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UDMA + TEG-DVBE + PHOTO-INITIATOR + LIGHT IRRADIATION — REBIN

FiG. 3

(57) Abstract: A composition of matter includes a mixture of styrene derivative monomers and methacrylate/acrylate derivative
monomers, which have one or more urethane, carbamate, amide, and/or amine functional groups, and initiators, and the composi-
tions are used to achieve composition control of the forming polymer, with the mole fraction of acrylate/methacrylate and styrene
moieties in the forming polymer determined preferably by the chemistry and composition of the feeding monomers rather than the
viscosity of the monomers.
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RAPID AZEQTROPIC PHOTO-COPOLYMERIZATION OF STYRENE AND
METHACRYLATE DERIVATIVES AND LISES THEREOF
Background

[0001] Photo-polymerization is & process in which a manomer 18 convested
{0 g polymer, the process is initiated by the absorption of visible or wiraviolet
fight. The light may be absorbed sither directly by the reactant monomer {divect
photo-polymaerization) or by a pholosensitizer that absorbs the Hght and then
fransfers energy o the monomer. The monomers then form a fong chain o
croaslinked network.

(0002 Some current dental restorative conpositions rely on pholo-
copolymerization of msin monomsrs to form a3 stable, solid mass in an oral
gnvirorment. Howeveyr, 1o be practically useful, the polymerization must coowr in
a relatively short time frame, This need for rapid polymerization precludes the
uss of many materials and compositions that could perform well in an oral
gnvironment. As an example, styrene derivalives may perform satisfactorily i an
oral environment but curent styrene derivative compositions require many tens
of minutes or hours fo polymerize, making such compositions unsuitsble for
dental restorastive applications.  Furthermore, current methacrviate derfvative-
based compositions, and thelr accompanying use instructions, may not produce

satisfactory durabllity and esthetics over fima.  In addition o a short average
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service life, these compositions are subject to leaching of unreacied monomers
and system degradation by hydrolysis of acid, base, or enzymes.

{0003 In addition, sithough the polymerization rate of shyrang may be
improved twough copolymerization with methacrylale monomaers, the resuiling
composition may exgerience a significant composition shift as the conversion of
monomers increases. Vimyl ether resing (VER) as an sxample, are copolymers
of styrene and dimethacrylate monomers. At a high monomaer conversion, more
styrene is converted into polymer dus o diffusion limitations, The dimethacrylate
monomers are more viscous than styrene, and thus diffuse more slowly than
styreng to reach radicals as the polymerization progresses. Thiz diffusion
imitation becomss mors cbvious for VERs when styrene derivatives have two
double bonds on a single monomer. The composition shift of copolymers &t
diferent monomer conversions may generate inconsistent physical and

mechanical properties in the resulting polymers.

Summary

[0004] Disclosed are compositions for enzymatically and hydrohrtically
stable dental applications, and methods for producing such compositions that
can yisld highly cross-linked, strong and durable polymers that form rapidly when
exposed to light. The compositions may be used In restorative dentistry and can

withstand the challenging conditions of the oral environment, howsver, the
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campositions may be useful in additional applications such as in madical devices,
as coating and packing materials, as adhesives, as filters, and in 3D printing.

{0008 In an aspect, disclosed are new and non-obvious compositions of
resin monomers that enhance the polymerization rate of styrene derivatives over
that achievable with current compositions and associated methods by the
addition of methacrylate (MA) derivatives, and photo-initiators. Furthermars, with
the herein disclosed compositions and methods, the fractions of styrens
derivative and MA derivatives in the monomer mixures can be kept in the
polymeric state, and these fractions can be maintained throughout the process of
polymerization no matier how fast the polymerization is.  Viscosity of monomars
will not cause fraction drift in the polymer. Diffusion limitation of copolymerization
fa overcomed by using monomers containing carbamale functional groups,

0008] In an embodiment, the novel and non-obvious composition of
matter includes two or more vinylcontaining monomer(s), and one or more
nitiators, where the two or more vinyl-containing manomers underge vinyl
cotversion to form a composition-controlied resin,

{00071 in an aspect!, the two or more vinyhcontaining monomer(s) are
chosen from a group consisting of mbdures of methaoryiate derivatives and
styrene derivatives, and mixiures of aorylate derivatives and siyrene derivatives:
and the methacrylate and styrene moisties or the gorviate and styrene moiaties

arg in a sams monomer oy different monomers.

