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ABSTRACT: High-resolution electrospray ionizatiemass spectrometry (ESI-MS) was applied to study the
polymeric product spectrum generated by the pulsed laser polymerization (PLP) of methyl methacrylate (MMA)
at temperaturex0 °C in the presence of the photoinitiators 2,2-dimethoxy-2-phenylacetophenone (DMPA),
benzoin, benzil, benzoin ethyl ether (BEE), and 2,2-azobisisobutylnitrile (AIBN). Termination products, both
combination and disproportionation, were identified with high accuracy. Both the benzoyl and acetal fragments
generated as a result of DMPA photocleavage were found to initiate and highly likely terminate polymerization.
Under the conditions studied, the acetal radical produced upon DMPA photolysis fragments further to yield methyl
radicals which seem to act predominantly as terminating moieties. Both the benzoyl and ether fragments produced
as a result of benzoin photocleavage were found to act as initiating and probable terminating species, indicating
that the ether radical fragment does not act exclusively as a terminating species. Additionally, increasing laser
intensity and/or irradiation repetition rate (i.e., energy deposition into the system) results in more complex product
distributions of the MMA polymers produced via photoinitiation (with the exception of AIBN). Temperature
was determined to have a minor influence on the resulting product distribution under the conditions examined.

Introduction degradation (see for example refs-1). The thermal degrada-
tion of MMA is understood to involve the initiation of
depropagation with first-order termination or depropagation by
chain end and random chain scission and subsequent unzipping
of the polymer chaii? The type of end group on the polymer

is dictated by the experimental conditions, route, and mechanism

Photopolymerizations constitute an important avenue for the
preparation of synthetic polymers in both industry and academia.
Photopolymerization can be achieved through the use of
photoinitiators (PIs), photo-cross-linkable polymers, and photo-

cross-linking agents.Pls are used for the polymerization of ! Lo .
functional monomers, oligomers, and polyniefer use in of polymer synthesis; however, there is limited information as
’ ’ to the polymer chain ends produced through photopolymeriza-

applications including UV-curing of coatings and inks as well hus hinderi bil desian b h | .
as for more specialized applications such as dental restorativel!o": thus hindering our ability to design better photopolymeric

materiald* and biomaterial§® The present study focuses on mate_ri.als with improved resistance to harsh environmental
the free radical photopolymerization of methyl methacrylate conditions.
(MMA) using various Pls employed frequently in UV-curing Ideally, synthesis of a polymeric structure that is completely
applications, photoimaging, and kinetic studies (see for example characterized with respect to molecular weight (number- and
refs 7-10). weight-average as well as stereoregularity) and has end groups
MMA was selected as the monomer for several reasons. First, that withstand degradation would improve the longevity of poly-
all necessary kinetic parameters of the monomer are known (sed@lkyl methacrylate)s produced via photopolymerization. The
Table S1 of the Supporting Information). Furthermore, MMA  introduction of a saturated end group with high bond energy at
has been extensively studied with regard to its mechanistic the polymer chain end has been postulated to reduce end
pathway including propagatiod, terminationt? and chain initiation effects and raise the thermal degradation temperature
transfer reaction& 14 Importantly, polyMMA is the basis of ~ Of polyMMA.2° An improved understanding of the photolysis
many material families including Perspex, Plexiglas, and Lucite, Products obtained from several Pls subjected to various initiation
which have a wide range of applications. conditions, and the subsequent photolysis product reactivity
The diverse and widespread use of alkyl methacrylate toward the alkyl methacrylate, v_vould enhan_cg great]y our ability
polymers stems from their many advantageous material proper-t0_tailor photopolymer properties for specific applications. In
ties. For example, the pure aliphatic structure of the methacrylatethis present study, the mechanistic details of the photoinitiation
backbone and effective steric hindrance of the polymer chains Process are investigated with particular emphasis on the ability
results in alkyl methacrylate polymers exhibiting excellent ©Of the primary and secondary photoinitiator derived radical
weather resistance characteristics. Additionally, poly(alkyl meth- fragments to initiate and terminate macromolecular growth.
acrylate)s are characterized by a lack of oxidative degradation Aromatic ketones are the most versatile photoinitiators in
or ester hydrolysis. However, a disadvantageous property of commercial practice as their absorptions occur at longer
these polymers is that they are susceptible to UV and thermalwavelengths and their quantum yields are higher than aliphatic
ketones! Ketones undergo homolysis (often simultaneously)
*To whom correspondence should be addressed: e-mail camd@ Via €ither one of two processes: fragmentation or hydrogen
unsw.edu.au; PH-612 9385 4331; Fax-612 9385 6250. abstractiort! The process of fragmentation is described in
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Scheme 1. Photolytic Pathway for Aromatic Ketone Photoinitiatord!
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Scheme 2. Photoinitiators Employed in the Present Study Scheme 3. Benzoin Derivative Photocleavage
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o oH (B) radicals exhibit comparable efficiency and have the same
0 o) reactivity. Hageman et &P identify different reactivities and

O roles; however, benzoyl radicals are known to add efficiently
to various unsaturated compouridSingle pulse-pulsed laser

O polymerization (SP-PLP) experiments analyzed via matrix-
assisted laser desorption and ionizatitime of flight-mass

