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Objective. The objective is to develop and characterize an ester-free ether-based photo-

CuAAC resin with high mechanical performance, low polymerization-induced stress

compared with common BisGMA/TEGDMA (70/30) resins, and improved water stability in

comparison to previously developed urethane-based photo-CuAAC resins.

Methods. Triphenyl-ethane-centered ether-linked tri-azide monomers were synthesized and

co-photopolymerized with ether-linked tri-alkyne monomers under visible light irradiation

using  a copper(II) pre-catalyst and CQ/EDAB as the initiator. The ether-based CuAAC for-

mulation was investigated for thermo-mechanical properties, polymerization kinetics and

shrinkage stress, and flexural properties with respect to a conventional BisGMA/TEGDMA

(70/30) dental resin. In addition, both the ether-based CuAAC resin and the urethane-based

CuAAC resin were examined for their water stability using the BisGMA/TEGDMA (70/30)

resin  as a control.

Results. The ether-based CuAAC network (AK/AZ-1) exhibited a slightly lower glass-transition

temperature compared with the BisGMA/TEGDMA network (108 ◦C vs 128 ◦C), but because

of  its much sharper glass transition, the AK/AZ-1 CuAAC-network maintained storage mod-

ulus higher than 1 GPa up to 100 ◦C. In addition, the ether-based AK/AZ-1 network exhibited
reduced shrinkage stress (0.56 MPa vs 1.0 MPa) and much higher flexural toughness (7.6

) while showing slightly lower flexural modulus and slightly higher
MJ/m3 vs 1.6 MJ/m3
flexural strength compared with the BisGMA/TEGDMA network. Moreover, the ether-based

AK/AZ-1 CuAAC network displayed comparable water stability in comparison to the Bis-

GMA/TEGDMA network with slightly higher water sorption (46 �g/mm3 vs 38 �g/mm3) and

much  lower water solubility (2.3 �g/mm3 vs 4.4 �g/mm3).

∗ Corresponding author at: Department of Chemical and Biological Engineering, University of Colorado Boulder, 596 UCB, Boulder, CO,
United  States.

E-mail address: christopher.bowman@colorado.edu (C.N. Bowman).
https://doi.org/10.1016/j.dental.2021.08.010
0109-5641/© 2021 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

https://doi.org/10.1016/j.dental.2021.08.010
http://www.sciencedirect.com/science/journal/01095641
www.intl.elsevierhealth.com/journals/dema
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dental.2021.08.010&domain=pdf
mailto:christopher.bowman@colorado.edu
https://doi.org/10.1016/j.dental.2021.08.010


d e n t a l m a t e r i a l s 3 7 ( 2 0 2 1 ) 1592–1600 1593

Significance. Employing the ether-based hydrophobic CuAAC formulation significantly

improved the water stability of the CuAAC network compared with previously devel-

oped urethane-based CuAAC networks. Furthermore, compared with the conventionally

used BisGMA/TEGDMA formulation, the reduced shrinkage stress, comparable flexu-

ral  strength/flexural modulus, and the superior flexural toughness of the ether-based

CuAAC network make it a promising ester-free alternative to the currently widely-used

methacrylate-based dental restoratives.

©  2021 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
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.  Introduction

olymer-based dental restorative materials have, for decades,
een primarily relying on di-methacrylate monomers, notably
isphenol A glycidyl methacrylate (BisGMA), triethylene gly-
ol dimethacrylate (TEGDMA) and urethane dimethacrylate
UDMA) [1,2]. Among the advantages of poly(methacrylate)

aterials are their fast photo-curing kinetics, robust mechan-
cal properties, and appealing aesthetic appearance [3–6].
owever, drawbacks associated with chain-growth radical
olymerization of methacrylate monomers persist. First, lim-

ted final conversions due to early vitrification raise toxicity
oncerns because the unreacted monomers in the resin
atrices are potentially leachable [7]. Further, considerable

olymerization-induced shrinkage stress develops [8–11], also
ecause of the early gelation, during the photocuring of di-
ethacrylate monomers, and the high shrinkage stress can

ead to failure of the restoratives, poor adhesion between
estoratives and tooth [12]. Additionally, the ester groups
ithin the backbone of the methacrylate monomers are prone

o enzymatic hydrolysis [13,14], slowly reducing the mechan-
cal properties of the restoratives in the long run and thus
hortening their service lifetime and necessitating replace-
ent of the restoratives [12]. Further, the potentially leachable

egradation fragments also raise concerns of their toxicity
15–17]. Finally, the poly(methacrylate) materials are known
or their brittleness, making them potentially prone to impact
ailures.

