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The chiral bis-tridentate (1,2,3-triazol-4-yl)-picolinamide (tzpa)
ligand 1 was used in the formation of lanthanide di- and triple
stranded di-metallic helicates in acetonitrile solution, where the
changes in the ground and the Tb(in) excited state properties were
used to monitor the formation of these supramolecular structures
in situ under kinetic control.

The formation and the study of ordered structures and hier-
archical supramolecular self-assembly has become an active
area of research.'™ The use of coordination chemistry to direct
the synthesis of such structures is highly desirable.”® While
many existing examples employ d-metal ions, the use of
f-metals is less frequent in these systems.”® The f-metal ions have
many unique physical properties and high coordination abilities
opening new avenues for the construction of supramolecular
systems.”'® Recently, we'"'> and several other researchers*™°
have used lanthanide ions within these architectures. Supra-
molecular helicates are of particular interest as they are reminis-
cent of biomolecules such as the helices of polypeptides and DNA,
representing the complex self-organisation found in nature. Using
chiral ligands based on the 2,6-pyridine-dicarboxylic-amide (pda)
structure, we have demonstrated the formation of chiral lantha-
nide luminescent complexes’’ and triple-stranded di-metallic
helicates, and their properties were then explored both in solution
and the solid state."'“'®?

With the view of extending the scope of using the f-metal
ions in the coordination driven self-assemblies, we have also
developed several examples of ligands based on the 2,6-bis(1,2,3-
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triazol-4-yl)pyridine (btp) motif,”® which included their applica-
tions in the formation of MOFs>' and lanthanide cross-linked
hydrogels.”” Both pda and btp are versatile building blocks,
which can form 1:3 (M:L) coordination complexes with the
lanthanides completing their high coordination requirements
(normally of nine), as each ligand is tridentate.*® With that in
mind we recently combined these two coordination environ-
ments within a single ligand motif, the result being the for-
mation of a new class of bis-tridentate (1,2,3-triazol-4-yl)-
picolinamide (tzpa) ligands.>*® Up until now, our effort has
focused on exploring some of the coordination chemistry of the
tzpa ligands with d-metal ions, which included the formation of
chiral tetranuclear Cu(u) supramolecular assembly (M,L,) grids,
using 1 (Fig. 1).>° However, no evidence for the formation of
circular helicates was observed in the solid state using either
Cu(u) or Fe(n) with tzpa ligands.>>*® We thus speculated that due
to the coordination similarity with bis-tridentate pda ligands,"®*°
the use of f-metal ions might yield such helical self-assemblies.
Herein, we present the results from our investigation, and the first
example of the use of tzpa ligands in the formation of lanthanide
di-metallic helicates by using Tb(m) and 1 (and ligand 2, as a ‘half-
helical’ model compound).

The synthesis of 1 has previously been reported by us (see
ESIT for characterisation).?® We foresaw that ligand 1 would be

Fig. 1 (a) The chiral bis-tridentate (1,2,3-triazol-4-yl)-picolinamide (tzpa)
ligand 1 used in the current study, and the ‘half’ ligand 2, which was formed
as a model ligand. The solid state structures of the tetranuclear [2 [0 x 2]
square grids formed from 1 in our previous study using: (b) Cu(NOs),-
3 H,0 and (c) [Cu(MeCN)4](PFg), respectively.2®
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able to form a helicate (M, :L3) with lanthanide ions in polar
solvents such as in CH;CN. Using chiral tzpa ligands (1 as the
R,R enantiomer) would also aid in reducing the number of
isomers in solution and possibly result in the formation of a
single stereoisomer as in the case of the bis-tridentate pda
ligands. Furthermore, in our work on btp ligands, we showed
that Tb(m) complexes and self-assemblies of these triazole-
containing systems are significantly more emissive than the
corresponding Eu(ur) assemblies.>** Hence, we selected Tb(u)
for the current study.

