¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Multi-stimuli responsive and intrinsically
luminescent polymer metallogel through ring
opening copolymerization coupled with thiol-ene
click chemistryy

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2022,
3, 5458

Chindhu Soman,? Alphy Sebastian,® Malay Krishna Mahato,® U. V. Varadaraju® and
Edamana Prasad (%) *?

Luminescent polymer based metallogels have gained considerable interest due to their wide range of
applications in the fields of drug delivery, tissue engineering, sensing, and optical systems. One of the
challenges in the area is to tune the properties of metallogels for a given application, which is largely
controlled by the choice of the functional groups in the polymer and the binding metal ions. In the
present study, efforts are made to utilize ring opening copolymerization followed by functionalization by
thiol-ene click chemistry to attach desirable functional groups to the polymer for preparing polymer
based metallogels. A norbornene-alt-cyclohexene oxide based polymer is synthesized to develop an
intrinsically luminescent metallogel using lanthanide metal-ligand complexation. The optical properties
of the polymer metallogel are modulated via a dual channel process where a cluster induced intrinsic

Received 1st February 2022, emission surpasses resonance energy transfer mechanism, leading to cool white light emission from the

Accepted 20th May 2022 metallogel [CIE coordinates (0.33, 0.37);correlated color temperature 5752 K], with reversible vapochro-
DOI: 10.1039/d2ma00109h mism and irreversible chemochromism. Our studies suggest that the combination of ring opening co-

polymerization and thiol-ene click chemistry is a potential design strategy for preparing polymer based
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Introduction

In the recent past, supramolecular materials with self-healing
and environmentally benign stimuli responsiveness have
drawn considerable attention due to their wide applications
in actuating and sensing,'® separation and catalysis,”° light-
harvesting,"* " and, biomedical engineering.'®™® Supramole-
cular gels, a class of supramolecular materials, are of particular
interest due to their pivotal role in developing drug encapsula-
tion, controlled guest release, smart coatings, and sensors."®
Different non-covalent interactions such as H-bonding and n-n
interactions are widely used to construct supramolecular gels.
Formation of gels by self-assembly of metal-ligand coordination
enhances toughness and shape memory of the self-assembled
system. Furthermore, metal-ligand coordination results in
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metallogels with multi-stimuli responsive properties.

increased stimuli-responsiveness of the gels, owing to the
dynamic and reversible nature of the bonds.**>*

Introduction of metal ion into gels brings intriguing changes
to redox, electronic, optical, and catalytic properties,**>® and
endow materials with versatile functionalities such as tunable
emission, catalytic activity, proton conductivity, gas storage, and
sensing.>*° Recently, to gain better control over the lumines-
cent properties for use in solid-state lighting and large panel
displays, transition metal ions and lanthanides are introduced
into gels comprising small organic molecules and functionalized
polymers.**™*° However, compared to the transition metal, the
intrinsic optical properties of lanthanides, such as long lifetime,
sharp emission, intense luminescence and resistance to photo-
bleaching, make lanthanides a better choice for constructing
luminescent supramolecular gels.”® Chen et al. utilized “tuning
stoichiometry”” approach with lanthanides [Eu(um)/Tb(m)] to
develop white light-emitting polymer based metallogels.*" Similarly,
a white light-emitting metallogel containing lanthanide was also
reported by Sutar et al. by coordinating amphiphilic, tripodal low-
molecular-weight gelator (L) that contains 4,4’,4-1,3,5-phenyl-
tri(methoxy)Jtris-benzene core and 2,2":6',2"-terpyridyl termini.>*
In another attempt, poly (aryl ether) dendron was utilized for
the formation of white light emitting gel in presence of organic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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chromophore and lanthanide ions [Eu(m)].>* Such studies clearly
establish the presence of resonance energy transfer (RET) from
organic groups to lanthanide ions as the fundamental working
mechanism behind the production of white light. Hence, choice of
organic ligand and lanthanide ion is critical to regulate luminescent
properties of the metallogel.

