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ABSTRACT: Efficient photopolymerization of a potentially expandable monomer is of practical importance for
a variety of polymeric applications demanding dimensional stability, particularly if the polymerization process is
well controlled based on a detailed investigation of the reaction. In the current study, photoinitiated polymerization
kinetics of 2-methylene-7-phenyl-1,4,6,9-tetraoxaspiro[4.4]Jnonane (MPN) either with cationic initiation alone or
with combined cationic/free radical initiation was examined using real-time FT-IR. A proposed mechanism based
on the simplified propagation steps of the cationic double ring-opening polymerization of MPN was confirmed
by both computer modeling and NMR spectroscopic analysis of resulting polymers as well as the experimentally
observed apparent activation energy. According to this mechawigmsition attack is the predominant mode

for the second ring opening during cationic polymerization of MPN. Further, cationic photopolymerization was
performed along with a free radical co-initiator or with exposure to moisture to get an improved understanding
of the complex cationic double ring-opening polymerization. As a result, free-radical-promoted cationic
polymerization helps increase the polymerization rate of MPN while even a trace amount of moisture was found
to significantly impact both the reaction kinetics and the polymerization course.

Introduction SOCs, there are relatively few evaluations of these monomers

Volumetric shrinkage during polymerization results from the under conditions that might favor their practical applications.
transformation of highly mobile monomer molecules to the  Photopolymerization offers a number of advantages over
relatively immobile, compact polymer chains. Polymerization thermal polymerization, such as spatial and temporal control
shrinkage and consequent shrinkage stress cause a variety adis well as no volatile solvedt.A few studies on photopolym-
problems in practical applications, such as dental restorative erization of SOC monomers at ambient conditions have been
materialst adhesives, stereolithography.and coating$.Various reported*15with most conducted as free radically or cationically
efforts have been directed to reduce shrinkage and shrinkagenitiated polymerizations in combination with methacrylate or
stress, such as the use of high molecular weight mondifiers epoxide comonomers. In addition, SOCs are known to be
or reactive prepolymers/oligomers with low functional group susceptible to acid-catalyzed hydrolyXisyhich would result
concentration$modified polymerization conditiorfsand thiol- in the formation of small molecules and/or low molecular weight
ene systems.Nevertheless, these methods do not have the oligomers. These decomposition processes will certainly affect
potential to achieve zero volumetric shrinkage or even expansiondimensional change and polymer properties obtained. To better
during polymerization. understand the effects of SOC monomers in copolymerization

In the 1970s, spiro orthocarbonate (SOC) monomers were systems, it is important to investigate the homopolymerization
initially developed® and several examples of this class of mechanism and kinetics of SOCs.
monomers were fpund to proo_luce_ a volumetric expansion during  pg initially demonstrated by Sakai et al., the ring-opening
double ring-opening polymerization due to the compact nature ,1ymerization mode is related to ring size for unsubstituted
of the bicyclic monomer and the relatively more flexible open-  girq orthocarbonaté.SOCs with six-membered cyclic struc-
chain structure associated with the polymer. Since then, numer-y, o5 generally undergo double ring-opening polymerization to
ous investigations into the synthesis and _po_lymerlzatlon of SOCstorm polyethercarbonate, although multiple competing mech-
have been reported. *2 However, the majority of these double  ;nisms also result in the liberation of small molecules. In

ring-opening polymerization studies of SOCs have been per- ¢ontast SOCs composed of five-membered or seven-membered

I/f/)il:[rl‘?edtiur;l?e;‘nsigll:“?n poIzmertl)zarltl2r1ricf(|)ndr|itéonstr?nrd ttyplsa:rly rings exhibit relatively higher cationic polymerizability due to

widecrgnoe gf terr‘r:l c()erzlfuurgs aussugll0 at elg\?ateg ;aeme Srgﬂgr%es * greater fing strain but m_a|r_1|y _undergo single ring-opening
9 P ’ y p - polymerization with the elimination of ethylene carbonate or

These polym_erization conditions limit the practical u_tility of tetrahydrofuran, respectively. These undesired side reactions
these potentially expandable monomers and complicate any,qq significantly reduce the mechanical properties of the final

interpretation of volume change, whetherr1 positive or negsltlve. olymer that are already expected to be low due to the flexible
As a consequence, incommensurate to the extensive studies oflnear nature of the repeat unit in these addition polymers and

the relatively low molecular weights typically obtained. How-

T University of Colorado. 2 N
 University of Golorado School of Dentistry. ever, subsequent studié$? demonstrated that the cationic

