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ABSTRACT

[Dy (LM¢)(H,0)]CF,S0,-0.25H,0 (1-0.25H,0), where H,LM¢ is the reported ligand 2,2’-((pyridine-2,6-diylbis (methylene))
bis((pyridin-2-ylmethyl)azanediyl))bis (methylene))bis(4-methylphenol), shows the Dyl ion in an N -0, environment, with trian-
gular dodecahedral geometry (D,, symmetry). 1-0.25H,0 is a single ion magnet (SIM) with an energy barrier for spin reversal of
510K, and open hysteresis loops up to 8 K. The magnetostructural comparison of 1-0.25H,0 with some closely related complexes
and with other eight-coordinated SIMs with high energy barriers (>300K) allows to draw some conclusions to enhance the

magnetic performance in these nanomagnets with non-purely axial geometries. Ab initio calculations complement and support

the experimental results.

1 | Introduction

Single molecule magnets (SMMs), especially those containing
lanthanoid ions, are at the forefront of the potential advances in
high-density information storage [1, 2], spintronic devices [3, 4],
and quantum computing [5, 6], but more studies are needed to
further improve the properties of these nanomagnets. The record
for blocking temperature (T) among SMMs (80K) was estab-
lished in 2018 with the mononuclear magnet [(Cp'Pr,)Dy (Cp*)]
[B(CF,),] [7] and has not been surpassed to date. However, this
single ion magnet (SIM) is unstable in air. Actually, the T, re-
cord for air stable unencapsulated molecule magnets of 36K is
held by the SIM [Dy (bmbpen-F)Br] [8], featuring pentagonal
bipyramidal geometry. In fact, with the current understanding

of SMMs, research for obtaining air stable nanomagnets is pri-
marily focused on Dy coordination compounds with highly
axial geometries, such as pentagonal or hexagonal bipyramid
(pbp or hbp). This research has led to the development of SIMs
with energy barriers for spin reversal (U,g) typically surpassing
1000K, and sometimes even approaching 2000K, and block-
ing temperatures exceeding 20 or 30K [8-13]. For these geom-
etries, it is becoming increasingly clear that the introduction
of electron-donating substituents on the axial donor groups or
electron-withdrawing moieties on the equatorial ligands signifi-
cantly increases the energy barriers [12].

Besides, the study of dysprosium compounds with alternative
geometries is also gaining attention. In this way, it has been
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observed that in compounds with coordination number 9 or 8
and geometry different from hbp, high axiality can also be in-
duced by introducing one or two hard donors (such as fluoride
or phenolate) in a controlled manner into the lanthanoid coor-
dination environment [14-22]. These studies have resulted in
compounds with elevated energy barriers, some of them exceed-
ing 600K [16-18, 20-22]. However, for these complexes with
apparently less axial geometries, to the best of our knowledge,
there are no studies that aim to establish a correlation between
geometrical parameters and magnetic behaviour. In this regard,
the impact of electron-donating substituents on donor groups or
the influence of the counterions in those cationic complexes on
the anisotropic energy barrier has not been investigated. With
this premise, this work presents the compound [Dy (LM¢)(H,0)]
CF,S0,-0.25H,0 (1-0.25H,0), which is closely related to the
already described [Dy(L)(H,0)]CIO, [23]. The main difference
between both compounds is the introduction of a methyl group
on the phenolic rings of 1-0.25H,0 and the nature of the coun-
teranion. In addition, the SIMs [Dy(L)(X)] (X =Cl, Br) were also
reported [20]. A selection of structural parameters and magnetic
properties of these complexes and some other eight-coordinated
SIMs with quite high energy barriers (>300K) are compared
herein, offering conclusions that can aid to enhance the mag-
netic properties of SIMs with nonpurely axial geometries.

