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Introduction

Water detection in organic solvents using a
copolymer membrane immobilised with a
fluorescent intramolecular charge transfer-type
dye: effects of intramolecular hydrogen bondsf

Ami Morimoto,? Kei Shimizu,® Naoya Suzuki,® Shigeyuki Yagi,® Kenji Sueyoshi,®®
Tatsuro Endo® and Hideaki Hisamoto (=) *?

Numerous fluorescent dye-based optical sensors have been developed to detect water in organic sol-
vents. However, only a few such sensors can detect water in polar solvents such as methanol or dimethy!l
sulfoxide, and their detection range is generally narrow. Therefore, in this study, a copolymer membrane
incorporated with a pyridinium betaine dye (denoted PB1), which exhibited intramolecular charge transfer
(ICT) characteristics, was developed to realise simple water detection in organic solvents. The pyridinium
betaine structure, comprising intramolecular hydrogen bonds between the oxygen in the maleimide
moiety and the hydrogen in the pyridinium, was vital for achieving efficient fluorescence emission. The
membrane was prepared by copolymerising PB1 with the N,N-dimethyl acrylamide/acrylamide monomer
on a glass plate, and the fluorescence in water-mixed organic solvents was investigated (A,ps = 490 nm, g
= 630 nm). The fluorescence intensity of the dye-immobilised membrane decreased with increasing
water content of the organic solvents. The detection ranges in tetrahydrofuran, ethanol, methanol, and
dimethyl sulfoxide were approximately <40, <40, <40, and <60 vol% water, respectively. In contrast, mem-
branes based on a quaternary pyridinium dye (without intramolecular hydrogen bonds) did not detect
water in methanol and dimethyl sulfoxide, although it was more sensitive than PB1 in the narrow region of
low water concentration in THF. Theoretical calculations corroborated the importance of the pyridinium
betaine structure in detecting water in organic solvents, with the increase in polarity and the formation of
intermolecular hydrogen bonds between PB1 and water found to induce molecular rotation and fluor-
escence quenching.

interferents such as ketones, aldehydes, and redox chemicals
are excluded from samples.”” Although approaches to prevent-

Water detection in organic solvents has garnered significant
interest in research and industry fields such as organic syn-
thesis, purity measurement, and quality control. In particular,
Karl Fischer (KF) titration is predominantly employed to deter-
mine the content of water in liquids, solids, and gases.'™
Although KEF titration offers high accuracy, high precision, and
a wide measurement range (water content: 1 ppm to 100%), it
is somewhat inconvenient because it requires several instru-
ments such as electrodes and involves the preparation of titra-
tion reagents. Additionally, care should be taken to ensure that
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ing the interference reaction have been explored,®® simpler
water detection methods are required to overcome the afore-
mentioned difficulties.

Optical chemical sensors (optodes) have attracted consider-
able attention because of their simplicity;'° therefore, numer-
ous water-detecting optodes based on colourimetric and/or
fluorescent dyes have been developed to date.'’”?®
Fluorescence-based optodes are typically more sensitive than
colourimetry-based optodes. The response mechanism of fluo-
rescence-based optodes containing organic fluorophores can
be classified based on the fluorescence mechanism'®'® into
photo-induced electron transfer (PET),>°>* intramolecular
charge transfer (ICT),>"*>2® twisted ICT (TICT),>****° aggrega-
tion-induced emission (AIE),>*??%3%3% and excited-state intra-
molecular proton transfer (ESIPT),*™**** and so on. In
addition to the organic-fluorophore-based water detectors,
other luminescent inorganic and/or organic water detectors —
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such as graphene quantum dots,*® carbon dots (CDs),*”*
covalent organic frameworks (COFs),"’** and metal-organic
frameworks (MOFs)***>™*” - have been developed over the past
decade. Besides, applications,'® such as inkless writing,**>®
paper strips,>>3173%:3%:40 and luminophore-doped
films'31317222338 have been developed for simpler water
detection as well as traditional solution-based measurement.
Although various luminescent materials have been devised for
water detection, most are suitable for recognising water in 1,4-
dioxane, tetrahydrofuran (THF), and acetonitrile. Sensors for
water detection in methanol and dimethyl sulfoxide (DMSO)
have also been reported (Table 1); however, their detection
range is generally narrow, the choices of fluorescence colour
are limited, or the assessment typically involves solution-based
measurements or paper-strip-based detection.

