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1-oxyl moiety. Compositions as described herein exhibit excellent mechanical strength, hardness, and flexural modulus, while also
significantly decreasing shrinkage stress caused by polymerization.
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DENTAL COMPOSITE COMPOSITIONS FOR REDUCED STRESS SHRINKAGE

{0001}

BACKGROUND

[0002]  Dental composites with excellent tooth-like appearance can be formed on command
with the advance of photopolymerization technology. Yet' compared with that of the traditional
amalgam filling materials, the longevity and robustness of current dental composites are still not
1deal. Well-preserved interfacial bonding between the composite and tooth is of vital importance
to prevent the occurrences of compromised marginal adaptation, microleakage, and recurrent
caries. Restricted polymerization shrinkage, as one of the major drawbacks of dental composites,
results in disrupting contraction stress at the interface between the composites and tooth, and can
be transferred to the tooth structure. In order for the composite/tooth interfacial bond strength to
overcome the detrimental shrinkage stress, many approaches such as the development of low
shrinkage monomcr/bompositc materials, better bonding agents with improved bonding strength
& sealing capability, and various curing and placement techniques aiming to relieve the

shrinkage stress by flow have been proposed and invéstigated.

[0003]  For the past several decades, there are extensive investigations from both academics
and industries fo design dental composite with low polymerization shrinkage and shrinkage
stress. A variety of different resin and filler syste'm have been studied, yet to date 2,2-bis[4-(2-
hydroxy-3-methacryloxyprop-1-oxy)phenyljpropane (Bis-GMA), Bis-GMA derivative such as
ethoxylated Bis-GMA (or EBPADMA), and urethane dimethacrylaté (such as 1,6-
bis(methacryloxy-2-ethoxycarbonylamino)-2,4,4-trimethylhexane) based oligomers/monomers
are still the predominantly used structural dental resin. There is still significant interest to

develop dental resin and composite with reduced shrinkage stress. This is highly demanding

mission as shrinkage stress generation and control is affected by multiple factors and requires
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intense research efforts to develop novel dental composites with significantly decreased

shrinkage stress, without compromising strength, modulus, and a variety of other key properties.

SUMMARY

[0004] A dental restorative composition with reduced shrinkage stress and method of
restoring a tooth cavity 1s disclosed. The composition includes a polymerizable stable radical
which mm one embodiment i1s a polymerizable stable radical containing a 2,2,6,6-
tetramethylpiperidin-N-oxyl moiety. The composition typically further includes a free radical
polymerizable resin, a free radical polymerizable diluent, organic and/or inorganic glass filler

system, and photoinitiation system (photoinitiator and co-initiator).

[0005S] Among the many advantages of exemplary embodiments 1s that compositions are
provided that demonstrate outstanding combinations of excellent mechanical strength, hardness,

and tlexural modulus, while shrinkage stress caused by polymerization 1s significantly decreased.

[0006]  Other features and advantages of the present mvention will be apparent from the
following more detailed description of exemplary embodiments, taken in conjunction with the

accompanying drawings which illustrate, by way of example, the principles of the invention.
BRIEF DESCRIPTION OF THE DRAWINGS

[0007]  Figure 1 graphically illustrates measured results of the eftect of EGAMA-ATMPO on

shrinkage stress at 60 min of examples employing 75.4 wt% filled composite.

|0008]  Figure 2 graphically 1llustrates measured results of the eftect of EGAMA-ATMPO on

shrinkage stress as a function of time for examples containing 75.4 wt% filled composite.

[0009]  Figurc 3 graphically illustratcs mcasurcd results of the cticct of EGAMA-ATMPO on

flexural modulus of examples of a 75.4 wt% filled composite.

[0010]  Figure 4 graphically illustrates measured results of the effect of EGAMA-ATMPO on
flexural strength of examples of a 75.4 wt% filled composite.

SUBMTTIUTE SHEET (RULE 26)
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0011} Figure 5 graphically 1llustrates measured results of the eftect of EGAMA-ATMPO on
shrinkage stress of examples employing a 80.0 wt% filled composite.

[0012]  Figurc 6 graphically 1llustratcs mcasurcd rcsults of the ctfcct of EGAMA-ATMPO on

volumetric shrinkage of examples employing a 80.0 wt% filled composite.

[0013]  Figure 7 graphically 1llustrates measured results of the eftect of EGAMA-ATMPO on

flexural modulus of examples employing a 80.0 wt% filled composite.

[0014]  Figure 8 graphically 1llustrates measured results of the eftect of EGAMA-ATMPO on
flcxural strength of cxamples cmploying a 80.0 wt% filled composite.

[0015]  Figure 9 graphically 1llustrates measured results of the eftect of EGAMA-ATMPO on

3-body wear resistance of examples employing a 80.0 wt% filled composite.
DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0016] Excemplary embodiments are directed dental composite compositions include at least
one stable polymerizable radical and which exhibit reduced polymerization stress. The stable
radical may be selected from the group consisting of phenothiazine, 2,2-diphenyl-1-
picrylhydrazyl radicals, galvinoxyl radicals, triphenylmethyl radicals, and/or (meth)acrylate
substituted or unsubstituted 2,2,6,6-tetramethylpiperidinyl-1-oxyl radicals. In certamn
embodiments, the polymerizable stable radical contains a 2,2.6,6-tetramethylpiperidin-N-oxyl

moiety.

