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Introduction

Development of colorimetric and fluorescent
sensor based on a combination of ICT
(intramolecular charge transfer) and FRET (Forster
resonance energy transfer) for the detection of
water

Kosuke Okutani, Keiichi Imato *

and Yousuke Ooyama
Colorimetric and fluorescent sensors for water are crucial to environmental and quality control monitoring,
industrial process, food inspection and so on. Although the optical sensing mechanism of sensors for water
has been of considerable concern in analytical chemistry, photochemistry, and photophysics in recent years,
a further fundamental study is necessary to provide a direction in molecular design toward creating highly
sensitive fluorescent sensors for detecting, quantitating and visualizing a trace amount of water in solids,
liquids, or gases. In this work, we have newly designed and synthesized an ICT (intramolecular charge
transfer)/FRET (Forster resonance energy transfer)-type colorimetric and fluorescent sensor, pyridine-boron
trifluoride complex KOY-1-BFs, where the thienylpyridine-carbazole-based D-(r-A), skeleton and boron-
dipyrromethene (BODIPY) skeleton are the ICT-type donor fluorophore and the acceptor fluorophore in the
FRET process, respectively. It was found that the addition of water to the KOY-1-BFz solution causes its
dissociation into thienylpyridine-carbazole-based D-(r-A), fluorophore KOY-1 and then the energy transfer
from the thienylpyridine-carbazole-based D-(n-A), skeleton to the BODIPY skeleton through the FRET
process, and thus resulting in a large pseudo-Stokes shift of 7942 cm™ (150 nm) and an enhancement of
fluorescence emission originating from the BODIPY skeleton as well as the blue-shift of the ICT-based
photoabsorption band. Furthermore, in the high water content region, a decrease in the fluorescence intensity
was observed due to the formation of hydrogen-bonded proton transfer complex KOY-1-H,O with water
molecules, which shows a feeble fluorescence emission property, leading to low FRET efficiency.
Consequently, this work is the first report on the development and optical sensing mechanism of an ICT/
FRET-type colorimetric and fluorescent sensor for water possessing a large pseudo-Stokes shift.

allows us not only to perform quick flow analysis with
sufficient accuracy and high sensitivity, but also to visually

Development of techniques for detecting and quantitating a
trace amount of water in solids, liquids, or gases is absolutely
essential for not only environmental and quality control
monitoring systems and industry, but for establishing new
principles in chemistry, chemical engineering, and physics.
In fact, various water content measurement techniques based
on chromatographic, chemical, electrical, thermogravimetric,
or electromagnetic methods have been developed and are
widely used in laboratory, industry, and everyday life.* On
the other hand, if we can create optical methods using
colorimetric and fluorescent sensors for water, the technique
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confirm the presence of water in samples and on material
surfaces.” > For this purpose, various types of colorimetric
and fluorescent sensors for water have been designed and
developed, based on ICT (intramolecular charge transfer),'*>*
ESIPT (excited state intramolecular proton transfer),>* >’ PET
(photo-induced  electron transfer),”*** FRET (Forster
resonance energy transfer)*>*® or solevatofluorochromism
(SFC)*”>* characteristics, which exhibit the photophysical
changes in wavelength, intensity, and lifetime of
photoabsorption and photoluminescence depending on the
water content. Among them, the ICT-type and FRET-type
fluorescent sensors make the colorimetric and ratiometric
fluorescent measurements possible, which is preferable
because the ratio of the photoabsorption and fluorescence
intensities at the two wavelengths is independent of the total
concentration of the sensor, photobleaching, fluctuations of
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light source intensity, sensitivity of the instrument, and so
on.>** The ICT-type fluorescent sensors generally have a
donor-n-acceptor (D-n-A) structure, which is composed of an
electron-donating (D) moiety and an electron-accepting (A)
moiety linked by a m-conjugated bridge, so that they exhibit
an intense photoabsorption band originating from the ICT
characteristics from the D to the A moiety. In our previous
work, in order to gain insight into a direction in molecular
design toward creating an ICT-type colorimetric and
fluorescent sensor for the detection of water in solvents, we
have designed and developed a D-(n-A),-type pyridine-boron
trifluoride complex YNI-2-BF; composed of a two thienyl
carbazole skeleton as the D-m moiety and two pyridine-boron
trifluoride units as the A moiety (Fig. 1)."° In the low water
content region, YNI-2-BF; exhibited a decrease in the ICT-
based photoabsorption band with a simultaneous increase in
another ICT-based photoabsorption band in shorter-
wavelength, and the appearance and enhancement of a
fluorescence emission band, which is attributed to the change
in the ICT characteristics due to the dissociation of YNI-2-BF;
into D-(rn-A),-type pyridine dye YNI-2. Furthermore, in the
relatively high water content region, a decrease in the
fluorescence intensity was observed due to the formation of
the hydrogen-bonded proton transfer complex (PTC) YNI-2-
H,O0 with water molecules, which shows a feeble fluorescence
emission property. However, the disadvantage in this ICT-
based fluorescence sensing system for water is that the
accuracy and sensitivity for the detection and quantification
of water is low due to self-quenching and fluorescence
detection errors due to a strong spectral overlap between the
ICT-based photoabsorption band of YNI-2-BF; and the
fluorescence band of YNI-2. Meanwhile, in FRET-based
fluorescent sensors, the fluorescence emission originates
from the acceptor fluorophore via an energy transfer process,
that is, the FRET process between the photoexcited donor
fluorophore and the ground state acceptor fluorophore.
Therefore, to achieve effective FRET, a strong overlap between
the fluorescence emission spectrum of the donor fluorophore
and the photoabsorption spectrum of the acceptor
fluorophore is required. The most advantageous features of
FRET-type fluorescent sensors is the large pseudo-Stokes shift
(SS) between the photoabsorption maximum of donor

