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This paper reviews the development of dental adhesives by collating information of related studies from original scientific papers,
reviews, and patent literatures. Through our development, novel radical polymerization initiators, adhesive monomers, and
microcapsules were synthesized, and their effects on adhesion were investigated. It was found that 5-monosubstituted barbituric acid
(5-MSBA)-containing ternary initiators in conjunction with adhesive monomers contributed to effective adhesion with good
polymerization reactivity. Several kinds of novel adhesive monomers bearing carboxyl group, phosphonic acid group or sulfur-
containing group were synthesized, and investigated their multi-purpose bonding functions. It was suggested that the flexible
methylene chain in the structure of adhesive monomers played a pivotal role in their enhanced bonding durability. It was found that
the combination of acidic monomers with sulfur-containing monomer markedly improved adhesion to enamel, dentin, porcelain,
alumina, zirconia, non-precious metals and precious metals. A new poly(methyl methacrylate) (PMMA)-type adhesive resin
comprising microencapsulated polymerization initiators was also found to exhibit both good formulation stability and excellent

adhesive property.

Keywords: Dental adhesive resin, Radical polymerization initiator, Adhesive monomer

INTRODUCTION

The field of adhesive dentistry has made a remarkable
progress over the past decade. A large part of this
success 1s attributed to the major advances in a
bonding technology?. It can be manifested that the two
creative works have opened new vistas in this field. In
1955, Dr. Michael Buonocore? first demonstrated the
bonding of acrylic resin to etched enamel, and so-called
acid-etching technique is ubiquitous in today’s dental
clinics. In 1963, Dr. Eiichi Masuhara? first developed
a revolutionary dental adhesive wusing tri-n-butyl
borane (TBB) as an initiator. Both creative works??
triggered the extensive research on the bonding to
dental hard tissues.

In the development of dental adhesives, the
perennial ultimate goal is to achieve strong, durable
adhesion to dental hard tissues, and dental alloys and
ceramics. In the search of an advanced bonding tech-
nology to fulfill this goal, our research strategy has
focused on the dual effects of radical polymerization
initiators and adhesive monomers on adhesion.

A fundamental problem with dental acrylic resins
on adhesion is attributable to volume shrinkage arisen
from an internal stress developed during polymeriza-
tion. Masuhara et al.? were the first to suggest that a
polymerization initiator which circumvents polymeriza-
tion shrinkage holds the key to the adhesion problem
of dental resins on dental hard tissues. Most notably,
Masuhara highlighted that TBB initiator or tri-n-butyl-
borane oxide (TBBO) initiator reacted violently with
water, and that hydrophobic methyl methacrylate
(MMA) resin initiated by TBB could withstand the
higher polymerization shrinkage attacking the bonding
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interface and remain bonded to moist ground ivory>®.
Indeed, the findings from Masuhara’s work® brought
cheer to many researchers that TBB or TBBO enabled
strong adhesion without the use of non-polymerization
shrinkage monomers.

Apart from TBBO initiator system, in redox polym-
erization initiator of benzoyl peroxide (BPO) with
aromatic tertiary amines, the amines (electron
acceptor) react with acidic adhesive monomers (electron
donor) to form a yellowish charge transfer complex (CT
complex)®?, ultimately resulting in degraded polymer-
ization and insufficient adhesion. To circumvent the
compromised adhesion caused by the formation of CT
complexes, we have thus invented three kinds of radical
polymerization initiators®'?, as well as investigated the
effects on adhesion and polymerization reactivity of an
adhesive resin which used a ternary initiator system
comprising 5-monosubstituted barbituric acid (5-
MSBA)?.

Nakabayashi'? was the first to report that a radical
polymerizable monomer bearing both hydrophobic and
hydrophilic moieties intramolecularly (i.e., adhesive
monomer) could exhibit effective adhesion to dentin.
Owing to their ability to interact chemically with
dental hard tissues'®'” and hence yield superior
bonding effectiveness, adhesive monomers have
unquestionably become a prime focus in the design and
development of dental adhesives. Therefore, numerous
studies have synthesized originally designed adhesive
monomers, and evaluated their bonding abilities.

On the molecular structure of adhesive monomers,
it typically contains carboxylic acid group (-COOH) or
its anhydride group, phosphoric acid group [-O-
P(=0)(OH):], or phosphonic acid group [-P(=0)(OH).].
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As for sulfur-containing adhesive monomers, they were
developed for the purpose of adhesion to precious
metals and their alloys. For multi-purpose adhesion to
a multitude of dental substrates (namely, dental hard
tissues, dental alloys and porcelains), we developed
several kinds of novel adhesive monomers having car-
boxylic acid group'™'?, phosphonic acid group!'®'? or
sulfur-containing group?” through our research studies.

The behavior of microencapsulated polymerization
initiators in dental adhesives is unknown. Our recent
study?" thus investigated the effects of newly synthe-
sized microencapsulated polymerization initiators on
the bonding performance and formulation stability of a
novel, multi-purpose, poly(methyl methacrylate)
(PMMA)-type adhesive resin, together with multi-
purpose primers.

Although a number of dental adhesives are already
commercially utilized, little review on their develop-
ment has been reported. The aim of this review paper,
therefore, was to discuss our studies on the develop-
ment of dental adhesives in the following aspects: (1)
Effect of radical polymerization initiators on adhesion;
(2) Effect of 5-MSBA-containing radical polymerizable
initiators on adhesion; (3) Synthesis of adhesive
monomers and their effects on adhesion; (4) New
PMMA-type adhesive resin comprising microencapsu-
lated initiators for multi-purpose bonding, together
with related studies in this field by collating informa-
tion from original scientific papers, reviews, and patent
literatures.

EFFECT OF RADICAL POLYMERIZATION
INITIATORS ON ADHESION

Fundamental problem: Polymerization shrinkage of
dental resin monomers

Serious consequences encountered in postoperative res-
torations, that is, pulpal irritation and secondary
caries, are believed to be caused by the invasion (micro-
leakage) of bacteria into interfacial gaps formed along
the margins of restorations, according to an in vivo his-
tological study by Briannstrom and Nyborg??.

With dental acrylic resins, their fundamental
adhesion problem lies with volume shrinkage, a conse-
quence that arises from internal stress developed
during polymerization. Polymerization shrinkage of
resin-based restorations is one of the main causes of
postoperative sensitivity, and that it is associated with
marginal gap formation and crack initiation in teeth
with restoration, thereby leading to microleakage and
potential restoration failure?9.

Based on the general principle of adhesion that is
“good wettability and good hardening”, our research
strategy has focused on the dual effects of radical
polymerization initiators (to make good hardening) and
adhesive monomers (to form good wettability) on
adhesion.

