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Abstract

A new glycerol-based dimethacrylate monomer with an aromatic carboxylic acid, 2-((1,3-

bis(methacryloyloxy)propan-2-yloxy)carbonyl)benzoic acid (BMPB), was synthesized, 

characterized, and proposed as a possible dental co-monomer for dentin adhesives. Dentin 

adhesives containing 2-hydroxyethyl methacrylate (HEMA) and 2,2-bis[4-(2-hydroxy-3-

methacryloxypropoxy) phenyl]propane (BisGMA) in addition to BMPB were formulated with 

water at 0, 5, 10, and 15 wt % to simulate wet, oral conditions, and photo-polymerized. Adhesives 

were characterized with regard to viscosity, real-time photopolymerization behavior, dynamic 

mechanical analysis, and microscale 3D internal morphologies and compared with HEMA/

BisGMA controls. When formulated under wet conditions, the experimental adhesives showed 

lower viscosities (0.04–0.07 Pa s) as compared to the control (0.09–0.12 Pa s). The experimental 

adhesives showed higher glass transition temperature (146–157°C), degree of conversion (78–

89%), and rubbery moduli (33–36 MPa), and improved water miscibility (no voids) as compared 

to the controls (123–135°C, 67–71%, 15–26 MPa, and voids, respectively). The enhanced 

properties of these adhesives suggest that BMPB with simple, straight-forward synthesis is a 

promising photocurable co-monomer for dental restorative materials.

Keywords

dentin adhesives; dental monomer; photopolymerization; dynamic mechanical property; water 
miscibility

INTRODUCTION

After nearly five decades of research, dental composites continue to show limited clinical 

service, requiring replacement at 5.7 years because of secondary decay or fracture.1 Clinical 

observations suggest that the incidence of decay is increased at the margins of composite 
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restorations and the gingival margin is a particularly vulnerable site.2,3 The composite is too 

viscous to bond directly to the tooth and thus, a low viscosity adhesive must be used to form 

a bond between the tooth and composite.

Acid-etching provides effective mechanical bonding between enamel and adhesive, but 

bonding to dentin has been fraught with problems. Clinicians frequently find very little 

enamel available for bonding at the gingival margin of class II composite restorations and 

thus, the bond at this margin depends on the integrity of the adhesive seal formed with 

dentin.4 At the vulnerable gingival margin, the adhesive may serve as the primary barrier 

between the prepared tooth and the surrounding environment. A failed adhesive means that 

there are gaps between the tooth and composite. Bacterial enzymes, oral fluids, and bacteria 

can infiltrate these gaps; this activity will lead to recurrent decay, hypersensitivity, pulpal 

inflammation, and restoration failure.5–7

Water present in the mouth is a major interfering factor when bonding adhesives and/or 

composites to the tooth.8 Water content of the dentin surface varies as a function of depth,9 

the nature of the substrate (i.e., caries-affected or healthy dentin),10 and the presence of 

residual rinse water. Under in vivo conditions, there is little control over the amount of water 

left on the tooth during dentin bonding. It is possible to leave the dentin surface so wet that 

the adhesive resin undergoes physical separation into hydrophilic and hydrophobic-rich 

phases.11 Adhesive phase separation inhibits the formation of an impervious, structurally 

integrated bond at the composite/tooth interface.12,13 In vitro and in vivo studies have 

suggested that the factors that inhibit a durable adhesive/dentin bond include inadequate 

monomer/polymer conversion, adhesive phase separation, hydrolytic, and enzymatic 

degradation.8,11,14 We are addressing these factors by developing water-compatible 

methacrylate-based dentin adhesives.11–13,15–22

The selection of the monomers used in dentin adhesives is a particularly critical factor since 

polymerization of the resin monomers produces a crosslinked matrix that provides chemical/

thermal stability and mechanical strength. Monomer selection exerts considerable influence 

on the properties, durability, and behavior of dentin adhesives in the wet, oral environment. 

Although numerous monomers have been investigated,18,23–25 the lack of dentin adhesives 

that are both effective and durable continues to be a major problem with the use of 

composites in direct restorative dentistry.