* Corresponding author: e-mail jeffrey.stansbury@uchsc.edu; phone 303- p0|ymeri?ati0n mechanisms O_f SOCs are also direCte.d by
724-1044; fax 303-724-1945. substitution patterns. SOCs with aromatic groups substituted
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Ph o o encountered. MPN with SS produced very low polymerization rates,
though the solubility of SS in MPN is much better than that of
\[ >< f ISb. Hence, the ISb photoinitiator with relatively fast but controlled
0 o polymerization kinetics was chosen in this study. Because of the
Figure 1. Structure of MPN. limited solubility of ISb in MPN, a 0.3 mol % concentration was
used throughout the subsequent cationic photopolymerization study.

; ; ; ; : .. i~ The compositions used in the study of free-radical-promoted cationic
adjacent to the spiro ether, unlike analogues with aliphatic ring polymerization were ISb at 0.3 mol % together with DMPA at 0.0,

sgbstitutiqn,_undergo clean double ring-opening ponmerizati_on 0.1, 0.3, and 0.6 mol %. All initiator molar percentages are relative
W',thOUt gllmlnatlon, although the polymer molecular We'ght IS to the monomer. Unless otherwise noted, all photopolymerizations
still relatively low. The formation of a stable benzyl cation \ere conducted at room temperature with an incident UV irradiation

during ring-opened polymer propagation appears to help direct of 20 mwi/cn# for 720 s followed by continued monitoring of the
and drive this process. This is one of the reasons why the phenyl-dark cure for an additional 180 s.

substituted MPN monomer was chosen in the current study. . .

Known as a liquid SOC monomer with an exocyclic meth- Results and Discussion
ylene group, MPN (Figure 1) was reported as a cationically = Measurement of Double Ring-Opening Polymerization
photopolymerizable SOC under ambient conditi&iisowever, Conversion Mid-infrared (MIR) spectra of MPN upon cationic
despite the lack of any kinetic study, such an unsaturated SOCphotopolymerization were evaluated to identify absorbance
monomer has already been utilized in the development of new bands that potentially could be used to monitor the ring-opening
photocurable materials for potential practical applications, such polymerization process during subsequent real-time studies of
as low shrinkage dental restorativ€g? Several SOCs synthe-  polymerization kinetics. The characteristic tetraoxaspireGC
sized in our lab, including 2,8-dimethyl-1,5,7,11-tetraoxaspiro- absorbance at 1212 crh(Figure 2a) is in a spectral region of
[5.5]undecane, 3,9-dimethyl-1,5,7,11-tetraoxaspiro[5.5]undecane,complex overlapping absorbance bands that would make it
2-methyl-7-chloromethyl-1,4,6,9-tetraoxaspiro[4.4]nonane, and difficult to follow the peak area evolution accurately during
unsaturated 2,7-dimethylene-1,4,6,9-tetraoxaspiro[4.4]Jnonane polymerization. To study the kinetics of MPN polymerization
were found to be reasonably active toward initiators such as using MIR, an alternative well-resolved peak that can indicate
boron trifluoride etherate but to have only minimal reactivity double ring-opening polymerization is required. As shown in
in photopolymerizations with iodonium salt initiators at room Figure 2b, the exocyclic carbertarbon double bond peak at
temperatur@?® Thus, it is important to understand the polym- 1697 cn1! appears to be a good choice if the double bond
erization mechanism of MPN to help design efficiently photo- conversion is directly related to the double ring-opening
polymerizable SOC monomers in the future. polymerization conversion. In other words, there should be no

The main purpose of this investigation is to study the 1,2-addition to leave the SOC moiety as a pendent group in the
photoinitiated cationic polymerization of MPN in detail to gain  polymer. To validate this method, the resulting polymer was
a better understanding of the kinetics as well as the ring-openingfirst dissolved in chloroform and then precipitated in methanol.
polymerization mechanism and mechanisms of competing The precipitated polymer, which has no double bond peak, also
reactions. This information on MPN may eventually help has no characteristic tetraoxaspire-Q absorbance in FT-IR
identify new SOC monomers that allow the development of spectrum. This result along with the consistent ratio between

novel low shrinkage or expanding materials. carbonate carbonyl and keto carbonyl peaks in the IR as shown
in Figure 2b, and the agreement with the NMR spectral
Experimental Section assignments indicate that the desired double ring opening is the

