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Abstract

The coordination chain {[Dy(dbm)sbpy]-C7Hs}, (1) having only 4,4’-bipyridine as connector has
been prepared in high yield and its structural and magnetic properties have been investigated. It is
isostructural with the terbium analogue {[Tb(dbm)sbpy]-C7Hs}n (2) and features units repeating in a
1D-zigzag fashion, where the metal is octa-coordinated in a distorted square antiprism geometry.
Despite the 1D structure, the absence of paramagnetic connectors prevents the direct magnetic
intrachain interaction among the lanthanide ions. In zero magnetic field, only a small fraction of the
magnetization of 1 displayed slow dynamics with no dependence on temperature. Upon application
of a 1 kOe magnetic field, a relaxation process appears, compatible with a mixed Raman/Direct
mechanisms. Magnetic dilution in the diamagnetic Y (l11)-based analogue revealed that actually two
distinct relaxation processes are active for 1, whose temperature dependence can be interpreted
again with a mixed Raman/Direct relaxation model. Compound 2 displayed only in-field slow
relaxation, compatible with the models employed for 1.

1 8 Present address: CNR ICMATE and INSTM, Dipartimento di Scienze Chimiche, Universita di
Padova, via Marzolo 1, 1-35131, Italy



Introduction

Molecular systems with slow relaxing magnetization have attracted, since their discovery, huge
scientific interest for their peculiar nature of nanosized, monodisperse, magnetic objects. As such,
they have been used as tools for the elucidation of quantum effects on their magnetic properties,
like the quantum tunnelling of the magnetization[1] or the Berry phase interference[2], both in their
crystalline state, as well as nanostructured on top of nanoparticles[3] and metal[4] or
superconducting surfaces[5]. After the discovery that a mononuclear Th(lll) bis-phtalocyaninato
complex displayed magnetic hysteresis at the molecular level (SIM, Single lon Magnet)[6], a wide
experimental and theoretical research effort has been dedicated to the investigation of lanthanide-
based magnetic molecules[7], foreseeing their potential as spintronics[8] or quantum computing[9]
active units. Lanthanide ions like Th(l11) and Dy(l11) are very attractive for the preparation of SIMs,
due to their high number of unpaired electrons with largely unquenched orbital moment, leading to
magnetic ground states with significant magnetic anisotropy[6,10,11]. The main factor influencing
the low temperature magnetic behaviour of such systems is the symmetry of the first coordination
sphere of the lanthanide ion[10], leaving space for coordination chemistry to modify the energy
splitting within the ground state electronic multiplet of the ion and, ultimately, the barrier to the
thermally activated magnetic relaxation. This approach has led to a dramatic increase of activation
barriers to thermal relaxation in Dy(I1l) complexes with strongly axial crystal field, allowing the
observation of magnetic hysteresis above the liquid nitrogen temperature[11e,12]. Nevertheless,
additional factors compete in determining the low temperature electronic structure of these
materials, such as the nature and the charge of the donor atoms attached to the magnetic ion[13], the
structure of the second coordination sphere[14], and spin parity effects[15]. Moreover, the
dynamics of the magnetization in these systems is also affected by the dipolar field exerted by the
ions in the crystal lattice[16], as well as by the energy structure of the phonon bath of the
medium[17].

In view of the significant interest in Ln(lll)-based SIMs[7b,18], in the attempt to gain further
insights in the correlation between the structure and magnetic properties of Dy(Ill) and Th(llI)
compounds, we are reporting the study of the magnetic behaviour of a monodimensional
coordination polymer (CP) having a neutral tris-p-diketonato dysprosium fragment as a node and
the unfunctionalized 4,4’-bipyridine as a single linker. The use of [B-diketonato ligands is a
commonly employed strategy to increase the Lewis acidity of the lanthanide ions, and several
complexes with the Ln(B-diketonato)sL formula (where L is for instance 2,2" -bipyridine or 1,10-

phenanthroline) have been studied[19]. A series of dibenzoylmethanato Dy(IlIl) SIMs has been



