The best fit parameters are summarized in Table 1.
Despite the fact that the coordination environment of 2 is
very similar to that of 1, the replacement of the second nitrate
(or chelating acetate) with phenoxido and methoxy groups
remarkably improves its SMM behaviour. This is because the
donor oxygen atoms belonging to the phenoxide groups have
the shortest Dy-O distances and the highest electron density,
and are located in opposite positions in the Dy"" coordination
sphere: on one side O7, on the opposite side O1 and O3,
belonging to the phenoxido groups connecting Zn" and Dy
ions. This arrangement of the shortest Dy-O bonds (Fig. 5
bottom, inset) creates a rather strong ligand field contributing
to the axiality of the ground state of Dy ions®'"** with the an-
isotropy axis passing near the Dy-O7 bond and between the

This journal is © The Royal Society of Chemistry 2024
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Dy-O1 and Dy-O3 directions, which agrees well with ab initio
calculations (vide infra). Furthermore, the strong axiality is
accompanied by a weak equatorial ligand field, since nitrate,
carboxylate, and methoxy groups exhibit larger Dy-O distances
and lower electronic densities on oxygen atoms than phenox-
ido groups; hence, they generate weaker fields. Thus, the ser-
endipitous formation of such a coordination environment in
2, caused by the coordination of the succinate connector, is
suitable for enhancing the magnetic anisotropy of the trivalent
dysprosium ion.

To elucidate the effect of replacing in 2 the Zn" jon with
the paramagnetic and anisotropic Co" ion on the SMM pro-
perties, its related heterometallic tetranuclear bis(CoDy)
system 3 was prepared. This compound does not show any
maxima in the y\u(T) and y"m(T) plots at zero dc field
(Fig. S10%), which could be attributed to the weak exchange
and/or dipolar Co-Dy interactions operating in this compound
(see the section on theoretical studies). These interactions
could favour the fast QTM relaxation process. Nevertheless, it
is known from the literature that some 3d-4f systems, where
both metal cations are paramagnetic, exhibit improved SMM
properties compared to systems in which the 3d ion is diamag-
netic."* In such systems, the anisotropy axes of both ions are
collinear, and relatively large exchange interactions slow down
the relaxation processes and reduce the QTM. However, in
many other 3d-4f systems, the introduction of a paramagnetic
3d ion had the opposite effect,*® particularly when the above
features are not fulfilled.

Measurements carried out at the optimal field of 2.5 kOe
revealed two sets of well-defined maxima: the first in the range
of 2.0-3.0 K and the second in the range of 12.0-27.0 K
(Fig. S451). However, the first set shows a low frequency depen-
dence of the maxima with little or no temperature shift from
60 to 10000 Hz. To better evaluate this effect, the Mydosh
parameter ¢ was calculated using the formula ¢ = ATp/
[ToA(log f)], where Tj, is the peak temperature and f'is the fre-
quency. The frequency shifts from 200 to 10000 Hz (we dis-
carded the 60 Hz curve due to the evident mixing of both
maxima) gave a value of ¢ = 0.09, which corresponds to glass-
like behaviour.>* High temperature relaxation, on the contrary,
demonstrates a noticeable frequency dependence, which is
consistent with SMM behaviour. Frequency-dependent out-of-
phase susceptibility curves were fitted over the temperature
range of 14.4-26.4 K using the generalized Debye model giving
the relaxation time for each temperature (Fig. 6).

The curvature of the data in the Arrhenius plot, as well as
the relatively large values of « extracted from the Cole-Cole
plots, prompted us to fit the temperature dependence of the
relaxation time using the combined Orbach and Raman relax-
ation paths (eqn (1)), which resulted in the set of parameters
given in Table 1. Compared to the U.ys obtained for 2, the
barrier height is noticeably lower, but agrees well with the
energy of the second excited exchange-coupled doublet (see
the computational part). It is noteworthy that the low-tempera-
ture set of maxima can presumably be associated with relax-
ation through the first excited exchange doublet, which
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Fig. 6 Variable-temperature frequency dependence of the y"ym signal
under 2.5 kOe applied field for 3 (top panel). Arrhenius plot for relax-
ation times considering the simultaneous presence of Orbach and
Raman mechanisms (bottom panel).

involves a very low energy barrier in agreement with the
maxima at extremely low temperatures.