YNI-2

Colorless and
fluorescence

YNI-2-BF,
Colored and
non fluorescence

YNI-2-H,0
Colorless and
weak fluorescence

Fig. 1 Proposed mechanisms of ICT-type colorimetric and fluorescent
sensor YNI-2-BF3; for the detection of water in solvent (our previous
work).*
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fluorophore and the fluorescence maximum of acceptor
fluorescence, which leads to an effective avoidance of the self-
quenching and fluorescence detection errors due to
photoexcitation and scattering lights from the excitation
source.

Thus, in this work, in order to provide a direction in
molecular design toward creating a ratiometric fluorescent
sensor possessing a large SS for the detection of water over a
wide range from low water content to high water content in
solvents, we have designed and synthesized a new ICT/FRET-
type fluorescent sensor, pyridine-boron trifluoride complex
KOY-1-BF;, where the thienylpyridine-carbazole-based D-(n-
A), skeleton and boron-dipyrromethene (BODIPY) skeleton
are the ICT-type donor fluorophore and the acceptor
fluorophore in the FRET process, respectively (Fig. 2). It is
expected that the addition of water to the KOY-1-BF; solution
causes its dissociation into the thienylpyridine-carbazole-
based D-(n-A),-BODIPY fluorophore KOY-1 and then the
energy transfer from the thienylpyridine-carbazole-based D-
(m-A), skeleton to the BODIPY skeleton through the FRET
process, and thus resulting in a large pseudo-SS and an
enhancement of fluorescence emission originating from the
BODIPY skeleton. Moreover, in the relatively high water
content region, it may induce the formation of the hydrogen-
bonded proton transfer complex (PTC) KOY-1-H,O with water
molecules, which shows a feeble fluorescence emission
property, leading to a decrease in the fluorescence intensity
due to low FRET efficiency. Indeed, this is the first report on
the development and optical sensing mechanism of an ICT/
FRET-type colorimetric and fluorescent sensor for water,

D1-BF, D1 A1

Fig. 2 ICT/FRET-type fluorescent sensor KOY-1-BFs;, BODIPY/D-(n-
A),-type fluorophore KOY-1, D-(n-A),-type pyridine-boron trifluoride
complex D1-BFs, donor fluorophore D1 and acceptor fluorophore Al
in the FRET process.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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although some ICT/FRET-type fluorescent sensors for H,0,,
H,S and cation species including Cu®" and Zn>" have been
developed.”*® Herein, we provide the most promising
fluorescence enhancement (turn-on) system for detecting,
quantitating and visualizing water.

Results and discussion

Synthesis

The ICT/FRET-type fluorescent sensor KOY-1-BF; was
synthesized according to a stepwise synthetic protocol
(Scheme 1). Compound 1 was prepared according to a reported
procedure.” Compound 2 was obtained by bromination of
compound 1 with N-bromosuccinimide (NBS). Compound 3
was obtained by the Stille coupling reaction of compound 2
with  (tributylstannyl)thienylpyridine $1.°>  Dipyrromethane
derivative 4 was prepared by condensation of compound 3 with
2,4-dimethylpyrrole. BODIPY/D-(n-A),-type fluorophore KOY-1
was prepared by oxidation of compound 4 with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) followed by treatment with
BF;-OEt,. Finally, ICT/FRET-type fluorophore KOY-1-BF; was
obtained by treating KOY-1 with BF;-OEt, and fully
characterized by '"H NMR, "B NMR, FT-IR, high-resolution
mass analysis, and thermogravimetry-differential thermal
analysis (TG-DTA), although it was not possible to obtain the
C NMR spectrum to make assighments due to the low
solubility of KOY-1-BF; in the solvent. In addition, the D-(n-A),-
type compound D1 as a donor fluorophore and its pyridine-
boron trifluoride complex D1-BF; were prepared (Fig. 1, see
Scheme S1 for the synthesis, SI) and commercially available
BODIPY A1 was used as an acceptor fluorophore, where D1-BF;
and A1 are structural components for KOY-1-BF;.

