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Introduction

Luminescent (metallo-supramolecular) cross-
linked lanthanide hydrogels from a btp (2,3-
bis(1,2,3-triazol-4-yl)picolinamide) monomer give
rise to strong Tb(i) and Eu(in) centred emissionst

Isabel N. Hegarty,® Samuel J. Bradberry,*® June |. Lovitt,® Jason M. Delente,*
Niamh Willis-Fox,® Ronan Daly® and Thorfinnur Gunnlaugsson ) *3¢

The development of the 2,3-bis(1,2,3- triazol-4-yl)picolinamide (btp) ligand 2, from the amine 1 (which
was also structurally characterised) possessing a methyacrylamide unit that facilitated the co-
polymerisation of this btp ligand into polymeric hydrogels, using 2-hydroxyethyl methacrylate (HEMA),
methylmethacrylate (MMA) and ethylene glycol dimethacrylate (EGDMA), is described, resulting in the
formation of two polymers with two different concentrations (cast as polymeric films), F1 (0.03 wt%) and
F2 (0.3 wt%), respectively, These polymers were then used to form luminescent soft-materials using
lanthanide ions, which can coordinate to the btp ligands; the focus herein on the latter polymer was
shown to be more luminescent. The non-polymerisable ligand 3, possessing an acetamide moiety was
also developed as a model compound. We also present the formation of a soft material
(a supramolecular hydrogel) from the precursor 1, which was shown to be thermoreversibly formed, and
its morphological and rheological properties were probed. We also show that upon addition of Tb(m), to
this supramolecular gel, we have interrupted the soft-material features upon coordination of the ion to
the btp ligands. While the focus herein is on the F2, in both cases the metal ion coordination (which
was achieved upon hydration of the polymers in solutions of these ions) results not only in the
formation of a luminescent material (Tb(i) is known to give rise to highly luminescent green emission
upon coordination of the ion to btp ligands), but also in the instantaneous formation of metal mediated
crosslinking within the polymeric matrix. The photophysical properties of both 2 and 3 are presented,
both in solution, and as in the case of 2, after the polymerisation within the hydrogel; which in the case
of Tb(n) results in the formation of green emitting polymers, clearly visible to the naked eye. Similarly,
we demonstrate that upon using Eu(in), red emission is observed from polymer F2.

targets for the formation of hierarchical materials.””® The use
of low molecular weight gelators (LMWG),'® or more recently,

The development of responsive supramolecular systems is
currently a highly topical area of research, with significant
developments occurring in the developments of coordination
polymers, MOFs, and COFs in recent times.*® Self-assembly
supramolecular polymers have emerged as highly attractive
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the use of low molecular mass ionic organogelators (LMIOGs),""
as developed by Pfeffer et al., has been particularly studied with
this in mind. The incorporation of coordination ligands for
such self-assembly formations has also been explored, resulting
in the generation of metallo-supramolecular polymers and
gels,”>™* some of which have properties beyond that of the
ligand or metal-complex alone,"® as we have recently demon-
strated using bio-inspired ligand design and Eu(m) as the
f-metal ion of choice,'® but the lanthanides have both physical
and coordination properties that are highly desirable for the
generation of responsive luminescent materials.

The lanthanides are strong Lewis-acids, have diverse coor-
dination requirements, are paramagnetic and some also dis-
play delayed metal-centred luminescence, which is both line-
like, occurring at long wavelengths (visible to NIR) and long

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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lived."” As such, lanthanide complexes are highly desirable to be
employed in the development of higher order supramolecular
and responsive structures and materials."®'® Unfortunately, in
most cases, due to their Laporte-forbidden transitions, it is
necessary to employ sensitizing antennae to take full advantage
of these aforementioned photophysical properties. We have
strong interest in harvesting these properties within supramo-
lecular and material chemistries.>*>*

Recently we have developed 2,3-bis(1,2,3-triazol-4-yl)picolinamide
(btp) derivatives for use in various supramolecular chemistry
applications.”® This includes their use in the formation of lumines-
cent coordinating polymers and metallo-gels.”** Gratifyingly, the btp
based ligands can sensitise the excited states of various lanthanides,
including the °D, state of Tb(m) (resulting in green emission)
resulting in the formation of complexes possessing high Tb-
cantered quantum yield (up to 90%), and to a lesser extent, the *Dj
state Eu(m), which results in red emission (but much lower quantum
yield) in solution.”® We also recently incorporated btp based lantha-
nide complexes into polymer matrixes in a non-covalent manner.””
While this work shows promise, the ligand system is found to be
susceptible to leaching. To overcome this issue, covalently tethering
the btp ligand to the polymer matrix was considered, but we have
shown in related work, that ligands and Ln-complexes made from
naphthyl-dipicolinic amide (dpa)*® ligands, can be functionalised in
two different ways to allow for such incorporation into polymers, and
that this modification influences their photophysical properties
within the polymers. Consequently, we set out to develop the btp
monomer 2, Fig. 1, from amine 1, as well as forming 3, as a model
complex for studying the solution properties of the ligand and the
corresponding Ln-complexes.

In the case of 2, the methylacrylamide unit would facilitate
the co-polymerisation of the btp ligand into polymeric hydro-
gels. This modification would (i) allow for the generation of
luminescent responsive systems, and (ii) facilitate the genera-
tion of lanthanide cross-linked hydrogels, the functionalization
at the 4th position of the pyridine facilitating 1:3 (metal to
ligand) complex formation. This second point is very impor-
tant, as due to the high-coordination requirement of the
lanthanides, we would expect three btp ligands to coordinate
to a single Ln-ion, thus resulting in the potential to modulate
both the ‘hard’ and ‘soft’ nature of the materials. At the same
time, the luminescent properties of the lanthanides, would
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Fig. 1 The three main ligands 1(as free base)-3 developed for this project.
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furnish them with rich spectroscopic properties (i.e. point i).
Here, we give full account of this work.

