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Smart Molecularly Imprinted Polymer Based on Liquid Crystals for 

Herbicide Recognition 

This study focuses on the development and characterization of molecularly imprinted thin films in 

the absence and presence of a liquid crystal monomer, as well as the evaluation of these materials 

for recognition of the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D). Molecular imprinted 

polymers (MIPs) and non-imprinted polymers (NIPs) were prepared by using two functional 

monomers, n-butylmethacrylate (BMA) and liquid crystalline (LC) 6-(4-cyanophenyl-4'phenoxy) 

hexyl acrylate (A6OCB). The resulting (MIPs) and (NIPs) materials were characterized by infra-

red spectroscopy (FTIR), Raman spectroscopy, polarized optical microscopy (POM) and atomic 

force microscopy (AFM). The entire monomer consumption, as well as the successful loading and 

extraction of the 2,4-D molecules, were validated by FTIR and Raman analyses. POM and AFM 

characterization revealed that the percentage of liquid crystal influenced the distribution of the 

liquid crystal domains, and that the MIP films exhibited remarkable porosity. The experimental 

results revealed that the MIP films had a substantially higher adsorption capacity towards 2,4-D 

than the NIP materials, and that increasing the liquid crystal content increased the adsorption 

capacity of both the MIP and NIP films. The selectivity tests in the presence of phenoxyacetic acid 

(POAc) showed that the MIP films exhibited higher affinity for 2,4-D than for the POAc. 

Keywords: Imprinted polymer, liquid crystal, recognition capacity, selectivity factor, 2,4-D 

extraction. 
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1. Introduction 

2,4-D, a member of the phenoxyacid herbicide family, is widely used to control weed growth. 

However, the use of this pesticide, while required for crop protection, poses a risk due to the 

contamination that it causes in the food supply and the environment. As a result of its heavy 

use, 2,4-D residues have been found in environmental waters, fresh vegetables, and dairy 

products. [1-3] Therefore, the detection of low amounts of 2,4-D in soil and natural waters has 

been a challenge for researchers in recent years. Many approaches have been used to monitor 

2,4-D residue in the environment, including high performance liquid chromatography 

(HPLC), gas chromatography-mass spectrometry (GC/MS), [4-6] electrochemical sensor [7,8] 

and solid-phase extraction. [9,10] Due to the intricacy of the sample matrices and the low 2,4-D 

concentration, these approaches frequently necessitate significant sample preparation and 

separation operations. They also have several drawbacks, such as sophisticated 

instrumentation, expensive costs, a time-consuming process and low selectivity. Molecular 

imprinting (MIP) technology, which has focused on the ability to create molecular recognition 

sites with high adsorption selectivity and binding capacity for the target molecule, is one of 

the most promising technologies for the development of highly selective functional materials. 

[11,12] A brief review of the literature reveals that MIP technology has received considerable 

attention for its use in 2,4-D detection due to its high recognition capacity and specificity. [13-

15] 

Molecularly imprinted polymers (MIPs) are commonly synthesized in practice by 

copolymerizing a functional monomer with a cross-linking monomer through a radical 

polymerization mechanism in the presence of a target molecule that acts as a molecular 

template. The functional monomer first forms a complex with the template molecules via 

covalent or non-covalent bonds before the photo-crosslinking process. Following template 
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removal, specific binding sites that are complementary in size and shape to the target 

molecule are left. [16,17] 

To avoid cavity deformation after template extraction, the binding sites must be 

preserved by stiffening the polymeric network. Polymer rigidity can be increased by 

increasing the amount of crosslinker in the polymerization mixture (usually around 80-95 

percent). [18] Otherwise, it has been found that in the case of a non-covalent approach, only 15 

to 20% of the imprinted sites can load the template molecules, which is attributed to the high 

level of crosslinking which can cause the collapse of formed cavities. [19, 20] 

To address this issue efforts have been made to balance the stiffness and flexibility of the 

polymeric network, including the use of controlled radical polymerization, [21,22] crowding 

agents [23-25] and the incorporation of liquid crystal (LC) monomers into the polymer matrix. 

[26-28] This latter approach is based on replacing chemical crosslinking with physical 

crosslinking provided by the interaction of the mesogenic side groups. Furthermore, using LC 

monomers in the synthesis of MIP materials can soften the polymeric network and add 

complementary functionalities at the same time, which can improve accessibility and prevent 

cavities from shrinking. 

