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Detecting fluctuations in carbon dioxide by switching ‘ON" or ‘OFF" fluorescence in aqueous environ-
ments has often been targeted for efficient monitoring. This switch needs to occur in a drastic and fast
way that is visually observable to be effective. CO, dissolves in water, leading to a reduction in pH, which
can be used to trigger a response. Specifically, the modification of fluorescent dyes with pH-responsive
units could create a dye that responds to CO, and switches ‘off’ fluorescence. Here, we developed a
water-soluble polymer functionalized with a CO,-responsive pyrene dye. This functional dye contains a
tertiary amine conjugated to the aromatic pyrene, which can be protonated at pH ~ 6.5 or lower. After
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only 15 s of CO, bubbling, a significant fluorescence '‘OFF" response was observed, with a drastic
reduction in fluorescence at 480 nm as a consequence of disrupting non-covalent excimer bonds.
Moreover, the exposure to atmospheric air results in a recovery of the excimer state and, therefore, the
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Introduction

Carbon dioxide (CO,) is the primary greenhouse gas emitted
by humans that lingers in the atmosphere for thousands of
years. It accounts for 75% of all emissions, mainly from
burning organic materials such as coal, oil, gas, wood, and
solid waste.' Detecting and monitoring CO, is essential for a
range of different applications, including climate research,*”
biology,® ecology,” chemistry,® agriculture,’ food'® and health-
care."’ Presently, a wide range of applications are used for
detecting and monitoring CO,, from non-dispersive infrared
sensors,'” positron emission tomography imaging,"® paper-
based sensors,'*'® frameworks,'® and others.'”*® However,
these methods can be expensive, non-reusable, time-consum-
ing, have poor detection limits, or do not give a drastic
response, so alternative strategies are needed. Chemical-based
sensors, ranging from molecular-based to macromolecular
sensors, have been investigated as an alternative strategy for
detecting CO,. These sensors operate by undergoing a compo-

“School of Chemistry, University of Birmingham, Edgbaston, Birmingham, B15 2TT,
UK. E-mail: r.oreilly@bham.ac.uk

bBp Exploration Operating Company Limited, Chertsey Road, Sunbury on Thames,
Middlesex, TW16 7BP, UK

TElectronic supplementary information (ESI) available: Supplementary figure
and tables, detailed experimental procedures, and characterization data for all
new compounds. See DOIL: https://doi.org/10.1039/d4py01186d

This journal is © The Royal Society of Chemistry 2025

fluorescence, demonstrating its reversible nature.

sitional change in their chemical structure upon exposure to
CO,, which leads to a response.

Polymer-based sensors offer a stable and easily applicable
delivery system, typically comprising a responsive monomer
and a dye molecule. Over the past decade, numerous CO,-
responsive polymeric systems with fluorescence read-outs have
been reported, commonly consisting of pH-responsive and
polar-sensitive fluorescent units."*® They respond to CO, by
changing the conformation of the polymer, leading to a
different microenvironment around the dye molecule, which
changes its fluorescence. This response is due to CO, forming
carbonic acid in water, which can dissociate into HCO;",
CO;>7, and H", allowing protonation of amine-based mono-
mers. However, the response rate to CO, is often limited by
conformational changes in the macromolecular structure.

Molecular-based CO, sensors typically involve dye mole-
cules that undergo a chemical transformation when exposed to
CO,, resulting in a detectable signal change. For example,
Morandi and coworkers developed a range of deactivated dye
molecules that switched on in the presence of CO,. This highly
sensitive and selective molecular sensor was capable of detect-
ing CO, at atmospheric levels (as low as eight ppm).*°
Common dye molecules were modified to include an imino-
phosphorane group that, in the presence of CO,, undergoes a
cascade aza-Wittig reaction that turns ‘ON’ its fluorescence.
However, a significant limitation of this sensor is its non-rever-
sibility, meaning it cannot be reused after detection, which
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poses challenges for continuous monitoring applications. Lee
and coworkers developed an imidazole-based polymer sensor
that can form N-heterocyclic carbenes, which undergo a
photo-induced electron transfer (PET) to anthracene dye mole-
cules and switch them ‘off’. The carbene reacts in the presence
of CO, switching on the anthracene dye by inhibiting the PET.
This reaction could be reversed over multiple cycles of switch-
ing ‘ON’ and ‘OFF the dye. However, this exciting strategy
requires heat to release the reacted CO,. Moreover, the detec-
tion limit of the material was not determined, and the visual
response was not strong, potentially limiting the applicability.