Results and discussion

Synthesis and characterisation of 1-3 and polymer films F1 an
F2

The synthesis of the monomer 2 was achieved from the amine
1, which was formed in a seven-step synthetic procedure (see
ESIt), starting from the commercial starting material 2,6-
dibromopyridine, using synthetic procedures developed in our
laboratory.>*” # All the intermediates were fully characterised
by NMR spectroscopies, IR spectroscopy and HRMS. The final
two steps in the formation of 1 involved the use of click
chemistry under CuAAC conditions using CuSO,-5H,0 in a
DMF: H,0 mixture, followed by removal of a Boc protecting
group to give the free amine 1, being formed in a moderate
yield of 52%, as a brown precipitate, and TFA salt (The structure
of 1 was further confirmed by X-ray crystallography as will be
discussed further below).

The btp monomer 2 was formed by reacting the amine 1
with methacryloyl chloride for three hours in the presence of
triethylamine. After concentrating the reaction mixture, the
crude product was extracted into CHCl;, and purified by
column chromatography to yield 2 as a white solid in 63%
yield. Formation of the desired product was confirmed by
"H NMR spectroscopy (see ESIf for 1, 2 and 3). Two singlet
peaks at 5.68 and 5.34 ppm correspond to the alkyne protons,
and a peak at 1.85 ppm assigned to the CH; of the methacrylate
moiety, confirm the presence of monomer 2. As for 1, com-
pound 2 was fully characterised as outlined in the Experimental
section.

As our main objective was to develop a lanthanide lumines-
cent material, it was essential to photophysically characterise
the resulting material, and compare its photophysical proper-
ties with a reference complex. As compound 1 has a primary
amine at the backbone of this ligand, we anticipated that the
luminescent properties of the neutral ligand might be compro-
mised by an active photoinduced electron transfer (PET) from
the amine to the excited state of the ligand, resulting in so
called PET quenching.* Because of this it could not be used as
a model compound for these studies, and hence, we synthe-
sised compound 3. The acetamide derivative 3 is not PET active,
as the amide increases the oxidation potential of the ‘previous
amine’, which prevents any PET activity. This structure also
provided us with a ‘structural amide model compound’ to
investigate the effect of the covalent attachment of 2 to a
polymeric backbone, and for studying the photophysical beha-
viour of this system upon cross-linking by lanthanide ions,

% One of the intermediates from this synthesis, 2,6-dibromo-4-nitropyridine,
crystallised during the workup and the resulting crystals were found to be suitable
for X-ray crystallographic analysis. The resulting structure showed the presences
of extended intermolecular halogen bonding interactions between the two
bromine atoms of the pyridine and that of and the pyridine nitrogen, as well as
the nitro group. These interactions are presented in the ESL}
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After hydration

Scheme 1 Synthesis and structure of monomer 2, formed from ligand 1, and the two polymeric films F1 and F2. Reagents and conditions: (i) NEt3,
CH2CI2 (ii) 80 °C 6 hours. F1 (0.03 wt%) and F2 (0.3 wt%), respectively. Pictures show the films formed before and after being hydrated.

such as Tb(m). To achieve this, the primary amine of 1 was
simply protected with an acetyl group, by reacting 1 with acetic
anhydride in the presence of triethylamine. This generated 3 as
a white solid in 83% yield, after workup; 3 being fully char-
acterised by NMR and IR spectroscopy and HRMS (see
Experimental).

The general synthesis of the polymeric films F1 and F2 is
shown in Scheme 1. This simply involved stirring 2 in a
solution of 2-hydroxyethyl methacrylate (HEMA), methylmetha-
crylate (MMA) and ethylene glycol dimethacrylate (EGDMA,) at
room temperature until 2 was completely dissolved (0.3 and 3
mg for F1 and F2, respectively). AIBN was then added and the
clear solution was injected into a non-stick mould (see Fig. in
ESIT). It was heated in the oven at 80 °C for 6 hours and after
cooling to room temperature the material was released from
the mould and cut into sections. The material was soaked in
H,O overnight, followed by CH;0H overnight to remove any
remaining inhibitor or unreacted monomer. As seen in
Scheme 1, the obtained film was stiff (and could easily be
broken) but upon hydration gave rise to an easily handled soft,
flexible film. To ensure that the film remained soft, the films
were stored in a deionised aqueous solution. Having these
three btp systems at hand as well as F1 and F2, we started
exploring their physical and photophysical properties, com-
mencing with 3 and its Tb(ur) complex 3.Tb.

Synthesis and characterisation of the Tb(m) complex 3.Th

As mentioned above, we have shown that btp ligands upon
complexation with lanthanide ions, give rise to up to 30-fold
higher quantum yields for complexes formed from Tb(u) than
Eu(m).”** With this in mind, we commenced our work with
exploring the photophysical properties of Tb(ur), and the Tb(i)
complex of 3, 3.Tb, was formed, structurally characterised and
photophysically analysed. This was achieved by reacting 3 with
Tb(CF3503); ina 1:3 M: L stoichiometric ratio in CH;OH under
microwave irradiation for 15 min at 70 °C. Thereafter, the
solvent was concentrated in vacuo, and the desired product
isolated by vapour diffusion of diethyl ether into the reaction
mixture, to yield a white solid in 79% yield.