[0017]  Typically, during the free radical, bulk polymerization of multifunction monomers,
the rapid increase of viscosity restricts the mobility of polymer segments, and the subsequent
decrease 1n free volume causes several orders of magnitude decease in the reacting species’
mobility. Consequently, a series of phenomena can occur, such as mtramolecular cyclization,
microgelation, autoacceleration (when termination become reaction-diffusion-controlled),
autodeceleration (when chain propagation also becomes diffusion-controlled), and trapped
radicals. Due to the efficient photo-curing of modern dental resin/composite, densely crosslinked
dimethacrylate networks can form swiftly upon the start of irradiation and the system’s

viscoelastic properties undergo dramatic transtormation (from a viscous paste to a glassy

SUBMTTIUTE SHEET (RULE 26)
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network) within a very short period of time. At the mmitial stage of photopolymerization of
multifunctional (meth)acrylates, a significant portion of pendant methacrylate double bonds are
consumed by intramolecular cyclization, subsequently leading to the formation of internally
crosslinked microgel and a quite heterogeneous network with very early onset of gelation point.
In case of free radically initiated bulk polymerization of dimethacrylates, the experimentally
measured macroscopic Gel Point, when the microgels join together to form a continuous

network, has been reported to occur at very low double bond conversion — less than 5% for a

Bis-EMA system (J. W. Stansbury, Dental Materials, 2012, Vol 28, 13-22).

[0018]  Therefore, m addition to designing the resin matrix with dramatically different
backbone structure, molecular weight, and optimize filler loading/composition, there are
potential opportunities to reduce shrinkage stress by mediating the polymerization and network
development kinetics. One promising strategy 18 by delaying gelation and vitrification point. As
revealed by simultancous shrinkage stress ~ double bond conversion measurements (H. Lu, C. N.
Bowman, J. W. Stansbury, Dental Materials, 2004, Vol 20, 979-986; J. W. Stansbury, et al,
Dental Materials, 2005, Vol 21, 56-67), it was found that the predominant portion of the
shrinkage stress did not start to develop until a much higher extent of polymerization was
rcachced. In these studics, more than 70 % of the overall shrinkage stress was obscrved to develop
over the last 15 % of conversion. The significant rise of stress over conversion in the latter
regime of polymerization 1S predominately associated with the several orders of magnitude
increase of material’s elastic modulus during the vitrification stage ( J. W. Stansbury, Dental
Materials, 2012, Vol 28, 13-22; Steeman PAM, Dias AA, Wienke D, Zwartkruis T,
Macromolecules, 2004, Vol 37, 7001-7007). Theretore, one pathway for reducing the magnitude
of the shrinkage stress could be using the living/controlled radical polymerization chemistry to

delay the gelation and vitrification point.

[0019]  Scvcral major tcchnologics to cnable living/controllcd radical polymcrizations such
as atom transfer radical polymerization (ATRP), nitroxide mediated polymerization (NMP), and
reversible addition-fragmentation chain transfer (RAFT) polymerization have attracted very
Iintense research activities in the past couple decades. Radical polymerizations which involve a
reversible chain transfer step can enable facile pathways to provide hiving characteristic to free

radical polymerization. RAFT polymerization, first reported by Commonwealth Scientific and

SUBMTTIUTE SHEET (RULE 26)
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Industrial Research Organization (CSIRQ) scientists 1n the 1990s, has been successfully used 1n
the synthesis of well-defined homo, gradient, block, comb, star, and hyperbranched polymers
(Moad G, Rizzaardo E, Thang SH, Australian Journal of Chemistry 2005, Vol 58, 379-410).
RAFT agents based on dithiocarbamates, dithiobenzoates, trithiocarbonates, and xanthates have
been developed. Given the appropriate combination of RAFT agent, monomer system, and
reaction conditions, RAFT mediated polymerization can be applicable to a range of monomers

under a variety of conditions.

[0020]  Another facile approach to achieve living/controlled radical polymerizations 1s
through nitroxide-mediated radical polymerization. While using various nitroxide as trapping
agents to study the free radical polymerization’s mechanisms, Dr. David Solomon & co-
researchers at CSIRO pioncered the research 1n the arca of living/controlled radical
polymerizations and invented nitroxide-mediated radical polymerization (Solomon, D. H.;
Rizzardo, E.; Cacioli, P. U.S. Patent 4,581,429, 1986). NMP 1s a unique and attractive system as
it 1s metal-free (unlike ATRP), relatively effective in a range of monomers, and can bypass
certain limitations introduced by mercapto moiety as encountered in most RAFT polymerization.
In many cases, nitroxide-mediated radical polymerization can yield odorless and colorless

polymcrs without arduous purification.

[0021] U.S. Patent 35,847,025 discloses the use of anaerobic stabilizer and/or stable organic
radicals to improve vacuum stability and ambient light stability for dental filling material. Stable
organic radical, such as 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) radical, was utilized to
decrease the light sensitivity without causing deterioration in bending strength and flexural
modulus. U.S. Patent 8,026,295 describes the use of stable radical, preferably comprising a 4-
amino-2,2,6,6-tetramethylpiperidin-1-oxyl moiety, to decrease ambient light sensitivity/ increase
“work time” for light curing dental composition. Drastically improved ambient light stability,
tested per 1ISO-4049 mcthod, has been demonstratcd with the compositions comprising the
nitroxide stable radical incorporating 4-amino-2,2,6,6-tetramethylpiperidin-1-oxyl motety, while
achieving comparable mechanical strength and flexural modulus. Furthermore, the stable radicals
disclosed 1n this patent could also incorporate methacrylate functional group, therefore can be

covalently attached onto polymer during photo-curing and reduce their leachability.