Ideally, a combination of polymer- and molecular-based
systems should be developed. Such a system would involve a
reversibly CO,-responsive dye molecule that changes fluorescence
due to direct fluctuation in CO, levels. Incorporating this into a
polymer delivery system would potentially increase its applica-
bility and usability in aqueous environments. The desired charac-
teristics for this system include reversibility, reusability, fast
response, low detection limit, and activation in the presence of
CO, in water and deactivation upon the removal of CO,. Pyrene is
a widely used fluorescent probe with outstanding features, includ-
ing a large absorption coefficient, high fluorescence quantum
yield, and excellent chemical stability.’® Pyrene-based fluo-
rescence probes have been reported in macromolecular materials
where the polymer responds to stimuli to alter the excimer for-
mation of pyrene,**° changing fluorescent properties.

In this study, a modified pyrene-based CO,-sensing mole-
cule was developed that could be readily incorporated into
polymeric supports. Pyrene dye molecules were functionalized
with pH-responsive amine functionality, which, upon protona-
tion, turned ‘off’ fluorescence. This responsive dye-based
sensor displayed visible changes in fluorescence, detecting
changes in CO, as a function of pH at parts per billion concen-
trations of dye. This pyrene-modified unit was incorporated
into linear polymers and displayed a drastic response to
changes in pH. Notably, this marks a significant advance as it
represents an instance where the fluorescence of pyrene is
extinguished by disrupting excimer bonds in the presence of
CO, within a polymeric system in aqueous solution.
Furthermore, the quenching effect is entirely reversible upon
exposure to atmospheric air.

Results and discussion

We aimed to modify the chemical structure of pyrene dye to be
pH-responsive, creating drastic changes in fluorescence when
interacting with CO,. To achieve this, we wanted to attach an
amino pH-responsive unit to the dye that becomes protonated
under acidic conditions. This protonation will directly affect
its fluorescent properties by decreasing the excimer/unimer
ratio due to electrostatic repulsion, drastically changing the
dye’s emission. However, due to its high hydrophobicity,
testing its properties in water solution could be challenging.
Consequently, we needed to incorporate this modified dye into
a polymeric scaffold that enhances its water solubility.
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Our aim was to synthesize a water-soluble polymer integrat-
ing pyrene derivatives functionalized with N,N-dimethylamino
and N,N-diethylamino groups, each offering distinct reactivity
and responsiveness to pH and CO, variations. The selection of
these amines was guided by the pkK, estimated (5.33 and 6.19,
respectively) (Fig. S1 and S2}). We hypothesized that the di-
ethylamino group would demonstrate optimal reactivity with
CO,, due to its pK, value suggesting protonation would occur
in the HCO;7/CO;>” system. This enhanced reactivity was
expected to result in a more pronounced change in the probe’s
fluorescence. The mechanism underlying these pH-responsive
systems involves the protonation of amine groups upon a
decrease in pH, which can be induced by CO, as it partially
dissolves in water to form an equilibrium with carbonic acid,
and the generation of positive charges, leading to electrostatic
repulsion between pyrene units. Pyrene dye molecules are only
fluorescent when they have formed excimers, so they must be
closely located next to each other. Creating a cationic charge
on the pyrene induces electrostatic repulsion between pyrenes,
breaking the excimers and turning off fluorescence. Here, we
aimed to create a sensitive response to CO,, with the diethyl-
amino group playing a crucial role in the system’s reactivity
and fluorescence changes.