spectrometry (MALDI-ToF-MS) have shown that for benzoin
the benzoyl radical is the more reactive radical which may
reduce the complexity of the resulting mass spettfaStudies
of various monomers with benzoin via SP-PLP by Kowdfik
= found a decrease in monomer conversion per single laser pulse
NZ N=N 4” with increasing photoinitiator concentrations. The reason for
such behavior was attributed to an effective initiation of the
benzoyl radical, while the ether radical was thought to be
involved predominantly in termination events.
Benzil ketals, including DMPA, are another important class
. . of PI. The efficiency of benzil ketals is considerably greater
Scheme 1. Hydrogen abstraction only occurs in the presencey,n that of benzoin ethers (i.e., benzoin and BEE)milar
of a hydrogen donor (most commonly amings). conjecture exists over the radical reactivity of the acetal fragment
The photoini_tiators 2_,2-dimethoxy-2-phenylace_tophenone produced in DMPA photolysi&-36 Buback et af” observed a
(DMPA), benzoin, benzoin ethyl ether (BEE), benzil, and 2,2- gecrease in monomer conversion per single laser pulse with
azobisisobutylnitrile (AIBN) were employed in this study (see increasing photoinitiator concentrations of DMPA in SP-PLP
Scheme 2) because they have been studied extensively withstydies of various monomers. The reason for such behavior was
respect to their photodecomposition and excited-state pré&idéts  aitriputed tentatively-similar to the arguments put forward in
and are common commercial photoinitiators often used in the the case of benzoin and on the basis of kinetic observations
presence of hydrogen donors. The relative amounts of frag- gjone—to the specific decomposition pathways and fragments
mentation and hydrogen abstraction vary with the type of Pl of the photoinitiator. DMPA was postulated to decompose into
and hydrogen donor, as the stability of the free radicals formed poth an inhibiting species (the acetal fragment) and an initiating
in the photolysis may diffe?: Since this study is aimed at  gpecies (the benzoyl fragment). A recent MALDI-ToF-MS
examining free radi(.:allreactivities of PI photolysis products apd investigation confirmed that the benzoyl fragment is indeed an
hydrogen donors aid in the photocleavage of the P, clouding gffective initiator in MMA photopolymerization; however, the
true radical reactivity, no hydrogen donors were employed.  fate of the acetal fragment could not be ascertained due to the
The Pls used (except AIBN; see Scheme 2) are all type | relatively poor resolution of the MALDI-ToF spectfaWhile
photoinitiators which undergo photochemicatleavage from  this study seeks to clarify the situation on the basis of an in-
the triplet state by a Norrish type | mechanism. AIBN is used depth product analysis, it is important to note that the behavior
commonly as both a thermal and photoinitiato?® Benzoin of the radical species produced from the photocleavage of Pls
and BEE are used frequently as Pls for vinyl polymerizations may be temperature dependent. Thus, some care should be taken
due to their fast photochemical reactibrPhotochemical when extrapolating the experiments of the present stilidy (
a-cleavage from the triplet state by a Norrish type | mechanism 0 °C) to the higher temperatures (and pressures) of the SP-PLP
yields a benzoyl (A) and ether radical (B) (Scheme 3) and has experiments.
been shown to be the main process for photolysis of benzoin  Despite numerous decomposition product studies over the past
and its derivatives in a wide temperature rahgeA major decades, the analysis of the photolytic products of these Pls as
drawback of benzoin ether Pls, however, is their low thermal moieties in the polymer chain of poly(alkyl methacrylate)
stability and associated yellowing of cured coatihgs. homopolymers, to the best of our knowledge, has yet to be
There is uncertainty about the reactivity and role of the radical studied in great detail. Limited terminal group analysis of
species (A) and (B) (Scheme 3). Pappas &B-&l(using1“C- photopolymerized products of 2-phenoxyethyl acrylate using
labeled benzoin derivatives) found that for low radical and high MALDI-ToF-MS has been conducted by Kaji et @lin the
monomer concentrations (MMA and methacrylate) the (A) and present study, the free redial reactivity of the photolysis products

Benzoin Ethyl Ether (BEE) Benzoin

2,2- Azobisisobutylnitrile (AIBN)
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of various commonly used Pls toward MMA is mapped in detail. Isothermal reaction conditions (from 0 t26.2 °C) were main-
Identifying possible products of all reaction pathways in a tained (by first allowing the sample to equilibrate for 10 min) using
photoinitiated process requires highly sensitive experimental @ recirculating bath including a feedback loop through a thermo-
techniques; soft ionization mass spectrometry is a tool ideally couple attached to the side of the reaction cell. The reaction cell is
suited for this task. The potential of mass spectrometric analysis @ COPPer cell (120< 120 x 70 mm) designed to hold a soda glass

for synthetic polymers has been discussed in numerous publica-vIal (75 x 12 mm). The bath fluid used was a 50:50 v/v mix of

. d revi Cled-43Th . ethylene glycol and water. A Lamda Physik COMPex Pro 110 XeF
tions and review articles: € two main mass Spectrometry  ,;sed |aser system was used to generate radiation bursts (20 ns)

techniques suitable for the study of synthetic polymers are yth frequencies of 20 or 100 Hz for an overall polymerization
MALDI-ToF-MS#445 and ESI-MS$47 The accessible mass time of 20 min at a wavelength of 351 nm with a single pulse
range for MALDI-ToF-MS is significantly largemz ~100 000 energy ranging between 4 and 26 mJ. The laser beam was attenuated
amu) than for ESI-MSrtVz ~ 4000 amu); however, ESI-MS is  to 1 cn? using Thor Labs optics. Laser energy measurements were
a very soft ionization technique that allows the characterization carried out with a Ophir AN/2 power meter. Care was taken to
of intact polymerg® ESI provides a molar response to oligo- €nsure a homogeneous intensity profile over the whole optical cross
mers, and fragmentation of oligomers does not occur under ES|Section. The applied laser pulse patterns were controlled with a
conditions. Therefore, it is possible to obtain repeat unit and handheld keypad. The resulting polymers were isolated by evapo-
end group masses using ESI-M&Previously, the CAMD rating off the residual monomer. Cell design limited the study to

. atmospheric pressure. No stirring was applied.
(Centre for Advanced Macromolecular Design) group has Mass Analysis.ESI-MS experiments were carried out using a

employed both MALDI-ToF-MS and ESI-MS to study mecha-  1hermo Finnigan LCQ Deca ion trap mass spectrometer (Thermo

nistic aspects of both conventional and living free radical Finnigan, San Jose, CA). The ESI-MS is equipped with an
polymerizatiofi®4%-52 as well as to conduct fundamental kinetic  atmospheric pressure ionization source which operates in the

investigation$! nebulizer-assisted electrospray mode. The instrument was calibrated
The present Study Coup|es the pu|sed laser po|ymerizati0nWith caffeine, MRFA, and Ultramark 1621 (aII from A|dI’ICh) in

(PLP) techniqu# 55 with ESI-MS to carry out end group the mass range 193822 amu. All spectra were acquired in

analysis of polymers formed using photoinitiation. The need to POSitive ion mode over the mass to charge ramge, 100-2000

use the PLP technique in the synthesis of polyMMA stems from with a spray voltage of 5 kV, a capillary voltage of 44 V, and a

. L . . capillary temperature of 27%C. Nitrogen was used as sheath gas
the molecular weight limitations associated with ESI-MS. PLP (flow: 50% of maximum) while helium was used as auxiliary gas

is an efficient and simple technique for obtaining desired (fiow: 59 of maximum). The eluent was a 6:4 viv mixture of THF:
molecular weights using photopolymerization, while allowing methanol with an acetic acid concentration of 0.4 mM. Salt
flexibility in initiator and monomer concentration. The principle concentration has been shown to be a significant parameter in the
behind PLP is that the molecular weight of the resulting polymer efficient ionization of synthetic polymers in ESI. The addition of

is controlled by the repetition rate of the incident light radiation some salts to the ESI solvent system (e.g., sodium acetate) increases
under isothermal conditions. The propagation and averagethe total ion count in ESI; however, salt concentrations that are
termination rate coefficients of free radical polymerizations are 00 high have been shown to impair the ESI procéSpectra were
constant at isothermal conditions and low conversidrEhe recorded in positive ion mode with an instrumental resolutlpn of
pulsing in PLP induces termination events at the time of the 0.1 amu. All reported molecular weights were calculated via the

incident liaht irradiation: h hen kineti i program package CS ChemDraw 6.0 and are monoisotopic.
Incident fight irradiation; hence, when Kinelic parameters areé g;y|ated isotopic pattern generation was conducted using the

known, desired molecular weights can be targeted. In the casexcajipur program included with the thermoelectron ESI-MS
of UV curing, where the incident radiation is a constant source software. The theoretical molecular weight over charge ratigs (

of (monochromatic) light there are no externally induced termin- z assuming = +1) are calculated using the exact molecular mass
ation events. As a consequence, high molecular weight polymersof the predominant isotope within the structure.