In the past two  decades, several approaches have been
xplored to develop alternatives to the poly(methacrylate)-
ased dental restoratives. For example, an epoxy-based
iloxane/oxirane or silorane system was shown to generate
ower shrinkage than di-methacrylate-based resins [18–20],
ikely due to the compensation effect resulting from the open-
ng of the strained oxirane ring. Step-growth polymerizations
uch as radical-mediated thiol–ene photopolymerizations
ave received attention as alternative dental restorative mate-
ials in recent years [21–25] because of the robust photo-curing
inetics that are comparable to the free radical polymeriza-
ions of (meth)acrylates, the commercial availability of a wide
ange of both thiol and ene monomers, the reduced shrinkage
tress due to delayed gelation in step-growth polymeriza-

ions, and the formation of more  homogeneous and tougher
etworks because of the more  uniform molecular weight
uildup of the polymers. Efforts were also made to modify
he di-methacrylate formulations, either by designing high
molecular-weight and/or urethane-modified di-methacrylate
monomers [26–29] or by incorporating reversible addition-
fragmentation chain transfer (RAFT) moieties [30–32] into
the monomer backbone to reduce polymerization shrink-
age stress without sacrificing mechanical performance. Such
efforts, however, only solve some of the problems asso-
ciated with methacrylate-based systems as many  of the
problems are inherent to either methacrylate monomers (e.g.,
hydrolysis-prone esters) or to free radical chain-growth poly-
merizations.

As the prime example of click chemistry [33–35], the Cu(I)-
catalyzed azide-alkyne cycloaddition (CuAAC) reaction has
found a wide range of applications in bio-conjugations, mate-
rial syntheses, surface functionalization, etc.  ever since being
discovered independently by the Meldal and the Sharpless
laboratories [36,37]. Taking advantage of the reducing charac-
teristics of photo-generated radicals, photo-initiated CuAAC
reactions were realized in 2010 for the fabrication of patterned
hydrogels [38] and for the formation of block copolymers
[39], further expanding the application of CuAAC reactions by
endowing the already-powerful click reaction with spatial and
temporal control.

Recently, it has been demonstrated that photo-initiated
step-growth CuAAC polymerization (Scheme 1), in contrast to
chain-growth free-radical polymerizations of (meth)acrylates,
afforded homogeneous glassy networks with robust mechan-
ical properties, and with low polymerization-induced shrink-
age stress due to delayed gelation [40,41], making the
photocurable CuAAC resins a good candidate for ester-
free dental restoratives. Furthermore, unlike most glassy
thermosets, photo-CuAAC networks were shown to exhibit
exceptionally high ductility and high tensile toughness in the
glassy state [42].

In the present work, we further the development of
the photo-CuAAC polymerization for its potential dental
restorative application by designing new monomers and
examining the polymerized networks’ mechanical perfor-
mance and water stability. Here, using the BisGMA/TEGDMA
(70/30) comonomer resin as a control, we  show that the
new CuAAC resin consisting of ether-based hydrophobic
monomers, compared with previously reported urethane-
based monomers, exhibited much improved water stability
that is comparable to the BisGMA/TEGDMA resin. On top of
the lower polymerization-induced shrinkage stress as previ-

ously observed with the photo-CuAAC resin, the mechanical
properties of the CuAAC resin were also similar or superior in
comparison to the BisGMA/TEGDMA (70/30) resin.

https://doi.org/10.1016/j.dental.2021.08.010
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Scheme 1 – Photoinduced, radical-initiated CuAAC polymerization forming poly(triazole) networks employing a

photo-initiator in conjunction with a coper(II) pre-catalyst.

