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Heterolanthanide complexes are difficult to synthesize owing to the similar chemistry of the lanthanide ions.
Consequently, very few purely heterolanthanide complexes have been synthesized. This is despite the fact
that such complexes hold interesting optical and magnetic properties. To fine-tune these properties, it is
important that one can choose complexes with any given combination of lanthanides. Herein we report
a synthetic procedure which yields pure heterodinuclear lanthanide cryptates LnLn*LXs (X = NOsz~ or
OTf") based on the cryptand HzL = N[(CH,),N=CH-R-CH=N-(CH,),IsN (R = m-CgH,OH-2-Me-5). In
the synthesis the choice of counter ion and solvent proves crucial in controlling the Ln-Ln*
composition. Choosing the optimal solvent and counter ion afford pure heterodinuclear complexes with
any given combination of Gd(m)—Lu(m) including Y(n). To demonstrate the versatility of the synthesis all
dinuclear combinations of Y(i), Gd(m), Yb(i) and Lu(i) were synthesized resulting in 10 novel complexes
of the form LnLn*L(OTf)s with LnLn* = YbGd 1, YbY 2, YbLu 3, YbYb 4, LuGd 5, LuY 6, LuLu 7, YGd 8, YY
9 and GdGd 10. Through the use of *H, *C NMR and mass spectrometry the heterodinuclear nature of
YbGd, YbY, YbLu, LuGd, LuY and YGd was confirmed. Crystal structures of LnLn*L(NOs)s reveal short Ln—
Ln distances of ~3.5 A. Using SQUID magnetometry the exchange coupling between the lanthanide ions
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Introduction

Lanthanide (Ln) molecular materials have attracted strong
interest and have been intensively studied in a wide range of
areas such as catalysis,"” bioinorganic chemistry,*” Magnetic
Resonance Imaging,**® luminescent materials,"™* multimodal
imaging probes,'*"” Single-Molecule Magnets (SMMs)**>' and
Quantum Information Processing (QIP).>>* Many of the inter-
esting properties of Ln complexes originate from their special
electronic structure, where the 4f subshell is shielded from the
environment by the 5s and 5p orbitals.*® For example, this
results in a large unquenched orbital-angular momentum
which has been essential to build SMMs**** with record
blocking temperatures,*** and leads to sharp absorption and
emission bands, due to the lower influence of vibrations on the
f-f transitions.
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was found to be anti-ferromagnetic for GdGd and YbYb while ferromagnetic for YbGd.

With respect to QIP, Ln complexes form a very exciting but
rather unexplored class of molecular materials.””**** We have
recently demonstrated that Yb(trensal),* a member of the
Ln(trensal) series,”"** is a very promising candidate for the
realisation of a molecule-based electronic quantum-bit
(qubit).* Yb(trensal) is one of the few known Ln-based molec-
ular qubits to date. Furthermore, the potential multilevel nature
of Ln molecular materials, resulting from the hyperfine inter-
action of electronic and nuclear angular momenta or from week
ligand field splittings of the Stark sublevels in cases where the
orbital angular momentum is quenched, can be exploited as an
additional resource for the development of quantum logic
algorithms.>**® In recent ground-breaking work, Grover's
quantum algorithm, relevant to identifying an element within
an unsorted database, was implemented on the basis of the four
nuclear spin wavefunctions of a bis(phthalocyanine) Tb(ui)
molecular magnet.®® Nuclear spins were also proposed as
physical supports for the implementation of qubits,***° since
the contraction of nuclear wave functions shields them from the
environment, minimizing decoherence effects. This results in
nuclear spins having much longer coherence times than their
electronic counterparts. However, this isolation also leads to
long manipulation times,** which can be circumvented via the
use of molecular systems in which hyperfine interactions are
significant, resulting in faster manipulation time-scales.®> We
very recently demonstrated that Yb(trensal)*® is a prototypical
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coupled electronic qubit-nuclear qudit® (where a qudit is
a quantum system comprising more than two levels). The nuclear
qudit of the '”?Yb isotope nucleus (nuclear spin I = 5/2) displayed
coherence times of the order of 10 to 10* microseconds, similar to
the best performing, state-of-the-art, nuclear-spin-based qudits.*
Most importantly, the electronuclear multilevel structure of the
qudit allowed intrinsic implementation of quantum error correc-
tions concerning encoding of both amplitude and phase shift error
corrections.”® QIP algorithms can be performed as a sequence of
single qubit rotations and gate operations performed on two
entangled qubits. Thus, nuclear spins hosted in molecular
magnetic materials are excellent candidates for the implementa-
tion of single qubit gates. However, their lack of interaction with
the environment creates difficulties for the realization of coupled
qubit gates. Hyperfine interactions mix the nuclear and electronic
angular momentum wave-functions. Thus, construction of nuclear
spin quantum gates appears feasible by simultaneously exploiting
the long range coupling of electronic spins via magnetic exchange
interactions and the hyperfine interaction-induced mixing of the
electronic and nuclear angular momenta, at the single-ion level.*
In order to be individually addressable, the two angular momenta
located on the two lanthanide centres composing the quantum
gate have to be different. Thus, the need for the controlled
synthesis of pure heterometallic complexes arises.

