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ABSTRACT: This study reports the synthesis and characterization of two urethane dimethacrylates containing poly(ethylene oxide) or

poly(propylene oxide) segment and cinnamate pendant moieties to be formulated in dental resin composites. 1H NMR, 13C NMR,

and Fourier transform infrared spectroscopies, gel permeation chromatography, electrospray ionization-mass spectroscopy, and ther-

mogravimetric measurements confirmed their structure, whereas the photopolymerization evolution of oligodimethacrylates relating

to a low–molecular-weight dicinnamate methacrylate under ultraviolet irradiation was investigated by photo-differential scanning cal-

orimeter, monitoring the degree of conversion (DC) and polymerization rate. The photopolymerization results reveal that the investi-

gated derivatives display a good photoreactivity (DC: � 70%) during the formation of crosslinked polymers, the DC depending espe-

cially on the sample viscosity. The polymerization shrinkage for several mixtures including the urethane oligocinnamates (20 wt %)

and diglycidyl methacrylate of bisphenol A/triethyleneglycol dimethacrylate system in the absence of filler was determined, the

obtained values being in the range of 6.1–8.2 vol %. For few cured specimens incorporating quartz filler (75 wt %), water sorption/

solubility, contact angle, and mechanical parameters were measured to establish if such monomers could be of interest in dentistry.
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INTRODUCTION

Most composite materials frequently encountered in conserva-

tive dentistry continue to use the diglycidyl methacrylate of

bisphenol A (Bis-GMA), as the main component of the photo-

polymerizable organic phase.1–3 Owing to its high viscosity

(540–1200 Pa s),4 this dimethacrylate needs dilution with large

proportions of low-viscosity monomers such as triethyleneglycol

dimethacrylate (TEGDMA) or ethyleneglycol dimethacrylate to

achieve a higher filler loading (up to 80 wt %) for a successful

dental composite. Previous studies have been shown that the

composite properties can be tailored according to the wanted

application through an appropriate choice of the monomers

implied in the formation of interpenetrating polymer network

as well as by varying the inorganic filler (nature, size, loading,

shape, distribution, adhesion, etc.), the latter strategy revolutio-

nizing practically the dental materials arena in the last decade.5–7

In spite of numerous advantages reported in the literature, the

major deficiencies of such composites are still related to the

high-polymerization shrinkage (PS)7,8 and incomplete

polymerization of the monomers that cause, with time, a

deterioration of the physical/mechanical properties in the final

materials.9,10 Further efforts were made to diminish the

aforementioned drawbacks through the development of novel

monomeric systems such as modified Bis-GMA,3 liquid crystal-

line (LC) monomers,11–13 dendritic methacrylates,14 bis-acryla-

mides,15 ormocers,16 or more recently, siloranes,17,18 together

with strongly acidic methacrylates that adhere on enamel and

dentin.19 Other studies have been evaluated the family of ure-

thane dimethacrylates (UDMAs) for their capability to improve

the properties of dental restorative materials,20,21 owing to the

relatively high molecular weight, crosslinking density, and cohe-

sive energy density generated by the urethane structure.22 Distinc-

tively, the last novel product (Kalore/Venus Diamond) that bears

urethane groups is characterized by a very small volumetric

shrinkage.23

Within this context, several urethane (di)methacrylates have

been developed in our group including the reactive acid-func-

tionalized oligomers24,25 and nonacid ones,26 LC monomers,13

and Bis-GMA analogous,13,27 as well as photopolymerizable

polyalkenoates,28 to investigate the influence of chemical struc-

ture and composition on the photopolymerization process in

some dental formulations. Additionally, the study of the

VC 2012 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37942 1



properties of photo-cured networks resulted from the above

monomers was essential to understand their behavior in such

resin composites. On this line, there are few reports devoted to

physical studies of the effect of spacer length between the meth-

acrylate groups on the final properties of dental materials.29 As

has been pointed out, the reactivity of monomers increases with

increasing the length and the flexibility of the spacer.30,31 In

fact, the incorporation of the flexible spacer in urethane dime-

thacrylates was inspired of the qualities of poly(ethylene glycol)

(PEG) derivatives considered as viable alternative to 2-hydrox-

yethyl methacrylate (HEMA) in dental composites,32 as well as

those of the poly(propylene glycol) (PPG) chain which is a

component of the FotofilVR product in dental practice.33

In this contribution, we focused our attention on synthesizing

oligodimethacrylates with photosensitive cinnamate groups,

which were further reacted with conventional dental monomers

(Bis-GMA and TEGDMA) to create polymeric networks

intended for dental composites, whose properties were also

examined. It should be emphasized that the cinnamate groups

from polymers may undergo photoisomerization/photodimeri-

zation reactions under ultraviolet (UV) irradiation.34,35 On the

other hand, the choice of cinnamate derivatives for testing in

dental resin composites is motivated by the fact that such struc-

tures are nontoxic and can present antiseptic, antitumoral, or

anaesthetic activity,36,37 and are, therefore, suitable for the

preparation of functional biomaterials.

