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Abstract

This work is part of a larger study whose main objective was to find a series of promising molecules to be
used as glass-ionomer type materials. The project was divided into 3 successive stages; the results of the
first stage have been previously published and were used to continue the study. The molecules evaluated
in the second stage were constructed by adding a glycidyl methacrylate molecule to the carboxylic
groups of the polyacids selected in the previous stage. The modeling was done using the density
functional theory for M06-2X/6-311G(d,p). The results indicate that the addition over the carboxylic
groups of the fraction of the molecule corresponding to itaconic acid, is thermodynamically favored. The
final stage was modeled with the M06 functional, and consisted of obtaining basic structures of glass-
ionomer-type materials, by acid-base reaction between the molecules resulting from the second stage
with individual ions of Ca (2+), Zn (2+) or Al (+ 3). It was concluded that aluminum atoms generate more
compact structures that would correlate with more resistant materials.

Introduction

The invention of dental cements emerged as an aesthetic alternative to the use of materials such as
amalgams [1]. However, there is still a need for improved materials that solve problems such as color
stability, thermal expansion, low adhesion to the tooth, lack of mechanical resistance, bacterial
penetration, material stability, toxicity, setting and operation times, among others.

After many studies and changes in research, the approach to solve these problems has been focused on
materials referred to as glass-ionomers [2—-4]. This is a solid matrix obtained from acid-base reaction
between polyacid molecule and a metal. In conventional glass ionomer cements (GIC) the metal comes
from the degradation of a glass, the polyacid is a polyelectrolyte that includes mono, di and tricarboxylic
acids and water acts as the reaction medium.

Experimentally, polyacids are obtained by free radical polymerization reaction of the monomers of
interest. Reaction is carried out in aqueous solution and in the presence of an initiator. Structurally,
polyacids are represented by linear chains containing an excess acid groups [5, 6].

It has been suggested to use polymers that are obtained from the combination of different unsaturated
carboxylic acids, for example, acrylic acid with itaconic acid and/or maleic acid, with the purpose of
increasing the degree of crosslinking within the molecule and therefore culminating in obtaining of
materials with greater hardness [7, 8.

During setting, an acid-base reaction occurs between the polyacid and the ionic leachable glass [9, 10].
Polyacids can be modified with compounds that contain the methacrylate group so that in addition to the
acid-base reaction, they undergo a free radical polymerization reaction [5, 11-13]. The setting process
occurs in three successive steps [9]. Step 1: the decomposition of glass powder. Carboxylic acid ionizes
and generates H + protons that can subsequently react with the glass surface, releasing AI**, Ca?*, Na®,
F~, etc. ions. It is emphasized that not all carboxylic groups are ionized. Then these ions are precipitated
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as insoluble polyacrylates. AI**' Ca?* and Zn?* form metal salt bridges with free groups (-CO0-) which
allows crosslinking of the polycarboxylate chains and also the hardening.

Step 2 describes the precipitation-gelation of cations and anions; and the final step is referred to as the
maturation phase [9, 10].

This work presents the continuation of the study published by Gaviria, 2021 [14] (named as stage 1),
where the most stable molecules of some basic structures that make up polyacids were chosen to be
evaluated as reagents in obtaining glass-ionomer materials.

The starting polyacid monomers were: AACA-1, AADH-1, AADOH-3, ABA-1, AG-1, AGA-2, AH-2, EU-2, MBA-1,
MG-1, MGA- 1, MH-1, NMP-1, NVC-1, and NVP-1. Where: AACA (N-acryloyl-6-aminocaproic acid), AADH
(molecule derived from phenylalanine), AADOH (molecule derived from tyrosine), ABA (acryloyl B-alanine),
AG (acryloyl glycine), AGA (acryloyl glutamic acid), AH (acryloyl histidine), EU (eugenol), MBA
(methacryloyl B-alanine), MG (methacryloyl glycine), MGA (methacryloyl glutamic acid), MH
(methacryloyl histidine), NMP, (N-methacryloyl proline) N-vinylcaprolactam), NVP (N-vinylpyrrolidone).

AACA-1 means that the AACA is in the first place of the structure made of AACA, acrylic acid (AA) and
itaconic acid (IA). On the other hand, EU-2 means that the Eugenol is found in position 2 of the molecular
structure that represents the union between an acrylic acid molecule, a eugenol molecule and itaconic
acid.