Synthesis of heterometallic Ln complexes is difficult since
the 4f elements all have very similar chemistries. This is further
compounded by the bonding interaction with ligands being
largely ionic in character,® resulting in many synthetic proto-
cols producing impurities from homonuclear complexes (i.e.
scrambling).®**® Thus, examples of pure heterometallic Ln
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complexes remain rare. These are almost solely limited to
phthalocyanine’™®” and DOTA complexes.”*”® An elegant
strategy relying on size selection of dissymmetric ligands has
been employed to synthesise heteronuclear Ln complexes
without scrambling.*"** However, this is only efficient when the
included Ln(m) ions are of very different size, greatly limiting
the choice of possible combinations.®

We present herein a synthetic strategy for the realization of
pure heterodinuclear Ln complexes of composition not limited
by size selectivity. Thus, for the second half of the lanthanide
series (from Gd to Lu, and including Y), our synthetic strategy
results in heterodinuclear complexes of arbitrary composition.
To illustrate this point, we present the synthesis and charac-
terisation of heterodinuclear complexes LnLn*L containing two
large Ln centres (Y, Gd), two small Ln centres (Yb, Lu) and one
small (Yb or Lu) and one large (Y or Gd) centre, corresponding
to the following 10 complexes: YbGd 1, YbY 2, YbLu 3, YbYb 4,
LuGd 5, LuY 6, LuLu 7, YGd 8, YY 9 and GdGd 10. We also
demonstrate the solid-state and solution-state stability of 1-10,
and present the static magnetic properties of the paramagnetic
members of the family, namely, 1, 2, 3, 4, 5, 8 and 10.

Results and discussion
Synthetic strategy

We initiated a research program to construct pure hetero-
dinuclear Ln complexes the composition of which is not limited
by size considerations, meaning that we should also be able to
synthesize pure heterodinuclear complexes containing Ln
centres of similar size. Given the relevance of Yb(trensal) to QIP,
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Scheme 1 Strategy for the synthesis of pure heterodinuclear LnLn*L complexes based on the Ln(trensal) motif.
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we decided to use the Ln(trensal) motif as the elementary
platform upon which our new heterodinuclear complexes
would be constructed.

