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ABSTRACT

Combination of three radical anionic Ph-BIAN ligands (Ph-BIAN = bis-(phenylimino)-
acenaphtenequinone) with Lanthanoid ions leads to a series of homoleptic, six-coordinate complexes
of the type Ln(Ph-BIAN)s;. Magnetic coupling data were measured by paramagnetic solution NMR
spectroscopy. Combining *H NMR with 2H NMR of partially deuterated compounds allowed a detailed
study of the magnetic susceptibility anisotropies over a large temperature range. The observed
chemical shifts were separated into ligand- and metal-centered contributions by comparison with the
Y analogue (diamagnetic at the metal). The metal-centered contributions of the complexes with the
paramagnetic ions could then be separated into pseudocontact and Fermi contact shifts. The latter is
large within the Ph-BIAN scaffold, which shows that magnetic coupling is significant between the
lanthanide ion and the radical ligand. Pseudocontact shifts were further correlated to structural data
obtained from X-ray diffraction experiments. Ligand field parameters were determined by fitting the
temperature dependence of the observed magnetic susceptibility anisotropies. The electronic
structure determined by this approach shows, that the Er and Tm analogues are candidates for single
molecule magnets (SMM). These results demonstrate the possibilities for the application of NMR
spectroscopy in investigations of paramagnetic systems in general and single molecule magnets in

particular.
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INTRODUCTION

Single molecule magnets (SMMs) are a class of compounds capable of retaining molecular
magnetization below a certain blocking temperature Ts. In order to achieve this behavior, a bistable
ground state is necessary, combined with a preferably large thermal barrier preventing the flip of the
magnetization. While the effect was first discovered in d metal compound (“Mn1,0Ac”)™Y), in recent
years lanthanide ions have increasingly entered the focus of research and SMM behavior was observed
for compounds featuring only a single paramagnetic ion.”? In contrast to many d metal compounds the
lanthanide ions feature large orbital contributions to the total angular momentum of the unpaired
electrons, in particular in the second half of the series (Tb**-Yb3*), where spin-orbit-coupling is
additive. The key factor for achieving bistability in lanthanide based SIMs is the ligand field which
removes the degeneracy of the 2J+1 microstates.®! Depending on the specific geometry and the type
of ligand, this splitting may favor microstates with highest, intermediate or even lowest possible m;
values. Furthermore, this preference depends on the ion and thus for a given ligand field environment
only certain ions are suitable candidates for SMMs.[3? Attempts have been made to categorize the
lanthanide ions into oblate and prolate ones, based on the asphericity of their f electron density.
While this approach is beneficial for the quick selection of promising candidates and has been applied
successfully in the discovery of the best-performing SMM system to date, it neglects that due to ligand
field effects the shape of the free ion ground state may not reflect that of the m, state of lowest energy
in a coordination compound. Hence, the prolate or oblate character of a particular ion is subject to the
influence of the ligand field. One prominent example for this behavior is Dy** (J = 15/2) in [DyCp.]*,
DyPc, and [Dy(COT),]™ systems (Cp = substituted cyclopentadienide, Pc = Phtalocyaninato, COT =
cyclooctatetraene). While in the first two cases the ground state is considered to be predominantly
|+13/2> (oblate)®, it is assumed to be |+9/2> (weakly prolate) in the latter.®®! This illustration
demonstrates that insight into the electronic structure of the lanthanide ions is of paramount
importance in the field of SMM research. Consequently, the theoretical treatment of such systems by

means of CASSCF calculations is developing rapidly.””? On the other hand there are also experimental
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methods like SQUID magnetometry as well as torque magnetization measurements,'® which provide
helpful information. It has been demonstrated that NMR techniques can be included as well,> ! yet
examples for their application are sparse. In this report we want to demonstrate how NMR
spectroscopy alone can be used as a tool for the determination of magnetic parameters and the
identification of promising SMM candidates. We have therefore investigated a previously unknown

series of homoleptic lanthanide complexes featuring three monoanionic radical ligands.

The enforcement of desired coordination geometries of lanthanide ions is far more challenging than
in the case of d group metals. Reasons for this are the comparatively large radii and the strong Lewis
acidity. Thus, high coordination numbers are commonly observed, often combined with irregular
coordination polyhedra. While these observations by no means preclude SMM behavior, they are in
contrast to the comparatively highly symmetric ligand fields encountered in many high-performing
lanthanide SIMs.”?! We have therefore intended to achieve highly symmetric coordination of the
lanthanide ions in combination with a relatively small coordination number of six. In addition to that,
we envisaged to use ligands containing unpaired electrons themselves in order to study the magnetic
coupling phenomena within the ligand scaffold and between ligand and metal centered unpaired
electrons. Such couplings are important for opening magnetic hysteresis loops as has been shown

recently by a number of papers.*”’

