Lanthanide complexes with a tripodal nitroxyl radical showing strong magnetic coupling
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A series of isomorphous mononuclear complexes of Ln(III) ions comprising one stable tripodal oxazoli-
dine nitroxyl radical were obtained in acetonitrile media starting from nitrates. The compounds,
[LnRad(NOs)s3] (Ln=Gd, Tb, Dy, Tm, Y; Rad = 4,4-dimethyl-2,2-bis(pyridin-2-yl)-1,3-oxazolidine-3-oxyl),
have molecular structure. Their coordination polyhedron, LnO7N2, can be described as a tricapped trigo-
nal prism with symmetry close to Dsh. The value of 23 cm'! for the antiferromagnetic coupling Gd-Rad
established from the DC magnetic and EPR data is a record strength for the complexes of 4f-elements
with nitroxyl radicals. The terbium derivative displays frequency-dependent out-of-phase signals in zero
field indicating single-molecule magnetic behavior with an effective barrier of 57 cm!.
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INTRODUCTION

Single-molecule magnets (SMMs)!-7 and single-ion magnets (SIMs)®
12, are zero dimensional molecular systems displaying magnetization
blocking at low temperatures, quantum tunneling of magnetization
(QTM),"? and quantum coherence.'*!> Accordingly, SMMs have at-
tracted a great attention as promising candidates for quantum pro-
cessing, !¢ high-density information storage,!” and molecular spintronic
materials.'$-2!

Initial studies of SMMs were devoted to polynuclear coordination
compounds of high nuclearity to get large ground spin states.> Never-
theless, it is difficult to combine a large high ground spin state with a
large magnetic anisotropy, and since the symmetry in a polynuclear
complex often rises with growth of the nuclearity resulting in a low
magnetic anisotropy. Last advanced SMMs studies focus on enhancing
magnetic anisotropy, rather than enlarging ground spin states, which is
a much more efficient way to rise the activation energy barrier and the
blocking temperature. Consequently, studies into SMMs and SIMs,
based on trivalent lanthanide ions (Ln'™"), develop at a high speed be-
cause of their significant magnetic anisotropy that comes from both
spin-orbit coupling (SOC) and crystal-field splitting (CFS), where CFS
is usually much smaller than SOC in Ln.?%% It is very important to
study small changes in ligand-field strength associated with the coordi-
nation geometries of Ln!"' complexes, but it is extremely hard to sys-
tematically control the coordination geometries and the ligand-field
strength of Ln' compounds.

In addition, the internal 4f electrons are strongly shielded by the outer
shell electrons and thus obstruct a favorable magnetic exchange cou-
pling, which can be used to enhance the magnetic advances.'? In this
case, radical ligands may be considered as especially suitable for sup-
porting strong interactions, and study the influence over the slow relax-
ation process of the magnetization.”> Numerous Ln-based complexes
comprising diverse radical ligands, such as nitronyl nitroxides,?-2¢ ox-
idized phtalocyanine,?® semiquinolates,?’?° verdazyls,*® triazinyl,?' bi-
pyrimidyl,*? pyridylpyrazinyl,*® indigo anion,** or dinitrogenyl®> have
been reported. For instance, the later example has held the record for
the highest coercivity of 14 K for many years.3

For mononuclear Ln-radical molecules, the magnetic relaxation is

Since the dynamic magnetic behavior can be adjusted by careful
fine-tuning of the ligand field around Ln", the choice of a radical ligand
is especially important. Purposeful control of the structural parameters
of complexes is impossible without ascertainment the influence of the
geometry of the coordination polyhedron on the nature and magnitude
of the parameters of the magnetic exchange interaction between a lan-
thanide ion and a radical center. In the last years, a series of Ln single
radical complexes of the mono-,¢*8 bi-4>-5¢ and tri-coordinated’”-® ni-
troxides have been reported. Practically, all of them comprise three di-
amagnetic once negatively charged ligands — hexafluoroacety-
lacetonates (hfac).