Photoabsorption and fluorescence properties

The photoabsorption and fluorescence spectra of D1-BF;, A1,
KOY-1, and KOY-1-BF; in acetonitrile and D1 in THF (because
D1 is poor solubility in acetonitrile) are shown in Fig. 3. D1
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Scheme 1 Synthesis of KOY-1-BFs.
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Fig. 3 (a) Photoabsorption and (b) fluorescence (1** = 400 nm)

spectra of D1 (c = 2.0 x 10°° M) in THF, and D1-BFs (c = 2.0 x 10™> M)
and Al (c = 2.0 x 107> M) in acetonitrile. (c) Photoabsorption and (d)
fluorescence (1®* = 400 nm) spectra of KOY-1 (c = 2.0 x 107> M) in
acetonitrile. (e) Photoabsorption and (f) fluorescence (1** = 400 nm)
spectra of KOY-1-BFs (c = 2.0 x 107> M) in acetonitrile.

and D1-BF; show a strong photoabsorption band in the
ranges of 300 nm to 420 nm and 400 nm to 500 nm,
respectively, which is assigned to the ICT excitation from the
electron-donating moiety (carbazole skeleton) to the electron-
accepting moiety (pyridyl groups for D1 and pyridyne-BF;
units for D1-BF;). The ICT-based photoabsorption maximum
(A3Ps = 440 nm) of D1-BF; occurs at a longer wavelength by
68 nm than that (ﬂ?f;x = 372 nm) of D1, which could be due
to the stronger electron-withdrawing ability of pyridyne-BF;
unit than that of the pyridyl group. The molar extinction
coefficient (emax) for the ICT-based 3bs (440 nm) of D1-BF; is
46400 M~ cm™', which is equivalent to that (52800 M™
cm™) of D1. A1 shows a strong photoabsorption band (1255, =
497 NM, &may = 84700 M~ ecm™) in the range of 420 nm to
520 nm originating from the BODIPY skeleton and a feeble
and broad photoabsorption band in the range of 300 nm to
400 nm. On the other hand, KOY-1 and KOY-1-BF; show two
strong photoabsorption bands in the ranges of 300 nm to
420 nm ()fﬁ’;x =366 NM, £may = 53100 M~ ecm ™ for KOY-1) or
400 nm to 480 nm (2205, = 441 nm, £may = 50800 M cm™* for
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KOY-1-BF;) and 480 nm to 520 nm (2225, = 498 nm, emax =
67600 M ! em ™! for KOY-1 and 4255, = 498 nm, &0 = 64 600
M~ em™ for KOY-1-BF;); the former and later are assigned to
the ICT excitation from the electron-donating moiety
(carbazole skeleton) to the electron-accepting moiety (pyridyl
groups for KOY-1 and pyridyne-BF; units for KOY-1-BF;) and
the BODIPY skeleton, respectively. For the corresponding
fluorescence spectra, D1 shows a fluorescence band with a
fluorescence maximum (Ah,,) at 436 nm in the range of 420
nm to 550 nm with photoexcitation at 400 nm. For D1-BFj;,
on the other hand, there is no detectable fluorescence
spectrum. A1 exhibits a A%, at 514 nm originating from the
BODIPY skeleton by the photoexcitation at 400 nm and 470
nm. It is worth mentioning here that the photoabsorption
spectrum (420-520 nm) of acceptor fluorophore A1 has
spectral overlap with the fluorescence spectrum (420-550
nm) of donor fluorophore D1 (Fig. S28, SI). The fact suggests
that for KOY-1 the FRET from the D-(n-A), skeleton as the
donor fluorophore to the BODIPY skeleton as the acceptor
fluorophore occurs by the photoexcitation using the ICT-
based 2%, of the D-(m-A), skeleton (D1 moiety), leading to
fluorescence emission originating from the BODIPY skeleton.
In fact, KOY-1 exhibits two fluorescence bands with the A,
at 450 nm and the A%, at 516 nm originating from the D-(n-
A), skeleton and the BODIPY skeleton, respectively, by the
photoexcitation (A** = 400 nm) corresponding to both the
ICT-based photoabsorption of D-(n-A), skeleton and the
feeble and broad photoabsorption band of the BODIPY
skeleton, although KOY-1 shows an only fluorescence band
with the A%, at 515 nm originating from the BODIPY
skeleton by the photoexcitation (A** = 470 nm) of the BODIPY
skeleton (Fig. S26a, SI). However, this result indicates that
the FRET efficiency for KOY-1 is not quantitative by the fact
that the two fluorescence bands originating from both the D-
(m-A), skeleton and the BODIPY skeleton were observed.
Thus, we estimated the FRET efficiency for KOY-1 from the
equation Egggr = 1 (tpa/tp) based on time-resolved
fluorescence lifetime measurements, where 7, and p, are the
donor fluorescence lifetimes in the presence and absence of
an acceptor, that is, 7p, and 7, are the fluorescence lifetimes
of KOY-1 (0.96 ns) and D1 (1.70 ns), respectively, in
acetonitrile. The FRET efficiency (Epgrgr value) for KOY-1 in
the absolute acetonitrile solution was evaluated to be 44%.
The reason for the low Epgrgr value of KOY-1 might be not
only intense fluorescence emission originating from the D-(n-
A), skeleton (actually, the fluorescent quantum yield @q of
D1 is 76% in absolute acetonitrile) that is too strong for the
BODIPY skeleton to well absorb the energy, but also poor
overlap integral of the donor fluorescence spectrum with the
acceptor photoabsorption spectrum. Meanwhile, KOY-1-BF;
exhibits a single fluorescence band with the A at 517 nm
originating from the BODIPY skeleton by both the
photoexcitation (A°* = 400 nm) of the D-(n-A), and BODIPY
skeletons and the photoexcitation (A°* = 470 nm) of only the
BODIPY skeleton (Fig. S26c, SI), which is not due to the FRET
process but due to the photoexcitation of the BODIPY
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skeleton because the D1-BF; skeleton exhibits no
fluorescence emission. Nevertheless, it is expected that the
addition of water to the KOY-1-BF; solution causes its
dissociation into thienylpyridine-carbazole-based D-(r-A),
fluorophore KOY-1 and then the energy transfer from the D-
(m-A), skeleton to the BODIPY skeleton through the FRET
process, and thus resulting in the enhancement of
fluorescence emission originating from the BODIPY skeleton.
In addition, it was found that the pseudo-SS value of KOY-1
between the 22P5. of the D-(m-A), skeleton and the A of the
BODIPY skeleton is 7942 c¢m™ (150 nm), which is
significantly higher than that (3945 cm™; 64 nm) of D1 and
that (665 cm™'; 17 nm) of Al.