Water-reactive TBB initiator enables MMA resin to
bond to moist adherend

The first success on development of TBB-initiated
dental adhesive was achieved by Masuhara et al.? in
1963. He remarked keenly a polymerization initiator
TBB which reacted violently with water, and found
that hydrophobic MMA resin initiated by TBB could
adhere to moist ground ivory®®. TBB-initiated MMA
resin was designed to facilitate chemical adhesion to
collagen®, thereby enabling it to bond to moist dentin
despite the polymerization shrinkage attacking the
bonding interface. It is noteworthy that although MMA
monomer has 21 vol% polymerization shrinkage?®®, the
water-reactive TBB initiator enabled hydrophobic MMA
resin to bond strongly to the moist dentin without the
use of non-polymerization shrinkage monomers.

Nakabayashi et al.?” reported that an addition of
4-methacryloyloxyethyltrimellitic anhydride (4-META)
to MMA/TBBO resin (i.e., 4-META-MMA/TBBO resin)
resulted in strong adhesion to dentin when the latter
was pretreated with 10-3 solution (10% citric acid + 3%
ferric chloride). It was suggested that the effective
bonding performance of 4-META-MMA/TBBO resin to
etched dentin was due to a twofold reason: TBBO initi-
ation at the resin-moist dentin interface, as well as
interaction of 4-META with the dentin substrate
without any adverse interference from the TBBO
initiator.

To date, the combination of TBBO with 4-META in
MMA resin is already well investigated to the effect
that 4-META-MMA/TBBO resin has been commercially
marketed as a revolutionary dental adhesive resin,
Super-Bond C&B (Sun Medical Co. Ltd., Shiga, Japan),
in Japan.

Indeed, with regard to adhesion to moist dentin,
water-reactive TBB and TBBO have achieved unequiv-
ocal success in delivering outstanding bonding perfor-
mance. Nonetheless, it must be pointed out that the
TBB initiator system has an inherently inflammable
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Fig. 2 Formation of charge transfer complex (CT
complex) between aromatic acid anhydride and
aromatic tertiary amine”.

nature and its application has been limited to exclusive
use with MMA since it was developed. However, the
silver lining to this limitation is that it has since
spurred many researchers to seek and explore for more
stable polymerization initiators with active initiation
like TBBO.

BPO-aromatic tertiary amine redox initiators and their
problems

With chemically cured and dual-cured resin composites
and adhesive resins, the polymerization initiator
commonly employed is the redox initiator system of
BPO with aromatic tertiary amines, such as N,N-dihy-
droxyethyl-p-toluidine (DEPT). Figure 1 shows the
mechanism of redox polymerization initiated by the
reaction of BPO with an aromatic tertiary amine®. It
is known that a reaction product (I) soon comes to equi-
librium, and (I) decomposes slowly to form a tetra-
ammonium salt (I[) — a step known as the rate-deter-
mining step, and free radical species are generated
(Fig. 1).

However, BPO-amine redox initiator system has
some inherent disadvantages. First, the hardened
material has an unacceptable color change attributable
to the reaction products of BPO with tertiary amines
because of exposure to wultraviolet light or heat.
Besides, there is the concern about reduced mechanical
strength?®. Aromatic tertiary amines (electron
acceptors) react with an acidic group (electron donor) of
adhesive monomers to form a yellowish charge transfer
complex (CT complex)>? (Fig. 2), which then interferes
with polymerization and adhesion, thereby compromis-
ing the mechanical properties of the adhesive resin.

Effects of BPO-DEPT-p-TSNa type initiator on adhesion
and curing time

Although acidic adhesive monomers are potentially
capable of interacting chemically with the dentin
substrate'>'¥, their bonding effectiveness is consider-
ably compromised by the formation of CT complexes®?
when BPO-aromatic tertiary amine initiators are used.
Regarding this problem, Yamauchi?*® proposed using
BPO-aromatic tertiary amine-p-toluenesulfinic acid
sodium salt (p-TSNa) with a phosphate monomer [i.e.,
2-methacryloyloxyethyl phenyl hydrogen phosphate
(phenyl-P)] to provide good adhesion to dentin.
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Fig. 3  Effects of p-toluenesulfinate sodium salt (p-TSNa)
concentration in  BPO-DEPT-p-TSNa  type
polymerization initiator system on adhesion to Ni-
Cr alloy and curing time?. 4-AETA: 4-
acryloyloxyethyl trimellitate anhydride; DMEP:
dimethacryloyloxyethyl hydrogen phosphate.
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Fig. 4 Mechanism of radical polymerization initiated by
the reaction of aromatic sulfinic acid sodium salt

with aromatic carboxylic acid?.

Our previous study” investigated the effects of p-
TSNa concentration in ternary BPO-DEPT-p-TSNa
type initiator on adhesion to Ni-Cr alloy when used
with 4-acryloyloxyethyl trimellitic acid (4-AET) and
dimethacryloyloxyethyl hydrogen phosphate (DMEP).
Results of tensile bond strength and curing time in Fig.
3 affirmatively endorsed the report by Yamauchi®, in
that the addition of p-TSNa to BPO-DEPT-p-TSNa
initiator system resulted in significantly higher bond
strength with higher polymerization reactivity
(shortened curing time) than that of BPO-DEPT
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initiator system (0 wt% p-TSNa) (p<0.01)".

Figure 4 shows the mechanism of polymerization
initiated by the reaction of aromatic sulfinic acid
sodium salts with aromatic carboxylic acids”?. The
sodium salt rapidly reacts with the acidic group to form
a sodium salt of the acidic monomer before CT complex
is formed, hence producing a phenyl radical which
initiates a radical polymerization (Fig. 4)?. Therefore,
the adverse effect of BPO-DEPT redox polymerization
derived from the formation of CT-complex®? is averted
by the action of p-TSNa as a co-initiator in ternary
BPO-DEPT-p-TSNa-type initiator system”??.

C-H active initiation of 5-MSBA and thiobarbituric
acids (TBAD) as amine-free initiators

To circumvent the adverse effects of BPO-tertiary
amine initiator on color and reactivity, Bredereck et
al® proposed using amine-free initiators to obtain
polymers with good color stability and good mechanical
strength, by means of 5-monosubstituted barbituric
acid (5-MSBA) with chlorine ion (CI7) and cupric cation
(Cu*).

Figure 5 shows the mechanism of the radical
polymerization of 5-MSBA with CI- and Cu? being
triggered by C-H active initiator. Thus, C-H active ini-
tiation can be triggered by auto-oxidation of C-H at the
5-position of barbituric acid ring to form a peroxide of
-C-0-O-H in the presence of a base™.

In seeking an initiator system that can perform
like TBB or TBBO, Kadoma and Imai®" proposed using
thiobarbituric acid derivative (TBAD)/copper acetylace-
tonate (CuAcAc) as a cold polymerization initiator and
TBAD/camphorquinone (CQ), methyl-substituted
TBAD/CQ and 5-(4-vinyl-benzyl)-2-thiobarbituric acid
(VTBA)/CQ as a visible-light curing initiator. Further,
the effect of barbituric acid derivative/cupric chloride
(CuCly) as initiator system on adhesion to dentin was
investigated®?»,  On bonding to dentin, the bond
strength obtained with the barbituric acid/CuCl,
initiator system under optimal conditions (approxi-
mately 11 MPa) was comparable to that of TBB-
initiated MMA resin (reportedly 9.3-11.0 MPa)**. A
new cold polymerization initiator system of barbituric
acid derivatives/CuAcAc/organic  peroxides/N-pyrro-
lidine acetamide or 1-isobutyl-2-methyl-imidazol was
more recently invented®®.