are produced. Prior to the PLP experiments in this study, Itisimportantto note that with MMA oligomers the cation (Na
simulation work was undertaken using the program package which is ubiquitous or provided as a salt in the solvent, binds to
PREDICI to find suitable PLP conditions under which molecular the oxygen atoms. More stable configurations are postulated to
weight distributions for polyMMA below 4000 Da could be involve more than one oxygen atom in contact with a catfahus,

obtained. The parameters used in the PREDICI simulation are € Stéreochemistry of the polymer may distupt the ability of the
detailed in the Supporting Information (see Table S1) molecule to achieve the conflgurat_lon ne(_eded for high charge states.
) The number of charges that a given oligomer can accommodate

By examining the end groups of photoinitiated polymers might be affected by the stereochemistry. Such a phenomenon has
(synthesized under various conditions) using high-resolution been shown to hold true for proteins where multicharging has been
ESI-MS, key information vital to improving the synthesis related to accessibility to basic sites for protonafibklowever,
procedure and consequently the lifetime of UV-cured polymers photopolymerizations at low temperatures yield low-energy ste-

can be obtained. reospecific polymeric speci€$In free radical polymerizatior,o.-
. ) disubstituted olefinic monomers usually give rise to syndiotactic
Experimental Section polymers owing to the repulsion between tiemethyl group at

Materials. Methyl methacrylate (MMA, Aldrich, 99%) and  the polymer end and that of the approaching monomer. Thus,
n-butyl methacrylater(-BMA, Aldrich, 99%) were deinhibited by polyMMA primarily consists of syndiotactic triad ar structure,
passing over basic alumina. 2,2-Dimethoxy-2-phenylacetophenonewith this syndiotacticity increasing with decreasing temperatire.
(DMPA) (Aldrich, 99%), benzil (Aldrich, 98%), and benzoin ethyl NMR Spectroscopy.!H NMR spectra were recorded on a Bruker
ether (BEE) (Aldrich, 99%) were used as received. Benzoin ACF300 300 MHz spectrometer with CDQlsed as solvent.
(Aldrich) and 2,2-azobisisobutylnitrile (AIBN) (DuPont) were UV —vis SpectroscopyUV —vis spectra were recorded using a
recrystallized twice in ethanol prior to use. Photoinitiator purity CARY 300 spectrophotometer at 19600 nm. The solvent was
was confirmed byH NMR. Acetonitrile (Ajax, 99%) was used as  MMA, and the concentration of photoinitiator was close to<5

received. 1072 L mol~tin all cases. Isothermal conditions were maintained
Polymerizations. All samples consisted of monomer (sample at 25°C using a CARY temperature controller.
volume~ 1.0 mL) with a photoinitiator concentration ofs610-3— Simulations. All simulations have been carried out using the

1 x 1072 mol L~L Prior to laser irradiation, all samples were program package PREDICI, version 5.36.4a, on an Intel Pentium
deoxygenated with a nitrogen stream for a period of 12 min. M, 1.6 GHz IBM-compatible computer.
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Results and Discussion

Prior to the photopolymerizations, the absorption spectra of
the initiating system must be considered. If components other
than the Pl in the formulation (i.e., MMA) absorb light of the
same wavelength necessary for the Pl excitation, they will
compete for the incident light and decrease the efficiency of
the initiation process. The absorbance spectra of the Pls used
in this study, in bulk MMA, are given in Figure S1 (see
Supporting Information) with all the Pls employed absorbing : ;
at the incident laser wavelength of 351 nm. The absorption HRE
spectrum of MMA was recorded in the region 9800 nm in
acetonitrile solvent at concentrations up to 4.9 M. No monomer HE K
absorbance was observed abdve 300 nm. Whl.b}h ol

'Mass Spectrometric R'es.ullts.DMPAjlnma.ted PLP of MMA. 600 8OO 1000 | 1200 1400 1600
It is well-known that the initiating radicals in the photolysis of ‘

Relative Abundance

DMPA are generated by a very fast photochemical cleavage

reaction followed by secondary fragmentatiohhe dimethoxy-

benzyl (acetal) radical can undergo a secondary cleavage to give

a methyl radical and methyl benzoate reaction that depends MMA-DMPA

on the intensity of the excitation sourt&hermal fragmentation | Isotopic Pattern - Scaled

of the acetal radical is a slow process at room temperature that 20tz 2.2, 4.5 md pule

becomes dominant with decreasing intensitigtwus, to selec-

tively avoid the formation of byproducts from the photolysis

of DMPA and to ascertain the role that the DMPA photolysis Il l| I | ' |
Cos D, Cu D, W1 C " c

products play in initiating and terminating radical chains, low
temperatures in conjunction with low irradiation laser intensities
are used.

Photopolymerization studies of DMPA initiated MMA by
Phar§®61 have indicated that close to 15% of the dimethoxy-
benzyl radicals formed from DMPA photolysis are incorporated
into the polymer; however, whether they act as initiating or | \ ‘ | |
terminating species was not ascertained. Furthermore, these S e 5o et v
studies show that at least 30% of the benzoyl radicals formed 950 960 970 980 990 1000 1010 1020 1030 1040 1050
are involved in the polymerization. The methyl radical produced m/z
from a secondary fragmentation of the acetal radical has alsoFigure 1. ESI-MS spectrum (lower part) of the polymeric material
been seen to contribute to initiation but to a lesser extent than obtained from the DMPA-initiatedfupao = 5 x 107° mol L) PLP

