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Abstract

The formation of polyacids in a glass-ionomer cement was computationally
modeled. The polyacid modelled is an oligomer made up of three molecules:
acrylic acid, itaconic acid and an additional molecule that acts as a spacer
group between the previous two. Acryloyl and meta-acryloyl derivatives of
some amino acids and related molecules such as N-vinyl pyrrolidone and N-
vinyl caprolactam were used as spacer groups. Some of these molecules have
been previously used experimentally as spacer groups. In this work the spacer
behaviour of 15 different molecules was investigated. To our knowledge, this
is the first computational attempt to model some promising molecules to be
incorporated into glass-ionomer dental cements. The results revealed the best
structural arrangement for the investigated molecules.
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1. Introduction

Cements in dentistry (glass-ionomer) are composite materials based on mixtures
of a solid and a liquid that, through an acid-base reaction, produce a solid matrix
[1] [2]. There are two uses for these materials: To fill a gap in a tooth, that is, as a
restorative material, and to hold in place a manufactured device, such as an or-
thodontic bracket or crown.

Conventional glass ionomer cements (GIC) have the following components: glass
powder (a fluoroaluminosilicate glass degradable by a specifically formulated ac-

id); acid (homopolymer of acrylic acid or a related copolymer); tartaric acid (+),
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(improves the performance and speeds up the setting time) and water (acts as the
reaction medium) [3] [4].

The acids used in the conventional glass ionomer system are polyelectrolytes
which are water-soluble polymers and electrolytes. The polyelectrolytes used in
GIC are polyalkenoic. These polyacids include the homopolymers and copoly-
mers of unsaturated mono, di, and tricarboxylic acids.

To improve the mechanical properties of GICs, researchers have explored mod-
ifications of the liquid component of GIC to increase crosslinking between po-
lymer chains during the hardening reaction. Modifications of the GIC liquid in-
clude the formation of new polyacids, and the introduction of copolymers of acrylic,
itaconic [5] [6] [7] [8], or maleic acids [7]-[13], containing flexible side chains of
amino acids [14] [15] [16] [17], N-vinyl pyrrolidone [18]-[23] or N-vinylcapro-
lactam [17] [24].

Crisp and Wilson [8] suggested that copolymers of acrylic acid with other un-
saturated carboxylic acids (itaconic and maleic acid) would reduce intermolecu-
lar hydrogen bonds due to their reduced stereoregularity compared to homopo-
lymers of acrylic acid, the reduction of intermolecular hydrogen bonds observed
in these copolymers is attributed to the higher degree of cross-linking due to the
presence of two carboxyl groups in the structure of the co-polymer.

Polyacids are generally prepared by free radical polymerization of the appro-
priate monomers in aqueous solution, in the presence of a chain transfer agent
and an initiator such as ammonium persulfate. These polyacids consist of straight
chains without crosslinking, but have excess acid groups [25].

This study investigated the thermodynamic stability of the polyacids obtained
from the different combinations between acrylic acid, itaconic acid and a spacer
group. Each spacer group has 3 different possibilities of being combined with the
respective acids for which, a total of 45 polyacid molecules were studied. For
modeling purposes, only a single basic structural unit of the polymer was taken
into account. Of the selected spacers there are some molecules with terminal vinyl
groups that can react directly with acids and do not require derivation with acry-
loyl or methacryloyl chloride, such as N-vinylcaprolactam, N-vinylpyrrolidone and
eugenol. The other molecules are forced to acquire the vinyl bond, like in the
reaction of S-alanine with acryloyl chloride to form acryloyl S-alanine (ABA) as

shown in Figure 1.

2. Computational Methodology

The polyacids studied were formed by the combination of acrylic acid, itaconic

o) o o)
= Cl
OH + H—CclI
H,N N
o) HO H

beta-alanine

acryloyl cloride acryloyl beta-alanine

Figure 1. Derivatization of S-alanine.
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acid and a spacer. They were modeled with the Spartan 14 software [26] so that
each of the asymmetric carbons of the molecules had the R configuration. Sub-
sequently, conformational analysis calculations were performed to select the most
stable conformer of each structure. The termination step in the radical reaction
for the formation of polyacids was simulated with a methyl radical.

