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Abstract: Six novel urethane-dimethacrylate analogues (QAUDMAs) were synthesized and char-
acterized. They consisted of the 2,4,4,-trimethylhexamethylene diisocyanate (TMDI) core and two
methacrylate-terminated wings containing quaternary ammonium groups substituted with alkyl
chains of 8, 10, 12, 14, 16, or 18 carbon atoms. QAUDMAs, due to the presence of quaternary ammo-
nium groups, may have possible antibacterial effects. Since they showed satisfactory physicochemical
properties, they will be subjected to further research towards the development of dental composites
with a capacity to reduce secondary caries. The synthesis of QAUDMAs included three stages:
(i) transesterification of methyl methacrylate (MMA) with N-methyldiethanolamine (MDEA), (ii)
N-alkylation of the tertiary amino group with alkyl bromide, and (iii) addition of TMDI to the inter-
mediate achieved in the second stage. The formation of QAUDMAs was confirmed by 1H and 13C
NMR. They were characterized for density (dm), viscosity (η), refractive index (RI), glass transition
temperature (Tg), polymerization shrinkage (S), and degree of conversion (DC). QAUDMAs were
yellow, viscous resins (the η values ranged from 1.28 × 103 to 1.39 × 104 Pa·s, at 50 ◦C). Their RI
ranged from 1.50 to 1.52, Tg from −31 to −15 ◦C, DC from 53 to 78%, and S from 1.24 to 2.99%, which
is appropriate for dental applications.

Keywords: urethane-dimethacrylates; quaternary ammonium compounds; photocurable dental resins

1. Introduction

Tooth decay constitutes a significant global health problem. Approximately 2.3 billion
people worldwide, including 530 million children, today suffer from halitosis, toothache,
tooth degradation, and tooth loss [1]. If left untreated, it may cause the inflammation of the
tissue adjacent to the tooth and influence the pathogenesis of systemic diseases, such as
rheumatoid arthritis, diabetes mellitus, and cardiovascular disease [2,3].

Tooth decay, also called dental caries, is caused by food debris metabolism of bacteria
that form a biofilm on all mouth surfaces, predominantly on the tongue and teeth. The
resulting acid causes demineralization of the hard tissues and subsequent cavity forma-
tion [3]. The form and function of damaged teeth can be restored by various treatments,
among which dimethacrylate-based composite restorative materials are the most commonly
used [4]. However, they do not protect against recurrent caries due to a greater tendency
to dental plaque accumulation compared to enamel, or even other types of restoration
materials [5]. Moreover, their hardening is accompanied by marginal gap formation, due to
polymerization shrinkage, creating an environment that is favorable for bacterial growth [6].
The general strategy for this problem aims to design dental materials with antibacterial
properties. The simplest solution is to admix microbiologically active particles, such as
ZnO, TiO2, Au, Ag, antibiotics, chlorhexidine, etc. [7,8]. However, they tend to leach and
irritate human tissues. The chemical modification of the composite matrix with monomers
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of antibacterial activity could result in a more stable material [9]. The application of qua-
ternary ammonium methacrylate monomers (QAMs) offers a promising alternative. The
quaternary ammonium group provides biocidal activity [10], whereas methacrylate groups
provide covalent anchorage of a monomer to a composite matrix.

Several QAMs which show strong antibacterial effects are described in the liter-
ature [11–17]. In most cases, these are monomethacrylates (mono-QAMs). However,
due to the presence of only one methacrylate group, they decrease the crosslink den-
sity of the composite matrix, resulting in increased monomer leaching [14,16,17] and
mechanical weakening of the composite [15]. Therefore, they can only be added at low
concentrations, which are insufficient to provide the composite with satisfactory antibac-
terial properties. For example, Ebi et al. reported that the maximum amount of 12-
methacryloyloxydodecylpyridinium bromide, incorporated into a monomer composition
(in the matrix of resin composites) should be limited to less than 0.4 wt.% [14].