2.  Experimental  section

2.1.  Materials

1,3-Bis(2-isocyanatopropan-2-yl)benzene, dibutyltin
dilaurate, tetrahydrofuran, 6-chloro-1-hexanol, 3-chloro-
1-propanol, sodium azide, 1,1,1-tris(hydroxymethyl)propane,
propargyl bromide, ethanol, copper(II) chloride,
N,N,N′,N′,N′′-pentamethyldiethylenetriamine (PMDETA),
camphorquinone (CQ), ethyl 4-(dimethylamino)benzoate
(EDAB), and acetonitrile were used as received from
Sigma Aldrich. Sodium hydroxide, ammonium chlo-
ride, dimethyl sulfoxide, dimethylformamide, methanol,
and sodium sulfate were used as received from
Fisher Scientific. BisGMA/TEGDMA (70/30) comonomers
solution was used as received from ESSTECH. Bis(6-
azidohexyl) (1,3-phenylenebis(propane-2,2-diyl))dicarbamate
(AZ-3) and 1-(prop-2-yn-1-yloxy)-2,2-bis((prop-2-yn-1-
yloxy)methyl)butane (AK) were synthesized according to
previously reported procedures [43]. All organic azides were
synthesized according to the azide safety rules and han-
dled with appropriate precaution [37] when working with
monomers, resins, and polymers in small quantities.

2.1.1.  Synthesis  of
1,1,1-tris(4-(3-chloropropyl)phenyl)ethane  intermediate
To a solution of 1,1,1-tris(4-hydroxyphenyl)ethane (10 mmol,
3.06 g), 3-chloro-1-propanol (45 mmol, 3.76 ml), and triph-
enylphosphine (31 mmol, 8.31 g) in anhydrous THF (100 ml)
was added diethyl azodicarboxylate (14.13 ml,  40 wt.% in
toluene) dropwise at 0 ◦C under nitrogen. The reaction mixture
was then warmed to room temperature and stirred overnight.
The reaction mixture was diluted with EtOAc (150 ml), washed
with H2O (50 ml  × 3), and then dried with Na2SO4. The
product was obtained after flash chromatography using a hex-
ane/EtOAc (90:10) mixture as eluent, dried in vacuo as a white
solid. (52% yield) 1H NMR  (CDCl3), ppm: ı 2.11 (3H, s, CH3),
2.23 (6H, q, CH2 CH2C H2), 3.75 (6H, t, CH2C l), 4.09 (6H, t,
CH2 O), 6.77–6.81 (6H, m,  CH-aromatic), 6.97–7.01 (6H, m,  CH-
aromatic); 13C NMR  (CDCl3), ppm: ı 30.79, 32.34, 41.62, 50.62,
64.12, 113.65, 129.65, 141.98, 156.71.
2.1.2.  Synthesis  of
1,1,1-tris(4-(3-azidopropyl)phenyl)ethane  (AZ-1)
To a solution of 1,1,1-tris(4-(3-chloropropyl)phenyl)ethane (5.2
mmol, 2.79 g) in DMF  (50 ml)  was added sodium azide (46.8
mmol, 3.04 g). The reaction mixture was then heated to 80 ◦C
and stirred overnight. The reaction mixture was diluted with
EtOAc (150 ml), washed with H2O (50 ml  × 3), and then dried
with Na2SO4. The pure product was obtained after flash chro-
matography using a hexane/EtOAc (85:15) mixture as eluent,
dried in vacuo as a colorless oil. (98% yield) 1H NMR  (CDCl3),
ppm: ı 2.04 (6H, q, CH2C H2C H2), 2.10 (3H, s, CH3), 3.52 (6H,
t, CH2N 3), 4.02 (6H, t, CH2 O), 6.76–6.80 (6H, m,  CH-aromatic),
6.96–7.01 (6H, m,  CH-aromatic); 13C NMR  (CDCl3), ppm: ı 28.83,
30.79, 48.28, 50.62, 64.35, 113.62, 129.66, 142.00, 156.67.

