Dynamic lanthanides exchange between quadruple-stranded cages:
effect of ionic radius differences on kinetics and thermodynamics

Marzio Rancan,*? Maria Rando,” Luigi Bosi,? Alice Carlotto,? Roberta Seraglia,® Jacopo Tessarolo,
Silvia Carlotto,*® Guido H. Clever? and Lidia Armelao®®

2Institute of Condensed Matter Chemistry and Technologies for Energy (ICMATE), National Research Council (CNR), c/o
Department of Chemical Sciences, University of Padova, via F. Marzolo 1, 35131 Padova, Italy.

bDepartment of Chemical Sciences, University of Padova, via F. Marzolo 1, 35131 Padova, Italy.

‘Institute of Condensed Matter and Technologies for Energy (ICMATE), National Research Council (CNR), Corso Stati
Uniti, 4, 35127 Padova, Italy.

dDepartment of Chemistry and Chemical Biology, TU Dortmund University, 44227 Dortmund, Germany.

¢Department of Chemical Sciences and Materials Technologies (DSCTM), National Research Council (CNR), Piazzale A.
Moro 7, 00185 Roma, Italy.

* marzio.rancan@cnr.it and marzio.rancan@unipd.it

Abstract

Seven different [Ln2L4]>” (Ln = La, Nd, Eu, Tb, Er, Tm and Lu) lanthanide-based quadruple-stranded
helicates are here reported and transmetalation among pre-assembled cages was studied.
Combining two homonuclear helicates [Ln*;L4]%~ and [LnB;L4]?" leads to the formation of a mixture
of homo- and heteronuclear systems due to ion exchange. This dynamic behaviour was studied by
electrospray ionization mass spectrometry (ESI-MS) both qualitatively and quantitatively allowing
to gain information on the thermodynamics as well as on the kinetics of the process. The rate of the
Ln ion exchange is strongly dependent on the difference in lanthanide effective ionic radius (AEIR).
Upon increasing AEIR, the kinetic constants grow exponentially: from the minimum to the maximum
value of AEIR, the kinetic constants of the forward and backward reactions increase by three orders
of magnitude. On the contrary, the equilibrium constant is the same for all the [Ln*;L4]?7/[LnB;L4]%"
couples, showing that the transmetalation is mainly entropy-driven towards a statistical mixture
and not affected by AEIR.

Introduction

Among metallo-supramolecular systems, lanthanide (Ln) based architectures are attracting
increasing attention due to their remarkable optical and magnetic properties. However, with Ln3*
ions the design and control of the final supramolecule is very challenging. This is a direct
consequence of the inner nature of the 4f orbitals: ligand-field effects are small, and the
coordination chemistry of these ions is similar across the entire series with coordination number
and geometry very variable and basically dependent on the steric properties of the ligand. There is,
however, a steady variation of the effective ionic radius (EIR) across the series, the so called
“lanthanide contraction”. Although the radii difference (AEIR) is quite small (ca. 0.20 A between La3*
and Lu3* and ca. 0.02 A between two consecutive lanthanides), it can have important chemical
consequences on the nature and features of supramolecular complexes. For instance, AEIR coupled
to the use of multicompartmental ligands have been used to control the self-assembly of
heterobimetallic helicates,? while AEIR effect was shown to lead to lanthanide-selective self-
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assembly through multivalency and cooperativity.>* Furthermore, AEIR effects proved to strongly
affect the formation of the more stable thermodynamic product and the final metallo-
supramolecular structure®™! as well as the rate of conversion between different aggregates.'! More
subtle effects have been also reported such as variation of the twist angles in pseudo-helical Ln
tripodal complexes!? and fine-tuning of the helicity and of the helical winding in oligo(salamo)-based
metal LZnsLn helicates.'3