As can be seen from Scheme 1, the heptacoordinated Ln ion
in Ln(trensal) occupies all the available coordination positions
within the complex. There are therefore no uncoordinated
functional sites left to be used as expansion points of the
structural motif to accommodate coordination of a second Ln*
centre. Thus, use of a ligand bearing additional chemical
functions is necessary. In the first instance we used tris(2-
aminoethyl)amine (tren) and 2,6-diformyl-p-cresol (dfmp),
a functionalised derivative of salicylaldehyde. Use of dfmp
allows for the synthesis of complexes of type LnL' (Scheme 1)
that can be regarded as functionalized derivatives of Ln(tren-
sal). Subsequently, the template effect of the Ln centre in LnL"
was exploited for the condensation of a second tren to create the
cryptate complexes LnL, which possess a preformed vacant
coordination site that ultimately acts as host for the second Ln
centre. In the final step, the second Ln* centre is inserted in the
cryptate resulting in the targeted heterodinuclear complexes
[LnLn*L]X;, with X a monoanion. Cryptand complexes are
known to be thermodynamically and kinetically stable,”” with
Ln(m) cryptates being considered suitable candidates for MRI
contrast agents.”® Such stability is a prerequisite for surface
deposition protocols and, ultimately, inclusion in spintronic
devices. To the best of our knowledge only homodinuclear
Ln(m) cryptates exist.”**?

We have previously presented the synthesis, magnetic and
spectroscopic properties of LnL' and LnL.** Both these fami-
lies of complexes have merits on their own and should not
simply be regarded as mere intermediate compounds in the
synthesis of our targeted heterodinuclear complexes. LnL'
contains pendant, reactive carbonyl functions that can be used
as anchoring points for surface deposition protocols. These
same functionalities can also be exploited in post-synthetic
reaction schemes making them truly versatile modules for
deposition on various surfaces.*® LnL have previously been
considered as targets for the development of novel MRI contrast
agents.*

Synthesis and characterisation

Complexes 1-10 were synthesized in a step-wise procedure. First
the cryptate LnL was synthesised according to the procedure we
have very recently published.® To this was then added 3 to 5
equivalents of Ln*(OTf);-xH,0, depending on the size of the
Ln*(ur) ion. The resulting yellow pyridine solution was refluxed.
Following a workup procedure detailed in the Experimental
section, the complexes were isolated as pale yellow powders.
Interestingly, 3, 4 and 7 involving insertion of the smallest
Ln(m) ions require the longest refluxing times and the largest
surplus of Ln*(OTf);-xH,O. This indicates that the size of the
Ln ion is important for insertion into LnL and that the smallest
Ln(m) ions are the most difficult to insert. It should be noted
that 10 was synthesized in a slightly different manner to 1-9,
since GdL-4H,O0 could not be isolated.*® Thus for the synthesis
of 10, in situ formation of GdL was followed by addition of Ln*,
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Fig.2 H NMR of 6 in CDsCN. The insert shows an enlargement of the
four signals between 8.5 and 7.0 ppm.

as described in detail in the Experimental section. The presence
of the desired heterodinuclear complexes was confirmed by
mass spectrometry (Fig. 1 and S1-S101). The MALDI mass
spectra of 1-10, reveal no signals stemming from the homo-
dinuclear complexes. Furthermore, the experimental and
calculated isotope distribution patterns of the MALDI spectra
are in excellent agreement, further confirming the presence of
the desired heterodinuclear complexes. 'H and *C NMR
studies of the diamagnetic complexes ((6), (7) and (9)) also
reveal that only the desired heterodinuclear complexes are
formed (Fig. 2 and S50-S547). For (6), the '"H and '*C NMR
spectra display signals originating from protons and carbons
lying in either the Lu(m) or Y(m) part of the complex with
different chemical shifts (Fig. 2 and S507), but which integrate
to the same value. Additionally, IR spectroscopy confirms that
both coordination sites in 1-10 are fully occupied as there is
a single imine stretch (Fig. S28-S377).