Mauzac et al. used this technique to successfully prepare low crosslinked polysiloxane (5-20 

mol% of the 1,21-docosadiene used as a crosslinking agent) imprinted polymers in which the 

interaction between mesogenic moieties ensured that chemical crosslinking was replaced by 

physical crosslinking. [29-31] Using the same strategy, Wei et al. prepared an LC-MIP coating 

for chiral separation of enantiomers for the first time. The resulting low crosslinked (20%), 

open-tubular imprinted capillary was able to separate enantiomers using capillary 

electrochromatography (CEC). [20] These encouraging results demonstrating the benefit of 

liquid crystal monomer insertion have recently garnered the curiosity of several research 
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groups with the aim of improving the usefulness of LC-MIP in several fields, such as drug 

delivery control, stationary phase for CEC, HPLC [26,32,33] and for fabrication of sensors. [34,35] 

MIPs materials are traditionally prepared as monoliths for use as stationary phases or as thin 

films for sensing applications. MIP thin films are frequently produced using the sandwich or 

spin coating methods. Despite the numerous advantages of using MIP-based thin films in 

sensing, the need to increase accessibility and sensitivity remains important. To that end, LC-

MIP thin films have been developed by Yun et al, to improve sensor performance. Their 

findings demonstrated the potential of the obtained LC-MIP for use in biomaterials and 

sensing. [36] 

Given the facts stated above, the use of LC-MIP in sensitive materials should provide new 

opportunities in the field of pollutant adsorption and detection. The objective of this study 

was to demonstrate the effect of LC moieties insertion in MIPs films for 2,4-D recognition. A 

comparative study was conducted to compare the high crosslinker MIP thin films to two other 

films containing 20 mol% and 50 mol% LC monomer with low crosslinker content. AT-

FTIR, Raman, POM, and AFM techniques were used to characterize the resulting polymer 

films, and batch rebinding experiments were used to highlight the adsorption capacities of 

each polymer. The novelty of this study is to the presentation of the advantages of inserting 

LCs into weakly cross-linked MIPs that can selectively bind the herbicide 2,4-D. 

2. Experimental section  

2.1 Reagents and chemicals 

The liquid crystal monomer 6-(4’-cyanophenyl-4’’-phenoxy) hexyl acrylate (A-6OCB) was 

obtained from Synthon Chemicals GmbH & Co KG, Germany; n-butyl methacrylate (BMA ˃ 

98%), 1,6 hexanedioldiacrylate (HDDA˃ 98%), 2,4-dichlorophenoxyacetic acid (2,4-D 97%), 

phenoxyaceticacid (POAc 98%), ethanol (99%) and acetonitrile (ACN 99%) were purchased 

from Sigma-Aldrich Co. Inc, USA and used as received. The photo-initiator 2-hydroxy-2-
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methyl-1-phenyl-1-propanone (Darocur 1173) was supplied by Ciba- Geigy Co. Switzerland. 

The chemical structures of all reactants are illustrated in Fig.1. 

Figure 1 

 

2.2 Instrumentation 

Fourier transform infra-red (FTIR) analyses were recorded using an Agilent Cary 640 

instrument spectrometer Agilent Technology Co. USA. Spectra were recorded over the range 

of 4000-400 cm-1 with accumulated and averaged 32 scans and a resolution of 2 cm-1. 

Raman spectroscopic investigations were performed using a Raman spectrometer (HORIBA  

Ltd. France S.A.S.) operated in single spectrograph mode with a holographic dispersive 

grating of 600 grooves/mm and equipped with a 633, 785 and 325 nm He-Ne lasers. The 

samples were analyzed in the back-scattering mode on the microscope stage of an Olympus 

confocal microscope (Horriba Ltd, Japan) attached to the spectrometer using a long working 

distance 50× objective. The detector used was a liquid nitrogen cooled charge coupled device 

Symphony IGA detector (Horriba Ltd, Japan). 663 and 785 nm holographic notch filters were 

used to remove the Rayleigh-scattered light. The entrance slit width was 100 µm, giving a 

resolution of 2 cm-1 in the range between 100 and 5000 cm-1. Repeated acquisitions using the 

highest magnification were accumulated and averaged to improve the signal to noise ratio in 

the spectra. The spectra were calibrated using the 520.5 cm-1 line of a silicon wafer. 

Polarizing optical microscopy (POM) observations were conducted on a BX41, Olympus Co. 

Japan microscope equipped with a camera to taking pictures. 

Atomic force microscopy (AFM) analysis of the thin films was conducted using a Flex- AFM 

(nanosurf Co. Switzerland), operated in the tapping mode. The scanning head was connected 

to a C3000 controller (nanosurf Co. Switzerland) working at resonance frequencies < 4 MHz. 

The Flex AFM video option integrates two cameras for a parallel top and side view, which 

allows quickly finding an area of interest and bringing the cantilever closer to the surface 
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before the final approach. An area of 4x4 µm² size was scanned for all samples and the 

obtained images were treated by using the image processing Gwyddion software (nanosurf 

Co. Switzerland). UV analysis, were performed on a Specord 200 plus Analytik Jena 

GmbH+Co.KG Germany, using quartz cells. 

2.3 Polymer films preparation 

Polymer thin films preparation was carried out by the free-radical photo-polymerization of the 

monomers (BMA and A6OCB), using HDDA as a crosslinker, in the presence of Darocur as a 

photoinitiator and ACN as a solvent. For the MIPs preparation, a fixed amount, as described 

below of 2,4-D template was added to the formulations. 

