Open Access Article. Published on 05 May 2022. Downloaded on 11/8/2025 4:16:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2022, 12, 13660

Received 1st March 2022
Accepted 27th April 2022

DOI: 10.1039/d2ra01371a

rsc.li/rsc-advances

1. Introduction

Hydrogen bonds-triggered differential extraction
efficiencies for bifenthrin by three polymeric ionic
liquids with varying anions based on FT-IR
spectroscopy

Xiaofan Zhang,t? Ming Gao,1? Tingting Liu,® Huili Wang? and Xuedong Wang © *?

Herein, we fabricated three imidazolium-based polymeric ionic liquids (PILs) with different anions (P[VEIM]
BF4, PIVEIM]PFg and P[VEIM]Br), and analyzed their differential extraction efficiencies for bifenthrin through
H-bonding induced effects. Three PILs all presented an irregular block structure with rough surface and
lower specific-surface area (SSA, 11.2-18.7 m? g~ than carbon-based nanomaterials. They formed
hydrogen bonds with free-water molecules in the lattice of PILs, including C,45-H---O-H, Br---H-O-
H---Br, O-H---Br, C345-H---F-P, P=F---H-O—-H---F-P, C;45-H---F-B and B-F---H-O—-H---F-B. After
extraction, the O—H stretching-vibration peak was prominently intensified, whereas the C—H bond varied
slightly concomitant with reduced B—F and P-F vibration. Theoretically, the C-H vibration should
become more intense in the C45—H---H,O and C,-H---H,O bonds after extraction in contrast to before
extraction. These contrary spectral changes demonstrated that the hydrogen bonds between cations in
the PILs and free-water molecules were broken after extraction, yielding the H-bonding occurrence
between bifenthrin and H-O-H in the lattice. As a time indicator for the free-water binding and
releasing process, the highest slope for the plot of /;/l against time implied that the shortest time was
required for P[VEIM]PF¢ to reach an adsorption equilibrium. Overall, the strong hydrophobicity, small SSA
and electrostatic-repulsion force for P[VEIM]PF¢ are all not conducive to its efficient adsorption. Beyond
our anticipation, P[VEIM]PFg provided the highest extraction recovery for bifenthrin up to 92.4% among
three PILs. Therefore, these data lead us to posit that the above high efficiency results from the strongest
H-bonding effect between P[VEIM]PFg and bifenthrin. These findings promote our deep understanding
of PlLs-triggered differential efficiency through a H-bonding induced effect.

a series of PILs-based gel electrolytes, which were employed in
lithium batteries and achieved higher catalytic efficiency than

Polymeric ionic liquids (PILs) possess the advantages of both
ionic liquids (ILs) and polymers, and thus have good ionic and
conductive properties,”* which expand their applications as fit-
for-purpose and functional ILs. Currently, two kinds of PILs
have been widely reported: the first is that the polymerized
groups are introduced into ILs to prepare functional PILs
through polymerization; the second is that the composite
metals or metal oxides with catalytic activity are integrated with
PILs for the sake of fabricating supported PILs.*” Lin and
coworkers (2021) fabricated polymeric self-solidifying ionic
liquids as catalysts for producing biodiesel under mild condi-
tions with good recyclability.> Safa's group (2016) synthesized

“School of Environmental Science and Engineering, Suzhou University of Science and
Technology, Suzhou 215009, China. E-mail: zjuwxd@163.com

*Jiangsu Provincial Key Laboratory of Environmental Science and Engineering, Suzhou
University of Science and Technology, Suzhou 215009, China

T Xiaofan Zhang and Ming Gao are the co-first authors.

13660 | RSC Adv, 2022, 12, 13660-13672

using ILs alone.* The aliphatic hydroxyl-functionalized imid-
azole PILs were used to catalyze CO,-cycloaddition reaction of
epoxides with high yields, and could be recycled many times
with no significant decrease in their catalytic performance.’
Peng et al. (2020) prepared many kinds of PIL-based micro-
spheres as the stationary phase in HPLC columns and achieved
satisfactory separation efficiency for organic pollutants.®

Also, PILs are extensively used in gas adsorption and sepa-
ration, especially in CO, adsorption, which solve the bottleneck
problem of ILs in high viscosity and low-adsorption selec-
tivity.” Under the same experimental conditions, the PILs,
based on 1-(4-vinylphenyl)-3-butyl-imidazole ILs, provided the
adsorption capacity for CO, 3-5-fold greater than that of ordi-
nary imidazole ILs.”® Xiong's group (2012) synthesized a type of
PILs by introducing the IL groups into the main chain of
a polymer, and observed that their adsorption capacity for CO,
reached up to 10% with shorter adsorption-desorption equi-
librium time.**® Besides, PILs have been widely used in various

