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Abstract: 

The choice of the functional monomer is addressed in the present study. It is not 

only dictated by its ability to interact with the template molecule. Its reactivity 

towards the cross-linker in the radical polymerization reaction is also to be 

considered in order to yield a suitable distribution of the monomer bearing binding 

groups within the material and also to adjust the cross-linking degree which 

provides rigidity to MIP network. MIPs prepared using two functional monomers 

of very different reactivity in radical polymerization allowed to investigate the 

criteria for the optimum choice of the functional monomer. MIPs were made of 

cross-linked poly(methacrylic acid) or poly(maleic acid) bound as thin films to a 

silica solid support. Ethylene glycol dimethacrylate was the cross-linker. 

Calculations of the composition drift of the copolymer material from monomers 

reactivity ratios give new insights into the control of MIP properties by the choice 

of the functional monomer. As a consequence of the lower reactivity of maleic acid 

than methacrylic acid for copolymerization with methacrylic esters, the 

incorporation of maleic acid is low, the cross-linking density is very high, the 

polymer coating is very thin, and the specific area is high. The final structure of 

the MIP network with a predominance of isolated functional units closely 

surrounded by cross-links yields a rigid material capable of preserving the memory 

of the model molecule of patulin in molecular imprints. Low reactivity of the 

functional monomer has beneficial effects regarding the binding selectivity for the 

target molecule compared to materials prepared from the more reactive 

methacrylic acid which lead to the formation of flexible polymer formed of short 

poly(methacrylic acid) sequences. 

Keywords: Molecular imprinted polymer; reactivity of monomers; reactivity 

ratios. 
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Introduction 

Molecularly imprinted polymers (MIPs) are described as cross-linked polymeric 

materials containing specific imprints of molecules created during the manufacturing 

process [1]. MIP materials can establish specific interaction with the target molecules that 

have been used for the formation of the imprints. The molecular imprints are created by 

performing the cross-linking reaction (or the full polymerization process including the 

cross-linking) in the presence of the target molecules. Removal of the target molecules 

leaves specific imprints for re-binding the target molecule in a specific manner. Cross-

linking the polymer ensures the hardening of the MIP and avoids deformation of the 

formed imprints. Molecularly imprinted polymers (MIPs) are unique materials often 

referred to as “plastic antibodies” [2], even in cases antigen-antibody interactions are not 

involved. They are synthesized by in situ polymerization in the presence of template 

molecules, ions, bio(macro)molecules, or even microorganisms (e.g. viruses). However, 

this apparently simple paradigm requires the tedious task of monitoring several 

parameters in view of achieving the dream of a highly selective and sensitive “plastic 

antibody”. MIPs can be used in applications where specific chemical recognition is 

required: specific electrodes, stationary phase of chromatography, extraction materials 

and nanomedicine [1, 3–5]. It is mandatory that cross-linking of the polymer material 

retains the structural features of the interaction site between the MIP and the target 

molecule after the later has been removed. High contents of cross-linking agent are used 

for that purpose. 

There is a need for a high enough amount of functional monomer to ensure a high binding 

capacity for the target molecule and much cross-linking agent for the material hardening. 

Functional monomers must interact with the target molecule in order to form a 

prepolymerization complex (PPC) which is essential for the formation of specific binding 
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sites [6]. The use of an adequate proportion of monomer/template in the pre-

polymerization mixture leads to the formation of a large number of high-affinity sites. 

Several theoretical studies [7, 8], have been done as tools for the selection of the optimum 

monomer-template ratio. To this end, computer simulations were used to estimate the 

monomer-template interaction energies. However, caution should be taken in their direct 

application to real systems; the most suitable estimation which takes into account the 

complexity of the real medium must be empirically derived [9]. Besides the interaction 

between the functional monomer and the template, the functional monomer should also 

be chosen on the basis of its reactivity in the radical copolymerization with the cross-

linking agent. Indeed, it has been recognized early that both vinyl monomers have 

different reactivities, which leads to a of chemical composition drift of the copolymer 

during the course of the copolymerization [see Ref. [1], pp. 2732]: the most reactive 

monomer is consumed at the beginning of copolymerization, so that the first formed 

macromolecules are rich with the most reactive monomer. The less reactive monomer 

polymerizes at the end when the most reactive one has been consumed, so that the 

copolymers produced at the end are rich with the less reactive monomer. As far as we 

know, though these facts have been acknowledged, their consequences on the properties 

of MIPs have not been considered so far. This is the purpose of the present work [9]. 

The present work aims at investigating show, how relevant are the respective reactivities 

of the functional monomer and the cross-linking agent and their effect on the final 

structure of the imprinted polymer. This is achieved via a systematic study based on 

kinetic appraisal of MIP chemical composition and morphological characterization of the 

resulting materials. Besides it provides simple guidelines for the selection of functional 

monomer and cross-linking agent, this contribution gives a rationale for the low 



4 

 

adsorption capacity of highly selective adsorbents based on molecular imprinted 

polymers formed by radical polymerization. 