In order to underline the impact of liquid crystal insertion on the properties and binding 

capacities of the materials, three sets of formulations were prepared and characterized, by 

varying the monomers ratio. The compositions of the precursor solutions are listed in Table1. 

The solvent (acetonitrile) was added at a 3:4 ratio (volume of monomers (ml): volume of 

solvent (ml)). The amount of the photo-initiator was 1mol% of the total moles number of 

monomers used. In the absence of A6OCB, the molar ratio (template/monomer/crosslinking 

agent) was (1/4/20), while in its presence; it was (1/4/4).  

Table 1 

In this study the preparation of the NIPs and MIPs polymer films was achieved by a sandwich 

method. For this, 200µL of the mixture was deposited on a glass slide with a thickness spacer 

(130µm). To avoid the solvent evaporation and oxygen inhibition, a film of PET with a 

thickness of 23µm was placed on the mixture. The mixture was then irradiated by UV 

irradiation (Lg.Philips Lcd Co., Ltd South Korea, λ =365 nm, I0=0.7 mw/cm2). Transparent 

thin films with a thickness of 100 µm were obtained; the film thickness was measured by 

means of a micrometer model 103–137 (Mitutoyo Europe GmbH, Germany) with an accuracy 

of 0.001 mm, taking the average at five different points of the film. The obtained MIPs films 
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were carefully washed with acetonitrile: ethanol (9:1v/v) in order to extract the 2,4-D 

molecules. The washed MIPs films were then recovered and dried. 

2.4 Rebinding experiments 

For the adsorption tests 4mg of NIP and MIP polymer films were immersed separately in 

1mL of 2,4-D solution at a concentration of 1mg/ml. The mixture was shaken for 2h at 25°C 

and the supernatant was then analyzed by UV at 284nm to measure the adsorption of each 

system. All experiments were conducted for four times, and the average value was used.  

The amount of 2,4-D adsorbed in the NIPs and MIPs films at equilibrium was calculated 

according to the following equation. 

                                                                               (1) 

 

Where: 

Q is the binding capacity of the films, (mg of 2,4-D / g of film). 

Ci (g/L) and Cf (g/L) are the initial and final concentrations of 2,4-D. 

V (L) is the initial volume of the solution. 

m (g) is the mass of the polymer film. 

In order to evaluate the adsorbed amount of 2,4-D in the binding experiments, a calibration 

curve relating absorbance to 2,4-D concentration was prepared with a regression coefficient 

of 0.998. The imprinting effect illustrated by the IF values was calculated as the ratio of the 

MIP binding capacity (QMIP) to that of the non-imprinted polymer (QNIP). For each rebinding 

test, the imprinting factor (IF) was calculated. 

                                                                                (2) 
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The selectivity of the MIPs systems was evaluated in the presence of phenoxyacetic acid 

(POAc) as a structurally related compound; for this, 4mg of MIP film was incubated in 1ml of 

POAc at a concentration of 1mg/ml for 2 hours. The supernatant was then analyzed by UV 

and the capacity was calculated by monitoring the absorbance at 271nm with the POAc 

concentration determined by using a calibration curve established for the POAc molecule with 

a regression coefficient of 0.999. 

The Selectivity factor (α) of the imprinted polymer was calculated as the ratio of POAc to  

2,4-D bound to the imprinted polymer. [37] 

                                                                           (3) 

 

Where Q (POAc) and Q (2,4-D) are the bound amounts of POAc and 2,4-D for the MIP, 

respectively. 

3. Results and discussion 

3.1 Polymer films characterization 

3.1.1 ATR-FTIR  

Figure 2 depicts the infrared spectra of BMA, A6OCB, and the obtained NIPs films. 

Figure 2 

The BMA and A6OCB spectra (Fig. 2a) showed some common peaks; the strong absorption 

peak at 1716 cm−1 is assigned to the carbonyl group (C=O). The peaks at 1159 cm−1 and 1295 

cm−1 are attributed to C-O groups and the peaks at 1635cm-1and 810 cm-1 are related to the 

C=C function. The C-H elongation appears at 2940 cm-1 . [38] The BMA spectrum differs from 

that of the A6OCB by the appearance of a band at 940cm-1. This is assigned to the out of 

plane CH bending vibrations of the disubstituted C=C bond. The peak that appears at 2223  

cm-1 in the A6OCB spectrum is assigned to the CN group. 

( )
(2,4 )
Q POA
Q D

a =
-
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In the FTIR spectra of the polymers (Fig. 2b), the photo-crosslinking was confirmed by the 

disappearance of the C=C double bond peaks at 1635cm-1 and 810 cm-1, respectively. A shift 

in the C=O stretching peak was also noted, from 1716 to 1725 cm-1, which could be attributed 

to the loss of conjugation following the photo-crosslinking reaction. [39,40] A simple 

comparison of the NIP1 films spectra with those of NIP2 and NIP3 shows the presence of 

characteristic peaks of the liquid crystal monomer in the spectra of NIP2 and NIP3 at 2223 

cm-1, related to the CN stretching, and at 1601 cm-1 and 824cm-1 attributed to the aromatic 

C=C stretching and aromatic C-H deformation, respectively. 