It should be especially noted that the coordination chemistry of ni-
troxyl radicals and d-metals is much more developed compared to that
of 4f metals. Low donor ability of the nitroxyl group to 3d metal ions
can be recompensed by the use of auxiliary fac ligands, which not only
compensate for the charge of the metal ion, but also increase its accept-
ing ability due to withdrawing effect of the trifluoromethyl groups.
However, in the case of Ln-complexes, it is not necessary to use fluor-
inated acetylacetonates (acac) to rise Lewis acidity of the neutral matrix
[Ln(acac)s], since the DFT calculations demonstrate that the charge on
the central atom practically does not change when unsubstituted acac is
replaced by fluorinated one.>%%

Scheme 1. Tridentate radical - 4,4-dimethyl-2,2-bis(pyridin-2-yl)-
1,3-oxazolidine-3-oxyl (Rad).

not only very sensitive to the symmetry of the ligand field around aAuxiliary ligands together with a radical ligand define the symmetry of the

central ion, but also related to magnetic interaction between Ln"™! ion
and a radical. It is reported that in a highly symmetric crystal field, for
example Coy, Doon, Dad, Dsn and Dea, the control of QTM becomes a
reality.’74

coordination environment of Ln, and therefore CFS. The important point
is that a large number of the mono- or bidentate ligands in coordination
sphere of a metal does not contribute to the formation of the complex with
desirable type of ligand field symmetry. Therefore, the use of the stereo-



chemically rigid polydentate radicals with predictable coordination man-
ner is promising. In this context, the 4,4-dimethyl-2,2-bis(pyridin-2-yl)-
1,3-oxazolidine-3-oxyl (Rad) acting as a tripodal ligand in complexes
with 3d metal ions is especially attracting.

In the present paper, we describe the synthesis of [LnRad(NOs3)3] (Ln
= Gd, Tb, Dy, Tm, Y) as the first example of lanthanide complexes with
Rad (Scheme 1). Their structure and magnetic properties were carefully
studied. To date, the coordination chemistry of Rad has been limited to
complexes with 3d metal ions (see, for example, papers®"-%2 and refer-
ences therein).

RESULTS AND DISCUSSION

Synthesis. The paramagnetic ligand, Rad, comprises two donor nitrogen
atoms and an oxygen atom of the NO-group and thus can occupy three
sites in the coordination sphere of a central atom. In this context, Ln(III)
nitrate salts turned out to be suitable precursors, because the three nitrate
anions block six coordination sites leaving a space for one Rad ligand
resulting in a neutral molecule. To avoid coordination of solvent mole-
cules, we chose acetonitrile as a solvent. In addition to relatively low co-
ordinating ability to lanthanides, acetonitrile is a polar solvent that pro-
vides a good solubility of the reagents and, thus, a high reaction rate. We
performed the reactions of Ln(NO3); (Ln = Gd, Tb, Dy, Tm and Y) with
one equivalent of Rad to obtain molecular complexes [LnRad(NO3)3]. Yt-
trium congener was synthesized to check isostructurality in the series and
was not studied in detail. The phase purity of the bulk samples was con-
firmed by elemental and XRD analyses as shown in Figure S1 (See Sup-
porting information)’.

Figure 1. Molecule structure of [LnRad(NOs)3] (left), hydrogen atoms are
omitted; coordination polyhedron of Ln in [LnRad(NOs)3] (right) described
as a spherical tricapped trigonal prism (colored in blue).

Crystal Structures. Powder X-ray diffraction analysis revealed
[LnRad(NOs)3] compounds are isostructural. The crystal structures for
the radical species for Ln = Dy, Tm and Y have been ascertained by X-
ray diffraction experiments on single crystals grown by a slow evapora-
tion of the reaction mixture. In the complexes, Rad coordinates the lan-
thanide ion in a tridentate manner via two N atoms of the pyridine groups
and O atom of NO moiety (Figure 1a). The coordination sphere is further
complemented by three bidentate nitrates to give LnO7N2 polyhedron.
According to the Continuous Symmetry Measures (CSM) method,®® the
polyhedron can be best described as a spherical tricapped trigonal prism
(Figure 1b), although its symmetry noticeably deviates from Dsn (Table
S1)f. The donor atoms of Rad compose a triangular face of the prism. The
Ln—O bond distances associated with the NO moiety are 2.37, 2.38 and
2.35 A for Ln =Y, Dy and Tm, respectively. N —O bonds of the aminoxyl
moiety varies in 1.27 — 1.28 A interval. Note, all bond lengths and angles
of the complexes lie in the expected range. They are listed in Table S27.
The shortest intermolecular Ln---Ln distance is ca. 7.2 A. Through these
distances, the molecules are combined into a chain spreading along the
[101] crystal direction (Figure S2)". Between the chains, Ln---Ln dis-
tances of ca. 8.9 and 9.1 A are found.