{2



WO 2017/058852 PCT/US2016/054079

{0G08] In another agpect, one or more of the vinyl-containing monomer(s)
have functional groups selected from a group consisting of one or more
carbamate groups and/or derivatives; one or more ursthane groups andior
derivatives; and one or more amine groups andfor derivatives,

{0008} In yet another aspsct, the initiators are selected from a group
consisting of photo-initiator(s) including camphorquinone or derivatives, 3
cambination of camphorquinone or derivatives and amine(s), including ethyl-4-N,
N-dimethyl-aminobenzonate;, Phenyipropanedione or derivatives, including 1-
phenyi-1,2-propanedione; and Bisacryiphosphine oxide or derlvatives including
bis(2,4 S-trimethyibenzoyl)-phenyiphosphineoxide  (rgacure  §19),  bis(2.6-
dimethoxy benzoyl)-trimethylpentyl phosphine oxide and 1-hydroxyeyalohexyl
phenyl ketone, wherein the photo-initiators may be used withiwithout diar
todonium derivatives, and with/without boryl radicals including fertbutylamine
borane complex.

{00101 In still ancother aspect, the composition & used o achisve
composition contrel of 8 forming polymer, wherein the mole fraction of
acrylate/methacrylate moisties and shyrene moleliss in the forming polymer is
determined preferably by the chemistry and composition of the feeding

manomers rather than the viscosity of the faeding monomers,
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Dascription of the Drawings

10011} The detailed description refers to the following Figuras in which tke
numerals and symbols refer o ke objects, and in which:

[0012] Figures 1A and 1B Hlustrate examples of methacrylale (MA)
derivatives that may be added t© a composition containing styrene derivatives for
use in dental compositions;

10013] Figure 2 iflustrates an example of a styrene derivative for use in
dental compositions; and

[0014] Figure 3 llustrates a precursor composition for dental applications
that provides azeolropic photo-copolymerization of the MA derivatives and

styrene derivative of Figures 1A, 1B, and &.

Detailed Description

Q0151 With current compositions and  associated methods, photo-
polymerization of styrene derivatives ocours too slowly to be practically usefd i
dental applications.  Disclosed hereln are precursor compositions  {resin
monomer  compositions) that include styrene derivatives and thal reach
satisfactory vinyl corversion within 2 tims frame that is suitable for dental
applications such as, for example, denial preventive and rastorative applications,
famingte vensers, denture repalring materials, and sealants. Also disclosed ave

methods for producing satisfactory resins for such dental applications.

5
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10016] With an ever-growing impetus o produce new, advanced functional
materials, many synthetic approaches and conceptual designs have besn
developed, and cpportunities are openad. A clinically implemantable system that
makes high performance functional polymeric materials on site, sspacially those
with well-defined chemical structures, is appealing for verious applications,
including medical devices, coatings, packaging, electronic devices, and the
automobile industry. Pholo-polymerization also may be used as a pholographic
or printing prooess, because polymerization only oceurs in regions that have
been exposed, o light. Unreacted monomer can be removed from unexposed
regions, leaving a relief polymeric image. Severs! forms of 3D printing ~
including layer-by-layer stereo lithography and two-pholon absorption 30 pholo-
polymerization ~ also use may photo-copolymerization.

00171in an aspect, the precursor compositions include a siyrene
derivative to which is added a small amount of methaciyviate (MA) derivatives.
The methacrylate derivatives may contain urgthane groups, carbamate groups,
amide, andfor amine groups, preferably urethane groups as shown it Figures 14
and 1B, which illustrate two different forms of urethane dimethacryiate (UDMA)
The UDMA may serve as a co-initistor in the herein digclosed phato-curable
dental resing, and such UDMA containing resins should have a higher double
bond conversion than would bisphenol A glycidyl dimsthacrylateflriethylens

giveol dimethacrviate (Bis-GMA/TEGDMA) rasing, In addition, the UDMA

8
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containing copolymers should have 8 comparable or belter meschanical
performance {including fracture toughness and elastic modulus) than would
current dentad resins, such as, Bis-GMA/TEGDMA containing copolymers,

10018 Figure 2 Husirates an example styrene derivative that may be used
with the methacrylate derivatives of Figures 1A and 1B, in particular, Figure 2
Hlusirates tristhyleneglyool divinvibenzyl sther (TEG-DVBE) with iwo styrene
groups. However, ather styrene derfvatives may be used.

{0018 In another aspect, the precursor compaosition may be comprised of
a fraction of methacryviate derivatives, up to B0 percent by weight (80 wi %),
preferably 50 wt %. As can be ssen in Figure 3, the precursor composition aiso
may include photo-initistors in addition to the above-mentioned UDMAL in an
embodiment, the pholo-initiators may include guinone and amine indtigtor
systems such as combinations of camphorquinone and ethyl4 N, Nedimesthyl-
aminobensonats. |

{00201 The precursor composition may be cured by light irradiation, and
preferably by visible fight.

(0021 Finally, the above monomers may be mixed with or without solvents
of with or without fillers such as silica particles.