2 | Results and Discussion
2.1 | Synthesis

The synthesis of the pentadentate N,O, donor H,LM® was pre-
viously reported [24], but the approach described herein for its
isolation completely differs from the published one, not only
in the purification method but also in the reactants employed.
Thus, in the published procedure, the precursor R-2-(((pyridin-
2-ylmethyl)amino)-methyl)phenol reacts with 2,6-bis (bro-
momethyl)pyridine, followed by column chromatography
for purifying the product. In our case study, the precursor is
the pentaamine (2,6-bis{[(pyrid-2-ylmethyl)amino]methyl}-
pyridine)amine, isolated as described in literature [25] from
commercially available reagents. The reaction of this precursor
with 4-methylphenol in the presence of formaldehyde leads to
the obtaining of H,LM® (Scheme 1 and Supporting Information)
impurified with excess of the phenol, which is eliminated by
washing with water. Accordingly, our approach simplifies the
previously described route, since it allows the pure ligand to be
obtained without the need for the tedious process of column
chromatography.

Reaction of H,LM¢ with dysprosium (III) triflate in dry ethanol
(Scheme 1), and subsequent slow evaporation of the obtained solu-
tion in air, yields [Dy (LM¢)(OH,)](CF,SO,)-0.25H,0 (1-0.25H,0)
in the form of single crystals, suitable for X-ray diffraction studies.

1-0.25H,0 is air-stable, and it was fully characterized by analyt-
ical and X-ray diffraction techniques. The comparison of the ex-
perimental powder X-ray diffractogram of the final product with
the calculated one from single X-ray diffraction data (Figure S1)
indicates that 1.0.25H,0 has been obtained with high purity,
without mixtures, and that the collected sample and the solved
single crystal are the same compound.

2.2 | X-Ray Diffraction Studies

Experimental details of data acquisition and data resolution for
1.0.25H,0 (see Supporting Information) are summarized in
Table S1. Main bond distances and angles are recorded in Table 1.

The asymmetric unit of 1-0.25H,0 contains a mononuclear [Dy
(LM)(H,O)]* cation (Figure 1), a disordered triflate anion and
0.25 water molecules per cation as solvate. The structure of the
[Dy (LMe)(HZO)Tr ion closely resembles that previously reported
for the corresponding cation in [Dy(L)(OH)](CIO,) [23], where
H,L is identical to H,LM® but lacks the methyl substituents on
the phenol rings. Thus, in the same way, the bisdeprotonated
N,O, ligand links the Dy'" ion, and a water molecule completes
the coordination sphere. Accordingly, the dysprosium centre is
in a N,O, environment, and calculations with the SHAPE pro-
gram [26] (Table S2) indicate that the geometry is triangular
dodecahedral distorted towards biaugmented trigonal prism, as
in [Dy(L)(OH,)](CIO,). Nonetheless, the polyhedron is less dis-
torted in [Dy (LM)(OH,)](CF,SO,) (Table S3).

In addition, it seems that the introduction of the electron-
donating methyl substituents on the phenol rings induce struc-
tural changes, shortening all the Dy-O bonds and enlarging
the Dy-N ones (Table 1). However, it should be noted that the
structure of 1-0.25H,0 has been measured at 100K, while that of
[Dy(L)(OH,)](CIO,) 2CH,CH,OH was recorded at 296K, and it
is well known that temperature variation induces modifications
in the M-D (D = donor) distances [27]. But it should also be noted
that these structural changes follow exactly the same trend as
observed when the H,O donor in [Dy(L)(OH,)](CIO ) is replaced
by a bidentate chelating nitrate ligand [23], which increases the
electronic charge donated to the Dyl ion. Therefore, it appears
that indeed, the presence of the methyl group causes an increase
in the donating capacity of the phenolic oxygens, thereby short-
ening the apical Dy-O distances and lengthening the Dy-N ones
of the equatorial plane. The influence of the counterion in these
changes, although less probable, cannot be excluded [28, 29].
Moreover, the O .. -Dy-O ..., angle is notably more open in
[Dy (LM®)(OH,)](CF,SO0,) than in [Dy(L)(OH,)|(CIO,) (Table 1).