All molecules were fully optimized with the Gaussian 09 computational pack-
age [27] using the density functional theory (DFT). Previous optimization cal-
culations for the molecules in gas phase were made for comparative purposes,
using two different functionals: B3LYP [28] and M06-2X [29]. The results ob-
tained with the M06-2X functional allowed a higher resolution of the energies.
This functional is recommended for thermochemistry applications [29].

The calculations in aqueous solution were performed using the polarizable con-
tinuous model with the integral equation formalism (IEFPCM) [30]. The func-
tional M06-2X and basis set 6-311G(d, p) were used [31]. The optimization was
carried out at 333.15 K and 1 atm.

Vibrational frequency calculations were performed to obtain the thermodynamic
parameters of the molecules studied. The enthalpy and entropy values were eva-

luated according to standard thermodynamic equations [32].

3. Results and Discussion

The union between the amino acid derivative, acrylic acid (C;H4O,) and itaconic
acid (CsHgOs), occurs through radical reactions. For modeling purposes, the ter-
minal step was carried out with two methyl radicals. The structures of 15 molecules

used as spacers are represented in Figure 2, where 1) N-acryloyl-6-aminocaproic
2 3 4 5

OH o OH o o H,C

e

OH

7 8 9 10
11 12 13 | 14 15

o} HN

Figure 2. Structure of the molecules used as spacers.
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acid (AACA), 2) molecule derived from phenylalanine (AADH), 3) molecule de-
rived from tyrosine (AADOH), 4) acryloyl f-alanine (ABA), 5) acryloyl glycine
(AG), 6) acryloyl glutamic acid (AGA), 7) acryloyl histidine (AH), 8) eugenol
(EU), 9) methacryloyl S-alanine (MBA), 10) methacryloyl glycine (MG), 11) me-
thacryloyl glutamic acid (MGA), 12) methacryloyl histidine (MH), 13) N-metha-
cryloyl proline (NMP), 14) N-vinylcaprolactam (NVC), 15) N-vinylpyrrolidone
(NVP).

Figure 3 displays an example of the different structural configurations that
can be obtained by combining methacryloyl beta alanine with acrylic and itaconic
acids (MBA-AA-IA, AA-MBA-IA and AA-IA-MBA; from now on MBA-1, MBA-
2 and MBA-3 respectively, the same nomenclature is adopted for the rest of the
molecules obtained from the different spacers. These combinations were mod-
eled for each amino acid derivative used, for a total of 45 molecules that were
optimized in the Gaussian 09 computational package to M06-2X/6-311G(d, p).

The geometric structures optimized for the MBA polyacid example are shown in

Figure 4.

OH

OH

Figure 3. MBA-1, MBA-2 and MBA-3. From left to right, MBA is in positions 1, 2 and 3, respectively.

Figure 4. Geometric structures of the polyacid, optimized to M06-2X/6-311G(d, p) in
aqueous solution. (a) MBA-1; (b) MBA-2; (c) MBA-3.
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The results from the optimization process are presented in Table 1. AG is the
relative energy (Gibbs energy of each spacer subtracting the value of the same type
of spacer with lower energy).

From the results of the Gibbs energy of each molecule, the best combinations
obtained in terms of energy stability (AG = 0) were the following: 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.

It is determined that 80% of the molecules studied have greater energy stabili-
ty when the spacer is at one end. Also 93.3% of the molecules are more stable if
itaconic acid is at one end or acrylic acid is in the middle.

In the structure of the optimized polyacid molecules, it is possible to observe
the way in which the atoms are grouped for the different combinations between
spacer, AA and IA. There are approaches between oxygen and nitrogen atoms
with hydrogen atoms, which presupposes the formation of hydrogen bonding.
This generates energy stabilization, although an entropic loss occurs. Finally, the
stability of the molecule will be given by an energy balance between the different
interactions of the atoms in modeled molecule. The spacer and itaconic acid struc-
tures (which has two COOH groups) are likely to increase atomic repulsions when
in the center of the structure.