[0022] By co-polymerizing with the methacrvlate derivatives, the styrens
derivatives may raach about a 80 percent or more vinyl convarsion within about

one minute of light rradiation.
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10023] Further, the copolymerization of the precursor composition foliows
an alternating copolymarization kinetics, and the precursor composition has an
azeotropic compaosition at the squimolar of styrens and methacrylate derivatives.
Azsotropic composition means the mole ratio of styreng and methacrylate in
monomars is the same as that in the copolymer and s indspendent of the
polymerization rate. This monomer reactivily controlled process depends on the
monomer and initiator used in the system. As a consaquence, the repeating unit
of copolymers is styene-ait-methacrylate, and the reactivity i controliable
through the feeding monomers, particularly when equimolar styreng derfvative
monomers and methacrylate derivative monomers are used. By selsclive control
of the chemical structure of the fesding monomers, the desired performance of
the light-cured dental resin is achisved; in padicular, the feeding monomers arg
controlied to produce a dental resin having the desired polymerization shrinkage,
hydrophilicity, hydrophobicity, and hydrogen bonding.

[0024] Furthermore, the dental resin formed using the monomers of
Figures 1A, 1B, and 2 represents an improvement over current dimethaoryiate
{(DMA) dental resing, which contain hydrolyzable ester groups. These ester
groups may bs split by acids, basss, and sslerase present in the orgl
environment, leading to a short servics iife and leaching of unreacied monaomers,
bispheano! A (BPA), and system degradation products. The new rasin network at

squimolar composition not only replaces §0% of the hydrolysable aster groups

g
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with hydrobtically stable sther-based monomers, it is formad with composition
controfled polymers, which generate local heterogenelly due fo the chemical
structure difference between VBE and MA. The naw resin nelwork siso may
obstruct or imit big enzymes from contacting the ester groups through steric
effects and thus prevent degradation of the ester groups. In addition, eslerase
anzymes from saliva and cariogenic bacteria have chemical selectivity to ester-
based monomers: for example, acetvicholinesterase (CE} is more active on Bis-
GMA, and pseudochinineestarase (PCE) is more active on TEGDMA, which may
also bhe distutbed by the new chain shucture (resin network} in the new
compositions disclosed herein.

{00251 St further, for MA dervatives containing urethane groups,
carbamate groups, amide groups, and amine functional groups, preferable
yrethane groups serve an additional function as co-initiators, thereby reducing
the amount of leachable photo-initiators needed in the precursor composition,
Thus, the forming polymer I8 more biocompatible and safer for use in dental
applications.

[0026] Finally, with the herein disclosad precursor compositions, viscosity
dogs not cause a dJdeviation in the co-polymer composition as may happsn i
DMA-based co-polymer compaositions,

[Q027] Following are examples of compositions and methods related for

rapid azentropic photo-copolymerization. I thess examples, the commerial

8
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monomers UDMA and sthoxyiated bispheno! dimethacrylate (EBPADMA} were
supplied by Esstech (Essington, PA, USA) and were used as received. TEG-
DVBE was synthesized and fully characterized by the applicant. The resin
formations in the examples were activaled sither by 0.2 wt % of camphorguinone
{CQ, Aldrich, Saint Louls, MQ, USA) and 0.8 wt % of sthyl 4NN
dimethwlaminobanzoate {amine, Aldrich, Saint Louis, MO, USA} or lrgacure 1818
for visible light photo-polymerization.

[002R] Example 1. This sxample involves the use of FTIR spectroscopy,
real-time Raman micro-spectrascopy, and 1H NMR spectroscopy to evaluate the
composition of monomer mixtures and thelr copolymers. The abswrbance or
soatiering of vinyl groups on TEG-DVBE {a sityrene-derivative) and UDMA (2
methacryiate-derivative} were identified, separated, and guantified using FTIR
spectroscopy and Raman spectrascopy. The vinyl groups on TEG-DVBE formed
a stronger conjugation with their benzene rings than the virwd groups on UDMA
did with carboxy! groups.  In addition, the di-substifution {(methy! and carbosyl) of
the B-carbon of methacrylates may cause the C=C siretching to shift to 8 lower
gnergy. As a resull, the vinyl groups on TEG-DVRE and UDMA exhibited peaks
at approximately 1828 om? and 1638 om™, respectively, in both FTIR and
Raman spectra. The separation and quantification of the C=C pesgks of these
two monomers was realized through peak-fiting using mathematios!l models

developed for FTIR and Raman. in the wave number ranging from 1580 om?

10
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and 1880 gm', four peaks were identified. Besides the absorplion of C=C
stretching of viny! groups, the C=C stretching of the benzene ring from TEG
DVRE (1812 om!) and N-H bending from UDMA {1623 am’) were obssrved,
respectively.

