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ABSTRACT: Electrospray ionizatiohquadrupole ion trap mass spectrometry (EBIS) was utilized to access

the polymeric product spectrum generated by the pulsed laser polymerization (PLP) of methyl acrylate (MA) at
—35°C in the presence of the photoinitiators 2,2-dimethoxy-2-phenylacetophenone (DMPA), benzoin, benzoin
ethyl ether (BEE), and bis(2,4,6-trimethylbenzoyl)phenylphosphinoxide (Irgacure 819) to study the reactivity of
primary and potential secondary derived radical fragments from photolytically induced fragmentation. Similarly,
the polymeric products generated from the PLP of dimethyl itaconate (DMI)°&t @sing the aforementioned
photoinitiators as well as benzil and 2gzobis(isobutyronitrile) (AIBN) were studied using ESWIS. The PLP
products of methyl methacrylate (MMA) initiated with Irgacure 819-86 °C were also examined. Polymerization
systems utilizing Irgacure 819 give complex product spectra due to the formation of second generation radical
species resulting in several initiator fragments incorporated into a single polymer chain. Termination products,
both combination and disproportionation, were identified with high accuracy. The reactivity of the various derived
radical fragments toward the monomers employed is summarized for the current and a previous study in tabular
form. Energy deposition into the MA/photoinitiator systems is found to have no influence on the product
distributions of the MA polymers produced via photoinitiation under the conditions examined. For various
photoinitiators employed, products congruent to that of chain transfer to monomer species in the DMI
photopolymerizations are observed, conclusively illustrating that chain transfer to monomer is a significant reaction
pathway in itaconate free radical polymerizations.

Introduction larger fn/z ~100 000 amu) than for ESIMS (m/z ~ 4000
amu); however, EStMS, due to its very high mass accuracy,
allows for unambiguous characterization of intact polyniers.
ESI coupled with an ion trap provides a molar response to
oligomers and fragmentation of oligomers does not occur under
various ES+MS conditions. Therefore, it is possible to obtain
repeat unit and end group mas&eBoth the MALDI and ES+

MS technigues have been employed to study mechanistic aspects

Photopolymerizations constitute an important avenue for the
preparation of synthetic polymers in both industry and aca-
demia! Knowledge of polymer end group functionalities and
the potential modulation of these is of high importance in
photolytic processes as such moieties are crucial in determining
the reactivity and/or stability properties of the final polymer
g:ioziltjigth Fsrroghuigni\llﬁlsh?;ﬁ h;égi?:gl’cﬂésl‘gdggggt&%yégy of both conventional and living free ra'\dic'aI. polymerizations
provides a powerful tool to asses the types of polymer end (FRP) asweIIastoconduc.tfunda.lmental klnetchnvestlgaﬁ.?Jﬁ.é.
groups. Thus, key information vital to understanding reaction In a recent study_, we investigated the rad|c_al reactlvmes_of
pathways, improving synthetic procedures and consequently theSéveral Pl photolysis products toward the tertiary propagating
lifetimes of UV-cured polymers can be obtained. The present Methyl methacrylate (MMA) monomé?. However, to obtain
study focuses on mapping the reactivities of the decomposition @ complete as possible a picture of the reactivities of various
products of various photoinitiators (Pls) employed frequently Photolysis products from differing Pls in FRP (under a range
in UV-curing applications, photoimaging and in kinetic studies of reaction conditions) it is ma_ndatory to examine other classes
(see, for example, refs-). Thereby, focus is put on the of monomers. Hence, the previous study on M¥i& extended

efficiency of the initiator-derived radical fragments toward {0 the analogous monomers of the acrylate (i.e., methyl acrylate
initiating and terminating chain growth. (MA)) and itaconate (i.e., dimethyl itaconate (DMI)) monomer

families to cover a broad range of propagating radical reactivi-
ties. The propagation rate coefficietg) of MMA at 25 °C is
323 L'mol~1s712% while MA (at an equivalent monomer
concentration) is approximately 50 times fadték, = 15 600
L-mol~1-s71). Alternatively, DMI is slower than MMA by a

Polymer end group analysis has been revolutionized by the
rise of soft-ionization mass spectrometry techniques; namely
matrix assisted laser desorption and ionization time-of-flight
mass spectrometry (MALDIToF—MS)®7 and electrospray
ionization—mass spectrometry (ESMS) coupled with quad- . . e\ 25
rupole ion trap and/or time-of-flight detectdtsl® The potential ~ factor of approximately 30k, = 9.6 L-mol™-s™).*> Scheme 1
of mass spectrometric analysis for synthetic polymers has beend€Picts the monomers examined in this study.

discussed in numerous publications and review artidid4.The In addition to the structural likeness between MA and MMA,
accessible mass range for MALDI-ToF-MS is significantly ~several further reasons favor the selection of MA for this study.

MA has been studied extensively with regard to its mechanistic
. . g T .
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unsw.edu.au; c.barner-kowollik@unsw.edu.au. Telephon€12 9385 transfer reactlon%'f?.' Moreover, acrylgtes are of §pe(:|a| interest
4331. Fax: +612 9385 6250. due to the formation of so-called midchain radicals, generated
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Scheme 1. Monomers Examined in This Study Scheme 2. Photoinitiators Employed and Their Photolysis
Radical Products
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via intra- or intermolecular chain transfer to polymer reactions o
via a hydrogen shift. Hereby, the radical center is transferred CH, + ©_<
from the terminal chain unit to a carbon atom on the polymer  H,co @ o
backbone that is activated by a ester moiety to form a more OCHs memtenone
stable tertiary radica®3! The formation of midchain radical O]
species has been found to be the cause of unstructured molec- o
ular weight distributions obtained with the pulsed laser polym- ©
erization-size exclusion chromatography (PEBEC) tech-
nique®233 and thus, the inability to gain accurate kinetic data
for MA using the PLP-SEC technique under standard con- Beril @)
ditions above room temperatuteln-depth characterization of
the Pl induced polymeric products may significantly contribute o
to resolving the obstacles arising from these transfer reactions
as the loss of characteristic polymer distributions from PLP
SEC can, in principle, not be overcome and hence new routes
toward accurate determination of propagation rate coefficients
must be taken where mass spectrometry can contribute signifi-
cantly.