Photophysical properties. Photophysical properties of the com-
pounds were studied for Tb derivative as a representative of the luminous
lanthanide in the visible region. Solutions of Rad and [TbRad(NO3)3] in
acetonitrile exhibit alike absorption spectra, indicating that energy levels
of the radical are weakly affected by the lanthanide.** A single absorption
band peaks at ca. 260 nm having higher intensity for Rad compared to the

complex. Free radical does not show luminescence both in the solid state
and solution, while the complex shows a weak lanthanide centered emis-
sion typical for Tb' ions. The luminescence spectra of [TbRad(NO3)3] in
the solid state and the solution are similar, and the position of the bands
is excitation wavelength independent.

Static magnetic properties. Magnetic measurements were per-
formed on polycrystalline samples. Direct current (dc) magnetic sus-
ceptibilities for the complexes were measured in the temperature range
of 2-300 K under an applied magnetic field of 1 or 10 kOe for the Gd,
Tb, Dy and Tm species, respectively.

1.8x10" 4 I‘x\.‘ L

f
1.6x10° l,‘ |

-1

1
g, M -cm

T T T T T
400 450 500 550 600

wavelength, nm

T T
300 350

T
250

Figure 2. UV-Vis spectra of Rad (red) and [TbRad(NOs3)3] (black)
in CH3CN.
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Figure 3. Photoluminescence spectrum of the solid compound
[TbRad(NOs3)3], Aexc = 270 nm.

The temperature dependence of the magnetic susceptibility y7 versus
T for all the investigated compounds is shown in Figure 4a. At 300 K, the
xT values are 7.814, 12.210, 14.366, 7.376, emu K mol"! for Gd, Tb, Dy,
and Tm, respectively. These values are well consistent with the expected
values for the appropriate Ln'" ion plus a radical (8.255, 12.195, 14.545,
7.525 emu K mol-'). When the temperature is lowered, the value of 7 for
all derivatives drops significantly. This can be attributed to CFS and/or
the effect of the antiferromagnetic metal-radical coupling; in particular,
we expect a dominance of the CFS for all Ln except Gd (isotropic at first
order). Although it is often difficult to experimentally determine the
ground state composition of anisotropic lanthanides in low symmetry en-
vironment, the Tm derivative of this series constitutes an exception, since
it clearly stabilizes the nonmagnetic ms = 0 ground state (y7 drops to
0.375 emu K mol’!, the value of a free radical). Moreover, the significant
drop in xT for Gd suggests a high antiferromagnetic (AFM) coupling be-
tween the Gd™ ion and the radical. In order to gain more insight on the
magnetic behavior of these complexes, we recorded M vs B dependencies
at =2 K, reported in Figure 4b. The values for Tb and Dy complexes
are close to those commonly reported in literature, but since the nature of
the ground state of these ions can influence greatly these values, no deci-
sive information about the coupling can be straightforwardly obtained.



The value of 1.5 us observed for Tm is consistent with a free radical (1
us) and a largely diamagnetic ground state of the metal ion. Again, the
curve for the Gd complex is the richest in information. Considering the
low crystal field splitting typical of Gd, the saturation value of 6 pp is
consistent with an AFM coupling between a spin S = 7/2 and a radical
spin §'= Y2 (Swot = 7/2-1/2 = 3).
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Figure 4. a) Temperature dependence of y7 and b) Magnetization
curves of [LnRad(NOs)3] (Ln = Gd, Tb, Dy, and Tm). The black
line represents the best simulation (see text).

Electron Paramagnetic Resonance. X band EPR has been per-
formed on [GdRad(NOs)3] in order to obtain precise information about
the electronic structure. The spectrum of Gd exhibits several broad tran-
sitions.

A satisfactory fit of both the EPR and the static magnetic measure-
ments can be obtained using the following Hamiltonian:

H = b303 + b305 + b0 + jS¢a - Sraa + goaksSea - B
+ 9raallpSraa " B

Where the first three terms parametrize the CFS of the Gd™ ion, the
fourth term is the isotropic magnetic coupling between Gd and the rad-
ical and the last two terms are the Zeeman splitting for Gd and the rad-
ical, respectively.