EFFECT OF 5-MSBA-CONTAINING RADICAL
POLYMERIZATION INITIATORS ON ADHESION

Invention of three kinds of radical polymerization
initiator systems
In the course of our development of dental adhesives,
three kinds of radical polymerization initiator systems
comprising 5-monosubstituted barbituric acid (5-
MSBA), aromatic sulfinate amide (ASA), and ter¢-butyl
peroxymaleic acid (¢.-BPMA) were invented®'?.

The effects of adhesive resins comprising these
novel radical polymerization initiator systems on
adhesion and curing were investigated. Three kinds of
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Fig. 5 Mechanism of the radical polymerization of 5-
monosubstituted barbituric acid (5-MSBA) with
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5-MSBA initiators [namely, 5-butylbarbituric acid
(BBA), 1-cycrohexyl-5-ethylbarbituric acid (CEBA), and
1-benzyl-5-phenylbarbituric acid (BPBA)] (Fig. 6) and
four kinds of ASA initiators [namely, p-toluenesulfinate
morphoride (p-TSMo), benzenesulfinate morphoride
(BSMo), p-toluenesulfinate amide (p-TSA), and N,N-
dimethyl-p-toluenesulfinate amide (p-TSA-DM)] (Fig. 7)
were synthesized?. For the adhesive resins, experi-
mental, chemically cured composite-type or PMMA/
MMA-type adhesive resins consisting of powder and
liquid components were prepared. These experimental
adhesive resins were then used in conjunction with 5-
MSBA-containing polymerization initiators, 4-AET and
4-acryloyloxyethyl trimellitic anhydride (4-AETA),
dimethacryloyloxyethyl isophorone diurethane (IPDI-
HEMA), wurethane trimethacrylate (IPDI-HEMA-
GDMA), and silanized silica fillers, and their bonding
abilities were evaluated”.

Effects of 5-MSBA-ASA-t-BPMA-type initiator systems
on adhesion and curing time

Figure 8 shows the effects of ASA (i.e., BSMo, p-TSMo)
concentration in 5-MSBA-ASA-t-BPMA-type initiator
system on tensile bond strength to sandblasted Ni-Cr
alloy and curing time?. In Fig. 8, it is apparent that
tensile bond strength and curing time were affected by
the presence of BSMo or p-TSMo. Maximum tensile
bond strengths attained were 48.7 MPa for 1.5 wt%
BSMo and 52.3 MPa for 1.0 wt% p-TSMo.

Figure 9 illustrates the effects of :-BPMA concen-
tration in 5-MSBA-ASA-t-BPMA-type initiator system
on tensile bond strength to Ni-Cr alloy and curing time.
Similarly, it is apparent from Fig. 9 that tensile bond
strength to sandblasted Ni-Cr alloy and curing time
were affected by the presence of -BPMA. By increas-
ing the content of ¢-BPMA, tensile bond strength was
also increased. The optimum concentration range of ¢-
BPMA in 5-MSBA-ASA-t-BPMA-type initiator system
was found to be 0.5-2.0 wt%.

The effect of 5-MSBA [i.e., 1-cyclohexyl-5-ethylbar-
bituric acid (CEBA)] in 5-MSBA-ASA-t-BPMA-type
initiator system on adhesion was also investigated.
The combination of CEBA with ASA exhibited high
tensile bond strength to Ni-Cr alloy, and the optimum
concentrations of CEBA which yielded high bond
strength values were found to be 0.75 wt% CEBA for
52 MPa (with BSMo) and 1.0 wt% CEBA for 50.9 MPa
(with p-TSMo)”. Upon comparison of these results, it
was thus found that 5-MSBA-containing ternary
initiator systems (Figs. 8 and 9) exhibited significantly
higher bond strength than BPO-DEPT-p-TSNa initiator
system (Fig. 3) on adhesion to Ni-Cr alloy (p<0.01).

For ASA, such as p-TSMo, it can be synthesized by
the reaction between an amide compound and an
aromatic sulfinate sodium salt such as p-TSNa (Fig. 7).
It should be highlighted that while p-T'SNa is insoluble
in hydrophobic resins, p-TSMo is soluble in the resins,
which is definitely a preferred difference and an
advantage for hydrophobic adhesive resin formula-
tions®®.
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On the other hand, since the p-toluenesulfonic acid
(Fig. 4) derived from p-TSNa is strongly hygroscopic
nature, it was anticipated that the bonding layer,
which comprised the reaction products of BPO-DEPT-
p-TSNa-type initiator system, might deteriorate over
time upon exposure to water.

Effect of 5-MSBA-BPO-DEPT-type initiator system on
adhesion

A new 5-MSBA-BPO-DEPT-type initiator system, when
used in conjunction with 4-AETA, also exhibited both
good polymerization activity and effective adhesion to
sandblasted Ni-Cr alloy”?. In this initiator system, p-
TSNa in BPO-DEPT-p-TSNa-type initiator system?”
was replaced with 5-MSBA as a co-initiator. Moreover,
it was found that use of 5-MSBA-BPO-DEPT initiator
system resulted in significantly higher bond strength
(p<0.01) than BPO-DEPT-p-TSNa initiator system.

Another advantage of 5-MSBA lies in its active ini-
tiation ability, which means that only a low concentra-
tion of amine is required. Therefore, although 5-
MSBA-BPO-DEPT-type initiator system contained
tertiary amine (DEPT), the formation of CT complex
between acidic adhesive monomers and DEPT was kept
to a minimum. Consequently, the co-initiator 5-MSBA
in 5-MSBA-containing initiator system brought about
twofold benefits: active polymerization reactivity and
enabling adhesive resins to effective adhesion”.

To date, details of the polymerization initiation
mechanism of 5-MSBA-containing ternary initiator
systems [i.e., 5-MSBA-BPO-DEPT, 5-MSBA-ASA-¢-
BPMA] remained unclear. Nonetheless, the initiating
behavior of 5-MSBA could be triggered by the C-H
active initiation mechanism illustrated in Fig. 5. Based
on the above findings, it is thus concluded that 5-
MSBA-containing ternary initiator systems, when used
in conjunction with adhesive monomers, can bestow
adhesive resins with good adhesion without the use of
non-polymerization shrinkage monomers®.