DMI, a sterically hindered monomer was selected judiciously
on the basis that it too has been extensively studied with respect
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to its propagatioh?®and terminatio?f reaction kinetics. DMI @ ©
(as well as other hindered itaconate species) have been found

to display high levels of chain transfer to monord&t! A high

chain transfer to monomer constant for the itaconate species

has been implicated as the marked factor preventing the Q . Q
formation of high molecular weight itaconate polymers with e S « Fas
narrow polydispersities using living free radical polymerization @ @

techniques as well as the factor responsible for impeding the ®)

formation of high molecular weight polymers (i.e310¢ e ©
g-mol1) from conventional free radical polymerizations of 0
itaconate$® 51 Examination of the polymeric product spectrum o Q") .(M)Eg

produced from the photoinitiation of DMI using ESMS, even g - +

at low temperatures, may show the presence of monomer- @ A\

initiated species formed as a result of chain transfer to monomer. °

If present, the observation of monomer-initiated species using © ® (19)

ESI-MS would be additional evidence to settle conjecture over
the aforementioned hypothesis and would provide valuable )(
information regarding the extent of chain transfer to monomer 2z~ =y _ - ) )(//N

N
in these systems. )(/

Corresponding to the previous MMA stuythe photoini- 2.2 azobis(isobtyronile) ATBN) 1)
tiators 2,2-dimethoxy-2-phenylacetophenone (DMPA), benzoin,
benzoin ethyl ether (BEE), benzil, and 2gzobis(isobutyroni- reactiont Photochemicadi-cleavage from the triplet state by a

trile) (AIBN) are employed (see Scheme 2). These Pls have Norrish Type | mechanism yields a benzoyl and an ether type
been studied broadly with respect to their photodecomposition (i.e., alcohol for benzoin) radical and has been shown to be the
and excited-state produgts®® and are common commercial main process for photolysis of benzoin and its derivatives in a
photoinitiators often used in the presence of hydrogen donors.wide temperature range’® A major drawback of benzoin ether
The relative amounts of fragmentation and hydrogen abstractionPIs however is their low thermal stability and associated
varies with the type of Pl and hydrogen donor as the stability yellowing of cured coatingsAIBN is an azo-type initiator that
of the free-radicals formed in the photolysis may differ. Since undergoes photolysis to yield cyano isopropyl free-radical
this study is aimed at examining free-radical reactivities of Pl species and is a major thermal and photoinitiator employed in
photolysis products, and if one considers that hydrogen donorsacademic free radical polymerization research studies due to
aid in the photo cleavage of the PI clouding the true radical its half-life at mild reaction condition¥. Not addressed in our
reactivity, no hydrogen donors were employed. previous study on MMZAZ the photolysis product radical
The PIs in this work (except AIBN and Irgacure 819) undergo reactivity of Irgacure 819 toward all three monomers (i.e., MA,
photochemicabi-cleavage from the triplet state by a Norrish MMA, and DMI) is examined. Irgacure 819 is a phosphorus
Type | mechanism. Benzoin and BEE are used frequently ascentered symmetric compound that may potentially photolyti-
Pls for vinyl polymerizations due to their fast photochemical cally fragment at two positions to yield a biradical species. The
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expected photolysis products of the various photoinitiators are the monomer sample (DMI monomer is nonvolatile). A monomer/

detailed in Scheme 2.
In the current work, EStMS analysis is performed on

polymers produced by PLP. PLP is used for polymer synthesis

because of the molecular weight limitations associated with
ESI-MS. PLP can be an efficient and simple technique for
obtaining desired molecular weights using photopolymerization
and simultaneously allows flexibility in initial initiator and
monomer concentratio8In the PLP technique, the molecular
weight of the resulting polymer is controlled by the repetition
rate of the incident light radiation under isothermal conditions.
The pulsing in PLP induces termination events at the time of
the incident light irradiation. Hence, when kinetic parameters
are known, desired molecular weights can be targeted.
Coupling the advantages of PLP with the sensitivity of ESI
MS, vital and novel information in regard to the radical
reactivities of the various photolysis products produced from
common Pls toward MA, MMA, and DMI at low temperatures

polymer mix was consequently analyzed via ESI, and due to mild
suppression of ionization of polymer as a result of the presence of
monomer the exceptional quality of the ESI baseline in the
following spectra has been somewhat compromised relative to that
of the MA and MMA samples as a result of lower signal strength
in the ESFMS.

Size Exclusion Chromatography.Molecular weight distribu-
tions (MWD'’s) for the polymers were measured via SEC on a
Shimadzu modular LC system comprising a ERC-3415 solvent
degasser, a LC-10AT pump, a SIL-10AD auto-injector, a CTO-
10A column oven, and a RID-10A refractive index detector. The
system was equipped with a Phenomenex&rObead-size guard
column (50x 7.5 mm), followed by four Phenomenex columns
(105, 104, 1G3, 500 A). The eluent was THF at £C with a flow
rate of 1 mL minrl. Calibration curves were generated using
polystyrene standards in the molecular weight range 580 to 1.95
x 10P g molL. The injection volume was 50L (3—5 mg mL™1).
Molecular weights were obtained using the principle of universal
calibration employing the MarkHouwink—Kuhn—Sakurada

is obtained for a variety of PI/monomer systems. Fundamental (MHKS) constants of polystyrené&(= 14.1 x 103 mL g~* and
understanding of the photopolymerization mechanism with the a = 0.70)43 polyMA (K = 19.5x 103 mL g%, a= 0.660, THF,

overall goal of improving our ability to control photopolymeric
material properties is thus enhanced.

Experimental Section

Materials. Methyl acrylate (MA, Aldrich 99%) and dimethyl
itaconate (DMI, Aldrich 99%) were deinhibited by passing over
basic alumina. 2,2-Dimethoxy-2-phenylacetophenone (DMPA) (Al-
drich 99%), benzil (Aldrich 98%) and benzoin ethyl ether (BEE)
(Aldrich 99%) were used as received. Benzoin (Aldrich) and-2,2
azobis(isobutyronitrile) (AIBN) (DuPont) were recrystallized twice

in ethanol prior to use. Irgacure 819 (Ciba 100%) was used as

received. Photoinitiator purity was confirmed Hy NMR.
Polymerizations. Al MA and MMA samples consisted of
monomer (sample volume- 1.0 mL) with a photoinitiator
concentration of 5< 1072 mol L~%. DMI samples (sample volume
~ 1.0 mL) had [PI]= 1 x 102 mol L~1. Polymerization was

25°C)* and polyDMI K = 46 x 103 mL g%, a= 0.510, THF,
25°C).

PolyMA Synthesis Utilizing PLP

As mentioned previously, MA has a much higher propagation
rate coefficient than that of both MMA and DMI. Consequently,
due to the rate of propagation in conventional MA free radical
polymerization, low molecular weight material suitable for ESI
MS analysis is not obtained easily via PLP. The reaction
conditions implemented in this study were thus chosen (i.e.,
low temperatures and high laser pulse frequencies) with the
objective of obtaining a “minimum” molecular weight by means
of minimizing the chain length. However, as is depicted in
Figure 1, even at a temperature-685 °C and a pulse frequency
of 100 Hz, peak molecular weights in the vicinity of 20 000

achieved by laser pulses generated from a Lambda Physik COMPexg-mol~! are obtained from the PLP of MA irrespective of the
Pro 110 XeF (351 nm, 20 ns pulse width) excimer laser system at P| used.

constant frequencies of 10 to 100 Hz for an overall polymerization
time of 20 min for MMA, 50 min for DMI, and 14 s for MA.

