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e atom-induced highly amine-
sensitive trimethine cyanine dye showing
colorimetric and ratiometric fluorescence change†

Ryunosuke Kani,a Yasuhiro Kubota, a Toshiyasu Inuzukab

and Kazumasa Funabiki *a

Herein, introducing multiple fluorine atoms into aromatic rings of trimethine cyanine dyes is proposed as

a powerful method for dramatically increasing sensitivity to amines. The highly sensitive ratiometric

fluorescence properties previously available only by intramolecular addition can be exploited in reactions

with intermolecular amines or other nucleophiles.
Introduction

Ratiometric uorescence, a method wherein the ratio of uo-
rescence intensities at two or more wavelengths are used, has
attracted much attention in analytical sensing and optical
imaging because it can reduce the effects of many factors such
as dye concentration, surrounding pH, polarity, and changes in
environmental temperature compared to when single uores-
cence intensity is measured.1–4

Amines could cause serious damage in public health and the
environment owing to their toxic nature, so, simple, fast, low-
cost, and accurate amine monitoring systems are becoming
highly urgent.5 The detection of amines using ratiometric
uorescence through utilized intramolecular charge transfer
(ICT),6–17 twisted ICT,18 aggregation-induced emission,19–23 and
excited state intramolecular proton transfer24 has been
reported.

Polymethine cyanine dyes have several features such as good
uorescence quantum yield and the ability to easily prepare the
uorescence wavelength by changing the methine chain
length.25–27 However, they lack reactivity with amines, and the
reported examples are limited to reactions with intramolecular
amines.28–34 Herein, we report that the prepared ring-
peruorinated trimethine cyanine dye 2a (Fig. 1) has a signi-
cantly higher response to n-hexylamine than the non-
uorinated dye 2b. The dye 2a exhibited a dual change in the
solution and uorescence color at widely shied wavelengths,
visible to the naked eye.
r Science, Gifu University, 1-1 Yanagido,

nce Research Centre, Gifu University, 1-1

mation (ESI) available. See

the Royal Society of Chemistry
Furthermore, dye 2a adsorbed on the lter paper could be
repeatedly used because the orange emission was instantly
converted into blue by the amine vapor and returned to its
original color aer drying rapidly in the air. These results are
the rst example of the highly sensitive ratiometric uorescence
properties of polymethine cyanine dyes with intermolecular
amines and advance the development of rapid and reversible
vapochromic response materials to amines with two changes in
papers and emission color.

Results and discussion

The responsivity of the ring-peruorinated trimethine cyanine
dyes 2a and 2b to n-hexylamine in tetrahydrofuran (THF) stored
overnight in the dark at 25 �C were investigated; the results are
summarized in Fig. 2 and Table 1. n-Hexylamine was used as
a representative example of a primary aliphatic amine because
it is not easily volatilized. As the amount of n-hexylamine
gradually increased, the orange uorescence at 596 nm from
dye 2a decreased, and the blue emission at 404 nm increased at
an excitation of 257 nm. This phenomenon led to the disap-
pearance of the solution color and a shi in the uorescence
color from orange through pink to blue, according to the CIE
color system. Thus, dye 2a was highly sensitive, completing the
reaction with only 2 equiv. of the amine. For dye 2b, the red
uorescence at 612 nm diminished, and the blue uorescence
Fig. 1 Structure of trimethine cyanine dyes 2a and 2b.
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Fig. 2 (a) Ultraviolet-visible (UV-vis), (b) fluorescence spectra, and (c) CIE color systems of dye 2a (5� 10�6 M) in THF stored overnight in the dark
at 25 �C after adding n-hexylamine. (d) UV-vis, (e) fluorescence spectra, and (f) CIE color systems of dye 2b under similar conditions. The
excitation wavelengths were determined by the excitation spectra (Fig. S2†) and were as follows: 257 nm (dye 2a), 250 nm (dye 2b), and 365 nm
(CIE color systems). Inset photos were obtained under daylight and UV light (l ¼ 365 nm), and the order of amine concentration is left to right.
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at 380 nm increased signicantly at an excitation of 250 nm,
although 6400 equiv. of the amine was required to complete the
reaction with the non-uorinated dye 2b. These results suggest
that replacing all the hydrogen atoms with uorine on the
aromatic rings dramatically improved the sensitivity of trime-
thine cyanine dye to the amine.

