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We have successfully developed sengoPPB, which exhibited distinct
aggregation induced emission (AIE) effect, and dett CN based on naked-eye
colorimetric and fluorescent sensing with high siléty and great sensitivity.
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Abstract

A new carbazole-based naked-eye colorimetric amordiscent sens@PPB with
aggregation induced emission (AIE) effect was ssgftdly synthesized. The solid
powder of CPPB emitted intense yellow fluorescence, and its eimissvavelength
and fluorescence intensity in DMSQ/®I solution varied with the percentage of water
(fv). Nano-aggregates o€PPB molecules were prepared by increasifig of
DMSO/H;0 solution, and the optimal aggregation stat€BPB was reached in 99%
agueous DMSO solution with the maximum fluorescentensity. MoreoverCPPB
displayed high selectivity and sensitivity towargtanide anions (CN in 99%
agueous DMSO solution even in the presence of abepetitive anions (CN F,
Cl, AcO, NG5, I, CO™, HCOs, HSQy, SO, S, HS, OH, HPO,” and
HPO,?) and the reactive oxygen species@ O, ~, '0,, t-BUOOH and -OH). The
sensing mechanism for CNvas confirmed by optical spectral studiéd, NMR
titration, HRMS spectra, Job’s plot analyses and B&lculations. Sens&PPB for
CN™ detection revealed extremely low detection Ilimit7.66 nM), high
anti—interference ability, wide pH response ran@e (~ 10.0) as well as the
immediate response (15 s). Furthermore,GR#B-based test strips were applied to
detect CN qualitatively and quantitatively in 100% aqueoakigon.
Keywords: Aggregation induced emissio@plorimetric, Fluorescent, Cyanide anion,

test strips.



1. Introduction

With the development of science, the safety oflitheg environment and food has
attracted wide concern. The cyanide anions haveived a great deal of attention
since it is incredibly harmful and venomous to tenan body*®. Cyanide anions
are mainly associated with metal ions in cytochrd?d®&0, which lead to losing its
ability to transmit electrons in the respiratoryanh followed by damaging on the
central nervous system. Even so, cyanide is widskyd in many aspects of the
modern industry, such as wet smelting of gold ahars electroplating technology,
synthetic fiber, herbicides and so on, which cawyside anions to enter the human
body through water and the food chdh®®. Nevertheless, the World Health
Organization (WHO) stipulates that the maximum safiecentration level allowed in
drinking water is 1.9M . Therefore, the development of a low-cost, simgteat
sensitive and highly selective colorimetric andofescent chemical sensor for the

(1529 A number of

detection of cyanide ions in the environment is essary
colorimetric and fluorescent chemosensor for Gids been developed, based on
several mechanisms, such as intra-molecular cheagsfer (ICT)3%3Y excited state
intra-molecular proton transfer (ESIP[ﬁ], and photoinduced electron transfer (PET)
B33 et al. However, most sensing materials for@hstection are readily soluble in
organic solvents but insoluble in water, while thest significant number of CN
exists in water, such as industrial waste wateinkdrg water and experimental
discharge water, et &*3". So it is critical to developing the sensors fd¥™dn
agueous solution.

The sensing materials with aggregation induced €oms(AIE) effect may be a
good candidate for detecting Chh aqueous solution. AlE-active materials emit no
fluorescence in solution, while it is highly emigsiin agqueous solution due to the
formation of aggregate€®. However, only a limited number of sensing materia
with both AIE effect and good sensing performance €N have been reported.
Therefore, research on sensing materials for @&ection with AIE effect is still of
great challenge.

Herein, we reported an AlE-active compou@BPB (Scheme ], which was an
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ICT-based Dr-A type sensor with carbazole as an electron-dongagroup and
barbituric acid as an electron-withdrawing grougn$r CPPB exhibited highly
sensitive and good selective for Chetection based on naked-eye colorimetric and
fluorescent sensing in 99% aqueous DMSO solutiens&CPPB for CN™ detection
displayed fast response speed, high anti-interéeraibility and low detection limit of
67.4 nM. Moreover,CPPB-based test paper strips revealed excellent ant hig
sensitivities for detection of CNn 100% aqueous solution.
Scheme 1