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nanocomposites. In common cases, nanomaterials easily lose
the practical application value due to high specific surface area,
which is dynamically unstable and shows strong agglomeration
phenomenon. Therefore, stabilizers, such as surfactants and
soluble polymers, are often added to nanomaterials to prevent
the agglomeration of nanoparticles. Due to possessing polar
ionic bonds and long spatial chain, PILs can stabilize nano-
particles by virtue of electrostatic and steric effects. Mata-
ndabuzo and Alibade synthesized vinyl-pyridinium PILs to
further prepare the nanocomposites of PILs and multiwalled
carbon nanotubes (PIL/MWCNT), which showed maximum
adsorption capacity of 37% for Cr(vi) within 12 h agitation.*
Based on 1-vinyl-3-methylimidazole chloride and n-vinyl-2-
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Fig.1 Types of hydrogen bonds in the lattice of PILs. (a) P[VEIM]Br; (b)
PIVEIMIBF,, (c) PIVEIM]PFg.
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carbonylpyrrolidine, the as-synthesized copolymers were
mixed with [BMIM]BF, and added to rhodium nanoparticles to
improve the catalytic activity and lifetime."* Although several
reports on the utilization of PILs have been reported as catalysts
and adsorbents, there is a paucity of information regarding
their applications as extractant in analytical pretreatment
procedures. Enlightened by the aforementioned analyses, our
group synthesized three kinds of imidazolium-based PILs with
different anions (BF, , PFs~ and Br™). In the lattice of PILs,
many kinds of hydrogen bonds were found to be formed with
free water molecules (Fig. 1). After adsorption/extraction of
bifenthrin, the underlying mechanisms regarding differential
extraction efficiencies were explored in detail by virtue of
changes in the formation, reintegration and vibration of
hydrogen bonds in PILs before and after extraction.

Among common pesticides, pyrethroids compounds are
widely used to control agricultural/forestry insects all over the
world due to high efficiency, rapidity, broad spectrum, and
strong photostability. With the abuse increase of pyrethroids,
they not only cause serious impact on the environment, but also
accumulate excessive residues in fruits and vegetables, which
affect central nervous system and lead to disturbance of
consciousness.'** The maximum residue limits (MRLs) of
pyrethroids in foods have been set at 0.02 to 0.5 mg kg™ " in
China (GB2763-2019), and 0.02 to 0.3 mg kg™ ' in European
Union (Part A of Annex to Reg. 396/2005), respectively.*
Common analytical approaches for pyrethroids detection
include GC-ECD, GC-MS, HPLC-DAD, and so on.'* At present,
the sample pretreatment methods for pyrethroids in complex
matrices include liquid-liquid extraction, solid-phase extrac-
tion, magnetic solid-phase extraction, and so on.'® However,
owing to the presence of trace-level pyrethroids and various
interference chemicals and ions, the rapid/sensitive assay of
pyrethroids is still a challenging issue in environmental and
food matrices.

Hydrogen bonds play crucial roles in determining the
extraction efficiency of ILs for target analytes. Previous literature
reported the effects of polymethylated imidazole cations,
imidazole nitrogen cations and NTF, ™ anions on the properties
of ILs (melting point and viscosity) by hydrogen bonds,"” and
also investigated the H-bonding role in crystal structure.” In
typical imidazolium-based ILs, hydrogen bonds between
cations and anions are considered to be the key factor to
determine the microstructure and macroscopic properties. Hu
and coworkers employed density functional theory (DFT) to
illustrate the relationship between viscosity and hydrogen
bonds in ILs.** Due to the H-bonding importance in deter-
mining IL's property and structure, there have been many
reports on the dependence of ILs on H-bonding strength.'*>*
The optimized geometry of H-bonding ion pairs was predicted
for imidazolium-based ILs with varying anions by DFT. Phadagi
et al. and Liu et al. calculated the H-bonding strength changes
of different cations and anions in PILs by FT-IR spectroscopy
and DFT.>**

As far as our information goes, no reports are related to the
application of PILs for bifenthrin extraction as a model chem-
ical in pyrethroids, the underlying H-bonding formation, and
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reintegration mechanism in the extraction process. Motivated
by the above issue, we prepared three kinds of imidazolium-
based PILs with different anions, explored their interactions
with bifenthrin, and confirmed the crucial roles of anions in the
H-bonding occurrence. Prior to adsorption, the anions formed
hydrogen bonds with free water molecules in the lattice of PILs.
Three kinds of H-bonding forms existed in the carbon atoms of
imidazolium ring: C,-H, C,—H and Cs-H.**** Free water mole-
cules interacted with anions of PILs by hydrogen bonds as
H,O---anion and anion---H,0O---anion. Consequently, the
formation and reintegration of O-H, C-H, P-F and B-F vibra-
tion peaks were investigated in detail by virtue of changes in FT-
IR spectra before and after extraction. This work sheds new light
on mechanistic insight into the differential extraction efficien-
cies for target analytes by PILs, resulting from the changes in H-
bonding interactions between PILs and analytes.