Single pulse energy ranged between 5 and 25 mJ. More details

The first derivative of the MWD depicted in the insert to
Figure 1 shows that several points of inflection are observed

regarding laser setup and sample methodology have been describe@" the high molecular weight side. The MWD's in Figure 1

previously??
Mass Analysis.ESI-MS experiments were carried out using a

fulfill PLP —SEC consistency criteria fd, determination (BEE
shows a significantly less pronounced structuring of the material)

Thermo Finnigan LCQ Deca ion trap mass spectrometer (Thermo With k, calculated from the inflection points of the MWD in

Finnigan, San Jose, CA). The ESUS is equipped with an

good agreement with literature valuis-However, the pulsing

atmospheric pressure ionization source which operates in theaction of the laser only limits chain growth to molecular weights
nebulizer assisted electrospray mode. The instrument was calibratedgxceeding 185 g-mol~L. Thus, the polymeric material appears,

with caffeine, MRFA, and Ultramark 1621 (all from Aldrich) in
the mass range 1981822 amu. All spectra were acquired in
positive ion mode over the mass to charge ramge, 100—-2000
Da. The following parameters were used to examine the MA/MMA/
DMI systems respectively: spray voltage of 5/5/4.4 kV, a capillary
voltage of 39/44/21 V, and capillary temperature of 2Z5in all

in the majority, at too high a MW to be examined via ESI
MS. In light of this observation, the MWD’s of the PLP products
also show large quantities of low molecular weight material
which was, with high probability, not terminated by incident
laser pulses. PREDICI simulations were undertaken to test for

cases). Nitrogen was used as sheath gas (flow: 40/50/35% ofthe origin of this low molecular weight polymeric material.

maximum) while helium was used as auxiliary gas (flow: 5% of These simulations demonstrate that high frequency, high-
maximum in all experiments). The eluent was a 6:4 v/v mixture of intensity PLP results in the generation of substantial amounts
THF:methanol with an acetic acid concentration of 0.4 mM. Spectra of short-chain radical species that are not easily observed in
were recorded in positive ion mode with_an instrumental resolutic_Jn conventional calibration GPC analysis (see Figure S1, Support-
of 0.1 amu. All reported molecular weights were calculated via jng |nformation). The capstone of PLP is that the laser induces
the program package CS ChembDraw 6.0 and are monoisotopiC.iarmination events that ideally produce a molecular weight
Simulated isofopic pattern generation was conducted using thedistribution with multiple overtones from which the propagation

Xcalib included with the th lectron E®IS. Th - L )
thceaolreltji::glrorg(r)?éncijrllgruwzig\rlwvtl ove‘re chzi;rgg ?a(tei((:xs;(z)(nassumingg rate coefficient can be deduced (this is indeed observed in the

= +1) are calculated using the exact molecular mass of the first CUrrent experiments); however, due to the large population of
isotope within the structure. For the itaconate samples it is important Short chain radicals generated from high-frequency irradiation,
to note that the ESI study was conducted on a monomer/polymer conventional termination products (“non-PLP” induced) also
mix due to difficulty in removing the PLP formed polymer from occur to some extent. The same simulation of the PLP



Macromolecules, Vol. 40, No. 19, 2007 Photolysis Product Radical Reactivitie$823

PLP = 100Hz, -35°C 25mJ/pulse
1.04 ——mA-DMPA g
—— MA-BEE g v,
{ ——MA-Benzoin b 7
8 Y
0.8 1 g\
% 4
1 ESI-MS range examined

20 25 30 35 40 45 50 55 6.0
log(M / gmol™)

400 - 2000 amu.

Relative Response
o
»
|

| I
25 3.0 35 4.0 4.5 5.0 5.5 6.0 6.5

log (M/ g-mol™)

Figure 1. SEC traces opolyMA produced via PLP. Reaction conditions and the photoinitiators employed are given within the figure.

experiments (see Figure S1) adequately shows that while theportionation product peaks are more distinct, that is, they occur
PLP-structured part of the simulated MWD shifts with the laser in pairs, exactly 2 amu apart. Generally, a set of peaks with
frequency, low molecular weight material within the accessible maxima 2 amu apart, a smaller peak between them and a series
ESI-MS mass range is also obtained (see Figure S2). This low of smaller peaks X n amu’s higher inm/z ratio than the pri-
molecular weight polymer is formed via combination or mary peak of the product with the greatalz ratio, are observed.
disproportionation of (same-sized) growing macroradicals rather These peaks represent the hydrogen abstracted and hydrogen
than the desired propagating macro free radical species reactinglonated product isotopic patterns respectively. Product spectra
with an initiator photolysis product formed upon laser irradiation may obviously be complicated in a situation where, by chance,
to produce dead polymer (the essence of PLP). Nonethelessmultiple product peaks have isotopic patterns that overlap.
polymer product examinable via ESMS is formed. It is

important to note that photoinitiator derived radical fragments Assignment of ESI-MS Spectra to Product Peaks

that potentially terminate, rather than initiate chain growth will, Methyl Acrylate. All photopolymerizations of MA were

in the majority, be built into the higher molecular weight (i.e., conducted under analogous conditions to enable comparability
PLP portion) of the polymer product. Despite this phenomenon, and provide uniformity to the study as both the temperature
if present, species containing such products may also beand energy deposition dependent behaviors of the radical species
observable-to some extentin the analysis of the low molecular  produced upon photocleavage must be considered.

weight portion of the polymer product. DMPA Initiated PLP of MA. To selectively avoid the
| finit d d dentificati formation of byproducts from the photolysis of DMPANd to
Nomenclature Definition and Product Identification ascertain the role that the DMPA photolysis products play in

Because of the vast amount of polymer products potentially initiating and terminating radical chains, low temperatures in
produced in this study, a brief description of the nomenclature conjunction with low irradiation laser intensities were used. In
used to identify specific products is necessary. All combination addition, all experiments were conducted in bulk to eliminate
products have been labeled,@vhere C represents combination any potential chain transfer to solvent reactions. Minimizing
and the subscriptg andy correspond to the numeric values reaction temperature serves to restrict the complexity of the
assigned to the photolysis radical fragments (refer to Schemeresulting polymeric products in that generation of midchain
2). Similarly, all disproportionation products are labeled B 2 radicals byinter- or intramolecular chain-transfer to polymer
where subscriptz again corresponds to the numeric value reactions are reduced to a minimum. It has previously been
assigned to the photolysis radical fragment (the end group shown that low amounts of midchain radicals are formed under
fragment) and the subscripts 1 and 2 represent the hydrogenPLP conditions even at35 °C .20 However, asntramolecular
donated and hydrogen abstracted termination products respecehain transfer reactions do not change the mass of the radical
tively. Thex symbol represents an impurity in the baseline of species, such events will not be mapped by mass spectrometry,
the spectra which is not reproducible between monomer nor is it our intention in the current study to do so.
units in the polymer backbone. Unforeseen product peaks are While termination occurs via either combination or dispro-
labeled U. portionation, the dominant form of termination in MA polym-