synthesized where the nitrogen-containing auxiliary ligands can enhance the magnetic properties of
the complexes by tuning the coordination symmetry and the ligand field around dysprosium[20].
Furthermore, pyrazine-bridged dinuclear compounds have shown a large anisotropic barrier to
magnetization reversal[21]. From the point of view of 1D extended structures, only few CPs
containing lanthanide tris-pB-diketonato complexes as nodes have been reported in the literature,
mainly with oxygen donor spacers. Among them, the family with the most interesting magnetic
features is the one including nitronyl-nitroxide radical bridges, which allowed the experimental
observation of magnetization dynamics theoretically foreseen by Glauber for mono-dimensional,
strongly anisotropic magnetic structures[22]. Additional examples include CPs containing Ln(hfac);
as nodes and 1,4-diacetylbenzene or 1,4-dimethyltherephtalate[23] or bis-phosphane oxides[24] as
connectors (hfac = hexa-fluoro-acetylacetonato). On the other hand, lanthanide CPs having only N-
donor ligands as spacers have been rarely reported, due to the high oxophilicity of lanthanoid ions.
Indeed, for the preparation of lanthanoid extended networks with nitrogen donors spacers, syntheses
have to be carried out under anhydrous conditions with the exclusion of any potential oxygen-donor
ligand. Since the convenient and high yield synthetic procedure, previously reported[25] to yield
isotipic {[Ln(dbm)sbpy]-C7Hg}, (Hdbm = 1,3-diphenyl-1,3-propandione; Ln = Eu, Tb) appeared to
be adaptable to other lanthanide centres as well as to mixed metal mono-dimensional LOFs, we
report here the synthesis of {[Dy(dbm)sbpy]‘C;Hs}, (1) and of a mixed dysprosium/yttrium
derivative (1-Y). Their magnetic properties, along with the ones of the Th(lll) analogue (2), have

been studied and here compared.

Materials and Instrumentation.

Commercial dysprosium and yttrium oxide [Dy,03; (Fluka); Y,O3 (Strem Chemicals)] were used
without further purification. Aqueous solution of the lanthanide chlorides were prepared by
dissolving the appropriate metal oxide in diluted hydrochloric acid. The solution was then
evaporated to dryness and the solid residue was dissolved in water[26]. Y(O,CNBu;)3; was prepared
according the literature[27]. {[Tb(dbm)sbpy]-C7Hs}n (2) has been prepared according to the
literature procedure[25]. Dibutylamine (Aldrich) and 1,3-diphenyl-1,3-propandione [Hdbm (Fluka)]
were used without further purification. FTIR spectra in the solid state were recorded with a Perkin-
Elmer “Spectrum One” spectrometer, with ATR technique. The metal content of the products was
determined according to this procedure: each sample was treated in a platinum crucible with diluted
HNO;3 and the mixture gently warmed; the resulting solution was then evaporated to dryness. After
calcination, the weight of the residue [Dy,Os; or Y,03] was determined. EDS analysis was

performed on a SEM-FEG Quanta 450, using an accelerating voltage of 15 kV. The images were



obtained with a backscattered electron detector. Powders were deposited on a conductive tape
before being introduced in the high vacuum chamber. EDS analysis was performed with a Quanta
XFlash EDS detector in order to assess the Y/Dy atomic ratios.

Synthesis of Dy(O,CNBuU,)s. A solution of dibutylamine (12.0 mL, 71.2 mmol) in heptane
(50 mL) was saturated with carbon dioxide and then added to 20.0 mL of an aqueous solution of
hydrated DyCl; (20.0 mL, 5.6 mmol) at 0 °C. After shaking for a few seconds at 0 °C, the organic
layer was separated and evaporated at reduced pressure (1.0 x 10> Torr, 40°C). The colorless
residue was purified from the excess of amine by stripping. The residue was dissolved in few
milliliters of anhydrous heptane and dried in vacuo (1.0 x10~ Torr). The procedure was repeated
twice. A colorless solid (3.15 g) was obtained (83 % yield). EIl. Anal. Calcd. for C,7Hs4,DyN3Og: Dy
23.9 %. Found: Dy 23.5 %. The product is soluble in hydrocarbons and sensitive to moisture. ATR-
IR (3200 - 650 cm™): 2956 (m); 2930 (m); 2872 (w); 1585 (m); 1487 (ms); 1424 (ms); 1376 (s)
1313 (ms); 1261 (s); 1102 (m); 1022 (w); 944 (w); 902 (mw); 861 (w); 803 (s); 733 (m); 662 (s).

