¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

A single molecule stimuli-robust fluorescent
hydrogel based on excited state intramolecular
proton transfer

’ '.) Check for updates ‘

Cite this: Soft Matter, 2025,
21, 8489

F*e
4 Teresa Dib Zambon Atvars

Ankur A. Awasthi,?° Luis Gustavo Teixeira Alves Duarte,
Fabiano Severo Rodembusch,
Cornelia Bohne () ¥

¢ and

A white
diaminophenyl)benzothiazole) (BTS) into a polyethylene oxide—polypropylene oxide—polyethylene oxide
(PEO-PPO-PEO, F127) triblock copolymer hydrogel. BTS undergoes excited state intramolecular proton
transfer (ESIPT), which leads to a broad emission spectrum where both the normal (N*) and tautomeric
(T*) forms of the excited states of BTS coexist. Aggregation of BTS was prevented when it was

light-emitting hydrogel was synthesized by embedding N,N’-bis(salicylidene)-(2-(3',4'-

embedded in F127 hydrogels. The BTS emission spectra are sensitive to the BTS loading in the gel, with
white light being observed for some concentrations of lumiphore. In contrast, the BTS emission spectra
are insensitive to pH. These experiments showed the successful application of a supramolecular strategy
where the lumiphore is incorporated into a specific environment in the micelles forming the gel. The
insensitivity of the emission colour to pH showed that emissive materials using a single ESIPT molecule
can be achieved without the pH sensitivity normally associated with this process. These results highlight
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the importance of designing fluorophores with properties that enable them to be located in specific
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Introduction

Hydrogels are soft and viscoelastic materials containing entrapped
water within an immobile gel phase. Hydrogels have found
applications in various fields such as in bioengineering," food
and cosmetics industries,>* oil exploration,” or as functional
materials. Examples of functional materials are drug delivery
systems,’ sensors,”” organic field emitting transistors,">** hydro-
gen production'*"* and luminescent hydrogels."*"> Luminescent
hydrogels have exhibited potential for applications in chemical
and biosensing,'®'® imaging,'>*° anti-counterfeiting">*" and in
the fabrication of displays.**
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environments of supramolecular systems.

Different approaches are used for the development of lumi-
nescent hydrogels. In a synthetic approach, the gelator is
synthetically modified to attain the desired luminescent
properties.>® In a supramolecular approach, lumiphores are
incorporated as non-bonded guests within the hydrogel."* The
incorporation of metal ions and their complexes,'>** dyes,”>?®
quantum dots*”*® or carbon dots>**° was used for the devel-
opment of luminescent hydrogels, showing that luminescent
properties in hydrogels can be tuned without requiring a
tailored synthetic effort for each desired modification.

A major motivation behind obtaining luminescent materials
is to achieve white light emitting hydrogels as a desirable
property for a variety of applications such as wearable optoelec-
tronic devices,*! environmental sensors,>! biosensors,'”"*® and
bioimaging modalities.*” White light can be obtained by integrat-
ing into a hydrogel three fluorophores each with emissions
corresponding to one of the three primary colours,**** or by
integrating two fluorophores with emissions that have comple-
mentary colours.”” In both strategies the colour of the emitted
light is controlled by the concentration ratio between the
fluorophores.**?* These strategies were successful with the inte-
gration of fluorophores into hydrogels either through the fluoro-
phore’s covalent binding to the gelator,**** coordination to the
gel matrix,®* or physical entrapment within the gel.'>'®%¢
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However, the use of multiple fluorophores can lead to unpredict-
able changes in the fluorescence properties of the gel, especially
when the distribution of the fluorophores between the immobile
and aqueous phases of the gel changes. In contrast, luminescent
materials based on the use of a single molecule, which can
reversibly form other emitting species, avoids the use of multiple
fluorophores to achieve different colours of light. Examples of this
single molecule approach are the copolymerization of a fluoro-
phore with acrylamide,”” or the modulation of the acid-base
equilibrium of a fluorophore in the ground state within the
gel.>®