ESI-MS affords the advantage that combination and termi- erization is via combinatioff, albeit that disproportionation also
nation product peaks are in the most part easily distinguished.occurs to some extent. Therefore, a variety of polymer products
The isotopic pattern of a combination peak is simple and in the with differing end groups are potentially formed. All probable
majority of cases can be described as a series of peaks deeombination and disproportion termination products in the
creasing from left to right on an increasingz scale. Dispro- photopolymerization of MA using DMPA as the PI are presented
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Scheme 3. Possible Combination Products lons Generated via
ESI of the Polymeric Material from the Radicals in the
DMPA-Initiated PLP of MA
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Scheme 4. Possible Disproportionation Product lons Generated
via ESI of the Polymeric Material from the Radicals in the
DMPA-Initiated PLP of MA
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in Schemes 3 and 4, respectively. The resulting %% spectra
of the PLP producegolyMA (for three different laser light
intensities) in the mass range 1030~t4116n/z are presented

in Figure 2.
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Isotopic Pattern - Scaled
—— MA-DMPA -35°C, 100Hz, 5mJ/pulse
—— MA-DMPA -35°C, 100Hz, 10mJ/pulse
—— MA-DMPA -35°C, 100Hz, 25mJ/pulse
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Figure 2. ESI-MS spectra of the polymeric material obtained from
the DMPA-initiated CDMPA,O =5 x 1073 mol Lfl) PLP of MAyuik at
—35°C at various laser intensities and a frequency of 100 Hz (lower
part). The simulated isotopic product pattern, scaled to experimental
result (100 Hz, 5 mJ/pulse), is given in the upper part of the figure.
Theoretical product mass to charge ratiogzj are indicated by the
dotted lines (see Schemes 3 and 4 for the associated structures).

T T T T T
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Table 1. Theoretical and Experimental Molecular Masses of the
Combination and Disproportionation Products for the DMPA
Initiated PLP of MA pui

species M Ziheor molecular formula MVZ expt (5/10/25 mJ)
Ci1 1099.4 G4H7602oNa’ 1099.3
Ci221 1053.4 GoH7001Na" 1053.3
C2,2 1093.4 G4H70022Na+ 1093.3
Cz3 1085.4 GoH78024Nat

szyg,z 1089.4 GQH74023Na+

Ci3-31 1049.4 GoH7402:Nat

D1'1 1035.4 Q9H72022Na+ 1035.3
D12 1033.4 GoH7002oNa’ 1033.3
D21 1075.4 GiH720.3Na" 1075.4
D2,2 1073.4 G1H70023Na+ 1073.4
D31 1071.4 GoH76024Nat

D3'2 1069.4 Q9H74024Na+

via combination of a propagating macroradical with a primary
initiator-derived radical is not distinguishable from a polymer
formed by the head-to-head coupling of two growing polymer
chains initiated via the same initiator fragments. Therefore, as
no direct quantitative calculations are made and the key focus
lies in photolysis product reactivity, it is inconsequential to the
principle of this study as to whether the analyzed polymer was
formed by the pulsing action of the laser or via “conventional”
termination in the dark time between two pulses.

The use of various reaction conditions, photoinitiators, and
monomers in this study makes the discussion of individual
reactions both tedious and longwinded. We therefore limit the
discussion section for each monomer/PI system to detail only
the major implications of the various systems. To summarize,
a thorough comparison of the photolysis fragment reactivity
toward the various monomers is provided in the final section
of this contribution.

Figure 2 shows evidence that products congruent to both those
of disproportionation and combination incorporating both the
acetal and benzoyl fragments are found, leading to the conclu-
sion that both the benzoyl and acetal fragments generated as a

Major product peaks in the spectra of Figure 2 are assignableresult of DMPA photocleavage seem to initiate and highly likely
to conventional possible products (refer to Table 1). As expected, terminate MA polymerization. The relative amounts of each
the product spectra (and all subsequent MA product spectra)product are an indicator of the likelihood of radicals to terminate
provide evidence that MA terminates primarily via combina- or initiate the growing polymer chain. Looking first at the
tion*> with products G4, C12-21, and G, the major product
peaks. At this point, it is critical to mention that polymer formed product G, which may suggest that the acetal fragment is a

combination products, product;& is more abundant than
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more effective terminating species under these conditions than Isotopic Pattern - Scaled

that of the benzoyl radical (assuming that both the fragments M Benzoin-36°C, 100Hz, 5 mdjpulse
have an equal propensity to initiate the polymerization). MA Benzoin -35°C, 100Hz, 11 mJ/pulse
Conversely, the acetal radical may be more likely to initiate — MABenzoin -35°C, 100Hz 25 mUjpulse
polymerization. This finding is in agreement with fragmént

being more likely to terminate the chain reaction as was

previously observed in a similar DMPA/MMA systéfand ll

gives clarity to the fact that G, 1 is the dominant species. . < B

D,,:D,

As disproportionation products contain the initiating pho- c ALY
tolysis fragment only, they provide further information on the : P
photolysis products predisposition to initiate or terminate
polymerization. The quantitative abundance of products, D
D12 D21, and By, suggest, (safely assuming that the initiated
species have equal propensity to terminate via disproportion-
ation), that the benzoyl radical is slightly more reactive than ——
the acetal radical as the abundance of disproportionation 1000 1010 1020 1030 1040 1050 ~ 1060 1070 ~ 1080
products B ; and Dy, is somewhat greater than that of D m’z
and D ». Product peaks avz= 1069.4 and 1071.4 are observed Figure 3. ESI-MS spectra of the polymeric material obtained from

; ; the benzoin-initiatedthenzoino= 5 x 1072 mol L™%) PLP of MAu at
and may potentially be assigned to structures; Bnd Dy —35°C at various laser intensities and a frequency of 100 Hz (lower

respectively; hence implying that a secondary fragmentation of part). The simulated isotopic product pattern, scaied to experimental
the acetal ) radical is occurringand that the methyl radicals  result (100 Hz, 5 mJ/pulse), is given in the upper part of the figure.
produced effectively initiate polymerization. However, the Theoretical product mass to charge ratio¥z{ are indicated by the
characteristic shape of the isotopic pattern with a maximum at dotted lines (see Schemes S1 and S2 for the associated structures).

miz = 1069.4 suggest that this product peak is an unexpectedcaction conditions are given within the figure.

combination product rather than a disproportionation product. initiating polymerization, with quantitative amounts of products
Such an observation keeps stead with the hypothesis that theD g poly 4 9 ) P
52-21 and Dy, endorsing this notion. When examining the

methyl radical acts almost exclusively as a terminating spéties. L= o

Minute amounts of polymer product congruent witfe = Cs 5 alcohol fragment reactivity, the quantitative abundance of

are found. However, the product peakmalz = 1085.2 appeérs product_s @'.5 af?d_ D2 is not so cle_ar-cut an_d making a d_irec_t

to be part of an une;<pected disproportionation product due the concIu_S|on IS dnfﬂcu_lt. Remember_mg that disproportionation 1
the minor termination pathway in the system, the potential

characteristic shape of this distribution with the presence of a L
polymer product peak atvz = 1083.2. In either case, this presence .Of small quantitative amounts (.)f. produgi and (.:55 .
' would indicate that the alcohol radical initiates polymerization

finding suggests that, if present, the methyl radical is unlikely
S L ! -~ to some extent. The data presented, however, do not allow for
to initiate polymerization. No polymer products congruent with the conclusion that the alcohol fragment is unable to initiate

products (G 3-310r G 3-32) are identified in the product spectra. " . . L
Therefore, it is tentatively concluded that secondary fragmenta- under these conditions and hence we attribute its reactivity as
being primarily terminating.

tion of the acetal radical, although potentially occurring, does " .
L BEE-Initiated PLP of MA. BEE was employed to determine
not significantly affect the type of polymer products produced whether a change in the structure of the “ether type” fragment

