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Nı́vea Regina de Godoy Fróes-Salgado • Vinı́cius Gajewski • Bárbara Pick Ornaghi •

Carmem Silvia Costa Pfeifer • Marcia Margarete Meier • Tathy Aparecida Xavier •

Roberto Ruggiero Braga

Received: 24 June 2013 / Accepted: 6 March 2014 / Published online: 12 April 2014

� The Society of The Nippon Dental University 2014

Abstract This study evaluated the effect of the combi-

nation of two dimethacrylate-based monomers [bisphenol

A diglycidyl dimethacrylate (BisGMA) or bisphenol A

ethoxylated dimethacrylate (BisEMA)] with diluents either

derived from ethylene glycol dimethacrylate (ethylene

glycol dimethacrylate, diethylene glycol dimethacrylate,

triethylene glycol dimethacrylate, tetraethylene glycol di-

methacrylate) or 1,10-decanediol dimethacrylate (D3MA)

on network characteristics and mechanical properties of

neat resin and composite materials. The degree of con-

version, maximum rate of polymerization and water sorp-

tion/solubility of unfilled resins and the flexural strength

and microhardness of composites (after 24 h storage in

water and 3 months storage in a 75 vol% ethanol aqueous

solution) were evaluated. Data were analyzed with two-

way ANOVA and Tukey’s test (a = 0.05). The higher

conversion and lower water sorption presented by BisEMA

co-polymers resulted in greater resistance to degradation in

ethanol compared with BisGMA-based materials. In gen-

eral, conversion and mechanical properties were optimized

with the use of long-chain dimethacrylate derivatives of

ethylene glycol. D3MA rendered more hydrophobic mate-

rials, but with relatively low conversion and mechanical

properties.
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Introduction

A high degree of conversion of the organic matrix is often

related to superior mechanical properties in composite

restorative materials, decreasing the risk of fracture and
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wear while in function [1, 2]. No less important, conversion

is also related to decreased sorption of fluids and solubility

of resin composites in the oral environment, which is

crucial for a long-lasting clinical performance [3].

In dimethacrylate systems, such as the ones commonly

used in dental composites, the viscosity of the non-polymer-

ized material plays a major role in conversion. By combining

base monomers and diluents, conversion kinetic parameters

can be manipulated to maximize conversion prior to gelation,

which in turn can potentially lead to higher limiting conver-

sions [4–6]. Bisphenol A diglycidyl dimethacrylate (Bis-

GMA), introduced in the early sixties [7], remains the most

largely used monomer in dental composite formulations. Due

to the presence of the bisphenol A core, which decreases the

degrees of freedom for rotation around the bonds, and strong

hydrogen bonding interactions given by the hydroxyl groups,

this monomer presents extremely high viscosity at room

temperature [8]. The addition of 25 to 50 % triethylene glycol

dimethacrylate (TEGDMA) as a diluent results in decreased

viscosity and improves handling characteristics, as well as

allows for more expressive filler loadings [1, 9–12]. Another

important feature is that the flexible TEGDMA improves

conversion [11–14] and crosslinking [11, 15], resulting in

fewer leachable components [16]. However, both these

monomers are relatively hydrophilic [17], as for anymolecule

bearing ether bonds [18], which is a concern in terms of water

sorption leading to long-term degradation [19].

In monomers derived from ethylene glycol, the number of

ethylene glycol units influences the molecule’s hydrophi-

licity [20, 21]. For example, it has been shown that TEG-

DMA co-polymerized to BisGMA has resulted in greater

compression strength and microhardness initially, but the

use of a shorter derivate such as ethylene glycol dimethac-

rylate (EGDMA) led to greater polymer stability after water

aging [19]. In similar fashion, tetraethylene glycol dimeth-

acrylate (TETGDMA) is more hydrophilic than TEGDMA,

but not to the point of negatively affecting fracture toughness

or solubility resistance [22]. Other diluents are also used in

dental resin composites, such as 1,10 decanediol dimethac-

rylate (D3MA) [23].On the one hand, the absence of ethylene

glycol units renders this molecule less hydrophilic, since it

has fewer polar groups [24], but on the other hand, the longer

spacer between methacrylates makes it more flexible and

decreases the elastic modulus of the resulting polymer [25].