In the past decades, advances in the coordination chemistry of multinuclear compounds have been
exploited to drive the self-assembly of many new discrete supramolecular motifs. Due to the nature
of the metal-ligand interactions, many of these systems have a dynamic character with reversible
association and dissociation able to generate complex mixtures. Unveil such dynamic behaviours, it
is a priority to fully understand, control and design their functional properties. Mass spectrometry
(MS) is a powerful tool to study such supramolecules*® both for determining the ensembles’
structure in terms of composition, shape, and size, as well as their dynamic behaviour and formation
pathways.?’~2> However, only a relatively small number of studies report MS quantitative studies for
metallo-supramolecular complexes.}”~1%2327  Among the dynamic processes displayed by
supramolecular complexes, post-synthetic ion exchange is particular important since it provides
new pathways to synthetize heterometallic systems or species that cannot be achieved by direct
metal-ligand coordination.?%2124-32 Despite the importance of this synthetic strategy, little rigorous
work has been reported on the kinetics3? and the thermodynamics?®?° of the ion exchange process
for supramolecular complexes.
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Figure 1. (a) Self-assembly of seven [Ln,L4]?>~ cages (Ln = La, Nd, Eu, Tb, Er, Tm and Lu). (b) Dynamic
Ln3* ion exchange equilibrium between two pre-assembled cages and (c) exponential trend of the
kinetic constants depending on the Ln AEIR.

Recently, we reported two [Ln;Ls]?~ quadruple-stranded helicates (Ln = La, Eu and Gd) that show
dynamic and adaptive helicity reorganization due to a guest-to-host chirality transfer.3” These
helicates are self-assembled starting from achiral bis-B-diketone ligands. Oligo-B-diketones are
versatile ligands for the preparation of metallo-supramolecular architectures®®3° ranging from
metallocycles, cages and MOFs,*#* to helicates®”*>™*” and even to interlocked structures.*#->0
Herein, by using a close related bis-B-diketone ligand, we present a larger series of seven [Ln;L4]?
guadruple-stranded helicates (Ln = La, Nd, Eu, Th, Er, Tm and Lu), Figure 1, that once assembled



undergo transmetalation. The thermodynamics and kinetics of the dynamic ion exchange has been
studied and the role of the Ln3* AEIR evaluated. The process has been qualitatively and
guantitatively characterized by time-dependent electrospray ionization mass spectrometry (ESI-
MS). Mixing a series of two homonuclear [Ln*;L4]>~ and [Ln8;L4]>~ with increasing Ln3* AEIR always
leads to the formation of a statistical mixture of homo- and heteronuclear helicates due to the Ln
exchange. All the studied systems have an equilibrium constant close to K = 4. The Ln®>" AEIR, hence,
does not affect the thermodynamics of the process that is mainly governed by statistical factors and
entropy-driven. On the other hand, we demonstrate that the rate of the dynamic ion exchange is Ln
radii-dependent, Figure 1b. The kinetic constants of the forward and backward reactions revealed
an exponential trend depending on the Ln3* AEIR of the two homonuclear pre-assembled cages,
Figure 1c. This fundamental study hints new tools and guidelines to study dynamic processes in
metallo-supramolecular ensembles, and for the precise preparation and control of lanthanide-
based mixed coordination-driven systems.

Results and discussions

[Ln2L4]? cages synthesis and characterization
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Figure 2. ESI-MS spectra of the seven [LnaL4]?>~ cages (Ln = La, Nd, Eu, Tb, Er, Tm and Lu). Insets:
experimental (black) and simulated (red) isotopic patterns.

The bis-B-diketone ligand was synthesized using a two-steps protocol: i) UImann coupling followed
by ii) a Claisen condensation, and characterized as described in the Supporting Information, SI (NMR
Figures S1-S4 and single crystal XRD Figure S6). The lantern-like cages with general formula [Ln2L4]>~
were prepared by adding an ethanol solution of the deprotonated ligand to an ethanol solution of
a Ln3* salt. Seven different Ln3* ions have been used to self-assemble [Ln,Ls4]?~ cages where Ln = La,
Nd, Eu, Tb, Er, Tm and Lu. A metal:ligand molar ratio of 1:2.5 leads to the pure compound in good
yield (Table S1). All the cages show very clean ESI-MS spectra with only one signal ascribed to the
[Ln,L4]? double negative charged species. The experimental isotopic pattern of each species well