EXPERIMENTAL

Materials

Diethanolamine, cinnamoyl chloride, triethyl amine, PEG

(MPEG ¼ 400 g/mol), PPG (MPPG ¼ 425 g/mol), poly(tetra-

methylene oxide) (PTHF, MPTHF ¼ 1000 g/mol), isophorone

diisocyanate (IPDI), HEMA, Bis-GMA, TEGDMA, and dibutyl-

tin dilaurate were purchased from Sigma-Aldrich Chemical

(Taufkirchen, Germany) and used without further purification.

The initiators used were Darocur TPO and Irgacure 651 from

Ciba (Basel, Switzerland), camphorquinone (CQ) and 4-(dime-

thylamino)-phenylacetic acid (DMPheAA) from Sigma-Aldrich

Chemical, whereas the filler used was quartz (silicon dioxide

nanopowder, granulation 10–20 nm from TEM) from Sigma-

Aldrich Chemical.

Synthesis

For the preparation of cinnamate difunctional oligomers, first,

the synthesis of N,N-bis(2-hydroxyethyl) cinnamamide (C-

DOH) as intermediate was performed (Scheme 1). Thus, a solu-

tion of 3.15 g (0.03 mol) diethanolamine in anhydrous tetrahy-

drofuran (THF) (10 mL) was cooled to �20�C and then, 5 g

(0.03 mmol) cinnamoyl chloride in 10 mL THF was dropwise

added in the presence of 4.33 mL (0.03 mol) triethyl amine, at

such a rate that the reaction temperature was maintained at

�20�C. After finishing the drip, the temperature of the mixture

was arisen at room temperature and kept under stirring for 48

h. Finally, the solution was filtrated, and the solvent was evapo-

rated under reduced pressure.

1H NMR (400 MHz, CDCl3, d ppm): 7.7–7.5 (d, 1H,

ACH¼¼CHAAr); 7.5–7.2 (m, 5H, Ar H); 6.45 (d, 1H,

ACOACH¼¼CHAAr); 5.12 (s, 2H, OH); 3.8 (t, 4H,

HOACH2ACH2AN); 3.6 (t, 4H, HOACH2ACH2AN).

For the synthesis of cinnamate dimethacrylate oligomers (O1-

DMA, O2-DMA), PEG or PPG macrodiols were used, together

with IPDI, C-DOH, and HEMA, employing the following molar

ratio: PEG(PPG): IPDI: C-DOH: HEMA ¼ 0.5 : 2 : 0.5 : 2.

Considering the similar synthetic pathway, here we describe

only the preparative steps involved in the obtaining of O1-

DMA. Hereby, 1 g PEG (2.5 mmol) was degassed in vacuum for

2 h (100�C). Then, the system temperature was reduced to

50�C and 2.16 mL (10 mmol) IPDI was added, the mixture

being stirred at 60�C for 4 h in the presence of catalytic amount

of dibutyltin dilaurate. After that, the temperature was reduced

to 40�C and 0.59 g (2.5 mmol) C-DOH dissolved in anhydrous

THF was added, the reaction being continued for 2 h. At the

same temperature (40�C), 1.4 mL (10 mmol) of HEMA was

added and the mixture was stirred for 10 h. The course of the

reaction was pursued through the infrared absorption of the

isocyanate stretching band at 2260 cm�1, the reaction being

considered complete after the disappearance of this band from

the FTIR spectrum. For removing the catalyst, the cinnamate

dimethacrylate oligomers were dissolved in methylene chloride

and the solution was stirred with 2% HCl solution (4 : 1 v/v) at

room temperature. After the separation of the organic phase

and the evaporation of solvent, the oligomers were collected as

pale yellow viscous liquids.

O1-DMA: g ¼ 48.2 Pa s. O2-DMA: 1H NMR (400 MHz,

CDCl3, d ppm): 7.7 (d, 1H, ACH¼¼CHAAr); 7.45–7.2 (m, 5H,

Ar H); 6.7 (d, 1H, ACOACH¼¼CHAAr); 6.14 (d, 4H, CH2¼¼C

in trans-position relative to CH3 unit from HEMA); 5.56 (s,

4H, CH2AC in cis-position relative to CH3 unit from HEMA);

4.4–4.2 (m, 20H, COOACH2 and NHACOOACH2ACH2); 3.7

(m, 6H, CH2ACH(CH3) AO); 3.6 (m, 12H, CH2ACH(CH3)

AO); 3.4–3.2 (m, 8H, CH2ANHACOO);1.95 (s, 12 H, CH3

from HEMA); 1.71–0.7 (m, 81 H, protons from isophorone

unit and CH2ACH(CH3) AO).