Synthesis of [H,NBu,][RE(dbm),4] [RE = Dy]. Hdbm (5.40 g, 24.0 mmol) was added to a solution
of Dy(O,CNBuUy); (3.74 g, 5.5 mmol) in toluene (50 mL). The pale yellow suspension was stirred
for 12 h and then filtered. The solid was washed with toluene (2 x 20 mL) and then dried under
reduced pressure. 5.49 g of product were collected (84.0 % yield). El. Anal. Calcd. for
[NH,Bu,][Dy(dbm).], CesHesDyNOg: Dy 15.1. Found: Dy 14.7 %. ATR-IR (3200 - 650 cm™):
3060 (mw); 2958 (mw); 2929 (mw); 2871 (mw); 1596 (ms); 1552 (ms); 1511 (ms); 1472 (ms);
1423 (ms); 1309 (s); 1282 (s); 1218 (s); 1180 (w); 1105 (mw); 1067 (s); 1023 (s); 973 (w); 941 (m);
847 (mw); 811 (mw); 782 (s); 720 (ms); 689 (Ms).

[RE= Y] The product was obtained (5.76 g, 86% vyield) starting from Y(O,CNBu,)3 (3.12 g, 5.2
mmol), and Hdbm (5.22 g, 23.3 mmol) in toluene (50 mL). El. Anal. Calcd. for
[NH2BU][Y (dbm)s], CesHesaYNOg: Y 8.0 %. Found Y 7.9 %. ATR-IR (3200 - 650 cm™): 3060
(mw); 2958 (mw); 2929 (mw); 2871 (mw); 1596 (ms); 1552 (ms); 1511 (ms); 1472 (ms); 1423
(ms); 1309 (s); 1282 (s); 1218 (s); 1180 (w); 1105 (mw); 1067 (s); 1023 (s); 973 (w); 941 (m); 847
(mw); 811 (mw); 782 (s); 720 (ms); 689 (ms).

Conversion of [NH,Bu,][RE(dbm)4] in RE(dbm)s [RE= Dy]. [NH.Bu][Dy(dbm),] (5.49 g; 4.6
mmol) was introduced in a weighed vial. The vial was put into a Schlenk tube and treated in vacuo
at 150°C for 24 h. The weight loss proceeded smoothly and stopped at a value corresponding to the
complete loss of one equivalent of HNBu, and Hdbm. 3.77 g of Dy(dbm); were collected (97.8 %



yield). El. Anal. Calcd. for Dy(dbm)s, C4sH33DyOs: Dy 19.5. Found: Dy 19.9 %. ATR-IR (3200 -
650 cm™%): 3057 (m); 3026 (m); 1592 (ms); 1543 (ms); 1506 (ms); 1476 (ms); 1454 (ms); 1441
(ms); 1398 (ms); 1374 (ms); 1305 (ms); 1283 (ms); 1222 (s); 1180 (m); 1114 (w); 1066 (s); 1055
(s); 1021 (s); 1000 (m); 971 (w); 940 (m); 843 (mw); 812 (w); 783 (m); 749 (ms); 715 (ms); 683
(ms).

[RE= Y] The product Y (dbm)s was obtained (1.37 g, 93% yield) starting from [NH,Bu,][Y (dbm),]
(2.15 g, 1.9 mmol). El. Anal. Calcd. for Y(dbm)s, CysH33YOg: Y 11.7. Found: Y 12.0 %. ATR-IR
(3200 - 650 cm™): 3057 (m); 3026 (m); 1592 (ms); 1543 (ms); 1506 (ms); 1476 (ms); 1454 (ms);
1441 (ms); 1398 (ms); 1374 (ms); 1305 (ms); 1283 (ms); 1222 (s); 1180 (m); 1114 (w); 1066 (s);
1055 (s); 1021 (s); 1000 (m); 971 (w); 940 (m); 843 (mw); 812 (w); 783 (m); 749 (ms); 715 (ms);
683 (ms).