Bisphenol A ethoxylated dimethacrylate (BisEMA), the

ethoxylated version of BisGMA, is another example of

monomer used in dental resin composites. The molecular

structure of such monomer is almost the same of BisGMA

monomer, except for the absence of hydroxyl groups. It shows

higher molecular weight than ethylene glycol derivates and

intrinsically low viscosity, due to the absence of hydroxyl

groups that form hydrogen bondings. The lower viscosity

reduces themaximumrate of polymerizationand enhances the

final conversion achieved by the polymer, compared to neat

BisGMA [6, 15]. However, a previous study noticed an

increase in the viscosity when TEGDMA was partially or

totally replaced by BisEMA as diluent when copolymerized

with BisGMA base monomer, which was associated with

decreases in conversion and flexural strength of the polymer

[26].

Apart from the use of diluents, the incorporation of

alternative base monomers is another way to tailor the

system’s viscosity. For example, urethanes have been

extensively investigated and used commercially [27, 28].

On the other hand, BisGMA analogs, such as BisEMA,

have not been extensively also investigated as a base

monomer in dental composites [29, 30]. The total

replacement of BisGMA by BisEMA when associated with

TEGDMA increased conversion, but mechanical strength

remained similar [29]. Compared with BisGMA, BisEMA

is less hydrophilic (due to the absence of hydroxyl groups)

and establishes weaker hydrogen bond interactions with

water molecules [23], which should promote a higher

resistance to degradation in the long term. A recent study

mentioned the necessity of further clarification regarding

the influence of BisEMA as base monomer on conversion

and sorption/solubility, since previous researches com-

pared only commercial composites or unfilled resins [30].

New monomers have been used as alternative to di-

methacrylate systems in organic matrix, such as dimer

acid-based dimethacrylate, tricyclodecane-urethane and

monomers that polymerize by ring-opening epoxy chem-

istry [12, 31]. Though some non-dimethacrylate systems

have already been released in the market, the previously

cited dimethacrylate monomers still represent the most

commonly used in dental materials [12, 32]. When com-

mercial resins containing dimer acid-based dimethacrylate

and tricyclodecane-urethane monomers were compared to

other commercial with usual dimethacrylate systems, they

did not present better mechanical performance after aging

in different solutions [31]. Even with respect to the com-

mon dimethacrylates, there are some combinations of

monomers that still need to be studied regarding their

physicochemical properties after storage.

The objective of this study was to evaluate the influence

of different diluent monomers (ethylene glycol derivates

and D3MA) in co-polymerizations with BisGMA or Bi-

sEMA, the last two used as base monomers, on the kinetics

of conversion and water sorption/solubility of unfilled

resins and on the mechanical properties before and after

aging (ethanol 75 %) of composite materials. The tested

hypothesis were the following: (1) BisEMA will present

lower maximum polymerization rate and water sorption/

solubility and higher conversion and mechanical properties

before and after aging in ethanol; (2) ethylene glycol

derivatives with higher molecular weight (TETGDMA and
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TEGDMA) will show higher conversion, maximum poly-

merization rate, water sorption/solubility and mechanical

properties before and after aging than the lower molecular

weight derivatives (DEGDMA and EGDMA); (3) D3MA

will show conversion, maximum polymerization rate and

initial mechanical properties similar to TEGDMA and

TETGDMA (due to similar molecular weights) and greater

than DEGDMA and EGDMA; water sorption/solubility

will be lower and mechanical properties after aging will be

greater than all ethylene glycol derivatives.

Materials and methods

Bisphenol A diglycidyl dimethacrylate (Evonik Industries,

Essen, Germany) (Mw = 512 g/mol) and BisEMA (Ess-

tech Inc., Essington, PA, USA) (Mw = 540 g/mol) were

used as the base monomers and co-polymerized with five

different diluents: ethylene glycol dimethacrylate (EG-

DMA; Mw = 198 g/mol), diethylene glycol dimethacry-

late (DEGDMA; Mw = 242 g/mol), triethylene glycol

dimethacrylate (TEGDMA; Mw = 286 g/mol) (all from

Cognis Performance Chemicals, UK), tetraethylene glycol

dimethacrylate (TETGDMA; Mw = 330 g/mol) (Evonik

Industries, Essen, Germany) and 1,10-decanediol dimeth-

acrylate (D3MA; Mw = 310 g/mol) (Cognis Performance

Chemicals, UK). In all materials, the base monomer cor-

responded to 75 wt% of the organic matrix formulations.