13C NMR (400 MHz, CDCl3, d ppm): C1, 47.11; C2, 46.4; C3,

31.87; C4, 46.40; C5, 36.49; C6, 41.89; C7, 35.16; C8, 27.71; C9,

23,32; C10, 55.03; Ch,p, 156.74; Cg,o, 155.54 ppm (from isophor-

one diurethane); Ca, 126.14; Cb, 136.19; Cc, 17.18; Cd, 167.75

ppm (methacrylate); Ce, 70.01; Cf,q, 62.68 ppm (ester); 72.0–

76.2 ppm (Ci,k) and 18.42 (Cm) from PPG; 167.27 ppm (Cs,

from cinnamide); 143.2 and 116.11 (Ct, Cu); 126.00 ppm (aro-

matic C). g ¼ 55.7 Pa s.

The methacrylate monomer with cinnamate groups N,N-bis(b-
cinnamoyloxyethyl)-N0-methacryloyloxyethyl urea (DC-MA) was

prepared according to the previously reported method.38 1H

NMR (CDCl3, d ppm): 7.7 (d, 2H, ACH¼¼CHAAr); 7.6–7.3

Scheme 1. Synthesis of the reaction intermediate C-DOH.
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(m, 10H, Ar H); 6.45 (d, 2H, ACOACH¼¼CH-Ar); 6.15 (d, 1H,

CH2¼¼C in trans-position relative to CH3 unit); 5.55 (s, 1H,

CH2¼¼C in cis-position relative to CH3 unit); 4.5–4.3 (m, 6H,

CH2AOCO), 3.9–3.4 (m, 6H, CH2ANHACO and

NACH2ACH2), 1.95 (s, 3H, CH3). g ¼ 19.3 Pa s.

Characterization

The oligodimethacrylates structures were verified by 1H NMR

and FTIR spectroscopy using a Bruker Avance DRX 400 spec-

trometer and a Bruker Vertex 70 FTIR spectrophotometer,

respectively. Viscosity measurements of the urethane dimetha-

crylates were determined with a Brookfield cone and plate vis-

cometer at room temperature. The test was run at spindle

speeds of 6 and 12 rpm and the viscosity readings obtained

were recorded and expressed as Pascal second (Pa s). Differen-

tial scanning photocalorimetry studies were performed on a

DuPont 930 apparatus with a double heat differential calorime-

ter 912, calibrated with indium metal standard according to the

literature.39

The average molecular weight was determined in chloroform by

gel permeation chromatography (GPC) analysis on a PLEMD

950 apparatus equipped with two PL gel-mixed columns using

polystyrene standards. Mass spectrometry (MS) results were

obtained using an Agilent 6520 Series Accurate-Mass Quadru-

pole Time-of-Flight LC/MS. The solutions were introduced into

the electrospray ionization (ESI) source via a syringe pump at a

flow rate of 0.2 mL/min. After optimization of the Q/TOFMS

parameters, they were set as follows: ESI (positive ion mode),

drying gas (N2) flow rate, 7.0 L/min; drying gas temperature,

325�C; nebulizer pressure, 35 psig; capillary voltage, 4000 V;

fragmentation voltage, 200 V, and the full-scan mass spectra of

the investigated compounds being acquired in the m/z range of

100–3000. The mass scale was calibrated using the standard cali-

bration procedure and compounds were provided by the manu-

facturer. Data were collected and processed using Mass Hunter

Workstation software.

Thermal degradation of the polymers was performed using a Ju-

piter STA 449F1 thermogravimetric balance (Netzsch, Ger-

many). Samples (mass ranging from 7 to 10 mg) were heated

from 30 to 600�C, at rates of 10�C/min. Nitrogen (purity,

99.99%) was used as a carrier (flow rate, 50 mL/min) and pro-

tective purge for the thermobalance (flow rate, 20 mL/min).

The samples were heated in an open Al2O3 crucible using

Al2O3 as reference material. Data were processed with ProteusVR

software.

A standard high-pressure mercury lamp with 4.5 mW/cm2 light

intensity was used for UV irradiating the sample (1.5 6 0.5

mg) in the presence of Darocur TPO, Irgacure 651, or CQ/

DMPheAA as the initiator system, using differential scanning

calorimeter (DSC) DuPont standard pans. A polyethylenetereph-

talate (MylarVR film) was used to cover the composition in the

photo-DSC pan, so as to prevent the diffusion of atmospheric

oxygen into the sample. The measurements were performed in

an isothermal mode and irradiation started after 1 min of equil-

ibration. The heat flux as a function of reaction time was moni-

tored using photo-DSC under isothermal conditions, both the

rate of polymerization and the conversion being calculated as a

function of time.40 The PS of cured and uncured specimens

tested in the present study was determined by the density bottle

method at room temperature.41 Photocurable pastes for volu-

metric shrinkage measurement were formulated using a weight

ratio of cinnamate oligomer : Bis-GMA : TEGDMA : CQ :

DMPheAA of 20 : 48.5 : 30 : 0.5 : 1. The specimens in the form

of small cylinders (approximately, 0.2 g in weight) obtained af-

ter photopolymerization under visible-light irradiation (450–470

nm) using LED curing light (DEMETRON A2; 800 mW/cm2)

for 30 s on each side were placed in a density bottle of 20 cm3

volume containing distilled water (qH2O at 25�C ¼ 0.99707 g/

cm3). A Partner balance (accuracy ¼ 60.000001 g) was used.