agreed with the calculated one, Figure 2. The systems have been also characterized by *H-NMR and
Figure 3a shows the ligand (HaL, L?") and [La:L4]?" cage spectra. Upon deprotonation, all the ligand
signals undergo upfield shifting. The strongest effect is observed for the proton H1, in a position of
the B-diketonate moiety, shifting from ca. 7.1 to ca. 5.9 ppm while the tert-butyl protons (H4) are
barely perturbated. After La®>* coordination, the cage shows only a single set of signals with a total
of four resonances in agreement with the ligand C; symmetry and the mean Cs symmetry of the
quadruple-stranded [LazL4]?>™ architecture. H1, the H atom closer to the metal center, is downfield
shifted to ca. 6.2 ppm. Diffusion-ordered NMR spectroscopy (DOSY) was performed to provide
dimensional information. Two distinct bands were observed and ascribed to the cage and to the
DCHAY cation. The calculated hydrodynamic diameter for [LasLs]?" is 23.5 A. Supporting information
reports also the NMR for the Eu and Lu systems (Figures S5) while the Nd, Tb, Er and Tm analogues
spectra showed very poor resolution due these metals high magnetic moments.
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Figure 3. (a) H-NMR spectra (25 °C, 300 MHz, DMF-d7) of ligand H.L, deprotonated ligand L?>~ and
the cage [LazL4]?". DOSY of [LazL4]?". * = DMF. (b) Crystal structure of the Eu helicate (M and P form),
H atoms and external NEts* ions omitted for clarity. Color code: C, grey; O, red; N, blue; F, green; Eu,
orange.

For the Eu cage it was possible to obtain single crystals suitable for XRD from mother liquors
(ethanol) slow evaporation. Structure determination ultimately confirmed the cage assembly and
the formation of helicate systems (Figure 3b). Both the right-handed (P, AA) and left-handed (M,
AA) helicates are present in 1:1 ratio as enantiomers pair in the asymmetric unit (Figures S7 and S8)
similarly to what previously observed for a similar quadruple stranded helicate.3” Each helicates host
a tetraethylammonium (NEts*) counterion in their cavity. The Eu—O distances are in the range 2.486-
2.639 A and the Eu---Eu distances are 12.054 A and 12.199 A for P and M helicate, respectively. H---H
distances from tert-butyl groups of opposite ligands are close to 23 A. This value well-agrees with



the hydrodynamic diameter calculated from DOSY experiment (23.5 A) for the lanthanum cage.
Conversely to previous findings,3” the Eu ions do not display an octa-coordination mode since they
are nona-coordinated. The Eu ions are tetrakis-chelated by four B-diketonato groups and the nineth
site is occupied by a water molecule in the case of the M helicate and by an ethanol molecule for
the P helicate. The nona-coordination can be a consequence of the crystallization environment in
the presence of good coordinating solvents such as ethanol and water. ESI-MS analysis did not show
any adduct with water or ethanol. DFT studies were performed both on an octa- and nona-
coordinated La cage. The comparison of the X-ray nona-coordinated Eu helicate and the DFT-
optimized octa-coordinated La helicate shows that ligands arrangement in the two systems are very
similar as highlighted by the overlay of the two structures (Figure S10). Moreover, the solvent
molecules binding energy has been also determined: -7.4 and -8.5 kcal/mol for water and ethanol,
respectively (see Sl for details, Table S3). This suggests that these molecules can be easily lost as for
instance during the electro-spray ionization.

