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Direct and Sensitized Photolysis of Phosphine Oxide Polymerization Photoinitiators in the
Presence and Absence of a Model Acrylate Monomer: A Time Resolved EPR, Cure
Monitor, and PhotoDSC Study
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The effect of triplet sensitizers on the photoinitiated polymerization (cure) of a model acrylate monomer,
isobornyl acrylate (IBOA), has been investigated. Time-resolved electron paramagnetic resonance (TR EPR)
spectroscopy was employed to investigate the initiation of polymerization. Cure monitoring and photodifferential
scanning calorimetry (photoDSC) were employed to follow the course of the polymerization. Thioxanthen-
9-one (TX) and 2-isopropylthioxanthen-9-one (ITX) were found to be effective sensitizers of the photopo-
lymerization, which was initiated by radicals produced from (2,4,6-trimethylbenzoyl)diphenylphosphine oxide
(TMDPO) and bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide (BAPO). TR EPR experiments demonstrated
that the mechanism of sensitization involvesT energy transfer from TX (or ITX) to TMDPO or BAPO
followed by formation of radicals by-cleavage of the photoinitiators. Direct photolysis of TMDPO and
BAPO results in an absorptive chemically induced dynamic electron polarization (CIDEP) pattern due to the
triplet mechanism (TM) of polarization of the substituted benzoyl and P-centered radicals produced by
a-cleavage of the photoinitiators. TR EPR demonstrates that the same radicals were produced during direct
and sensitized photolysis. However, a different CIDEP pattern is produced by photosensitization, namely an
emissive/absorptive (E*/A) pattern. A TR EPR study of solutions containing phosphine oxide initiators and
IBOA under direct and photosensitized conditions demonstrated that the polarized primary P-centered radicals
add to the double bond of IBOA with the formation of polarized secondary radical adducts. Both primary
and secondary radicals exhibit the same polarization pattern as the primary radical precursors, i.e., A in direct
photolysis and E*/A in the presence of a sensitizer. The rate of polymerization of neat IBOA was followed
by cure monitoring. In the presence of ITX the rate of cure increases significantly compared to direct photolysis
of same. The heat evolved in the polymerization of IBOA photoinitiated (direct and sensitized) with TMDPO
was monitored by photoDSC, and at early times was found to be higher in the sensitized photopolymerization.
Time-intermittent UV irradiation allowed an estimation of the ratio of termination to propagation rate constants
(k/ko) during dark periods of polymerization. The observed decreakgkgivith the progress of polymerization

is discussed. The results suggest that photosensitization may provide a means of manipulating and controlling
the parameters of photocuring of acrylates.

CHART 1

Phosphine oxides such as (2,4,6-trimethylbenzoyl)diphen-
ylphosphine oxide (TMDPO) and bis(2,4,6-trimethylbenzoyl)- O
phenylphosphine oxide (BAPO) (cf. Chart 1 below) are widely
used as photoinitiators in the coating industry.There are a O
number of reasons for the attractiveness of phosphine oxides

as photoinitiators: (1) their good UV absorption, (2) their high TMDPO BAPO
quantum yield of photodissociation into benzoyl and phosphi-

noyl radicals which initiate polymerization, (3) the high reactiv- T T

ity of the photoproduced radicals toward addition to acrylate O O O O gf o _—

monomers, and (4) their ability to cure thick filrk4:¢ The s s f
TX ITX

overall speed and efficiency of a photocure is very important
in practical applications. Photosensitization provides a possible
means of increasing the overall speed and efficiency of

IBOA

photocuring. For example, the combinationoemorpholinoke-
T Columbia University. tone photoinitiators and sensitizers of thioxanthen-9-one (TX)
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efficiency of photopolymerization or photocure of acrylates, is
the subject of this report.

We report an investigation of direct and TX and 2-isoprop-
ylthioxanth-9-one (ITX) sensitized photolysis of TMDPO and
BAPO in the presence and absence of a model acrylate
monomer, isobornyl acrylate (IBOA), which is widely used in
commercial coatings as a reactive diluent. The structures of the
compounds used in this work are shown in Chart 1.