2. Materials and methods

2.1. Reagents and chemicals

Bifenthrin with purity of 99.5% was purchased from the China
Chemical Standard Corporation (Beijing, China), and its
molecular structure is shown in Fig. 2a. N-Vinylimidazole
(98.0%), and the analytical-grade bromoethane, sodium tetra-
fluoroborate, potassium hexafluorophosphate, and azobisiso-
butyronitrile (AIBN) were all obtained from Tansoole (Shanghai,
China). Chromatographic-grade acetone, methanol, acetonitrile
and ethyl acetate were sourced from Aladdin (Shanghai, China).

2.2. Instrumentation

The structures and morphologies of three PILs were characterized
by a scanning electron microscopy (Zeiss Sigma 300, Germany;
accelerating voltage 20.0 kv, working distance 9.8-10.2 mm, ETD
detector). The gold coating of the SEM used an Agar Auto Sputter
Coater mod. 108 (Cressington, UK), with purity > 99.99%, current
40 mA, and 30 s coating time. The FT-IR spectra of PILs were
measured with a scanning range of 400-4000 cm™* by the KBr
method in a Bruker Tensor II infrared spectrometer (Brook, Ger-
many). The spectral intensity ratios (I,/I,) reflect the situations on
H-bonding breakage or reintegration, where I, and I, denote the
intensities of O-H or C-H bonds after adsorption in different time
intervals and prior to adsorption, respectively. X-ray photoelectron
spectroscopy (XPS) measurements were performed using a PHI
Quantera spectrometer with Al Ko X-ray (hv = 1486.6 eV) radia-
tion. UV-Vis spectra were recorded on a UV-5500PC spectropho-
tometer (Metash, Malvern, UK). A SDT Q600 thermal gravimetric
analyzer (PerkinElmer, MA, USA) was employed to analyze the
thermal stability of PILs, and it was operated at a heating rate of
10 °C min ™" across the temperature range of 30-600 °C under a N,
flow. The decomposed temperature was analyzed based on the
weight-loss curves. Also, a Setsys Ev 24 model thermal analyzer
(Setaram, Paris, France) was used to detect the glass transition
temperature (T,) according to differential scanning calorimetric
curves over the temperature range of 150-300 °C. The Brunauer—
Emmett-Teller (BET) surface area was measured by N, adsorp-
tion-desorption at 77 K wusing an ASAP 2020 System
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Fig. 2 Types of hydrogen bonds formed between PILs and bifenthrin.
(a) The H-bonding types formed between P[VEIM]Br and bifenthrin; (b)
the H-bonding types formed between P[VEIMIBF, and bifenthrin; (c)
the H-bonding types formed between P[VEIM]PFg and bifenthrin.

(Quantachrome, USA). Zeta potential was detected by a zeta
potential analyzer (Malvern, UK). The measurement of solution
pH was carried out using a Leici PHB-4 pH meter (Inesa Scientific
Corporation, Shanghai, China). All stock and work solutions were
prepared using ultrapure water (18.25 MQ) from Hangzhou Jiejing
Purification System (Hangzhou, China). The water-phase filter
membrane (50 mm X 0.45 pm) was acquired from Tianjin Jinteng
Experimental Equipment Corporation (Tianjin, China).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.3. Bifenthrin detection

The concentration of bifenthrin was determined by a Shimadzu
LC-20AT liquid chromatography equipped with a diode-array
detector (HPLC-DAD). Chromatographic separation was con-
ducted on a Shim-Pack GIST Cyg column (250 mm X 4 mm, 5
pum) under the following operational conditions: mobile phase,
acetonitrile-water at 80% : 20% by v/v; flow rate, 1 mL min~;
and column temperature, 30 °C. The detection wavelength was
set at 210 nm, and the injection volume was 20 pL under a 10 pL
sample loop. The differential extraction efficiencies for bifen-
thrin were assessed in the following optimized conditions:

View Article Online
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ultrapure water, 10 mL; the fortified bifenthrin level, 500 pg L™,
solution pH, 7.0; and elution solvent, 1.2 mL methanol. Briefly,
after 10 min ultrasonic adsorption, the PILs containing analytes
were centrifuged at 5000 rpm for 5 min, and the supernatant
was discarded. The settled phase was eluted by methanol and
filtered by a 0.22 pL membrane filter, and the resultant eluent
was subjected to HPLC-DAD analysis.