X-ray crystallography

The precipitates obtained for 1-10 are amorphous. In order to
ensure phase purity of the synthesized heterodinuclear
complexes, samples were recrystallized from ethanol in the
presence of a surplus of Bu,NNO; affording the nitrate
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analogues LnLn*L(NO3); (1x-10y) as microcrystalline precipi-
tates. Single crystals of 1x-105 were obtained through slow
diffusion of 1-10 with 5 equivalents of BuyNNO; in ethanol. The
complexes (Fig. 3) all crystalise in the tetragonal crystal system,
in one of the two enantiomorphic space groups P4,2,2 and
P432,2. This is because the helicity of the cryptand ligand
around the Ln ions leads to chirality, defining a right (A) or left
(A) helix at each Ln centre, resulting in AA or AA chiral
complexes (Fig. 4) crystalising in homochiral single crystals.
Thus, upon crystallisation the chiral complexes resolve, with the
complexes containing the AA conformation crystallizing in the
space group P4,2,2 while the AA conformation is present in the
space group P452,2 (Fig. 4), with the Flack parameter practically
equal to zero for both the AA and AA enantiomers (Tables S4
and S51). These two space groups are part of the 65 Sohncke
space groups that contain only symmetry operations of the first
kind (rotations and translations) and can accommodate chiral
molecules.® For both space groups the whole complex is con-
tained in the asymmetric unit with eight complexes being in the
unit cell. All complexes have similar structures with the two Ln
ions being placed inside the cryptand ligand, disordered over
the two metal sites (Fig. 3). The Ln ions are hepta-coordinated
(LnN,4O3) by the cryptand ligand, being bonded to three phen-
oxides, three imines and one tertiary amine. The three phen-
oxide O-atoms bridge between the two Ln ions. This results in
short Ln-Ln distances, measuring between 3.4396(7)-3.5035(7)
A, with 7x and 10y having the shortest and longest distance
(Table S67), respectively. Going from 10y through 8y and 1y to
5y the Ln-Ln distance decreases according to the Ln* in the
GdLn* combination being smaller (Table S61). The Ln ions are
also coordinated by one nitrate ion each. The nitrates coordi-
nate to the Ln ions with a short and a long Ln-O bond distance

Fig. 3 Crystal structure of the cation of 1y, showing the coordination
mode with one bidentate and one monodentate nitrate. Color
scheme: C, gray; N, blue; O, red; Gd, cyan; Yb, green. Thermal ellip-
soids are set to 50% probability. Hydrogen atoms, counter ions and
lattice solvent have been omitted for clarity.
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Fig. 4 AA and AA enantiomers of the cations of 1y and 3y, respec-
tively. The complexes are viewed along the pseudo-trigonal axis.

(Table S77). For 85—10y containing the larger Ln ions (Y and
Gd), the two Ln-O bond distances between the nitrate and the
Ln ions are differing by 0.2-0.4 A, suggesting that the nitrate ion
is a bidentate ligand towards Ln. For 3y, 45 and 7y containing
the small Ln ions (Yb and Lu) one of the Ln-O distances
shortens a bit while the other one elongates resulting in the two
Ln-O bond distances between the nitrate and the Ln ions
differing by 0.6-0.9 A. Thus, the nitrate ions become mono-
dentate ligands. For 1y, 2n, 55 and 6y containing both a large
(Gd or Y) and a small (Yb or Lu) Ln ion, the difference between
the two Ln-O bonds from one nitrate ion becomes 0.4-0.6 A.
Additionally, in 15-9x one of the nitrate ions is disordered over
two positions. In this second position the nitrate ion is clearly
monodentate as one of the Ln-O distances has been elongated
by more than 1 A (Table S71). The coordination of the nitrate ion
distorts the cryptand ligand such that no threefold symmetry is
found around the Ln ion.

PXRD measurements confirm that the isolated powders are
isostructural, and have the same structure as the single crystal
X-ray structure (Fig. $63 and S64+). PXRD also confirms that the
complexes are obtained phase pure. Mass spectrometry reveals
1x-105 remain pure heterodinuclear complexes and that no
exchange of Ln ions occurs (Fig. S11-S20%). This is also
confirmed by NMR spectroscopy where 6y shows the same
splitting in the "H NMR as 6 (Fig. S607). Additionally, the NMR
spectra of 6y, 75 and 9y confirm that the complexes remain
dinuclear after the recrystallization (Fig. S60-S627).