In order to obtain information on both the initial stages of
the polymerization (photochemical formation of radicals from
photoinitiator and addition of photoinitiator radicals to mono-
mer) and the crucial polymerization stages (propagation and
termination of polymerization), several techniques were em-
ployed and direct and sensitized initiation of polymerization
were compared. In particular, we have employed continuous
wave time-resolved EPR (TR EPR) to monitor directly the first
steps of the photoinitiated polymerization of IBOA, as a model
monomer which is widely employed as a reactive diluent in
the coating industry. In addition, we have employed a cure
monitor technique to measure the cure speed and photo
differential scanning calorimetry (photoDSC) to monitor the
kinetics of the formation of polymer.

2. Experimental Section

2.1. Materials. The following reagents and solvents were used
as received: 2,4,6-trimethylbenzoyl)diphenylphosphine oxide
(TMDPO) from BASF; 2,4,6-bis(trimethylbenzoyl)phenylphos-
phine oxide (BAPO) from Ciba Additives; thioxanthen-9-one
(TX), benzophenone, benzil (all three from Aldrich); isoprop-
ylthioxanthen-9-one (ITX) from First Chemical, or from Ciba.
Commercial ITX is a mixture of 2- and 4-isopropyl TX; the
latter isomer is the minor component. HPLC grade ethyl acetate
(Aldrich) was used as a solvent in EPR experiments. Prior to
its use, isobornyl acrylate (IBOA, Aldrich) was purified with
column chromatography to remove any inhibitor.

2.2. Techniques and MeasurementsThe TR EPR equip-
ment is described in detail elsewh&rfEThe instrument consists
of a Bruker ER 100D X-band spectrometer, PAR boxcar
integrator and signal processor (model 4402). A rectangular thin
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Figure 1. TR EPR spectra of TMDPO (2.4 102 M) in ethyl acetate
taken at different times and computer-simulated spectra: (a)200

ns; (b) 706-1000 ns; and (c) 20685000 ns following laser excitation
(355 nm). The simulated spectra are a mixture of TM and RPM
mechanisms. See text for discussion.

monochromator were performed as well. In particular, we
irradiated IBOA solutions with light 0£385 nm (5.8 mW/cr).

The consumption of IBOA during photoDSC measurements
was monitored by IR spectroscopy. IR spectra (ATR FT IR,
Nicolet Magna-IR 550) of IBOA solutions of TMDPO were
takenbeforecure; the acrylate group intensity a810 cnt?
relative to intensity of carbonyl or alkyl (€H) vibrations was

quartz flow cell was used; flow rates were typically between measured to determine conversion. A sample with a mass of a
0.7 and 1.7 mL/min. Freshly prepared solutions were used few milligrams taken out of a DSC pan was employed to take
throughout. In the TR EPR experiments, solutions were deoxy- IR spectra of sampleafter irradiation in photoDSC measure-
genated by prolonged bubbling with argon. Solutions for TR ments. The decrease of the (relative) intensity of acrylate group
EPR had an optical density of 6-8.5 at the optical path of  was used as a measure of IBOA conversi&nIR spectra were

0.3 mm, the thickness of the EPR cell. Solutions were excited taken at two opposite sides of an irradiated IBOA thin layer in

in the EPR cavity with Spectra Physics GRC 150 Nd:YAG laser
(4355 nm, pulse duration 10 ns, frequency 30 Hz, energy 20
mJ/pulse).

The speed of the cure was monitored with a CM 1000 Cure
Monitor (Spectra Group Ltd.). The measurements were per-
formed as described elsewhére.

A Perkin-Elmer photoDSC DPA-7 was employed to monitor
the heat produced during polymerization. An Osram Hg 100
W lamp was used as the light source. Samples on a DSC pal
were flushed with nitrogen for 10 min prior to irradiation. All
photoDSC experiments were performed at’®0 The mass of
samples was-34 mg. At least five experiments were performed
with one solution under the same conditions, and the average
values were recorded. Most of the experiments were run with
the full light of the lamp with UV-light of intensity of 20 mW/
cn? measured with a radiometer/photometer (International
Light). Irradiations with the full light of the different intensities
(0.2-40 mW/cn®) or with UV light passed through the

n

a DSC pan. The difference i& measured in two ways was

within the experimental uncertainly of determiniggAt least

five measurements were performed. IgorPro 3.12 software was

used to analyze the kinetic analysis related to DSC traces.
Solutions of TMDPO at concentrations of 231072 to 8.2

x 1072 M (0.8—2.9%) in the neat IBOA were used in photoDSC

experiments. In the experiments involving photosensitizer, ITX

was added to TMDPO solutions in IBOA; the range of [ITX]

was 8.0x 103-4.5x 1072 M.

