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ABSTRACT: We define the photopolymerization of acrylateghout light as a process wherein the radical

chain polymerization produced by photoinitiators are produced by nonphotochemical means. We use the chemical
reactions of the chemiluminescdightstickto accomplish this. An important potential application is in producing
“photopolymers” in areas that are not light accessible as in the inside of a tube or behind a pipe. Polymerizable
acrylate mixtures containing dissolved oxalate esters undergo radical chain polymerization when exposed to a
flow of nitrogen gas saturated with hydrogen peroxide vapors. We propose aryloxyoxalyl hydroperoxides to be
the reactive species.

Introduction The “chemical energy donor” formed from the reaction of

Few chemical processes seem to generate so much amusemefikalate with peroxide has to be (1) relatively long-lived and
as do those involvinghemiluminesceneechemical reactions ~ (2) able to be transported through the gas phase. This is
that generate light. The reaction of oxalyl chloride with hydrogen Markedly demonstrated, for instance, by generation of the
peroxide in the presence of a fluorophtir¢originally the reactive, energy carrying intermediate in one location and
inventor’s blue shif®) led to an entire cottage industrghat transporting it in a stream of argon or nitrogen to a second,
of the so-calledlightsticks? Sold as self-contained two-part ~rémote location containing the luminophore where the lumi-
systems, lightsticks provide light of various colors for long Nescence is observed. In original publications from the Cyana-
periods following an initial breaking of a tube of peroxide into Mid group, the dimer of carbon dioxide, 1,2-dioxacyclobutane-
a surrounding tube containing oxalate ester plus luminophore. 3-4-dione (1,2-dioxetanedionéyas suggested as this energy
Another such oxidation, théuminol reaction® has been a rich intermediate. This postulate was modified later in Givens’
standard for chemistry demonstrations and science museumdaboratory? with several alternatives suggested. None of the
for years. suggested intermediates had been definitively confirmed or

A parallel path in the history of photochemistry involves a SPectroscopically observed at that time though ‘i NMR
concept originally called by Turro “Photochemistry Without —SPectrum of 1,2-dioxetanedione has been reported recently.
Light”.4 As conceived, highly energetic reaction intermediates ~ Our research sought to gain further insight into these
behaving like those generally resulting from the absorption of Processes and to cause the genesis of the high energy content
a light quantum by the ground state of the formed intermediate intermediate by delivering a stream of a carrier gas saturated
were generated in situ by the spontaneous decomposition ofWith hydrogen peroxide vapors to a system that contained
high energy content small molecules. These energetic reactionmonomer(s), oxalate, and co-initiators (if necessary). The curing
intermediates were similar and react as though they were exciteddas containing hydrogen peroxide vaporsfisipelessand the
states formed from a light absorption process. liquid to be cured can reach its own level on any surface.

Like many we have been intrigued with these various Therefore, bathing a wet monomeric system that has the
processes, and we began searching for polymerization routegPotential to be polymerized with gaseousQd could enable
in which photopolymefswere formed without use of light and/  the curing of the liquid, forming a polymerized coating identical
or heat. Among the many applications of photopolymers is their With, or at least similar to, analogous photopolymers.
use as clear coatings, paints or varnishes, sealants and adhesives, What follows is a report on one of our studies of such a
or a protection layer for nascent surfaces like optical fibers. process-the remote polymerization of functionalized acrylate
Polymerization without light and/or heat (which also could be esters wherein the initiator is the prechemiluminescent inter-
namedRemote Curghas several potential usesfor example mediate formed as a result of interaction between an oxalate
in causing formation of photopolymer in an enclosed environ- €ster and hydrogen peroxide. Conceptually we considered
ment where light cannot reach as in the inside of a tube or Turro’s clever idea of producing electronically excited molecules
container. Another utilization of the remote cure might be to DY thermal processes, and using the excited states so produced
cause the formation of a coating behind a pipe or in a room in subsequent radical chain reactidAslo test the idea, we
that could not be entered by humans because of contaminationUtilized intermediates generated from the reaction of bis(2,4-

The lightstick reaction involves peroxide, oxalate ester, and dinitrophenyl) oxalate (DNPO) or bis(2,4,6-trichlorophenyl)
an appropriate acceptor of chemical energy that can Iuminesce.?lii(aglte (TC;DO) and the active component of the curing gas