Optical sensing ability for water

In order to investigate the optical sensing ability of KOY-1-
BF; for water in a solvent, the photoabsorption and
fluorescence spectra of D1, D1-BF;, A1 and KOY-1 as well as
KOY-1-BF; were measured in acetonitrile or THF containing
various concentrations of water (Fig. 4). For KOY-1-BF;, the
ICT-based photoabsorption band at around 440 nm decreases
with the simultaneous increase in a photoabsorption band at
around 360 nm, which is assignable to the ICT-based
photoabsorption band of KOY-1 with the increase in the
water content in the acetonitrile solution (Fig. 4a and c). On
the other hand, the photoabsorption band at around 500 nm
originating from the BODIPY skeleton shows unnoticeable
changes upon addition of water to the acetonitrile solution.
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Fig. 4 (a) Photoabsorption and (b) fluorescence spectra (1* = 400 nm)

of KOY-1-BF; (c = 2.0 x 107> M) in acetonitrile containing water (0.0099-
40 wt%). Inset in (a) is magnification of the spectrum around 395 nm. (c)
Absorbance at 360 nm, 438 nm and 499 nm of KOY-1-BF;z as a function
of the water content (0.0099-40 wt%) in acetonitrile. (d) Fluorescence
peak intensity at 460 nm and 515 nm of KOY-1-BFz (1** = 400 nm) as a
function of the water content (0.0099-40 wt%) in acetonitrile.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The decrease and increase in the two ICT-based
photoabsorption bands level off in the water content region
greater than 40 wt%, but it should be noticed that the
existence of the isosbestic point was not observed in the
water content range from 0.0099 wt% (absolute acetonitrile)
to 40 wt% (Fig. 4a inset), although the absorbance at around
400 nm does not appear to change. Thus, the absence of the
isosbestic point indicates the presence of three or more
chemical species, that is, two or more reactions and
equilibria occur upon addition of water to the sensor
solution.®*** The corresponding fluorescence spectra of KOY-
1-BF; exhibited the appearance and enhancement of a
fluorescence emission band at around 460 nm as well as the
enhancement of fluorescence emission intensity at around
515 nm originating from the BODIPY skeleton in the water
content region below 25 wt%, and then underwent a decrease
in the intensity of both the fluorescence emission bands in
the water content region over 30 wt% (Fig. 4b and d).
Actually, for KOY-1-BF; in the acetonitrile solution containing
the water content of 25 wt%, the photoabsorption spectrum
(420-520 nm) originating from the BODIPY skeleton has
spectral overlap with the fluorescence spectrum (420-550
nm) originating from the D-(n-A), skeleton (Fig. S28, SI). The
fact strongly indicated that the addition of water to the KOY-
1-BF; solution causes its dissociation into thienylpyridine-
carbazole-based D-(rn-A), fluorophore KOY-1 and then the
FRET process from the excited-state donor fluorophore D-(n-
A), skeleton to the acceptor fluorophore BODIPY skeleton. In
fact, it was confirmed that removing water from the KOY-1-
BF; acetonitrile solution containing water does not recover to
the original KOY-1-BF;. Meanwhile, as with the case of YNI-2,
the photoabsorption spectra of D1 showed a slight
bathochromic shift upon the addition of water to the THF
solution (Fig. S27a and c, SI). The corresponding fluorescence
spectra of D1 underwent a decrease in the intensity with a
red-shift (ca. 20 nm) of the fluorescence band at around 440
nm in the water content region over 30 wt% (Fig. S27b and d,
SI), and it is attributed to the formation of the hydrogen-
bonded proton transfer complex (PTC) D1-H,O with water
molecules, which shows a feeble fluorescence emission
property, as well as the fluorescence solvatochromic property