Materials. The free radical photoinitiator used was 2,2-dimethoxy- Primary reaction pathway. Therefore, double bond conversion
2-phenylacetophenone (DMPA). The cationic photoinitiators used during polymerization is useful to represent the kinetics of the
were [4-[(2-hydroxytetradecyl)oxy]phenyl]phenyliodonium hexaflu- ~ cationic double ring-opening polymerization of MPN. However,
oroantimonate (ISb), ferrocenium hexafluorophosphate (FeP), andthe double bond peak €€C) in the mid-IR range at 1697 cmh
(tert-butoxycarbonylmethoxynaphthyl)diphenylsulfonium triflate  still has a slight overlap with the keto carbonyl peak formed
(SS). The initiators and all other chemicals utilized for monomer during polymerization, which complicates the measurement of
Synthe_SiS and p0|ymer processing were obtained from Aldrich the double bond peak area and Compromises the accuracy,
Chemical Co. (Milwaukee, WI) and were used as received. The ggnaciglly at the later stages of the polymerization with very
msyegmoé?eéoﬁ? synthesized mainly according to the four-step g hstantial carbonyl absorbance. To avoid this problem, most

; of the kinetic data in the current study are based on the

Methods. 'H and 13C NMR spectra (Varian Inova-400) were .
recorded using TMS as internal standard in Cp&il ambient disappearance of the well-resolved double bond pe#kH_,)

temperature. The polymerization reaction was monitored in real at 6202 cm™ in the near-infrared (NIR; Figure 2c), which is
time with a FT-IR spectrometer (Thermo-Nicolet Magna 560). To Widely used to monitor (meth)acrylate and other vinyl monomer
initiate photopolymerization, a UV light source (Acticure, EXFO, —polymerization kinetics for thick films? Since MPN has very
Mississaugua, Ontario, Canada) with a 3800 nm filter was used. limited reactivity (well less than 5% conversion) in ambient
Thick films for near-IR experiments were prepared by sandwiching temperature photopolymerization with only DMPA as the free
samples in rectangular molds made from glass slides at the thicknesgadical initiator, the NIR double bond peak area was used to
of about 1 mm. Thin films (thickness: A5 xm) for mid-IR monitor the double ring-opening conversion in the subsequent
experiments were prepared by laminating samples between NaClgae_radical-promoted cationic polymerization study as well.
crystals. A horizontal access@twas used to position the sample Mechanism of MPN Cationic Double Ring-Opening Po-

horizontally while perpendicular to the IR beam. For photopoly- o

merization)s/ condugteg at various temperatures, atemgeratupre)(/:ell!ymenzat,'on' I?D’o”nls repgrted that MPN has "’?bou.t 4':!'%

which was designed to fit in the horizontal accessory, was used. Volumetric shrinkage during polymerization, which is fairly
Initiation Condition Selection. Photopolymerization with 0.5 consistent with the 6.1% shrinkage value at complete conversion

mol % of the three cationic photoinitiators showed that FeP could Obtained in this study based on the monomer and polymer

initiate MPN polymerization at room temperature although dif- densities, both measured with a gas pycnoniét&herefore,

ficulties with spontaneous polymerizations even in amber vials were even with an efficient double ring-opening polymerization, ME Vv
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Figure 2. FT-IR spectra during photopolymerization focusing on (a) tetraoxaspir® @bsorption at 1212 cm, (b) exocyclic methylene absorption
at 1697 cmi* in mid-IR, and (c) exocyclic methylene absorption at 6202 tin near-IR. Arrows indicate time progression.

has significant volumetric shrinkage. In addition, as mentioned 3q, is the predominant pathway for the MPN cationic double
before, not all SOCs can undergo efficient double ring-opening ring-opening polymerization at ambient conditions, and the

polymerization at ambient photopolymerization conditions.

resonance stabilization is much more important than the steric

Thus, it is important to understand the polymerization mecha- energy in determining the mode of attack during polymerization.

nism of MPN in order to design novel potentially expandable

This mechanism based on the calculation of activation energy

SOC monomers that can undergo efficient double ring-opening was also substantiated by NMR spectra of the resulting polymer.

polymerization.

