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In situ metal-templated (hydrazone) condensation also called subcomponent self-assembly of 4,6-
dihydrazino-pyrimidine, o-vanillin and dysprosium ions resulted in the formation of discrete hexa- or
dodecanuclear metallosupramolecular Dyg(L)s or Dyio(l)g aggregates resulting from second-order
template effects of the base and the lanthanide counterions used in these processes. XRD analysis
revealed unique circular helical or tetragonal bipyramid architectures in which the bis(hydrazone)
ligand L adopts different conformations and shows remarkable differences in its mode of metal
coordination. While a molecule of trimethylamine acts as a secondary template that fills the void of the

Dye(L)g assembly, sodium ions take on this role for the formation of heterobimetallic Dyj,(L)g by
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Introduction

Oligonuclear metallosupramolecular complexes of lanthanides
have attracted quite some interest over the last two decades
mainly due to their astonishing photophysical and magnetic
properties." Nevertheless, their supramolecular chemistry is
much less developed than that of d-block metals'**** as their
coordination chemistry is more challenging to control - their
generally large coordination numbers and geometries are much
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less defined, and since their coordination chemistry is mainly
governed by electrostatic interactions they neither show very
distinct preferences for donor atoms such as nitrogen or oxygen;
other than that, they should be rather hard Lewis-basic sites nor
do classical supramolecular design principles such as the
maximum site occupancy rule* apply to them."* Therefore, the
use of ligand motifs that offer a high density of potential donor
atoms has proven to be a successful approach to access metal-
losupramolecular aggregates of lanthanides via coordination-
driven self-assembly processes although their outcome is still
hard to predict.»®

The subcomponent self-assembly approach’ that involves
reversible in situ metal-templated condensation reactions to form
imine or hydrazone bonds has been established as a particularly
powerful tool for generating metallosupramolecular architectures
of increasing structural complexity with various properties and
features,® like for example, astonishing host-guest behavior,’
complex-to-complex transformations' or switchable systems.'**"*
Moreover, subcomponent self-assembly also provides space for
serendipity to form new structures, and thereby, discover new
interesting general structural motifs and/or metal binding motifs
which might not even necessarily make use of all subcomponents
in the initially expected relative ratio. Thus, we regard it as an
especially versatile approach to prepare oligonuclear metal-
losupramolecular aggregates with densely functionalized multi-
functional metal binding motifs essential to address the specific
needs of lanthanide coordination.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Ligand L derived from o-vanillin and 4,6-dihydrazinopyr-
imidine as its neutral form Hy(L) in three different conformations
Ho(LY), Ha(LB) and H(LS) relevant for this study. Red arrows indicate
successive rotations around single bonds to convert the different
conformers into each other. The different conformations give rise to
different coordination modes as shown in Fig. 1 and 2.

Following our interest in the magnetic properties of oligo-
nuclear lanthanide complexes,'** we decided to also apply this
approach. Herein, we report on the use of o-vanillin and 4,6-
dihydrazinopyrimidine as subcomponents that undergo
twofold metal-templated hydrazone condensation and metal
coordination upon mixing with lanthanide salts and a suitable
base giving rise to rather surprising cyclic helical hexanuclear
complexes or a dodecanuclear tetragonal bipyramid complex as
a result of secondary template effects. With this study we extend
our previous work that demonstrated the validity of the flexible
dianionic ligand L (Scheme 1), that results from the metal-
templated twofold hydrazone formation of the organic
subcomponents, in the construction of polynuclear lanthanide
SMMs with desired topology and magnetic properties.**

Experimental
General synthetic considerations

All starting materials were of A.R. Grade and were used as
commercially obtained without further purification. 4,6-Dihy-
drazinopyrimidine was prepared according to a previously pub-
lished method.” Elemental analyses for C, H, and N were carried
out on a PerkinElmer 2400 analyzer. Fourier transform IR (FTIR)
spectra were recorded with a PerkinElmer FTIR spectrophotom-
eter using the reflectance technique (4000-300 cm™'). The
samples were prepared as KBr pellets. High-resolution mass
spectra were acquired using a Thermo Scientific X series.