The uorescence quantum yields for dyes 2a and 2b were 14
and 10%, respectively. When the dyes reacted with the amine,
the maximum excitation wavelength overlapped with the
absorption band of THF; therefore, excluding this band, the
dyes were excited at 290 nm, with uorescence quantum yields
of 4 and 24%, respectively. Furthermore, a calibration curve for
the uorescence intensity ratio of dye 2a (I404 nm/I596 nm) versus
the concentration of n-hexylamine demonstrated good linearity
(R2 ¼ 0.988), while the estimated detection limit (3s/slope) was
17 nM, as shown in Fig. 3. The obtained value shows sensitivity
as high as that of an activated ester and aldehydes.8,10,11
Table 1 Optical properties of dyes 2a and 2b in THF with n-hexylamine

Dyea n-Hexylamine (equiv.) lmax (nm) (3 (M�1 cm�1))

2a 0 579 (120 000)
0.5 579 (91 000)
1 579 (30 000)
2 579 (200)

2b 0 591 (110 000)
6400 254

a Measured dye 2 (5� 10�6 M) in THF stored overnight in the dark at 25 �C
at low sensitivity. c Measured using an integrating sphere method excited
photon-counting method.

25588 | RSC Adv., 2022, 12, 25587–25592
Next, absorbance changes in various solvents were followed
to examine the sensitivity of dye 2a to n-hexylamine (Fig. S1†).
The results revealed that this reaction was primarily promoted
by THF, followed by other solvents in the order dimethyl sulf-
oxide (DMSO), methyl alcohol (MeOH), acetone, chloroform,
and dichloromethane (DCM). The large difference in the reac-
tivity was related to the Gutmann donor number (DN) and
acceptor number (AN) of solvent molecules, which are the
empirical measures of the nucleophilic and electrophilic prop-
erties of the solvents.35,36

Solvents with high DN can stabilize cations,37 while an
opposite phenomenon is observed for AN. Therefore, the reac-
tion of the dye with the amine is more likely to proceed in THF
and DMSO, which have larger DN and/or smaller AN than
acetone, MeOH, chloroform, and DCM, because the cationic dye
is most involved in this system. The DN and AN of these solvents
are listed in Table S1.†
lex (nm) Fmax (nm)b 4f
c ss (ns)

e

580 596 0.14 0.7
— — — —
— — — —
257 404 0.04d 6.1
591 612 0.10 0.5
250 380 0.24 12.5

aer adding n-hexylamine. b Measured using excitation wavelength (lex)
at lex.

d Measured by excitation at 290 nm. e Measured using a single-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Calibration curve for the fluorescence intensity ratio (I404 nm/I596
nm) of dye 2a vs. the concentration of n-hexylamine (0–4 � 10�6 M).
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Other analytes, such as not only other amines (aniline, trie-
thylamine, and diethylamine) but also anions (perchlorate,
acetate, bromide, chloride, and uoride) in THF were also
examined. The results are summarized in Fig. 4. The reactions
of dye 2a with 2 equiv. of amines such as triethylamine and
diethylamine occurred smoothly, and the color of the uores-
cent changed from orange to blue, as in the case of n-hexyl-
amine, as illustrated in Fig. 4(c). Although, accurate
measurement for aniline was not possible due to its uores-
cence, the dye-derived maximum absorption was slightly
reduced.