(in the MW range examined). This hypothesis is strengthened . ~._ -
further by the fact that energy input into the polymerizable S|gg|gcantly aﬁ?:r:s thhe Pl re_acltlwtyd(compa_lred':n(ghatl OfDMfPA
reaction mixture did not influence the types of polymer products ‘1” enéom). € dt d(_aoretlca an _experl(rjne I va ‘fjeﬁ' OBEE
formed. Laser light intensity, in principle, has a pronounced the combination and disproportionation product ions of the BEE-
effect on the photolysis products of DMPATo this end, the initiated PLF]: (;]f MA are given |ndTabIe_ S3 and the cr;]emmr?l
radiation laser intensity was increased step wise from 5 to 25 structurde_s cl) t edtermlnztlpn prr(]) ucts mcorp((j)razng the et elr
mJ/pulse and under the conditions examined it was shown thattype radical are depicted in Schemes S3 and S respep’uve y:
the total amount of primary radicals generated on firing a laser Products G226 and G are, as expected, the dominant
pulse does not influence the resulting product spectrum, at IeastprOdUCt Species (refer_to F|gure 4). The presence of quantitative
in the MW range investigated. amounts of dlsproportlonat]o_n_ productg fand Q,? advocates
o ) that the benzoyl fragment initiates polymer chain growth. The
Benzoin-Initiated PLP of MA. The resulting mass spectra  gpility of the ether fragment to initiate polymerization is
obtained are shown in Figure 3. Again, no influence from questionable. The near total absence of product peaka€
increased energy deposition into the system was observedye|| a5 Dy, and Ds» support the hypothesis that the ether
Possible combination and disproportionation termination prod- fragment acts almost exclusively as a terminating moiety,
ucts incorporating the alcohol fragment from the benzoin- ggpecially when taking into account that the ether and benzoyl
|n|t|ateq PLP of MA are depicted in Schemgs S1 and S? with fragments have an affinity to formeG_»6Cs 6Ca.2in the ratio
theoretical and experimentalz values of possible productions  of (2:1:1) (assuming that they equally initiate chain-growth) and
listed in Table S2. that G, largely dominates productes However, a product
Both the benzoyl and alcohol fragments generated as a resultpeak that is highly likely a combination peakratz = 1019.2,
of benzoin photocleavage are interpreted to initiate and highly congruent to disproportionation producg ) casts some doubt
likely terminate polymerization. This statement is clarified upon on this hypothesis. On the other hand, absence of dispropor-
examination of the product spectra. In analyzing the combination tionation product @, (which should theoretically be present in
product peaks, peaksG-2 5 is the largest, suggesting that either close to equal quantities tosk) coupled with almost negligible
specie? or 5 is a dominant terminating species or that both quantities of Gg suggest that the peak foundratz = 1019.2
species initiate polymerization. Product peak,Gs clearly is more likely due to some other species whose origin, at present,
present suggesting that the benzoyl fragment is effective in remains unknown.
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Isotopic Pattern - Scaled to be highly reactive toward acrylafésvith the high reactivity

- MA-BEE -35°C, 100Hz, SmJjpulse ascribed to the phospinyl radicals generdfed.
MA-BEE -35°C, 100Hz, 10mJ/pulse . . .
—— MA‘BEE -35°C, 100Hz, 25mJipuise Complementary interest in Irgacure 819 arises from the

additional methyl moieties on the benzoyl fragment produced
upon photolysis. These moieties may significantly influence the
photolysis products stability resulting in a reactivity differing
1 w i from that of the nonsubstituted benzoyl fragment produced in
Conze Cys D?,ZD the photolysis of, e.g., DMPA and benzoin. Possible combina-
P tion and disproportionation products generated as a result of
L the photopolymerization of MA in the presence of Irgacure 819
are given in Schemes S5 and S6, respectively. Because of the
: potential biradical nature of the PI, as well as combination and
5 P J £ disproportionation products specifically, hybrid disproportion-
- MI - A{‘A et Aeeen B W’A'\w;—m ation/combination products and products involving multipte P
1000 1010 1020 1030 1040 1050 1060 1070 1080 O fragments are also possible (see Scheme S7). The resulting
mz complex product spectrum for an Irgacure 819 initiated MA

Figure 4. ESI-MS spectra of the polymeric material obtained from ~Sample is given in Figure S.
the benzoin ethyl ether initiatedgee o = 5 x 10" mol L ) PLP of Quantitative amounts of disproportionation (i.egs@nd Dy )

MA at —35 °C, at a frequency of 100 Hz (lower part). The simulated . - . . .
isotopic product pattern, scaled to experimental result (100 Hz, 5 mJ/ and hybrid combination/disproportionation products (e.ge,10

pulse), is given in the upper part of the figure. Theoretical product and Dio,Co) are formed (refer to Table S4 for the theoretical
mass to charge ratiosn(z) are indicated by the dotted lines (see and experimentain/z values of the combination and dispro-
Schemes S3 and S4 for the associated structures). Reaction Conditionﬁortionation as well as hybrid product ions of the MA/Irgacure
are given within the figure. 819 svstem). Th f di - - d D
% ). The presence of disproportionation produgts
and Dy, as well as [31 and Dy, indicate that both the initial
Irgacure 819 Initiated PLP of MA. The photolysis products ~ photolysis product fragments of Irgacure 819 (i8and9 refer
of bis(2,4,6-trimethylbenzoyl)phenylphosphinoxide (Irgacure to Scheme 2) initiate polymerization. The presence of products
819) are of specific interest for several reasons. First, Irgacure congruent with hybrid combination/disproportionation products
819 is a widely used commercially available “1More illustrate that the phosphorus radic@) ¢an undergo secondary
interestingly, this PI may fragment to yield a phosphorus fragmentation to form radical0 and8 in a 1:1 ratio (refer to
centered biradical species which may initiate polymerization. Scheme 2). On the basis of the quantitative proportions of
While it is unlikely that a biradical will form during photodis-  products @, and Dy, it may be assumed (when all initiated
sociation of the Irgacure PI, bond cleavage to either side of the species have an equal propensity to terminate via dispropor-
phosphorus atom may occur throughout the reaction. As producttionation) that photolysis fragme#tis more reactive tha8 as
analysis does not allow for kinetic information to be drawn from a greater amount of polymer corresponding &, than Oy, is
it, the core P=O fragment can, for simplicity, be treated as a formed. Such a finding is further supported by the notion that
biradical. Furthermore, acylphosphine oxides have been shownthe quantity of8 should be greater thelhdue to the secondary

Relative Abundance
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Figure 5. ESI-MS spectrum of polymeric material obtained from the Irgacure 819 initiadggi{o= 5 x 1073 mol L™%) PLP of MAg,x (lower
part). The reaction conditions are given within the figure. The theoretical isotopic pattern distribution, scaled to the experimental resulhis giv
the upper part of the figure. Theoretical product mass to charge ratios are indicated by the dotted lines.
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Isotopic Pattern - Scaled
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Figure 6. ESI-MS spectra of polymeric material obtained from Irgacure 819 initiate@i60=5 x 10~2 mol L™%) PLP of MMAuux (lower part).