202 vapor).
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and inhibitor-free monomers were prepared using commercial the area for acrylic transition was internally referenced to either
inhibitor remover (Aldrich). Aqueous #D, (30%, Fisher) was used  the area under the carbonfog 1650-1900 cnt) or CH stretch

as received. 2,4-Dinitrophenol (98%) and was obtained from (Axgos 2500-3200 cntt) fundamentals and the ratios obtained used
Matheson, Coleman & Bell and 2,4,6-trichlorophenol (98%) was to calculate the %DB using eqs-B. Similar values for the % DB
obtained from Aldrich. 2,4-Dinitrophenol and 2,4,6-trichlorophenol were observed regardless of the choice of the internal reference.
were recrystallized and dried by azeotropic distillation with benzene

prior to use. Phenol (98%) was obtained from Matheson, Coleman lo— 1

& Bell and used without further purification. Triethylamine (99.5%, % DB = x 100% (1)
Aldrich) and pyridine (99%, Acros) were dried before use by 0

distillation from KOH (85%, EMD). Chloroform (99.8%, EMD, Ag

HPLC grade) was dried before use over,8@, (99%, EMD), |O=% )
diethyl ether (99%, EMD, HPLC grade) and pentane (98%, Fisher, A17000T Axgao

Optima Grade) were dried by refluxing over Sodium metal (99%,

Aldrich) for 4 h followed by distillation.y-Butyrolactone (99%, Atgog

Aldrich) was purified by distillationtert-Butyl hydroperoxide (90% = A orAL (©)

in water) and ditert-butyl peroxide (98%) were both obtained from
Aldrich. Oxalyl chloride (98%,) was obtained from Acros and used )
as received. Dichloromethane (99.8%), acetonitrile (99.8%), ethyl  Near-IR Spectroscopy.At the end of each exposure period the
acetate (99.8%), and hexanes (98.5%) HPLC grade-were final % DB was verified by near FTIR measurements. A clip-on
obtained from EMD. N,N-Dimethylformamide (99%), methyl FTIR cell was used to measure the near-IR spectrum in the range
phenylglyoxylate (methyl benzoylformate, 98%), and benzoylformic from 5000 to 6500 cm* with 30 scans and 2 cm resolution of

acid (97%) were obtained from Aldrich and used without further the solid polymer film resulted from an exposure to the remote
purification. Also without further purification were used acetone- Cure gas. The area ratios between the peaks in the olefinic {6100
ds (99.5 at. % D) and chloroforrd-(99.8 at. % D) from Acros, ~ 6300 cnt?) and aliphatic (55086100 cnt?) regions of the first
H,S0, (98%) and NaHC®©(99.7%) from EMD, silica (236-400 overtone of the CH stretch were measured and compgred to the
mesh) from Sorbent Technologies, and argon and nitrogen (bothfatios from the unexposed sampteDouble bond conversion was

Research Grade) from Linde Gas. calculated using eq 1 with andl, calculated as follows:
Methods. Remote Cure ExperimentsFor remote cure experi-

ments, nitrogen carrier gas (430 mL/min) was passed through two o= AgllAgI (4)

reversely connected Ace Glass adjustable bubblers (diameter 17, -

height 6”). The first bubbler was partially filled with a 30% aqueous I, = AylAy (5)

solution of hydrogen peroxide. The second bubbler served as a trap

to avoid physical transfer of the liquid droplets. The resulting gas whereA, is the area under the peak in the olefinic CH region and
containing HO,/H,O vapors was directed to the surface of a to- A is the area under the peaks in the aliphatic CH region. To obtain
be-polymerized sample using a gas line (Tygon or glass tubing (i.d. the,, the near-IR spectrum was measured by placing the unexposed
!/4in.)) equipped with a glass end extension with an aperture to fit jiquid sample into the IR cell equipped with rectangular €aF
an ATR working area. Control experiments conducted under similar windows anl a 1 mmTeflon spacer.