2.1.3.  Synthesis  of
1,1,1-tris(4-(6-chlorohexyl)phenyl)ethane  intermediate
To a solution of 1,1,1-tris(4-hydroxyphenyl)ethane (10 mmol,
3.06 g), 6-chloro-1-hexanol (45 mmol, 6.0 ml), and triph-
enylphosphine (31 mmol, 8.31 g) in anhydrous THF (100 ml)
was added diethyl azodicarboxylate (14.13 ml,  40 wt.% in
toluene) dropwise at 0 ◦C under nitrogen. The cooled reaction
mixture was then warmed to room temperature and stirred
overnight. The reaction mixture was diluted with EtOAc (150
ml), washed with H2O (50 ml  × 3), and then dried with Na2SO4.
The product was obtained after flash chromatography using
a hexane/EtOAc (90:10) mixture as eluent, dried in vacuo as
a colorless oil. (61% yield) 1H NMR (CDCl3), ppm: ı 1.46–1.58
(12H, m,  CH2CH 2C H2C H2CH 2CH 2), 1.75–1.88 (12H, m,
CH2C H2CH 2CH 2C H2C H2), 2.12 (3H, s, CH3), 3.57 (6H, t,
CH2–Cl), 3.96 (6H, t, CH2 O), 6.76–6.83 (6H, m,  CH-aromatic),
6.97–7.04 (6H, m,  CH-aromatic); 13C NMR  (CDCl3), ppm: ı 25.48,
26.68, 29.20, 32.54, 45.08, 50.56, 67.59, 113.54, 129.61, 141.73,
157.01.

2.1.4.  Synthesis  of
1,1,1-tris(4-(6-azidohexyl)phenyl)ethane  (AZ-2)
To a solution of 1,1,1-tris(4-(6-chlorohexyl)phenyl)ethane (6.1
mmol, 4.04 g) in DMF  (60 ml)  was added sodium azide
(48.8 mmol, 3.17 g). The reaction mixture was then heated
to 80 ◦C and stirred overnight. The cooled reaction mix-
ture was diluted with EtOAc (2000 ml), washed with H2O
(60 ml  × 3), and then dried with Na2SO4. The pure
product was obtained after flash chromatography using
a hexane/EtOAc (90:10) mixture as eluent, dried in vacuo
as a colorless oil. (95% yield) 1H NMR (CDCl3), ppm: ı

1.39–1.57 (12H, m,  CH2CH 2C H2C H2CH 2CH 2), 1.60–1.70

(6H, m,  OCH 2CH 2CH 2CH 2C H2CH 2N 3), 1.76–1.86 (6H,
m, OCH 2C H2CH 2CH 2CH 2CH 2N 3), 2.12 (3H, s, CH3),
3.31 (6H, t, CH2N 3), 3.96 (6H, t, CH2 O), 6.76–6.83 (6H, m,  CH-
aromatic), 6.96–7.03 (6H, m,  CH-aromatic); 13C NMR  (CDCl3),

https://doi.org/10.1016/j.dental.2021.08.010
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pm: ı 25.75, 26.54, 28.82, 29.22, 30.80, 50.56, 51.40, 67.58,
13.54, 129.61, 141.74, 157.01.

.1.5.  Preparation  of  CuCl2[PMDETA]  complex
:1 molar mixture of CuCl2 and PMDETA (N,N,N′,N′,N′ ′-
entamethyldiethylenetriamine) in acetonitrile was stirred
vernight at room temperature and dried in vacuo to give a
lue solid.

.  Methods

.1.  Resin  preparation

toichiometric mixtures of azide and alkyne monomers (func-
ional group molar ratio of 1:1 N3/alkyne), and 1 mol% of
uCl2[PMDETA] per functional group, 0.68 wt.% of CQ, and 0.86
t.% of EDAB were mixed, to which methanol (for AK/AZ-

 mixture) or methanol/acetone (for AK/AZ-1 and AK/AZ2
ixtures) was added to homogenize the mixture being later

emoved in vacuo.  For the BisGMA/TEGDMA resin, to the Bis-
MA/TEGDMA (70/30) comonomer mixture was added 0.68
t.% of CQ and 0.86 wt.% of EDAB and thoroughly stirred to

fford the homogenous resin.