Using 2 equiv. of a couple of anions, such as acetate and
uoride,38 also resulted in observation to change the uorescent
color from orange to blue, as in the case of n-hexylamine, as
Fig. 4 (a) UV-vis, (b) fluorescence spectra, and (c) the photos of dye 2a
various analytes (2 equiv.). The excitation wavelength was 257 nm. (d) Ab
were calculated from the UV-vis and fluorescence spectra, respectively. A
F�, (7) PhNH2, (8) NEt3, (9) NHEt2, and (10) n-hexylamine. Photos were ca
The counter cations of these anionic species are all Bu4N

+.

© 2022 The Author(s). Published by the Royal Society of Chemistry
illustrated in Fig. 4(c). The detection of other anionic species,
such as bromide and chloride, demonstrated only moderate
changes in the uorescent color and reacted slightly with
perchlorate.

To observe the difference in the detection of these neutral
and anionic nucleophiles, UV-vis and uorescence spectra of
dye 2a were measured in detail in THF with different equiv. of
not only diethylamine and triethylamine but also acetate and
uoride anions, were carried out. The results are summarized in
Fig. 5. It was found that the highly nucleophilic anion, such as
acetate and uoride are more reactive than n-hexylamine.
Detection of diethylamine appears to be similar to that of n-
hexylamine, but somewhat lower for the tertiary triethylamine.

Importantly, the ring-peruorinated trimethine cyanine dye
2a has a signicantly higher response to very small amounts of
neutral amines than the non-uorinated dye 2b, and underwent
a dual change in the solution and uorescent. The reason can
seem to be that the introduction of uorine atoms into the
aromatic ring signicantly lowers the LUMO of trimethine
cyanine dye 2a and promotes the addition reaction of even
neutral amines, as shown in Fig. 6.39

For the reaction mechanism, the results of nuclear magnetic
resonance (NMR) and high-resolution mass spectrometry
illustrated in Fig. 7, S3, and S4† suggest the 1,2-addition of n-
hexylamine to the iminium carbon of dye 2a. In particular, 1H
NMR conrmed that the doublet signal split in two and the
triplet signal changed to a double doublet, along with an up-
eld shi in all signals regarding the methine chain protons.
Furthermore, the amine-added dyes 2a and 2b were character-
ized by MS analysis (Fig. S4†), where peaks at m/z 774.2719
(calculated ¼ 774.2718, [C39H36F12N3]

+) and m/z 558.3849
(5 � 10�6 M) in THF stored overnight in the dark at 25 �C after adding
sorbance at 579 nm and (e) fluorescence intensity ratio (I404 nm/I596 nm)
nalytes are as follows: (1) 2a only, (2) ClO4

�, (3) AcO�, (4) Br�, (5) Cl�, (6)
ptured under daylight and UV light (l ¼ 365 nm) with various analytes.
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Fig. 5 UV-vis and fluorescence spectra of dye 2a (5 � 10�6 M) in THF stored overnight in the dark at 25 �C after adding analytes which are as
follows: (a) AcO�, (b) F�, (c) NEt3, and (d) NHEt2. The counter cations of these anionic species are all Bu4N

+.
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(calculated¼ 558.3848, [C39H48N3]
+) were detected, respectively.

Although it was difficult to measure the non-uorinated dye 2b
by NMR owing to its poor reactivity with amines, it is expected to
react with amines in the manner similar to that as the uori-
nated dye 2a because of its very similar structure and the MS
result.

In order to assess the versatility of application, the repeat-
ability of dye 2a was investigated using lter paper, as shown in
Fig. 8.