According to Bolln!8 there are two possible major pathways
for cationic double ring-opening polymerization of MPN (Figure
3a). The first is to polymerize through the stable benzyl cation
3a, and the other is through the rearranged benzyl ca@ion
that would result in slightly different polymer structuésand
4c. However, because of the relatively high stability of the
single-ring opened intermediate trioxocarboni@#f which is
stabilized by three alkoxy groups, catiad®&s—3c may not exist

As shown in the'H spectrum (Figure 5), the peak at about 3.6
ppm represents the benzylic proton opn(@enoted with a star;
Figure 3b). Protons with this chemical shift only arise from
product 3o.. After normalization of the nonaromatic protons
integration to 7 because of the interference of deuteriochloroform
in the aromatic region, the integration of the peak &6 ppm
is about 0.9, indicating about 93%6 attack.

Temperature Effects on Polymerization Kinetics.Further
studies of reaction kinetics at various photopolymerization

as intermediate carbocations in any appreciable concentrationtemperatures were conducted to determine the apparent activa-

during photopolymerization. Thermodynamic calculation (MO-
PAC 2002, AM1 semiempirical quantum mechanical method,
CAChe, Fujitsu America) results confirmed that the single ring-
opening intermediate catichwith a heat of formation of 40.5
kcal/mol is the predominant cation species over catRas3c
with heats of formation of 54.6, 46.2, and 49.3 kcal/mol,

tion energy. As shown in Figure 6, temperature has a significant
effect on the polymerization rate of MPN, but not as much on
the final monomer conversion except for 2&8. However,
polymerization at 25°C still could reach similar ultimate
conversion if given sufficient cure time. These similar ultimate
conversion values for curing temperatures ranging from 25 to

respectively. Therefore, two possible mechanistic pathways 90 °C suggest that the resulting polymer from MPN photopo-

involving bimolecular reactior for the cationic homopolym-

erization of MPN are proposed here as shown in Figure 3b.

The mechanism of the first ring opening to cat®is the same
as suggested by Bofih with the formation of energetically
favored carbonyl group and stabilized trioxocarbonium. How-

lymerization, which is rubbery at room temperature, has a glass
transition temperatureTg) not far below 25°C, although no
measurement ofy was conducted here. IR spectra of polymers
obtained at the various cure temperatures showed no obvious
differences that would indicate reaction pathways other than

ever, the proposed pathways for the second ring-openingthe double ring opening.

process, involving nucleophilic attack of the monomeioand
pB carbons in carbocatio2, lead to products3e. and 34,

With the kinetic profiles available for a series of reaction
temperatures, it is possible to calculate the approximate activa-

respectively. To determine the probability of these two possible tion energy for this polymerization reaction. To simplify the
polymerization pathways, molecular modeling calculations were calculation, an Arrhenius plot (Figure 7) was constructed from

also performed. First, the geometries of the reactant (2)
and the resulting product8d and 38) were optimized, and

cationic polymerization rates measured after a constant pho-
tolysis time of 15 s. Presumably, there would be constant cation

heats of formation as well as free energies were calculated. Thenconcentrations in the systems for all temperatures due to the
the heat of formation and free energy of transition states of the same photolysis time and the relatively slow termination kinetics
proposed simplified propagation steps involving one monomer of cationic polymerizations. In addition, at 15 s, except for 75

molecule and intermediat (Figure 3b) were also calculated.
The calculated results for bothand nuclephilic attacks are
shown in Figure 4. As clearly demonstrated, bothand

°C, when the conversion is about 20%, the conversion values
at all the other plotted temperatures are still below 10% where
the diffusion limitation due to increased viscosity would be

attacks resulted in products with similar free energies at around minimal. As shown, the plot is linear, according to the Arrhenius
—15 kcal/mol, which means negligible selectivity based on the relationship, indicating that the apparent activation energy

thermodynamic stability of produco and 3. However, the
free energy of the transition state farattack is much lower
than that forg attack. On the basis of this, the calculated
propagation rate oft attack is 14 orders of magnitude faster
than that off attack at room temperature. From the calculated
results, it is concluded that attack, which results in product

observed for this cationic polymerization is about 13.3 kcal/

mol, which is reasonably close to the calculated activation

energy of 12.3 kcal/mol. This agreement further confirms the

proposed bimmoleculax-position attack mechanism.
Free-Radical-Promoted Cationic Polymerization of MPN