Three successive measurements for all tested composites were

performed. The PS was determined separately for each specimen

using the eq. (1):

Polymerization shrinkage ¼ dcured � duncured

dcured
� 100 (1)

where d is the density of the formulation.

The filled resin composites for contact angle, water sorption,

and water solubility determinations were prepared by using 25

wt % organic matrix and 75 wt % inorganic filler (quartz). The

organic resin matrix consisted of cinnamate oligomer : Bis-

GMA : TEGDMA mixture (20 : 48.5 : 30 wt/wt) and CQ/

DMPheAA as the initiator system. The static water contact

angle measurements were made on disk-shaped specimens (15

6 0.1 mm diameter, 1 6 0.1 mm thickness) using goniometer

KSV Cam 200. Two microliter droplets of double-distilled water

was placed on the disk specimen surface, the average contact

angle being calculated starting from at least 10 separate meas-

urements. The water sorption and water solubility were deter-

mined42 by preparing four disk specimens of reduced dimen-

sions (15 6 0.1 mm diameter, 1 6 0.1 mm thickness) for each

group of mixtures, using a Teflon split ring mold between two

glass plates covered with polyethylene film. The composites

were preconditioned over a desiccant containing calcium sulfate

at 37�C until their weight remains constant (initial weight m1).

Further, specimens were placed in distilled water at 37�C for

different time intervals and then removed from the water,

lightly blotted with a paper to eliminate the surface-adherent

water, and weighed. After 3 weeks (m2), specimens were placed

into a desiccator with calcium sulfate and dried at 37�C until

their weight was constant again (m3). The water solubility for

each sample was determined using eq. (2):

Water solubility ðwt%Þ ¼ m1 �m3

m1

� 100 (2)

whereas the water sorption was calculated employing eq. (3):

Water sorption ðwt%Þ ¼ m2 �m3

m1

� 100 (3)

Compressive strength (CS) and diametral tensile strengths

(DTS) were measured using a Shimadzu AGS-J testing machine,

with a 5 kN load cell. Specimens for the CS and DTS tests were

prepared by mixing the components using a metal spatula and
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filling five metal cylinder molds, all of 8 mm in height and 4

mm in diameter, which were prewaxed to prevent material ad-

hesion. A crosshead speed of 1 mm/min was applied in these

tests. The CS was calculated from the equation CS ¼ P/pr2,
where P is the load at fracture and r the radius of the sample

cylinder. DTS was calculated from the relationship DTS¼ 2P/

pdt, where d is the diameter and t the thickness, respectively, of

the cylinder.

RESULTS AND DISCUSSION

Synthesis and Spectral Characterization of Cinnamate

Dimethacrylate Oligomers

The structures of the cinnamate monomers synthesized in this

study are shown in Scheme 2. The first urethane dimethacry-

lates of oligomeric type (O1-DMA and O2-DMA) were prepared

by a classical addition reaction between PEG (MPEG ¼ 400 g/

mol) or PPG (MPPG ¼ 425 g/mol), IPDI, and C-DOH (Scheme

1), subsequently reacted with HEMA, taken into a molar ratio

of 0.5 : 2 : 0.5 : 2. Although the reaction of isocyanate with

hydroxyl groups from monomers is performed by minimizing

the occurrence of side reactions, it does not provide strict con-

trol over the composition of the resulting product, but the sim-

plicity of the procedure, widely exploited to prepare polyur-

ethanes,43 may be advantageous in applications where a narrow

polydispersity is optional. The reason for the validity of the oli-

gomeric structures represented in an idealized form (HEMA-

IPDI-[PEG/C-DOH]-IPDI-HEMA) will be discussed later. For

comparison, a low-molecular-weight methacrylate, namely DC-

MA, was also prepared from 2-isocyanatoethyl methacrylate and

diethanolamine to afford N,N-bis(b-hydroxyethyl)-N0-methacry-

loyloxyethyl urea, which was then converted to DC-MA by

reacting with cinnamoyl chloride according to the previous

data.38 The chemical structure of the cinnamate dimethacry-

lates was confirmed by 1H NMR and FTIR spectroscopies.

