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Abstract

A novel molecularly imprinted fluorescent sensor for the determination of 4-nitroaniline (4-NA) was synthesized via free radical
polymerization with 3-[(7-methoxy-2-ox0-2H-chromen-4-yl)methyl]-1-vinyl-1H-imidazol-3-ium bromide as the fluorescence
functional monomer, 4-NA as the template molecule, ethylene glycol dimethacrylate as the cross-linker, and 2,2'-
azo(bisisobutyronitrile) as the initiator. The obtained fluorescent poly(ionic liquid) was characterized through Fourier transform
infrared, scanning electron microscopy, Brunauer—-Emmett—Teller analysis, and fluorescence spectrophotometry. The fluorescent
sensor had high fluorescence intensity, short detection time (0.5 min), good selectivity, and excellent sensitivity (limit of
detection = 0.8 nM) for 4-NA, with good linear relationships of 2.67—-10,000 nM. The practical applicability of the fluorescence
sensor in detecting 4-NA in industrial wastewater and spiked environmental water was demonstrated, and a satisfactory result

was obtained.
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Introduction

4-Nitroaniline (4-NA) is an important chemical intermediate
that is widely used in dyes, pesticides, pharmaceutical prod-
ucts, explosives, and rubber. In industrial production, 4-NA
can be released into the environment in the form of industrial
waste. Given that 4-NA has good solubility in water, it can
easily penetrate and accumulate in soil or groundwater. 4-NA
is highly toxic, mutagenic, and carcinogenic. It is not only
highly toxic to aquatic organisms but also harmful to human
health because it can lead to respiratory arrest,

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00216-020-02785-4) contains supplementary
material, which is available to authorized users.

< Yiwen Yang
yangyiwen @mail.zjxu.edu.cn

P4 Lei Li
lei.li@mail.zjxu.edu.cn

' School of Petrochemical Engineering, Changzhou University,

Changzhou 213016, Jiangsu, China

2 College of Biological, Chemical Sciences and Engineering, Jiaxing

University, 118 Jiahang Road, Jiaxing 314001, Zhejiang, China

methemoglobinemia, liver injury, skin eczema, diarrhea, and
anemia [1, 2]. 4-NA can cause long-term damage to the envi-
ronment due to its poor biodegradability, high chemical sta-
bility, and persistence. Consequently, environmental protec-
tion agencies in many countries consider it a priority pollutant
[3]. Therefore, establishing rapid, sensitive, selective methods
for determining 4-NA is important.

At present, the main detection methods of 4-NA include
spectrophotometry [4, 5], surface-enhanced Raman spectros-
copy [6, 7], electrochemical method [8—10], fluorescence
method [11, 12], high-performance liquid chromatography
[13, 14], luminescence method [15, 16], and electrophoresis
[17]. Chromatographic method (such as high-performance lig-
uid chromatography) has the advantages of good separation
effect and high sensitivity. And now, some aromatic amine
samples (such as those in textiles or food contact materials) are
still detected by chromatography-based methods [18-21].
However, due to the complex matrix of the sample or the
low concentration of the analyte, some samples need to go
through complicated pretreatment process before detection,
which is complicated in operation and high in cost.
Fluorescence method is an effective approach for the rapid
detection of 4-NA because of its low detection limit, high
sensitivity, rapidity, and use of simple instruments.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-020-02785-4&domain=pdf
https://doi.org/10.1007/s00216-020-02785-4
mailto:yangyiwen@mail.zjxu.edu.cn
mailto:lei.li@mail.zjxu.edu.cn

5654

Xie W.etal.

However, this method has shortcomings, such as unsatisfac-
tory selectivity for target molecules, which leads to the inter-
ference of similar substances during determination.

Molecular imprinting is a new molecular recognition tech-
nology [22]. Its principle is to imitate the natural antigen—
antibody reaction mechanism. The target molecule is used as
the template molecule, and the functional monomer and cross-
linking agent are polymerized under the action of the initiator.
After polymerization, the target molecule is fixed in the poly-
mer. After the target molecule is removed, the hole of the
target molecule is left on the polymer material. The structure
of the hole complements the size and shape of the target mol-
ecule. Hence, the hole has highly specific recognition and
adsorption properties for target molecules.

