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Polymer
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Poluentes Acoplada com Polímeros de Impressão Molecular
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Herein, quantum chemical calculations were performed to characterize the selective monomers interaction 
with glyphosate analyte to obtain a highly selective polymer with molecular recognition of glyphosate 
using Density Functional Theory (DFT) B3LYP method based on 6-31+g (d,p). The minimum energy state 
was evaluated by calculating the interaction of the glyphosate with 20 different monomers (16 functional 
and 4 structural monomers) for selective molecular imprinted polymer (MIP) in the molecular recognition 
of the analyte. Both the functional monomers and solvent play a key role in specific synthesis. The study 
reveals that ME2 (ethylene glycol dimethacrylate) is a structural monomer with the lowest interaction 
energy. Quantum calculations were performed for the vacuum and solvents like water, acetonitrile, toluene, 
methanol, and ethanol. Acrylic acid (MF3), methacrylic acid (MF10), and 2-acrylamido-2-methyl-1-
propane sulfonic acid (MF15) interact with glyphosate effectively in some most solvents they had more 
favorable lower interaction energy. The result showed a complete set of information that allows selecting 
the most promising functional monomers with better interaction with the analyte. To avoid the expensive 
and time-consuming standard analytical determination methods, thus an alternative simple, rapid, green, 
and highly selective detection methods have been developed for MIP through computer simulation. It 
allows a good pathway in the experimental synthesis of MIP with high selectivity and efficiency. It also 
facilitates time optimization, and reagent helps make computational simulations a new environmentally 
friendly application.

Keywords: Molecular structures; molecular imprinted polymer; biosensor; density functional theory; 
glyphosate.

1. Introduction

Organic polymer refers to a type of polymer containing carbon atoms in its backbone. 
These polymers are often derived from natural sources or synthesized from organic compounds. 
Examples include plastics, proteins, carbohydrates, and nucleic acids.1 The synthesis of 
molecularly imprinted polymers (MIPs) is characterized by a process involving the interaction 
of a functional monomer, analyte (or template molecule), and the medium in which the 
reaction occurs.2 Functional groups present in the analyte structure facilitate interaction with 
the functional monomer, which can be of either a chemical or physical nature. This interaction 
enables the formation of the analyte-monomer complex.3-5 

The thermodynamic stability of the complex is also influenced by the environment in which 
it is immersed. Thermodynamic stability relates to the overall energy state of a complex in 
a particular environment, considering factors such as temperature, pressure, solvent, and the 
presence of other molecules. Therefore, the selection and study of the solvent are crucial factors 
for achieving satisfactory results.3 Hence, for the MIP to be more effective, the solvent should 
not disrupt this interaction, particularly when the bonding occurs via electrostatic forces or 
hydrogen bonding.3-4 Solvents with low dielectric constants and non-polar characteristics are 
conducive to producing polymers with enhanced molecular recognition capabilities.6 

The preparation techniques for Molecularly Imprinted Polymers (MIPs) primarily 
involveinvolves synthetic processes. The key components typically include a functional 
monomer, the analyte or template molecule, a crosslinking agent, initiators, and an organic 
solvent to dissolve these reagents.7 The synthesis process of MIPs is typically divided into three 
steps. Firstly, complexation occurs, where functional monomers interact with the analyte in 
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a medium that may be aqueous or non-aqueous. Secondly, 
crosslinking takes place, which enhances the stability of 
the monomer-analyte complex and imparts rigidity to the 
polymer. This step is essential for creating stable cavities 
within the polymer structure.8 The third step involves the 
removal of the specific and selective analyte, which forms 
the selective cavities within the polymer. This process 
allows the analyte to reoccupy these sites using the same 
interactions that occurred during synthesis.9 

Recent literature underscores the increasing applications 
of MIPs, attributed to their straightforward preparation, 
chemical stability, and efficacy in environmental, biological, 
and food analyses.10 Utilizing computational methods not 
only streamlines the acquisition of MIPs by minimizing 
trial-and-error stages in material selection but also conserves 
reagents and solvents. Computational chemistry assessments 
play a pivotal role in advancing molecular imprinted 
polymer (MIP) research and achieving its overarching 
goals. By leveraging computational techniques, researchers 
can gain invaluable insights into the design, synthesis, and 
performance of MIPs, thereby facilitating their optimization 
for various applications. This essay explores the significance 
of computational chemistry in MIP research and highlights 
notable examples of its success in advancing this field. 
Furthermore, it accelerates laboratory processes and 
diminishes environmental impact, particularly in assessing 
different organic solvents during synthesis optimization.11-12 

The quantum calculations applied in MIPs involve 
various methods and mathematical models. These methods 
provide researchers with essential physicochemical insights 
into the system, including analyte-monomer interaction 
energies, spatial conformations, electronic density, and 
vibrational spectra.13-14 

In this study, we utilized Density Functional Theory 
(DFT), a method previously employed to predict optimal 
conditions for MIP synthesis.15-17 Additionally, it offers 
a lower computational cost compared to Hartree-Fock 
calculations.5 The choice of this method provides reliable 
results and can directly use the experimental work, ensuring 
the most favorable energy interaction between the analyte 
and the monomers.18-19 