RESULTS

A new group of neutral lanthanide complexes was synthesized by combining a Ln® ion with three
bidentate, monoanionic bis-(phenylimino)-acenaphtenequinone (Ph-BIAN) ligands. This ligand was
first described in 1967™Y and can be converted to its radical anion by addition of one equivalent of
alkali metal™ (potassium was used herein). The resulting intensely green metal salt can be isolated or
reacted in situ with anhydrous LnCls in tetrahydrofuran at room temperature or at elevated

temperature in toluene. To the best of our knowledge, the reaction of this ligand with lanthanide
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halogenides has so far not been reported in a 3:1 stoichiometry.™® Notably, similar vanadium

complexes with a related ligand have been described previously.*#

O Ln=

/. Y3 1 71%
Ph—N"  N—Ph G 2 80 %
Ph,\ / Ph o
Kt LnCl, thf N——N Tb 3 56 %
“meh i, 24 h /N Dy** 4 93 %
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O Ph Ph O Er?* 6 97 %
Tm* 7 92 %

Ph-BIAN K(Ph-BIAN) Ln(Ph-BIAN);

Scheme 1: Synthesis of the Ln(Ph-BIAN)s compounds and isolated yields.

As summarized in scheme 1, the Ln(Ph-BIAN)s; compounds were obtained in high yields. Due to their
neutral charge, they are soluble in common organic solvents and can therefore be isolated by
extraction with toluene as intensely red solids. The stoichiometry of the reaction should be met exactly
to avoid the formation of toluene-soluble byproducts. The compounds are very sensitive to air and
moisture, particularly in solution, and have to be handled accordingly. All compounds were
characterized by NMR spectroscopy and elemental analysis. The reaction sequence was further carried
out using a partially deuterated ligand (prepared from aniline-Ds, for details see ESI). This allowed the
independent identification of the NMR signals arising from the acenaphthene backbone and the phenyl
groups. As the NMR relaxation rate in paramagnetic compounds depends on the gyromagnetic ratio
of the investigated nucleus, 2H gives much smaller line widths compared to *H, which in turn facilitates
the detection of the NMR signals.[** Furthermore, the fact that 2H has a quadrupole moment opens
the possibility of gaining structural geometric information from residual quadrupolar couplings (see

below).1®!

Single crystals of the toluene solvate Ho(Ph-BIAN)s-2 C;Hg were obtained from a toluene solution and

the solid-state molecular structure was determined by X-ray crystallography (see Figure 1, left). In the
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crystals, Ho(Ph-BIAN); attains C, point symmetry. However, the molecular structure is close to D3
symmetry as evidenced by the corresponding bond lengths and angles. The length of the
acenaphthene backbone carbon carbon bond C1-C2 [C25-C25', respectively] can be used as a measure
for the redox state of the ligands and is found to be 1.445(2) [1.446(3)] A, which is in line with reported

values for a mono-anion.[*?

Figure 1: Left: Molecular structure of Ho(Ph-BIAN)s-2 C7Hs. Hydrogen atoms and co-crystallized toluene are
omitted for clarity; displacement ellipsoids are drawn at the 50% probability level. Selected bond lengths and
angles: Ho-N1: 2.3519(14), Ho-N2: 2.3792(14), Ho-N3: 2.3736(15) A, N1-Ho-N2: 70.60(5), N3-Ho-N3'": 71.04(7),
N1-Ho-N3': 93.39(5), N1-Ho-N2'": 103.43(5), N2'-Ho-N3': 93.86(5). Right: Overlay of the solid-state structure of
Ho(Ph-BIAN)s (orange) and a model with enforced D3z symmetry (blue).

The solution structure was explored further by DFT-optimization of the Y analogue. Y** was chosen as
it does not contribute to the paramagnetism of the molecule and has an ionic radius close to Ho3* (Y3*:
115.8 pm, Ho*: 115.5 pm for eight-fold coordination),!’”” which places it in the center of the
investigated series. The comparison of the solid-state structure of Ho(Ph-BIAN); and the structure of 1
with enforced D; symmetry (Figure 1, right) demonstrates that only small structural changes result in
a significantly higher symmetry. Moreover, almost no variation of the atom positions of the first

coordination sphere is required.
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NMR Analysis

From the perspective of NMR spectroscopy the combination of three organic radical ligands with a
paramagnetic metal ion may appear disadvantageous, as organic radicals are usually difficult to study
by NMR due to their very broad resonance lines. Line widths in NMR spectra of paramagnetic
molecules are strongly influenced by the electron relaxation rate.® Slow electron relaxation as
commonly observed in organic radicals or transition ions with half-filled shells (e.g. Mn%, Gd**), causes
extremely fast relaxation of the NMR nuclei, usually increasing the NMR line widths beyond the
detection limit. However, if the organic radical is combined with a paramagnetic metal ion, the
unpaired electrons at the metal influence the relaxation of the ligand unpaired electron. This increases
the electron relaxation rates and in turn reduces the line broadening of the NMR nuclei. At the same
time, the interaction of the NMR nuclei with unpaired electrons of the metal leads to additional line
broadening. However, if the metal ion exhibits high electron relaxation rates, the overall line
broadening is smaller compared to NMR signals of purely ligand based paramagnetic compounds.
Consequently, the NMR detectability of organic radicals can be improved by coordinating them to
paramagnetic metal ions. The system studied here, presents an example of this case, which is
evidenced by the fact that NMR line widths are significantly larger for the analogous Y complex, with

some signals being undetectable (see below).

