
Effect of thiourethane filler surface functionalization on stress, 
conversion and mechanical properties of restorative dental 
composites

André L. Faria-e-Silvaa, Andressa dos Santosb, Angela Tangc, Emerson M. Girottod, and 
Carmem S. Pfeifere

aDepartment of Dentistry, Federal University of Sergipe, Rua Claudio Batista s/n, Bairro 
Sanatório, Aracaju, SE, 49060-100, Brazil

bGraduate Program in Chemistry, State University of Maringa, Av. Colombo 5790, Jardim 
Universitário, Maringá, PR, 87020-900, Brazil

cPhillips Academy, 180 Main St., Andover, MA, USA

dDepartment of Chemistry, State University of Maringa, Av. Colombo 5790, Jardim Universitário, 
Maringá, PR, 87020-900, Brazil

eDepartment of Restorative Dentistry, Division of Biomaterials and Biomechanics, Oregon Health 
& Science University, 2730 SW Moody Ave, 97201, Portland, OR, USA

Abstract

Objectives.—This study evaluated the efficacy of a thiourethane(TU)-modified silane agent in 

improving properties in filled composites.

Methods.—The TU-silane agent was synthesized by combining 1,3-bis(1-isocyanato-1-

methylethyl)benzene and 3-(triethoxysilyl)propyl isocyanate with trimethylol-tris-3-

mercaptopropionate (TMP), at 1:2 isocyanate:thiol, leaving pendant thiol and alkoxy silane 

groups. Barium glass fillers (1 μm average particle size) were functionalized with 5 wt% TU-

silane in an acidic ethanol solution. Commercially available 3-(trimethoxysilyl)propyl 

methacrylate (MA-silane) and (3-mercaptopropyl)trimethoxysilane (SH-silane), as well as no 

silane treatment (NO-silane), were used as controls. Composites were made with BisGMA-

UDMA-TEGDMA (5:3:2), camphorquinone/ethyl-4-dimethylaminobenzoate(0.2/0.8 wt%) and di-

tert-butyl hydroxytoluene (0.3 wt%) and 70 wt% silanated inorganic fillers. Polymerization stress 

(PS) was measured using a cantilever beam apparatus (Bioman). Methacrylate conversion (DC) 

and rate of polymerization (RP) during photoactivation (800 mW/cm2) were followed in real-time 

with near-IR. Flexural strength/modulus (FS/FM) were evaluated in three-point bending with 2 × 2 

× 25 mm. Statistical analysis: 2-way ANOVA/Tukey’s test (α = 5%).

Results.—DC, Rpmax and E were similar for all groups tested. FS was similar for the TU- and 

MA-silane, which were statistically higher than the untreated and SH-silane groups. Stress 

reductions in relation to the MA-silane were observed for all groups, but statistically more 
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markedly for the TU-silane material. This is likely due to stress relaxation and/or toughening 

provided at the filler interface by the oligomeric TU structure.

Significance.—TU-silane oligomers favorably modified conventional dimethacrylate networks 

with minimal disruption to existing curing chemistry, in filled composites. For the same 

conversion values, stress reductions of up to 50% were observed, without compromise to 

mechanical properties or handling characteristics.
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1. Introduction

Despite the low annual failure rates (1–3%) observed for composite restorations in posterior 

teeth, with most failures observed being related to secondary caries and fractures of the tooth 

structure or restorative materials, on average, restorations last about 10 years in service [1–

3]. Secondary caries is significantly affected by risk factors associated to the patients [4–6], 

but the presence of defects at the restoration margins can increase the likelihood of bacterial 

recolonization and reestablishment of the disease in the region [7–9]. Further, the fact that 

the composite undergoes polymerization, and consequently shrinkage, confined by the 

cavity walls leads to the transfer of stresses to the bonded interface, which in turn favor the 

development of marginal defects [10–12], as well as cracks on the tooth structure [12,13]. 