The reaction conditions are given within the figure. The theoretical isotopic pattern distribution, scaled to the experimental2®8Glt 20 Hz,

5 mJ/ pulse), is given in the upper part of the figure. The results are normalizad & 747.3, and theoretical product mass to charge ratios are
indicated by the dotted lines.

fragmentation of9 and aligns with findings by Baxter and Information. Furthermore, th&N ratio in Figure 5, for reasons
Dividsorf® in a study of the photodecomposition of diphenyl- previously discussed, make it difficult to ascertain if greater
2,4,6-trimethylbenzoyl-phosphine oxide in the presence of 1,1- amounts of unexpected polymer products are definitely present.
di-p-tolylethylene. In spite of this, assignable product peaks dominate the spectrum
When considering the presence of hybrid combination/ with unexpected product peaks, collectively, constituting less
disproportionation products or disproportionation products than approximately 3% of the total polymer product.
containing multiple fragmertO's in the polymer backbone, the Methyl Methacrylate. Irgacure 819 Initiated PLP of
presence of speciesspand G g indicate that large quantites MMA. To aid in assigning the complex Irgacure 819/MA
of polymer product is generated which at a later stage may spectra, an analogous experiment was carried out for MMA.
potentially undergo photodissociation in the presence of varying Possible combination, disproportionation and hybrid combina-
monomer species to generate block copolymers of almost anytion/disproportionation products for the Irgacure 819/MMA
composition without the use of living/controlled polymerization system are depicted in Schemes S8, S9, and S10. Figure 6 shows
techniques. In effect, combination or disproportionation products the resulting product spectra obtained for different laser light
involving fragment9 can be viewed as macroinitiating species. intensities. Spectra of high resolution are obtained (refer to Table
The assignment of the MA/Irgacure 819 spectrum is com- S5). Interestingly, increasing the frequency of irradiation or
plicated by a diverse amount of product formation. Dissociation intensity of irradiation does not result in the formation of
of any compound incorporating fragme#8tyields a “new unexpected polymer products, unlike what was observed in
generation” of polymers which again have the opportunity to DMPA-, benzoin-, and BEE-initiated MMA systerd&.This
terminate via combination with other (macro)molecules, pho- finding supports further the notion that the unexpected polymer
tolysis products or via disproportionation. While the ability to products found in our previous MMA stuéfyresult from the
view each new generation of polymer species with increasing non-benzoyl photolysis product fragment formed in Type |
degree of polymerization is reduced in the assignment in Figure photoinitiator cleavage as Irgacure 819 also yields benzoyl-type
5 by the limited mass range examined, a large number of radicals. Furthermore, Figure 6 illustrates that, as expected,
possible polymer products, often congruentnife ratio, and disproportionation is the dominant mode of termination in the
therefore indistinguishable, are still formed. Evidently, there- MMA/Irgacure 819 systef with products Qo 1.1, Dio2,1, and
fore, as the degree of polymerization in the system increasesDio,22 (refer to Scheme S10) prominent in the low intensity
so too does the complexity and range of the polymer speciesand frequency experiments. These products are congruent with

produced. polymer structures incorporating a phosphorus centered mol-
The complexity of the spectra in Figure 5 is further enhanced ecule10 (derived from the secondary photolysis of photolysis
by the formation of puzzling product species (denotgg bly). product9), which are disproportionation products.

Thenvzvalues of the peak maxima of these products are listed In comparing the Irgacure 819 MMA and MA data, a high
in Table S4. These products are not congruent with any MA proportion of material consisting of products that can be assigned
polymer products shown in the structure lists in the Supporting to contain fragment0 are identified in both cases, thus leading
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to the conclusion that further photodissociation ®fis not Isotopic Pattern - Scaled
monomer dependent. Both systems evidence that dispropor- O . 10,22 s
tionation products B, and Dy ; are more predominant than those DMI- DMPA 0°C, 20Hz, 25 mjpuise

of Dg1 and Dy further supporting results by Baxter and
Davidsor® that the phospinyl radical is the dominant initiating
species in acrylate systems when phosphine oxide initiators ar
used.

The presence of disproportionation products, Bnd Dy » as
well as Dy; and Dy (also DipiCs and Dip LCs, respectively)
indicate that both fragment8 and 9 in Scheme 2 initiate

polymerization. The presence of significant amounts of products Lol

Cggas well as @g-95 (also Gogg along with the absence of ‘ | ‘ |J
combination product & infer that photolysis produ@ is less - WU ﬂ\ | " “M'WW
effective as an initiating species than the phosphorus ragical it i A et e s
However, the quantitative differences may result from the 1000 1020 1040 1060 1080 1100 1120 1140 1160
secondary fragmentation of photolysis prod@callowing G o m/z

to act as a macrophotoinitiating species that may undergo Figure 7. ESI-MS spectra of polymeric material obtained from
fragmentation at each/either of the chain ends to yield adduct PMPA-initiated Cowpao= 1 x 10°2 mol L *) PLP of DMl (lower

8 f . hvbrid bination/di i ti duct part). The reaction conditions are given within the figure. The theoretical
» lorming hybnd combinauory/disproportionation  products isotopic pattern distribution, scaled to the experimental resutC(0

incorporating fragment0. Photolysis polymer products incor- 10 Hz, 22 mJ/ pulse), is given in the upper part of the figure. The
porating fragmen® thus result in the formation of a “new  results are normalized a/z = 1123.5, and the theoretical product
generation” of products (refer to Scheme S10). Through further mass to charge ratios are indicated by the dotted lines.

photolysis, polymer products incorporating 2 or more of .
fragment10 in the polymer backbone can be produced. The O that of the MMA and MA systems, leads to the various
presence of quantitative amounts of produgio 1 1 D10D10,1.3 fragments having a different reactivity. _

and D102 (Mz = 773.2, 771.2, and 769.3 respectively) is Addlltlonally, product peak & is nearly absfent., Whl(_:h may
direct proof of this. Therefore, it is no surprise that increased P€ attributed to the dominance of both termination via dispro-

laser intensity (17.5 mJ/pulse, 20 Hz) increases quantitative portionation and the acetal radical’s ability to act as an initiating
proportions of these products, in all probability a result of a SPecies toward DML. A large peak congruent y@ay further
greater proportion of secondary fragmentation. However, the suggest that the acetal fragment is the dominant initiating species
MMA data allow for a better quantitative understanding of the " the system. However,,Gis congruent to DM#lo. This peak
product distributions as the spectra are less complex due to the?t Mz = 1115.4 (in conjunction with DMtllp; see Scheme
high propensity of MMA to terminate almost exclusively via S13 _for structures) is expected to occur analogous to the results
disproportionation. A situation in which 3 or more of fragment Previously reported for DMPA-initiated MMA as WlelrI?gas
10 are incorporated in the polymer backbone is not possible in PMPA-initiatedn-butyl methacrylate (BMA) polymerizatiorts.

the MW range given in Figure 6. DMI—Ip and —Ilp are polymers that are disproportionation

Dimethyl Itaconate. Analogous conditions were used for all products which occur in large quantitative amounts relative to

. i the theoretically expected product peaks. Unfortunately, a
the DMI/P.' systems eX"?‘m'”.ed gnd prOdl.JCt spectra ewde_nce thatmechanism to explain these unexpected product species is
DMI terminates primarily via disproportionation as previously

lacking, and regardless of the origin of the disproportionation
reported®® A ) : .
peak, no quantification of specieg is possible.

