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ABSTRACT

Two imprinted polymers have been prepared through a simple radical polymerization
technique in the presence of trimethylolpropane trimethacrylate as a cross-linker and
2,4-dichlorophenol (2,4-DCP) as the template molecule. For this purpose, imprinted poly-
mers were synthesized using two different functional monomers: the first one using metha-
crylic acid (MAA) and the other one using methacrylic acid functionalized B-cyclodextrin
(MAA-BCD). Structural characterization was carried out using various techniques for both
polymers. The main objective of this paper is to report the synthesis and characterization of
both imprinted polymers besides examining the application of MIP MAA-BCD polymer
toward the recognition properties of 2,4-DCP. The results reveal that the highest removal
for 2,4-DCP is obtained for the MIP MAA-BCD and suggests that the presence of p-CD
plays a vital role in the binding capability of the polymer. The higher binding ability of
MIP MAA-BCD to 2,4-DCP can be attributed to the presence of triple interactions including
inclusion complex formation between B-CD and 2,4-DCP, whereas in MIP MAA only one
interaction could possibly happen. MIP MAA-BCD has been applied to real water samples
for the analysis of phenols.

Keywords: Molecular imprinted polymer; 2,4-dichlorophenol; B-cyclodextrin; Methacrylic
acid; Removal; Water samples; Inclusion complex

1. Introduction

Water pollution is one of the major problems which
have received serious attention of many researchers
globally. Phenols are natural hazardous substances
found in water resources. Phenol compounds, the pri-
ority pollutants controlled by the EPA have aroused

*Corresponding author.

researchers’ serious concern because of their toxicity
and possible accumulation in the environment [1] and
recently, environmental aspects of substituted phenols
have become increasingly important. Chlorophenols
are harmful wastes mainly produced as by-products
from the chemical processing of pesticides, herbicides,
paint, paper production, and wood preservations [2],
therefore, released continuously into the marine and
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freshwater environment, leading to the contamination
of such ecosystems. The chlorination of natural waters
also produces small amount of chlorinated phenols [3].
2 4-dichlorophenol (2,4-DCP) are very common and
have been highlighted by the US EPA in the Clean
Water Act [4]. 2,4-DCP may cause carcinogenic and
mutagenic effects to the living beings, since it can dis-
turb the structure of cellular bilayer phospholipids [5].
They also create complicated problems to water
bodies, such as unpleasant odor and taste in drinking
water, the inhibition of the normal activities of micro-
bial population in wastewater treatment plant, etc.
Although there have been several legislations to con-
trol the pollutants release, significant concentrations of
these kind of compounds and their metabolites are still
found in the water system. In this context, adsorption
technique serves as the efficient and economically fea-
sible technology for the removal of various types of
organic and inorganic pollutants [6-11] found in litera-
ture. The search for new material which is through a
simple, sensitive, selective, and rapid method for the
quantitative determination of pollutants in environ-
mental samples seems to be an interesting research
goal. A real and innovative analytical alternative is the
use of the molecular imprinted polymer (MIP) as
adsorbent. So far, we have noted the limited number
of studies which have described the use of 2,4-DCP as
the template for MIP synthesis in literature [12-14].
Molecular imprinting is a new technique of creat-
ing recognition sites for target analytes in synthetic
polymers [15,16]. MIPs are tailor-made materials with
high selectivity for a target compound which is known
as template molecule [17]. Since their discovery in
1972, MIPs have gained considerable interest from sci-
entists and engineers all over the world. Recently,
smart polymers of this type have been used in many
areas such as chromatography [18] or solid phase
extraction (SPE) [19-21], sensors [22], organic synthesis
[23], catalysis [24,25], drug discovery [26,27], combina-
torial chemistry [28,29], drug delivery [30,31], etc.
MIPs are effectively prepared by polymerization using
a suitable monomer and cross-linker in the presence
of template molecule. The functional groups of a tem-
plate molecule (for which selectivity is expected) are
involved in the formation of molecular interactions
with the monomer(s) prior to a polymerization process
[32]. The template molecules are removed after the
polymerization. These empty imprinted sites are then
accessible for the rebinding of the template which is
complementary in shape, size, and positions of the
functional groups to the template in a highly cross-
linked polymer network [33]. The resulting imprinted
polymers are robust, inexpensive and in many cases,
possess an affinity and specificity that are suitable for

industrial applications [34]. Considering the adaptabil-
ity, high specificity and recognition that can be
attained, the future of MIPs appears to be bright.