Therefore, clinical strategies and material developments have been attempted with the goal 

of minimizing the deleterious effects associated with polymerization shrinkage of resin-

based materials [11,12].

The main modifications in the organic matrix of composites in the last years focused on 

developing low-shrinking monomers, either via lower molar shrinkage coefficients, as is the 

case in the epoxide-based material that polymerizes via a ring-opening mechanism (i.e., 

silorane monomers), or via higher molecular weight monomers, or via the addition of pre-

polymerized additives [11,14,15]. This was done with the assumption that reduction in 

polymerization shrinkage would necessarily lead to reduced polymerization stress and, in 

turn, better restoration longevity [10]. Clinical studies have demonstrated that this is not 

always the case [5,10]. In this context, thiourethane oligomers have been proposed as an 

alternative stress reducing additive, allying the higher molecular weight of the oligomer with 

thiol chemistry, which affords lower stress through delayed gelation and vitrification [16–

19]. The rationale is that the thiol functional groups work as chain transfer agents to promote 

a radically assisted step-growth polymerization of methacrylates [18,19]. In fact, several 

prior studies demonstrated the effectiveness of the addition of thiourethane oligomers on 

polymerization stress reduction and depth of polymerization increase, which in turn relates 

to the high refractive index of these oligomers [20–23].

However, it has also been demonstrated that the effect of thiourethane depends on its 

concentration, and that the addition of this oligomer to resin matrix is somewhat limited due 

to viscosity concerns [18,19]. Higher concentrations of thiourethane increase the resin 

viscosity, complicating the addition of fillers and compromising the handling char acteristics 
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of composite. One possible solution to improve the distribution of such oligomers within the 

composite is to tether them to the filler particles. Other studies have demonstrated that 

polymer brush functionalization may improve wetting of silicon-containing surfaces, and 

actually improve their interaction with relatively hydrophobic monomers [24,25]. In the case 

of particle–particle interactions, which are of interest to the composite application, it is 

known that the functionalization of the filler surface greatly influences particle packing [26].

Therefore, the present study aimed to investigate the effect of filler silanization with a 

thiourethane oligomer on polymerization kinetics, mechanical properties and polymerization 

stress of filled methacrylate-based dental composites, as compared to fillers silanized with a 

conventional methacrylate silane. The null hypothesis was that the silane type does not affect 

the outcomes evaluated.

2. Material and methods

2.1. Experimental design

This study was designed as a single factor evaluation of the type/presence of silane in five 

levels. Non-silanized fillers were treated with methacrylate, thiol or thiourethane silanes, 

while filler silanized by manufacturer using a methacrylate silane and filler without any 

surface treatment (non-silanized) were used as positive and negative controls, respectively. 

The variable responses were polymerization kinetics and stress; flexural strength and elastic 

modulus of composites assessed by 3-point bending test.

2.2. Synthesis of thiourethane

Except where noted, all reagents used in this study were purchased from Sigma-Aldrich (St. 

Louis, MO, USA) and used without further purification. The thiourethane silane was 

synthesized using trimethylolpropane tris(3-mercaptopropionate) (TMP), 1,3-bis(1-

isocyanato-1-methylethyl) benzene (BDI) and 3-(triethoxysilyl)propyl isocyanate, at 2.5:1:1 

mol ratios. Reagents were mixed in a 100 mL round-bottom flask containing 50 mL 

dichloromethane, under magnetic stirring at room temperature, using nitrogen gas as the 

reaction atmosphere for 30 min. After this time, three drops of triethylamine were added, 

followed by additional magnetically stirring over an ice bath for 24 h. Reaction completion 

was confirmed by the disappearance of the isocyanate peak in mid-IR (2270 cm−1). The 

material was then purified by precipitation in hexanes, and vacuum extraction. The complete 

consumption of isocyanate was verified by 1H Nuclear Magnetic Resonance — NMR 

(Bruker AMX-400 MHz, Santa Barbara, CA, USA) using dimethyl sulfoxide-d6 as solvent.

