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Abstract

In this contribution, we have performed a comprehensive investigation of cationic photopolymerizations of phenyl glycidyl ether
using two iodonium photoinitiators: diaryliodonium hexafluoroantimonate (IHA), and (tolycumyl) iodonium tetrakis (pentafluorophenyl)
borate (IPB). We characterized these reactions using dark-cure experiments in which the polymerization was monitored in the dark after
illuminating it for a pre-determined period of time, and obtained profiles of the rate constant for termination/trapping as a function of
time. Our studies reveal that though these photoinitiators result in similar reaction kinetics (reaction rate and conversion profiles that are
nearly identical) for constant illumination with a Hg(Xe) arc lamp, they lead to very different results in the dark-cure experiments with
the iodonium borate salt exhibiting a higher polymerization rate at a given time, and a higher limiting conversion (76%) than observed
for the iodonium antimonate salt (62%). These dark-cure trends were explained by the fact that the rate constant for termination/trapping
was approximately 50% higher for the iodonium antimonate photoinitiator (0.041 and 0.02%fmirthe IHA and IBP photoinitiators
at 50°C, respectively). The active center concentrations and propagation rate constants were also characterized. Relative to the IPB, it
was found that the IHA initiator leads to a higher active center concentration (due to the higher molar absorptivity of this initiator at the
prominent emission wavelengths of the light source) but a lower propagation rate constant. Therefore, these two photoinitiators yield nearly
identical kinetic profiles under constant illumination due to the fact that the IPB photoinitiator leads to a lower active center concentration,
which is offset by a higher value of the propagation rate constant, and a lower value of the rate constant for termination/trapping.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction of 10°Lmol~1s™1) and have correspondingly short active
center lifetimes (typically less than a second). In contrast,
Cationic photopolymerizations offer several advantages for cationic polymerizations the rate of consumption of ac-
over the more commonly used free-radical photopolymer- tive centers is very slow and, although it has been relatively
izations. Two significant advantages are: (1) cationic pho- unstudied, the average cationic active centers lifetime has
topolymerizations are not inhibited by oxygen, therefore been found to be on the order of tens of minutds
it is not necessary to blanket the reaction system to ob- In the past decade or so, several new cationically poly-
tain rapid cure rates; and (2) cationic photopolymerizations merizable monomers and photoinitiators have been re-
may be used to polymerize important classes of monomersported, notably by Crivello and co-workers. Examples of
such as epoxides and vinyl ethers, which do not undergothese monomers include novel silicon-containing epoxy
free-radical polymerization. The cationic ring-opening resins[2—4], epoxide monomers based on bisvinyl ethers
polymerizations of epoxides are attractive in many emerg- and propenyl etheif$,6], benzyl, allyl and propargyl acetal
ing applications because they exhibit less shrinkage thanand ether groupf/], and hybrid monomers bearing epoxy
polymerizations of unsaturated monomers such as acrylatesand vinyl ether or 1-propenyl ether grouf#]. Cationic
and methacrylates. Another important difference between photoinitiators comprise mainly the diaryliodonium and tri-
cationic and radical polymerizations is the rate of termina- arylsulfonium saltg9]. These salts are thermally stable at
tion and consequently, the active center lifetime. Free radi- room temperatures.
cals have very high termination rate constants (on the order The selection of cationically polymerizable monomers
and cationic photoinitiators is now reasonably broad; how-
* Corresponding author. Tek:1-319-335-1414; fax31-319-335-1415. ever, the fundamental characterization of these reaction sys-
E-mail address: alec-scranton@uiowa.edu (A.B. Scranton). tems has received relatively little attention. In our laboratory,
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we are characterizing the active center lifetimes (or equiva- OH

lently, the low values of the termination rate constant). Here, | O +@ -
. . o . . C45H,5CHCH,0 I SbFs