Synthesis of {[Dy(dbm)sbpy]-C;Hs}n (1). [Dy(dbm)s] (1.34 g; 1.6 mmol) was suspended in toluene
(75 mL) and 4,4’-bipyridine (0.25 g; 1.6 mmol) was added. After 2 h stirring at about 85°C, the
yellow solution was slowly cooled to room temperature. A suspension of a crystalline solid was
obtained that was filtered and dried in vacuo (71% vyield). EIl. Anal. Calcd. for
{[Dy(dbm)sbpy]-C7Hsg}n, Cs2HisDYN,Os: C, 68.9; H, 4.6; Dy, 15.0; N, 2.6. Found: C 68.6; H 4.8;
Dy 15.3; N 2.4%. ATR IR: (3200 - 650 cm™*): 3056 (mw); 3028 (mw); 1593 (s); 1548 (s); 1513
(ms); 1478 (s); 1454 (ms); 1404 (ms); 1382 (ms); 1305 (s); 1219 (s); 1176 (m); 1155 (w);1067
(m);1023 (m); 1001 (m); 941 (m); 925 (w); 843 (w); 809 (s); 783 (m); 750 (m); 723 (ms); 689 (mMs).
The air stable product shows a modest solubility in toluene and can be easily recrystallized cooling
down a toluene solution with formation of single crystals suitable for X-ray diffraction studies.
Space group: P2:/n; a=10.41A; b = 21.94A; ¢ = 23.16A; = 97.50°.

Synthesis of {[Y0.94DYo.0s(dbm)sbpy]-C;Hsg}, (1-Y). [Dy(dbm)s] (0.05 .g; 0.06 mmol) and
[Y(dbm)s] (0.82 g; 1.07 mmol) (molar ratio Y/Dy = 17.8) were suspended in toluene (100 mL) and
4,4’-bipyridine (0.18 g; 1.15 mmol) was added. After 1 h stirring at about 110°C, the yellow
solution was slowly cooled to room temperature. The crystalline product was recovered after
filtering the suspension and drying the solid in vacuo (63% vyield). The actual Y/Dy ratio was
determined to be 15.7 (corresponding to a Y .94DYyo.0s Molar ratio) by means of Energy Dispersive
X-ray Spectrometry (EDS, Figure S1 and Table S1) and magnetometry (Figure S2). El. Anal.
Calcd. for {[Y0.04DYo0.06(dbm)sbpy]-C7Hs}n, Cs2HaoY0.94DY0.06N206: C, 73.6; H, 4.9; N, 2.8. Found:
C 73.8; H5.1; N 2.7%. ATR IR (3200- 650 cm): 3056 (mw); 3028 (mw); 1593 (s); 1548 (s); 1513
(ms); 1478 (s); 1454 (ms); 1404 (ms); 1382 (ms); 1305 (s); 1219 (s); 1176 (m); 1155 (w);1067



(m);1023 (m); 1001 (m); 941 (m); 925 (w); 843 (w); 809 (s); 783 (m); 750 (m); 723 (ms); 689 (ms).
The air stable product shows a modest solubility in toluene and can be easily recrystallized cooling
down a toluene solution with formation of single crystals suitable for X-ray diffraction studies.
Space group: P2:/n; a =10.42A; b = 21.95A; ¢ = 23.16A; 5 = 97.68°.

Magnetometry

Samples used for direct current (dc) and alternating current (ac) magnetic investigations consisted
of pellets made out of microcrystalline powders. Direct current magnetic investigations were
performed using a Quantum Design MPMS instrument equipped with a 5 T magnet. The
temperature dependence of the magnetization (M) was followed from 1.8 to 300 K by applying a 1
T field from 300 to 45 K and a 0.1 T field below 45 K to reduce magnetic saturation effects.
Magnetic susceptibility per mole (ym) was then evaluated as ym = Mw/B. Alternating current
magnetic susceptibility analysis was performed with a Quantum Design PPMS setup working in the
10 — 10000 Hz range with zero and 0.1 T applied static field. Magnetic data were corrected for the
sample holder contribution and for the sample diamagnetism using Pascal’s constants[28]. The ac
susceptibility data were analysed within the extended Debye model[29], in which a maximum in the
out-of-phase component yv" of the complex susceptibility is observed when the relaxation time ¢
equals (2nv) %, The adopted model includes two different relaxation processes to reproduce a non-
zero yv" in the low frequency region of the plots; the corresponding relaxation times extracted from
this low frequency component were however not described due to the huge uncertainty associated to

them. The frequency dependence of y" at constant temperature was thus fitted using equation (1):

