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Eight coordinated mononuclear dysprosium complexes of
heptadentate aminophenol ligands: the influence of the phenol
substituents and the ancillary donors on the magnetic relaxation

Matilde Fondo,*" Julio Corredoira-Vazquez,® Ana M. Garcia-Deibe,* Jeslis Sanmartin-Matalobos,®
Daniel Reta,’ and Enrique Colacio®

The mononuclear complexes [Dy(3Br,5CI-HsL***)(D)]-solvate (D = H,0, solvate = 0.25MeOH, 1W-0.25MeOH; D = Py without
solvate, 1Py), and [Dy(3NO,,5Br-HsL¥**)(H.0)] (2W) were isolated. The crystal structures of 1W-0.25MeOH, 1Py and
2W-2CH3CsHs show that the Dy" ion is octacoordinated, in N4O4 or NsOs environments, with distorted geometries, between
square antiprism, biaugmented trigonal prism and triangular dodecahedral. A similar environment for the metal ion is shown
in the chiral crystals of the diamagnetic yttrium analogue [Y(3Br,5CI-HsL***)(MeOH)] (3M), which were spontaneously
resolved. Magnetic analyses of the three dysprosium complexes, and its diluted analogous 1IW@Y, 1Py@Y and 2W@Y,
reveal that none of them seem to relax through an Orbach mechanism in Hsc = 0. However, the three complexes show
Orbach relaxation under Hyc = 1000 Oe, and 1Py is the in-field SIM with highest energy barrier among these complexes, with
an Uers value of 358 K. Analysis of ac magnetic data shows that the electron-withdrawing substituents on the phenol rings of
the aminophenol ligands, as well as the auxiliary oxygen donors from water ligands, reduce the energy barriers of the
complexes, which is attributed to a charge reduction in the coordinating atoms of the aminophenol donor. Ab initio
calculations support the experimental results.

Introduction

Single ion magnets (SIMs) are a field of increasing importance
within the study of molecular magnets. This is because anisotropy is
known to be the driving force behind the enhancement of magnetic
properties, as exemplified by a steady increased of the reported
blocking temperature (7g),*® and this parameter is easier to control
in mononuclear than in polynuclear complexes. Thus, the charge
distribution about the central ion is one of the key factors to enhance
the magnetic anisotropy, and, therefore, to achieve high
performance SIMs.! Currently, the search for SIMs with increasing
blocking temperatures is primarily focused on the two families of
compounds that have reached the highest energy barriers and
blocking temperatures: the pseudo-linear dysprosium
biscyclopentadienyl family,”® with record Tz=80K,° and the
pentagonal bipyramidal (pbp) dysprosium compounds,'®’ with
record hysteresis temperature of 30 K.1® Nevertheless, all reported
metallocenes are unstable in air. In the same way, only a small
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number of the pbp dysprosium complexes with high blocking
temperature were isolated in air.1%1213.16 Accordingly, much research
is being done in the field, in an attempt to obtain high performance
air stable SIMs. In this way, recently, an air stable dysprosium
complex with square antiprism geometry was reported to show an
energy barrier of 944 K under zero field.'® Although square antiprism
Dy"-SIMs hardly ever show comparatively competitive properties,
this reported study!® shows that there exist alternative strategies to
pseudolinear and pbp geometries that can give rise to improved SIM
characteristics.

With the above considerations in mind, as a part of our study on
the magnetic properties of complexes with polydentate ligands,!>%!
we decided to investigate the chemistry of dysprosium with a family
of air stable heptadentate aminophenol flexible ligands, bearing a
N4O3 set of donor atoms. This kind of donor has demonstrated that
can yield mononuclear pbp Yb complexes,®?> or dinuclear
phenoxide-bridged dysprosium and holmium compounds, with
distorted triangular dodecahedral geometry and promising magnetic
properties.?! However, the reactivity of this type of ligand toward
lanthanoids is still poorly studied. Thus, in this paper we report three
new mononuclear Dy" compounds with two new different N,O3
donors, and their magnetic analysis, which allows studying the
influence of both the auxiliary donors and the substituents of the
aromatic phenol rings on the magnetic behaviour.
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Experimental
Materials and general methods

All chemical reagents were purchased from commercial sources, and
used as received without further purification. Elemental analyses of
C, H and N were performed on a Themoscientific Flash Smart
analyser. Infrared spectra were recorded in the ATR mode on a
Varian 670 FT/IR spectrophotometer in the range 4000-500 cm™.
1H NMR spectra were recorded on a Varian Inova 400 spectrometer.
Micro X-ray fluorescence quantitative analyses of Y and Dy for
1W@Y, 1Py@Y and 2W@Y were recorded on a Bruker TORNADO
4 device.