Besides, these two compounds also closely resemble each other
in their intermolecular interactions, as both form pseudo-dimers
through reciprocal hydrogen bonding between the water ligand of
one unitand one of the phenolic oxygen atoms of the N;O, donor of a
neighbouring molecule (Figure S2). This leads to short intermolec-
ular Dy---Dydistances of approximately 5.9 A in both cases (Table 1).
In addition, the coordinated water establishes a hydrogen bond
with one of the oxygen atoms of the counterion in both cases, being
stronger in 1-0.25H,0 (distances Dy-O -++0ClO,=2.816(7) A
and Dy-O_, . ~+0SO,CF,=2.791(4) A).

water

water

Furthermore, the structure of 1.0.25H,0 is also very similar
to that of complexes [Dy(L)X] (X=Cl, Br) [20], which repre-
sent the only other two mononuclear lanthanoid compounds
of this ligand type with coordination number of 8 (Table S3).
However, the displacement of the water molecule of the coor-
dination sphere by the halide introduces notably changes in
the geometric parameters (see Table S3). In this way, one of the
Dy-Oj,eno distances of the [Dy (LMe)(H,0)]* cation is longer
than that of the neutral halide complexes, while all the Dy-N
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SCHEME1 | Synthetic route for the isolation of HZLMe and [Dy (LMe)(OHz)](CF3SOS). Hydration water was omitted for clarity.

ones are shorter. Moreover, as expected, the Dy-X distance is
considerably longer than the Dy-O_, .. one. Nevertheless, the
01-Dy-02 angle is still more open in [Dy (LM®)(OH,)](CF,SO0,),
which shows the largest Ophenol—Dy—Ophenol angle of any reported
dysprosium complex with this king of N, O, ligand described so
far (Table S3) [20, 22, 23]. Thus, these structural changes lead to
important variations in the coordination polyhedra. Hence, the
geometry of the halide complexes according to SHAPE is closer
to a biaugmented trigonal prism than to a triangular dodecahe-
dron, contrary to what happens in 1-0.25H,0.

At this point, it should be noted that the coordination mode of
this kind of ligand in lanthanoid complexes described so far is
unique, as it always act as monocleating dianionic and hepta-
dentate. However, in 3d metal compounds, different coordina-
tion modes have been found, which seem to depend on the size
of the metal ion, but also on the degree of deprotonation. Thus, in
addition to the lanthanoid complexes in Table S3, four other 3-d
metal complexes, all of them derived from H,LM¢, have been de-
scribed, where the ligand exhibits variable coordination modes
(Table S4) [24, 30]. In this way, if the ligand is fully protonated,

30f 10

858017 SUOWILLIOD A 11810 3|qeo! dde 8Ly Aq peusanob ke sejole YO 88N JO S9INJ 10§ A%euq8UIIUO /8|1 UO (SUOIPUOD-PLR-SLLBY/WI0D A8 | 1M AleIq 1 jBU1|UO//S1Y) SUORIPUOD pue SWie | 8U) 885 *[¥202/0T/60] Uo AriqiTauljuo A3(IM ‘d OLeISIeAIINBIU| 010I0SU0D AQ 789/ "008/200T 0T/I0P/L0D" A8 1M Ake.d 1 jpul|uo//:Sdny Woly pepeojumod ‘TT %202 ‘6€L0660T



FIGURE1 | Ellipsoid (50% probability) and sticks diagram for [Dy (LMe)(HZO)]CF3SO3 in1.0.25H,0.

TABLE1 | Main bond distances (A) and angles (°) for 1-0.25H20 and related [Dy(L)(OH,)](C10,)-2CH,CH,OH [23].

1-0.25H,0 [Dy(L)(H,0)](C10,)-2CH,CH,0H
Dyl1-01 2.187(3) 2.204(4)
Dyl1-02 2.256(2) 2.261(4)
Dy1-O1W 2.380(2) 2.415(4)
Dyl-N3 2.485(3) 2.479(4)

Dy1-N1/Dy1-N5
Dyl1-N2/Dy1-N4

2.540(3)/2.606(3)
2.635(3)/2.572(3)

2.553(5)/2.527(5)
2.550(5)/2.620(5)

Dyl.-Dy1*! 5.9246(7) 5.9264(6)
N1-Dy1-N4/N5-Dy1-N2 158.63(10)/144.84(11) 143.26(2)/158.86(2)
01-Dy1-02 152.19(9) 149.74(2)

N1-Dyl1-N2/N4-Dy1-N5

64.48(11)/65.01(12)