conditions omitted the pD/HO vapors from the carrier gas. Laser Flash Photolysis Time-resolved experiments employed
Saturation of the_ carrier gas vx_nth water vapor alone in the absenceig examine the reactivity of phenoxyl radicals with the target
of H,O; resulted in no polymerization of the samples. Other control monomers were conducted using a laser flash photolysis setup
experiments involved remote cure gas exposure of formulations described in detail previousk.Phenoxyl radicals were generated
containing diethyl oxalate or 2,4-dinitrophenol instead of DNPO. using two different methodologies: by instant formation upon
An additional Contr0| inVOIVed a monomer/lactone miXtUre that irradiation from phenols that were dissolved in solutions otfedi-

contained no DNPO. None of the controls evidenced significant butyl peroxidel4 and by laser flash photolysis of appropriate model
monomer conversion. A separate gas transmission line was Usedperoxides.
for control experiments that diq not involve®,. Each experiment Synthesis of Bis(2,4-dinitrophenyl) Oxalate Bis(2,4-dinitro-
was repeated at least three times. phenyl) oxalate (DNPO) was synthesized according to the procedure
NMR Spectroscopy.’H and**C NMR spectra were recorded  of Rauhut® with some modifications. Into a three-neck 5L round-
using Bruker Avance 300 nuclear magnetic resonance spectrometerpottom flask equipped with mechanical stirrer, condenser and
Resonance frequencies &fl and **C were 300 and 75 MHz,  thermometer was placed 2,4-dinitrophenol (357 g; 1.94 mol)
respectively. The sample was dissolved in 0.9 mL of chlorofdrm-  (previously dried by azeotropic distillation of benzenel &l of
or acetoneds and placed into a standard NMR sampling tube CH,Cl,. To the resulting mixture was carefully added 196.2 g (1.94
(diameter= 5 mm). mol) of the dry triethylamine with vigorous stirring, and the solution
Mid-IR Spectroscopy.IR measurements of the monomer double was cooled to 8C. Subsequently, 123 g (0.97 mol) of the oxalyl
bond (DB) conversion were obtained using a Shimadzu 8700 Serieschloride was added dropwise dugin2 h while the reaction
FTIR spectrometer. Mid-IR DB conversion was monitored in situ temperature was maintained between 10 and°Q0 After the
using a Pike Technology horizontal attenuated total reflectance addition was complete, the reaction mixture was stirred3fb on
(ATR) FTIR accessory. Typical sample contained oxalate ester (2% an ice bath followed by addition of another 10 g (0.08 mol) of
by weight) and monomer (90% by weigh{)-Butyrolactone (8% oxalyl chloride. The resulting reaction mixture was left overnight
by weight) was added to improve the dissolution of the oxalate to slowly reach the ambient temperature. The precipitate formed
ester in the monomer. A constant volume liquid sample (0.3 mL) was filtered, washed with 500 mL of the GEl, and dried in vacuo.
was poured onto a horizontal CdSe crystal of an ATR attachment The resulted product was recrystallized from acetonitrile/ethyl
that was placed inside the FTIR sample chamber. The mid-IR acetate. The product obtained was further purified by extracting
spectra were taken during continuous exposure of the surface ofthe sample with CHGI in a Soxhlet apparatus for 3 days.
the formulation to the reactive curing gas. Crystallization of the resulting solution gave a crystalline product
The mid-IR spectra were taken at the following time intervals: with mp of 191-193°C (lit.: 189-190°C"5). 'H NMR: (300 MHz,
5, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, and 90 min (74000 acetoneds), 6,ppm: 9.06 (dJ = 2.7 Hz, 2H, 3-AH, + 3'-ArH),
cm~! spectral range, 30 scans, 2 chnesolution). The percent DB 8.80 (dd,J; = 9.0 Hz,J, = 2.7 Hz, 2H, 5-AH + 5'-ArH), 8.02 (d,
conversion (% DB) was monitored from the decrease in akgg)( J=9.0 Hz, 2H, 6-AH + 6'-ArH). 13C NMR (75 MHz, Acetone-
of the acrylic peak at ca. 809 crth!! To compare peak areas for  dg), 0 (TMS, ppm): 153.4 (2CCO), 147.6 (2C,C1-Ar + C1-

the liquid and solid samples having different absolute IR intensities, Ar), 147.3 (2C,C4-Ar + C4-Ar), 142.3 (2C,C2-Ar + C2-Ar), CDV
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Figure 1. Double bond conversion curves for remote cure samples
(solid lines) and controls (dashed lines) of trimethylolpropane triacrylate
(TMPTA) (circles), dipropylene glycol diacrylate (DPGDA) (squares)
and 2-(2-ethoxyethoxy)ethyl acrylate (EOEOEA) (triangles). Inset:
dependence of remote polymerization rate of DPGDA on the 2,4-
dinitrophenyl oxalate (DNPO) concentration (highest curve 2%, middle
curve 1%, and lowest curve 0.5% of DNPO, respectively).

130.9 (2C,C5-Ar + C5-Ar), 127.4 (2C,C6-Ar + C6-Ar), 122.9
(2C,C3-Ar + C3-Ar).