The complex was characterised by 'H NMR spectroscopy, IR
spectroscopy and HRMS. The 'H NMR spectrum (400 MHz,
CD;CN-d;) can be seen in Fig. 2a, and shows both broadening
and significant resonances shifts when compared to the free
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Fig. 2 (a) The IH NMR spectrum (400 MHz, CDsCN-ds) of [Tb(3)3]
(CF3SO3)3 showing significant shift and broadening of the signals relative
to the free ligand 3 (see ESIt for NMR). (b) The bright green Tb(i) emission
arising from the 3.Tb complex in CHsCN under UV-light
(Zex = 254 nm).

ligand 3, due to the paramagnetic nature of the Tb(u) ion.
Elemental analysis was used to confirm the formation of this tris
complex, as well as HRMS analysis, though only the characteristic
isotopic distribution pattern for the [Tb(3);(CF5S0s),]" complex
was observed in the MALDI HRMS with a m/z = 1677.2877 (see
ESIt). The photophysical investigation of this ligand (as well as
that of the methacryloyl derivative 2) and the resulting Tb(im)
complex is outlined in next two sections.

Photophysical evaluations of the Tb(m) complex 3.Tb

Having successfully synthesised 3.Tb we next investigated the
photophysical properties of the complex in CH;CN, and in
MeOH, some key results are shown in Fig. 3. In CH;CN, the
UV-visible absorption spectrum of 3.Tb was dominated by a
high-energy band at A,.x = 236 nm and a lower energy band at
A =298 nm, with a shoulder at 1 = 309 nm (Fig. 3a). Excitation of the
complex at A = 240 nm gave rise to Tb(wm)-centred emission with
characteristic line-like transitions at A = 490, 545, 585, 622, 648, 667
and 678 nm, Fig. 3b. These transitions are indicative of Tb(m)-
sensitisation by the ligand antenna 3, and can be assigned to the
°D, — F, transitions (J = 6-0). The complex was found to be stable
over 48 hours with no loss of luminescence.

The excitation spectrum, recorded for the Tb(ui)-centred
luminescence with A, = 545 nm, also provided evidence for
the sensitisation of the Tb(m) ion from the ligand-centred
excited states. The structural features of the excitation spec-
trum closely resemble the absorption spectrum of 3, which
indicates indirect excitation of the metal centre from the
antenna moiety (Fig. 2a). Furthermore, green emission was
also observed from both the isolated solid complex, and from
the complex dissolved in solution, such as CH;CN, upon

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 3 (a) The UV-vis absorption (red) and excitation spectra
(2em = 545 nm) of the btp complex 3.Tb in CH3CN showing sensitisation
arising from ligand-centred energy transfer (left), and time-gated emission
spectrum of 3.Tb showing the characteristic Tb(i) centred-emission.

irradiation with UV light (Zexc = 254 nm), as demonstrated in
Fig. 2b, which was clearly visible to the naked eye.

We also evaluated the hydration state (the so-called g value)
of the complex, which indicates the number of associated
metal-coordinated solvent molecules, and indicated the coor-
dination number of the complex.®® This was achieved by
measuring the Tb(m) excited state lifetimes in CH3;OH and
CD;0D, respectively. These lifetimes were best fitted to a
monoexponential decay function, indicating the presence of a
single luminescent species in both solvents, with 7 = 1.88 +
0.1 ms and 1.98 £ 0.2 ms, in CH;0H and CD;0D, respectively.
From these measurements a g value of ~ 0 was determined,
demonstrating that the Tb(ur) inner coordination sphere was
fully saturated by the three terdentate 3 ligands, and that under
thermodynamic control, 3.Tb excised as 1:3 (metal to ligand)
stoichiometry in solution.

The photoluminescence quantum yield (@, %) of 3.Tb was
also determined in CH3;CN as 72% which is very close to relative
quantum yields reported for other such complexes as men-
tioned above.”***!

Photophysical evaluations of 3 in presence of Tb(m) in situ

Before investigating the photophysical properties of the btp Ln-
cross-linked polymers F1 and F2, it was necessary to probe the
photophysical properties of the lanthanide complexes formed
from 3 under kinetic control. This mimics the condition of the
free ligands within the polymers upon their hydration with
solutions of lanthanide ions. To achieve this, both the ground
and the excited state properties were probed in situ upon
titrating the ligand with Tb(m) triflate solutions in CH3;CN
solution. From this we were able to determine both the stoi-
chiometry and the binding constants for the formation of the
Th(m) complex(es) with 3.%*3*

The UV-visible absorption spectrum of compound 3 consists
of two main bands appearing at An.x = 231 nm and
Jmax = 300 nm (see ESIf), from which & = 54487 cm™ " M ™"
(Zaps = 231 nm) was determined. Significant changes were
observed in the UV-visible absorption spectrum upon addition
of Tb(u) (see ESIT); the high energy band underwent a hypo-
chromic shift, up to the addition of 0.15 equivalents of Tb(u),
which was followed by a redshift to 4 = 236 nm and a
concomitant hyperchromic shift up to the addition of
0.3 equivalents of Tb(CF;SO3);, indicating the successful

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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formation of the aforementioned 1:3 stoichiometry (see ESIT).
Three isosbestic points at 232, 247 and 286 nm were observed
during these titrations. Subsequent additions of Tb(ir) did not
result in any further changes to the band at 236 nm. The lower
energy band at 2 = 298 nm also experienced a hyperchromic
shift up to the addition of 0.3 equivalents of Tb().

Upon excitation of the ligand 3 at A =237 nm, ligand centred
fluorescence emission was observed, with a band centred at
A=2319 nm (see ESIt). This ligand luminescence was affected by
the self-assembly process, which was evident by quenching of
the ligand fluorescence upon addition of Tb(u). Upon addition
of 0.3 equivalents of Tb(ui), a 96% reduction in the emission
was observed, which can be attributed to the energy transfer,
and hence, sensitisation of the °D, excited state of Tb(m) by the
ligand 3.