2. Experimental
2.1. Materials and apparatus

All chemicals and solvents were obtained as théytical grade by commerce and
used without further purification. Anions (CNF, CI', AcO, NOs, I, CO?,
HCO;,, HSQ , SQ*, &, HS, OH, H,PO, and HPQ) from their
tetrabutylammonium salts and reactive oxygen spe@igO,, O, ", 'O,, t-BuOOH
and -OHY*“% were prepared, which was diluted to 1.0 mM by digied water to
obtain the stock solution. NMR spectra were measareBruker Avancé 400 using
TMS as an internal standard spectrometer in DMiz(nafrared spectra cEPPB and
CPPB-CN" were recorded on Bruker ALPHA FT-IR spectromet&ng KBr pellets.
High-resolution mass spectra (HRMS) were obtainedmf Agilent 6510
Accurate-Mass Q-TOF LC/MS system. UV-vis and flisment spectra were carried
out on a Shimadzu UV-2600 and Hitachi F-4600 flsoemce spectrophotometer,
respectively.
2.2. Synthesis of the sen<ti?PB

Compounds 2 and 3 were prepared by the previoeglgrted procedurgScheme
1) “Y. compound 3 (0.5 g, 2.1 mmol) and barbituric 4627 g, 2.1 mmol) were
mixed in distilled ethanol (10 mL) and stirred undeflux for 5 h, then the mixture
was cooled down and filtered off to obtain the coomud CPPB, which was then
washed with ethanol and dried in vacuum as an eraotid (0.68 g, yield 93%}H
NMR: (400 MHz, DMSO#dg) § = 11.22 (s, 1H), 11.10 (s, 1H), 9.21 (s, 1H), &8
= 8.0 Hz, 1H), 8.44 (s, 1H), 8.11 @@= 8.0 Hz, 1H), 7.62-7.68 (m, 2H), 7.45 Jt=
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8.0 Hz, 1H), 7.23 (t) = 8.0 Hz, 1H), 4.35 (1) = 8.0 Hz, 2H), 1.71-1.77 (m, 2H), 0.80
(t, J = 4.0 Hz, 3H);**C NMR: (100 MHz, DMSO#g) 6 = 164.18, 162.37, 156.82,
150.23, 143.20, 140.80, 133.23, 129.48, 126.67,4P23122.34, 120.46, 120.40,
114.06, 110.27, 109.30, 44.01, 21.85, 11.23; FTH®r, Cm_l) v = 3423 (HO), 3210
(N=H), 3057 (C-H), 1726 (C=0), 1665 (C=C), 1137 KJ—HRMS (ESI): m/z:
[M+H] " calcd for: GgH17N3Os: 348.1348, found: 348.1340.
2.3. Spectroscopic experiments

The sensoCPPB was dissolved in DMSO to obtain a stock solutiori. ® mM.
The testing anions were dissolved in deionized mat®btain the stock solutions of
1.0 mM. The standard solution GPPB (50 uL) was added to 5 mL of deionized
water containing various amount of CNA blank solution without any CNwas
prepared as the same procedure. The testing swutantained 1QM of CPPB. The
UV-vis absorption spectra were recorded in the \emgth range of 250 to 600 nm
using a quartz cell of 1 cm. The fluorescence dpnsspectra were recorded in the
wavelength range from 460 to 840 nm with excitati@avelength at 627 nm. Both the
excitation and emission slits were set at 5 nm.
2.4. The determination of DL

The detection limit (DL) was determined accordinghe formula (1) by emission
data of senso€PPB upon gradual addition of CN

DL=34/S 1)

whered was the standard deviation of blank am@egpresented the absolute value
of the slope between fluorescence intensity andd@@Ncentratior*>**!,
2.5."H NMR titration

A solution of sensoCPPB (5 mM) was prepared in DMS@s. To a 0.5 mL of
sensor solution, equivalents of tetrabutylammonbromide (from a stock of 10 mM
in DMSO-ds) were added to an NMR tube through a micropipette] the spectra
were recorded.
2.6 Computational Procedures for HOMO-LUMO energp g