This study aimed at developing an optode membrane using
an ICT-type dye for simple water detection in organic solvents,
including polar solvents such as methanol and DMSO. ICT-
type dyes are often used as chemical sensors for water detec-
tion because they are sensitive to polarity, and their absorption
and/or fluorescence spectral changes depend on the solvent
polarity. Additionally, they permit adjustment of the absorp-
tion and/or fluorescence bands by molecular design and
exhibit low background noise owing to a large Stokes shift.
However, the fluorescence intensity of ICT-type dyes occasion-
ally diminishes in polar solvents compared to that in non-
polar solvents owing to enhanced charge separation and
decreased transition probability.>”*® Therefore, ICT-type dyes
are suitable for water detection in non-polar solvents but not
in polar solvents. Accordingly, to achieve water detection even
in polar solvents, a cyclic enolate pyridinium betaine (PB)
structure was targeted in the present study (Fig. 1a). In 2021,
Suzuki and Yagi et al. reported that PB structure has intra-
molecular hydrogen bonds between the carbonyl oxygen atoms
of the cyclic enolate and the o-hydrogen atoms of the pyridi-
nium ring, which suppresses TICT-induced fluorescence
quenching.** Moreover, the same group reported that

View Article Online

Analyst

cyclic enolate :PB1
pyridinium betaine

R
(PB) structure Cvo”n-{ PB-C10

(c) Fluorescence Fluorescence
ON o) XOFF
0 0’9 - N“N.,_. H)
90 oy J2)o
o - <0 )
[0 1T} 33 u).._@ &

1<
Inter-molecular HBs
= formation of

Intra-molecular HBs
= formation of planar

structure orthogonal structure
= fluorescence = fluorescence
enhancement quenching

)
cr _ Q
N v @

Quaternized
pyridinium structure
QP1

Fig. 1 (a) The pyridinium betaine (PB) structure, as reported by Suzuki
and Yagi et al.*° (b) The molecular design employed in the present
study. (c) Concept underlying the fluorescence-based water detection
(HB: Hydrogen Bond). (d) The quaternary pyridinium structure QP1,
which was used as a reference compound.

n-extension and the introduction of a donor such as an N,N-
diphenylamino group to PB structure resulted in exhibiting
enhanced fluorescence; additionally, the dyes were found to
exhibit solvatochromic behaviour owing to their donor-accep-
tor (D-A)-type structures.”® By imparting ICT characteristics to
the PB structure, the sensitivity to water and detection range
would be changed. In anhydrous organic solvents, PB dyes

Table 1 Representative fluorescence-based sensors developed to detect water in methanol or DMSO

Measurement strategy other than the

Sensing mechanism Ref. Solvent Detection range An (nm) solution measurement scheme

AIE/PET 24 DMSO 0-1.18 wt% 510 —

ICT 25 Methanol 0-16, 60-90% 450 Paper strip detection

ICT/TICT 26 DMSO <10 vol% 540 —

ICT/deprotonation 28 DMSO <0.16 vol% 635-700 —
Methanol <2.0 vol%

AIE 32 DMSO — 510 Inkless writing, paper strip detection
Methanol

AIE 33 DMSO 0-15 vol% 515 Paper detection

ESIPT 34 DMSO <52 wt% 480-502 —

ESIPT 35 Methanol 0-80 vol% 454-506 Paper detection

CDs 40 Methanol 0.5-20.0 vol% 610 Paper strip detection

COF 41 Methanol <50 vol% 380 —

MOF/ESIPT 45 Methanol 0-1.3 vol% 477 ZnO-supporting hybrid film detection

MOF/ESIPT 47 DMSO 0-5.2 vol% 450-540 —
Methanol 0-2.2 vol%

ICT Present study DMSO 0-60 vol% 630 Copolymer membrane detection
Methanol 0-40 vol%

1940 | Analyst, 2024, 149, 1939-1946

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3an02165c

Open Access Article. Published on 16 February 2024. Downloaded on 2/3/2026 8:29:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Analyst

form a planar structure owing to their intramolecular hydro-
gen bonds, whereas in the presence of water, the intra-
molecular hydrogen bonds are weakened by intermolecular
hydrogen bonds between the dye and water (Fig. 1c).
Therefore, the PB structure would transforms into a twisted
form, leading to reduced fluorescence.