The delayed Tb(m)-centred luminescence was also recorded
upon excitation at 237 nm, reflecting the appearance of the
Tb(m) emission due to the effective sensitisation by the btp
ligand, Fig. 4a. A gradual enhancement in the Tb(ui) lumines-
cence was observed from 0 — 0.3 equivalents of Tb(u), with
characteristic Tb(m)-centred emission bands appearing at
A =490, 545, 583, 620, 646, 665, and 675 nm, corresponding
to the deactivation of D, — “F, states (J = 6-0). The °D, —
’F,_, bands are typically weak and not always seen in such
titrations, but they can be clearly observed in the formation of
3.Tb in situ. Subsequent additions of Tb(m), from 0.3 —3.0
equivalents, resulted in quenching of the luminescence inten-
sity by approximately 20%.

As can be seen from Fig. 4a, The most emissive state in
solution was seen at approximately 0.3 equivalents of Tb(u),
which is consistent with previously reported btp-Tb(u) systems,
as at this stoichiometry, the Tb(m) ion is coordinatively satu-
rated, and thus completely shielded from any solvent quench-
ing. Lifetime measurements obtained at the addition of
0.3 equivalents of Tb(m) gave t = 1.85 ms, which is very close
to the lifetimes observed above for the thermodynamically
formed 3.Tb. These titrations demonstrate that the 1:3 stoi-
chiometry is the most favourable one formed at low concen-
tration and is quite stable to dissociation upon increasing
Tb(m) concentration.

With the view of quantifying the above stability, the changes
observed in the ground and the excited state titrations were

Q

100 b) >

8004 800

g

—— 0 equiv. Thlll)
—— 0.3 equiv. Tb(ll)
—— 3 equiv. Th{ll

Intensity (a.u.)

Intensity (a.u.)
8
>
>
>
>

00 03 06 09 12 15 18 21 24
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500 600 700 27 30
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Fig. 4 (a) The overall changes to the Tb(i)-centred emission upon titrat-
ing 3 (1 x 107> M) against Tb(CFzSOs)s (0 — 3 equiv.) in CHsCN at 22 °C.
(b) The corresponding experimental binding isotherms for the Tb(i) emis-
sion at A = 490, 545, 583 and 621 nm. These results were fully reproducible
(see enlarged version in ESI¥).
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fitted using non-linear regression analysis program ReactLab
EQUILIBRIA®. Analysis of the UV-visible absorption data of 3
titrated with Tb(CF3;S03); in CH3;CN solution suggests the
presence of three main species in solution (3, 3 : 1 metal : ligand
and 1:1 metal:ligand ratios) with the distribution of these
species estimated from this analysis (see ESIt); with the ML3
species being the most dominant in solution, reaching 97%
abundance at 0.3 equivalents of Tb(ur). The 1:3 metal: ligand
assembly formed with log fi;5 = 23.1 + 0.6, which is in good
agreement with binding constants reported for similar btp
systems in the literature with Tb(m).”>>* The second species
(1:1 metal:ligand) had a calculated binding constant of
log f1; = 8.3 £ 0.2, which again, is in good agreement with
previously reported Tb-btp assemblies.§

Similar analyses of the changes in the Tb(u)-centred emis-
sion in Fig. 4a were also carried out and indicated the presence
of four main species in solution, (3, 3:1 metal:ligand,
2:1 metal:ligand and 1:1 metal:ligand species). Again, at
0.3 equivalents of Tb(m), the Tb3; species was the most pre-
dominant in solution, reaching an abundance of 96%, Fig. 4b.
Upon subsequent additions of Tb(m), the 1:2 species was
observed, which reaches 20% abundance at the addition of
1.5 equivalents of Tb(m) before reaching a plateau. The evolu-
tion of the 1: 1 species occurred almost simultaneously with the
1:2 species; however, it is less predominant until the addition
of 1.8 equivalents of Tb(wm), after which point it continues to
increase with a concomitant decreasing of the 1:3 species (see
ESIT). From these luminescent changes, the binding constants
were determined as log ;.3 = 22.7, log ., = 14.5 &+ 0.1, and
log 1.1 = 7.0. The stability constants are roughly additive,
suggesting that the binding process of each ligand to the metal
centre was subject to a similar formation constant.

In addition to these measurements, the self-assembly of
compound 2 with Tb(CF;S0;); was also investigated in CH;CN
solution, in an identical manner to that described above for
compound 3. The changes to the UV-visible absorption, fluores-
cence, and time-gated emission spectra were very similar to
those shown for compound 3 with Tb(um). The data was fitted
using non-linear regression analysis, and four species were
again estimated to be present in solution for the Tb(ur) complex
formation of 2. The global analysis of these changes was found
to be in good agreement with the analysis for compound 3 with
Tb(m).

Supramolecular gelation studies of 1

In the past, we have demonstrated that btp ligands possessing
carboxylates at both the 4th position of the pyridine, as well as
at the two aryl groups on the appended arms (which in the case

§ The changes in the UV-visible absorption spectra were not large and the
resulting speciation therefore may not be fully representative of the speciation
in solution. No acceptable fit was obtained when the Tb3, species was included in
the UV-visible absorption data model. The reliability of this fit should therefore
be considered with caution. However, the speciation obtained from the Tb(ur)-
centred emission spectral data, can be considered a more accurate representation
of the likely speciation in solution. These titrations were fully reproducible as was
the fitting of the data.
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of 1-3, are protected as methyl esters) are excellent LMWG, and
give rise to the formation of transparent or opaque self-healing
soft materials, which upon interactions/complexation with
lanthanides, can result in the formation of luminescent supra-
molecular gels.>* Because of this, compound 1 was investigated
as well as a potential LMWG.

