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Abstract

To enhance the water miscibility and increase the mechanical properties of dentin adhesives, a

new glycerol-based monomer with vinyl and carboxylic acid, 4-((1,3-bis(-

methacryloyloxy)propan-2-yl)oxy)-2-methylene-4-oxobutanoic acid (BMPMOB), was

synthesized and characterized. Dentin adhesive formulations containing 2-hydroxyethyl

methacrylate (HEMA), 2,2-bis[4-(2-hydroxy-3-methacryloxypropoxy) phenyl]propane

(BisGMA), and BMPMOB were characterized with regard to real-time photopolymerization

behavior, water sorption, dynamic mechanical analysis, and microscale three-dimensional internal

morphologies and compared with HEMA/BisGMA controls. The experimental adhesive

copolymers showed higher glass transition temperature and rubbery moduli, as well as improved

water miscibility compared to the controls. The enhanced properties of the adhesive copolymers

indicated that BMPMOB is a promising comonomer for dental restorative materials.

Keywords

water miscibility; dentin adhesive; dynamical mechanical property; photopolymerization;

crosslink polymer

INTRODUCTION

Dentin adhesive is a blend of hydrophobic and hydrophilic monomeric compounds used to

obtain amphiphilic materials that bond the hydrophobic restorative composite to the tooth.

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

bonding to dentin has been fraught with problems. The two fundamental processes involved
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in bonding adhesives to dentin are: removal of the mineral phase from the dentin substrate

without altering the collagen matrix and filling the voids left by the mineral with adhesive

that undergoes complete in situ polymerization, that is, the hybrid layer.1 The ideal hybrid

layer would be characterized as a three-dimensional (3D) polymer/collagen network that

provides both a continuous and stable link between the bulk adhesive and dentin substrate.

Numerous studies indicate that this ideal objective is not achieved.2–13

The monomers used in dentin adhesives are critical components because polymerization of

the resin monomers produces a crosslinked matrix that provides chemical/physical stability

to the hybrid layer.14–19 Monomer selection exerts considerable influence on the properties,

durability, and operation of dentin adhesive in the wet, oral environment. Although

numerous monomers have been studied, the effectiveness and durability of adhesive

copolymers is still a major problem.16,20–23

Under in vivo conditions, it is nearly impossible to control the amount of water left on the

tooth and the adhesive undergoes physical separation (hydrophobic-rich and hydrophilic-

rich phases) at the wet surface.24 It is well known that the hydrophobic monomers bond

poorly to wet dentin.25,26 An increase in water miscibility of the adhesive formulation can

reduce the detrimental impact of phase separation, but hydrophilic monomers are plagued by

problems such as increased water sorption and decreased mechanical properties.24,27,28 A

balance between hydrophobicity and hydrophilicity of adhesive formulations is crucial to

promote the durability of dentin adhesives.

Previously our group synthesized a urethane-linked trimethacrylate, 1,1,1-tri-[4-

(methacryloxyethlaminocarbonyloxy)-phenyl]ethane (MPE). With the increase in MPE

concentration, the adhesives showed less water sorption and higher crosslink density than

the 2-hydroxyethyl methacrylate (HEMA)/2,2-bis[4-(2-hydroxy-3-methacryloxypropoxy)

phenyl]propane (BisGMA) control.29 Then we synthesized another dimethacrylate with a

branched aromatic carboxylic acid group, 2-((1,3-bis(methacryloyloxy)-propan-2-

yloxy)carbonyl)benzoic acid (BMPB) to enhance the water miscibility of the adhesive

formulations.30 With the addition of BMPB, the formulation can tolerate higher water

concentration to suppress detrimental adhesive phase separation. However, the adhesive

copolymers may experience reduced mechanical properties under wet conditions when

compared with the HEMA/BisGMA control. In combination, these results suggested that the

trimethacrylate monomer MPE can increase the crosslink density of the copolymers, and the

carboxylic acid containing dimethacrylate monomer BMPB is miscible with and can tolerate

higher water content.