2.4. Fabrication of PILs

As vividly elaborated in Fig. 3, 0.05 mol of N-vinylimidazole was
accurately weighed and added to a 100 mL round-bottom flask
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Fig. 3 Schematic diagram of the preparation (a) and adsorption/extraction (b) processes by PILs.
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under N, protection, and then 0.10 mol of bromoethane was
added dropwise to the above flask and refluxed for 24 h at 50 °C.
With increasing reaction time, the solution viscosity continued
to rise to form a yellow-white solid product, which was further
washed three times with ethyl acetate to remove an excessive
reaction precursor and dried in a vacuum drying oven for 24 h.
Finally, ~8.4 g of the product was obtained with a yield of
82.2%. Upon addition of an initiator AIBN, ILs monomer [VEIM]
Br with double bond was polymerized to form P[VEIM|Br. To be
more precise, 6.14 g of [VEIM|Br, 0.08 g of AIBN, and 35 mL of
chloroform were added to a 100 mL round-bottom flask, pro-
tected by N, flow and reacted under reflux conditions at 50 °C.
When the reaction solution was relatively stable, it was kept at
60 °C for 12 h reaction. Clearly, a yellow-white solid were
gradually formed in the solution, and as the reaction continued,
the resultant precipitate gradually became bulk solid. After the
reaction, the precipitate was washed three times with chloro-
form, and the product obtained was vacuum-dried at 40 °C.
Finally, 5.75 g of the yellow-white solid was achieved with a yield
as high as 93.7%. Subsequently, other two kinds of PILs (P
[VEIm|BF, and P[VEIm]PF¢) were prepared by virtue of anion
exchanging reaction. Briefly, 5.30 g of P[VEIM|Br, and 5.50 g of
NaBF, for P[VEIM]BF, (or 5.00 g of KPF, for P[VEIM|PF,) were
added to a 100 mL single-neck flask and stirred for 12 h at
ambient conditions. After the reaction, the resultant precipitate
was filtered and vacuum-dried at 60 °C for 6 h. The final bulk
solid was ground into powder, washed with ultrapure water for
three times, and further vacuum-dried for 6 h. The as-achieved
yellow-white solid for P[VEIM|BF, or P[VEIM|PF, was employed
in the following trials.

2.5. FT-IR spectra of PILs before and after extraction

After the bulk solids of three PILs were ground into powder,
aliquots of them were subjected to FT-IR analyses, which were
referred to as the sample before extraction. After an appropriate
time of adsorption, the PILs containing bifenthrin were eluted
with methanol as described in Section 2.3, vacuum-dried for 6 h
and subjected to FT-IR detection as the sample after extraction
(Fig. 3b). For peak deconvolution, the FT-IR spectra were fitted
with the Voigt function using the Origin 8.0 software. In such
cases, the chi-squared value for each fitting curve was more than
0.99 in the deconvolution. As for the FT-IR spectra of PILs with
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varying anions, we focused on observation on the O-H
stretching band at 3100-3700 cm ™', C-H stretching band at
2700-3200 cm ™', and B-F stretching band at 950-1152 cm ™,
respectively.”*?® Based on changes in the above stretching
bands, the H-bonding occurrence and reintegration informa-
tion in PILs were deducted before and after extraction.

3. Results and discussion

3.1. Characterization of three PILs with varying anions

3.1.1. SEM images of three PILs. Fig. 4 shows the SEM
images of P[VEIM|Br, P[VEIM|BF,, and P[VEIM]PF4 at 10 000X
magnification. Obviously, the imidazolium-based PILs with
varying anions displayed the similar morphology. They pre-
sented irregular and asymmetric block structure with rough
surface and no fixed crystal shape. From the overall appearance,
PILs were close to the shape of jade and pile up with different
sizes of particles, demonstrating the formation of amorphous
polymers.*”

