N
N

N

HAL

open science

Alkyl chain length influence of the functionalized
diethanolamine ligand on the slow relaxation of the

magnetization in CollI3DyIII3 complexes
Chloé Bonnenfant, Nahir Vadra, Mathieu Rouzieres, Rodolphe Clérac, Fabio
D Cukiernik, Pablo Alborés

» To cite this version:

Chloé Bonnenfant, Nahir Vadra, Mathieu Rouziéres, Rodolphe Clérac, Fabio D Cukiernik, et al..
Alkyl chain length influence of the functionalized diethanolamine ligand on the slow relaxation of

the magnetization in ColII3DylII3 complexes. Dalton Transactions, 2024, 53 (6), pp.2815-2825.

10.1039/d3dt03656a . hal-04445243

HAL Id: hal-04445243
https://hal.science/hal-04445243v1
Submitted on 7 Feb 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04445243v1
https://hal.archives-ouvertes.fr

Alkyl chain length influence of the functionalized
diethanolamine ligand on the slow relaxation of
the magnetization in {Co}'Dy'} complexes+

Chloé Bonnenfant,®® Nahir Vadra, ¢

Fabio D. Cukiernik

@ Mathieu Rouziéres,“ Rodolphe Clérac,
*@ and Pablo Alborés (2 *@

We report the synthesis, structural characterization and magnetic properties of a series of Co(in)/Dy(in)
complexes built up from an N-alkyl derivatized amino-alcohol ligand diethanolamine, functionalized with
CpHap41 alkyl chains (n = 3, 4, 6, 8 and 10). While n = 3 afforded a butterfly {Co DyJ'} core, the other alkyl
chains (n = 4, 6, 8) afforded hexanuclear triangle-in-triangle {CoY Dy} complexes as shown by single-
crystal X-ray determinations. Infrared spectroscopy allows us to characterize the C,q derivative complex,
which did not crystallize. Magnetic ac susceptibility data collected below 10 K at driving frequencies up to
10 kHz under zero-dc field and up to 1 T provide insight into the SMM behaviour of the studied com-
plexes. The characteristic time of the magnetization dynamics can be understood in terms of the com-

peting Raman, Direct and Orbach-like mechanisms. A relationship between the magnetization dynamics

within the family of complexes and the increasing alkyl chain length is discussed.

The characteristic time for magnetization reversal in molecular
systems is the key feature of single-molecule magnet (SMM)
behaviour.! Long relaxation times induced by a large energy
barrier without quantum magnetization tunnelling relaxation
are necessary for potential applications of these systems as
data storage devices.” Lanthanide-based SMMs®~ as well as hetero-
metallic 3d/4f complexes® have been prepared and studied for this
purpose during the last two decades. Among the lanthanide series,
Dy(u) SMMs are largely the most explored due to their strong axial
magnetic anisotropy that can be engineered with a fine tuning of
its coordination sphere.” Indeed, the most promising SMMs up to
now are based on Dy(m) ions.*°

Among heterometallic 3d/4f SMMs, the systems based on a Co
(m)/4f metal combination are particularly attractive as the Co(m) ion
is a closed shell center, hence leaving all magnetic features to the
lanthanide ion. The Co(m) sites provide useful connectivity and
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offer structural versatility in these heteronuclear complexes. Most
of the studied examples in this category of SMMs are those
showing a {Co"Dy"} butterfly core, which is stabilized by chelating
amino-alcohol-type ligands, such as triethanolamine or diethano-
lamine derivatives."'® In fact, some key magneto-structural corre-
lations have been identified showing that small perturbations in
the axial anisotropy of Dy(m) sites have a strong influence on the
magnetization relaxation time."®

In order to test the structural modulation of the SMM pro-
perties in the Co(ur)/Dy(m) system, we decided to take advan-
tage of diethanolamine and the possibility to chemically func-
tionalize this ligand at the N atom. Previous examples of Co
(mm)/Dy(m) complexes with N-methyl (N-methyldiethanolamine,
H,mdea) and N-butyl (N-butyldiethanolamine, H,bdea) deriva-
tives have been reported with most of them exhibiting the but-
terfly {Col'Dy"} motif.'>'*'"'%2° In this work, we have pre-
pared the N-C,-H,dea ligands with n = 3, 4, 6, 8 and 10
(Scheme 1) and explored their reactions with the Co(u) pivalate
precursor and Dy(m) nitrate. We found that a triangle-in-tri-
angle {Col"™Dyl"} core structure is obtained for the n > 4
ligands, affording complexes of formula [Col'DyY(C,-
dea);(piv),(OH)4(H,0),](NO3), n = 4 (1-C4) and n = 8 (3-Cg); and
[CoT'DyM(C,-dea);(piv),(OH),(H,0)(NOs)], n = 6 (2-C¢) and n =
10 (4-Cy0). The triangle-in-triangle {Co"Dy!"} motif was pre-
viously observed in two related complexes.>**' Instead, the
butterfly [Col"Dy}(Cs-dea)s(piv)s(OH),] (5-Cs) is obtained for
n = 3, sharing the same molecular structure with the previously
reported [Col'Dy}!(mdea);(piv)s(OH),],"® where the H,mdea
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Scheme 1 Diethanolamine ligand derivatives (N-C,—H,dea) employed
for the synthesis of the reported complexes.

ligand is N-C,-H,dea. Here, we are taking advantage of the n =
4-10 series of complexes preserving their {Co"Dy'} core, to
study the influence that the alkyl chain length may exert over
the structural organization and magnetization relaxation of
these SMM complexes.