In this work, a new glycerol-based dimethacrylate monomer with a vinyl and a carboxylic

acid group is proposed as a dental comonomer that will provide improved water miscibility

and dynamic mechanical properties in the wet environment. The objective of this work was

to synthesize and characterize a new multifunctional monomer and to evaluate the properties

of a dentin adhesive formulated using this new monomer under conditions that simulate the

wet, oral environment.
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MATERIALS AND METHODS

Materials

BisGMA (Polysciences, Warrington, PA) and HEMA (Acros Organics, NJ) were used as

received without further purification as monomers in dentin adhesives. BMPB was

synthesized as reported previously in our laboratory.30 4-((1,3-

Bis(methacryloyloxy)propan-2-yl)oxy)– 2-methylene-4-oxo-butanoic acid (BMPMOB) was

synthesized in our laboratory and used as a comonomer (Figure 1). Itaconic anhydride (IAA)

and glycerol dimethacrylate (GDMA) were obtained from Sigma-Aldrich (St. Louis, MO).

Camphoroquinone (CQ), ethyl-4-(dimethylamino) benzoate (EDMAB), and

diphenyliodonium hexafluorophosphate (DPIHP) were obtained from Sigma-Aldrich. All

other chemicals were reagent grade and used without further purification.

Synthesis of monomer BMPMOB

The new monomer, BMPMOB, was synthesized based on the following procedures. IAA

(0.08 mol) was dissolved in tetrahydrofuran (20 mL) and toluene (60 mL) at room

temperature (RT, 25°C). Sulfuric acid was added to the mixture, followed by dropwise

addition of GDMA (0.07 mol). The reaction was stirred at 60°C for 3 h. Then the

temperature was raised to 80°C and maintained at this temperature for another 3 h. The

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

After the reaction was completed, the solvent was removed by rotary evaporation. Diethyl

ether was added, and the unreacted IAA was removed by filtration. The organic phase was

extracted with 0.5 M NaCHO3. The aqueous basic layer was acidified to a pH of 5–6 with 1

M HCl and then extracted with ethyl acetate. After drying over anhydrous MgSO4, the

solvent was removed with a rotary evaporator at 35–40°C to obtain BMPMOB as colorless

oil. The scheme for the BMPMOB synthesis is shown in Figure 1. The structure of this

synthesized compound (BMPMOB) was confirmed using Fourier transform infrared

spectrophotometry (FTIR, Spectrum 400; Perkin-Elmer, Waltham, MA), proton nuclear

magnetic resonance (1H–NMR), and carbon nuclear magnetic resonance (13C-NMR; FT-400

MHz Bruker Spectrometer, CDCl3 as solvent) spectroscopy.

Preparation of adhesive formulations

HEMA/BisGMA (45/55, mass ratio) and HEMA/BisGMA/BMPB (45/30/25, mass ratio)

were used as control-0 (C0) and control-1 (C1), respectively.29,30 It was found that when

BMPB content was 25% (C1) in the adhesive formulation, the polymer showed optimum

mechanical properties.29,30 The experimental adhesive formulations (designated E1)

consisting of HEMA, BisGMA, and BMPMOB are listed in Table I, in which BMPMOB is

used as the third comonomer. CQ (0.5 wt %), EDMAB (0.5 wt %), and DPIHP (0.5 wt %)

were used as a three-component photoinitiator system,31,32 with respect to the total amount

of monomers. Mixtures of monomers/photoinitiators are prepared in a brown glass vial

under an amber light. The preparation of adhesive formulations and their polymer beams

have been reported previously.30,33 The solutions containing the monomers/photoinitiators

were mixed overnight at 25°C to promote complete dissolution and formation of a

homogeneous solution. The prepared resins were injected into a glass-tubing mold (Fiber

Optic Center, part no.: ST8100; New Bedford, MA) and light-cured for 40 s at RT with a
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LED light curing unit (LED Curebox, 200 mW cm−2 irradiance; Proto-tech, Portland, OR).

The polymerized samples were stored in dark at 25°C for at least 48 h before being used.

The resultant cylindrical beam specimens (1.0 –mm diameter × 15 mm length) were used to

determine water sorption, dynamic mechanical properties, and microscale morphologies.

Mixtures for compatibility with water

About 0.5 g of each neat resin was weighed into a brown vial, and water was added in

increments of approximately 0.005 g until the mixture was visually observed to be turbid.

The percentage of water in the mixture was noted (w1). The mixture was then back titrated

using the neat resin until the turbidity disappeared, and the percentage of water in the

mixture was noted (w2). Then the water miscibility (Wwm, %) of liquid formulation was

calculated as the average of w1 and w2. Three specimens of each material were measured.