With the aim of disclosing the effect of magnetic dilution
on the dynamic magnetic properties of 3, we prepared two iso-
structural derivatives, namely 3, and 3y, by individually dilut-
ing Co" ions with Zn" or Dy" ions with Y™, respectively.
These compounds contain 1:10 Co:Zn and Dy : Y, respectively
(see Table S2t for ICP-MS results). Estimates show that the
crystal structure of 3, is dominated (82.63%) by bis(ZnDy) (2),
there are significantly fewer (16.53%) (ZnDy)(CoDy) complexes,
as well as a small amount (0.83%) of bis(CoDy) (3). Therefore,
it is not surprising that 3z, behaves like a zero-field SMM, as
seen in Fig. 7 and Fig. S47 and S48.1 Below 28.0 K, a thermally
activated relaxation process comparable to that exhibited by 2
occurs, consistent with the predominant contribution of bis
(znDy) to the structure. The long tails appearing at low temp-
eratures below the maxima indicate a pronounced QTM contri-
bution (Fig. S4871). The temperature dependence of the relax-
ation time (Fig. 7) was fitted assuming the simultaneous pres-
ence of the Orbach, Raman and QTM mechanisms (eqn (1))
with the set of best-fit parameters collected in Table 1. The
values related to Orbach and Raman mechanisms are compar-
able to those obtained for 2 or 2y under an external magnetic
field. When the same measurements were repeated under an
external magnetic field of 2.5 kOe (field selected according to
the field dependent measurements carried out for 2 and 3),
the QTM was successfully quenched (Fig. S52t). The small
tails observed in Fig. S51 and S52t at very low temperature
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Fig. 7 Arrhenius plots for the relaxation times and their fitting when
considering the simultaneous presence of several mechanisms (experi-
mental conditions are summarized in the Figure).

may be due to the residual QTM contribution and/or a rela-
tively small number of exchange-coupled (ZnDy)(CoDy) mole-
cules within the material. The absence of clear maxima at very
low temperatures in the y"\(7) plot even at the highest fre-
quency is consistent with a small energy gap between the
ground and first excited exchange-coupled states. The relax-
ation times in the high temperature region were fitted by
taking into account the combination of Orbach and Raman
processes in eqn (1), affording the values indicated in Table 1.
Almost identical values were obtained for 2 under an external
magnetic field (Table 1).

In the case of 3y, the situation is reversed with respect to
3zn, and the dominant species in the structure is bis(CoY), fol-
lowed by a substantially smaller amount of (CoDy)(CoY) and
an overwhelming minority of bis(CoDy) (3). It should be noted
that in the bis(CoY) species, the Co" ions have a square-pyra-
midal coordination environment, for which slow relaxation at
zero-field is rarely observed.’>?° This fact, along with the lack
of slow relaxation in 3, explains why 3y does not exhibit out-of-
phase ac susceptibility peaks at zero-field (Fig. S551). When an
external magnetic field of 1 kOe is applied, the temperature
dependence of the out-of-phase ac susceptibility exhibits two
maxima: the first below 4.0 K and the second (much less
intense) below 26.0 K (Fig. S551). We attribute the former to
the relaxation of Co" ions (for square-pyramidal Co" com-
plexes, field-induced y"y; peaks usually appear below 6 K**°),
while the latter corresponds to the exchange coupled Co-Dy
system. Field-dependent measurements of »"\(v) were carried
out for the two individual processes at 2.0 K and 22.6 K. The
field dependence of the relaxation times, obtained from fitting
the y"m(v) data with a generalized Debye model, allowed us to
conclude that an external magnetic field of 1.5 kOe was ade-
quate for slowing down the relaxation times for both processes
(Fig. S56-S591).