The previous mechanistic discussion is focused on the opec%\g
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Figure 3. (a) Bolln’s and (b) proposed bimolecular mechanism of the cationic double ring-opening polymerization of MPN.

of the second ring since this has been shown to be the rate-the potential utility of this kind of double ring-opening

determining step in this procédsHowever, control of the

initiation pathway, which involves addition to the SOC vinyl
group, is critical to the overall reaction kinetics. As shown in
Figure 6, the MPN polymerization rate is relatively low at
ambient temperature with only cationic photoinitiator ISb, which

monomer, instead of raising cure temperature, which would
impose limitations on potential applications, the effect of an
added free radical initiator (DMPA) on polymerization rate was
examined. The utility of free radically promoted cationic
polymerization was initially demonstrated by Bi and Neckers

is partially because ISb only has a weak shoulder absorbancebased on a dye, an amine, and a diaryliodonium salt initiating
in the UV range over 300 nm, as shown in Figure 8. To explore system. Later, it was found that free radical-assisted cati8r|:5'§/
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Figure 4. Calculated simplified propagation reaction coordinates for
o andp attack. R'X + CH,=C(SOC) — R-CH-C*(SOC)X™ (5b)

polymerization provides enhanced reactivity in cationic ep- to the electron-rich nature of the SOC double bond, which is
oxide?® and vinyl ethet’ systems. similar to a vinyl ether; however, following oxidation by ISb,
The inclusion of DMPA, which has a significant absorbance the cationic species created (eq 4b) apparently is capable of
over the UV irradiation wavelength range used, helps increaseefficient cationic initiation of MPN polymerization. Finally,
the polymerization rate of MPN (Figure 9) in several ways, as radicals produced by the photodecomposition of DMPA (or by
shown in Scheme 1. Equations 1 and 2 represent directother pathways) can also be oxidized by ISb to a carbocation
photolysis of the cationic and free radical photoinitiators with (eq 5a), which can add directly to MPN to form another cationic
egs 3 and 4 showing the addition of either the protonic acid or species (eq 5b) capable of propagation.
the carbon-based radical to MPN monomer. While primary  As the concentration of DMPA is increased, the polymeri-
radicals generated by DMPA can add to the vinyl group, the zation rate of MPN increases rapidly. Shown more clearly in
resulting radical species (eq 4a) does not readily propagate duethe plot of normalized polymerization rate vs monomer conver-

@

()
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PPM 70 6.0 50 40 30 20 10

Figure 5. *H NMR spectrum of MPN (a) monomer and (b) precipitated homopolymer in @@polymerization conditions: 23C; 0.3 wt % ISb
as the cationic photoinitiator; 20 mW/én820-500 nm UV irradiation for 12 min).
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Figure 6. Conversion vs irradiation time of MPN photopolymerization
under various temperatures (polymerization conditions: 0.3 wt % ISb
as the cationic photoinitiator; 20 mW/én820-500 nm UV irradia-

tion).
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Figure 10. Normalized (to double bond concentration) rate of
polymerization (Rp) for MPN cationic photocuring with the addition
of free radical photoinitiator DMPA.