Syntheses of the ligands

The aminophenol ligands 3Br,5CI-HgLY%* and 3NO,,5Br-HeL21* were
obtained from reduction of the Schiff base precursors 3Br,5Cl-HsL
and 3NO,,5Br-HsL (Scheme 1). These Schiff bases are original from
this work, although similar to others previously described.?>?3 Both
bases were obtained in an analogous manner, exemplified by the
isolation of 3Br,5CI-HsL: to a methanol (20 mL) solution of
3Br,5Cl-salicylaldehyde (2.028 g, 8.44 mmol), a methanol (20 mL)
solution of triethylentetramine (0.420 g, 2.81 mmol) was added. The
mixture was stirred in air for 4 h, and a yellow solid precipitated,
being subsequently filtered off, washed with diethylether and dried
in an oven. Yield: 1.578 g (70%). Elemental analysis calcd. for
Cy7H24N403Br3Cl3 (798.58): C 40.61, N 7.02, H 3.03%. Found: C 40.23,
N 7.12, H2.90%. IR (ATR, V'/cm™): 1633 (C=Nimine), 3066 (OH). *H RMN
(400 MHz, DMSO-ds, & in ppm): 2.66-2.77 (m, 4H, 2H1 + 2H2); 2.81-
2.93 (m, 2H, H2); 3.40-3.46 (m, 2H, H1); 3.59-3.72 (m, 4H, H3); 4.09
(s, 1H, H17); 7.21 (s, 1H, H11); 7.39 (s, 2H, H8); 7.44 (s, 1H, H13); 7.67
(s, 2H, H6); 8.38 (s, 2H, H4); 11.85 (s, 1H, OH); 14.38 (s, 2H, 20H).

3NO,,5Br-HsL: 5Br,3NO,-salicyladehyde (0.500 g, 1.97 mmol);
triethylentetramine (0.100 g, 0.66 mmol). Yield: 0.43 g (78%).
Elemental analysis calcd. for Cy7H24N;O9Brs (830.24): C 39.06,
N 11.81, H 2.91%. Found: C 38.98, N 12.05, H 2.82%. IR (ATR, V'/cm™):
1646 (C=Nimine), 3075 (OH). *H RMN (400 MHz, DMSO-ds, & in ppm):
2.72-2.95 (m, 6H, 2H1 + 4H2); 3.40-3.53 (m, 2H, H1); 3.60-4.00 (m,
4H, H3); 4.39 (s, 1H, H17); 7.58 (s, 1H, H11); 7.68 (s, 2H, H6); 7.82 (s,
1H, H13); 8.08 (s, 2H, H8); 8.41 (s, 2H, Himine); 13.99 (s, 2H, 20H).

3Br,5CI-HgLY%* and 3NO,,5Br-HeLY* were obtained from the
reduction of 3Br,5CI-HsL and 3NO,,5Br-HslL, respectively, using a
variation of a previously described method.20-2?

3Br,5Cl-HgLYY* was obtained as an impure product, mixed with a
small quantity of 3Br,5Cl-HgL¥?* (ca. 10% based on 'H NMR) in
agreement with previous results:2%?2 to a suspension of 3Br,5CI-HsL
(1.578 g, 1.976 mmol) in methanol (25 mL), NaBH,4 (0.336 g, 8.892
mmol) was added in small portions for 15 min. The mixture was
stirred for 12 h, and the obtained solution was concentrated to
dryness in a rotary evaporator. The precipitated white solid was
mixed with a NH4CH3COO (1.20g, 15.584 mmol) water (15 mL)
solution. Then, the mixture was extracted with CHCl3 (3 x 15 mL). The
extracted organic phases were dried with MgSQO,, and then MgS0O,
was removed by filtration. The dried solution was concentrated to
dryness, and a pale-yellow solid was recovered, and dried in an oven.
Yield: 0.620 g (39%). 'H RMN (400 MHz, CDCls, 8 in ppm): 2.27-3.26
(M, Hmethylene); 3.54-4.11 (M, Hmethylene); 6.73-6.83 (M, Haromatic); 7.25-
7.40 (m, Haromatic)
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3NO,,5Br-HgL**: To a suspension of 3NO,,5Br-HsL (0.420 g,
0.506 mmol) in methanol (25 mL), NaBH, (0.115 g, 3.036 mmol) was
added in small portions for 15 min. The mixture was stirred for 2 h,
and the obtained solution was concentrated up to % of its initial
volume. The precipitated orange solid was filtered and dried in air.
Yield: 0.175 g (41%). 'H RMN (400 MHz, DMSO-ds, & in ppm):
2.32-2.41 (m, 2H, H3’); 2.80-2.91 (m, 4H); 3.34-3.50 (m, 4H) (2H1 +
2H1' + 2H2 + 2H2’); 3.95 (s, 2H, H4); 4.18 (4H, s, H4’); 7.17 (s, 1H, H6);
7.49 (s, 2H, H11); 7.72 (s, 1H, H8); 7.90 (s, 2H, H13).

Syntheses of the complexes

All the complexes were obtained in a similar way, exemplified by the
isolation of [Dy(3Br,5ClI-HsL%%#)(H,0)]-0.25MeOH (1W-0.25MeOH):
To a solution of impure 3Br,5CI-HgL* (0.200 g, 0.248 mmol) in
chloroform (20 mL), a solution of NaOH (0.030 g, 0.750 mmol) in
methanol (10 mL) was added. Then, Dy(NOs)3-6H,0 (0.113 g, 0.248
mmol) solved in methanol (10 mL) was also added to the basic ligand
solution, and the mixture was stirred for 6 h at room temperature.
The obtained solution was left to slowly evaporate, until single
crystal of 1W-0.25MeOH, suitable for X-ray diffraction studies,
precipitated. The crystals were filtered and dried in an oven. Yield:
0.102 g (41%). Elemental analysis calcd. for Cy7.25H30Br3ClsDyN4Oq 25
(990.13): C 33.0, N 5.66, H 3.05%. Found: C 32.84, N 5.81, H 2.82%.