Synthesis and structural characterization

We have previously explored synthetic strategies to develop
complexes that combine Co(m) and Ln(m) ions by employing
amino-alcohol-type ligands like triethanolamine (Hjtea) and
N-methyldiethanolamine (H,mdea).'®'® The reaction of Co(n)
pivalate precursor with lanthanide(m) nitrate in the presence
of these ligands in acetonitrile afforded butterfly-like com-
plexes with {Co(ur),Dy(ur),} metallic cores. These complexes
exhibit interesting SMM properties that can be analysed based
on some structural key features observed within a large family
of related systems sharing the same metallic core.'® Inspired
by the H,mdea {Co(m),Dy(m),} complex,'® we have used the
diethanolamine ligand and its N-alkyl derivatives (Scheme 1)
to explore the effect of alkyl chain length on the structure and

magnetic behaviour of the resulting molecular assemblies.
Surprisingly, under similar reaction conditions employed for
the mdea {Co(m),Dy(m),} complex, the butterfly {Co(i),Dy(i),}
core is not preserved in the crystallized products when N-
C,dea ligands are used in acetonitrile in combination with Co
(u) pivalate and Dy(mn) nitrate. For the C,, C¢ and Cg ligands,
single crystals of hexanuclear {Co(um);Dy(u);} complexes are
obtained (Fig. 1), while the crystalline products from the C;
and C,, ligands are not good enough for single-crystal X-ray
structural determination. The infrared spectra of these com-
plexes share a common fingerprint between 1300 and
1700 cm™" (Fig. 2), except for the Czdea complex, 5-C;. In fact,
we collected enough evidence to determine that this complex
possesses a butterfly structure {Co(m),Dy(m),} similar to the
mdea analogue. Chemical analysis supports this formulation
while the recrystallization of 5-C; in a methanol/acetonitrile
mixture  affords  single crystals of  [Col'Dy)!(Cs-
dea);(piv)s(OCHz3),] (5-Cs;) (Fig. S11), which possess a butterfly
{Co(m),Dy(m),} core based on single-crystal X-ray diffraction
data. This result shows that the crystalline solid obtained with
Czdea is different from the hexanuclear {Co(in);Dy(m);}
complex isolated with longer alkyl chains. Further research
will be necessary to confirm if this structural switching is
driven only by the alkyl chain length of the C,-dea ligand.
Single-crystal X-ray diffraction measurements show that
complex 1-C, crystallizes in the monoclinic space group Cc,
while complexes 2-C¢ and 3-Cg crystallize in the monoclinic
P2,/n one. All complexes are heterometallic hexanuclear cages
consisting of three Co™ and three Dy™ ions. The metal-oxo
core in all complexes displays a hemicubane-like arrangement
of the metal ions and oxygen atoms. The {Co;Dy;} moiety in
this hexanuclear core is held by four p;-hydroxo groups. This
structural motif can also be understood as a triangle-in-tri-
angle arrangement with an inner {Dy;} triangle and an outer
{Cos} one with a dihedral angle between triangle planes close
to 40° (Fig. 3). The peripheral coordination sites are provided
by the fully deprotonated C,-H,dea ligands (C,-dea®~, denoted
in the following as C,-dea) that coordinate through the N atom

1-C,

265
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Fig. 1 Ball-and-stick representation of complexes 1-C4, 2-Cg and 3-Cg. Disordered atoms and H atoms were omitted for the sake of clarity. Green:

Dy; violet: Co; red: O; blue: N; gray: C.
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Fig. 2 KBr infrared spectra of reported complexes with different N-C,,—H,dea ligands, {Co(mn),Dy(m),mdea} (n = 1); 5-C3 (n = 3), 1-C4 (n = 4), 2-C¢

(n = 6), 3-Cg (n = 8) and 4-Cyq (n = 10).

to the Co™ ions and further bridge the Co™ centres to the

Dy"™ ions through its two p-alkoxo groups and six p-pivalate
ligands. In fact, this hexanuclear {CoY'Dy}"(j5-OH),(L)s(piv)e}
core has already been observed in two closely related cationic
complexes, where L = triethanolamine (Co;Dysteas)*' and
N-butyldiethanolamine (CozDy;bdea;) with nitrate counter-
ions.”® The difference between these previously reported
complexes and 1-C,, 2-C¢ and 3-Cg resides in the three apical
ligands (apical with respect to the Dy; triangle plane) fulfill-
ing the Dy™ coordination spheres. While in Cos;Dystea; and
CozDy;bdea;, these ligands are all water molecules, in 1-C,
and 3-Cg, they are two aqua ligands and a x'O-pivalate
ligand. On the other hand, in 2-Cg, they are a water mole-
cule, a x'O-pivalate ligand and a nitrate anion, making this
complex neutral while 1-C, and 3-Cg are mono-cationic com-
plexes with nitrate as the counterion. In 2-C, it looks like
the nitrate counterion replaces the aqua ligand in the Dy
coordination sphere. In fact, the nitrate counterion in 1-C,4
and 3-Cg appears to be H-bonding to the aqua ligand
making this interchange a feasible hypothesis (Fig. S27).
Another structural modification accompanied the nitrate/
aqua interchange in 2-C¢ with respect to 1-C, and 3-Cg, and
the remaining aqua ligand exchanges its position with the
k'O-pivalate ligand at the Dy site.

Regarding the alkyl chains of the C,-dea ligands, even if
they are highly disordered, they remain almost in the {Cos} tri-
angle plane except for complex 2-C¢ where they markedly tilt
upwards (Fig. S37).