In this study, a novel PB dye (PB1) with a terminal olefin
moiety (Fig. 1b) was synthesised, and the optical and fluo-
rescence properties in solution were measured using PB-C10 to
eliminate the influence of the terminal olefin to optical pro-
perties. Subsequently, dye-immobilised copolymer membranes
were prepared'>'* using the N,N-dimethylacrylamide (DMAA)/
acrylamide (AA) comonomer to develop simple detection
devices. Water detection in organic solvents was investigated
using the dye-immobilised copolymer membranes. To eluci-
date the effects of the PB structure, a copolymer membrane
immobilised quaternary pyridinium dye (QP1) without hydro-
gen bonding site was also prepared (Fig. 1d), and its sensing
performance was analysed. Finally, the underlying response
mechanism was clarified and then verified through theoretical
calculations.

Experimental
Materials and instruments

All synthetic reagents and membrane materials were pur-
chased from Tokyo Chemical Industry (Tokyo, Japan),
FUJIFILM Wako Pure Chemical Corporation (Tokyo, Japan), or
Kanto Chemical (Tokyo, Japan). All super-dehydrated organic
solvents were purchased from FUJIFILM Wako Pure Chemical
Corporation (Tokyo, Japan). The details of synthesis and
characterization of the compounds are described in the ESI
document.i UV-vis absorption spectra were acquired using a
JASCO V-730 instrument, whereas fluorescence spectra were
captured using a JASCO FP-8550 instrument.

Preparation of dye-immobilised copolymer membranes

Glass slide plates were cut into segments measuring 11.5 x
26.0 mm?, which were then immersed overnight in a mixture
of aqueous NaOH (1 M, 9.4 mL) and ethanol (0.6 mL). The
resulting glass plates were washed with water and acetone,
dried at 70 °C for 30 min, immersed in a mixture of 3-(tri-
methoxysilyl)propyl methacrylate (8.0 mL) and aqueous HCI
(0.1 M, 2.0 mL), and then sonicated until no suspension was
observed (~10 min). Finally, the methacrylated glass plates
were washed with methanol and acetone and then dried at
70 °C for 30 min. Membrane mould spacers were subsequently
assembled on the methacrylated glass (Fig. S11). To that end,
two layers of a 0.13 mm-thick fluoroplastic polytetrafluoro-
ethylene film (ASF-110 FR, Chukoh Chemical Industries) with
a hollowed out area measuring ~18 x 8 mm?” were pasted onto
the glass, creating a 0.26 mm-thick spacing. Approximately
40 pL of the pre-polymer solution - which comprised DMAA
(0.80 mmol), AA (0.20 mmol), N,N-methylenebis(acrylamide)
(5.0 pmol), azobis(isobutyronitrile) (3.0 pmol), the functional
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dye (0.2 pmol), water (150 pL), and 1,4-dioxane (150 pL) - was
poured into the created mould, covered with an unmodified
glass plates, and then polymerised at 65 °C for 45 min. The
resulting membrane was washed with methanol and THF to
remove unreacted reagents and then stored in super-de-
hydrated THF.

Preparation of sample solutions

The sample solutions - that is, mixtures of organic solvents
and water with different volume ratios - were prepared
immediately before the measurements to maximally prevent
moisture absorption. The dye-immobilised copolymer mem-
branes on glass plates were immersed in each sample solution
for 5 min. Fluorescence spectra were acquired using a freshly
prepared solution in a 10 x 10 mm? quartz cell, with the pre-
pared dye-immobilised copolymer membranes on glass plates
fixed diagonally across the quartz cell.