3.1.2. TGA analyses of PILs. As shown in Fig. 5a, the TGA
curves of P[VEIM|BF,, P[VEIM|PF,, and P[VEIM]|Br were mainly
divided into two stages. For the first stage of P[VEIm|BF,, the
weight loss was <15% below 300 °C, which resulted from the
loss of water. For the second stage, the weight loss was >75% at
300-440 °C, resulting from the decomposition of the polymer
framework. As for P[VEIm|PFs, only ~10% of the weight loss
was observed below 280 °C, indicating the less water content in
this PIL; in sharp contrast, the weight loss was >80% at 280-
430 °C, which was attributable to the decomposition of polymer
backbone. For P[VEIm|Br, the weight loss was ~50% at 310 °C,
illustrating an excessive water content due to its strong hydro-
philicity. The weight loss of >80% at 310-400 °C was mainly
caused by the framework decomposition of PILs. Collectively,
the main weight loss of three PILs all occurred above 275 °C,
demonstrating that the framework structure of as-fabricated
PILs had good thermal stability. Relatively, the thermal
stability of three PILs was in the following order: P[VEIm|PF, > P
[VEIm]|BF, > P[VEIm|Br. These findings demonstrate that the
thermal stability of PILs is closely dependent on their hydro-
phobic-hydrophilic characteristics.

3.1.3. Glass transition temperature (T,) by differential
scanning calorimeter (DSC). The DSC curves of three PILs are
shown in Fig. 5b, from which the T, values were observed to be

Fig. 4 The SEM images of three PILs (from left to right: P[VEIM]BF,4, P[VEIM]Br and P[VEIM]PFg).
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Fig. 5 Characterization of PlLs. (a) TGA; (b) DSC; (c) N, adsorption—desorption curves; (d) distribution of pore size.

223, 200 and 205 °C for P[VEIm]PF,, P[VEIm|BF, and P[VEIM]
Br, respectively. Worth noting, no melting peaks occurred in
three DSC curves, implying that they were all amorphous
polymers.

3.1.4. BET specific surface area (SSA) and pore size. By
means of analyses on N, adsorption-desorption curves, the BET
SSAs of P[VEIM|BF,, P[VEIM|PF, and P[VEIM|Br were calculated
to be 18.7, 11.2 and 14.5 m”* g, respectively (Fig. 5¢). Their
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average pore size was 21.2 nm for P[VEIM|BF,, 10.1 nm for P
[VEIM]Br, and 11.2 nm for P[VEIM|PFg, respectively, which all
fell within the range of mesopore size (2-50 nm) (Fig. 5d). As
compared to the reported carbon-based nanomaterials (SSAs of
100-600 m* g~ ),%® their smaller SSAs and mesoporous structure
did not contribute to a large extent to the highly efficient
adsorption of bifenthrin in aqueous phase.

b
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Fig. 6 Differential extraction efficiencies for bifenthrin by three PILs. (a) Typical HPLC-DAD chromatograms of bifenthrin after extraction by PILs;

(b) average extraction recoveries for bifenthrin by PILs.
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3.2. Differential extraction efficiency for bifenthrin by PILs

Under optimized experimental conditions (10 mL of ultrapure
water, 500 pg L' of bifenthrin, solution pH, 7.0, and 1.2 mL
methanol as elution solvent), we compared the extraction effi-
ciencies of three PILs for bifenthrin. Fig. 6a shows the typical
HPLC-DAD chromatograms of bifenthrin after extraction by
PILs. The retention time of bifenthrin was observed at
~4.5 min. As displayed in Fig. 6, the average extraction
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recoveries (ERs) for bifenthrin were 92.4% by P[VEIM]|PFs,
85.3% by P[VEIM|Br, and 79.4% by P[VEIM|BF,, respectively.
Obviously, P[VEIM]|PF, provided the highest ER for bifenthrin
among three PILs, which were ~13.0% higher than that by P
[VEIM]BF,. The extraction efficiency for analytes by PILs is
dependent on several factors, including the physico-chemical
properties of PILs (SSA, zeta potential, pore size and so on), as
well as the molecular interactions between PILs and analytes
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Fig.7 FT-IR spectral changes before and after extraction. (a and b) Before and after extraction by P[VEIM]Br; (c and d), before and after extraction

by P[VEIM]BF4; (e and f) before and after extraction by P[VEIM]PFg.

13666 | RSC Adv, 2022, 12, 13660-13672

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01371a

Open Access Article. Published on 05 May 2022. Downloaded on 11/8/2025 4:16:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(hydrogen bond, -7 interaction and van der Waals force, and
so on).” In the following experiments, we focused on unveiling
the H-bonding changes before and after extraction and its
relationship with PILs bearing with different anions.