The best simulation (black lines in Figure 4 and in Figure 5) was
obtained with the following values: 52° = 5.2 102 ecm’!, b2? = 1.1 102
ceml, be® =3.8 104 cm’!, j = +23 cm’!, goa = 2.0023 and graa = 1.998.
Importantly, the value of +23 c¢cm! of the coupling constant is remarka-
bly large for gadolinium complexes of organic radicals. For example,
for hexafluoroacetylacetonate gadolinium complexes containing one
acyclic nitroxyl radical,®>%%47 the value of | j | varies between 9.6 and
12.5 cm!. For the analogous compounds comprising one nitronyl ni-
troxyl radical,3031:57-52:49.67, exchange coupling is also lower (| j | =
0.77 + 8.35 cm™). For the Gd-complex of the closest relative of Rad
TEMPO (TEMPO = 2,2,6,6-tetramethylpiperidin-1-oxyl) metal-radical
interaction is small (j = 2.43 cm™).%® For the mono-semiquinone com-
plex [Gd(HBTp3)2SQ]j = 11.4 cm!.%° Moreover, the strength of the ex-
change interaction Gd-radical for the [GdRad(NO3)3] specie is a half of
that found for the binuclear Gd complex of the purely inorganic single
radical N2> obtained in the group of Long.?’
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Figure 5. X band EPR of [GdRad(NO3)3]. For the best-fit parame-
ters, see text.

Dynamic magnetic properties. 4C magnetic measurements were
performed to gain information on the magnetization dynamics at low
temperatures. For all the complexes we initially performed a frequency
scan at various applied fields at the lowest reachable temperature (7 =
2 K). The only compound to display a relevant nonzero out of phase
magnetic susceptibilities was [TbRad(NO3)3] (see Figures S3 and S4)T.
This complex shows slow relaxation both with and without an external
applied field. In zero applied field the relaxation of Tb derivative at the
lowest temperature is at the upper edge of the measurable frequency
(relaxation time ca. 16 ps), thus a temperature study was impossible.
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Figure 6. Thermal evolution of the imaginary component of the ac
magnetic susceptibility for [TbRad(NO3)s] in an applied field of 0.1
T. The black lines represent the best fit.

Upon application of an external magnetic field, the slow relaxation
of [TbRad(NOs)3] slows down by several orders of magnitude. The
temperature evolution of the imaginary component of the magnetic sus-
ceptibility with an optimum field of 0.1 T is shown in Figure 6. The real
components are presented in Figure S47.

The curves were fitted using a generalized Debye model.”’ The «
value (Figure S5)T is in the typical range for SMMs (0.01 < & < 0.3),
assuring a relatively narrow distribution of relaxation times. The y1-ys
values are reported in Figure S6" and compared with the susceptibility
measured in DC mode. Since the static magnetic field was the same in
the two measurements (B = 0.1 T), the comparison is straightforward.
The two values are coincident thus, all the magnetically active centers
in the sample are slowly relaxing with the channel monitored in the AC
experiments.

The best fit was achieved using a sum of quantum tunnelling and
Orbach processes’!

-AF
=150 + 15t /gt

With tor=12(1) ms, t0= 0.9(3) ns and AE =57 cm’'. It is important
to remark here that only a detailed spectroscopic investigation, beyond
the scope of this paper, could verify the validity of the extracted effec-
tive barrier.



bex

T T

T T T T
014 016 018 020 022 0,24
T1/K?

Figure 7. Relaxation times (symbols) extracted for [TbRad(NOs3)s]
from the ac measurements and best fit (red line).

CONCLUSIONS

A row of isostructural compounds was obtained by exploiting the co-
ordination ability of the paramagnetic ligand 4,4-dimethyl-2,2-bis(pyr-
idin-2-yl)-1,3-oxazolidine with lanthanide nitrates. XRD on single
crystals and powders studies showed that the neutral archetype mole-
cule of the family of complexes ([LnRad(NO3)3], Ln = Gd, Tb, Dy, Tm,
Y) has a symmetry close to Dsn and consists of one radical attached to
the central atom in a tripodal manner and three nitrate anions, each of
which is coordinated by two oxygen atoms.

The yT values at ambient temperature confirm the presence of one par-
amagnetic ligand in the complexes. The DC magnetic studies demonstrate
the presence of an antiferromagnetic Gd-radical exchange interaction.
The best simulation of both the EPR and the static magnetic measure-
ments for [GdRad(NO3)3] was obtained with gcs = 2.0023, graa= 1.998
and coupling constant j = 23 cm!, which is a record strength ever found
for the complexes of 4f-elements with nitroxyl radicals. The terbium de-
rivative displays frequency-dependent out-of-phase signals in zero field,
indicating single-molecule magnetic behavior with an effective barrier of
57 cm’l. The next stage of our research will be aimed at the synthesis
and investigation of complexes of lanthanides with two radicals.