SUBMTTIUTE SHEET (RULE 26)
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|0022]  During the nitroxide mediated polymerization, the propagating radicals are reversibly
deactivated through reaction with a stable radical (such as 2,2,6,6-tetramethylpiperidinyloxy
TEMPO). The utilization of NMP technology 1n crosslinked polymer has not received extensive
studies as compared to the linear, block, or branched polymer system. However, 1t has been
reported that network with more homogenous structure are formed in the controlled/living free
radical polymenzation (H. Gao, K. Matyjaszewski, Progress in Polymer Science, 2009, Vol 34,
317-350). Recently, a fairly comprechensive model for the copolymerization kinetics in
crosslinked vinyl/divinyl systems 1n the presence of nitroxide mediators has been developed, and
validated using experimental data of TEMPO-mediated copolymerization of styrenc and
divinylbenzene. It was found that the kinetic rate constant for primary cyclization in TEMPO-
mediated system 18 lower than conventional copolymerization and the kinetic chain length 1s
shorter, both reduced primary cyclization and kinetic cham length can lead to more

homogeneous network (J.C. Hernandez-Ortiz ef a/, Macromolecular Reaction Engineering, 2009,

Vol 3, 288-311).

[0023]  Moreover, the study also found that the gelation point was significantly delayed in the

TEMPO- mediated system as compared to conventional free radical copolymerization system. In

the conventional monovinyl/divinyl copolymerization mitiatcd by BPO, the gclation point was
reached at about 1.2% monomer conversion, whereas in TEMPO mediated system, with the
same initiator, the gelation point wasn’t reached until approximately 58% monomer conversion
(J.C. Hernandez-Ortiz et al, Macromolecular Reaction Engineering, 2009, Vol 3, 288-311). The
impact of nitroxide on “living” radical network polymerization was also studied by G.V. Korolev
et al (G.V. Korolev et al, Polymer Science, Ser A, 2001, Vol 43, 482-289) 1 a crosslinked
styrene/dimethacrylate system, and 1t was found the onset ot gelation was shifted to much higher
degree of polymerization (>10%) as compared to the control network without nitroxide (<3%).
E. Tuinman et al also mvestigated the TEMPO-mediated, bulk polymerization of styrene and
divinylbenzene mitiated by BPO, therefore a bimolecular NMRP — Nitroxide Medicated Radical
Polymerization, without using a TEMPO-capped prepolymer 1n the 1nitial mixture. It was found
that in the TEMPO-mediated styrene/divinylbene copolymerization system, the gelation point
was significantly delayed from around 7% to 50% monomer conversion, as compared to the
control system without TEMPO (G E. Tuinman et a/, Journal of Macromolecular Science, Part

A, 2006, Vol43, 995-1011). In case of free radically initiated bulk polymerization of

SUBMTTIUTE SHEET (RULE 26)
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dimethacrylates, the experimentally measured macroscopic Gel Point, when the microgels join
together to form a continuous network, has been reported to occur at very low double bond
conversion — approximately 5% (C.S. Pfeifer, N.D. Wilson, Z.R. Shelton, J.W. Stansbury;
Polymer 2011, Vol 52, 3295-3303). Whereas in nitroxide mediated polymerization, the rapid
chain propagating process can be mediated by nitroxide radical resulting 1n shorter kinetic chain
length bemmg formed, hence the conversion at onset of autoacceleration where termination
becomes reaction-diffusion controlled can be delayed, resulting 1n gelation point occurred at later
conversion. Although nitroxide compound has been used to achieve living/controlled radical
polymerization, the use of nitroxide-mediated approach to reduce shrinkage stress in dental

resins and composites has not been reported betore.

[0024]  Disclosed herein 1s a method to reduce polymerization shrinkage stress in crosslinked
polymer, such as dental composites, by utilizing the composition containing the polymerizable
stable radical. The polymerizable stable radical 1s highly beneficial to the biocompatibility of the
composition as 1t can be covalently attached onto polymer during polymerization and reduce
their leachability. Polymerizable stable radicals that contribute to decreased polymerization
shrinkage stress include but are not limited to stable radical that contain 2,2,6,6-

tctramcthylpiperidin-N-oxyl moicty, such as compounds shown bcelow:

1n which R:X(Yl,Yz,Yg)Z;
wherein X, when present, 1S N, O, S, C-O, C-0-0, S-0, S-0-0, P-0, P-0-0, or P-O-0-0O;

wherein Yy, Y, and Y; are independently, when present, aryl or substituted aryl, linear or

branched alkyl or aryl-alkyl;

and

SUBMTTIUTE SHEET (RULE 26)
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wherein Z, independently, 1s an unsaturated functional group.

[0025]  For example, the lincar or branched groups for Y, Y, and Y; may be (CH;),;
(CH,CH;0),; or (CH,CHCH;0),; in which n=0-20. Examplcs of thc unsaturatcd group Z

include, but are not limited to, vinyl, acrylamide, methacrylamide, acrylate, and methacrylate.

[0026] In 1its most complex form, the stable polymerizable radical having a 2,2,6,6-

tetramethylpiperidin-N-oxyl moiety may be of the following structure:

Y
N Iy~
Py

[0027]  Ina simple form, the compound has the structure:

[0028]  Examples of specific compounds encompassed by the disclosed general structure

include, but are not limited to the following, which may be used individually or in combination:

SUBMTTIUTE SHEET (RULE 26)
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| H i /([)L H i
LH/N \/\OJJ\NH /u\ﬂ/o\/\o o JLH/N\//‘\OJJ\NH

O O 0
\ Ak \
o O- O
O O O O
H)J\O/\I/\N/\/\OH \W”\O/H/\N/\(‘\O/UT
CH OH OH OH

'.* \
0 O-

)
/

[0029] In onc cmbodiment, the polymcrizable stablc radical 1s N,N-Bis-(3-oxa-4-0x0-6-
methacryloyloxyhexyl)-4-amino-2,2,6,6 tetramethylpiperdin-1-oxyl radical.