The present molecularly imprinted polymer materials taken as a case study are thin films 

of cross-linked poly(carboxylic acid)s bound to the surface of silica gel [10]. The pair of 

co-monomers was ethylene glycol dimethacrylate (EGDMA) as a cross-linking agent and 

either methacrylic acid (MAA) or maleic acid (MA) as the functional monomer. Such 

materials have been designed for the specific binding of patulin (PAT) [11], a toxic 

mycotoxin produced by filamentous fungi, Penicillium, Aspergillus and Byssochlamys 

[12, 13], possibly contaminating fruits and vegetables [14]. The MIPs were denoted as 

Sil-MAA/MIP and Sil-MA/MIP respectively for MAA or MA used as a monomer. Non-

imprinted polymers prepared in the same manner than MIPs but in the absence of patulin; 

they are abbreviated/defined as Sil-MAA/NIP and Sil-MA/NIP. 

Materials and Methods 

Materials 

Methacrylic acid (MAA), maleic acid (MA), ethylene glycol dimethacrylate (EGDMA) 

(see Scheme 1 for chemical structures) 2,2'-azobisisobutyronitrile (AIBN) were 

purchased from Sigma-Aldrich. Patulin from A.G. Scientific (San Diego, CA), was a 

standard of purity ≥ 98 %. The silica support bearing grafted with methacryloyl groups at 

its surface (Sil-γ-MPTS) was prepared by the Stöber sol-gel process from tetraethyl 

orthosilicate and γ-methacryloxypropy ltrimethoxysilane as reported in a previous paper 

[10]. Deionized water was filtered with 0.45 μm Nylon membrane filter before use. 
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Scheme 1. Chemical structures of reactants: methacrylic acid (MAA), maleic acid 

(MA), ethylene glycol dimethacrylate (EGDMA), 3-methacryloxypropyltrimethoxy-

silane (MPTS). 

Preparation of MIP Material 

The molecularly imprinted polymer materials attached as thin films on the silica solid 

support were prepared as previously described [10]. The silica support Sil-γ-MPTS and 

0.01 mmol of Patulin template were dispersed by ultrasounds for 10 min in 1 mL of 

acetonitrile. 20 mmol of cross-linker EGDMA and either 20 mmol of methacrylic acid or 

maleic acid monomer and the AIBN initiator (0.2 mmol) were added into the solution. 

The polymerization vessel was deoxygenated by bubbling nitrogen gas for 10 min. 

Polymerization was performed by heating at 60 °C for 6 h. The solid powder was filtered 

and thoroughly washed with acetonitrile for removing all species that have not been 

attached to the silica support. Removal of patulin was performed by several washing 

cycles in a Soxhlet extractor during 8 h with ethyl acetate, followed by 8 h with methanol-

acetic acid (90/10) mixture. Completion of patulin extraction from the accessible surface 

sites was checked by HPLC analyses for the extracted patulin in the solvent [15]. 
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Methods 

Analyses of the grafted polymer content 

Elemental analyses for Carbon and Hydrogen were performed on a Perkin-Elmer 2400 

series II instrument. ThermoGravimetric Analysis (TGA) measurements were carried out 

on a TG 209 F1 Netzsch instrument. The samples were weighed in alumina crucibles 

inserted in a tubular oven heated by a nitrogen gas flow from 20 °C to 900 °C at a rate of 

10°Cmin1. 

Morphology characterizations 

Specific area and porosity were assessed by measurements of BET adsorption isotherms 

of nitrogen gas at 77 K. Adsorption and desorption isotherm of nitrogen gas were 

measured using a Micromeritics Tristar3000 V6.04 BET instrument. The type of 

adsorption isotherm was inferred from the full data measured between 0.05 to 0.3 relative 

pressures. The specific area was calculated from a fit of the BET equation to the 

adsorption isotherm in the relative pressure range p/p0 from 0.05 to 0.3 and the pore 

volume was analyzed from the desorption branch by the Barrett–Joyner–Halenda (BJH) 

method. 

Transmission Electron Microscopy (TEM) was performed at the ‘Centre Technologique 

des Microstructures’ facility (University of Lyon; http://microscopies.univ-lyon1.fr) on a 

Philips CM120 microscope operating at 80 kV acceleration. A dilute aqueous suspension 

(0.1 %) of powder materials was spread on Formvar/carbon grids and dried before 

observation. 

Adsorption experiments 

Adsorption isotherms were measured by the depletion method. 30 mg of MIP or NIP 

materials were equilibrated overnight with 1.0 mL of 5 μgmL1 patulin solution. The 

http://microscopies.univ-lyon1.fr/
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liquid medium was collected by centrifugation at 5000 rpm for 10 min and analyzed for 

patulin by HPLC. The adsorbed amount, (molg1), was calculated from: 

𝛤 =
(𝐶0−𝐶)𝑉

𝑚
 (1) 

where C0 was the total concentration of patulin, C was the equilibrium concentration of 

patulin measured in the liquid medium, V was the volume of the patulin solution and m 

was the mass of the material. 