Quaternary ammonium dimethacrylates (di-QAMs) are believed to be void of the
abovementioned flaws of mono-QAMs. Two methacrylate groups provide a similar
probability of di-QAM incorporation into a crosslinked composite matrix to that of the
common dental monomers, such as bisphenol A glycerolate dimethacrylate (Bis-GMA),
di-2-methacryloxyethyl 2,2,4-trimethylhexamethylenedicarbamate, commonly called the
urethane-dimethacrylate monomer (UDMA), and triethylene glycol dimethacrylate
(TEGDMA). The di-QAMs described in the literature include 2-methacryloxylethyl do-
decyl and hexadecyl methyl ammonium bromides (respectively, MAE-DB and MAE-
HB) [18], bis(2-methacryloyloxyethyl)dimethylammonium bromide (IDMA-1) [19], N,N′-
bis[2 -(methacryloyloxy)ethyl]-N,N,N′,N′-tetramethyl-N,N′-butanediyl-, and hexanediyl-
diammonium bromides (respectively, DMBB and DMBH) [20]. Each of them triggered
the antibacterial effect of copolymers with common dental dimethacrylates. Antibacte-
rial action against Streptococcus mutans—the most common human oral bacterium—was
observed for the Bis-GMA/TEGDMA 75/25 wt.% polymer enriched with 10 wt.% of MAE-
HB [21]; Bis-GMA/TEGDMA 50/50 wt.% polymer enriched with 10, 20, and 30 wt.% of
IDMA-1 [19]; and commercially available adhesive resin (Tetric N-Bond) enriched with 1
wt.% of DMBB and DMBH [20].

The abovementioned monomers have rather simple fully aliphatic chemical structures
that do not lend themselves well for use as Bis-GMA and UDMA replacements; thus, the
QAM-modified polymers were probably not often tested for mechanical properties [19,20].
The literature provides only a few examples of QAMs with more advanced structures.
Makvandi et al. achieved the Bis-GMA quaternary ammonium analogue (QABGMA) with
two quaternary ammonium groups [16]. The addition of 5 to 15 wt.% QABGMA into the Bis-
GMA/TEGDMA 50/50 wt.% polymer resulted in good antibacterial activity against various
bacteria strains (including S. mutans), which increased as the QABGMA content increased.
Liang et al. synthesized a series of fully aliphatic urethane-dimethacrylates with one
central quaternary ammonium group substituted with aliphatic chains of 12 to 18 carbon
atoms—N,N-bis[2-(3-(methacryloyloxy)propanamido)ethyl]-N-methylalkyl ammonium
bromides (IQM) [22]. The addition of 10 to 20 wt.% IQM into the Bis-GMA/TEGDMA
50/50 wt.% composition resulted in polymers of good antibacterial activity against S.
mutans and an increased degree of conversion, but a decreased flexural strength and
modulus. In another study, Liang et al. synthesized the urethane-dimethacrylate with one
central quaternary ammonium group, substituted with aliphatic chains of 12 to 18 carbon
atoms and arms having two urethane linkages separated by the isophorone diisocyanate
moiety (UDMQA) [23]. The UDMQA/TEGDMA 50/50 wt.% polymers showed satisfactory
antibacterial activity against S. mutans, a high degree of conversion, and low polymerization
shrinkage. However, their flexural strength, modulus, water sorption, and water solubility
worsened [24].

To sum up, QAMs offer great potential for developing a new class of antimicro-
bial dental restorative materials, having the ability to reduce secondary caries and post-
reconstructive inflammations. The literature shows that the dimethacrylate polymers
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enriched with QAMs have high antibacterial efficiency. However, their physicochemical
and mechanical properties usually deteriorated. Therefore, studies on the development of
new QAMs are still sought after. This study aimed at the synthesis and characterization
of six novel TMDI-based QAMs (Scheme 1), being the UDMA analogues with possible
antibacterial activity. The influence of the N-alkyl substituent, having from 8 to 18 carbon
atoms, on the monomer density (dm), viscosity (η), refractive index (RI), glass transition
temperature (Tg), polymerization shrinkage (S), and degree of conversion (DC) was de-
termined. This is a pilot study, and it will be continued by testing the QAUDMA-based
dimethacrylate polymers for their antibacterial, physicochemical, and mechanical proper-
ties. The combination of two quaternary ammonium groups and two methacrylate groups
in the QAUDMAs’ structures gives rise to the hypothesis that materials with adequate
physicomechanical properties and a strong long-lasting antibacterial effect can be achieved
at lower concentrations compared to QAMs known from the literature.
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Scheme 1. The synthesis route of the QAUDMA resins (n = 7–17).

2. Results

Scheme 1 shows the chemical structures of all intermediate products and QAUDMAs.
Their achievement was confirmed by 1H and 13C NMR spectroscopy.

1H NMR spectrum of HAMA (Figure 1) shows the disappearance of the peak from the
-COOCH3 MMA protons (3.75 ppm, s, 3H). Each of the two signals in the MDEA spectrum,
namely -CH2OH and -CH2N<, were split into two signals in the HAMA spectrum, respec-
tively, -COOCH2- (4.27 ppm, t, 2H) and -CH2OH (3.62 ppm, t, 2H); and -COOCH2CH2N<
(2.78 ppm, 2t, 4H) and >NCH2CH2OH (2.63 ppm, 2t, 4H). The broadened signal from the
-OH group can also be seen (3.29 ppm, m).
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Figure 1. 1H NMR spectra of MDEA, MMA, and HAMA.