Single point calculations were performed for the most stable molecules using
Spartan 14 computational package with the CPK method (space-filling model)
[33]. The area of each structure was determined in order to find a possible cor-
relation of that property with the energy of the molecule. The results are shown
in Table 2.

Table 1. Relative Gibbs energy, AG (kJ/mol) from the data obtained from the optimiza-
tion of the molecules, for the combinations of spacer, itaconic acid and acrylic acid.

Molecule AG Molecule AG Molecule AG
AACA-1 0.0 AGA-1 23.1 MGA-1 0.0
AACA-2 8.6 AGA-2 0.0 MGA-2 20.7
AACA-3 12.8 AGA-3 10.5 MGA-3 1.5
AADH-1 0.0 AH-1 2.0 MH-1 0.0
AADH-2 47.8 AH-2 0.0 MH-2 14.5
AADH-3 13.7 AH-3 38.4 MH-3 9.2
AADOH-1 27.6 EU-1 0.65 NMP-1 0.0
AADOH-2 22.6 EU-2 0.0 NMP-2 18.0
AADOH-3 0.0 EU-3 12.7 NMP-3 14.9
ABA-1 0.0 MBA-1 0.0 NVC-1 0.0
ABA-2 12.6 MBA-2 35.6 ANVC-2 4.6
ABA-3 16.7 MBA-3 20.2 NVC-3 14.1
AG-1 0.0 MG-1 0.0 NVP-1 0.0
AG-2 1.1 MG-2 5.5 NVP-2 10.8
AG-3 16.5 MG-3 46.6 NVP-3 34.8
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Table 2. Area of the most stable structures of the polyacids studied. Obtained with the
CPK method.

Molecule Area (A2) Molecule Area (A2) Molecule Area (A2)
AACA-1 417.60 AGA-1 416.64 MGA-1 422.68
AACA-2 418.97 AGA-2 409.35 MGA-2 408.33
AACA-3 421.95 AGA-3 391.87 MGA-3 415.57
AADH-1 446.65 AH-1 433.38 MH-1 437.95
AADH-2 436.58 AH-2 420.53 MH-2 425.82
AADH-3 440.12 AH-3 427.46 MH-3 437.63
AADOH-1 444.29 EU-1 397.39 NMP-1 394.63
AADOH-2 432.72 EU-2 407.36 NMP-2 398.59
AADOH-3 438.50 EU-3 400.41 NMP-3 393.54
ABA-1 364.52 MBA-1 379.63 NVC-1 377.27
ABA-2 368.96 MBA-2 371.68 NVC-2 374.81
ABA-3 366.79 MBA-3 376.36 NVC-3 379.01
AG-1 348.80 MG-1 365.14 NVP-1 336.39
AG-2 355.82 MG-2 361.40 NVP-2 341.05
AG-3 353.45 MG-3 362.53 NVP-3 336.20

The results show that for 6 different spacers, the combinations with the lowest
energy also have the largest area in their molecules. This is the case of AADH,
EU, MBA, MG, MGA and MH. In contrast, the spacers AACA, ABA, AG and
AH have a smaller molecular area for the most stable combination with AA and
IA.

It is not possible to make a generalization regarding a possible correlation
between the areas of the molecules and their energetic stability. Each molecule
studied is a particular case where there may or may not be favorable interactions
between the spacer and the acids.

In conclusion, the derivative of the amino acid used does not only act as a
spacer of the structure for the formation of the oligomer, but it establishes im-
portant energetic interactions with IA and AA, allowing a compaction and ener-

getic stabilization of the structure.

4. Conclusions

According to the optimization and energy results, most of the polyacid mole-
cules present greater stability when the spacer is at one end: AACA-1, AADH-1,
AADOH-3, ABA-1, AG-1, MBA-1, MG-1, MGA-1, MH-1, NMP-1, NVC-1, NVP-
1. AGA-2, AH-2 and EU-2 are excepted.

Greater stability of the optimized polyacids does not necessarily correspond to
a greater surface area of the molecules.

The compaction generated by the spacer in the different polyacids formed, de-
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pends on their molecular nature and the interactions that can be generated with
AA and IA.
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