Synthesis of Bis(2,4,6-trichlorophenyl) Oxalate.Bis(2,4,6-
trichlorophenyl) oxalate (TCPO) was synthesized using a procedure
similar to the one for DNPO. The resulting crystalline product has
an mp of 187189°C. IH NMR (300 MHz, acetonelk), 6, ppm:
7.81 (s, 4H, 3-AH + 3'-ArH + 5-ArH +5'-ArH), 13C NMR (75
MHz, acetoneds), 0, ppm: 153.19 (2CCO), 142.59 (2CC1-Ar
+ C1'-Ar), 134.44 (2C,C4-Ar + C4-Ar), 130.17 (4C,C3-Ar +
C3-Ar + C5Ar + C5-Ar), 129.56 (4C,C2-Ar + C2-Ar + C6-

Ar + C6-Ar).

Synthesis of Phenoxyoxalytert-Butyl and 2,4,6-Trichlorophe-
noxyoxalyl tert-Butyl Peroxides. Synthesis of the model peroxides
phenoxyoxalytert-butyl and 2,4,6-trichlorophenoxyoxaligrt-butyl
was done according to the procedure of Lahti effalith some
modifications. Synthetic details are provided in the Supporting
Information.

Synthesis of 2,4-Dinitrophenyl Phenylglyoxylate2,4-Dinitro-
phenyl phenylglyoxylate (NPPG) was prepared for the first time
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Figure 2. Near-IR spectra of dipropylene glycol diacrylate formulation
before (dashed line) and after (solid line) exposure to the remote curing
gas. Line at 6100 cm divides the first overtone regions of CH aliphatic
and CH olefinic stretches.
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Figure 3. Double bond conversion curves for dipropylenegylcol
diacrylate (DPGDA) remotely cured by different peroxides (hydrogen
peroxide, squaresert-butyl hydroperoxide, circles; dert-butyl per-
oxide, triangles). DPGDA formulation contained 2% by mass of 2,4-
dinitrophenyl oxalate and 8% by massjebutyrolactone.

polymerization also prevents efficient adsorption el thus
lowering the DB conversion.

The results obtained from mid-IR measurements could be

using typical procedures for synthesis of glyoxylate esters describedVerified by near-IR data. Figure 2 shows the near-IR spectra

by Merzlikine et al*® with some modifications. Synthetic details
are provided in the Supporting Information.

Results

for the unexposed DPGDA monomer and for the polymer film
obtained after 90 min of exposure to the curing gas. Reduction
in the intensity of the olefinic CH signal after remote cure
exposure is indicative of a partial conversion of a double bond

Results of the remote cure experiments are presented in Figurdn the monomer. The resulting 42% double bond conversion is
1. Noticeable double bond conversion in each of the monomersin @ good agreement with the values obtained from the mid-IR

is observed when compared to control samples. The efficiency Monitoring (Table 1).
of a double bond conversion is dependent on the concentration The results of remote cure experiments in which peroxides

of the oxalate initiator (Figure 1 inset). A 42% conversion for
dipropylene glycol diacrylate (DPGDA) and 40% conversion
for 2-(2-ethoxyethoxy)ethyl acrylate (EOEOEA) were achieved
after 40 min of exposure to the remote curing gas while
trimethylolpropane triacrylate (TMPTA) polymerizes more

slowly and with lower (28%) conversion. This reduced reactivity
may be explained by the higher viscosity of TMPTA resulting
in less efficient penetration of the curing gas into the formula-
tion. In addition, a faster increase of TMPTA viscosity during

other than HO, were used to trigger radical formation are
presented in Figure 3. Some DB conversion was observed when
tert-butyl hydroperoxide was used as the curing gas, although
the efficiency of the process was lower than that for systems in
which HO, was the curing gas. No polymerization occurred
whentert-butyl peroxide was used, suggesting the critical role
of the hydroperoxy functionality in initiating cure. The order
of volatility of the peroxides examined (boiling pointsy®,

bp 158°C < tert-BuOOH, bp 120°C < (tert-BuO),, bp 110

Table 1. Comparison of the Remote Cure Response of Tested Formulations Containing DNPO

max % DB
monomer % DB7ooref % DBgzgooref % DBrearir in the formulatiof
dipropyleneglycol diacrylate 40 (41) 44 (46) 42 (43) 97 (100)
trimethylolpropane triacrylate 26 (28) 30 (33) 26 (29) 91 (100)
2-(2-ethoxyethoxy)ethyl acrylate 41 (41) 39 (39) 50 (50) 100 (100)