For a better illustration of the 2,4-D loading in the imprinted polymers, the 2,4-D and MIPs 

films were characterized by FTIR analysis and the obtained spectra are shown in Fig. 3. 

Figure 3 

The FT-IR spectrum of 2,4-D displays a peak at 1715 cm−1 indicating the presence of 

carboxyl groups, the bands at 1310 cm−1 and 1087 cm−1 are due to the antisymmetric and 

symmetric vibrations of C-O-C and the peak located at 1234 cm-1 is attributed to the O-H 

deformation coupled with C-O stretching. [41] The peaks at 1477 cm−1 and 1601 cm−1are 

related to C=C vibrations of the aromatic ring. The characteristic band of C-Cl stretching 

occurs at 694 cm−1. The band located at 791 is attributed to C-H deformation of the aromatic 

rings and the band at 3019 cm-1 represents OH stretching vibrations. 

The characteristic 2,4-D peaks at 1601 cm-1 and 791 cm-1 in the spectrum of the MIP1 

polymer can hardly be visualized; while in the case of the MIP2 and MIP3 films, we note the 

appearance of the peak at 1601 cm-1 which can be attributed to the aromatic C=C bond of the 

template (2,4-D) and the monomer (A6OCB) due to the overlap of the 2,4-D and A6OCB 

peaks in this region. The presence of peaks at 2223 cm-1, 1601 cm-1 and 824 cm-1in the MIP2 

and MIP3 spectra confirms the presence of the A6OCB monomer in these films. It is possible 

to observe that the FTIR spectra of the NIP films (Fig. 2b) and MIP films (Fig. 3b) show 
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similar characteristic absorption bands, indicating a similarity in the backbone structure of the 

different polymers. It is also possible to observe that the intensities of the characteristic 

A6OCB peaks are greater in the case of MIP3 compared to those of MIP2 ones, indicating 

that MIP3 films have a higher A6OCB content. 

3.1.2 Raman spectroscopy 

In order to provide more information about the insertion of LC monomer and 2,4-D within the 

MIPs materials, Raman spectroscopy was used in this work. Figure 4 depicts the Raman 

spectra of A6OCB, NIP1, NIP2 and NIP3, respectively. 

Figure 4 

Raman spectrum of A6OCB (Fig. 4a) shows a strong absorption peak at 1606 cm−1 and 824 

cm-1that are assigned to the aromatic C=C stretching and C-H deformation, respectively. The 

peaks at 1178 cm−1 and 1290 cm−1 are attributed to C-O groups. The peak that appears at 

2225 cm-1 in the A6OCB spectrum is assigned to the CN group. 

The Raman Spectra of the NIPs polymers, as shown in Fig. 4b, are identical expect for the 

existence of A6OCB characteristic bands in the spectra of NIP2 and NIP3 at 2225 cm-1, 

related to the CN stretching vibrations, and at 1602 cm-1 and 838 cm-1, that are attributed to 

the aromatic C=C stretching vibrations and aromatic C-H deformation, respectively. 

Raman spectroscopy was also used to characterize the MIPs films in order to confirm the 

success of 2,4-D loading in the imprinted polymers during the polymerization process; the 

obtained spectra are shown in Fig. 5. 

Figure 5 

The Raman bands of 2,4-D (Fig. 5a), detected at 412 and 647 cm−1 are related to the in-plane 

vibrational modes of the C-O-C and C-Cl bonds. The band at 719 cm−1is referred to the 

bending of COO plus the stretching of aromatic C-C. the stretching of aromatic C-C plus C-O 

plus C-Cl, noted as ν(CC)ring + ν (C-O)+ ν ( C-Cl) appears at 839 cm−1 and the band at 894 
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cm−1 is related to the stretching of the C-COO bonds. The bands at 1162 cm−1 and 1260 cm−1 

are due to the symmetric and antisymmetric bending of the aromatic CH bonds plus the 

stretching of the C-O bond. The Raman band at 1446 cm−1 is assigned to the symmetric 

stretching of COO plus the stretching of CC plus the wagging of CH2, and the band located at 

1160 cm-1 has been attributed to the O-H deformation coupled with C-O stretching. The band 

located at 1595 cm-1 is attributed to the antisymmetric stretching of COO plus stretching of 

aromatic C-C. [42] 

The Raman spectra of the MIPs films depicted in Fig. 5b, show similar characteristic 

absorption bands, indicating similarity in the backbone structure of the different obtained 

polymers. In the case of MIP2 and MIP3, characteristic A6OCB peaks appear at 2225 cm-1, 

1602 cm-1 and 838 cm-1, related to CN stretching vibrations, aromatic C=C stretching 

vibrations and aromatic C-H deformation, respectively. The insertion of 2,4-D into MIP films 

was easier to observe by the Raman technique than by the FTIR technique. From Fig. 5b, the 

characteristic 2,4-D peaks at 1602 cm-1and 838cm-1 in MIP2 and MIP3 polymers correspond 

to the aromatic C=C and CH bonds and can be attributed to both the template (2,4-D) and the 

monomer (A6OCB) due to overlapping of 2,4-D and monomers peaks in this region. The 

presence of 2,4-D can be distinguished by the appearance of the characteristic bands of the C-

Cl bond that appear at 649 cm-1 and 412 cm-1 particularly in the MIP2 and MIP3 spectra (Fig. 

