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Abstract

An a-cyanostilbene-based fluorescent chemosensor, whithdes a primary amine, was developed
for the quantitative analysis of GO in solution. (2)-3-(4-(3-Aminopropoxy)phenyl)-2-4
nitrophenyl)acrylonitrile T) reacts with C@ and enables a turn-on type £Ghemosensor with increased
fluorescence due to aggregation-induced emissi@reNmportantly,l required no additives such as an amine
media for detecting CQand the limit of detection was estimated to b6 p@m. This system was successfully
applied to determine the relative efficiency of Cabsorbents dependent on the fluorescence charigerlime
use of this chemosensor as a,@Dsorbent screening method suggestsithaty be used to develop a high-

throughput screening method for the evaluationigiifperformance C@absorbents.

Key words: CO,; Fluorescent chemosensor; Aggregation-induced emission; CO, absorbent screening; High

throughput screening
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1. Introduction

CGO; has been of international interest owing to emuinental concerns with respect to £€nissions,
because these have been reported to contribuke tgréenhouse effect. This has made the detectiG®pan
important issue [1,2]. Moreover, the detection @,&an provide useful applications for the developian
absorbents to reduce greenhouse gas emission, sdee€@ detection plays a key role in determining the
efficiency of CQ absorbents [3,4]. However, the development of @&ection methods has been limited by the
inherent properties of GOsuch as its inactiveness [5]. Electrochemical)(E®n-dispersive infrared (NDIR),
and gas chromatography-mass spectrometry (GC-M&) been used as major protocols to detect, @ad are
being continuously improved. Unfortunately, thesetimds require time-consuming measurements andsthe

of advanced and high-cost equipment [6—9].

As an alternative to these methods, fluoresceaindsensors have been attractive candidates due to
their simplicity, cost-effectiveness, and rapid ead¢ion capabilities [10-12]. In particular, sevembanic
molecule-based fluorescent chemosensors systenS@pidetection have been reported, due in part to their
ease of synthesis, high quantum yields, and bioeditifity [13]. For example, pH indicator-baseddhescent
chemosensors, such as 1-hydroxypyrene-3,6,8-wisaté (HPTS) and diketopyrrolopyrrole (DPP), haeerb
designed through a reversible equilibrium with caib acid [14,15]. Other examples are deprotonadissisted
fluorescent chemosensors which are a combinatidluofescent dyes and a base, including triethyteenand
fluoride ions, respectively [16—18]. Furthermorarivus aggregation-induced emission (AIE) fluoresakyes
in amine media have been successfully applied@addtection of C®through a mechanism where the amine

media reacts with C£and results in the formation of a viscous carbanwatic liquid (CIL) [19].

Chemosensor-based high-throughput screening (HT8)hads have several advantages over
conventional screening methods because these nsetredsimple, fast, and cost effective. Therefthiese
screening methods have been extensively used irdelrelopment of catalysts, drug candidates, ang NO
absorbents [20-23]. Although the aforementionedréiacent chemosensors can be used as highly gensiti
detectors of Cg) they have a limitation when applied to screertimg efficiency of C@ absorbents with the
HTS method. Specifically, these chemosensors cgunire additives (i.e., amine media and bases) er ar

sensitive to pH changes. It is also important tdupe external interference, to develop an effec®@®
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absorbent screening method. Conventional, @@sorbents currently available in the industrydtén have
unavoidable chemical influences, such as a chamgélior interference from amine derivatives preserihe
system. These influences can make it difficultfleatively evaluate the CQOabsorbents. Therefore, it is highly

desirable to develop a new chemosensor foy &i3orbent screening.

a-Cyanostilbene, one of the AIE-based fluorogensnfoaggregates based on a stacking effect due to