The essential key to the manufacture of the MIP
with good binding properties is the optimization of
the synthetic parameters. Commonly, in a non-cova-
lent molecular imprinting system, the template
molecule and monomer complexes are allowed to
self-assemble first in a solution through non-covalent
interactions such as hydrogen bonds, ionic bonds,
hydrophobic interactions, van der Waals forces, etc.
[35]. Hence, appropriate substituent of functional
monomers is very important because their molecular
interactions with the template are crucial for effective
imprinting process [36]. The molecular imprinting
provided by modified cyclodextrins (CD) which use
a hydrophobic cavity that makes part of the binding
site and gives strong interactions with the template
molecule is very attractive, but yet has been little
explored [32]. CD, described as supramolecular host,
belong to a series of cyclic oligosaccharides. Specifi-
cally, p-cyclodextrin (B-CD) is formed by the binding
of seven individual d-(+)-glucopyranose units
through a-1,4-glycosidic oxygen bridges [37]. In this
study, B-CD has been used since it can form inclu-
sion complexes with variety of compounds by vari-
ous kinds of intermolecular interactions due to the
hydrophobic cavity [38]. Previous works [39-41] have
shown interest in applying the inclusion process to
chromatographic stationary phases and to sorbents
that are able to collect organic pollutants and phenol
compounds. Lately, the use of CD and modified CDs
has received considerable attention in the molecular
imprinting technique [42-45].

In this paper, we describe the synthesis of 2,4-DCP
imprinted polymers obtained by a simple radical poly-
merization. A non-covalent approach was utilized to
form MIPs using two different functional monomers
and their respective non-imprinted polymers (NIP).
Herein, we report on the characterization of these
polymers using the Fourier transform infrared (FTIR),
field emission scanning electron microscopy (FESEM),
Brunauer-Emmett-Teller (BET), and X-ray diffraction
(XRD) analysis. In addition, the thermal stability of
these polymers was evaluated using thermo gravimet-
ric analyses (TGA) and differential scanning calorime-
ter (DSC) analysis. The selective behavior of these
imprinted materials toward 2,4-DCP in the presence
of other phenol compounds has also been studied.
Sorption experiments were conducted and the best
imprinted polymer was selected on the basis of the
optimal binding properties toward the template
molecule and was successfully applied to real water
samples.
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2. Material and methods
2.1. Reagent and material

2,4-DCP, 2-chlorophenol (2-CP), 4-chloro-3-methyl-
phenol (4-CMP), 2-nitrophenol (2-NP), and 4-nitrophe-
nol (4-NP) were supplied by Sigma Aldrich (Steinheim,
Germany). The functional monomer: methacrylic acid
(MAA, >98%) is a commercial product from Sigma
Aldrich, USA. B-CD was purchased from MP Biomedi-
cal, France. The cross-linkers: trimethylolpropane
trimethacrylate (TRIM) and toluene-24-diisocyanate
(TDI) were obtained from Sigma Aldrich, USA.
Dimethylacetamide (DMAC), toluene, and methanol
solvents were of the analytical reagent grade. The poly-
merization reaction initiator: benzoyl peroxide (BPO)
was from Sigma Aldrich, USA. All other chemicals were
of the highest quality available and used without
further purification. For the preparation of aqueous
solutions, ultrapure water (18 MQ cm, Millipore
Corporation, Rockland, MA, USA) was used.

Stock solutions were prepared by dissolving 1.0 g
of 2,4-DCP and each of phenol compounds in 1.0 L
methanol which was stored at 4°C in the dark to pre-
vent photodegradation. The standard solutions were
prepared daily by diluting the appropriate volume of
the stock solutions with water to obtain the desired
concentrations.

2.2. Instruments

FTIR spectra were recorded using Perkin-Elmer
RX1 FT-IR spectrometer (Perkin—Elmer Waltham, MA,
USA). All the samples were run between 400 and
4,000 cm™ . The technique used is known as attenuated
total reflection mode [46]. The BET surface area and
porous properties of polymers were determined from
the nitrogen adsorption—desorption analysis at 77 K on
the surface area analyzer (Quantachrome, Boynton
Beach, FL, USA). The samples were previously
degassed at 393 K, overnight. The FESEM images of
imprinted and non-imprinted materials were per-
formed on Quanta FEG 450 (FEI, Hillsboro, OR, USA)
to analyze the morphology and surface structure of the
adsorbents. UV-Vis spectrophotometer (Shimadzu,
Japan) was used for the detection of 2,4-DCP at Amax=
285 nm. '"H NMR experiments were used to prove the
interactions between the methacrylic acid functional-
ized p-CD (MAA-BCD) monomer and 2,4-DCP. 'H
NMR spectra were recorded on a LAMBDA JEOL
400 MHz FT-NMR spectrometer at room temperature.
Tetramethylsilane (TMS) was used as an internal refer-
ence standard. The chemical shifts were reported in
the ppm value relative to the TMS. For 2D NMR, the
Nuclear Overhauser effect Spectroscopy (NOESY)