.2.  Fourier  transform  infrared  spectroscopy

n FTIR spectrometer (Nicolet 6700) was used to monitor the
eal-time polymerization kinetics of the functional group con-
ersion. Samples were placed between two cylindrical quartz
ods, and light was irradiated through the bottom rod using

 light guide connected to a mercury lamp (Acticure 4000,
XFO) with 400–500 nm bandgap filter, and the light intensity
as set at 200 mW/cm2. A radiometer (Model 100, Demetron
esearch) was used to measure the output power density of
he lamp. The overtone signal of the alkyne was monitored in
he range of 6538–6455 cm−1, and the overtone signal of the

ethacrylate was measured in the range of 6250–6096 cm−1.

.3.  Polymerization  shrinkage  stress  measurement

n situ polymerization shrinkage stress measurements were
onducted with a tensometer (American Dental Association
ealth Foundation). Samples were sandwiched between the
nds of 2 silanized glass rods (6 mm in diameter, 1 mm in
hickness). The tensile force generated during photocuring
y the bonded sample causes the cantilever beam to deflect.
he deflection is measured by a linear variable differential

ransformer (LVDT) and then translated into the force based on
he calibrated beam constant. To calculate the stress, the force
orresponding to the beam deflection is divided by the cross-
ectional sample area. The shrinkage stress was monitored

rom the start of light irradiation until 5 min  after the light
ource was switched off to obtain the final shrinkage stress at
mbient temperature. The irradiation time was 10 min, and
he total measurement time was 15 min.
 0 2 1 ) 1592–1600 1595

3.4.  Dynamic  mechanical  analysis

A DMA Q800 (TA instruments) in multi-frequency-strain mode
with frequency of 1 Hz and a heating rate of 3 ◦C min−1 was
used to measure the storage modulus and the glass transition
temperature (Tg), which was assigned as the peak of the tan ı

(a ratio of E′′/E′: the storage and loss moduli) curve. Film sam-
ples were irradiated with 12 mW cm−2 of 400–500 nm visible
light, via a light guide with a collimator connected to a mercury
lamp (Acticure 4000, EXFO), for 5 min  at room temperature on
one side and immediately inverted to cure for another 5 min
of the other side. The rectangular dimension of each sample
specimen was 0.25 × 5 × 15 mm (t × w × l), and the samples
were post-cured at 90 ◦C overnight.

3.5.  Three-point  flexural  test

Three-point bending (MTS 858 Mini Bionix II) with a strain
rate of 1 mm min−1 and a span of 20 mm was used to obtain
flexural modulus, flexural strength, and flexural toughness.
Photo-activation provided 200 mW cm−2 of 400–500 nm light
from a mercury lamp (Acticure 4000, EXFO) by a light guide
with a collimator. Samples were irradiated for 180 s at room
temperature on one side followed by immediate inversion to
cure for 180 s on the other side. The rectangular dimension of
each sample specimen was 2 × 2 × 25 mm (t × w × l).

3.6.  Water  sorption/solubility  tests

Water sorption tests were conducted using disc-shaped spec-
imens of 1.2 mm in thickness and 12–13 mm in diameter.
The samples were cured using 400–500 nm visible light (12
mW/cm2, 10 min  for each side of the samples at room tem-
perature) and were post-cured at 90 ◦C overnight. The samples
obtained were dried in an oven at 37 ◦C until constant initial
masses (mi). The thickness and diameter of each disc-shaped
specimen were measured with calipers at 3–4 different posi-
tions to get averaged values and the initial volume (Vi) of each
specimen was calculated based on those values. The sam-
ples were then placed in distilled water at 37 ◦C. At regular
time intervals (24 h), the samples were removed from the
water, and the water on the surface of the samples was gently
wiped away using Kimwipes. After their mass was recorded,
the samples were returned to DI water for conditioning. The
measurements were repeated until there was no significant
change in mass for each specimen. This final mass of each
specimen is referred to as the equilibrium saturation mass
(ms). After determining the equilibrium saturation mass, the
dimensions of each specimen were measured again, and the
saturation volume was calculated (Vs) in the same way the Vi

was calculated. Next, the samples were dried in an oven at
37 ◦C until constant mass, referred to as the desorption mass
(md). And the dimensions of the dried samples were measured
again, and the dry volume was calculated (Vd) in the same
way the Vi and Vs were calculated. The equilibrium solubility
limit, s, and the equilibrium water sorption, w, were calculated