In the three {Co(m);Dy(u1);} complexes, all three indepen-
dent Co(mn) sites are six-coordinated in octahedral geometry
with average Co-O and Co-N bond distances of 1.90(2) A (1-
C4), 1.90(2) A (2-Ce), 1.91(1) A 3-Cg and 1.97(2) A (1-Cy4), 1.94(3)
A (2-Cg), 2.00(2) A (3-Cg), respectively. Regarding the three
different Dy(u) sites, they are eight-coordinated with different
geometrical arrangements (Fig. S41). According to SHAPE,*
complex 1-C, shows bi-augmented trigonal prism (BTP) geo-
metry (CShM, 0.690) at Dyl and Dy3 sites while Dy2 exhibits a
triangular dodecahedron (TDD) geometry (CShM, 0.842).
Similarly, complex 3-Cg also shows BTP geometries (CShM,
0.719 and 0.692, respectively) at Dyl and Dy3 sites and TDD
geometry at the Dy2 site (CShM, 0.995). However, the geometry
of Dy2 is also close to that of a BTP arrangement (CShM, 1.102
vs. 0.995 of TDD). On the other hand, complex 2-C¢ shows the
BTP arrangement at Dy2 and Dy3 sites (CShM, 0.808 and
0.972, respectively) in contrast to complexes 1-C4 and 3-Cg
where this geometry corresponds to Dyl and Dy3 sites. The
Dy1 site here exhibits the SAP geometry (CShM, 0.544). These
differences observed in complex 2-C¢ are most probably related
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Fig. 3 {Cog'Dyg') triangle-in-triangle core of the reported complexes and a view of the dihedral angle between the Cos and Dys planes. Red balls

correspond to oxygen atoms.

to the nitrate anion and aqua ligand interchange as previously
mentioned (vide supra). The observed Dy-O bond lengths
(Table S21) show mean values ranging from 2.33(2) A to 2.36(2)
A, which are almost identical at all sites in all complexes. The
Dy-O bond lengths exhibit a remarkably narrow distribution
across the three complexes, with variations between the
maximum and minimum bond lengths ranging from 0.08 to
0.14 A. An exception arises in complex 2-Cs, where the
maximum-minimum bond length difference reaches 0.22 A at
the Dy2 site and 0.29 A at the Dy3 site. Notably, this complex
exhibits an unconventional short Dy-O bond distance of 2.15
(3) A at the Dy3 site, involving the alkoxide oxygen of the
teaH>~ ligand. In general, across the three complexes, the Dy-
O bond distances vary from 2.15(3) A to 2.45(2) A.

Regarding crystal packing, two main inter-molecular inter-
actions can be distinguished in 1-C4, 2-C¢ and 3-Cg. H-bond
interactions involve the nitrate anion (as a counterion in 1-C,
and 3-Cg; and as a coordinated ligand in 2-Cg), the coordinated
aqua and hydroxo ligands of neighboring molecules as well as
solvent water molecules (Fig. S5t). The other dominant inter-
actions are C-H---C-H contacts between the N-alkyl chains and
tert-butyl groups of pivalate ligands of the neighboring com-
plexes (Fig. S61). Both supramolecular interactions confer an
ordering along a direction almost perpendicular to the
packing (Fig. S71). From the inter-play of these two dominant
interactions, the shortest Dy---Dy inter-molecular distances are
10.530(2) A in 1-C4, 9.401(2) A in 2-C¢ and 9.824(2) A in 3-Cg
(Fig. S87). In the case of the longer alkyl chains, the shortest
Dy---Dy inter-molecular distance is driven by the C-H:--C-H
interactions, while the H-interaction in the 1-C, complex
brings Dy sites to their closest distance. This aligns with the
anticipated trend of strengthening C-H---C-H interactions as
the alkyl chains lengthen. However, it is noteworthy that there

is no consistent, monotonous variation in the closest Dy::-Dy
inter-molecular distance with an increase in alkyl chain
length.

Magnetic properties

Static dc susceptibility data. The temperature dependence of
the dc magnetic susceptibility (y) between 1.85 and 300 K at 1
kOe and the field dependence of the magnetization (M) up to
7 T in the 1.8-8 K range were recorded for the reported com-
plexes. The yT product values at room temperature were esti-
mated at 42.4, 42.0, 42.7 and 40.0 cm® K mol™" for 1-C,4, 2-Cs,
3-Cg and 4-C,o, respectively, in good agreement with the
expected value of 42.5 cm® K mol™" for three uncoupled Dy(im)
centers (Dy(m): S = 5/2, L = 5, ®*Hys, yT = 14.17 cm® K mol ™, g
= 4/3 in a spherical symmetry; Co() is a closed-shell metal ion
with S = 0). When lowering the temperature, the y7T product
decreases down to the lowest temperature, 1.8 K, to reach 18.4,
16.9, 12.9 and 25.0 cm® K mol™* for 1-C,, 2-Cs, 3-Cg and 4-Cy,,
respectively (Fig. 4). This behaviour is expected for the highly
anisotropic Dy(in) center due to zero field splitting under sym-
metry lowering followed by Kramers doublets depopulation at
the lower temperature range. The Kramers doublet (KD) ener-
gies and composition (in terms of J = 15/2m; states) are
strongly dependent on the Dy(m) crystal field symmetry and
strength. The overall yT vs. T profile below 50 K results from
these KD composition and energy patterns. Reduced magneti-
zation plots (M vs. H/T) down to 1.8 K and up to 7 T do not
show clear saturation, nor do they exhibit isotherm superposi-
tion in agreement with the expected behaviour for the highly
anisotropic Dy(m) ion. Maximum values registered at the
lowest temperature (1.85 K) and the highest explored field (7 T)
are 17.9, 17.0, 17.2 and 17.5up for complexes 1-C,, 2-Cg, 3-Cg
and 4-C,, respectively (Fig. 4).
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Fig. 4 Left: Temperature dependence of the 4T product (y is the molar dc susceptibility calculated from the ratio of the magnetization, M, and the
applied magnetic field, H) at 0.1 T for 1-C4, 2-Cg, 3-Cg and 4-C,o. Right: Field dependence of the magnetization plotted as M vs. H/T for 1-C,4, 2-Cg,

3-C8 and 4-C10.