Stability

Based on the discussion of the synthetic protocol, the question
as to why 15-10x were not synthesized directly from LnL and
Ln*(NO3);-xH,0, arises. While 15-10y5 can be synthesized
following this route, it also leads to scrambling. This is evident
by comparing the mass spectra corresponding to the two
synthetic strategies (Fig. S21 and S227). It is perhaps surprising
that such a small change has such a tremendous impact on the
control of the LnLn* composition. This indicates that the Lewis
basicity of the counterion is crucial. Moreover, we also observed
that the choice of solvent has a large impact on the LnLn*
composition. For example, exchanging pyridine for PrCN
(which has a similar boiling point 115 °C vs. 117 °C) leads to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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scrambling even when employing Ln(OTf);-xH,O (Fig. S21 and
S237). This suggests that the basicity of pyridine inhibits the
scrambling. The role of pyridine as a base was confirmed by the
"H NMR spectrum of 9 before treatment with THF, where
signals from pyridinium triflate are visible (Fig. S597).

To have a truly versatile heterodinuclear Ln complex, the
molecule needs to be as robust as possible. This is especially
true if the complex is to be included in spintronic devices where
surface deposition techniques require stable components. The
cryptate complexes presented herein are all stable in solution
for several days. This was confirmed using NMR, where the "H
NMR of 6 dissolved in CD;CN did not change after seven days
(Fig. 2 and S557). Similar stability was found when dissolved in
CD;OD (Fig. S57 and S58t). To further test the robustness of the
complexes 100 equivalents of a third Ln(m) ion were added to
a MeOH solution of the complexes. The complexes retain their
original LnLn* composition. This was studied by dissolving 4
and 10 in methanol and subjecting them to 100 equivalents of
either Y(OTf);-xH,O or Lu(OTf);-xH,O, respectively. After one
week no signals from new species involving either Lu(ur) or Y(mr)
could be observed by mass spectrometry (Fig. S24 and S25%),
confirming the robustness of these complexes.

Magnetic properties

The static (d.c.) magnetic properties of 155y, 8x and 10y were
investigated by magnetic susceptibility and variable-
temperature-variable-field (VIVB) measurements (Fig. 5 and
S65-S807). The susceptibility measurements were performed in
a magnetic field, B, of 1000 Oe in the temperature, T, range 2 to
270 K. VTVB measurements were performed in the temperature
range 2 to 10 K in applied magnetic fields up to 5 T.

The d.c. susceptibility data of 1x-5n, 8y and 10y, are plotted
in Fig. 5 as xT products, where x = M/B with x the molar
magnetic susceptibility and M the magnetization. At 270 K, the
xT products of all measured complexes approach their Curie
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constants (10.44, 2.57, 2.57, 5.14, 7.87, 7.87 and 15.74 cm® K
mol ") with values of 9.91, 2.06, 1.99, 4.30, 7.58, 7.89 and 15.74
em® K mol ™, for 1y, 2x, 3n, 4n, 5n, 8n and 10y, respectively.
Upon decreasing the temperature, the x7 product decreases for
2n-5n, 8y and 10y reaching its lowest value at 2 K measuring
1.25, 1.22, 2.39, 7.72, 7.93 and 5.06 cm® K mol ™, respectively.
This decrease is due to thermal depopulation of excited my
states in complexes containing one paramagnetic centre (2y;, 3,
5y and 8y). For 4y and 10y that both contain two paramagnetic
centres, the decrease can be attributed to a combination of
effects arising from thermal depopulation of excited my; states
and anti-ferromagnetic interactions between the coupled Ln
centres. For 4y, thermal depopulation of excited m;, states will
prevail at higher temperatures, and the weak exchange inter-
actions will occur at lower temperatures. For 10y, given the
magnetically isotropic nature of Gd(ui), this picture is inversed.
The xT product of 1y also decreases upon lowering the
temperature down to 12 K. Below this temperature the xT
product of 1y rapidly increases, reaching a maximum of 9.44
em® K mol ™" at 2 K. This behavior indicates ferromagnetic
coupling between the Yb(ur) and Gd(u) centres.