EXPERIMENTAL SECTION

The chemicals were obtained from commercial sources and used as
received. The 4,4-dimethyl-2,2-bis(pyridin-2-yl)-1,3-oxazolidine N-
oxyl radical was synthesized according to known procedure.’?
Y(NO3)3-6H20 and Tb(NO3)3-6H20 were used as received from sup-
pliers. Ln(NO3)3-xH20 (Ln = Gd, Dy, Tm) were prepared upon disso-
lution of the corresponding Ln20s3 in diluted HNOs3 at 50°C followed by
evaporation of all volatiles. The prepared salts were quantitatively
transferred to further reactions to ensure proper loading of the lantha-
nides. Elemental analysis was performed with a Eurovector Eu-
roEA3000 analyzer. IR spectra were recorded in KBr pellets by means
of FT-801 Fourier spectrometer (Simex). Powder XRD was carried out
using a Shimadzu XRD-7000 diffractometer (CuKa radiation, Ni filter,
20 angle range from 5° to 30°) using Dectris MY THEN2 R 1K detector.
UV-Vis spectra were measured with a Cary60 UV-Vis (Agilent) spec-
trophotometer in acetonitrile solutions using 10 mm quartz cuvettes,
concentration of ca. 10° M. The photoluminescence and excitation
spectra were recorded for the same solutions on a Cary Eclipse Fluo-
rescence Spectrophotometer (Agilent).

Synthesis of the compounds. [LnRad(NOs)3] (Ln =Y, Gd, Tb, Dy,
Tm) were prepared according to the procedure described for Dy conge-
ner. To a solution of Dy(NO3)3-xH20 (0.113 mmol) in CH3CN (2 mL),
solution of Rad (0.107 mmol) in CH3CN (1.5 mL) was added. Pale yel-
low solution was stirred for 1 h followed by slow evaporation of the
solvent. Pale yellow crystalline or fine powder product was washed
with acetone and dried in vacuo. Yield: 80%. Anal. calcd (%) for
Ci5H16DyNeO11: C, 29.1; H, 2.6; N, 13.6. Found: C, 28.1; H, 2.5; N,
13.3. IR (KBr): v (cm™") 3383 (br), 3132 (w), 2987 (w), 2897 (w), 1604
(), 1536 (sh), 1521 (s), 1507 (s), 1491 (s), 1476 (s), 1440 (s), 1384 (s),
1294 (s), 1272 (s), 1194 (w), 1163 (m), 1077 (m), 1063 (m), 1024 (s),
1005 (m), 982 (w), 813 (m), 772 (s), 748 (m), 708 (W), 664 (m), 643

(m), 638 (m), 620 (w), 569 (w). For all complexes, the IR spectra are
essentially similar: the position of the bands differs less than 2 cm™.
[YRad(NO3)s3]. Y(NO3)3:6H20 — 0.154 mmol, L — 0.152 mmol. Yield
of 30% is low due to the tendency of the product to form an oil.
CisHisN6O11Y (545.2) caled. C, 33.0; H, 3.0; N, 15.4. Found: C, 33.1;
H,2.9; N, 15.2.

[GdRad(NO3)3]. Gd(NO3)3-xH20 — 0.167 mmol, Rad — 0.167 mmol.
Yield 55%. Ci1sH16NsO11Gd (613.6) caled C, 29.31; H, 2.62; N, 13.68.
Found: C,29.4; H,2.6; N, 13.7.

[TbRad(NO3)s]. Tb(NO3)3-6H20 — 0.592 mmol, Rad — 0.598 mmol.
Yield 40%. C15H16N6O11Tb (615.2) caled. C, 29.28; H, 2.62; N, 13.66.
Found: C, 29.3; H, 2.7; N, 13.9.

[TmRad(NO3)3]. Tm(NO3)3-xH20 — 0.166 mmol, Rad — 0.150 mmol.
Yield 50%. CisHi6NeO11'Tm (625.2) caled. C, 28.8; H, 2.6; N, 13.4.
Found: C, 28.6; H,2.4; N, 13.2.