The monomers depicted in Figure 1 have been widely 
used in various studies.20-24 Among them, commercially 
available monomers such as methacrylic acid (MF10) 
and 4-vinyl pyridine (MF14) are particularly common in 
synthesizing MIPs with acidic and basic characteristics, 
respectively. This choice is because a monomer can serve 
as both a proton donor and a proton receptor for the analyte. 
However, other monomers, as illustrated in Figure 1, can 
be employed for different types of interactions with the 
analyte.25

In 1974, glyphosate (N-(phosphonomethyl) glycine) 
(Figure 2) was introduced into the agrochemical market, 
which shows a degree of toxicity III (moderately toxic).26 
Today, this compound is widely employed as a herbicide in 
industrial agriculture, underscoring its notable environmental 

repercussions. Thus, synthesizing materials with selective 
adsorption for this compound holds considerable scientific 
importance.19-20 This work proposes to evaluate the 
interaction of each monomer as given in Figure 1 with 
glyphosate, in order or evaluate with lower energy 
interaction and greater stability in the Analyte- Monomer 
interaction necessary for the formation of a selective MIP. 
This selective synthesis process allows easy and low-cost 
screening of this environmental pollutant by effective 
recognition cavities in MIP compared with conventional 
analysis methods such as chromatography or using a sensing 
phase in the preparation of a biosensor.27

2. Computational Method

The quantum calculations were performed using DFT 
due to the lower computational cost than other calculations 
besides the electronic interaction.28-29 Thus, the Gaussian 
09W computational chemistry software package was 
used in the calculations of structure optimization and 
molecular interaction30 and the B3LYP method with the 
base function 6-31 + g (d, p),31-33 allowing all atomic and 
molecular coordinates in a minimum state of energy.13-14 
The input matrix for the DFT calculations was obtained by 
Materials Studio34 at the ultra-fine level, and the adsorption 
locator module implemented in the software was used. This 
method allows for numerous interactions between analyte 
and monomers,35-36 so it was possible to interact with each 
other to find the least energy spatial coordinate for each 
quantum method in this case of DFT.

The interactions between the analyte and the monomers 
were given in a ratio of 1:1, 1:2, 1:3, and 1:4 in vacuum and 
with the implied solvents described below by the Integral 
Equation Formalism for Polarizable Continuum Method 
IEFPCM37-38 implemented in the Gaussian software 09W.30 
The visualization of the molecule’s molecular chemical 
systems and obtaining the chemical structures’ figures 
was used the program Gauss View.39 Equation 1 shows the 
interaction energy in which the result allows to evaluate 
the best complex that can interact as the analyte energy 
of the whole system and the total energy of the complex 
is calculated and subtracted the individual energies and 
energies of the monomers.40-41 

 Eint = Etotal – Eanalyte – Em  (1)

First, the calculations were carried out in a vacuum; 
then, in the complexation process, solvents like water, 
acetonitrile, toluene, methanol, and ethanol were used. Thus, 
it is possible to evaluate the effect of each of these media 
by equation 2, which corresponds to the energy difference 
between the analyte-monomer complex in a solvent and the 
energy of the complex in the vacuum.42-43

	 ∆Esolv = ES – EV (2)
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3. Methodology

In this work, the calculations were applied using DFT 

in the B3LYP method with base functions 6-31 + g (d, p)  
in 6 different media like a vacuum, water, acetonitrile, 
toluene, methanol, and ethanol. In these media, glyphosate 
acts as an analyte (Figure 2) and interacts with each of the 

Figure 1. A wide range of functional and structural monomers, along with their chemical structures
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20 monomers (Figure 1), in proportions of 1:1, 1:2, 1:3, and 
1:4 totaling 480 calculations.

The interaction energies were grouped in each case 
to verify the differences of energies and the intensity of 
the energy decreases and the differences between these 
decreases. This also allows the comparative analysis between 
the other functional monomers by the absolute value of each 
interaction energy and the energy difference between the 
studied proportions. It is understood from equation 3 as the 
interaction energy difference of the obtained complexes with 
functional monomers in the proportion 1:4 minus the energy 
difference of the complexes with functional monomers in the 
proportion of 1:1. The goal of equation 3 is simply to observe 
the energy variation of the largest proportion of individual 
monomer molecules about the lowest proportion. If there 
is linearity, the proportion of 1:2 and 1:3 can be observed 
for the addition of monomers, with energy values   or not

 |∆E| = 4Mn – 1Mn (3)

In this way, the 20 monomers (16 functional monomers 
and 4 structural monomers) are analyzed from the point of 
view of interaction energy, from the most negative value to 
the most positive value of energy. The results are discussed 
and presented in three groups: 1) 3 higher interaction 
monomers (lower energy values); 2) 8 monomers of 
intermediate interaction; 3) 5 monomers of lower interaction 
(higher energy values). To best describe the results, each 
medium is presented and discussed separately.