Thus, the 1H NMR study on O1-DMA [Figure 1(a)] indicates

the presence of peaks at 7.5–7.3 ppm attributed to the aro-

matic protons, whereas the unsaturated protons from cinna-

mate can be identified at 7.69 and 6.8 ppm. Other signals

belong to the unsaturated protons from methacrylate (6.14

and 5.6 ppm), methylene protons from the ester–urethane

groups and the ester unit of HEMA (4.4–4.2 ppm), methyne

protons close to the urethane groups (3.79 ppm), methylene

protons from PEG (3.67 ppm), the methylene protons neigh-

boring the urethane groups (2.9 ppm), methyl protons from

HEMA (1.95 ppm), and protons on the isophorone cycle

(1.7–0.7 ppm). Similar profile was observed for O2-DMA,

excepting the methyne protons (3.8 ppm) and methyl protons

from PPG which are overlapped with protons from isophor-

one. Investigation of the above structures by 13C NMR gave

significant information. Figure 1(b) shows the 13C NMR spec-

trum for O1-DMA (Scheme 2), which exhibits characteristic

signals for carbon atoms from isophorone diurethane (C1,

47.57; C2, 46.95; C3, 31.78; C4, 46.95; C5, 36.33; C6, 44.57; C7,

35.00; C8, 27.75; C9, 23,16; C10, 54.86; Ch,p, 155.63; Cg,o,

155.54 ppm), methacrylate (Ca, 127.92; Cb, 136.03; Cc, 18.26;

Cd, 167.65 ppm), and ester functions (Ce, 69.57; Cf, 62.91

ppm). PEG gives signals at 70.50 ppm (Ci,j), whereas the car-

bon atoms from cinnamide appear at 167.15 ppm (Cs). Other

three signals owing to Ct, Cu, and aromatic carbons can be

observed at 143.2, 116, and 126.00 ppm, respectively.

Scheme 2. Structure of oligodimetacrylates (O1-DMA and O2-DMA) and DC-MA with cinnamate groups.
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In connection, the FTIR spectra shown in Figure 2 sustain the

structure of the synthesized dimethacrylates. The characteristic

absorption bands of the urethane NH, CAH, and carbonyl

groups appeared at 3334, 2954, and 1718 cm�1, respectively,

whereas the band of C¼¼C double bond from methacrylate and

cinnamate units can be viewed at 1640 and 816 cm�1. UV spec-

troscopy has also revealed a strong absorption band with maxi-

mum at about 278 nm, attributed to the p–p* transition from

the cinnamate moiety.

To further confirm the oligomeric character and chemical struc-

ture of the urethane dimethacrylates, electrospray ionization

tandem mass spectroscopy (ESI-MS) and GPC analysis were

carried out on our samples and the commercial PEG (PPG) was

selected for the synthesis. In the ESI-MS spectra of PEG, PPG,

O1-DMA, and O2-DMA in THF, the appearance of characteris-

tic mass signals can be detected. Thus, in the case of PEG [Fig-

ure 3(a)], two Gaussian distributions for cationized species (Kþ

PEG and Naþ PEG) were observed, whereas PPG (Figure 4(a)

gave rise to a single Gaussian distribution (Naþ PPG). On the

first curves, there are seven signals separated by 44 Da that cor-

respond to a number of ethylene oxide units varying between 6

and 12. The most abundant signal (453.22; 437.2) suggests the

existence of nine units of PEG (molecular weight, 414) assigned

to the Kþ and Naþ PEG adduct, respectively. Then, by analyzing

the recorded PPG Gaussian curve, we observed approximately

six signals, all separated by 58 Da that correspond to 5–10 pro-

pylene oxide units. The abundant signal (447.31) corresponding

to seven units of propylene oxide (molecular weight, 424)

belongs to Naþ PPG adduct.

In the light of these results, ESI-MS spectra of O1-DMA [Figure

3(b)] and O2-DMA [Figure 4(b)] sustain the presence of cation-

ized species (Naþ PEG or Kþ PPG) characterized by the molec-

ular weights of 1157.71 and 1167.77, corresponding to seven

monomeric units of PEG and five units of PPG, respectively.

Therefore, both dimethacrylates contain either PEG or PPG

chain, as illustrated by the most probable chemical structure

shown in Scheme 2. These results seem to be in a good agree-

ment with the molar ratio used in the synthesis of urethane

oligodimethacrylates.

Complementary, a comparison between GPC curves of O1-

DMA, O2-DMA, and precursor oligoether diols is shown in Fig-

ures 3(a) and 4(a) (inset). In the PEG (PPG) chain extension

experiment with IPDI, C-DOH, and HEMA, the molecular

weight (Mn,GPC) of the O1-DMA sample increased from 400 to

1043, whereas for O2-DMA this increased from 425 to 1052.

Therefore, in both cases, complete consumption of the initial

partners was demonstrated through a clear shift to a higher mo-

lecular weight as observed from the GPC traces. Thus, we con-

clude that the presence of a unimodal distribution pattern in

the GPC analysis is an indicator for the lack of other molecular

species.

Additionally, evaluation of the thermal stability of monomers by

thermogravimetric analysis proved that the cinnamate dimetha-

crylates are stable up to 180–200�C in an atmosphere of nitro-

gen (Figure 5). Besides their above-discussed characteristics, our

monomers have good solubility in conventional dimethacrylates

(Bis-GMA, UDMA, and TEGDMA) and in organic solvents as

chloroform, THF, and methylene chloride. Although viscosity of

the cinnamate monomers (19–55 Pa s) is lower than that of

Bis-GMA, in our experiments this parameter was reduced by

adding TEGDMA as reactive diluent.