Synthesis of [DysL*,L¢4(CH;0H),(H,0)5(NO;)4]-
NEt;-10CH;0H - 11H,0-2NO; (DysLe)

4,6-Dihydrazinopyrimidine (0.1 mmol) was dissolved in 15 mL
methanol, and then o-vanillin (0.2 mmol) and NEt; (0.2 mmol)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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were added successively. Finally, Dy(NOs);-6H,O (0.1 mmol)
was added to the mixture. The reaction mixture was stirred at
room temperature for 4 h and the resultant solution was filtered
and left unperturbed to allow for slow evaporation of the
solvent. Dark yellow single crystals of complex DygsLe were ob-
tained after one week. Yield: 25 mg, (31.95%, based on the
metal salt). Elemental analysis (%) caled for C;43DysN43075H;0g:
C, 36.59, H, 4.25, N, 12.83; found C, 36.52, H, 4.29, N, 12.78.

Synthesis of [Dy;,Na,L*,L®;(CH;C00),,(CsH;0),(CO3),
(CH;3CN),(H,0),]- 6H,0 (Dy;,Ls)

4,6-Dihydrazinopyrimidine (0.1 mmol) was dissolved in
methanol/acetonitrile (5 mL : 10 mL), and then o-vanillin (0.2
mmol) and NaHCO; (0.1 mmol) were added successively.
Finally, Dy(OAc);-2H,0 (0.1 mmol) was added to the mixture.
The reaction mixture was stirred at room temperature for 5 h
and the resultant solution was filtered and left unperturbed to
allow for slow evaporation of the solvent. Dark yellow single
crystals of complex Dy,,Lg were obtained after one week. Yield:
25 mg, (41.89%, based on the Dy™ salt). Elemental analysis (%)
caled for C,p4H,5,Dy1,N50Na,Ooy: C, 20.46, H, 3.12, N, 9.78;
found C, 20.39, H, 3.18, N, 9.84.

X-ray crystal structure determinations

Crystallographic data and refinement details are given in Table
S2.1 Single crystals of suitable dimensions of Dys(L)s and
Dy,,(L)s were selected for single-crystal X-ray diffraction anal-
ysis. Crystallographic data were collected at 100(5) K on a Bruker
Apex II CCD diffractometer with graphite monochromated Mo-
Ko. radiation (A = 0.71073 A). The data were integrated using the
Siemens SAINT program. Absorption corrections were applied.
The structures were solved by direct methods and refined by the
full-matrix least-squares method based on F* with anisotropic
thermal parameters for all non-hydrogen atoms by using the
SHELXS (direct methods) and refined by SHELXL (full matrix
least-squares techniques) in the Olex2 package.'® The locations
of Dy and Na atoms were easily determined, and O, N, and C
atoms were subsequently determined from the different Fourier
maps. Anisotropic thermal parameters were assigned to all non-
hydrogen atoms. The H atoms were introduced in the calculated
positions and refined with a fixed geometry with respect to their
carrier atoms. CCDC 1507720 (Dye(L)s) and 1536333 (Dyq,(L)s)
contain the supplementary crystallographic data for this
paper.t

Magnetic measurements

Magnetic susceptibility measurements were recorded on
a Quantum Design MPMS-XL7 SQUID magnetometer equipped
with a 7 T magnet. The variable-temperature magnetizations
were measured in the temperature range of 1.9-300 K with an
external magnetic field of 1000 Oe. The dynamics of magneti-
zation were investigated from the ac susceptibility measure-
ments in the zero static fields and a 3.0 Oe ac oscillating field.
Diamagnetic corrections were made with Pascal's constants'”
for all the constituent atoms as well as the contributions of the
sample holder.
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Results and discussion
Structural analysis