TETT conjugation, resulting in the AIE phenomenon. Cared with that of traditional fluorogensy-
cyanostilbene has a more intense fluorescence iemisehich is paired with a good photostability inet
aggregated state, relative to a dilute solutiorj.[2ds0, their photoluminescence property couldaogusted by
varying functional group of terminal aryl groupsspggcially, the 4-nitro-4’'methoxgi-cyanostilbene showed a
remarkable difference of fluorescence intensitywleein solid and solution with a large Stokes sHiff]]
Furthermorea-cyanostilbene can be easily designed as a turtyjmn fluorescent chemosensor that can take
advantage of the AIE properties of this moleculg,ifiroducing different functional groups to promaatelf-
assembly [26]. Herein, the-cyanostilbene derivative containing a primary aangroup {) is proposed as a
simple turn-on type AlE-based fluorescent chemosetisat does not require the use of additives Far t
detection of C@ and for the design of a chemosensor-based HTSoehdtitr CQ absorbent screening. The
primary amine ofl reacts with C@to form carbamic acid [27,28], which interactshwitther amine molecules
of 1 to form salt bridges [29]. This electrostatic natetion between the carbamate and ammonium saltaxd
self-assembly and results in an enhancement irflibbeescence intensity due to the increase in sizthe
aggregates of. Furthermore, bubbling Ninto the solution induces the transformation & tdarbamate salt to
the primary amine and GQ30] which results in a decrease in the fluoreseetthrough the relaxation of the
aggregates. Therefore, this reversible turn-on tijperescent chemosensor is reusable and allowshier
guantitative analysis of GOmeasured by the increase in fluorescence emijssitiout the need for additives,

as shown irscheme 1
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Scheme 1Schematic illustration of compouridbased C@sensing
2. Experimental section

2.1. General

All the materials were purchased from commercigbpsiers (Sigma-Aldrich, Tokyo Chemical
Industry, Alfa Aesar, and SHINYO) and were usedhwitt further purification'H and**C NMR spectra were
recorded on a Jeol 400 MHz NMR spectrometer. Masxtea were obtained using an Agilent ESI-Q/TOF
(Quadrupole/Time-of-flight) mass spectrometer. Megltpoints were measured using a BUCHI Melting poin
M-565 apparatus. Fluorescence spectra were recondtd a SCINCO FS-2 fluorescence spectrometer.
Absorption spectra were recorded with a JASCO V-&B@vis spectrometer. Fluorescence lifetime was
measured by an FLS-980 fluorometer (Edinburgh imsémts Ltd.) equipped with time-correlated sindtetpn
counting (TCSPC) instruments (TCC2) and Red PMT28P3Hamamatsu Photonics K.K.). In gas experiments,
CO, gas flowed through an MKP TSC-200 mass flow cdlerMFC), the size of aggregates was measured
using a Malvern Zetasizer Nano-ZS dynamic lighttecang (DLS) instruments, and all the experimentse

performed in solution.

2.2. Synthesis of chemosensor
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Scheme 2Synthetic procedures for compouhd

2.2.1. Synthesis of 3

3 was synthesized according to previously reportextgrures [31]. 3-bromopropylamine (2.07 g,
15.00 mmol) and triethylamine (8.36 mL, 60.00 mmahre dissolved in dichloromethane (50 mL). After
stirring at room temperature for 30 min, di-tertyduicarbonate (3.93 g, 18.00 mmol) was added,stinced at
room temperature for 48 h. The solvent was remaneter reduced pressure to give a white oily mixtiités
mixture was dissolved in ethyl acetate and washittd water and brine. Then, the organic layer wasdwith
anhydrous sodium sulfate, and filtered. The orgdayer was concentrated under reduced pressurévéoag
white oil. The oil was purified by column chromataghy (silica gel, hexane:ethyl acetate = 5:1 vsesias the
eluent) to yield3 (1.22 g, 34%) as a colorless dH-NMR (400 MHz, CDCY) & 4.73 (s, 1H), 3.43-3.40 =