we define the propagation lifetime as average time during
which an active center consumes monomer molecules to
form a growing polymer chain before chemically terminat- Fig. 1. Molecular structure of diaryliodonium hexafluoroantimonate (IHA).
ing or becoming trapped. We characterize the propagation
and termination rates using a dark-cure, or post polymeriza-
tion, experiment in which active centers are produced pho- tetrakis (pentafluorophenyl) borate (IPBjg. 2). These
tochemically until the initiating light is shuttered off, and two iodonium photoinitiators were selected because they
then the polymerization rate is monitored in the dark. This are known to be among the most effective photoinitiators
technique has been used extensively to characterize fredor yielding high polymerization rates. In all the experi-
radical polymerizations, including determination of kinetic ments described here the photoinitiator concentration was
rate constants and studies of the termination rate constan.86 mM.
as a function of conversiofi0-12] but has seen relatively
little application to cationic polymerizations. Since these 2.2. Photo-differential scanning calorimetry (DSC)
dark-cure studies are based upon the measurement of the
polymerization rate after the illumination is ceased, we Photo-DSC experiments were conducted using a Perkin-
cannot distinguish between termination of the active cen- EImer DSC-7 modified in-house for photo-experiments. The
ters (which results in chemical consumption of the active light source was a 200 W Oriel Hg(Xe) arc lamp. The beam
centers) and trapping of the active centers (in which casewas passed through a water filter outfitted with a thermostat-
the active centers still exist, but are no longer propagating). ted recirculating jacket to reduce infrared radiation and limit

In this contribution, we will present a series of dark-cure sample heating. A quartz cover on the DSC sample block
studies for photopolymerizations initiated with iodonium was used to seal the reaction chamber, which was purged
salts containing two different counterions: hexafluoroan- with nitrogen. The total radiant power incident on the sam-
timonate, and tetrakis (pentafluorophenyl) borate. Theseple was 75 mW/cr, as measured by graphite disc absorp-
photoinitiators are known to exhibit similar photopoly- tion. The intensity in the wavelength range of interest was
merization kinetics under constant illumination conditions; determined to be 25 mW/chusing a calibrated Ocean Op-
however, our studies reveal that they behave very differently tics S2000 spectrophotometer. Since the polymerization re-
under dark-cure conditions. These observations will be ex- actions are exothermic, the reaction rate can be calculated
plained by examining the relative values of the propagation by measuring the heat released during the reaction. Conver-
and termination/trapping rate constants. sion profiles can be obtained by integrating the area under

the curve for the heat profiles and dividing by the heat of
polymerization.

2. Experimental

2.1. Materials 3. Results and discussion

Phenyl glycidyl ether, which is a monoepoxide monomer, 3.1. Cationic photopolymerization under constant
was supplied by the Shell Chemical Company. This illumination
monomer was selected because it is a monoepoxide
monomer that yields a polymer with a relatively low glass  Before conducting the dark-cure experiments, polymer-
transition temperature. The purity of this monomer was izations were carried out under constant illumination to pro-
verified using mass spectrometry (Moyager GC/MS Trace vide the complete profiles of reaction rate versus time, and
2000 series by ThermoQuest), and no impurities were de-the conversion versus time, as showifrig. 3. The reaction
tected. The photoinitiators used were: diaryliodonium hex- rate versus time profile has a general shape that is charac-
afluoroantimonate (IHAFig. 1), and (tolycumyl) iodonium teristic of cationic photopolymerizations. Immediately upon
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Fig. 2. Molecular structure of (tolycumyl) iodonium tetrakis (pentafluorophenyl) borate (IPB).
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Fig. 3. Reaction rate and conversion versus time profiles for photopolymerization of phenyl glycidyl ether under full illumination with 8.86 mM
concentration of IHA and IPB photoinitiators at S0 and light intensity of 25 mW/cf

illumination, cationic active centers are formed and react sion (and polymerization rate) at a given time, and a higher
with the surrounding monomer molecules to form a growing limiting conversion (76%) than observed for the antimonate
polymer chain. The reaction rate increases monotonically salt (62%). These results suggest that the IPB initiator re-
due to the increase in the concentration of active centers,sults in a lower rate constant for termination/trapping, and
reaches a peak, then decreases, primarily due to the decreadberefore a higher active center lifetime. To further investi-
in the concentration of monomer. gate the kinetic characteristics of these photoinitiators, we
Fig. 3illustrates the widely known result that fora Hg(Xe) characterized the kinetic constants for termination/trapping
arc lamp source the two photoinitiators studied yield similar and propagation as well as the active center concentration,
polymerization kinetics under constant illumination (both as described below.
the time-resolved reaction rate and the conversion profile

curves lie almost on top of each other). 3.3. Determination of the rate constant for
termination/trapping
3.2. Cationic photopolymerizations in dark
The dark-cure conversion profiles were analyzed to de-