Stages 2 and 3 of the project, reported in this work, consist of the study of the reaction of polyacid
monomers with a molecule of glycidyl methacrylate (GM) in some of the carboxyl groups of the
substrate, according to the nature of the amino acids.

Finally, the most stable molecules were selected and the way their molecular structure is modified by their
union with Ca, Zn and Al ions, to yield the products of the setting reaction was analyzed.

Methods

In this work, the nomenclature proposed in the article Gaviria, 2013 [15], has been followed to identify the

different positions for the addition of the GM group to the COO™ functional groups. The products of that
reaction were modeled at positions 1, 2, 3 and 4.

Figure 1 lists the COOH groups of the monomer. A base molecule of one of the polyacids is taken as an
example. Position 1 corresponds to the COOH group of acrylic acid. ltaconic acid has position 2 that
corresponds to the COOH group that is attached to carbon C, and position 3 represents COOH attached to
carbon CH,. Position 4 refers to a COOH group of the amino acid derivative.

All molecules were optimized in the Gaussian 09 computational package [16], using the density
functional theory (DFT). The addition stage of the glycidyl methacrylate to the polyacid (stage 2) was
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carried out for M06-2X [17], 6-311G(d,p) [18], at 313.15 K and 1 atm pressure. In the optimization of the
glass molecules (stage 3) the functional M06 [17] was used, at 273.15 K.

The effect of the aqueous solution on the molecules was carried out using the polarizable continuous
model, specifically, the integral equation formalism (IEFPCM) [19]. Vibrational frequency calculations
were performed to obtain the thermodynamic parameters of the molecules. The equations of standard
thermodynamics were used to calculate the enthalpy and entropy values of each system [20].

The local indices of the condensed Fukui functions () [21-23] were obtained using the finite difference
method aiming to find the COOH groups with the highest electrophilic character that preferentially interact
with the Zn, Ca or Al cations. The Hirshfeld charges [21] for the atoms in the most stable molecules
obtained from the reaction of the polyacid with the GM group were calculated using the Multiwfn
program [24]. Hirshfeld charges are recommended for the calculation of condensed Fukui functions [25].

The condensed Fukui function for an electrophilic attack on atom A, (fa ]can be defined as:

- A A
= — pir_4 (1),
z PN~ Piv-1 (1) where o is the electronic population of atom A. Taking into account that the

A_ 7A _
atomic charge of A is defined as:4 = Z P
fa = ai — an-13).

A
(2), (Z is the charge of the atomic nucleus), Eq. 1 can

be rewritten as:

Table S1 in the electronic supplementary material shows the energy data of the studied molecules;
Hirshfeld atomic charges and Fukui indices calculated for each atom are given in Table S2. The
optimized molecular structures can be seen in figure S1.

Results
Addition of glycidyl methacrylate to the polyacid (stage 2)

The GM addition reaction to the substrate is thought to occur according to the process depicted in Fig. 2
[15]. The mechanism involves a transition state of six members: The hydroxyl group of the carboxylic
acid (OH) binds H-3 to form a water molecule.

The results obtained from the calculations in stage 2 are reported in Table 1.

For example, AACA-1-GM2 refers to the polyacid AACA-AA-IA for which the glycidyl methacrylate group
has been attached to the carbon at position 2, and AACA-1-GM1 when the addition of that group occurs
on the carbon in position 1 (See Fig. 1).

The relative free energy values (AG) indicate that the most stable molecules in the GM group addition
reaction are: AACA-1-GM3, AADH-1-GM3, AADOH-3-GM3, ABA-1-GM2, AG-1-GM1, AGA-2-GM2, AH-2-GM2,
EU-2-GM3, MBA-1-GM2, MG-1-GM1, MGA-1-GM2, MH-1-GM3, NMP - 1-GM2, NVC-1-GM2, NVP-1-GM2.
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Table 1
Relative energy (AG) of the Glycidyl Methacrylate addition reaction products.