 

Results and Discussion 

Preparation of molecularly imprinted polymeric materials 

The radical copolymerization of the functional monomer (methacrylic acid or maleic 

acid) and the EGDMA cross-linker was operated in the suspension of silica solid particles 

bearing surface bound methacryloyl groups. These latter ensure the attachment of the 

polymer material developed through a grafting from process. However, only the part of 

the polymer that incorporates the grafted methacryloyl groups is attached. A large part of 

the polymer is present in solution or as microgel particles suspended in acetonitrile. Such 

non-attached materials are eliminated during the filtration and washing of the solid 

powder. Methacrylate monomers are highly reactive in radical polymerization so that 

copolymerization of the grafted methacryloyl groups reached completion. Indeed infrared 

spectroscopy analyses do not reveal residual vinyl groups at 1630 cm1 in the final 

materials. It is worth considering the particular behavior of the grafted methacryloyl 

groups: they are highly reactive and close together on the silica surface so that their 

copolymerization is fast. Since their amount is lower than the amounts of soluble 

functional monomer and cross-linking agent, the copolymerization of the grafted 

methacryloyl groups takes place during the early times of the copolymerization. Once 
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polymerization of the grafted methacryloyl groups is completed, only non-attached 

materials can form upon further polymerization of the residual soluble monomers. The 

chemical compositions of the grafted and non-grafted copolymers are different because 

of the composition drift of the copolymers along polymerization time coming from the 

different reactivities of the monomers. The copolymerization taking place at the silica 

surface is efficient as the mass of solid materials significantly increased after 

polymerization and infrared spectroscopy analyses reveal large amounts of polymer in 

the coated silica materials. The mass fraction of polymer is deduced from elemental and 

thermogravimetric analyses reported in the next section. The final products are in the 

form of a solid powder which surface is not sticky and do not swell with water, showing 

that cross-linking of the grafted layer is high. Scheme 2 illustrates the preparation steps 

of the molecularly imprinted polymeric materials. 

 

Scheme 2. Schematic illustration of Sil-MIP preparation steps. 
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Chemical characterization of the materials 

The amount of polymer materials attached to the silica surface is inferred from elemental 

analyses of C and H and thermogravimetric analyses (Table 1). Elemental analysis of 

carbon of Sil-γ-MPTS reveals the high density of grafted methacryloyl groups at the 

surface of silica. 9.0 wt% carbon content corresponds to a surface density of 

1.07 mmolg1 or 3.1 µmolm2 assuming a specific area of silica particles of 350 m2g1 

as determined by BET. Such density is in the right range for a dense coverage as a 

monolayer where each γ-MPTS occupies a mean area of 0.54 nm2. The methacryloyl 

groups are close-packed at the silica surface; the mean center-to-center distance between 

them is 0.8 nm, close to the diameter of 0.9 nm for a γ-MPTS molecule calculated 

assuming its spherical shape. The carbon contents of Sil-MAA/MIP and Sil-MA/MIP 

materials are much higher than that of Sil-γ-MPTS as a consequence of copolymerization 

involving the surface-bound methacryloyl groups. The amount of polymer material is 

50 % higher for Sil-MAA/MIP than Sil-MA/MIP. 

Table 1. Grafting density deduced from elemental and thermogravimetric analyses. 

Material C (wt%) 
Mass loss 

(wt%) 

Corrected mass 

loss (wt%) 

Grafting density 

(mmol g−1) 

Sil-MPTS 

Sil-MAA/MIP 

Sil-MA/MIP 

9.0 

47.1 

32.9 

21 

78 

75 

14 

50 

47 

1.1 

2.3 

1.4 

 

Thermogravimetric analyses (TGA) are presented in Figure 1. Water loss coming from 

dehydration of the surface silanol of silica takes place concomitantly with the thermal 

degradation. The mass loss of Sil-γ-MPTS corresponding to the organic grafts is 

estimated as the height of the step between the tangents beyond and above the temperature 

range of thermal degradation (from 350 °C to 500 °C). The mass loss of 21 % is corrected 

to 14 % after subtraction of the water release. This corresponded to a surface density of 

1.1 mmolg1 taking the molar mass of the grafted moiety as 127 gmol1, which is 
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identical to that determined from elemental analysis of carbon. The mass losses for Sil-

MAA/MIP and Sil-MA/MIP are 78 and 75 %, respectively, which are quite high values. 

Surprisingly, there is no mass loss between room temperature and the onset of thermal 

degradation of the grafts although the same dehydration of surface silanols should have 

taken place. It is presumed that the dense coating with the polymer layer prevented water 

loss until the organic coating has been degraded. The correction for water release cannot 

be done in the same way as for Sil-γ-MPTS. The full water loss corresponding to 

dehydration of silica from room temperature to the end of thermal degradation at 450 °C 

was subtracted from the overall mass loss, which gives a correction of 28 wt%. 

 

 

Figure 1. TGA analysis of Sil-MPTS (red), Sil-MAA/MIP (blue) and Sil-MA/MIP 

(green). 
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Elemental analysis provides a much better accuracy because the mass loss measured in 

TGA is continuous and includes a progressive water loss coming from dehydration of the 

surface silanol of silica. The deduction of the mass loss from TGA curve related to the 

degradation of the grafted moieties not including that corresponding to water loss is very 

sensitive to the choice of the temperature range where the mass loss is taken and the 

correction for water release in this temperature range. 