The 'H NMR spectra of the series Tb**— Tm3* in toluene-ds consist of only four relatively sharp signals
at room temperature with equal integrals. However, six or eight signals would be expected depending
on whether the rotation of the phenyl groups is fast or slow on the NMR timescale. The presence of
only four signals is due to the disappearance of the ortho- and meta-protons of the phenyl groups
caused by intermediate fast rotation of the phenyl rings with coalescence near room temperature. At
higher temperatures two new signals appear whereas at lower temperatures these split into four
signals (see Figures S5 and S6). The excellent solubility of the compounds was exploited for a detailed
measurement of the temperature dependence of the NMR shifts covering the range from 235K to

365 K.
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In the case of the Y3* analogue 1 four broad signals are observed as well. However, three of them stem
from the phenyl ring whereas only one 'H resonance of the three H atoms from the acenaphthene
moiety can be observed. In this compound, the phenyl ring rotation is fast on the NMR time scale
because the chemical shift difference of the interconverting H atoms (ortho-phenyl and meta-phenyl,
respectively) is small due to the absence of lanthanide-centered pseudocontact shift. This
interpretation is supported by the 2H NMR of the deuterated analogue where three signals from the
phenyl rings are present at room temperature. On the other hand, the unfavorable NMR relaxation
properties of organic radicals lead to significant line broadening of the resonances of the *H atoms in

the acenaphthene group so that only one (H*) out of three NMR signals is observable (see Fig. 3).

1 provides the possibility to investigate the interaction among the three radical ligands. If their spins
are oriented parallel, a quartet spin state results whereas an anti-parallel orientation gives a spin-
frustrated doublet state. Which of the two possibilities is lower in energy depends on whether the

spin-spin coupling interaction is ferromagnetic or antiferromagnetic in nature.

The 'H NMR spectrum of Y(Ph-BIAN)s (Figure S1,) changes only slightly with temperature, in analogy
to the description of a related vanadium complex featuring highly similar ligands.™ This behavior
disagrees with a pure doublet or quartet state, for which a T™! dependence of the chemical shifts is
expected. However, the observed temperature dependence is in agreement with a doublet ground
state and quartet state close in energy. Upon increase of the temperature, the Boltzmann occupancy
of the quartet state increases, for which higher chemical shifts occur resulting from the larger number
of unpaired electrons. Simultaneously, the T™! dependence of the chemical shifts of both the ground
and excited states counteracts this variation, leading to only minor net changes of the observed
spectra. The fit of the observed chemical shifts provided a value of 288.0 + 4.5 cm™ for the energy
separation in favor of the doublet state. This corresponds to an antiferromagnetic coupling constant
of J=-(96 + 1.5) cm™, resulting in a nearly linear increase of the occupancy of the quartet state from
14.7 % to 24.2 % in the investigated temperature range. In addition, the ligand-based Fermi contact

contributions associated with both spin states were obtained from the fitting procedure, which is
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described in more detail in the ESI. In order to assign the signals, the spin densities for the respective
nuclei were derived from DFT calculations of Y(Ph-BIAN)s. For this purpose, four different functionals
(B3LYP, TPSSh, PBE and BP86) were employed in geometry optimizations of the complex in both spin
states. The largest proton spin densities were in all cases found for the H® and H> positions (compare
Figure 2). As a consequence, fast relaxation broadens the NMR signals of these nuclei beyond the
detection limit. For the H* and H° nuclei positive spin densities were calculated while the respective
values are negative for H° and H, agreeing with the recorded NMR spectrum of 1 (Figure 2).
Comparison with the spectrum of the partially deuterated analogue allowed the distinction of H* and

H, while the lower relative integral of H! allows the differentiation from H°.
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Figure 2: Top left: Calculated (DFT, TPSSh) versus experimental chemical shifts of 1 at 296.2 K containing 19.5 %
of the quartet state. Top right: Comparison of the temperature-dependent chemical shifts of 1 and the values
fitted corresponding to a coupling constant of J = -96 cm™. Values are plotted against the inverse temperature
to emphasize the deviation from Curie behavior. Bottom: Spin density distribution of the doublet (left) and
quartet (right) spin states of 1.
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Valuable information about the magnetic anisotropies of the respective lanthanide ions can be
extracted from the NMR spectra. The observed chemical shifts are influenced by the paramagnetism
of both the radical anions and the lanthanide ions. Both contributions can be separated into a Fermi-

contact and a pseudocontact shift.[*”! The complete description is given in Eq. 1.