SUBSTITUIE SHEET (RULE 26)
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|0030] It will be appreciated that the mvention 1s not limited to radicals containing a 2,2,6,6-
tetramethylpiperidin-N-oxyl moiety and that in some embodiments, the polymerizable stable
radical may instead be, or also include, phenothiazine, 2,2-diphenyl-1-picrylhydrazyl radicals,

galvinoxyl radicals, triphenylmethyl radicals and combinations thereof.

[0031]  The polymerizable stable radicals may be incorporated in any amount sutticient to
reduce shrinkage stress but at sufficiently low levels that do not also compromise the mechanical
performance of the cure composite. In some embodiments, the polymerizable stable radical 1s
present from about 0.005% by weight of the restorative composition up to about 5% by weight,
in some cases from about 0.015% by weight up to about 3% by weight, such as about 0.03 % by
weight up to about 1% by weight 1 other cases.

[0032] The polymcerizable stable radical arc added to form compositions, such as dental
restorative compositions, that provide reduced shrinkage stress during polymerization. The
composition in the described mvention also has good mechanical properties and 1t can be cured
by traditional quartz-tungsten-halogen (QTH) dental lamp, or light emitting diode (LED) dental

lamp, or plasma arc curing (PAC) dental lamp.

[0033] In addition to the polymerizable stable radical, the composition includes a
polymerizable resin, typically one or more (meth)acrylate monomers/oligomers. The
polymerizable (meth)acrylate monomer/oligcomer may be a free radically polymerizable

compound.

[0034] Excmplary free radically polymerizable resin compounds include, for example,
mono-, di- or multi-methacrylates and acrylates such as  2,2-bis[4-(2-hydroxy-3-
methacryloyloxypropoxy)phenyl| propane (Bis-GMA), 1,6-bis{2-
methacryloxyethoxycarbonylamino3-2,4,4-trimethylhexane (UDMA), 2,2-b1s[4-
(methacryloyloxy-ethoxy)phenyl] propane (or cthoxylated bisphenol A-dimethacrylate)
(EBPADMA), 1sopropyl methacrylate, triethyleneglycol dimethacrylate, diethyleneglycol
dimethacrylate,  tetracthyleneglycol — dimethacrylate,  3-(acryloyloxy)-2-hydroxypropyl
methacrylate, 1,3-propanediol dimethacrylate, 1,6-hexanediol di(meth)acrylate, 1,12-
dodecanediol dimethacrylate, pentaerythritol triacrylate, pentaerythritol tetraacrylate,
pentaerythritol tetramethacrylate.
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|0035]  The polymenzable (meth)acrylate monomer/oligomer or other free radically
polymerizable resin may be present in the composition 1n an amount of from about 5 weight
percent to about 80 weight percent of the composite composition, such as from about 10 weight
percent to about 50 weight percent or rom about 15 weight percent to about 40 weight percent

of the composite composition.

[0036]  The dental restorative composition disclosed herem further comprises one or more
types of filler particles that are suitable for use in dental compositions. Fillers that are suitable for
use 1n the composition described herein can provide desired physical and curing properties, such
as 1ncreased mechanical strength, modulus, hardness, wear resistance, reduced thermal

expansion, and polymerization volumetric shrinkage.

[0037] Examplcs of suitable filler particles include, but arc not limitcd to, strontium
borosilicate, strontium fluoroalumino borosilicate glass, strontrtum alumino sodium fluoro
phosphor-silicate glass, bartum borosilicate, bartum fluoroalumino borosilicate glass, barrum
aluminum-borosilicate glass, barium alumino borosilicate, calcium alumino sodium fluoro
silicate, lanthanum silicate, lanthanum alummosilicate, calcium alumino sodium fluoro phosphor
silicate, and the combination comprising at least one of the foregoing fillers. Filler particles can
further comprise silicon nitrides, titanium dioxide, fumed silica, colloidal silica, quartz, kaoln
ceramics, calcium hydroxy apatite, zirconia, and mixtures thereof. Examples of fumed silica
include OX-50 from DeGussa AG (having an average particle size of 40 nm), Acrosil R-972
from DeGussa AG (having an average particle size of 16nm), Acrosil 9200 trom DeGussa AG
(having an average particle size of 20 nm), other Acrosil fumed silica may include Acrosil 90,
Acrosil 150, Aerosil 200, Aerosil 300, Acrosil 380, Acrosil R711, Aerosil R7200, and Aerosil
R%200, and Cab-O-31l M3, Cab-0O-511 T5-720, Cab-O-511 TS-610 from Cabot Corp.

[0038]  Fillers are present 1n amounts of from about 50 weight percent to about 90 weight
percent of the composite composition, such as from about 60 weight percent to about 85 weight
percent or from about 70 weight percent to about 80 weight percent of the composite
composition. The filler particles can have a particle size of from about 0.002 microns to about 25
microns. In one embodiment, the filler can comprise a mixture of a micron-sized radiopaque

filler such as bartum alumino fluoro borosilicate glass (BAFG, having an average particle size of
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about 1 micron) with nanofiller particles, such as fumed silica such as OX-50 from Degussa AG
(having an average particle size of about 40 nm). The concentration of micron-size glass
particles can range from about 70 weight percent to about 80 weight percent of the nitroxide-
mediated composition, and the nano-size filler particles can range from about 1 weight percent to

about 10 weight percent of the composite composition.