Molecule AG Molecule AG Molecule AG Molecule AG
(kJ/mol) (kJ/mol) (kJ/mol) (kd/mol

AACA-1- 92.8 ABA-1- 47.5 EU-2- 0 MH-1- 11.4

GM1 GM4 GM3 GM2

AACA-1- 20.2 AG-1- 0 EU-2- - MH-1- 0

GM2 GM1 oMa™ GM3

AACA-1- 0 AG-1- 1.6 MBA-1- 85.1 MH-1- 88.6

GM3 GM2 GM1 GM4

AACA-1- 89.1 AG-1- 5.8 MBA-1- 0 NMP-1- 56.1

GM4 GM3 GM2 GM1

AADH-1- 37.6 AG-1- 21.7 MBA-1- 221 NMP-1- 0

GM1 GM4 GM3 GM2

AADH-1- 81.3 AGA-2- 60.2 MBA-1- 62.01 NMP-1- 12.5

GM2 GM1 GM4 GM3

AADH-1- 0 AGA-2- 0 MG-1- 0 NMP-1- 82.5

GM3 GM2 GM1 GM4

AADH-1- 13.3 AGA-2- 6.4 MG-1- 28.0 NVC-1- 107.44

GM4 GM3 GM2 GM1

AADOH-3- 59.7 AGA-2- 75.9 MG-1- 56.2 NVC-1- 0

GM1 GMa* (63.5) GM3 GM2

AADOH-3- 7.3 AH-21- 4.7 MG-1- 57.9 NVC-1- 75.6

GM2 GM1 GM4 GM3

AADOH-3- 0 AH-2- 0 MGA-1- 16.6 NVC-1- -

GM3 GM2 GM1 GM4™

AADOH-3-  150.4 AH-2- 5.5 MGA-1- 0 NVP-1- 6.2

GM4 GM3 GM2 GM1

ABA-1- 39.2 AH-2- 142.8 MGA-1- 29.8 NVP-1- 0

GM1 GM4 GM3 GM2

ABA-1-GM2 0 EU-2- 25.8 MGA-1- 145.2 NVP-1- 12.9
GM1 aMa* (31.9) GM3

ABA-1-GM3 8.4 EU-2- 28.1 MH-1- 19.7 NVP-1- -
GM2 GM1 GM4™

*2 COOH groups in the molecule of the amino acid derivative that forms the polyacid

**There are no COOH groups in the structure of the amino acid derivative
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The results express that approximately 53% of the molecules studied are more stable when the addition
of the GM group occurs on the carboxyl group attached to carbon "C" of itaconic acid (position 2), =~ 33%
of the molecules are more stable when the addition of GM occurs on the carboxyl bonded to the "CH2"
carbon also of itaconic acid (position 3). The remaining percentage (=~ 13%) of the molecules studied
have less Gibbs energy, if the addition occurs in the carboxyl group of acrylic acid (position 1).

For example, the AADOH-3-GM4 and AH-2-GM4 molecules present higher energy values than AADOH-3-
GM3 and AH-2-GM2, up to 150 and 143 kJ/mol, respectively. Figure 3 shows the optimized structures of
the molecules resulting from the addition of GM to the polyacid MBA-1.

Thermodynamically, the addition of the GM group has a preference over the carboxyl groups of itaconic
acid.

The data show that most of the molecules present the lowest values of electronic energy (the data are
collected in the electronic supplementary material) when the GM group is added in positions 2 or 3; 60%
of the molecules analyzed have lower free energy because they also have lower enthalpy. It is concluded
that positions 2 and 3 allow favorable atomic interactions and reduce unfavorable interactions.

When the addition of GM occurs in position 1, a greater number of molecules have higher entropy values,
meaning that the entropic component is favored but at the cost of losing favorable atomic interactions.

Setting reaction for the formation of the glass-ionomer
(stage 3)

Based on the results obtained from stage 2, we proceeded to model the structures resulting from the
reaction of the selected molecules with the cations of Zn, Ca and Al (glass components), by an acid-base
reaction, which is represented in Fig. 4.

Table 2 shows the average bond distances of the metal with the atoms to which it is attached and the
entropies of each optimized molecule.

From the average bond distances, it can be seen that when the atom involved is calcium, the values
obtained are between 2.19-2.56 A; when the metal is replaced by Zn or Al, the average values are in the
ranges of 1.83-2.07 and 1.69-2.06 A, respectively. In addition, molecular geometry shows that calcium
and aluminum atoms make 4 bonds with neighboring atoms in almost all of the optimized molecules,
while in those molecules that involve the zinc atom, 2 bonds with neighboring atoms are observed.