When measuring the ac dynamic magnetic properties of 3y
under the optimal field, the set of maxima at low temperature
becomes frequency-dependent, and the Mydosh parameter ¢ =
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1.0 is consistent with the SMM behaviour (Fig. S61f). The
temperature dependence of the relaxation time was fitted
taking into account both Raman and QTM processes (eqn (1)).
The best fit afforded the set of parameters shown in Table 1.
Accounting for three mechanisms (including also the Orbach
process) did not give any reasonable fit. The presence of mul-
tiple relaxation paths is in agreement with the large a values
(0.18 (2.0 K)-0.36 (4.6 K)). In the case of the slower relaxation
process, a small proportion of (CoDy)(CoY) species in the
structure leads to a weaker and noisier signal. We attempted to
fit the relaxation times considering the simultaneous presence
of the Orbach and Raman processes because a values (0.46
and 0.12 at 13.6 and 25.6 K, respectively) indicate the partici-
pation of several mechanisms. However, the fit did not afford
any reasonable result. Thus, only the Orbach process was used
to fit data for the high temperature regime, yielding the para-
meters gathered in Table 1. Note that the barrier height is
almost identical to that found for 3, which is consistent with
relaxation through the second excited state of the exchange-
coupled Co-Dy system (see details in the Theoretical studies
section).

Last but not least, Fig. S667 displays all the Arrhenius plots
involving data for pure 2 and 3 and for their diluted counter-
parts. As can be seen from this figure, compounds containing
the (CoDy)(CoY) (3y) or bis(CoDy) (3) species within the struc-
ture exhibit lower energy barriers and faster relaxation times
than those containing the bis(ZnDy) (2), (ZnDy)(ZnY) (2y) or
(ZnDy)(CoDy) (3zn) Systems. This fact will be confirmed by
ab initio calculations, which are extensively discussed in the
“Theoretical studies” section.

As it can be observed in Table 1, 7, values decrease as the
U values increase. This trend is not unexpected because 7, is
expected to be proportional to |D|™> whereas U, the thermal
energy barrier, is proportional to D.*’

Hysteretic behavior

We performed the magnetization hysteresis loop measure-
ments on powdered samples of 2, 2y and 3z, at 2 K to confirm
their SMM behaviour (Fig. S67t). For 2, we used an average
sweep rate of 7.7 x 107> T s~ " over the 0.44 to —0.63 T range
and 8.8 x 107> T s™" over the —0.44 to 0.63 T range. For 2y, an
average sweep rate of 4.4 x 107> T s was employed in the
range of 0.50 to —0.50 T and —0.50 to 0.50 T. Finally, for 3z,,
an average sweep rate of 7.0 x 107> T s™! was used in the range
of 0.55 to —0.55 T and —0.55 to 0.55 T (in all cases slower in
low fields and faster in high fields). Even though these com-
pounds exhibited butterfly-shaped hysteresis loops without
any remnant magnetization at zero field, a larger opening was
observed for 2y in agreement with partial quenching of QTM
by diamagnetic dilution. This is consistent with the differ-
ences observed in the QTM regimes in the y"\(7) plots.

To better understand the magnetization dynamics, the
magnetization curves for the most promising compounds (2,
2y, 3 and 3z,) were measured in a full cycle pulsed magnetic
field (Fig. 8).® These measurements were carried out at 0.4 K
with a maximum field of 10.4 T. They allowed us to observe
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Fig. 8 Pulsed-field magnetization curves at a maximum field of 10.4 T
and temperature of 0.4 K for 2, 2y, 3 and 3z,. Inset: Loop expansion to
compare coercive fields. Note that the values for 2y have been normal-
ized to give comparable loops.

much larger hysteresis loops, because the sweep rates of 4.2 x
10° T s™" are extremely fast compared to what we used in the
continuous field measurements (Fig. S671). It is important to
note that the field strength is not symmetrical in the positive
and negative directions during the pulsing (Fig. S687).