The conversion of carbon analysis or TGA mass loss into moles of grafted polymer 

requires the knowledge of the chemical structure of the polymers. Such conversion can 

be done for Sil-γ-MPTS because the chemical formula of the grafts is known. A tentative 

conversion for the polymers is done assuming that the chemical composition of the 

copolymers is the same as the monomer load in the polymerization vessel, that is, 1:1 

mole ratio. The grafted densities calculated in that way from elemental analysis and TGA 

respectively are 2.3 mmol·g1 (26.7 µmolm2) and 1.8 mmol·g1 (20.9 µmolm2) for Sil-

MAA/MIP and 1.4 mmol·g1 (4.1 µmolm2) and 1.5 mmol·g1 (4.4 µmolm2) for Sil-

MA/MIP. Such grafted densities are of the same order of magnitude from elemental 

analyses and TGA; there are small but significant differences between the two methods, 

however. The values from elemental analysis are considered more reliable but the 

conversion into grafted densities in mmol·g1 remained linked on a hypothesis regarding 

the chemical composition of the grafted copolymers. 

The higher grafted polymer content in Sil-MAA/MIP than Sil-MA/MIP can be directly 

ascribed to the higher reactivity of methacrylic acid compared to maleic acid in the radical 

polymerization processes. This first view is strictly valid for a homopolymerization; it 

requires being discussed deeper into details because a copolymerization with EGDMA is 

here taking place. 
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Structural characterization of the materials 

The morphology of the polymer coatings at the surface of the silica solid support is 

assessed by means of TEM pictures and nitrogen gas adsorption experiments. The BET 

adsorption isotherms (Figure 2) recorded between 0.005 and 0.99 relative pressure p/p0 

displayed monotonous increases of adsorbed volume with respect to p/p0, the adsorption 

towards low relative pressures looked reaching the origin, and they are close to 

reversibility as they did not show a large hysteresis between the adsorption and desorption 

branches (Figure 2). This matched the type II isotherm corresponding to non-porous 

materials according to the classification of IUPAC [16]. The specific areas are determined 

by fitting the BET equation to the experimental adsorption isotherms. The specific area 

and the c interaction energy parameter of the BET theory are given in Table 2. The 

specific areas are high because the sol-gel synthesis process of silica yields a porous 

material made of small elementary nanoparticles irreversibly sintered as porous 

aggregates. The specific areas of Sil-MA/NIP and Sil-MA/MIP above 200 m2g1 are 

close to that of the starting silica. The difference between those two samples probably 

comes from small differences in the sol-gel synthesis conditions. The striking feature is 

the much smaller specific area of Sil-MA/MIP that revealed a loss of specific area upon 

copolymerization of MAA and EGDMA onto Sil-γ-MPTS. Such a trend suggested that 

the polymer coating encapsulated several elementary silica particles, thus filling the 

interstices in between them and removing part of the original specific area of the Sil-γ-

MPTS silica. Under such a phenomenon, the porous silica material made by a sol-gel 

synthesis has been converted into larger less-porous particles. 
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Figure 2. BET adsorption (filled square) and desorption (+) isotherms of Sil-MA/MIP 

(red), Sil-MA/NIP (blue) and Sil-MAA/MIP (green). 

 

Table 2. Specific area and interaction energy parameter c, extracted from BET 

measurements. 

Material 
Specific area 

(m2 g−1) 
c 

Sil-MA/NIP 

Sil-MA/MIP 

Sil-MAA/MIP 

255 

344 

86 

57 

220 

180 

 

Transmission electron microscopy pictures of the MIP materials based on 

copolymerization of MAA or MA with EGDMA reveals large differences of 

morphologies (Figure 3). The pictures at moderate and high magnifications of Sil-

MA/MIP show that the silica particles are encapsulated by an MA-EGDMA copolymer 

layer that keeps the porous morphology of the starting Sil-γ-MPTS sol-gel silica. On the 

contrary, the pictures of Sil-MAA/MIP show the strong aggregation of the material as the 

MAA-EGDMA copolymer encapsulated several Sil-γ-MPTS particles inside a single 



14 

 

dense aggregate. The pictures of Sil-MAA/MIP also show parts of material made of pure 

copolymer appearing as materials of low electron density with a smooth surface. These 

observations provide a visual confirmation of the conclusion drawn from the loss of BET 

specific area induced by the polymerization yielding the Sil-MAA/MIP material. Indeed, 

chemical analyses of Sil-MAA/MIP have shown that polymerization yielded a larger 

amount of grafted copolymer than for Sil-MA/MIP. 

 

Figure 3. TEM pictures of Sil-MA/MIP (a, c) and Sil-MAA/MIP (b, d). 
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Adsorption of patulin on MIPs and NIPs 

As reported in a previous paper, the equilibrium adsorption of patulin from a 5 µgmL1 

(32 µmolL1) aqueous solution is  = 1.62 µmolg1 for Sil-MA/MIP and 

 = 1.15 µmolg1 for Sil-MAA/MIP. Adsorption to the NIPs reaches the same value of 

 = 0.52 µmolg1 for both Sil-MA/NIP and Sil-MAA/NIP. From these values, a 

imprinting factor is calculated as 𝛼 =
𝛤MIP

𝛤NIP
, yielding  = 3.1 for Sil-MA/MIP and  = 2.2 

for Sil-MAA/MIP. The two important outcomes are a higher selective binding to 

molecular imprints for Sil-MA/MIP than Sil-MAA/MIP and identical non-selective 

adsorption to Sil-MAA/NIP and Sil-MAA/NIP. In other words, the materials based on 

either MA or MAA were identical for the non-selective adsorption showing that 

interactions between patulin and the different copolymer surfaces are identical. Those 

interactions are predominantly physical interactions (van der Waals) and acid-base 

(hydrogen bonding) interactions involving carboxylic acid groups of the polymer that 

have not been oriented by the presence of patulin during the copolymerization process. 