For the composite materials, 71 wt% barium aluminum

silicate glass (Schott AG, Mainz, Germany, average par-

ticle size = 0.7 lm) was added mechanically under vac-

uum (SpeedMixer, FlackTek, Inc., Landrum, USA). The

particles were silanized with 3-methacryloxypropyl-

trimethoxy silane (Evonik Industries, Essen, Germany). To

render the materials photopolymerizable, 0.5 wt% cam-

phorquinone (Esstech Inc., Essington, PA, USA) and

1 wt% dimethylamino dimethacrylate (Sigma-Aldrich,

Steinheim, Germany) were added.

Experimental

Degree of conversion and maximum rate

of polymerization

The degree of conversion and maximum rate of polymeriza-

tion were determined by near infrared spectrometry (Nicolet

6700, Madison, WI, USA) configured with a white light

source, extended KBr beam splitter and MCT/A detector.

Spectra (n = 3) were acquired at a resolution of 4 cm-1 with

2 scans/s. Specimens (7-mm diameter 9 1-mm thick) were

photoactivated (16 J/cm2) for 40 s with an irradiance of

400 mW/cm2 (VIP Junior, Bisco Inc, Schaumburg, IL, USA).

Before the photoactivation, the first four spectra were used to

obtain data related to the non-polymerized material. From the

start of the activation, the conversion was followed for

15 min. After 24-h dry storage at 37 �C, a new conversion

measurement was taken. The degree of conversion was cal-

culated in function of the area of vinyl overtone peak

(6,165 cm-1) [33] obtained before polymerization and after

24 h. The rate of polymerization was calculated as the first

derivative of the conversion 9 time curve, and the maximum

value (RPmax) was recorded.

Water sorption and solubility

The water sorption and solubility was carried out according

to ISO 4049 [34]. Disc-shaped specimens, 15 mm in diam-

eter and 1 mm in thickness, were fabricated using a metallic

mold. Materials (n = 5) were polymerized on both sides

through amylar strip at 16 J/cm2 (using the same parameters

described for the conversion test), with five overlapping

exposures of the light-cure tip to cover all the mold exten-

sion. Specimens were stored in a desiccator under vacuum at

37 �C until a stable mass reading was obtained. This was

namedm1. The disc dimensionsweremeasuredwith a digital

caliper with a precision of 0.01 mm (Digimatic Caliper CD-

600OS, Mitutoyo, Japan), and then the volume (V) was cal-

culated. Each specimen was then immersed in 20 mL dis-

tilled water at 37 �C. Subsequent mass measurements were

taken at 1 h and at every 24 h in specimens blotted dry, until

a stable mass reading (m2) was obtained (approximately

40 days). The discs were then stored dry in the desiccator at

37 �C until a stable mass reading was obtained (m3). Water

sorption (Wsp) and solubility (Wsl) in lg/mm3 were calcu-

lated according to the Eqs. (1) and (2):

Wsp ¼ m2 � m3ð Þ=V ð1Þ

Wsl ¼ m1 � m3ð Þ=V ð2Þ

Flexural strength

Bar-shaped specimens (n = 20, 10 9 2 9 1 mm) were

fabricated by placing the composite in a stainless steel split

mold, sandwiched between glass slides. Materials were

photopolymerized at 16 J/cm2 (using the same parameters

described for the conversion test). Specimens’ dimensions

were obtained with a digital caliper with 0.01-mm preci-

sion. Then, 10 specimens per group were stored in distilled

water at 37 �C for 24 h, and the remaining specimens were

stored in a 75 % solution of ethanol in distilled water. The

storage solution was changed every week for 3 months,

before the specimens were tested in 3-point bending, which

was carried out in an universal testing machine (model

5565, Instron, Canton, MA, USA) with 8-mm span

between supports and crosshead speed of 0.5 mm/min.
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Flexural strength was calculated with the Eq. (3), where P

is the load at fracture (in N), L is the distance between the

supports (8 mm), B is the width, and H is the height of the

specimen (both in mm).