3. Results and Discussion

3.1. Direct Photolysis of TMDPO and BAPO.Figure 1
presents TR EPR spectra of TMDPO in ethyl acetate. Quite
similar spectra were obsenfd® and analyze¥ earlier. Acyl
and bis(acyl)phosphine oxides such as TMDPO and BAPO
undergo efficient photolysisofcleavage) via the triplet state
to produce substituted benzoyl (referred to as benzoyl for the
remainder of this report) and phosphorus centered radicals as
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shown in eq 213 100 ns
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Two mechanisms of CIDEP are usually considered to be

responsible for the most common polarization patterns observed,:igure 2. TR EPR spectra in ethyl acetate of (a) TMDPO (2.40°2
for radicals produced by photolysis in homogeneous solutions: M) in the presence of TX (0.04 M) recorded 10P00 ns following
the triplet mechanism (TM) and the-S radical pair mech- excitation; (b) a mixture of TMDPO (4.& 107 M) and BAPO (2.4
anism (RPMY~12 In systems involving radical pairs possessing x 10° M) in the presence of ITX (2.6< 1072 M) recorded 706
very large hyperfine coupling (HFC) constants, a third mech- 1000 ns following laser excitation.

anism, S-T_RPM is sometimes invoked. The absorptive The E*A pattern of TR EPR spectra produced in the
(CIDEP pattern of the spectrum of TMDPO at the early time gansitized photolysis is consistent with the predominant action
of observation (Figure 1) is known to be due to a dominant of RpM of CIDEP for photolysis via the triplet state of the
action of TM which leads to new enhanced absorption (enhancedphosphine oxide®:21 Thus, we conclude that tripletriplet
absorption signified as A, emission signified as E througHot#). (T—T) energy transfer from ITX or TX to TMDPO or BAPO
We obtained a value @ = 36.2 mT for the hyperfine coupling  {akes place after photoexcitation of TMDPO or BAPO leading
constant of phosphorus-centered radical produced from pho-; the corresponding triplets of the phosphine oxides. The latter
tolysis of TMDPO (cf. eq 1) in ethyl acetate (Figure 1). Direct yjpjets then cleave into benzoyl and P-centered radicals. The
photolysis of BAPO also resulted in a CIDEP pattern (similar Er of TMDPO and BAPO (255263 kJ/mol) are lower or very

to that of Figure 1 and to TR EPR reportéarlier). We close to the reported triplet energies of the sensitizEfs=
obtainedap = 25.6 mT for the hyperfine coupling constant of = 552265 ki/mat?), both of which possess relatively long triplet
the phosphorus-centered radical produced from photolysis of |ifetimes®

BAPO (cf. eq 1) in ethyl acetate. _ Control experiments showed that no TR EPR signals were

At later times of spectrum observation, both TMDPO and produced by photoexcitation of TX or ITX in the absence of
BAPO show a contribution of RPM with an emissive TMDPO and BAPO.
absorptive (E/A)>** CIDEP pattern of the spectrum of the  T_T energy transfer from TX to TMDPO has been observed
phosphorus-centered radical becoming evident (Figure 1 showsyith laser flash photolysisTo provide further evidence forTT
the results for TMDPO). Also, Figure 1 presents computer energy transfer, we have studied the effect of the triplet energy
simulation$® of the corresponding TR EPR spectra. All simula-  of sensitizers on the CIDEP produced during photolysis of
tions made in this work include only CIDEP contributions from TpMppO. Benzophenone-sensitized photolysis results in the
TM and RPM?¢ The simulation demonstrates that a contribution gx/a CIDEP pattern similar to that resulting from TX (or ITX)
of the RPM (15%) is observed even at the earliest times of as sensitizer. Benzophenone has a tr|p|et energy |£ﬂe{=(
observation (Figure Y. No contribution of the ST mecha- 275 kJ/mot3) which is higher than both TMDPO or BAPO
nism was invoked. (255-263 kJ/mof). However, benzil, with a lovEr = 223 kJ/

Although the phosphorus-centered radicals show E/A polar- mol 22 did not sensitize the generation of polarization. Thus,
ization at later times, the benzoyl radical (eq 1) appears as athe ability of a sensitizer to generate CIDEP from TMDPO or
relatively broad absorptive sigifat®'8in the center of the =~ BAPO depends on the triplet energy of the sensitizer, as is
spectrum, even at later times of observation (Figure 1). The expected in the case of triplet energy transfer. Such experiments
proton HFC constants of benzoyl radicals are small, and the convincingly demonstrate that-TT energy transfer occurs
overlap of unresolved hyperfine components causes the broad-hetween thioxanthen-9-one sensitizers and the phosphine oxides
ness of the signdf initiators.