i,j
6obs

= 8pp + 6llfc + 5llpc + 511;1]fc + 67?1]PC (1)

The observed chemical shift 6”

obs Of anucleus iin the complex of lanthanide j thus consists of the orbital

shift contribution &}, the ligand-based Fermi-contact-contribution 6lifc as well as the ligand-based

pseudocontact contribution 5lipc and, finally, the metal-based Fermi-contact 54 and pseudocontact

mfc
shift 6,%6. Please note, that the analysis in this way assumes a simple additive behavior of all shift
contributions. In order to extract information about the magnetic properties of the lanthanide ion, in
particular the magnetic anisotropy, the separation of the individual shifts is necessary. The sum of the
first three terms in eq. 1 corresponds to a system without unpaired f-electrons (i.e. the Y3*, La®* or Lu®*
derivatives). The larger (or smaller, respectively) ionic radii of La®* and Lu3* as compared to the series
from Th* to Tm3* leads to considerable differences in the inter-ligand distances, thus significantly
modifying the size of the magnetic coupling between the ligands. The presence of energetically
accessible f-electrons should not influence the interligand coupling seriously, as f orbitals are shielded
rather effectively by the more outward-lying, larger d orbitals. The size of the Y3* ion is in the middle
of the investigated series (Tb3* to Tm3*) and thus we choose complex 1 as reference system. Therefore,

eq. 1 can be rewritten as eq. 2.

Lj _ QLY i,j i,j
8ops = Oops T Omipe + e (2)

obs obs

The metal-based pseudocontact shift 6:;{;,6 of a lanthanide ion j is described with Eq. 3 for an axial

system.!?”) This contribution depends on the axial anisotropy of the magnetic susceptibility (A)(({x) as
well as the metal-nucleus distance r; and the polar angle 6; of the metal-nucleus vector with respect

to the magnetic main axis. This geometric information is often combined in the geometrical factor G'.
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1 ; (3cos?6;—1) 1

mpe = 1o Pax r3 12

Ayl -Gl 3
= Max (3)

For compounds 2 — 7 we assume that the effective magnetic main axis lies along the approximated
molecular Cs axis. This assumption is in line with previous calculations for lanthanide ions in trigonal-
prismatic environments.?* Tilting of the axis should produce a higher number of NMR signals unless
these are averaged by rotation. This process would influence individual nucleus positions in a different
way due to the angular and radial dependence of the geometric factor. Consequently, if all metal-
centered pseudocontact shifts 6:,‘{%,6 of a specific lanthanide ion can be simultaneously fitted to a set
of geometric factors G’ of a geometric model (calculated with respect to a specific magnetic main axis)
and a single Ay.¢ value, the direction of the effective magnetic axis is correct. It is further assumed that
the contraction of the ionic radii along the investigated series is negligibly small, so that all compounds

can be described by the same set of geometrical factors G'.

The metal-based Fermi contact shift 6:,'{}6

is expressed by eq. 4 involving the reduced average spin
polarization (S,).1?? The shift further depends on the temperature T, the gyromagnetic ratio ' of the

investigated nucleus and the hyperfine coupling constant A//A for this nucleus (in units of rad-s™); us

represents the Bohr magneton and k is Boltzmann’s constant.

ij pp Al :
— — (S 4
mfe = 3kTy; h (S2) @

SLJ

mfe is usually small for most nuclei in Lanthanide compounds, as the unpaired electrons are located
within f-orbitals that do interact only weakly with the ligand atoms. Therefore, this contribution is
often disregarded, however, the presence of the radical ligands may enhance spin delocalization
between f-centered and ligand centered unpaired electrons. Accordingly, we included this
contribution in our analysis and combined egs. 2, 3 and 4 to eq. 5:

i i ; A . . .
5:)'11)5 = 5:),11:5 + 3/(_T ' ? (S + _T[ ' A)((sz G (5)
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As the susceptibility anisotropies of the different lanthanide ions are of particular importance, a second
methodology to obtain their values was employed by investigation of the 2H NMR spectra of the
analogous complexes bearing partially deuterated ligands. Due to the large magnetic anisotropy a
partial orientation of the molecules in magnetic fields is induced. In the case of nuclei with quadrupole
moments (nuclear spin | > %) this leads to a splitting of the observable signal into 2:1 lines, i.e. a doublet

in the case of 2H.[®* 231 The size of the splitting is described by Eq. 6.