The dynamic nature of ligand-metal coordination in supra-
molecular gels attracted special attention because it allows the
materials to exhibit multi-stimuli responsive behavior to var-
ious stimuli such as heat, pH, electricity, and ions.>*® For
example, Mahapatra et al. developed a white light-emitting
supramolecular gel using mixed Eu(m)/Tb(m) with 4'-p-
halophenyl-2,2":6’,2"-terpyridine (L-X, X = F, Cl) ligands, and
the resulting gel exhibited stimuli-responsive behavior towards
pH as well as temperature.”® In a previous work, a polymer-
based white light-emitting hydrogel containing Eu(m), and
Tb(m) was reported by Zhu et al. and the resultant metallogel
was responsive to multiple stimuli including pH, metal ions and
temperature.®® Recently, lanthanide based white light emitting
metallogel was reported from our group which responds to a wide
range of pH and temperature conditions.®!

In all of the above-mentioned studies, polymers were
functionalized with various molecular groups such as amine,
hydroxyl, and carboxyl to develop multi-stimuli responsive gels,
in presence of a metal ion. The studies also reveal that the
above approaches demand multiple synthetic steps for the
polymer functionalization. One of the challenges that exists is
the limited ways through which the functional groups can be
introduced into the polymer backbone, which in turn restricts
the choices of metal-ligand coordination, leading to a narrow
window for tuning the stimuli-responsive properties of the
metallogel. In the current work, it is hypothesized that this
difficulty can be overcome by ring-opening copolymerization
method followed by simple click-chemistry to introduce various
functional groups in post-polymerization steps. Thus, a novel
supramolecular polymer metallogel is designed and developed
by self-assembly of carboxylate functionalized poly(norbornene
anhydride-alt-cyclohexene oxide) containing lanthanide ions
(Eu(m) and Tb(m)) and the intrinsic light emission as well as
stimuli-responsive nature of the self-assembled systems have
been examined. The intricacies associated with the intrinsic
emission and resonance energy transfer, leading to white light
emission from the metallogel, has also been investigated.
In addition, the stimuli-responsive nature of the white light
emitting gel was examined in presence of vapors and anions to
verify vapochromism and chemochromism.

Experimental section
Materials

Unless otherwise stated, all reagents are purchased from
commercial sources and used without further purification. All
air-sensitive reactions were carried out under Argon atmo-
sphere in the Mbrown glove box. Norbornene anhydride was
sublimed under vacuum at 110 °C. Cyclohexene oxide was distilled

© 2022 The Author(s). Published by the Royal Society of Chemistry
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over CaH, under Argon atmosphere. Bis(triphenylphosphine)-
iminium chloride and thioglycolic acid were purchased from Sigma
and used directly. Tetrahydrofuran (THF) was refluxed and distilled
over sodium-benzophenone under argon.

Characterization

'H and "*C NMR data were recorded on a Bruker 400 MHz
spectrometer in DMSO-ds and CDCIl; solvent. IR spectra were
collected from a JASCO FT/IR-4100 spectrometer at room
temperature. JASCO V-660 spectrophotometer was used for
recording UV spectra. Fluorescence spectra were recorded on a
Horiba Jobin Yuvon Fluoromax-4 fluorescence spectrofluorometer.
Rheology experiments were performed on Anton-Paar (MCR 102)
using a parallel plate geometry on a Peltier plate. Bruker
ultrafleXtreme MALDI-TOF spectrometer was used for recording
MALDI-TOF spectra. SEM images were collected with HITACHI S
4800 FE-SEM instrument. In a time correlated single-photon
counting (TCSPC) setup, time-resolved luminescence studies
were recorded on a Horiba Jobin Yvon FluoroCube apparatus.
The light source was a 350 nm nano-LED with a 1 MHz pulse
repetition rate. A scatterer was used to capture the instrument
response function (IRF) (Ludox AS40 colloidal silica, Sigma-
Aldrich). Fixing the emission wavelength at 620 nm captured
the excited-state decay of the samples. The decay was fitted to the
following tri-exponential decay (eqn (1)) using IBH software
(DAS6), where I is the luminescence lifetime and 4; is the
amplitude of the related decay.