(0028 Example 2. The mixture of TEG-DVBE and UDMA monomers at
an azeotropic composition (e., 11 mole ratio} had higher reactivity fowsrd frea-
radical photo-polymerization than ethoxylaled bisphenol A dimsthacrylate
(EBPADMA) and approximatsly the same reaciivity as that of UDMA. For the
degree of vinyl convarsion (BC) of EBRADMA, UDMA and UDMATEG-DVBE
mixtures immediately after light bradiation {20 seconds, 40 seconds, or 80
seconds, using Smartlite® Max at 1800 mWiom?), mixtures of CQ and 4E (0.2 wt
% and 0.8 wt %, respectively) weare used as inftialor. Using the same iniliators
and curing light, the DC of monomer mixtures (UDMATEG-DVBE~1/3) reached
7% immediately after 40 seconds of fight irradiation. Increasing the amount of
UDMA wilt makes the polymerization rale even faster, At & 11 mole ratio,
UDMA/TEG-DVEE initlated by CQV4E was found {0 be the fastest system among
the three systems svaluated with different initiators and monomaear mixtures.

{00301 Example 3. As noted hervein, and a8 described in this axample 3,
azeotropic composition in copolymers means that the fractions (mole ratio) of the
starting monomers are the same as their fractions in the copolymers, and this

mole ratio is constant throughout the copolymerization.  As an sxampleg,

11
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alternating copolymers of shyrene and methyimsthacrylate have an azeotropic
composition, 1/1 by mole. Three methods, FTIR-ATR, confocal Raman micro-
spectroscopy, and NMR were usad to confirm that equimolar UDMATEG-DVEE
was an azeolropic composition when CQ/4E was used as an inifistor, but not
when hrgacure 819 was used 88 an initiator. The vinyl groups on TEG-DVBE
(peak at 1830 om!) and UDMA (peak at 1639 cm) were Wentified and
separated by both FTIR and Raman, and the intensity ratio of thess peaks was
proportional o the mole ratio of the comesponding two monomers,  Kinelio
studies using confocal Raman micro-spectroscopy confirmed that the ratio of
peak intensity of UDMA/TEG-DVEBE did not change, no matler how fast the
photo-copolymerization was, and how high the DC was. The polymerization rale
was controfied through the intensity of iradiation light to obtain fast (150 mW/em®
for 20 seconds) and slow (4 mWem? for 5 seconds) reaction, in addition, NMR
alse confirmed that the mole ratio of monomers was constant (/1) at different
DCs, from B % to 60 %. Using the same NMR method, UDMA {viscosity 7000
cP} was found to have 2 reduced fraction at high DC in copolymers with
TEGDMA, dus 1o viscosity sffects, Even TEG-DVBE had the same low viscosity
(29 oP) as TEGDMA {12 oP), applicant did not observe any viscosily effedls
throughout all of the reaction conditions that were svaluated,

[Q031] Example 4. Diffusion fimitations lead o less monomer conversion

{lower DC) of high viscosity monomers when no carbamsie functional groups are

12
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in the monomars, The copolymerization of mixture of EBPADMA with TEG-
DVRE, 1/1 by mole, iniliated by camphor quinans and Amine showad that more
TEG-DVBE was converted into polymar, and the mole fraction of TEG-DVBE-
polrmer is higher than polymerized EBPADMA at high monomer conversion.
The mixture of monomer and inftiators was iradisted for 20 seconds with g
curing gun at 400 mWiam?. The DO of each monomer during copolymarization
was monitored by real-time FTIR,

0032] Example 5. Diffusion imitations lead o less monomer conversion
of high viscosily monomers when no carbamats funclional groups are in the
monomer. The copolymerization of mixture of EBPADMA with TEG-DVBE, 11
by malg, iniflated by 1818 showed that more TEG-DVBE was converied into
polymer, and the mole fraction of TEG-DVBE-polymer was highsy than
polymerized EBPADMA at & high monomer conversion.  The mixiure of
monomer and initiators was irradiated for 20 seconds with a curing gun at 408
mWiem? The DC of sach monomer during copolymerization was monitorad by
real-fime FTIR.

[0033] Example 8. Diffusion limitalions lead 0 more monomsr conversion
of high viscosily monomer when carbamate funclions! groups are in the high
visposity monomer.  The copolymerization of a mixture of UDMA with TEG-
DVBE, 171 by mole, initiated by 1819 showed that more UDMA was converted

into polvmer, and the mole fraction of UDMA-polymer is higher than polymerized
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TEGDVBE at high monomer conversion. The mixturs of monomer and initiators
were irradisted for 20 seconds with a cwing gun at 400 mWiom?

{0034 Example 7. The copolymer of UDMATEG-DVBE generatad less
siress than the Bis-GMA/TEGDMA at the same DC when initiated by CQlaming,

[0035  Example 8. A composile was mads by resin {25% by mass) and
silica particles as fillers {75% by mass). The resin was a mixture of UDMATEG-
DVRE 3/1 (by mole) and CQ/ME. The midure was cured by light iradiation, and
the cured composite had the sams rigidity as composites mads of Bis-
GMATEGDMA but had significantly high flexural strength and toughness.