" (@) = "Lk (@) + yw"eir (@) 1)
where each process corresponds to the function reported in equation (2):
" (@) = (rr — 1) (@) cos(an/2))/[1 + 2(w2) *sin(an/2) + (07)***] )

where w = 2nv, yr and ys are the isothermal and adiabatic susceptibilities, i.e., the susceptibilities
observed in the two limiting cases v— 0 and v— oo, respectively, and o is a parameter which

accounts for a distribution of relaxation times.

Results and discussion

The syntheses of the metal CPs here described were performed according to a protocol previously
developed for the europium derivative[25]. The sequence of reactions reported below starts with the
extraction of the metal ions from an aqueous solution to a hydrocarbon medium, driven by NHBu,
and CO; (equation 3)[30]. In this paper we report that also dysprosium ions can be extracted almost

quantitatively from water as a dibutylcarbamato complex (equation 4). Extraction yields have been



established evaluating by complexometry the amount of the metal left in water. Reproducibly, the
reaction work-up yielded a neutral product with the [Dy(O,CNBu,)3] composition. The high yields
give a synthetic value to this procedure.

2 NHBu,; + CO; [NH2Bu,][O,CNBu,] (3)
DyX; + 3 [NH,BuU,][0,CNBuU,] — [Dy(O,CNBuU,)3] + 3 [NH,Bu,]X 4)
IR spectrum is almost identical to that of the terbium[30a] and yttrium[27] analogues. Since the

rare-earth metals Y and Dy can be extracted almost quantitatively from water, it is possible to
extract them simultaneously in any desired molar ratio maintaining the same molar ratio in the
extracted mixture.

The metal N,N-dibutylcarbamato complexes so obtained, [M(O,CNBuy);] (M = Dy, Y) were
reacted with dibenzoymethane (Hdbm) with formation of the ionic [NH2Buz][M(dbm).] (equation
5) that was easily transformed in [M(dbm);] (M = Dy, Y) by release of Hdbm and NHBu, by
thermal treatment at 150 °C in vacuo (equation 6).

[M(O,CNBu,)3] +4 Hdbm — [NH2Bu,][M(dbm)4] + 3 CO;, + 2NHBuU, (5)
[NH2Buz][M(dbm),] — [M(dbm)s] + Hdbm + NHBu, (6)

The reactions between the metal dibenzoylmethanato complexes [M(dbm)s] (M = Dy, Y) with 4,4’-
bipyridine, in a molar ratio 1:1, in toluene under anhydrous conditions at about 60 °C, afforded the
monodimensional CPs {[M(dbm)sbpy]-C7Hs}, (equation 7).

[M(dbm)s] + bpy — {[M(dbm)sbpy]-C7Hs}n (7)
In the solid state the derivatives are stable in air and do not release toluene under vacuum at room
temperature. The products were characterized by elemental analysis, IR and X-ray diffraction,
resulting  isostructural ~ with  other  lanthanide = complexes  previously  reported,
{[Ln(dbm)3sbpy]-C7Hs}n (Ln = Eu, Tb)[25]. It can be useful to remind that the structures of these

compounds contain zigzag chains as shown in Figure 1.



Figure 1. The structure of portion of the chains in
1,1-Y and 2.

Toluene molecules are hosted between the bipyridine linkers of two parallel chains almost exactly
in the middle. The phenyl plane of toluene is perpendicular to the nearest pyridine planes as shown

in Figure 2 at a distance which may suggests edge-on =-rt interactions.

Figure 2. View the solvent hosted within the chains in the crystal structure.

This finding agrees with the observation that toluene is not removed by treatment of the sample
under vacuum at room temperature. Each metal is octa-coordinated in a distorted square

antiprismatic geometry (Figure 3 and Table S2)[31].



Figure 3. The geometry of the metal coordination.