The 13C NMR spectrum (Figure 2) shows the disappearance of the signal from the
-COOCH3 MMA carbon (51 ppm). The two signals corresponding to the MDEA carbon
atoms -CH2OH and -CH2N< were further split into two more signals each (55, 58, 59, and
62 ppm).
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Figure 2. 13C NMR spectra of MDEA, MMA, and HAMA.

The 1H NMR spectra of QAHAMAs (Figure 3) confirmed the conversion of HAMA
into quaternary ammonium salts (QAHAMAs). The signal from the >NCH3 protons (s, 3H)
was de-shielded from 2.36 ppm (Figure 1) to 3.42 ppm, which is typical for the Menshutkin
reaction, due to the formation of the >N+(CH3)- electron-withdrawing group [25]. The new
signals, from the protons of the N-alkyl substituent, appeared in the 1H NMR spectra of
QAHAMAs. They included protons from the following groups: -CH3 (0.87 ppm, t, 3H),
oligomethylene chain neighboring the -CH3 group -(CH2)nCH3 (n = 5–15, depending on
the length of the N-alkyl substituent) (1.17–1.43 ppm, m, from 10H to 30H, respectively
for -C8H17 to -C18H37), second -CH2- from the ammonium nitrogen >N+(CH3)-CH2-CH2-
(1.77 ppm, m, 2H), and -CH2- adjacent to the ammonium nitrogen >N+(CH3)-CH2- (3.59
ppm, m, 2H). In addition, signals from the remaining -CH2- groups were de-shielded to
their location in the HAMA spectrum. Their new locations are as follows: -COOCH2- (4.67
ppm, m, 2H), -CH2OH (4.15 ppm, m, 2H), -COOCH2CH2N+(CH3)< (4.06 ppm, m, 2H),
and >N+CH2CH2OH (3.85 ppm, m, 2H).
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Figure 3. 1H NMR spectra of QAHAMAs.

13C NMR spectra of QAHAMAs showed that the signal from the >NCH3 carbon
in HAMA was de-shielded from 42 ppm (Figure 2) to 50 ppm (Figure 4) due to the
Menshutkin reaction [25]. The N-alkyl substitution resulted in the appearance of new
signals from carbon atoms of the following groups: -CH3 (14 ppm), oligomethylene chain
neighboring to the -CH3 group -(CH2)nCH3 (n = 6–16, depending on the N-alkyl substituent
length) (δ = 22, 26, 29, 31 ppm), and -CH2- adjacent the ammonium nitrogen >N+(CH3)-
CH2- (64 ppm). Carbons of the remaining -CH2- group gave signals at 55, 58, 60, and
64 ppm.
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Figure 4. 13C NMR spectra of QAHAMAs.

The NMR spectra of QAUDMAs confirmed the formation of the urethane bonds. On
the 1H NMR spectra, the broadened signal from the proton of the urethane bond can be
found at 7.18 ppm (m, 2H) (Figure 5). The signals from the protons of the TMDI -CH2-
groups adjacent to the urethane bonds are located within the range of 2.85 to 3.25 ppm
(m, 4H), whereas a series of multiplets from the remaining TMDI -CH2- and -CH< groups,
which partially overlapped with the signals from -CH2- group of the N-alkyl substituent,
are located within the range of 1.40 to 2.50 ppm. The signals from the TMDI -CH3 groups
can be found within the range of 0.87 to 0.96 ppm and overlapped with the signal from the
-CH3 group of the N-alkyl substituents.
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Figure 5. 1H NMR spectra of QAUDMAs.

13C NMR spectra revealed the presence of the signal from the -NHCOO- group at
155 pm (Figure 6). Signals from the -CH2-, -CH<, and >C< groups of the TMDI core can be
found at 32, 37, 39, 40, and 48 ppm, whereas the signals from the TMDI -CH3 groups were
located at 21, 24, and 27 ppm.
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Figure 6. 13C NMR spectra of QAUDMAs.