Dynamic ac susceptibility data. In order to test for possible
slow relaxation of the magnetization in these complexes, ac
susceptibility data were collected at low temperatures at
driving frequencies up to 10 kHz in a zero-dc field. For all com-
plexes, a detectable frequency- and temperature-dependent

out-of-phase signal (") was observed below 10 K (Fig. 5 and
S9f) evidencing the SMM properties of the reported com-
plexes. However, a clear maximum of the relaxation mode in
the " vs. T and " vs. v plot in the zero-dc field was observed
only in the case of 1-C,4, for which a second relaxation process
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Fig. 5 Temperature dependence of the in-phase (left; ¥') and out-of-phase (right; ¥"') components of the ac susceptibility in the zero-dc field at
indicated ac frequencies for 1-C4, 2-Cg, 3-Cg and 4-C,,. Solid lines are guidance for the eyes.

could also be detected as a minor component (vide infra). For
the other complexes, the magnetization relaxation is too fast
even at 1.9 K, inducing a relaxation mode at frequencies
higher than the instrumental limit value of 10 kHz. However,
even if the characteristic frequency of the relaxation mode is
not falling within the experimental window, the dynamic
behaviour of the magnetization for these complexes can be dis-
cussed. As shown in Fig. 5 and S9,} 2-C¢ and 3-Cg exhibit a
characteristic frequency only slightly higher than 10 kHz at
1.9 K, while the relaxation mode in 4-C4, is significantly at
higher frequency as exemplified by the observation of only a

“tail” in the y” vs. T and y” vs. v data profiles. At 1.9 K, the
characteristic relaxation time of 7 x 10™*, 1 x 107>, 2 x 10™°
and 1 x 107° s for 1-C,, 2-Cg, 3-Cg and 4-Cy,, respectively, were
estimated when fitting the experimental y” vs. v data to the
generalized Debye model®*?** with a single relaxation mode
(Table 1). This first analysis suggests that the elongation of the
alkyl chain in the C,-dea ligand promotes a faster magnetiza-
tion relaxation.

In order to investigate further the magnetization dynamics
of these complexes, the ac susceptibility was measured in the
presence of a small dc field (up to 1 T) in order to suppress the



Table 1 Magnetization relaxation time best fitting parameters of the
reported complexes

1-C, 2-Cg 3-Cg 4-Cyo
~7(1.9K, 7x107* 1x10™° 2x10™° 1x10°°
0 Oe)/s

7s only Ts O3
A/K 38 37 77 — 58 —
7o/s 7.8x107% 2.4x1077 3.8x107"* 1.6 x 107
n 2.3 2.3 2.3 — 3.0 —
C/K™"s™t 350 340 1400 — 8100 —
Cy/T™? 60 37 — — 8.0 —
C,/T™? 510 520 — — 810 —
AIT*K™'s™ 1.8x10° 1.8x10° — 9.2 x10°

4 Lm:ta,medrimmrmtm% o X

7' /cm® mol!

1000
vl Hz

10000

potential fast relaxation processes due to quantum tunneling of
the magnetization. The expected field effect was not observable for
4-C, and only limited for 2-C¢ where the maximum of the relax-
ation mode stays very close to the ac frequency limit. On the other
hand, the applied dc field shifts significantly the characteristic
relaxation time at 2 K for 1-C,; and 3-Cg to lower frequencies
offering the opportunity to study their magnetization dynamics in
more detail (Fig. 6). For these two complexes, the temperature and
frequency dependences of the ac susceptibility were recorded with
an optimized dc field of 1000 Oe for 1-C, and 1500 Oe for 3-Cg,
respectively (Fig. S10 and S117).
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Fig. 6 Frequency dependence of the in-phase (left; y') and out-of-phase (right; y*) components of the ac susceptibility at 2 K and indicated dc field
for 1-C4, 2-Cg, 3-Cg and 4-C,p. Solid lines are the best fits to the generalized Debye model.



As already mentioned above, the y” vs. v plots in the zero-dc
field for 1-C, (Fig. 6 and S97) suggest the presence of at least
two different relaxation modes with slow (zg) and fast (zg) relax-
ation times. This feature is less clear when applying a static dc
field but still, a sum of two generalized Debye models is able
to better reproduce the experimental data than those for a
single generalized Debye model as exemplified by the corres-
ponding Cole-Cole plots (Fig. $121).>* The presence of more
than one relaxation process is most likely in relation to the
presence of different Dy(m) sites in these complexes, in which
Dyl and Dy3 display very similar BTP coordination spheres
(see Structural discussion), while the geometry of the remain-
ing Dy2 differs clearly. Hence, these two different Dy(u)
environments may explain the presence of two relaxation
modes. Unfortunately, it was not possible to consider this
model with two relaxation times for all the data sets of 1-C,4
when the fast relaxation time moves outside the experimental
frequency window. The temperature and field evolution of the
extracted relaxation times, considering one single mode (7)
and two modes (zs and 7p) have been plotted and analysed
(Fig. S137). The first remark is that z and 75 are indeed very
similar especially at low temperatures at which 7y is not easy to
estimate and to follow as a function of the dc field at 2 K.
Thus, it implies that the field dependence of 7 could not be
fitted but is simply simulated (Fig. S13t) based on the relax-
ation model used to reproduce its temperature dependence

(Fig. 7). In the process to determine the different relaxation
processes, it is clear that a fitting approach including two
modes provides systematically a better agreement with the
experimental data as expected with more adjustable para-
meters. Nevertheless, the single relaxation model appears to
be the right choice for an easier comparison with 3-Cg.