Initially, compound 1 was reacted with Tb(CF3S0;); ina 2:3
M:L stoichiometry in CH;0H solution under microwave irra-
diation at 70 °C for 20 minutes. Initial visual observations
indicated successful Tb(ur) complex formation with 1, as both
the solution and the isolated solid gave rise to Tb(um)’s char-
acteristic green emission under UV irradiation (1ex = 254 nm).
However, attempts to characterise the paramagnetic complex
by "H NMR spectroscopy were unsuccessful. Furthermore,
attempts to crystallise the product did not yield crystals of
X-ray diffraction quality. Consequently, we decided to investi-
gate the formation of the helical species in solution under
kinetic control by monitoring the changes in the absorption
and fluorescence of ligand 1 as well as the emerging delayed
Tb(m) centred emission. These spectroscopic titrations were
carried out at a ligand concentration of 1 x 10~> M in CH3CN
solution. At this concentration, the self-assembly between 1
and Tb(m) was fast and no substantial equilibration period was
required.

The changes in the UV-visible absorption spectrum of 1 in
CH;CN were monitored and are shown in Fig. 2 (left). The free
ligand displayed two main bands, one centred at 4 = 251 nm
and the second band at A = 291 nm (e,30 = 35400 cm™ "M 1).
As can be seen from Fig. 2 (left), significant changes were
observed upon addition of Tb(m), with the high energy band
experiencing a hypochromic shift and broadening up to ca. 0.7
equivalents of Tb(m), after which the changes to this band
reached a plateau at ca. 1 equivalent of Tb(m). Similar changes
were observed for the 4 = 291 nm band, which was also red-
shifted by 10 nm. These changes were accompanied by the
appearance of two isosbestic points at 236 and 288 nm. Further
additions of Tb(m) (1 — 3 equiv.) only resulted in minor
changes, indicating the formation of stable species in solution.
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Fig. 2 The overall changes in the (left) UV-visible absorption spectra and
(right) fluorescence emission spectra (A0 = 260 nm) upon titrating 1
(1 x 107> M) against Tb(CF3SOs)s (0 — 3 equiv.) in CH3CN at 22 °C. Inset:
The binding isotherms of absorbance at 2 = 300 and 250 nm, respectively.
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Concomitantly to monitoring the ground state properties,
the changes in the ligand-centred fluorescence were recorded.
Upon excitation of 1 at 2 =260 nm, ligand centred emission was
observed at A = 343 nm. As can be seen in Fig. 2(right), addition
of Tb(m) resulted in almost full quenching of ligand-centred
emission, with 93% reduction in the luminescence being
observed at the addition of 0.5 equivalents of Tb(m). Such
efficient quenching can be attributed to an energy transfer
sensitisation process from the singlet excited state to the
Th(m) metal centre via the ligand triplet state.>®*'®' Further
additions of Tb(u) resulted in some further quenching, the
overall process indicating a rapid population of the Tb(m) *D,
excited state. This was indeed confirmed by the changes in the
delayed Tb(in)-centred emission spectra upon excitation at 1 =
260 nm; the overall changes and the corresponding binding
isotherms can be seen in Fig. 3a and b, respectively. Here, the
Tb(u)-centred transitions appearing at /. = 491, 545, 583, 622,
649, 668 and 679 nm correspond to deactivation of the D, —
’F, states (where J = 6 — 0) and were all clearly visible. As can be
seen from Fig. 3b, a gradual enhancement was observed in
all the transitions upon addition of Tb(m). In the case of AJ=6
and 5, these were most significant up to the addition of ca.
0.6 equiv. of Tb(m) but thereafter, a gradual quenching
was observed up to ca. 1 equiv. of Tb(ur), with minor changes
occurring between 0.5 — 3 equiv. of Tb(wm). These changes
would suggest the initial formation of emissive species in
solution with a stoichiometry of 2:3 or 2:2/1:1 (i.e. Th,13, or
a mixed Tb,1,/Th,1, species or both in solution). The gradual
quenching of the Tb(m)-centred luminescence beyond the
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Fig. 3 (a) The overall changes to the Tb(i)-centred phosphorescence
spectra upon titrating 1 (1 x 107> M) against Tb(CF3SO3)s (0 — 3 equiv.) in
CH3CN at 22 °C. (b) The corresponding experimental binding isotherms of
delayed Tb(m) emission at 2 = 492, 545, 583, 588 and 623 nm.
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addition of one equivalent suggests the formation of a less
emissive species, possibly 1:1.