The durability of the adhesive/dentin bond is closely related to the water miscibility and 

appropriate photopolymerization of adhesive resins in the presence of water. In this work, a 

new glycerol-based dimethacrylate with an aromatic carboxylic acid is proposed as a dental 

monomer that will provide improved water miscibility, dynamic mechanical properties, and 

increased monomer/polymer conversion. The objective of this study was to synthesize and 

characterize a new dimethacrylate monomer and to evaluate the properties of the dentin 

adhesive formulated with the newly synthesized monomer under conditions that simulate the 

wet, oral environment.
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MATERIAL AND METHODS

Materials

2,2-Bis[4-(2-hydroxy-3-methacryloxypropoxy) phenyl]propane (BisGMA, Polysciences, 

Warrington, PA) and 2-hydroxye-thylmethacrylate (HEMA, Acros Organics, NJ) were used 

as received without further purification as monomers in dentin adhesives. 2-((1,3-

Bis(methacryloyloxy)propan-2-yloxy)carbonyl)benzoic acid (BMPB) was used as a co-

monomer and synthesized in-house (Figure 1). The phthalic anhydride and 4-

(dimethylamino)pyridine were obtained from Acros Organics (NJ). Glycerol dimethacrylate 

was obtained from Sigma-Aldrich (St. Louis, MO). Camphoroquinone (CQ) and ethyl-4-

(dimethylamino)benzoate (EDMAB) were obtained from Sigma-Aldrich (St. Louis, MO). 

All other chemicals were reagent grade and used without further purification.

Monomer synthesis (BMPB)

The new monomer, BMPB, was synthesized following the procedures described by Catel et 

al., with slight modification.26,27 Briefly, phthalic anhydride (PA, 0.068 mol) was dissolved 

in tetrahydrofuran (THF, 50 mL) at room temperature. 4-(Dimethylamino)pyridine (DMAP, 

0.003 mol) was added to the reaction mixture, followed by dropwise addition of glycerol 

dimethacrylate (GDMA, 0.075 mol). Following complete addition of GDMA, the reaction 

was allowed to continue at 60°C for another 3 h under nitrogen atmosphere. The reaction 

was monitored by thin layer chromatography (mobile phase: CH2Cl2:MeOH = 5:1). After 

the reaction was completed, the mixture was quenched with cold water and extracted with 

ethyl acetate. The organic phase was washed twice with a solution of 1N HCl to remove 

DMAP and extracted with 0.5M NaHCO3. The aqueous basic layer was acidified to pH 1–2 

with 1N HCl and then extracted with ethylacetate. After drying over anhydrous MgSO4, 

0.05 wt % of 2,6-di-tert-butyl-4-methylphenol (BHT) was added and the solvent removed 

with a rotary evaporator at 35–40°C to obtain BMPB as a colorless oil (18.9 g, 74% yield). 

The scheme for the BMPB synthesis is shown in Figure 1. The structure of this synthesized 

compound (BMPB) was confirmed using FTIR (Spectrum 400, Perkin-Elmer, Waltham, 

MA), 1H NMR, and 13C NMR (FT-400 MHz Bruker Spectrometer, DMSO as solvent) 

spectroscopy.

Preparation of adhesive formulations

The experimental adhesive formulations consisted of HEMA, BisGMA, and BMPB with a 

mass ratio of 45/30/25, in which BMPB was used as a co-monomer. The experimental 

adhesives were formulated with 0 (E0), 5 (E5), 10 (E10), and 15 wt % (E15) water to 

simulate the moist environment of the mouth. Control adhesive formulations with HEMA/

BisGMA = 45/55 w/w ratio, which is similar to commercial dentin adhesives, were also 

formulated with 0 (C0), 5 (C5), 10 (E10), and 15 wt % (C15) water. CQ (0.5 wt %) and 

EDMAB (0.5 wt %) were used as photoinitiator and co-initiator, respectively, with respect to 

the total amount of monomer. Mixtures of monomers/photoinitiators were prepared in a 

brown glass vial in the absence of visible light. The solutions containing the monomers/

photoinitiators were mixed overnight at room temperature to promote complete dissolution 

and formation of a homogeneous solution. The prepared resins were injected into a glass-

tubing mold (Fiber Optic Center, Inc., part no.: ST8100, New Bedford, MA) and light-cured 
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for 40 s at room temperature with a LED light curing unit (LED Curebox, Proto-tech, 

Portland, OR). The polymerized samples were stored in the dark at room temperature for 48 

h and 1 week in a vacuum oven in the presence of a drying agent at 37°C. The resultant 

rectangular beam specimens (1 × 1 × 15 mm3) were used to determine the dynamic 

mechanical properties and microscale morphologies.