63 - of MMA at a laser energy of 4.5 mJ/pulse, a frequency of 20 Hz, and
that of the benzoyl fragmef#°*Studies by Sander et #have a temperature 0f-26.2°C. Simulated isotopic product patterns scaled

found_ methyl benzoat_e as a major product in ph_otocleavageto experimental result (upper part) are also given. Theoretical product
experiments of DMPA in various solvents. Other major products mass-to-charge ratioan(z) are indicated by the dotted lines (see

found included benzil, benzaldehyde, and acetophenone. A studySchemes 4 and 5 for the associated structures).
by Baxter et aP* using HPLC and GC-MS demonstrated that
benzoic acid, methyl benzoate, methyl anisoate, methyl 4-ben-frequencies (20 and 100 Hz), initiator concentrations (5.0
zoylbenzoate, and methyl 2-benzoylbenzoate are produced. In10-3and 1.0x 102 mol L™%), and reaction temperatures (0 to
addition, minute amounts of benzaldehyde, benzophenone,—26 °C). Subsequently, ESI-MS was employed to determine
benzyl, acetophenone, and biphenyl were also produced. the end groups of the polymer chains. The resulting spectra,
As noted, PLP experimental conditions were selected to i-€-, product distributions from each experiment, depend on the
minimize all possible side reactions associated with photo- laser frequency employed and on the irradiation laser intensity.
po|ymerization, inc|uding both chain transfer to monomer and Alterlng the ph0t0|n|t|at0r concentration or reaction temperature
polymer. Using the equation for the chain transfer to monomer did not affect the resulting product distribution significantly.
constant Cr,) for MMA given by Stickler et alt3 and extrapo- Figure 1 highlights one complete repeat mass unit of
lating to —25 °C, one obtains &, value of 7.5x 1077. Thus, polyMMA synthesized by PLP in the presence of DMPA. The
for approximately 1 in every 75 million propagation steps, a spectrum is of exceptionally high resolution (with accuracy of
single transfer to monomer step occurs. Under the experimental+0.1 Da), giving clear isotopic patterns for each species present.
conditions in the present study (where the largest observed chainThe photopolymerization was conducted at a temperature of
lengths aren = 20 and conversion is maintained below 3%) —26.2°C, a laser intensity of 4.5 mJ/pulse, and a frequency of
chain transfer to monomer is unlikely to be significant. The 20 Hz. Conversion was maintaineds8%. For methacrylates
chain transfer to polymer constanCj for MMA in the it is known that disproportionation is the dominant biomolecular
temperature range 318 K < 353 has been determined to be termination reactiofd? Possible combination and disproportion-
(1.5-2.5) x 10741 Thus, for every 15 000 propagation steps ation products from the DMPA-initiated photopolymerization
at 313 K there is one chain transfer to polymer step. Having of MMA are given in Schemes 4 and 5, respectively.
used temperatures no higher than 273 K, chain transfer to  The nomenclature in the present study is complex. To aid
polymer is also unlikely to be significant in the present study. readability, all products which are the same, regardless of the
The photopolymerization of MMA in the presence of DMPA Pl from which they have been produced, are labeled identically.
was conducted at various laser intensities 28 mJ/ pulse§? For example, all disproportionation products involving the

Relative Abundance
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Scheme 4. Overview of the Possible Combination Product lons Generated by ESI of the Polymeric Material from the DMPA-Initiated
PLP of MMA
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benzoyl radical are labeled;Rregardless of the source of the consequently, such quantities are discussed on a relative basis.
benzoyl radical. In the case of combination products involving The theoretical molecular masses of the combination and
two different end groups, the nomenclature employed gives disproportionation products for the DMPA-initiated MMA
reference to both groups as there is no way to determine whichphotopolymerizations are given in Table 1.

radical initiated or terminated the polymer chain without further Figure 1 shows that disproportionaﬂon is the favored termina-
examination of the disproportionation products. That i$s,C  tion mechanism for the DMPA-initiated PLP of MMA under
which is akin to G, represents a product that terminated via the reaction conditions investigated. Importantly, Figure 1 also
combination and has two different end groups. This product is jjjystrates the presence of quantitative amounts of dispropor-
given as G-2,1. tionation products B, and Dy, corresponding to polymer
Willemse et aP? used peak areas of the mass spectrum to initiated by the acetal fragment of the photolysis of DMPA.
compare the value of the modes of termination in MALDI-ToF- Quantitatively, the ratio of disproportionation products;iD; ;
MS analysis of benzoin-initiated PLP-induced copolymerization (and similarly By, and D ) is approximately (based on peak
of MMA and styrene. The use of peak areas in the mass height) 2:1, which implies that the ratio of benzoyl radicals to
spectrum is justified when looking at a single repeat unit mass acetal radicals in initiating the polymerization is 2:1 (assuming
within the spectra; however, because of the overlap of the that both the acetal- and benzoyl-initiated propagating radicals
isotopic patters of various different combination and dispro- have equal affinity to terminate via disproportionation). Ad-
portionation products, caution is taken in employing such a ditionally, the quantity of combination products initiated and
technique to give quantitative values of proportions of product terminated by benzoyl radicals {g) is approximately equal to
formed. Furthermore, signal response discrimination can occurthat of combination products initiated by a benzoyl radical (or
during any of the processes of ionization, transfer of ions to conversely an acetal radical) and terminated by the opposite
the mass analyzer, mass analysis, and/or ion detection. Thusradical species (i.e., specieg £, 1). Combination product ()
there may be some signal response differences associated withivhere the polymer is initiated and terminated by an acetal radical
end groups, stereochemistry, and branchfitherefore, great is observed in very low amounts. Assuming that all propagating
care is taken when discussing the relative abundance ofspecies have an equal affinity to terminate via combination, the
particular species determined using the ESI-MS technique, andquantity of product @, being larger than that of G again
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Scheme 5. Overview of the Possible Disproportionation Product lons Generated by ESI of the Polymeric Material from
DMPA-Initiated PLP of MMA
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Table 1. Experimental and Theoreticalm/z Values for the lons
Detected by ESI in the DMPA-Initiated PLP of MMA

SpeCieS m/Ztheor mlzexp(low intensity) m/Zexp(hiQh intensity/freq)
Ci1 1025.5 1025.5 1025.5
Ciz 21 979.5 979.4 979.4
Cop 1033.5 1033.4 1033.4
Ciz 31 989.5

Co3-32 1043.5 1043.5 1043.5
Cas 953.5 953.5 953.5
Craa1 1009.5 1009.5 1009.5
Cossz 963.4

C34-43 973.5 973.5 973.5
D11 975.5 975.5 975.5
D12 973.5 973.5 973.5
D21 1029.5 1029.5 1029.5
D22 1027.5 1027.5 1027.5
D31 1039.6

D32 1037.5

D41 959.5 959.4
Da2 957.5
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OCHs
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ingly, no ion peaks corresponding to combination products
Cs,1-1.3 (M'Z theor = 989.5) are found. In considering the low
guantitative abundance of the; Cspecies, such a finding is
not unexpected. Since the acetal fragment undergoes secondary
photolysis, it inherently has less opportunity to act as either a
terminating or an initiating species.