Recrystallisation of 1W-0.25MeOH in pyridine gave single crystals
of 1Py, suitable for X-ray diffraction studies.

[DyY(3NO2,5Br-HsLY44)(H,0)] (2W): 3NO,,5Br-HeL:* (0.300 g,
0.359 mmol); NaOH (0.043 g, 1.076 mmol), Dy(NOs);-6H,0 (0.164 g,
0.359 mmol). The solution was concentrated up to 1/2 of its volume,
and a yellow solid precipitated. The solid was recrystallized in
toluene/MeCN, yielding single crystals of
[Dy(3N02,SBI’-H3L1’1’4)(H20)]'2CH3C5H5 (ZW'ZCH3C5H5), suitable for X-
ray diffraction studies, which lose the toluene solvate on drying, to
give [Dy(3NO,,5Br-HsL¥4)(H,0)] (2W). Yield: 0.276 g (76%).
Elemental analysis calcd. for C;7H29BrsDyN;O10 (1013.78): C 31.99, N
9.67, H 2.88%. Found: C 31.81, N 9.51, H 2.78%.

[Y(3Br,5ClI-H3LY%4)(CH30H)] (3M): 3Br,5CI-HsL1** (0.200 g, 0.248
mmol); NaOH (0.030 g, 0.750 mmol); Y(NO3)3-6H,0 (0.095 g, 0.248
mmol). The precipitated solid was recrystallised in
chloroform/methanol/toluene to yield single crystal of 3M-CH3CgHs,
suitable for X-ray diffraction studies. These crystals lose the toluene
solvent on drying, to give 3M. Yield: 0.095 g (42%). Elemental analysis
calcd. for ngHngr3C|3N4O4Y (92252) C 3642, N 607, H 3.39%.
Found: C36.19, N 6.17, H 3.21%.

[Y(3N02,5BF-H3L1’1’4)(H20)]'H20 (4WHzO) 3N02,SBI’-H5L1’1’4
(0.100 g, 0.120 mmol); NaOH (0.014, 0.36 mmol); Y(NO3)3:6H,0
(0.046 g, 0.120 mmol). The obtained solution was concentrated up
to 1/3 of its volume, and a yellow solid precipitated. The solid was
recrystallized in toluene, yielding a crystalline powder of 4W-H,0.
Yield: 0.037 g (32%). Elemental analysis calcd. for Cy7H31BrsN;011Y
(958.18): C 33.81, N 10.23, H 3.23%. Found: C33.25, N 10.26, H
2.92%.

Yttrium diluted magnetic samples of
[Dyo.1Yo.0(3Br,5CI-H3LY14)(CH30H)0.6(H20)0.1] (1w@y),
[Dyo.1Yo.9(3Br,5CI-HsL*)(Py)] (1Py@Y), and
[Dyo.1Y0s(3NO,5Br-HsL¥+4)(H,0)] (2W@Y) were obtained by

dissolving 1:10 mixtures of 1W-0.25MeOH and 3M in methanol, 1Py
and 3M in pyridine, and 2W and 4W-H,0 in methanol, respectively,
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stirring overnight at room temperature, and concentrating and
collecting the solids under vacuum.

[Dy0,1Y0,9(3Br,5CI-H3L1'1'4)(CH30H)0,9(H20)0,1] (IW@Y)
Elemental analysis calcd. for C27.9H30,gBF3C|3Dyo.1N4O4Yo_9 (92795)
C 36.08, N 6.03, H 3.32%. Found: C35.95, N 5.99, H 3.03%. Micro
X-ray fluorescence: Dy:Y ratio 0.09: 0.91.

[Dyo.1Y0.9(3Br,5CI-HsLY4)(Py)] (1LPy@Y): Elemental analysis
calcd. for C32H32BF3C|3Dy0_1N503Y0,9 (97693) C 3931, N 7.16,
H 3.27%. Found: C 39.38, N 7.17, H 3.23%. Micro X-ray fluorescence:
Dy:Y ratio 0.09: 0.91.

[Dyo.1Y0.9(3NO,,5Br-HsL+#)(H,0)] (2W@Y): Elemental analysis
calcd. for Cy7H;9Br3Dyo 1N7010Y0.9 (947.51): C34.19, N 10.34, H 3.06%.
Found: C34.28, N 10.51, H 3.18%. Micro X-ray fluorescence: Dy:Y
ratio 0.09: 0.91.

Crystallographic refinement and structure solution

Crystal data and details of refinement are given in Table S1. The
single crystals of 1W-0.25MeOH, 1Py, 2W-2CH3C¢Hs and 3M-CH5CgHs
could be obtained as detailed above. Data were collected at 100 K on
a Bruker D8 VENTURE PHOTON Il1I-14 diffractometer, employing
graphite monochromatised Mo-ka. (A =0.71073 A) radiation.
Multiscan absorption corrections were applied using either the
SADABS or the TWINABS routine,?* in this latter case for
1W-0.25MeOH. The structures were solved by standard direct
methods employing SHELXT,?®> and then refined by full matrix least-
squares techniques on F? by use of SHELXL, from the program
package SHELX-2018.%> All atoms different of hydrogen were
anisotropically refined, with some exceptions related to disordered
solvates with low occupation sites, which in some cases also needed
some restraints. H atoms were typically included in the structure
factor calculations in geometrically idealized positions. However,
with the intention of revealing the hydrogen bonding scheme,
hydrogen atoms attached to amine nitrogen atoms or to water
molecules were located in the corresponding Fourier maps. In this
case, either they were freely refined, or with thermal parameters
derived from their parent atoms.