X-ray structure determination. Single-crystal XRD data for the com-
pounds were collected a Bruker Apex X8 diffractometer equipped with
a 4K CCD area detector using the graphite-monochromated Mo Ka ra-
diation (A = 0.71073 A) (Table S3) at 298K. The ¢- and ®-scan tech-
niques were employed to measure intensities. Absorption corrections
were applied with the use of the SADABS program.” The crystal struc-
tures were solved using the SHELXT’ and were refined using
SHELXL’ programs with OLEX2 GUI’®. Atomic displacement param-
eters for non-hydrogen atoms were refined anisotropically. CCDC
1570960-1570962 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif, or by emailing data re-
quest@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
+44 1223 336033.

Magnetic measurements. DC and AC magnetic properties of the com-
pounds were determined by measuring polycrystalline samples pressed
in Teflon pellet to avoid preferential orientation of the crystallites, using
a QD MPMS SQUID magnetometer in the temperature range 1.9—300
K with applied field up to 5.5 T in the frequency range 1-10000 Hz (for
ac characterization). The intrinsic diamagnetic contributions of the
samples have been estimated using Pascal’s constants Diamagnetic
Corrections and Pascal's Constants.”’
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Supporting information on

Table S1. Geometry analysis of the complexes by SHAPE software

Ca(Spherical capped square

Dsn(Spherical tricapped trigo-

[LnRad(NOs)3] antiprism) nal prism) Cs(Muffin)
Y 2.935 2.141 3.171
Dy 3.025 2.220 3.256
Tm 2.806 2.018 2.992

*SHAPE 2.1 program for the stereochemical analysis of molecular fragments by means of continuous shape measures and associated tools.
http://www.ee.ub.edu/]

Table S2. Bond lengths (A) for the compounds [LnRad(NOs)s] (Ln =Y, Dy, and Tm)

Dy

Atom Atom  Length

Dyl
Dyl
Dyl
Dyl
Dyl
Dyl
Dyl
Dyl
Dyl
011
012
012
021
022
023
031
032
033
041
042
043
N11
N11
N12
N12
N13
N13
C110
C110
Cl11
C112
C112
C115
Cl116
C117
C118
C120
Ci121
C122
C123

011 2.3838(16)
021 2.4130(19)
022 2.4452(19)
031 2.448(2)
032 2.3892(18)
041 2.4016(18)
042 2.4249(18)
N1l 2.5008(18)
N12 2.5006(19)
N13  1.276(2)
C110 1.400(3)
Cl11 1.434(3)

N2 1.269(3)
N2 1.264(3)
N2 1.206(3)
N3  1.262(3)
N3  1.273(3)
N3  1.205(3)
N4 1.271(3)
N4 1.260(3)
N4 1.213(3)

C120 1.342(3)
Cl124 1.340(3)
C115 1.349(3)
C119 1.342(3)
C110 1.487(3)
Cl112 1.481(3)
C115 1.524(3)
C120 1.530(3)
Cl12 1.525(3)
C113 1.526(3)
Cl14 1.509(4)
C116 1.379(3)
C117 1.380(4)
C118 1.373(4)
C119 1.375(4)
C121 1.380(3)
C122 1.373(4)
C123 1.379(4)
Cl24 1.377(4)

Tml
Tml
Tml
Tml
Tml
Tml
Tml
Tml
Tml
011
012
012
021
022
023
031
032
033
041
042
043
N11
N11
N12
N12
N13
N13
C110
C110
Ci111
C112
C112
C115
Cil16
C117
C118
C120
C121
C122