5c). Due to the low concentration of 2,4-D in the presence of a high crosslinker content in 

MIP1, these peaks are barely apparent when compared to the spectra of MIP2 and MIP3. 

To assess the effectiveness of the washing process the MIP1 film was analyzed by Raman 

spectroscopy before and after several washes. Figure 6 shows the spectra of 2,4-D, MIP1 and 

washed MIP1 as a typical example around the characteristic 2,4-D peaks at 646cm-1 and 412 

cm-1. 

Figure 6 
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Figure 6 indicates that the characteristic bands of 2,4-D at 412 cm-1 and 646 cm-1, clearly 

appear in the spectra of MIP1 and disappear in that of the washed MIP1. This result suggests 

that the 2,4-D was successfully incorporated in MIP films during polymerization and released 

during several washes. 

In the following we will describe the characterization of MIP2 and MIP3 films by Raman 

imaging. XY (2D) Raman mapping experiments were performed to determine the distribution 

of liquid crystal clusters in the polymer matrix. The mapping results were expressed in terms 

of the BMA, A6OCB and 2,4-D characteristic peaks at 1373 cm-1, 2225 cm-1 and 647 cm-1 

for BMA, A6OCB and 2,4-D, respectively. [43] The selected peaks must exist in only one of 

the components of the mixture. This parameter proved to be adequate to study the spatial 

distribution of the liquid crystal monomer in the BMA matrix. The selected peaks were 1373 

cm-1 related to the CH3 stretching vibrations of the BMA methacrylate in red color, and 2225 

cm-1 of the liquid crystal representing CN stretching vibrations in blue color (Fig. 7). Raman 

mapping was performed on an image taken with a ×100 magnification of the polymer on a 

900 µm2 for MIP2 and 1800 for MIP3 µm2 surface. Figure 7 shows the results of the XY 

mapping of MIP2 and MIP3 expressed in terms of their characteristic peaks. 

Figure 7 

From the mapping plots, when we compare the distribution of BMA (red color) to that of 

A6OCB (blue color) most of the area was overlapped. Accordingly, the presence and the 

localization of the liquid crystals clusters were not homogeneous and the distribution was 

completely random.  

The comparison between the obtained Raman mappings shows an increase in the size of the 

blue areas in the case of MIP3 which contained a significant amount of LC; these 

observations can confirm the results obtained by FTIR indicating the increase in peak 

intensity and LC cluster size with the increase in the amount of LC. Mapping was also used to 
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highlight the insertion of 2,4-D molecules into the polymer matrix. For this, the characteristic 

peak of 2,4-D at 647 cm-1 was used to show XY mapping. The presence of 2,4-D is illustrated 

by green color in the mapping images. The result suggests that 2,4-D molecules are localized 

near the A6OCB domains which can be explained by the strength of hydrogen bonding 

between the 2,4-D and A6OCB monomers. 

 

3.1.3 POM characterization 

To better see the distribution of the mesogenic parts in the NIPs and MIPs films, a 

morphological study was performed by an Olympus BX41 polarizing microscope with a 

camera used for the observation of the phases present in the polymer film. Optical 

micrographs of each sample were taken under both parallel and crossed polarizers with a 20x 

magnification at room temperature. The micrographs presented in Fig. 8 show the textures 

observed for the NIPs and MIPs films. The left-hand column of Fig. 8 depicts micrographs 

taken with a parallel polarizer, while the right-hand column depicts micrographs taken with a 

crossed polarizer; thus, the anisotropic nature of the LC parts was confirmed under cross-

polarization, as they appear colored. 

 

Figure 8 

 

It can be seen that the mesogenic domains are easily distinguished in the systems obtained in 

the presence of A6OCB. Indeed, we can see a clear difference in the size and distribution of 

these domains in the polymeric networks as a function of A6OCB concentration. The domains 

grow in size as the amount of A6OCB increases. It is also worth noting that the distribution of 

the CLs domains was not uniform across the networks due to the fact that it is a statistical 

copolymer. 
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3.1.4 AFM characterization 

The AFM results shown below are for the BMA/HDDA systems in the absence and presence 

of A6OCB. Since AFM is a localized analysis technique, it could give an accurate 

representation of the polymer surface after the 2,4-D was removed by washing. Then the 

MIPs films were characterized after several washes. Figure 9 depicts the topographies of the 

films surfaces over an area of 4x4 µm². 