Qualitative and quantitative ESI-MS of the Ln ion dynamic exchange

Time dependent ESI-MS analysis was used to study both qualitatively and quantitatively possible
dynamic processes between two pre-assembled cages [Ln*:L4]>~ and [LnBL4]%>". Preliminary
experiments were performed by mixing two equimolar solutions of the [Eu,L4]?~ and [Th2L4]?>~ cages
in 1:1 ratio in a sealed vial at 50 °C, and monitoring their ESI-MS spectra at increasing time, Figure
4a.
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Figure 4. Time-dependent ESI-MS spectra of an equimolar solution of [Ln;L4]?>~ and [LnBL4]%".
Dynamic Ln ion exchange between the couples a) [Euals]?>7/[Tb2L4]?>, b) [Euals]?>/[Tm2L4]%, c)
[Nd2L4]?7/[EraLa]> and d) [Lazls]?>7/[LuzLg]>". Supporting information reports more spectra and
simulated isotopic patterns (Figures S13, S14, S18, S19, S23, S24, 528, S29).



At time zero, only the patterns ascribed to the two homometallic cages are present. After 60
minutes, the isotopic pattern of the heterometallic cage [EuTbLs]>~ appears, as confirmed by
comparison with the calculated one (Figure S14), showing that the two homometallic cages undergo
ion exchange forming a mixture of heteronuclear and homonuclear systems. The intensity of the Ln-
mixed cage increases over time to the detriment of the homometallic ones. In order to apply ESI-
MS to monitor the concentration of the different species at different times, we hypothesized that
the [Ln,L4]?>" species have comparable ionization efficiencies. To confirm this hypothesis, the ESI-MS
spectrum of a solution containing equimolar amounts of the two homometallic cages [EuzL4]?~ and
[TbaLa]?~ was repetitively measured just after mixing. If the hypothesis is correct, the two cages must
yield MS spectra that indicate equal relative amount. Relative amount was deduced according to
equation 1. Then, equation 2 can be easily used to derive the molarity of the species (see Sl for
details).

Ar.B _ AlLnALnBL,)
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Where %[Ln*LnBL4] is the relative amount of the cage, and A[Ln*Ln®L4] the integrated area of the
species isotopic pattern, and |Ln“LnBL4| is the molarity of homonuclear cage if Ln*=Ln8, and
heteronuclear cage if Ln*#LnB. |Ln"sL4|0 and |LnB;L4|o are the initial molar concentration of the
homometallic species. Application of equation 1 always gave values of about 50 % for the relative
amount of [EuzLs4]?” and [TbzL4]?>" cages (Table S4), as expected for an equimolar mixture of the two
cages, confirming that they have similar ionization efficiencies.

ESI-MS spectra of Figure 4a and Figure S13 were used to derive the relative amount and
concentration of the different cages during the ion exchange. At equilibrium, a statistical mixture of
homometallic (25%) and heterometallic (50%) cages is obtained Figure 5a and Table S5. Then, the
same approach has been applied to study the ion exchange with other [Ln*;L4]%7/[LnB;L4]%" couples,
namely: [EuzLa]?7/[Tmals]?", [Nd2La]>/[EraLa]?™ and [LazLa]?7/[Luzls]>~. Homonuclear cages bearing
different Ln3* ions have been chosen in order to have Ln3* ions spread across the lanthanide series
providing a range of effective ionic radii (EIR) and ionic radii difference (AEIR), as detailed in Table
1. The use of ESI-MS allows to investigate also [Ln";L4]%7/[Ln8;L4]>" couples that cannot be analyzed
by NMR due to poor resolution. The only important constraint in the choice of [Ln?;L4]>7/[Ln8;L4]%
couple is that there must be no significant overlaps between the isotopic patterns of the
homonuclear and heteronuclear cages. The same protocol used for the couple [EuL4]?7/[TbLa]?"
was applied. First, the two homonuclear cages were tested to verify they possess the same
ionization efficiencies (Table S4, Figure S11) in order to draw quantitative information from ESI-MS.
Second, time-dependent analyses were performed to follow the dynamic ion exchange (Figure 5,
Tables S6-S8). Figure 5 clearly shows that all the [Ln*;L4]%7/[LnB,L4]?~ couples give a statistic mixture
of homonuclear and heteronuclear cages, but the times to reach it are different.
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Figure 5. Concentration over time during the Ln ion exchange reaction as derived by time dependent
ESI-MS of equimolar [Ln*;L4]%7/[LnB;L4]>~ mixtures. Kinetic profiles (solid red, blue and black lines)
according to equation 4 for the homometallic cages and equation 5 for the heterometallic cages.
Fitting details in Figures S15-S17, S20-S22, S25-S27, S30-S32.