For the synthesis of the pyrene-based monomers, we pro-
posed a general synthetic route for the two designed mono-
mers. We opted to modify position 1 of pyrene with a tertiary
amine and a methacrylate functional group in position 6
(Fig. 1a). The most straightforward approach to accomplish
this involved dialkylation of the commercially available 1-ami-
nopyrene with the corresponding alkyl iodide, according to a
protocol developed in the Wagenknecht laboratory.*! This was
then followed by the addition of a bromo group at position 6
via radical bromination with N-bromosuccinimide (NBS). This
enabled the subsequent Sonogashira cross-coupling reaction
with 3-butyn-1-ol. Ultimately, esterification with EDC and
methacrylic acid was used to obtain the methacrylate
monomer diethylamino pyrene methacrylate (DEAPyMA)
(Scheme S17).

We hypothesized that because of the strong repulsion gen-
erated from the positive charge of protonated amines in the
DEAPYMA moiety it would increase the distance between
pyrene units and would consequently break the excimer state.
This would be translated in switching the fluorescence from
an ON to an OFF state. We empirically validated our hypoth-
esis by examining the spectral properties of the different
pyrene monomers in mixtures of H,O/MeCN (95 : 5) at various
pH levels (Fig. S327). As expected, the DEAPyMA dye exhibited
distinctive emission peaks in the different mixtures, clearly
transitioning from an ON state in basic pH to an OFF state in
acidic conditions.

Given the hydrophobic nature of the monomer, the sub-
sequent objective involved evaluating its pH-sensitivity in an
aqueous solution by polymerizing the fluorescent monomer
within a water-soluble, non-pH-responsive system. An initial
reaction was conducted at 80 °C by reacting 100 equivalents of
N,N-dimethylacrylamide (DMAm) with 1 equivalent of

This journal is © The Royal Society of Chemistry 2025
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Fig. 1

(@) Scheme of chemical structure of poly(dimethylacrylamide-co-

diethylaminopyrenemethacrylate). (b) Fluorescence spectra of P(DMAmM-

co-DEAPyMA) at different pHs 7, 6, 5, 4, 3, 2 and 1. Concentration 0.1 mg mL™%. 1., = 350 nm. (c) Graphic representing change in intensity ratio
la90nm/I385nm as effect of the pH for P(DMAmM-co-DEAPyMA) and P(DMAm-co-PyMA). Concentration 0.1 mg ML, Zexe = 350 nm. (d) UV-Vis and flu-
orescence spectra of both P(DMAmM-co-DEAPyMA) (continuous line) and P(DMAm-co-PyMA) (discontinuous line) in water at pH 7. Concentration

1mg mL™ Aexe = 350 nm.

DEAPyMA, 4-[[[(2-carboxyethyl)thio]thioxomethyl]thio]-4-cyano-
pentanoic acid as chain-transfer agent and 4,4'-azo-bis(4-cya-
novaleric acid) (ACVA) as radical initiator for 16 hours. The
obtained polymer (Fig. 1a) was purified by extensive dialysis
using a 3 kDa membrane, in H,O/THF (1:1). The molecular
weight of the polymer was calculated via end-group analysis,
showing a 96% conversion for DMAm against a 76% conver-
sion regarding DEAPyMA; this might be due to the different
nature of the monomers as well as the bigger size of DEAPyMA
in comparison to DMAm (approximately 4 times) resulting in
steric hindrance, giving a value of (M, xmr = 10.1 kDa). We
experimentally validated our hypothesis by investigating the
optical characteristics of the polymer with a 1 mol% loading of
DEAPYMA in an aqueous solution. The addition of the amine
to the pyrene structure resulted in a noticeable redshift in
both absorption and emission spectra compared to the non-
pH-responsive PyMA (Fig. 1d).