Here, we dissolved 4,6-dihydrazinopyrimidine, o-vanillin and
NEt; (ref. 18) in methanol successively, and then added one
equivalent of Dy(NO;); to the mixture.* The initially light yellow
solution slowly turned dark yellow and dark yellow crystals were
obtained after one week. The crystals were macroscopically
examined by optical microscopy and scanning electron
microscopy (SEM), revealing their hexagonal shape (see the
ESIT). ESI mass spectrometric investigations of the reaction
mixtures as well as of the samples obtained upon dissolving the
crystalline product revealed a Dys(L)s Stoichiometry of the
resulting products (see the ESIT). This assumption could finally
be proven by X-ray diffraction analysis of the single crystals of
the hexanuclear dysprosium(m) complex. The result of the
analysis is shown in Fig. 1 and it reveals the rather complicated
and wunique structure of the NEt;@[Dys(L)s(CH;0H),
(H,0)5(NO3),](NO3), unit of this metallosupramolecular archi-
tecture. The six Dy™ ions adopt a distorted hexagonal
arrangement with an average distance of 8.3 A between them
(the corresponding angles in this Dys hexagon and the coordi-
nation geometries of the Dy"™ ions are listed in the ESI{).
Each Dy™ center is coordinated by two metal binding motifs
from two dianionic ligands L (Fig. 1d and the ESIf) and the
remaining coordination sites are occupied by counter ions or
solvent molecules. The ligands L, however, do not all have the
same conformation, and therefore, do not bind in the same
binding mode to all of the Dy™ centers. While two of these
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ligands adopt conformation A (L*) acting as a bis(tridentate)
ligand bridging two adjacent metal centers in the periphery of
the cyclic hexanuclear aggregate (see the green ligands in
Fig. 1b), the other four adopt conformation C (L°) which is why
the structure could more precisely be described as
a [Dye(L*),(L%)4(CH30H),(H,0)5(NO;),]** unit (see the red
ligands in Fig. 1b). As such, ligands L° bridge the metal centers
in a mixed tri- and bidentate binding mode in a grid like fashion
leading to an overall helically interwoven architecture as illus-
trated in Fig. 1c (see the ESI} for other representations). Thus,
two opposite Dy centers are coordinated by the tridentate
binding sites of two ligands L whereas the other four are
coordinated by one tridentate binding site of a ligand L* and the
bidentate binding motif of a ligand L°.

It is noteworthy that many lanthanide-based double-?
triple** and quadruple-stranded® helicates assembled using
flexible ligands have been reported, which generally display
ordinary linear topology, while for lanthanide-based circular
helicates, only very few examples have been reported to date,
including triangular,* square® and hexagonal**** diverse top-
ologies.'? Therefore, the circular helicate Dys(L)s indeed belongs
to the rather rare species considering that the bridging ligand L
adopts different conformations (L* and L, Fig. 1 and the ESIY).

Due to this arrangement, the aggregate contains a rather
hydrophobic cavity which is occupied by a molecule of trie-
thylamine which perfectly fills this void. Such (secondary)
template effects are rather common in the formation of cyclic or
cage-like self-assembled structures whose components can also
assemble into other spatial arrangements in the absence of

d) bis(tridentate) binding mode of LA

H H
N N
XN X N7
| T M
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V,N bldentate binding site
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Fig. 1 (a) Structure of the cationic unit of [Dyg(L%)2(L9)4(CHsOH),(H,0)s(NO3)4(NO3), as determined by X-ray diffraction analysis: (a) wire-and-
sphere representation of the supramolecular aggregate where the NEts molecule occupying the central cavity is shown as a space-filling model
(color code: C gray, H white, N light blue, O red, and Dy dark blue); (b) the same representation where ligands L* and L have been colored in
green and red as in Scheme 1, respectively; (c) space filling representation (coordinating nitrate ions and water and methanol molecules as well as
the encapsulated molecule of trimethylamine are omitted, colour code as in (b)); (d) representation of the different binding modes of ligands LA

and L€ in this assembly.
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a fitting template.”®** %> Hence, we assume that triethylamine
and basic molecules of similar shape®® act as secondary
templates for the formation of this aesthetically appealing
supramolecular aggregate.

In order to test this and the influence of the counter ion further,
we also investigated a subcomponent self-assembly approach
using Dy(OAc); and NaHCO; (ref. 18) as the base. Again, we were
able to obtain the product of this approach in the form of yellow
circular bipyramid-shaped single crystals (see the ESIf) already
indicating that another metallosupramolecular aggregate has
been formed. Fortunately, the quality of the crystals was good
enough to perform an XRD analysis that revealed yet another
unique complex hexadecanuclear heterobimetallic architecture
([Dy12Na,(L)s(CH;C00),,(CsH;0)4(CO5)4(CH;CN),(H,0),] 6H,0)
(Fig. 2). The asymmetric unit of the structure contains three Dy™
ions and one Na' ion with one of the Dy™ centers being eight-
coordinated whereas the other two are nine-coordinated (see the
ESIt). The whole aggregate can be divided into three parts: two
identical Dy,(L), units featuring a dense arrangement of four Dy""
centers that are bridged by carbonates, acetates and solvate
molecules where the Dy™ centers also bind in pairs to two ligands
in conformation B (L®, shown in purple in Fig. 2b) in a mixed tri-
and bidentate fashion, as depicted in Fig. 2c (the other coordina-
tion sites of the Dy" ions of these units are occupied by acetates).
The third unit is a grid-like Dy,(L); unit where each Dy™ center
coordinates to tridentate binding sites of two ligands in