2.3. Filler silanization

Non-silanized aluminum–barium–borosilicate glass fillers (ref. 8235; Schott, Elmsford, NY, 

USA) with 1 μm average particle size were used in this study, and silanized with either 

nothing (negative control), 3-(trimethoxysilyl) propryl methacrylate (experimental 

methacrylate control), (3-mercaptopropyl) triethoxysilane (thiol) or the newly synthesized 

thiourethane silane (TU-silane). The same filler silanized by the manufacturer with a 

methacrylate silane was used as the commercial methacrylate control. An ethanol solution 

(80.0 vol%) with milli-Q water was prepared in a polyethylene bottle. The pH was adjusted 
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with 1 M acetic acid at 4.5, stabilized for 24 h at room temperature. The silanization 

procedure was carried-out by addition of 5.0 g of filler and2.0 vol% of silane to 65 ml of 

ethanol solution. The solution was stirred for 24 h at room temperature, followed by 

decantation and filtration, and a final wash with n-hexanes. The filtered fillers were dried in 

an oven at 37 °C for 48 h, then carefully ground using a glass piston. Particles were then 

treated in a ball mill to ensure there were no clusters, as assessed by inspection in a 

stereomicroscope.

In order analyze the efficacy of silanization procedure performed, pellets were produced by 

mixing less than 1.0% of silanized fillers with KBr under pressure. The pellets were 

analyzed in mid-IR (Nicolet 6700, Thermo Scientific, Madison, WI, EUA). Additionally, the 

silanization procedure efficacy was assessed by thermogravimetric analysis (Pyris 7, Perkin-

Elmer, Fremont, CA, USA). The weight change of samples as a function of temperature was 

evaluated with temperature ramping from 50 to 850 °C at 10 °C/min under a nitrogen flow 

of 20 mL/min.

2.4. Composites formulation

The same resin matrix consisting of 50 wt% BisGMA (bisphenol A diglycidyl 

dimethacrylate), 30 wt% UDMA (urethane dimethacrylate), and 20 wt% TEGDMA (tri-

ethylene glycol dimethacrylate), all from Esstech (Essington, PA, USA), was used in all 

experiments. The photo-initiation system consisted of 0.2 wt% dl-camphoroquinone and 0.8 

wt% tertiary amine (EDMAB [ethyl 4-dimethylaminobenzoate]). 0.1 wt% 2,6-di-tert-
butyl-4-methylphenol (BHT) was added as inhibitor. Fillers silanized according to the 

experimental groups described above were added to the resin at 70 wt% using a mechanical 

mixer (DAC 150 FVZ SpeedMixer, Flacktek, Lan-drum, SC, USA).

2.5. Degree of conversion and polymerization kinetics

The experimental composites were inserted into a rubber mold (10 mm in diameter and 0.8 

mm thick; n = 3) between two glass sides and positioned the chamber of the spectrom eter 

Nicolet 6700 (Thermo Scientific, Madison, WI, USA). The composites were irradiated for 

40 s using the light-curing unit Elipar S10 (3 M ESPE, St. Paul, MN, USA) with irradiance 

of 1200 mW/cm2. The polymerization kinetics was monitored in near-IR for 5 min with 2 

scans/spectrum, 4 cm−1 resolution, 2 Hz data acquisition rate. The degree of conversion 

(DC) was calculated based on the area of the methacrylate vinyl overtone at 6165 cm−1. The 

polymerization rate (Rp) was calculated as the first derivative of the conversion vs. time 

curve. The specimens used for polymerization kinetics analysis were stored for 72 h, and 

conversion was measured again at that time.