Figure 9 

 

The color density shows the vertical profile of the sample with the darkest regions 

representing the pores and the lightest regions representing the peaks. 

To quantitatively evaluate the roughness properties, three roughness parameters were used in 

relation to the cross-section profiles of the surface, including average roughness (Ra), root 

mean squared roughness (RMS), and Maximum peak to valley height (Rmax), this later is is 

defined as the maximum peak-to-valley height within any of the sampling lengths of the 

profile. For this purpose, the images of the polymer thin films obtained by AFM were treated 

by using the image processing Gwyddion software. 

After the topoghraphy was plotted an arbitrary straight line was drawn on the image and the 

specific roughness was analyzed on the defined trace; for this, seven horizontal cross-

sectional lines were drawn, examined and the roughness values were averaged. The 

measurement results of the sample roughness in the experiment are shown in Table 2. 

Table 2 

 

The 3D topography images show that both the MIPs and NIPs films displayed rough surfaces. 

By comparing the topographies of the MIPs and NIPs films for all formulations, it can be seen 
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that in the case of the MIPs films, a porous structure was created after template removal 

whereas for the NIPs films the surface was less porous. 

The roughness observed in the surface topography reveals cavities that could be attributed to 

the imprinting of 2,4-D in the polymer matrix. [44,45] These observations are promising for the 

success of molecular imprinting and also provided evidence that the washing process could 

remove 2,4-D molecules from the polymer film. 

Roughness analysis (see Table2) indicates that the MIPs films were relatively harsh with 

significant surface roughness. It’s noted that the NIPs films were also rough but their average 

roughnesses were remarkably lower than those obtained for the MIPs films.  

Furthermore, the obtained values showed that the surface roughness of the MIP films was 

evenly distributed across the entire surface, and the molecular imprinting process was 

effectively completed.  

The data shown on Table 2 also indicate that, after the template was removed, the depth of 

pores increased as the crosslinking density decreased. This finding is most likely due to an 

increase in template concentration in the presence of low crosslinker content, which results in 

the formation of wide pores. 

 

3.2 Rebinding studies 

MIPs, like other adsorbents, can be classified based on their recognition properties. This latter 

point is critical because the primary goal of a MIP preparation is adsorption. The recognition 

tests were carried out after the template molecules were extracted to their maximum extent. 

The ability of a MIP to recognize and, in practice, re-adsorb the molecule for which it is 

produced is used to evaluate its recognition properties. 

Binding tests were used in this study to characterize the recognition properties of the MIPs, 

which were investigated by incubating 4 mg of washed MIP or NIP films in template solution 
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at a concentration of 1mg/ml for 2 hours. Most studies have found that when a porogen was 

used as a binding solvent, higher binding capacities were observed. [46,47] For this, acetonitrile 

was chosen as the solvent for rebinding studies. 

The binding properties of the MIPs films were compared to those of the NIPs as controls. 

Figure 10 depicts the amount of 2,4-D bound to the MIPs and NIPs films in the absence and 

presence of A6OCB at two molar ratios (20 and 50%, respectively). 

Figure 10 

 

In all systems, the imprinted polymer recognized 2,4-D molecules better than the non-

imprinted polymer. This higher affinity of the MIP films towards 2,4-D can be attributed to 

the presence of effective binding sites on the MIP surface, which allows the 2,4-D molecules 

to diffuse into the MIP pores during rebinding. Further, this result proves that the imprinted 

polymers keep a memory towards the template molecule. 

It is important to note here that in the presence of the liquid crystal monomer, a low level of 

crosslinking was intentionally targeted to show how physical crosslinking governed by the 

liquid crystal can replace the chemical crosslinking provided by a high level of crosslinking 

agent. 

The results revealed that the amount of 2,4-D bound to MIP2/NIP2 and MIP3/MIP3 was 

significantly higher than that bound to MIP1/NIP1. This finding can be attributed to the 

rigidity of the polymers formed in the presence of high crosslinking density in the case of 

MIP1/NIP1 which can limit the diffusion of 2,4-D molecules into the polymers. This finding 

is consistent with other studies showing that the binding capacity of polymers increases as the 

crosslinking density decreases. [37] However the rigid MIP1 films with high crosslinking 

density displayed higher specific binding (IF=1.70) than the MIP2 and MIP3 with low IF 

(IFMIP2=1.14 and IFMIP3=1.10), respectively. 
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The high selectivity of our rigid polymers is due to the stability of the cavities formed in the 

presence of a high HDDA content. These results showed that the crosslinking agent was 

important for the stability of the cavities and the rigidity of the formed polymer. Replacing 

HDDA by A6OCB, which can provide physical crosslinking due to its mesogenic nature, was 

insufficient to create a polymer with high specificity. 