Results and discussion
Light absorption and fluorescence in solutions

To elucidate the light absorption and fluorescence properties
of the functional dyes, UV-vis absorption and fluorescence
spectra were acquired in chloroform (CHCl;), THF, ethyl
acetate (AcOEt), and DMSO (5 pM). In addition, fluorescence
quantum yield (&g;) in each solvent was investigated. The
spectra and spectral data are shown in Fig. 2 and Table 2,
respectively. In THF, PB-C10 exhibited an absorption
maximum (4,p¢) at 490 nm and a fluorescence maximum (4q)
at 600 nm; these bands can be attributed to ICT transition
(vide infra). A.ps depended minimally on the solvent polarity,
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Fig. 2 (a and c) UV-vis absorption spectra and (b and d) fluorescence

profiles of PB-C10 (a and b) and QP1 (c and d) in THF, DMSO, CHCls,
and AcOEt.
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Table 2 UV-vis absorption and fluorescence properties of PB-C10 and
QP1 in THF, DMSO, CHCls, and AcOEt

PB-C10 QP1
Solvent  Ayps (NMm)  Ag (nm)  Ppp Aaps (nm)  Ag (nm)  Pgy
THF 490 600 0.33 460 616 0.05
DMSO 490 641 0.04 466 647 <0.01
CHCl; 510 600 0.49 500 621 0.07
AcOEt 484 593 0.26 455 612 0.05

except in the case of chloroform, whereas the 1y for DMSO was
red shifted by 41 nm compared to that for THF, indicating that
PB-C10 exhibited electrically neutral ICT-type properties.
Generally, the solvent polarity influences electrically neutral
ICT-type dyes in the excited states to a greater extent than
those in the ground states, because the former exhibit a larger
dipole moment than that of the latter.*® QP1 tended to exhibit
superior ICT properties compared with those of PB-C10. For
instance, its A,ps and Ag values in THF were blue shifted to
460 nm and red shifted to 616 nm, respectively, compared
with those of PB-C10. The Stokes shift of QP1 in THF
(5505 cm™; 156 nm) was larger than that of PB-C10
(3741 cm™", 110 nm). Unfortunately, the photophysical pro-
perties of PB-C10 in more polar solvents, such as ethanol and
methanol, could not be measured owing to their low solubility.

Water detection using dye-immobilised copolymer membranes

Water detection using dye solutions is inconvenient because
reagent preparation must be performed on each occasion.
Additionally, hydrophobic dye molecules cannot be used
owing to their low solubility in water-mixed solvents, and the
detection sensitivity is significantly lower than that of soluble
dyes, except those with AIE luminogens. To overcome these
problems, functional dyes were immobilised onto a copolymer
membrane at the terminal olefin moiety on a glass plate in the
present study, to enable simple detection of water in organic
solvents.

First, monomer materials were selected from commercially
available ones, and DMAA and AA were adopted owing to its
amphiphilicity to water and organic solvents. Dye-immobilised
polymer membranes with 100% DMAA or 100% AA were pre-
pared at first in above mentioned manner. However, the
former was too stiff to swell in water and peeled off from the
glass plates after polymerization. The latter was successfully
prepared, but peeled off from the glass plates during the
experiments because volume change of the membrane by
water swelling was large when water content was increased.
Therefore, the two monomers, DMAA and AA, were mixed, and
an appropriate molar ratio was determined to 4:1 which
showed the most intense fluorescence (Fig. S15%) and a rela-
tively small degree of water swelling. Similarly, the proportion
of the cross-linking reagent, N,N-methylenebis(acrylamide),
was also varied from 0 to 2 mol%, and the optimal addition
amount was found to be 0.5 mol%. These materials were
mixed with the functional dyes, and copolymer membranes
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were prepared following the method described in the
Experimental section.