2.6. Three-point bending test

Bar specimens (2 × 2 × 25 mm) were built using silicone molds between two glass sides (n = 

5). The composites were light-cured by three overlapping 40 s exposures of 800 mW/cm2 

(Elipar S10) on both sides, according to ISO 4049 (Standard I; 2009) and stored dry for 24 h 

in the dark. After storage, the dimensions of the bars were checked with a digital caliper 

accurate to 0.01 mm (Mitutoyo Corporation, Tokyo, Japan), and the specimens were 

positioned in a 3-point bending device coupled to a mechanical testing system (Q-test, MTS, 
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Eden Prairie, WI, USA). The distance between supports was 20 mm and the load was 

applied to the center of specimen. The diameter of both supports and of the loading rod was 

2 mm. The tests were performed at a crosshead speed of 1.0 mm/min until failure and was 

monitored by the testing machine software (TestWorks v.3.08, MTS Inc., Orono, ME, 

USA.). The flexural strength (σf) was calculated by the following equation:

σ f = 3Fl
2bh2 (1)

where F is the maximum load (N) exerted on the specimen, l is the distance (mm) between 

the supports, and b is the width (mm) and h the height (mm) at the center of the specimen. 

The Ef was calculated using the following equation:

E =
F1 l3

4bdh3 (2)

where F1 is the load (N) exerted on the specimen and d is the deflection corresponding to the 

load F1.

2.7. Polymerization stress

Polymerization stress development was followed in real-time for 5 min using the Bioman (n 

= 5) [27]. The composites were placed over a glass plate treated with a commercial silane 

coupling agent (Ceramic Primer, 3M-ESPE, St. Paul, MN, USA) held to the device with a 

bolt, through which the tip of light-curing unit (Elipar S10) was positioned. A 5.6-mm 

diameter metallic rod treated with metal primer (Z-prime plus, Bisco, Schaumburg, IL) 

served as the opposite bonding substrate, to produce disk specimens with 0.75 mm thickness 

(configuration factor = 2.8). The photo-activation was carried-out for 40 s at 800 mW/cm2 

(intensity reaching the specimen) and the polymerization stress assessed from the 

displacement of the cantilever of the apparatus. The load was recorded by strain-gauge load 

cell and data converted into MPa.

2.8. Statistical analysis

Data analysis was performed using the SigmaStat v.3.5 statistical software package (Systat 

Software Inc., Chicago, IL, USA). Data were individually analyzed with one-way analysis of 

variance (ANOVA) followed by Tukey’s post hoc test. The significance level was set at α = 

0.05 for all analyses.

3. Results

The chemical changes in the filler surface after the silanization treatments are illustrated by 

mid-IR spectroscopy (Fig. 1). Characteristic absorption bands of nano silica were observed 

at 1050 and 461 cm−1 due to the asymmetric and symmetric stretching vibration of Si–O–Si 

structure [28]. A broad sharp band at around 3455 cm−1 and a sharp band at 1636 cm−1, 

Faria-e-Silva et al. Page 5

Dent Mater. Author manuscript; available in PMC 2019 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



observed in all samples, are associated with hydroxyl groups that are present on nano silica 

surface [28–30]. Table 1 presents the peak intensity ratios of the main functional group (-

OH) changed after silanization treatments. After silanization the peak ratios I3455/1050 and 

I1636/1050 significantly decreased for the three silane coupling agents.

Fig. 2 shows the thermogravimetric curves of silanized fillers. The first weight loss, in 

temperature from 40 °C to about 120 °C, is attributed to the removal of water and ethanol 

physically adsorbed and it corresponds to less than 0.05 wt% for all the samples [29]. The 

more significant weight loss can be observed starting at around 200 °C, and is caused mainly 

by the degradation of the silane coupling agent compounds on the nano-silica surface [28]. 

The methacrylate and thiol fillers presented weight loss of 1.18 and 1.30%, respectively, 

while the thiourethane silanes presented weight loss of 3.03%.