The HOMO-LUMO energy gap folCPPB and CPPB-CN-, as well as its
complexes, were calculated by density functionabtis (DFT) using Gaussian 09W.
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The DFT based B3LYP/6-31G* model was performed@orN, O, H atoms. After
obtaining the converged geometries, the TD-B3LYPI&* was used to calculate the
vertical excitation energies.
3. Results and discussion
3.1 Synthesis and characterization

The compound CPPB was prepared by  refluxing between
9-Propyl-9H-carbazol-3-carbaldehyde and barbitaga in EtOH Scheme ). The
synthetic route of CPPB was simple, and the yisladiaéry high. The structure was
confirmed by'H NMR, *C NMR, HRMS and FT-IR spectr&ifj S1-S4. 'H NMR
spectrum ofCPPB exhibits singlet signal at 11.22 ppm and 11.10 ageribed to NH
and 9.21 ppm ascribed to vinyl C=CH proton, respelst FT—IR spectrum o€CPPB
displays stretching at 3210 chior N-H, 3057 cm'for saturated hydrocarbon C—H,
1726 cm® for amide C=0 and 1665 cfnfor vinyl C=C group. HRMS spectrum of
CPPB shows a parent peak at m/z 348.1340 correspotalithge [M+H] fragment.
3.2 AIE activity of sensdCPPB

AIE activity of CPPB was investigated by UV-vis spectra and fluoreseefid.)
spectra. As shown iRig. 1, the absorption bands ranging between 270 andh850
were assigned te-n* electronic transition of the barbituric acid acdrbazole unit.
Additionally, theCPPB molecule exhibited a sharp absorption peak atdB84which
can be attributed to intra-molecular charge tran@feT) from the carbazole to the
barbituric acid.

Fig. 1

The FL spectra of sens@®PPB in pure DMSO solvent, as well as those in
DMSO/H,O mixture, were recordedFig. 28). Since water is a poor solvent,
aggregation ofCPPB can be promoted by adding water to DMSO, leading t
enhanced emission. Therefore, the mixture of DM$©O water was used for the
preparation of nano-aggregatesG®PB by increasing the percentage of watgj). (
Different FL spectra with different, were exhibited Kig.2(a), (b)) depicted the
variation trend of FL intensity and wavelengthG®PB under different,,.

As observed inFig. 2a sensorCPPB showed weak emission in pure DMSO
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solvent Ccppg = 10 uM), while the powder ofCPPB emitted strong fluorescence.
These observations indicated a strong AIE actieityCPPB. In addition, the FL
intensity of CPPB in pure DMSO f, = 0%) was very weak. Whdw was less than
80%, the FL intensity ofCPPB decreased as water content increased. However, it
began to increase whéw was increased to 90%. Moreover, the FL intensched

a maximum aff, = 99%, which has increased by 5.7 times comparethdoFL
intensity in pure DMSO solventfy( = 0%). These data demonstrat€#PB is
AIE-active moleculé**>,

FromFig. 2(b), it can be observed that the emission peakRPB was red-shifted
from 547 to 623 nm whefy, increased from 0% to 99%. The large red-shifteg bea
attributed to ther-n staking wherCPPB molecules aggregated at high water content.
Whenf, was no more than 90%, the addition of water enddrbe polarity of the
mixed solvent which caused ICT, and thus the flsoeace became weakenedf,as
increased. Ad,, reached 90%CPPB molecules started to aggregate, resulting in
nanoparticles. Thus its fluorescence was signiflgaenhanced due to the AIE
activity.

Fig. 2

The fluorescence emission of CPPB in mixed DMSO/H&OD= 0% ~ 99%) under
UV lamp (365 nm) were observed Kig. 3. The fluorescence enhanced whign
increased from 0% to 80%, and then weakened ohyioausen f,, increased from
90% to 99%. The fluorescence color was signifigaotlanged from yellow-green to
orange. These observations were consistent witbdteeinFig. 2.