according to the following equations [44]:

s(�g/mm3) = (mi−md)/Vi

https://doi.org/10.1016/j.dental.2021.08.010
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Fig. 1 – Monomer libraries of tri-alkyne AK, tri-azides AZ-1 and AZ-2, di-azide AZ-3, di-methacrylates BisGMA and
per(I
TEGDMA, and photo-initiator CQ, co-initiator EDAB, and cop

w(�g/mm3) = (ms−mi)/Vi

3.7.  Statistical  analysis

Statistical analysis of the experiments was performed via
one-way analysis of variance (ANOVA), and multiple pair-
wise comparisons were conducted via Tukey’s test with a
significance level of 0.05. The number of repetitions for each
experiment is as follow: dynamic mechanical analysis (n = 3),
water sorption test (n = 5), three-point flexural test (n = 3).

4.  Results  and  discussion

In the present study, triphenyl ethane-centered ether-linked
tri-azides AZ-1 and AZ-2 (See Fig. 1 for the monomer struc-
tures, together with the initiator/co-initiator and copper
pre-catalyst used) were designed as ester-free hydrophobic
monomers and were synthesized simply with good over-
all yields. Photo-polymerization of either AZ-1 or AZ-2 with
ether-linked tri-alkyne monomer AK formed a glassy net-
work with glass-transition temperature (Tg) of 108 ◦C or 56
◦C, respectively (Fig. 2B), as determined by dynamic mechan-
ical analysis. The storage modulus (at 40 ◦C) of the AK/AZ-2
network was slightly below 1 GPa due to the proximity of
the temperature (40 ◦C) to its glass-transition temperature,
while the storage modulus of the AK/AZ-2 network was about
1.4 GPa (at 40 ◦C) which was slightly lower than that of
the BisGMA/TEGDMA network. Both networks exhibited a
sharp glass-transition, highlighting the more  homogeneous
networks of the chain-growth CuAAC polymerization in com-
parison to the BisGMA/TEGDMA network. Because of the sharp
glass-transition, the AK/AZ-1 network maintained a storage
modulus of higher than 1 GPa up to 100 ◦C, while the stor-
age modulus of the BisGMA/TEGDMA network at 100 ◦C was
significantly lower than 1 GPa despite having a higher glass-
transition temperature (128 ◦C vs 108 ◦C). In addition to the

relatively low glass-transition temperature, the photopoly-
merized AK/AZ-2 samples tend to have a lot of bubbles within
it after photocuring and post-cure processing, which was
detrimental for its potential application for dental restoratives
I) pre-catalyst CuCl2[PMDETA].

and made it impossible to run additional (flexural three-point
bending and water sorption) tests with the AK/AZ-2 samples.
The bubble issue is not uncommon with the photo-CuAAC
polymerization, as it depends not only on the monomer
structure but also on the photocuring conditions [45]. Thus,
only AK/AZ-1 networks were studied further in terms of
the photocuring kinetics, the photo-polymerization induced
shrinkage stress, and the water sorption/solubility in compar-
ison to the commercial dimethacrylate control. The previously
investigated CuAAC resin [41] composed of urethane-linked
di-azide monomer AZ-3 and tri-alkyne monomer AK  was
also assessed in the water sorption test to show how the
water stability was impacted by the monomer structures (vide
infra).

In situ photocuring kinetics of the CuAAC polymerization
featuring AK/AZ-1 monomers and the photopolymerization
of BisGMA/TEGDMA was investigated using FT-IR under con-
tinuous irradiation using 400–500 nm visible light with the
light intensity set at 200 mW cm−2. (See Supporting informa-
tion Fig. S1). The BisGMA/TEGDMA resin reacted immediately
upon light exposure, achieving maximum conversion in about
15 s, while the CuAAC resin showed slower but compara-
ble kinetics, primarily because of the rate-limiting character
of the copper(II) reduction step after radical formation upon
light exposure, achieving its maximum conversion in about
30 s. The maximum conversion for the CuAAC polymer-
ization with AK/AZ-1 was much higher than that of the
dimethacrylate polymerization with BisGMA/TEGDMA (91% vs
66%), and in both cases non-complete maximum conversions
were the result of vitrification given that the Tg values for both
resins were much higher than ambient temperature (Table 1).
Nonetheless, delayed gelation in the step-growth CuAAC poly-
merization contributed to the much higher final conversion in
comparison to the dimethacrylate polymerization, in which
early onset of gelation and vitrification significantly limited
the mobility of the reactive species and led to relatively
low final conversion. In addition, the polymerization-induced
shrinkage stress of the CuAAC polymerization of AK and AZ-1

monomers was much lower than that of the radical poly-
merization of BisGMA/TEGDMA resin, similar to what was
previously observed with the AK/AZ-3 system (see Ref. [27]).