[0038] Example 8. The degres of vinyl conversion (DC) of the minture of
UDMA/TEG-DVBE (1/1 by mole) with CQlamine as initisior was approvimately
88 % after 1 min of light iradiation. The DU was further increase by heat. The
DT was approximately 86% after 24 howrs at 80 degrees centigrade,; and the DO

reached >898% affer 0.5 hours at 200 deyrees centigrade.

00371 Example 10, This exsmple describes photo-polymenzation
methods, Monomer mixlures were sandwiched betwesn two Mylar films (10 b,
for FTIR-ATR measurement) or sealed in capiiiary glass tubes (Vitrooom, Mt
Lks., NJ, USA; 040 x 4.0 LD, for reallime Raman micro-spectroscopy
svaluation) and photo-cured using & handheld dental cuwring ght {(SmartLite max
LED curing light, model 844050, Dentsply international, Milford, DE, UBA}). The
intensity of ight irradiation was adjusted through the distance of light to samples.

14
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{0038 Example 11, This example determined DO using FTIR-ATR and
peak fitting methods: Degree of conversion (DC) was evaluated immediately after
ouring using 8 Themmo Nicolet Nexus 870 FT-IR spectromester (Thermo Sclentific,
Madison, Wisconsin, USAY with a KBr beamsplifter, an MCT/A detector and an
atisnuated tolal reflectance (ATR) accessory. The areas of absorption peaks of
the viny! group of TEG-DVBE at 1838 om™, and the methacrylate groups of
UDMA at 1838 o’ were integrated, and the DC was celeulated using the
aromatic group of TEG-DVEE at 1812 o' or the amide group of UDMA at 1537
ot as an internal standard. Peaks were resolved with the assistance of the
curve fitling program Fityk {version 0.8.8) In order to correct polential
discrapancies, a standard curve was produced by plotting varled resin
composition ratio values analysed by NMR spectroscopy sgainst the values
obtained through FTIR pesk fitting. The phenyl absorbance at 1812 o was the
irternal standard for TEG-DVBE homo-polymers. DC was caloulated according
to the following eguation; DC = (A1/AQ — AT/ADYVATAD) 100%, whers AYAD
and A1YAQ stand for the pesk-area-ratic of vinylof-interest and intemal standard
before and after polymerization, respectively. The vinyl-of-interest may be vinyl

groups from TEG-DVBE, UDMA or both.

[0030] Example 12. Sol-gel experiment: Resin specimens wers placed in
a stainiess steel mold (13 mm in diameter and 1 mm in thickness) and then curad
for different time scales {10 seconds, 20 ssconds and 80 seconds) with 3 Triad

15
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2000 visible light curing unit (Dentsply, York, PA, USA) fitted with & wingsten
halogen fight bulb (75 W and 120 ¥, 43 mWiom?®). The sampies were then
waighed and their DCs were determined by FITR-ATR immedistely afler the
curing.  In a8 pre-weighed vial, sach sample was sxiracted twice using Sml
deuterated methvlene chiordde (CDCIY) containing 0.01 wit % bulylated
hydroxytoluene (Aldrich, Saint Louis, MO, USA) vig continuous shaking for 48
hours. The solytion (sof} fractions from these two extractions were combined
and concenirated via rotary evaporation under reduced pressure untll no further
changes in weight were observed. TH NMR (Bruker 800 MHz) was conducted
for sach sof fraction sample to determing the monomer ratio. The ramaining ge
fraction was collected and driad via in-houss vacuum o yield a constant weight,

and the DC was measured by FTIR-ATR.

(00401 Example 13, Realtime Raman micro-speciroscopy: method
description, peak fitling method, and real-time DO svaluation. Raman spechra
werg aogulred from dried residues using 8 Renishaw S1000 micre-Raman
spactromater {Renishaw, Gloucestershire, UK} consisting of a Leica DMLM
microscope coupled fo a 250 mm focal length imaging specirograph with 8
praprietary desp depletion, thermoelsctrically cooled (70 degregs centigrads)
charge-coupled device. For this work, a 832.8 nm hellum-neon laser (Modsl
1144P, JDS Uniphase, Milpitas, CA), holographically ruled 1800 grooves !
grating, and 20X cbisctive (Lefca N PLAN} were used. The sxcitalion laser was