Viscosities of the adhesive resins

Rheological measurements for the liquid resin formulated with/without water were carried 

out in a TA Instruments AR2000 rheometer (New Castle, DE) in the controlled-rate mode. 

The measurements were made at 25°C with 40 mm diameter and 2° cone angle in the shear 

rate range of 10/s to 100/s, at 10 points per decade to generate data on viscosity and shear 

rate.

Real-time double bond conversion and maximal polymerization rate

Real-time in situ monitoring of the photopolymerization of the different adhesive solutions 

was performed using an infrared spectrometer (Spectrum 400 Fourier transform infrared 

spectrophotometer, Perkin–Elmer, Waltham, MA) at a resolution of 4 cm−1.18 One drop of 

adhesive solution was placed on the diamond crystal top plate of an attenuated total 

reflectance (ATR) accessory (PIKE Technologies Gladi-ATR, Madison, WI) and covered 

with a mylar film to prevent oxygen inhibition of polymerization. A 40-s-exposure to the 

commercial visible-light-polymerization unit (Spectrum® 800, Dentsply, Milford, DE) at an 

intensity of 550 mW cm−2 was initiated after 50 spectra had been recorded. Real-time IR 

spectra were continuously recorded for 600 s after light activation began. A time-based 

spectrum collector (Spectrum TimeBase, Perkin-Elmer) was used for continuous and 

automatic collection of spectra during polymerization. Three replicates were obtained for 

each adhesive formulation. The change of the band ratio profile (1637 cm−1 (C = C)/1608 

cm−1 (phenyl) was monitored and degree of conversion (DC) was calculated using the 

following equation based on the decrease in the absorption intensity band ratio before and 

after light curing.

The average of the last 50 of time-based spectra is reported as the DC value. The maximal 

polymerization rate (Rmax) was determined using the maximum slope of the linear region of 

the DC-time plots.28 For all experimental groups, the differences between DC or 

polymerization rate were analyzed using analysis of variance (ANOVA), together with 

Tukey’s test at α = 0.05 (Microcal Origin Version 6.0, Microcal Software Inc., 

Northampton, MA).

Micro-X-ray tomography

The microscale morphologies of rectangular beam specimens cured in the presence of 11 wt 

% water were observed using three-dimensional (3D) Micro X-ray Computer Tomography 

(MicroXCT-400, Xradia Inc. Concord, CA). Computer tomography (CT) facilitates viewing 
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of an object in 3D and allows selection of virtual slices spaced by 1 μm, thus illustrating the 

bulk structure of heterogeneous materials. The transmission X-ray imaging of the samples 

was performed using an X-ray tube with a tungsten anode setting of 50 kV at 6 W with an 

optical magnification of ×20. The 3D images were constructed with the help of software 

“XM Reconstructor 8.0” using 2160 images taken at 15 s exposure time per image.

Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) is a thermal analysis technique that measures the 

properties of materials as they are deformed under periodic stress. In this study, DMA tests 

were performed using a TA instruments Q800 (TA Instruments, New Castle, USA) with a 

three-point bending clamp. The dynamic mechanical properties determined by DMA have 

been described previously.29 A sinusoidal stress is applied and the resultant strain is 

measured. The properties measured under this oscillating loading are storage modulus, loss 

modulus, and tan δ. The storage modulus (E′) represents the stiffness of a viscoelastic 

material and is proportional to the energy stored during a loading cycle. The loss modulus (E
″) is related to the amount of energy lost due to viscous flow. The ratio of loss (E″) to 

storage modulus (E′) is referred to as the mechanical damping, or tan δ. The test 

temperature was varied from 0 to 200°C with a ramping rate of 3 °C min−1 at a frequency of 

1 Hz. The storage modulus and tan δ were recorded as a function of temperature. The tan δ 
value goes through a maximum as the polymer undergoes the transition from the glassy to 

the rubbery state. The glass transition temperature (Tg) was determined as the position of the 

maximum on the tan δ versus temperature plot. Rectangular beam specimens (1 × 1 × 15 

mm3) prepared as described previously were used for DMA measurements. Five specimens 

of each material were measured. The results were analyzed statistically using analysis of 

variance (ANOVA), together with Tukey’s test at α = 0.05 (Microcal Origin Version 6.0, 

Microcal Software Inc., North-ampton, MA).