FS ¼ 3 � L � Pð Þ
�

2 � B � H2
� �

ð3Þ

The fractured specimens were immersed in an ultrasonic

cleaning bath (model T14, Thornton Inpec Eletronic Ltd.,

Vinhedo, SP, Brazil) with distilled water for 15 min, dried

and sputter-coated with platinum (model MED 020, Bal-tec

Coating System, Balzers, Leichtenstein). The fracture

surfaces were then analyzed by SEM (Stereoscan 400,

Cambridge, UK) up to 5,0009 magnification.

Knoop microhardness

The microhardness test (n = 3) was performed in one of

the fragments from the flexural strength test in a microh-

ardness tester (model HMV-2T, Shimadzu Corporation,

Kyoto, Japan). Six indentations were made in the non-

irradiated surface of the specimen, under 25 g of load

applied for 10 s. The Knoop hardness number (KHN) value

was the average of these six indentations.

Statistical analysis

Conversion, water sorption/solubility, flexural strength and

microhardness data were analyzed with two-way ANOVA

and Tukey’s test. Student’s t test was used to compare

values of flexural strength and microhardness before and

after aging. The global level of significance was set to 5 %.

Results

Results of degree of conversion, maximum rate of poly-

merization, water sorption and solubility for the unfilled

materials are shown in Table 1.

Degree of conversion and maximum rate

of polymerization

For degree of conversion, the interaction was not statisti-

cally significant (p = 0.099). Materials containing Bi-

sEMA showed statistically higher conversion than

BisGMA-based materials (pooled averages, respectively,

60.9 ± 3.2 and 54.7 ± 2.2 %, p\ 0.01). Tetraethylene

glycol dimethacrylate (60.3 ± 3.7 %a) and TEGDMA

(59.7 ± 4.1 %ab) showed higher conversion than DE-

GDMA (57.5 ± 3.6 %c) and EGDMA (53.2 ± 2.6 %d,

p\ 0.01). 1,10 Decanediol dimethacrylate

(58.5 ± 3.6 %bc) reached conversion similar to TEGDMA

and DEGDMA, but lower than TETGDMA. Only the

factor base monomer showed a statistically significant

effect on the maximum rate of polymerization. Bisphenol

A diglycidyl dimethacrylate-based materials showed higher

maximum rates of polymerization compared to BisEMA

(6.2 ± 0.8 and 3.9 ± 0.6 % s-1, respectively, p\ 0.001).

Water sorption and solubility

When co-polymerized with BisGMA, TETGDMA and

TEGDMA showed greater water sorption than DEGDMA,

while EGDMA was higher than D3MA. For BisEMA-based

materials, TETGDMA presented greater sorption than DE-

GDMA and EGDMA, while TEGDMA and D3MA were

statistically similar to all other diluents (p\ 0.01). The

factors base monomer and diluent and the interaction

between them did not show significant effects on solubility

(p[ 0.05).

Flexural strength

For flexural strength at 24 h, the interaction (p = 0.245) and

the base monomer (p = 0.102) were not statistically sig-

nificant. Formulations containing TEGDMA presented ini-

tial flexural strength values statistically higher than those

Table 1 Mean* and standard

deviations for degree of

conversion (15 min), maximum

rate of polymerization and water

sorption/solubility (40 days) of

unfilled resins as a function of

base monomer and diluent

* Means followed by the same

superscript letter in the same

column are not statistically

different with a = 5 %

Base

monomer

Diluent Degree of

conversion (%)

Maximum rate of

polymerization (% s-1)

Sorption

(lg/mm3)

Solubility

(lg/mm3)

BisGMA EGDMA 51.0 ± 1.0e 5.7 ± 0.6ab 50.4 ± 2.2b 8.9 ± 1.4a

DEGDMA 54.3 ± 0.6d 6.2 ± 0.1a 50.6 ± 3.7b 6.3 ± 3.0a

TEGDMA 56.0 ± 1.0 cd 6.3 ± 0.1a 62.4 ± 2.8a 7.2 ± 1.3a

TETGDMA 57.0 ± 0.0c 6.5 ± 0.9a 60.0 ± 3.1a 6.6 ± 3.9a

D3MA 55.3 ± 0.6 cd 6.2 ± 1.7a 42.0 ± 2.0c 10.8 ± 3.6a

BisEMA EGDMA 55.3 ± 1.5 cd 3.2 ± 0.3c 20.0 ± 2.2e 9.2 ± 2.0a

DEGDMA 60.7 ± 1.2b 3.9 ± 0.2bc 21.8 ± 4.3e 9.2 ± 2.7a

TEGDMA 63.3 ± 0.6a 3.9 ± 0.6bc 25.0 ± 1.4de 8.8 ± 1.4a

TETGDMA 63.7 ± 0.6a 3.8 ± 0.6b 28.5 ± 2.4d 11.7 ± 2.5a

D3MA 61.7 ± 1.2ab 4.5 ± 0.7abc 25.0 ± 1.9de 9.6 ± 1.8a
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containing D3MA (143.6 ± 17.4 MPaa and 128.5 ± 15.3