https://doi.org/10.1016/j.dental.2021.08.010
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Fig. 2 – Thermomechanical properties of the two CuAAC networks AK/AZ-1 and AK-AZ-2, and the poly(methacrylate)
network based on BisGMA/TEGDMA. (A) Plot of storage modulus vs temperature. (B) Tan delta vs temperature.

Table 1 – FT-IR spectrometer and tensometer were used
to measure functional group conversions and in situ
shrinkage stress during photocuring. Dynamic
mechanical analysis (DMA) was used to measure the
storage modulus at 40 ◦C (E′

40◦C), and glass transition
temperature (Tg) of the photo-polymerized films. Bulk
photo-CuAAC polymer denoted as AK/AZ-1 and
dimethacrylate-based polymer denoted as
BisGMA/TEGDMA were  compared. Within each row, the
letters indicate statistically significant differences (p <
0.05) via a one-way ANOVA and a Tukey’s test.

AK/AZ-1 BisGMA/TEGDMA

Conversion [%] 93 ± 2A 66 ± 1B
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Fig. 3 – Representative stress-strain curves of the AK/AZ-1
CuAAC network and the BisGMA/TEGDMA-based
poly(methacrylate) network as measured through
three-point flexural tests. Three measurements were
conducted for each group of samples. (See Supporting
information Fig. S2 for the stress-strain curves of all
specimens).

Table 2 – A comparison of flexural modulus (E), flexural
strength (�), flexural toughness (Gc) values measured
from three-point-bending tests with bulk photo-CuAAC
polymer denoted as AK/AZ-1 and dimethacrylate-based
polymer denoted as BisGMA/TEGDMA. The letters
indicate statistically significant differences (p < 0.05) via
a one-way ANOVA and a Tukey’s test.

AK/AZ-1 BisGMA/TEGDMA

Flexural modulus (E) [GPa] 2.9 ± 0.3A 3.9 ± 0.1B
Tg [◦C] 108 ± 2A 128 ± 3B

Storage modulus @ 40 ◦C [GPa] 1.4 ± 0.2A 1.9 ± 0.2B

Final shrinkage stress [MPa] 0.56 ± 0.01A 1.0 ± 0.0B

he shrinkage stress of the AK/AZ-1 system was slightly
igher than that of the AK/AZ-3 system (0.56 MPa vs 0.43 MPa),
rimarily because of the higher crosslink density of AK/AZ-

 network and the earlier gelation of the tri-alkyne/tri-azide
ystem in comparison to the tri-alkyne/di-azide system.

Next, three-point flexural tests were performed on a
niversal testing machine (MTS) to investigate the flexural
roperties (flexural modulus, flexural strength, and flexural
oughness) of both the AK/AZ-1 CuAAC network and the Bis-
MA/TEGDMA poly(methacrylate) network (Fig. 3). Flexural
odulus (E) and flexural strength (�) values were calculated

sing the following Eqs. (1) and (2) [46]:

 = FL3

4dBH3
(1)

 = 3FL

2BH2
(2)

here F is the maximum load, L is the length of span, d is the
xtension corresponding to the load F, B is the width of the

ample specimen, and H is the height of the sample specimen.