Let us first compare the hysteresis curves for 2 and 3. The
latter compound exhibits a butterfly-shaped hysteresis loop
with a sharp magnetization reversal close to zero field and a
very small (compared to 2, 2y and 3z,) coercive field of 0.14 T
(Fig. 8). This behaviour is consistent with the fact that 3 exhi-
bits neither slow magnetization relaxation at zero field, as indi-
cated by ac measurements, nor hysteresis loops in dc measure-
ments at much slower sweep rates. In contrast, compound 2,
even at zero field, shows a clear open loop with a relatively
large coercive field of 0.75 T. This behaviour would be in line
with both the slow relaxation at zero field observed in the ac
butterfly-shaped hysteresis loop
obtained from continuous field measurements (Fig. S677).
Surprisingly, diamagnetically diluted 34, (or, in other words,
compound 2, doped with Co") displayed a larger hysteresis
loop than 2 with a notably smaller QTM contribution at zero
field (Fig. 8). In fact, the coercive field for 3z, was estimated to
be 2.0 T, which is more than twice that of 2. Likewise, the
remnant magnetization is slightly higher for the diluted com-
pound (67.6% of the saturation values for 3, and 63.5% for 2,
respectively). For an unknown reason, pulse magnetization
measurements indicate that a low concentration of Co™ repla-
cing Zn" ions improves the SMM properties. This is unex-
pected given the previous ac measurements (faster relaxation
times for 3, than for 2, see Fig. S691) and the hysteresis loops
measured in a continuous field (both compounds exhibit
almost identical hysteresis loops). This astonishing behaviour
of pulse magnetization is what we will try to explain in a future
work by investigating doped versions of 2 with variable Co: Zn
ratios.

Finally, we also studied compound 2y, which was syn-
thesized to reduce intra- and intermolecular Dy---Dy inter-
actions that could facilitate QTM (Fig. 8). Similar to what we
observed in the ac measurements, the QTM is almost comple-

measurements and the
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tely quenched, and the loop opening for the diluted 2y
counterpart is even larger than that for 3,.

Theoretical studies

To better understand the dynamics of magnetization relaxation
in the studied compounds, SA-CASSCF (state-averaged complete
active space self-consistent field) calculations, followed by
SO-RASSI (restricted active space state interaction) calculations,
were performed for all binuclear fragments of compounds 1-3
(named 1'A, 1'B, 2’ and 3') with one paramagnetic ion using the
geometries from the crystal structure data. For all these calcu-
lations, the OpenMolcas program was used (see the ESI}). It is
worth noting that in 3, diamagnetic Zn" or Y™ ions replaced
the paramagnetic Co™ or Dy™ ions, respectively. To calculate
the magnetic properties of such complexes, we used the
SINGLE_ANISO procedure implemented in Molcas.

As described above, compound 1 consists of molecules 1A
and 1B where in each ZnDy unit, in addition to a nitrate chelat-
ing the Dy™ ion, there is a nitrate or acetate chelating ligand co-
ordinated to the same Dy™ ion, respectively. 4b initio calcu-
lations demonstrate that completely different relaxation behav-
iour is expected for these counterparts. On the one hand, the
ground Kramers doublet (KD) for 1'B is almost pure Ising type
(KD1: M; = £15/2, 98.6%; see Table S8t), while for 1'A it is
noticeably mixed (KD1: M; = +15/2, 83.8%; see Table S9t). In
good agreement with this, the ground state KD for 1'B has a g,
value close to 20 (the ideal Ising ground state has g, = g, = 0 and
£ = 20 when using pseudospin S.¢ = 1/2) and almost negligible
8xx/gyy values (Table S10t). The strong axiality of the ground KD
suppresses the QTM within this doublet state, since the matrix
element of the transverse magnetic moment within the
+1/-1 ground KD (0.004) is significantly smaller than the
required threshold of 0.1 for an efficient relaxation mechanism
(Fig. S701).% This fact justifies why 1y exhibits slow magnetic
relaxation at zero applied dc field when the intermolecular
interactions that facilitate QTM are suppressed (Fig. S207).

On the other hand, the ground KD of 1'A presents signifi-
cant transverse anisotropy, with g../g,, values much higher
than those for 1'B (Table S117). This factor, together with the
mixed nature of the ground state wave function, results in a
matrix element of the transverse magnetic moment within the
ground KD of 0.23 (Fig. S71%), which indicates that the QTM
relaxation within this KD is plausible. This explains why there
is no zero-field SMM behaviour for this counterpart
(Fig. S20%). In addition, we assume that both molecules (1'A
and 1'B) relax through the first excited KD when applying an
Hy, field, since the matrix elements for the vertical and diag-
onal transitions (Orbach process) are large enough to allow the
magnetization relaxation through these pathways. The experi-
mentally and theoretically evaluated energy barriers are of
46.8 K and 46.0 K for 1A and 94.0 K and 173 K for 1B,
respectively.