spectrum was recorded in AVN 600 MHz (Bruker,
Fallanden, Switzerland). Deuterated dimethylsulfoxide
(DMSO-dg) solvent which was used for NMR experi-
ments was supplied by Merck (New York, USA). XRD
patterns were taken using Cu-Ke irradiation with a
Siemens D5000 X-ray diffractometer (Siemens, Frimley,
UK) (voltage, 40 kV; current, 100 mA). Powder sam-
ples were mounted on a sample holder and then
scanned from 5 to 30° at a speed of 3°min~'. TA
Instruments Q500 (Perkin Elmer, Waltham, MA, USA)
was used to record TGA curves. The heating rate was
set at 20°C min~' from 50 to 900°C under nitrogen
atmosphere. DSC (Perkin Elmer, Waltham, MA, USA)
analysis was done by heating the samples from 30 to
400°C at 20°C min~'. Phenol compounds were ana-
lyzed using an Agilent 7890A Gas Chromatography
coupled with flame ionization detector (GC-FID) from
Agilent Technologies Inc. (Santa Clara, CA, USA). GC
column (Agilent HP-5MS column: 30 m x 0.32 mm i.d.
and 0.25 um film thickness) was used. The temperature
program used was as follows: 35°C held for 1 min,
35°C min ! to 220°C, held for 8°C min!. The injector
and detector temperature was 250°C and 300°C, respec-
tively. Helium was the carrier gas with a flow rate of
1.0 mL min~" and nitrogen was used as the make-up
gas with a flow rate of 32.4 mL min~". One micro liter
of sample was injected manually into the injection port
under split less mode.

2.3. Synthesis of MAA-SCD monomer

The stoichiometric ratio in this case was 0.5 M
MAA: 1M TDI: 0.5 M B-CD. This ratio is based on the
previous study reported by Sreenivasan [47] with
slight modification. The chosen molar concentration
was to react with only one -OH group of B-CD.
Firstly, the MAA and TDI were allowed to mix in
40 mL DMAC; then 0.1% dibutyltin dilaurate (catalyst)
was added and the solution was stirred magnetically
for 1h at room temperature under nitrogen gas. At
this stage, a few drops of this solution were subjected
to the FTIR analysis. Finally, a calculated amount of
B-CD was added to this solution mixture together with
10 mL DMAC and further stirred for about 2 h. The
final product, MAA-BCD monomer was characterized
using the FTIR. The commercially available monomer
MAA also was subjected to FTIR analysis. The synthe-
sis route for the preparation of functional monomer,
MAA-BCD is shown in Fig. 1.

2.4. Preparation of the 2,4-DCP imprinted polymers

The imprinted polymers (MIP MAA and MIP MAA-
BCD) were prepared using the bulk polymerization
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Fig. 1. The synthesis route for the MAA-BCD monomer.

method. In this study, we have chosen the molar ratio
of the template molecule and functional monomer to
cross-linker (1:4:20) as used in the traditional prepara-
tion method [48]. For the synthesis of MIP MAA, the
template molecule (2,4-DCP), functional monomer
(MAA) and the cross-linker (TRIM) were dissolved in
toluene. Next, the organic solvent soluble initiator
(benzoyl peroxide, 1 g) was added. The homogeneous
solutions were purged with nitrogen gas for 10 min and
then the flask was sealed. Subsequently, the thermal
polymerization was carried out in a water bath at 70°C
for 24 h under a nitrogen atmosphere. The obtained
polymers were ground and sieved in order to get regu-
lar-sized particles. Meanwhile, for the preparation of
MIP MAA-BCD, the same procedure as above was
followed but MAA-BCD and DMAC were used as the
monomer and porogen, respectively. The template was
removed by washing the polymers with methanol/ace-
tic acid (3:1 v/v) solution thrice. Then, the polymers
were extensively washed with water. The washing

Step 2

Monomer (MAA-BCD)

procedure was repeated until the 2,4-DCP molecule
could not be detected by the UV-Vis spectrophotometer
at Amax =285 nm. NIPs (NIP MAA and NIP MAA-BCD)
were prepared and treated in a similar manner, but
without the addition of 2,4-DCP molecule.

2.5. Sorption experiments

The binding experiments were performed to evalu-
ate the binding ability of both the MIP and NIP poly-
mers. Non-competitive binding experiments were
carried out to determine their selectivity and assess
the intermolecular interactions in the polymer matrix.
All experiments were performed in triplicates. To
evaluate the selectivity of the MIP MAA-BCD for
2,4-DCP, competitive adsorption experiments were
carried out in aqueous solution containing 2,4-DCP
and series of structural analogs such as 2-CP, 4-CMP,
4-CP, 2-NP, and 4-NP. About 20 mg of MIPs or NIPs
were mixed with 10 mL solution containing 10 mg L™"
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of each phenol in a vial that was shaken at 298 K for
2 h. GC-FID was used to measure the residual concen-
tration of the five analytes in each supernatant solu-
tion, respectively. The distribution coefficient, K4 can
be evaluated using Eq. (1):

[Ci — Cf] X0

Ky = M

(1)

where C; and C; is the initial and final concentration. v
(L) is the volume used and M (g) is the weight of MIP
MAA-BCD. The selectivity coefficient, k for the bind-
ing of 2,4-DCP in the presence of interferences can be
evaluated by Eq. (2):

~ Kq (2,4 —-DCP) )
Ky (phenolic)

where phenolic represents the 4-CMP, 2-CP, 4-NP,

and 2-NP. The effect of imprinting on selectivity is

evaluated by comparing k values of the imprinted

polymers with other studied phenols. k’, a relative

selectivity coefficient can be defined as Eq. (3):

k imprinted

K= ———
k non-imprinted

3)

2.6. SPE of real water sample

Thirty milligram of MIP MAA-BCD was packed
manually into an empty 3mL SPE polypropylene
cartridge with frits placed on top and bottom to avoid
adsorbent loss. Firstly, the SPE cartridges were condi-
tioned by passing 5mL of methanol and 5mL of
water. Then, 15 mL of spiked tap water or river water
(1 microgram L™ of phenol mixture) adjusted to pH 7
was passed through the cartridge at a flow rate of
0.5 mL min~". The cartridge was dried for 30 min by
passing air after the sample loading. The retained phe-
nols were eluted from the MIP MAA-BCD sorbent
using 2 mL of methanol containing 1% of acetic acid.
Finally, the eluates were analyzed using GC-FID. The
river water was collected daily from Taman Jaya,
Petaling Jaya, Kuala Lumpur meanwhile the tap water
samples were taken directly from the tap in a labora-
tory at University of Malaya.