The urethane bond formation was also confirmed by FTIR analysis (Figure 7). On
the FTIR spectra of QAUDMAs, a band derived from the deformation vibrations of the
N-H group can be found at 1536 cm−1 [26]. The stretching vibrations of the carbon–carbon
double bond in the methacrylate group are observed at 1639 cm−1 [27,28].
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In Table 1, the structural and physicochemical properties of QAUDMA monomers
are summarized. The MW of QAUDMAs ranged from 970 to 1250 g/mol and increased
with the increasing length of the N-alkyl substituent. The concentration of double bonds
(xDB), which is equal to the concentration of urethane bonds (xUB), ranged from 1.60 to
2.06 mol/kg and decreased with the increasing length of the N-alkyl substituent. QAUD-
MAs were highly viscous resins with a slight yellow color (Figure 8). Their RI ranged from
1.5161 to 1.5003 and decreased as the N-alkyl substituent length increased. Their η, mea-
sured at 50 ◦C, ranged from 1.28 × 103 to 1.39 × 104 Pa·s. QAUDMA-10 and QAUDMA-12
revealed a distinct increase in the η value in respect to QAUDMA-8, and, hence, they were
characterized by the highest viscosity. Further extension of the N-alkyl substituent caused
a decrease in the η value, which achieved 3.33 × 103 Pa·s for QAUDMA-18. The Tg of
QAUDMAs ranged from −31.01 to −15.15 ◦C (Figure 9). QAUDMA-8, having the shortest
N-alkyl substituent, had the Tg of −17.25 ◦C. It increased at the beginning, along with the
increasing N-alkyl substituent length, and achieved the highest value for QAUDMA-12.
Further lengthening of the N-alkyl substituent resulted in a Tg decrease, and the lowest Tg
was recorded for QAUDMA-18. The dm of QAUDMAs ranged from 1.070 to 1.199 g/cm3

and decreased as the N-alkyl substituent length increased.

Table 1. The properties of QAUDMA monomers. Couples that revealed statistically significant (p < 0.05) results are marked with the
letters.

Sample Name MW (g/mol) xDB = xUB
(mol/kg) RI 1

η (Pa·s) (50 ◦C) Tg (◦C) dm (g/cm3)

Avg. SD Avg. SD Avg. SD

Bis-GMA 512 3.90 1.5493 1.14 × 103 2,a–f 0.13 × 103
−7.31 a–h 0.76 1.15 a–h 0.018.36 0.2

UDMA 470 4.25 1.4614 9.54 2 0.02 −35.93 a,i–o 1.24 1.09 a,i–l 0.01
TEGDMA 286 6.99 1.4852 0.011 2 - −83.74 b,i,p–v 1.56 1.07 b,m–o 0.02

QAUDMA-8 970 2.06 1.5161 1.28 × 103 a,g,h–k 0.28 × 103 −17.25 c,j,p,w–z 0.61 1.199 c,i,m,p–u 0.01
QAUDMA-10 1026 1.95 1.5112 1.39 × 104 b,g,l–n 0.14 × 104 −16.38 d,k,r,a’–c’ 0.71 1.166 d,j,n,p,v–y 0.01
QAUDMA-12 1082 1.85 1.508 1.14 × 104 c,h,o–r 0.13 × 104 −15.15 e,l,s,w,d’–f’ 1.03 1.129 e,k,o,r,v,z,a’,b’ 0.01
QAUDMA-14 1138 1.76 1.5054 3.18 × 103 d,i,l,o 0.36 × 103 −22.39 f,m,t,x,a’,d’,g’ 1.71 1.101 f,l,s,w,z,c’,d’ 0.01
QAUDMA-16 1194 1.68 1.5005 2.79 × 103 e,j,m,p 0.39 × 103 −24.32 g,n,u,y,b’,e’,h’ 1.65 1.085 g,t,x,a’,c’,d’ 0.02
QAUDMA-18 1250 1.60 1.5003 3.33 × 103 f,k,n,r 0.32 × 103 −31.01 h,o,v,z,c’,f’-h’ 0.92 1.070 h,u,y,b’ 0.01

1 Standard deviation for the refractive index was 0.0001 in every case. 2 As cited in Reference [27] and measured at 25 ◦C.
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In Table 2, the results for dp, S, and DC are summarized. The dp ranged from 1.086
to 1.214 g/cm3 and decreased as the N-alkyl substituent length increased. The S ranged
from 1.24 to 2.99%. Its values initially increased with the increasing length of the N-alkyl
substituent length and achieved the highest value for QAUDMA-14. Further lengthening of
the N-alkyl substituent caused a decrease in the S values. Stheor values of QAUDMAs were
also calculated. They ranged from 3.85 to 5.56% and decreased as the N-alkyl substituent
length increased. The DC was determined by two methods, FTIR and DSC. As the QAUD-
MAs are fully aliphatic, the FTIR analysis was performed with the use of the carbonyl
internal standard (Figure 10). The DCIR values were compared with those achieved from
the DSC analysis (Figure 11), which was based on the measurement of post-polymerization
heat. Both techniques gave similar results. The DCIR ranged from 53.37 to 79.42%, and
DCDSC ranged from 52.83 to 78.12%. The DC increased with the lengthening of the N-alkyl
substituent from 8 to 14 carbon atoms (QAUDMA-14 was characterized by the highest
DC) and then decreased, reaching the lowest value for QAUDMA-18—having the longest
N-alkyl substituent.
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Table 2. The properties of QAUDMA polymers. Couples that revealed statistically significant results (p < 0.05) are
highlighted with the letters.