The entropy values for each molecule show that in most of them (approximately 87%), the lowest value is
for the molecules that have the Al atom, and in 80% of the molecules the highest molecular entropy value
occurs when they contain the Ca atom.

The results of the molecular entropy are in agreement with the data obtained from the bond distances.
The data indicate that the aluminum atom generates a molecular contraction around it, that is, it
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promotes greater and stronger interactions, evidenced by lower bond distances around it, a greater
number of interactions and a lower value of molecular entropy, when the same molecules with a different
metal atom are compared.

Materials with the Al atom would be expected to be more compact and therefore would correlate with
materials of higher density, higher hardness, and higher strength.

Table 2

Bond distances around the metal (&) and entropy values for the molecule (cal/mol-K) obtained from the
molecular modeling of M06/6-311G(d,p)

Molecule Average distance Molecule Average Molecule Average
A) / Entropy distance (A) / d&stance
cal/mol- Entropy (A) /

(cal/mol-K) Entropy
(cal/mol-K)

AACA-1- Ca 2.46/240 AGA- Ca 243/235 MGA- Ca 226/244

GM3 2- 1-

Zn 1.92/233 GM2 Zn 2.02/233 GM2 Zn 1.89/238
Al 1.82/ 220 Al 1.82/ 230 Al 1.77 / 230

AADH- Ca 232/256 AH-2- Ca 2.41/247 MH- Ca 248/247

1- GM3 GM2 1-

Zn 1.91/255 Zn 1.97/237 GM3 Zn 195/ 241
Al 1.84 /247 Al 2.06 / 229 Al 1.76 / 240

AADOH- Ca 2.38/256 EU-2- Ca 2.33/229 NMP- Ca 2.35/222

3-GM3 GM3 1-

Zn 2.07/254 Zn 1.83/231 GM2 Zn 1.90/230
Al 1.73/ 256 Al 1.74/ 230 Al 1.86/ 243

ABA-1- Ca 2.39/220 MBA- Ca 2.44/233 NVC- Ca 2.16/229

GM2 1- 1-

Zn 1.96/224 GM2 Zn 192/ 226 GM2 Zn 1.86/222
Al 1.80/ 217 Al 1.80/ 221 Al 1.69/ 217

AG-1- Ca 222/224 MG- Ca 229/224 NVP- Ca 2.39/203

GM1 1- 1-

Zn 1.89/ 221 GM1 Zn 1.89/224 GM2 Zn 1.93/202
Al 1.76 / 207 Al 1.72 /208 Al 1.76 /198

Figure 5 provides a representation of the interactions that occur with the different metals and the
branched polyacid.

c) Al

Conclusions
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A series of promising molecules were computationally evaluated to be used as glass-ionomer type
materials, built in 3 successive stages. This article presented the results obtained from the last 2 stages
of the study. The results of the addition of glycidyl methacrylate to the polyacid indicate that the most
stable molecules are those generated by the addition to the carboxylic groups of the fraction of the
molecule corresponding to itaconic acid; there, the enthalpy component prevails over the entropic
unfavorability.

The basic structures of the glass-ionomers, composed of the most stable molecules obtained from the
addition of GM to the studied polyacids and individual Ca (2*), Zn (2*) and Al (3%) ions, were optimized.

The results from the molecular optimization allow us to conclude that the aluminum atom allows a
greater compaction of the structure, evidenced in the number of atomic bonds it forms, the distances of
the bonds and the total entropy of the molecule.
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Figure 1

MBA

Nomenclature of the acid groups that could react with the GM; the structure of the AA-IA-MBA is shown as

an example

O OH

X

Figure 2
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Reaction mechanism between the polyacid and GM

Page 11/13

CHs



Figure 3

Optimized molecular structure of the reaction product of MBA-1 with GM in the different carboxyl groups
a) position 1, b) position 2, ¢) position 3, d) position 4.

n-RCOO- + [M]* — - (R-COO) M

Figure 4
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General representation of the acid-base reaction for the formation of the basic structure of the glass
ionomer; M: Ca, Zn, Al;n=2or 3

Figure 5
Molecules optimized to M06/6-311G(d,p) of MBA-1-GM1 with cations a) Zn, b) Ca,

c) Al
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