Table 1. Ln3* ions EIR and AEIR for the couples [Ln*;L4;27/[LnB;L4]2and K, ky, kp and teq for the Ln ion

exchange reactions.

La3+ Nd3+ Eu3+ Tb3+ Er3+ Tm3+ Lu3+

Ln3*EIR? (A) | 1.18 1.12 1.07 1.04 1.00 0.99 0.97

[Ln?;L4 27 /[LnB,L4)% | AEIR (A) K ks (M1s71) ks (M~1s79) teq (Min)
[EuaLa])>/[TbaLa)> 0.03 |[4.05+0.26 5.49 +0.07 1.37 £0.02 700.2+9.3
[EuzLa])>/[TmaLa]?® 0.08 |[3.98+0.29 12.78 + 0.46 3.20+0.11 300.9 +10.8

[Nd2L4)?/[EraLa)? 0.12 | 4.00+0.40 42.77 +1.46 10.69 + 0.36 89.8+3.1

[LazLa]?/[LuzLa]?> 0.21 | 4.02+0.35| 2140.31+166.50 | 535.08 +41.63 1.8+0.1

3 For octa-coordinated Ln3* ions>?

Thermodynamics and kinetics analysis of the Ln ion dynamic exchange

Starting from two homometallic cages with a 1:1 ratio, two homometallic and one heterometallic
cages with a ratio 1:1:2 are obtained (equation 3). On the basis of a statistical analysis,*> we can
anticipate that the equilibrium constant will be K = 4. Indeed, at equilibrium, the experimental



concentrations are all very closed to the following values: |Ln";La| = |LnBLs|= 5-10® M and
|LnALnBLs| = 1-10° M. All the Ln ion exchange reactions, hence, have the same equilibrium constant
(Table 1). This suggests that the ion exchange process is essentially entropy-driven and hence
governed by statistical factors. If the enthalpic contribution is negligible, we can infer that the
different homometallic and heterometallic cages have similar stabilities across the lanthanide
series.

kr
[Ln2L4)% + [LnBLg]> = 2 [LnALnBL4)?" (3)
k»

On the contrary, the kinetics of the Ln ion exchange reaction are very different. Figure 5 highlights
that by increasing the ionic radii difference (AEIR) between the involved Ln3* ions, the time to reach
the statistic mixture decreases. Some previous works'’1? treated the kinetics of dynamic ligand
exchange between pre-assembled metallo-supramolecular architectures as first- or second-order
direct reactions without considering the reversible nature of the equilibrium. This simplification can
be adopted only under specific conditions (see below), otherwise it can lead to misleading results
(see SI, Figure S12). As a matter of fact, the dynamic exchange reaction (ion or ligand) is a reversible
reaction and its kinetics must be treated as a pair of forward and backward reactions (kinetic
constants ks and kp, respectively). These two reactions occur simultaneously and are related to the
equilibrium constant by K = k¢/kp. Only if kr > kp (high value for K), the reverse reaction can be
neglected, and the kinetics analysis simplifies to a rate law for a direct reaction. However, this is not
the case, K = 4 and k» will be one quarter of ks the backward reaction cannot be neglected. The
kinetics of the dynamic Ln ion exchange has been treated as two opposing second-order reactions
(see Sl for the detailed treatment). This leads to equations 4 and 5 that give the concentrations of
the homometallic and heterometallic species over time, respectively.