The results of the polymerization kinetics are illustrated in Fig. 3 and Table 2. At the end of 

the kinetics evaluation (5 min), composites with fillers silanized using thiol or the 

commercial methacrylate control showed the highest DC, while no difference was observed 

among the other silanization conditions. The silanization process did not affect the 

maximum rate of polymerization nor the conversion measured after 72 h. Regarding flexural 

strength (Table 2), fillers silanized with methacrylate and non-treated (negative control) 

resulted in composites with the lowest values of flexural strength. In contrast, the 

silanization process did not affect the elastic modulus of composites (Table 2). The stress 

development during the polymerization is presented in Fig. 4. The values of maximum 

polymerization stress are presented in Table 2. Composites containing methacrylate-

silanized fillers presented the highest values of stress, whereas the silanization with 

thiourethane resulted in the lowest values.

4. Discussion

Prior studies have demonstrated that adding thiourethane oligomers to the organic matrix of 

dental composites can reduce the polymerization stress and increase the DC, but might 

compromise the handling properties of the material by significantly increasing its viscosity 

when added at concentrations higher than 30 wt% [18]. The results of the present study 

showed that functionalizing the filler particles with thiourethane might be a good strategy to 

overcome this problem, since no obvious differences were noticed in the handling of the 

material, while also reducing the polymerization stress without effect to the mechanical 

properties of composite. Therefore, the hypothesis of study is rejected.

In addition to commercially silanized and non-silanized fillers, fillers silanized in house with 

methacrylate and thiol silanes were evaluated in the present study as controls. The rationale 

was to eliminate the variables intrinsic to the silanization synthesis procedure, such as 

concentration of silane, solvent solution used, agitation time, etc. The commercial controls 

were added as the industry gold standard. In fact, it was confirmed that composites 

containing methacrylatefunctionalized fillers either commercially or through the process 

performed in the present study presented similar results. Thiol-terminated silanes have been 

used widely in covalent immobilization of proteins or cells to glass or silicone surfaces 

[31,32]. The association between thiol-terminated silanes with acrylate to produce 
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biomaterials is a more recent approach [33]. Specifically in the case of the present study, 

thiol silanes were utilized as a model chain-transfer molecule, for which some stress 

reduction could be expected [32]. This allowed us to decouple the potential effects the 

thiourethane silanes were hypothesized to have on stress reduction.

The effectiveness of the silanization process was assessed in the present study through two 

methods. Using mid-IR analysis, the changes on functional −OH group ratios was analyzed 

and significant reduction on intensity of peaks was observed after the filler silanization. 

These changes in the ratios confirmed the reduction of hydrophilic chemical structures in 

silanized fillers in accordance to prior studies [28,30]. Additionally, thermogravimetric 

analysis demonstrated that the silane mass concentration on the surface of the filler was 

silane-dependent, with the higher molecular weight thiourethane silane demonstrating the 

greatest mass loss via this method. Molecules containing only one alkoxy silane 

functionality, such as the methacrylate and thiol silane controls used in this study, are 

expected to result in mono-layer filler functionalization, since each molecule can only attach 

to one site on the surface of the filler [34,35]. This, allied with steric hindrance provided by 

the flexibility of the silane molecule, favors early saturation and incomplete surface 

coverage. As for the thiourethane oligomer silane, the high molecular weight and the fact 

that multiple alkoxy silane functionalities were available to react make it unlikely that a 

monolayer would be formed. In fact, prior studies demonstrated the ability of thiol-ene to 

bind to glass and silicone surfaces yielding polymer brush structures [36,37]. Even though 

the loosely crosslinked structure expected from the thiourethane is unlikely to form a 

polymer brush heap structure, it is reasonable to assume that the functionalization layer 

produced with the oligomer was thicker than the one formed with either the experimental 

controls. This hypothesis seems to be corroborated by the thermogravimetric analysis 

results, which demonstrated roughly twice the mass loss compared with the experimental 

controls. It is important to note that, while the increased thickness is very likely, it is also 

possible that a greater degree of functionalization per unit area of the filler surface was 

accomplished with the thiourethane silane, once there were more alkoxy silane 

functionalities to react, as already mentioned.