The fluorescence spectral changes of the fabricated mem-
branes were examined in THF/water solvents (Fig. 3). Both dye-
immobilised copolymer membranes (designated as PB1-mem
and QP1-mem) showed decreases in the fluorescence intensity
and small red shifts in iy with increasing water content;
however, the response range was different. For PB1-mem, as
the water content increased from 0% to 100%, A exhibited red
shifts from 591 to 627 nm, whereas the fluorescence intensity
(I) decreased from 2560 a.u. (detector setting was low gain) to
11 a.u. Moreover, the fluorescence intensity of PB1-mem was
approximately 2.6 times higher than that of QP1-mem (middle
gain is ca. 10 times more sensitive than low gain).
Additionally, PB1-mem exhibited a wide-range response (<40
vol% water), whereas QP1l-mem showed a narrow-range
response from 0 vol% (1g = 577 nm, I = 9054 a.u.) to 10 vol%
water (g = 613 nm, I = 324 a.u.). In other words, QP1-mem
was more sensitive to water in THF than PB1-mem. To confirm
the sensitivity to water, the relative fluorescence intensity with
respect to the fluorescence intensity at 0 vol% water (I/I,) was
plotted against the water content (Fig. 4). At the water content
of 5 vol%, the I/I, ratio of PB1-mem decreased to 0.66 at 5
vol% water content, whereas that of QP1-mem decreased dras-
tically to 0.30. These results highlight the suitability of PB1-
mem and QP1-mem for wide-range and low-water-content
detection in THF, respectively.

The response and recovery times of PBl-mem were also
measured. The prepared PB1-mem stored in THF was soaked
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Fig. 3 Fluorescence spectra of the dye-immobilised membranes (a)

PB1-mem (lex = 490 nm, 15 = 630 nm) and (b) QP1-mem (e, = 460 nm,
A = 630 nm) in THF/water solvents.
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Fig. 4 Relative fluorescence intensities of the dye-immobilised mem-
branes (a) PB1-mem (lex = 490 nm, Aq = 630 nm) and (b) QP1-mem (lex
= 460 nm, iz = 630 nm) in water mixed with THF, DMSO, ethanol
(EtOH), and methanol (MeOH).

in a THF solution with 40 vol% water, and the fluorescence
intensity at 630 nm was monitored without replacing the
sample mixture (Fig. S2at). I/l, reached 0.05 at 3.5 min (95%
response); therefore, this value was regarded as the response
time. For all other water contents, the response behaviour was
almost identical, and all measurements were conducted after
immersion for 5 min. The fluorescence of the membranes was
recovered in a 100% THF solution, with the intensity ratio pla-
teauing to 0.8 at 32 min without replacement of THF
(Fig. S2bt). This slower recovery than response to water in
anhydrous THF was presumably due to the slow spontaneous
release of water molecules under static conditions. This could
be improved by modifying the polymer matrix and membrane
thickness and employing a flow system.

The response of the dye-immobilised membranes to water
in polar solvents such as DMSO, ethanol, and methanol was
examined. Membranes stored in anhydrous THF were soaked
in each of the dried organic solvents for 5 min, following
which the anhydrous organic solvent was replaced thrice. PB1-
mem was excited with the excitation wavelength () of
490 nm, and its fluorescence intensity at 630 nm was moni-
tored. Similarly, QP1-mem was excited at 460 nm, and the fluo-
rescence intensity at 630 nm was investigated. PB1-mem
achieved water detection even in methanol and DMSO
(Fig. 4a), with a response range in ethanol, methanol, and
DMSO of <40, <40, and <60 vol% water, respectively. In con-
trast, QP1-mem only responded to ethanol/water solvents with
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<10 vol% water (Fig. 4b). In the methanol/water and DMSO/
water solvents, the I/I, value of QP1-mem varied owing to the
considerably low fluorescence intensities. These results under-
score the potency of the PB structure in enabling wide range
detection of water in polar solvents, including methanol and
DMSO.

The prepared membranes showed no signs of decompo-
sition at room temperature, even without special care to
oxygen, but discoloration was observed when left for several
days without shading. However, when stored in anhydrous
THF with shading, the same fluorescence intensity was
obtained for several days, so in this study, data was acquired
with the membranes stored in anhydrous THF with shading.