6.0 Hz, 2H), 3.27-3.22 (m, 2H), 2.06-1.99 (m, 2H}2 (s, 9H).
2.2.2. Synthesis of 2

2 was synthesized according to previously reportedcgrures [32]. To a mixture of 4-
hydroxybenzaldehyde (2.00 g, 16.40 mmol) and 4hé&nzyl cyanide (2.66 g, 16.40 mmol) in absolutaetl
(40 mL), was added piperidine (2.43 mL, 24.60 mnoportions over 30 min. The reaction mixture wtsed
at room temperature for 6 h, cooled to 0 °C, ahdréd. The precipitate was washed with ethanoé Btown
colored solid was dissolved in ethyl acetate andhed with water and brine. The organic layer waeddwith
anhydrous sodium sulfate, and filtered. Then, tigawic layer was concentrated under reduced pressigive
a yellow solid. The solid was recrystallized frothanol to afford? (3.98 g, 91%) as a yellow solitH-NMR
(400 MHz, DMSOsg) 6 10.48 (s, 1H), 8.34-8.32 (m, 2H), 8.17 (s, 1H)087.93 (m, 4H), 6.97—-6.93 (m, 2H);

mp 202-204 °C.
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2.2.3. Synthesis of 1

A mixture of (2)-3-(4-hydroxyphenyl)-2-(4-nitrophgiacrylonitrile (0.27 g, 1.00 mmol) and anhydrous
potassium carbonate (0.15 g, 1.10 mmol) in dimédinglamide (5 mL) was stirred at room temperaturelf®
min, followed by the addition & (1.19 g, 5.00 mmol). The reaction mixture was thmed at 70 °C for 20 h,
and cooled to room temperature slowly. The reaatidriure was poured into water and allowed to stand h.
The precipitate was filtered and dried to give aange-colored solid. The solid was dissolved iroatform
and washed with water and brine. The organic layas dried with anhydrous sodium sulfate, filteradd
concentrated under reduced pressure to give ag@solid. The solid was purified by column chrongagéphy
(silica gel, chloroform:methanol = 100:1 was usedtee eluent) to yield a yellow solid. The matevias used
for the next reaction without any further purificat. To the material (0.70 g, 1.65 mmol) in ethgktate (60
mL) was added hydrogen chloride gas until no furimecipitation occurred; then, the reaction migtuvas
slowly cooled to 0 °C. The precipitate was filteratd dried to give a yellowish solid. The solid veissolved

in water (300 mL) and stirred at room temperatwe 30 min. Then, a 1 M aqueous solution of sodium
hydroxide was added until the pH reached approxiypa8. The yellow precipitate was extracted with
chloroform and washed with water and brine. Theaoig layer was dried with anhydrous sodium sulfated
filtered. Then, the organic layer was concentrateder reduced pressure to giv€0.36 g, 68%) as a greenish
brown solids*H-NMR (400 MHz, CDC}) & 8.31-8.28 (m, 2H), 7.95-7.93 (m, 2H), 7.83-7.802ht), 7.60 (s,
1H), 7.03-6.99 (m, 2H), 4.16-4.14 Jt= 6.0 Hz, 2H), 2.96-2.92 (,= 6.6 Hz, 2H), 2.00-1.94 (m, 2H)'C-
NMR (100 MHz, CDC)) 6 161.94, 147.56, 145.15, 141.20, 132.05 (2C), 1262L), 125.70, 124.41 (2C),
117.85, 115.19 (2C), 106.12, 66.28, 39.07, 328NMR (400 MHz, THFdg) 6 8.31-8.28 (m, 2H), 8.03—-7.99
(m, 2H), 7.96-7.93 (m, 3H), 7.08-7.04 (m, 2H), 44485 (t,J = 6.4 Hz, 2H), 2.84-2.80 (§ = 6.6 Hz, 2H),
1.90-1.83 (m, 2H)**C-NMR (100 MHz, THFe) 3 162.93, 148.35, 145.64, 142.05, 132.55 (2C), 2C),
126.73, 124.72 (2C), 118.14, 115.59 (2C), 106.42448 33.85; mp 87-90 °E&SI-MS m/z calculated for

C3gH34N4O6 [M+H]+ 324.1343, found 324.1337.
2.3. Optimization of solvent polarity

To obtain the optimized system for AIE phenomertbe, change in solvent polarity was taken with

THF and hexane. All sample solutions (1 mL) werepared by increasing the hexane to THF volume veitio
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10% units. The final concentration dfin each sample solution was maintained at 1 mMthd fluorescence
spectra were obtained by a SCINCO FS-2 fluorescepeetrometer after bubbling each sample with, (8D

mL) and without C@ Excitation wavelength, 365 nm; slit widths, 10/@; emission wavelength, 565 nm.