Six coordination sites are occupied by the oxygen atoms of the chelating [3-diketonates and the other
two by the nitrogen atoms of two bpy ligands. It is worth to mention that intrachain LnLn are
12.310 A (measured for europium) while the shortest interchain distances (along the a axis) are
10.411 A (other higher interchain distances being 12.17, 12.34, 12.38 and 13.31 A).

Figure 4 reports the temperature dependence of the product of the molar magnetic susceptibility

with temperature, ymT, for 1 and 2.
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Figure 4. Temperature dependence of the ymT product of 1 (empty dots) and 2 (black lozenges).
Inset: zoom of the low temperature part of the main panel, highlighting the change in slope of the
curves below 6 K.

The value of the yuT product at 300 K for compounds 1 and 2 are, respectively, 14.2 and 11.7
emuK/mol, in line with what expected for free Dy(lII) ion (whose ground electronic term, °Hisp,
features a g value of 4/3, giving a theoretical yuT product of 14.17 emuK/mol) and Th(111) ion ("Fe
ground state term, g value of 3/2, yielding a theoretical yuT product of 11.8 emuK/mol). Upon
cooling, the ymT profile of both samples undergoes a monotonic decrease, reaching the values of
10.3 and 9.2 emuK/mol at 2 K, respectively, as expected upon thermal depopulation of the m;
sublevels of the ground state multiplet, split by the crystal field. Anyway, the presence of
intermolecular antiferromagnetic interactions cannot in principle be ruled out, especially at low
temperature. A focus at the region below 10 K of both plots (highlighted in the inset of Figure 4), in
fact, shows a sharp change in slope of both curves, taking place at about 5.5 and 5.3 K for 1 and 2,
respectively. This behaviour cannot be explained in terms of magnetic saturation effects, as can be
understood looking the isothermal magnetization profiles, shown in Figure S3, and may suggest the
onset of antiferromagnetic dipolar interactions at low temperature for both compounds. This finding
is in line with the dynamic magnetic behaviour of 1, which is significantly affected by the dipolar
field in the crystal (vide infra). The isothermal magnetisations of 1 attain the 5.56 pg/mol value at
1.8 K and 50 kOe, without reaching saturation. Their non-overlapping nature (when plotted against
field over temperature) suggests the presence of magnetic anisotropy. On the other hand, the
terbium derivative 2 shows magnetic saturation at 4.30 pug/mol and superimposable curves, pointing
to a well isolated magnetic ground state.

In order to analyse the dynamics of the magnetisation of 1 and 2, ac magnetic susceptibility has
been used. With no static magnetic field applied, the majority of the susceptibility of 1 relaxed
rapidly and displayed a very low value of out-of-phase magnetic susceptibility, ym” (Figure S4).
Anyway, taking a closer look, this plot showed a frequency and temperature independent set of
maxima, showing a relaxation process with a magnetisation sweeping frequency of 10.1 kHz,
calculated as the inverse of the relaxation times extracted from the maxima of Figure S4b. Since
this peak disappears upon dilution in a diamagnetic host, we attribute it to the presence of dipolar
interactions in the crystal, opening additional pathways of the relaxation of the magnetization of the
isolated ions. This behaviour has been previously observed in undiluted magnetic molecular
materials, usually hampering the characterisation of the magnetisation dynamics of the molecules in

their pure phase[16, 32]. In order to remove the effect of these dipolar interactions, the ac



characterisation has been carried out with a static magnetic field of 1 kOe applied. In these
conditions, a clear set of frequency dependent peaks appears in the out-of-phase magnetic

susceptibility, reported in Figure 5.
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Figure 5. Left panel: Frequency dependence of the in-phase (empty circles) and out-of-phase (full
circles) magnetic susceptibility of 1, measured in a 1 kOe static applied field. Right Panel:
Arrhenius plot, reporting the logarithm of the relaxation time of the magnetisation versus the
inverse of temperature, for 1 and 1-Y, measured with or without a 1 kOe static applied magnetic

field. The full lines represent the best fitting results obtained with the model described in the text.