With the view of elucidating further the self-assembly pro-
cesses in solution, the spectroscopic data obtained in the ground
and the Tb(m) excited states were analysed using non-linear
regression analysis, using the ReactLab EQUILIBRIA software.””
This allowed us to calculate stability constants for the proposed
possible stoichiometries and analyse their speciation in solution
at any given equivalent addition of Tb(m). By fitting the changes in
these two windows, a better understanding of the various equili-
brium processes could be obtained. Hence, we first analysed the
changes in the ground state where a good fit to the experimental
data was achieved, and the factor analysis suggested the for-
mation of two main species in solution (see ESIY).

From this fitting, the binding constants (expressed as log
Prp:L) were determined for each species as log f0:00 = 24.1 +
0.1 and logf,., = 19.5 £ 0.1. These values are in excellent
agreement with those (same stoichiometries) determined for
the formation of triple and double stranded helicates reported
by us using bis-tridentate pda ligands."®'® The subsequently
obtained speciation distribution diagram (See ESIt) showed
that the M,L, species appears most dominant in solution,
reaching 100% abundance at 1.2 equivalents of Tb(m) (e.g. no
free ligand exist). Surprisingly, the presence of M,L; species
reaches a maximum abundance of only 13% at approximately
0.5 equivalents of Tb(u) (as determined from the ground state)
after which its concentration decreases to the benefit of the
formation of the M,L, species. We were also not able to
distinguish the presence of the initial formation of the M;L,
species, or the same at high metal ion concentration, where
such a stoichiometry can also exist. This speciation is consistent
with the observation that the most emissive stoichiometry in
solution was at ca. 0.5-0.6 equivalents of Th(ur). While the M;L,
species is likely the most emissive species due to exclusion of
solvent from the inner coordination sphere of the Ln(u) ion, it
does not appear to be the most stable kinetic product of the self-
assembly formation in solution as determined from the ground
state changes. Consequently, the changes in the delayed Tb(im)-
centred emission were analysed in the same manner. As no
Tb(ur) emission exists prior to the self-assembly formation, the
emission observed is direly associated with the step-wise for-
mation of the Tb(m) self-assemblies in solution. The global
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Fig. 4 (a) The fit of the experimental binding isotherms using non-linear
regression analysis software ReactlLab.?” (b) The corresponding speciation
distribution diagram obtained from the fit of the delayed luminescence
titration data of ligand 1 against Tb(CF3SOs)s in CH3zCN.
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changes to the Tb(m)-centred emission were analysed and con-
firmed the presence of two main species in solution, M,L;
and M,L,, Fig. 4. The binding constants were calculated for each
species and M,L; assembly was formed with log f0:[0 = 25.6 +
0.1 while the second species (M,L,) had a calculated binding
constant of log f3,., = 20.0 &+ 0.1. Again, these calculated stability
constants are comparable to those obtained from the changes in
the absorption data (and that seen for the bis-tridentate pda
ligands). Again the speciation distribution was calculated from
the binding constant analysis and from 0 — 0.5 equivalents of
Tb(m) the M,L; species is most dominant in solution reaching
ca. 46% abundance. However, upon further additions of Tb(m),
the abundance of the M,L; species decreases due to dissociation
to the M,L, species in the presence of excess metal. In fact, the
formation of this stoichiometry only accounts for ca. 30% of the
total speciation at ~0.7 equivalents (e.g. when the M,L; should
be exclusively formed). This trend is in an agreement with
the speciation estimated from the UV-visible absorption data
(see ESIT). From these combined results it can be concluded that
M,L; is rapidly formed at low Tb(m) concentration. However, a
mixture of both the M,L; and M,L, species exists in solution
under kinetic control, with the latter being the dominant stoi-
chiometry above one equivalent of Tb(m). While the binding
constants determined herein are similar to those seen for the
formation of related helicates of bis-tridentate pda ligands, then
in comparison, the latter lead to almost exclusive formation of
the M,L; species at the same 0.68 Ln(m) equivalents.'®'® Hence,
despite tzpa design being in part based on the pda ligand motif
(where one of the hard oxygen donor atoms is replaced by a soft
nitrogen donor atom), the coordination and the self-assembly
properties of the bis-tridentate tzpa ligand in solution are
strikingly different to that seen for analogues pda ligands. The
latter form the M,L; stoichiometry in high (>90%) yield under
identical experimental conditions.