MPab, respectively) (p\ 0.05) (Fig. 1). Ethylene glycol

(134.9 ± 20.4 MPaab), DEGDMA (142.7 ± 23.6 MPaab)

and TETGDMA (130.5 ± 17.6 MPaab) behaved statisti-

cally similar to both. Storage in ethanol solution signifi-

cantly reduced flexural strength (p\ 0.001), between 82

and 91 % for BisGMA copolymers and between 68 and

76 % for BisEMA, respectively. After 3 months, BisEMA

containing formulations presented higher flexural strength

than BisGMA (36.1 ± 9.6 and 16.9 ± 6.8 MPa, respec-

tively, p\ 0.01). Tetraethylene glycol dimethacrylate

(32.4 ± 12.1 MPaa) presented higher flexural strength than

EGDMA (22.8 ± 12.4 MPab) and D3MA (22.8 ±

12.3 MPab). DEGDMA (26.0 ± 14.6 MPaab) and TEG-

DMA (28.5 ± 10.4 MPaab) showed strength values after

3 months similar to the other diluents (p\ 0.01).

The fracture surface in all groups revealed a brittle mode

of failure, both before and after immersion in ethanol

(Fig. 2). Hackle lines point to the origin of fracture in

minor porosities within the material (Fig. 2a). The crack

seemed to propagate through the organic matrix, as no

exposed filler particles were observed (Fig. 2b).

There was no difference in the overall shape of the

load 9 displacement curves for the different diluent

monomers within the same base monomer (overall shapes

are shown in Fig. 3). It can be noticed a considerable

reduction in the elastic region in the load vs. displacement

curves associated with elution of monomer from the

polymer matrix after 3 months, which was very similar

among all the groups (Table 1).

Fig. 1 Flexural strength (a) and Knoop microhardness (b) of the resin composites before and after 3 months storage in ethanol

Fig. 2 SEM micrographs of composite fractured surfaces. a Surface under 9250 magnification showing the fracture origin (asterisk); the arrows

indicate the semi-ellipse suggestive of subcritical crack growth. b Surface under 95,000 magnification showing filler particles covered by matrix

Fig. 3 Overall shapes of load 9 displacement curves of BisGMA-

and BisEMA-based resins in flexure after 24 h and 3 months (3 m)
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Knoop microhardness

For KHN after 24 h, the interaction was statistically sig-

nificant (p\ 0.001). Formulations containing BisEMA and

EGDMA derivatives showed statistically similar averages,

all higher than D3MA (Fig. 1). Formulations containing

BisGMA, TEGDMA and TETGDMA showed higher KHN

than D3MA, while EGDMA and DEGDMA were similar to

both. After 3 months in ethanol, formulations containing

BisGMA showed reductions between 41 and 50 %. For the

BisEMA-based formulations, reductions ranged from 10 to

37 %. After 3 months, formulations containing BisEMA

showed higher KHN than the BisGMA-based ones

(18.1 ± 1.8 and 15.3 ± 2.5, respectively, p\ 0.01). Eth-

ylene glycol (18.4 ± 2.7a) presented higher KHN com-

pared to D3MA (14.7 ± 2.0b). DEGDMA (16.5 ± 2.6ab),

TEGDMA (16.1 ± 2.4ab) and TETGDMA (17.8 ± 2.2ab)

showed average KHN similar to the other diluents

(p\ 0.05).

Discussion

Although new monomers have been developed, co-poly-

mers of dimethacrylates are the most commonly used in

dental resin composites [8]. In the present study, the usual

commercial proportion between base and diluent mono-

mers of 75:25 by weight was used, since it allows for high

filler loadings to be achieved [15]. It is noteworthy that,

due to differences in molecular weights among the mono-

mers, the molar ratio of base/diluent was slightly different

(0.9 for EGDMA; 0.7 for DEGDMA; 0.6 for TEGDMA;

0.5 for TETGDMA; and 0.5 for D3MA). These values were

very similar for BisGMA and BisEMA, due to their similar

molecular weights (512 and 540 g/mol, respectively).