1(1) = ZA exp (k) (1)

The following calculation was used to compute the average
fluorescence lifetime.(t,y)

3
> At
T =5 )

> A
=1

Procedure for the ring opening copolymerization of
cyclohexene oxide (CHO) and norbornene anhydride (NA)

To avoid moisture, the polymerization was carried out under an
argon atmosphere in a glove box using a procedure reported in
the literature.®” Norbornene anhydride (NA) (1 g, 3.5 mmol) was
charged in a 20 mL reaction tube. After that, bis(triphenyl-
phosphine)iminium chloride ([PPN]CI) (17 mg, 0.017 mmol),
and cyclohexene oxide(CHO) (1.23 mL, 6.9 mmol) were added
to the above reaction tube. The reaction tube was then sealed
with Teflon and stirred at 110 °C for 12 h. The reaction tube was
allowed to cool down to room temperature and excess metha-
nol was added to the reaction mixture. After 2 hour stirring, the
reaction mixture was filtered. The solid product was repeatedly
washed with methanol to remove unreacted monomers, low
molecular weight oligomers and excess catalyst and finally
dried under vacuum which yielded the desired polyester.
'H-NMR (TMS, CDCl;, 400 MHz): § = 6.3 (m, 2H, CH = CH);
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8=4.6 (s, 2H, CH-CH); 6 = 3.2 (m, 4H, CH); = 1.5 (m, 8H, CH,);
8 = 2.0(s, 2H, CH,).

Postpolymerization reaction (thiol-ene reaction)

Based on the reported procedure for the postpolymerization,®*
polyester (0.5 g, 1.9 mmol) and azobisisobutyronitrile (AIBN)
(3 mg, 0.02 mmol) were taken in a schlenk tube containing
5 mL of THF under argon atmosphere. To obtain a clear
homogenous solution, the above mixture was stirred for
10 minutes. Then mercaptoacetic acid (0.2 mL, 2.8 mmol)
was added to the above reaction mixture and heated at 70 °C
in an oil bath for 3 hours. The polymerization was terminated
by adding distilled water into the reaction tube. Finally, the
obtained white precipitated was washed with distilled water
and dried under vacuum which yield carboxylic acid functionalized
polyester. "H-NMR (TMS, CDCl;, 400 MHz): § = 12.8 (s, 1H, COOH);
d=4.6 (s, 2H, CH-CH); 6 = 3.8 (s, 2H, CH,); 6 = 3.2 (m, 4H, CH); § =
1.5 (m, 8H, CH,); 6 = 2.0(s, 2H, CH,).

Results and discussions

Synthesis and characterization of polyester and corresponding
Eu(m) and Th(m) metallogels

The polyester was synthesized by ring-opening copolymeriza-
tion using bis(triphenylphosphine)iminium chloride ([PPN]CI)
as a catalyst. In a subsequent step the main chain of the
polyester was functionalized with the carboxylic acid group
using thiol-ene click chemistry as shown in Scheme 1 (details
of synthesis are given in experimental section).

The polyester was characterized using 'H NMR spectro-
scopy, gel permeation chromatography (GPC), MALDI-TOF,
and TGA analysis. The structures of the pristine and functio-
nalized polyester were confirmed by 'H NMR as shown in
Fig. S1 and S2 (ESIf), respectively. "H NMR showed a sharp
peak at 4.7 ppm, indicating that the polyester is fully alternating.
The disappearance of multiplets at 6-6.5 ppm suggests the
substitution of carboxyl ligand to the unsaturated norbornene
group in the polymer backbone. Additionally, the complete
disappearance of the unsaturated peak suggests that the func-
tionalization of the polymer in thiol-ene reaction is more than
99%. Fig. S3 (ESIt) shows the results of the gel permeation
chromatography (GPC) of the pristine and functionalized
polymer. The results indicate that the number average molecular
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weight of the pristine polymer is 15920 Da with dispersity index
(M/M,,) value of 1.30. However, no peaks of the functionalized
polyester were detected by GPC, presumably due to the adhesion
of carboxylic functional groups of the functionalized polymer
with the polystyrene gels used in GPC column. MALDI-TOF
spectrum of functionalized polyester shows sharp peaks around
mfz = 4817 and m/z = 8205 indicating the formation of the
polymer (ESIT Fig. S4). Fig. S5 (ESIT) shows the results of thermo-
gravimetric analysis (TGA) of the functionalized polymer. The
weight loss in the temperature range 120-180 °C is attributed to
loss of water molecules. The onset of decomposition of the
polymer is ~250 °C and the decomposition is complete at
~420 °C.