Our objective was to develop a white light emitting hydrogel
where primarily one ground state species of a fluorophore exists
in a specific environment of the hydrogel. In contrast to ground
state molecules, singlet excited states of organic fluorophores are
short lived, precluding any relocation of these excited states
between the different environments of supramolecular
systems,*®*® such as gels. An additional objective was to test
for the robustness of using a hydrogel to disperse a fluorophore.
To address this, we chose a fluorophore that has shown multiple
emissions on account of proton transfer reactions in both
ground and excited states.*® The design of our system (Fig. 1)
relies on the excited state intramolecular proton transfer (ESIPT)
of N,N’-bis(salicylidene)-(2-(3',4’-diaminophenyl)benzothiazole)
(BTS) when incorporated into the hydrogel formed from a
polyethylene oxide-polypropylene oxide-polyethylene oxide
(PEO-PPO-PEO, F127) triblock copolymer.

In ESIPT, the singlet excited state tautomer (T*) is formed
from the intramolecular proton transfer of the excited isomer
(N*) that is the only stable isomer in the ground state (N)
(Fig. 1a).*"** Once T* decays to its ground state, the isomer T is
readily converted to N in a ground state intramolecular proton
transfer (GSIPT) process.*’™** This four-level system ensures
that only N is prevalent in the ground state, while in the excited
state N* and T* coexist leading to a broadening of the overall
emission spectrum as both N* and T* emit.

BTS was chosen as the fluorophore because it undergoes
ESIPT and white light was obtained when BTS was dispersed in
the polymeric matrix of an organic light emitting diode (OLED)
because of the simultaneous emissions from the normal (N*¥)
and tautomeric (T*) forms of the chromophore.*®*> However,
the emission spectra of the OLED were dependent on the
concentration of BTS likely due to aggregation of the
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Scheme 1 Isomers of BTS and its dianion with their reported emission
maxima in dichloromethane.*°

fluorophore. In addition, BTS in dilute solutions deprotonates
and forms a dianion (A) in the ground state, which emits at a
longer wavelength than T* (Scheme 1).*>*® The presence of the
dianion is not desired in a strictly single molecule approach.
However, in our design the presence of A was used to test for
the robustness of the colour emitted to changes in pH.
Pluronic F127 was chosen because this triblock copolymer
forms a clear and thermosensitive gel.*”*® These are important

(a) Four-level-diagram of the ESIPT process (b) structures of F127 and BTS (c) cartoon representation of the F127 hydrogel with BTS.
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properties for luminescent materials and for the manufacture
of devices. There is precedent for the observation of white light
in a F127 hydrogel when the neutral form of a fluorophore and
its conjugated acid are located respectively in the micellar core
and the gel’s aqueous phase.*® Pluronics form micelles upon
heating because the PPO segments are preferentially dehy-
drated forming the micellar core, which is surrounded by the
PEO chains in the corona (Fig. 1¢)."”*° At high F127 concentra-
tions and further heating, the aqueous micellar solution forms
a gel because of the entanglements of the PEO chains.*”*° This
gel has three microenvironments, the bulk water, corona and
hydrophobic core (Fig. 1c) that have different properties.>>>"
BTS as a hydrophobic and water insoluble fluorophore is
expected to be solubilized in the PPO micellar core, as was
shown to be the case for other hydrophobic molecules.’*"**

Experimental

Materials

Pluronic F127 (Sigma-Aldrich, My, = 12600 Da, 70 wt% PEO)
and dichloromethane (DCM, Fischer, HPLC grade >99.8%)
were used as received. Deionized water (Branstead NANOpure
deionizing system >17.8 MQ cm) was used for the preparation
of all aqueous solutions. BTS was synthesized and purified as
previously reported (Fig. $1).*°

Methods

Sample preparation

All hydrogel samples were made using 17% (w/w) F127 by
adding 4.0 g of F127 to 20 mL of water in an ice bath while
stirring until all solid F127 dissolved. For solutions prepared at
different pH values, the pH of water was first adjusted using
HCI or NaOH to obtain the desired pH value and this water was
then used to prepare the 17% (w/w) F127 samples.