Fluorescence assay has a low detection limit, high sensitiv-
ity, rapidity, and simple instrumentation. By combining it with
molecular imprinting technology, a reliable, fast, highly spe-
cific, and sensitive analytical method may be developed for
the accurate and efficient detection of 4-NA in water. The
assay can overcome the shortcomings of traditional methods,
such as low sensitivity, poor selectivity, complicated opera-
tion, and time-consuming sample pretreatment.

Recently, molecularly imprinted fluorescent polymers have
made some progress in improving the selectivity of target
molecules [23]. However, there are still some problems to be
solved, such as the single type of phosphors and the poor
water solubility of polymers.

Ionic liquid is a kind of liquid ionic compound at or near
room temperature, in which there are only anions and cations
and no neutral molecules [24]. Therefore, various ionic liquids
can be synthesized through the design of anion and anion. The
organic fluorescent functional group can be connected to the
anion or cation structure of the alkenyl ionic liquid to prepare
the alkenyl fluorescent ionic liquid, and then through the po-
lymerization reaction, the fluorescent poly(ionic liquid) can be
obtained. Because of the ionic liquid structure in the polymer,
the water solubility of the polymer can be increased. It is
beneficial to detect the target molecules in water samples.

In this study, we combined high-sensitivity fluorescence
method with high-selectivity molecular imprinting technology
and synthesized a novel molecular imprinting poly(ionic liquid)
fluorescent sensor by using vinyl fluorescent ionic liquid as a
monomer. We developed a new detection technology for envi-
ronmental water samples and applied it to recognize and deter-
mine 4-NA in industrial wastewater and environmental water.

Experimental section
Materials

4-Bromomethyl-7-methoxycoumarin and 1-vinylimidazole
were obtained from Tokyo Chemical Industry Co., Ltd.

@ Springer

(Shanghai, China). Ethylene glycol dimethacrylate
(EGDMA), 4-NA, 3-NA, and 2-NA were supplied by
Sigma-Aldrich (Shanghai, China). 2,2'-
Azo(bisisobutyronitrile) (AIBN), p-chloroaniline, diphe-
nylamine, 4,4'-diaminobiphenyl, p-anisidine, m-toluidine,
4-nitrobenzyl bromide, and nitrobenzene were obtained
from Aladdin (Shanghai, China). In addition, several com-
mon chemicals, including methanol, ethanol,
trichloromethane, sodium dihydrogen phosphate, and sodi-
um phosphate dibasic, were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Different
pH phosphate buffers were prepared by mixing different
volumes of 0.01 M NaH,PO,4 and 0.01 M Na,HPO,. All
chemicals and solvents were of pure analytical grade.
Water was purified through a Milli-Q purification system
and applied to the entire experimental process.

Apparatus

A Varian 400-MR nuclear magnetic resonance instrument
(Varian, USA) was used to record 'HNMR and *CNMR
spectra. Fourier transform infrared (FT-IR) measurements
were performed with a Nicolet Nexus-470 FT-IR apparatus.
An F-7000 fluorescence spectrofluorometer (Hitachi,
Japan) was utilized to obtain the fluorescence spectra. The
fluorescence intensity was detected at excitation and emis-
sion wavelengths of 329 and 395 nm, respectively. N,
adsorption—desorption isotherms were measured with
Micro Tristar 2020 after all of the samples were degassed
at 100 °C for 24 h. Brunauer—Emmett—Teller and Barrett—
Joyner—Halenda methods were used to calculate the specific
surface area and pore size distribution, respectively. The
surface morphologies of all samples were analyzed with a
Hitachi S-4800 scanning electron microscope (Hitachi,
Japan). The samples of industrial wastewater were detected
by Agilent 1260 high-performance liquid chromatography
(HPLC).