RESULTS

The structure of the newly synthesized dimethacrylate monomer (BMPB) was identified 

using FTIR, 1H NMR, and 13C NMR (FT-400 MHz Bruker Spectrometer, DMSO as 

solvent) spectroscopy. The characteristic FTIR peaks for BMPB are: 3400–3400 cm−1 (OH 

stretching for −COOH), 1722 cm−1 (C=O stretching), 1637 cm−1 (C=CH bending on 

methacrylate group), 1285, 1256, and 1157 cm−1 (C=O stretching), and 814 cm−1 (C=C 

twisting). Disappearance of the anhydride peak at 1849 and 1760 cm−1 and appearance of 

the C=C stretching band at 1637 cm−1 confirmed the formation of the new dimethacrylate 

monomer. Figure 2(A,B) present correspondingly the 1H NMR and 13C NMR spectra of 

BMPB. In the 1H NMR spectrum [Figure 2(A); DMSO-d6, 400 MHz], the chemical shifts of 

BMPB were (ppm): (a) 1.9 (6H, –CH3); (b) 4.4 (4H, –CH2O); (c) 5.6 (1H, –CH); (d) 6.1, 5.7 

(4H, =CH2 trans, cis); (e) 7.5, 7.8 (4H, Ar); (f) 13.3 (1H, –COOH). In the 13C NMR [Figure 

2(B); DMSO-d6]: δ (ppm) = (a) 16.1 (C=C–CH3); (b) 60.4 (OCH2–CH); (c) 67.9 (CH–

CH2); (d) 124.6 (CH2=C); (f) 126.4, 127.2, 129.5, 130.1 (Ar); (e) 133.5 (CH2=C); 164.0, 

164.3, 165.0, 165.4, 166.0 (C=O, esters and acid).
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Figure 3 shows the viscosities of control [Figure 3(A)] and experimental resins [Figure 3(B)] 

with different water concentration as a function of shear rate at 25°C. The viscosity of the 

resin solutions decreased in the order (Pa s): C0 (0.19) > E0 ≅ C5 (0.12) > C10 ≅ C15 (0.09) 

> E5 (0.07) > E10 (0.05) > E15 (0.04).

Real-time photopolymerization kinetic behavior of the control and experimental adhesives is 

shown in Figure 4. It can be seen that the addition of water has a dramatic effect on the DC. 

With increasing water content, DC varied from 61 to 71% for the control [Figure 4(A)] and 

from 67 to 89% for the experimental [Figure 4(B)]. At each level of water content, the DC of 

the experimental adhesives was significantly higher than that of the control (p < 0.05). No 

obvious change in DC was observed after 60 s (Figure 4). Comparison of the plots in Figure 

5 revealed different photopolymerization kinetics with the inclusion of the new monomer, 

BMPB, and the presence of water. The maximal polymerization rates of control and 

experimental adhesives as a function of water are shown in Figure 5. For all the adhesives, 

maximal polymerization rates decreased with the increase in water content (0–15 wt %): 

from 0.06 ± 0.01 to 0.03 ± 0.01 for the control; from 0.08 ± 0.01 to 0.06 ± 0.01 for the 

experimental adhesives. At each level of water content, the polymerization rates of the 

experimental adhesives were significantly higher than those of the control (p < 0.05).

The dynamic mechanical properties of dentin adhesive polymers cured in the absence or 

presence of water were measured by 3-point bending clamp at various temperatures and 

summarized in Table I. The storage modulus values at 37°C for both the experimental and 

control adhesives decreased with increasing water content. The experimental adhesives 

cured in the presence of water (E5, E10, E15) showed higher storage moduli at 37°C, 

rubbery moduli, and Tgs than the corresponding controls (C5, C10, C15). In the rubbery 

region, the average storage moduli of experimental adhesives cured in the presence of water 

were in the range of 33–36 MPa, which were significantly greater (p < 0.05) than those of 

the control adhesives (15–26 MPa). Tg values for C0 and E0 were nearly identical (144–

145°C), but there were significant differences (p < 0.05) in Tg between the control and 

experimental adhesives cured in the presence of water. In addition, the tan δ peak heights 

(0.62–0.65) of the experimental adhesives were lower than those of control adhesives (0.67–

0.79). The full-width-at-half-maximum values of tan δ for all samples tested were in the 

range of 33–49, showing a wide range of widths of the tan δ curves.

