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Abstract: The development of dental composites having antibacterial properties is one of the current 

trends in the restorative dentistry. It is justified by the need of the secondary caries reduction that is 

the main reason of dental restoration failure. In this field, the growing interest is associated with the 

development of quaternary ammonium monomers. In this study we synthesized a novel urethane-

dimethacrylate monomer containing two quaternary ammonium groups, via the three steps 

synthesis route. The synthesis procedure involved the transesterification of methyl methacrylate 

with the use of N-methyldiethanolamine, N-alkylation with the use of 1-bromohexadecane and 

synthesis of urethane-dimethacrylate resin with the use of 2,4,4-trimethylhexamethylene 

diisocyanate. 1H NMR, 13C NMR and ATR-FT IR analysis confirmed the chemical structure of the 

intermediate products and the structure of new urethane-dimethacrylate monomer.  
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1. Introduction 

Oral diseases, including dental caries and periodontitis are considered as the global health 

problem, which occurs in both, industrialized and developing country. It was estimated that 3.5 

billion people worldwide had experienced oral diseases, among which 2.3 billion people suffered 

from caries of permanent teeth and 530 million children suffered from caries of primary teeth [1]. 

Dental caries, do not only inflict pain, discomfort and disfigurement, but are also regarded as the 

main reason of dental restoration failure [1,2]. 

Dental composite restorative materials that are based on dimethacrylate resins are widely used 

as substitutes of tooth tissues. It arises from their mechanical and esthetical properties, that are 

superior when comparing with the same properties of other dental materials such as amalgam or 

glass-ionomer cements [3]. However, in comparison to them, antibacterial properties of 

dimethacrylate based composites are almost imperceptible. The amount of bacteria that accumulate 

on their surfaces is also higher if compared to the amount of bacteria that accumulate on the teeth 

surfaces [4]. The phenomenon of bacteria accumulation on the surfaces of dimethacrylate based 

composite materials is closely related to the polymerization shrinkage, which ranges from 2 to 5%. It 

results from the transformation of the van der Waals forces, which exist between the monomer 

molecules, to the covalent bonds, which exist within the dimethacrylate polymer network. This 

transformation is responsible for tighter packing of dimethacrylate structural units. As the 

polymerizing system shrinks, the marginal gaps are formed and, in extreme case, the restoration 
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cracks. Bacteria that exist in oral environment are able to gather in the resulting marginal gaps and 

cracks, and as a result of their carbohydrates metabolism secondary caries are formed [4,5].  

Current trend in dental composite materials, which arises from the previously described 

drawbacks, is to develop composites having antibacterial activity. The physical admixing of various 

organic and inorganic antibacterial agents is the simplest way to achieve this aim. Therefore, it is the 

most common method of achieving dental composites with antibacterial activity [2,6]. However, 

these compounds are not able to copolymerize with dimethacrylate resins, and thus they have a 

tendency to leaching. Additionally, they cause a decrease in the degree of curing, which negatively 

affects mechanical and physico-chemical properties of the composite. Recently, there is observed a 

growing interest in methacrylate monomers that contain positively charged quaternary ammonium 

nitrogen. 

Antibacterial activity of quaternary ammonium compounds is based on the disruption of 

bacteria electrical balance. Due to the presence of the positively charged quaternary ammonium 

nitrogen, they can adsorb on the surface of negatively charged bacteria cell wall, which results in the 

disintegration of the cell wall electrical balance. Ions, such as calcium (Ca2+) and potassium (K+), and 

other constituents of cytoplasmic membrane, which are essential to provide proper functioning of 

the bacteria, are released from bacteria cell leading to its death [7]. 

Therefore, the modern dentistry is interested in the development of new methacrylate 

monomers that possess the quaternary ammonium nitrogen. They are featured due to their ability to 

copolymerize with other dimethacrylates, constituting matrices of dental composites. They are 

merely a few examples of dimethacrylate monomers equipped with quaternary ammonium group 

described in the literature. Liang et al. synthesized new urethane-dimethacrylate monomer 

containing one quaternary ammonium group [8]. However, the mechanical properties of composites 

modified with that monomer were inappropriate, while considering application as dental materials. 

Thus, the aim of this study was to design the structure and synthesis procedure of novel urethane-

dimethacrylate monomer containing two quaternary ammonium and two methacrylate groups 

(Figure 1) that could be applied in dental materials as an antibacterial agent, without detrimental 

impact on the materials’ physico-chemical and mechanical properties.  