of D1.'°® As with the case of YNI-2-BF;, D1-BF; exhibited a
decrease in the ICT-based photoabsorption band at around
440 nm with a simultaneous increase in another ICT-based
photoabsorption band at round 360 nm, and the appearance
and enhancement of a fluorescence emission band at around
490 nm in the water content region below 20 wt%, which is
attributed to the change in the ICT characteristics due to the
dissociation of D1-BF; into D-(n-A),-type pyridine dye D1
(Fig. 5)."° In addition, the absence of the isosbestic point
upon the addition of water to the solution indicates the
presence of the three or more chemical species
(Fig. 5a, inset).°*®* Furthermore, in the high water content
region over 25 wt%, a decrease in the fluorescence intensity
was observed due to the formation of D1-H,O. It is worth
mentioning here that for KOY-1 the photoabsorption band

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Photoabsorption and (b) fluorescence spectra (2°* = 400

nm) of D1-BFs (c = 2.0 x 107> M) in acetonitrile containing water
(0.048-30 wt%) Inset in (a) is magnification of the spectrum around
400 nm. (c) Absorbance at 360 nm and 438 nm of D1-BF; as a
function of the water content (0.048-30 wt%) in acetonitrile. (d)
Fluorescence peak intensity at 490 nm of D1-BFz (1* = 400 nm) as a
function of the water content (0.048-30 wt%) in acetonitrile.

with 222 at 366 nm showed a slight bathochromic shift, but at
photoabsorption band with 225 at 498 nm did not undergo
appreciable changes, upon addition of water to the acetonitrile
solution (Fig. 6a and c). Meanwhile, the corresponding
fluorescence spectra by the photoexcitation at 400 nm
underwent a decrease in the intensity of the two fluorescence
bands with the A, at 460 nm and the Al at 515 nm
originating from the D-(n-A), skeleton and the BODIPY skeleton,
respectively, with the increase in the water content in the
acetonitrile solution (Fig. 6b and d). On the other hand, the
photoabsorption and fluorescence spectra of A1 did not
undergo appreciable changes upon the addition of water to the
acetonitrile solution (Fig. S27e-h, SI). These results suggest that
the resulting KOY-1, produced by adding water to the KOY-1-
BF; solution, may induce the formation of the hydrogen-
bonded PTC KOY-1-H,O with water molecules, which shows a
feeble fluorescence emission property. Consequently, these
results indicated that the amount of water over a wide range
from the low water content to the high water content in solvents
can be quantified by both the changes in absorbance at 438 nm
originating from the ICT characteristics and fluorescence
intensity at 515 nm originating from the BODIPY skeleton.
Furthermore, in order to investigate whether the optical
response of KOY-1-BF; is specific to water, we have
performed the photoabsorption and fluorescence spectral
measurements of KOY-1-BF; in acetonitrile containing
ethanol (0-40 wt%) as a protic solvent (Fig. S29, SI). It was
found that the changes in the photoabsorption and
fluorescence spectra of KOY-1-BF; upon the addition of
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Fig. 6 (a) Photoabsorption and (b) fluorescence spectra (¥ = 400

nm) of KOY-1 (c = 2.0 x 10> M) in acetonitrile containing water
(0.014-30 wt%). (c) Absorbance at 360 nm and 499 nm of KOY-1 as a
function of the water content (0.014-30 wt%) in acetonitrile. (d)
Fluorescence peak intensity at 460 nm and 515 nm of KOY-1 (1¢* =
400 nm) as a function of the water content (0.014-30 wt%) in
acetonitrile.

ethanol are small compared to the case of the addition of
water. This result demonstrated that the ICT/FRET-type
fluorescent sensor KOY-1-BF; exhibits a somewhat selective
optical response to water.