3.1. Interaction of analyte and monomer

3.1.1. Vacuum
Figure 3 shows the results obtained for the vacuum in 

which the analyte-monomer interaction energy in ratios 
of 1:1, 1:2, 1:3, and 1:4 except for some monomers and 
the interaction energy becomes more significant in larger 
proportions. However, in some cases, there is no energy 
increase with monomers indicating the non-formation of 
active sites obtaining the MIP.44 The more negative the 
interaction energy the greater the interaction between the 
analyte and the monomer, so it is possible to observe that 
for the ratio 1:4 the following order of interaction energy is 
obtained: ME2 <MF2 <MF1 <MF4 <MF15 <MF9 <MF1 
<MF12 <MF10 <MF5 <MF16 <MF3 <MF7 <MF6 <MF14 
<MF13 <MF8 <ME3 <ME4 <MF11. In this study functional 
monomers called group 1 in which the interaction of analyte-

monomer takes place in the presence of imidazole-4-acrylic 
ethyl ester (MF2), imidazole-4- acrylic acid (MF1), and 
acrylamide (MF4) and for group 2 MF15, MF9, MF12, 
MF10, MF5, MF16, MF3 and, M18; finally for group 3: 
MF6, MF14, MF13, MF8, and MF11.

The monomer ME2, called ethylene glycol dimethacrylate 
(EGDMA), has a density of 1.051 g / cm3 at 25 °C and 
water solubility of 5 g L-1 at 20 °C. In molecular imprinting 
techniques mostly, EGDMA is used as a crosslinking 
agent (ALC) because of its ability to form thermally and 
mechanically stable polymers and enable rapid mass 
transfer during synthesis.45 This compound had the most 
negative interaction energy between the studied systems 
indicating that it is the most stable system46 for obtaining 
MIP for glyphosate. It is observed from Figure 3 whose 
medium is a vacuum in which the interaction energy for 
ME2 gradually decreases from 1:1 ratio to 1:4 ratio reaching 
-61.78 kcal mol-1.

The spatial arrangements for ME2 (EGDMA) are shown 
in Figure 4, which allows for the evaluation of the region 
of the analyte containing sulfur as the most reactive, as it 
includes hydrogen atoms that enable interactions with the 
monomer. EGDMA exhibits greater electronic density due 
to the oxygen atoms in the two ester groups, so interactions 
occur preferentially in this region. In the 1:2, 1:3, and 
especially the 1:4 ratios shown in Figure 4a-4d, it is observed 
that the EGDMA is spatially arranged in a way that increases 
hydrogen interactions, which explains the more negative 
interaction energy. This characterizes the values obtained 
from the physical nature of the interactions.47 

This way, you can prove the effectiveness of EGMA 
as the best structural monomer for polymer synthesis. In 
group  2, some monomers have intermediary interaction 
energies for the fraction 1:4; these complexes presented 
mean energy of interaction in the order of -30 kcal mol-1. It 
is observed that the obtained energies vary, and consequent 
variation may indicate that the interaction with the 
analyte is not effective. In the system, MF3 (Figure 3), 
the addition of monomer oscillated the interaction energy 
without satisfactory results with increasing proportions. 
Group 3 groups the highest energy systems between them, 
indicating that these monomers do not interact effectively 
with the analyte. In MF13, the increase in the ratio did not 
cause the energy to decrease as expected. It was observed 
that in the presence of monomers like MF6, MF8, MF11, 
and MF14 there were no increase in the interaction due to 
preferential interaction between the monomers and analyte, 
thus contradicting the objective of this work. Figure 3 also 
shows the difference between the interaction energy in the 
ratio of 1:1 to the 1:4 ratio that may demonstrate when the 
molar fraction increases occurred greater or less stability 
of the whole system. So, we have the following order of 
interaction energy: MF2> MF4> ME2> MF1> MF10> 
MF5> MF12> MF15> MF9> ME1> MF3> MF14> MF16> 
MF13> MF7> ME3> ME4> MF8> MF11> MF6.

It is observed that some monomers have larger energy 

Figure 2. Structural formula of glyphosate: (a) bidimensional structural 
formula; (b) three-dimensional structural formula
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Figure 3. Interaction between monomers and analytes in a vacuum, categorized into three groups 
(Group 1, Group 2, Group 3)

Figure 4. Vacuum interactions for the functional analyte-monomer system (ME2) at proportions: (a) 1:1; (b) 1:2; 
(c) 1:3; and, (d) 1:4
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ranges, such as imidazole-4-acrylic ethyl ester (MF2), 
acrylamide (MF4), EGDMA (ME2), imidazole-4-acrylic 
acid (MF1) and methacrylic (MF10). The MF2 monomer, 
for example, has -2.16 kcal mol-1 when only one molecule 
interacts with the analyte molecule. Increasing the number 
of monomers in the presence of the analyte ratio 1:2 yields 
-22.70 kcal mol-1 is -30.11 kcal mol-1 in the ratio of 1:3 and 
-50.70 kcal mol-1 in 1:4 thus energy of 48.54 kcal mol-1. 
This may indicate that MF2 may have a desirable selectivity 
for molecular recognition while functional monomer 
determines the type of binding at the printed sites on the 
polymer.47 The l analyte-monomer interaction depends on 
an equilibrium process in which these bonds have sufficient 
energy to form the binding sites. We can easily remove the 
template by simply washing it which removes recognition 
cavities.20

3.1.2. Evaluation of porogenic solvents
The synthesis and efficiency of the MIP are evaluated 

for the number and the energetic intensity of the interaction 
between the binding sites that can be obtained between the 
analyte and the functional monomer. Thus, the solvent has 
an important role in the solubilization of synthesis agents, 
analytes, functional monomers, crosslinking agents (CLA), 
and radical initiators (IR).48 In addition, the solvent is 
responsible for the formation of pores. The morphology 
and volume of these pores are controlled by the nature and 
amount of the solvent used; therefore, thermodynamically 
favorable solvents can produce polymers with well-
developed porous structures.48 Thus, the volume and nature 
of the solvent are interesting parameters, and these cannot 
interfere in the synthesis process between the analyte and 
the functional monomer. The solvation is inserted in the 
simulation using Gaussian software 09W, and the solvents 
water, acetonitrile, toluene, methanol, and ethanol were 
studied individually in the interaction of the monomers 
with the glyphosate.