Ligand 1 was suspended in a variety of solvents; CH;CN,
CH;0H, CH;0H:H,0, C,Hs;0OH, C,H;0H:H,0, and subject to
different gelation conditions including heating and sonication.
Of these, the suspension of 1 in CH;CN, followed by sonication,
resulted in the formation of an off-white soft material almost
immediately. Following this result, the optimum concentration
for gelation was determined. Compound 1 (16 mg) was sus-
pended in CH;CN (1 mL) and sonicated for 60 seconds to yield
an opaque gel that was robust to the naked eye. The inversion
test was performed, and the gel supported its own weight over
several hours, Fig. 5c. The thermoreversibility of the gel was
investigated by heating the material to up to 60 °C. Upon
heating, the gel dissolved and, after standing at room tempera-
ture for 15 minutes, the gel reformed, indicating that the
material was formed in a thermoreversible manner.

In order to investigate the LMWG wt% at which the gel
forms, TGA was carried out on the material. TGA was carried
out in the temperature range of 15 to 500 °C, and a mass loss of
96.2% was observed at 100 °C, indicating the gel (as shown in
Fig. 5) was formed at 3.8 wt% of 1 (see ESIT). However, as the
gel was prepared at 1.6 wt%, this experiment indicates that the
gel does not retain all of the solvent in the sample. While
inverting the gel upon formation did not result in any loss of
residual solvent (i.e the gel did not collapse, as shown in
Fig. 5¢).

(a) (b)

e 10° f—a—s—es—e—s

Moduli (Pa)
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Fig. 5 (a) Amplitude (strain) sweep experiment of 1 gel showing the linear
viscoelastic region (y.) and confirming the behaviour of the material as a
gel. (b) Amplitude (stress) sweep showing yield point (z,) and flow point
(t¢) of the material. (c) Image of the gel during inversion test. (d) Frequency
sweep experiment showing the long-term stability of the gel.
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In order to examine the mechanical properties of the gel,
rheological experiments were conducted using 3.8 wt% of 1,
and an amplitude sweep was conducted in order to confirm the
gel-like behaviour of the material. The strain on the sample was
increased logarithmically, while the frequency was kept con-
stant. In Fig. 5 it can be seen that the storage modulus, G’ was
larger than the loss modulus, G”, which indicates that the
material can be classified as a gel or a viscoelastic solid
material (G’ = 1.09 x 10* Pa and G” = 1.46 x 10° Pa). The limit
of the linear viscoelastic region (LVE, labelled 7, in Fig. 5), the
range in which further tests could be carried out on the sample
without destruction of the sample, was determined to be 0.3%
for this sample. After this point, G’ and G” begin to converge
and the material starts to flow.

From the graph of G’ and G” vs. shear stress (1), in Fig. 5, the
yield point and flow point of the material can be determined.
The yield point, , is value of shear stress at the limit of the LVE
region. For this material its value was determined to be 28 Pa,
and the flow point, t¢, was observed to be 253 Pa. The rise in G’
to a maximum which begins to drop again prior to the cross-
over point as seen in Fig. 5a and b suggests the breakdown of
the gel microstructure prior to formation of macro cracks
leading to material flow. A frequency sweep experiment was
also conducted to gain an insight into the long-term stability of
the gel. Having determined that the limit of the LVE region was
0.3%, the amplitude was set at 0.1%. As seen in Fig. 5 G’ > G’
over the entire frequency range, which indicates that the
material has a cross-linked structure. Rheological tests were
repeated three times with three gel samples to ensure
reproducibility.

A xerogel of compound 1 (as its salt form) in CH;CN was also
generated by drying the sample under vacuum in order to study
the morphology of the system by SEM. The SEM images, Fig. 6a,
show the fibrous, entangled nature of the gel structure. This
morphology is typical of many supramolecular gels in which
non-covalent interactions are involved in forming cross-links
within the structure immobilising the solvent, such as hydro-
gen and ionic interactions. At higher wt%, Fig. 6b, a precipitate
appeared on the fibres, seen in the SEM images as bright spots.
These are very likely due to salt formation, however, the nature
of these was not analysed further.

Having formed organogels from 1, the possibility of forming
a supramolecular metallogel with Tb(m) was next investigated.
To do this, a solution of Tb(CF;SO;3); was added to the

Fig. 6 (a) SEM images of 1 gel (scale bar 200 nm) showing fibrous
structure of the material. (b) The formation of salt particles on the surface
of the fibres upon gelation at higher concentrations.
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pre-formed organogel, by layering a solution of known concen-
tration of the ion on the top of the gel and allowing it to defuse
through the gel over period of time. However, unlike previous
observations for btp based ligands (¢f above discussion) upon
standing overnight, the material lost its soft-material properties
and the gel dissolved, giving a solution, which was shown to
emit green light under UV-irradiation (/ex. = 254 nm) (see ESIT).
We have previously seen this behaviour for dpa based gels.**
This strongly indicates the formation of a Tb(m) complex,
which likely breaks-down the network of interactions which
otherwise generate the supramolecular soft-material upon for-
mation (e.g. such as hydrogen bonding and n-r stacking).

Crystallographic characterisation of [H;1"][CF;S0; ] MeCN

As outlined above, the gelation studies were carried out at
different wt% of 1. When the organogel was formed at low, or
less than 1.5 wt%, a gel-to-sol transition occurred overnight,
and yellow crystals were formed in a colourless solution. These
crystals were examined by X-ray diffraction and were found to
be crystals of the TFA salt of compound 1, [H;1"][CF;S0; |
MeCN, as illustrated in Fig. 7 (see also ESI}).**

The structure was solved in the monoclinic C2/c space
group, with the asymmetric unit containing one complete
protonated molecule of 1, as well as one counterbalancing
TFA anion, and a solvent molecule of CH;CN in the lattice.
The primary intermolecular interactions in the structure of 1
are hydrogen bonds, involving the oxygen atom of the TFA
anion, 06 and the NH;" of compound 1, with an N- - -O distance
of 2.793(5) A and an N-H- - -O angle of 175.3(3)°. Unexpectedly,
the triazoles in ligand 1 adopt a syn-syn conformation. Previous
btp ligands have been most commonly reported in the anti-anti
conformation, but in the presence of a cation such as a metal
ion or a proton, the triazoles can adopt the syn-syn
conformation.>®?>?¢ In this case, the RNH;" of one ligand
molecule, and the triazole N14 and N31 nitrogen atoms of
the adjacent ligand molecule, form a hydrogen bonding inter-
action with an N---N distance of 2.998(6) and 2.885(6) A,
respectively, which causes the triazoles to adopt the syn-syn
conformation.