Unexpectedly, a product with a mass-to-charge ratia,=
1009.5, that is congruent with combination produgtG 4, i.e.,
an acetal initiated polymeric species that is terminated by a
methyl benzoate fragment (or potentially vice versa), is observed
quantitatively in Figure 1. As previously noted, methyl benzoate
has been found to be a major product in photocleavage
experiments of DMPA in various solverit§®4 Therefore, it is
possible to envisage a situation where the abundance and nature
of byproducts (specifically, methyl benzoate) influences the
photopolymerization experiment and radical termination, espe-
cially when considering that methyl benzoate has an electrophilic
carbonyl group and the phenyl group has the ability to delocalize

suggests that the benzoyl fragment has a greater affinity to electrons. Furthermore, the presence of methyl 4-benzoylben-
initiate the polymerization than the acetal fragment. Further zoate as a decomposition product from DMPA photoly$Fs,
examination of Figure 1 indicates the presence of quantitative which may arise from the combination of methyl benzoate

amounts of combination products, €3, indicating that the

(radical) species and a benzoyl radical, indicates that termination

acetal fragment has undergone further fragmentation. Interest-processes that feature a reaction of a free radical with methyl
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4 Energy Input Effects

- 20Hz, -26.2°C, 4.5mJ/ pulse
—— 20Hz, -23.8°C, 25mJ/ pulse
—— 100Hz, -24.2°C, 5mJ/ pulse

1
-~ 1009.5

Relative Abundance
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m/z

Figure 2. Effect of laser intensity and laser repetition rate on the polymeric material obtained from the DMPA-initiaigdo(= 5 x 10~ mol
L) PLP of MMA. Reaction conditions are given within the figure and the spectra are normalired &t 1029.5.

benzoate in the para position on the benzyl ring (and subsequent Effect of Energy Input on DMPA-Initiated PLP of MMA.
hydrogen abstraction or similar) may in fact occur. However, change in energy input into the photopolymerization system may
if C14-411s formed, in theory, a corresponding abundance of have a pronounced effect on the reactivity of the photolysis
combination product £,-4 2 should also be formed. While there  products of DMPA and side reactions involving these species.
exists the possibility of productiG-4 1 formation, the absence  Energy input into the reaction system can be altered by
of product G 442 casts some doubt on this notion, and the peak manipulating the intensity and/or frequency of the incident
corresponding to/z = 1009.5 may be attributed to some other radiation. Consequently, reaction conditions used to obtain the
termination product. In this context, it is important to note that spectra in Figure 1 were maintained and, independently, the
absence of proof is not necessarily proof of absence. Thefrequency of incident light and radiation laser intensity were
absence of certain products could be due to their specific endincreased 5-fold from 20 to 100 Hz and 5 to 25 mJ/pulse,
group chemistries that hinder an effective ionization under the respectively. The resulting product spectra, as well as the spectra
conditions employed. shown in Figure 1, are depicted in Figure 2. The conditions

The generation of a complete product spectrum can also beused were chosen specifically such that the overall increase in
used to investigate the impact, if any, of residual oxygen on energy input into the system (compared to that of the experiment
the polymer product. Studies on bulk polymerization experi- shown in Figure 1 (100 mW)) were identical in both cases (i.e.,
ments of DMPA-initiated MMA in the presence of oxygen have 500 mW corresponding to a 5-fold increase).
shown that benzoylperoxy radicals are formed from benzoyl Figure 2 indicates that the product spectrum of the resulting
radicals by oxygen quenching and are involved in the initiation synthetic polymer becomes significantly more complex with
step! Examination of the ESI-MS spectra in Figure 1 shows increasing frequency or increasing intensity, congruent with a
no evidence of termination products that incorporate either previous MALDI-ToF-MS analysis of polyMMA synthesized
termination or initiation fragments of this nature. The absence via PLP using DMPA8 Incident light frequency is found to
of oxygen quenched radical products indicates that oxygen influence the amount and type of reactions in MMA photo-
contamination is not a factor influencing product formation in polymerizations initiated with DMPA. What is markedly evident
these experiments. from examination of Figure 2 is that product peaksrét =

Subsequently, the impact of initiator concentration on radical 959.4, 1007.5, 1009.5, and 1013.5 appear/increase with higher
reactivities was also investigated to determine whether initiator energy input into the system. Disproportionation produgi D
concentration affects the resulting product distribution by is congruent with and may be attributed to the peak obtained at
influencing the occurrence of side reactions. Initiator concentra- m'z = 959.4. Unexpectedly, what are certainly disproportion-
tion was doubled from 5¢ 103 to 1 x 1072 mol L~! under ation products atm/z = 1007.5 and 1009.5 are observed in
the conditions used in Figure 1. No comparative change in the significant amounts. As discussed previously, the peak/at
resulting product spectrum was observed. = 1009.5 may be attributed to combination produgtzG j;

An interesting observation to note for the DMPA experiment however, when the peak at/z = 1007.5 appears at higher
in Figure 1 was that upon UV light exposure after PLP the energy inputs, this possibility seems unlikely as peaks that differ
sample turned yellow. The yellowing of coatings cured with by exactly 2 amu are characteristic of disproportionation
benzil ketals (such as DMPA) has been found to increase uponproducts with the same end grouping. At this point the product
exposure to UV light and has been attributed to secondary corresponding to the peak afz = 1013.5 is indeterminate.
reactions of residual photoinitiator not completely consumed In an attempt to identify disproportionation terminated
in the photocuring process. polyMMA products with a suitable end grouping such that the
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m/z value of the polymer chains corresponds to 1007.5 and

1009.5, several disproportionation peaks were investigated from
the possible rearrangement and decomposition of DMPA and

MMA. Double and higher charge states were also examined,
yielding nom/z value congruent witlm/z = 1007.5 and 1009.5
(see Experimental Section). Also, cationization by alternate

cations was considered. In a previous study of polyesters using3

ESI, it was observed that when THF is used, cationization by
K* is sometimes enhanced, leading to more complex ESI
spectra®® Calculation of the theoreticatvz ratios for K™ and

H* cationization products does not assign any of the experi-

mental peaks observed in the spectra shown in Figure 2. In
examining further the spectra in Figure 2, an increase in incident

laser energy results in a change in product formation similar to

that observed for increasing laser frequency. Such an observatior
is interesting, and it is postulated that these peaks result as &

consequence of further fragmentation of the photoinitiator and/
or monomer with higher energy input into the system. The
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Figure 3. Effect of temperature on the polymeric material obtained

8
3
ks
IS

<<

ve

Relati

increased frequency experiments having a similar effect to that from DMPA-initiated €ompao =5 x 10-°mol L™*) PLP of bulk MMA.

of the increased intensity experiments on polymeric product
produced may imply that a photomultiplying effect is taking
place.

Effect of Temperature on DMPA-Initiated PLP of MMFo

obtain the desired molecular weights via PLP for ESI-MS
analysis, it is necessary to use a frequency applicable across

wide temperature range. A frequency of 100 Hz was chosen

and a temperature range of 2& examined. Examination of

Figure 3 shows that the types of products produced are

independent of temperature under the irradiation conditions
studied. However, keeping in mind that ESI-MS is a semiquan-
titative tool, the quantity of disproportionation products incor-
porating the acetal fragment {and D, ;) and the quantity of
the unassigned peaks afz = 1007.5, 1009.5, and 1013.5
increases when going from24.2 to 0°C. The disproportion-
ation peaks atm/'z = 1007.5 and 1009.5 are examined further

throughout this article. Subsequent experiments give depth to

the investigation of the photopolymerization products obtained
from the DMPA-initiated PLP of MMA via a judicial choice
of Pls, while simultaneously providing a more thorough
investigation of radical reactivities.