 

Figure 1. The synthesis route and chemical structure of the HAMA, QHAMA-C16 and QHAMA-C16-

TMDI synthesized in this study.2.2. 
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2. Materials and Methods 

2.1. Materials 

1-bromohexadecane (Acros Organics, Geel, Belgium), MDEA (N-methyldiethanolamine, Acros 

Organics, Geel, Belgium), MMA (methyl methacrylate, Acros Organics, Geel, Belgium), TMDI (2,4,4-

trimethylhexamethylene diisocyanate, Tokyo Chemical Industry (TCI), Tokyo, Japan), CQ 

(camphorquinone, Sigma-Aldrich, St. Louis, MO, USA), DBTDL (dibutylin dilaurate, Fluka), PTZ 

(phenotiazine, Sigma-Aldrich, St. Louis, MO, USA), methylene chloride (POCH S.A.), toluene 

(Chempur, Piekary Śl., Poland), chloroform (Chempur, Piekary Śl., Poland), K2CO3 (potassium 

carbonate, Chempur, Piekary Śl., Poland), MgSO4 (magnesium sulphate, Chempur, Piekary Śl., 

Poland), TMS (tetramethylsiane, Sigma-Aldrich, St. Louis, MO, USA) were used as received. 

2.2. Monomer Synthesis 

2.2.1. Synthesis of Intermediate Product HAMA 

HAMA (Figure 1) was synthesized via transesterification reaction of 1.0 mL of MMA (100.12 g) 

with 0.67 mol of MDEA (79.85 g). K2CO3 in the amount of 8 wt.%, was used as a transesterification 

catalyst. PTZ, 500 ppm, was used as an inhibitor to prevent the spontaneous radical polymerization 

of the methyl methacrylate group. The reaction was carried out in toluene (30 wt.% solution), with 

the use of a 1000 mL round-bottomed flask equipped with a Vigreux distillation column. The reaction 

was terminated when the temperature measured at the head of the column reached 100 °C, which 

was achieved after 2.5 h. The reaction mixture was cooled, filtered and washed with distilled water 

in a 2:1 volume ratio. Then, the aqueous layer was extracted with chloroform in a 3:1 volume ratio. 

The chloroform fraction was dried overnight with MgSO4, and then the solvent was removed on a 

rotary evaporator under reduced pressure (first at 30 mbar and then 3 mbar). The crude product was 

distilled under vacuum (2 mbar), taking boiling fraction of HAMA at 120–130 °C. The final product 

yield was 19%.  

2.2.2. Synthesis of QHAMA-C16 

QHAMA-C16 (Figure 1) was synthesized from 0.107 mol of HAMA (20.00 g) and 0.107 mol of 1-

bromohexadecane (32.67 g). A mixture of HAMA and 1-bromohexadecane was introduced into the 

250 mL, three-neck flask equipped with a magnetic stirrer, reflux condenser and thermometer. The 

reaction was carried out for 96 h at 85 °C. Crude product was washed with diethyl ether, in order to 

remove the unreacted 1-bromohexadecane and HAMA, for several times. Then the product was dried 

under vacuum at 40 °C. The product was obtained with a 90% yield.  

2.2.3. Synthesis of QHAMA-C16-TMDI 

QHAMA-C16-TMDI (Figure 1) was synthesized via the addition reaction of 0.1 mol of QHAMA-

C16 (49.25 g) and 0.05 mol of TMDI (10.50 g). A 50 wt.% solution of HAMA in methylene chloride, 

admixed with DBTDL (0.03 wt.%, the catalyst) and PTZ (500 ppm, the inhibitor) was placed in a 250 

mL three-neck flask equipped with a mechanical stirrer, thermometer, dropping funnel and 

condenser. The reaction mixture was heated to 40 °C, and the 50 wt.% solution of TMDI in methylene 

chloride was added dropwise for 30 min, maintaining the temperature of 40 °C. Stirring was 

continued for 3.5 h at 40 °C. After cooling, the methylene chloride was evaporated under vacuum 

(first at 30 mbar and then at 3 mbar). QHAMA-C16-TMDI was obtained with 100% yield. The product 

was a highly viscous resin of yellow color.  
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2.3. Monomer Analysis 

2.3.1. Nuclear Magnetic Resonance (NMR)  

1H NMR and 13C NMR spectra of the intermediate product as well as final monomer were 

recorded in the CDCl3 solution, using TMS as an internal standard. A 300 MHz NMR spectrometer 

(UNITY/INOVA, Palo Alto, CA, USA) and a 600 MHz NMR spectrometer (Varian, Palo Alto, CA, 

USA) were employed for these experiments.  

2.3.2. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FT IR)  

ATR-FT IR spectra were recorded utilizing a Spectrum Two (Perkin-Elmer, Waltham, MA, USA) 

spectrometer. Products were tested in a form of thin layers placed on the diamond crystal. The spectra 

of products were recorded with 128 scans at a resolution of 1 cm−1.  