3.3. H-bonding changes before and after extraction based on
FT-IR spectra

Three PILs with imidazolium frameworks and varying anions
were employed to analyze the FT-IR changes in hydrogen bonds
before and after extraction (Fig. 7). P[VEIM|Br formed hydrogen
bonds with free water molecules in the lattice of PILs, and the
main types of hydrogen bonds were C, 4 s-H---O-H, Br---H-O-
H---Br~, and O-H---Br .**** As for P[VEIm|PF,, the H-bonding
forms were C, 4 5-H---O-H, C, 4 5-H---F-P, and P-F---H-O-H"-
F-P. With respect to P[VEIm]|BF,, the main hydrogen bonds
concerned were C, 4 s-H-:-O-H, C, 4 5-H---F-B, and B-F---H-O-
H---F-B.

The FT-IR spectra before and after extraction of bifenthrin
are elaborated in Fig. 7a and b for P[VEIm|Br, Fig. 7c and d for P
[VEIM]BF,, and Fig. 7e and f for P[VEIM|PF, respectively. The
vibration intensity of O-H reflected the absorption value of this
bond in the FT-IR spectrum. For P[VEIM|Br, the O-H stretching-
vibration peak at 3450 cm ' was prominently intensified,
whereas the C-H vibration at 3175 cm ™! varied slightly. As for P
[VEIM]BF,, two peaks were observed to change significantly
before and after extraction, which showed the intensified O-H
vibration at 3495 cm™' and decreased B-F vibration at
1190 cm™ ", respectively. With regard to P[VEIM]PFg, the O-H
vibration peak at 3490 cm ' was prominently increased; in
sharp contrast, the P-F vibration at 895 cm ™" was substantially
decreased. In contrast to the FT-IR spectra before and after
extraction, no remarkable variations were observed for the C-H
vibration peaks at 3200 cm ™" for P[VEIM]BF, and at 3270 cm ™"
for P[VEIM|PFg, respectively.

Prior to extraction, the hydrogen bonds formed between the
anions and free water in the grids of PILs limited the vibrations
of O-H, C-H, P-F, and B-F. However, the stretching vibrations
of the O-H absorption band were significantly enhanced after
extraction, providing compelling evidence for the breakage of
hydrogen bonds between anions and free water molecules in
the PILs. As well known, many kinds of molecular forces exist
between adsorbents and target analytes. From the theoretical
point of view, C-H, P-F, and B-F should vibrate more strongly

Table 1 The decomposition of FT-IR peaks for three PILs"
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after adsorption, while the opposite consequence was
observed. Besides, the corresponding shrinking of three
characteristic peaks in the FT-IR spectra further proved that
the anions in the PILs and bifenthrin formed stronger
hydrogen bonds to limit or bind the vibrations of C-H, P-F,
and B-F.

As described above, hydrogen bonds formed by virtue of
PFs, BF, , Br in PILs as receptors and hydrogen atoms in
water molecules and on imidazolium ring as donors, respec-
tively. Owing to the overlapping phenomenon of different O-H/
C-H vibrations in total band, we deconvoluted the O-H/C-H
peaks (3000-3800 cm ') of three PILs for the sake of illustrating
the detailed FT-IR spectral changes before and after extraction.

3.4. Strong H-bonding production between PILs and
bifenthrin by XPS analysis

As summarized in Table 1, the stretching vibrations could be
deconvoluted into four peaks for C-H, and six peaks for O-
H,** respectively. For P[VEIM]Br, five types of hydrogen bonds
could form, which included H,O---Br , Br ---H,O---Br~, H,O--
Cy5-H, H,O---C,-H, and C,-H---Br .***” As similar as P[VEIM]
Br, P[VEIM|BF, could yield five H-bonding categories: H,O---
BF, , BF, ---H,0--BF, ", H,0---Cy5-H, H,0---C,-H, and C,-
H---BF, .*® Likely, the following hydrogen bonds could occur in
the homogeneous solution of P[VEIM|PFs;, which were
composed of H,O--PFs , PFg ---H,O-'PFs, H,O--Cy5)-H,
H,O---C,-H, and C,-H:--PF4 . After extraction, the O-H
stretching-vibration band was remarkably intensified in the P
[VEIM|Br, which possibly resulted from fracture of the H,O:-
Br, Br ---H,0---Br™, HyO---Cy5-H, H,0---C,-H bonds in the
lattice of PILs. By XPS analyses of P[VEIM|Br, the O-H stretching
vibrations for H,O---Cy5-H, H,O---C,-H and H-O-H became
intense to a large extent; in stark contrast, the C-H vibrations
for H,O---Cy;5-H and H,O---C,-H were evidently decreased,
which implied the H-bonding breakage of Cyi)-H:--H,O and
C,-H---H,O0 after extraction (Fig. 8a and b). From a theoretical
point of view, the C-H vibration should become more intense in
the Cy(55-H"--H,0 and C,-H:--H,0 bonds after extraction when
compared to before extraction. These contrary spectral changes
provide compelling evidence that after extraction, the hydrogen
bonds between cations in the PILs and free water molecules
were broken, further resulting in the H-bonding occurrence
between bifenthrin and H-O-H in the lattice of PILs.