Determination of log P

The log P values (ratio of solubility in octanol to solubility in water) for each of the

monomers and the model adhesive formulations were predicted using ChemBioDraw Ultra

12.0 (Cambridge Soft from Perkin Elmer).33 The log P value for each adhesive formulation

was determined using the mole fraction-average of individual monomer values as seen in the

following equation:

(1)

where xHEMA, xBisGMA, and xcomonomer are the mole fractions of HEMA, BisGMA, and

BMPB/BMPMOB comonomer, respectively.

Water sorption and solubility of adhesive copolymer

The experimental protocol for the water sorption analyses has been reported previously.33 In

brief, water sorption and solubility were measured using cylindrical beam specimens (1 mm

× 15 mm). Five specimens were prepared for each adhesive formulation. The polymerized

samples were stored at 25°C for 2 days in a dark room. Samples were weighed (m1) with a

calibrated electronic balance (resolution of 0.01 mg, Mettler Toledo, XS 205 Dual range,

Columbus, OH) and were immersed in distilled water to prewash for 7 days. Next, the

specimens were dried in a vacuum oven in the presence of freshly dried silica gel at 45°C.

The samples were removed every 8 h to determine the weight. This process was continued

until a constant mass (m2) was recorded for each beam specimen. After prewashing, the

dried specimens were immersed in distilled water and at fixed time intervals (3 h, 6 h, 24 h,

2 days, 3 days, 6 days, and 9 days), they were removed, blotted to remove excess water,

weighed (m3) and returned to the water until a constant weight was obtained. All the

specimens were then removed from the water and placed in a vacuum oven at 45°C until a

constant weight was achieved (m4). The values (%) for water sorption (Wsp) and solubility

(Wsu) were calculated by the following equations:

(2)
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Real-time double bond conversion and maximal polymerization rate

The degree of conversion (DC) and polymerization behavior were determined by FTIR as

described previously by our group.32,34 Real-time in situ monitoring of the

photopolymerization behavior of the different adhesive formulations was performed using

an infrared (IR) spectrometer (Spectrum 400 Fourier transform infrared spectrophotometer;

Perkin-Elmer) at a resolution of 4 cm−1. 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 IR 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. A minimum of three replicates were obtained for each adhesive formulation.

The change in the band ratio profile-1637 cm−1 (C=C)/1608 cm−1 (phenyl) was monitored,

and DC was calculated using the following equation based on the decrease in the absorption

intensity band ratio before and after light curing.

(3)

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

maximum polymerization rate was determined using the maximum slope of the linear region

of the DC–time plots.31 For all experimental groups, the differences between DC or

polymerization rate were analyzed using one-way analysis of variance (ANOVA), together

with Tukey’s test at α = 0.05 (Microcal Origin Version 8.0; Microcal Software, Northamp-

ton, MA) to identify significant differences in the means.

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 DMA (TA Instruments) with a three-point

bending clamp. The dynamic mechanical properties of methacrylate-based dentin adhesives

have been described by our group.34 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 visco-elastic

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 frequency used

to measure the storage modulus is 1 Hz with an amplitude of 15 μm and a preload of 0.01

N.33,35 The storage modulus is measured from 10 to 250°C with a ramping rate of 3°C

min−1. The glass transition temperature (Tg) is determined as the position of the maximum

on the derivate storage modulus versus temperature plots. Cylindrical beam specimens (1.0
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mm diameter × 15 mm length) prepared as described previously are used for DMA

measurements. A minimum four specimens of each material are measured.

Wet-condition DMA tests are operated using the three-point submersion clamp.29

Cylindrical beam specimens (1.0 mm × 15 mm) are immersed in water at 25°C for 5 days to

be fully hydrated. The test temperature is varied from 5 to 80°C with a ramping rate of

1.5°C min−1. The results are analyzed statistically using one-way ANOVA, together with

Tukey’s test at α = 0.05 (Microcal Origin Version 8.0, Microcal Software).

X-ray microcomputer tomography

To simulate the moist environment of the mouth and compare the copolymer’s microscale

structure after polymerization with water, the adhesives C0 and E1-25 were formulated with

13 wt % water. The beams were prepared as mentioned above. The microscale morphologies

of cylindrical beam specimens cured in the presence of 13 wt % water were observed using

3D Micro X-ray Computer Tomography (MicroXCT-400; Xradia, Pleasanton, CA).