Sample Name
dp (g/cm3) Stheor

(%)
S (%) DCIR (%) DCDSC (%)

Avg. SD Avg. SD Avg. SD Avg. SD

Bis-GMA 1.207 a–d 0.058 10.11 4.72 a–h 0.19 32.56 a–h 0.92 - 1 - 1

UDMA 1.116 a,e–g 0.054 10.65 2.33 a,i–m 0.26 78.92 a,i–n 1.33 - 1 - 1

TEGDMA 1.197 e,h–k 0.021 17.12 10.61 b,i,n–t 0.20 84.23 b,i,o–u 0.91 - 1 - 1

QAUDMA-8 1.214 f,l–o 0.057 5.56 1.24 c,j,n,u–y 0.07 60.39 c,j,o,v–z 1.41 61.36 a–d 3.9
QAUDMA-10 1.186 g,p,r 0.038 5.11 1.69 d,k,o,u,z,a’,b’ 0.16 71.76 d,k,p,v,a’–c’ 2.31 70.76 a,e,f 3.54
QAUDMA-12 1.155 h,l,s,t 0.016 4.69 2.25 e,p,v,c’,d’ 0.22 73.35 e,l,r,w,d’,e’ 2.49 71.64 b,g,h 4.9
QAUDMA-14 1.135 b,i,m,u 0.023 4.35 2.99 f,l,r,w,z,c’,e’,f’ 0.37 79.42 f,s,x,a’,d’,f’,g’ 1.94 78.12 c,e,g,i 2.59
QAUDMA-16 1.107 c,j,n,p,s 0.019 4.09 1.99 g,s,x,a’,e’,g’ 0.10 74.79 g,m,t,y,b’,f’,h’ 2.03 74.27 d,j 2.95
QAUDMA-18 1.086 d,k,o,r,t,u 0.009 3.85 1.47 h,m,t,y,b’,d’,f’,g’ 0.04 53.37 h,n,u,z,c’,e’,g’,h’ 2.67 52.83 f,h,i,j 2.77

1 Was not measured.
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3. Discussion

In this study, a series of six quaternary ammonium UDMA analogues were successfully
synthesized, as confirmed by 1H NMR, 13C NMR, and FTIR analyses (Figures 1–7). They
consisted of two methacrylate-terminated wings linked to the TMDI core via urethane
bonds. In addition, the quaternary ammonium group was located in each wing. This
objective was achieved in the three-stage route (Scheme 1): (i) transesterification of MMA,
with MDEA resulting in HAMA formation; (ii) conversion of HAMA tertiary amine into
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the QAHAMA quaternary ammonium salt through the reaction with alkyl bromides,
containing 8, 10, 12, 14, 16, and 18 carbon atoms; and (iii) addition of QAHAMA to TMDI.