SYNTHESIS OF ADHESIVE MONOMERS AND
THEIR EFFECTS ON ADHESION

Synthesis of trimellitic acid-type adhesive monomers
An outstanding characteristic of adhesive monomers
(adhesion-promoting monomers) is their ability to
chemically interact with the tooth surface!'?!?, thereby
numerous researchers have tirelessly challenged to
develop advanced adhesive monomers by means of
synthetic organic chemistry. In terms of molecular
structure, they typically include the carboxylic acid
group (-COOH) or its anhydride group, phosphoric acid
group [-O-P(=0)(OH);], or phosphonic acid group
[-P(=0)(OH),].

Figure 10 shows the chemical structures of carbox-
ylic acid-type adhesive monomers incorporated in com-
mercially utilized dental adhesives. In particular,
adhesive monomers bearing trimellitic acid and its
anhydride moiety (trimellitic acid-type adhesive
monomers) have been well investigated since a study
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by Nakabayashi'V.

In the course of our research and development of
dental adhesives, six kinds of trimellitic acid-type
adhesive monomers have been synthesized and their
bonding abilities were evaluated''”. They were namely
4-AET, 4-AETA, 4-META, 4-methacryloyloxy-iso-propyl
trimellitic anhydride (4-MPTA), 4-methacryloyloxyhexyl
trimellitic anhydride (4-MHTA), and 4-methacry-
loxydecyl trimellitic anhydride (4-MDTA). In particu-
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lar, 4-AET and 4-AETA were employed in the formula-
tions of commercial dental adhesives manufactured and
marketed by Shofu Inc. (Kyoto, Japan).

Effect of methylene chain [-(CH3),-] in adhesive
monomers on bonding durability

On adhesion to dentin or Ni-Cr alloy, it has been
reported that bond strength achieved with 10-methac-
ryloyloxydecyl dihydrogen phosphate (10-MDP) (=C10:
10 carbon atoms in methylene chain) or 6-methacryloy-
loxyhexyl dihydrogen phosphate (6-MHP) (=C6) was
higher than that of 2-methacryloyloxyethyl dihydrogen
phosphate (2-MEP) (=C2)??. Based on these results, it
was thus concluded that the methylene chain as a
spacer group in phosphate monomers was necessary for
adhesion to both dentin and metal®?.

Our previous study'” also investigated the effect of
the molecular structure of trimellitic anhydride-type
adhesive monomers (C2: 4-AETA, C6: 4-MHTA and
C10: 4-MDTA) on adhesion. When used in conjunction
with 1-benzyl-5-phenylbarbituric acid (BPBA)-BPO-
DEPT initiator, the tensile bond strength to Ni-Cr alloy
after 20,000 times of thermal cycling was found to be
affected by the molecular structure of adhesive
monomers'”. After 10,000-20,000 thermal cycles, bond
strength was found to decrease in this order: 4-MDTA
(C10) > 4-MHTA (C6) > 4-AETA (C2). Notably, there
was high positive correlation between bonding durabil-
ity and the C-number (C2-C10) of methylene chain
[-(CHy)»-] in adhesive monomers (r=0.937, 20,000
cycles)'” (Fig. 11).

According to the published studies'™®, it was
further revealed that the flexible methylene chain (C6—
C10) of adhesive monomers formed a more stable
molecular layer on the surface of adherends, thereby
resulting in enhanced bonding durability.

Synthesis of new phosphonic acid monomers

Figure 12 depicts the chemical structures of commer-
cially  utilized  phosphorus-containing  adhesive
monomers. Phosphate monomers [R-O-P(=0)(OH),]
have been well investigated, and in particular phenyl-P
and 10-MDP?? have been utilized in the formulations of
commercial products manufactured by Kuraray Co.
(Osaka, Japan).

Phosphonic  acid monomers [R-P(=0)(OH)],
namely N-methacryloyl-ew-aminoalkyl phosphonic
acid MoP)*%), ethyl 2-[4-(dihydroxyphosphoryl)-2-
oxabutyl]acrylate (EAEPA) and 2,4,6-trimethylphenyl
2 - [4 - (dihydroxyphosphoryl) - 2 - oxabutyl] acrylate
(MAEPA)* were recently developed. In particular, to
design single-bottle self-etching adhesives, they have
received considerable recent attention because of their
superior hydrolytic stability®$40.

Through our research and development on dental
adhesives, seven kinds of novel phosphonic acid
monomers'®? were synthesized, namely 5-methacryloy-
loxypentyl 3-phosphonopropionate (5-MPPP), 6-methac-
ryloyloxyhexyl 3-phosphonopropionate (6-MHPP), 6-
methacryloyloxyhexyl phosphonoacetate (6-MHPA),
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o | o 10 |
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Fig. 12 Chemical structures of phosphorus-containing
adhesive monomers utilized in the formulations of
commercial dental adhesives, where phenyl-P: 2-
methacryloyloxyethyl phenyl hydrogen phosphate,
10-MDP:  10-methacryloyloxydecyl dihydrogen
phosphate, PENTA-P: dipentaerythritol
pentaacrylate phosphoric acid, and 6-MHPA: 6-
methacryloyloxyhexyl phosphonoacetate.

6-acryloyloxyhexyl 3-phosphonopropionate (6-AHPP), 6-
acryloyloxyhexyl phosphonoacetate (6-AHPA), 10-meth-
acryloyloxydecyl 3-phosphonopropionate (10-MDPP),
and 10-methacryloyloxydecyl phosphonoacetate (10-
MDPA). Leveraging on the results of these research
studies'®®, these novel phosphonic acid monomers
were subsequently employed in our invention*V.

Figure 13 shows a general schema of the syntheses
of four kinds of phosphonic acid monomers [R-
P(=0)(OH):]. During the synthesis process, carboxy-
ethyl phosphonic acid [HOOC-(CH,).-P(=0)(OH),] (1)
reacted with mono-OH monomers (2) to yield the
respective phosphonic acid monomers (3)'®. For carbon-
phosphorus bond [>P(=0)-C] formation, ethyl dieth-
ylphosphonate [EtOOC-(CH,),-P(=0)(OEt);] (1') is a
valuable synthetic intermediate that can be synthe-
sized from either the ring-opening reaction or the
Michaelis-Arbuzov rearrangement*?. During the trans-
formation in the latter reaction, a tervalent phosphorus
[PAII)] is converted into a pentavalent phosphorus
[P(V)], which involves the conversion of >P-O-C linkage
into >P(=0)-C linkage®?.

Effect of new phosphonic acid monomers with 5-MSBA-
containing initiators on adhesion
On bonding ability, that of the new phosphonic acid
monomers was evaluated when used in conjunction
with BPBA-BPO-DEPT initiator system'®. Table 1
presents the tensile bond strengths of experimental
composite-type adhesive resins comprising 5-MPPP, 6-
MHPP, 6-AHPP, 10-MDPP, phenyl-P, vinylbenzyl phos-
phonic acid (VBPA), and None (control) to sandblasted
Ni-Cr alloy after 0 and 2,000 thermal cycles'®.