The improved properties of 1'B compared to 1'A can be
easily rationalized by analysing the ligand field around the
respective Dy ions. In the Dy™ coordination sphere of both
units 1'A and 1'B, the oxygen atoms of the phenoxido groups
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are located in neighbouring positions on the same side of
Dy"™. They have the largest negative atomic charges among all
other coordinated oxygen atoms (Tables S12 and S13}) and
thus are expected to align the anisotropy axis along the Dy-
Ophenoxido directions. Consequently, the larger the negative
charge on the opposite side from the phenoxido oxygen atoms
in the Dy"™ coordination sphere, the better the oblate like elec-
tron cloud of this ion will be stabilized. Given that the main
difference between 1'A and 1'B is the chelate located just on
the opposite side of the phenoxido donor atoms, it is expected
that the group providing a larger negative charge will create a
more suitable ligand field for higher ground state axiality and
hence for improved SMM properties. Indeed, as evidenced by
the calculated Mulliken charges (Tables S12 and S137), chelat-
ing acetate in 1'B has a significantly greater negative atomic
charge on oxygen than nitrate in 1'A, which accounts for the
better SMM properties observed for 1'B. Moreover, as expected,
the easy axis in the 1B ground state passes through the middle
of the phenoxides and through the acetate (Fig. S72%). In the
case of 1A, the orientation of the easy-axis is largely influenced
by the Zn-Dy bridging acetate (Fig. S737), which also provides
a large negative charge (Table S137).

As evidenced by the results of dynamic magnetic studies of
compounds 2 and 3 and their diluted counterparts, all of
them can be divided into two groups depending on the energy
barriers associated with high temperature data (y"m(T)
maxima around 26 K). Under optimal external magnetic fields,
3 and 3y display energy barriers of about 200 K, whereas 2, 2y
and 3z, show higher barriers, reaching values close to 350 K.
These two sets of Ues values are confirmed by theoretical
calculations.

The relaxation dynamic in 2 and 2y arises from the Zn-Dy
units and therefore originates from a single Dy"" ion. The cal-
culated energy level spectrum and anisotropic g-tensor values
for 2' are given in Tables S14 and S15,7 while the computed
relaxation mechanism is shown in Fig. 9. It is worth highlight-

900
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Energy / cm’'

300 203

150

M/ g

Fig. 9 Magnetization blocking barrier for 2. The exchange states are
arranged according to the values of their magnetic moments. The
arrows show the connected exchange states, and the numbers at each
of them stand for the corresponding matrix element of the transverse
magnetic moment.
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ing at this point that the calculated energy spectrum of the
low-lying KDs for 2' was confirmed by photoluminescence
measurements (see below).

The overwhelming contribution to the ground KD1 comes
from the M; = +15/2 wavefunction (99.6%; Table S141) and the
g tensors are close to the ideal axial state (Table S151). Hence,
the slow relaxation of the magnetization under zero applied dc
field observed for this compound is not surprising, since QTM
within the ground state is significantly suppressed (the matrix
element of the transverse magnetic moment within the
ground state is 0.002, Fig. 9).

The following factors can contribute to magnetic relaxation
through the first excited state (KD2): (i) significant transverse
components of the g tensor in KD2, (ii) a non-negligible contri-
bution of the M; = +11/2 wavefunction in KD2, and (iii) a con-
siderable angle between the easy axes of KD1 and KD2 (14.4%;
Table S161). However, the matrix element of the transverse
magnetic moment within KD2 is too small and magnetic relax-
ation through it may not be effective enough. Thus, magnetic
relaxation through KD3, which is 469 K (326 cm™') above KD1,
is quite plausible. The deviation between the calculated energy
of KD3 and the experimental U value of 342.4 K, could be
due to the occurrence of relaxation through both the first and
second excited states, e.g. KD2 and KD3.