Synthesis of ionic liquid functional monomer

A mixture of 4-bromomethyl-7-methoxycoumarin
(2 mmol), I-vinylimidazole (4 mmol), and
trichloromethane (15 mL) was stirred in a 100-mL, round-
bottom flask at 80 °C for 12 h. After the reaction was com-
pleted, the solvent trichloromethane was evaporated in a
vacuum. The residue was washed with anhydrous ether.
Then, the expected product, 3-((7-methoxy-2-o0x0-2H-
chromen-4-yl)methyl)-1-vinyl-1H-imidazol-3-ium bro-
mide, was collected and further dried in a vacuum oven
overnight (see Electronic Supplementary Material (ESM)
Scheme S1).
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Preparation of molecularly imprinted poly(ionic
liquid) and non-imprinted poly(ionic liquid)

The reaction was carried out in a methanol solution using 4-
NA as the template molecule, 3-((7-methoxy-2-oxo0-2H-chro-
men-4-yl)methyl)-1-vinyl-1H-imidazol-3-ium bromide as the
functional monomer, and EGDMA and AIBN as the cross-
linker and initiator, respectively. The specific experimental
process of synthesizing the molecularly imprinted poly(ionic
liquid) (MIPIL) was as follows: 4-NA (0.1 mmol) and 3-((7-
methoxy-2-o0x0-2H-chromen-4-yl)methyl)-1-vinyl-1H-
imidazol-3-ium bromide (0.4 mmol) were thoroughly dis-
persed in a methanol solution (40 mL) for 15 min in a
100-mL, round-bottom flask. Then, EGDMA (2 mmol) and
AIBN (50 mg) were separately added to the reaction solution.
After purging with nitrogen for 30 min, the round-bottom
flask was sealed, and the mixture in it was stirred at 60 °C
for 24 h. After the reaction was completed, polymerization
products were obtained and collected via filtration. The de-
sired products were completely washed with ethanol to re-
move 4-NA and dried at 80 °C in a vacuum oven overnight.
Non-imprinted poly(ionic liquid) (NIPIL) was synthesized un-
der the same conditions in the absence of 4-NA.

Fluorescence measurement

To obtain the best test conditions, we used 4-NA as the detec-
tion target, and its level was 1 pM. The levels of MIPIL
ranging from 10 to 50 mg/L and the pH values of the solution
from 4 to 11 (prepared by phosphate buffer solution) were
optimized. Real-time detection of fluorescence intensity was
performed every 10 s to obtain the stabilization time and de-
termine the optimum detection time.

oN—{_)-NH,
N o
(O Aoty

® 7 o
N Br
> N_CN
~o 0 0

NCNK

Determination of 4-NA in real samples

Industrial wastewater was supplied by a chemical factory in
Jiangsu Province (China). Actual environmental water sam-
ples were obtained from Beijing—Hangzhou Grand Canal in
Jiaxing City (Jiaxing, China). The suspended particles in the
water samples were removed with a 0.45-um filter, and then
the actual water samples were directly used for detection.

Results and discussion
Characterization of ionic liquid functional monomer

In order to further determine the molecular structure of the
prepared fluorescent functional monomer (3-((7-methoxy-2-
0x0-2H-chromen-4-yl)methyl)-1-vinyl-1H-imidazol-3-ium
bromide), we characterized the compound by NMR, and the
results are shown in Fig. S1 (see ESM). Its NMR data were as
follows:

« 'HNMR (400 MHz, CD;0D): §=9.52 (s, 1H), 8.15 (s,
1H), 7.90 (s, 1H), 7.72 (d, J=9.2 Hz, 1H), 7.31 (q, J=
8.0 Hz, 1H), 7.00 (dd, J=2.4, 8.8 Hz, 1H), 6.94 (d, J=
2.4 Hz, 1H), 5.99 (dd, J=2.4, 15.6 Hz, 1H), 5.95 (s, 1H),
5.84 (s, 2H), 5.50 (dd, J=2.4, 8.8 Hz, 1H), and 3.90 (s,
3H)

« BCNMR (100 MHz, CD;0D): §=163.7, 160.7, 155.5,
148.5, 128.4, 124.8, 123.8, 123.8, 119.9, 112.7, 110.4,
110.1, 109.2, 100.9, 55.2, and 49.3

The above data showed that the functional monomers had
been synthesized successfully.