3.2. TX- and ITX-Sensitized Photolysis of TMDPO and It has been established that TX (ITX) can serve as photoini-
BAPO. Photolysis of TMDPO or BAPO in the presence of tiators in the presence of hydrogen/electron donors, e.g.,
photosensitizers TX or ITX results in similar TR EPR spectra amines’®8 The observation of photosensitization of phosphine
at early and later times of observation. Representative spectraoxides by TX (ITX) is not trivial for at least two reasons: (1)
of TX-sensitized photolysis of TMDPO at early times and of the triplet energy levels of the sensitizers and phosphine oxides
the ITX-sensitized photolysis of a mixture of TMDPO and are close (vide supra) so that efficient energy transfer is not
BAPO (mixtures of photosensitizers are representative of the guaranteed and (2) the quantum yield of formation of triplets
practice in commercial photocuring) at later times are shown from TX has been shown to be less than unity and solvent
in Figure 2, a and b, respectively. dependent? Nevertheless, the observations suggest that pho-

The CIDEP patterns for direct (Figure 1) and sensitized tosensitization is efficient under the conditions reported.
(Figure 2) photolysis of the phosphine oxide are very different.  We comment on some of the features of the CIDEP spectra
At early times and later times both the phosphorus-centered produced by photosensitization. The presence of an emissive
radicals show an E*/A patte?:2! The benzoyl radical shows component in the phosphorus radical CIDEP (Figure 2) is
an E (or E*/A) pattern. In the case of the photolysis of a mixture probably due to a ST mechanisn?®?! We estimate a
of TMDPO and BAPO (Figure 2b), the signals of two P-centered contribution of theE component to be 10%. The action of a
radicals are observed{= 25.6 and 36.2 mT}* It is clear that S—T- mechanism has been reported to be responsible for the
sensitized photolysis wipes out the TM of CIDEP, which leads CIDEP pattern of P-centered radicals demonstrating very
to strong absorptive signals of TMDPO and BAPO. TR EPR large (hundreds of gaussp valuest* A contribution of the
signals are weaker (i.e., S/N ratio is lower) in the case of the S—T_mechanism into CIDEP of phosphinoyl radicals was
sensitized photolysis, cf. Figures 1 and 2. clearly observed for hydrogen abstraction from the correspond-
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ing phosphited? Interestingly, the emissive component assigned
to the S-T_mechanism is observed at the earliest times of
spectrum detection (Figure 2a), and operates in a nonviscous
solvent. The radical triplet pair mechanism (RTPM) could also 200 ns
result in an emissive contribution to CIDEP of radic#s! @
although we do not believe it to be important here because of
the rapid quenching of the triplet sensitizers by T transfer
at the concentrations of BAPO and TMDPO employed.

The weakness of the benzoyl radical signals (Figure 2) makes (@)
the interpretation of the CIDEP pattern difficult. However, the

observed E/A or E*/A CIDEP pattern, especially at latter times, 200 ns
is consistent with RPM?21cf. Figure 2b. Due to poor spectral )

resolution of the hyperfine components of the benzoyl radical,

the E/A pattern is apparently masked by the residual A

polarization in the direct photolysis at later times (Figure 1b). (09

There appears to be an emissive contribution due 4@ S

mechanism into CIDEP of substituted benzoyl radical (cf. Figure

2) as well as N the ClD.EP qf F-centergd radlcals n the Figure 3. TR EPR spectra in ethyl acetate of (a) TMDPO (2.9072
sensitized experiments. This emissive contribution results in the M) in the presence of IBOA (1.9 M); (b) TMDPO (2.4 102 M) in

observed E (or E*/A) (Figure 2a) and E/A (Figure 2b) pattern the presence of TX (0.04 M) and IBOA (1.6 M). Both spectra are
of the benzoyl radical. recorded 208800 ns following laser excitation. Computer-simulated