aNumbers in parentheses represent the percentage of double bond conversion relative to the maximum possible conversion listed in the last column.
b Measured by near-IR. Sample containing 90% monomery&%tyrolactone, and 2% Irgacure 819 photoinitiator was photopolymerized using an industrial
mercury lamp system (Fusion H-bulb). cDV
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Despite the extensive mechanistic studiethe exact nature
of the multiple POCL intermediates remain unclear and further
investigations are needed on this somewhat enigmatic process.
Only recently was the intermediacy of 1,2-dioxetanedione
confirmed by low-temperaturC NMR spectroscop§.

The initial step in the CIEEL mechanism involves®3 attack
of the oxalate carbonyl group which results in formation of
hydroperoxyoxalates (Scheme 1) thought capable of producing
radicals that can initiate polymerization. Studies of the thermal
decomposition of phenoxyoxalykrt-butyl peroxide demon-
strated two-bond concerted scission producing,@&t-butoxyl
and phenoxycarbonyl radicals followed by decarbonylation of
the latter with formation of the phenoxyl radid&lWe suggest
a similar process occurs in the case of phenoxyoxalyl hydro-
peroxide (Scheme 2) and the resulting hydroxyl and 2,4-
dinitrophenoxyl radicals may add directly to the acrylic double
bond.

BT Hydroxyl radicals react rapidly with vinyl monomers with
rates approaching the diffusion-controlled liffitzor example,

] oo [P the absolute rate of reaction between hydroxyl radical and
F|l— 1:[ F methyl acrylate was estimated to be 47.0° M~1 s~1 through

the use of radical clock experimerits.

Recent studies on the role of para-substituted phenols on
°C)Yis in reverse order relative to the order of reactivity in the acrylamide photopolymerization in aqueous solutions provide
remote cure process presented in Figure 3. some insight on the possible role of phenoxyl radicals (Scheme

Figure 4 compares the remote cure response of the same3).2> Phenols with electron-withdrawing substituents did not
formulations containing DNPO and TCPO. Though the action significantly influence both polymerization rate and molecular
of TCPO also results in a partial conversion of a double bond, weight of the resulting poly(acrylamide). This suggests that

the process is slower compared to that of DNPO. phenoxyl radicals formed are capable of the chain propagation.
In contrast, the presence of electron donating para-substituents

significantly decreases the rates of polymerization and results
The results above clearly demonstrate that reaction,GbH in noticeable reduction of the molecular weight of the polymer.
vapor with an oxalate ester dissolved in monomer results in  Formation of phenoxyl radicals from phenols following
significant conversion of a double bond while systems con- hydrogen abstraction is often linked to the inhibition of
structed in a careful set of control experiments resulted in no polymerization and of oxidation by phenols. Hindered phenols
conversion. Proposed mechanistic explanations for observedare commonly used as stabilizers of many acrylates. However,
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Figure 4. Double bond conversion curves for dipropylene glycol
diacrylate containing 2% by mass of 2,4-dinitrophenyl oxalate (filled

squares) and 2,4,6-trichlorophenyl oxalate (hollow diamonds).
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Discussion

reactivity are discussed below.

Peroxyoxalate chemiluminescence (POCL) is the most ef-

ficient nonenzymatic CL reaction observed to déta addition
to its use in lightsticks, POCL is widely utilized in variety of
analytical method$ owing to its unmatched sensitivi#).The

phenols may not be the most efficient inhibitors of radical
polymerization with the reporteBnnibition/Kpolymerizationratio of
0.0012%¢ Moreover, the presence of electron withdrawing
substituents further decreases radical chain inhibition by phenols.
This could be attributed to the increasing polarity of the OH

intermediates are postulated to interact with fluorophore (F) via bond but also to the reduced ability of the resulting phenoxyl

chemically initiated electron exchange luminescence (CIEEL)
which involve initial electron transfer from F to the intermediate
followed by annihilation of the formed charge-transfer complex
accompanied by back ET (Scheme 1).

radicals to terminate the propagating carbon radicals.