Degree of conversion and maximum rate

of polymerization

Hypothesis 1 was accepted, as conversion achieved by

BisEMA was greater than BisGMA. This finding is in

accordance with a previous study that found higher con-

version when BisGMA was totally or partially replaced by

BisEMA as base monomer with all irradiation times used

[30]. Compared to BisGMA, BisEMA longer ethylene

glycol spacer increases flexibility, while its lower initial

viscosity, granted by the weaker intermolecular interaction,

facilitates diffusion prior to gelation, ultimately leading to

a higher limiting conversion [6, 15]. As far as the diluents

are concerned, hypothesis 2 was also accepted. Tetraeth-

ylene glycol dimethacrylate and TEGDMA presented

higher conversion compared to DEGDMA and EGDMA,

likely due to the greater reactivity associated with longer

spacers (i.e., higher number of ethylene glycol units)

between methacrylate groups [35]. Indeed, other studies

have demonstrated that the reactivity decreases as the

number of ethylene glycol units decreases [36] due to a

reduced flexibility [37]. When comparing TETGDMA and

D3MA, which have similar distances between methacrylate

groups, the role of flexibility is highlighted, since the

presence of ethylene glycol units in TETGDMA provides

additional degrees of freedom to the molecule. This leads

to the partial rejection of hypothesis 3.

The strong intermolecular interactions in BisGMA and

its consequent high monomeric viscosity favor propagation

at earlier stages of conversion compared to the less hin-

dered BisEMA [6, 14, 30, 32]. That way, gelation in Bis-

GMA is achieved earlier, which causes the maximum rates

of polymerization to be higher and the limiting values of

conversion lower, in comparison with BisEMA-based

materials. One explanation for the lack of influence of

diluent monomers on polymerization rate is that the initial

viscosity is virtually the same in all materials (within the

same base monomer), since the intermolecular interactions

are similar (all diluent monomers are only hydrogen bond

acceptors, not donors). Therefore, in regard to maximum

rate of polymerization, hypothesis 1 was accepted and

hypotheses 2 and 3 were rejected.

Water sorption and solubility

Higher hydrophilicity and lower degree of conversion were

expected to render polymers with greater water sorption [6,

21, 23, 24, 38, 39], as observed in this work when com-

paring BisGMA to BisEMA-based polymers. A recent

study observed lower sorption with partial or total

replacement of BisGMA by BisEMA [30]. Hydrogen

bonds between water molecules and BisGMA hydroxyl

groups is three orders of magnitude stronger than the ones

that can be established with ether groups, present both in

BisGMA and in BisEMA [3, 40]. The free volume which is

a result of molecule packing in the polymer also influences

water uptake [39, 41]. In spite of the similar intermolecular

interactions developed between diluents and base mono-

mers within the same base monomer, the differences in

polymer packing given by the ethylene glycol derivatives

(and their different spacer sizes between methacrylates)

and the D3MA were able to produce differences in water

sorption. It is likely that EGDMA and DEGDMA have

produced tighter networks compared to TEGDMA and

TETGDMA, since their smaller chains produce shorter

crosslinks [42]. Another factor that needs to be considered

is the fact that lower molecular weight monomers were

actually in a higher molar concentration. In other words,

for EGDMA and DEGDMA, the crosslinker concentration

was even higher and that allied to the shorter chains,
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probably produced a denser network and led to less water

sorption [39]. 1,10 Decanediol dimethacrylate does not

present hydrogen bonding acceptor sites in its backbone,

providing a hydrophobic character, and the water sorption,

as a consequence, was lower [23]. In the BisEMA formu-

lations, the water sorption values were closer to each other,

probably because the base monomer has a greater hydro-

phobic character. In those cases, the higher sorption

observed for TETGDMA when compared to EGDMA and

DEGDMA was also a function of the longer crosslinks

formed in the network. This leads to the acceptance of

hypothesis 1 and partial rejection of hypotheses 2 and 3.