A final comment addresses the effect of the difference SPectra are also shown below the experimental spectra. See text for
between theg factors of substituted benzoyly & 2.000°13 discussion.
and phosphinoyl radicals of TMDPQ (= 2.003%%) on the CHART 2
observed polarization. Not only HFC, but aladg, contributes

to S—To evolution of the radical pair (RP) and the polarization H H<H3
coefficients of components in TR EPR spectriif? The Ag oﬁ@"*@
term adds am\ component to the spectrum of a radical of the H '@

8.0mT

triplet RP with smalleig factor (benzoyl) and a& component

to a radical with a larger g-factor (phosphinoyl). The contribution
of the Ag term into polarization coefficients of these two radicals
is thus qualitatively different. ThAg contribution is negligible
(less than 2%) for the phosphinoyl radical because of its very
large HFC constant; however, thgy and HFC terms may make

a similar contribution in the case of the substituted benzoyl
radical which possess small HFC constdat®. Thus, the
substituted benzoyl radical demonstrates an E- or E/A- pattern
(cf. Figure 2) due to the predominant action ef & and RPM
mechanisms despite the presence offaoomponent due to
the Ag mechanism.

3.3. Direct and TX-Sensitized Photolysis of TMDPO in

The line width of the TR EPR of the spin adducts shows an
alternation (Figure 3). In particular, the outermost components
of the multiplets are narrower than the inner components. Such
line width variations are known and have been discussed
elsewheré! In the simulations a constant line width was
employed.

Phosphinoyl radicals are very reactive toward double
bonds*913.19Thus, it is not surprising that TR EPR spectra in
systems containing IBOA (Figure 3) result primarily from
addition of phosphinoyl adducts (Chart 2) at the earliest
acquisition times. Benzoyl radicals are much less reactive than

the Presence of an Acrylate Monomer, IBOA.Figure 3 phosphinoyl radicals toward addition to acrylatés3and they
presents the TR EPR spectra obtained during direct and TX- yersist contributing to signals in the center of the spectra (Figure

sensitized photolysis of TMDPO, both photolyses in the 3. ¢ giscussion in this section above. In accordance with the
presence of IBOA. Similar results were observed for the TX- itaratyre dat&6 “tail” adducts of radicals to IBOA are observed
sensitized photolysis of BAPO in the presence of IBOA. The (Chart 2). The rate constant of a “head” addition is usually
observed spectra c_onsist mainly of polarized signals of the Spinsignificantly lower than the rate constant of “tail” additi#h,
adducts of phosphinoyl radical and acrylate (Chart 2). and “head” adducts are not observed within the limits of our
In direct photolysis the CIDEP of the spin adducts is A, and sjmulations.
in the sensitized photolysis, the CIDEP is E/A. The weak A recent TR EPR study on photoinduced reactions in the
outermost components in the spectra (Figure 3) are the residuapresence of acrylates claims that polarized vinyl radicals were
signals of the phosphinoyl radical; the signals become indis- formed by hydrogenabstraction of vinyl hydrogens from
tinguishable from the noise &t~ 1 us. Comparison with Figures  acrylate by triplet acetone in the presence of 2-propatibhis
1 and 2 shows that the polarization of the primary radicals (A s an unexpected result based on the high bond dissociation
in direct photolysis and E/A in sensitized photolysis) is energy of vinyl G-H bonds. The satisfactory correspondence
transferred to the secondary adduct radicals. between the simulated and experimental TR EPR spectra (Figure
Simulated spectra of the adducts (Figure'3rad b), which 3) clearly represerdaddition of free radicals to acrylate and do
reflect the main features of experimental spectra, are presentechot require the involvement of vinyl radical formation.
below the corresponding experimental spectra in Figure 3 and 3.4. Effect of ITX on the Rate of Polymerization.Figure 4
lead to the following HFC constantsp = 5.94,a8,—4 = 1.71, presents the profiles of the rate of photocure of IBOA by
and ag-y = 1.96 mT. These constants were used in the TMDPO in the presence and absence of ITX. The rate of the
simulation of TR EPR spectra of spin-adducts (Figure 3) and photocure is strongly affected by the presence of a triplet
are in agreement with the reported values for radical adducts tosensitizer and is clearly faster. These data clearly demonstrate
double bondg:2425 that the presence of the triplet sensitizer ITX significantly
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Figure 4. Cure monitoring profiles of the polymerization of IBOA
with TMDPO (2.4 x 1072 M) as photoinitiator in the absence (a) and
in the presence (b) of ITX (0.04 M).

accelerates the speed of the polymerization (Figure 4). In control
experiments with solutions containing ITX and IBOA, photolysis
did not produce any polymerization within experimental error
of the thermal control.