Powder X-ray diffraction studies

The powder diffractogram for 1Py was recorded on a Philips
diffractometer with a control unity type “PW1710”, a vertical
goniometer type “PW1820/00” and a generator type “Enraf Nonius
FR590”, operating at 40 kV and 30 mA, using monochromated Cu-Ka
(A = 1.5418 A) radiation. A scan was performed in the range 2 < 26 <
30° with t =3 s and A28 = 0.02°. LeBail refinement was obtained with
the aid of HighScore Plus Version 3.0d.

Magnetic measurements

Magnetic susceptibility dc measurements for microcrystalline
samples of 1W-0.25MeOH, 1Py, and 2W, and ac measurements for
1W-0.25Me0H, 1Py, 2W, 1W@Y, 1Py@Y, and 2W@Y were carried
out with a PPMS Quantum Design susceptometer. The dc magnetic
susceptibility data were recorded under a magnetic field of 1000 Oe
in the range 2-300 K. Magnetisation measurements at 2.0 K were
recorded under magnetic fields ranging from 0 to 70000 Oe.
Diamagnetic corrections were estimated from Pascal's Tables.
Alternating current (ac) susceptibility measurements for all the
undiluted samples were recorded under zero and 1000 Oe dc fields,
with an oscillating ac field of 10 Oe, and ac frequencies ranging from
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50 to 10000 Hz. The ac measurements for IW@Y, 1Py@Y, and
2W@Y were recorded at Hy. = 0 Oe.

Computational Details

OpenMolcas?® was used to perform CASSCF-SO calculations on all
complexes to determine their electronic structure. The molecular
geometries from the single crystal XRD structure with no
optimization were used, taking the largest disorder component only.
Basis sets from ANO-RCC library?’2® were employed with VTZP
quality for Dy atoms, VDZP quality for coordinating atoms (4 nitrogen
and 4 oxygen atoms), and VDZ quality for all remaining atoms,
employing the second-order DKH transformation. Cholesky
decomposition of the two-electron integrals with a threshold of 108
was performed to save disk space and reduce computational
demand. The molecular orbitals (MOs) were optimized in state-
averaged CASSCF calculations within each spin manifold, considering
21, 224 and 490 roots for spin sextet, quartet and doublet,
respectively — for each spin multiplicity, the number of states mixed
by spin orbit coupling are 21, 128 and 130, respectively. The resulting
spin-orbit wavefunctions were decomposed into their crystal field
(CF) wavefunctions, and the magnetic susceptibility was calculated
using SINGLE_ANISO.?® The electronic structure of the non-Gd

lanthanide ions is well described by the standard CF Hamiltonian:
k

> Bl6,0;
k=2,4,6 q=—k
where Bg are the CF parameters, 6, are the operator equivalent
factors and 5,? are the extended Steven’s operator equivalents.3® To
address the effect of structural disorder on the electronic structure
of the compounds, we also performed gas-phase geometry
optimisations with density functional theory (DFT, see Sl for details).

ﬁav =

Results and discussion

The condensation of 3Br,5Cl-salicylaldehyde or
3NO,,5Br-salicylaldehyde with triethylenetetramine in 1:3 molar
ratio, according to a procedure previously described,???? yields the
new Schiff bases 3Br,5CI-HsL and 3NO,,5Br-HsL (Scheme 1),
respectively, which were satisfactorily characterised by elemental
analysis, IR and 'H NMR spectroscopies. Reduction of these bases
with NaBH, leads to different results (Scheme 1). Thus, the reduction
of 3Br,5CI-Hsl yields a mixture of both 3Br,5CI-HsL“?* and 3Br,5CI-
HeL%* isomers, as it occurs with the non-substituted ligand HsL,20-%
but in this case the equilibrium is shifted towards the 3Br,5Cl-HgL%*
species (ca. 90% based on 'H NMR). By contrast, the reaction of
3NO,,5Br-HsL  with sodium borohydride only produces pure
3NO,,5Br-HgL%%* (Scheme 1).

The mixture of 3Br,5CI-HgLY?* and 3Br,5CI-HsL**, as well as pure
3NO,,5Br-HgL*#4, react with dysprosium nitrate to yield the
corresponding [Dy(3R1,5R,-HsL*4)(H,0)]-nsolvate complex
(Scheme 1), indicating that the small proportion of 3Br,5CI-HsL%%*
does not longer exist once it is coordinated to the metal ion. This
result seems to disagree with those found with HgL¥%* and HeL%%*
mixtures.?%-22 In this latter case, where the aromatic rings do not have
substituents, the pH of the medium seems to play a fundamental role
in the equilibrium, and when the mixture of isomers is mixed with
NaOH in 1:3 molar ratio, as in this study, the equilibrium seems to
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Scheme 1 Reaction scheme for the isolation of the complexes, with
numbering schemes for *H NMR studies.

shift towards the HeLY%** species.?®?2 In our case study, this
equilibrium is clearly shifted towards the 3Ry,5R,-HgL>"* isomer, and
this could be maybe related to the presence of electron-withdrawing
substituents on the aromatic ring, and/or to the presence of
substituents that cause steric hindrance.