In these experiments, the system was illuminated for a termine the instantaneous value of the effective termina-
pre-determined period of time, then the light was shuttered tion/trapping rate constant based upon the assumption that
off and the reaction was monitored in the dark. When the the decrease in active center concentration is first order. It is
light is shuttered off, no new active centers are formed, clear that the rate for active center trapping should be first
and the rate of polymerization decreases monotonically dueorder since it (or equivalently the decrease in the propagat-
to both the decrease in monomer concentration associatedng active center concentration) is proportional to the active
with propagation, and the decrease in active center concen-center concentration. In addition, the rate of chemical ter-
tration associated with termination or trapping. Therefore, mination is pseudo-first order if the concentration of the ter-
the dark-cure, or post-polymerization, experiments are use-minating agent is much higher than the concentration of the
ful for examining the rate of termination and the average active centers. In our case, it is unclear what the nucleophilic
propagation lifetime of active centers. termination agent would be since the purity of the monomer

Fig. 4 compares the conversion as a function of time for is high and the counterions are relatively inactive for termi-
photopolymerization of phenyl glycidyl ether for an illumi- nation[13]. As shown below, the analysis based upon the
nation of 15s for the two photoinitiators studied. Note that assumption of first-order termination/trapping fit the exper-
although these two salts exhibit nearly identical rate pro- imental data very well, while an analysis based upon the
files for continuous illuminationKig. 3), they exhibit very assumption of second-order termination did not fit the data.
different rate profiles in the dark-cure experimehty( 4). If termination/trapping is first order, the following equa-
Specifically, the borate salt (IPB) exhibits a higher conver- tion describes the concentration of active centers as a
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Fig. 4. Dark-cure profiles of conversion as a function of time profiles for 15s of illumination times for photopolymerizations of phenyl glycidyl ether
initiated using 8.86 mM of IHA and IPB salts at 5 and light intensity of 25 mW/cf

function of time: sults from a decrease in the propagating active center con-
d[M+] N centration due to termination and trapping. The resulting
o = M7 1) profile of ky[M*] versus time was, in turn, differentiated

using the numerical differentiation feature provided by the
where [M*] corresponds to the concentration of propagating Origin (Microcal, Inc., Boston, MA) software package. Fi-
(untrapped) active centers, whikg: represents the kinetic  nally, to obtain a profile ok as a function of time, the
rate constant for termination/trapping of active centers. To following equation, which follows fronEq. (1) was used:
determine the instantaneous valuekgf during a dark-cure
experiment, the following equation for the rate of polymer-  d(kp[M *]) .
ization is combined witheq. (1) T ar ktjtkp[M ] 3
Rp = kp[M][M *] (2) : . . .
Fig. 5shows the profile fok;; as a function of time ob-
This standard equatiofi4] states that the rate of poly- tained by applying the procedure described above to the data
merization is proportional to the product of the monomer obtained for the dark-cure experiment with 15s of illumi-
concentration and the active center concentration, with the nation (the data from zero to 20 min after the shutter was
proportionality constant being the effective propagation rate closed was used, corresponding to a maximum conversion
constantky. In general, the value df, depends upon the  of 50%). This figure illustrates th&t has an average value
distance between the cationic active center and the counte-of 0.041 mirr! for IHA salt and 0.027 min? for IPB salt,
rion. The reactivity of separated cation is much higher than and remains essentially constant with respect to time. This
that of an ion paif14]. Consequentlyk, should remain con-  supports the assumption that termination for the reaction
stant for low to intermediate conversions, when the active system studied here is first order, and therefore the active
center—counterion distance does not change appreciably. centers concentration can be described by an exponential
For our analysis, the instantaneous rate of polymeriza- decay. Based upon this value for the termination/trapping
tion, Rp, as a function of time was obtained directly from rate constant, the average value of the propagation lifetime
the DSC experiments, while the monomer concentration was (which is the inverse ok) is approximately 24 min for
readily obtained from the initial monomer concentration and IHA and the corresponding value for IPB salt is 37 min. This
the time-resolved conversion profiles. Dividing the instanta- relatively high value of the active center lifetime explains
neous rate of polymerization by the instantaneous monomerwhy a sample illuminated for only 15s can continue to re-
concentration yielded the instantaneous value of the prod-act for nearly an hour. In addition, the relative values of the
uctky[M ]. For conversions below about 50%, the effective active center propagating lifetime (37 and 24 min for IPB
propagation rate constarkys, may be assumed to remain and IHA, respectively) explain the observed trend in final
constant, therefore the decrease in the prodéyitl ] re- limiting conversion for low illumination time.
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Fig. 5. Plot ofky as a function of time for photopolymerization of phenyl glycidyl ether monomer initiated using 8.86 mM concentration of IHA and
IPB salts at 50C. The samples were illuminated for 15s at a light intensity of 25 m\&/cm

3.4. Determination of active center concentration and constant illumination for these two photoinitiators and the
propagation rate constants corresponding profiles as a function of time are shown in
Fig. 6.