(BO)Z equ 2
= - . 6

In this expression By represents the applied magnetic flux density and po is the vacuum permeability.
The second factor e?gQ/h is the nuclear quadrupole coupling constant of deuterium, which differs
slightly depending on the specific environment. Suitable values can be found in the literature and
herein a value of 186 + 6 kHz has been used.?#2°M28] Simijlar to eq. 3 an angular dependence is
encountered. In this case, however, the angle of interest is measured between the magnetic main axis
and the electric field gradient surrounding the investigated nucleus. As each deuterium nucleus is
bound to only one carbon atom, the latter lies along the direction of the C—2H bond. The partial
orientation depends on the susceptibility anisotropy of the entire molecule, including diamagnetic and
paramagnetic contributions from the ligands. However, the ligand contributions to the total magnetic
anisotropy of the series is negligible, as the 2H NMR spectrum of 1 does not show a splitting or in other
words the RQC splitting in 1 is considerably smaller than the line width of the observed 2H resonance

line (ca. 40 Hz at 296 K, Lorentzian line shape).

Signal assignment

In order to obtain useful information, the correct assighment of the observed signals is required. Due
to the different contributions that are not easily estimated, this process is far from trivial but can be

achieved by some general considerations. Firstly, as described above, one of the observed signals
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belongs to the proton in para-position of the phenyl group (H?, see Fig. 3). The signal of this nucleus
in the different complexes is easily identified by comparison with the 2H NMR spectra. The NMR shifts
of nuclei which are several bonds apart from the lanthanide ions are usually dominated by the
pseudocontact contribution, which is proportional to the susceptibility anisotropies of the individual
lanthanide ions. However, due to the unpaired electron in the BIAN scaffold, a stronger delocalization
of unpaired f-electron density to the *H atoms in the BIAN backbone has to be considered. As shown
below this contribution may exceed 30 ppm for atoms H® and H>. Nonetheless, pseudocontact
dominates the shift of H'! due to its large distance (in terms of bonds) from the lanthanide ion and the
non-participation of the phenyl group in ligand unpaired electron delocalization. The geometric factor
G for H' is positive and consequently large positive NMR shifts for this nucleus correspond to large
positive Ayey values and vice versa. Therefore, an arrangement of the spectra in the order of increasing
chemical shift for the H!! proton (Fig. 3) represents the decreasing order of the Ay, values. This order
is found to be Tb¥ < Dy3* <Ho* < Er®* <Tm?, which is consistent with values predicted by the
literature for this coordination polyhedron.? Comparison with the spectra of Y(Ph-BIAN); shows, that
the Ax.¢ values switch signs between Ho*" and Er®*, which is in line with the classification of oblate and

prolate ions as well as the values predicted for this coordination geometry. !4 1]
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Figure 3: Left: overlay of 'H NMR spectra (15.1 T, 296 K, toluene-ds) of the Ln(Ph-BIAN)3 compounds (top to
bottom: Ln = Tb%, Dy?*, Ho®, Er3* and Tm3*) with expansions showing the RQC splitting of the 2H NMR signal of
D in the partially deuterated analogues 3Dso.— 7D30 Colored lines illustrate the shifts of the signals arising from
identical nuclei. Top right: Labeling scheme for the compounds with colored positions corresponding to the
signals in the NMR spectra. Bottom right: Stacked 'H and 2H NMR spectra (15.1 T, 296 K, toluene-ds) of 1 and
1D3o.
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From this arrangement it is easily found, that the remaining signal exhibit similar shift patterns.
However, due to the different geometrical factors of these nuclei, the strength and direction of the
shift variations differs. The line widths of the signals support the observed patterns, which is most
clearly seen in the signals of the H® group as these are the broadest for all lanthanide ions. It must be
noted, that the signal of H3 in Tb(Ph-BIAN)s does notably deviate from the otherwise regular pattern.
This effect is a result of a sizeable metal-based Fermi contact shift. The simultaneous fitting of all *H
NMR signals as described below leads to a separation of metal centered Fermi-contact and
pseudocontact shifts. The result for the complex Tb(Ph-BIAN); is presented in figure 4 (for charts of the
other complexes see the Supporting Information). Large Fermi-contact shifts induced by the unpaired
f-electrons is distributed onto the BIAN scaffold (mainly on H® and H*) whereas H'! at the phenyl

substituent carries only very small contact shifts.

&/ ppm

Tbh: H3 H-‘ HS H”

Figure 4: Shift contributions for Th(Ph-BIAN)3 at 296.2 K with & = shift of Y(Ph-BIAN)3, ¢ = metal induced Fermi-
contact shift, & = metal induced pseudocontact shift, daic = shift resulting from fitting, dobs = observed chemical
shift.