BTS was solubilized in DCM yielding an 800 uM stock
solution. An aliquot of BTS in DCM was added to a glass vial,
after which DCM was evaporated under a gentle air flow. After
DCM evaporation, 4 mL of the 17% (w/w) F127 solution was
added to the vial. This solution was then stirred for a week in an
ice bath to ensure complete dissolution of BTS into 17% (w/w)
F127. After a week, 3 mL of this BTS/F127 solution was
transferred to a 10 mm x 10 mm quartz cell to carry out the
photophysical studies. The low solubility of BTS in water
precluded the determination of the BTS molar absorptivity in
this solvent. For this reason, concentrations of BTS are indi-
cated as the absorption value measured at 335 nm (4335)-

Instrumentation

"H NMR spectra were acquired using DMSO-d, as the solvent
on a Varian 400 MHz or a Bruker 400 MHz spectrometer. A VWR
SympHony B10P pH meter was used to measure the pH of the
solutions.

Absorption spectra were collected on a CARY 100 Varian
spectrometer at a scan rate of 600 nm min~'. Emission spectra
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were measured using a PTI QM-40 spectrofluorimeter using
slits corresponding to 2.0 nm bandwidths for the excitation and
emission monochromators. Samples were excited between 340
and 480 nm. The colour of the emission from the gel was
determined from the fluorescence spectra collected in two
wavelength ranges with a 20 nm gap centred at double the
excitation wavelength. This gap is required to avoid detection
of excitation light. A linear dependence was assumed between
the two wavelengths defining the gap. The emission of a control
sample containing the F127 gel but not the fluorophore was
subtracted from the BTS/gel spectrum to correct for the emission
from the F127 sample and any light scattering (Fig. S2 and S3).
The Colour Calculator from Osram Sylvania was used to obtain
chromaticity diagrams and to determine the Commission Inter-
nationale de I’Eclairage (CIE 1931) coordinates of chromaticity.

Time-resolved emission decays were collected using an
Edinburgh Instruments OB920 single photon counting system.
A light emitting diode was used to excite the samples at 335 nm
(EPLED-330, Edinburgh Instruments) and the emission was col-
lected at specific wavelengths using a monochromator bandwidth
of 16 nm. The instrument response function (IRF) was collected
using an aqueous Ludox solution which scattered the excitation
light. The data were collected until the highest intensity in the
collecting channels reached 5000 counts. The time-resolved decays
were fit to a sum of exponentials (eqn (1)) using the software
provided by Edinburgh Instruments, where A; corresponds to the
pre-exponential factor of species “i” and 7; corresponds to the
lifetime of species ‘7. The sum of the 4; values is equal to unity. To
account for the IRF, a re-convolution of the IRF with the calculated
decay was performed during the fitting of the experimental data.

I(t)=1, zijA,-e’fo (1)
1

The goodness of the fit was judged by the y* value recovered
from the fit and by the visual inspection of the residuals. Fits
with %> values between 0.9 and 1.2 and having a random
distribution of residuals around zero between the experimental
and calculated values were deemed adequate.*?

Results and discussion

Incorporation of BTS into F127 avoids the aggregation pre-
viously observed when BTS was dispersed in an OLED layer,*°
and the colour for the emission of BTS in F127 is similar when
F127 is in the sol (20 °C) or gel phases (30 °C). The absorption
spectrum of A (Amax = 430 nm) is red shifted with respect to the
spectrum of N, and these species cannot be excited separately
since their absorption spectra overlap. The absorption spectra
of BTS are the same in the F127 sol or gel phases (inset Fig. 2).
Therefore, any changes in the emission spectra in the sol and
gel phases are a result of the excited state properties of the BTS
species (N*, T* and A*) in each phase and are not due to
different ratios of species (N vs. A) in the ground state. N is
primarily excited at 340 nm, leading to the emission from N*
and T*, while a significant contribution of the emission from

Soft Matter, 2025, 21, 8489-8497 | 8491
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Fig. 2 Normalized steady-state emission spectra (lex = 340 nm) of BTS
(As35 = 0.4; absorbance values were used as a proxy for concentrations —
see the Experimental section) in 17% (w/w) F127 at 20 °C (red, sol) and
30 °C (blue, gel). Inset: Absorption spectra of BTS in 17% (w/w) F127 at
20 °C (red, sol) and 30 °C (blue, gel).