The internal morphology of the control and experimental adhesive polymers are shown in 

Figure 6. The voids in the control sample (A) indicate microphase separation when the 

control adhesive is polymerized in the presence of 11 wt % water. In comparison, no voids 

are observed in the experimental adhesive (B) when it is polymerized in the presence of 11 

wt % water.

DISCUSSION

The chemistry of the polymeric networks controls the material properties and this 

relationship is particularly apparent when polymers are used in the wet, oral environment. 

Monomers that contain polar groups such as carboxylic acid, hydroxyl, amide, ester, 

urethane, and/or ether linkages are hydrophilic in nature and tend to be more miscible with 
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water. This is primarily due to the ability of these groups to form hydrogen bonds with 

water.8

Since water or saliva is always present in the mouth of patients during dentin bonding, 

adhesives should be able to polymerize well in the presence of water or saliva. The new 

monomer used in this study is a glycerol-based dimethacrylate which contains a branched 

aromatic ring with a carboxylic acid. Synthesis of the new dimethacrylate monomer is based 

on the known and frequently applied nucleophilic reaction.30 We anticipated that the polar 

nature of the glycerol-based carboxylic acid functional group in this new monomer would 

lead to a dentin adhesive polymer with improved water miscibility.

Viscosity is of practical importance for dentin adhesives, since less viscous formulations are 

generally more desirable because of their ease of application and their ability to infiltrate the 

demineralized dentin matrix. The viscosities of experimental resins were less than those of 

control resins (Figure 3). These differences are probably due to the lower molecular weight 

of BMPB and the reduced concentration of the viscous BisGMA in the experimental resins. 

As expected, the resins formulated with water showed greatly reduced viscosities.

It is generally accepted that the quality of the adhesive bond to dentin is closely related to 

the infiltration and photopolymerization of adhesive resins. The photopolymerization 

behavior, that is, the reactivity and DC, plays a very important role in determining the 

quality of the interfacial hybrid layer. Many studies have shown that conversion of double 

bonds in the multifunctional methacrylates is rarely complete because the mobility of the 

propagating free radicals and of the partially and fully polymerized macromolecules is 

limited as the reaction progresses. Incomplete polymerization can compromise the physical 

and mechanical properties of resin-based dental restoratives.8,31 The majority of the light 

polymerized methacrylate dental resins experience double bond conversion that ranges from 

40 to 85%.32

The results of this study indicated that the polymerization rate and DC of experimental 

adhesives were significantly higher than those of the control adhesives (Figures 4 and 5). 

The improvement in DC afforded by adhesives containing the BMPB is greater when 

photopolymerized in the presence of water, suggesting better performance in the wet 

environment of the mouth. This difference in behavior between the experimental and control 

adhesives may be due to the improved water miscibility of the experimental adhesive. 

Improved water miscibility may be linked to the relatively hydrophilic nature of BMPB as 

compared to BisGMA. It was observed that the polymerization rates tended to decrease with 

the increase of water concentration (Figure 5). In general, the incorporation of water would 

dilute the concentration of monomers and radicals, so the polymerization rate would 

decrease.

Since DMA gives information on the relaxation of molecular motions which are sensitive to 

the structure and variations in the stiffness of materials, it may be used to provide 

information on the properties of crosslinked polymers, such as storage modulus, glass 

transition temperature, and structural heterogeneity. In the current study, the adhesive 

formulated using the newly synthesized monomer, BMPB, when cured in the presence of 
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water showed storage moduli at 37°C, rubbery moduli, and Tgs that were significantly 

greater than the control (Table I). These differences may be related to the higher DC and 

potentially, improved crosslink density of the experimental adhesives. The rubbery modulus 

value has been related to the crosslink density of the materials16,33 and the intensity of the 

maximal tan δ peak heights reflects the extent of mobility of the polymer chain segments at 

this temperature.34 All experimental adhesives cured in the presence of water showed 

significantly higher rubbery moduli and lower tan δ peak heights than those of the control 

(Table I), indicating greater crosslink density and increasingly elastic behavior, an 

implication consistent with the storage moduli and Tg results. Both the control and 

experimental adhesives showed reductions in rubbery moduli when cured in the presence of 

water, suggesting that water may interfere with the formation of crosslinks.