All observable 'H NMR shifts were simultaneously fitted to an alternative expression of Eq. 5, as
described previously for substituted lanthanide-cyclooctatetraene systems.!20% 220271 Eor this purpose,
the geometric factors G’ are replaced by relative geometric factors G” (see ESI for details), which is

fixed to unity for one nucleus chosen arbitrarily. Simultaneously, only relative magnetic susceptibility
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anisotropies result. This treatment allows the analysis of the NMR shifts without presuming structural
information apart from isostructurality. The resulting relative geometric factors can then be compared
for different geometric models and used for exploring the solution averaged structure. Once a suitable
model has been identified, its geometric factors G' can be used to translate the relative magnetic
susceptibility anisotropies to the physically meaningful Ay./ values. The relative geometric factors
obtained from the fitting (ESI, Table S.14) were compared to the values obtained from the solid-state
structure of Ho(Ph-BIAN)s (Fig. 5, right). The ligand situated on the molecular C; axis has very similar
geometric factors as obtained by the NMR fitting procedure. Thus, the NMR determined solution
molecular structure of these paramagnetic complexes is very similar to the results of the X-ray
diffraction. Accordingly, the susceptibility anisotropies Ay./ of the individual lanthanide ions were
calculated from the relative values (ESI, Table S.15) and they correspond in an excellent way to the
results of the analysis of the RQC splittings as well as the predictions by Mironov et al.??/ (Table 1, Fig.

5, left).

Table 1: Values of Ayay/ for the individual lanthanide ions in Ln(Ph-BIAN); at different temperatures obtained by
the fitting procedure.

Axox [1031 m3]
235.8 K 256.8 K 278.8 K 296.2 K 315.6 K 336.7 K 363.6 K

Th3 -9.43 -8.33 -7.36 -6.73 -6.09 -5.48 -4.88
+2.54 +2.23 +1.96 +1.77 +1.56 +1.37 +1.18

Dy3* -8.48 -7.53 -6.67 -6.11 -5.56 -5.03 -4.48
y +2.03 +1.83 +1.63 +1.52 141 +1.33 +1.22
Ho -6.06 -5.20 -4.46 -3.98 -3.53 -3.09 -2.69
+1.55 +1.33 +1.11 +0.98 +0.85 +0.73 +0.62

3 3.13 2.85 2.54 2.33 2.03 1.85 1.62
+0.80 +0.66 +0.59 +0.55 +0.51 +0.49 +0.45

Trm3* 9.38 8.34 7.28 6.63 5.83 5.24 4.61

+2.39 +2.00 +1.65 +1.45 +1.28 +1.15 +1.00
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Figure 5: Left: Comparison of Aya/ values from the fitting procedure (black) and the RQC splittings (blue) with the
values predicted in the literature.?!/ Right: Comparison of relative geometric factors obtained from the fitting
procedure with those calculated from one of the ligands in the solid-state structure of Ho(Ph-BIAN)a.

Determination of Ligand field parameters

The low number of observable NMR signals indicates, the solution structure of the Ln(Ph-BIAN);
compound series to be of higher symmetry than C,, as inferred from the solid-state structure of the
Ho analogue. The comparison with a D; symmetric model (Figure 1) shows only minor deviations.
Considering only the first coordination sphere (i.e. the nitrogen donor atoms) an almost perfect
agreement of both structural models is found. Accordingly, a distorted trigonal prism is observed as
the coordination polyhedron of the lanthanide ions, which conforms to the point group Dss. The
associated ligand field Hamiltonian!?® is given in the operator equivalent®® form in Eq. 7. Apart from
the three axial parameters B,‘g (with k = 2,4,6) an additional parameter Bg is encountered, leading to a

mixing of the different m, states in the ground state wave functions ..
/\D ~ ~ ~ ~
Hy 24 =B09 + B0 + BQ02 + BO¢ (7)

The parameters B,? are composed of the ligand field parameters AZ(r") and the Stevens parameters3?!

ki, specific for the lanthanide ions, as described by Eq. 8.
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For the determination of the ligand field parameters the approach recently applied in substituted
bis-cyclooctatetraenyl lanthanide double decker compounds was adapted.?” By diagonalization of the
energy matrices, the contributions of the various m, states to the wave functions ; and their relative
energies were obtained. Subsequently, the magnetic susceptibility tensor components were calculated
using Eqg. 9.2% 34 Therein, the index p represents the direction in the magnetic axis system, i.e. either

X, yorz, fp is the associated total angular momentum operator and E; is the relative energy of (..