3. Results  

QHAMA-C16-TMDI is the novel urethane-dimethacrylate monomer containing two quaternary 

ammonium groups, which was successfully synthesized in a three steps route (Figure 1). First, the 

transesterification reaction of MMA with MDEA was performed. It resulted in formation of the 

intermediate product HAMA, which was a tertiary amine with one methacrylate group. Then, 

HAMA was reacted with 1-bromohexadecane in order to transform tertiary amine group into the 

quaternary ammonium group via the Menschutkin reaction. Finally, the urethane-dimethacrylate 

QHAMA-C16-TMDI was synthesized via the addition reaction of the hydroxyl group of QHAMA-

C16 (obtained in the previous step) and the TMDI isocyanate groups.  

Chemical structure of intermediate and final products have been confirmed by 1H NMR, 13C 

NMR and ATR-FT IR analysis.  

The following signals were observed on the NMR and ATR-FT IR spectra of HAMA: 
1H NMR (300 MHz, CDCl3): δ = 1,95 (s, 3H, CH3-C=), 2.40 (s, 3H, CH3-N<), 2.60–2.90 (2m, 4H, -

CH2-N<), 3.45 (m, 1H, -OH), 3.55–4.40 (2m, -CH2-O-), 5.60 i 6.20 (2m, 2H, CH2=C-) ppm.  
13C NMR (300 MHz, CDCl3): δ = 18 (CH3-C=), 42 (CH3-N<), 55–62 ppm (-CH2-N<, -CH2-O-), 125 

(CH2=), 138 (>C=), 166 (C=O) ppm. 

ATR-FT IR: 3200–3500 (-OH), 3105 (CH2=), 2930 (-CH2-, CH3-), 1716 (C=0), 1638 (C=C) cm−1.  

The following signals were observed on the NMR and ATR-FT IR spectra of QHAMA-C16: 
1H NMR (300 MHz, CDCl3): δ = 0.90 (t, 3H, CH3-(CH2)13-CH2-CH2-N+), 1.35 (m, 26H, CH3-

(CH2)13-CH2-CH2-N+), 1.70 (m, 2H, CH3-(CH2)13-CH2-CH2-N+) 1.95 (s, 3H, CH3-C=), 3.45 (s, 3H, CH3-

N+) 3.60 (m, 2H, CH3-(CH2)13-CH2-CH2-N+), 3.75–4.10 (2m, 4H, -CH2-N+), 4.20 (s, 1H, -OH), 4.25–4.70 

(2m, 4H, -CH2-O-), 5.60 i 6.10 (2m, 2H, CH2=C-) ppm.  
13C NMR (300 MHz, CDCl3): δ = 14 (CH3-(CH2)14-CH2-N+), 18 (CH3-C=), 22–32 (CH3-(CH2)14-

CH2-N+), 50 (CH3-N+), 55–64 ppm (-CH2-N+, -CH2-O, CH3-(CH2)14-CH2-N+), 127 (CH2=), 135 (>C=), 

166 (C=O) ppm. 

ATR-FT IR: 3200–3500 (-OH), 3106 (CH2=), 2935 (-CH2-, CH3-), 1716 (C=0), 1636 (C=C) cm−1.  

The following signals were observed on the NMR and ATR-FT IR spectra of QHAMA-C16-

TMDI: 
1H NMR (600 MHz, CDCl3): δ = 0.80–1.00 (m, 15H, CH3-(CH2)13-CH2-CH2-N+, -NH-CH2-

C(CH3)2-CH2-CH(CH3)-CH2-CH2-NH-), 1.25–1.35 (m, 52, CH3-(CH2)13-CH2-CH2-N+), 1.60–1.85 (m, 

9H, -NH-CH2-C(CH3)2-CH2-CH(CH3)-CH2-CH2-NH-, CH3-(CH2)13-CH2-CH2-N+), 1.95 (s, 6H, CH3-

C=), 2.70 do 3.20 (m, 4H, -NH-CH2-), 3.51 (s, 6H, CH3-N+), 3.55–3.70 (m, 4H, CH3-(CH2)13-CH2-CH2-

N+), 3.90–4.30 (2m, 8H, -CH2-N+), 4.50–4.80 (2m, 8H, -CH2-O-), 5.60 i 6.10 (2m, 4H, CH2=), 6.30–7.15 

(m, 2H, -NH-C=O) ppm.  
13C NMR (600 MHz, CDCl3): δ = 14 (CH3-(CH2)14-CH2-N+), 18–32 (CH3-C=, CH3-(CH2)14-CH2-N+, 

-NH-CH2-C(CH3)2-CH2-CH(CH3)-CH2-CH2-NH-), 36–48 (-NH-CH2-C(CH3)2-CH2-CH(CH3)-CH2-

CH2-NH-), 50 (CH3-N+), 56–63 (-CH2-N+, -CH2-O-, CH3-(CH2)13-CH2-CH2-N+), 127 (CH2=), 134 (=C<), 

155 (-NH-C=O), 166 (-COO-) ppm.  
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ATR-FT IR: 3221 (-NH-), 3105 (CH2=), 2923 (-CH2-, CH3-), 1716 (C=O), 1639 (C=C), 1536 (-NH-) 

cm−1.  