The functionalized polymer was found to be insoluble in
non-polar organic solvents due to the presence of highly polar
carboxyl groups in the polymer chain (ESIf Table S1). The
gelation ability of the functionalized polymer was tested in
different solvents by varying the concentration, temperature
and sonication but, stable gels could not be obtained. However,
addition of Ln(OAc); [Ln = Eu(m), Tb(m)] (3 mg) to the functio-
nalized polymer in DMF solution(10 mg mL~") followed by
heating and gentle shaking resulted in the formation of a stable
gel almost instantaneously (Scheme 1). This observation clearly
indicates that metal-ligand coordination is one of the major
driving forces to form the gel. The formation of the stable gel
upon addition of the lanthanide salt was confirmed by the vial
inversion test as shown in Fig. S6 (ESIt). The gel was stable for
several months at room temperature. This is the first report of
supramolecular metallogel formed from lanthanides and polye-
sters, synthesized through highly controlled ring opening
copolymerization followed by facile functionalization by car-
boxyl group via thiol-ene click chemistry. The complexation of
metal and polymer that leads to metallogels formation was
confirmed by IR spectroscopy. Fig. 1 exhibits the comparison of
IR spectra of the functionalized polymer with the corres-
ponding metallogels of Eu(m) and Tb(m). The functionalized
polymer showed characteristic carbonyl stretching frequency at
1674 cm™'. However, the carbonyl stretching frequency in the
polymer in presence of Eu(m) and Tb(m) was found to be at
1658 cm™'. The observed decrease in carbonyl frequency
(16 em™") clearly indicates the coordination of the carboxyl
group of the polymer with the lanthanides (Eu(m) and Tb(i)).

Further, the intensity of the peak at 3500 cm™'
ponding to hydroxyl stretching frequency of the polymer, was

corres-
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Scheme 1 Synthetic scheme of polymer, functionalized polymer and metallogels.
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(a) FTIR spectra of functionalized polymer (black line), polymer and Eu(OAc)s (red line), polymer and Tb(OAc)s (blue line). (b) Zoomed spectra of

carbonyl peak position of polymer (black line), Eu gel(red line) and Tb gel(blue line).

found to decrease with increasing concentration of the lantha-
nides (ESIT Fig. S7). This observation further confirms that the
polymer carboxylic acid group indeed coordinated with the
metal ion; the carboxylic acid group (-COOH) converts -COO ™
upon formation of metallogels. It is worth mentioning that
other lanthanide salts such as Ln(SO,); and Ln(ClO,); could not
form gel which suggests that only lanthanide acetate could
deprotonate the -COOH groups to form -COO~, which is
essential for metal coordination.

Further to understand the morphology of the obtained gel,
scanning electron microscopy (SEM) images were recorded.
The gels were dried in a desiccator, under vacuum for two
hours prior taking the images. Fig. 2 shows the SEM micro-
graphs of the metallogels containing Eu(m) and Tb(m) ions.
Both the metallogels show highly crosslinked aggregated
fibrous morphology. The size of the fiber was comparatively
small as generally observed in the typical gels which is con-
sistent with the earlier literature.®® The highly crosslinked
aggregates clearly validates the formation of cluster upon
metalation of the polymer. Additionally, same morphology of
the metallogels indicates there is no phase separation and both
the metal ions binds in similar pattern during the assembly
formation with the polymers.