The responsiveness of the polymer containing DEAPyMA
was evaluated across the entire pH spectrum. As depicted in
Fig. 1b, the dye exhibited two distinct fluorescent emission
bands between 370-420 nm, corresponding to the pyrene

This journal is © The Royal Society of Chemistry 2025

unimer, and an additional band at 490 nm indicative of
excimer species formation. We synthesized two other control
polymers, one integrating a non-pH-responsive pyrene unit
P(DMAm-co-PyMA) and the other with a dimethylamino
moiety as a responsive unit, P(DMAm-co-DMPyMA). The first
one showed a constant fluorescence emission through the
whole pH spectrum (Fig. 1c), whereas the P(DMAm-co-
DMPyMA) only showed a response at pH values below 3
(Fig. S11 and S127). We prepared polymers with 0.1, 0.5 and
1 mol% of dimethylaminopyrenemethacrylate (DMAPyMA), and
we could confirm that the fluorescence intensity corresponding
to the excimer formation (490 nm) also depended on the concen-
tration of the dye present in the solution (Fig. S14 and S15%). In
contrast, with P(DMAm-co-DEAPyMA), a decrease in pH from
basic to acidic conditions led to an increase in the intensity of
the unimer pyrene emission peaks, coupled with a decrease in
excimer peak intensity (Fig. 1b). In this case, the changes in the
intensity of each peak were observed to be more pronounced
than in the free molecule. We think this was due to a solubility
issue resulting from the concentration of the dye, as this is lower
in the polymer. This suggests that as the amine became proto-
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nated, electrostatic repulsion between positively charged amines
likely caused the disruption of n-= interactions between excimers.
This underscores the role of the pyrene unit in the observed pH-
dependent fluorescence changes.

We confirmed our hypothesis by conducting fluorescence
lifetime measurements on an aqueous solution of (DMAm-co-
DEAPyMA) at pH 2, 4.5, and 7. As anticipated, we observed a
decrease in fluorescence lifetime, indicative of excimer for-
mation facilitating non-radiative pathways leading to a faster
relaxation to the ground state compared to the unimers.
Notably, we observed that the lifetimes corresponding to
excimer peaks (490 nm) decreased to nearly half the values
compared to those obtained at the same pHs at 385 nm
(Fig. S25 and S267).

Furthermore, we aimed to investigate the detection limit
with respect to both the polymer and the dye. To achieve this,
we prepared samples of P(DMAm-co-DEAPYMA) at five
different concentrations and tested them over a pH range
where a significant fluorescence change could be detected
(Fig. 2b). The polymer exhibited a noteworthy pH-response
with a distinct fluorescence ON/OFF transition in the parts per
million (ppm) range (Fig. 2a). Interestingly, the visual response
was even more pronounced in the parts per billion (ppb) range
for the fluorescent dye, given its presence at around 1 mol% of
charge within the polymer chains. This makes DEAPyMA
potentially sensitive to CO, in aqueous solution.
Correspondingly, the fluorescence intensity ratio Ijgonm/I3ssnm
of P(DMAm-co-DEAPyMA) gradually increases as the pH does.
Following the work by Liu et al.,** the pK, of DEAPyMA was cal-
culated as 4.4 using the Henderson-Hasselbalch equation
(Fig. S2371), suggesting its suitability for pH quantification in
acidic to neutral environments and CO, detection.

To evaluate the system’s effectiveness in CO, detection, we
monitored the fluorescence emission of a 1 ppm sample of

(a)
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P(DMAm-co-DEAPyMA) in water before and after exposing it to a
continuous flow and pressure of CO,. Within minutes, a notable
change in visual fluorescence occurred. The reaction kinetics
were further investigated by measuring the fluorescence ratio
(Luoonm/I385nm) at various time intervals with different CO,
volumes. Here, it can be seen that the response to CO, depends
on the flow rate of CO, (Fig. S31, S40 and S417).

Optical characteristics and pH assessments of the poly-
meric matrix were conducted before and after exposing it to a
constant CO, flow (50 cm® min™") and pressure (1 bar). After
15 seconds, an abrupt alteration in fluorescence intensity
occurred, accompanied by a significant pH decrease from 7.4
to 5.6. This change in fluorescence corresponds to the
exposure of the polymer to 12.5 cm® of CO,. The fluorescence
intensity ratio gradually declined from 1.8 to 0.07 as the CO,
volume reached 25 cm®, ultimately stabilizing (Fig. 3a and d).
It is, therefore, clear that the system produced has a response
to CO, that saturates after exposure to around 20 cm?®, which is
likely because an equilibrium is reached, and the pH does not
decrease any further.