In the case of MIP2 and MIP3, prepared with two different molar ratios of A6OCB and the 

same crosslinking density, the binding capacity of the polymer films increased as the A6OCB 

content increased. These findings confirm that the presence of A6OCB as a co-functional 

monomer resulted in the formation of more functionalized cavities, as well as that adsorption 

occurs not only on the cavities formed during polymer formation, but also on the 

functionalized sites formed by increasing the content of co-functional monomers. It has been 

reported that it is easier to understand binding and selectivity trends in non-covalently printed 

polymers when multiple functional monomers are used to create binding sites of higher 

affinity and selectivity. [48,49] 

The results presented in this work demonstrated the potential of the new liquid crystal 

functional monomer to create binding sites capable of selectively binding 2,4-D molecules. It 

is clear that the formation of the pre-polymerization complex between the 2,4-D template and 

the two monomers, BMA and A6OCB was dominated by H-bond type interactions (shown 

schematically in Fig. 11), which significantly enhances the binding strength of the template-

monomer complex and eventually improves the performance of the MIP materials. 

Figure 11 

 

 

3.3 Adsorption selectivity 
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The recognition selectivity towards the template molecule used in the polymerization stage is 

the best indicator of the efficacy of imprinted polymers; this selectivity is dependent on the 

complementary binding sites introduced in the polymer after template removal, as well as the 

size and shape of the template. Selectivity recognition tests were performed in the presence of 

the structurally related compound POAc to evaluate the selection ability of the prepared MIPs 

films towards 2,4-D. The adsorption capacities of the MIPs films towards 2,4-D and POAc at 

a concentration of 1mg/ml are shown in Fig.12. 

Figure 12 

The results presented in Fig. 12 indicate that the ability of the polymers to bind to 2,4-D was 

significantly higher than that of POAc, despite their similar structures, demonstrating a higher 

selectivity of the obtained MIPs towards 2,4-D.The selectivity factor calculated using Eq3 

expresses the degree of selectivity of the imprinted polymers. When 2,4-D is bound to the 

polymer, the value is one; when POAc is adsorbed, the value is less than one. The selectivity 

factors of the MIPs that were used are summarized in Table 3. 

Table 3 

The results show that the selectivity factors were less than one for all studied systems, 

demonstrating the imprinting efficiency of the imprinted polymers and confirming that not 

only the functional carboxyl group but also the shape and size of the 2,4-D printed in three-

dimensional cavities can govern recognition. This result is consistent with other researchers' 

findings showing that the substitution in the aromatic ring by chlorine atoms in template 

molecules increases the recognition capacity of polymers printed by 2,4-D. [50,51] 

4. Conclusions 

In our research described here, novel MIPs thin films were prepared photo-chemically by a 

non-covalent imprinting approach for 2,4-D recognition using BMA and liquid crystal 
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A6OCB as functional monomers, HDDA as a crosslinker and acetonitrile as a porogenic 

solvent. 

The success of polymerization and liquid crystal monomer and template insertion were 

characterized by means of FTIR and Raman spectroscopy. The morphological and 

topographic properties of obtained polymers were evaluated using MOP and AFM techniques. 

The results from MOP indicated that the A6OCB distribution over the polymer was not 

uniform and the AFM images clearly showed that the size and the depth of pores increased 

with decreasing the crosslinking density. The recognition ability of MIP was estimated by 

rebinding experiments using 2,4-D as the original template and POAc as a structurally similar 

compound. The experimental results revealed that the obtained MIPs exhibited better loading 

of 2,4-D compared with the NIPs polymers. Furthermore, the presence of liquid crystal 

monomer enhanced the recognition capacity of both the MIPs and NIPs films. This result can 

be explained by two factors; the ease of template diffusion by decreasing the cross-linking 

density and the increase of functional sites within the polymer due to the increase of A6OCB 

content which can interact with 2,4-D by hydrogen bonding due to the presence of cyano and 

carbonyl groups. The increase of crosslinking density led to the decrease of adsorption 

capacity whereas the specificity was increased due to the rigidity of the resulting polymers 

which can limit the template diffusion and maintains the original cavities formed. Overall, the 

resulting MIP films showed a good selectivity to 2,4-D molecules. Based on these findings we 

suggest that the obtained thin films could be useful and efficient in environmental sensors and 

other applications for selective uptake of 2,4-D. 
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Table captions 

Table 1. Composition of MIP/NIP precursor solutions. 

Series Formulation  

code 

[M]* 

(mol%) 

2,4-D : M : HDDA 

 

1 

NIP1 100/0 0 :4: 20 

NIP2 80/20 0 :4: 4 

NIP3 50/50 0 :4: 4 

 

2 

MIP1 100/0 1 :4: 20 

MIP2 80/20 1 :4: 4 

MIP3 50/50 1 :4: 4 

[M] *: BMA/A6OCB 

 

Table 2. The AFM characteristics of the porous structure of the MIP films 

Polymer 

film 

Average 

roughness 

(Ra) nm 

Root mean squared 

roughness (RMS) nm 

Maximum peak to valley 

roughness (Rmax) nm 

 

NIP1 

 

1.027 ± 0.04 

 

1.29 ± 0.08 

 

7.26 ± 1.2 

MIP1 1.66 ± 0.31 2.09 ± 0.4 11.61 ± 1.8 

NIP2 1.62 ± 0.3 2.14 ± 0.5 12.47 ± 3 

MIP2 1.82 ± 0.4 2.35 ± 0.6 12.95 ± 3 

NIP3 1.87 ± 0.45 2.37 ± 0.6 11.71 ± 3.4 

MIP3 1.94 ± 0.2 2.47 ± 0.3 13.31 ± 3.2 
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Table 3. Selectivity factors for MIP1, MIP2 and MIP3. 