Remove 4-NA

—_——

Rebind 4-NA

MIPIL

o L. &g’“*(
J/0

N
N
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o X
o O

Fluorescence quenching

Scheme 1 Schematic of 4-NA determination

Fluorescence enhancement
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Preparation of MIPIL and NIPIL and the detection
principle of 4-NA

The synthetic process of MIPIL and NIPIL was as follows:
First, the fluorescent ionic liquid functional monomer (ILFM)
was synthesized by introducing an electron-rich alkenyl imid-
azole group into 4-bromomethyl-7-methoxycoumarin to en-
hance the fluorescence intensity of the parent compound sig-
nificantly, and second, polymerization was performed in the
presence of AIBN as the initiator. During polymerization, 4-
NA molecules were captured via ILFM and EGDMA through
electrostatic attraction and hydrogen bonding, respectively.
Fluorescence quenching of ILFM occurred due to the
electron-deficient structure of 4-NA and its 7-—7t stacking with
ILFM. Lastly, 4-NA molecules were removed with an ethanol
solution after polymerization, and the fluorescence of MIPIL
was restored (Scheme 1).

Characterization of MIPIL and NIPIL

The structural properties of ILFM, MIPIL, and NIPIL were
further analyzed using FT-IR spectra. Figure S2 (see ESM)
showed that the characteristic peaks at 1732, 1637, and
1158 cm™ ! were attributed to the stretching of C=0 and C—
O of EGDMA and ILFM, respectively. The typical peaks at
1560 and 1179 cm™ ' represented the imidazolium cationic
group vibrations of C=N, C=C, and C-N. The FT-IR spectra
of NIPIL were almost similar to those of MIPIL. The analysis
of the composition and structure of MIPIL or NIPIL via FT-IR
spectra confirmed the successful polymerization of the ILFM
and EGDMA cross-linker.

The scanning electron microscopy (SEM) image showed
that MIPIL had an obvious structure with a clear outline,
whereas the image of NIPIL was vague (Fig. 1). Moreover,
MIPIL was more uniform than NIPIL in terms of size and
shape. Figure 2a and ¢ show that the nitrogen adsorption—
desorption isotherms of MIPIL and NIPIL had the character-
istics of type I and IV composite isotherms according to
IUPAC classification [25]. In the low-pressure region (P/P,

200nm
e

Fig. 1 SEM images of MIPIL (a) and NIPIL (b)
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<0.1), the adsorption amount of nitrogen increased rapidly,
indicating that there were some micropores on the surfaces of
both polymers. However, in the pressure zone (0.1 < P/Py<

0.8), the adsorption capacity of nitrogen increased slowly, and
the rising speed of MIPIL was higher than that of NIPIL. After
reaching the high-pressure region (P/Py > 0.8), the adsorption
capacity of nitrogen increased rapidly, indicating that there
were not only a certain amount of mesopores, but also a small
number of macropores on the surface of the two polymers
[26]. Both isotherms had H3-type hysteresis loops, indicating
that both polymers had lamellar structures, with slit-like pore
structures [27]. It was consistent with their SEM images
(Fig. 1). The pore size distribution of MIPIL was mainly at
1.48 and 2.52 nm, while that of NIPIL was mainly at 1.18,
1.36, and 1.72 nm. The surface area of MIPIL and NIPIL was
20.14 and 18.60 m?/g, respectively, and their average pore
sizes were 12.36 and 11.60 nm, respectively (Fig. 2). The test
result showed that MIPIL had a larger surface area and pore
size than NIPIL. It indicated that MIPIL had some molecularly
imprinted holes on its surface.

Optimization of 4-NA determination

To obtain the best detection effect, we optimized the detection
conditions of MIPIL for detecting 4-NA. The adding concen-
tration of MIPIL ranging from 10 to 50 mg/L was explored to
investigate its effect on 4-NA detection. The results showed
that the maximum fluorescence quenching efficiency was ob-
tained when the MIPIL concentration was 30 mg/L (see ESM
Fig. S3A). Therefore, the optimized level of 30 mg/L was
selected as the best detection amount of MIPIL.

On the basis of this condition, real-time fluorescence mon-
itoring of the mixture was performed to obtain the stability of
the kinetic binding of MIPIL toward the 4-NA template mol-
ecules. As shown in Fig. S3C (see ESM), the fluorescence
quenching equilibrium can be quickly achieved within
0.5 min at room temperature when the concentrations of 4-
NA were 100 nM and 1 uM. In addition, the fluorescent signal
could remain relatively stable for a long time. This

200nm
——
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phenomenon fully demonstrates that the 4-NA template mol-
ecules could rapidly match the binding sites in the space cavity
to achieve the effect of fluorescence quenching. We conclude
that the MIPIL fluorescence sensor can detect 4-NA rapidly
and efficiently. The effect of the pH value ranging from 4 to
11 (prepared by phosphate buffer solution) on detection per-
formance was also studied. The pH value of the solution had
no significant effect on the detection of 4-NA (see ESM
Fig. S3B). Given that the pH value of the water used in the
experiment was 7, we set the best pH value of the detection
system to 7.