A*, if present, is achieved when the sample is excited at longer
wavelengths (1ex > 400 nm).*° The N* emission (1e = 340 nm)
is observed in the 400 nm region, while the T* emission is
centred around 500 nm (Fig. 2). For the N* emission, shoulders
were observed at 360, 380 and 396 nm, while for T* a shoulder
and a peak were seen at 480 and 500 nm, respectively. These
features are different from the emission spectra for BTS in
solution and when dispersed in a polymer.*® No shoulders were
observed for the emission of N* and T* in solution.*® In the
polymer, most of the emission arises from T* and the emission
maximum occurs at a longer wavelength (563 nm) than
observed in F127. The longer emission wavelength in the
polymer was proposed to be due to the presence of aggregates
of BTS.*® The different photophysics of BTS in the gel and in
the polymer suggests that the environment provided by the
F127 micelles inhibits the aggregation of BTS molecules. The
observation of similar emission spectra of BTS in the sol and
gel phases shows that the colour of the emitted light does not
depend on the phase of the system.

Experiments at incremental excitation wavelengths led to
the observation of the emission from A* (Fig. 3 and Fig. S4). The
absorption spectra of N* and A* overlap. For this reason,
the emission of N*, T*, formed by ESIPT, and A* can occur
for excitation wavelengths where N and A are excited. The
relative intensities for the emission from these three species
depends on the excitation wavelength with a higher contribu-
tion of the emission from A* occurring at longer excitation
wavelengths.?’ The emission from N* around 400 nm was
observed when the gel was excited at 340 nm, while the
emission spectrum for excitation at 410 nm corresponds to a
combination of the emission spectra for T* and A*. For excita-
tion wavelengths above 450 nm, the emission spectrum pre-
dominantly corresponds to the emission of A*. These spectral
assignments are supported by excitation spectra collected at
different emission wavelengths, where the emission of A* at
600 nm led to a peak in the excitation spectrum around 460 nm
consistent with the previous characterization of A (Fig. 3).*° An
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Fig. 3 (a) Normalised steady-state emission spectra of BTS in 17% (w/w)

F127 at 30 °C for different excitation wavelengths: 340 nm (black), 400 nm
(green), 410 nm (red), 420 nm (dark blue), 450 nm (blue) and 480 nm (light
blue). (b) Normalized excitation spectra of BTS in 17% (w/w) F127 at 30 °C
monitored at different emission wavelengths: 400 nm (black), 500 nm
(green), 550 nm (blue) and 600 nm (red). The dashed line represents the
absorption spectrum.

excited-state double proton transfer (ESDPT) process® was
considered for the BTS emission because of the presence of
two phenolic hydrogens, but this mechanism is inconsistent
with the experimental data. For ESDPT, the two emissions at
longer wavelength would correspond to the mono- and di-
tautomeric excited states formed from N*. The longest wave-
length emission of BTS was previously observed in pyridine
where BTS is deprotonated and excited-state proton transfer is
supressed.* The profiles for the excitation and emission wave-
lengths of BTS in the F27 gel are consistent with the studies in
pyridine and indicate that two different species are present in
the ground state. In addition, for ESDPT the relative intensities
of both the mono- and di-tautomeric emissions should have
decreased at longer excitation wavelengths, which is opposite to
the experimental observations. Therefore, the emission and
excitation profiles of BTS in F127 gels showed that the emission
of A* contributed to the definition of the colour of the emission
of BTS in the gel.

The 1931 CIE chromaticity diagram, described by the
National Bureau of Standards (NBS), was used to determine
the colour of emission from the BTS/F127 hydrogels. In this