It is apparent that acidic adhesive monomers con-
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Fig. 13 General schema of the syntheses of four kinds of phosphonic acid monomers [R-P(=0)(OH);], where novel
phosphonic acid monomers (3) were: 5-methacryloyloxypentyl 3-phosphonopropionate (5-MPPP), 6-
methacryloyloxyhexyl 3-phosphonopropionate (6-MHPP), 6-acryloyloxyhexyl 3-phosphonopropionate (6-AHPP),
and 10-methacryloyloxydecyl 3-phosphonopropionate (10-MDPP)'®.

Table 1  Effects of phosphorus-containing adhesive monomers on tensile bond strengths of experimental composite-type
adhesive resins between sandblasted Ni-Cr alloy rod and Ni-Cr alloy plate after 0 and 2000 thermal cycles'®

Adhesive monomer Ni-Cr alloy (n=10) *
0 cycle * A/M/C (%) § 2000 cycles ¥ A/M/C (%) §

5-MPPP 40.8 (9.7)? 0/10/90 40.8 (10.2)* 0/20/80
6-MHPP 42.8 (10.8)2 0/10/90 42.5 (12.5)* 0/10/90
6-AHPP 41.9 (9.5)2 0/0/100 42.6 (10.7)2 0/0/100
10-MDPP 42.4 (11.2)* 0/0/100 44.8 (12.0)* 0/0/100
Phenyl-P 31.0 ( 6.4)° 0/30/70 31.8 (8.8 0/40/60
VBPA 30.3 (4.8 0/40/60 30.2 (4.8 0/40/60
None 5.2 (1.2)° 100/0/0 4.2 (1.4)° 100/0/0

*Ni-Cr alloy: Shofu Summalloy Ni (Shofu Inc., Kyoto, Japan) rod cast was sandblasted with aluminum oxide.

T Values are presented as mean value (standard deviation). Values of the same column that are identified with the same
superscript letters are not significantly different (p>0.01).

§ Failure modes: percent of Adhesive failure/Mixed failure/Cohesive failure in adhesive.

5-MPPP: 5-methacryloyloxypentyl 3-phosphonopropionate, 6-MHPP: 6-methacryloyloxyhexyl 3-phosphonopropionate, 6-
AHPP: 6-acryloyloxyhexyl 3-phosphonopropionate, 10-MDPP: 10-methacryloyloxydecyl 3-phosphonopropionate, Phenyl-
P: 2-methacryloxyethyl phenyl hydrogen phosphate, VBPA: 4-vinylbenzyl phosphonic acid.
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Fig. 14 A schematic illustration of the hypothetical
interaction of phosphonic acid moiety of acryloyl-
and methacryloyloxy  3-phosphonopropionates
with hydroxyapatite or metal'®®. R =-H or -CHa.

tributed to significant (p<0.01) improvements in bond
strength when compared with the control formulation
which did not contain any acidic adhesive monomer
(Table 1). Further, be it with or without thermal
cycling, all the new, experimental phosphonic acid
monomers exhibited significantly (p<0.01) higher
tensile bond strengths (40.8-44.8 MPa) than both
phenyl-P (31.0-31.8 MPa) and VBPA (30.2-30.3 MPa),
whereby the latter served as control phosphorus-
containing adhesive monomer (Table 1).

On bonding to unetched ground enamel, it was
found that new phosphonic acid monomers also
exhibited good adhesion (8.3-11.5 MPa) when used in
conjunction with 5-MSBA-containing initiator system'®.
When compared with the results shown in Table 1, it
could be seen that the tensile bond strength of newly
synthesized phosphonic acid monomers to metal alloy
was about 4 times higher than the tensile bond
strength to enamel.

Similar to the adverse interactions that occurred
between conventional phosphate monomers and dual-
cured composites??, it was anticipated that the newly
synthesized phosphonic acid monomers would likewise
exhibit low polymerization reactivity as a result of the
acid moieties being neutralized by the basic, binary,
redox BPO-DEPT initiator system. To circumvent the
problem of compromised adhesion caused by CT
complex formation®?, 5-MSBA-containing initiator
systems were employed in adhesive resins so that the
phosphonic acid monomers could perform their
essential adhesion-promoting functions unimpeded.

Indeed, it was found that apart from markedly
reducing the adverse effects on both polymerization
and adhesion®”, ternary 5-MSBA-containing initiators
also increased the cohesive strength of the adhesive
layer between the adherends'®. Therefore, 5-MSBA (i.

e., BPBA, CEBA) as a co-initiator imparted outstanding
reactivity to the polymerization initiation of adhesive
resins, thereby resulting in improved bond strength.

In addition, similar to the chemical interaction of
carboxylic acid functional group with hydroxyapatite!'>'¥,
we further speculated that the newly synthesized phos-
phonic acid monomers, as ligand monomers, would
achieve good chemical interaction with both hydroxy-
apatite on tooth surfaces and metal oxide on metal
surfaces via the hypothetical mechanism illustrated in
Fig. 14.

A NEW PMMA-TYPE ADHESIVE RESIN
COMPRISING MICROENCAPSULATED
POLYMERIZATION INITIATORS FOR
MULTI-PURPOSE BONDING

Effects of microencapsulated BPO and TMBA in
PMMA-type adhesive resin on bonding and stability
The behavior of microencapsulated polymerization ini-
tiators in dental adhesives is unknown. The effect of
newly synthesized microencapsulated (MC) polymeriza-
tion initiators in PMMA-type adhesive resin on multi-
purpose bonding performance and formulation stability
was thus investigated?V.

Briefly, BPO and 1,3,5-trimethylbarbituric acid
(TMBA) as core materials were microencapsulated
within poly(ethyl methacrylate) (PEMA) as a shell
polymer to form MC-BPO and MC-TMBA respectively.
Adhesive-MC comprising MC-BPO and MC-TMBA and
Adhesive-BR comprising non-microencapsulated initia-
tors (i.e., bare BPO and bare TMBA), together with
adhesive monomers (i.e., 4-AET and 4-AETA), were
thus prepared. In preparation for bonding, enamel and
dentin surfaces were treated with ResiCem Primer
(Shofu Inc., Kyoto, Japan), while sandblasted SUS rod,
titanium, and gold alloy were treated with Metal Link
Primer (Shofu Inc., Kyoto, Japan).

Table 2 presents the shear bond strengths of the
prepared adhesive resins between sandblasted titanium
and unetched ground enamel or dentin treated with or
without surface treatment agent?”. Statistical analysis
(ANOVA) indicated that there were no significant dif-
ferences (p>0.05) between Adhesive-MC and Adhesive-
BR in their bond strengths to unetched enamel (15.2—
16.6 MPa) with or without surface treatment agent.
However, there were significant differences (p<0.05)
between the bond strength to ground dentin treated
with surface treatment agent and that without surface
treatment agent.