The selective contribution to the adsorption is higher for Sil-MA/MIP, suggesting that it 

has a higher surface density of molecular imprints. Although the Sil-MAA/MIP contains 

more imprints due to the higher amount of polymer compared to Sil-MA/MIP, the 

selective binding is less. This means that the formation of molecular imprints largely 

failed during the preparation process of Sil-MAA/MIP. As the successful formation of 

molecular imprints requires an efficient quench of the materials around the template 

molecules through cross-linking, it is concluded that the Sil-MA/MIP material is made 

more rigid because of its higher degree of cross-linking. Computational chemistry may 

help at providing better understanding of the higher uptake of patulin by Sil-MA/MIP 

compared to Sil-MAA/MIP [17]. 
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General Discussion 

There have been extensive studies for the choice of the starting materials and synthesis 

routes leading to the preparation of MIPs [6, 18, 19]. The functional monomers should 

strongly interact with the template molecules, but other parameters also matter [20, 21]. 

Such interactions depend also on the liquid medium used during the copolymerization. 

The solvent for the monomers and the template should not interfere too much, but it 

should be able to dissolve all the starting ingredients so that it necessarily operates 

interactions with them. Acetonitrile was used in the present study as it has been 

extensively used for MIPs based on poly(carboxylic acids) [22, 23]; this is a basic solvent 

able to interact with the carboxylic acids of the functional monomers and the alcohol 

groups of patulin. The solvent is also used as a “porogen” in case of precipitation 

polymerization aiming at the manufacture of polymer microparticles (beads). Indeed, a 

large binding capacity requires a large specific area, therefore porous microparticles. In 

the present case, the copolymerization was performed at the surface of porous solid 

support made of silica, so that it is not useful that the solvent acts as a porogen. 

The present discussion focuses on the selection of the functional monomer and its 

reactivity in radical copolymerization. The two monomers differ by their number of acidic 

groups and their acidity, and by their reactivity in the radical copolymerization reaction 

with EGDMA. 

The two MAA-co-EGDMA and MA-co-EGDMA copolymers have carboxylic acid 

groups of different acidities. It is difficult to give definite values of pKA for polymer 

materials because the acidity of the carboxylic groups along the polymer chain varies as 

a function of the degree of neutralization [24] and both the nature and the distribution of 

the comonomer [25–28]. However, taking the values at half neutralization as typical pKA, 

orders of magnitudes are pKA  78 for a random 1:2 copolymer of methacrylic acid and 
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ethyl acrylate in aqueous solution [29], and pKA1  4.5 and pKA2  9.5 for an alternate 

copolymer of maleic acid and isobutene [28]. Though, the maleic acid units of MA-co-

EGDMA copolymers bear two acidic groups, one of them is quite acidic but the second 

one is a very weak acid, so that the maleic acid units finally behave as monocarboxylic 

acids in the same way as the methacrylic acid units of MA-co-EGDMA copolymers. 

Therefore, the Sil-MA/MIP and Sil-MAA/MIP have the same number of operative acidic 

groups per functional unit, the MA units are more acidic than the MAA units, and the 

amount of grafted copolymer is larger for Sil-MAA/MIP. 

The first intuitive consequence of the higher reactivity of MAA than MA is binding a 

larger amount of copolymer to the silica surface by means of copolymerization with the 

grafted methacryloyl groups. Indeed, a higher reactivity manifested by a larger 

propagation rate constant in radical polymerization might afford macromolecules of 

larger molar masses. For a homopolymerization in homogeneous solution with no radical 

transfer reaction, the kinetic length of a polymer chain, , results from the competition 

between propagation rate of the polymerization (chain growth) and termination reactions 

(by any chemical mechanism): 

𝜆 =
𝑘p[M]

2(𝑓𝑘d𝑘t[I])
1 2⁄

 (2) 

where kp, kd and kt are the rate constants for propagation, thermal decomposition of the 

initiator and termination reactions, f is the efficiency factor of the initiation reaction, [M] 

and [I] are the concentrations of monomer and initiator (AIBN). The final mean 

polymerization degree is either  for a termination by radical dismutation or 2 for a 

termination by radical coupling. Indeed, high reactivity of the monomer should lead to 

high kp and high molar mass. But high reactivity can also lead to high initiation 

rate (= 2f kd [I]) and high termination rate of the growing macroradicals Mn
 (= kt [Mn

]2), 
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so that the effects of high reactivity on the rates of all reactions might compensate for one 

another. 