2.4. General sampling method

THF and hexane were degassed by bubbling them Mitifor 30 min before use. The final
concentration of the sample solution was 1 mM of the THF:hexane (1:9, v/v) system (900 hexane + 100

pL of 10 mM 1 stock). All the sample solutions were degassedrbeheasurements were taken.

2.5. Measurement of the size change of the aggregates

The size change of the aggregates was measured.By Dllowing the above general sampling
method. Based on the G@nd N titration, the control solution was bubbled with (10 mL) and the sample

solution was bubbled with G{0.09 mL).

2.6. CO, titration

All the fluorescence spectra for the Ciration of 1 were obtained by a SCINCO FS-2 fluorescence
spectrometer following the above general samplimghod: excitation wavelength, 365 nm; slit width6/10
nm; and emission wavelength, 565 nm. The injectddme of CQ gas was changed using an MFC with 0.01

mL units.

2.7. Test of reversibility of 1

The fluorescence spectra df(1 mM, 1 mL) with an amount of GQassociated with AIE behavior
were observed in the THF:hexane (1:9, v/v) systexuitation wavelength, 365 nm; slit widths, 10/19;rand
emission wavelength, 565 nm. Based on the @@l N titration, the same sample solution was bubbleith wi
CGO, (0.09 mL) and N (10 mL). The change in the fluorescence spectom Uqubbling each gas another time

was subsequently measured.

2.8. CO, absorbents screening method based on 1

The stock solutions were prepared in THF. The fgaahple solutions (1 mL) were composedL @f.
mM) and a CQ@ absorbent (1 mM), and were prepared using stotitisos of 1 (20 mM) and the C®©

7
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absorbent (20 mM). The control sample was compos$etbgassed hexane (900) + stock solution ofl (20
mM, 50 L) + degassed THF (5(L), and the other samples were composed of degdssathe (90QuL) +
stock solutiorof 1 (20 mM, 50pL) + stock solution of the CQabsorbent (20 mM, 5QL). After bubbling CQ
(0.09 mL) through each sample, all the fluorescesmectra of the samples containing Cibsorbents were
normalized relative to the control sample: exaitativavelength, 365 nm; slit widths, 10/10 nm; andssion

wavelength, 565 nm.

3. Results and discussion

The change in solvent polarity was first condudtedtilize the designed molecul®) @s a fluorescent
chemosensor for COThe excellent solubility of in pure THF led to no fluorescence detection, whsrthe
solution of only hexane resulted in poor solubilityd excessive aggregates, leading to uneven ficenee
emission. Therefore, a combination of THF and hexamas required to optimize the solvent polarity thoe
introduction of the AIE phenomenon. According te tabsorption spectrum in THIFig. S1), the excitation
wavelength obtained at 365 nm demonstrated optflaatescence intensities. As the hexane to THForati
gradually increased, with the concentratiorl shaintained at 1 mM, the normalized fluorescentenisity was
plotted at 565 nmFig. 1b). As a result, the optimized THF:hexane (1:9, wy3tem was chosen, as it produced

the maximum emission for G@etection.

(a) (b)
1.0- 1.2 = With CO, bubbling
= ® Without CO, bubbling
3 08 E 1.0 a
‘v‘ E
c
< w 0.8-
= 0.6 ©
w 4 §
-] w 06
N 0.4 =
© L 0.4-
E o, 3
° L .§ - '
= = 0.2 s
E
0.0 4 6 00 = ® = ® = ® ¢ o o
T T T T T 1 z T T T T L]
400 450 500 550 600 650 700 0 20 40 60 80 100
Wavelength (nm) Fraction of Hexane (%)

Fig. 1.(a) Normalized fluorescence spectraldfl mL, 1 mM)versus fraction of hexane in THF after bubbling with €@B0

8
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mL) and (b) plot of normalized fluorescence intgnsif 1 (1 mL, 1 mM) at 565 nmyersus fraction of hexane in THF,
including hexane mixtures bubbled with €@0 mL, red) and without CO(blue). Excitation wavelength, 365 nm; slit

widths, 10/10 nm.