On the basis of the above results, we considered the
optical sensing ability of KOY-1-BF; for water in acetonitrile.
The Epggr value for KOY-1-BF; in acetonitrile solution
containing the water content of 25 wt% corresponding to the
maximum fluorescence intensity in the fluorescence
enhancement process upon the addition of water is
estimated to be 49%, where 4 and 7, are the fluorescence
lifetimes of KOY-1-BF; (0.85 ns) and D1-BF; (1.68 ns),
respectively, in acetonitrile containing the water content of
25 wt% or 20 wt%. Indeed, the Epgpr value (49%) is similar
with that of KOY-1 in the absolute acetonitrile solution (Exggr
= 44%). Furthermore, the Epggr value (29%) for KOY-1-BF; in
acetonitrile solution containing the water content of 40 wt%
which corresponds to the minimum fluorescence intensity in
the fluorescence attenuation process from the maximum
fluorescence intensity upon addition of water, were estimated
from the tp, value (0.77 ns) for KOY-1-BF; and the 7, value
(1.08 ns) for D1-BF; in acetonitrile containing the water
content of 40 wt% or 30 wt%. It is worth noting here that the
Egrer value (29%) for KOY-1-BF; in the acetonitrile solution
containing the water content of 40 wt% is lower than that
(44%) for KOY-1 in the absolute acetonitrile solution.
Consequently, the fact doubtlessly indicates that the addition
of water to the KOY-1-BF; solution causes its dissociation
into thienylpyridine-carbazole-based D-(r-A), fluorophore
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KOY-1 and then the energy transfer from the excited-state
donor fluorophore D-(n-A), skeleton (D1 structure) to the
acceptor fluorophore BODIPY skeleton (A1 structure) through
the FRET process, and thus resulting in a large pseudo-SS
and an enhancement of fluorescence emission originating
from the BODIPY skeleton. As with case of YNI-2-BF;, in the
high water content region, the resulting KOY-1 may induce
the formation of the hydrogen-bonded proton transfer
complex (PTC) KOY-1-H,O with water molecules, which
shows a feeble fluorescence emission property, leading to a
decrease in the fluorescence intensity due to the relatively
low FRET efficiency, as well as the fluorescence
solvatochromic property of KOY-1.

Thus, in order to estimate the sensitivity and accuracy
characteristics of KOY-1-BF; as an ICT/FRET-type fluorescent
sensor for the detection of water in acetonitrile, the changes
in fluorescence intensity at 460 nm and 515 nm are plotted
against the water fraction below 25 wt% in acetonitrile
(Fig. 7a). The plots demonstrated that the fluorescence peak
intensity at 460 nm and 515 nm increased linearly as a
function of the water content. Indeed, the correlation
coefficient (R?) values for the two calibration curves are 0.99
and 0.96, respectively, which indicates the good linearity.
Therefore, the detection limit (DL) was determined from the
plot of the fluorescence intensity at 460 nm and 515 nm
versus water fraction in the low water content region below
25 wt% (DL = 3.30/ms, where o is the standard deviation of

—
[
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Fig. 7 (a) Fluorescence peak intensity at 460 nm and 515 nm of KOY-
1-BF3 (1°* = 400 nm) as a function of water content below 25 wt% in
acetonitrile. (b) Fluorescence peak intensity at 490 nm of D1-BFs (1" =
400 nm) as a function of water content below 15 wt% in acetonitrile.
(c) Ratio (Aszeo/Aszg) Of absorbance at 360 nm to that at 438 nm of
KOY-1-BF; as a function of water content below 40 wt% in
acetonitrile. (d) Ratio (Flseo/Fls1s) of fluorescence intensity at 460 nm
to 515 nm of KOY-1-BF;3 as a function of water content below 25 wt%
in acetonitrile.
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the blank sample and m; is the slope of the calibration curve
in the water content region below 25 wt%). The DL values for
the fluorescence intensity at 460 nm and 515 nm are
estimated to be 7.56 wt% and 8.27 wt%, respectively, that are
inferior to that (0.14 wt%) of D1-BF; (Fig. 7b) and those
(0.018-0.25 wt%) of recently reported ICT-type, ESIPT-type,
PET-type, FRET-type, and PET/FRET-type fluorescent sensors
(Table S1, SI). The inferior DL value of KOY-1-BF; may be
attributed to the dynamic motion of the phenylene spacer
between donor (D1 moiety) and acceptor (A1 moiety)
fluorophores, leading to the non-radiative decay of the
photoexcited BODIPY fluorophore (A1 moiety). In fact, the &g
value (<1%) of KOY-1-BF; in acetonitrile with 25 wt% water
content significantly is lower than that (12%) of D1-BF; in
acetonitrile with the 15 wt% water content, although the
acceptor fluorophore A1 shows a moderate &g value (45%) in
acetonitrile with and without the water content. Thus, this
result suggests that the DL values of the ICT/FRET-type
fluorescent sensor can be improved by using a rigid spacer
such as an acetylene group to increase the @y value and by
using a donor and acceptor fluorophores exhibiting good
overlap integral of the donor fluorescence spectrum with the
acceptor photoabsorption spectrum to enhance the FRET
efficiency. Moreover, the ratio (Aze0/A43s) Of absorbance at 360
nm to that at 438 nm and the ratio (Flyeo/Fls;5) of
fluorescence intensity at 460 nm to that at 515 nm are
plotted against the water fraction below 40 wt% and 25 wt%,
respectively, in acetonitrile (Fig. 7c and d). The two plots
showed a good linear relationship with the R values of 0.99,
indicating ICT/FRET-type fluorescent sensor possessing large
pseudo-SS is capable of detecting water in colorimetric and
ratiometric fluorescent analysis. The fact also strongly
indicates that the fluorescence sensing mechanism of KOY-1-
BF; for water is based on the change in the ICT
characteristics and occurrence of FRET with the increase in
the water content in solvent.