Tm Y
Atom Atom Length Atom Atom  Length
011 2.349(3)| Y1 O11 2.3720(12)
021 2.386(3)| Y1 021 2.4369(14)
022 2.409(3)| Y1 022 2.3883(13)
031 2.386(3)| Y1 031 2.4314(14)
032 2374(3)| Y1 032 2.4087(13)
041 2.362(3)| Y1 041 2.3915(14)
042 2.414(3)| Y1 042 2.4124(13)
N11 2.460(3)| Y1 N12 2.4934(14)
N12 2.463(3)| Y1 N13 2.4985(14)
N13 1.272(4) | O11 N11 1.2766(17)
C110 1.405(4) | O12 C110 1.4049(19)
Cl111 1.433(5)| 012 C111 1.439(2)
N21 1.280(5) | 021 N21 1.272(2)
N21 1.264(5) | 022 N21 1.2690(19)
N21 1.210(5) | 023 N21 1.210(2)
N31 1.262(5) | O31 N31 1.273(2)
N31 1.270(5) | 032 N31 1.269(2)
N31 1.209(5) | 033 N31 1.215(2)
N4l 1.272(5) | O41 N41 1.2670(19)
N4l 1.266(5) | 042 N41 1.267(2)
N41 1.205(5) | 043 N41 1.2169(19)
C115 1.341(5) | N11 C110 1.485(2)
C119 1.334(5) | N11 C112 1.484(2)
C120 1.353(5) | N12 C115 1.340(2)
C124 1.339(5) | N12 C119 1.347(2)
C110 1.477(5) | N13 C120 1.349(2)
C112 1.488(5) | N13 C124 1.346(2)
C115 1.525(6) |C110 C115 1.528(3)
C120 1.522(5) |C110 C120 1.529(2)
Cl112 1.524(6) |C111 C112 1.525(3)
C113 1.524(6) |C112 C113 1.508(3)
C114 1.502(6) |C112 C114 1.523(3)
Cl116 1.381(6) |C115 Cl16 1.385(2)
Cl117 1.376(6) |C116 C117 1.374(3)
C118 1.362(7) |C117 C118 1.375(3)
C119 1.385(6) |C118 C119 1.377(3)
C121 1.372(6) |C120 C121 1.379(2)
C122 1.375(7) |C121 C122 1.384(3)
C123 1.368(7) |C122 C123 1.371(3)
C124 1.381(6) |C123 C124 1.375(3)

C123
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Table S3. Crystallographic data and refinement details for the compounds [LnRad(NOs);] (Lh =Y, Dy, Tm).

Identification code Dy

Empirical formula Ci5H16DYNgO11

Formula weight 618.84

Space group P2i/n

a/A 10.0634(3)

b/A 16.6299(5)

c/A 12.9513(4)

[ 104.2850(10)

Volume/A3 2100.43(11)

Z 4

peaicg/cm® 1.957

wmm? 3.629

F(000) 1208.0

Crystal size/mm?® 0.2x0.2x0.15

20 range for data collection/® 4.066 to 51.418

Index ranges -12<hs<12,
-20<k<20,-14<1<15

Reflections collected 21835

Independent reflections ?I;?E:a[fzg‘ozg 40]298

Restraints/parameters 0/300

Goodness-of-fit on F? 1.060

Final R indexes [I>=2¢ (1)]
Final R indexes [all data]
Largest diff. peak/hole / e A

R1=0.0184, wR, = 0.0472
R1=0.0197, wR2 = 0.0482
0.89/-0.56

Tm

C15H16NgO11 Tm

625.27

P21/n

10.0090(7)

16.5894(10)

12.9462(8)

104.054(2)

2085.3(2)

4

1.992

4,327

1220.0

0.35 x0.08 x 0.05

4.068 to 51.428
-11<h<12,
20<k<20,-15<1<13
22434

3962 [Rin = 0.0275,
Rsigma = 0.0173]

0/300

1.118

R; =0.0251, wR, = 0.0697
R; =0.0266, wR, = 0.0710
2.58/-0.51

Y
C1sH16NeOn1Y
545.25

P21/n
10.0666(2)
16.6513(5)
13.0062(3)
104.1540(10)
2113.94(9)

4

1.713

2.830

1100.0

0.4 x0.3x0.25
4,052 t0 51.434
-12<h<12,
20<k<20,-15<1<15
25989

4011 [Rin; = 0.0326,

Rsigma = 0.0209]

0/300

1.065

R: =0.0220, wR, = 0.0530
R; =0.0276, wR> = 0.0550
0.24/-0.23
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Figure S1. Simulated (black) and experimental (colored) powder patterns of the compounds [LnRad(NOs)s].



Figure S2. A fragment of the crystal packing of [LnRad(NOz3)3] (Ln =Y, Dy, Tm). The shortest Ln---Ln dis-
tances are highlighted by orange lines.
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Figure S3. Real (left) and Imaginary (right) components of the ac susceptibility of [TbRad(NOs)s;] measured
at T = 2 K and different fields.
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Figure S4. Real component of the ac susceptibility of [TbRad(NO3)s] measured at B = 1000 Oe and different

temperatures.
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Figure S6. Comparison of the dc magnetic susceptibility with the yr-ys values extracted from the ac fit
[TbRad(NOs)s3].

10