Both temperature and field dependences of the relaxation
time for complexes 1-C, and 3-Cg were modelled considering
Raman, QTM (quantum tunnelling of the magnetization),*
Direct, and Orbach-like relaxation processes (eqn (1)), which
are often competing mechanisms in paramagnetic materials:*

-1 _ -1 -1 -1 -1
T~ =TRaman T 7QTM  + TDirect =+ TOrbach

1+ C1H? ™4 By

rl=cC
1+ C,H? 1+ ByH?

_ A
+ATH* + 7,  exp (7 k—T)

(1)

For both complexes, the temperature and field evolution of
their relaxation time is very similar (Fig. 7). The semi-logar-
ithm 7 vs. 7' plots show a linear variation above 5 K,
suggesting an Orbach-like mechanism. At lower temperature,
there is no clear regime for which the relaxation time is a con-
stant, implying that QTM relaxation can be neglected even in
the zero-dc field for 1-C,. While the Direct mechanism is not
operative in the zero-dc field, a Raman process should thus
explain the variation of the relaxation below 5 K. Focusing on
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Fig. 7 Left: Temperature dependence of the relaxation time (plotted as 7 vs. T~* on a semi-logarithmic scale) at 1000 Oe for 1-C, (top), and at 0
and 1500 Oe for 3-Cg (bottom). Right: Field dependence of the relaxation time (plotted as z vs. H on a semi-logarithmic scale) at 2 K for 1-C4 (top),
and 3-Cg (bottom). Solid lines are the best fits to the model considering a unique relaxation mode discussed in the text. Dotted lines are the Raman
(blue), Direct (green) and Orbach (orange) components of the model.



the r vs. H data, the increase of the relaxation at low fields,
below around 0.15 T, agrees with a dominating Raman
process, while at higher fields a Direct mechanism dominates
and accelerates the magnetization relaxation. Therefore,
Raman, Direct and Orbach-like mechanisms in eqn (1) were
used to fit simultaneously field and temperature dependences
of the relaxation time for both complexes 1-C, and 3-Cg. As
shown in Fig. 7 and S13,7 this approach is able to reproduce
extremely well the experimental data with the best fitting para-
meters listed in Table 1. The obtained thermal energy barriers
of the Orbach-like process are 38 K, 37 K and 77 K for 7, 75 and
5, respectively, for 1-C, while 58 K is found for 3-Cg. These
values are indeed quite small for paramagnetic Dy(i) ions,
suggesting that low-energy vibrations may be involved in short-
cutting the barrier energy.””*® In fact, the low n exponent (n =
2.3 for 1-C4 and n = 3 for 3-Cg) of the Raman term reinforces
this hypothesis and the potential role of low-energy vibrations
in magnetization relaxation.>® This complete analysis for 1-C,
and 3-Cg supports the hypothesis that the lengthening of the
flexible pendant alkyl chains of the C,-dea ligand could acti-
vate low-energy vibrations in the spin-phonon coupling and
magnetization relaxation leading to an acceleration of the
magnetization dynamics.

We have successfully prepared and structurally characterized a
family of {Co;Dy;} complexes with a functionalized alcohol-
amine ligand possessing a pendant N-C,H,,.; alkyl chain
varying in length from n = 4 to n = 10. In contrast, the n = 3
ligand affords a different metallic core, with a butterfly
{Co,Dy,} structure. Magnetic ac susceptibility data for this
family of complexes demonstrate their SMM properties with
relaxation times becoming faster with increasing N-alkyl chain
length. The collected experimental data reveal the presence of
competing Raman, Orbach-like and Direct relaxation mecha-
nisms. The low value of the Orbach energy barrier as well as
the low n exponent of the Raman process (see eqn (1)) strongly
suggest the presence of low energy vibrations, which could
accelerate the magnetization dynamics when increasing the
alkyl chain length. The effect of the dipolar interactions
between Dy sites does not seem to be relevant in this system as
the inter-dysprosium distance does not change monotonously
when increasing the alkyl chain length of the ligand. This con-
tribution constitutes an initial study of the supramolecular
control of magnetization dynamics by engineering peripherical
ligands of SMM complexes, and more work is actually being
developed in our laboratories toward this objective.

Materials and physical measurements

N-Alkyldiethanolamine ligands were prepared following a stan-
dard reported synthetic methodology.*® Dysprosium nitrate

was prepared by reacting dysprosium oxide with nitric acid in
aqueous solution. [Co,(p-OH,)(p-piv),(piv).(Hpiv),], Hpiv = tri-
methylacetic acid, was prepared by following a previously
reported procedure.®® All other chemicals were of reagent
grade and used as received without further purification.
Elemental analyses for C, H and N were performed with a
Carlo Erba 1108 analyzer. FTIR spectra were recorded on a
Nicolet iS10 FTIR spectrometer using KBr discs.