ILngLyl = |LnfLy| =22 (1 + e7¥rt2%0) (4)
|LnALnBL,| = ay(1 — e krt2a0) (5)

Where ap is the initial concentration of the homometallic cages, kr the kinetic constant of the
forward reaction, and t the time. Moreover, the performed kinetic analysis allows to estimate teq,
the time to reach the equilibrium i.e. the statistical mixture, equation 6 (see Sl for details).

1 1

teq - 2apks ln; (6)

Where a is an arbitrary small number (see Sl for details). For calculations of te; we assumed a =0.01,
that corresponds to a homometallic cage concentration that is 1% higher than the equilibrium
concentration.

Fitting of experimental data with equations 4 and 5, Figure 5, allowed to determine kf and then kp
for the different Ln ion dynamic exchange reactions. Table 1 summarizes the obtained results as the
average of the values for the two homometallic cages and the heterometallic one (Table S9). The
more the AEIR between the two Ln3* ions increases, the more kf(and kp) increases and consequently
teg decreases. For instance, kf is 5.49 = 0.07 Ms! (te; 700.2 + 9.2 min) for the couple
(EuzL4)?/(Tb2Ls)? with the minimum AEIR = 0.03 A. For the exchange reaction (EuzLs)?"/(TmzLa)?",
AEIR = 0.08 A, kfis 12.78 + 0.46 M5 (teq 300.9 + 10.8 min) and for (NdL4)?7/(EraLs)?, AEIR = 0.12
R, keis 42.77 £ 1.46 M5! (teq 89.8 + 3.1 min). The couple (LazLa)?/(LuzLs)?> with the highest AEIR =



0.21 A evidences a dramatic increase of ks (2140.31 + 166.50 M~'s™!) with a teg of only 1.8 + 0.1
minutes.
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Figure 6. a) Exponential trends of kfand kp, and b) of teq for the Ln ion exchange kinetics depending
on Ln AEIR. Inset: magnification of the 0.02-0.14 A region. Fitting details in Figure S33.

Plotting krand k» versus AEIR, Figure 6a, reveals an exponential dependence of the kinetic constant’s
values related to the Ln3* ionic radii difference of the two homonuclear cages participating in the
ion exchange. An exponential relationship was also found plotting teq versus AEIR, Figure 6b. These
trends allow to gain information also on the rate of Ln ion exchange for [Ln*;L4]?7/[LnB;L4]?>~ couples
that were not investigated in this study by simply knowing the AEIR difference between Ln” and Ln®.

Conclusions

In summary, a series of quadruple-stranded dinuclear helicates (Ln2Ls)>~ was prepared using a bis-
B-diketone ligand and seven different Ln3* ions (Lnh = La, Nd, Eu, Tb, Er, Tm and Lu) and fully
characterized by NMR, ESI-MS, DFT and single crystal XRD. The dynamic behavior of these systems
was studied qualitatively and quantitatively by ESI-MS, providing information on how fast the ion
exchange process between two pre-assembled homonuclear cages is completed leading to a static
mixture of homonuclear and heteronuclear cages. The thermodynamics of the transmetalation
reaction it is not affected by the Ln3* ionic radii difference (AEIR) of the two homonuclear pre-
assembled cages participating in the ion exchange. This suggest that the process is mainly entropy-
driven and that both the homometallic and heterometallic cages have similar stabilities across the
Ln series. On the contrary, the rate of Ln ion exchange is strongly affected by the AEIR. Both the
forward and the backward kinetic constants (krand k) as well as the equilibration time (te;) have an
exponential trend related to the Ln3* AEIR. We envisage that this fundamental study will advance
the supramolecular chemistry of Ln coordination-driven cages in terms of synthesis, properties, and
applications in particular for Ln-mixed systems where the control of the composition is paramount
for the final functional properties as for instance magnetism and luminescence. In fact, a precise
knowledge of the ion exchange kinetics will allow the preparation of Ln-mixed systems with a
precise control over their composition in term of homonuclear and heteronuclear systems by simply
tailoring the mixing time of different pre-assembled cages.
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