In comparison to the unsilanized fillers, it was expected that the silanization would increase 

the mechanical properties of composites as result of the chemical bonding between the 

silanized filler and the organic matrix [28]. In general, unsilanized fillers act as voids within 

the organic matrix, and can facilitate crack propagation [38]. In fact, composites containing 

fillers silanized commercially presented higher flexural strength than composites containing 

non-silanized fillers. However, when compared with the composites containing fillers 

silanized with methacrylate using the present method, the flexural strength increased by only 

about 20 MPa, and that was not statistically significant. This points to a less efficient 

silanization process accomplished in our laboratory, which is not surprising given the 

thorough optimization that is involved in industrial processes. This is exactly the reason why 

we produced the controls for this study in house. Again compared with the unsilanized 

fillers and the fillers silanized with methacrylates in house, composites containing fillers 

silanized with thiol or thiourethane silanes presented greater flexural strength, perhaps not 

surprisingly, again because of the covalent interaction provided with the organic matrix. 

However, the same process was used to silanize the fillers with methacrylates, and while that 
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treatment did not increase the flexural strength in relation to the unsilanized control, the 

treatment with the thiols and thiourethanes did lead to increased flexural strength values. 

Those values were actually similar to those observed for composites containing filler 

particles silanized by the optimized method assumed to be used by the commercial 

manufacturer. Therefore, assuming that the efficiency of the method was similar for all 

silanes used in this study (it likely was not exactly the same), other factors need to be 

considered in explaining the increased flexural strength achieved by the thiol and 

thiourethane silanes in relation to the unsilanized control. One of them may be the fact that 

the thiol functionality forms a thiol-carbon bond via chain-transfer [16], and that bond is 

more flexible than carbon–carbon bonds that are formed via copolymerization of the 

methacrylate on the filler surface and on the organic matrix. This may have provided a 

toughening mechanism to absorb part of the energy of the crack propagating through the 

composite. In addition, the step-growth character of this reaction yields a more 

homogeneous polymer network with improved mechanical properties [16,17,39]. Both these 

factors help explain the increased flexural strength reached by filler silanized with thiol or 

thiourethane silanes.

Furthermore, thiol-methacrylate reactions delay the gelation and vitrification stages of 

polymerization via chain-transfer reactions, with consequent higher conversion and lower 

stress [17–23]. However, in the present study, silanization with thiols or thiourethanes did 

not affect RPmax, DC at RPmax nor ultimate DC. A prior study found that the addition of 

thiourethane directly in the resin matrix resulted in delayed gelation and vitrification and 

increased final DC [19]. However, the overall concentration of thiourethane in the material 

evaluated in that study was around 6 wt% since 20% of this oligomer was added to resin 

matrix of a composite filled at 70 wt%. Conversely, the thiourethane content in the 

composite evaluated in the present study was around 2.1 wt% considering that around 3% of 

the mass of the filler was covered according to TGA data. This seem to indicate that at this 

concentration, the thiourethane did not have enough pendant thiol bonds to significantly 

affect the polymerization kinetics, as is demonstrated on the polymerization rate as a 

function of conversion curves. Even though this property was not measured in this study, this 

also likely means the crosslinking density of the composites containing thiourethane fillers 

was similar to the methacrylated ones, which can be further speculated to have resulted in 

the similar values of elastic modulus observed in this study.