18
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focused to a line approximately 50 um long at the sample position and aligned to
the specirograph entrance siil to maximize throughpul. The line focus was
utilized fo reduce laser power density af the sample. Lassr powsr measursed at
the sample position was approximately 12 mW.  Depending on the desired
spectral range, data was acquired using a static grating position covering the
Raman shift range from 1275cm™ to 1780 o' {577 data poinis) or & grating siep
scan made sovering the Raman shift range from 500 om-1 to 1800 om-1 {1389
data points). Integrations time was typically 1 s/pixel. Spectral resolution was
approximataly 3 aw?,  To further minimize any unintended impacts of lager
flumination on the photo-polymerization the samples used in the kinetic studies
were slowly transiated aterally throughout data acquisition. This was dons using
the motlorized microscope transiation stage and Raman mapping capabilities in

the spactrometer control software (WIRE 3.1, Renishaw, Gloucestershirg, UK}

[0041] Estimation of the degres of conversion of the monomers was
accomplishad using a direct classical least squares (CLB) multivariate regression
approach. Pure spectrs of sach monomer were acquired by placing the neat
materials in the same vessels as used for the pholo-polymerization Kinstic
siudies and coollecting spsclira with eguivalent excilation laser powsr and
integration time o provide specira thal were guantitative relative tov one another,
The spectral range was restricted to & narow spectral range from 1828 em™ o

1680 omt, which corresponds to the stretching modes of the {erminal vinyl
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groups on sach monomer. This namow range was necessary because of band
intensity changes and small band shifts obssrved for many of the vibrational
modes as a consequance of the polymerization. Blending of the monamers
appearad to infroduce small peak shifts {2 0.5 o} in the viny! stretching moges
that were correlated with the mbdture composition. The pure speclra were shifted
sfightly prior to application of the CLS method in order fo minimize the it
residuals. In addition to the two monomer purg spectra, a constant offset was fit
in the CLS mode! in order to correct for baseline varigtions that arose during the
sxperiments. A simple constart was deemed adequate because the GLS
models were fit over a very narrow region of 35 om-1, which corresponds 1o a
spectral band of only 178 nm, and fluorescent background interfsrences
generally have much broader spectral profiles. The CLS scorss are the
contribution of each component of & finear combination of the pura spactrum in &
least squares fit of the sample spectra. This is essentially a rigid peak §iling
using an arbitrary experimentally measured peak function with a single
parameter that corresponds o intensity. The pure spectra were aoquired undsy
identical instrumental conditions and thus the CLS scorss were assumed o
correspond directly o the relative compaosition of the monomear mikdure before
and during the polymerization. To sslimate degree of conversion of sach

monomer, the CLS scores for each polymerization data set were normalized by
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the average score for the given component from an intial data set (fypieally ten

or more spactra) acguired privy 1o photo injtistion.

[0042] Example 14, Rapid Photo-polymerization: One of the synergstic
effects of the maode! monomers is the significant improvemesnt of polymerization
rate of the styrene-derivative, TEG-DVEE, by adding UDMA. Free radical homo-
polymerization of styrene is relatively stow in comparison with methacryiale, dus
o stabllization of free radicals through resonance with styrene's benzene ring.
Without modifying the chemical structurs of the monomer or nventing new
intiators, copolymerization is one of the most efficlent ways o accelerate
polymer chain propagation because the rale of copolymerization is strongly
affected by the compselition of monomer reaciivity ratios {1 and 3}, w&éeh_
overcomes the drawback of froe-radical stabdlization in homo-polymaerization of
TEG-DVBE.  Although subsiantial work has bsen done o improve ihe
polymerization rate of styrenic monomer in vinyl ester resins (VERs), (Rey st al
Macromolacules 2000, 33, 8780, and Scoft et gl Macromolecules 2003, 36,
a804a86), the polymerization rate and low degree of vinyl conversion are still imiting
factors for VERSs o be used clinically in dental adhesives and dental composites.
This experiment demonsirates the vishility of using mods! monomers in dental
clinics by reaching DC above 70% with 20 seconds of light frradigtion. The DCs
of TEG-DVBE, UDMA, and the squimolar mixtiye of TEG-DVBE and UDMA
frmediately after light rradiation (light irdensity at 1800 mW/em®) for 20 seconds,
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40 seconds, and 80 seconds wers determined. The resulling low DC indicates
that camphorguinonafetiy 4-N, N-dimethylaminobenzoate (CQ/aming} are nat
efficient initlators for TEG-DVRE homo-polymerization, This initlator combination
is however very effective on UDMA homo-polymer and the copolymer: their DCs

reaching approximately 80% in 20 seconds.