[Dy(3Br,5CI-HsL¥4)(H,0)]-0.25MeOH  (1W-0.25MeOH)  was
obtained in the form of single crystals from the reaction mixture,
while the isolated solid from the reaction of 3NO,,5CI-HgL>%* and
dysprosium nitrate precipitates as a vyellow powder, whose
recrystallisation in toluene/MeCN yields single crystals of
[Dy(3NO,,5Br-HsL144)(H,0)]-2CH3CeHs ~ (2W-2CH3CgHs).  These
crystals lose the toluene solvate on drying, to generate
[Dy(3NO,,5Br-HsLY*#)(H,0)] (2W). Likewise, recrystallisation of
1W-0.25MeOH in pyridine affords [Dy(3Br,5CI-HsLY%4)(Py)] (1Py) as
single crystals. The comparison of the experimental powder X-ray
diffractogram of the crystalline product 1Py with the calculated one
from single X-ray diffraction data (Fig. S1) demonstrates that 1Py has
been obtained with high purity, without mixtures, and that the
collected sample and the solved single crystal are the same
compound.

In addition, diamagnetic yttrium complexes
[Y(3Br,5CI-HsLY%4)(MeOH)] (3M) and [Y(3NO2,5Br-HsL14)(H,0)]-H,0
(4W-H,0), analogous to the dysprosium compounds 1W and 2W,
could be isolated in comparable syntheses. Recrystallisation of 3M in
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toluene also yields single crystals of 3M-CH3C¢Hs, which loses the
solvate on drying.

X-ray diffraction studies

The crystal structures of the three dysprosium compounds
[Dy(3Br,5CI-HsL14)(H,0)]-0.25MeOH (1W-0.25MeOH), [Dy(3Br,5CI-
HsLY4)(Py)] (1Py) and [Dy(3NO,,5CI-
H3LY14)(H,0)]-2CH3CeHs (2W-2CH3CgHs) are very similar, and they
will be discussed together. The unit cells of all of them contain
[Dy(3R1,5R,-HsLY+#)(D)] (R = Br or NO3, R, = Cl or Br, D = H,0 or Py)
neutral molecules and, in the case of 1W-0.25MeOH and
2W-2CH3CgHs, different solvates. The main differences among these
complexes lie in the substituents on the phenol rings of the ligand
(3Br,5CI for 1W and 1Py and 3NO,,5Br for 2W), in the ancillary D
ligand (water in 1W and 2W-CH3C¢Hs, and pyridine in 1Py), and in the
number of chemically equivalent but crystallographically different
complex molecules in their asymmetric units: one for 1Py and two
for 1W-0.25MeOH (namely 1W.1 and 1W.2) and 2W-2CH3CgHs
(namely 2W.1 and 2W.2). It is remarkable that the water ligand in
1W.2, and the nitro substituent of one of the terminal arms of the
aminophenol donor in 2W.2, are disordered over two sites. Ellipsoids
diagrams for 1W.1, 1Py and 2W.2 are shown in Fig. 1, S2 and S3,
respectively, and main distances and angles are recorded in Table S2.
In all these complexes, the aminophenol ligands act as trianionic
heptadentate donors, using all their nitrogen and oxygen atoms to
bind the metal ion, and the coordination sphere around the
dysprosium centre is completed by a pyridine (1Py) or a water (1W
and 2W-2CH3C¢Hs) molecule coming from the solvent of the media.
The three protonated secondary amine N atoms of the coordinated
ligand (NX2, NX3, NX4, with X = 1 or 2) are asymmetric centres, and
therefore the [Dy(3Ry,5R,-HsLY1#)(D)] complexes are chiral. It could
be worthy to mention that the two different crystallographic
molecules present in the unit cell of 1W (1W.1 and 1W.2) are

%‘Cl‘l 2

Ci1

Fig. 1 Ellipsoid (50% probability) diagram for the (S,R,R) enantiomorph of
1W.1.
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enantiomorphs, with (S,R,R) and (RS,S) configurations,
therefore, the crystals are racemic.

In the case of 2W-2CH3CgHs, although their crystals are globally
racemic, they are forming a conglomerate of both enantiomeric
crystals after spontaneous resolution. Curiously, in each crystal, both
2W.1 and 2W.2 molecules are the same enantiomer. Thus, in the
case of the solved crystal, both complex units show (R,S,S)
configuration. Regarding to polar crystals of 1Py, we can indicate that
although polar crystals are racemic, they show a polar direction were
only each enantiomer is present.31-32

All the described features lead to DyN,O,4 (1W and 2W) or DyNsOs;
(1Py) environments for the complexes. Calculations of the distortion
from an ideal eight-vertex polyhedron with the SHAPE program33
indicate that the geometry for these compounds is between square
antiprism, biaugmented trigonal prism and triangular dodecahedron
(Table S3). The main distances and angles about the metal centres
(Table S2) agree with those expected for dysprosium complexes with
N,O donors.12! |n spite of this, a difference in the Dy-Ophenoxide bond
distances is remarkable: in 1Py, the Dy1-012 and Dy1-013 bonds,
which form a O-Dy-O angle of ca. 148.7°, are the shortest ones, while
for 1W and 2W there is not such a defined axis. In addition, the Dy1-
012 and Dy1-013 bond distances in 1Py are noticeably shorter than
the corresponding DyX-OX2 and DyX-OX3 distances in 1W and 2W
(Table S2). Besides, in general, all the other Dy-Naminophenol and Dy-
Oaminophenol bonds for 1Py are shorter than the homologous ones in
1W and 2W, and these bonds are in most cases shorter for 1W than
for 2W. On the contrary, Dy-OXw bonds in 1W are longer than in 2W.
Accordingly, these data agree with the greater donor character of the
aminophenol with the less electron-withdrawing substituents on the
phenol ring (3Br,5CI-HgL**), and with the fact that the presence of
a nitrogen auxiliary donor makes the aminophenol donate more
charge with respect to an oxygen donor, shortening the
Dy-Xaminopheno! bonds.