The analysis of the termination/trapping rate constant de-  Fig. 6illustrates that, in the initial stage of the polymer-
scribed above explains the trends observed in the dark-curezation, more active centers are formed for the IHA salt due
experiments. To understand why the IPB and IHA salts to the higher molar absorptivity of this initiator at the promi-
exhibit similar kinetic results in the constant illumination nent emission wavelengths of the light source used. Note
experiments, it is useful to determine the active center that the final active center concentration is determined by
concentrations produced by photolysis of the iodonium the initial initiator concentration, which is same for both the
initiators. The concentration of cationic active centers pro- cases (because the photoinitiator is completely consumed),
duced by the photolysis of the iodonium photoinitiator as a although the time to achieve that concentration is different.
function of the illumination timet, can be calculated using  After the light is shuttered off, the active center concentra-
the following equation: tion decreases in accordance wih. (1)

11 —kabd Once the absolute value of the active center concentra-
[M™] = @lo(1— ) (4) L : : :

tion is determined, propagation rate constant profile can
where ¢ is the quantum vyield of active centers (the num- be characterized usingq. (2) As described in a previous
ber of active centers formed per photon absorb&gd}he section, time-resolved profiles of the quan#iiM ] were
photoinitiator concentration at time= 0, andkypsthe ab- obtained by dividing the instantaneous rate of polymer-
sorption rate constant, defined as the product of the incidentization by the instantaneous monomer concentration. The
photon flux and the photoinitiator absorption cross-section active center concentration at the beginning of the dark-cure
summed over all incident wavelengths. The quantum yield experiment was calculated usiig. (4) Subsequently, the
for the iodonium salts has been reportdd] to be be- instantaneous active center concentration was calculated
tween 0.7 and 0.9 and a value of 0.7 was used for our using Eg. (1) using the instantaneous profile obtained
calculations. For the given system and the reaction param-previously. Finally, the instantaneolkg values were ob-
eters,kaps for the IHA salt was found to be 0.0275and tained by dividing the instantaneols[M *] value by the
the corresponding value for the IPB salt was found to be instantaneous value of [¥]. This was done for both the
0.016s1. These values were determined by summing the photoinitiators and the ratio ¢4, is plotted as a function of
product of the photoinitiator absorption cross-section and time in Fig. 7.
the photon flux of the Hg(Xe) lamp for each wavelength be-  Fig. 7illustrates that the ratio of the propagation rate con-
tween 297 and 335 nm. With these parameterg,(4)was stants remains constant up to a conversion of 50% verifying
used to determine the active center concentrations underour hypothesis that propagation rate constant is constant
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Fig. 6. Plot of the active centers concentration as a function of time for phenyl glycidyl ether monomer during illumination at 25 rhigtitcimensity
and a temperature of 3C and at 8.86 mM concentration of the photoinitiators.
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Fig. 7. Ratio of the propagation rate constants as a function of time for photopolymerization of phenyl glycidyl ether monomer initiated using 8.86 mM
concentration of IHA and IPB salts at 5G.

up to this conversion and its value is approx. 0.6. This a higher value of the propagation rate constant, and a lower
also suggests that the IPB photoinitiator results in a higher value of the rate constant for termination/trapping.
propagation rate constant than the IHA photoinitiator, likely

due to the larger volume of the counterion. Together, these

results explain why the two photoinitiators lead to nearly 4. Conclusions

identical reaction profiles under constant illumination. The

IPB photoinitiator leads to a lower active center concentra-  In this contribution, we have performed a comprehensive
tion due to its lower molar absorptivity, which is offset by investigation of cationic photopolymerizations of phenyl
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glycidyl ether using two iodonium photoinitiators that have light source) but a lower propagation rate constant. There-
been reported to yield high photopolymerization rates: di- fore, these two photoinitiators yield nearly identical kinetic
aryliodonium hexafluoroantimonate, and (tolycumyl) iodo- profiles under constant illumination due to the fact that the
nium tetrakis (pentafluorophenyl) borate. We characterized IPB photoinitiator leads to a lower active center concentra-
these reactions using dark-cure experiments in which thetion, which is offset by a higher value of the propagation
polymerization was monitored in the dark after illuminating rate constant, and a lower value of the rate constant for ter-
it for a pre-determined period of time, and we analyzed the mination/trapping.
results to obtain profiles for the rate constant for termina-
tion/trapping as a function of time. Since these dark-cure
studies are based upon the measurement of the polymerAcknowledgements
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