As explained in the section concerning dynamic magnetic
measurements, the good SMM magnetic properties of complex
2 arise from the appropriate ligand field. The calculation of
the Mulliken atomic charges (Table S171) supports this
hypothesis, as it has been demonstrated that the oxygen atoms
of the three phenoxido groups (two on one side and one on
the other) have the largest negative atomic charges, while the
equatorial positions are occupied by oxygen atoms with a
smaller negative charge. This way, the orientation of the theor-
etically calculated anisotropy axis is defined by the more nega-
tively charged O7 atom with the shortest Dy-O distance, as
depicted in Fig. S74.}

Regarding compound 3, it has been suggested elsewhere
that the ferromagnetic exchange interaction between Co™ and
Dy" is the reason for its lack of SMM behaviour at zero field.
In fact, calculations of the single ion anisotropy of Co™ and
Dy" ions in 3 (3'z, for ZnDy and 3'y for CoY, respectively), as
well as the proposed mechanisms of their relaxation (Tables
S18-S20 and Fig. S75-S78t) cannot fully rationalize the
absence of slow relaxation in this compound. In order to
support the involvement of the exchange coupling in the mag-
netization relaxation of 3, we used the POLY_ANISO program
(see the ESI}), which takes into account both the dipole-
dipole interaction and anisotropic exchange coupling within
the Lines model to fit the experimental susceptibility using the
results of calculations for dinuclear complexes containing only
paramagnetic Dy"" or Co" ions. The estimated exchange coup-
ling parameter between Co" and Dy"™ ions extracted from the
fitting procedure was J = +0.48 cm™'. As seen in Fig. 3, the
best-fit curve is in good agreement with the experimental one.
The calculated low-lying exchange spectrum and the corres-
ponding tunnelling gaps and g,, values for 3’ are given in

This journal is © The Royal Society of Chemistry 2024
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1.8x10?

16,+>

200

\
A\}

Fig. 10 Magnetization blocking barrier for 3'. The exchange states are
arranged according to the values of their magnetic moments. The hori-
zontal black dashed arrows show the tunneling transitions within each
doublet state (the black numbers are the corresponding tunneling gaps,
AEqn, in cm™), whereas red and blue arrows show the spin-phonon
transitions (the numbers are the matrix elements of the transverse mag-
netic moment between the corresponding states).

Table S21,1 whereas Fig. 10 represents the corresponding com-
puted relaxation mechanism. The AE,, for the exchange
coupled ground doublet (1.3 x 10™* em™") is similar to that
observed for other 3d-Dy systems with QTM relaxation in the
ground state.’® It seems that in such exchange coupled
systems, AEy, values less than ~107® cm™" are required to
avoid QTM relaxation in the ground state. Moreover, inter-
molecular and hyperfine interactions, which were not con-
sidered in the calculated relaxation mechanism, could also
contribute to QTM in the ground state. The first three excited
states possess relatively high AE,, in the range of 2.7 x 107*-
6.5 x 10~* ecm™" (Table S217), which suggests that magnetic
relaxation through these states is achievable.

As indicated elsewhere, when an external magnetic field is
applied, 3 displays a set of maxima at very low temperatures,
which has been attributed to spin-glass behaviour, whereas
3zn shows a set of tails corresponding to a relaxation process
with maxima occurring below 2 K. This incipient relaxation
process, which would be hidden by the spin-glass behaviour in
3, could be tentatively assigned to the relaxation through the
first excited state with a U, value of 3.0 cm™". Alternatively,
since the magnetic energy for an applied dc field of 2.5 kOe is
close to the energy calculated for the first excited state, the
magnetic field can overcome this energy barrier, and then
relaxation can occur directly through the next excited states.
The second set of maxima, appearing near 27 K on the y"\(T)
plots of 3 and 3y, can be associated with relaxation through
almost degenerate second and third excited doublets with a
calculated energy gap of 192.8 K (134 cm™') and 195.8 K
(136 ecm™"), respectively. These U,y values are in good agree-
ment with the experimentally estimated U.g values of about
200 K for 3 and 3y. Thus, magnetic relaxation dynamics of
these compounds can be well explained by considering the
exchange coupled system.

This journal is © The Royal Society of Chemistry 2024
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Photoluminescence properties

In view of the exciting magnetic properties of compounds 1
and 2, we were encouraged to study their photoluminescence
properties as potential multifunctional compounds. As stated
in the Introduction section, the Dy""-based compounds exhibit
emission in the visible range.