Benzil-Initiated PLP of MMA Benzil was used to initiate
MMA photopolymerization as it was anticipated that photo-

Laser energies of close to 5 mJ/ pulse and a frequency of 100 Hz were
used in all instances. Temperatures are given within the figure. The
results are normalized at'z = 1029.5.

the source of the methyl radials. Theoretical and experimental
nm/z values of the combination and disproportionation product
ions of the benzil-initiated PLP of MMA are given in Table S2
%see Supporting Information).

Benzoin-Initiated PLP of MMAThe photopolymerization of
MMA in the presence of benzoin was conducted at conditions
similar to that of the DMPA- and benzil-initiated MMA systems.
The mass spectra obtained are shown in Figures 5 and 6.
Possible termination products resulting from the ether radical
are depicted in Scheme 6. Theoretical and experimental
values of the combination and disproportionation product ions
of the benzoin-initiated MMA photopolymerization are given
in Table S3 (see Supporting Information).

The polymer mass spectrum in Figure 5 suggests that the
benzoin-initiated MMA photopolymerization undergoes termi-
nation almost exclusively via disproportionation under the
conditions investigated, supporting claims by Willemse ét al.
The almost complete absence of the combination products
Cs2 25 at Mz = 1035.5 implies that the ether fragment (see
Scheme 3B) is not involved significantly in termination events.
Willemse et aP? found in a MALDI-ToF-MS study of benzoin-

cleavage would yield, in the absence of hydrogen donors, only jnitiated PLP of MMA and styrene that the polymer chains

benzoyl radical§®6” The resulting product spectra for three
photoinitiated polymerizations of MMA using benzil as Pl under
conditions similar to those employed for the DMPA-initiated
PLP of MMA in Figure 2 are presented in Figure 4.

Once again, Figure 4 shows that disproportionation is the
dominant termination mechanism in the PLP of MMA. Fur-

resulting from termination by combination consist primarily of
two benzoyl radicals with chains consisting of both a benzoyl
and an ether end group also found. It must be noted that the
experiments by Willemse et al. were conducted at different
experimental conditions than those presented here; i.e., higher
temperatures (15.2ZC), higher laser energies (480 mJ/ pulse),

thermore, increased laser intensity and laser frequency also resultower laser frequencies {412 Hz), and a comonomer system

in the appearance of product peaksvdt = 1007.5, 1009.5,

(MMA —styrene) were used. The radical reactivity of the benzoin

and 1013.4. These peaks were not quantitatively present at loweffragments toward styrene most likely will be different.

laser intensities and frequencies. However, their relative amount There is an isotopic overlap between the mass peaks
is less than that observed for the DMPA/MMA system under associated with the disproportionation products capped with the
similar conditions, suggesting that these peaks may arisebenzoyl and ether radicals produced by the photodecomposition
partially from interactions with the benzoyl group and/or of benzoin (thatis, productssRand D, ;) obscuring the ability
monomer undergoing some form of fragmentation. Furthermore, to ascertain which is the true product. However, the presence
there is a quantitatively substantial amount of termination by of disproportionation product £ incorporating the benzoyl
combination with significant amounts of product {dbserved, fragment implies that product 3 must also be present.
denoting that termination by combination is more prevalent in Furthermore, considering that the quantity of.is significantly

the benzil than the DMPA-initiated MMA system under the greater than that of B (where the quantities of D and Dy,
same conditions. Additionally, Figure 4 shows that small should theoretically be equal) product Pand consequently
guantities of an unexpected combination produgt G, are Ds1 must also be present, indicating that the ether fragment
observed at all conditions studied, begging the question as toalso initiates the polymerization.
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Figure 4. Effect of incident laser intensity and frequency of irradiation on the polymeric material obtained from the benzil-intiatgd € 5

x 1073 mol L™%) PLP of bulk MMA (lower part). Reaction conditions are given within the figure. The isotopic pattern for the theoretical products
are given in the upper part of the figure and have been scaled to the experimental results obtained from the res@fidrf@t 20 Hz, and 5
mJ/pulse. The results are normalizedrdz = 1029.6, and theoretical product-to-charge ratios are indicated by the dotted lines.

Scheme 6. Overview of the Possible Termination Product lons Generated via ESI of the Polymeric Material from the Ether Type
Radical in the Benzoin-Initiated PLP of MMA

C5,2-2,5
Na*
B 7 DS,] [ \o 7] D5,2
o o
o
"
Nat | Na

HO OH

Figure 6 shows that increasing energy input into the system of BEE may be temperature dependent. Thus, the experiments
for the benzoin-initiated PLP of MMA, as is the case when were carried out under analogous conditions to that of the other
DMPA and benzil are used as Pls, again yields a more complexPI/MMA systems. Theoretical and experimentalz values of
product spectrum. Similarly, the disproportionation products at the combination and disproportionation product ions of the BEE-
m/z= 1007.5 and 1009.5 are observed in quantitative amountsinitiated PLP of MMA are given in Table S4 (see Supporting
when either higher laser frequencies and/or laser pulse energiesnformation), and the termination products for the BEE-initiated
are employed. PLP of MMA incorporating the ether radical are given in

BEE-Initiated PLP of MMABEE was used to determine Scheme 7.
whether a change in the structure of the ether type fragment Figure 7 displays that termination predominantly occurs via
significantly affects the PI reactivity (compared to that of DMPA disproportionation. Importantly, the presence of quantitative
and benzoin) under the conditions used to probe the photolysisamounts of disproportionation productse(Dand s ) corre-
product radical reactivity of the other PI/MMA systems. As in  sponding to polymer initiated by the ether fragment of the
the case of DMPA photolysis, it is important to consider that photolysis of BEE are observed. Furthermore, there are more
the behavior of the radical species produced upon photocleavagedisproportionation products involving the benzoyl fragment{D
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Scheme 7. Overview of the Possible Termination Product lons
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Figure 5. ESI-MS spectrum of the polymeric material obtained from |
the benzoin-initiatedgenzoin o= 5 x 1073 mol L=) PLP of bulk MMA L _

at —26.2°C with a laser energy of 4.5 mJ/pulse and a frequency of 20

Hz (lower part). The simulated isotopic product pattern, scaled to B | 7 Do N T Do,
experimental result, is given in the upper part of the figure. Theoretical by o ’
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950 960 970 980 990 1000 1010 1020 1030 1040 1050 = 1043.5 is congruent with a benzoyl-initiated methyl-
m/z terminated chain (or potentially vice versa, i.e53G ). The
Figure 6. Effect of incident laser intensity and frequency of irradiation  origin of the methyl radical species is unclear. Possibly an ethyl
on the polymeric product obtained from the benzoin-initia®ehiono  radical produced from the fragmentation of the ether radical

=5 x 107 mol L™) PLP of bulk MMA. Reaction conditions are

given within the figure. The results are normalizedhdz = 1029.5. species fragments further to give a methyl radical or the

monomer itself fragments to yield a Ghadical.

and Do) than the ether fragment ¢Q and Dy ), suggesting MMA-BEE
that the benzoyl fragment is the more reactive radical species. Isotopic Patter - Scaled

. . . . . —— 20Hz, -22.9°C, 5mJ/ pulse
Quantitative amounts of combination products dominated by
combination product &, with very small amounts of combina-
tion product G are also observed.