The asymmetric unit of [Y(3Br,5CI-HsLY%*)(CH30H)]-CH3CeHs
(3M-CH3CgHs)  contains  two  chemically equivalent  but
crystallographically different [Y(3Br,5CIH3LY%4)(CH30H)] neutral
molecules, which will be called 3M.1 and 3M.2, and toluene as
solvate. An ellipsoid diagram for 3M.1 is shown in Fig. S4, and main
distances and angles in Table S4. The structure of 3M is completely
comparable with that of 1W, and the main difference, in addition to
the nature of the central metal ion, is that the water ancillary donor
in 1W has been replaced by a methanol donor in 3M. Accordingly,
the aminophenol ligand is also acting as heptadentate in 3M, where
the methanol ligand completes the YN4O4 coordination spheres of
the yttrium atoms in both 3M.1 and 3M.2. Calculations with the
SHAPE program also indicate that the geometry about the Y3*ion in
3M.2 is between square antiprism and biaugmented trigonal prism,
but in 3M.1 the geometry is closer to a triangular dodecahedron
(Table S3). In these polyhedrons, all the distances and angles are in
the range of those expected,?”** and do not merit further
consideration.

Finally, it is worth of mention that 3M is also a case of
spontaneous resolution, as both 3M.1 and 3M.2 complexes of the
solved unit cell are the same (S,R,R) enantiomer, and the crystals
belong to a Sohnke space group. This contrasts with the racemic
character found for the asymmetric unit of 1W-0.25MeOH.

and,

This journal is © The Royal Society of Chemistry 20xx

Magnetic Properties

Direct-current (dc) magnetic susceptibility measurements were
recorded for 1W-0.25MeOH, 1Py and 2W as a function of the
temperature. The plots of ymT vs T are shown in Fig. 2 and S5. The
xmT values for the complexes at 300 K are in the range 13.5-14.6
cm3Kmol™, which are very close to the expected ones for one
uncoupled Dy3* ion at room temperature (14.17 cm3Kmol™). The
experimental curves continuously decrease until 2 K, reaching ymT
values of 9.9, 11.5 and 7.3 cm3Kmol™ for 1W-0.25MeOH, 1Py and
2W, respectively. This drop in the curves can be mainly ascribed to
thermal depopulation of the excited Kramers doublets, which arise
from the split of the ground ®Hys/; term by crystal field effects.

The field dependence of the reduced magnetisation at 2 K at the
maximum applied field of 70000 Oe tends to 4.1, 4.7 and 4.9 Nyg for
1W-0.25MeOH, 1Py and 2W, respectively (Fig. 2 and S5, inset), values
that are far away from the theoretical saturation one initially
anticipated for an isolated Dy" ion (10 Npg), but very close to the
value of 5 Npg for a highly anisotropic Dy" ion with an Ising-like
ground doublet.3®

The dynamic magnetic properties of the three mononuclear
complexes were also studied, and 1W-0.25MeOH and 1Py show
out-of-phase peaks of the susceptibility (%“m) as a function of the
frequency above 2 K (Fig. 3). However, 2W shows frequency and
temperature dependence of y““n, but without peaks (Fig. S6). Thus,
these results seem to indicate that 1W-0.25MeOH and 1Py are SIMs,
while for 2W either the energy barrier is too small to observe peaks
in the ¢“m vs frequency plot, or the quantum tunnelling of the
magnetisation prevents the observation of any other magnetic
relaxation process.

The shape of the Arrhenius plots (Fig. S7) and the a parameters
extracted from the Cole-Cole plots using a generalised Debye model
(Fig. S8, Table S5) for 1W-0.25MeOH and 1Py indicate a large
distribution of relaxation times. The Arrhenius plots (Fig. S7,) show
that the data deviate from linearity in the low-temperature region,
but that it is linear above 3.3 K for 1W-0.25MeOQOH, and above 10 K
for 1Py. This linearity could indicate an Orbach relaxation process.
Thus, assuming that only the Orbach relaxation predominates at high
temperatures, fitting this region with equation 1 affords Ueg= 0.8 K,

16 4

14 1

12 485

10 1

2w Tlem3mol 'K

0 10000 20000 30000 40000 S0000 GO00G TOOOO

HIiOe

4 T T T
0 50 100 150

TIK

200 250 300
Fig. 2 ymT vs T for 1Py. Inset: M/Nus vs H at 2 K. The solid red lines represent
the theoretical data obtained from ab initio calculations (with CASSF-SO

methodology).
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Fig. 3 Frequency dependence of y“m at different temperatures in a zero
applied field for: up) 1W-0.25MeOH; bottom) 1Py.

with 1o = 5.7x10® s for 1W-0.25MeOH, and Uy = 17.4 K, with
T0=5.9x107% s for 1Py.