MIP films Selectivity factor 

MIP1 0.60 

MIP2 0.51 

MIP3 0.36 

 

Figures Captions 

Figure 1. Chemical structures of (a) n-butyl methacrylate (BMA) (b) 6-(4’-cyanophenyl-4’’-

phenoxy) hexyl acrylate (A-6OCB), (c) 1,6-hexanediol diacrylate (HDDA), (d) 2,4-

dichlorophenoxyacetic acid (2,4-D), (e) phenoxyacetic acid (POAc). 

Figure 2. FTIR spectra of BMA, A6OCB (a) and NIP1, NIP2, NIP3 (b). 

Figure 3. FTIR spectra of 2,4-D (a) and MIP1, MIP2, MIP3 (b). 

Figure 4. Raman Spectra of A6OCB (a) and NIP1, NIP2, NIP3 (b). 

Figure 5. Raman spectra of 2,4-D (a), MIP1, MIP2, MIP3 (b) and a zoom of the spectra 

around 647cm-1(c). 

Figure 6. Raman spectra of 2,4D, MIP1, Washed MIP1(a) and a zoom of the spectra around 

647 cm-1(b). 

Figure7. Raman mapping of MIP 2 (left) and MIP 3 (Right). 

Figure 8. Optical micrographs showing the distribution of LC groups in the NIPs and MIPs 

films. (a,b) NIP1, (c,d) MIP1, (e,f) NIP2, (g,h) MIP2, (I,j) NIP3, (k,l) MIP3. The left column 

is with parallel analyzer and polarizer, the right column is with crossed analyzer and polarizer. 

Figure 9. AFM 3D images (first row) of NIP1, NIP2, NIP3 (a,b,c), and (second row) MIP1, 

MIP2, MIP3 (d,e,f)  

Figure 10. Binding capacities of MIP (1,2,3)/NIP (1,2,3) in the presence of 1mg/ml of 2,4-D 

solution. 

Figure 11. Schematic representation of non-covalent interactions of 2.4-D with the functional 

monomers, BMA and A6OCB. 

Figure 12. Selectivity of MIP (1,2,3) towards 2,4D and POAc. 
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a)  

b)  

c) d)  

e)  

Figure 1. Chemical structures of (a)n-butyl methacrylate (BMA) (b)6-(4’-cyanophenyl-4’’-

phenoxy) hexyl acrylate (A-6OCB), (c) 1,6-hexanediol diacrylate (HDDA), (d) 2,4-

dichlorophenoxyacetic acid (2,4-D), (e) Phenoxyacetic acid (POAc). 
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Figure 2. FTIR spectra of BMA, A6OCB (a) and NIP1, NIP2, NIP3 (b). 
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Figure 3. FTIR spectra of 2,4-D (a) and MIP1, MIP2, MIP3 (b). 
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Figure 4. Raman Spectra of A6OCB (a) and NIP1, NIP2, NIP3 (b). 
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Figure 5. Raman spectra of 2,4-D (a), MIP1, MIP2, MIP3 (b) and a zoom of the spectra 

around 412 cm-1 and 649 cm-1(c). 

 

 

Figure 6. Raman spectra of 2,4-D, MIP1 and washed MIP1 around 412 cm-1 and 649 cm-1. 
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Figure 7. Raman Mapping of MIP 2 (left) and MIP 3 (Right) expressed in terms of their 

characteristic peaks. 
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k) 

          

l) 

           

Figure 8. Optical micrographs showing the distribution of LC groups in the NIPs and MIPs 

films. (a,b) NIP1, (c,d) MIP1, (e,f) NIP2, (g,h) MIP2, (I,j) NIP3, (k,l) MIP3. The left column 

is with parallel analyzer and polarizer, the right column is with crossed analyzer and polarizer. 
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Figure 9. AFM 3D images (first row) of NIP1, NIP2, NIP3 (a,b,c), and (second row) MIP1, 

MIP2, MIP3 (d,e,f) 
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Figure 10. Binding capacities of MIP (1,2,3)/NIP (1,2,3) in the presence of 1mg/ml of 2,4-D 

solution. 

 

 

Figure 11. Schematic representation of non-covalent interactions of 2,4-D with the functional 

monomers, BMA and A6OCB. 
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Figure 12. Selectivity of MIP (1,2,3) towards 2,4-D and POAc. 
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