DMPA-Initiated PLP of DMI. Polymer samples were Figure 7 reveals quantitative amounts of disproportionation
produced via PLP at a reaction temperature &€@nd reaction products atm/z = 1131.4 and 1129.4 (labeledy and Dy
frequencies of 10 to 20 Hz. Figure 7 exhibits the resulting respectively). These products are congruent with monomer-
spectra. Theoretical combination and disproportionation jnjtiated polymer chains terminated via disproportionation (refer
products are given in Schemes S11 and S12 respectively withtg Scheme S13) providing evidence that chain transfer to
the correspondingn/z values of the product ions listed in monomer occurs under the experimental conditions investigated
Table S6. here. Numerous studies have indicated that itaconate monomers

The presence of product peaks congruent with dispropor- undergo chain transfer to monomer reactions due to the presence
tionation products B, and Dy, implies that both the benzoyl  of labile hydrogen atoms next to the vinyl boff® The
and acetal fragments generated as a result of DMPA photo-presence of quantitative amounts of chain transfer to monomer
cleavage initiate and highly likely terminate DMI polymeriza- products, even at low conversion, provides further evidence to
tion. Interestingly, it is found that the disproportionation product support claims that transfer to monomer is the cause of
peaks O, are quantitatively greater than that of suggesting broadening in the molecular weight distributions with increasing
that the acetal radical is the superior initiating species (again, conversion in reversible addition fragmentation chain transfer
assuming that both types of initiated species have equal (RAFT) mediated living free radical polymerizations of DMI
propensity to terminate via disproportionation). This observation observed at 60C.5! The chain transfer to monomer constant
is somewhat surprising and may arise as a consequence o{C,) for DMI at 60 °C has been shown to be 14 107352
DMTI’s hindered nature, restricting the ability of the photolysis Considering thaCy, is not overly temperature dependent, it is
product to access the vinyl site of the monomer to initiate no great surprise that chain transfer to monomer products are
propagation, or, more likely, DMI's slow propagation and observed at ®C. However, the chain transfer to monomer
termination rate renders the reactivity of the photolysis fragments reaction may be reduced significantly for the lower chain-length
(i.e.,1 and2) less biased, therefore allowing the acetal radical itaconate propagating species.
to become more involved in the reaction. It is also possible that Moreover, Figure 7 shows the presence of 3 unexpected
the elevated temperature of the system, (i.8CPas compared combination products (i.e.,d c1,c2 and c3 (refer to Table S6)
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Isotopic Pattern - Scaled Isotopic Pattern - Scaled
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Figure 8. ESI-MS spectrum of polymeric material obtained from the ~ Figure 9. ESI-MS spectrum 20f poly[?eric material obtained from the
benzoin-initiated Genzoino= 1 x 10-2mol L~2) PLP of DMl (lower BEE-initiated €aeg 0= 1 x 107> mol L™*) PLP of DMl (lower part).

part). The reaction conditions are given within the figure. The theoretical The reaction conditions are given within the figure. The theoretical
isotopic pattern distribution scaled to the experimental result is given isotopic pattern distribution scaled to the experimental result is given
in the upper part of the figure. Theoretical product mass to charge ratios in the upper part of the figure. Theoretical product mass to charge ratios
are indicated by the dotted lines. are indicated by the dotted lines.

that arenot congruent with any typical polymeric species

obtainable from “conventional” photolysis of DMPA and these products arise from reactions related to the benzoyl
reaction with DMI. The absence of any significant quantitative fragment and/or monomer. Additionally, the presence of quan-
amounts of disproportionation products Dand D, coupled titative amounts of disproportionation productg Dand Dy 2

with the presence of almost negligible quantities of product @gain indicates the incidence of chain transfer to monomer in
congruent with combination product € s - lead to the tentative ~ DMI free radical polymerization.

conclusion that the methyl radical produced as a result of BEE-Initiated PLP of DMI. Figure 9 presents the resulting
secondary fragmentation of the acetal radical acts almostmass spectrum with theoretical combination and disproportion-
exclusively as a terminating species. The presence of polymeration products incorporating the ether type radical given in
product congruent to combination productds also found at ~ Schemes S16 and S17 respectively. Corresponiiagalues

m/z = 1001.4; however, this peak appears to be part of an are listed in Table S8.

unidentified disproportionation peak (based on it characteristic ~ The presence of quantitative amounts of producig &nd
isotopic distribution) and thus, this product peak is not assigned Dsn indicate that both the ether and benzoyl fragments produced
with confidence. Interestingly, the peak identified as@ the from BEE photolysis are effective in initiating polymerization.
DMPA-initiated MA polymerization also shows an isotopic Quantitative amounts of productg £and G >-26in conjunction
pattern otherwise typical of disproportionation, strengthening with the near absence of product £suggests that the ether
the hypothesis that (almost) nos€is formed in either  radical is the more prominent terminating species.
polymerization. Benzil-Initiated PLP of DMI. In a further attempt to

Benzoin-Initiated PLP of DMI. To ascertain whether or not  determine whether the previously observed trend of product
the complex product spectra observed in the DMPA/DMI spectrum complexity is related to the non-benzoyl fragment of
systems are a consequence of the hindered nature of thghe Pls examined, DMI was photopolymerized using benzil,
monomer or the initiator, DMI was photopolymerized in the where the only photolysis product fragments are that of benzoyl
presence of benzoin. Figure 8 presents the resulting masgadicals. The resulting mass spectrum is shown in Figure 10.
spectrum. The polymeric structures corresponding to combina- Theoretical and experimentat/z values of the product ions
tion and disproportionation termination products are given in are given in Table S9. Corresponding combination and dispro-
Schemes S14 and S15 with theoretical and experimenital ~ portionation products can be drawn from Schemes S1 and S2,
values listed in Table S7. respectively.

The presence of peaks congruent with both product peaks Quantitative amounts of chain transfer to monomer dispro-
D,n and D, suggest that both the alcohol and benzoyl portionation products f21 and Du., are observed. A key
photolysis fragments initiate and highly likely terminate po- observation to be noted from Figure 10 is the near absence of
lymerization. This hypothesis is supported by the presence of adisproportionation products bnd llp. In the majority, therefore,
small quantitative amount of product peak s, The near the formation of these products must be attributed to the non-
absence of product peaks corresponding to produgtsa@d benzoyl fragment in the presence of DMI monomer for the
C,2 may potentially be attributed to the dominance of dispro- DMPA, benzoin and BEE-initiated DMI systems. The very same
portionation as the mechanism of termination in the free radical conclusion was drawn from MMA studies utilizing the same
polymerization of DMI under these conditions. Interestingly, Pls??
as observed in the DMI/DMPA system, large quantitative  AIBN-Initiated PLP of DMI. To deduce if the cause of the
amounts of products DMtlp and DMI-Ilp are found. Fur- previously observed complex DMI product spectra are related
thermore, quantitative amounts ol c1,c2 and c4 the formation to the DMI monomer for the type | Pls examined, DMI was
of which are atypical are observed. Coincidently, product peaks photopolymerized using azo-initiator 2@zobis(isobutyronitrile)
Upwmi c1 and c2@ppear in relatively the same quantitative amounts to employ radicals of a completely different type. The resulting
in both the DMPA and benzoin DMI spectra, suggesting that mass spectrum is presented in Figure 11.
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the itaconate monomers propagate more slowly than almost any

other monomer classit may be safely assumed that the rate

of the first addition of a primary photoinitiator derived radical

to a monomer unit is significantly reduced. In consequence, the

primary radicals persist for a longer time, in which secondary
decomposition reactions may take place (that are, while on a