66.42(2)/65.21(2)

it does not use its phenolic donors, behaving as pentadentate, as
in [Cu(HZLMe)](Cl)(PFﬁ) [24]. If it is monodeprotonated, as in [Ni
(HLM®)|(BPh,) [24], it uses only one of its phenolic oxygen atoms,
behaving as hexadentate. In addition, if the ligand is bisdeproton-
ated, the charge and size of the metal seem to have a significant
influence. Thus, when faced with Fe'll, it behaves as a terminal
chelate heptadentate ligand [24], as it does with the lanthanoid
ions, but when faced with Cu'l, it behaves as a bridging ligand
[30], leading to a hexanuclear copper compound (Table S4).

2.3 | Magnetic Properties

Direct-current (dc) magnetic susceptibility measurements were
conducted on 1-0.25H,0 as a function of temperature. The plot
of x,T versus T is presented in Figure 2.

The x,, T value at 300K is 14.7 cm®mol 'K, closely aligning with
the expected one for an uncoupled Dy3* ion at room temperature
(14.17 cm®mol'K). The experimental curve shows a gradual de-
crease up to ~5K, but below this temperature, the drop is very

16 T T T T T T T T T v T . Y
14 - pe ....................... i
X 12t 45 . )
3 i 5} eo® 0000000
;g 0r bl ]
3 8| 23_.' ]
~ r =
= 6 ¢ = : i
o ol 1 -
2p 012345678 -
0' HIT |
0 50 100 150 200 250 300
T/IK

FIGURE 2 | T versus T for 1.0.25H,0. Inset: M/Nu; versus H at
2K. The blue solid lines represent the ab initio calculated data.
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sharp, reaching a value of 6.35cm3mol~'K at 2K. This abrupt
drop has been previously observed for other dysprosium SIMs
with high energy barriers [31, 32], and it seems to indicate the
presence of large crystal field splitting, which isolates the ground
state Stark sublevel, and strong magnetic anisotropy of the Dy3*
ion [32]. The profile of this curve notably contrasts with that of
[Dy(L)(OH,)|(CIO,), where no drop is observed. Instead, there is
even an increase in x,, T at low temperature, attributed to ferro-
magnetic intermolecular magnetic exchange between two Dy'!
ions connected by the double hydrogen bond [23], although the
authors did not consider other possibilities for this increase [33].
No type of ferromagnetic intermolecular exchange is observed in
our case, which is the usual behaviour in view of previous results
for magnetic exchange in pseudo-dimers mediated by similar hy-
drogen bonds, with closely related Dy---Dy distances [34-36].

The field dependence of the reduced magnetization at 2K at the
maximum applied field of 7 T tends to 5.3 Ny, suggesting a highly
anisotropic Dy"!ion with an Ising-like ground doublet [37].

The dynamic magnetic properties for 1-0.25H,0 were also an-
alysed. This study shows out-of-phase peaks of the susceptibil-
ity (x",,) as a function of the frequency and of the temperature
above 2K (Figures 3 and S3, respectively), demonstrating that
1-0.25H,0 is a SIM.

The Cole-Cole plot (Figure S4) displays semicircular curves,
which were fitted with the generalized Debye model, rendering
a parameters in the range 0.21-0.13, which suggest various si-
multaneous relaxation process in the nanomagnet. This is also
pointed out by the dependence of the relaxation time (In(t)) with
temperature (Figure 4), which is not linear.

If we consider that the data were obtained in the absence of
an external magnetic field, the direct process can be excluded.
Hence, attempts were made to fit the In(t) versus 1/T curve
taking into account all the other possible relaxation processes
(Orbach, Raman and QTM), according to Equation (1), individ-
ually or grouped.

7l = To_le_Ueff/kBT +CT" + ’L'QTM_I (€))

“100 1000
v/ Hz

FIGURE 3 | Frequency dependence of x",; at different temperatures
in a zero applied field for 1-0.25H,0.