Table 3 presents the shear bond strengths of the
prepared adhesive resins to gold alloy?. The starting
shear bond strength of Adhesive-MC at baseline was
42.5 MPa. After 1-month storage at 40°C, the shear
bond strength slightly decreased to 73% of its starting
strength to 31.0 MPa with no statistically significant
difference from the starting shear bond strength
(»>0.05). After 2-month storage period at 5°C and
23°C, the shear bond strength of Adhesive-MC main-
tained at 39.5-41.8 MPa. These results thus confirmed
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Table 2  Shear bond strengths of experimental PMMA-type adhesive resins between titanium and unetched ground
enamel or unetched ground dentin?V

Adherend Surface treatment agent Adhesive Bond strength (MPa) A/M/C (%)§
Titanium-enamel No Adhesive-MC 16.6 (6.5)? 20/80/0
Titanium-enamel No Adhesive-BR 15.7 (6.5)* 20/80/0
Titanium-enamel Yes Adhesive-MC 15.2 (4.5)? 20/80/0
Titanium-enamel Yes Adhesive-BR 15.8 (4.8)2 20/80/0
Titanium-dentin No Adhesive-MC 4.0 (2.4)° 100/0/0
Titanium-dentin No Adhesive-BR 3.8 (2.2)° 100/0/0
Titanium-dentin Yes Adhesive-MC 18.7 (6.1)? 20/80/0
Titanium-dentin Yes Adhesive-BR 17.5 (5.8)2 20/80/0

Note: n=10.

Adhesive-MC: Adhesive resin comprising microencapsulated polymerization initiators.
Adhesive-BR: Adhesive resin comprising bare polymerization initiators.
Surface treatment agent, where Yes: Metal Link Primer for titanium (CP Ti), ResiCem Primer for ground enamel or

ground dentin.; No: not treated with these primers.

Values are presented as mean value (standard deviation). Values of the same column that are identified with the same

superscript letters are not significantly different (p>0.05).

§ Failure modes (A/M/C): percent of Adhesive failure/Mixed failure/Cohesive failure in adhesive.

Table 3

Shear bond strengths of experimental PMMA-type adhesive resins between SUS rod and gold alloy?V

Storage periods Adhesive-MC

Adhesive-BR

of adhesive resins Bond strength (MPa) AM/C (%) Bond strength (MPa) AM/C (%)
,,,,,,, Control*  75@%° 1000 7063 10000

Starting 42.5 (3.7 0/100/0 39.8 (4.9) 0/100/0
1-month at 5°C 41.0 (8.0) 0/100/0 40.3 (2.8) 0/100/0
2-month at 5°C 41.8 (4.8 0/100/0 40.1 (2.8) 0/100/0
1-month at 23°C 40.7 (7.8) 0/100/0 43.8 (3.5)" 0/100/0
2-month at 23°C 39.5 (8.1) 0/100/0 12.8 (6.4)¢ 90/10/0
1-month at 40°C 31.0 (9.8)% " 0/100/0 CNT CNT

2-month at 40°C 27.2 (7.8) 20/80/0 CNT CNT

Note: n=10.

Adhesive-MC: Adhesive resin comprising microencapsulated polymerization initiators.

Adhesive-BR: Adhesive resin comprising bare polymerization initiators.

The adhesive surface of SUS rod or gold alloy, except control*, was treated with Metal Link Primer.

Values are presented as mean value (standard deviation). Values of the same column that are identified with the same

superscript letters are not significantly different (p>0.05).
CNT: Could not be tested.

§ Failure modes (A/M/C): percent of Adhesive failure/Mixed failure/Cohesive failure in adhesive.

that the microencapsulated polymerization initiators
exhibited adequate ability to control polymerization
activation when applied to the PMMA-type adhesive
resin.

Moreover, after 2-month storage at 40°C, it was
found that Adhesive-MC exhibited sufficient ability to
initiate radical polymerization and hence maintained
its adhesion to gold alloy when compared to the shear
bond strength after 1-month storage at 40°C (p>0.05).
In a sharp contrast, the bond strength of Adhesive-BR
degraded pronouncedly with markedly delayed polym-
erization reactivity after storage.

Microcapsule technology 1is rarely applied in
dentistry. Nonetheless, through our investigation on
the behavior of microencapsulated initiators in dental

adhesives, an invention termed as “A one-liquid
medical and dental curable composition”® was
achieved. All the findings presented in this paper were
gleaned from the research studies that culminated in
this invention.

Role of surface treatment agents for multi-purpose
bonding
As shown in Table 2, the bond strengths of Adhesive-
MC and Adhesive-BR to dentin treated with ResiCem
Primer [MC: 18.7 MPa; BR: 17.5 MPa] were signifi-
cantly higher (about 4.6 times higher) than that to
dentin without ResiCem Primer [MC: 4.0 MPa; BR: 3.8
MPa] (p<0.05).

As shown in Table 3, the bond strengths of
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Fig. 15 Schematic illustration of the syntheses of 6-
methacryloyloxyhexyl phosphonoacetate (6-
MHPA)® and 10-methacryloyloxydecyl 6,8-
dithioctanoate (10-MDDT). HAMA: mono-
hydroxyalkyl methacrylate; PPA: phosphonoacetic
acid; TA: thioctonic acid.

Adhesive-MC and Adhesive-BR to gold alloy treated
with Metal Link Primer [MC: 42.5 MPa; BR: 39.8 MPa]
were significantly higher (about 5.7 times higher) than
that without the primer treatment [MC 7.5 MPa; BR:
7.0 MPa] (»p<0.05).

It was apparent that the high bond strengths to
dentin were achieved via the surface treatment with
ResiCem Primer that contained 6-MHPA and 4-AET as
acidic adhesive monomers. Similarly, the significantly
higher bond strengths to the gold alloy were achieved
via the surface treatment with Metal Link Primer
which contained 6-MHPA'™ and 10-methacryloy-
loxydecyl 6,8-dithioctanoate (10-MDDT)?. It was
confirmed that surface treatment with ResiCem Primer
and Metal Link Primer improved multi-purpose
bonding performance, and that 6-MHPA and 10-MDDT
were indeed valuable adhesive monomers for the design
of multi-purpose adhesives.

Multi-purpose bonding with both phosphorus-contain-
ing and sulfur-containing adhesive monomers
A mandatory requirement of multi-purpose dental
adhesive resins is to deliver strong and durable
adhesion to a multitude of adherends which may
coexist in the oral environment, ranging from dental
hard tissues (i.e., enamel and dentin), precious metals
(i.e., gold, platinum, and gold alloys), and non-precious
metals to porcelains and ceramics (i.e., alumina- and
zirconia-based ceramics). As a result, concomitant with
the development of multi-purpose adhesive resins,
surface treatment agents for ceramics and dental metal
prostheses were also developed for the purpose of
improving interfacial bonding.

Although acidic adhesive monomers bearing acidic
groups (i.e., carboxylic acid, phosphonic acid, and phos-

phoric acid) adhere strongly to dental hard tissues and
non-precious metals, they provide poor adhesion to
precious metals such as gold. Conversely, as shown in
the studies carried out by Kadoma and Kojima**9,
sulfur-containing adhesive monomers enhanced the
adhesive strength with gold and gold alloys. Chemical
adsorption of organic disulfides on gold surfaces and
formation of monolayer films by the spontaneous
assembly of organic thiols on gold are well investigated
in the semiconductor industry*?.