3.1.3. Water
Water is a protic solvent (allows the formation of 

hydrogen bonds) so this solvent is not often used because 
it can interfere with the electrostatic interactions and 
hydrogen bonds between the analyte and the functional 
monomer.49 However, in this work, water was one of the 
solvents evaluated in the interaction with the analyte for 
the understanding of synthetic processes such as suspension 
polymerization, where the polymers are easily obtained in 
aqueous solution49-50 by emulsion polymerization that allows 
the synthesis of hydrophilic MIP particles.51 The energy 
of analyte-monomer interactions, having the water as an 
implied solvent in the 1:4 ratio, comprises the monomers 
in order: ME2 <MF15 <MF16 <MF12 <MF3 <MF10 
<MF11 <ME3 <MF14 <MF13 <MF6 <MF2 <MF5 <MF8. 
Observing the methodology of analysis adopted in this  
work belongs to group 1: MF15, MF16, MF12; group 2: 
MF3 MF1, MF10, MF9, MF4, MF7, MF11, MF14; and 

group 3: MF13, MF6, MF2, MF5 and MF8 as shown in 
Figure 5.

Again, the ME2 is the monomer in the aqueous 
medium that presented greater interaction having more 
negative energy. It is observed that in the ratio of 1:4 
this functional monomer has interaction energy equal to 
-37.02 kcal mol-1, a variation of 24.76 kcal mol-1, compared 
to the results presented in the vacuum. The functional 
monomers 2-acrylamido-2-methyl-1-propane sulfonic 
acid (MF15), 2-hydroxyethyl methacrylate (MF16), and  
1-vinylamidazole (MF12) are classified within the analytical 
group 1 of -20 kcal mol-1 (Figure 5). The MF15, presented 
a value in the ratio of 1:4 of -29.23 kcal mol-1, drawing 
attention to the energy of 14.11 kcal mol-1 between the ratio 
of 1:1 and 1:4. It is suggested that the interaction may be 
more energetically favorable with the addition of functional 
monomers due to the interaction of hydrogen bonds, as 
shown in Figure 6d. 

The size of the molecule and the presence of the sulfonic 
group in the MF15 may be the determining factor for an 
interaction comparable to the ME2, although the formation 
of hydrogen bonding in the region of the analyte sulfur atom 
is observed that has significant importance for analyte-
functional monomer interactions. In group 2, the functional 
monomers present energies of intermediary interactions 
for the systems in an aqueous medium. It is observed that 
the energies obtained are quite varied in some cases are 
small while in some cases are larger suggesting that the 
interaction with the glyphosate analyte is not effective, for 
example, in MF4, MF7, MF11, and MF14 had increased 
energies. Therefore, the use of water as a solvent may not be 
adequate for some polymerization processes involving this 
group of polymers since it may interfere with the functional 
analyte-monomer interaction, especially when hydrogen 
bonds occur, so the solubility of the functional monomers 
and the analyte results in polymers of low molecular 
recognition.6 Group 3 is the highest energy functional 
analyte-monomer systems among the systems studied, so 
these functional monomers do not interact effectively with 
the analyte. In the system (Figure 5), the addition of these 
monomers increased the interaction energy or even did not 
have significant changes. A significant increase in energy 
was not observed for group 3, suggesting that the functional-
analyte-monomer interaction is weak or non-existent. In 
addition, it is possible to evaluate that the non-increment of 
energy favorable to the interaction can indicate a preferential 
interaction between the functional monomers and not with 
the analyte. Therefore, attempts are made to create polymers 
whose solvent for these monomers is water. The analyte-
monomer interaction energies are shown in the Figure 5, 
it is possible to evaluate the interaction energy between 
fractions 1:1 and 1:4, allowing to verify if there is greater 
or less stability of the whole system with the increase of the 
fraction in the following order: ME2> MF15> MF3> MF1> 
MF10> MF10> ME1> MF7> MF7> ME4> MF11> MF6> 
MF14> ME3> MF2> MF13> MF5> MF8.
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Figure 5. Interaction between analytes and monomers in water, categorized into three groups 
(Group 1, Group 2, and Group 3)

Figure 6. Interaction in water medium for the analytical-functional monomer system (MF10), in proportions: 
(a) 1:1; (b) 1:2; (c) 1:3; and, (d) 1:4
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3.1.4. Acetonitrile
Acetonitrile or methyl cyanide (ACN) is a medium 

solvent with aprotic polarity. In this work, this solvent 
was used to evaluate the interaction between the analyte 
and the functional monomers. In Figure 7, the interaction 
energies for the systems formed between analyte-monomers 
are shown. The more negative the energy, the greater the 
interaction between the analyte and the monomer, so that the 
following order of this interaction energy can be observed 
for the ratio 1:4: ME2 <MF1 <MF9 <MF10 <MF15 <MF4 
<MF2 <MF7 <MF3 <MF16 <MF12 <MF14 <ME3 <ME4 
<MF13 <MF11 <MF5 <ME1 <MF6 <MF8.