Fig. 3
3.3 Sensing performance GPPB
3.3.1. Selectivity and anti-interference of anions

A series of anions (FCI, Br, I, NOs-, AcO, HCO5, COs*, SO, HSQ, S,
HS', OH H,PQ,", HPQ? and CN) and the reactive oxygen species@y O, ", *O,,
t-BUOOH and - OH) were respectively added to thetsml containingCPPB (1 mM),
and the changes in the spectra as well as the Etirspwith each addition were
monitored. The solutions containing the common asibut CN showed yellow in
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daylight and orange fluorescence at UV lamp (369, nvhile the solution containing
only CN displayed no color in daylight and blue fluoreszemt 365 nmKig. 4).
These observations indicated that the sensor Hyhgglective towards CN It was
found that the UV-vis spectra and FL speci@i € 440 nm/Jem = 625 nm) of CPPB
did not show significant change, even upon addihgduiv. of each anions except for
CN™ (Fig. 5). In the presence of CNthe intensity of the absorption bandGRPPB at
longer wavelength (436 nm) was attenuated, whiea band appeared at 260 nm,
and the intensity of the emission peak foPPB at 625 nm was significantly
enhanced. Such spectral changes suggest chantpesahemical structure &PPB.
This may be due to the fact that the reaction anae with CPPB might have
switched-off the ICT transition, which in turn afte its spectral properti€g..

Fig. 4

Fig. 5

To further explore the utility o€PPB as an ion-selective fluorescent sensor for
CN, the anti-interference experiment of sen€&PB was carried out upon addition
of 2.0 equiv. of various anions in 99% aqueous DMSition Fig. 6). The results
indicate that common anions has no effect on se@&#B for CN™ detection and
CPPB could be used as a fluorescent sensor for @Btection with excellent
selectivity and good anti-interference.

Fig. 6
3.3.2. Detection performance of sen&HPB to CN'

The changes of absorption spectrumG#PB upon adding different amounts of
CN™ in 99% aqueous DMSO solution can be seeRign 7. As the concentration of
CN ™ increased from 0.5 to 2.0 equiv., all the absorppeaks at 280nm, 333nm and
440nm decreased remarkably. Additionally, a newoadi®n band appeared at 263
nm and increased significantly with the concentratsf CN increasing. These results
indicate that the reaction betwe€®PB and CN occurs and the conjugated system
of CPPB was broken by CN An iso-absorbance spot was observed at 275 nm
indicating that the reaction betwe€PPB andCN™ produced a new complex. These
speculations have been experimentally proved iméx¢ section.
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Fig. 7
The sensing performance GPPB to different amounts of CNin 99% aqueous
DMSO solution was further studied by fluorescennassion spectroscopy (Fig.8).
As shown inFig. 8a with the amount of CN(0.5 ~ 2.0 equiv.) increasing, the
emission peak at 625 nm gradually decreases duethéo interruption of
intra-molecular charge transfer (ICT) GPPB. The inset inFig. 8ais a plot of the
fluorescence intensity of CPPB at 625 nm as a fondf the concentration of CNO
~ 2.0 equiv). It can be seen that the FL intendiggreases remarkably wh€ay
increases from 0 to 10M. WhenCcy is larger than 1@M, the FL intensity almost
remains unchanged, indicating that Cid saturated in the solution. The detection
limit (DL) of sensorCPPB for CN” was determined to be 67.4 nM with a linear range
of concentration to be 0 ~ 10M (Fig. 8b), which far below the allowable content of
CN" in drinking water.
Fig. 8
The stability of CPPB andCPPB-CN" under different pH in 99% aqueous DMSO
solution was studied by FL spectiad. 9). CPPB had a stable emission intensity as
pH changed from 1.0 to 10.0, while the emissioensity dropped sharply when the
pH was more than 10.0. Contrastingly, the emissinsity of CPPB-CN in the pH
range of 1.0 ~ 10.0 was weaker th@®PB and showed a sharply decreasing
tendency when pH increased from 1.0 to 10. It ;asden that the different emission
intensity betweerCPPB-CN™ and CPPB were relatively largeat pH = 3.0 ~ 10.0,
indicating thatCPPB may exhibits excellent fluorescence response to &Nhis pH
range.
Fig. 9
The reaction time ofCPPB towards CN was investigated by time-dependent
fluorescence spectrunirigg. 10. The FL intensity ofCPPB increased rapidly within
the first 15 s when CNwas added. Afterward, the FL intensity@PPB-CN" almost
kept unchanged in the next 25 s. Conclusivelyrédaetion betwee@PPB and CN
could accomplish within 15 s at room temperaturke Tapid response cEPPB
towards CN provides a favorable condition for practical apations.
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Fig. 10