Figure 15 shows a schematic illustration of the
syntheses of 6-MHPA' and 10-MDDT?®. During the
synthesis processes, monohydroxyalkyl methacrylate
(HAMA; alkyl chain: n=6 or 10) reacted with phospho-
noacetic acid (PPA) or thioctonic acid (TA) to yield 6-
MHPA (n=6) or 10-MDDT (n=10) respectively.

Metal Link Primer contained both 6-MHPA! and
10-MDDT?? (Fig. 15) in its formulation, thereby
enabling it to strongly promote the adhesion of
adhesive resins to both precious and non-precious
metals. Further, a recent work*® found that AZ Primer
(Shofu Inc., Kyoto, Japan) which contained 6-MHPA
exhibited strong adhesion to alumina- and zirconia-
based all-ceramic prostheses. Together, it is unequivo-
cally shown that 6-MHPA and 10-MDDT are the must-
have components in the design of multi-purpose
adhesives.

Based on our studies, new 5-MSBA-containing
polymerization initiators and newly synthesized
adhesive monomers (i.e., trimellitic acid monomers,
phosphonic acid monomers, and sulfur-containing
monomers) were employed in the formulations of 10
kinds of commercial dental adhesives and primers
manufactured by Shofu Inc. (Kyoto, Japan), such as the
ResiCem adhesive resin and a single-bottle self-etching
adhesive, BeautiBond.

CONCLUSIONS

This paper reviewed our research studies on the devel-
opment of dental adhesives, using a two-pronged
approach that focused on both radical polymerization
initiators and adhesive monomers. The key conclusions
derived from this review paper are as follows:

1. 5-monosubstituted barbituric acid (5-MSBA)-con-
taining ternary initiator systems [i.e., 5-MSBA-
BPO-DEPT, 5-MSBA-ASA-t-BPMA], when used
in conjunction with adhesive monomers,
bestowed adhesive resins with effective adhesion.

2. On trimellitic acid and trimellitic acid anhydride
monomers, six kinds were synthesized through
our research and development efforts: 4-AET, 4-
AETA, 4-META, 4-MPTA, 4-MHTA, and 4-
MDTA. It was suggested that the flexible
methylene chain in the molecular structure of
these adhesive monomers contributed to their
bonding durability.

3. On phosphonic acid monomers [R-P(=0)(OH),],
seven kinds of acryloyl- and methacryloyl-
oxyalkyl phosphonic acids were synthesized: 5-
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MPPP, 6-MHPP, 6-MHPA, 6-AHPP, 6-AHPA,
10-MDPP, and 10-MDPA. These novel phos-
phonic acid monomers strongly adhere to enamel,
dentin, alumina- and zirconia-based all-ceramic
prostheses and non-precious metals.

4. On sulfur-containing adhesive monomer, 10-
methacryloyloxydecyl  6,8-dithioctanoate  (10-
MDDT) was synthesized, and that it promotes
adhesion between adhesive resins and precious
metals.

ACKNOWLEDGMENTS

This review paper was included as part of Dr.
Tkemura’s lecture (in English), entitled “Development
of dental adhesives and their bonding mechanism to
dentin”, to the Ph.D. students in the Graduate Course
of Cariology and Operative Dentistry, Department of
Restorative Sciences, Graduate School, Tokyo Medical
and Dental University (Dr. Junji Tagami, Professor
and Chair) for 14 years (1995-2009). The authors
sincerely thank Professor Junji Tagami who kindly
gave us an opportunity for this paper to be submitted
to a refereed scientific journal, in preparation of a
standard textbook for the Ph.D. students.

The authors also thank Mr. Noriyuki Negoro,
President of Shofu Inc., Kyoto, Japan, and all the
research co-workers in the Department of Research and
Development of Shofu Inc, Kyoto, Japan, for their
helpful discussions and suggestions to the preparation
of this review paper.

REFERENCES

1) Tay FR, Pashley DH. Dental adhesives of the future. J
Adhes Dent 2002; 4: 91-103.

2) Buonocore MG. A simple method of increasing the adhesion
of acrylic filling materials to enamel surfaces. J Dent Res
1955; 34: 849-853.

3) Masuhara E, Kojima K, Hirasawa T, Tarumi N, Kimura T.
Studies on dental self-curing resins. 3. Effects of alkylboran
on the adhesive force to ivory and tooth surface. Rep Inst
Dent Mater Tokyo Med Dent Univ 1963; 2: 457-456.

4) Masuhara E. Uber die chemie eines neuen haftfihigen
kunstsoff-fiilllungsmaterials. Deutsch Zahn#erztl Z 1969;
24: 620-628.

5) Bowen RL, Cobb EN, Rapson JE. Adhesive bonding of
various materials to hard tooth tissues: Improvement in
bond strength to dentin. J Dent Res 1982; 61: 1070-1076.

6) Nakamura M. Adhesive self-curing acrylic resin: Composi-
tion of 4-META bonding agent. J J Dent Mater 1985; 4:
672-691.

7) Tkemura K, Endo T. Effect on adhesion of new polymeriza-
tion initiator systems comprising 5-monosubstituted barbi-
turic acids, aromatic sulfinate amides and tert-butylperoxy-
maleic acid in dental adhesive. J Appl Polym Sci 1999; 72:
1655-1668.

8) Ikemura K, Nakamura S, Urabe S. Dental restorative com-

positions. Japanese Patent Open No. Toku-Kai-Hei—02-

175412; 1987.

Tkemura K, Nakamura S, Urabe S. Dental restorative com-

positions. Japanese Patent No. Toku-Kou-Hei—05-88683;

1993.

10) Urabe S, Tkemura K, Nakamura S. Dental restorative com-

9

=

positions. Japanese Patent No. Hei06-19164; 1994.

11) Nakabayashi N. Adhesion-promoting monomers to tooth
substrates. Hybridization of tissue and polymer.
Yuukigousei Kagaku Kyoukaisi 1984; 42: 1031-1984.

12) Yoshida Y, Nagakane K, Fukuda R, Nakayama Y, Okazaki
M, Shintani H, Inoue S, Tagawa Y, Suzuki K, De Munck J,
Van Meerbeek B. Comparative study on adhesive perfor-
mance of functional monomers. J Dent Res 2004; 83: 454-
458.

13) Fukegawa D, Hayakawa S, Yoshida Y, Suzuki K, Osaka A,
Van Meerbeek B. Chemical interaction of phosphoric acid
ester with hydroxyapatite. J Dent Res 2006; 85: 941-944.

14) Tkemura K, Tay FR, Hironaka T, Endo T, Pashley DH.
Bonding mechanism and ultrastructural interfacial analysis
of a single-step adhesive to dentin. Dent Mater 2003; 19:
707-715.