Computer tomography (CT) facilitates viewing of an object in 3D and allows selection of

virtual slices spaced, thus illustrating the bulk structure of heterogeneous materials. As

described previously,30 the transmission X-ray imaging of the samples was performed using

an X-ray tube with a tungsten anode setting of 50 kV at 8 W with an optical magnification

of 20X. The 3D images were constructed with the help of software “XM Reconstructor 8.0”

(Xradia) using 1600 images acquired with a 10-s exposure time per image.

RESULTS

The structure of the newly synthesized monomer BMPMOB is characterized by FTIR, 1H-

NMR, and 13C-NMR spectroscopy (see Figure 2). The characteristic FTIR peaks for

BMPMOB are 1716 cm−1 (C=O stretching), 1637 cm−1 (C=C stretching), 1293, 1238, and

1154 cm−1 (C–O stretching), and 813 cm−1 (C=C bending). Disappearance of the anhydride

peak at 1843 and 1764 cm−1 confirmed the formation of the new monomer. In the 1H-NMR

spectrum, the chemical shifts of BMPMOB are (ppm): (a) 1.93 (6H, –CH3), (b) 3.37 (2H, –

CH2), (c) 4.27–4.42 (4H, –CH2O), (d) 5.37 (1H, –CH), (e) 5.60, 6.12 (4H, =CH2), and (f)

5.84, 6.46 (2H, =CH2). In the 13C-NMR spectrum, the chemical shifts of BMPMOB are

(ppm): (a) 18.1 (C=C–CH3), (b) 37.0 (CH2–COO), (c) 62.3 (O–CH(CH2)2), (d) 69.1 (O–

CH(CH2)2), (e) 126.0 (CH2=C–CH3), (f) 130.9 (CH2=C), (g) 131.8 (CH2=C), (h) 135.6

(CH2=C–CH3), (i) 166.2 (CH2–COO), (j) 166.7 (–COOH), and (k) 169.9 (=C(CH3)COO).

As can be seen in Figure 3, the water compatibility of the adhesive formulations is enhanced

with the increase in BMPMOB concentration. Compared with BMPB, the water miscibility

of the formulation increased from 11.2 to 13.7% when the third comonomer concentration

was 25 wt % (Table I). At the same time, the difference (ΔW) between water miscibility of

the liquid formulation and water sorption of the solid copolymer showed a maximum value

when the BMPMOB concentration is 25%. At this concentration, the water miscibility of the

liquid formulation was 13.7%, and the water sorption of the E1–25 copolymer was 10.8%.

Compared to the difference value of C0 (ΔW =0.8%), the ΔW of E1-25 was 2.9%, which

was threefold larger than the value of the control.
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The internal morphology of the control and experimental adhesive copolymers are shown in

Figure 4. The voids in the control (A) indicate microphase separation when the control is

polymerized in the presence of 13 wt %. In comparison, no voids are observed in the

experimental adhesive (B) when it is polymerized in the presence of 13 wt % water.

Real-time photopolymerization kinetic behavior of the controls and experimental adhesives

are shown in Figure 5. With the increase in BMPMOB concentration from 0 to 35, the DC

decreased from about 68 to 50%, and the maximum polymerization rate decreased from 0.24

to 0.05 s−1. The control (C0) reached its maximum polymerization rate at about 23%

conversion, whereas BMPMOB containing adhesives (E1–15, E1–25, and E1–35) reached

their maximum at about 20, 10, and 5%, respectively.

Figure 6 shows, with the increase in BMPMOB concentration, the final water sorption and

solubility of the synthetic copolymers are significantly (p < 0.05) higher than the control

(C0). The final water sorption percentage of controls (C0 and C1) and experimental (E1-15,

E1-25, and E1-35) are 9.89 ± 0.20, 10.29 ± 0.15, 10.53 ± 0.10, 10.79 ± 0.15, and 13.70 ±

0.23, respectively. The solubility of controls (C0, C1) and experimental (E1-15, E1-25, and

E1-35) are 0.98 ± 0.17, 1.45 ± 0.11, 1.71 ± 0.13, 2.77 ± 0.19, and 3.61 ± 0.58, respectively.