4. Discussion  

In this work we developed the synthesis route of a new aliphatic urethane–dimethacrylate 

monomer that contains two methacrylate, two urethane and two quaternary ammonium groups. The 

methacrylate groups provide the possibility of copolymerization with other dimethacrylate resins. 

The latter include common dental monomers, such as Bis-GMA (bisphenol A diglycidyl ether), 

UDMA (commonly called the urethane-dimethacrylate monomer) and TEGDMA (triethylene glycol 

dimethacrylate). Fully aliphatic structure of the novel monomer and the presence of urethane groups 

shall ensure high elasticity of its molecule, which should promote curing efficiency, mechanical 

strength and impact resistance [9,10]. Finally, the presence of quaternary ammonium groups should 

provide the antibacterial activity. 

New monomer was successfully synthesized in a three steps process. First, HAMA–the 

monomethacrylate ended with hydroxyl functionality was achieved via the transesterification 

reaction of MMA with MDEA, used in the deficiency. Then, HAMA was subjected to quaternization 

via the Menschutkin reaction (otherwise, N-alkylation reaction). For this purpose we used 1-

bromohexadecane. We decided to use alkyl bromide with sixteen carbon atoms because several 

studies reported [8,11] that quaternary ammonium compounds containing a sixteen carbon atoms 

side alkyl chain attached to the quaternary nitrogen results in the highest antibacterial activity, in 

comparison to the quaternary ammonium compounds containing N-alkyl chain with higher or lower 

number of carbon atoms. This is mainly associated with the interactions between the quaternary 

ammonium compound and the lipids that build up the bacteria cytoplasmic membrane. It was 

reported that the length of hydrocarbon chains that create those lipids is about 16 carbon atoms [12]. 

Thus, the quaternary ammonium monomers containing a side alkyl chain of similar length can 

interact with the bacteria lipids more efficiently than compounds containing alkyl side chain of 

shorter or longer lengths. The final stage, which involved the synthesis of urethane-dimethacrylate, 

was conducted with the use of QHAMA-C16 and TMDI. TMDI has been chosen as a diisocyanate 

due to its industrial application in the synthesis of the UDMA resin that is currently used as a matrix 

component of common composite dental restorative materials, due to its good physico-chemical and 

mechanical properties [13]. 

The chemical structure of the newly designed monomer should benefit in several aspects. 

QHAMA-C16-TMDI can be recognized as full-featured comonomer in the composite matrix curing 

process. The presence of two methacrylate groups ensures the possibility of the monomer 

incorporation into the polymer network with both ends. On the contrary, quaternary ammonium 

monomers with one methacrylate group can be incorporated into the polymer network with only one 

end. It means that the monomer body works as a pendant chain, causing plasticizing effect. In the 

consequence, the polymer network loses its tightness, which reflects in its mechanical weakening [9]. 

Therefore, monomethacrylates can be used in small amounts. Huang et al. [14] confirmed this effect 

and revealed that the chemical modification of the dimethacrylate matrix with quaternary 

ammonium monomethacrylate negatively affects mechanical properties of the composite. 

Additionally, it is worth noting, that dimethacrylate monomers have lower tendency to leaching than 

monomethacrylate monomers. It can be deduced then that the composite based solely on 

dimethacrylates will have lower cytotoxicity than that containing certain amount of 

monomethacrylate [9]. The second asset of our new monomer stems from the presence of two 

quaternary ammonium groups. It was reported that the antibacterial activity of polycationic 

compounds is related to the amount of quaternized nitrogen atoms in their structures [15]. In 

comparison to the monomers that contain one quaternary ammonium group, lower amount of the 

QHAMA-C16-TMDI might be sufficient to achieve comparable antibacterial activity. It can be 

substantial in accordance to the composites physico-chemical and mechanical characteristics, because 

lower amounts of currently used dimethacrylate based resins will have to be replaced by the 

quaternary ammonium monomer. Our predictions derive from the study of Liang et al. [8] in which 
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they reported that the addition of monomers with quaternary ammonium groups significantly 

increased composite water sorption and solubility.  
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