2.7. Preparation of inclusion complex (MAA-fCD-DCP)

The inclusion complex of MAA-BCD with 2,4-DCP
was prepared using the conventional kneading

method [49]. Equimolar amounts of MAA-BCD and
2,4-DCP were knead with mortar and pestle in mini-
mal ethanol to form a homogeneous paste. The com-
plex was grind for approximately 30 min and dried to
constant mass. After drying, the obtained white pow-
der (MAA-BCD-DCP inclusion complex) was subjected
to the 'H and 2D NMR analysis.

3. Results and discussion
3.1. Preparation of MAA-BCD monomer

Our experimental results show that the reactions
between TDI and MAA are stoichiometric, direct addi-
tion reactions as shown in Fig. 1. It is well known that
isocyanate group can easily react with compounds
containing active proton including alcohol and acid in
stoichiometric quantities [50]. From Fig. 1, it can be
seen that intermediate I” containing an anhydride and
a carbamate group was formed at the consumption of
carboxyl group in MAA. Intermediate I is unstable
and it converts to methacrylic amide containing an
isocyanate group. Intermediate I contains methacrylic
amide and N=C=O0 indicating that only one of the two
N=C=0O groups in TDI took part in the reaction. The
unreacted N=C=0 in Intermediate I can be used for
further isocyanation with BCD to yield MAA-BCD.
When the TDI introduced, one of the isocyanate group
would randomly react with the hydroxyl groups of
the MAA and the other one would react with B-CD
molecules subsequently to form urethane linkages
[51]. B-CD molecule was chosen as polymer building
units based on its unique capability to form inclusion
complex with the template molecule. This monomer
later on will be used in the molecular imprinting tech-
nique to produce MIP MAA-BCD and its counterpart
NIP (NIP MAA-BCD). Structural analysis further con-
firmed that the monomer was successfully prepared
using this two-step isocyanation process.

3.2. Characterization of MIP MAA and MIP MAA-fCD
3.2.1. Fourier transform infrared analysis

FTIR was utilized to assess the presence of the
functional groups on the adsorbent surface in the
range of 400-4,000 cm™'. The FTIR spectra of MIP
MAA-BCD, MIP MAA, and their respective monomers
(MAA and MAA-BCD) are shown in Fig. 2. In
Fig. 2(a), the broad peak was observed at 2,930 cm™'
due to the C-H stretching vibrations in MAA. While
in the spectrum of MAA-TDI, (Fig. 2(b)) the obvious
peaks were observed at 3,304 and 2,283 cm ™! which
corresponds to carbamate group (-NHCO) and
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Fig. 2. FTIR spectra of (a) MAA, (b) MAA-TDI,

(c) MAA-BCD, (d) MIP MAA, and (e) MIP MAA-BCD.

N=C=0O (isocyanate peak of TDI). The spectrum of
MAA-BCD (Fig. 2(c)) shows the complete disappear-
ance of N=C=0O peak at 2,283 cm ™! and the formation
of a new carbamate group at 3,327 cm™ ' after reacting
with B-CD. The absence of the N=C=O group shows
that the reaction with —OH group of B-CD is com-
pleted. The presence of C=C from MAA at 1,616 cm™"
indicates that the double bond of the MAA is intact in
the monomer. This is very important because this
double bond will be used later in the cross-linking
process with TRIM. Therefore, this result has been evi-
dence for the formation of MAA-BCD monomer which
was formed between MAA-TDI and B-CD. Strong
peaks around 2,963, 1,729, 1,146 cm ™! and 3,371, 2,953,
1,724, 1,462, 1,257 and 1,141 cm™! were observed in
the spectrum of MIP MAA (Fig. 2(d)) and MIP
MAA-BCD (Fig. 2(e)), respectively. The peak at
3371 cm ' in MIP MAA-BCD was due to the forma-
tion of the -NHCO group between —-OH (B-CD) and
N=C=0 (MAA-BCD monomer). In both MIPs, the
band at 2,963 and 2,953 cm ! was observed due to the
symmetric and asymmetric C-H stretching vibrations.
The obvious absorption band (C=0) of the TRIM
located at 1,729 and 1,724 cm ™! in both MIPs indicates
that the cross-linking reaction was successful.
Whereas, a band centered at 1,141 and 1,146 cm ™! was
due to the C-O stretching of 2,4-DCP. The bands
around 1,462 cm™' were suggested to be the aromatic
ring stretching vibrations of 2,4-DCP and the band at
1,257 cm ™" was assigned to the stretching vibration of