[0039]  The filler particles used 1n the composition disclosed herein may be surface treated
before they are blended with organic compounds. Surface treatment using silane coupling agents
or other compounds may be beneficial as 1t enables the filler particles to be more uniformly
dispersed 1n the organic resin matrix and improve physical and mechanical properties. Suitable
silane coupling agents include 3-methacryloxypropyltrimethoxysilane,
3-acryloxypropyltrimethoxysilane, 3-glycidoxypropyltrimethoxysilane, 3-

mercaptopropyltrimethoxysilane, and mixtures thereof.

[0040]  The dental restorative composition described herein further contains a polymerization
initiator system. The 1nitiator 18 not particularly limited and may be a photomitiator and
preferably one effective 1 the visible light spectrum range suited for dental restorative
applications, such as diketone type imitiator camphorquinone (CQ), derivative of diketone
initiator, and acylphosphine oxide type photoinitiator such as diphenyl (2, 4, 6-trimethylbenzoyl)
phosphine oxide (L-TPO), and combinations thereof, Other diketone type photoinitiator such as
1-phenyl-1,2 propanedione (PPD), and acylphosphine oxide type photoinitiator such as bis(2,4,6-
trimethylbenzoyl)-phenylphospohine oxide (Irgacure 819), ethyl 2,4,6-trimethylbenzylphenyl
phosphinate (Lucirin LR8¥93X), may also be used. The polymerization photoinitiator or
combination 1s present in an amount of from about 0.05 weight percent to about 1.00 weight
percent, such as from about 0.08 weight percent to about 0.50 weight percent or from about (.10
weight percent to about 0.25 weight percent of the nitroxide-mediated composition. Using such a
small amount of a polymcrization photoinitiator dccrcascs the potential discoloration of the
composition. By contrast, compositions containing a high concentration of photoinitiator are

more likely to be discolored.

[0041]  The polymerization mitiator system of the dental restorative compositions described

herein may further include a polymerization accelerator, which may be a tertiary amine. One
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example of a suitable tertiary amine 18 ethyl 4-(dimethylamino)benzoate (EDAB). Other tertiary
amines that may be used include 2-(ethylhexyl)-4-(N,N-dimethylamino)benzoate, 4-
(Dimethylamino) benzonitrile, and the like. The polymerization accelerator may be present in an
amount of from about (.03 weight percent to about (.18 weight percent of the dental restorative
composition, such as from about 0.04 weight percent to about 0.15 weight percent or from about
0.05 weight percent to about 0.12 weight percent of the dental restorative composition. The
compositions disclosed heren are capable of being activated by a curing light having a

wavelength of from about 360 nm to about 520 nm.

[0042]  The dental restorative compositions described herein may further include additives 1n
order to provide specifically desired features. These additives include ultra-violet stabilizers,
fluorescent agents, opalescent agents, pigments, viscosity modifiers, fluoride-releasing agents,
polymerization inhibitors, and the like. Typical polymerization inhibitors for a free radical
system may include hydroquinine monomethyl ether (MEHQ), butylated hydroxytoluene (BHT),
tertiary butyl hydro quinine (TBHQ), hydroquinone, phenol, and the like. The polymerization
inhibitors may be present in amounts ot from about 0.001 weight percent to about 1.5 weight
percent of the dental restorative composition, such as from about 0.005 weight percent to about
1.1 weight pereent or from about 0.01 weight pereent to about 0.08 wcight percent of the dental
restorative composition. The composition may also include one or more polymerization

1nhibitors.

[0043]  The dental restorative composition disclosed herein may be made by any known and

conventional method. In embodiments, the composition 1S made by mixing the components
together at a temperature of from about 20°C to about 60°C, such as from about 23°C to about

50°C. The monomers, photoinitiators, accelerators, and other additives can be blended 1n a

double planctary mixer (such as Ross Mixer) that 1s equipped with temperature and vacuum
control, for a time of from about 20 minutes to an hour, such as from about 30 minutes to 50

minutes, under from about 20 to about 27 inches Hg vacuum at room temperature (from about
23°C to about 27°C) or further mixing in the Ross Mixer takes place for a time of from about 10
minutes to about 30 minutes, such as from about 15 minutes to about 25 minutes, under from
about 20 to about 27 inches Hg vacuum at an ¢levated temperature of from about 40°C to about

60°C. In alternative embodiments, the paste may be mixed on high intensity mixer such as
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Resodyn Acoustic Mixer for a time of from about 30 minutes to about 6() minutes, such as from

about 35 minutes to about 55 minutes or about 45 minutes under from about 20 to about 27

inches Hg vacuum at a temperature of from about 18°C to about 30°C, such as 20°C to about

27°C or 23°C.

EXAMPLES

[0044] The invention 1s further described by way of the following examples, which are
presented by way of illustration, not of limitation. Unless otherwise indicated, all parts and

percentages are by weight.