Under these optimal conditions, different levels of 4-NA
were tested using the MIPIL sensor. As shown in Fig. 3a, the
fluorescence intensity of the sensor declined as the level of 4-
NA increased. Figure 3b indicates that a good linear

relationship exists between Fo/F and the 4-NA level in the
concentration range of 2.67-10,000 nM. The linear equation
is Fo/FF=1.041+0.321C4na, and the correlation coefficient
15 0.992. The limit of detection (LOD) was 0.8 nM (0.11 pg/L)
(S/N=3), and the limit of quantification (LOQ) was
0.37 ug/L (2.67 nM) (S/N=10). Table 1 indicates that the
assay has higher sensitivity for 4-NA compared with the ma-
jority of previously reported methods.

Selectivity of NIPIL and MIPIL sensors

The selective recognition capability of NIPIL and MIPIL fluo-
rescence sensors was demonstrated by comparing it with that
of 4-NA and its analog. Its analogs include (1) p-
chloroaniline, (2) diphenylamine, (3) 4,4'-diaminobiphenyl,

Fig. 3 Fluorescence spectra of a b
MIPIL with the addition of 4000 | — Blank 5r
different levels of 4-NA (a) and ~ 3500 %
fluorescence quenching intensity g 3000 4r
of MIPIL in the presence of 4-NA ‘g 2500
with different levels (2.67— = = 3F
10,000 M) (b). A =329 nmand 5 2 =
Aem =395 nm £ 1500 2k
é 1000
500 1k
0
1 1 1 1 1 J 0 1 '} 1 1 1 1
375 400 425 450 475 500 0 2 4 6 8 10
Wavelength/nm C AN A(pM)
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Table 1 Comparison of the assay
with other methods of detecting4- ~ No- Method LOD (aM) References
NA
1 CSSNPs/CPE* 5 [8]
2 PBPMCZ’ 1100 [11]
3 CB[6]@QDs° 60 [12]
4 Ag@MIP! 0.001 [7]
5 Copper nanoparticle-embedded chitosan 370 9]
6 CS@CPE® 93.4 [10]
7 Silver particles on graphite electrode 41.8 [28]
8 1,2,3-Triazolyl-based conjugated microporous polymer 4200 [29]
9 Molecularly imprinted polymeric ionic liquid 9 [30]
10 Triphenylamine-functionalized luminescent sensor 725 (0.1 ppm) [31]
11 3D metal-organic frameworks 637 (88 ppb) [32]
12 Binder-free chemical sensor electrodes 500 [2]
13 Cd(II) metal-organic framework 4930 (0.88 ppm) [33]
14 Silver electrode 4.74 [34]
15 MIPIL sensor 0.8 This work
# Chitosan-stabilized silver nanoparticles on the carbon paste electrode
® Ketone-functionalized carbazolic porous framework
¢ Cucurbit[6]uril-modified CdTe quantum dot fluorescent probe
94 Core—shell Ag@molecularly imprinting polymer
¢ Carbon paste electrode modified with a chitosan solution gelled in acetic acid
Fig. 4 (a, b) Fluorescence a 100 b 100
quenching efficiency of NIPIL e 9 NIPIL e 9} MIPIL
and MIPIL sensors with the S S sl
addition of different aromatic 2 2
o 70 o T0F
compounds (1 pM) 5 ]
% 60 % 60 |-
o0 50 o OF
E 4 =T 8
S S
2 30 2 30
Q )
= 20 = 20|
=4 o
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Table 2 Detection and recovery
of 4-NA in actual water samples Sample Added 4-NA (nM) Found 4-NA (nM) Recovery (%) RSD (%)
(n=6)
Canal water 2.67 2.73 102.4 4.58
30.0 283 97.7 2.55
50.0 51.6 103.2 436
100.0 99.3 99.3 3.82