The dynamic mechanical property of adhesive copolymers in the dry condition is measured

by a three-point bending clamp, and in the wet condition it is determined by a three-point

water submersion clamp method at various temperatures. These results are summarized in

Table II. In dry conditions, the storage modulus values at 37°C, rubbery modulus values and

height of tan δ peak for the experimental adhesives were significantly different from control

(p < 0.05). The first glass transition temperature (Tg1) obtained from the derivate storage

modulus versus temperature profile is significantly different at the level 0.05; however, the

second glass transition temperature (Tg2) is not significantly different (p < 0.05). In wet

condition, for all samples, the storage modulus decreased slowly at low temperatures (25,

37°C). As the temperature to the transition region was reached (~60°C), the storage modulus

decreased markedly [see Figure 7(B)]. Particularly at 75°C, the modulus of E1–25 sample

was significantly (p < 0.05) greater and others were significantly (p < 0.05) lower than that

of the control.

With the increase in BMPMOB concentration, the storage modulus of dry samples at 37°C

is significantly (p < 0.05) higher than C0. However, the storage modulus of samples in wet

condition shows no difference (p < 0.05) with C0, except E1–35. From the derivative

storage modulus profile in dry condition, the lower transition temperatures decrease from

about 69.1 to 60.9°C, and the higher glass transition temperature increase from about 139.0

to 145.0°C (for details see Table II). The ΔT values of E1–25 and E1–35 are significantly

higher than the control at the level of 0.05. In wet condition, all of the transition

temperatures are close to 60°C. In Figure 7(C), with an increase in BMPMOB concentration,

the widths of the tan δ curves become broad. However, in wet condition, the full tan δ curves

cannot be obtained due to the limitation in the DMA instrument that the water medium

temperature could not be over 80°C.
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DISCUSSION

The chemistry of monomers controls the structure and properties of the polymer

network.23,36–40 This relationship is critical in determining the durability and stability when

the crosslinked polymers are used in an aqueous environment. Monomers containing polar

groups such as carboxylic acid, hydroxyl, ester, amine, and/or ether moieties are

hydrophilic, and are helpful to increasing the water miscibility of adhesive formulations.

Usually, the mechanical properties of adhesives in wet condition are poor compared with

those in dry condition. This is due to the adsorbed water acting as a plasticizer in the

adhesive copolymers. First, we introduced the carboxylic acid functional group into this new

monomer, which would be helpful to a dentin adhesive formulation because of improved

water miscibility. Second, the copolymerizable vinyl functional group and lower molecular

weight of the new monomer (Mw of BMPMOB and BisGMA is 340.33 and 512.59 g mol−1,

respectively; when BMPMOB was used to partially replace BisGMA, the C=C double bond

content in the experimental formulations was higher than that of the control) may lead to the

copolymer achieving a higher cross-link density and may enhance the mechanical

performance in the oral environment (wet condition). In Table I, the higher converted C=C

mole number of the E1–25 formulation can be viewed as indirect evidence of a more highly

crosslinked structure. Third, the carboxylic acid group may be beneficial to promote the

interaction between the adhesive and the dental substrate, such as collagen or the mineral

hydroxyapatite, via hydrogen bond or electrostatic attraction.41,42

Figure 3 shows the water miscibility of the liquid formulations (including control and

experimental) and mole averaged log P. A negative correlation with R2 =0.96 is found for a

linear fit to the data. The negative correlation shows that the contribution of the

hydrophilicity of liquid formulations contributes to higher water miscibility. With the

increase in BMPMOB concentration, the water sorption of copolymers increased

accordingly. Compared to the control, increasing the BMPMOB concentration from 15, 25,

and even to 35 wt %, caused the water miscibility of the experimental formulation to

increase by about 17, 32, and 50%, respectively. Comparing the difference between Wwm

and Wsp of the same formulation, E1–25 shows an inflection point [Figure 3(B)]. This result

shows that the Wsp value is lower than the theoretical predication, which indicates that the

water sorption behavior is affected by the hydrophilicity of monomers as well as the

structure of the copolymer.

With the introduction of the BMPMOB monomer, the water miscibility of the adhesive

formulation increased. A homogenous solution was obtained by mixing the control adhesive

(C0) and experimental adhesives (E1–25) with 10.4 and 13.7 wt % water, respectively.

When the water concentration was greater than the miscibility of the liquid formulation,

voids were observed from the micro-CT images [Figure 4(A)]. The results indicate that the

experimental formulation tolerated higher water concentration during polymerization.