Preparation of the complex [Col"Dy(C,-
dea);( piv),(OH)4(H,0),](NO5), (1-Cy)

Co,(OH,)(Piv),(HPiv), (0.09 g, 0.09 mmol) and Dy(NO3);-xH,O
(0.054 g, 0.15 mmol) were dissolved in 10 mL of acetonitrile,
followed by the addition of C,-H,dea (0.055 g, 0.40 mmol) and
triethylamine (0.06 g, 0.60 mmol) dissolved in 10 mL of aceto-
nitrile, affording a purple solution. The latter was then stirred
for an hour, filtered off and allowed to stand sealed at room
temperature. Within 3-4 weeks, a crop of violet crystals suit-
able for single-crystal X-ray measurements appeared. After
picking up one specimen for X-ray data collection, the remain-
ing crystals were filtered off, washed with acetonitrile and air
dried.

Yield: 0.054 g (45%, Co based).

Anal. caled. for CsoH2,C03Dy;3N,059 (2015.92), C: 35.1, H:
6.1, N: 2.8. Found, C: 35.1, H: 6.5, N: 2.5.

Preparation of the complex [CoJ Dy} (Cs-
dea)s(piv);(OH);(H,0)(NO5)], (2-Co)

This complex was prepared following the same procedure as
that for complex 1-C4, but employing the ligand C¢s-H,dea
(0.081 g, 0.42 mmol).

Yield: 0.027 g (22%, Co based).

Anal. caled for CgsH;3,C03Dy;3N,0,5 (2082.07), C: 37.5, H:
6.4, N: 2.7. Found, C: 37.3, H: 6.9, N: 2.5.

Preparation of the complex [Col"Dy™(Cg-
dea);(piv),(OH),(H,0),](NOs), (3-Cs)

This complex was prepared following the same procedure as
that for complex 1-C4, but employing the ligand Cg-H,dea
(0.086 g, 0.40 mmol).

Yield: 0.030 g (23%, Co based).

Anal. caled for C;yH;46C03Dy3N,0,0 (2184.25), C: 39.0, H:
6.7, N: 2.6. Found, C: 38.9, H: 6.5, N: 2.5.

Preparation of the complex [Col"DyY(C,¢-
dea);( piv);(OH),(H,0)(NO3)], (4-C10)

This complex was prepared following the same procedure as
that for complex 1-C,, but employing the ligand C;,—H,dea
(0.098 g, 0.42 mmol). In this case, the crystalline product was
not suitable for single-crystal X-ray characterization.

Yield: 0.042 g (31%, Co based).

Anal. caled for C;;H;56C03Dy3N,4Oy (2250.39), C: 41.1, H:
7.0, N: 2.5. Found, C: 41.8, H: 7.3, N: 2.0.



Preparation of the complex [Col'Dy(C5-
dea);(piv)s(OH),]-2H,0, (5-C3)

This complex was prepared following the same procedure as
that for complex 1-C4, but employing the ligand C;-H,dea
(0.058 g, 0.4 mmol). In this case, the crystalline product was
not suitable for single-crystal X-ray characterization.

Yield: 0.075 g (59%, Co based).

Anal. caled for Cy4HggCo,Dy,N,0;5 (1410.06), C: 37.5, H:
6.4, N: 2.0. Found, C: 37.1, H: 6.6, N: 1.9.

For comparison, the calculated chemical analysis of the
hypothetical {Co;Dys} complex, [Col'Dy}!(Cs-dea);(piv),-
(OH)4(H,0),](NO;) should have been: CseH;14C03Dy3N4Oyg
(1973.84), C: 34.1, H: 5.9, N: 2.8.

After recrystallization from a methanol/acetonitrile mixture,
blue crystals suitable for single-crystal X-ray characterization
appeared, resulting in the complex [Col'DyM(Cs-
dea);(piv)s(OCHs)y], 5-Cs,. No further characterization of these
species was performed.

Magnetic measurements

The magnetic measurements were carried out in the tempera-
ture range between 1.85 and 300 K with applied dc fields
ranging from —7 to +7 T, using an MPMS-XL Quantum Design
SQUID magnetometer and a PPMS-9 Quantum Design suscept-
ometer. The measurements were performed on polycrystalline
samples, covered with immersion oil and enclosed in a sealed
polyethylene bag. Prior to the experiments, the field-depen-
dent magnetization was measured at 100 K to confirm the
absence of any bulk ferromagnetic impurities. The ac suscepti-
bility data have been collected between 10 and 10 000 Hz with
ac fields ranging from 1 to 6 Oe and dc fields ranging between
0 and 1 T. The magnetic data were corrected for the diamag-
netic contributions from the sample and sample holder.