According to the analytical methodology adopted in this 
work, the best analyte-monomer interaction systems with 
the presence of imidazole-4-acrylic acid (MF1), methylene 
succinic acid (MF9), and methacrylic acid (MF10); group 2, 
MF15, MF4, MF2, MF7, MF3, MF16, MF12 and MF14; 
and group 3 MF13, MF11, MF5, MF6, MF8.The energy 
between the fractions 1:1 and 1:4 for each system studied 
shows the order of decreasing sequence: MF1> ME2> 
MF10> MF9> MF2> MF14> MF12> ME3> ME4> MF6> 
MF7> MF13> MF11> MF5> MF15> MF8> M16> ME1. 
In group 1, it is observed that the MF1 presents the lowest 
energy value when in interaction with the analyte glyphosate 
in the analyte-functional monomer fraction in the ratio 1:4  

of -28.45 kcal mol-1. 
The MF9 presented between fractions 1:1 and 1:4 of 

-15.17  kcal  mol-1, which may indicate that Methylene 
succinic acid promotes good sites of interaction. Similar 
to the MF10 in which the interaction energy reached 
-19.85 kcal mol-1 and the still higher between the fractions 
1:1 and 1:4 of 19.71  kcal  mol-1, which shows that 
methacrylic acid is an excellent functional monomer in 
polymer synthesis. In group 2, it is observed that the MF16 
presents of 3.58 Kcal mol-1 obtained between fractions 1:1 
and 1:4. 

This monomer is also used as a crosslinking agent 
in synthesizing MIP in herbicide studies.52 However, the 
monomers MF15, MF4, MF2, MF7, MF3, MF12, and MF14 
had low energy changes with the fraction increase, such as 
MF12 and MF14, which presented Δ around 3,00 kcal mol-1. 
However, it was observed that acrylic acid (MF3) did not 
show significant results although it shows a relatively low 
result in the fraction of 1:3 as shown in Figure 8.

This may indicate that the increase in the number of 
functional monomers does not energetically favor polymer 
synthesis, and the cavity formed is not sufficient for good 
selectivity. It is observed that there are hydrogen bonds 
with the participation of the oxygen and nitrogen atoms 
which can increase the selective cavity but a distance in the 

Figure 7. Interaction between analytes and monomers in acetonitrile, divided into three distinct groups 
(Group 1, Group 2, and Group 3)
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spatial arrangement of the monomers in the proportion 1:4 
as shown in the Figure 8d. Group 3 is the highest energy 
analyte-monomer system among the studied systems; 
with the addition of functional monomers, the interaction 
energy remained practically unchanged and with higher 
values. Therefore, they are functional monomers with 
low efficiency regarding the production of polymers with 
molecular recognition sites. In the system, MF8 (Figure 7), 
the addition of monomer increased the interaction energy, 
unlike that observed in groups 1 and 2. The systems with 
the presence of MF5, MF6, MF11, and MF13 (Figure 7) are 
perceived which be around 1.00 kcal, which may indicate 
a preferential interaction between the monomers and not 
to the analyte. 

3.1.5. Toluene
The solvent toluene is commonly used as the 

polymerization solvent in the preparation of MIP.53 In this 
work, the analyte-monomer systems obtained in this solvent 
presented more negative interaction energy when compared 
to the other media investigated in this research, as shown 
in Figure 9. 

The increasing order of interaction energy of the systems 
with the use of toluene as solvent are ME2 <MF1 <MF1 
<MF2 <MF8 <MF16 <MF16 <MF10 <MF5 <ME1 <MF14 
<MF3 <MF13 <MF6 <MF12 <MF7 <MF8 <MF8 <ME4 
<ME3 <MF11. Thus, in group 1 are 2-acrylamido-2-methyl-
1-propanic sulfonic acid (MF15), Imidazole-4-acrylic acid 
(MF1), and Acrylamide (MF4). In group 2: MF2, MF9, 
MF16, MF10, MF5, MF14, MF3, MF13; in group 3: MF6, 
MF12, MF7, MF8 and MF11. In group 1, the interaction 

1:4 was generally observed to be lower than -34 kcal mol-1, 
presenting expressive values    suggesting that the addition of 
monomers to the system favors the interaction energetically. 
The structural monomer EGDMA (ME2) when interacting 
with the analyte present in the toluene medium is the most 
negative interaction energy that is more favorable energy 
interaction between the studied systems, indicating the 
system of greater stability to the rigidity of the binding 
sites,46 for glyphosate MIP. It is observed from Figure 9 that 
the energy decreases gradually, when in the ratio 1:1, 1:2, 1:3 
and 1:4 the values   found are, respectively, - 17.63 kcal mol-1, 
-29.34 kcal mol-1; -39.39 kcal mol-1 and -50.97 kcal mol-1. 
The other structural monomers like ME1, ME3, and ME4 
were not more significant.