the C-OH of alcoholic groups and carboxylic acids
from MAA-BCD. All the significant peaks of B-CD and
MAA also appeared in the spectrum of MIP MAA-
BCD. Thus, it could be inferred that the structural
characteristics of B-CD and MAA were well main-
tained in the MIP MAA-BCD. Surprisingly, new
absorption bands were not observed in the spectrum
of MIP MAA-BCD when 2,4-DCP was loaded onto the
imprinted polymer. Only the wave numbers of some
absorption bands shifted to high or short absorption
wave numbers. This is an indication for the formation
of the inclusion complex between 2,4-DCP and B-CD
in MIP MAA-BCD during the imprinting process [52].

3.2.2. Morphological study

Imprinted polymers are generally insoluble materi-
als whose subsequent use depends on their morphol-
ogy in terms of the particle’s shape, size, and the
porous texture of the material. Therefore, it is impor-
tant to determine the morphology of the imprinted
polymers as it can affect their subsequent molecular
recognition properties and/or their modes of applica-
tion [46]. The FESEM was employed to analyze the
surface of the imprinted particles prepared from the
MAA monomer: MIP MAA/NIP MAA and B-CD
modified MAA monomers: MIP MAA-BCD/NIP
MAA-BCD. The obtained micrographs are presented
in Fig. 3. Generally, the micrographs show some dis-
similarity between the MIPs and NIPs, prepared from
different monomers. The polymerization with MAA
led to the morphology like a conglomerate of beads as
shown in Fig. 3(a). The surface of the imprinted poly-
mers prepared using MAA is rougher and denser with
large pores as shown in Figs. 3(a) and (b). MIP MAA
polymers possess small cavities between larger ones
with a diameter less than 2 pum which are joined
together into the conglomerates when the cross-linker
TRIM was used. Referring to Fig. 3(c), the shape dif-
ference of MIP MAA-BCD from MIP MAA particles
could be resulting from the presence of f-CD cavities
and the effect of the porogen during the polymeriza-
tion process. The porogen plays an important role in
the final polymer morphology, influencing its surface
morphology and the pore diameter [53]. DMAC sol-
vent was used to prepare the MIP MAA-BCD because
MAA-BCD monomer was insoluble in toluene and the
polymer mixture was not homogeneous. MIP MAA
synthesized using non-polar solvent (toluene) pro-
duces bigger conglomerates and particles with a
beaded appearance. Meanwhile, MIP MAA-BCD parti-
cles synthesized using polar aprotic solvent (DMAC)
possesses a loose and more porous structure with
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Fig. 3. SEM micrographs of the imprinted particles prepared from monomer MAA (a) MIP MAA, (b) NIP MAA and
monomer MAA-BCD, (c) MIP MAA-BCD, and (d) NIP MAA-BCD using cross-linker, TRIM.

many small cavities responsible for the high capacity
of this polymer. This finding is supported by the BET
result which suggests the presence of micropores in
MIP MAA-BCD. Generally, the surface of the NIPs
formed as irregular particles seems to be smoother,
compact, and less porous compared to their counter-
parts. This continuously smooth morphology explains
the low capacity of NIPs to 2,4-DCP. As a conclusion,
the presence of the B-CD cavities in the MIP MAA-
BCD polymer network is responsible for imprinting
cavities that are favorable for the rebinding of
template molecule.

3.2.3. Brunauer-Emmett-Teller analysis

Nitrogen adsorption-desorption analysis was used
to evaluate the BET surface area, total pore volume
and pore size of the polymers. The corresponding iso-
therms are presented in Fig. S1. The specific surface
areas of MIPs were higher than their corresponding
NIPs (see Table 1). The N, adsorption-desorption iso-
therms of MIP MAA and NIP MAA (inset diagram)
exhibited a resolved type IV isotherm with a steep
desorption branch and a H3 type hysteresis loops,
indicating the existence of many mesopores in the

polymer. Meanwhile, the isotherm profiles for both
MIP MAA-BCD and NIP MAA-BCD were a mixture of
types I and IV, suggesting that they had a mixed
microporous and mesoporous structure. The specific
surface area, total pore volume, and average pore size
of MIP MAA-BCD were 2441 m*g ', 0.022 cm’g",
1.587 nm, while these parameters were obviously dif-
ferent from those of MIP MAA (121.373 m? g_l,
0.247 cm® g™', and 8.056 nm). According to the [UPAC
definition, MIP MAA-BCD and NIP MAA-BCD mainly
possess micropores (pore size <2 nm) [54], while MIP
MAA and NIP MAA possess mesopores (2 nm < pore
size <50 nm). It might seem confusing that the MIP
MAA-BCD had many imprinted cavities and should
have larger surface area and pore volume than MIP
MAA. But, we found that MIP MAA-BCD had a low
surface area compared to that of the MIP MAA in dry
state. However, this polymer had a hydrogel like nat-
ure with a high swelling capacity in water and with
many cavities; consequently, its networks could suffi-
ciently expand to allow a rapid diffusion process for
the analyte of interest. Therefore, the polymer pore
size and surface area could greatly increase after
swelling. A similar phenomenon has been observed
by Li and his co-workers [14].
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Table 1
Results of the BET analysis for the four polymers studied
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Polymers Specific surface area (m” g ') Total pore volume (cm® g™') Average pore size (nm)
MIP MAA 121.373 0.247 8.056
NIP MAA 74.650 0.158 7.655
MIP MAA-BCD 2.441 0.022 1.587
NIP MAA-BCD 2.225 0.019 1.465
3.2.4. X-ray Diffraction analysis (a)