~

] 7 ] 7 N . ) (lplljpllp])(l/)] ]p lpl) . o (=E;/KT)
e #0.“123.9]2 .Zz (lplllpllpl)(lplllpllpl) 2kT Z]:tl E, — Ej € (9)
Ao = kT % eCE/KD)

Finally, calculated values for the axial anisotropies of the magnetic susceptibility (Axgglf) can be

obtained according to the definition in Eq. 10 for the different lanthanides j.

j,calc Jcale

1 j,cal j,cal
Axax =Xz 2 (XJ]C,ca ‘+ XJJ,'Ca C) (10)

Ligand field parameters were obtained by minimization of the root-mean-square deviation of

calculated (A)(‘Jl";alc) and experimental anisotropies (Ax./). Following the approach used in the

literature®™ ° a linear variation of the parameters AZ(rk) with the atomic number was imposed,
reducing the number of parameters for the five investigated ions from 20 to 8. For the numeric
calculations a custom-written script running in Octave 4.2 was used. A more detailed description of

the fitting procedure and the script file can be found in the ESI. The results are presented in Table 2.
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Table 2: Ligand field parameters for the individual ions obtained by the fitting procedure.

10.1002/chem.201901388

Parameter (cm™) Th3* Dy3* Ho®* Erd* Tm3*
AY(r?) -381+7.6 -422+10 -463 +13 -504 + 15 -544 + 17
AY(r*) -95+3.8 -107+5.1 -120+6.3 -133+7.6 -146 +8.9
AA(r®) -52+2.6 -56+3.6 -60+4.5 -63+5.4 -67+6.4
A8(r®) 850+ 17 1008 + 22 1165 + 26 1323 +31 1480+ 36

The obtained parameters result in excellent agreement of the observed and calculated anisotropies as
demonstrated in Fig. 6. Most notably, the primary parameter Ag(rz) is determined to be negative for
the Ln(Ph-BIAN)s compounds series, indicating a predominantly equatorial ligand field. The large
A8(r®) parameter results in a pronounced mixing of different m; states with Am, =6 in the ground

state wave functions ; (see Tables 5.36-S5.40).

10
B‘v-..g_a_ o Tm®
H - Ers*
™ 54 B-»G"’“Ex-,_ H03+
g B 4
- @ Dy
™
E 0 s Tb®
~ ‘ fit(Tm3*)
G i __— fit(Er**
S -54 P . o 33
e | fit(Ho®")
| s —fit(Oy™)
-10- ? ——— fit(Tb%)
200 250 300 350 400
T/K

Figure 6: Comparison of experimental susceptibility anisotropies (data points) with those calculated from the set
of ligand field parameters summarized in Table 2 (full lines).
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Figure 7: Relative energies of the wave functions ; in 3 — 7. Please note, that the lowest two Kramers

doublets for the Er compounds 6 are very close in energy.

Conclusion

A series of neutral, six-coordinate and homoleptic lanthanide complexes with three additional ligand-
centered unpaired electrons was synthesized. The neutral charge of the compounds results in excellent
solubility in solvents of low polarity like toluene, and due to the large temperature range of liquid
toluene, reliable magnetic coupling data could be extracted from paramagnetic solution NMR
spectroscopy. The yttrium derivative allowed the NMR experimental determination of the inter-ligand
coupling behavior of the anti-ferromagnetically coupled and thus spin-frustrated ligand environment
with J=-(96 + 1.5) cm™. NMR chemical shifts resulting from the paramagnetic ligand framework of
the Y derivative were then subtracted from the observed chemical shifts of the other lanthanide
complexes. This allowed the determination of the contributions of the paramagnetic lanthanide ions
to the NMR shifts in the crystal field created by the three BIAN ligands. A simultaneous fitting of the

IH NMR shifts of the complex series allowed the subsequent separation into Fermi-contact and
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pseudocontact shifts induced by the unpaired f-electrons. The coupling between the unpaired
electrons at the Ph-BIAN scaffold and the f-electrons at the Ln®* centers leads to large Fermi-contact
shifts at H atoms of the ligand. This observation is important for the enhancement of metal ligand
interactions in the design of new magnetic materials. Subsequently, the temperature behavior of the
NMR shifts and of residual quadrupolar couplings was determined as a basis for a ligand field
parameter fitting. The ligand field is of predominantly equatorial type as described by the negative
value of A%(r?). In such a system, the prolate ions Er** and Tm** are expected to exhibit easy-axis
magnetic anisotropy., which is in agreement with the NMR data. The constitution of the individual
wave functions indicates a significant mixing of m, states for the Er derivative, while a non-degenerate

ground state was derived for the Tm3* ion.