3.5. Photopolymerization of IBOA Initiated by TMDPO.
Formation of a spin adduct (Chart 2) is the initiation step of
polymerization of IBOA. Polymerization of neat acrylates
provides an established method for the curing of acrylate
coatingst? The problems related to the kinetics of photo-
polymerization of neat acrylates have been outlined elsewhere.

Information on the features of the polymerization of IBOA

J. Phys. Chem. B, Vol. 104, No. 44, 20000441

TABLE 1: Results of a PhotoDSC and IR Study of
Polymerization IBOA under TMDPO (2.4 x 1072 M) by Full
Light

irradiation Q, Jigt e kifko?
60s 312 0.974+0.03
5 pulses of 0.6 s each 228 0.700.07 95; 45; 30; 25; 20
3s 139 0.50: 0.05 50

a Determination error ist5 J/g.? This is Q. € Determined by IR.
d Determination error is 10%.For consecutive pulse$ = 1, 2, .., 5.

30s

MV R, s

time
Figure 5. (a) PhotoDSC trace obtained during polymerization of

TMDPO (2.4 x 1072 M) in IBOA; (b) Calculated ratio of [M]R vs
time of polymerization, see text.

monitoring; [M}; andR; are the current concentration and rate,
respectively. Equation 3 can be used to deterrkifig (which
is assumed to be constant during the limited range of conver-
sions,$).

We determinedk/k, at different conversiong as follows.

with TMDPO as photoinitiator was obtained through the use |Rr spectra show that photoirradiation of TMDPO in IBOA for
of photoDSC, a technique that allows the direct measurementq min with full light results in the complete consumption of

of heat produced in the polymerization as a function of the light
dose delivered to the sample. Analysis of the heat profiles
produced provides information on the parameters involved in
the photoinduced polymerization.

IBOA, and in the formation of a solid polymer, cf. Table 1.
The total heatQ), during complete polymerization is presented
in Table 1. A release of heat during polymerization upa
can be identified with a decrease of concentration of IBOA from

Traditionally, polymerization is described as a chain reaction ;g [M] 1ot to O.
with a set of rate constants of elementary reactions among which Figure 5a presents DSC traces observed during irradiation

(in the absence of significant chain transfer) the most important
are the bimolecular steps of propagatidg) @nd termination
(k). Formation of a polymer and vitrification of an acrylate
solution during polymerization significantly changes properties
of a medium undergoing polymerization. As a result, it is
doubtful whether the standard eq 2 for the rate of polymerization
R can be applied?8

)

wherewi, is the rate of initiation of polymerization and [M] is
the molar concentration of a monon#e® (Here and below we
usek; for brevity instead of ). To interpret the experimental
data, we consider the use of time (or conversipalependent

k, andk; for monofunctional acrylateX.Different experimental
dependencies dR or & vs. time, light intensity, temperature,
etc., have been obtained and discussed for many mono- an
multifunctional acrylate$:28 Our analysis involves the use of
photoDSC in the determination of the dimensionliefls ratio
during polymerization, an approach we shall show provides
useful information on the photopolymerization. From formal
kinetics eq 3 may be derived for dark or post polymerization,
i.e., polymerization after termination of photointiati&h:

[M]/R — [M] /Ry = (k/ky)t ®3)

In eq 3 [M]o (Ro) is the monomer concentration (rate of polym-
erization)at the beginningt (= 0) of dark polymerization

R= —d[M}/dt = (w,,)"k k" M]

of solution of TMDPO in IBOA with five short light pulses\(
= 1-5). The duration of each pulse is 0.6 s, with 30 s between
pulses. The photoDSC trace presents the rate of polymerization
dQ/dt (watts) = R32829 Most of the observed trace is dark
polymerization, lasting 1820 s after a light pulse; cf. Figure
5a. Integration of the DSC traces oveallows an estimation
of the heat released during polymerizatigh= Q(t) (joules).
Figure 5b presents the time-dependent rafig:(— Q)/[dQ/dt]
(seconds). The latter ratio should be equal to fRIJWe
analyzed five ascending parts of a curve in Figure 5b, corre-
sponding to five descending parts of a photoDSC trace of Figure
5a.