The widths of the tan δ peak (Table I) indicate that the glass transition occurs over a wide 

temperature range. This broad glass transition can be attributed to heterogeneous networks 

containing different crosslinked structure regions, resulting in broad distribution of 

mobilities or relaxation times. The widths of the tan δ peak of experimental adhesives cured 

in the presence of water are similar to that cured in the absence of water. In contrast, there 

were substantial differences in the widths of the tan δ peak of control adhesives cured in the 

presence and absence of water. These results indicate more heterogeneity in the control 

adhesives cured in the presence of water. The heterogeneity may be related in part to the 

relatively poor water miscibility of the control adhesives.

The control adhesive could mix with up to 10% water to form a homogeneous solution.20 

The control and experimental adhesives cured in the presence of 10% water were both 

transparent, without visible voids (unpublished data). However, the microCT images of the 

control and experimental adhesives cured in the presence of 11% water give a clear 

comparison of water miscibility. No voids were noted in the microCT images of the 

experimental adhesive. In comparison, voids were distributed throughout the control 

adhesive. These differences suggest micro-phase separation of the control adhesive when it 

is polymerized in the presence of water.11

CONCLUSIONS

A new dimethacrylate monomer with a branched aromatic carboxylic acid group (BMPB) 

was synthesized by the reaction of phthalic anhydride and GDMA, and used as a co-

monomer in dentin adhesives. Adhesives containing BMPB were formulated with the 

different content of water to simulate the behavior of these materials in the wet, oral 

environment. The new experimental adhesives showed lower viscosities, and improved 

monomer/polymer conversion, mechanical properties, and water miscibility as compared to 

the control adhesives. These results indicate that under conditions simulating the wet, oral 

environment, BMPB is a feasible co-monomer for dentin adhesives.
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FIGURE 1. 
Reaction scheme for synthesis of 2-((1,3-bis(methacryloyloxy)propan-2-

yloxy)carbonyl)benzoic acid (BMPB).
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FIGURE 2. 
1H (A) and 13C (B) NMR spectra in DMSO of new monomer, BMPB. [Color figure can be 

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 3. 
The viscosities of control (A: C0, C5, C10, C15) and experimental adhesives (B: E0, E5, 

E10, E15) as a function of shear rate at 25°C. Control (C): BisGMA/HEMA: 55/45 wt %. 

Experimental (E): BisGMA/HEMA/BMPB: 30/45/25 wt%. Abbreviations: C, C5, C10, C15 

represent control adhesive with 0, 5, 10, 15 wt % water; E, E5, E10, E15 represent 

experimental adhesive with 0, 5, 10, 15 wt % water. [Color figure can be viewed in the 

online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 4. 
Real-time conversion of control (A: C0, C5, C10, C15) and experimental adhesives (B: E0, 

E5, E10, E15). The adhesives were light-cured for 40 s at room temperature using a 

commercial visible-light curing unit (Spectrum® 800, Dentsply, Milford, DE) at an intensity 

of 550 mW cm−2. *Significantly (p < 0.05) different from the corresponding control. [Color 

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 5. 
Maximal polymerization rate of control and experimental adhesives polymerized in the 

presence of 0, 5, 10, and 15 wt % water. N = 3 ± SD. *Significantly (p < 0.05) different from 

the corresponding control. [Color figure can be viewed in the online issue, which is available 

at wileyonlinelibrary.com.]
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FIGURE 6. 
The microscale morphologies of control (A: the left = CT slice at x-y plane from 3D image; 

the right = 3D image) and experimental (B: the left = CT slice at x-y plane; the right = 3D 

image) adhesives cured in the presence of 11 wt % water. The morphologies were observed 

using three-dimensional (3D) MicroXCT (Xradia Inc. Concord, CA). [Color figure can be 

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Park et al. Page 16

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2017 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://wileyonlinelibrary.com


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Park et al. Page 17

TA
B

L
E

 I

D
M

A
 D

at
a 

fo
r 

C
on

tr
ol

 a
nd

 E
xp

er
im

en
ta

l A
dh

es
iv

es

Sa
m

pl
e

M
od

ul
us

 a
t 

37
°C

 (
M

P
a)

R
ub

be
ry

 m
od

ul
us

 (
M

P
a)

T
g 

(°
C

)
H

ei
gh

t 
of

 t
an

 δ
 p

ea
k

F
ul

l-
w

id
th

-a
t-

ha
lf

-m
ax

im
um

 v
al

ue
s 

of
 t

an
 δ

 p
ea

k 
(°

C
)

C
0

36
00

 (
20

0)
a

31
 (

8)
14

5 
(1

)b
0.