In regard to solubility, all groups showed statistically

similar results. Such finding suggests that conversion and

amount of water absorbed into the network are not the only

factors affecting solubility, and hydrophilic character of

leachable present in the structure (monomers and oligo-

mers) also plays a role [6]. Only 2–8 % of the remaining

double bonds correspond to free residual monomer [39, 43,

44], meaning that the remainder of the unreacted double

bonds remains pendant from the network structure. The

pendant double bonds contribute to water sorption, but not

to leachable species [6].

When in contact with the network, the solvent estab-

lishes attraction forces with polymeric components,

breaking the secondary bonds between chains and conse-

quent plasticization of the material. Surface properties such

as hardness tend to be affected in earlier stages than bulk

properties, which are affected more slowly [39]. Although

both base monomers have presented similar solubilities,

BisGMA tends to suffer more degradation with decrease in

mechanical properties in long term than BisEMA due to the

higher water sorption.

Flexural strength

Bisphenol A ethoxylated dimethacrylate and BisGMA pre-

sented similar early flexural strength, as observed in the lit-

erature [29], in spite of the higher conversion presented by

the former. It is a clear indication of the role of hydrogen

bonding on the mechanical properties of the resulting net-

work, since they work as non-covalent crosslinks in the

polymer [8, 45]. However, hydrogen bonds are exactly the

secondary bonds that are prone to be attacked by protic

solvents, such as water and ethanol, then leading to a greater

decrease in flexural strength after storage in 75 % ethanol

solution for 3 months for the BisGMA-based materials, as

expected [39, 41]. For BisEMA, the greater resistance to

degradation by organic solvents was determined not only by

the more hydrophobic character, but also by the higher

degree of conversion. As for the diluents, the small differ-

ences in conversion did not reflect in the early mechanical

properties. The lower conversion presented by EGDMA and

DEGDMA seems to have been compensated by the tighter

network given by the shorter crosslinks and also by the rel-

atively greater molar concentration of diluents, compared to

TEGDMA and D3MA. Comparing the last two monomers,

the more flexible D3MA led to lower initial flexural strength

compared to TEGDMA, as expected [25], in spite of the

higher conversion.

The analysis of the fractured surfaces under SEM shows

hackle lines pointing to the origin of fracture in minor

porosities within the material. Also, the load 9 displace-

ment curves showed that almost all the deformation

occurred in the elastic regime. These two factors combined

indicate that there was slow crack propagation and absence

of plastic deformation, suggestive of a subcritical crack

growth behavior [46].

Knoop microhardness

The microhardness values followed the same trends

observed for flexural strength: within the same diluent,

BisGMA and BisEMA presented similar KHN values prior

to storage in ethanol. The only exception was BisEMA co-

polymerized to D3MA, showing the lowest mean value

among all formulations, likely due to the high flexibility of

the diluent, allied to the lack of strong intermolecular

interactions given by the base monomer. After storage,

BisEMA formulations have again proven better able to

resist degradation. In this case, no difference was observed

among diluents, likely because the surface mechanical

properties are more sensitive to the plasticization effects of

the solvent [41]. In regard to initial flexural strength and

microhardness, all hypotheses were rejected, while for the

results after aging, hypothesis 1 was accepted and

hypotheses 2 and 3 were rejected.

According to previous studies, when BisGMA was used

as base monomer, the replacement of TEGDMA by Bi-

sEMA as diluent was not advantageous for degree of

conversion nor flexural strength of the resultant polymer

[26], and when BisEMA replaced BisGMA as base

monomer when used with TEGDMA, there was no

improvement in mechanical properties, which remained

similar, in spite of a higher conversion [29]. Nevertheless,

the findings of the present study indicate that, although the

total replacement of BisGMA by BisEMA as base mono-

mer did not improve immediate mechanical properties, it

decreased water sorption and degradation after aging,

which suggests a better performance in long-term use.

Conclusions

Due to its higher flexural strength and microhardness after

aging and its lower water sorption, BisEMA appears to be a
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suitable alternative to BisGMA as base monomer in resin

composites. DEGDMA, TEGDMA and TETGDMA

showed a better compromise among conversion and water

sorption compared to EGDMA, ultimately leading to better

mechanical properties. 1,10 Decanediol dimethacrylate did

not improve mechanical properties before or after storage

in spite of is greater hydrophobicity in relation to the eth-

ylene glycol derivatives.
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