As can be seen from Table 1, the novel QAUDMAs were characterized by relatively
high molecular weights. Compared to Bis-GMA and UDMA, their MWs were about two
times higher, whereas, compared to TEGDMA, they were almost four times higher. It was
reflected in a lower xDB, as compared to Bis-GMA, UDMA, and TEGDMA. It can have
both beneficial and adverse effects on the composite matrix properties. Respectively, low
xDB typically results in low polymerization shrinkage but causes greater remoteness of
junction points in a crosslinked polymer, causing a decrease in the crosslink density [28].
QAUDMAs also contained two urethane bonds, whose concentration (xUB) decreased
with the increasing length of the N-alkyl substituent. The presence of the -NHCOO-
linkages can be a valuable quality for the polymer properties because they are responsible
for the physical crosslinking [28]. Their RI values were within the range of 1.46 to 1.55,
indicating transparency similar to that of tooth enamel [29]. All QAUDMAs took the liquid
form, which is crucial for the formulation process. However, they were characterized by
significantly higher viscosities than common dental monomers. Bis-GMA revealed the η
value of 8.36 Pa·s at 50 ◦C, which is three and four orders of magnitude lower compared to
the studied QAUDMAs. This indicates that, if QAUDMAs were applied as components
of dental dimethacrylate materials, the use of the reactive diluent would be necessary (all
QAUDMAs were soluble in TEGDMA). The η varied according to the N-alkyl substituent
length. Its value significantly increased at the beginning and then decreased. As a result,
QAUDMA-10 and QAUDMA-12 were characterized by the highest viscosity. It indicates
that the initial extension of the N-alkyl substituent caused a reduction in the molecular
mobility of QAUDMAs. Its further extension probably had a plasticizing effect, which could
cause an increase in molecular mobility and the weakening of intermolecular interactions.
The Tg of QAUDMAs was determined to verify the above assumption (Figure 9). The
pattern observed for the Tg values matched that found for viscosity values, which confirmed
that the molecular interactions between monomer molecules having from 8 to 12 carbon
atoms in the N-alkyl substituents were stronger than between those having the N-alkyl
substituents of at least 14 carbon atoms. It could also suggest that the N-alkyl substituents in
lengths from 8 to 12 carbon atoms can more tightly pack than the longer ones. Compared to
dental dimethacrylates, all QAUDMAs were characterized by lower Tg than Bis-GMA, but
higher than UDMA and TEGDMA. It indicates that QAUDMAs are characterized by greater
molecular mobility than Bis-GMA, and, therefore, they could be expected to polymerize
to DCs higher than Bis-GMA (its low DC results from the limitations caused by its stiff
molecular structure and strong hydrogen bonds [30,31]). The measurements of the dm of
QAUDMAs confirmed that, the longer the N-alkyl substituent, the lower the ability of the
QAUDMA molecule to pack tightly (dm values decreased as the N-alkyl substituent length
increased). Compared to dental dimethacrylates, QAUDMAs having from 8 to 12 carbon
atoms in the N-alkyl substituents were characterized by a higher dm than Bis-GMA, and
those having 14 and 16 carbon atoms in the N-alkyl substituent revealed dm values which
approached those of UDMA. QAUDMA-18 had the same dm as TEGDMA. It shows that
the fully aliphatic character and presence of urethane bonds in the QAUDMAs’ structures
provide high molecular elasticity that enables us to achieve tight, tangled conformations
and often results in denser packing compared to dental dimethacrylates.

As can be seen from Table 2, the dp values were lower than the corresponding dm
values, which is obvious due to polymerization shrinkage. Compared to dental dimethacry-
lates, QAUDMAs were usually characterized by significantly lower S, except QAUDMA-14.
The S value of the latter was higher than that of UDMA, with a difference of about 28%.
Stheor was also calculated. Its values for QAUDMAs were always lower than half those of
dental dimethacrylates. It could be an advantage for future-designed dental materials with
low polymerization shrinkage. The detailed comparison of the S and Stheor values within
the QAUDMA series led to the observation that an increase of the N-alkyl substituent
length from 8 to 14 carbon atoms caused an increase in S values, but a decrease in the
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Stheor values. Both parameters showed a decreasing trend only from QAUDMA-16. This
discrepancy pointed to the variability in the DC, which was determined by FTIR (Figure 10)
and DSC (Figure 11). The observed pattern coincided well with the results for the poly-
merization shrinkage. The DC, as well as S, increased from QAUDMA-8 to QAUDMA-14,
indicating that the DC was a decisive factor in the volumetric contraction. Other important
factors influencing S, such as differences in monomer molecular dimensions, shape, and
hydrophilicity [32], appeared to be less significant. Interestingly, the results for the DC did
not correlate to the results for the η and Tg, which are commonly regarded as factors that
determine the DC in dimethacrylate systems [30]. The lower the η and Tg, the higher the
DC [30]. In the studied series, QAUDMA-12, which was characterized by the highest Tg
and second-highest η, revealed the second-highest DC. QAUDMA-14, characterized by the
highest DC, was the first monomer whose η and Tg radically decreased due to the length-
ening of the N-alkyl substituent. It implies that the presence of N-alkyl substituent with
14 carbon atoms provides the monomer with optimum molecular elasticity and strength
of intermolecular interaction, leading to the highest DC. Regarding the requirements for
structural quality of dental dimethacrylate polymer networks, the DC of all studied QAUD-
MAs was satisfactorily high. Its values were always higher than 50%, which is conducive
to the theory of dimethacrylate polymer networks. They were also usually higher than
55% (except for QAUDMA-18, having a DC of about 53%), which is requested by a clinical
experience [28]. Compared to dental dimethacrylates, QAUDMAs were characterized by
DCs, the most similar to that of UDMA.