T_l — To—le—Ueff/kBT (1)

The energy difference between the ground and first excited state
calculated by ab initio studies (vide infra) strongly disagrees with the
effective barrier determined from ac measurements using the
Orbach model in the linear region (ca 300 K vs less than 18 K,
respectively). This discards an Orbach process and suggests a
combination of other different relaxation mechanisms, including
QTM relaxation, as it can be inferred from 3 “m vs T graphs (Fig. S9).

Thus, taking into account that the aim of this work is to see the
influence of the phenol substituents and the ancillary donors on the
relaxation energy barrier, attempts were made to eliminate the
quantum channel in order to appreciate the energy gap for the spin
reversal. Accordingly, we investigated the dynamical response of the
samples under a small static magnetic field. Under an optimised field
of 1000 Oe (Fig. S10), the three complexes show frequency
dependence of the out of-phase susceptibility (Fig. 4), with maxima
for x““m in all cases.

Once again, the Arrhenius plots (Fig. 5) show that the data
deviate from linearity in all cases, and Cole-Cole plots (Fig. S11) show
a values ranging from 0.09 to 0.6 (Table S5), suggesting the possible
existence of more than one relaxation process. Consequently, the
Arrhenius plots were fitted employing Orbach, Direct, Raman, and
QTM processes (equation 3).

=7 te Vers /R T 4 AT + CT™ + Tory ™1 (2)

For the three complexes, the best fit considering all these
processes, individually or grouped, is achieved with Orbach and
Raman processes (Table 1), and attempts of fits including QTM
relaxation were unsuccessful, despite the tails of x“m at low
temperatures (Fig. S12). This may be because y“‘m peaks only appears
above 8.0 K for 1W-0.25MeOH, 12 K for 1Py and 4 K for 2W, and
probably this effect is not important in these complexes at so high
temperatures.
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Fig. 4 Frequency dependence of x"'m at different temperatures in an applied
field of 1000 Oe for: a) 1W-0.25MeOH; b) 1Py; c) 2W.

In an attempt to gain more insight into the QTM origin, the
influence of intermolecular dipole-dipole interactions was studied by
the magnetic site dilution. Accordingly, diluted samples 1W@Y,
1Py@Y and 2W@Y were prepared and new ac measurements in zero
dc field recorded (Fig. S13 and S14), showing peaks for y"’m vs v in all
cases. The best fits of the higher temperature regions of the
Arrhenius’ plots (Fig. S15) according to equation 1 renders once more
very low Uegs values, below 31 K for all the complexes, in
disagreement with the calculated zero-field ab initio values. Thus,
once again, this discards an Orbach relaxation. In addition, the shape
of the ¢”’m vs T graphs clearly show that the quantum channel is still
present. Consequently, these results seem to indicate that the
elimination of the dipolar intermolecular interactions does not
quench the QTM process, suggesting the importance of the
hyperfine interactions. In addition, it is worth mentioning that, as
usual, the effect of the magnetic field in quenching QTM is more
important than that provoked by magnetic dilution.

Table 1. Fit parameters of the temperature dependence of the
relaxation time for 1W-0.25MeOQOH, 1Py and 2W in Hg..= 1000 Oe

Orbach Raman
Complex Uetr (K)  t0(1075) n / C (s1Km)
1W-0.25MeOH 176.5 2.4 3.6/0.6
1Py 358.1 0.079 4.0/1.8-101
2W 53.3 2000 2.6 /119

This journal is © The Royal Society of Chemistry 20xx
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As a summary of the ac studies, it must be pointed out that the
effective energy barriers, calculated in the presence of a magnetic
field, follow the sequence: 1Py > 1W-0.25MeOH > 2W. Given that the
main difference between 1Py and 1W-0.25MeOH is the ancillary
water ligand (H,0 in 1W and Py in 1Py), this study demonstrates that
the introduction of a nitrogen instead of an oxygen donor favours the
anisotropy in distorted square antiprism Dy"' complexes. This seems
to be related with the Dy-Ophenoxide distances, as previously discussed.
Thus, in the case of 1Py, the shortest Dy-O bond distances are
Dy1-012 and Dy1-013, with an 012-Dy1-013 angle of 148.65(11).
These distances are significantly shorter than the remaining Dy-O or
Dy-N bonds. This distribution of the shortest Dy-Oghenoxide bONds in
the Dy3* coordination sphere favours an axial ground state with its
anisotropy axis lying close to the 012-Dy-013 direction. However, in
the case of 1W-0.25MeOH, the Dy-Ophenoxide distances (Table S2) are
longer than in 1Py, and there is not so clear two shortest Dy-O bonds.
The same occurs for 2W, and in this case, the worse magnetic
behaviour of 2W respect to 1W-0.25MeOH could be ascribed to the

This journal is © The Royal Society of Chemistry 20xx

more electron-withdrawing character of the nitro and bromine
substituents on the aromatic rings in comparison with the chlorine
and bromine ones. A prominent reduction of Ues by means of
electron-withdrawing non coordinating groups was previously
reported for pseudo-pentagonal bipypramidal complexes,3® but the
influence of these aromatic ring substituents on the magnetic
properties is still poorly studied, and it seems to cause opposite
effects in mononuclear®® and dinuclear systems.37:38

Electronic Structure calculations

CASS-SO calculations (see Computational details section) were
performed to determine the electronic structure of the synthesised
compounds. We have considered six molecular structures: 1W.1
(without solvent), 1W-2 (without solvent), 1Py, 2W.1 (without
solvent), 2W.1toluene (with solvent), and 2W.2 (without solvent),a
and the results are shown in Tables S6, S8 and S10. The 1W-2 and
2W.2 moieties show disorder in the water molecule, and in one of
the nitro groups, respectively, and only the largest disorder
component was taken into account.