3.4 Detection mechanism
The detection mechanism was investigatedByNMR titration, HRMS spectra

and Job’s titration™ NMR spectrum of sensoEPPB displayed two stretching
vibration bands at 11.20 ppm and 9.20 ppm, whictevassigned to Ha of barbituric
acid and H of vinylidene Eig. 11). Nevertheless, in thdH NMR spectrum of
CPPB-CN, the band at 9.20 ppm corresponding tadidappeared completely, while
a new peak at 5.60 ppm which was assigned,towd$ observed. Meanwhile, the peak
of Ha at 11.20 ppm moved to high frequency of Pph that was assigned to Hb.
Furthermore, some other peaks corresponding to arormprotons move slightly to
high frequencies upon CNaddition, owing to the breaking of the originalusture.
The investigation confirmed that CNvith strong nucleophilicity attacked the C=C
bond and interrupted the ICT between the electarodand the electron acceptor of
sensotCPPB 1*3. To further confirm the detection mechanism, tHRMS spectra of
CPPB andCPPB-CN" were researcheds shown inFig S5 a distinct upfield shift
was observed for the vinylic proton H1 GPPB upon addition of CN The vinylic
proton H shifted upfield from 325.1457 ppm to 392.1485 pjdenoted H),
indicating that the nucleophilic addition reactietween CPPB and CN was
completed.Fig. 12 displayed the results of Job’s titration deriveohni fluorescence
emission spectra, which indicated the 1:1 stoicleimim reaction between sensor
CPPB and CN. Therefore, the detection mechanism of sei@&@PB for CN™ has
been confirmed to be that CMith strong nucleophilicity attacked the vinylideof
CPPB (Scheme 2

Fig. 11

Fig. 12

Scheme 2
3.5. Theoretical Calculations
To further investigate the detection mechanismC&PB for CN’, the density

functional theory (DFT) and time-dependent dengitgctional theory (TD-DFT)
calculations were performed at the B3LYP/6-31G*leof the Gaussian 09 program
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[4447) on the structure, electron distribution and optipeoperties of CPPB and
CPPB-CN'. The optimized structure &@PPB andCPPB-CN" was depicted irFig.
13. Molecule CPPB showed a rigid planar conformation by?spybridization,
however,CPPB-CN" displayed a V-shaped conformation by $gbridization. The
result indicated that distinct structural differeacbetweerCPPB and CPPB-CN-
leaded to no ICT oCPPB-CN and caused significant changes of the conjugated
system, which resulted in significant changes @irtfluorescence properties.
Fig. 13

To grasp more about the colorimetric and fluorescgmnsing mechanisms of
CPPB, the time dependent DFT calculations were figuvatl (Fig. 14). For CPPB
molecule, the electron distribution of LUMO was migiconcentrated in the entire
barbituric acid and a part of the carbazole growpile that of the HOMO was
distributed in the part of the barbituric acid ahd entire carbazole group. However,
for the CPPB-CN molecule, the electron distribution of LUMO and MO were
both distributed over the carbazole group, whicplied the interruption of ICT stage,
resulted in obvious fluorescence weaken and broalgbtit a new absorption band of
CPPB-CN'. Moreover, the break of the-conjugated system caused the increased
HOMO-LUMO energy gap ofCPPB-CN (4.63 eV) relative to the sens@PPB
(3.41 eV), which can be interpreted for the appsageof the new absorption band
(263 nm). Furthermore, the calculated excitationvelengths of CPPB and
CPPB-CN were 402 nm and 268 nm respectively, which weareoat consistent with
the experimental resultd=i. 5). Therefore, these DFT and TD-DFT calculations
verified that the CNwas combined with the vinylidene of sen&&®PB which lead
to the fluorescence quenching@PPB.