The most interesting finding of this study is that, despite the significantly lower thiourethane 

concentration compared to the studies where the oligomer was added directly to the matrix, 

and the absence of any effect on polymerization kinetics, composites containing fillers 

silanized with thiourethane still presented the lowest values of stress, approximately half of 

the value presented by the composites containing fillers functionalized with methacrylates in 

house and 40% lower than the commercial methacrylate silane. It is interesting to note that, 

in spite of the similar modulus, the materials containing the fillers silanized with 

methacrylates in house presented lower stress compared to the commercial methacrylate 

silane. This could be due to a less efficient coverage of the filler particle by the silane 

molecule with the in-house procedure. Even if that also applied to the thiourethane silane, 

this material reached stress values that were still statistically lower than the unsilanized 

filler. Previous studies have demonstrated that unsilanized fillers can be used to relieve part 
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of the polymerization stress, but with detrimental effects to mechanical properties [38], as 

already mentioned. Therefore, it was expected that the unsilanized filler would lead to lower 

polymerization stress values compared to silanized fillers, which was indeed the case in 

relation to both methacrylates and thiol materials, but not in relation to the thiourethane 

silane. The thiol silane provided stress values intermediary to the methacrylate and 

thiourethane counterparts, but still statistically higher than the unsilanized filler. This is 

relevant for two reasons. (1) The thiol silane was included to test the hypothesis that chain-

transfer agents tethered to the filler surface are able to delay gelation and reduce stress, but 

only the latter has been observed — as previously mentioned, the thiol concentration was 

likely not high enough to elicit the delayed gelation response [40], but was still able to 

alleviate part of the stress due to expected toughening of the material via the formation of 

flexible carbon–sulfur bonds [41]. (2) The chain-transfer effect was expected to be greater 

for the thiourethane silane because of the higher concentration of thiols expected with this 

material, but that was not observed either. Yet, the reduction in stress was even more 

significant than with the thiol silane. In this case, not only did the carbon–sulfur bonds likely 

provided stress relief, but the thio-carbamate bonds present in the thiourethane structure 

must have contributed to this effect [42]. In addition, other studies have demonstrated active 

strand behavior with oligomeric surface functionalization [43,44], and this will be further 

investigated in future studies utilizing stress relaxation experiments in dynamic mechanical 

analysis. In any event, it is important to highlight that the thiourethanemodified materials 

reached this lower stress result without compromise to the final conversion and elastic 

modulus.

In conclusion, silanization with thiourethane significantly reduced the polymerization stress, 

without compromising conversion and mechanical properties of composites. Since similar 

effects were previously observed by adding thiourethane to resin matrix, the incorporation of 

this oligomer to dental composites seems to be a promising strategy to obtain materials with 

reduced polymerization stress. Further studies associating the incorporation of thiourethane 

in both filler and resin matrix remain necessary to assess any possible synergistic effect.
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Fig. 1 - 
Mid-IR spectra of (a) non-silanated, (b) methacrylate,(c) thiol and (d) thiourethane fillers. 

Note the reduction on functional −OH group and increase of Si–O–Si group indicating the 

effectiveness of the silanization process.
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Fig. 2 - 
Thermogravimetric curves presenting the weight loss of fillers as function of the temperature 

increase according to the silane type. Since only the organic phase is lost, reductions on 

filler mass indicates that the fillers were covered by silane. Note the higher weight loss 

observed for thiourethane silane.
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Fig. 3 - 
Rate of polymerization (%/s) as a function of degree of conversion for the composites filled 

with particles silanized with different silanes. Results obtained with 0.8 mm thick 

specimens, with 1200 mW/cm2 reaching the top of the specimen.
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Fig. 4 - 
Development of polymerization stress as a function of time according to the silanization of 

fillers. The stress was measured for 5 min, using a configuration factor = 2.8, and 40 s of 

light-curing through a glass plate, with 1200 mW/cm2 reaching the surface of the specimen.
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Table 1 -

Peak intensity ratios of the main functional group (−OH) measured at Mid-IR according to silanization 

treatments.

Treatment I3455/1050 I1636/1050

Unsilanized 1.80 0.43

Methacrylate 0.44 0.11

Thiol 0.74 0.16

Thiourethane 0.46 0.10

I = peak intensity.
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