Upon fitting of the ym" (@) curves with the extended Debye model, as discussed in the Materials and
Instrumentation Section, it has been possible to extrapolate the temperature dependence of the
relaxation time of the magnetisation, z The data are reported in the right panel of Figure 5 as an
Arrhenius plot (Inz vs T?). The zero field data show, as previously discussed, a temperature
independent relaxation process, which can be ascribed to a quantum tunnelling of the magnetization
induced by dipolar interactions. In the 1 kOe case a set of frequency and temperature dependent
peaks appears in the yv"(w) curves, indicating SIM behaviour (Figure 5). The corresponding
relaxation times show a non-linear behaviour of 7z against T, and have been fitted with a model

including two relaxation mechanisms, as described by equation 8:
1o 1(T) = CT" + AT (8)
In here, the first term describes a Raman mechanism, involving a crossing of the magnetic barrier

through a virtual magnetic state, while the second term corresponds to a direct transition between

the states belonging to different sides of the energy barrier, induced by a resonant phonon, (here A



is a weighting coefficient depending on several factors, among which the magnetic field and the

speed of sound and the density of the material)[33]. The best fitting parameters are reported in

Table 1.
1 1Y
1 kOe - 1 kOe -
zero field
1L ae High T process Low T process
A (s'K™h 2.70(3) -10° - 7(3) 619(44)
QTM (Hz) - 114(16) - -
C (s'K™ 2.5(2) 3(2)-107 1(1)-10® 0.5(2)
n 9.16(9) 8.4(4) 8.3(4) 9.0(3)
R? 0.999 0.991 0.994 0.999

Table 1. Parameters extracted from the best-fitting procedure of the temperature dependence of the
relaxation times of 1 and 1-Y, according to the models described above.

In this approach, the value obtained for the Raman exponent n (8.8(1)) is in line with what expected
for a Kramers ion like Dy(l111)[34], and is not changing significantly upon dilution of 1 in a
diamagnetic analogue (vide infra). As comparison, a fitting procedure based on a different hybrid
model, merging a thermally induced overcome of an energy barrier (4, Orbach process) and a direct
relaxation was employed as well, giving fits of comparable quality (R’raman = R%orach = 0.999; the
corresponding curve is reported in Figure S6). The value of the energy barrier obtained with this
procedure is 16.7(4) cm™. A third procedure including Orbach and QTM, despite yielding fits of
comparable quality, has not been included in the discussion since the fitted relaxation times have
been measured with a static field applied, which we assume to completely suppress QTM. The best
fitting parameters of the three models are summarized in Table S3.

A different strategy for the reduction of the dipolar interactions in the crystals consists in the
dilution of the slow relaxing complexes in a diamagnetic, isostructural host. This route has been
followed  here  with  the  preparation of the 1-D  coordination  polymer
{[Y0.94DY0.06(dbm)sbpy] - C7Hg}n (1-Y from now on). The molar ratios of the two metal ion has been

assessed by comparing the DC properties of 1-Y to the ones of the pure dysprosium derivative 1



(Figure S2). The homogeneity of the solid solution has been confirmed realizing an EDS analysis of
the Y/Dy ratio in three different areas of the sample (Figure S1 and Table S1), and the
isostructurality of 1-Y with respect to the Th-based analogue [25] has been checked by means of
powder XRD diffraction analysis (Figure S5). The relaxation of the magnetization of the diluted
system is more complex than the one observed for the pure one. With no applied field, 1-Y shows
frequency and temperature dependent peaks in the out-of-phase magnetic susceptibility (Figure S7),
differently from 1. The corresponding relaxation times have been reported in Figure 5, and, despite
what usually observed in the literature for Dy(lll) complexes featuring slow relaxation of the
magnetization, the relaxation times of 1-Y are significantly slower from the ones observed for the
pure sample 1 in a 1.0 kOe static field. Figure S7c shows that peaks in the out of phase component
of the magnetic susceptibility appear in the 4-10 K temperature range for 1-Y, while for 1 they were
found in the 1.9 — 3.5 temperature region. A comparison of the Raman / QTM and Orbach / QTM
fitting models, reported in Figure S8, confirms the former to yield a better reproduction of the
experimental data, thus hinting to the magnetization to reorientate through a virtual state, in
accordance with the behavior of the undiluted sample. In the present case, the reduction of the
dipolar interactions via magnetic dilution is not sufficient to eliminate completely the quantum
tunneling of the magnetization. This behavior can be interpreted considering the hyperfine
interaction with the spin active *'Dy and **Dy isotopes, known to promote the QTM in Dy(l11)
mononuclear slow relaxing species[35]. In addition to that, upon dilution an additional relaxation
process appears below our reachable lowest temperature (1.9 K, Figure S7c¢).