[0045]  Reference 1s made to the following components used in describing the examples:

Resin ~— Blend-1:  a  blend of  2,2-bis[4-(2-hydroxy-3-mcthacryloxyprop-1-

oxy)phenyl]propane (Bis-GMA), 1,6-bis{2-methacryloxyethoxycarbonylamino)-2.4,4-
trimethylhexane (UDMA), and triethylene glycol dimethacrylate (TEGMDA);

Resin Blend-2: a blend of UDMA and TEGMDA;

EGAMA-ATMPO: N,N-Bis-(3-0xa-4-oxo0-6-methacryloyloxyhexyl)-4-amino-2,2,6,6

tetramcthylpiperdin-1-oxyl radical;
CQ: Camphorquinong;
EDAB: Ethyl 4-dimethylamimobenzoate;

BHT: Butylated hydroxytoluene;

Silanated BABG-1: barium alumimo borosilicate glass surface treated by

v-methacryloxypropyltrimethoxysilane and having a refractive index of 1.55;

Silanated BFBG-1: barium fluoroalumino borosilicate glass surface treated by

v-methacryloxypropyltrimethoxysilane and having a refractive index of 1.53;

Stlanated BFBG-2: barmum  fluoroalumino borosilicate glass surface treated by

v-methacryloxypropyltrimethoxysilane and having a refractive index of 1.51;
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Stlanated SAFG-1: Silanated stronttum-alumino sodium-tluoro-phosphorsilicate glass

surface treated by y-methacryloxypropyltrimethoxysilane and having a refractive index of

1.51.

Example 1.

|0046] In Example 1, a dental restorative composition having 75.4% by weight filler was
prepared by adding 49.61 parts silanated BABG-1, 24.81 parts silanated BFBG-1, and 0.98 parts
of fumed silica (Acrosil R-972) to an activated resin blend consisting of 24.18 parts of Resin
Blend-1, 0.04 parts of CQ, 0.07 parts of EDAB, 0.01 parts of BHT, 0.25 parts UV absorber

(Univul M40), and 0.05 parts of a fluorescent agent (flublau concentrate).

Example 2.

[0047] A second example was created in the same manner as Example 1, except that a
polymerizable stable radical (EGAMA-ATMPO) was added to the composition, with 49.61 parts
silanated BABG-1, 24.81 parts silanated BFBG-1, and 0.98 parts of Aerosil R-972 added to
activated an resin blend consisting of 24,08 parts of Resin Blend-1, 0.04 parts of CQ, 0.07 parts
of EDAB, 0.01 parts of BHT, 0.25 parts of Univul M40, 0.05 parts of flublau concentrate, and
0.10 parts of EGAMA-ATMPO.

Example 3.

|0048] A third example dental restorative composition was prepared, this time by adding
49.61 parts silanated BABG-1, 24 .81 parts silanated BFBG-1, and 0.98 parts of Acrosil R-972 to
an activated resin blend consisting of 23.88 parts of Resin Blend-1, 0.04 parts of CQ, 0.07 parts
of EDAB, 0.01 parts of BHT, 0.25 parts of Univul M40, 0.05 parts of flublau concentrate, and
0.30 parts of EGAMA-ATMPO.

[0049]  Examples 1 through 3 were analyzed to assess shrinkage, including shrinkage stress
and volumetric shrinkage, as well as to assess mechanical properties including tlexural strength,

flexural modulus, and fracture toughness.

SUBMTTIUTE SHEET (RULE 26)



CA 2918767 2017-05-29

81794197

[0050]  Shrinkage Stress: Shrinkage stress was measured with a shrinkage stress

measurement device, referred to as a tensometer, designed and fabricated at the Paffenbarger
Research Center of the American Dental Association Foundation (ADAF). This device is based
on the cantilever béam theory that bending force generated by a shrinking sample during
polymerization causes the cantilever beam to deflect. Polished top and bottom quartz rods (6.0
mm in  diameter) were  silanated with two layers of 2 vol%
y-methacryloxypropyltrimethoxysilane/acetone solution. Dental resin or composite are injected
into a cell between two glass rods with 6.0 mm in diameter and 2.25 mm in thickness. The

material is cured with a QHL-75 halogen lamp at a light intensity of 400 mW/cm® for Sixty

seconds. A more detailed description, experimental procedure, and characterization of the

tensometer are discussed in (H. Lu et al., Journal of Materials Science, Materials in Medicine,

2004, Vol. 15, 1097-1103),

[0051]  Volumetric Shrinkage: The densities of uncured and twenty four hour post-cured

restorative matenals were determined by Heltum Pycnometer (MicroMeritics AccuPycll 1340)
at 25°C. Cured composite specimens, 10mm in diameter X 2.5 mm in thickness, were prepared
by curing the compositec 1n a stainless steel mold with Spectrum 800 at an intensity of
550mW/cm’ for sixty seconds. The cured specimen was stored at room temperature for twenty
four hours prior to the measurements. The densities of cured and uncured composites were used

- to calculate polymerization shrinkage. The volume shrinkage was calculated as:

% Volume Shrinkage = (Densitycued — Densityuncued)/Densityeured X 100

[0052]  Flexural Strength and Flexural Modulus: Specimens for 3-point bending flexural test

were prepared according to 1SO 4049. Sample were filled into 25mm x 2mm x 2mm stainless
steel mold, then covered with Mylar film and cured using Spectrum 800 (DENTSPLY Caulk)

halogen lamp at intensity of 550 mW/cm’ for 4 x 20 seconds uniformly across the entire length
of the specimen. The set specimens were stored in deionized water at 37°C for 24 hours prior to

the test, Flexural teét was conducted using an Instron Universal Tester Model 4400R with

crosshead speed 0.75 mm/mun under compressive loading mode.

[0053]  Eracture Toughness: To measure fracture toughness, samples were filled into 25 mm

X 5 mm x 2 mm stainless steel molds, then covered by Mylar film and cured using Spectrum 800

18
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lamp at intensity of 550 mW/cm? from both sides. After storage in DI-water at 37°C for 24-hour,
a notch (depth 2.4 mm, width 0.4 mm) was placed 1n the center of the specimen using a diamond
cutting disc and the exact notch depth was measured with a microscope. Fracture toughness

specimens were then fractured on Instron 3366 under 3-point bending mode at crosshead speed

of 0.5 mm/min.