Considering the details of copolymerization kinetics allows inferring the chemical 

composition of the MIP material grafted on the silica support based on the same 

theoretical approach as for copolymerization in homogeneous solution. Firstly, the 

copolymerization taking place at the surface incorporates the grafted methacryloyl 

monomers in the macromolecules and the amount of grafted polymer stops growing when 

the full grafted methacryloyl monomers have been converted. Further polymerization 

yields polymer materials that are not attached to the silica support; they will be eliminated 

during subsequent washing processes. High molar mass macromolecules incorporate a 

larger number of grafted monomer so that the full conversion of grafted methacryloyl 

monomers is reached earlier and the amount of grafted polymer material is finally better 

represented by the chemical composition of the grafted copolymer (the ratio of the surface 

methacryloyl to the soluble monomer) than the molar mass of the polymer. Secondly, 

copolymerization with the cross-linking agent yields a copolymer containing both the 

functional monomer and the cross-link units that are not operative in binding the target 

molecules. The parameter that matters most is the amount of bound functional monomer 

units, expressed in the chemical composition of the copolymers. This chemical 

composition depends on the reactivity ratio of the monomers. The various monomers are: 

- grafted methacryloxypropyl groups that should have the same reactivity in 

copolymerization as methacryloyl ester such as the well-documented butyl methacrylate; 

- ethylene glycol dimethacrylate (EGDMA) that is also an ester of methacrylic acid of 

reactivity close to butyl methacrylate; 

- the functional monomer, either methacrylic acid or maleic acid. 
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As a whole, the copolymerization of a 1:1 mole ratio mixture of functional monomer and 

both EGDMA and grafted methacryloyl looks like the copolymerization of the functional 

monomer and other monomers reacting in the same way as butyl methacrylate. For 1 mole 

of functional monomer, two vinyl groups are coming from EGDMA and an unknown 

number of surface-bonded methacryloyl monomers coming from the grafted layer of high 

surface density. Though the mole ratio of different vinyl groups is difficult to assess with 

confidence, it is clear that the mole ratio of functional monomer is low. This is a good 

point with regards to the selective binding of the target molecule; but this is at the expense 

of its binding capacity. It has been claimed that a high amount of cross-linking agent (X) 

and a low amount of template molecule (T) relative to the functional monomer (M), are 

necessary so that a high selectivity of binding can be reached [22]. Systematic 

investigations coupled with experimental design indeed confirmed these trends. Thus, in 

the case of poly(methacrylic acid) cross-linked using EGDMA, an optimum for selective 

capacity for binding sulfamethazine was determined as T:M:X = 1:10:55; such optimum 

ratio was 1:10:10 for less selective binding of five mixed sulfonamides [22]. Another 

study concluded for an optimum M:X ratio of 1:1 for binding bisphenol-A to poly(4-vinyl 

pyridine) cross-linked using either EGDMA or the trifunctional trimethylol propane 

trimethacrylate [30]. It appears indeed that a mole content of cross-linker at least larger 

than that of the monomer (X:M 1:1) is a definite requirement. The exact optimum value 

is specific to each particular case. The optimum also depends on the choice of the 

parameter(s) to be optimized: either the binding capacity or the selectivity of binding; 

also depends on the way selectivity is defined. In the present case, selectivity was 

estimated by the binding capacity of the MIP compared to that of the NIP. In other studies, 

selectivity was defined from the competitive binding of the target molecule and 
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interfering molecules of similar chemical structure with no reference to binding to the 

NIP. 

The chemical composition of the grafted polymer layer depends on the reactivities in the 

copolymerization reaction; it is different from that of the M:X ratio. The capacities for 

selective binding of patulin to Sil-MA/MIP and Sil-MAA/MIP determined as the 

difference between MIP and NIP are related to this chemical composition. Polymerization 

of each co-monomer M1 and M2 takes place by their reactions to the growing 

macroradicals terminated either by M1
 or M2

 . 

 (3) 

 (4) 

The rates of the reactions are established as follows: 

𝑣11 = 𝑘11[M1
][M1] (5) 

𝑣12 = 𝑘12[M1
][M2] (6) 

The reactivity ratio can be defined as: 𝑟12 =
𝑘11

𝑘12
 (7) 

The same types of equations hold for the reactivity ratio r21. When r12 > 1, the 

macroradical M1
 reacts faster with the monomer M1 than M2, so that 

homopolymerization of M1 is favored. On the contrary r12 < 1, means that the 

macroradical M1
 reacts faster with the monomer M2, so that copolymerization takes 

place. Random copolymerization of M1 and M2 requires that both r12 and r21 are close to 

1. An alternate copolymer (…M1M2M1M2M1M2…) forms when r12 < 1 and r21 < 1. Such 

reactivity ratios are given in databases for most common monomer pairs [31]. Taking the 

data of butyl methacrylate (BuMA) as representing both EGDMA and the grafted 

methacryloyl, together with that of methacrylic acid and maleic acid, the full reactivity 

data is presented in Table 3. The reactivity ratios of the MABuMA pair are not available 

M1 +


M1
M1M1


v11

M1 +


M2
M1M2


v12
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in databases. Therefore they were calculated from the reactivity ratios of the MA-Styrene 

pair that have been experimentally determined by Świtala-Żeliazkow [32] using the 

AlfreyPrice Q and e parameters of MA calculated from the reactivity ratios: QMA = 0.34 

and eMA = 1.14 [32]. From these values together with the values for BuMA taken from 

databases: QBuMA = 0.82 and eBuMA = 0.28 [33], the reactivity ratios of the MABuMA 

pair were estimated (Table 3) as 

𝑟MA−BuMA =
𝑄MA

𝑄BuMA
𝑒−𝑒MA(𝑒MA−𝑒BuMA) (8) 

𝑟BuMA−MA =
𝑄BuMA

𝑄MA
𝑒−𝑒BuMA(𝑒BuMA−𝑒MA) (9) 

Table 3. Reactivity ratios of the monomer pairs of present relevance. 