The lter paper for dye adsorption was fabricated by soaking
a white lter paper overnight in the DCM solution of dye 2a (5�
10�4 M) and then drying in the dark for 1 h at 25 �C. Exposure to
n-hexylamine vapor resulted in rapid disappearance of the pink
of the lter paper and change in the uorescence from orange to
blue. Subsequently, drying in the air caused the pink of the lter
paper to return to pink and emit orange uorescence. This
reversible change in uorescent color was particularly
25590 | RSC Adv., 2022, 12, 25587–25592
pronounced, with the blue uorescence reverting to orange in
only 5 s when kept in the air aer exposure to the amine (see
Video†).
Conclusions

We reported that the ring-peruorinated trimethine cyanine dye
2a was highly sensitive to n-hexylamine and underwent a dual
change in the solution and uorescent color with a large shi.
The methodology of introducing many uorine atoms proved
valuable for efficiently enhancing the sensitivity of the dye to
amines. In addition, the uorinated dye 2a adsorbed on the
lter paper exhibited reversible ratiometric uorescence prop-
erties, such that the orange emission was instantly changed to
blue by the amine vapor and returned to its original color when
dried in the air for 5 s.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Energy diagrams and molecular orbitals of the cationic parts of
dyes obtained using DFT calculations at the B3LYP/6-31+G(d,p) level.

Fig. 8 Repeatability of fluorescence using filter paper adsorbed with
dye 2a upon alternative exposure to n-hexylamine vapor and drying in
the air. The inset photos were captured under UV light (l ¼ 365 nm).
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Experimental
Materials

Acetone, methanol, and ethyl acetate were purchased from
Kanto Chemical Industry Co., Inc. Tetrahydrofuran (THF;
stabilizers not included), dimethyl sulfoxide, chloroform, trie-
thylamine, aniline, and tetrabutylammonium chloride were
purchased from FUJIFILM Wako Pure Chemical Co. n-Hexyl-
amine, diethylamine, tetrabutylammonium uoride, and tet-
rabutylammonium acetate were purchased from TCI Co., Ltd.
Tetrabutylammonium bromide was purchased from Sigma-
Aldrich. Tetrabutylammonium perchlorate and dichloro-
methane were purchased from Nacalai Tesque Inc. Dyes 2a and
2b were synthesized by our method.40
Measurement
1H nuclear magnetic resonance (NMR) spectra were measured
at 392 or 400 MHz in hexadeuterodimethyl sulfoxide ((CD3)2SO)
solutions with residual solvents as internal standards using
Fig. 7 1H NMR analysis for the reaction of dye 2a (1 � 10�5 mol) with
n-hexylamine (20 equiv.) in DMSO-d6.

© 2022 The Author(s). Published by the Royal Society of Chemistry
a JEOL ECS-400 or ECX-400P FT-NMR spectrometer. 13C NMR
spectra were obtained at 99 or 101 MHz in (CD3)2SO solution
with residual solvents as internal standards using a JEOL ECS-
400 or ECX-400P FT-NMR spectrometer. 19F NMR spectra were
recorded at 369 or 376 MHz in (CD3)2SO solutions using a JEOL
ECS-400 or ECX-400P FT-NMR spectrometer. The data were re-
ported as (s ¼ singlet, d ¼ doublet, t ¼ triplet, q ¼ quartet, m ¼
multiplet, br s ¼ broad singlet, coupling constant(s), integra-
tion). Electrospray ionization mass spectroscopy (ESI-MS)
analysis using MeOH was performed with a JEOL JMS-T100LP
(AccuTOF LC-plus). Ultraviolet-visible absorption spectra were
obtained using a Hitachi U-4100. The uorescence spectra were
acquired using a Jasco FP-8600 spectrouorometer. The abso-
lute uorescence quantum yields were obtained on Hamamatsu
Quantaurus-QY C11347-01. The uorescence lifetimes were
measured using Hamamatsu Quantaurus-Tau compact uo-
rescence lifetime spectrometer C11367-01.
Determination of limit of detection (LOD)

The uorescence intensity ratio at 404 nm and 596 nm of the
ring-peruorinated dye 2a in THF was collected 10 times to
obtain the background noise s. The uorescence intensity
ratios were measured overnight aer adding different concen-
trations of n-hexylamine. LOD (3s/slope) was calculated as three
times the background noise s divided by the slope of the uo-
rescence intensity ratio tted to a calibration curve as a function
of the amine concentration.
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