Figure 10 shows the spatial arrangement for the analyte-
ME2 interaction. The arrangement of the chemical structures 
allows the identification of hydrogen bonds between the 
compounds and the preferential interaction of the site with 
the presence of sulfur and the carbonic medium of the 
EGDMA (Figure 10b). When in the ratio of 1:4 (Figure 10d), 
EGDMA binds hydrogen at the other end of the analyte, 
which may justify the greater interaction of this system. 

In group 2, the monomers MF3, MF13, and MF14 did 
not present a significant effect, although the monomers 
MF10 in the fraction of 1:2 have interaction energy of 
-20.07  kcal  mol-1, however when the fraction becomes 
1:3, this energy increases to -18.31 Kcal mol-1. This is 
also observed in MF3; when the molar fraction goes from 
1:2 to 1:3, the system energy increases. It is also observed 
that the monomers MF5 and MF16, showed considerable 
Δ when the molar fraction is increased. In group 3, the 

Figure 8. Interaction in acetonitrile medium for the analyte-acrylic acid (MF3) system, in proportions: 
(a) 1:1; (b) 1:2; (c) 1:3; and, (d) 1:4
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Figure 9. Interaction between analytes and monomers in Toluene, divided into three distinct groups 
(Group 1, Group 2, and Group 3)

Figure 10. Interaction in toluene medium for the analyte Ethylene Glycol Dimethacrylate-EGDMA 
(ME2) system, in proportions: (a) 1:1; (b) 1:2; (c) 1:3; and, (d) 1:4
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functional analyte-monomer systems MF6, MF12, MF7, 
MF8, and MF11 had around 4.5 Kcal mol-1. The increase 
in the proportion of these monomers does not energetically 
favor the interaction for MIP formation. The ratio between 
the 1:1 and 1:4 fractions for the studied systems follows 
the descending order: ME2> MF4> MF2> MF15> MF10> 
MF10> MF5> MF15> MF14> MF3> MF9> ME1> MF13> 
MF12> ME4> ME3> MF11> MF8> MF7> MF6. This 
assumes that the larger the modulus, the greater the energy 
favoring the system due to monomers.

3.1.6. Methanol
The solvent methanol is widely used in the synthesis of 

MIP. The results obtained for the analyte-monomer systems 
in the presence of the methanol solvent (Figure 11) show the 
following order of interaction energy in 1:4: ME2 <MF15 
<MF3 <ME1 <MF2 <MF10 < MF5 <MF16 <MF7 <MF9 
<MF12 <ME3 <MF8 <MF6 <MF14 <ME4 <MF11. 

It is observed that the EGDMA (ME2) again presents as 
the structural monomer that better interacts with the analyte 
glyphosate about ME1, ME3, and ME4. The modulus of 
these monomers has the sequence: ME2> MF3> MF10> 
MF2> MF1> MF13> MF16> MF5> ME1> MF15> MF12> 
MF6> MF7> ME3> MF8> MF14> ME4> MF11> MF9. In 

group 1, observing the methodology of analysis adopted 
in this work the monomers with greater interaction in 
the ratio of 1:4 was 2-acrylamido-2-methyl-1-propanic 
sulfonic acid (MF15), acrylic acid (MF3), and imidazole 
-4-acrylic ethyl ester (MF2). Although these monomers 
belong to the first group presented low interaction energy 
in a ratio of 1:3 around -10.0 Kcal mol-1. This may indicate 
that the methanol solvent is not an effective medium for 
the interactions between the glyphosate analyte and the 
functional monomers studied. 

The system with the presence of MF15 showed a small 
Δ, and its energy increased between the ratio 1:2 and 1:3, 
indicating that the addition of this functional monomer in the 
system can oscillate the interaction energy or even make it 
more positive. In group 2 are the systems with the presence 
of monomers MF10, MF4, MF1, MF13, MF5, MF16, MF7, 
and MF9. These monomers MF1, MF5, MF16, MF7, and 
MF9 had low increases in the energy of interaction even 
increasing the proportion, or did not even present significant 
changes. In the monomers, MF5 and MF16 a slight decrease 
of the energy occurred when there was an increase of the 
ratio 1:4 around 7 kcal mol-1. 

Methacrylic acid (MF10) showed significant results after 
the 1:3 fractions, although belonging here to the intermediate 

Figure 11. Analyte-monomer interaction in methanol, divided into three distinct groups (Group 1, Group 2, and Group 3)
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group is widely used in MIP synthesis. (Figure 12a, b), but in 
the ratio 1:3, the hydrogen bonding is observed in the ratio 
of 1:1 to 1:2 (Figure the atoms belonging to the carboxyl 
group of MF10 and the site with the pres. Despite this, one 
of the monomers was still separated from other possible 
sites of the analyte (Figure 12c). In group 3, the monomers 
MF12, MF8, MF6, MF14, and MF11 did not show any 
change in the interaction energy even when the proportion 
was increased, indicating the non-favoring energy for the 
system, which can show the strong influence of the solvent 
on the monomer does not allow interaction with the analyte 
or even favoring the interaction between the monomers.