XRD analysis provides further evidence for the for-
mation of MIP MAA-BCD as demonstrated in Fig. 4.
Fig. 4 shows the XRD patterns of MIP MAA and MIP
MAA-BCD. Many sharp peaks are clearly visible in
the diffractogram of MIP MAA-BCD at 9.7°, 11.6°,
12.6°, 13.1°, 17.3°, and 21° which belongs to B-CD mol-
ecule [55]. While in the diffractogram of MIP MAA,
no clear peaks are visible. The broad asymmetric peak
at around 26 =15° suggests that the degree of crystal-
linity decreased compared to the MIP MAA-BCD.
Hence, from this result we can conclude that the MIP
MAA-BCD exhibited some crystallinity due to the
presence of B-CD molecule, whereas MIP MAA was
an amorphous polymer.

3.2.5. Thermal analysis

In this work, the comparison between the thermal
stability of MIP MAA-BCD and MIP MAA was evalu-
ated using TGA and DSC. The results are presented in
Fig. 5(a) and (b), respectively. As can be seen from
Fig. 5(a), MIP MAA-BCD starts to decompose at 340°C
and MIP MAA decomposes at 290°C. Whereas, it can
be observed in Fig. 5(b), that the MIP MAA displays
completely different trends than the MIP MAA-BCD.
There are three stages involved in the DSC analysis of

—MIP MAA
=——MIP MAA-BCD

Intensity

20 (deg)

Fig. 4. X-ray diffractogram of MIP MAA-BCD and MIP
MAA.

= ——MIP MAA-BCD
= ——MIP MAA
=)
=
Temperature (°C)
(b) 310°C
5
E
= 74°C 343°C
E w
= 359°C
——MIP MAA-BCD
——MIP MAA

Temperature (°C)

Fig. 5.(a) TGA curves and (b) DSC curves of MIP
MAA-BCD and MIP MAA.

MIP MAA-BCD, while only one stage involved in MIP
MAA. Two strong endothermic peaks were observed
for MIP MAA-BCD at 74 and 359°C which was associ-
ated with loss of water molecules from B-CD cavity
and the latter due to the polymer decomposition. An
exothermic peak at 343°C which was corresponding to
curing of the polymer, confirmed that there is a high
degree of cross-linking in the MIP MAA-BCD [56].
Meanwhile for MIP MAA, the only peak appeared at
310°C which was lower than MIP MAA-BCD. Both
TGA and DSC results suggest that the MIP MAA is
thermally less stable than MIP MAA-BCD. This can be
explained by the fact that the presence of f-CD mole-
cule increases the thermal stability of MIP MAA-BCD.

3.3. Sorption studies of 2,4-DCP

The imprinted polymers synthesized using B-CD
modified monomer; MIP MAA-BCD and NIP
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MAA-BCD were applied to sorption studies to com-
pare their performance with polymers prepared using
unmodified monomer, namely, MIP MAA and NIP
MAA. The molecular imprinting factor (IF) for the
evaluation of the recognition selectivity was calculated
using the equation IF=Kyyp/Knwp, where Kypp was
the capacity factor of the 2,4-DCP on the MIP and
Knip was that on the NIP [57]. Table 2 gives the
imprinting factor, IF values for the 2,4-DCP in two dif-
ferent MIPs and the corresponding NIPs. The binding
capacity of 2,4-DCP was better in the MIPs than in the
NIPs. This result confirms the imprinting effect. In
addition, MIP MAA-BCD was shown to be superior to
MIP MAA in terms of imprinting factor. Generally,
most MIP systems are based on MAA monomers
alone, because its carboxyl group is the most common
hydrogen bonding and acidic functional group in
molecular imprinting [58]. However, our finding
reveals that the functionalization of the MAA using
B-CD had contributed to a much better imprinting
effect toward 2,4-DCP than the unmodified MAA. The
difference in the binding capacity mainly attributed to
the presence of B-CD cavities in the MIP MAA-BCD
polymer network which enhances the molecular recog-
nition process. Moreover, MIP MAA-BCD had higher
binding capacity to its template (2,4-DCP) compared
to NIP MAA-BCD. The binding capability of NIP
MAA-BCD toward 2,4-DCP was lower compared to
MIP MAA-BCD probably due to the non-specific inter-
action and absence of imprinted sites. In conclusion,
MIP MAA-BCD was the most suitable sorbent for
2,4-DCP.