Examination of Figure 8 demonstrates, once again, that
increasing either the frequency of irradiation or laser intensity
results in a more complex product spectrum. As well, a slight -
increased proportion of termination by combinatiepecifically,
combination products & and G ;—was observed. Further, the
appearance of a quantitative amount of a product pealat
= 1053.6, congruent with disproportionation produet;PDmay
indicate that the ether type radical produced from BEE pho-
tolysis may have undergone further fragmentation to produce e |
an ethyl radical which has initiated polymerization. However, 1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
this is unlikely considering the absence of a product peak D m/z
atm/z = 1051.6 and in considering that such a radical would Figure 7. ESI-MS spectrum of the polymeric material obtained from
tend to act as a predominantly terminating moiety, albeit no the benzoin ethyl ether-initiatedsee o = 5 x 1072 mol L) PLP of
combination products involving this species are found. The g?g(OM}-l:/ZI'A(I?)tlvggzr).:rig"?hlgss?rr’rl?,l?aetgg gg?o'gi/ S;J()'Zifc?giggr’ﬁqgg;?é
peaks at/z=1055.5 and _1053'6 (i-e..74) are congrut_ar}t with to experimental resﬁlt, is given in the upper part of the’figure.
products F and E, respectively, in Scheme 9. The origin of such Theoretical product mass-to-charge ratios are indicated by the dotted
initiating species is discussed later in the text. The peak/at lines (see Schemes 4, 5, and 7 for the associated structures).
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Figure 8. Effect of incident laser intensity and frequency of irradiation on the polymeric product obtained from the benzoin ethyl ether-initiated
(ceeeo =5 x 1073 mol L) PLP of bulk MMA. Reaction conditions are given within the figure. The results are normalizedzat 1029.5.
Theoretical product mass-to-charge ratios are indicated by the dotted lines.

Scheme 8. Overview of the Possible Termination Product lons Generated by ESI of the Polymeric Material from the AIBN-Initiated

PLP of MMA
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As was found in the DMPA-, benzil-, and benzoin-initiated portionation peaks atVz = 1285.9 and 1288.0. These peaks
MMA polymerizations, disproportionation peaks &tz = are congruent with structures C and D in Scheme 9 and are
1007.5 and 1009.5 as well as a peakndz = 1013.5 are discussed later. Theoretical and experimemialvalues for the
observed at higher laser frequencies and intensities for the BEE-combination and disproportionation product ions of the DMPA-
initiated MMA system. Increasing the temperature of the initiatedn-BMA photopolymerization are given in Table S5 (see
reaction from—23.4 to—10 °C while maintaining a frequency  Supporting Information). The product distributions obtained
of 100 Hz and a laser energy of 5 mJ/ pulse does not influence from the DMPA-initiated PLP oh-BMA are, as for the DMPA/
significantly the type of products produced (see Figure S2 of MMA system, found to increase in complexity with increasing

the Supporting Information). laser irradiation energy and/or repetition rate.
DMPA-Initiated PLP of n-Butyl Methacrylate (n-BMAJo AIBN-Initiated PLP of MMA.To determine whether the
determine whether the disproportionation productsnat = previously observed trend of increased product spectrum

1007.5 and 1009.5 involve monomer specific end groups, complexity with increasing laser intensity and/or frequency is
experiments were conducted employindputyl methacrylate related to the non-benzoyl fragment in the Pls examined, MMA
(n-BMA) under similar conditions to those used for the PI/ was photopolymerized using an azo-initiator (AIBN). Conditions
MMA systems. The observation of similar disproportionation akin to those used to examine the other photoinitated MMA
products in the DMPA-initiated PLP of-BMA may indicate systems were adopted. The resulting mass spectra are depicted
an end group generated by an initiation sequence involving thein Figure 10.
monomer. The resulting ESI-MS data are shown in Figure 9.  As with all the Pls examined, the spectra presented in Figure
The ESI-MS spectra in Figure 9 indicate that, as in the case 10 have exceptionally high resolution. The polymeric structures
of the DMPA-initiated MMA systems, the benzoyl radical is corresponding to termination products for the AIBN-initiated
more reactive than the acetal radical. Again, disproportionation PLP of MMA are given in Scheme 8. Theoretical and
products incorporating both the acetal and benzyl fragments aree€xperimentahvz values of the combination and disproportion-
observed, indicating that the acetal and benzoyl fragments bothation product ions of the AIBN-initiated PLP of MMA are given
initiate the polymerization. All product peaks in Figure 9 are in Table S6 (see Supporting Information).
assigned analogous to Schemes 4 and 5 where MMA is replaced Examination of Figure 10 again indicates that termination
with n-BMA, with the exception of what appear to be dispro- predominantly occurs via disproportionation for the AIBN-
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S((::heme 9.t Pg;ﬁstiEIePDisEropfoertiﬂn,\aﬂt:aR Pr%dl;)ctls (CB?\\/rI]g\ D) Discussion of Product PeaksAnalysis of the polymeric
ongruent wi € Peaks ol Po an olyn- i i
(m/zMMAg= 10075 1009.5 andn/Zq—Bl\):A = 1285.9, 1>é88.0‘ Where prodqct pfoflles has demo_nstrated that the occurrence (_Jf side
R = CHa for MMA and C 4Hs for n-BMA) from DMPA-Initiated reactions in DMPA-, benzoin-, BEE-, and b.enzlll-photqlnltlated
PLP (C and D) and Methoxy-Initiated Polymer Chains MMA polymerization systems increase with increasing laser
Terminated by Disproportionation in the PLP of MMA (E and intensity and/or laser frequency. In examining Figures 2 and 9
F) (DMPA-initiated MMA andn-BMA systems) the presence of