3.1.7. Ethanol
Ethanol, like methanol, is widely used as a solvent for 

MIP synthesis, mainly because it is inexpensive since the 
choice of the monomer is the essential factor for creating 
porosities in the synthesized polymer. The results obtained 
for the analyte-monomer systems in the presence of the 
ethanol solvent (Figure 13) have the following energy 
interaction order: ME2 <MF2 <MF15 <MF5 <MF10 
<MF12 <MF14 <MF4 <MF16 < MF3 <MF7 <ME3 
<ME4 <MF13 <MF6 <MF11 <MF8 <MF9. In group 1, the 
systems with the presence of imidazole-4-acrylic ethyl ester 
(MF2), 2-acrylamido-2-methyl-1-propanic sulfonic acid 
(MF15), and acrolein (MF5). For the MF15, the interaction 
energies between the analyte and functional monomer were 
more positive in fractions 1:2 and 1:3, and the others that 

belong to this group did not have as satisfactory results 
when compared to the previous analysis indicating that 
the medium ethanol did not show good efficacy for these 
systems.

The spatial arrangement of the observed interaction 
between the analyte and MF2 in the proportions studied in 
the ethanol medium is shown in the Figure 14. 

It is observed that in proportions 1:1 and 1:2 (Figure 14a, 
14b) MF2 does not interact with the analyte for the formation 
of hydrogen bonding. In the proportion 1:3 and 1:4, a spatial 
arrangement occurs that allows the interaction of the 
pentagon of MF2, which has the presence of nitrogen with 
the site of the analyte that has the presence of sulfur. This 
situation allows evaluating that the increase of the proportion 
is significant for a greater analyte-functional monomer 
interaction, which is facilitated by the arrangement of the 
compounds or their accommodation in a minimum state of 
energy and the hydrogen bonds. 

In group 2, the intermediate energy monomers in this set 
are: MF10, MF12, MF14, MF4, MF16, MF1, MF3, and MF7. 
Among these, the MF12, MF14 had no increase in energy 
by up to 1:3, while MF1 had an increase in energy and then 
a decrease in the ratio of 1:4. The compounds with MF10, 
MF16, MF1, MF3 and MF7 showed energy oscillation with 
the increase of the number of monomers. Only MF4 showed 
a slight decrease in energy with increasing proportion 
(Figure 13). In group 3, the monomers MF13, MF6, MF11, 
MF8, MF9 presented weaker interaction energy that has 

Figure 12. Interaction in methanol medium for the functional analyte-monomer system (MF10), in the 
proportions: (a) 1:1; (b) 1:2; (c) 1:3; and, (d) 1:4
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Figure 13. Analyte-monomer interaction in ethanol, divided into three distinct groups (Group 1, Group 2, and Group 3)

Figure 14. Interaction in ethanol medium for the analyte-imidazole-4-acrylic ethyle-ster (MF2) system, 
in proportions: (a) 1:1; (b) 1:2; (c) 1:3; and, (d) 1:4
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Table 1. Principal analyte-monomer complexes with interaction energy with the lowest values in the proportion 1:4 in kcal mol-1

Complex Vacuum Water Acetonitrile Toluene Methanol Ethanol

Glyphosate - Imidazole-4acrylic acid (MF1) -49,73 -13,40 -28,45 -35,09 -11,21 -10,43

Glyphosate - 2-Acrylamido-2-methyl-1-propanesulfonic acid (M15) -48,99 -29,23 -15,22 -43,58 -22,85 -22,18

Glyphosate -Imidazole-4acrylic ethylester (MF2) -50,70 -0,98 -7,84 -34,47 -13,07 -24,88

Glyphosate - Acrilamide (ACL) (MF4) -49,38 -11,09 -13,75 -34,47 -12,28 -12,54

Glyphosate –Methacrylic Acid (MF10) -31,04 -12,09 -19,85 -21,75 -13,04 -17,10

Glyphosate –Acrylic Acid (MF3) -23,07 -14,22 -6,67 -17,20 -19,56 -7,33

Table 2. Evaluation of the best complexes with respect to the solvents in a ratio of 1: 4 in kcal mol-1

Complex Water Acetonitrile Toluene Methanol Ethanol

Glyphosate - Imidazole-4-acrylic acid 36,33 21,28 14,64 38,52 39,03

Glyphosate - 2-Acrylamido-2-methyl-1-propanesulfonic acid 19,76 33,77 5,41 26,14 26,81

Glyphosate - Imidazole-4-acrylic ethylester 49,72 42,86 16,23 37,63 25,82

Glyphosate - Acrilamide (ACL) 38,29 35,63 14,91 37,1 36,84

Glyphosate – Methacrylic Acid 18,95 11,19 9,29 18 13,94

Glyphosate – Acrylic Acid 8,85 16,4 5,87 3,51 15,74

Média/solvente 24,81 26,85 11,05 26,81 26,36

less interaction with the analyte in the presence of ethanol 
solvent. These compounds had interaction energy ranging 
in ratios of 1:2 and 1:3. The MF13 and MF9 did not present 
energy changes with the increase of the proportions. The 
systems that presented the functional monomers with the 
highest interaction with the analyte also present higher 
values resented in decreasing order: ME2> MF2> MF1> 
MF1> MF1> MF1> MF1> > MF15> ME3> ME4> MF7> 
MF6> MF13> MF11> MF8> MF9.