Laser flash-photolysis experiments provided important evi-
dence regarding the reactivity of phenoxyl radicals toward
acrylates. We have been able to generate phenoxyl radicals by

Scheme 2
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Scheme 4

NO, 2
0 H,0,
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O,N o

2,4-Dinitrophenyl
Phenylglyoxylate

two different methods with laser excitations at 266, 308, and

o

2 i
Q’OH R ——— |' CQO
.OH

Benzoyl g
Radical

systems described in this paper. The lower reactivity of TCPO

355 nm. In each case, a transient spectrum with two absorptionmay be explained by the diminished ability of the 2,4,6-
maxima around 3806405 nm was observed. These absorptions trichlorophenoxy moiety as a leaving group compared to the
are characteristic features of the transient spectrum of phenoxyl2,4-dinitrophenoxy functionality of DNPO.

radical (Figure 5}*27 In both benzene and acetonitrile, the

phenoxyl radical transient signal decays on the order of several

microseconds via nonexponential kinetics consistent with the
previously described bimolecular self-deactivation gatAd-
dition of up to 200 mM (25 vol %) of the acrylic monomers
(DPGDA and EOEOEA) to the precursor solutions did not
significantly alter the lifetime of the phenoxyl radicals (Figure
5 inset) indicating the lack of reactivity of these radicals with

acrylates. The results were similar for both unsubstituted and

2,4,6-trichlorophenoxyl peroxy precursors. Since the formation
of both 2,4,6-trichlorophenoxyl and hydroxyl radicals is pro-
posed for TCPO, only the latter is responsible for the observe
remote cure activity of this oxalate ester (Figure 4).
Aromatic nitro compounds terminate propagating chains from
either radical attack on the nitro group or the aromatic ffhg.
While nitro-substituted aryl compounds retard styrene and inhibit
vinyl acetate polymerizations, little effect was observed for
polymerization of methyl acrylate and methacrylteThe
higher DB conversion for DNPO compared to TCPO (Figure
4) suggests no inhibition by the nitro aromatic moiety on the

0.15

0.1

Transient Signal

300 350 400 450 500 550 600
A, nm

Figure 5. Transient spectrum of phenoxyl radicals obtained 100 ns
after 308 nm laser excitation of 30 mM phenoxyoxatgtt-butyl
peroxide in benzene. Inset: kinetic traces obtained by monitoring
phenoxyl radical transient signal at 400 nm without monomer added
(higher solid trace, lifetime of 7.@s) and with 200 mM dipropylene
glycol diacrylate (lower dashed trace, lifetime of 9.9).
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Figure 6. Double bond conversion curves for dipropylene glycol

Considering the process outlined by Scheme 2, formation of
peroxyacid as a result of @, attack fromany estercontaining
both 2,4-dinitrophenoxy (or any other good leaving group) and
o,p-dicarbonyl moieties followed by radical forming decom-
position may produce an efficient remote cure system. Utiliza-
tion of 2,4-dinitrophenyl phenylglyoxylate (NPPG) provides a
good example to illustrate this point. The sequence presented
by Scheme 4 results in formation of hydroxyl and benzoyl
radicals which are both known as excellent radicals for
polymerization initiation. Therefore, NPPG is expected to

d display higher efficiency in the remote cure process compared

to DNPO. Direct comparison of the remote cure activity in both
TMPTA and DPGDA confirms this assumption (Figure 6).

The presence of the 2,4-dinitrophenyl moiety, which is a good
leaving group, is necessary to ensure the remote cure activity.
Experiments involving methyl phenylglyoxylate resulted in
almost no DB conversion in TMPTA (minor gelation, 4% DB
conversion measured).

In summary, the remote polymerization concept has been
demonstrated by exposing the oxalate containing monomers to
the flow of nitrogen saturated with hydrogen peroxide vapors.
The aryloxyoxalyl hydroperoxy intermediate postulated as a
result of interaction between,B, and aryl oxalate is responsible
for the remote cure action of this system. This intermediate, in
turn, produces phenoxyl and hydroxyl radicals with the latter
responsible for the initiation of polymerization. The efficiency
of the remote cure process is even greater for systems containing
glyoxylate esters owing to their ability to produce both hydroxyl
and benzoyl radicals. Additional investigations are underway
to further improve the efficiency of the process.

Acknowledgment. The authors greatly acknowledge the
Office of Naval Research for funding this project (Grant No.
NO00014-04-1-0406). Ohio Department of Development and
Bowling Green State University are also acknowledged for
funding this project through the Wright Photoscience Labora-
tory. We are thankful to Prof. Thomas Tidwell and Dr. Shinjiro
Kobayashi for providing the opportunity to use the LFP facilities
at the University of Toronto. We are grateful to Dr. Sergey
Voskresensky for useful suggestions and discussions regarding
the synthesis of target compounds and purification procedures.