10000

The best fit (Figure 4) was achieved with combined Orbach
and Raman relaxation, leading to the parameters U, =510(4)
K (354.4+2.8cm™), 1,=6.2(2)x107%s, C=0.07(1)s K™,
n=23.8(1). The different attempts to introduce the quantum tun-
nelling of magnetization, which is experimentally observed in
the representation of x”,, versus T (Figure S3), led to poor fits
of the experimental data. This may be because x”,, only shows
peaks above 8K, and above this temperature, quantum tunnel-
ling is likely negligible.

Comparison of U, with that obtained for [Dy(L)(OH,)](CIO )
(50.3K) [23] could lead to the conclusion that the introduction
of the methyl groups on the aromatic phenolic rings results in
an extremely remarkable increase of the barrier, multiplying
its value by ~10, if we consider that the counteranion exerts
practically no effect on U, [12, 31, 38]. However, a more care-
ful analysis of the data reveals that for [Dy(L)(OH](CIO,),
the barrier has been calculated using the t values obtained up
to 20K, as x”,, has been measured at a maximum frequency
of 1000Hz, and no maxima are observed at higher tempera-
tures at this frequency. Thus, it could be that the temperature
was not sufficient to adequately observe the Orbach process
in this related SIM. In our case, T values up to 38 K have been
used. Therefore, attempts to calculate the barrier up to 20K
for 1.0.25H,0 were made, and the best fit leads to an U, of
84K (Figure S5). Accordingly, it seems that the introduction
of the electron donating substituent effectively enhances the
barrier. This is particularly demonstrated true when conduct-
ing a deeper analysis of the counterion effect in SIMs with co-
ordination number 8 and non-hbp geometry (Table S3). This
analysis appears to point out that, unlike what is observed in
some hbp complexes [12], in this kind of compound, the coun-
terion does influence the magnetic properties, and triflate
seems to decrease the energy barrier compared to perchlorate
[29]. This effect of the counterion has also been demonstrated
in compounds with pentagonal bipyramidal geometry with
water molecules in the equatorial plane [39, 40], and ab initio
calculations indicate that in these compounds, the stronger
the hydrogen bond between these water molecules and the
counterion, the lower the energy barrier [39]. Accordingly,

b i (Orbach + Raman) 7

-7 _ ® exp.data :

8k p
@ of -
£ 0} -
£ !

Ak |

12k i

A3k i

0.02 0.04 0.06 0.08 0.10

T'/K1

FIGURE 4 | Plot of In(t) versus T-! in the absence of a dc field for
1-0.25H,0. The solid line accounts for the best fit considering Orbach
and Raman relaxation (see text).
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if this same effect applies to [Dy(L)(OH)](CIO,) and [Dy
(LMe)(OHZ)](CF3S03), considering that the hydrogen bond
between the coordinated water and the triflate is stronger
than with the perchlorate (see distances in crystallographic
discussion), obviously, the triflate should lower the energy
barrier compared to the perchlorate. If this barrier is higher
in 1-0.25H,0 than in [Dy(L)(OH)](CIO ), the only factor that
can increase it is the presence of the methyl group.

Moreover, the U, value of 510K for 1-0.25H,0 is about 150K
lower than for [Dy(L)(X)] (X=CI or Br). Comparison of the
magneto-structural parameters for the SIMs 1.0.25H,0, and
[Dy(L)(X)] (Table S3) reveals that the nature of the monoden-
tate ligand in the coordination sphere of the Dyl ion plays a
crucial role in the energy barrier. Hence, it seems that the de-
creasing hard character of this monodentate donor increases
U, Nonetheless, this correlation does not seem to be straight-
forward, and it does not appear to be the sole factor at play.
Thus, the energy barrier seems to increase very significantly
when the water molecule in the vicinity of Dy is replaced by
a chloride ion, to yield [Dy(L)(CD)] (U,;=696K), but the in-
crease in U, does not occur when the chloride is replaced by
a bromide ligand (U, for [Dy(L)(Br)] =645K), as one would
expect, and as ab initio calculations predict [20]. On the con-
trary, there is a slight decrease in the barrier. Accordingly,
numerous attempts were made to obtain [Dy (LM®)(X)](X =Cl,
Br or I) with the aim to further improve the energy barrier
for spin reversal, which were unsuccessful. Besides, other at-
tempts were also made to displace the water ligand by a pyri-
dine donor, either by adding pyridine in a 1:1 molar ratio with
the complex or simply by carrying out the synthesis in pyri-
dine, but efforts were also fruitless.