The polymerization behavior (reactivity and DC) plays an important role in determining the

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

double bond in the multifunctional methacrylates is rarely complete because the mobility of

the propagating free radicals species is reduced as the reaction progresses.43 It has been
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observed that DC decreased with an increase in the concentration of the new monomer

BMPMOB. This is consistent with our previous work.29,44 The difference in DC of controls

(C0 and C1) and experimental adhesives may be due to the difference in monomer

functionality. In our previous work,30 when BMPB was used to replace part of BisGMA, the

viscosity of the formulation decreased, and the DC increased accordingly. BMPB is a

dimethacrylate and has the same functionality as that of the BisGMA. In this work, the

control contains mono- and difunctional methacrylates, while the experimental sample

contains mono-, di-, and trifunctional monomers. The multi-functional methacrylate system

will most likely vitrify more quickly, trapping unreacted pendant methacrylate groups. With

the increase in BMPMOB concentration, the C=C bond concentration increases accordingly

in the formulations (Table I). However, due to the lower DC of C=C obtained from the FTIR

spectrum, the converted C=C bond concentration of the experimental decreased. Although,

the physical and mechanical properties of dentin adhesive copolymer would be optimal

when the C=C DC can reach 100%, the reported values for the DC usually range from 40 to

85%.45 However, it is not easy to clarify the relationship between DC and mechanical

properties,46 which are mainly affected by the chemical structure of the monomer.44 In the

present work, the DC of C1 was higher than that of E1–25. However, the mechanical

properties of C1 were poor compared to E1–25. BMPMOB contains a vinyl group, and it is

difficult to distinguish the true DC of vinyl groups and methacrylate groups from the real-

time FTIR spectra. The reactivity of the vinyl group is lower than that of methacrylate

group. Therefore, it is possible that the C=C bond with lower conversion was mainly

affected by the vinyl groups.

The maximum polymerization rates decrease and appear early with the increase in

BMPMOB concentration. The control (C0) reached its maximum polymerization rate at

about 23% conversion, whereas BMPMOB-containing E1-15, E1-25, and E1-35 adhesives

reached their maximum at about 20, 10, and 5%, respectively. Usually, with the increase in

functionality, the earlier and steeper autoacceleration can be observed at a lower double

bond DC.47 This is due to the localized increases in viscosity of the polymerizing system,

which slows termination reactions. The original viscosity of the formulation and the

functionality of the monomer determine the maximum polymerization rate and its

appearance time, respectively.47 The viscosities of the experimental adhesive formulations

are less than the control (unpublished data), which is probably due to the lower molecular

weight of BMPMOB and the decreased concentration of BisGMA in the experimental

formulations. When the BMPMOB weight percent is over 25%, the bimodal polymerization

rate can be observed from the Rp-conversion curves in Figure 5.

During photopolymerization of a dental adhesive/composite, the concept of gel point refers

to the transformation of viscous fluid to an elastic gel status. Vitrification occurs after the

gel point when the elastic gel transforms to a glass.48 Usually, the maximum polymerization

rate will appear due to the autoacceleration (gel effect) in bulk free radical polymerization.

According to convention, the steep acceleration of the reaction in the crosslinking

polymerization is considered to be the gel point.49 However, the dentin adhesive can form a

network structure in just a few seconds of light irradiation, and it is difficult to determine the

gel point. When the polymer changes from a viscous state to glassy state, the polymerization
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rate will usually undergo a significant decrease as the reaction becomes controlled by the

diffusion of reactants. It is common for complete vitrification to result in a decrease in the

rate of polymerization by 2–3 orders of magnitude. Therefore, the vitrification point can be

determined as the conversion at the maximum rate of polymerization.50 In our experiments,

the maximum polymerization rates appear at lower degrees of conversion in the

experimental formulations (E1-15, E1-25, and E1-35) compared with C0. This indicates that

the gel and vitrification point come early in the experimental formulations due to the

BMPMOB’s higher functionality. After the gel points are reached, the formed microgels

connect with each other, forming the complete polymer network. The sooner the gel/

vitrification point occurs, the more heterogeneous and the weaker the structure in some

regions of the copolymer. This result can be indirectly verified by the lower storage modulus

of E1–35 sample in wet condition.

Since water or saliva is present in the mouth during the dentin bonding, the hygroscopic

effect can influence the polymer network’s dimensional stability, mechanical properties, and

chemical stability. When the adhesive formulation is photopolymerized in the mouth, the

copolymer can be saturated by water, and the polymer matrix can change over time.