67
 (

0.
04

)
32

.9
 (

1.
0)

C
5

32
00

 (
96

)
26

 (
2)

13
5 

(3
)

0.
75

 (
0.

03
)

40
.5

 (
0.

6)

C
10

28
00

 (
16

0)
17

 (
3)

12
3 

(6
)

0.
72

 (
0.

07
)

44
.7

 (
3.

3)

C
15

27
00

 (
17

0)
15

 (
2)

12
6 

(4
)

0.
79

 (
0.

06
)

48
.6

 (
6.

3)

E
0

40
00

 (
60

)*
44

 (
4)

14
4 

(1
)

0.
62

 (
0.

02
)

39
.8

 (
0.

9)

E
5

35
00

 (
90

)*
*

36
 (

3)
**

14
6 

(1
)*

*
0.

64
 (

0.
02

)*
*

41
.0

 (
1.

5)

E
10

32
00

 (
70

)†
33

 (
2)

†
15

2 
(2

)†
0.

65
 (

0.
02

)†
39

.4
 (

0.
5)

E
15

32
00

 (
20

0)
††

34
 (

4)
††

15
7 

(4
)†

†
0.

63
 (

0.
04

)†
†

38
.9

 (
3.

1)
††

a E
nt

ri
es

 a
re

 m
ea

n 
va

lu
es

 o
f 

fi
ve

 s
pe

ci
m

en
s 

w
ith

 s
ta

nd
ar

d 
de

vi
at

io
ns

 in
 p

ar
en

th
es

es
. S

ym
bo

ls
: C

0,
 C

5,
 C

10
, a

nd
 C

15
, c

on
tr

ol
 f

or
m

ul
at

io
ns

 p
ol

ym
er

iz
ed

 a
t 0

%
, 5

%
, 1

0%
, a

nd
 1

5%
 w

at
er

; E
0,

 E
5,

 E
10

, a
nd

 
E

15
, e

xp
er

im
en

ta
l f

or
m

ul
at

io
ns

 p
ol

ym
er

iz
ed

 a
t 0

%
, 5

%
, 1

0%
, a

nd
 1

5%
 w

at
er

.

b T
he

 g
la

ss
 tr

an
si

tio
n 

te
m

pe
ra

tu
re

s 
(T

g)
 v

al
ue

s 
of

 th
e 

po
ly

m
er

 n
et

w
or

ks
 w

er
e 

ta
ke

n 
to

 b
e 

th
e 

m
ax

im
um

 o
f 

th
e 

ta
n 
δ 

ve
rs

us
 te

m
pe

ra
tu

re
 c

ur
ve

 d
et

er
m

in
ed

 u
si

ng
 a

 d
yn

am
ic

 m
ec

ha
ni

ca
l a

na
ly

ze
r.

* Si
gn

if
ic

an
tly

 (
p 

<
 0

.0
5)

 d
if

fe
re

nt
 f

ro
m

 c
on

tr
ol

 C
0;

**
Si

gn
if

ic
an

tly
 (

p 
<

 0
.0

5)
 d

if
fe

re
nt

 f
ro

m
 c

on
tr

ol
 C

5;

† Si
gn

if
ic

an
tly

 (
p 

<
 0

.0
5)

 d
if

fe
re

nt
 f

ro
m

 c
on

tr
ol

 C
10

;

††
Si

gn
if

ic
an

tly
 (

p 
<

 0
.0

5)
 d

if
fe

re
nt

 f
ro

m
 c

on
tr

ol
 C

15
.

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2017 July 18.


	Abstract
	INTRODUCTION
	MATERIAL AND METHODS
	Materials
	Monomer synthesis (BMPB)
	Preparation of adhesive formulations
	Viscosities of the adhesive resins
	Real-time double bond conversion and maximal polymerization rate
	Micro-X-ray tomography
	Dynamic mechanical analysis

	RESULTS
	DISCUSSION
	CONCLUSIONS
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5
	FIGURE 6
	TABLE I