15) Ikemura K, Kouro Y, Endo T. Effect of 4-acryloxyethyltri-
mellitic acid in a self-etching primer on bonding to ground
dentin. Dent Mater J 1996; 15: 132-143.

16) Ikemura K, Endo T. Effect of a new 4-acryloxyethyltri-
mellitic acid in a visible light-cured dental adhesive on
adhesion and polymerization reactivity. J Appl Polym Sci
1998; 69: 1057-1069.

17) Ikemura K, Endo T. Syntheses of adhesive-promoting
monomers bearing carboxylic moieties and their bonding
performance with new polymerization initiators comprising
5-monosubstituted barbituric acids. J Adhes Soc Jpn 1998;
34: 138-149.

18) Ikemura K, Tay FR, Nishiyama N, Pashley DH, Endo T.
Design of new phosphonic acid monomers for dental
adhesives — Synthesis of (meth)acryloxyalkyl 3-phosphono-
propionates and evaluation of their adhesion-promoting
functions. Dent Mater J 2006; 25: 566-575.

19) Ikemura K, Tay FR, Nishiyama N, Pashley DH, Endo T.
Multi-purpose bonding performance of newly synthesized
phosphonic acid monomers. Dent Mater J 2007; 26: 105-
115.

20) Kojima K, Kadoma Y, Ikemura K. (Meth)acrylic ester
derivatives. United States Patent No. 5670657; 1997.

21) Fuchigami K, Ikemura K, Ichizawa K. Novel, multi-
purpose, PMMA-type adhesive resin with newly synthesized
microcapsule of radical polymerization initiators. Dent
Mater J 2008; 27: 35-48.

22) Brannstrom M, Nyborg H. The presence of bacteria in
cavities filled with silicate cement and composite resin
materials. Swed Dent J 1971; 64: 149-155.

23) Eick JD, Welch FH. Polymerization shrinkage of posterior
composite resin and its possible influence on postoperative
sensitivity. Quintessence Int 1986; 17: 103-111.

24) Munksgaard EC, Hansen EK, Kato H. Wall-to-wall
polymerization contraction of composite resins versus filler
content. Scand J Dent Res 1987; 95: 526-531.

25) Fujisawa S. Adhesion mechanism to tooth of dental acrylic
resin containing alkylborane as a catalyst. J Jpn Soc Dent
Appar Mat 1968; 9: 197-204.

26) Lai JH, Johnson AE. Measuring polymerization shrinkage
of photo-activated restorative materials by a water-filled
dilatometer. Dent Mater 1993; 16: 172-176.

27) Nakabayashi N, Takeyama M, Kojima K, Masuhara E.
Studies on dental self-curing resins (19) — Adhesion of 4-
META/MMA-TBB resin to pretreated dentin. J J Dent
Mater 1982; 23: 29-33.

28) Ogata Y. Chemistry of organic peroxides. Nankoudo,
Tokyo, Japan, 1971, pp. 175-178.

29) Yamauchi J. Study on dental adhesive resin containing
phosphoric acid methacrylate monomer. J J Dent Mater
1986; 5: 144-154.

30) Bredereck VH, Menzel P, Argosino R, Bihlmaier W.
Polymerisationen und polymerisations-initiatoren, 16.



Dent Mater J 2010; 29(2): 109-121 121

31)

32)

33)

34)

35)

36)

37)

38)

39)

EinfluB von Thioxo-gruppen in barbitursidure-derivaten

auf die polymerisations-auslésung von  methacryl-
sauremethacryester. Makromol Chem 1975; 176: 1713-
1723.

Kadoma Y, Imai Y. Studies on initiator system for cold
curing resin using thiobarbituric acid derivatives. J J Dent
Mater 1991; 10: 692-698.

Ohta T, Kadoma Y, Imai Y. Adhesion of resin to dentin
using barbituric acid/CuCl; initiator systems. J J Dent
Mater 1991; 10: 629-634.

Imai Y, Kadoma Y, Kojima K, Akimoto T, Ikakura K, Ohta
T. Importance of polymerization initiator systems and
interfacial initiation of polymerization in adhesive bonding
of resin to dentin. J Dent Res 1991; 70: 1088-1091.

Imai Y, Ikemura R. Inflluence of primers containing cupric
ion on bonding of dentin treated with phosphoric acid. Dent
Mater J 1994; 13: 66-75.

Imai Y, Saito A. Effect of copper salts added to primer on
bonding of MMA-TBB resin to dentin treated with
phosphoric acid. Dent Mater J 1994; 13: 190-197.

Ichizawa K, Tkemura K, Fuchigami K. Radical polymeriz-
able composition. Japanese Patent Application No.
4284273; 2009.

Omura I, Yamauchi J. Correlation between molecular
structure of adhesive monomer and adhesive property. 1st
Congress Int Dent Mater 1989; 356.

Nishiyama N, Suzuki K, Yoshida H, Teshima H, Nemoto K.
Hydrolytic stability of methacrylamide in acidic aqueous
solution. Biomaterials 2004; 25: 965-969.

Nishiyama N, Fujita K, Ikemi T, Maeda T, Suzuki K,
Nemoto K. Efficacy of varying the NMEP concentrations in

the NMGly-NMEP self-etching primer on the resin-tooth
bonding. Biomaterials 2005; 26: 2653-2661.

40) Moszner N, Salz U, Zimmermann J. Chemical aspects of
self-etching enamel-dentin adhesives: a systematic review.
Dent Mater 2005; 21: 895-910.

41) Tkemura K, Kouro Y, Urabe S. (Meth)acrylic ester deriva-
tives, Japanese Patent Application No. Toku-Kou-2000-
294286; 2000.

42) Bhattacharya AK, Thyagarajan G. The Michaelis-Arbuzov
rearrangement. Chem Rev 1981; 81: 415-430.

43) Tay FR, King NM, Suh BI, Pashley DH. Effect of delayed

activation of light-cured resin composites on bonding of all-

in-one adhesives. J Adhes Dent 2001; 3: 207-225.

Fuchigami K, Ikemura K, Ichizawa K. A one-liquid medical

and dental curable composition. International Patent

(Including United States Patent Office) 2006.

45) Kadoma Y, Kojima K. Adhesive properties of MMA-PMMA/
TBBO resin to dental alloys treated with sulfide-containing
monomer. J J Dent Mater 1992; 11: 940-946.

46) Kadoma Y, Kojima K, Tamaki Y, Nomura Y. Water dura-
bility of resin bond to pure gold treated with various
adhesion promoting thiirane monomers. Dent Mater J
2007; 26: 29-37.

47) Nuzzo RG, Dubois LH, Allara DL. Fundamental studies of
microscopic wetting on organic surfaces. 1. Formation and
structural characterization of a self-consistent series of
polyfunctional organic monolayers. J Am Chem Soc 1990;
112: 558-569.

48) Sato T. The adhesive priming agent for zirconia- and
alumina-based all-ceramics prosthesis. 2" Int Cong Adhes
Dent 2005; 328 (#S-09).

44

z