Appling a static field of 1 kOe on 1-Y slows the latter process down, making it detectable within our
experimental possibilities (Figure S7d). The comparison between the Arrhenius plots arising from
these low temperature yv " peak, taken for 1-Y in a 1 kOe field, and the ones measured for 1 with
the same field suggest that the two processes may be actually the same (Figure S9). Another
consequence of the static field is the rise of a slower relaxation process, located at higher
temperature, in the 4 — 10 K range. Analysis and fitting of its Arrhenius plots again seems to point
out to a Raman process mixed with a direct one (n = 8.3(4)), rather than an Orbach one (Figure
S10). In line with previous reports about vanadyl-based molecular gbits candidates[36], and Dy(l1I)
single ion magnets[37] relaxing via a Raman mechanism, the effect of the field is to reduce of about
one order of magnitude the C parameter, leaving the n exponent almost unaffected. These findings
suggest that the low temperature process is triggered by the application of the field, while the higher
temperature one is hidden by the onset of dipolar interactions.

Globally, the analysis of the dynamics of 1 and 1-Y shows that two different relaxation models can

be employed to reproduce them with comparable goodness. An unambiguous determination of the



relaxation mechanisms active here would require the use of spectroscopic techniques. However,
several studies indicate that experimental barriers to the relaxation in Dy(/-diketonate)sN-N in
distorted square-antiprism (pseudo Dag) span the 30 — 90 cm™ range[38] while only one complex
displays an activation barrier to the relaxation similar to what found for 1[39]. This consideration,
along with the slightly better curve reproduction with the Raman / direct model using a Raman
exponent in line with the theoretical expectation for a Dy(l11) ion, seem to suggest these to be the
relaxation mechanisms working in this case.

The dynamic susceptibility of the {[Th(dbm)sbpy]-C;Hg}, complex (2) showed no out-of-phase
signals in the absence of a static magnetic field applied (Figure S11), probably because of the non-
Kramers nature of the Th(lll) ion or for the presence of dipolar interactions. In the presence of a 1
or 1.5 kOe field, however, a non-zero yv” signal appears, showing frequency and temperature
dependent peaks (Figure S12). The corresponding Arrhenius plots have been fitted with the two
mixed model used above, as reported in Figure S13. The n exponent of the Raman model, which is
expected to be 5 for closely spaced multiplets, takes lower values (3.2(3) and 4.8(2) in 1.0 and 1.5
kOe fields, respectively). These values are in line with previous reports of Th-based SIMs in the
literature[37b] and support the Raman assignment of the relaxation mechanism in these kind of
CPs.

Conclusions

The synthesis of the 1D-coordination polymer {[Dy(dbm)sbpy]-C7Hs}n, 1, having only 4,4’-
bipyridine as a spacer, isostructural with the terbium analogue, 2, has been carried out in high yield.
The synthetic protocol can be used to prepare mixed compounds with two different rare-earth
centres with a defined molar ratio. Although strictly anhydrous synthetic conditions are necessary,
once recovered, the crystalline product is stable on air and does not lose toluene in vacuo at room
temperature. The static magnetic behaviour of 1 and 2 discarded the presence of intrachain
magnetic interactions. The dynamics of the magnetization of the dysprosium derivative are strongly
affected by the dipolar interactions in the solid state: the pure system displays a Raman/direct mixed
relaxation process in a field of 1 kOe, while upon magnetic dilution an additional, slower process
takes place at higher temperatures. The temperature dependence of the relaxation times for both
processes could be reproduced more satisfactorily with a mixed Raman/direct mechanism than with
an Orbach/direct one. Isostructural dysprosium and terbium derivatives have been compared,
showing that, despite the different Kramers nature of the ions, both systems share the same

relaxation mechanism.
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