As the protonation reaction of P(DMAm-co-DEAPyMA) was
reversible, we assumed that the fluorescence could be recov-
ered by removing CO, by exposing the system to air. The
system previously exposed to CO, for 10 min was then exposed
to atmospheric air, resulting in a gradual recovery of fluo-
rescence (Fig. 3b). The fluorescence intensity ratio (I oom/
I3gsnm) gradually increased from 0.07 to 1.56 (Fig. 3e). The fluo-
rescence intensity at 490 nm exhibited an increase after being
exposed to air, while the intensity at 385 nm underwent a
sharp decrease. This reversal process took more time com-
pared to the response to CO,, requiring exposure to air for
25 minutes to observe a substantial change in fluorescence,
and 1 hour for complete recovery of the excimer state, as illus-
trated in Fig. 3e. Images of different samples were also taken

(b)
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(a) Fluorescence intensity of P(DMAm-co-DEAPyMA) (concentrations: 100, 10, 5 and 1 ppm, pH 7 and 2, dexc = 350 nm, ey, = 490 nm). (b)

Photograph of P(DMAmM-co-DEAPyMA) at different concentrations in aqueous solution and different pHs under 365 nm UV light.
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Fig. 3 (a) Photograph of P(DMAm-co-DEAPYMA) samples of concentration 0.01 mg mL™! after bubbling different CO, volumes (OFF process)
under 365 nm UV light. (b) Photograph of P(DMAm-co-DEAPYMA) samples of concentration 0.01 mg mL™ after being exposed to atmospheric air
for 1 h (ON process) under 365 nm UV light. (c) Photograph of P(DMAm-co-DEAPyMA) samples of concentration 0.01 mg mL™" after undergoing
several CO,/air cycles under 365 nm UV light. (d) Kinetics graphic representing a change in fluorescence intensity ratio l490nm//385nm Of @ sample of
concentration 0.01 mg mL™ relative to the volume of CO.. (e) Kinetics graphic representing a change in fluorescence intensity ratio l4sonm//sssnm Of
a sample of 0.01 mg mL~! concentration when exposed to air for 1 h. (f) Graphic representing the change in fluorescence intensity ratio /490nm/

I3g5nm Of @ sample of concentration 0.01 mg mL~* when being exposed to CO, for 5 min and air for 1 h for 6 cycles.

at various times under 365 nm UV light (Fig. 3b), to visualize
the reversible fluorescence change.

Subsequently, the system underwent multiple cycles of CO,
exposure for 5 minutes (OFF) and air exposure for 1 h (ON) to
evaluate its reversibility. These results demonstrated that this
system’s CO,-responsive fluorescence property was stable and
possessed excellent repeatability over at least 6 cycles, transi-
tioning between an ON and OFF state, as shown in Fig. 3c and
f. This transition from the off to on state as a function of atmo-
sphere corresponds to changes in pH, as expected (Fig. S427).
Interestingly, after storing the sample in an aqueous environ-
ment for one week, a response to CO, and air was still
observed; however, variability was observed
(Fig. S437%).

increased

Conclusion

In summary, we have successfully synthesized a novel linear
polymer through RAFT polymerization, incorporating a unique
PH/CO,-responsive pyrene dye monomer. This water-soluble
polymer not only displayed a fluorescence turn-off but also
exhibited an exceptionally rapid response (15 s) and a high
sensitivity in water in concentrations around ppb when
exposed to CO, bubbling. The interaction of CO, with the
amino response unit in the pyrene led to a meaningful change
in the system’s fluorescence. This change resulted from
electrostatic repulsion between pyrene units, breaking the
intermolecular excimer. Importantly, this process proved to be
reversible, over at least six cycles under atmospheric con-

This journal is © The Royal Society of Chemistry 2025

ditions, indicating durability suitable for potential gas-sensing
applications. The polymer exhibited promising features for
real-time CO, sensing and could be potentially applied in
smart surfaces.
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