00431 Example 18, Another noteworthy feature & the azeolropic
composition at equimolar TEG-DVEE and UDMA when CQf/amine are used a8
initiators. Azeotrapic compositions in copalymers mean that the mole fractions of
the fead monomers are retained in the polymer and are constant throughout the
polymerization process. FTIR also revealed that the DC of TEG-DVBE and
UDMA in the above sguimolar copolymers was the same, approximately 80%.
The composition of copolymers was further svalualed by the solgsl sxperiment.
To sxtract snough leachable malerials, the fight intensity was reduced (o
mWiem?, and low DC copolymers were oblained. The progress of phot-
polymerization was controfled by varying the time of light ivadiation. Based on
the peak-area analysis of the absorbance of C=C streiching in FTIN spectra and
integration of 1H NMR signals associated with protons on C=C, the slyrenswvinyt
groups and methacrylate-viry! groups had the same mole fraction in both gsils
and solubles. This suggesis that the egquimolar composition of the feed
monomers was kept in these three polymerization stages rom DE = 8% o DU =
82%.
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[0044] Exampls 18, The azeotropic composition confirmad by realtime
Raman spectroscopy: Reallime Raman micro-spactroscopy further sonfinmed
that the equimolar composition was constant over time duwing photo-
polymerization and was independent of the polymerization rate, which was
sontrofied through light intensity and bradiation time. To achleve a step-wise
polymerization, spacimens were exposed o light at 4 mWiam? for § seconds up
to a total of four exposures. The multivariate CLS method standgrdized using
pure monomer spectra was used o estimate unpolymerized monomer
composition in the samples using the C=C stretching bands of TEG-DVBE and
UDMA, CLS scores for sach spscimen were nommalized to 100 for the pre-
polymerized monomer mixtures. As the vinyl groups convaded to polymers, the
assocoiated C=C bhand intensity decreased, and the DC increased ascordingly. At
gach light irradiation, the intensity dropped immediately, which was Tollowed by
further decrease at & much slower rate, untll the next kradiation. During the full
time range {10 minutes) of this set of sxpsriments, DO reachad spproximately
20%, and the mole ratio of TEG-DVBE/AIDMA remained /1. A faster pholo-
polymerization took place when the sample was irradiated at 150 mWlome® for 20
seconds. The DO of this specimen achieved approximately §8% immediataly
after light irradiation; after 1 hour, the DC was spproximately 85%; after 1 day, |
was approximately 72%. During the course of this sl of experiments, the mivle

ratio of TEG-DVBE and UDMA was always /1.
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{0045 Bxamipls 17, The azeotropic composition pradicted by monomer
reactivity ratios: Monomer reactivity ratios were svaluated to understand the
kinetics behind the azsotropic composition at sguimolar composition.  The
polymer composition (F) was determined by Raman micro-speciroscopy
according o the CLS score ratios of TEG-DVBE and UDMA at fow DCs (1 - 3%).
A classic instantanecus copalymerization squation for non-cross-linking polymers
was used to compare F with the monomer feed composition {f, mols fraction)
hased on an assumption that at such low DOs, the two vinyl groups in one

molecule act indspendently without inlerfaring with each other.

I0048] The feed ratios of monomers may not always determing the
compositions of the final material. Fesds with a molar ratio UDMATEG-DVEE »
0.5 are expacted o produce networks depleted in thelr UDMA content relative to
the feeds, and UDMA/TEG-DVBE < 0.8 produce networks enriched in UDMA
The composition data were fif o an sguation with a nonlinsar leastsguares
{NLLS) oplimization afler van Herk. The monomer reactivity ratios, rUDMA and
FTEGDVERE, are 0.84 £ 0.11 and 0.85 £ 0.12, respectively, They are slighlly, but
statistically significantly, higher than the reactivity ratios of styrene angd methyl
methacrylate, 11 = 12 = 0.8, These reactivity rafios suggest a polymerization
mechanism  somewhal bissed towards cross-propagation and allemating

sequences, charaoteristic of styrenic-methacryalic copolymer systems.
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{0047 Example 18. The effects of viscosity and monomer chamistiy on
composition caontrol: Both of the sol-gel experiments and kinetic studies suggest
the copolymerization of TEGDVBE and UDMA s a monomer<hemisity-
controlled process. The viscosity of monomer shows no consequential role
during the polymer chain propagation, considering that the viscosity of UDMA
{6.631 £ 0.100 Pas) is approximately 240 time higher than that of TEG-DVBE
(0.028  0.001 Pas).  In condrast, copolymerization of UDMA and tristhylene
giveol dimethacrylate (viscosity = 0.050 Pas) showed significantly composition
drift when DO was above 20% bscause the low viscosity monomers diffused
faster in resin networks than the base monomers and reachad the propsgsaiing
chain guicker, thus more of them were converled into polymers at high DCs.
Although the exact mechanism that leads to such rapid photo-polymerization and
well-controlled gzeotropic composition is yvet to be definsd, UDMA has dusi roles:
monomer and co-initiator when inftiated by CQfamine. The carbamate functional
group in UDMA may form a free radical on a methylens group adjacent fo its N-H
groups. This may be achieved via electron transfer from the light-excited CQ.
Experimentally, the photo-polymerization rate of UDMA initiated by CQ alone
was similar to that by CQfaming, and the photo-blsaching rate of CQ in UDMA

also showed minimal diffsrences withAwithout amins.
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[0048]Throughout this specification and the claims which follow, unless the
context requires otherwise, the word “comprise”, and variations such as “comprises”
and “comprising”, will be understood to imply the inclusion of a stated integer or step
or group of integers or steps but not the exclusion of any other integer or step or group

of integers or steps.