Therefore, the water sorption and solubility of the adhesive copolymer can be indirectly

used to characterize the stability of the network. From Figure 5, the water sorption of the

control or experimental adhesive copolymers can reach equilibrium at about 48 h. At the

same time, with the increase in BMPMOB concentration the curves became steeper at the

initial 24 h mark. This indicates water penetrates more quickly into the experimental

copolymers than that of the control. With the increase in BMPMOB concentration from 25

to 35%, there was an obvious increase in the water sorption of the copolymers. This is due to

the higher polarity of the carboxylic acid group.

The degree of crosslink density is another important determinant of mechanical properties as

well as structural durability. The importance of structural durability is implied because the

higher the crosslinking of the adhesive copolymer the less it swells and degrades in the oral

environment. To our knowledge, there is currently no method to directly measure the degree

of crosslinking. Usually, molecular mobility is reduced with the increase in crosslink

density, which is inferred from an increased glass transition temperature (Tg) or decrease in

tan δ peak maximum intensity. However, because Tg depends on the DC and other factors

such as monomer viscosity and functionality, it is difficult to distinguish between the effects

of each of the different factors that contribute to the crosslink density. In our group, we have

used the inverse ratio (ζ)29 of the modulus in rubbery region to the temperature and ve
33 (ve

= E′/3RTg, here E′ is the apparent rubbery modulus, Tg is the glass transition temperature

obtained from the tan δ versus temperature profile obtained by the DMA test) to present the

relative crosslink density of an adhesive copolymer. The values of ζ or ve all suggested

higher relative crosslink density when part of the BisGMA was replaced by BMPMOB in

the formulation. Usually, with the increase in crosslink density, the water sorption and

solubility of the copolymer will decrease. However, there is a contradiction between the

results of the crosslink density and water sorption experiment. Although the crosslink

density values of the copolymer were enhanced with the addition of BMPMOB, the water

sorption and solubility increased accordingly. The factors contributing to these results could
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be: (1) BMPMOB is more hydrophilic than BisGMA, so the copolymer will show more

hydrophilicity; (2) the crosslink structure becomes heterogeneous (higher crosslink region

and lower crosslink region) with an increase in BMPMOB amount; and (3) the photoinitiator

system might not be optimized for the experimental formulation.

The DMA temperature scan is particularly well suited to characterize the viscocelastic

behavior and has been suggested as a valuable method to obtain network information, such

as the crosslink density and heterogeneity. The intensity of maximum tan δ peak reflects the

extent of the mobility of the copolymer chain segments at the transition temperature. It is

reported that the heterogeneity will increase as the crosslink agent concentration increases

within a copolymer system.47 In the current work, BMPMOB can be considered to be a

trifunctional comonomer. The broad glass transition range contributes to heterogeneous

network containing both highly crosslinked and less densely crosslinked regions. The span

of the tan δ peak, or the difference between Tg1 and Tg2, indicates that the glass transition

occurs over a wide temperature range. When compared with the data of the maximum rate

of polymerization shown in Figure 5, it can be determined that the gel effect came earlier,

and the structure of the copolymer became more heterogeneous. All of the experimental

copolymers showed lower tan δ peak height than the control, indicating increased elastic

behavior and greater crosslink density. The modulus at the rubbery plateau is related to the

crosslink density of the polymer. It has been reported that with the increase in a monomer’s

functionality, a crosslink structure with a higher glass transition temperature, larger storage

modulus and smaller average molecular weight between crosslinks will be formed.47 In the

dry condition, the rubber moduli reach a maximum when BMPMOB concentration is 25%.

Due to the higher functionality of BMPMOB, the maximum polymerization rate comes

early, which indicates that the heterogeneity increases. According to the literature, highly

crosslinked structures are very heterogeneous due to the ready formation of a gel region

(which is region that has above average crosslink density localized around a center of

initiation)51–53 and are considered to have the potential for weaknesses. Therefore, these

regions should be carefully evaluated in different adhesive formulations.

In Figure 7, the lower transition temperature may be related to the loosely crosslinked

domain of the polymer network; whereas the higher transition temperature could correlate to

the highly crosslinked network.54,55 With the increase in BMPMOB concentration, the

distance between the lower and higher transition temperatures increased gradually. This

result indicated that the structure of the copolymers showed more heterogeneity with an

increase in BMPMOB.