Crosslinking polymers F1 and F2 with Ln(m) ions

Having confirmed the incorporation of 2 in the polymer matrix,
the ability of the hard dehydrated polymer to uptake Ln(m) ions

L

F1
o5 o F3
.\35 \'/('
[ ]
[

o7 F2
A 03
- ‘\./,\m \/\W ¢ @ ®
02 s N~ e o s—o

N2 N6

Fig. 7 The solid state X-ray structure of compound 1 with heteroatom
labelling scheme; lattice acetonitrile molecule and selected hydrogen
atoms omitted for clarity.

Mater. Chem. Front., 2023, 7, 906-916 | 911


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2qm00998f

Open Access Article. Published on 24 January 2023. Downloaded on 5/1/2026 11:00:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Chemistry Frontiers

was investigated. Initially, the dry polymer F2 (which had a
higher concentration of the btp ligand) was soaked in an
aqueous solution of Tb(CF;SO;); and after 10 minutes the
resulting soft, flexible polymer was rinsed with water and
examined under UV-irradiation at A.,. = 254 nm, in water at
room temperature. The film exhibited bright green emission
under UV-light, which was clearly visible to the naked eye,
indicating that crosslinking had occurred with Tb(m) and that
the covalently bound btp ligand was sensitising the Tb(i)
excited within the polymer film, as is evident from the
Fig. 8a. The changes in the Tb(m) centred emission for F1
was similarly enhanced upon soaking in Tb(m) solution over a
longer period of time, with all the expected transitions being
clearly visible.

Examining F2 further, showed that upon excitation of the
film (on a quartz slide) at A = 285 nm in water, the delayed
Tb(m)-centred luminescence could be recorded in water and the
spectrum can be seen in Fig. 8a. Characteristic Tb(u)-centred
luminescence was evident with Tb(um)-centred transitions at
A =490, 545, 583, 620, 646, 665 and 675 nm, corresponding
to deactivation from the °D, excited states to the 'F; states
(where J = 6-0). F2 was found to be stable in water; with no
evidence of changes in the intensity of the Tb(m)-luminescence
spectra seen over several hours. This suggests that the Tb(u)
ions underwent diffusion through the polymer film, and did
not simply attach to the surface of the film. Thus, it is likely
that Tb(m) mediated self-assembly occurs within the polymer
matrix, leading to the green luminescence observed, and that
the resulting cross-linked btp-Tb complexes within the film are
stable to dissociation under such competitive media. This is a
very important observation that demonstrates that the grafting
of 2 to the backbone of the polymer indeed adds stability to the
btp-Ln interaction, which we have not previously seen when
btp-Tb complexes were incorporated into such matrixes in a
non-covalent manner.”>

As was mentioned above, the emission of the Eu(wm) is
significantly less than for the Tb(m) complexes for the btp
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Fig. 9 (a) The Eu(in)-centred emission observed for F2 when measured in
H,O. (b) The corresponding fluorescence spectrum of F2 measured in
H,O. Inset (a) photograph of polymer following soaking for 10 min
in Eu(CFsSOs)s solution under UV-irradiation showing the characteristic
red luminescence from Eu(in).

based ligands. Nevertheless, to demonstrate that other lantha-
nides such as Eu(m) could also be used in the formation of
luminescent cross-linked polymers was also briefly investi-
gated. As for the Tb(i) above, the polymer film F2 was soaked
in a Eu(CF;S03); solution for 10 min at room temperature and
the spectra were recorded in H,O resulting in the characteristic
red emission of Eu(m) under UV-irradiation, which again, was
clearly visible to the naked eye, as shown in Fig. 9a, and
demonstrates that Eu(m) can be equally employed in such
luminescent material, even though it has (as we have demon-
strated in solution on many occasions) much lower Ln-centred
quantum yields. As for Tb(m), the delayed Eu(i)-centred lumi-
nescence was also recorded upon excitation at A = 285 nm and
the spectrum is shown in Fig. 9a, for F2, Eu(m)-centred transi-
tions appeared at 1 = 595, 620, 652 and 695 nm corresponding
to the °D, — ’F; (J = 0-3) states characteristic of Eu(m)
emission. The fluorescence emission is shown in Fig. 9b,
mirroring that seen for Tb(umr) above in Fig. 8b for Tb().

Conclusion

Herein, we have developed the btp ligands 1, 2, and 3 as
coordinating ligands for metal ions, and explored the

F2
F2+Tb(l)t=0
—— F2 + Tb(II1)t = 120

30 40 SO0

Wavelength (nm)

(@) The Tb(mm)-centred emission of F2 when measured in H,O after having soaked the polymeric film in a solution of Tb(i) triflate at differ times

(given in minutes). Inset (a): Photograph of F2 film following soaked in Tb(CF3SOs3)s under UV-irradiation (Aexc = 245 nm), showing the characteristic green
Tb(in) luminescence visible to the naked eye. (b) The fluorescence emission spectrum of F2 in H,O at different times.
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luminescent properties of these ligands upon formation of
Tb(m) complexes both in solution and as, in the case of 2,
upon co-polymerising the ligand with HEMA, MMA and
EGDMA. The model compound 3 was employed to form a
Tb(m) complex, which was formed in 1:3 (M:L) stoichiometry.
This complex was luminescent, possessing high quantum yield
of luminescence, and when formed in situ was produced as the
main species in solution at 96%, upon addition of 0.3 equiva-
lents of Tb(ir). We also demonstrated that a supramolecular gel
with fibrous morphology, can be produced from the precursor
1, which upon interactions with Tb(m) dissolves, as weak
supramolecular interactions that produce the gel are replaced
with stronger coordination bonds.