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Chromaticity diagram (x, hue and y, saturation) for the emission of
BTS in 17% (w/w) F127 hydrogels with varying BTS concentrations, which
were quantified as the BTS absorbance (Asss = 0.2 (@), Aszs = 0.4 (@),
Aszzs = 0.6 (H), which is covered by the Aszzs = 0.8 point (ll), and Azzs = 1.1
(A)). Corresponding emission profiles of BTS are shown in Fig. 2 and Fig.
S5-S8. The area defined by the black line corresponds to colours that are
perceived as white.>®
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chromaticity diagram,®® the colour of the emission is indepen-
dent of the luminance, which means that the colour does not
depend on the intensity of the emitted light. The colour of the
BTS emission in the F127 gel changed with the BTS concen-
tration (Fig. 4 and Fig. S5-S9, Table S1). As this concentration
was raised, the colour of the emitted light moved toward the
boundary of what is considered white light emission (Fig. 4).>°
At the highest concentration studied (4355 = 1.1), the colour of
the emission became light blue with chromaticity coordinates
outside the acceptable white light emission region. The colour
shift observed is a consequence of the higher contribution of
the emission from T* as the concentration of BTS increases,
indicating that the colour of this system can be modulated by
changing the BTS concentration. The increased contribution
from T* could be related to the population of sites in the gel
with slightly different properties or could be related to the
onset of aggregation which in polymers was shown to influence
the emission properties of BTS."°

The role of the dianionic form of BTS (A) on the emission of
the BTS/F127 system was investigated by changing the pH,
because the presence of A is sensitive to pH. The emission
spectra for BTS/F127 hydrogels measured between the pH
values of 4 and 8 showed small changes in the 530 to 600 nm
region where A* emits (Fig. 5). These changes did not lead to a
significant change in the colour of the emission from the gel
(Fig. S10 and Table S2) and there were no defined trends with
pH for the changes in the spectra. This insensitivity to the pH
was observed when the gel was excited at 340 nm, where N is
excited, and when the gel was excited at 400 nm, where a higher
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Fig. 5 Normalized steady-state emission spectra of BTS (lexc = 340 nm,
inset: Aexc = 400 nm) in 17% (w/w) F127 hydrogel at 30 °C at various pH
values (pH 4 (black), pH 5 (red), pH 6 (blue), pH 7 (green), pH 8 (black)).

contribution of A* to the emission spectrum occurs. These
results indicate that the pH does not change the ratio between
the N and A concentrations, suggesting that BTS is in an
environment in the F127 micelles that is shielded from the
gel’s aqueous phase leading to the insensitivity to pH of the
relative amount of A present. The formation of the dianion
likely occurs by proton abstraction from acceptor sites present
in the F127 environment where BTS is located, a phenomenon
previously observed for ESIPT-reactive systems in polymeric
phases.>®

Time-resolved fluorescence studies were used to obtain
further insights into the photophysics of BTS in the F127 gel.
The decays for samples excited at 335 nm were non-exponential
and were faster when measured at 400 nm than those measured
at 500 and 550 nm (Fig. 6). These results are consistent with the
emission of BTS in DCM where non-exponential decays were
observed with lifetimes of 08-0.9 and 2.8-2.9 ns for N*, 0.9 and
3.5 ns for T* and 0.4-1.0 and 3.2-3.6 ns for A*.*® In the case of
the BTS emission in the F127 gel, the lifetime of the emission
from BTS overlapped with the emissions of F127 in the absence
of BTS (Fig. S2 and S3). This low-level emission of F127 samples
in the absence of BTS is likely due to impurities in F127 since
its intensity depends on the F127 sample. However, low level
emission from micellization seen for other polymeric
micelles®” cannot be ruled out. The emissions from F127 do
not contribute significantly to the steady-state emission spectra
of BTS (Fig. S2). However, in fluorescence decay measurements
the emissions from F127 will be included in the overall decay
despite the small amplitude for this emission compared to the
overall emission (e.g. 2% for detection at 400 nm). The decays
for the emission from F127 samples in the absence of BTS were
adequately fit to a sum of three exponential terms (Fig. S11).
The recovered lifetimes ranged between 0.1 and 10 ns (Table
S3), which overlaps with the lifetime ranges of the BTS emis-
sion (Tables S4-S8). This overlap precludes a detailed analysis
of the two BTS lifetimes observed in DCM and the analysis
focussed on the longest-lived component for each BTS species
(see the SI for details). At 400 nm, the wavelength for which the
maximum contribution from N* is observed, the decay of BTS

Soft Matter, 2025, 21, 8489-8497 | 8493


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sm00788g

Open Access Article. Published on 23 October 2025. Downloaded on 3/3/2026 10:49:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Times / ns

| | |
0 5 10 15 20 25 30 35
Times / ns

Fig. 6 Time-resolved decays for the singlet excited states of BTS (lexc =
335 nm) in 17% (w/w) F127 hydrogels at 30 °C. (a) Zem = 400 nm (red) (b)
Jem = 500 nm (red), Zem = 550 nm (green). The solid blue lines represent
the IRFs, whereas the solid black lines represent the fits of the decays.