To understand the mechanical properties of the obtained
gels, rheological studies (frequency and strain sweeps) were
carried out. Fig. 3a and ¢ show the results of the frequency
dependent rheological study of Eu(u) and Tb(u) metallogels,
respectively. The moduli values of both Eu gel and Tb gels were

K i)

independent of applied frequency in the frequency range
tested. The dominance of storage modulas over loss moduli
in the tested frequency range further confirmed the viscoelastic
nature of metallogels. This observation is in line with other
cross-linked polymers.”®®* Also, in both cases, the higher value
of G’ compared to that of G” indicates their solid-like character.
Fig. 3b and d show the results of strain sweep rheological
measurements for Eu(m) and Tb(m) containing metallogels,
respectively. The results indicate that the storage modulus
remains unchanged for both the cases at lower strain
amplitudes, till yield strain is reached. Further increase in the
strain amplitude results in decrease in G’ suggesting gel-sol
conversion. The magnitude of storage moduli was found to be
similar for Eu(m) gel (6.04 kPa) and Tb(m) gel (4.4 kPa).
However, the yield strain of Eu(u) metallogel is 5%, whereas
Tb(m) metallogel yields at 16.5%.

Photo-physical analysis of Ln(u) mediated self-assembly of
functionalized polyester in solution

To understand the formation of Ln(m) mediated self-assembly
of the functionalized polymer, the UV-vis. absorption spectra of
the polymer in DMF were recorded with the increasing concen-
tration of lanthanide ions. Fig. 4a and ¢ show the absorption
spectra of polymer in presence of Eu(n) and Tb(u), respectively.
The absorption spectra for the functionalized polymer exhibit a
broad band from 250 nm to 600 nm. However, upon addition of
lanthanide ions (both Eu(u) and Tb(u)), the absorbance was
found to increase in both cases. The changes in the absorption

Fig. 2 SEM images of Eu(left) and Tb(right) gels dried on the silicon plates (scale bars, 500 nm).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and, the corresponding Jobs plots (b) and (d), respectively (absorbance collected at 335 nm).

spectra can be either due to the complex formation or additive
absorption by the individual component. To understand the
exact reason behind changes the absorption spectra, separate
absorption spectra were recorded for polymer and lanthanides
with similar concentration. Individual absorption spectrum

5462 | Mater. Adv, 2022, 3, 5458-5467

along with the additive absorption are shown in Fig. S8 (ESIf).
The results indicate that polymer absorption upon addition of
lanthanides does not match with the additive absorption
spectrum, which confirms the complex formation between
polymer and lanthanides. In addition, the appearance of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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turbidity upon addition of lanthanides to an initially clear
solution again indicates the complex formation. Further, to
quantify the binding ratio of the metal with the functionalized
polymer, Jobs plots were made using the absorption spectra.
Fig. 4b and d show the Jobs plot of the polymer with Eu(ur) and
Tb(m), respectively. The results suggest that the absorbance
gradually increases up to 0.3 equiv. of Eu(m) as well as Tb(m),
followed by a decrease in the absorbance upon further addition
of lanthanide ions, indicating a 3 : 1 ligand-metal binding ratio.