M1 M2 r12 r21 References 

MAA 

MA 

BuMA 

BuMA 

0.75 

0.16 

1.20 

3.07 

[34] 

See text 

 

Useful information on the behavior of the monomer during the polymerization process, 

the chemical composition of the polymer layer and the cross-linking density of the 

polymer materials can be inferred from the reactivity ratios for the MA and MAA 

functional monomers. It is worth noticing that the grafted methacryloyl monomers were 

highly concentrated at the surface of the silica particles, so that they were rapidly 

converted into copolymer once a radical reached the surface. The grafted copolymers 

were formed at the beginning of the polymerization till the full grafted methacryloyl 

monomers were converted; thereafter the copolymers formed at the end of the 

polymerization were not attached to the surface and were eliminated upon washing. The 

reactivity ratios for the MAABuMA pair are rather close to one, so that a low 

composition drift is expected during polymerization. The instantaneous chemical 

composition of the copolymer is expected close to the overall composition of the 

monomer mixture and the copolymer has a random distribution of the repeat units. 
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Therefore, the MAA repeat units are predicted being linked at random to EGDMA, 

grafted methacrylate and MAA units. The chemical composition of the final grafted 

polymer layer of Sil-MAA/MIP estimated from elemental analyses and TGA assuming 

that was no composition drift, was 2.3 mmolg1 of MAA, 2.3 mmolg1 of EGDMA and 

1.1 mmolg1 of grafted methacrylate. The grafted methacrylate units are considered as 

additional cross-links as they are attached to the silica surface. The present 

MAA/(EGDMA + γ-MPTS) mole ratio is 0.7. Owing to such low content of MAA, there 

are mainly one or two MAA units in between two cross-links; and consequently, the 

probability for having longer sequences of poly(methacrylic acid) is low. 

The rBuMA-MA value higher than one, indicates that the monomers EGDMA and surface 

bound methacryloyl esters, represented by BuMA, tend to undergo homopolymerization 

better than copolymerization with MA. The low value of rMA-BuMA, indicates that once a 

MA unit has been attached to the growing macroradical, the MA terminal radical reacts 

better with BuMA than with MA. Therefore, the MA is mainly present as isolated units 

surrounded by its co-monomer units and its incorporation in the polymer material is low. 

Since copolymerization of MA is low, pure MA monomers remain in the solution once 

EGDMA and surface bound methacryloyl esters have been fully converted into polymer; 

and poly(maleic acid) homopolymer is formed in solution at the end of the polymerization 

process. This soluble poly(maleic acid) is eliminated during the subsequent washing 

processes. 

The kinetic polymerizations of MA and EGDMA and surface bound methacryloyl esters 

(represented by BuMA in the calculations) were calculated as a function of overall 

conversion from classical theory of radical copolymerization in homogeneous solution 

[35] and using the reactivity ratios for the MA-BuMA pair (Figure 4). The conversion of 

the monomers calculated as a function of the conversion (Figure 4 left side) shows the 
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much faster polymerization of BuMA compared to that of MA and its depletion from the 

solution at the end of polymerization, leaving there almost pure MA for 

homopolymerization. The instantaneous copolymers (Figure 4 right side) formed by 

copolymerization contained a low fraction of the poorly reactive MA at the beginning of 

polymerization. Conversely, the polymers formed at high conversion were rich in MA 

because the faster polymerization of BuMA made the reactional medium richer in MA; 

the polymer formed at the end was close to a poly(MA) homopolymer. The average 

composition of the copolymer followed the same trends as the instantaneous composition; 

of course it obviously reached the starting composition of the monomer mixture at full 

conversion. The copolymer grafted on silica was formed at low conversion; it contained 

a low amount of MA. As a more specific account, the mole fraction of MA in the 

copolymer at 3040 % conversion was less than half that of the starting monomer 

mixture. The same calculations for MAA instead of MA (Figure 5) showed the features 

of the formation of a random copolymer: the polymerization of MAA and methacrylic 

esters took place at the same rate and the chemical compositions of the copolymers were 

close to that of the starting monomer mixture. The distribution lengths of the 

poly(methacrylic acid) sequences (numbers of consecutive MAA units) show that 50 % 

of the polymer sequences contained 2 MAA units or longer (Figure 6). 

As an outcome of the considerations pertaining to copolymerization kinetics, the low 

reactivity of MA in the copolymerization with methacrylic esters results in its low 

incorporation into the grafted layer and its occurrence as isolated units in the copolymer. 