The btp based polymers F1 and F2, were formed and both
were shown to be luminescent, and metal ion mediated cross-
linked, upon interaction with Tb(m) (and Eu(m) in the case of
F2). We further demonstrated that unlike the incorporation of
btp-based Tb(m) complexes non-covalently into such polymers
(such as into a blank HEMA-co-MMA-co-EGDMA polymer), no
leakages were observed from the polymeric film upon pro-
longed soaking in water. Moreover, the Tb(u) centred emission
was shown to be stable over a period of time. Furthermore, we
show that in competitive media, e.g. water, the polymer is
highly luminescent indicating that no dissociation occurs in
the cross-linked btp-based Tb(m) complexes within the hydro-
gel. This is highly important, as it demonstrates significant
improvement on the use of non-covalently used btp-based
Tb(m) complexes, which indeed showed rapid dissociation
and subsequent loss of metal centred luminescence.

The lanthanide cross-linked polymers offer a desirable
means of forming functional polymeric systems, where both
conventional covalent and coordination metal ion bonds are
employed, and we are currently investigating the advantage of
such features. This includes the use of ligands that have
conjugated receptor sites within the ligand structures of these
and related systems, with the view of forming stimulated
responding polymers that can be used in luminescent sensing.

Experimental
Synthesis

Please refer to Scheme S1 in ESIL.f

Dimethyl 4,4'-(((4-(2-aminoethoxy)pyridine-2,6-diyl)bis(1H-1,2,3-
triazole-4,1-diyl))bis(methylene))dibenzoate (1). Ligand 10 (see ESIY)
was deprotected by stirring in neat TFA at room temperature for
30 min. The resulting solution was neutralised with Na,CO; and the
product was filtered to yield a brown solid (0.493 g, 0.87 mmol,
80%). The product decomposes over 182 °C. HRMS (m/z) (ESI+):
calculated for C,oHyoNgOsH' mfz = 569.2261 [M + HJ". Found
mfz = 569.2266; "H NMR (400 MHz, DMSO): 6 = 8.70 (s, 2H, triazol
H), 7.98 (d, ] = 8.2 Hz, 4H, Ar H-COOMe), 7.54 (s, 2H, pyridine H),
7.46 (d, ] = 8.2 Hz, 4H, Ar H-CH,), 5.81 (s, 4H, CH,), 4.31 (t, ] = 4.3
Hz, 2H, O-CH,), 3.84 (s, 6H, OCH,), 3.15 (q,J = 4.3 Hz 2H, N-CH,),
BC NMR (150 MHz, DMSO): § = 165.8, 151.5, 147.2, 141.1, 129.7,
129.4, 128.5, 128.1, 124.1, 104.9, 64.7, 52.6, 52.2, 38.2; IR
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Vmax (cm™Y): 3112, 3088, 3086, 2955, 2478, 2203, 2091, 1933, 1865,
1796, 1714, 1685, 1610, 1281, 1174, 1041, 801.

Dimethyl 4,4’{((4-(2-methacrylamidoethoxy)pyridine-2,6-diyl)bis-
(1H-1,2,3-triazole-4,1-diyl))bis(methylene))dibenzoate (2). Ligand 1
(0.07 g, 1.23 mmol) was dissolved in a solution of CH,Cl, (3 mL)
with NEt; (0.017 mL, 1.29 mmol) in an ice bath. To this solution,
methacryloyl chloride (0.012 mL, 1.29 mmol) was added dropwise in
CH,Cl, (5 mL). The mixture was stirred for 30 min on ice and then
allowed to stir at room temperature for two hours. The solution was
then diluted in CH,Cl,, washed with dilute NaHCO; and H,O and
then dried over MgSO,. The solution was dried under reduced
pressure at 30 °C to yield colourless oil. The compound was purified
by flash chromatography (CH,Cl,:CH;OH gradient up to 5%
CH;0H) to yield a white solid (0.071 g, 64%); m.p. 148-154 °C;
HRMS (m/z) (ESI+): calculated for C;3H;,NgOsH' m/z = 637.2523
[M + HJ". Found m/z = 637.2541. '"H NMR (400 MHz, DMSO):
8 =28.69 (s, 2H, triazole H), 8.17 (s, ] = 5.7 Hz, 1H, NH), 7.98 (d, / = 8.4
Hz, 4H, Ar H-COOMe), 7.51 (s, 2H, pyridine H), 7.45 (d, J = 8.4 Hz,
4H, Ar H-CH,), 5.80 (s, 4H, CH,), 5.68 (s, 1H, alkene H), 5.34 (s, 1H,
alkene H), 4.29 (s, J = 11.3, 2H, O-CH,), 3.84 (s, 3H, 2CHj,), 3.56
(q, J = 11.3, 5.7 Hz, 2H, CH,-NH), 1.85 (s, 3H, CH;). 13C NMR
(150 MHz, DMSO): d = 151.9, 147.7, 141.6, 140.2, 130.2, 129.9, 128.5,
124.6, 119.8, 105.3, 66.9, 53.1, 52.7, 38.8, 19.1; IR 4nay (cm™Y): 3434,
3289, 2514, 2094, 1711, 1612, 1588, 1493, 1279, 1203, 1184, 1010,
1000, 799, 726, 563.