To demonstrate the aggregationlothe size of the aggregates in the THF:hexane (¥ solution
before and after bubbling with GQvere measured by DLS. The average particle dianuétthe aggregates
before bubbling with C®was 86.99 nmKig. 23), and that after bubbling with GQvas 774.1 nmKig. 2b), a
9-fold increase in size. These DLS data and othsewed spectral changes show an increase in adigneg
when the solution was bubbled with E@esulting in an increase in the fluorescencensitg of 1. Furthermore,
the NMR study was conducted to elucidate the foionabf carbamic acid by bubbled with GQeach NMR
spectra of a solution df were measured in THés before and after bubbling with an excess,Cthe’H-NMR
signal ofa-proton of amine oflL was shifted to downfield including a change of #pditting pattern from a
triplet to a quartet after Gubbling Fig. SH. Also the new peak & 158.60 was appeared after Jubbling

in **C-NMR spectrun{Fig. S. These results are in good agreement with preWoeported NMR studies of

amine-based C{absorption [33,34].

Size Distribution by Intensity

(@) 70 ey Fratnts g S :

Intensity (%)

(b) 25.H.“......“.,: ............... , ............... ,..._ ............... ,

Intensity (%)

0.1 1 10 100 1000 10000
Size (d.nm)

Fig. 2. Size analysis of aggregates in THF:hexane (1:9, (@vafter bubbling with N(10 mL) and (bgfter bubbling with
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CO, (0.09 mL).

The changes in the fluorescence spectra were neshsws the volume of GQntroduced into the
system was increased (as controlled using an MR@) $olution ofl. As the amount of CQincreased, the
fluorescence ol gradually increased, as shownHig. 3a The obtained fluorescence spectral change4d for
tended to be proportional to the increase in,,G@hich reached saturation when about 0.09 mL of G@&s
added to a solution df (Fig. 3b). Based on these results, the limit of detectibt was estimated to be ca. 26
ppm, as shown ifrig. S2 These results indicate that the quantitative omessent of CQ can be conducted

through changes in the fluorescence intensity. of

(a) (b)
1.0 - —Sonral - 1.0+ i
3 LRI B
5 084 £ 0.8
£
S c }
= 0.6+ S 0.6
w w {
K ®
& 04 = 0.4 }
g w
T
S 0.2- N 0.2
. s
E .
0.0 - S 004 * L‘,.
400 450 500 550 600 650 700 0.00 0.02 004 0.06 0.08 0.10
Wavelength (nm) Volume of CO, bubbling (mL)

Fig. 3.(a) Normalized fluorescence spectra and (b) platasmalized fluorescence intensity {1 mL, 1 mM) at 565 nm,

in THF:hexane (1:9, v/v) with step-up GBubbling (0.01 mL unit). Excitation wavelength 536m; slit widths, 10/10 nm.

Since reversible chemosensors for,@ee likely to be used in environmental monitorangl irregular
and dynamic changes of GGt was very important to demonstrate the revéeshiehavior ofl. To obtain
reversible fluorescence spectral changes, atitfdtion test was preferentially performed at gwént where the
fluorescence intensities reached a maximum, as showig. S3 The reversible fluorescence changes were
measured when the solution was alternately bubbidda certain volume of the two gases (Cihd N) that
saturated the fluorescence intensity 1o0fAs the volume of bubbled ;Nincreased after bubbling GOthe
fluorescence of decreased due to the release of the aggregategyththe transformation of the carbamate salt
to the primary amine and GCby N,. Compared with the original fluorescence intenstgimilar fluorescence

intensity was observed upon bubbling £&dter bubbling N in the second cycle. Therefore, £@duced an
10
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increase in the fluorescencelpfwhereas Mreverted the fluorescence bfo its initial state. In multiple cycles,

the fluorescence changeslishowed good reproducibilityr{g. 4).

1.2 4

0.9 4

0.6 -

0.3 -

0.0{4 = "

Normalized F. I. at 565 nm (a. u.)

0 1 2 3 4 5
Cycle Number

Fig. 4. Normalized fluorescence intensity b{1 mL, 1 mM) at 565 nm, in THF:hexane (1:9, vhijhwepeated bubbling of

CO, (0.09 mL) and M (10 mL). Excitation wavelength, 365 nm; slit widt10/10 nm.