The three-point bending water-submersion clamp method used in this work is expected to

simulate the wet environment of the mouth. The modulus of the control and experimental

samples measured by the water-submersion method was significantly lower than that of the

dry samples measured by a standard clamp. The difference is contributed to the

plasticization of the copolymer in the water. Water can be attracted to the polar functional

groups (such as carboxylic, hydroxyl, and ester) of the copolymer to form hydrogen bonds

and decrease the intermolecular interaction of the copolymers. When the BMPMOB

concentration was 25%, the modulus of the copolymer showed no significant difference at

37°C and was significantly higher than that of the control at 75°C. This means with the
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increase in the functionality of the comonomer, the highly crosslinked structure can

counteract the effect of water plasticization. However, the storage modulus decreased with

the continued increase in BMPMOB concentration at 35%. The poor mechanical property of

the E1–35 sample in wet conditions may be attributed to the formulation being too

hydrophilic, which causes it to absorb more water. Previously, it is been seen that with the

increase in functionality or polarity of a comonomer, a significantly weaker structure may be

formed in some regions, potentially causing premature failure.47,56 Importantly, by

introducing the polarity group and vinyl group into the new monomer BMPMOB, we

demonstrate the mechanical properties of the resulting polymers in the wet condition can be

balanced by controlling the water sorption and the crosslink density of the copolymer. The

experimental monomer, BMPMOB, shows promise as a hydrophilic crosslinker for dentin

adhesive formulations. Meanwhile, when BMPMOB was used to partially replace BisGMA

in the adhesive formulation, the lower maximum polymerization rate and decreased C=C

bond conversions were mainly attributed to the higher functionality of new monomer. This

may lead to a more heterogeneous cross-linked network structure compared to the control.44

CONCLUSION

A new monomer with a branched carboxylic acid group (BMPMOB) was synthesized by the

reaction of IAA and GDMA, and it was used as a comonomer in dentin adhesive

formulations. BMPMOB containing formulations showed better water compatibility than the

control. With increased BMPMOB concentration, the maximum rate of polymerization was

decreased and showed a lower DC. Dynamic mechanical analyses in dry condition showed

that the experimental copolymers, with a larger storage moduli and higher glass transition

temperatures, are significantly more heterogeneous than the controls. In wet conditions, the

copolymer with 25% BMPMOB showed the optimal mechanical properties. By increasing

the functionality of the comonomer, the balance between water sorption and mechanical

properties can be controlled. The experimental adhesive copolymers improved mechanical

properties in both dry and wet conditions. These results indicated that the BMPMOB is a

promising comonomer for improving dentin adhesives.
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FIGURE 1.

Reaction scheme for synthesis of BMPMOB.
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FIGURE 2.

FTIR (A), 1H-NMR (B), and 13C-NMR (C) spectra in CDCl3 of BMPMOB. EA: ethyl

acetate. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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FIGURE 3.

Relation between mole averaged log P and water miscibility of adhesive formulations, water

sorption of copolymers contained BMPMOB. Wwm stands for water miscibility, and Wsp

stands for water sorption. (■ represents the water miscibility value of liquid formulation; ▨

represents the water sorption of copolymer beam specimen, ⋄ represents the difference

between water miscibility of liquid formulation and water sorption of copolymer, ΔW =

Wwm − Wsp). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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FIGURE 4.

The microscale morphologies of the control (A1: CT slice at the x–y plane from the 3D

image, A2: 3D image) and experimental E1-25 formulation (B1: CT slice at x–y plane from

3D image, B2: 3D image) adhesive copolymer prepared in the presence of 13 wt % water.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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FIGURE 5.

Real-time conversion (A) and comparison of polymerization rates (B) of control (C0 and

C1) and experimental adhesives (E1-15, E1-25, and E1-35). The adhesives were light-cured

for 40 s at RT using a commercial visible light lamp (Spectrum® 800; Dentsply, Milford,

DE. Intensity is 550 mW cm−2). *Significantly (p < 0.05) different from the control (C0).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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FIGURE 6.

Water sorption of adhesive copolymers with time (A) and the final solubility and water

sorption after storage in water at 25°C for 9 days (B). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 7.

Representative storage modulus (A and B), derivative storage modulus (C and D), and tan δ

(E and F) versus temperature curves of the control and experimental adhesive copolymers in

dry (A, C, and E) and wet (B, D, and F) condition. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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