3.4. Selectivity of MIP MAA-CD toward 2,4-DCP

Previous result suggests that MIP MAA-BCD had
the highest imprinting effect among all the polymers
studied. The binding selectivity of this imprinted
material toward 2,4-DCP in the presence of other phe-
nols was further evaluated and presented in Table S1.
Selectivity studies were performed on MIP MAA-BCD
for the structurally related molecules in dynamic bind-
ing experiments as described in the previous section.
MIP MAA-BCD exhibited higher molecular recogni-
tion selectivity for 2,4-DCP. The selectivity data

Table 2

confirmed that the selectivity of the MIP MAA-BCD
for 2,4-DCP was significantly superior than the NIP
MAA-BCD. This finding can be explained by the fact
that generally MIPs can recognize their template mole-
cules via the existence of memory cavities with fixed
size, shape, binding sites, and specific binding interac-
tion between the target molecule and sites [59]. In
addition, the NIP adsorbed template less than that of
MIP since NIP had not generated specific recognition
sites due to the absence of template molecule. There-
fore, only the non-specific adsorption was present in
the case of NIP [60]. The presence of B-CD cavities in
MIP MAA-BCD basically enhanced the selectivity
toward the template molecule. It is well known that
B-CD can form inclusion complex with phenols
[61,62], so in this current work inclusion complex for-
mation could be formed as the cavity of B-CD was
maintained in the polymer network.

3.5. Application to real water sample

The developed SPE method using MIP MAA-BCD
as a sorbent was applied to the real water samples
such as river and tap water to analyze phenols. None
of the target phenols were detected in these water sam-
ples under the studied conditions. About 15 mL of
river and tap water samples adjusted to pH 7 and then
spiked with phenol mixtures at 1.0 microgram L™" lev-
els to assess recovery. High recoveries were obtained
for both tap and river water samples in the range of
98-115% with the relative standard deviation (RSD)
values of 2-4% (the result is shown in Table S2). These
satisfactory results show the suitability of MIP MAA-
BCD as SPE sorbent for the analysis of phenols in
aqueous samples.

3.6. Interaction between MAA-SCD and 2,4-DCP
3.6.1. "H NMR Spectra

The preservation of the pre-polymerized host/
guest structure in a polymer matrix explains the prin-
ciple of molecular imprinting. Consequently, it is vital
that the template and the monomer can form stable
complexes via hydrogen bonding, ionic bonding, or

Comparison of the imprinting factor, IF values of 2,4-DCP with respect to four studied polymers

Analyte Capacity factor (Kyp)

Capacity factor (Knip)

Imprinting factor (Kymp/ Knip)

MIP MAA-BCD MIP MAA

NIP MAA-BCD

NIP MAA MIP MAA-BCD MIP MAA

2,4-DCP 5.19 473 2.76

3.34 1.88 1.42
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other interaction forces in the pre-polymerization mix-
ture [58]. The interaction between template, 2,4-DCP
and monomer, MAA-BCD was studied to understand
the molecular recognition mechanism.

'"H NMR spectra is a useful technique to confirm
the formation of an inclusion complex and can pro-
vide useful information on the inclusion mechanism
of CDs with the guest molecules. Changes of chemical
shift of particular nuclei in the host molecule can ver-
ify the formation of inclusion complex in solution,
since critical changes in the microenvironment are
known to happen in the CD inclusion complex [49].
The '"H NMR spectrum of MAA-BCD, 2,4-DCP, and
inclusion complex (MAA-BCD-DCP) recorded in
DMSO-d, solvent are shown in Fig. S2. A comparison
of 'TH NMR chemical shifts for 2,4-DCP, MAA-BCD,
and their inclusion complex was shown in Table 3.
The OHp proton of 2,4-DCP obviously shifted upfield
from 9.83 to 9.063 ppm in the presence of MAA-BCD.
Hc protons of 2,4-DCP are at downfield because it is
surrounded by two chlorine atoms (electron with-
drawing atom) that make the Hc atom more
de-shielded. To explore further into the inclusion com-
plex formation, we are interested in the protons inside
the B-CD cavity, Hs, and Hs, also Hs proton which is

Table 3

263

located at the cavity rim at the narrow end of the
molecule. As expected, the most obvious chemical
shifts occur at H; and Hs protons of p-CD molecule.
On the other hand, the chemical shifts of H;, H,, Hy,
and Hg which are located on the outer surface of B-CD
are only slightly affected by the 2,4-DCP molecule. In
the case of inclusion complex (MAA-BCD-DCP), the
change in the chemical shift (6 ppm) for Hj is 0.0592
while for Hs is 0.0617. Since H; and Hs have larger
o0 ppm values, we conclude that 2,4-DCP had been
penetrated into the hydrophobic cavity of -CD mole-
cule. All these results have revealed the formation of
inclusion complex between 2,4-DCP and MAA-BCD.