Effects of ICT character and PB structure on water detection in
organic solvents

To gain insight into the effects of ICT character and the PB
structure on its optical properties and water detection sensi-
tivity, density functional theory (DFT) and time-dependent
DFT (TD-DFT) calculations were conducted using Gaussian 09
program.®® Optimised structures in the ground and excited
states were obtained using the M06 function and 6-31G(d,p)
basis sets. An alkyl group at the molecular terminal was
omitted for simplification and reducing the calculation cost.
Moreover, both dyes were optimised using the solvation model
based on density (SMD) in THF or in water to determine the
effects of solvent polarity.>>

Optimised structures in the ground and the first excited
states (S;), as well as the distribution and the energy of the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), were acquired for both
dyes (Fig. S3 and S4}). The HOMO-LUMO transition contribu-
ted to the S,-S; transition in both dyes. The predicted Aaps cal
in THF (502 and 480 nm for PB1 and QP1, respectively)
roughly corresponded to the experimental results (490 and
460 nm for PB1 and QP1, respectively). The calculated fluo-
rescence maxima, Aq a1, in THF were 597 and 575 nm for PB1
and QP1, respectively, and trends were different from the
experimental results (600 nm and 616 nm for PB1 and QP1,
respectively). This would be because ICT character of QP1 was
underestimated. The HOMO of QP1 was mainly localised at a
(diphenylamino)phenyl group and the ethylene moiety, while
the LUMO was distributed over a pyridinium moiety (Fig. S47).
This distribution indicated that QP1 exhibited strong ICT
characteristics, as mentioned above. The HOMO and LUMO
energy levels of QP1 were —5.45 and —2.31 eV, respectively.
However, the PB structure destabilised the HOMO and LUMO,
yielding values of —5.29 and —2.22 eV, respectively. The fron-
tier orbitals of PB1 were delocalised over the entire molecule,
and the m-conjugation system extended to the maleimide
moiety. To confirm the strength of ICT, the difference in
dipole moment between the ground and excited states (u. —
Hg) was estimated from the Lippert-Mataga plot (Fig. S5t); the
difference for PB1 (20.96 D) was smaller than that for QP1
(22.00 D). Additionally, the values of oscillator strength of PB1
for the Sy-S; and S;-S, transition (fs s, = 1.78, fss, = 2.03)
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were higher than those of QP1 (fs_s, = 1.24, fs,-s, = 1.16).
These results indicate that the ICT characteristic of PB1 was
not as prominent as that of QP1, and that the PB structure
could be a viable candidate for achieving intense fluorescence.

Furthermore, to clarify the effects of the PB structure on the
water detection sensitivity, the intramolecular hydrogen bonds
between the carbonyl oxygens of the cyclic enolate and the
a-hydrogens of the pyridinium ring were targeted for analysis.
As reported previously,*®° the a-hydrogens of the pyridinium
ring exhibited a large chemical shift in proton NMR to
9.73 ppm (in CDCl;), whereas that of QP1 was 9.10 ppm (in
CDCl;) (Fig. S14f1), because the carbonyl oxygen and
a-hydrogens tended to form intramolecular hydrogen bonds.
The atomic distance d between the carbonyl oxygen and
a-hydrogens in the theoretical optimised structure in THF
(Fig. S31) in the ground state was estimated as 2.06 A; this
value is reasonable for C-H---O interactions.’*">® Furthermore,
the increase in solvent polarity induced molecular torsion in
the ground state, and d, increased to 2.24 A in water. The
theoretical calculations also suggested that water induced
molecular torsion of the PB structure, given that the dihedral
angle @y, between maleimide and the pyridinium ring (C-C-
N-C) (Fig. S31) increased from 1.2° in THF to —23.88° in water,
and the oscillator strength decreased to 1.59. Similar trends
were observed in the excited-state optimisation; d. was
increased from 2.08 A in THF to 2.25 A in water with the
increase of @yt from 6.51° in THF to —23.97° in water.

On the other hand, the SMD model could not estimate the
effect of an intermolecular hydrogen bond.” To consider this
effect, optimized structures of PB1 with a water molecule in
the ground and excited states (M06/6-31G(d,p), SMD/water)
were calculated. The values of @perg and @per,. Were increased
to —34.93° and —32.27°, respectively (Fig. S6T). Furthermore,
the total energies in the ground state were stabilized by
4.74 kecal mol™" compared to sum of the total energy of PB1
and water (Table S1f), which energy was a reasonable value to
form C-H---O interactions.”>>® Potential energy surface scan-
ning conducted at the M06/6-31G(d,p) level using the SMD
model (gper < 90°) indicated that the PB1-water interactions
activated the molecular torsion both in the ground and the
excited states (Fig. S7t and Fig. 5). In anhydrous THF, the