In spite of this, additional comparisons for all dysprosium com-
plexes with H,L ligand type (Table S3) [20, 22, 23] point out that
the combination of the increased Dy-N distances, decreased Dy-
Ophenol distances, and a more open Opheml—Dy—Opheml angle fa-
vours the increase in the energy barrier, just as it occurs in other
highly axial geometries (pbp or hbp) [10, 12]. Asin these later ge-
ometries, there does not appear to be any single geometrical pa-
rameter that by itself is decisive, although any factor that favours
charge donation of the phenolic oxygen atoms or decreases the
electron-donor character of the auxiliary monodentate ligand
appears to result in a marked increase in the energy barrier.

Magneto-structural parameters were also compared with other
eight-coordinated dysprosium SIMs with high energy barrier
(>300K, Table S3). This comparison seems to indicate that, con-
trary to what happens in some hbp SIMs [12], the counteranion
induces important changes in U, [28, 29]. In fact, it seems that
the triflate ion is the one that leads to the poorest results among
perchlorate, nitrate, triflate, and bromide [28, 29], with perchlo-
rate specifically promoting a higher barrier than triflate [29].
This, as previously mentioned, provides additional support to the
notion that the electron-donating methyl substituent on the phe-
nolic ring induces an increase in the energy barrier in 1-0.25H, 0.

Moreover, from Table S3, it can be inferred once again that a
single geometric parameter by itself does not promote a higher
U, However, the combination of longer Dy-N distances,
shorter Dy-O distances, and a larger O-Dy-O angle can explain

the trends. It is also worth noting that the results do not indi-
cate whether it is more favourable to introduce a single donating
atom that defines the axis of anisotropy, or two donating atoms,
although the highest U, (944K) to date for eight-coordinated
complexes that do not exhibit hbp geometry is found in a com-
pound with two phenolic oxygen atoms defining the axis of an-
isotropy and a square antiprismatic geometry [17].

In addition to ac studies, variable-field magnetization measure-
ments revealed the trends in magnetic relaxation behaviour. The
data were recorded by scanning the field between —3 and 3T,
employing an average sweep rate of 2.8 mTs™!. The hysteresis
cycles show low coercivity, but open loops till 8K (Figure 5) are
observed. This matches with the divergence of FC/ZFC curves
at 9.0K, with a peak at 5K (Figure S6), which were recorded at a
sweep rate of 1 Kmin~! under a magnetic field of 1000 Oe. This
value equals the highest reported blocking temperature for any
dysprosium compound with coordination number 8 and non-
hbp geometry (Table S3).

2.4 | Ab Initio Calculations

CASSCF calculations were performed to gain deeper under-
standing of the demagnetization mechanisms for 1.0.25H,0
(see further technical details in the Supporting Information).
Theoretical results depict a highly anisotropic ground
state (g,=19.812), with notably low traverse components
(8,=0.00276, g, =0.00368). This ground state is more axial for
1.0.25H,0 than for [Dy(L)(OH,)|(C1O,) [23], but less axial than
in [Dy(L)(X)](X=Cl, Br) [20], in agreement with the observed
experimental results.

Calculations demonstrate that the magnetization easy axis is
directed towards the phenolate oxygen donor atoms (Figure 6),
as one could expect, given that they are the most repulsive
do ligands and exhibit the shortest Dy-L distances (2.188 and
2.256 A). These two donor atoms are in opposite sides of the co-
ordination sphere, although their O-Dy-O angle significantly
departs from perfect linearity (152.2°).

6 T v T M T v T v T ¥ T ' T
0.1
4> .
Z0.0 ]
2 = /
< 0.1
Z 3.0 1.5 0.0 1.5 3.0 1
= 0 H1(10°T) —2K
S ——4K
6K
21 8K
——9K ]
a4l 10K
_6 1 2 L 2 1 " L s 1 2 L 2 1

HIT

FIGURE 5 | Magnetic hysteresis loops for 1-0.25H,0 under a
scanning rate of 2.8 mTs™!.