Photopolymerization Study

In a first assessment of these new monomers, the photopolyme-

rization kinetics has been analyzed by photo-DSC to establish if

the chemical structure is the determining factor for the

Figure 1. 1H NMR (a) and 13C NMR (b) spectrum of poly(ethylene oxide)

urethane dimethacrylate with cinnamate groups (O1-DMA) in CDCl3.

Figure 2. FTIR spectra of oligodimethacrylates with cinnamate groups.
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Figure 3. ESI-MS for PEG (a) and O1-DMA (b) and their GPC curves (inset). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4. ESI-MS for PPG (a) and O2-DMA (b) and their GPC curves (inset). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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polymerization photoreactivity. For this purpose, the time to

attain the maximum polymerization heat (tmax), the double-

bond conversion to single bonds after polymerization and the

polymerization rate (Rp) were determined at room temperature.

Under given conditions of photopolymerization (exposure to

UV light in the presence of 1 wt % Darocour TPO as photoini-

tiator), each monomer was polymerized up to the formation of

a hard polymer matrix. As shown in Figure 6(a), the degree of

conversion (DC) of the methacrylate C¼¼C bond attained after

5 min of irradiation significantly increased from urethane oligo-

cinnamates (DC ¼ 70%) to the low-molecular-weight methac-

rylate DC-MA (DC, 94%) as photopolymerization occurred

(Table I). Moreover, the quantification of the photoreactivity,

reflected by the maximum polymerization rate (RP
max) [Figure

6(b)] evidenced that the highest polymerization rate value was

obtained in the case of O1-DMA for which the rate at the peak

maximum was found to be RP
max ¼ 0.101 s�1. For O2-DMA, the

value of the maximum polymerization rate slightly decreased to

RP
max ¼ 0.093 s�1. This modest variation in the sample photo-

reactivity may be ascribed to the viscosity effect of the photopo-

lymerizable derivatives that influence the macromolecular chain

mobility.44 A contradictory situation is, however, noticed in case

of the monomethacrylate with two cinnamate groups (DC-

MA), which although has a lower viscosity than that measured

for the oligocinnamates, presented a lower maximum polymer-

ization rate (RP
max ¼ 0.052 s�1). Such finding may be related to

the fact that sometimes, a decrease in viscosity generates low-

polymerization rates compensated by higher final conversions

(e.g., the case observed at the free radical homopolymerization

of Bis-GMA, UDMA, or TEGDMA, when UDMA showed the

highest polymerization rate, and TEGDMA had the highest final

conversion45).

A modification of the photopolymerizable composition through

the addition of another oligodimethacrylate (O3-DMA based on

PTHF of 1000 average molecular weight, Scheme 3)46 as como-

nomer in the combination O1-DMA : O3-DMA (weight ratio, 1

:1) determined an increase of the conversion degree to about

85% [(Figure 6(a)]. This experimental evidence demonstrates

that the urethane oligomer mixture (cinnamate dimethacrylate/

PTHF dimethacrylate) is more reactive than O1-DMA, but less

reactive than O3-DMA (DC, 95%). The graphical representation

of the maximum photopolymerization rate versus time [Figure

6(b)] showed that the incorporation of O3-UDMA (viscosity,

� 6.2 Pa s) into the macromer mixture determined a small

decrease of the polymerization rate (from Rp ¼ 0.101 s�1 in

O1-DMA to Rp ¼ 0.090 s�1 in O1-DMA/O3-DMA). The reason

of this minor decrease is not clear, but we considered that the

obtained results are in good agreement to those reported in the

literature.47

At this point, it should be mentioned that the nonpolymerizable

derivative, C-DOH used in the synthesis of urethane oligomers

do not induce thermal transitions (data not shown), proving

that the obtained photo-DSC data are exclusively related to po-

lymerization reaction. It assumes that under the photo-DSC-

specified irradiation conditions (low intensity), the cinnamate

moieties exert predominantly steric effects on the polymerizabil-

ity of the methacrylate C¼¼C bond and chain growth. This

result is consistent with the measurements made through UV

spectroscopy, which indicated the lack of any modification in

the UV spectrum of O1-DMA even after 5 min of exposure to

visible light of higher intensity (800 mW/cm2).

Influence of photoinitiator type and temperature on the photo-

polymerization manner was further investigated by examining

the conversion and rate profiles of O1-DMA (Figure 7), observ-

ing that the photoreactivity undergoes changes under UV irradi-

ation. Thus, it was found that the DC at 25�C was higher in the

system containing 1.5 wt % Darocur TPO (DC, 74%) than that

determined in the presence of Irgacure 651 (DC, 61.2%) or

camphorquinone/amine (DC, 59.5%), whereas the polymeriza-

tion rate decreased from 0.096 s�1 (Darocur TPO) to 0.038 s�1

(CQ/DMPheAA) (Figure 7(a) and Table I). These remarks sug-

gested that the most effective photoinitiator for the studied sys-

tem is Darocur TPO. Then, varying the polymerization temper-

ature in the range of 25–60�C, the conversion degree (DC,

89.6%) and polymerization rate (0.155 s�1) increased after pho-

topolymerization of O1-DMA with 1.5 wt % Darocur TPO at

Figure 5. TG curves of the O1-DMA and O2-DMA dimethacrylates.