combination product & involving the methyl radical is
observed, but disproportionation products (D3 2) involving
*CH; are not seen in any conclusive quantities. Thus, we
conclude tentatively that the generated methyl radical acts as a
predominantly terminating spectes finding that is congruent
with early studies that predict an excess of terminating species
in DMPA-initiated polymerizationg337 Moreover, increasing
laser intensity and/or frequency is found to result in lower
monomer conversion, supporting the hypothesis of the produc-
tion of a terminating species. In light of such observations, the
fate of the methyl radical may indeed be more complex. One
can envisage a situation where the methyl radical initiates the
polymerization and due to its reactivity and higher energy input
\o into the system (resulting from increased laser frequency and/
o o or laser intensity) results in the cleavage of the methoxy group
of the MMA unit closest to the methyl radical. Such a species
would result in an aldehyde (or possibly alcohol) species at one
end of the polymer chain (see Scheme 9C,D). This possibility
/, OCHs is considered due to the fact that disproportionation species with
such a structure are congruent with that of the observed peaks
m/z = xx53.5 o 0 at m'z = 1007.5 and 1009.5 (see Scheme 9C,D) as well as
®) | providing an alibi for the generated GHHowever,'H NMR
/2 = xx55.5 studies conducted on the polymeric species produced under the
high-energy input conditions in Figure 2 gave no evidence for
® the presence of an aldehyde or alcohol. Despite this, the
initiated PLP of MMA. Notably, in this system, laser intensity postulated theory as to the assignment of the peakszat
and/or laser frequency are foumbt to affect the resulting 1007.5 and 1009.5 is strengthened when examining mass spectra
polymeric material; however, an increase in the proportion of obtained from the DMPA-initiated PLP of butkBMA. At both
termination by combination (i.e., an increase in termination high laser intensities and frequencies, the appearance of large
product G g) is observed. Furthermore, at higher laser intensities quantitative amounts of what are again disproportionation
and frequencies there is a near absence of product peaks at products at/z,_gua = 1285.9 and 1288.0 are observed. These
= 1007.5 and 1009.5. structures are perfectly congruent with (as in the case of MMA)
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Figure 9. ESI-MS spectra of polymeric material obtained from DMPA-initiategiao = 5 x 1072 mol L™%) PLP of bulkn-BMA (lower part).
The reaction conditions are given within the figure. The theoretical isotopic pattern distribution, scaled to the experimental&®&dIE( 20 Hz,

5 mJ/pulse), is given in the upper part of the figure. The results are normalined &t 1265.9, and theoretical product mass-to-charge ratios are
indicated by the dotted lines.
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Figure 10. ESI-MS spectrum of polymeric material obtained from the AIBN-initiatedsfo = 5 x 1072 mol L™%) PLP of bulk MMA (lower
part). The reaction conditions are given within the figure. The theoretical isotopic pattern distribution scaled to the experimentalBe%0|t (
20 Hz, 5 mJ/ pulse) is given in the upper part of the figure. The results are normalin#d at1092.6, and theoretical product mass-to-charge
ratios are indicated by the dotted lines.

products C and D in Scheme 9, where R (a methyl species for Therefore, their quantitative appearance misthe majority—
MMA) is replaced with a butyl chain. In considering such be attributable to the non-benzoyl photolysis products of the
possibilities, in the case of MMA, the cleaved methoxy radical various Pls. With all PIs except the azo photoinitiator AIBN,
may itself be involved in the initiation or termination process. quantitative amounts of disproportionation productsnét =

For instance, it may abstract a hydrogen to form methanol, 1007.5 and 1009.5 are produced under high-energy inputs, thus
terminate, or initiate a reaction. In examining Figure 2 where implying the formation of these products on the alkyl meth-
DMPA is the Pl used, the observed peaksrat = 953.5 and acrylate monomer in the presence of a Pl which undergoes
955.5 (in the high-intensity experiment) are congruent with the photolysis to give a benzoyl fragmentii) The generated
disproportionation products E and F in Scheme 9. Incidentally, products arenot the result of fragmentation of the polymeric
structures E and F also appear in the high-energy input species under the conditions employed in the ESI. If fragmenta-
experiments in the benzoin- and BEE-initiated MMA systems tion did occur during ESI, a substantially more complex product
(see Figures 6 and 8, respectively). Structures E and F given inspectrum would result, irrespective of the sample preparation
Scheme 9 for the benzoin-initiated PLP of MMA are only mode prior to MS analysis(iv) MS-MS analysis of the
possible if a methoxy radical is somehow produced in the polymeric product peak atVz = 1009.5 provides fragments
photoinitiation process. The only foreseen route of this occurring corresponding to methanol and the loss of complete monomer
(in the benzoir-MMA system at least) is from fragmentation  units.

of the MMA monomer itself, suggesting that monomer frag-

mentation may occur at high-energy inputs. Conclusions

Inferred from the present studies of the peakswva = Vital and novel information in regard to the radical reactivities
1007.5 and 1009.5 for the PI/MMA systems is the following: of the photolysis products produced from various common
(i) The species at/zyvwa = 1007.5, 1009.5 andvz,—gua = photoinitiators toward methyl methacrylate at low temperatures,

1285.9, 1288.0 are disproportionation peaks of products havingsynthesized using PLP and examined using ESI-MS, are
the same end grouping, attributable to the fact that that for both presented. The effects of UV laser intensity, laser repetition rate,
MMA and n-BMA the peaks are exactly 2 amu apart. The and temperature on radical reactivity of the photolysis products
molecular formula of these end groups isHgO and GH;150 produced have been investigated. Both the benzoyl and acetal
for MMA and n-BMA, respectively. These formula were found fragments generated as a result of the photocleavage of DMPA
to be the only chemically realistic formulation of end group were found to act as initiating and probable terminating species.
structure using C, O, and H to obtain such molecular weights. Under the conditions studied, the acetal radical produced in
(ii) If the products are associated with the benzoyl fragment DMPA photolysis is fragmented further to yield methyl radicals

they should occur in the same quantitative proportions for which may act predominantly as terminating moieties. Both the

DMPA as in the photoinitiated polymerization of MMA with  benzoyl and ether fragments produced as a result of the
benzil, which undergoes photolysis to give benzoyl fragments photocleavage of benzoin were found to act as initiating and

only. Conversely, if the products were associated with the non- probable terminating species, indicating that the ether radical
benzoyl fragment, these peaks wouldt occur in the photo- fragment does not act exclusively as a terminating species. An
initiated polymerization of MMA with benzil. In the benzil- increase in deposited energy into the reaction system results in
initiated PLP of MMA, the quantitative presence of peaks at a more complex polyMMA product spectrum with increased

m/zyma = 1007.5 and 1009.5 was found to be less under the proportions and types of various polymer products. The quantity
same conditions as that for the DMPA-initiated MMA system. of side reactions is most significant for benzil ketals and benzil
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ethers. The chemical composition, distribution, and modes of (27) Davis, T. P.; Matyjaszewski, K. Inlandbook of Radical Polymeri-

termination for several PI/MMA systems are mapped success-
fully, providing the most in-depth and comprehensive informa-

zationn Wiley-Interscience: New York, 2002.
(28) Pappas, S. P.; Asmus, R. A.Polym. Sci., Polym. Cherh982 20,
2643-2653.

tion about termination products and photolysis product radical (29) cCarlblom, L. H.; Pappas, S. B. Polym. Sci1977, 15, 1381-1391.

reactivity in photoinitiated MMA polymerizations to date.
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