4. Materials and Methods
4.1. Materials

Alkyl bromides, MDEA, and MMA were purchased from Acros Organics (Geel,
Belgium). TMDI was purchased from Tokyo Chemical Industry (Tokyo, Japan). Cam-
phorquinone (CQ), 2-dimethylaminoethyl methacrylate (DMAEMA), phenothiazine (PTZ),
and tetramethylsilane (TMS) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Dibutyltin dilaurate (DBTDL) was purchased from Fluka (Charlotte, NC, USA). Chloro-
form, methylene chloride, potassium carbonate, and toluene were purchased from POCH
S.A. (Gliwice, Poland). All reagents were used as received.

4.2. Monomer Synthesis
4.2.1. Synthesis of N,N-(2-Hydroxyethyl)methylaminoethyl Methacrylate (HAMA)

MMA (1 mol, 100.12 g), MDEA (0.67 mol, 79.85 g), K2CO3 8 wt.%—a transesterification
catalyst, PTZ 500 ppm—a polymerization inhibitor, and toluene (400 mL) were introduced
into a 1000 mL round-bottom flask equipped with a standard laboratory distillation kit.
The reaction mixture was heated by a combined hot-plate magnetic-stirrer device via an oil
bath for 2.5 h when the temperature at the top of the column achieved 100 ◦C. K2CO3 was
filtered, and the reaction mixture was washed with distilled water in a 2:1 volume ratio.
The aqueous layers were extracted with chloroform in a 3:1 volume ratio. The chloroform
layer was dried with MgSO4, and chloroform was removed with a rotary evaporator under
reduced pressure (10 mbar). The crude product HAMA was distilled under a vacuum
(2 mbar), taking boiling fraction at 120–130 ◦C. The final product yield was 19%.

4.2.2. Synthesis of 2-(Methacryloyloxy)ethyl-2-hydroxyethylmethylalkylammonium
Bromides (QAHAMAs)

HAMA (0.107 mol, 20.0 g), alkyl bromide (0.107 mol, from 20.66 to 35.67 g, depending
on the alkyl chain length; see Table 3), and PTZ (500 ppm) were introduced into a 250 mL
three-neck round-bottom flask equipped with a reflux condenser and thermometer. The
reaction mixture was mixed with the mechanical stirrer and heated at 82 ◦C for 82 to 168 h
(depending on the alkyl bromide; see Table 3) via an oil bath.
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Table 3. Weights of alkyl bromides and reaction times in the N-alkylation stage (formation of
QAHAMAs).

Reagent Mass (g) Reaction Time (h)

1-bromooctane 20.66

82
1-bromodecane 23.66

1-bromododecane 26.67
1-bromotetradecane 29.67

1-bromohexadecane 32.67
1681-bromooctadecane 35.67

4.2.3. Synthesis of Quaternary Ammonium Urethane-Dimethacrylates (QAUDMAs)

A 50 wt.% solution of QAHAMA (0.107 mol, from 40.66 to 55.67 g, depending on the
N-alkyl chain length; see Table 4) in methylene chloride was introduced into a 250 mL
three-neck round-bottom flask equipped with a reflux condenser, dropping funnel, and
thermometer. DBTDL 0.03 wt.%, a catalyst, and PTZ 500 ppm were added into the same
flask. The reaction mixture was heated to boiling point by a combined hot-plate magnetic-
stirrer device via an oil bath. Then, the 50 wt.% solution of TMDI (0.054 mol, 11.24 g) in
methylene chloride was added dropwise for 1 h, and the reaction mixture was refluxed for
the next 3 h. Methylene chloride was then evaporated under a vacuum (firstly at 30 mbar,
and then at 3 mbar), and QAUDMAs were achieved with 100% yield.

Table 4. Weights of QAHAMAs used in the addition reaction with TMDI (formation of QAUDMAs).

Reagent Mass (g)

QAHAMA-8 40.66
QAHAMA-10 43.66
QAHAMA-12 46.67
QAHAMA-14 49.67
QAHAMA-16 52.67
QAHAMA-18 55.67

4.3. Nuclear Magnetic Resonance (NMR)
1H and 13C NMR spectra were recorded in the CDCl3 solutions, using the TMS internal

standard, with, respectively, 128 and 40,000 scans, utilizing 300 MHz NMR spectrometer
(UNITY/INOVA, Varian, Palo Alto, CA, USA).