(e) kov-1
(with 40wt%
D,0 content)

(d) kov-1

(C) KOY-1-BF,
(with 40wt%
D,0 content)

(b) KOY-1-BF,
(with 25wt%
D,0 content)

(a) KOY-1-BF;

9.0 8.5 8.0 7.5
d/ppm

Fig. 8 H NMR spectra of KOY-1-BFs in acetonitrile-ds (a) without the
addition of D,O, and with (b) 25 wt% and (c) 40 wt% D,O content. *H
NMR spectra of KOY-1 in acetonitrile-dz (d) without the addition of
D,O and (e) with 40 wt% D,O content.
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Optical sensing mechanism for water

In order to confirm the mechanism for the detection of water in
solvent based on the ICT/FRET characteristics of KOY-1-BF;, we
performed 'H and ''B NMR spectral measurement of KOY-1-
BF; and KOY-1 with and without the addition of deuterium
oxide (D,O) in acetonitrile-d;. For the "H NMR spectrum of
KOY-1-BF; in acetonitrile-d; without the addition of D,O
(Fig. 8a), it was observed that the chemical shifts of the
aromatic protons on the two thienylpyridine moieties as well as
the carbazole skeleton show a downfield shift compared to
those for KOY-1 in acetonitrile-d; without the addition of D,O
(Fig. 8d), as with the cases of YNI-2-BF; and YNI-2 (Fig. 1). On
the other hand, the '"H NMR spectrum of KOY-1-BF; in
acetonitrile-d; with the D,O content of 25 wt% (Fig. 8b), which
corresponds to the maximum fluorescence intensity in the
fluorescence enhancement process, is similar to that of KOY-1
in acetonitrile-d; without the addition of D,O (Fig. 8d). Indeed,
this result demonstrates the dissociation of KOY-1-BF; into
KOY-1 by water molecules. Moreover, the "H NMR spectrum of
KOY-1-BF; in acetonitrile-d; with the D,O content of 40 wt%
(Fig. 8c), which corresponds to the fluorescence attenuation
process from the maximum fluorescence intensity upon
addition of water, is broadened, compared to that of KOY-1-BF;
in acetonitrile-d; with the D,O content of 25 wt% (Fig. 8b), but
is similar to that of KOY-1 in the acetonitrile-d; solution with
D,O content of 40 wt% (Fig. 8e). The "H NMR spectrum of KOY-
1-BF; in acetonitrile-d; with the water content of 40 wt% may
indicate the existence of another chemical species in a polar
protic solvent environment as well as the formation of KOY-1.
In addition, the "'B NMR spectrum of KOY-1-BF; showed that
the signal (at around -0.6 ppm) of boron trifluoride (BF;)
coordinated to the pyridine ring becomes relatively weaker than
the signal (at around 1.3 ppm) of (N,BF,) in the BODIPY
skeleton with the increase in the D,O content (Fig. 9). It is worth
noting here that with the addition of D,O, the signal which is

(C) KOY-1-BF,

(with 40wt%
D,0 content)

NWMWWWWWMWW

(b) KoOY-1-BF,

(with 25wt%
D,0 content)

ottt bt

(a) KoOY-1-BF,

. i

25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 2 -3 4 -5 6 7 -8 9 -10

S /ppm

Fig. 9 1B NMR spectra of KOY-1-BFs in acetonitrile-ds (a) without the
addition of D,0, and with (b) 25 wt% and (c) 40 wt% D,O content.
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assignable to boric acid (B(OD);) that would be produced by the
reaction of BF; with D,O appeared at around 20 ppm. This
result also strongly indicates the dissociation of KOY-1-BF; into
KOY-1 by water molecules.