In order to understand the electronic interaction between
the polymer and lanthanides, fluorescence spectrum of the
metallo-polymer was recorded by exciting the sample at
335 nm. Fig. 5a and c respectively show the luminescent spectra
of the polyester solution with increasing concentration of Eu(ur)
and Tb(u). The results show a broad luminescence (black line)
from 350 nm to 450 nm for the polymer solution. Notably, two
sharp emission peak was appeared to observe along with the
polymer emission band upon addition of lanthanides. The
appearance of characteristics sharp emission band of lantha-
nides clearly indicates the ability of the polymer to act as a
sensitizing antenna for lanthanides, since direct excitation of
lanthanides are Laporte forbidden transition. The observed
sharp emission peak at 591 and 615 nm for Eu(u) containing
polyester are due to transitions from *Dy-"F; and *D,-"F, state.
On the other hand, The emission peaks at 488, 544, 582,
620 nm for Th(m) are assigned to the deactivation of D, of
Tb(m) excited state to 'F; (6-3) states.>® The addition of Eu(um)
ion to the functionalized polymer solution resulted in an
increase in the intensity of the emission band of Eu(ur) up to
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Fig. 5 Changes in (a) the emission spectra upon titrating polymer (3.1 x 10~*
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0.3 equivalent of Eu(m), followed by a decline in emission
intensity with further addition of Eu(m) (Fig. 5b). The same
behavior was observed in the case of Tb(m) ion titration with
the functionalized polymer (Fig. 5¢c). These results confirm that
the complex formation of functionalized polymer with the
Ln(m) metal ion with a 3:1 ratio. It is interesting to note that
the polymer exhibits blue luminescence though it does not
contain any conventional fluorophore. This issue has been
addressed in the literature and is described as clustering
triggered emission.®*®® Considering the structure of the
polymer in the present study, it is reasonable to attribute the
polymer intrinsic emission to the aggregation of the oxygen
terminals. To understand the mechanism of the clustered
triggered emission, a single and double units of the polymer
(cluster) structures were optimized using B3LYP/3-21G level
density functional theory. The optimized structure of polymer
(ESIT Fig. S9) indicates that a number of short intra (1.73, 2.26,
2.62, 2.59 A) and inter (2.28, 2.29, 2.71, 2.50, 2.66 A) molecular
H-bonding are feasible in the polymer which can potentially
restrict the molecular motion and rigidify the polymer. Further-
more, several intra (2.24, 2.72, 2.26, 2.26 A) and inter (2.64, 1.52,
1.51, 2.67, 2.73 A) molecular O- - -O electronic interactions can
be present with significant shorter length than the sum of the
van der Waals (vdW) radii (3.04 A)®” which result in effective
three-dimensional space conjugation of the lone pairs.

In order to understand the mechanism of the intrinsic
emission, the electron density on the HOMO and LUMO level
were calculated. Fig. 6¢ shows the results of electron density on
the HOMO and LUMO level of single and double unit of the
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M) with Eu(OAc)s (0 — 0.9 equiv.), (b) experimental binding isotherms (®)

and their corresponding fits (—) for the increase in Eu(OAc)s concentration, (c) changes in the emission spectra upon titrating polymer (3 x 10~° M) with
Tb(OAc)s (0 — 0.9 equiv.), (d) experimental binding isotherms (@) and their corresponding fits (—) for the titration with Tb(OAc)s. Both titrations were
carried out in DMF at 298 K and the spectra were recorded under 335 nm excitation.
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(a) Schematic illustration of the mechanism of clustering triggered emission of non-conventional luminophores. (b) Schematic representation of

all the photophysical process in the present system (c) the electron density distribution on HOMO and LUMO of the single and double unit (cluster) of the

polymer obtained using the B3LYP/3-21G level of density functional theory.

polymer (cluster). In the single unit of polymer, the electron
density was distributed throughout all oxygen centre, suggesting
significant O---O intramolecular electronic interaction. The
electron density on the LUMO and LUMO+1 level of the cluster
were found to be distributed between the neighboring unit,
which clearly suggest the extended delocalization of electron in
the excited state and further support the hypothesis of the
clustering triggered emission in the present polymer. Further
to confirm this phenomena, a control experiment was carried
out by taking the emission spectra of polymer with the non-
photoactive metal Zn-acetate. The results are shown in Fig. S10
(ESIT) which indicates the emission intensity of the polymer was
enhanced in presence of Zn”* which confirmed the enhance-
ment of the polymer is due to the cluster formation.