4.4. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were recorded with 128 scans at a resolution of 1 cm−1, utilizing a
Spectrum Two (Perkin-Elmer, Walthma, MA, USA) spectrometer. Liquid substances were
tested in the form of a thin layer placed between two KBr pellets. The polymers, achieved
by photopolymerization with the CQ/DMAEMA 0.4/1 wt.% initiating system and UV–VIS
lamp (Ultra Vitalux 300, Osram, Munich, Germany), were powdered and analyzed as
KBr pellets. The degree of conversion (DCIR) was calculated according to the following
equation:

DCIR(%) =

1−

(
AC=C
AC=O

)
polymer(

AC=C
AC=O

)
monomer

× 100, (1)

where AC=C is the absorption intensity of the carbon–carbon double bond stretching vibra-
tions at 1639 cm−1, and AC=O is the absorption intensity of the carbonyl group stretching
vibrations at 1714 cm−1.



Int. J. Mol. Sci. 2021, 22, 8842 16 of 18

4.5. Differential Scanning Calorimetry (DSC)

DSC measurements were performed in the temperature range of −90 to 200 ◦C, with
a heating rate of 10 K/min, in the air, utilizing the DSC 3 (Mettler Toledo, Greifensee,
Switzerland) apparatus. The glass transition temperature (Tg) was taken as the midpoint
of the transition region. The degree of conversion (DCDSC) was determined from the
post-curing heat of powdered QAUDMAs’ polymer samples admixed with BPO 0.5 wt.%.
The polymers were previously achieved by photopolymerization with the CQ/DMAEMA
0.4/1 wt.% initiating system and a UV–VIS lamp (Ultra Vitalux 300, Osram, Munich,
Germany). The DCDSC was calculated according to the following equation:

DCDSC(%) =

(
1−

MW × ∆Hexp

f × ∆Hpol

)
× 100, (2)

where MW is the QAUDMA molecular weight (g/mol), ∆Hexp is the experimentally de-
termined post-polymerization heat (kJ/g), f is the number of methacrylate groups in the
QAUDMA molecule (f = 2), and ∆Hpol is the enthalpy of the polymerization of 1 mole of
methacrylate group (∆Hpol = 57.8 kJ/mol [31]).

4.6. Density and Polymerization Shrinkage

The monomer densities (dm) were determined with a pycnometer. The polymer
densities (dp) were measured in water, utilizing an analytical balance with a 0.01 mg
accuracy (XP balance, Mettler Toledo, Greifensee, Switzerland), equipped with a density
determination kit. The polymerization shrinkage (S) was calculated according to the
following equation:

S(%) =

(
1− dm

dp

)
× 100, (3)

where dm is the monomer density, and dp is the polymer density.
The theoretical polymerization shrinkage (St) was calculated, assuming 100% conver-

sion of the methacrylate groups, according to the following equation:

Stheor(%) =

(
f × ∆V × dm

MW

)
× 100, (4)

where f is the number of methacrylate groups in the QAUDMA molecule (f = 2), ∆V
is the decrease in molar volume due to the polymerization of one methacrylate group
(∆V = 22.5 cm3/mol [33]), and MW is the QAUDMA molecular weight.

4.7. Viscosity

The viscosity (η) was determined by utilizing Kinexus pro+ (Netzsch, Selb, Germany)
rotational rheometer, with the use of a Peltier plate cartridge and a cone-plate measuring
system with a gap resolution of 0.15 mm. The η of QAUDMA was measured at 50 ◦C, and
that of Bis-GMA was at 25 and 50 ◦C, whereas that of UDMA was at 25 ◦C.

4.8. Refractive Index

The refractive index (RI) of monomers was determined by utilizing DR 6100T (Krüss
Optronic, Germany) digital refractometer at 20 ◦C, according to ISO 489:1999 [34].

4.9. Statistical Analysis

Statistical analysis was performed with the Statistica 13.1 (TIBCO Software Inc., Palo
Alto, CA, USA) software. Five samples were tested for each of the monomers and mea-
surements. The results were expressed as average values and corresponding standard
deviations (SD). The non-parametric Wilcoxon test with a significance level (p) of 0.05 was
used to determine the statistical significance of the results.
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5. Conclusions

New QAUDMA monomers, namely the UDMA analogues, can be successfully syn-
thesized via a three-stage process, including (i) transesterification of MMA with MDEA,
leading to HAMA formation; (ii) N-alkylation of the HAMA tertiary amino group with
alkyl bromide, leading to QAHAMA formation; and (iii) addition of TMDI to QAHAMA.
All of them were highly viscous resins, showing viscosities greater than Bis-GMA, UDMA,
and TEGDMA. If they were used as components of dental composites, they would require
the use of a reactive solvent, such as TEGDMA. QAUDMAs were characterized by low S,
high DC, and RI required for applications in dental composites. This pilot study showed
that QAUDMAs may be interesting components of dental dimethacrylate formulations
with potential antibacterial properties. Further studies will focus on testing the mechanical,
physicochemical, and biocidal properties of the QAUDMA-based copolymers.
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