As alluded to above, we have also previously investigated the
binding properties of (mono) pda ligands with lanthanides in
comparison to that seen for the bis-tridentate pda analogues.
These studies showed that in principle, the same coordination
environment around a given lanthanide ion and binding con-
stant was observed for both types of ligands.’”*? We decided to
carry out similar comparative studies herein, and hence, we
synthesised the achiral tzpa ligand 2, Fig. 1, which structurally
mimics half of ligand 1.

The synthesis of 2, which was fully characterised, was
achieved in three steps (See ESIt). As for 1 above, the Tb(m)
titrations of 2 (c =1 x 10~°> M) were carried out in CH;CN. The
UV-visible absorption spectra displayed two main bands,
centred at 250 nm and 290 nm (as in the case of 1). Both were
affected by binding to Tb(); the overall changes mirroring that
seen for 1, occurring between 0 — 0.5 equivalents of Tb(u),
suggesting the presence of the ML, stoichiometry as the main
species in solution (see ESIt). Concomitantly, the ligand
fluorescence was quenched (~90% at 0.5 equivalents), and
the Th(u) emission was ‘switched on’ (See ESIt). Global analysis
of these results showed good agreement between the changes in
the ground and the Tb(m) centred emission, with the ML,

This journal is © The Royal Society of Chemistry 2023
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stoichiometry being most prominent with logf;., = 13.4 +
0.1 (and formed in over 90% yield at 0.5 equivalents) and
log 1.1 = 6.5 = 0.1 being determined from the ground state
data (only forming beyond ca. 0.4 equiv., see ESIt), while fitting
the changes in the Tb(m)-centred emission gave log f1:[0 =
14.5 + 0.1 (~85% at 0.5 equivalents) and logf;.; = 7.8 + 0.1
(See ESIT). Hence, the results for 2 support the formation of the
ML, species over the ML; species under kinetic control, and, as
such, agree with what was seen for 1, where the M,L, is the most
abundant stoichiometry in solution. In the case of the self-
assembly between 1 and Tb(w), this was further confirmed by
HRMS analysis that showed two main species, the M,L, and the
ML, for the Tb(m) self-assembly with 1, with isotopic distribution
patterns matching the calculated ones (see ESIt).

In summary, we have demonstrated for the first time the use
of a bis-tridentate tzpa ligand for the formation of luminescent
di-metallic lanthanide helicates in solution. Here, the lanthanide
emission properties were used to monitor and quantify the self-
assembly processes. The results show that while the ‘expected’ M,L;
stoichiometry is initially formed, upon further Tb(m) additions, the
M,L, stoichiometry is the dominant one in solution. We are
currently developing other analogues of 1 with the view to further
examining the application of tzpa ligands in metal directed supra-
molecular self-assembly and material formations.
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