Thus, the "H and "B NMR spectral measurements of KOY-1-
BF; in acetonitrile with and without the addition of water
revealed that in the relatively low water content region, KOY-1-
BF; causes its dissociation into the thienylpyridine-carbazole-
based D-(m-A),-BODIPY fluorophore KOY-1 and BF; (Fig. 10),
resulting in the blue-shift of ICT-based photoabsorption and
the enhancement of fluorescence emission originating from the
BODIPY skeleton through the FRET process between the
excited-state donor fluorophore D-(n-A), skeleton and acceptor
fluorophore BODIPY skeleton. Under these experimental
conditions, we could not detect the chemical species with the
mono pyridine-BF; unit, which may be formed by the
dissociation of one BF; unit from KOY-1-BF;. Thus, the fact
suggests that KOY-1 is more stable than the chemical species
with the mono pyridine-BF; unit, leading to rapid and
preferential dissociation of KOY-1-BF; into KOY-1, as with the
case of YNI-2-BF;."° Moreover, in the relatively high water
content region, the resulting KOY-1 induces the formation of
the hydrogen-bonded proton transfer complex (PTC) KOY-1-H,O
between the pyridinic nitrogen atom of KOY-1 and the hydroxyl
group of water molecules (Fig. 10). Thus, the decrease in
fluorescence intensity in the relatively high water content region
is attributed to not only the formation of KOY-1-H,O, which
shows a feeble fluorescence emission property, but also the
fluorescence solvatochromism due to the ICT characteristics of
KOY-1, leading to a relatively low FRET efficiency. In addition,
the absence of isosbestic point in the photoabsorption spectra
with the increase in the water content also indicates the
presence of the three or more chemical species,*>®* that is,
KOY-1 and KOY-1-H,0, including KOY-1-BF;.

As shown in Fig. 10, the color of YNI-2-BF; in acetonitrile
is orange. Upon the addition of water, the solution changed
from orange to nearly colorless due to the dissociation of

Acceptor
| fluorophore

fluorophore
KOY-1-BF, KOY-1 KOY-1-H,0
Orange color and Colorless and Colorless and
feeble fluorescence fluorescence weak fluorescence

Fig. 10 Proposed mechanisms of ICT/FRET-type colorimetric and
fluorescent sensor KOY-1-BF; for the detection of water in solvent;
inset: color (left) and fluorescence color (right) images (under 365 nm
irradiation).
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KOY-1-BF; into KOY-1. Meanwhile, the fluorescent color for
the absolute acetonitrile solution of KOY-1-BF; seems to be
yellow, but the solution containing the water content
exhibited intense light blue fluorescence emission originating
from the thienylpyridine-carbazole-based D-(n-A), and
BODIPY skeletons due to the formation of KOY-1. However,
the acetonitrile solution with the high water content shows
greenish blue fluorescence emission due to the relatively low
FRET efficiency by the hydrogen-bonded PTC (KOY-1-H,O)
with water molecules as well as the fluorescence
solvatochromic property of KOY-1. Consequently, this work
demonstrates that KOY-1-BF; composed of an ICT-type donor
fluorophore and an acceptor fluorophore in the FRET process
can act as a colorimetric and fluorescent sensor based on the
ICT/FRET mechanism for the detection of water over a wide
range from the low water content to high water content in
solvents.

Conclusions

We have newly designed and developed a ICT/FRET-type
colorimetric and fluorescent sensor KOY-1-BF; possessing a
large pseudo-SS for detection of water in solvents; KOY-1-BF;
is composed of a ICT-type donor fluorophore
(thienylpyridine-carbazole-based D-(n-A), skeleton) and an
acceptor fluorophore (BODIPY skeleton) in the FRET process.
It was found that in the low water content region, KOY-1-BF;
causes its dissociation into thienylpyridine-carbazole-based
D-(n-A),-BODIPY fluorophore KOY-1 and BFj;, leading to the
blue-shift of the ICT-based photoabsorption band due to the
change in the ICT characteristics and enhancement of
fluorescence emission originating from the BODIPY skeleton
by occurrence of FRET from the excited-state donor
fluorophore D-(n-A), skeleton to the acceptor fluorophore
BODIPY skeleton. Moreover, the decrease in fluorescence
intensity in the high water content region is attributed to not
only the formation of the hydrogen-bonded proton transfer
complex (PTC) KOY-1-H,O with water molecules, which
shows a feeble fluorescence emission property, but also the
fluorescence solvatochromism due to the ICT characteristics
of KOY-1, leading to a relatively low FRET efficiency.
Consequently, it was demonstrated that the ICT/FRET-type
colorimetric and fluorescent sensor KOY-1-BF; possesses a
large pseudo-SS of 7942 cm™ (150 nm) and moderate FRET
efficiency (49%). We anticipate that this work will provide
one of the most promising fluorescence enhancement (turn-
on) system with a large Stokes shift for the detection of water
and lead to the creation of functional materials as well as
colorimetric and fluorescent methods to enable visualization
and quantification of water.
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