X-ray structure determination

The crystal structures of 1-C,4, 2-Cg, 3-Cg and 5-Cj, were deter-
mined with an Oxford Xcalibur, Eos, Gemini CCD area-detec-
tor diffractometer using graphite-monochromated Mo-Ka radi-
ation (4 = 0.71069 A) at 298 K. Crystals were directly obtained
from the synthetic procedure (except for recrystallized 5-Cs;)
and were picked up prior to filtering and drying. Data were cor-
rected for absorption with CrysAlisPro, Oxford Diffraction Ltd,
Version 1.171.33.66, applying an empirical absorption correc-
tion using spherical harmonics, implemented in the SCALE3
ABSPACK scaling algorithm.?*> The structures were solved by
direct methods with SHELXT*? and refined by full-matrix least-
squares on F* with SHELXL-2014>* under the WinGX*® plat-
form. Hydrogen atoms were added geometrically and refined
as riding atoms with a uniform value of Uj,. In all structures,
most of the pivalate methyl groups as well as C,-dea ligand
methylene groups and the nitrate anion were found disordered
around two positions and were refined with 0.5 : 0.5 fixed occu-
pancy factors. The alkyl chain carbon atoms of C,-dea ligands
were also found to be strongly disordered and were refined as
split positions with 0.5:0.5 fixed occupancy factors adding

similarity restraints to the C-C bond distances to keep the
refinement stable. H atoms of water molecules and hydroxide
ligands were geometrically added by relying on H-bond
patterns and refined with O-H distance constraints and fixed
Uiso = 1.5Uj4, of the bound O atom.
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Table S1. Main crystallographic data of the reported complexes.

1-C, 2-C¢ 3-Cg 5-C;,

Empirical Formula Cso HzyCo3 DysNy Oge | Cos HizsCos DysNy O | Cqy Hygs Cos DysN; Oso Cu6 Hop Coy Dy,N, Oy
Formula weight 2014.88 2100.04 2202.22 1402.05
T(K) 293 (2) 293 (2) 293 (2) 293 (2)
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space Group Ce P2,/c P2,/c P2,/c
a(A) 16.3759(4) 25.5185(18) 28.532(2) 16.1479(5)
b (A) 19.4907(5) 19.1773(11) 10.5787(10) 14.3681(6)
c(A) 27.2707(6) 18.9054(11) 33.001(3) 25.5601(8)
a(®) 90 90 90 90
) 90.159(2) 93.943(6) 93.753(7) 93.754(3)
7() 90 90 90 90
V(A 8704.2(4) 9229.9(10) 9939(1) 5917.6(4)
z 4 4 4 4
Deac (mg/m?) 1.538 1.511 1.472 1.574
mf?ﬁ"n coefficient 3.171 2.994 2.785 3111
F(000) 4056 4252 4484 2840
AMA) 0.71073 0.71073 0.71073 0.71073
6 Range data collection (°) 33-27.0 3.7-23.0 3.6-27.0 3.7-27.0
Index ranges 20<h<17 32<h<30 36<h<36 20<h<20

24<k<24 [17<k<24 -13<k<13 -18<k<17

34<I<34 24<1<23 27<1<42 32<1<31
Reflections 25479 /13127 41144/ 19693 51992 /21276 28678 /12689
collected/unique
Rine 0.0429 0.1111 0.1210 0.0484
Stfezr;(eg]reﬂ“ﬁ‘ms 10271 9691 11740 8498
Completeness (%) 99.7 99.6 99.4 99.7
i\r’;"slmml‘s‘ts?o/n minimum 0.689 /1.000 0.534/1.000 0.461/1.000 0.630/1.000
Data/restraints/parameters 13127 /668/928 19693 /1834/1037 21276/819/1097 12689/348/615
g""dﬁe“")f'ﬁt (GOF) on 1.017 1.059 1.057 1.039
l: lilngig'mdex /> 20(hY 0.069/ 0.098 0.1788/0.2785 0.1157/0.1882 0.0551/0.0926
WR index [1>20(D)} /all 0.194/0.242 0.3750/ 0.4413 0.2672/0.3355 0.1282/0.1559

data

(Leafﬁf;t peak and hole 2.415 and -0.987 5.356 and -4.911 3.488 and -2.504 1.912 and -1.601
1[oX(F,2) +(0.1410 s V[G2F2) +(0.1109 P | 1/[c*(F,2) +(0.0513 Py
Weights, w Py+ 1365640 p) | V1O (o) +1274.4493P] + 1922491 P] + 432064 P]

where P=(F,>+2F2)/3

where P=(F,>+2F?)/3

where P=(F,>+2F2)/3

where P=(F,>+2F2)/3




Table S2. Dy-O bond distances (A) of reported complexes.

1-Cy 2-C; 3-Cy
022|Dyl1[2312)| |09 [Dy1[2.2522)| |08 |Dyl| 2.27(1)
06 |Dyl[2.32(2)| |010 |Dyl|2.28(2)| |09 |Dyl| 2.29(1)
08 |Dyl[2.342)| |O11A|Dyl|2.32(2)| |O15|Dyl| 2.32(1)
03 |Dyl[2.36(2)| |016 |Dyl|2.333)| |014|Dyl| 2.38(1)
023 |Dyl [2.37(2)| |017 |Dyl|2.33(3)| |026|Dyl| 2.38(1)
09 |Dyl[237(2)| |01 |Dyl1|2.352)| |04 |Dyl|2.385(9)
Ol |Dyl[2392)| |03 |Dyl|2.36(2)| |02 |Dyl|2.388(9)
015|Dyl [2.452)| |02 |Dyl1|2.39(2)| |03 |Dyl| 2.40(1)
mean 2.36(2) 2.33(2) 2.35(1)
max-min 0.14(2) 0.14(2) 0.13(1)
020|Dy2[2.292)| |08 [Dy2[2.222)| |06 |Dy2| 2.32(1)
011|Dy2[2312)] |04 [Dy2[2.262)| [020|Dy2] 2.32(1)
010|Dy2[2.34(2)| |07 |Dy2|2.34(2)| |021|Dy2| 2.34(1)
025|Dy2[2.36(2)| |024 |Dy2(2.373)| |07 |[Dy2| 2.35(1)
024 |Dy2[236(2)| |01 |Dy2|2.37(2)| |018|Dy2| 2.37(1)
Ol |Dy2[2.38Q2)| |027 |Dy2(2.39(2)| |04 |Dy2|2.372(9)
05 |Dy2[2.382)| 025 |Dy2|2.413)| |02 |Dy2|2.381(9)
03 |Dy2[2.392)| |02 |Dy2|2.44(2)| |01 |Dy2| 2.40(1)
mean 2.35(2) 2.35(2) 2.36(1)
max-min 0.10(2) 0.22(2) 0.08(1)
013 |Dy3[2.292)| |06 |Dy3|2.153)| |05 |[Dy3| 2.28(1)
02 |Dy3[231(2)| |05 |Dy3|2.282)| |010|Dy3| 2.29(1)
018 |Dy3[2.32(2)| |020 |Dy3(2.293)| |02 |Dy3| 2.35(1)
012|Dy3[2.352)| |021 |Dy3[2.342)| |024|Dy3| 2.35(1)
Ol |Dy3[2.38Q2)| |O1 |Dy3|2.382)| |O11|Dy3| 2.36(1)
09 [Dy3|2.39(1)| |014 [Dy3|2.39(2)| |01 |Dy3| 2.36(1)
05 |Dy3[2.402)| |03 |Dy3|2.44(2)| |03 |Dy3|2.384(9)
027|Dy3[2.41(2)| |04 |Dy3|2.44(2)| |025|Dy3| 2.42(1)
mean 2.36(2) 2.34(2) 2.35(1)
max-min 0.12(2) 0.29(2) 0.14(1)