4. Results and Discussion

The Density Functional Theory DFT, method B3LYP 
together with a base set 6-31 + g (d, p), allowed to evaluation 
of the interaction between the analyte glyphosate and 
20  monomers to simulate the production of molecularly 
printed polymer for the study of glyphosate recognition. Table 
1 shows the energy, with the interaction energy values   for 
the systems. In this way, 6 systems highlighted energetically 
were selected in each medium. In the vacuum, the interaction 
of the analyte with monomers results in more negative 
interaction energy values, therefore, a higher interaction, 
especially in the solvents, was studied in the presence 
of the monomers ME2 (ethylene glycol dimethacrylate), 
the EGDMA being a structural monomer often used with 
crosslinking agent (CLA). Among the functional monomers 
are imidazole-4-acrylic acid (MF1), acrylamido-2-methyl-
1-propane sulfonic acid (M15), methacrylic acid (MF10), 
imidazole-4-acrylic ethyl ester  (MF2) (ACL) (MF4) and 
acrylic Acid (MF3). Sequentially, MF1 and MF15 also have 
satisfactory interaction energy for the studied media when 
interacting with the analyte, as shown in Table 1.

The solvent plays an important role in the complexation 

and formation of the model molecule, which has the purpose 
of molecular recognition of glyphosate. Therefore, the 
solvent should not interfere with this process, and the values 
should be as small as possible. Thus, Table 2 presents the 
interaction energy values of the systems with the lower 
energy functional monomers.

The analysis of these results allows us to verify that 
toluene is the solvent that favors the complexes’ interaction 
as it presents the average energy of lower interaction between 
the 6 main systems studied as presented in Table 1. It is noted 
there are relevant works where MF10 (methacrylic acid), 
ME2 (ethylene glycol dimethacrylate), and toluene were 
used in MIP synthesis processes as functional monomer, 
crosslinking agent and solvent.52 Thus, this research, which 
was carried out with 20 monomers and used toluene as one 
solvent, presented satisfactory results.53 

Thus, toluene a non-polar, aprotic solvent with a low 
dielectric constant, is an appropriate medium because it does 
not interfere in the interactions that occur by electrostatic 
and hydrogen bonding forces.54-55 This justifies the use of 
toluene in papers published in the process of polymerization 
synthesis.53 Equation 2 shows the energy difference between 
the analyte-monomer complex in solution and vacuum, 
as shown in Figure 10. The EGDMA (ME2) has a lower 
energy value than the other monomers group of the structural 
monomers, EGDMA (ME2) in the proportion of 1:4 the 
variation  for toluene, is:

 ∆Esolv = –50,972 – (–61,778) (4) 
 ∆Esolv = 10,0806 kcal mol-1 (5)

 In a qualitative/quantitative comparison, the monomers 
that had little interaction with the analyte from group 3 to 
toluene while 2-vinyl pyridine (MF13), this one with greater 
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energy, then for equation 2, we have varied with the dipole 
moment of the solvent.53 Therefore, solvents with greater 
dipole moments can influence the values   of , which may imply 
the solvent’s interference in the synthesis process and not be 
interesting for the formation of the active sites. Among the 5 
solvents studied, the toluene presents a lower dipole moment, 
and, consequently,  in average, is the lowest observed. Table 
2 presents the interaction energy of the complexes with the 
presence of each of the 6 monomers analyzed and selected that 
had lower interaction energy, about the solvent medium. For 
this calculation, equation 2 was used, which allows evaluating 
the behavior of the monomer when submitted in different 
media for observing  The performance of the solvents that 
interfere minimally with the complex, collaborating with 
the formation of the active sites for molecular recognition is 
significant for obtaining the MIP.53 

In this way, the use of equation 2 allows to understand 
the intensity of the energy of action for each solvent that 
surrounds the 6 monomers of lower energy interaction. 
Thus, by this analysis, it is observed that the studied solvents 
have similar behaviors as the mean of the solvation energy 
except for toluene. The acrylic acid (MF3), methacrylic 
acid (MF10), and 2-acrylamido-2-methyl-1-propanesulfonic 
acid (MF15) are the most suitable means for the synthesis 
of MIP for glyphosate.

5. Conclusion

The present work presents the analysis by DFT of twenty 
monomers (16 functional monomers and four structural 
monomers) in the interaction with the analyte glyphosate 
in order to be used for selectivity in molecularly printed 
polymers (MIP). They reveal that ME2 (ethylene glycol 
dimethacrylate) is structural monomer with the lowest 
interaction energy in EGDMA is used as a crosslinking 
agent in the polymer synthesis. Acrylic acid (MF3), 
methacrylic acid (MF10), and 2-acrylamido-2-methyl-1-
propane sulfonic acid (MF15) interacts with glyphosate 
effectively in some most solvents they had more favorable 
lower interaction energy. Among the solvents studied, it is 
observed that toluene presented the best performance in the 
calculations, but due to environmental hazard reasons, its 
use is not recommended and suggests the use of the other 
solvents for polymer synthesis. The results obtained from 
this research advance to experimental work by optimizing 
time, lab financial as well as reducing environmental 
contaminations and preparation of MIP biosensor for 
molecular recognition of glyphosate.
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