Moreover, the results of the emission spectra indicate that
upon successive addition of lanthanides, the sharp lanthanides
centered emission intensity was increased due to the resonance
energy transfer from the polymer to lanthanides.”” In order to
provide direct evidence on resonance energy transfer, excitation
spectrum of both the polymer metallogels were recorded (ESIt
Fig. S11). The excitation spectrum shows a broad peak in the
range 350-450 nm for both cases upon collecting the emission
at lanthanide centered emission which clearly validates that
energy is transferred from the polymer to the lanthanides.®
Further time resolved decay experiment and relative quantum
yield (QY) calculation were performed. Table S2 (ESIt) shows
the emission QY of the polymer in presence and absence of
lanthanides. Fig. S12 (ESI) shows the results of the time
resolved decay spectra of the polymer and corresponding
metallopolymer. The results clearly indicate the faster decay
of the polymer emission in presence of both the lanthanides.
This observation suggests that the polymer excited state
involved additional deactivation channel by which emission
lifetime decreases. The average lifetime value of all the samples
were calculated (ESI,} Table S3) which shows the lifetime of the
polymer changes from 3.98 ns to 3.53 ns and 3.38 ns with the
Eu and Tb respectively which clearly validates the resonance
energy transfer from polymer to the Eu and Tb. It is to be noted
that the emission band of the polymer (donor) was found to

5464 | Mater. Adv, 2022, 3, 5458-5467

increase as the amount of lanthanide ions was increased, which
is in contrast with the normal FRET. When lanthanides are
added to the polymer, the carboxylate group of the polymer binds
to the lanthanides, resulting in more polymer self-assembly,
which leads in more oxygen clusters and rigidification®® of the
polymer metallogel (Fig. 6a). The cluster formation and resonance
energy transfer occur simultaneously, however, cluster formation
triggered emission may outcompete the energy transfer which
could be the most probable reason behind increased emission of
polymer with the increasing concentration of the lanthanides ion.
In Fig. 6b, all of the process that are taking place in the present
study are depicted.

All the above experimental evidence clearly suggest that the
mechanism of gelation mainly involves the deprotonation of
—COOH groups with the addition of Ln(m) acetates and their
simultaneous coordination with Ln(m) ions to form a supra-
molecular network with the metal ligand binding ratio 1:3.
This supramolecular network then entraps solvent molecules in
its fibrous network to form a viscoelastic gel. Based on the
above mechanistic investigation, the structure of the obtained
gels can be schematically represented as shown in Fig. 7a.

Having established the formation of red and green emitting
metallogels with Eu(ur) and Tb(m), respectively, we have tried to
modulate the emission of the metallogel in presence of both
the lanthanide ions. The concentration of the polymer was kept
fixed and molar ratio of the Eu(m) and Tb(m) was varied to
achieve white light emission. Interestingly, white light emission
from the metallogel was observed at [Tb(m)] = 15 mM and
[Eu(u)] = 11 mM, and [polymer] = 83 mM.

Fig. 7b shows the photograph of the as prepared white light
emitting (WLEM), red light emitting (RLE) and green light
emitting (GLE) metallogels. Fig. 7c and d depicts the photo-
luminescence spectrum of white light-emitting mixed
metallogel( WLEM) and the corresponding CIE diagram which
indicates the CIE coordinates are x = 0.33 and y = 0.37
respectively. The correlated color temperature (CCT) of the
white light emission from metallogels was estimated using
McCamy’s formula. The CCT value of 5752 K indicates that
the gel emits cool white light, which suggests that the obtained

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Schematic representation of crosslinking of polymer chains via lanthanide coordination.(b) Photograph of the white light-emitting metallogel
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spectrum of WLE metallogels(lex = 335 nm, 12 mg mL™%) and (d) CIE(1931) diagram for the white light emitting gel.

WLEM metallogel potentially could be used in electronic flash-
bulbs and fluorescent lights.