10054]

A summary of the results obtained for Examples 1 through 3 are shown in Table 1:

Table 1. Effect of EGAMA-ATMPO on 75.4wt% Filled Composite

2.5(0.1)

Example Composite EXAMPLE 1 EXAMPLE 2 EXAMPLE 3
EGAMA-ATMPO wt% in EXAMPLE — 0.1 0.3
Filler Loading, wt% 75.4 75.4
Shrinkage Stress, MPa (s.d.) 3.0(0) 2.3(0) 1.8 (0.1)
Volumetric Shrinkage, % (s.d.) 3.0(0.1) 3.3(0.1)
Flexural Strength, MPa (s.d.) 136 (12) 147 (22) 141 (18)
Flexural Modulus, MPa {s.d.) 10034 (525) 9740 (314) 9495 (354)

2.4(0.1)

Fracture Toughness, MPa*m™/ (s.d.) 2.5(0.1)

[0055]  Figurcs | through 4 graphically illustratc the determined propertics. As illustrated in

Figure 1 and Figure 2, significant reduction of shrinkage stress was observed comparing control
composite of Example 1 in which no polymerizable stable radical was present and demonstrated
3.0 MPa stress to Example 2 with 0.1% by weight polymerizable stable radical (2.3 MPa stress)
and Example 3 with 0.3% by weight polymerizable stable radical (1.8 MPa stress). Moreover,
within the range of concentrations of stable radical studied (from 0.1 wt% to 0.3 wt% in total
paste), no appreciable decrease mn tlexural strength, flexural modulus, and fracture toughness can
be found, as shown i Figure 3 and Figure 4. The substantial reduction of the material’s
polymerization stress (a 40% reduction comparing Example 3 vs. Example 1) while still having
comparable modulus and strength demonstrates a desirable combination that can enhance long

term performance of the restoration.

10056
filler.

Another set of examples was created to form a composite having 80% by weight
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Example 4

[0057] In Example 4, a dental restorative composition was prepared by adding 51.746 parts
of silanatcd BFBG-2, 26.841 parts of silanatcd SAFG-1, and 1.413 parts of fumcd oxidc (0OX-50)
to an activated resin blend consisting of 19.902 parts of Resin Blend-2, 0.033 parts of CQ, 0.060
parts of EDAB, and 0.005 parts of BHT.

Example S

[0058]  The dental restorative composition for Example 5 was prepared by again adding
51.746 parts of silanatcd BFBG-2, 26.841 parts of silanatcd SAFG-1, and 1.413 parts of OX-50
this time to an activated resin blend consisting of 19.886 parts of Resin Blend-2, 0.033 parts of
CQ, 0.060 parts of EDAB, 0.005 parts of BHT, and 0.016 parts of EGAMA-ATMPO.

Example 6

[0059] Example 6 was prepared in the same manner, but with 51.746 parts of silanated
BFBG-2, 26.841 parts of silanatcd SAFG-1, and 1.413 parts of OX-50 addcd to an activated
resin blend consisting of 19.872 parts of Resin Blend-2, 0.033 parts of CQ, 0.060 parts of EDAB,
0.005 parts of BHT, and 0.030 parts of EGAMA-ATMPO.

Example 7

[0060] In Example 7, a dental restorative composition was prepared by adding 51.746 parts
of silanatcd BFBG-2, 26.841 parts of silanatcd SAFG-1, and 1.413 parts of OX-50 to an
activated resin blend consisting of 19.842 parts of Resin Blend-2, 0.033 parts of CQ, 0.060 parts
of EDAB, 0.005 parts of BHT, and 0.060 parts of EGAMA-ATMPO.

[0061]  Shrinkage and mechanical property tests were conducted on Examples 4 through 7 in
the same manner as for Examples 1 through 3. Additionally, these examples were also subjected

to a 3-body wear resistance test. Results are shown 1n Table 2.

[0062]  3-Body Wear Resistance: Three-body localized wear resistance 1s tested according to

DENTSPLY / Caulk internal testing method SOP 762-014 (In-Vitro Wear-Testing Method and

Apparatus), adopted from University of Alabama — Birmingham (UAB) Leinfelder 3-Body Wear
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Testing Method (K. Leifelder, S. Suzuki, Journal of American Dental Association, 1999, Vol
130, 1347-1353). HG-5 polymer was used as food with stamnless steel tip. 7.8 kgt (76.5 N) load
was used to simulate masticatory force on wear resistance of restorative materials. 400,000

cycles of wear for each specimen was conducted.

Table 2. Effect of EGAMA-ATMPO on 80.0% Filled Composite

Example Composite EXAMPLE 4 EXAMPLES
EGAMA-ATMPO wt% in EXAMPLE 0 0.016 0.03 0.06
Filler Loading, wt% 80.0 80.0 80.0 80.0
Shrinkage Stress, MPa (s.d.) 2.6(0.2) 2.3(0.1) 2.2 (0.2) 1.8(0.1)
Flexural Strength, MPa (s.d.) 151 (5) 166 (3) 155 (3) 154 (6)
Flexural Modulus, MPa (s.d.) 11047 (449) 11295 (379) 10554 (456) 10299 (331)
Fracture Toughness, MPa*m" (s.d.) 2.75(0.10) 2.69(0.18) 2.46 (0.12) 2.45 (0.16)
Barcol Hardness 79 80 81 31
Volumetric Shrinkage, % (s.d.) 2.22(0.01) 2.12 (0.15) 2.14 (0.24) 2.32(0.25)
3-Body Wear Volume Loss, mm3 (s,d,) 0.0307 (0.0086) 0.0274 (0.0044) 0.0297 (0.0097) 0.0259 (0.0045)