[0049]The reference in this specification to any prior publication (or information
derived from it), or to any matter which is known, is not, and should not be taken as
an acknowledgment or admission or any form of suggestion that that prior publication
(or information derived from it) or known matter forms part of the common general

knowledge in the field of endeavour to which this specification relates.
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Claims Defining the Invention are as follows:

1. A composition of matter, comprising:

two or more vinyl-containing monomers consisting of at least two different types
of vinyl functional monomers, wherein the two or more vinyl-containing monomers are
triethyleneglycol divinylbenzene ether (TEG-DVBE) and a methacrylate derivative,

and combinations of TEG-DVBE and methacrylate derivatives;

the TEG-DVBE and methacrylate derivatives having functional groups selected
from a group consisting of one or more carbamate groups; one or more urethane

groups; and one or more amine groups; and

one or more initiators, wherein the two or more vinyl-containing monomers

undergo vinyl conversion to form a cross-linked resin network.

2. The composition of matter of claim 1, wherein the initiators are selected from

a group consisting of:

photo-initiator(s) including camphorquinone,

a combination of camphorquinone and amine(s), including ethyl-4-N, N-

dimethyl-aminobenzonate; or

phenylpropanedione, including 1-phenyl-1,2-propanedione; or
bisacrylphosphine oxide, including bis(2,4,6-trimethylbenzoyl)- phenylphosphineoxide
(Irgacure 819), bis(2,6-dimethoxy benzoyl)-trimethylpentyl phosphine oxide, and 1-

hydroxycyclohexyl phenyl ketone, wherein the initiators may be used:
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with/without diaryl iodonium, and

with/without boryl radicals including tert-butylamine borane complex.

3. The composition of matter as claimed in claim 1, wherein the chemistry and
composition of the monomers are used to achieve the cross-linked resin network,
wherein the mole fraction of methacrylate moieties and TEG-DVBE moieties in the
forming resin network is determined by the mole fraction of methacrylate moieties and

TEG-DVBE moieties in the feeding monomers.

4. The composition of matter of anyone of claims 1 to 3, wherein the composition
of matter is used as dental materials that are used with or without fillers as restorative
materials, laminate veneers, denture, denture repairing materials, dental adhesives,

resin reinforce cements, placement of ceramic restorations, and sealants.

5. The composition of matter of anyone of claims 1 to 3, wherein the composition

of matter is used in 3D printing.

6. The composition of matter of anyone of claims 1 to 3, wherein the composition
of matter is used to make thermal-set resins that are stable against environmental
challenges consisting of hydrolysis, corrosion, enzymatic degradation, and bacterial

challenges.
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7. The composition of matter of anyone of claims 1 to 3, wherein the composition
of matter is used to make polymers as packaging materials, coating materials and

adhesives.

8. The composition of matter of anyone of claims 1 to 3, wherein the composition
is of matter used to make sequence-controlled polymers with alternating

methacrylate/styrene or acrylate/styrene moieties in the chain of the polymers.

9. The composition of matter of anyone of claims 1 to 3, wherein the composition
of matter is made by polymerization with or without fillers using methods chosen from

a group comprising of light irradiation and/or heating.

10.  The composition of matter of claim 9, wherein the fillers are selected from a

group consisting of:

metal oxide particles, ceramic particles, chitosan, polysaccharide particles, and

the particles are in nano-scale and micro-scale.

11.  The composition of matter of claim 9, wherein the composition of matter is used

as dental materials, restorative materials, laminate veneers, dentures, denture
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repairing materials, dental adhesives, inlays and onlays, fixed bridges, implants, resin

reinforce cements, placement of ceramic restorations, and sealants.

12.  The composition of matter of claim 1 made by polymerizing a composition after
the composition infiltrates into pores of porous objects using methods chosen from a
group consisting of light irradiation, heating, and a combination of light irradiation and

heating.

13.  The composition of matter of claim 12, wherein the porous objects are selected
from a group consisting of metal oxide, ceramic, chitosan, polysaccharide particles,

metal, and wood.

14.  The composition of matter of claim 14, wherein the composition of matter is
used as dental materials, restorative materials, laminate veneers, dentures, denture
repairing materials, dental adhesives, inlays and onlays, fixed bridges, implants, resin

reinforce cements, placement of ceramic restorations, and sealants.

15. The composition of claim 1, wherein the composition of matter is made by
polymerization to produce vinyl-free polymers and polymers with no polymerizable
vinyl groups, using methods chosen from a group consisting of light irradiation,

heating, and a combination of light irradiation and heating.
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16. The composition of matter of claim 15, wherein the composition of matter is
used independently or as a component in medical devices, electronic devices, and

solar cells.
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