-8 in THF :PB1
61 [-® in water: PB1 + H,0

AE (kcal/mol)

10 20 30 40 50
Dihedral angle (degree)

Fig. 5 Rotational energy barrier AE, plotted against the dihedral angle
@Poete between the maleimide and pyridinium rings (C-C—-N-C) in the
excited state.
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rotational energy barrier in the excited state (AE.) from the
most stable state to the most unstable state (gper, e = 90°) was
6.42 kcal mol™". In the presence of a water molecule (SMD/
water), AE. decreased to 1.80 kcal mol™, and the distance
between the oxygen in the maleimide moiety and the hydrogen
in pyridinium was longer than that between the oxygen in the
maleimide moiety and the hydrogen in water forming inter-
molecular hydrogen bonds. Similar trends were observed in
the ground-state scan calculations. Unfortunately, the rupture
of the intramolecular hydrogen bonds in water could not be
experimentally ascertained by "H NMR spectroscopy (PB-C10
in DMSO-dg/water or in CDCl3/methanol-d,). Fourier-transform
infrared spectroscopy of PBl-mem was also performed;
however, no insight was acquired owing to the presence of
numerous C=O0 bonds in the copolymer membranes. On the
other hand, theoretical calculations of the vibration modes
suggested the existence of interactions between the oxygen in
the maleimide moiety and the hydrogen in water. The carbonyl
group stretching vibrations band (vc—o) for the water-free
maleimide ring appeared at 1700 cm™ ', whereas that of the
structure with water shifted to 1696 cm™" (Fig. S81). This
decrease in vc—o was likely related to the intermolecular
hydrogen bonds.

Furthermore, effects of acid and base as impurities on fluo-
rescence was investigated. 0.5 vol% of 1 M HCI aq. or NaOH
aq. was added to anhydrous organic solvents such as THEF,
DMSO, N,N-dimethylformamide (DMF), and fluorescence
spectra were measured. As shown in Fig. S16,7 fluorescence
intensities of PB1-mem in acid or base-added organic solvents
were weaker than those in only 0.5 vol% of water-added ones.
On the other hand, fluorescence intensities of QP1-mem in
these solutions were relatively unaffected. These results would
indicate that intramolecular hydrogen bonds were prevented
by acid or base, and molecular torsion was promoted.
Although strong and enough amount of acid or base is needed
to break the intramolecular hydrogen bond at PB structure
completely, but small amount is sufficient to promote mole-
cular torsion and fluorescence decrease.

Based on experimental and computational results, the
intramolecular hydrogen bonds of PB structure are important
for water detection in organic solvents and permit water detec-
tion even in polar solvents such as methanol and DMSO. The
addition of water, acid, and base causes the PB structure to
undergo molecular torsion leading to fluorescence quenching.
To further enhance the sensitivity for water detection in
organic solvents, optimising the strength of the intramolecular
hydrogen bonds by modifying the molecular structure and
substituents could be an effective approach.

Conclusions

In this study, simple water detection in organic solvents,
which have been difficult to achieve by conventional KF titra-
tion, was successfully performed using a copolymer membrane
incorporated with a fluorescent pyridinium betaine dye. As the
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water content of THF/water solvent mixtures increased (0-100
vol%), the fluorescence intensity of the pyridinium betaine dye
decreased and water detection was successfully realised.
Notably, water detection was achieved in polar solvents such
as methanol and DMSO (for <40 and <60 vol% water, respect-
ively). On the other hand, quaternary pyridinium dye, which
has only ICT character, showed more sensitive but narrow
range response and was not suitable for detection of water in
polar solvents compared to pyridinium betaine dye. DFT and
TD-DFT calculations revealed that, in the case of pyridinium
betaine dye, addition of water to organic solvents would
promote molecular torsion due to the formation of inter-
molecular hydrogen bonds, and fluorescence decreased. To
adjust sensitivity and/or response range of water detection
devices, the strength of intramolecular hydrogen bonds and
electron distribution should be optimised, and support
materials with superior attributes should be developed.
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