[0063]
loading (80 wt%), the mmpact of EGAMA-ATMPO on shrinkage stress, polymerization

In this set of examples, employing a different resin matrix system and higher filler

shrinkage, and mechanical properties also demonstrated the same surprising and unexpected as
the first set of examples. As demonstrated m Figures 5 and 6, a steady reduction of shrinkage
stress, from 2.6 MPa to 1.8 MPa, 1s achieved when the concentration of EGAMA-ATMPO was
increased from 0.016 wt% to 0.06 wt%. No significant differences for polymerization shrinkage
were observed, indicating stmilar level of curing was achieved. This 18 further demonstrated by
the almost same amount of flexural modulus (Figure 7), flexural strength achieved (Figure &),

and not compromising composites’ 3-body wear resistance (Figure 9).

10064]

shrinkage stress, which might lead to post-operative sensitivity, microleakage, and even recurrent

In many cases, bonding between tooth and composite restoration can be weakened by
carics. The significant reduction of shrinkage stress achieved with embodiments of the present

invention, while at the same time not reflecting any compromise in the composites’ modulus,

fracture toughness, and mechanical strength, 1s quite beneficial to generate dental restoration
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with not only dccrcascd intcrnal stress, but also rcduccd interfacial stress applicd onto the

composite-tooth interface, therefore contribute to tmproved quality and longevity of restoration.

[006S5] The compositions of this invention demonstrating outstanding combinations of
excellent mechanical strength, hardness, and flexural modulus, while shrinkage stress caused by
polymerization can be sigmficantly decreased. The performance of these polymerizable stable
radical are remarkable and unexpected, in that they are able to achieve significant shrinkage
stress reduction, while not compromising mechanical strength, modulus, fracture toughness, and
wear resistance. This unique combination 18 not met by known conventional inhibitor or

stabilizer addition.

0066] It will be appreciated that various of the above-disclosed compositions and other

features and functions, or alternatives thereof, may be desirably combined into many other
different systems or applications. Also, various presently unforeseen or unanticipated
alternatives, moditications, variations or improvements therein may be subsequently made by

those skilled 1n the art, and are also intended to be encompassed by the following claims.
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CLAIMS:

1. A dental composite composition comprising a free-radically polymerizable resin,
about 75 percent by weight or greater of filler particles, a photoinitiator, and at least one
polymerizable stable radical, wherein the polymerizable stable radical is present from about
0.005 percent by weight to about 5 percent by weight of the dental composite composition, the

dental composite composition having a flexural modulus of about 9500 MPa or greater.

2. The dental composite composition of claim 1, wherein the polymerizable stable radical
1s selected from the group consisting of phenothiazine, 2,2-diphenyl-1-picrylhydrazyl radicals,
galvinoxyl radicals, triphenylmethyl radicals, and (meth)acrylate substituted or unsubstituted

2,2,6,6-tetramethylpiperidinyl-1-oxyl radicals, and combinations thereof.

3. The dental composite composition of claim 1, wherein the polymerizable stable radical
comprises:

R

!

O "

in which R is -Z, -XZ, -XYiZ -X(Z)2Z), -X(Y1Z)XY:2), -X(ZXZXZ), or
—X(Y12)(Y22)(Y3Z);

wherein X, when present, is N, O, S, C-O, C-0-0, S-0, S-0-0, P-O, P-O-0, or P-O-0-0;

wherein Y, Y, and Y3 are independently, when present, aryl or substituted aryl, linear or
branched alkyl, aryl-alkyl, or (CHz)n; (CH,CH;0)y; or (CH;CHCH30),, with n=0-20:

and
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wherein Z, independently, is vinyl, acrylamide, methacrylamide, acrylate, or methacrylate.

4. The dental composite composition of claim 3, wherein the polymerizable stable

radical comprises a compound selected from the group consisting of:
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H

and combinations thereof.
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5. The dental composite composition of claim 3, wherein the polymerizable stable
radical comprises N,N-Bis-(3-oxa-4-ox0-6-methacryloyloxyhexyl)-4-amino-2,2,6,6

tetramethylpiperdin-1-oxyl radical.

6. The dental composite composition of claim 3, wherein the polymerizable stable
radical 1s present from about 0.015 percent by weight to about 3 percent by weight of the

dental composite composition.

7. The dental composite composition of claim 3, wherein the polymerizable stable
radical is present from about 0.03 percent by weight to about 1 percent by weight of the dental

composite composition.

8. The dental composite composition of claim 1, wherein the free-radically
polymerizable resin comprises (meth)acrylate monomers, (meth)acrylate oligomers, or a

combination thereof.

9. The dental composite composition of claim 1, wherein the free-radically
polymerizable resin comprises a compound selected from the group consisting of 2,2-bis(4-(2-
hydroxy-3-methacryloyloxypropoxy)phenyl) propane, 1,6-bis(2-
methacryloxyethoxycarbonylamino)-2,4,4-trimethylhexane, 2,2-b1s(4-(methacryloyloxy-
ethoxy)phenyl) propane, ethoxylated bisphenol A-dimethacrylate, 1sopropyl methacrylate,
triethyleneglycol dimethacrylate, diethyleneglycol dimethacrylate, tetracthyleneglycol
dimethacrylate, 3-(acryloyloxy)-2-hydroxypropyl methacrylate, 1,3-propanediol
dimethacrylate, 1,6-hexanediol di(meth)acrylate, 1,12-dodecanediol dime<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>