We find a reasonable agreement with the experimental
susceptibility and magnetisation curves (see Fig. 2 and S5),
particularly for 1Py. The uncertainty generated by the H positions of
the water molecule directly coordinated to the Dy ion in 1W and 2W
might be the responsible for the larger differences observed for
these latter compounds compared to 1Py.3° This is not improved at
the gas-phase optimised structures, which present a noticeable
different electronic structure (Table S7, S9 and S11), despite being
similar to the crystal structures (Table $S12 and Fig. S16). We also note
that the results do not depend on the initial starting geometry (1W.1
or 1W.2, 2W.1 or 2W.2),
identical. Thus, we hypothesise that the structurally flexible nature
of the [3R1,5R,-HsLY+4]% ligand is responsible for the very large alpha
values from the generalised Debye model.*°

The CASSCF-SO energy values for the two low-lying Kramers
doublets (KDs), as well the respective g tensor values for the six
systems, are presented in Table 2. The calculated g-factors indicate
an easy-axis character for all compounds (Table 2, S6, S8, S10).

As discussed in the crystallographic section, 1W and 2W, present
two unique molecules within the unit cell. For 1W, the electronic
structure of both complexes is quite similar, with a difference

as the converged structures are

Table 2. Calculated g-factors of the ground and first excited states
and the angle between their g, vectors for the six studied systems
obtained from CASSCF-SO at the crystal structure.

Compound  E (cm?) Ox gy 9. Y (°)
0.0 0 0 19.80 -
1w.1
202.42 0.71 1.62 16.83 47.1
0.0 0.01 0.02 19.81 -
1wW.2
186.84 0.89 1.84 17.54 59.3
1P 0.0 0.01 0.01 19.80 -
4 226.04 0.29 0.41 16.98 15.7
0.0 0.02 0.03 19.68 -
2W.1
82.42 0.20 0.24 19.52 79.6
0.0 0.00 0.00 19.74 -
2W.2
168.74 0.77 1.51 18.30 73.8
0.0 0.02 0.03 19.68 -
2W.1toluene
72.43 0.17 0.21 19.55 79.8
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between their respective energy gaps (energy difference between
the ground and first excited KDs) of ca. 15 cm™ (Tables 2 and S6). For
2W, the much larger difference (Tables 2 and S10) could be ascribed
to the disordered nitro group in 2W.2, and the relative angle of the
axial water with respect to the central metal ion.3° Besides, the
calculations for 2W.1 with and without the toluene solvent yield
quite similar parameters, indicating that the trapped solvates do not
seem to play an important role in the electronic structure and
magnetic properties of these compounds.

Thus, the comparison of the calculated barriers and those
obtained by ab initio studies shows that the energy barriers follow
the same sequence: 1Py > 1W > 2W, and that the theoretical
calculated (226 cm™) and experimentally obtained (248.9 cm™)
barrier for 1Py are very similar. However, for 1W and 2W the
experimental and theorical data differ more than for 1Py. In these
two cases, there is a water molecule coordinated to the metal ion,
and the uncertainty of the positions of the hydrogen atoms can
contribute to this fact,'°>3° as well as the uncertainty in the position
of the nitro groups (2W.2). Besides, it should be noted that the
crystallographic data indicate that the water molecules establish
intermolecular interactions, which are not considered in the
calculations. Despite this, the ab initio data clearly support the
experimental results, given that the tendency in the energy of the
barriers is the same.

Conclusions

Three new mononuclear Dy" complexes of two unreported
heptadentate aminophenol ligands were fully characterised,
showing that the presence of the electron-withdrawing or steric
hindrance substituents on the phenol rings favour the isolation of
compounds containing the [3R3,5R,-H3LY4]*" isomer. Thus, these
complexes contribute to understand the coordination chemistry of
Ln with this scarcely reported kind of ligand. The magnetic properties
of the three mononuclear distorted octacoordinated Dy"' complexes
have been studied, both experimentally and theoretically. These
studies show that 1-0.25MeOH and 1Py are SIMs, while 2W only
shows SIM-like behaviour in the presence of a dc field. This external
field removes at least partially the quantum channel of the
magnetisation, which allows to observe energy barriers as high as
358 K for 1Py. The magnetic analysis of diluted IW@Y, 1Py@Y and
2W@Y indicates that the elimination of dipolar interactions does not
favour Orbach relaxation. Comparison of the U values for the three
complexes (1Py > 1W-0.25MeOH > 2W) shows that the energy gap
diminishes when the electron-withdrawing character of the
substituents on the phenol rings increases, as well as when the
ancillary pyridine nitrogen donor is replaced by a water oxygen donor
in the distorted square antiprism environment of the dysprosium
atom. All these results are supported by ab initio calculations.
Accordingly, this study delves into the factors that influence the
energy barriers in lanthanoid SIMs, and, therefore, it represents a
new contribution to the parameters to be considered when
designing high performance SIMs.
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