Figure 6. Double-bond conversion (a) and polymerization rate (Rp) (b) as

a function of irradiation time for urethane monomers in the presence of

1 wt % Darocur TPO. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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60�C [Figure 7(b)]. This behavior encountered in photopolyme-

rization of the O1-DMA dimethacrylate can be explained in

terms of molecular mobility of the oligomeric chains that is

highly enhanced by rising the temperature when the diffusion-

controlled free radical polymerization occurs.

Properties of Composite Resins. To evaluate the specific prop-

erties of some hybrid composites, acrylic resins were prepared

by photopolymerization upon exposure to visible light of the

mixture of Bis-GMA, TEGDMA, and cinnamate monomers,

using the CQ/amine initiator system, according to the gravimet-

ric compositions summarized in Table II. Each formulation

(F1–F3) contains 25 wt % organic phase and 75 wt % inorganic

filler. The organic phase consists of cinnamate monomer (20 wt

%), Bis-GMA (48.5 wt %), TEGDMA (30 wt %), and photoini-

tiator (0.5% CQ/1 % DMPheAA). After the incorporation of

quartz glass, the photocurable pastes were crosslinked with a

dental photopolymerization lamp (light intensity, 800 mW/cm2;

60 s). For comparison, another specimen based on O1-DMA/

O3-DMA, Bis-GMA, and TEGDMA (F4) was prepared. Taking

into account the probable effects of physicochemical structure

of the polymeric matrix on the composite properties, the PS,

water sorption/solubility, compressive, and DTSs were measured

for F1–F4 photocurable samples.

The PS measured for polymer composites is a crucial parameter

in determining the subsequent features of crosslinked matrixes,

reason for that is assessment in the present study is important.

Table I. Photo-DSC Data of Cinnamate Monomers Alone or in Combination With Urethane Dimethacrylate O3-DMA, Using Different Photoinitiators

at Temperatures Between 25 and 608C

Initiator system Sample Conversion (%) DH (J/g) tmax (sec)
Polymerization
rate (Rp) (s�1)

1% Darocur TPO (25�C) O1-DMA 70.4 75.8 6.5 0.101

1% Darocur TPO (25�C) O2-DMA 68 72.4 6.6 0.093

1% Darocur TPO (25�C) DC-MA 94 99.7 6.2 0.052

1% Darocur TPO (25�C) O3-DMA 95 61.6 3.8 0.134

1% Darocur TPO (25�C) O1-DMA/O3-DMA 84.7 73 3.8 0.090

0.75/1.5% CQ/DMPheAA (25�C) O1-DMA 59.5 64.06 9 0.038

1.5% Irgacure 651 (25�C) O1-DMA 61.2 65.92 4 0.092

1.5% Darocur TPO (25�C) O1-DMA 74 79.7 3.5 0.096

1.5% Darocur TPO (40�C) O1-DMA 86.2 92.8 3 0.129

1.5% Darocur TPO (60�C) O1-DMA 89.6 96.5 2.5 0.155

Scheme 3. Structures of monomers used in dental formulations.
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Thus, from the data summarized in Table II it can be remarked

that the samples containing O1-DMA (F2, PS ¼ 6.4 vol %) or

O2-DMA (F3, PS ¼ 6.1 vol %) showed a lower PS than that of

the sample in which there is low-molecular-weight monomer

DC-MA (F1, PS ¼ 8.2 vol %), their partners remaining

unchanged. From the displayed results, one can appreciate that

the values of PS for the composites achieved with cinnamate

monomers, especially oligomers, are better than those measured

for Bis-GMA/TEGDMA (70/30 wt %) mixture without filler

(PS ¼ 7.04 vol %).48 In connection, the PS determined for F4

formulation based on O1-DMA/O3-DMA had a close value (6.3

vol %) to the oligodimethacrylate alone, resulting from a tightly

packing of the polymer network after polymerization. Consider-

ing the photobehavior of cinnamate monomers, it is clear that

lower shrinkage and higher conversion, which are inherent to

polymerization reactions, are normally in opposite relationship,

but such a finding is not new in the case of dental

materials.49,50

Useful information about the properties and capacity of these

materials to be employed as dental resin composites is provided

by specific analyses. Hence, for the hybrid composites resulted

by the inclusion of cinnamate (di)methacrylates along with

commercial monomers and an important amount of filler, the

wetting characteristics were determined by means of contact

angle (h) method. The contact angle measurements for distilled

water (Table II) indicated that the composite F1 containing

DC-MA monomer presents a hydrophobic surface (h ¼ 104�),
whereas the hybrid composites having PEG (PPG) polyether

sequences in the structure exhibited moderately hydrophilic

surfaces (F2, h ¼ 73�; F3, h ¼ 76�). These results showed that

the incorporation of soft segments into the photopolymerizable

formulation had as effect a decrease of the water contact angle

on the surface of the composite resins. In the case of composite

F4 that contains the mixture O1-DMA/O3-DMA, contact angle

had a value of h ¼ 81�, close to that found for the composites

with cinnamate oligodimethacrylates, suggesting that the pres-

ence of poly(THF) does not alter the wetting properties of the

composite resins.