The quantitative analysis of the static magnetic properties of
the studied complexes was performed by simultaneous
numerical fitting, by use of the simplex algorithm,*® of both the
xT and VIVB data to Hamiltonian (1)

I:I:Z #ng1j+ Z quOAkq +J1J 12> (1)
=12 k=246

“k=q=k i

where the first term is the Zeeman interaction, with ug the Bohr
magneton, B the magnetic field vector, and gy and J the Landé g-
factor and total spin-orbit angular momentum operator of
multiplet J, respectively. The second term expresses the crystal
field (CF), with B the parameter associated to operator O,
within the Steven's formalism. The third term accounts for the
magnetic exchange between Ln centres, with J;, being a general
second order exchange tensor that can be decomposed into
isotropic, J;,, antisymmetric, d,,, and anisotropic, D;,, contri-
butions.®” Not all terms in the general expression of (1) are
relevant for the analysis of the magnetic properties of all the
studied complexes. The summation over Zeeman and CF terms,
as well as the exchange term, are relevant only for complexes
containing two paramagnetic centres. For orbitally non-
degenerate ions, such as Gd(m), inclusion of only isotropic
exchange terms in the Hamiltonian is sufficient. For orbitally
degenerate ions, such as Yb(ui), anisotropic exchange terms
must be considered.*® Here, for the sake of simplicity, we
consider exchange anisotropy terms only up to second order
(D12) and neglect antisymmetric interactions.

We performed the quantitative analysis of the static
magnetic properties in two steps. Initially the CF parameters of
Gd(m) or Yb(m) sites in complexes containing only a para-
magnetic centre (2y, 3n, 5y and 8y) were determined. The
number of CF parameters required depends on the symmetry of
the coordination sphere of the Ln ion. For C; symmetry, as is
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the case for 2y, 3n, 5x and 8y, twenty seven CF parameters are
needed. Determining this number of parameters from the
magnetic susceptibility and VIVB measurements alone would
result in overparameterization. To remediate this problem, we
assume that the local symmetry of the Ln sites is C;, neglecting
the effect of the coordinated nitrate anions. By assuming Cs
symmetry, the maximum number of CF parameters reduces to
nine. However, nine CF parameters is still a large number of
parameters to be determined solely from thermodynamic
magnetization data. Thus, additional information can be
incorporated in the fitting model by exploiting emission and
Electron Paramagnetic Resonance (EPR) spectroscopies, as has
been previously shown for the Ln(trensal) series.”** Once the
CF parameters of Gd(m) and Yb(m) sites determined, quantita-
tive analysis of the magnetic properties of complexes containing
two paramagnetic centres was performed by fixing the CF
parameters of Gd(ur) and/or Yb(u) and fitting only the param-
eters relevant to the exchange term of Hamiltonian (1).

In the case of complexes containing a paramagnetic Gd(i)
ion and a diamagnetic Lu(m) or Y(m) ion (55 and 8y,
respectively), the 4f” electronic configuration of Gd(u) results in
an ®S,, ground term where the orbital angular momentum is
quenched. This means that there are no first order contribu-
tions to anisotropy and that the associated CF splitting is rela-
tively small with respect to the experimental conditions of
magnetization measurements. Hence, very little information on
the CF can be extracted solely from magnetization measure-
ments. However, the small CF in Gd(u) means that all transi-
tions within the ground multiplet can be observed using EPR
spectroscopy and thus information on the CF parameters can be
extracted based on these observations. Using the EPR simula-
tion software Sim,* the EPR spectra of 55 and 8y were simu-
lated using Hamiltonian (1) resulting in the best-fit CF
parameters (in Stevens formalism®): B,°/hc = —1.84 x
102 em™ Y, B,%hc = 1.95 x 10°* em ™! and B/hc = —6.67 x
107° em " with g = 2 and % and c the Planck and speed of light
constants (Fig. S84 and S857). Because of the very broad poly-
crystalline powder EPR spectra no off-diagonal CF parameters
could be determined. The obtained CF parameters were then
used to simulate the x7 product and the VI'VB data (Fig. 5, S78
and S79%). The associated eigen-spectrum is shown in Fig. S91+
where it can be seen that the total CF splitting of 55 and 8y is of
the order of 1 cm™'. We note that both complexes display very
similar EPR spectra, albeit very broad (Fig. S84 and S857), sug-
gesting that the CF of Gd(m) is not dramatically influenced by
the size of the second Ln ion.