Figure S1. Ball and stick molecular representation of complex 5-Cj,. Disordered atoms

and H atoms were omitted for sake of clarity.

1-C, 3-Cyq

Figure S2. Intra-molecular H-bond interaction involving the nitrate ion as ligand and

counterion in the reported complexes. Red: O; Blue: N; White: H. Molecule backbone in

gray wireframes.
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Figure S3. Alkyl chains orientation with respect to molecular plane in the reported

complexes.

Figure S4. Polyhedral representation of Dy(III) sites in the reported complexes. Colours
reflect closest geometrical symmetry according to CShM values (see text). Light green:

BTP; pink: TDD and light blue: SAP.



Figure SS. Inter-molecular H-interaction mediated by the nitrate counterion (ligand in 2-
Ce). H atoms omitted for sake of clarity except for the ones involved in the H-bonding.

Red: oxygen; Blue: nitrogen; White: hydrogen.



Figure S6. Inter-molecular C-H-C-H interactions mediated by the alkyl chains and
pivalate tert-butyl groups (green). H atoms omitted for sake of clarity except for the ones

involved in the inter-molecular interaction.



1-C4




Figure S7. Molecular crystal packing showing the H-bond interaction (black dotted lines)
and the C-H--C-H ones (black lines). H atoms omitted for sake of clarity.



1-C, 2-Cq

Figure S8. Shortest Dy-Dy inter-molecular distances (A) shown in the crystal packing.
H atoms omitted for sake of clarity. Green: Dy; Violet: Co.
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Figure S9: Frequency dependence of the in phase (left; »’) and out of phase (right; ")
components of the ac susceptibility in zero dc field at indicated temperatures for 1-Cy, 2-

Cs, 3-Cg and 4-Cyy. Solid lines are the best fits to a generalized Debye model.



10 —— . T . . 3 — T T T T
25 = 1'C4 ]
1000 Oe

——10 Hz
—e—30 Hz
——60 Hz
——100 Hz
—e—150 Hz
—e—200 Hz
—e—300 Hz
—e—400 Hz
—e—600 Hz
—e—800 Hz
——1000 Hz
—e—1200 Hz
—e—1500 Hz
1500 Oe —e—2000 Hz
—e—3000 Hz
—e—4000 Hz
—e—5000 Hz
—e—6000 Hz
—e—38000 Hz
—e—10000 Hz

7' /cm® mol!

T/K

Figure S10: Temperature dependence of the in phase (left; »’) and out of phase (right;
7'") components of the ac susceptibility at optimized dc field and at indicated ac

frequencies for 1-C4 and 3-Cg. Solid lines are guide for the eyes.
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Figure S11: Frequency dependence of the in phase (left; 7') and out of phase (right; ")
components of the ac susceptibility at optimized dc field and at indicated temperatures

for 1-C4 and 3-Cg. Solid lines are the best fits to a generalized Debye model.
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Figure S12: Frequency dependence of the in phase (top left; y’) and out of phase (top

right; »") components of the ac susceptibility, and the corresponding Cole-Cole plot

(bottom left; " vs y') where solid lines are the best fits to a generalized Debye model

considering two relaxation modes. For comparison, corresponding Cole-Cole plot

(bottom right; " vs ') where solid lines are the best fits to a generalized Debye model

considering a single relaxation mode. All the data are shown at 1000 Oe and at indicated

temperatures for 1-Cy.
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Figure S13: Left: Temperature dependence of the relaxation time (plotted as z vs T/ in
semi-logarith scale) at 1000 Oe for 1-C4, considering a unique (red dots; 7) and two
relaxation modes (blue and light blue dots; 75, 7). Solid lines are the best fits to these
models as discussed in the main text. Right: Field dependence of the relaxation time
(plotted as 7 vs H in semi-logarith scale) at 2 K for 1-Cy4, considering a unique relaxation
mode (black dots; 7). Solid lines are the best fits to the model considering a unique
relaxation mode (red line), and simulations with the model considering two relaxation

modes (blue and light blue lines; 75, 7x), as discussed in the main text.