Another significant feature characterizing the hybrid composites

is water sorption, a diffusion-controlled process that primarily

depends on hydrophobicity and crosslinking density of the

cured resins. The results of water sorption in Figure 8 show

that the discussed resin composites have water sorption values

ranging from 1.23 to 1.3 wt %. Analyzing these data, it is clear

Figure 7. Photo-DSC profiles of oligodimethacrylate with cinnamate groups (O1-DMA) in the presence of various photoinitiators (a) and different tem-

peratures (b). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Compositions (wt %), contact angle, and Polymerization

Shrinkage of Some Dental Specimens Based on Cinnamate Monomers

and Conventional Comonomers

Sample
Monomer
(20%)

Bis-GMA
(%)

TEGDMA
(%)

Contact
angle (�)

PSa

(%)

F1 DC-MA 48.5 30 104 8.2

F2 O1-DMA 48.5 30 73 6.44

F3 O2-DMA 48.5 30 76 6.1

F4 O1-DMA/O3-
DMA (1 : 1)

48.5 30 81 6.3

aPolymerization shrinkage determined by picnometry (in the absence of
filler).

Figure 8. Percent of water sorption and water solubility for the prepared resin

composites (error bar mean average standard deviations). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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that the more hydrophilic composites showed a higher amount

of absorbed water, whereas the leaching of small molecules in

the presence of water occurred more intensively into the com-

posite based on DC-MA monomer (F1), for which a water solu-

bility of 0.22 wt % was determined.

The mechanical properties of these composites were expressed

through DTS and CS. The mechanical tests performed on

experimental composites containing cinnamate monomers,

Bis-GMA, and TEGDMA, with a filler load of 75 wt % (quartz

glass) exhibited better results for F1 (DTS, 53.2 MPa; CS, 212.9

MPa) than those of cured resins F2–F4 based on oligodimetha-

crylates (DTS, 36.9–38.5 MPa; CS, 185.0–192.6 MPa) that led to

lower mechanical strengths (Figure 9). Note that the compari-

son between the DTS values found in the case of our compo-

sites and those obtained on materials based on Bis-GMA/

TEGDMA (70 : 30) is in reasonable agreement.51 Therefore, the

presence of urethane structures into the above composites did

not produce an increase in the strength and this result was sur-

prising for our dimethacrylates, as the urethane sequences are

recognized for their propensity to facilitate a strong interaction

via hydrogen bonds.52 In the same time, the DC and the rela-

tively flexible nature of the resulting polymers could explain the

mechanical parameters of these materials, without neglecting

the filler component and the hand-mixing process used to pre-

pare the experimental composites.

CONCLUSIONS

Urethane dimethacrylates bearing PEG (PPG) flexible sequences

and cinnamate units between the photopolymerizable groups

were prepared and used in potential dental composites. Forma-

tion of the urethane oligocinnamates was demonstrated by 1H

NMR, 13C NMR, UV/vis, and FTIR spectroscopies, GPC, ESI-

MS analysis, and viscosity determinations. Compared to a low

molecular-weight dicinnamate monomethacrylate, photopoly-

merization experiments performed by photo-DSC showed that

the DC of methacrylic function depend on the monomer and

photoinitiator structure (Darocour TPO, Irgacure 651, and CQ/

amine), temperature, viscosity, and monomer composition. Sub-

sequently, the DC increased from 68% (oligocinnamate) to 94%

(monomethacrylate), whereas the maximum polymerization

rate was higher in the case of oligomers (RP
max : � 0.1 s�1) com-

paratively with that of the low-molecular–weight monomer

(RP
max : � 0.05 s�1). Furthermore, PS of a mixture based on cin-

namate monomer (20 wt %) and Bis-GMA, TEGDMA, and

CQ/amine exposed to visible irradiation (light intensity, 800

mW/cm2) was lower in the specimens that contain photoactive

oligomers, and is better than that determined for Bis-GMA/

TEGDMA (70 : 30). With the addition of 75 wt % quartz glass,

the surface properties measured for few photo-cured composites

are similar to other materials based on Bis-GMA, but at the

same time the mechanical properties (compressive and DTSs)

are most probably the result of the quartz filler and the different

structures of cinnamate monomers used in each formulation.

However, for the best balance of the later, further investigation

is need.
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