EGDMA can acts as cross-linking agent and as co-monomer also with the surface bound 

methacrylate, leading to formation of a highly cross-linked matrix entrapping isolated 

MA units. Methacrylic acid and methacrylic esters having similar reactivities, the 

copolymers have a random distribution of its MAA and cross-linking units, so that they 
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are richer in MAA and they contain both isolated MAA units and short segments of 

poly(MAA). The MAA units are more abundant, but they are more mobile because of the 

lesser cross-linking density. While the simple reactivity of the monomer in 

homopolymerization gives a first indication, considering the reactivities in 

copolymerization provides much more useful insights. In particular, the chemical 

composition of the grafted layer departs from that of the monomers mixture when the 

reactivities of the co-monomers are different. 

 

 

Figure 4. Kinetics of copolymerization of MA (red) and BuMA (blue). Left: 

concentration of residual monomers (relative to the starting concentration) along the 

conversion. Right: variations of the instantaneous (dotted lines) and average (solid 

lines) compositions of the formed copolymers against the conversion. 

 

 

Figure 5. Kinetics of copolymerization of MAA (red) and BuMA (blue) presented as in 

Figure 4. 
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Figure 6. Distribution of sequence lengths of poly(MAA) for a random copolymer of 

average composition MAA:EGDMA = 50:50. 

 

The consequences of such findings on the selectivity of adsorption of the MIPs are 

interesting since they contradict in some aspects the first intuitive ideas. The selectivity 

discussed in the present work refers to a comparison between the binding behavior of the 

target molecule to MIPs and NIPs. In this framework, selectivity comes from an excess 

number of binding sites in the MIPs. Let us notice that some authors based their 

discussion on selectivity defined as the differential binding of the target and interfering 

molecules, which is a different concept of selectivity. The higher selectivity for patulin 

uptake of Sil-MA/MIP compared to Sil-MAA/MIP comes from a higher density of 

selective binding sites. However, both the amount of grafted polymer material and the 
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fraction of functional monomer in the grafted copolymers were larger for Sil-MAA/MIP. 

The much larger density of acidic sites in Sil-MAA/MIP did not yield a larger excess 

binding of patulin with respect to the NIP. The key difference between Sil-MA/MIP and 

Sil-MAA/MIP is the composition of the copolymer that sets the cross-linking density. A 

high cross-linking density is required for quenching the acidic sites oriented towards the 

template in such a way that their position is retained after elimination of the template for 

keeping maximum interactions with the target molecules. A high cross-linking density 

comes from a large EGDMA fraction in the copolymer composition, therefore, a low 

content of functional monomer. It might be considered that high cross-linking is at the 

expense of the density of binding sites. The present work shows that such poor density is 

largely compensated by the effects of the higher cross-linking density that prevent the 

loss of specific binding site when the material is too soft or when the functional monomers 

are incorporated into flexible polymer segments in between cross-links. Accordingly, the 

reactivity ratios of MA are favorable, resulting in the formation of isolated MA units 

surrounded by two cross-links. It is also worth to point out that adsorption of the target 

molecules takes place at the surface of the materials. Therefore, it is not useful to have a 

large amount of polymer material bound to the solid support as a thick coating because 

most of the functional units would be buried inside the material and not accessible for 

adsorption. A low density of functional units is enough for the formation of a large surface 

density at the external surface of the materials. Sil-MAA/MIP was coated with a thick 

layer of polymer that filled the interstices in between the silica particles, resulting in a 

loss of specific area as measured by the BET method. On the contrary, Sil-MA/MIP 

retained a large specific area and the thin coating was highly cross-linked at the adsorption 

sites. 
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The predictions of the composition drift coming from reactivity ratios allowed a 

qualitative inference of experimental properties of the final material. This approach can 

be used as a guide to experimentalists regarding the choice of the monomers. A validation 

by comparison with experimental data would require chemical analyses of both the silica-

bound and free fractions of copolymer along a kinetic study. This will be the topic of 

future work. 

As an outcome of the present work, the guidelines are as follows: 

- The monomer grafted at the surface of silica should have high reactivity for it is 

copolymerized at the beginning of copolymerization; 

- The functional monomer should have low reactivity for it is incorporated in the MIP 

material at low rate and the molecular imprints are isolated, so that the selectivity is high 

but the binding capacity is low; 

- Low capacity should be compensated by a large specific area of the silica support. 

Conclusion 

This work highlights the effect of the reactivity of the functional monomer towards the 

cross-linking agent and the structure of the resulting molecular imprinted polymer in 

terms of distribution of the monomer in the polymer network and the rigidity of the 

formed matrix. The prepared MIPs having either methacrylic acid (Sil-MAA/MIP) or 

maleic acid (Sil-MA/MIP) as functional monomer, displayed quite different behavior 

both regarding their analytical performances and their morphological characteristics. It 

was shown that the difference in reactivity ratios resulted in a difference both in the 

distribution of functional monomers along the copolymer and in the crosslink density of 

the entire polymer matrix. The higher selectivity for patulin uptake observed with Sil-

MA/MIP compared to Sil-MAA/MIP, is related to the more rigid polymer structure of 
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the former that have allowed the retention of the shape of the binding sites despite the 

low proportion of the MA functional monomers incorporated in the polymer matrix. 
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