side view
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conformation A (L*, shown in green in Fig. 2b). Interestingly, not
all organic subcomponents assemble to ligand L here but the
remaining coordination sites of each Dy" ion are occupied by
one molecule of o-vanillin (light blue in Fig. 2b) and a water
molecule. These three units are held together by four sodium
ions that coordinate as secondary templates to the remaining
binding sites of the ligands L* and L® each in a chelating manner,
as depicted in Fig. 2c. This results in an overall tetragonal bipyr-
amid ([Dy12Na,(L*)4(L?)4(CH;CO0),5(CsH50)4(CO3)4(CH;CN),
(H,0),]- 6H,0) architecture in which the two Dy,(L?), units form
a Na,Dys(L"), cage that embeds the grid-like Dy,(L*); unit in its
center (for additional representations of this unique assembly see
the ESIt).

Both discrete metallosupramolecular aggregates belong to
the rather rare species in which a bridging ligand adopts more
than one conformation.?™?” However, in these two new exam-
ples the ligands also differ significantly in their coordination
behavior with regard to the binding sites for the metal ions and
their denticity. This is special and a feature of metal-
losupramolecular assemblies of lanthanide ions because they
tend to fill vacant coordination sites with counter ions and
solvate molecules as capping or bridging ligands much more
easily than transition metal ions due to the by far predominant
electrostatic nature of the lanthanides’ coordinative interac-
tions with their ligands. That way, both assemblies achieve
a favorable filling of space as well as a mutual orientation of

c)
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bidentate binding
site for Ln**

Fig.2 (a—d) Structure of the (IDy;1oNa4 (L) 4(L®)4(CH3CO0)15(CgH,0)4(CO3)4(CH3CN), (Ho,0)4] unit as determined by X-ray diffraction analysis: (a)
wire-and- sphere representation of the supramolecular aggregate (color code: C gray, H white, N light blue, O red, Dy dark blue, and Na yellow-
green); (b) the same representation where ligands L and L® and the o-vanillin molecules have been colored in green, purple and light blue,
respectively; (c) representation of the different binding modes of ligands L* and LB in this assembly; (d) space filling representation from two
perspectives (coordinating acetate and carbonate ions and acetonitrile and water are omitted, colour code as in (b)).
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ligands L* and L® to ensure m—r-interactions in Dy;,(L)s which
most likely provide the driving forces for their formation.

Magnetic properties

Having elucidated the unexpected new structural motifs of the
hexa- and dodecanuclear metallosupramolecular Dye(L)s and
Dy,»(L)s assemblies, we wanted to see how this reflects in the
complex properties. Therefore, we turned to explore their
magnetic behavior and their ability to act as a lanthanide single-
molecule magnet.*>*&&mn28 The variable-temperature xyT
products (Fig. 3 and the ESI{) for Dys(L)s and Dy;,(L)s show
similar trends with room-temperature y,,7 values of 83.98 and
168.98 cm® K mol ' corresponding to the expected values for
uncoupled Dy™s and Dy™,, moieties (*Hys/, S = 5/2, L = 5,] =
15/2, g = 4/3). Upon lowering the temperature, the x,7T values
are weakly temperature dependent in both cases until below 70
K where they start to gradually fall, reaching values of 77.90 and
154.88 cm® K mol " at 50 K, after which they precipitously
decrease to reach 68.17 and 130.75 em® K mol " at 2.0 K.

The decrease observed in the xy7T values suggests the
magnetic anisotropy/ligand field and thermal depopulation of
the excited M; states, but we cannot preclude the presence of
weak antiferromagnetic interactions in view of these poly-
nuclear systems. Furthermore, the field dependence of the
magnetization measurements shows a rapid increase at low
fields and eventually reaches values of about 29.31 ug for
Dye(L)s and 62.83 ug for Dy;,(L)g without clear saturation up to
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Fig. 3 xT vs. T plot recorded on Dye(L)e in an applied field of 1 kOe.
Inset: molar magnetization at 1.9 K (top) and frequency dependence of
the x” of Dys(L)s between 11 and 45 K (bottom). The solid lines
represent the fitting of the experimental data using the sum of two
modified Debye functions.
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70 kOe below 1.9 K, respectively (Fig. 3 and the ESIT). Addi-
tionally, in contrast to the non-superposition of the M vs. H/T
data on to a single master-curve for Dy,,(L)s, the nearly over-
lapping M versus H/T curves at different temperatures (see the
ESIT) imply that there are well separated high excited-energy
levels for Dyg(L)s (see the ESIf). In addition, a butterfly-
shaped magnetic hysteresis loop can be detected at 1.9 K,
indicative of the presence of fast quantum tunnelling of the
magnetization process in Dyg(L)e.