in the F127 gel was faster than at 500 nm, where the emission
from T* is predominant, and at 550 nm where the contribution
from A* is highest (Fig. 6). The lifetimes of T* and A* did not
depend on the concentration of BTS and within experimental
errors the lifetimes in the sol (6.2 £ 0.5 ns for T* and 3.3 +
0.2 ns for A*) and gel phases (5.8 = 0.3 ns for T* and 3.0 +
0.3 ns for A*) are the same. The presence of N* and T* was
confirmed by constructing time-resolved area-normalized emis-
sion spectra (TRANES),*®*° which showed an isoemissive point,
accompanied by the disappearance of N* and appearance of T*
over time (Fig. S12) These results are consistent with previous
time-resolved emission spectra for BTS in DCM,*° showing that
the gel did not alter the excited state reactivity of BTS (ESIPT).

The location of BTS in the F127 micelles defines the properties
of the emission in the sol and the gel. BTS is not soluble in water
and the compartmentalization afforded by the F127 micelles
makes it possible to separate individual BTS molecules, while
the system (sol or gel) is still in an aqueous environment. The
photophysical properties in the gel are aligned with previous
reports in solution and solid polymers,*® and are supported by
previous computational studies on the ESIPT process of BTS and
related compounds.*>*>®*** The isolation of BTS molecules
within the F127 micelles led to an emission at shorter wavelengths
than observed for BTS incorporated into an OLED where aggrega-
tion occurred.’®**> However, in both cases white light emission
was achieved because of the presence of several emitting species.

BTS is incorporated into the core of F127 micelles since
changes in pH did not affect the emission spectra of the BTS/
F127 gels. If BTS was partitioned between the hydrophobic core
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of the micelle and the PEO corona, the amount of deprotonated
A would depend on the pH since the corona is exposed to the
aqueous phase. Therefore, the BTS/F127 gel is an example where
the fluorophore has multiple emissive species, one of which is
pH sensitive, where the isolation of the fluorophore in one
compartment of the system makes the emission resistant to
changes in pH. This result contrasts with a previous study where
the protonated fluorophore resided in the aqueous phase of the
F127 gel while the deprotonated neutral fluorophore was located
in the micelle.>® This partitioning of the acid and base in the
ground state led to colour changes for the emission from the gel
with changes in pH and temperature. In both cases white light
emission was achieved for defined experimental conditions, but
in the BTS/F127 gel temperature and pH did not trigger a change
in colour. These examples show that depending on the proper-
ties desired for an emissive material, the design of the fluoro-
phore requires tuning of photophysical and structural properties
to target the desired location of the fluorophore within the
compartments of the supramolecular system.

Conclusions

Our supramolecular strategy showed that microheterogeneous
systems can segregate non-soluble fluorophores. Micelles in the
sol and gel phases are examples of such microheterogeneous
systems where molecules are incorporated into specific environ-
ments of the system depending on the properties of each
environment. In the present case, a luminescent material was
prepared by designing the photophysical and structural proper-
ties of the fluorophore. The aqueous insolubility of BTS led to its
incorporation only in the F127 micellar core without a partition-
ing of BTS molecules between the micellar core and corona.
Such a partitioning occurs for less hydrophobic fluorophores.
The specific localization of BTS is responsible for the complete
protection of the fluorophore from changes in pH in the hydro-
gel, leading to a material where its emissive properties will not
depend on the pH of the surrounding environment. The broad
emission spectrum observed for the BTS/F127 gel ensured that
white light emission was observed at the lower BTS concentra-
tions, showing that the micellar environment avoids the for-
mation of BTS aggregates which would alter the colour of the
gel’s emission. The environmental control of the photophysical
properties of BTS in the F127 gel is of relevance for the devel-
opment of materials for applications, such as biosensing, ima-
ging, and display technologies where exposure to water at
different pHs is possible but a change in the emission colour
of the material because of these different pHs is undesirable.
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