6 of 10

Applied Organometallic Chemistry, 2024

511907 SUOWIWIOD dAIERID 3|qedt|dde au Ag pauenob a1e Sao1Le YO 138N JO S3IN1 10} Afeuq178UIUO AB]1AA UO (SUOIPUOD-PUB-SLUBIWOD A3 1M Ake.q1 U |UO//SdIY) SUORIPUOD PUe W L 81 39S *[720Z/0T/60] U0 AfelqiaulluO AB]1M ‘A OLISIBAIUNIBIU| 0RIOSUOD AQ 89/ "008/200T OT/I0P/W0d" A3 | 1M Akeiq|putuo//sdiy Wwouy papeo|umoa ‘T ‘¥20Z ‘6EL0660T



FIGURE 6 | The structure of 1 with the ground state magnetic anisotropy axis (black arrow) obtained from ab initio calculations. Colour code:

Dy: green, O: red, N: blue, C: grey, H: white.

The first excited Kramers’ doublet is less anisotropic (g, =0.065,
8,=0.077,g,= 16.993) and lies at an energy of 300cm™, which
is in the order of the experimental demagnetization barrier
of 354cm™!, suggesting that the demagnetization pathway is
mainly dominated by this level.

Toinvestigate if the differences in magnetic behaviour between [Dy
(LM)(H,0)]* and [Dy(L)(H,O)]* stem from the electronic effect of
the methyl group or by the structural changes in the coordination
environment induced by this substitution, we performed CASSCF
calculations for [Dy(L)(H,O)]* using its crystallographic geome-
try from reference [23], to which we will refer as [Dy(L)(H,0)[*/
crys, and using the geometry from [Dy (LM®)(H,O)]* by changing
the methyl groups by hydrogen atoms, which will be referred as
[Dy(L)(H,0)]*/Me-geom, without further geometric relaxation.
Thus, the former calculation ([Dy(L)(H,0)]*/crys) captures both
structural and electronic effects, and the latter covers only elec-
tronic effects ([Dy(L)(H,O)]*/Me-geom). Interestingly, both
calculations showed slightly smaller energies for the first ex-
cited Kramers' doublet than for [Dy (LMe)(HZO)Tr (300cm™, see
Table S6). However, the energy change was slightly larger for
[Dy(L)(H,0)]*/crys (288cm™) than for [Dy(L)(H,0)]*/Me-geom
(294cm™). This change is more notorious for the total energy
splitting, as [Dy(L)(H,0)|*/Me-geom value is 938cm™, similar
to [Dy (LM)(H,O)]* (955cm™) but larger than [Dy(L)(H,0)]*/
crys (790cm™). In this way, both electronic and structural ef-
fects seem to play a role, but the structural distortion appears to
dominate. Natural charges agree to suggest a weak electronic
effect of the methyl substituent, as the population of the pheno-
lic oxygens changes only slightly between [Dy (LM¢)(H,0)]* and
[Dy(L)(H,0)]*/crys (see Table S7). From an electron donor group
as methyl, a rise of the negative partial charge on the phenolic
oxygens is expected. However, natural charges indicate that one
oxygen becomes more negative but the other more positive after
functionalization, both by small quantities (0.07 e~ and —0.014 e™).

The calculated double well potential is presented in Figure 7.
Doublet energies are presented alongside their calculated tunnel-
ling relaxation times [41]. These times do not compare with the
experimental relaxation rates since Orbach and Raman mech-
anisms are not considered but they are useful to determine the
relaxation pathways along the faster relaxing Kramers' doublets.

1000

T
1

T

800

600

T

T

400

Energy / cm"

200

FIGURE 7 | Calculated double well potential for 1. The decimal
logarithm of the calculated tunnelling relaxation time is shown for each
Kramers' doublet.

As expected, the highly anisotropic nature of the ground state
yields a slow tunnelling relaxation, which increases for the first
and second excited states.