(4) p-anisidine, (5) m-toluidine, (6) 4-nitrobenzyl bromide, (7)
nitrobenzene, (8) 2-NA, and (9) 3-NA. As shown in Fig. 4, the
quenching effect of 4-NA and its analogs on the NIPIL sensor
was similar, but 4-NA exerted a significantly higher
quenching effect on the MIPIL sensor than on its analogs.
Although 2-NA and 3-NA had a similar structure as the tem-
plate molecule 4-NA, the degree of fluorescence quenching
on the MIPIL sensor was less than that of 4-NA. The results
showed that the MIPIL sensor had a good selectivity for 4-
NA, which was much higher than that of the NIPIL sensor.

Measurements of real water and industrial
wastewater samples

The constructed MIPIL fluorescence sensor was utilized for 4-
NA detection in the actual water samples, which were obtain-
ed from Beijing—Hangzhou Grand Canal in Jiaxing City. The
suspended impurities in the real water samples were removed
using a 0.45-um filter before detection, and then the actual
water samples were directly used for detection. During the
measurement of the actual water samples, we found that the
water samples did not respond to the MIPIL fluorescence
sensor. Therefore, we used the method of adding different

concentrations of 4-NA to the real water samples for recovery
investigation. Four different concentrations (2.67, 30, 50, and
100 nM) were selected for spike recovery, and the results are
shown in Table 2. The recoveries were 97.7-103.2%. These
values reveal the high accuracy of the proposed assay.

In order to further evaluate the practicability and accuracy
of the proposed MIPIL fluorescent sensor, we used the sensor
to detect the content of 4-NA in industrial wastewater and
spiked industrial wastewater, and compared it with the method
of HPLC. At first, we tested the standard water samples con-
taining 4-NA by Agilent 1260 HPLC and established HPLC
method. The linear equation was ¥'=3.136C4 s — 15.396, in
which Y was the peak area and the correlation coefficient was
0.995. It can be seen from Fig. 5a and b that there is a good
linear relationship between peak area and concentration in the
concentration range of 10—1000 uM. Next, the proposed
MIPIL fluorescent sensor and HPLC method were used to
detect the content of 4-NA in industrial wastewater samples,
and their detection results were compared. It can be seen from
Fig. 5c and d that the detection results of the two methods are
consistent. It means that the proposed method may be applied
to the rapid and accurate detection of 4-NA in industrial
wastewater.

Fig. 5 (a) Detection of different a
concentrations of 4-NA using the o0 g 3000 |-
method of HPLC. (b) The stan- 450 2
dard curve of the method of 300 2 2500 |-
HPLC. (¢) Determination of 4- 150 g 2000 |
NA in industrial wastewater and | 0 :
spiked industrial wastewater —HH 3111331?/’1”“ S 1500 |
using the method of HPLC. (d) A JU 4060"}3{‘4“ 95' A~ 1000
Comparison of detection results A 200,M v i
of 4-NA in industrial wastewater %/ " 500 |
and spiked industrial wastewater T T T T ';.’“M { , . . , ,
by the method of HPLC and Time/min 0 200 200 600 300 1000
MIPIL fluorescent sensor 4-NA/uM
c s d
120 5 [ JHPLC 311.3 298.6
. 0 5 3004 | —MIPIL
n 253.6 2544
60 g 2504 T
N 30 S 200 199.6 1919.9 21562083
o =
| N J lWastewaterﬂO(mM W4 é 150 4
\l l ‘Wastewater+50uM, W3 ‘i' 100 -
_D ]\WastewaterHOpM w2
Wastewater w1 50
o 1 2 4 5 7 8
Time/min 0 T
wi1 w2 w3 W4
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Conclusions

In short, 4-bromomethyl-7-methoxycoumarin as a
fluorophore was applied to the preparation of a new ILFM,
and a novel MIPIL fluorescence sensor was successfully de-
veloped for the detection of 4-NA. The sensor has the advan-
tages of low cost, easy preparation, simple operation, rapid
detection, and high specificity and sensitivity to 4-NA.
Given that the sensor has good test performance, it has a
potential application value in the immediate detection of 4-
NA in industrial wastewater and environmental water.
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