3.6.2. 2D NMR Spectra

2D NMR is a powerful tool for investigating inter-
molecular interaction and to gain more information on
the conformity of the inclusion complex [63]. To
obtain further information on the inclusion complex
formation, the 2D NOESY technique was employed.
NOESY is one of the most useful techniques as it
allows correlating nuclei through space (distance smal-
ler than 5A). The cross peaks in the spectra was origi-
nated from the interaction between the protons of

'H NMR chemical shift (ppm) for MAA-BCD, 2,4-DCP, and inclusion complex (MAA-BCD-DCP)

MAA-BCD (6 ppm) DCP (5 ppm) MAA-BCD-DCP (8 ppm) A MAA-BCD-DCP (§ ppm)
MAA

H, 1.9445 1.9408 ~0.0037
Hy, 2.7713 2.7676 ~0.0037
TDI

H, 7.7248 7.7481 0.0233
Hy 7.9205 7.9079 ~0.0126
H, 8.2204 8.2088 ~0.0116
H; 2.9306 2.9245 ~0.0061
H, 8.4229 8.4547 0.0318
p-CD

H, 4.8203 4.8179 ~0.0024
H, 3.3272 33156 ~0.0116
H, 3.6213 3.5621 ~0.0592
H, 3.3620 3.3406 ~0.0214
H; 3.6012 3.5395 ~0.0617
H, 3.6482 3.6231 ~0.0251
OH, 5.5806 5.7265 0.1459
OH, 5.6752 5.6795 0.0043
OH, 4.4487 4.4707 0.0220
DCP

Ha 6.9499 6.9377 ~0.0122
Hy 7.1879 7.1952 0.0073
Hc 7.3697 7.4216 0.0519
OHp, 9.8300 9.0630 ~0.7670

Note: The bold values indicate high chemical shifts obtained for protons in the inclusion complex.
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H,C H,C

1
Hydrogen bonding  _*
.

/ 3
o
Cl
2,4-dichlorophenol 2,4-dichlorophenol
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Fig. 6. The proposed interaction mechanism between functional monomer (a) MAA and (b) MAA-BCD with 2,4-dichloro-

phenol (template).

2,4-DCP and MAA-BCD (shown in Fig. S3). The cross
peaks of B-CD (3.5-3.6 ppm, Hj and Hs), MAA
(1.9-2.7 ppm, H,, and Hy), TDI (7.7-8.4 ppm), and
2,4-DCP (6.9-9.1 ppm, Ha, Hgp, Hc, and OHp) demon-
strate strong intensity. The strong correlation suggests
that the protons of 2,4-DCP are strongly interacting
with B-CD cavity. Hence, from the NOESY spectra we
can further confirm that the 2,4-DCP molecules have
entered the cavity of the B-CD in MAA-BCD monomer
via the inclusion complex formation.

3.7. Recognition mechanism of 2,4-DCP onto MIP
MAA-pCD

There are various types of possible interactions
which correspond to the recognition ability of MIP
MAA-BCD toward 2,4-DCP as shown in Fig. 6.
NOESY spectra suggest that there is a strong interac-
tion between the MAA-BCD monomer and 2,4-DCP. 1)
The formation of hydrogen bonding between hydro-
gen atom of 2,4-DCP and nitrogen or oxygen atom in
MAA-BCD monomer. 2) z—z interaction between the
aromatic ring of 2,4-DCP and benzene ring of TDI in
the MAA-BCD monomer. 3) The inclusion complex
formation between B-CD cavity in MAA-BCD and
2,4-DCP molecules. As described in Section 3.6, 'H
and 2D NMR results have confirmed the formation of
inclusion complex in aqueous media. Because of the
hydrophobic nature of the template and the hydro-
phobic center of the B-CD cavity, the template had
been inserted into the cavity of the B-CD in the
rebinding process in aqueous media. In contrast to

MAA-BCD, only one interaction (hydrogen bonding)
is possible in the MAA (see Fig. 6(a)). A similar phe-
nomenon was observed by Ersoz et al. who have
reported on the imprinting of nitrophenol using MAA
monomer [64]. In conclusion, the presence of triple
interactions as stated above between MAA-BCD and
2,4-DCP is responsible for the high recognition ability
of the MIP MAA-BCD for 2,4-DCP in water samples
which was resulted from the modification of MAA
monomer using B-CD.

4. Conclusions

Two imprinted polymers were successfully pre-
pared, characterized, and their removal efficiency for
2,4-DCP in water samples was compared. The highest
removal efficiency for 2,4-DCP was achieved with MIP
MAA-BCD which was prepared using MAA-BCD
monomer and cross-linker, TRIM in DMAC solvent.
The SEM and BET results show that MIP MAA-BCD
polymer exhibited porous structure which had resulted
in the highest removal efficiency which is useful from
an analytical point of view. TGA and DSC results show
that the presence of PCD molecule is responsible for
high thermal stability of MIP MAA-BCD. The compari-
son of the binding abilities of 2,4-DCP and its struc-
tural analog to MIP MAA-BCD shows that strong
interactions between the template molecule and B-CD
cavity in the functional monomer govern the recogni-
tion mechanism through the inclusion complex forma-
tion. MIP MAA-BCD was successfully applied to real
water samples as a SPE sorbent.
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Symbols

Kq — distribution coefficient

C; — initial concentration of 2,4-dichlorophenol
solution

C¢ — final concentration of 2,4-dichlorophenol solution

v — volume of 2,4-dichlorophenol solution used

M — weight of MIP MAA-BCD used

k — selectivity coefficient

k' — relative selectivity coefficient
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