Excitation spectra were collected at room temperature by
monitoring the most intense emission line at 578 nm
(Fig. S801 and Fig. 11 for 1 and 2, respectively). The broad
bands over 300 nm are attributed to the n - n* and = — =n*
transitions of H,L, but are followed by even stronger narrow
bands related to lanthanide centred f-f transitions, meaning
that the antenna effect is not so effective in these cases.
Nevertheless, the characteristic Dy™ emission bands dominate
in the emission spectra recorded at low and room tempera-
tures (monochromatic laser excitation with A = 325 nm,
Fig. S80 and S817 for 1 and Fig. 11 and Fig. S827 for 2, respect-
ively). In particular, the blue and yellow emission lines
(centred at 482 and 579 nm, respectively) corresponding to the
*Fo;, = °Hys;n and *Fo — ®Hysp transitions are the most
intense, although there are other weaker emission bands as
well as ligand fluorescence (350-550 nm range, especially for
2). The presence of a dominant *Fo;, — °Hy3,, transition is in
good agreement with the low symmetry environment of the
Dy™ ion, as follows from the description of the crystal
structure.*

In addition to the interesting emission properties, these
measurements provide information about the electronic struc-
ture of the ground multiplet. For each system, the 482 nm
centred emission line is actually a multiplet in which relax-
ation occurs through the “Fo, emitting state to each of the
KDs within the °Hjs;, ground multiplet. It should be noted
that, at room temperature, the emission bands consist not
only of transitions between the lowest emitting KD and all KDs
arising from the ground state of the f-metal cation (zero-
phonon bands), but also hot-bands and vibronic side bands
are usually present. Therefore, the interpretation of the multi-
plet becomes more complicated. In fact, it is not easy to assign

I/a. u.

4
F9/2

6
H9/2

400 500 600
Wavelength/nm

T
300 700

Fig. 11 Solid state photoluminescence excitation (dashed red line) and
emission (blue line) spectra for compound 2. The excitation spectrum
was recorded at room temperature, whereas the emission spectrum was
recorded at 10 K.
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individual transitions to theoretically calculated KDs for the
room temperature spectra (Fig. S83 and S84t). However, the
resolution of the spectra improves notably when measuring
them at low temperature, when single transitions can be dis-
tinguished by the structure shown in the emission bands. In
fact, for complex 2, an extraordinary agreement was found
between the theoretically calculated energy splitting of the
ground °H,s/, state and the 482 nm centred emission band
recorded at 10 K, as depicted in Fig. 12. More specifically, the
ab initio calculated total energy splitting of KDs arising from
the ground ®H, 5/, state is 750 cm™*, which agrees well with the
value of 785 cm™" found in the photoluminescence measure-
ment. Moreover, the energy differences between the ground
and excited KDs fit well with the observed emission lines con-
firming the validity of the calculated values. Although we have
attempted a similar approach for compound 1, the fact that
there are two distinct compounds (1A and 1B) within the same
crystal structure complicates the interpretation of the spec-
trum as observed in Fig. S85.F

To further characterize the photoluminescence perform-
ance of the samples, we measured the emission decay curves
at room and low temperatures. To start with, the emission life-
time of the Dy™ centres was estimated by measuring the decay
curves at room temperature focusing at the main emission
band (Aem ca. 579 nm). These curves were properly fitted by the
exponential expression (I, = Ay + Aexp(t/ry) + Ayexp(t/r,)) with
two and one components for 1 and 2, respectively, which is
consistent with the fact that compound 1 contains two crystal-
lographically independent Dy™ centres in the structure. The
best fitting results yield very similar lifetimes for both com-
pounds ({z) = 20.3 ps for 1 and 20.6 ps for 2, see Fig. S86 and
$871), which are of the same order as those measured for Dy
based centres with similar coordination environments."'®***3
These emissions are comparatively longer than those of the
ligand (r of ca. 3 ns) and are practically temperature indepen-
dent, showing no noticeable increase when the samples are
cooled to 10 K. To complete the characterization of the photo-
luminescence properties, the absolute emission quantum
yield (QY) was measured for both compounds, reaching a
value of 2.5% and 1.8% for 1 and 2, respectively. Although the
reason for the higher QY in 1 may be related to several facts
(arrangement of the L around the Dy™ centre, quenching by