Dimethyl  4,4'-(((4-(2-acetamidoethoxy)pyridine-2,6-diyl)bis(1H-
1,2,3-triazole-4,1-diyl))bis(methylene))dibenzoate (3). Ligand 1
(0.13 g, 0.02 mmol) was dissolved in dry CH,Cl, and triethylamine
(0.01 mL, 0.07 mmol) was added. Acetic anhydride (0.003 mL,
0.03 mmol) was added to the mixture, which was cooled over ice
and the reaction was stirred at room temperature overnight. The
solvent was removed under reduced pressure and the resulting solid
was taken up in EtOAc and washed with brine. The solution was
dried over MgSO, and the solvent was removed under reduced
pressure to yield a brown solid. (0.077 g, 0.01 mmol, 55%). m.p.
155-158 °C; HRMS (m/z) (ESI+): calculated for C3;H;oNgOgH' m/z =
611.2367 [M + H]". Found m/z = 611.2370. '"H NMR (400 MHz,
DMSO): J = 8.69 (s, 2H, triazole H), 8.13 (s, 1H, NH), 7.98 (d, J = 8.3
Hz, 4H, Ar H-COOMe), 7.50 (s, 2H, pyridine H), 7.46 (d, J = 8.3 Hz,
4H, Ar H-CH,), 5.80 (s, 4H, CH,), 4.23 (s, 2H, O-CH,), 3.48
(d, J = 5.4 Hz, 2H, CH,-NH), 1.83 (s, 3H, CH;). *C NMR
(150 MHz, DMSO): 6 = 169.6, 165.9, 135.9, 151.4, 147.3, 141.2,
129.7, 129.4, 128.1, 124.1, 104.9, 66.9, 52.6, 52.3, 38.0, 22.6; IR Vax
(em™Y): 3292, 3082, 2954, 1714, 1643, 1609, 1517, 1548, 1462, 1433,
1381, 1277, 1227, 1177, 1106, 1044, 1015, 982.

Synthesis of Tb.3;. Ligand 3 (0.01 g, 0.016 mmol) was added
to Tb(CF5S03); (0.004 g, 0.0055 mmol) in CH;0H (5 mL) and
heated at 70 °C under microwave irradiation for 15 minutes. The
resultant solution was dried under vacuum to yield colourless oil
that was taken up in CH;OH and dropped slowly into a large excess
of swirling Et,O to afford Tb.3; as a white solid in 79% yield. m.p.
(decomp) >280 °C; Elemental analysis for CozHg3zN,4050Tb-3H,0
Calculated: C 46.27 H 3.88 N 13.48; Found: C 46.19 H 3.62 N
14.02%; HRMS (m/2) (ESI+): CosHgoN16015F6S,Th m/z = 1677.2871.
Found m/z = 1677.2877; IR e (cm™): 3292, 2955, 1735, 1630,
1609, 1580, 1381, 1277, 1245, 1106, 982, 939, 744, 668.
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Synthesis of F2. Polymer gels were generated by a modified
procedure previously reported by McCoy and co-workers.??
Ligand 2 (3 mg) was stirred in 2-hydroxyethyl methacrylate
(HEMA, 7.5 mL), methylmethacrylate (MMA, 0.25 mL) and
ethylene glycol dimethacrylate (EGDMA, 0.1 mL) at RT until
compound 2 was completely dissolved. AIBN (100 mg) was
added and the clear solution was injected into a non-stick
mould. It was heated in the oven at 80 °C for 6 hours and after
cooling to room temperature the material was released from
the mould and cut into sections. The material was soaked in
H,0 overnight followed by CH;OH overnight to remove any
remaining inhibitor or unreacted monomer.

Synthesis of F1. Same as for F2, using: 2 (0.3 mg).

General experimentals and methods

Photophysical measurements. All photophysical measure-
ments were taken using spectroscopic grade solvent and mea-
sured in quartz cells with path length 10 mm. UV-visible
absorption spectra were recorded using a Varian Cary
50 spectrophotometer in a spectroscopic window of 400-
200 nm. The blank used was a sample of the solvent in which
the titration was carried out. Luminescence spectra were mea-
sured using a Carian Cary Eclipse spectrometer and reported in
arbitrary units and the luminescence data was collected
between 450 and 700 nm for Tb(m) emission and 450 to
720 nm for Eu(m) emission. Time-gated emission spectra were
recorded over an average integration time of 0.1 seconds (delay
time: 0.1000 ms; gate time: 5.000 ms). Luminescence lifetime
measurements of Tb(in)-centered emission was recorded using
Varian Cary Eclipse spectrophotometer as a time-resolved
measurements at 298 K. All lifetimes were averaged from at
least five measurements at different gate times between 0.02—
0.045 ms. The decay curves were fitted to mono- or bi-
exponential decay functions.

SEM studies. Microscopy analysis of samples by Scanning
Electron Microscopy (SEM) was carried out using the facilities
of the Advanced Microscopy Laboratory (AML) in Trinity Col-
lege Dublin. Samples were prepared by drop-casting the sample
onto clean silicon wafers. The manually drop cast samples were
dried overnight in ambient conditions and under high vacuum
for at least 2 hours prior immediately to their imaging. In some
cases, samples were coated with a conductive Pd/Au layer using
a Cressington 208Hr high-resolution sputter coater, to improve
contrast where static charging interfered with the imaging. Low
kV SEM was carried out using the Zeiss ULTRA Plus using an
SE2 detector.

Rheological studies. All the rheological measurements
were carried out on 1.0 mL gel samples prepared 12 h before
the measurement, using an Anton Paar Rheometer: MCR
302 equipped with serrated parallel plates with a diameter of
25 mm at a gap size of 1 mm and a temperature of 20 °C. Excess
gel was trimmed just before the final gap height was reached.
To avoid evaporation of solvent during the measurements a
solvent trap was used and refilled with solvent if necessary. The
strain sweep measurements were performed at a frequency of
10 rad s~ ' and a strain rate of 0.01-100%. The frequency sweep
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measurements were performed at a constant strain rate of 0.1%

and a frequency range of 100-0.1 rad s~ .
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