C-H O-H
Bonds
Bonds no. P[VEIM]PF P[VEIM]BF, P[VEIM]CI no. P[VEIM]PF P[VEIM]CI
1 3176 3169 3149 a 3676 3583
2 3160 3155 3104 b 3600 3537
3 3125 3123 3078 c 3594 3494
4 3118 3102 3030 d 3472 3405
e 3322
f 3248

“ The H-bonding no. “1-2” and “a—f” are elaborated in Fig. 1.
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Fig. 8 XPS analyses on the C—H and O—H spectra before and after extraction. (a and b), C—H and O—H spectra before and after extraction by P
[VEIMIBr; (c and d), O—H spectra before and after extraction by P[VEIMIBF,; (e and f), C—H spectra before and after extraction by P[VEIMIBF; (g
and h), C—H spectra before and after extraction by P[VEIM]PFg.
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After extraction, more intense O-H vibration and weaken
B-F bond were observed in the lattice of P[VEIM|BF, as
compared to before extraction (Fig. 8c and d). By XPS analysis,
the following hydrogen bonds were confirmed to be fractured:
H,O---BF,”, BF, ---H,0---BF, , H,0::Cys-H, H,0:-C,-H,
C,-H---BF,~ (Fig. 8).* Theoretically, more strong vibration of
C,-H:--H,0, Cy-H---H,0 and B-F bonds should occur after
extraction of bifenthrin; with regret, the as-anticipated cases did
not occur, demonstrating the stronger H-bonding occurrence
between P[VEIM|BF, and bifenthrin after extraction. Similarly,
in the FT-IR spectra of P[VEIM]|PFs, the O-H vibration at
3490 cm~ ' became more intense, but the contrary changing
trend was observed for P-F vibration at 895 cm™ " after extrac-
tion. Based on XPS analysis, a series of H-bonding strength was
observed to be prominently weakened, including C, s-H---H,0,
C,-H--'H,0, C,-H---PFs~ and C-H in the imidazolium ring
(Fig. 8g and h), which displayed the contrary trends as those for
the O-H vibration in Fig. 8e and f. These phenomena provide
compelling evidence that the distinct H-bonding changes occur,
and more intense hydrogen bonds form between PILs and
bifenthrin in the extraction process.

3.5. Quantitative changes in the O-H vibration intensity of
PILs before and after extraction

The H-bonding emergence mainly occurred at the positions of
Cs, C4, and anions (Br' ™, PFs' ™, BF,' ") on the imidazolium ring
of PILs. As illustrated in Fig. 9a, I, is the O-H vibration intensity
prior to extraction, while I, indicates that after extraction at
varying extraction time. The ratio of I, to I, (I,/I,) represents the
binding and releasing processes of free water molecules by
virtue of the breakage and reintegration of hydrogen bonds in
the lattice of PILs.* The gradual increases in the I/, values
result from the breakage of hydrogen bonds between PILs and
free water molecules. When rising up to a certain value, the I,/1,
ratios do not change because the extraction process reaches an
equilibrium, and then it gradually decreases and returns to an
original level.” The above changing trend for the I,/I, values
may be explained by the recyclability of PILs, which also proves
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the breakage and reintegration of hydrogen bonds on the PILs
during the extraction process. For the plot of I,/I, vs. time, the
linear slopes of P[VEIM]|BF,, P[VEIM|PFs and P[VEIM|Br are
0.018, 0.013 and 0.12, respectively, suggesting that the shortest
time is required for P[VEIM|PFs; to reach an adsorption
equilibrium.