Stimuli-responsive behavior

The broad emission spectrum of the WLEM inspired us to
investigate the stimuli responsive behavior of the WLEM.
To explore the mechano-response stimuli behavior, the WLEM
was sonicated for thirty minutes in a water bath at room

TFA

Fig. 8

temperature. No changes were observed in the metallogels
upon sonication. This clearly indicates that the WLEM is
exceptionally stable compared to other previously reported
white light emitting metallogels.*"*" This observation also led
us to conclude that the dynamic M-L bond is quite stable in the
lanthanide-polymer metallogel, which prompted us to verify
the response from the WLEM in a range of temperatures from
30 to 100 °C. The gel was found to be stable up to 90 °C,
followed by an irreversible phase transition to solution

TEA

L =%

C.
4.8 — WLEM
4.0 — WLEM+TBAF|
’=T . — WLEM+TFA
s 3.2 |
> 24 1
= '
c 1.6
2
€ 038
0.0
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Wavelength (nm)

(a) Stimuli-responsive emission, phase transitions and color changes of WLE metallogel by pH triggered vapochromism. (b) Stimuli-responsive

emission, phase transitions and color changes of WLE metallogels by F-induced chemochromism. All of the photographs were taken under a UV lamp
(Zex = 365 nm) (c) Photoluminescence spectra of WLE metallogel in presence of tertiary butyl ammonium fluoride (TBAF) and trifluoroacetic acid (TFA).
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(Fig. S13, ESIt). Further, to investigate the potential application
of the WLEM as stimuli responsive material, vapochromic and
chemochromic behavior of the gel have been studied. The
WLEM was exposed to the vapour of the trifluoroacetic acid
(TFA) for two minutes followed by exposure to triethylamine
(TEA) for six hours. The results of this experiment are displayed
in Fig. 8a, which indicate that upon exposure to TFA, the white
light emitting metallogel immediately changes to bluish sol.
However, upon exposure to TEA, the solution is turned to white
light emitting gel again. The quick transition from gel to sol is
due to the increment of pH of the environment in presence of
the TFA, which leads to the protonation of carboxyl groups and
thereby promotes breakage of the gel network. On the other
hand, TEA again deprotonates the carboxylic acid group which
ultimately results in the formation of gel network again. The
sol-gel transition was also confirmed by the disappearance of
the Eu(m) and Tb(m) emission peaks in the luminescence
spectrum of WLEM in presence of TFA (Fig. 8c). The disap-
pearance of emission peaks in presence of TFA directly
indicates that the sensitization of lanthanides decreased due
to the breakage of metal ligand bond (M-L) which ultimately
results in the formation of sol. The Gel-Sol reversibility experi-
ment was carried out with five hours regular time interval and it
was found to be reversible up to 4 cycles. The same experiment
was repeated three times and same results have been observed.
Next, to investigate the chemochromism, the WLEM was
exposed to tetra-n-butylammonium fluoride (TBAF). The
response of WLEM to F~ ion is displayed in Fig. 8b. Upon
exposure to F, the gel immediately changes to sol with slight
blue colour. Contrary to the vapochromism, the chemochro-
mism does not show the reversibility of the sol. The observed
irreversibility in the case of fluoride ion is attributed to the
precipitation of LnF;.>"

Conclusion

A novel intrinsically emitting polymer metallogel, containing
lanthanide ions [Eu(m) & Th(ur)] and a functionalized polymer, is
reported. The complex formation between the polymer and the
lanthanide ions is established with 1:3 metal to ligand ratio.
The as-prepared metallogel has been characterized using FTIR,
SEM and rheology measurements. Further, the emission of the
metallogel is modulated by changing the relative stoichiometry
of the Eu(m) and Tb(m) and a white light emitting metallogel is
developed. The emission modulation was feasible due to the
interplay between the intrinsic emission and resonance energy
transfer in the system and reveals a facile approach to engineer
the emission through the entire visible spectrum. Furthermore,
by taking the advantages of dynamic M-L bond, the as prepared
white light emitting metallogel (WLEM) is utilized to respond
towards various stimuli such as pH and anions. The results
indicate that the reversible vapochromism and irreversible che-
mochromism of the functional polymer-based metallogels can
potentially be utilized to prepare intelligent coating materials
and paints that are responsive to environmental changes.
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