For the complexes containing a paramagnetic Yb(m) ion and
a diamagnetic Y(ur) or Lu(ur) ion (25 and 3y, respectively), the
4f" electronic configuration of Yb(in) results in an *F;,, ground
term where the orbital angular momentum of Yb(m) is
unquenched. Thus, anisotropy to first order is expected for the
CF splitting pattern of Yb(m). This means that in the case of
Yb(im), emission spectroscopy can be exploited, in addition to
EPR, as an additional source of information on the CF. The
solid state, room temperature emission spectra of 2y and 3y,
diluted at 3% in the diamagnetic host 9y, reveal that the total
CF splitting of the ground term of Yb(mi) in these complexes is of

6988 | Chem. Sci, 2021, 12, 6983-6991
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the order of 560 cm ™' (Fig. S88%). This is approximately 2/3 of
the value observed in the parent Ln(trensal) complex,*®
evidencing the influence of the electron density of one Ln centre
as an additional contribution to the ligand field of the other
one. However, the polycrystalline powder EPR spectra of these
dilute samples of 2 and 3y, are too broad (Fig. S86 and S877) to
offer reliable information to be used in the fitting procedure.
Furthermore, the x7T products and VIVB measurements of 2y
and 3y are very similar (Fig. 5, S70 and S727). This suggests that
the CF of Yb(u) in these two complexes is very similar, and
similar to that observed for Gd(m) in 5y and 8y. Therefore, CF
parameters were extracted only from measurements on 2.
Thus, the CF parameters of 2y were obtained by simultaneously
fitting to Hamiltonian (1) its xT product, VITVB data and total
multiplet splitting, determined by emission spectroscopy. As
initial parameters for the modelling, the CF parameters of YbL
were used.® Using this model and allowing all nine CF
parameters to vary, good agreement between the predicted and
measured VIVB and susceptibility curves was obtained (Fig. 5
and S707). The nine best-fit CF parameters are given in Tables
S1 and S27 in Stevens and Wybourne notations, respectively.
The associated eigenspectrum is shown in Fig. S911 where it
can be seen that the total CF splitting of 2y and 3y is of the order
of 560 cm~'. This set of parameters also reproduces the
susceptibility and VIVB measurements of 3y, demonstrating
that the CF of Yb(m) in these complexes does not dramatically
depend on the size of the second Ln ion (Fig. S71 and S727).

For the complexes containing two paramagnetic Ln ions
(10, 1x and 4y) inclusion of exchange interaction terms in
Hamiltonian (1) is necessary since statistically significant
deviations are observed between the experimental x7 product of
these as compared to the sum of their uncorrelated constitutive
centres (Fig. S81-S83+).