In terms of contributing to the efforts of reducitige impacts of global warming, the importance of
industrial application for capturing and fixing ¢®@as been emphasized. According to previous rdsearc
various kinds of C@ absorbents have been studied to address thestempmf35]. The evaluation of GO
absorbent efficiency is a key step in the develagneé CQO, absorbents. The conventional screening methods
for absorbents require multistep processes, suehsaseening test through a specific apparatuapan+liquid
equilibrium test, and heat of reaction measuremg@@k Thus, it is highly meaningful to develop @exction
method with less limitations than the current mdthdn the aspect of screening a large humber sdralent
candidates. When compared with conventional tedugie$, fluorescent chemosensors-based screening
methods have the advantages of a more economidcabchend a more rapid analysis. From this perspecti
the CQ chemosensoll was used to evaluate the efficiency of Cabsorbents. The efficiency of the €O
absorbents was expected to be indirectly measimedigh the change in fluorescence, based on théive!
CO, reactivity between the absorbent ahdA strong CQ absorbent in the sample solution results in a weak

fluorescence ofl because most of the G@& captured by the absorbent rather tharn the opposite case,

11



237 strong fluorescence emissionlofuggests thdt is preferentially capturing most of the €@nd exhibiting AIE

238 behavior, as shown icheme 3

onn A OO
o, >
s
‘ N 0 "Nh, O:N O
A /__/—NH; c: O o/\/\NH2
o,NO
CN

O:N O Weak fluorescence
’

|

CN 07 ""NH,

CO, Chemosensor

‘ : CO, Strong fluorescence

: Strong CO, absorbents

: Weak CO, absorbents
239
240 Scheme 3Schematic illustration of CQabsorbent screening
241 When comparing various GQ@bsorbents, alkanolamine derivatives were chosatemonstrate the

242 proposed screening method, as they are widely imsedrrent industrial technologies for the remogfICO,,

243 due to their high affinity for C@[4]. Each relative change in fluorescence indigatee ability of the C®
244 absorbent to capture G@elative tol, as shown irrig. 5. Strong CQ absorbents, such as 2-piperidinemethanol
245 (PM) and monoethanolamine (MEA), showed little flescence change in solution, whereas a relativelgkw
246 CO, absorbent induced a strong fluorescence changmrding to previous studies, the relative £GDsorbing
247 capacity of the C@ absorbents used in this experiment were as foll®vpiperidinemethanol (PM) >
248 monoethanolamine (MEA) and N-methylethanolamine @& > diethanolamine (DEA) and
249 dimethylethanolamine (DMEA) > N-methyldiethanolamiMDEA) > triethanolamine (TEA) [37-40]. The
250  findings of this study have a good correlation wiltese previously reported results. Therefore, shigening
251 method has the potential to be used for a variggpplications to distinguish GQabsorbents through relative

252  fluorescence changes.
12
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254 Fig. 5. Normalized fluorescence intensity {1 mL, 1 mM) at 565 nm, after bubbling with €®.09 mL) in THF:hexane

255 (1:9, v/v) using various C{absorbents (1 mM). Excitation wavelength, 365 siihwidths, 10/10 nm.

256

257 4. Conclusion

258 a-Cyanostilbene with a primary amine as the reactivectional group was developed as an AlE-
259 based fluorescent chemosenshrfor CO, without the need of additives such as amine maddanions. This
260 COs-sensitive turn-on type signaling is based on thE phenomenon caused by the increase in size of the
261 aggregates after bubbling the solution with,Cl addition,1 showed excellent reversibility when alternately
262 bubbling CQ and N. Furthermore;l can also be utilized as a method for screeningetagive efficiency of
263 CO, absorbents by comparing the changes in the flaeree intensities. Thus, this method has the patent

264 be used in a high-throughput screening (HTS) metioeffectively select high-performance £@bsorbents

265  from alarge number of candidates.

266
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Highlights

® o-Cyanostilbene-based fluorescent chemosensor for CO, was developed by using AIE
® Chemosensor enables the detection of CO, with no additives, such as amine and anion

® This chemosensor was applied to determine the relative efficiency of CO, absorbents