Experimental Section

General

All reactions were carried out under standard Schlenk or Glovebox techniques. Anhydrous solvents
were obtained from a MBRAUN SPS-800 solvent purification system. Deuterated toluene for NMR
spectroscopy was dried by heating over K/benzophenone and distilled. Celite was heated for several
hours to 140 °C under high vacuum to remove traces of moisture. NMR spectra were recorded on a
Bruker AVANCE II NMR spectrometer (9.4 T, 400 MHz for *H) or a Bruker AVANCE Ill NMR spectrometer
(15.1 T, 92.1 MHz for 2H). The temperature controlling unit was calibrated using a standard substance
(ethylene glycol in DMSO or methanol). Spectra were calibrated using the residual solvent resonance
reported at 2.08 ppm.1*? Elemental analyses were carried out at the Microanalytical laboratory of the
University Heidelberg using a vario MICRO cube (Elementar). Despite numerous attempts, the
elemental analyses could not be improved beyond the reported values. The fact that the determined
nitrogen content is lower than expected in all cases may indicate a systematic problem of combustion

analyses of these compounds.
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DFT calculations

All geometry optimizations and spin density calculations were carried out with the Gaussian 09
program suite (Rev. D.01)®3 applying the basis sets Stuttgart RSC Segmented/ECPB4 for Y3* and
6-31g(d,p) for the remaining atoms. The solid-state structure of Ho(Ph-BIAN)s was chosen as the
starting point of the calculations and Ho was replaced by Y. For the calculation of the spin densities of

1 with the various functionals, no symmetry restrictions were imposed.

Synthesis of Ph-BIAN

The ligand was synthesized according to known literature procedures. Direct reaction of
acenaphthenequinone with aniline®® produced only the monocondensation product. Hence, it was
found necessary to synthesize the ligand via its ZnCl, adduct followed by removal of the metal.®! All

analytical data was identical to reported literature values.

Synthesis of D1o-Ph-BIAN

The partially deuterated ligand was synthesized according to the same procedure but employing Ds-
aniline, which was prepared by modifications of literature syntheses. A detailed description can be

found in the ESI.

Synthesis of Ln(Ph-BIAN)s; 1 -7

Ph-BIAN (typically 100 mg, 301 umol) was dissolved in anhydrous thf (5 mL) and K metal (typically
11.8 mg, 301 umol, 1.0 eq.) was added. After stirring at room temperature overnight, the respective
anhydrous lanthanide trichloride (100 umol, 0.33 eq.) was added. The reaction was allowed to stir
overnight before all volatile material was removed under reduced pressure. The residue was then
extracted with toluene (5 mL), centrifuged and filtered. The solvent was removed under reduced

pressure to yield a dark red solid, which was washed with a small amount of pentane.

The partially deuterated analogues 1D3p — 7D3p were synthesized in the same way employing the

corresponding partially deuterated ligand in similar yields.
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Y(Ph-BIAN)s (1)

Yield: 387 mg (356 umol) from 500 mg Ph-BIAN, 71 %.

Elemental analysis: calcd. for C72HagNeY: C 79.62, H 4.45, N: 7.74; found: C 79.65, H 5.18, N 7.35.

Gd(Ph-BIAN);s (2)

Yield: 93 mg (81 umol) from 100 mg Ph-BIAN, 80 %.

Elemental analysis: calcd. for C;2HasNeGd: C 74.91, H 4.19, N: 7.28; found: C 73.88, H 4.77, N 6.91.

Tb(Ph-BIAN); (3)

Yield: 65 mg (56 umol) from 100 mg Ph-BIAN, 56 %.

Elemental analysis: calcd. for C;;HagNeTh: C 74.80, H 4.18, N: 7.27; found: C 75.04, H 4.57, N 6.37.

Dy(Ph-BIAN); (4)

Yield: 109 mg (94 pumol) from 101 mg Ph-BIAN, 93 %.

Elemental analysis: calcd. for C;2DyHasNe: C 74.57, H 4.17, N: 7.25; found: C 74.50, H 4.78, N 6.27.

Ho(Ph-BIAN); (5)

Yield: 194 mg, (167 umol) from 250 mg Ph-BIAN, 67 %.

Elemental analysis: calcd. for C;2HasHONg: C 74.41, H 4.16, N: 7.23; found: C 73.82, H 4.75, N 6.36.
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Er(Ph-BIAN);s (6)

Yield: 113 mg (97 pumol) from 100 mg Ph-BIAN, 97 %.

Elemental analysis: calcd. for C72ErHagNs: C 74.26, H 4.15, N: 7.22; found: C 74.05, H 4.56, N 6.25.

Tm(Ph-BIAN)s (7)

Yield: 107 mg (92 umol) from 100 mg Ph-BIAN, 92 %.

Elemental analysis: calcd. for C;2HasNeTm: C 74.16, H 4.15, N: 7.21; found: C 74.05, H 4.49, N 6.92.
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A i = BY0Y + BYOY + B0O2 + BEOE

37z + nf-electrons + Ligand Field: Magnetic anisotropy and J-coupling was measured by NMR
spectroscopy in a new series of homoleptic Lanthanide complexes. Temperature dependent
quadrupolar NMR splitting (RQC) and subsequent mathematical analysis describe the ligand field as
equatorial with energy splitting of the m; manifold up to 1000 cm™.
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