It has been shown that Kramers' doublet energies can be esti-
mated from f-orbital energies for axial lanthanoid systems [42].
In a nutshell, well-defined f-orbital energies are calculated from
the configuration interaction (CI) matrix of the active space of
CASSCEF [43] composed by the seven 4f orbitals according to the
ab initio ligand field theory approach (AILFT) [44], as imple-
mented in the ORCA 5.0.4 package [45]. In AILFT, all matrix el-
ements of the CI matrix are mapped to an effective Hamiltonian
based on ligand field, Racah, and spin-orbit coupling parameters
by least-squares fit. The degree of agreement between AILFT
parameters derived from CASSCF and spectroscopic data in the
case of lanthanoid systems was previously assessed in literature
[46]. f-orbital energies for highly axial systems tend to order in
a patterns depending on the placement of the most repulsive li-
gands. When stronger ligands are placed along an axis (z-axis by
convention), the most destabilized orbital will be the f, as this
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orbital points exactly towards the most repulsive region of the
coordination environment. The next orbital block will be the one
composed of fyZ2 and f_, or (f,) as these orbitals depend on z2
and so on. If strong ligands are placed in a plane, the orbital pat-
tern will be reversed. For both cases, splitting inside multiplets
can be approximated by assuming a ligand field stabilization en-

ergy (LFSE) criterion, as described in reference [41].

Focusing on the f-orbital energies, we can visualize the effect of
the two phenolate donors, which direct the magnetic axis. Ab
initio ligand field theory [44] indicates that the most unstable
orbital has a predominant contribution of f, (96%) and is located
at 1284cm™! above the energy zero, corresponding to the most
stable f orbital, assigned as f, , (96%). The other f_ , orbital is at
263cm™ (86%) while the f,, and f_, order in the expected axial
pattern (see Figure 8). In this case, the ligand field stabiliza-
tion energy is calculated close to the CASSCF result (295 and
300cm™, respectively) (see Figure S6).

Finally, the magnitude of the spin-vibration coupling for all vibra-
tions with an energy below the experimental U, was calculated
for [Dy (LM"')(HZO)]Jr and [Dy(L)(H,O)]* following the procedure
outlined in reference [47] (see Supporting Information for fur-
ther technical details). Both systems present a similar pattern
in their spin-vibration coupling constants, with a maximum at
163.3cm™ for [Dy (LM)(H,0)]* and 165.5 cm™" for [Dy(L)(H,0)|*
(see Figure S9). The nature of this vibration is analogous in both
molecules and corresponds to a normal mode which is delocal-
ized along the whole complex (see Figure S8), with a significant
contribution of the Dy ion. In this way, the effect of vibrations
in magnetic relaxation seems comparable between both systems.

3 | Conclusions

The new complex [Dy (LM)(H,0)]CF,S0,-0.25H,0 (1-0.25H,0),
derived from a heptadendate N,O, ligand, is an air stable SIM, with
U,=510K and T,=8K. This blocking temperature matches the
highest obtained for any Dy"! SIM with coordination number 8

and geometry distinct from hbp. In this nanomagnet, axiality is

induced by coordination of both phenolate oxygen atoms of the li-
gand to the metal centre. Introduction of methyl electron-donating
groups on the phenolic aromatic rings clearly seems to enhance
its energy barrier. Additional magneto-structural comparisons
of 1.0.25H,0 with the scarcely reported mononuclear complexes
of H,L ligand type also indicates that reducing the hard donor
character of the auxiliary monodentate ligand improves U,g.
Furthermore, the examination of non-hbp Dy'!! SIMs with coor-
dination number 8 and energy barriers greater than 300K sug-
gests that the combination of elongated Dy-N distances, shortened
Dy-O distances, and wide open O-Dy-O angles enhances the per-
formance of these nanomagnets. This comparative analysis also
indicates that, unlike hbp SIMs, counteranions seem to play an
important role in energy barriers, with the triflate ion being the
least conducive to increasing this barrier compared to perchlorate,
nitrate, and bromide anions. Theoretical calculations validate
the experimental U, and suggest that the beneficial effect of the
methyl substituents on the magnetic relaxation of 1-0.25H,0 is
more related to structural distortion of the complex in the crystal
lattice than inductive effects of the methyl groups or vibrational
tuning. Accordingly, this work introduces new insights for ligand
and complex design in the quest for air-stable SIMs with high en-
ergy barriers and geometries beyond the purely axial pbp and hbp.
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