Supporting Information Available: Text giving details of
synthetic procedures, additional double bond conversion curves,
and additional results of LFP studies and figures showhiMR
of purified DNPO,C NMR of purified DNPO, comparison of
DB conversion profiles for TMPTA and DPGDA, combined data
for TMPTA and DPGDA, control experiments investigating the
effect of various factors on remote cure activity for various internal

diacrylate (squares) and trimethylolpropane triacrylate (circles) contain- references, transient LFP spectra and kinetic traces and fits for LFP

ing 2,4-dinitrophenyl oxalate (solid points) and 2,4-dinitrophenyl
phenylglyoxylate (hollow points).

studies. This material is available free of charge via the Internet at
http://pubs.acs.org. CDV



5674 Ermoshkin et al. Macromolecules, Vol. 39, No. 17, 2006

References and Notes (12) (a) Grinevich, O.; Snavely, D. IChem. Phys. Letl999 304, 202—
206. (b) Grinevich, O.; Snavely, D. [Chem. Phys. Lettl997, 267,
(1) (a) Chandross, E. Aletrahedron Lett1963 761—765. (b) Personal 313-317.
communication. (13) (a) Merzlikine, A. G.; Voskresensky, S. V.; Fedorov, A. V.; Neckers,
(2) Rauhut, M. M.; Roberts, B. G.; Semsel, A. Nl. Am. Chem. Soc. D. C. Photochem. Photobiol. Sc2004 3, 892—-897. (b) Allen, A.
1966 88, 3604-3617. ) D.; Fedorov, A. V.; Najafian, K.; Tidwell, T. T.; Vukovic, SI. Am.
(3) White, E. H.; Zafiriou, O.; Kacr, H. H.; Hill, J. H. MJ. Am. Chem. Chem. So0c2004 126, 1577715783.
Soc.1964 86, 940-941. o ) ~ (14) Foti, M.; Ingold, K. U.; Lusztyk, JJ. Am. Chem. Sod 994 116,
(4) This term could be used only for situations where chemical reaction 9440-9447.
shares common intermediates with the corresponding photochemical (15) Rauhut, M. M.; Bollyky, L. J.; Roberts, B. G.; Loy, M.; Whitman, R.
process. - . H.; lannotta, A. V.; Semsel, A. M.; Clarke, R. A&. Am. Chem. Soc.
(5) The word “photopolymer” is generally used to mean a polymer or 1967 89, 6515-6522.
polymeric mixture that is generally formed by a photopolymerization (16) Lahti, P. M.; Modarelli, D. A.; Rossitto, F. C.; Inceli, A. L.; Ichimura,
process. The advantages of photopolymerization are well-known. A.S.: Ivatury, S.J. Org. Chem1996 61, 1730-1738.
Photopolymerizations are fast, they can be turned on and off, the 17y ) 10, (estimated): Handbuch der Piparativen Anorganischen
systems form so-called "all-solids” polymers, and so forth. For a Chemie. Herausgegeben von Georg Brauer; Translated Russian
complete review the reader is directed to: Neckers, D. C.; Jager, W. edition: Moscow. 1985. Vol. 1 p 179 (bBuOdH (estimated) and
Chemistry & Technology of UV & EB Formulations for Coatings, (t-Bquz' Milas. N. A.: ‘Surgieﬁor D. MJ. Am. Chem S0d 946
Inks, and Paints. Volume VII: Photointiation for Polymerization: UV 68 205-208. T ' ’ '
and EB at the MilleniumWiley/SITA Series in Surface Coatings ! o . . .
Technology: John Wiley and Sons: Chichester, U.K., 1998. (18) gﬂgbr_?nd! M. Jonss?arj, ;I' Plog:]en, E Ir_gurg, K.; Boi' ,\RA In
(6) As requested by one of the reviewers, a more detailed discussion on B emi um{,r\lle?_\g:egceElg _nslytlcal D kelims_,t?\larma\-( ell(mgggil, 141
the importance of remote cure follows. Development of the technology 1?§yens, - RGBS, Marcel Dekker: New York, PP
which enables polymerization without direct use of light and/or heat : - . AN