We fit each of the ascending parts of a curve of Figure 5b
into the linear law® A tangent of each linear fit was identified
with k/k,, cf. eq 3. The values d§/k, obtained (values for pulses

vith N = 1-5) are presented in Table 1. We found thgk,

decreases wittN for N < 5 in this experiment, and in other
experiments with different light intensities, full or monochro-
matic light, and different TMPDO concentrations. Estimations
of ky/k, become less reliable for pulses with> 6 due to the
relatively small amount of released heat.

In the same way, the value d§/k, was estimated after
irradiation fa 3 s (Table 1). The conversich of IBOA was
estimated (Table 1) by IR (cf. the Experimental Section) after
the five pulses (Figure 5) and after one pulse with a duration
equal to the total duration of irradiation with five pulses (3 s).
Most of the IBOA is polymerized after irradiation with five
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pulses, and the conversion is significantly higher than after an increase in viscosity and by the heat released during

continuous irradiation for 3 s. Most probably, both continuous
and time-intermittent irradiation fo3 s result in the same

amount (concentration) of photogenerated free radicals. Time-

intermittent irradiation includes five dark or post polymerization

polymerization.

TR EPR demonstrates that TX and ITX sensitize decomposi-
tion of TMDPO and BAPO into benzoyl- and phosphorus-
centered radicals through-TT energy transfer. The polarization

processes (eq 3), whereas continuous irradiation includes onlyof the EPR signals changes from the absorptive (direct excitation

one postpolymerization. As a resujtduring time-intermittent
polymerization is markedly higher thah during continuous
polymerization for the same time of irradiation (Table33).
Additional pulses led to a very small increase of conversion,
for example& = 0.85+ 0.05 after 10 pulses.

Within the experimental error of determination, the conversion
of monomer measured through héat Q/Q is the same as
& measured by IR (Table 1). THek, value obtained after 3 s
of irradiation and = 0.5 is between thé&/k, values obtained
under time-intermittent irradiation & = 1 andN =5 (§ =
0.8); cf. Table 1. These data provide evidence for the validity
of eq 2 with time- (conversion-) dependektandk, for the
analysis of polymerization up to conversigrr 0.8.

The decrease of thi/k, ratio with & increase reflects the
constraints to bimolecular reactions of macroradicals R
imposed by the increasing viscosity of the medium as polym-
erization proceeds. Thus, in a nonviscous solviefi, is ~10°
at ca. 50°C.27 Polymerization of neat acrylate results in a
significant reduction of reactivity (diffusivity) of R even after
the first short irradiation. Chain termination is diffusion

in the absence of sensitizers) to E*/A (indirect excitation in the
presence of sensitizers). A transfer of both single phase (direct
excitation) and hyperfine coupling-dependent polarization of
P-centered radicals into spin-adduct with acrylate (sensitized
excitation) is observed.

Experiments with cure monitoring and photoDSC demon-
strated that addition of ITX accelerates the photopolymerization
of IBOA initiated by TMDPO in both direct and sensitized
excitations.

The ratio of propagation to bimolecular termination rate
constantsk/k, was estimated in photoDSC experiments during
photopolymerization of IBOA initiated by short light pulses. A
significant decrease df/k, was observed as polymerization
proceeds: k/k, decreases from values of ca. 95 at low
conversions to values of ca. 20 at a conversiort ot 0.8.
Values of § obtained with IR spectroscopy and with DSC
coincide within an experimental error §fdetermination.
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tion reactions will eventually become diffusion-controlled, so
that at high enough viscositgk, ~ 1. In our experiments we
were not able to gédi/k;, less than 20. It is possible that eq 3 is
not at all applicable at high, e.g., at5 > 0.8, such as in our
case. A ratio ok/k, = 32 was reported in a photoDSC study
of polymerization of neat dimethylacrylate (4Q, & ~ 0.4)2°
3.6. PhotoDSC Investigation of the ITX Photosensitized
Polymerization of IBOA. The effect of ITX addition on the
heat evolved during polymerization of IBOA initiated by
TMDPO was studied, employing different UV-light intensities
and monochromatic light 385 nm (cf. section 2.2), for a range
of concentrations of TMDPO and ITX; cf. section 2.2.

PhotoDSC data demonstrated that heat evolved during short-

time (0.6 s) UV irradiation of solution TMDPO in IBOA is
higher in the presence of ITX. The relative increase of heat in
the presence of ITX was found to be -1000% in our
experiments. PhotoDSC experiments with solutions of ITX and
IBOA do not result in heat evolution within the experimental
error of determination o€ (see Table 1). This result demon-
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