Fig. 14

3.6 Test strips for CNdetection in 100% aqueous

For convenient use of sensGPPB for CN detection, the test strips &fPPB
toward CN in 100% aqueous was prepared. SesePB (20 uM, H,O/DMSO (9:1;
vlv)), has been coated on filter paper, and drreé idry box, followed by adding
different concentrations of CNn 100% aqueous. As observedFig. 14, significant
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color changes under UV light from orange to bluentwut with different
concentration of CN(0 ~ 20uM). It proved that the test strips can be applied t
detect CN qualitatively and quantitatively.
Fig. 15

4. Conclusions

In summary, we have successfully developed sebB&B for CN detection based
on naked-eye colorimetric and fluorescent sengng§9%% aqueous DMSO solution
with high selectivity and great sensitivity, whi@xhibits interesting AIE effect.
Moreover, senso€PPB for the detection of CNrevealed extremely low detection
limit (67.4 nM), high anti-interference ability, d@ pH response range as well as
immediate response (15 s), which indicated @RAPB may be promising candidates
for sensing CNin water.
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Figure captions

Scheme 1The synthetic route of the sen€iiPPB

Fig. 1. The UV-vis absorption spectra of sensor CPPBuipin pure DMSO.

Fig. 2. (a) The FL spectra of sens@PPB (10 uM) in DMSO/H,O (v/v) mixtures
with different water fraction f{;) at Aex = 440 nm;(b) Plot of relative FL peak
wavelength (blue) and emission intensity (purpelC®PB versus thef,,. (The blue
line belongs to the wavelength, and the red lidergs to the FL intensity.)

Fig. 3. Photographs of sens@GPPB atf,, = 0% to 99% under 365 nm UV light.

Fig. 4. Color changes induced upon addition of 2.0 equivwarious anions and
reactive oxygen species ©PPB solution in 99% aqueous DMSO solution under
sunlight and 365 nm UV light. (The first row shoti color change under sunlight,
and the second row shows the color change unden®63V light)

Fig. 5. (a) The UV-vis spectra ofCPPB (10 uM) with various anions and reactive
oxygen species (2.0 equiv.) in 99% aqueous DMSG@tisol, (b) The FL spectra of
CPPB (10 uM) with various anions and reactive oxygen spe2e8 equiv.) in 99%
agueous DMSO solution.

Fig. 6. Competitive experiments in thePPB-CN system with interfering anions
(Aex = 440 nm). Blue bars represent other anions aactive oxygen species solution
(1 mM) and red bars represent other anions andiveamxygen species solution with
CN™ (1 mM).

Fig. 7. The UV-vis spectra upon titration CND ~ 2.0 equiv.) at various concentration
in 99% aqueous DMSO solution.

Fig. 8. (a) The FL titration spectra ofCPPB (10 uM) with the increasing
concentration of CN(0 ~ 2.0 equiv.) in 99% aqueous DMSO solutimset: plot of
the FL intensity ofCPPB at 625 nm as a function of CNoncentration (0 ~ 2.0
equiv.);(b) The detection limit oCPPB for CN'.

Fig. 9. The FL intensity of CPPB (10 uM) as a function of pH (1.0 ~ 14.0) in the
absence and presence of QAL = 440 nm).

Fig. 10.The time-dependent FL spectrumCG®PB toward CN.

Fig. 11. The 'H NMR spectra ofCPPB (red) andCPPB-CN™ (navy) in DMSOe
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upon the addition of 2.0 equiv. CN

Fig. 12.Job's plot folCPPB towards CN in 99% aqueous DMSO solution (The total
concentration was 1j0M).

Scheme 2The sensing mechanism of sen€&PB for CN'.

Fig. 13.Optimized structures dPPB andCPPB-CN .

Fig. 14.HOMO and LUMO energy levels &@PPB andCPPB-CN'.

Fig. 15.The photographs aZPPB upon addition of CNunder 365 UV light on filter

paper.
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Fig. 9
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Fig. 11
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Highlights

Carbazole-based colorimetric and fluorescent se@G&#B was designed
and synthesized, which exhibited obvious aggregatiduced emission

(AIE) effect.

The sensor CPPB detected TN 99% aqueous DMSO solution, and the

test strips of CPPB recognized CIN 100% aqueous solution.

The detection limit of sensor CPPB for CiNere at nanomolar level in

99% aqueous DMSO solution.

Colorimetric responses of sensor CPPB toward @éte visible with the

naked eyes under sunlight and UV lamp (365 nm).