1000
800-_ KD8
v 600 kb7
g ] KD6
- i KD5
w 400 KD3, KD4
2 J
200 KD2
0 KD1
Photoluminescence Ab initio

Fig. 12 The *Fo/> — ®Hys/> emission band of compound 2 recorded at
10 K in the relative energy scale (left) and energies of Kramers doublets
according to ab initio calculations (right).
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the solvent molecules), the presence of an additional chelating
acetate in 1B could be a possible cause. As discussed earlier,
acetate ligands bring higher charge transfer to Dy™ than
nitrate groups and hence may improve the antenna effect and

provide brighter emission by the lanthanide cation.

Conclusions

We have reported here the structural, magnetic and photo-
luminescence properties as well as theoretical calculations for
two tetranuclear bis(ZnDy) complexes with a novel di(compart-
mental) ligand, which exhibit an open (1) or closed (2) struc-
ture depending on the nature of the carboxylate bridging ancil-
lary ligand. For further magnetic studies, an isostructural
counterpart of 2, bis(CoDy) (3) as well as diamagnetically
diluted versions of these compounds were also synthesized.

Based on the experimental and computational results, we
conclude that fragment 1B within 1 displays a more appropri-
ate ligand field resulting in greater axiality of the ground state
of the oblate Dy™ ion. This is because the oxygen atoms of the
chelating acetate group in 1B, located in the position opposite
to the bridging phenoxido groups, have greater negative
charge than the oxygen atoms of the bidentate nitrate in 1A.
Compound 1 does not exhibit slow magnetic relaxation at zero
field, but slow relaxation at zero field is observed in the mag-
netically diluted 1y. Theoretical calculations indicated that the
zero-field SMM behaviour of 1y is due to the presence of the
1B fragment, but not 1A. Under an optimum external magnetic
field, U.s values of 46.8 K and 94.0 K were determined for 1A
and 1B, respectively, in the magnetically diluted complex 1y
(ab initio calculations predict 46 K and 173 K for the energies
of the first excited KDs of 1A and 1B, respectively).

Complex 2 showed prominent zero-field SMM behaviour
and butterfly-shaped hysteresis loops. The experimentally esti-
mated energy barrier (Uegs ~ 340 K) falls in between the
ab initio calculated energies of the first (KD2) and second
(KD3) excited Kramers doublets (at 286 and 469 K, respect-
ively), which can be explained by simultaneous relaxation
through both of these KDs. The good performance of 2 is due
to the specific and not pre-defined coordination environment
around the Dy" ion, in which three phenoxide groups provide
improved axiality to the system. In 3, the CoDy fragments
exhibit weak ferromagnetic coupling, which is responsible for
the QTM in the ground state that causes a lack of slow relax-
ation at zero field, as revealed by the theoretical calculations.
The calculated exchange coupled electronic structure displays
three excited non-Kramers doublets at 4.3, 192.8 and 195.8 K,
respectively, through which relaxation can occur. At Hg. = 2.5
kOe, only relaxation through the second/third excited states
was observed (experimentally estimated U.g = 203.0 K), while
at low temperatures an unexpected glass-like feature was
detected that could hide the relaxation through the first
excited state. Further studies carried out on diluted 3y and 3z,
counterparts provided very valuable information. We were able
to assign individual relaxation mechanisms for the bis(CoY)

This journal is © The Royal Society of Chemistry 2024
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and (CoDy)(CoY) fragments in 3y, whereas for 3, we found
relaxation through the first excited non-Kramers doublet of
CoDy and an additional relaxation related to the ZnDy units.
Finally, the multifunctional nature of 1 and 2 was demon-
strated by photoluminescence measurements. Indeed, charac-
teristic emission bands associated with the Dy™ ion were
observed even at room temperature. Furthermore, for 2 we were
able to relate the low-temperature narrow emission band to the
ab initio calculated electronic structure of the system, demon-
strating the suitability of the calculation methodology used.
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