the maximum polymerization raté{may occurs. Because of
slow cationic termination processes, this is related to the
competition between active center generation and deactivation
(or trapping)?® Upon irradiation, active centers are generated,
while due to the low degree of conversion, there is only
negligible diffusion limitation and thus the polymerization rate
increases rapidly. As the polymerization goes on, the rate of
the active center generation decreases due to the decreased
initiator concentration, while the diffusion limitation increases
and thus a reduced polymerization rate is obtained. With high
DMPA concentrations in the system, the rate of active center
generation is fast enough to push Rignaxto higher conversion
values, where a more significant diffusion limitation is expected.
Moisture Effect on the Polymerization Kinetics and
Mechanism.As mentioned, SOC monomers are susceptible to
acid-catalyzed hydrolysis that results in the release of small
molecules. This process may help reduce volumetric shrinkage
attributed to the ring-opening polymerization; however, it would
also be detrimental to the final polymer properties due to the
lowered polymer molecular weight and plasticizer effects. A
recent study showed that the inclusion of 12 mol % of a
tetraoxaspiro undecane in an aliphatic dioxirane resin system
significantly reduced the elastic modulus of the polyrifer.
However, the IR spectrum of the polymer also indicated a very
substantial hydroxyl peak around 3500 ©m Large OH
absorptions have also been observed in the IR spectra of other
tetraoxaspiro undecane polymét#ccording to the mechanism
of cationic polymerization, this suggests significant hydrolysis
or chain transfer of propagating species and activated monomer
(Figure 11) with or without elimination occurring during the
polymerization process when the protonic acid is generated on
irradiation. In other words, small molecules and/or very low
molecular weight oligomers may be the result of the SOC
“polymerization”. Therefore, while the modulus of the polyke-
tocarbonate product expected from efficient double ring-opening
polymerization is relatively low, it would not be surprising to
see a drastic decrease in modulus with the addition of small
amount of SOCs if these types of side reactions are involved.
It was reported that water or moisture has great impact on
kinetics and mechanism of the cationic photopolymerization in
vinyl etherg! and to a lesser extent, in epoxy systefiBecause
of the nature of the spiro orthocarbonate structure, SOCs are
rather labile to moisture especially with the presence of strong
acids generated after photolysis of cationic photoinitiators. As
shown in Figure 12, the two carbonyl peaks around 1756 and
1736 cnt! are attributed to the linear carbonate and keto groups
in the polymer 8a in Figure 3b), respectively. However, in

sion (Figure 10), DMPA addition results in increases in the rate contrast to the polymerization of a laminated specimen, the IR
at the initial stage of polymerization due to the enhanced cationic spectrum of the product from the polymerization exposed to
center concentration, and it also raises the conversion at whichthe purge gas in the IR chamber, with a relative humidityc?;v
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Figure 11. (a) Hydrolysis and chain transfer of the propagating species and (b) hydrolysis of the monomer with the presence of moisture after

initiation.

only about 12%, has relatively weak polymer carbonyl peaks expected to limit either polymerization significantly, the dispar-

and, instead, strong peaks near 1800 and 3500,awhich are ity in final conversion in favor of the laminated specimen may
attributed respectively to the cyclic carbonate carbonyl and be related to the equilibrium between hydrolysis and ring closure
hydroxyl groups from hydrolysis of MPN. under acidic conditions, which are similar to the conditions used

In addition, small amounts of moisture have a great impact in the synthesis of some SOC and spiro ortho ester mondthers.
on the MPN cationic “polymerization” rate. As shown in Figure - gingjly, the thick film polymerization under both laminated and
13, the polymerization rate of the laminated thin film is  gyn05ed conditions showed much less effect of ambient moisture
s!gnlflqgntly lower than that of the exposgd.one. 5'”°.e .t.he on the polymerization rate (Figure 14). This result indicates that
wscosmgs of thg t‘.NO .systems should be s!mllar at the initial the diffusion of moisture into the reaction mixture is slower
stage, diffusion limitation should not be a primary cause of the than the rate of monomer consumption due to hydrolysis. The

difference in rate, and it is likely due to the fast hydrolysis that overall slightly hiaher rate associated with moisture exposure
competes effectively with polymerization. In addition, according .” " ghtly hig ; . POS
is likely the result of the relatively high monomer consumption

to the double ring-opening polymerization mechanism validated . . .
here, the rate difference and similar induction time indicate that "3t &t the surface because of hydrolysis. However, if comparing
water is predominately interacting with monomer rather than the curing rates of laminated thin film and laminated thick film,
intercepting the initiating system, which otherwise would result 1tiS found that the curing in the thick specimen reaches a similar
in significant induction time increases with depressed early final conversion value but takes a significantly longer time. Since
monomer consumption. In a comparison of the final conversion both thin and thick film have the same composition and are
between these two systems, it was found that polymerization polymerized at the same temperature, the significant difference
of the laminated specimen reached higher conversion than thatin curing rate is mainly attributed to UV irradiation attenuation
of the exposed specimen. Since mobility restrictions are not in the thick film34 CDV
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possible in MPN polymers formed under different polymeri-
zation conditions, it is reasonable to expect that shrinkage
values would also differ considerably; however, substantial
volumetric shrinkage and not expansion accompanied the
efficient double ring-opening photopolymerization process veri-
fied here.
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