To verify SMM behavior, the frequency- and temperature-
dependent AC susceptibilities of Dys(L)s and Dy;,(L)s were
measured in a zero DC field (see the ESIT). For Dy,;,(L)s, no
obvious x” signal was observed in the temperature-dependent
AC measurements, suggesting the presence of fast quantum
tunneling relaxation of magnetization. By contrast, significant
slow relaxation of magnetization is observed in the AC suscep-
tibility measurements for Dyg(L)s (Fig. 3). The well-defined
frequency-dependent maxima up to 35 K and strong
frequency dependence of the AC susceptibilities both demon-
strate SMM behavior with a large thermal energy barrier (see the
ESIT). Two closely spaced relaxation processes operate in the
high-temperature regime as seen from the broad x” peak and
significantly broadened Cole-Cole plots (see the ESIt). The
observation of two relaxation processes is common in multi-
nuclear lanthanide systems and results from the two groups
of distinct anisotropic centers in Dyg(L)s (see the ESIT).>

The relaxation times (t) for these two processes can be
extracted from the excellent fit of the sum of two modified
Debye functions (see the ESIt). The fitting of the data is in good
agreement with the data for Dye(L)s over the entire temperature
range with effective energy barriers of Uc s = 435 K (pre-
exponential factor 7o, = 8.98 x 10 % s) and Ueg, = 254 K (10,
= 7.4 x 1077 s) for the slow relaxation (SR) and fast relaxation
(FR) phases, respectively (see the ESI{). We also obtain param-
eters of C; = 2.0295 x 10 ° s 'K >3, n; = 5.3 and C, = 3.4718
x 107* s7* K%, and n, = 5.09 for SR and FR processes,
respectively (Fig. 4).

In addition, the « values extracted from the sum of two
modified Debye functions are less than 0.16 for SR, (see the

2r O Int ]

3t —Fit

4r - - - Orbach process
o5l - - - Raman process
s
6t

kAN Int = =In[CT" + 7, rexp(~U 4/ kgT)]

8 Orbach

ol C=2.0295E-551K53 U, /k, = 434.87 K

) n =5.25237 T,=8.98E-10 s
10 1 1 N L
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Fig. 4 A plot of In(z/s) versus T ! for SR of Dys(L)s under a zero dc-
field; the relaxation times were obtained by simultaneous fitting of the
Cole—Cole plots (Fig. S251). The blue line represents the fit to multiple
relaxation processes using eqn (S1).f Red and grey dashed lines
represent individual Orbach and Raman fits, respectively.
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ESI}) suggesting a relatively narrow distribution of the relaxa-
tion times. In contrast, the large « values (as large as 0.38) for FR
indicate a wide distribution of relaxation times. Thus, Dys(L)s
represents an interesting example of an oligonuclear Dy"" SMM
due to its unique closed helical structure and its effective energy
barrier for the spin relaxation process of 435 K which is amongst
the largest values within multinuclear lanthanide SMMs (see
the ESI{).*

Conclusion

In conclusion, we have shown how subcomponent self-
assembly can give rise to facile ligand synthesis and sponta-
neous formation of two very different hexa- and dodecanuclear
lanthanide metallosupramolecular architectures by employing
the different second-order template effects arising from the
base and the dysprosium's counterions. While the base trime-
thylamine acts as an efficient secondary template to favor the
formation of a hexanuclear Dyg(L)s assembly by perfect space
filling of the assembly's central void, the sodium ions from
sodium bicarbonate act as secondary templates by being
capable of occupying vacant coordination sites, and hence, lead
to the formation of the Dy;,(L)s aggregate. This highlights the
possibilities for in situ formation of flexible ligand structures
furnished with multiple donor centers that offer a plethora of
different bi- or tridentate metal binding sites that can adopt
different conformations to access different complicated metal-
losupramolecular architectures by rather subtle changes in the
subcomponent self-assembly process.

Dye(L)s not only has an extraordinary structure but it also
exhibits clear butterfly-shaped magnetic hysteresis at 1.9 K and
one of the largest energy barriers of 435 K within multinuclear
lanthanide SMMs.

Thus, we envision this strategy to be very promising to
address the formation of new (supra-)molecular structures with
complex topologies and to learn more about how to understand,
and ultimately predict, the self-assembly of lanthanide-based
systems in a similarly reliable way as is already possible for
transition metal systems.
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