is important and represents a needed innovation in the area of coatings.(lg) Hadd_' A. G.; Birks, J. WSelectie Detectors;Wiley: New York,
We have had a strong indication from several manufacturers (through 1995; pp 209249' ) . )
our collaborations) regarding the need for such technology. Any object (20) For example see: (a) Barnett, N. W.; Bos, R.; Evans, R. N.; Russel,
having a complex 3-dimensional shape would be a chalienge to cure R. A. Anal. Chim. Acta200Q 403 145-154. (b) Robarts, K;
with light as light requires direct line of sight. Painting of submarine Worsfold, P. J.Anal. Chim. Actal992 266, 147-173. (c) Hanaoka,
ballast tanks and rear spoilers for cars already attached to the main N Givens, R. S.; Schowen, R. L.; Kuwana, Anal. Chem.1988
body can serve as two examples of many applications where remote 60, 2193-2197. (d) Sigvardson, K. W.; Kennish, J. M.; Birks, J. W.
cure technology can be successfully used. Use of blue LED arrays Anal. Chem1984 56, 1096-1102. (€) Kobayashi, S.; Imai, Hnal.
and/or fiber optics will simply not work because both methodologies Chem.198Q 52, 424-427 and references therein.
might lack sufficient power and the latter can only provide cure fora (21) For example see: (a) Hadd, A. G.; Birks, J. WOrg. Chem1996
small spot. While curing of the coating required some carefully 61, 2657-2663. (b) Mann, B.; Grayeski, M. LAnal. Chem.199Q
designed methodology, the application of the coating to the 3-dimen- 62, 1532-1536. (c) McCapra, F.; Perring, K.; Heart, R. J.; Hann, R.
sional object could be accomplished by a simple submersion. A. Tetrahedron Lett1981, 22, 5087-5090. (d) Schuster, G. Bicc.
(7) Reviews: (a) Mohan, A. G. I€hemi- and Bioluminescendgurr, J. Chem. Resl1979 12, 366-373 and references therein. _
G., Ed.; Marcel Dekker: New York, 1985; Chapter 5 (b) McCapra, (22) Chatterjee, S.; Davis, P. D.; Gottschalk, P.; Kurz, M. E.; Sauerwein,
F. Prog. Org. Chem1971, 8, 231-277. B.; Yang, X.; Schuster, G. Bl. Am. Chem. So0d.99Q 112, 6329~
(8) Alvarez, F. J.; Parekh, N. J.; Matuszewski, B.; Givens, R. S.; Higuchi, 6338.
T.; Schowen, R. LJ. Am. Chem. Sod.986 108 6435-6437. (23) Moad, G.; Solomon, D. HThe Chemistry of Free Radical Polymer-
(9) Bos, R.; Barnett, N. W.; Dyson, G. A,; Lim, K. F.; Russel, R. A; izatiory Elsevier Science: Oxford, U.K., 1995; pp 10222.
Watson, S. PAnal. Chim. Acta2004 502, 141—-147. (24) Grant, R. D.; Rizzardo, E.; Solomon, D. HChem. Soc. Perkin Trans
(10) (a) Turro, N. J.; Lechtken, P.; Schore, N. E.; Schuster, G.; Steinmetzer, 1l 1985 379-384.
H. C.; Yekta, A.Acc. Chem. Red974 7, 97-105. (b) Guillet, J. E.; (25) Valdebenito, A.; Lissi, E. A.; Encinas, M. Wlacromol. Chem. Phys.
Ainscough, A. N.; Klip, T.; Poos, S.; Turro, N. Bolym. Photochem. 2001, 202, 2581-2585.
1986 7, 439-446. ] (26) Odian, GPrinciples of Polymerizatian3rd ed.; Wiley: New York,
(11) (a) Decker, CJ. Polym. Sci., Polym. Chem. E#983 21, 2451- 1991; pp 259-267.
2461. (b) Decker, C.; Bendaikha, Eur. Polym. J.1984 20, 753~ (27) (a) Perez-Pietro, J.; Bosca, F.; Galian, R. E.; Lahoz, A.; Domingo, L.
758. (c) Jager, W. F.; Lungu, A; Chen, D. Y.; Neckers, D. C. R.; Miranda, M. A.J. Org. Chem2003 68, 5104-5113. (b) Merenyu,
Macromoleculed 997 30, 780-791. (d) Valdes-Aguilera, O.; Pathak, G. B.; Lind, J.; Shen, XJ. Phys. Chem1988 92, 134-137.
C. P.; Shi, J.; Watson, D.; Neckers, D. @acromoleculed992 25,
541-547. MAOQ060905I

Ccbv