3.6. Zeta potential changes of PILs before and after
extraction

The zeta potentials of three PILs at varying solution pH are
shown in Fig. 9b. When the solution pH spanned the range of
4.0-5.0, three PILs were all negatively charged from —28.7 mV to
—10.2 mV. However, with further increases in solution pH from
6.0 to 8.0, the zeta potentials became positive for P[VEIM|Br and
P[VEIMBF, with exception of P[VEIM|PF,. Under the optimized
extraction conditions (pH = 6.0), P[VEIM|PF, was negatively
charged (—12.7 mV), while P[VEIM]BF, and P[VEIM|Br were
positively charged (9.6 and 10.7 mV). Similarly, the bifenthrin
was negatively charged (—3.9 mV) under the solution pH of 6.0.
As a consequence, there was electrostatic attraction between P
[VEIM]Br and P[VEIM|BF, and bifenthrin besides the hydrogen-
bonding effect, whereas a repulsive force occurred between P
[VEIM]PF, and bifenthrin. As mentioned above, the P[VEIM]PF,
gave the highest extraction efficiency (92.4%) for bifenthrin
among three PILs. Building upon the above data analysis, we
posit that the highest extraction efficiency of P[VEIM]|PF, for
bifenthrin mainly resulted from its stronger hydrogen-bonding
effect in spite of the occurrence of a repulsive action.

3.7. Mechanistic understanding of the strongest H-bonding
form between P[VEIM]PF, and bifenthrin

In common cases, the hydrophobicity of PILs may affect the H-
bonding production speed and strength.*»** For three
imidazolium-based PILs, the hydrophobic orders of their
anions are PFs > BF,” > Br . For P[VEIM]PF,, it forms
hydrogen bonds with bifenthrin mainly through -cations
because its smaller SSAs and mesoporous structure are

b .
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(@) The formation and reintegration of hydrogen bonds; (b) zeta potential of PlLs at varying solution pH. /g indicates the O—H vibration

intensity before extraction; and /; denotes the O—H vibration intensity at t time after extraction by PILs.
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unfavorable for highly efficient adsorption of bifenthrin. In
terms of electrostatic attraction, when the solution pH is 7.0,
both P[VEIM|BF, and P[VEIM|Br are negatively charged, which
are opposite to the charge of bifenthrin (Fig. 9b). Thus, we posit
that electrostatic attraction existed between P[VEIM]|BF, or P
[VEIM]Br and bifenthrin.

In sharp contrast, P[VEIM|PF¢ has strong hydro P[VEIM|BF,
or P[VEIM|Br and bifenthrin. The above analyses demonstrate
that in the process of adsorption, P[VEIM|BF, and P[VEIM|Br
not only form strong hydrogen bonds with target analytes, but
also strong electrostatic attraction force exists between them.
Due to strong hydrophobicity and small pore size in the P[VEIM]
PFg, both of the characteristics are not conducive to its disper-
sion in aqueous phase and efficient adsorption for target
adsorbates. When the solution pH is 7.0, both P[VEIM]|PF, and
bifenthrin are negatively charged. Consequently, when P[VEIM]
PF, adsorbs bifenthrin, the H-bonding form between them
needs to overcome the electrostatic repulsion force in order to
acquire a high extraction efficiency. Among three PILs, P[VEIM]
PF, offers the highest extraction efficiency for bifenthrin up to
92.4%. Building upon the above analyses, we conclude that P
[VEIM]PF, forms the strongest hydrogen bond with bifenthrin
during the extraction.

4. Conclusion

In this investigation, we synthesized three imidazolium-based
PILs with different anions (BF, , PFs , and Br™) by employing
N-vinyl group as a cross-linker and AIBN as an initiator. The
morphologies and physical-chemical properties of three PILs
were characterized/analyzed in detail by virtue of spectral
techniques and several metrics, including SEM, FT-IR, TGA, N,
adsorption-desorption and glass transition temperature (Tg).
After extraction, the O-H stretching-vibration peak (3450-
3500 cm™ ') was significantly intensified, whereas the C-H peak
(~3100 cm™ ") remained nearly unchanged in concomitant with
prominently decreased B-F (1190 cm™ ') and P-F (895 cm ')
bonds. These spectral changes provide compelling evidence
that after extraction, the hydrogen bonds between cations in the
PILs and free water molecules were broken, further resulting in
the H-bonding occurrence between bifenthrin and H-O-H in
the lattice of PILs. For the plot of I,/I, vs. time, the linear slopes
of P[VEIM|BF,, P[VEIM|PF, and P[VEIM]|Br were 0.018, 0.013
and 0.12, respectively, suggesting that the shortest time was
required for P[VEIM]PFs to reach an adsorption equilibrium.
Because the following properties of P[VEIM]PF, (strong hydro-
phobicity, small SSA and electrostatic repulsion force) were all
not beneficial to its efficient adsorption, it gave the highest
extraction efficiency for bifenthrin up to 92.4% among three
PILs. As such, it can be concluded that P[VEIM|PF, forms the
strongest hydrogen bond with bifenthrin to achieve its high
efficiency in the extraction process.
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