In the case of 10y, the magnetic exchange interaction
between the two Gd(m) centers can be treated by including in
Hamiltonian (1) only isotropic exchange terms (Jgq-ca)- Thus, by
fixing the CF parameters of Gd(u) to the ones determined for 55
and 8y, Jodga/hc was determined to be —0.1370 ecm™' +
0.0005 cm™* (in the —2J convention), by a simultaneous fit of
the xT product and the VIVB data to Hamiltonian (1). The
model reproduced the measurements well, with an anti-
ferromagnetic interaction between the two Gd(m) ions (Fig. 5
and S807). The associated eigenspectrum of 10y is shown in
Fig. S911 where it can be seen that the antiferromagnetic
interactions in 10y result in a group of sixty four closely packed
states, spread over a total range of ~9 cm™'. The antiferro-
magnetic ground state is a singlet separated from the first
excited state by just 0.05 cm™'. The determined best-fit value is
lower than that previously reported (Jiso/ic = —0.194 cm ™) for
this complex using a spin-only expression,*® where only
magnetic susceptibility data (not VIVB data) were analyzed.

For 1y and 4y containing the orbitally degenerate Yb(i) ion,
anisotropic exchange, in addition to isotropic exchange, should
be included. However, such a model (Table S3t) produces the
same results, on a qualitative level, irrespective of whether the
model contains only isotropic exchange (Fig. 5), only aniso-
tropic exchange, or both anisotropic and isotropic exchange

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S65-S68 and S73-S76%). This is most likely due to the fact
that the polycrystalline powder data used in the modelling are
insufficient to probe the orientation sensitivity of the aniso-
tropic exchange terms, as previously discussed.®® Small crystal
size precludes orientation dependent single crystal magnetiza-
tion and EPR measurements. Performing the modelling without
including exchange terms results in poorer agreement with
experiment, clearly demonstrating that magnetic exchange
interactions are operating in 1y and 4y (Fig. S65-S697 for 1y
and Fig. §73-S777 for 4y). This is also observed in the temper-
ature dependence of the x T product of 1y, which increases upon
cooling from 12 to 2 K. Using only an isotropic exchange term in
1y and 4y yielded a ferromagnetic interaction in 1y (fiso/ic =
0.01780 cm™" £ 0.00005 cm™') and an anti-ferromagnetic
interaction in 4y (Jiso/2c = —0.0072 cm™* + 0.0007 cm ™). The
associated eigenspectra of 1y and 4y are shown in Fig. S91.1 In
the case of 1y the sixty four levels are grouped into four sets of
sixteen, corresponding to the interaction of each of the four
Kramers doublets of Yb(u) with the four Kramers doublets of
Gd(m), spread over a range of ~700 cm™'. In the case of 4y the
sixty four levels are grouped in ten sets spread over a range of
~1100 cm™ .

Conclusions

We have developed a synthetic strategy for the synthesis of pure
heterodinuclear Ln cryptate complexes, of arbitrary composi-
tion. The LnLn* distribution obtained through this synthetic
protocol is dependent on the counterion used. The presence of
nitrate instead of triflate leads to scrambling of the Ln ions.
This suggests that the Lewis basicity of the counter ion is
crucial. The Bronsted basicity of the solvent also proved crucial
in controlling the scrambling ratio, with pyridine offering the
best control. Complexes 15-10y are all obtained in the same
crystal phase, with the complexes crystallizing in one of the
enantiomorphic space groups P4,2,2 or P4,;2,2. These chiral Ln
complexes that display sizeable spin-orbit coupling interac-
tions will be of particular interest for probing electric field
effects on their magnetization via magnetoelectric coupling,®-**
which is relevant to the development of molecular spintronic
devices.

The Ln-Ln distance, bridged by three phenoxide O-atoms,
was found to be ~3.5 A with GdGd having the largest distance
at 3.5035(7) A and LuLu possessing the smallest distance at
3.4396(7) A. This results in relatively strong magnetic exchange
coupling between the metals with respect to QIP protocols. For
both 45 and 10y the lanthanide ions are coupled antiferro-
magnetically. On the contrary, 15 shows ferromagnetic coupling
between the two lanthanide ions. In future studies on single
crystals, the exchange coupling between the isotropic Gd(ur) ion
and oblate or prolate Ln(m) ions, as well the coupling between
two anisotropic ions, will be investigated in detail.
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