Calculations based on three-point flexural testing results
howed that the flexural modulus of the AK/AZ-1 CuAAC net-
ork (2.9 GPa) was about one forth lower than that of the
Flexural strength (�) [MPa] 130 ± 10A 110 ± 10B

Flexural toughness (Gc) [MJ/m3] 7.6 ± 1.1A 1.6 ± 0.3B
BisGMA/TEGDMA-based poly(methacrylate) network (3.9 GPa),
while the flexural strength of the AK/AZ-1 network was about
10% higher (130 MPa vs 110 MPa) (Table 2). Approximately 7.6
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Fig. 4 – Results from the water sorption/solubility tests of BisGMA/TEGDMA network and AK/AZ-1 and AK/AZ-3 CuAAC
ing 
networks. (A) Sample mass increase against water condition

MJ/m3 of energy was absorbed by the AK-AZ-1 network before
the fracture of the samples, which was more  than four times
the value of the BisGMA/TEGDMA-based network before frac-
ture, highlighting the high toughness of the CuAAC networks
in contrast to the brittleness of the poly(methacrylate) net-
work.

Finally, the water sorption/solubility test was conducted
with AK/AZ-1 and AK/AZ-3 CuAAC networks and the Bis-
GMA/TEGDMA network to compare the water stabilities of
the CuAAC networks and the poly(methacrylate) network
and to investigate how the water stability of the CuAAC
networks was affected by the monomer structure. For the
urethane-based AK-AZ-3 CuAAC network, the water uptake
sharply increased within the first 2 weeks of water condi-
tioning and plateaued after about 3 weeks at around of 7.6
wt.% swelling, while for the ether-based AK/AZ-1 CuAAC net-
work and the BisGMA/TEGDMA network, the water uptake
was much slower and plateaued after about 2 months at
much lower levels, with the AK/AZ-1 CuAAC network reach-
ing a swelling of about 3.9 wt.% and the BisGMA/TEGDMA
network reaching a swelling of about 3.3 wt.% (Fig. 4A). Com-
pared with the BisGMA/TEGDMA network, the water uptake
of the ether-based AK/AZ-1 CuAAC network was only 20%
higher but saw a 50% reduction in comparison to the urethane-
based AK/AZ-3 CuAAC network, highlighting the value of
the hydrophobic ether groups and higher crosslink density
of the network in suppressing the water uptake. Similar
results were obtained by comparing the calculated water
sorption values for the three networks (Fig. 4B). Despite the
slightly higher water sorption of the AK/AZ-1 network, the
value of its water solubility was only about half the value
of the BisGMA/TEGDMA network’s water solubility, highlight-
ing the benefits of the higher final conversion of the AK/AZ-1
network in diminishing the leaching of the resin. For the
urethane-based AK/AZ-3 network, however, because of the
high level of water swelling, much of the unbonded species

(copper catalyst, ligands, initiator fragments, trace of unre-
acted monomers) became leachable and contributed to its
high water-sorption.
time (days). (B) Water sorption/solubility values calculated.

5.  Conclusions

Ester-free ether-based monomers of photo-CuAAC poly-
merization were evaluated as dental restorative resins by
examining the mechanical properties and water stabilities in
comparison to the commercially available BisGMA/TEGDMA
resin. The ether-based AK/AZ-1 CuAAC network exhibited a
lower glass-transition temperature (108 ◦C vs 128 ◦C), but
because of its much sharper glass transition, the AK/AZ-1 net-
work maintained a storage modulus higher than 1 GPa up
to 100 ◦C while the BisGMA/TEGDMA network saw a signif-
icant decrease of storage modulus at that temperature due
to its network inhomogeneity. In addition, the AK/AZ-1 net-
work exhibited reduced shrinkage stress (0.56 MPa vs 1.0 MPa)
and much higher flexural toughness (7.6 MJ/m3 vs 1.6 MJ/m3)
while showing slightly lower flexural modulus and slightly
higher flexural strength compared with the BisGMA/TEGDMA
network. Moreover, the ether-based AK/AZ-1 network devel-
oped here displayed comparable water stability in comparison
to the BisGMA/TEGDMA network with slightly higher water
sorption (46 �g/mm3 vs 38 �g/mm3) and much lower water
solubility (2.3 �g/mm3 vs 4.4 �g/mm3). Compared with the
previously developed urethane-based AK/AZ-3 network, water
stability of the ether-based AK/AZ-1 network was significantly
improved, further paving the way for photo-CuAAC polymer
networks to be applied as an alternative to the currently widely
used methacrylate dental restorative resins.
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