JXILL completely different time scale, not too different in nature to

5. D the solvent-cage reactions observed for peroxide initiafidn).

;" oy ™ Irgacure 819 Initiated PLP of DMI. To bring the study of

i i Irgacure 819 full circle, DMI was polymerized in the presence

of Irgacure 819. Examination of Irgacure 819 photolysis product
reactivity toward DMI may shed light on unexpected product
formation in the other PI/DMI systems. The resulting product

; spectrum is presented in Figure 12. For structures and details
0 10 1040 10m0 1080 1100 120 1t 1160 on peak assignment see Schemes S19 to S21 and Table S11.

m/z The presence of disproportionation productg,@nd Dyp
Figure 10. ESI-MS spectrum of polymeric material obtained from indicate that both the primary photolysis products of Irgacure
the benzil-initiated penzio= 1 x 1072 mol L) PLP of DMIuik (lower 819 (i.e.,8 and 9) initiate polymerization. The presence of
e ehe Mo o o Sxpe ol et gy, Spropartanatin producs congrent with rodcs nvoling
in thepupger part of the figure. Theoretical pro?juct mass to chargeg]ratiosfr"’l(~:]rnentlo evidence tha_t se_condary fragmematlon of adduct
are indicated by the dotted lines. 9 occurs. The spectrum in Figure 12 is less complex than the
one obtained for the Irgacure/MA system. Furthermore, like the
AIBN system no quantitative amount of monomer-initiated
Isotopic Pattern - Scaled species are found, which is surprising as no effect on transfer
— DMI-AIBN 0°C, 10Hz, 22 mJjpulse to monomer rates are expected with a change in initiator type.
Such an observation may simply be a result of limiting the
overall chain length to the ESI mass range and hence examining

Isotopic Pattern - Scaled
—— DMI-Benzil 0°C, 10Hz, 22mJ/pulse

I

Relative Abundance

g the polymerization kinetics of only the oligomers in these
T particular cases. As expected, no polymer peaks congruent to
§ products DMKIp and DMI-IIp are observed.

S Oua o Gy D The Comparison of Photolysis Fragment Reactivities.

§ Reiterating that it is the aim of the present study to provide a

“map” of initiator reactivity in photopolymerizations, it goes
without saying that while the assignment of individual product
spectrum yield useful information on each specific Pl/monomer
system under investigation, a complete picture is only drawn
when all data are compiled. By collating all experimental data
for the various Pls toward different monomers (including the
_ ) _ _ previously studied MMA/PI systems},two key points of
Figure 11. ESI-MS spectrum of polymeric material obtained from  jhformation can be assessed: First, the reactivity of the

the AIBN-initiated €asno = 1 x 1072 mol L) PLP of DMIpyk (lower S . s L
part). The reaction conditions are given within the figure. The theoretical individual fragments (with respect to initiation and termination

isotopic pattern distribution scaled to the experimental result is given behavior) can be analy_zed. Second, the reactivity of a specific
in the upper part of the figure. Theoretical product mass to charge ratios fragment toward the various monomers (and therefore monomer

are indicated by the dotted lines. class) may be compared. A summary of the photolysis product

Polymeric structures corresponding to termination products data is given in Table 2.
for the AIBN-initiated PLP of DMI are given in Scheme S18. On the basis of the polymer product spectra produced under
Correspondingn/z values of the product ions are listed in Table the PLP conditions examined, the reactivity of all fragment/
S10. With the exception of the anticipated disproportionation monomer combinations under investigation have been catego-
and combination product ions incorporating the cyanoisopropyl rized with respect to the fragment’s ability to initiate and/or
species, unexpected products were observed in substantiaterminate chain propagation. These abilities are given by the
quantities. First, quantitative amounts of what are definitely symbols (listed in Scheme 5) whereby the area within the
disproportionation products atVz = 1056.3 and 1054.4 are  symbol given to either “i"

——
1000 1020 1040 1060 1080 1100 1120 1140 1160
m/z

i” or “t” refers to relative reactivity of
observed. Prima facie, the origin of such disproportionation the fragments. i.e. a large “i” area stands for higher propensity
products is as puzzling as the origin of combination products to initiate polymerization, while a larger “t” area indicates that
observed in the other DMI systems examined. To complicate the fragment is more prone to terminate chain-growth. This
matters further, a combination product peakrét = 1122.9, information is made clearer by the dominant mechanism of the
which was not previously observed in the other DMI systems, fragment stressed by the size of the font of the individual letters
is also observed. The origin of the unexpected combination and“i” and “t”". Only two different symbols (more likely to initiate/
disproportionation products observed in the mass spectraterminate and almost exclusively initiating/terminating) are used
obtained for the DMI systems is therefore questionable and oneas information as to the exact ratios depend on the relative
may only report that the spectra obtained from the photopo- amounts of disproportionation and combination products found
lymerization of DMI using various PI's are more complex than in the ESFMS spectrum which may be influenced by sup-
anticipated, potentially suggesting a complex mechanism of pression effects as a result of end group chemistries. Fragment/
product formation under the conditions examined. However, as monomer combinations for which the fragment is found to
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Table 2. Reactivity of Photoinitiator Derived Fragments toward
Various Monomers with Respect to Their Effectiveness to Initiate
and/or Terminate Polymerization
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Figure 12. ESI-MS spectrum of polymeric material obtained from the Irgacure 819 initiaiggh§o=5 x 1073 mol L™%) PLP of DMlyui (lower
part). The reaction conditions are given within the figure. The theoretical isotopic pattern distribution scaled to the experimental resuihis give
the upper part of the figure. Theoretical product mass to charge ratios are indicated by the dotted lines.

Scheme 5. Symbol Definitions Used in Table 2

The fragment is found to initiate and to terminate polymerization. No
t clear conclusion can be drawn whether it is more prone to either reaction.

= o

The fragment is found to initiate and to terminate polymerization. The
t fragment is more effective in initiation than in termination of chain-growth.

The fragment is found to initiate and to terminate polymerization. The
fragment is more effective in termination than in initiation of chain-growth.

The fragment is found to almost exclusively initiate the reaction.

The fragment is found to almost exclusively terminate the reaction.

? The fragment is found to initiate the reaction. Whether it also terminates
chain-growth remains unclear.

The fragment could not be identified as a polymer endgroup in the product
spectrum.

no background color differentiation. Such inconclusiveness may
either arise from ambiguous polymer spectra, or, e.g., in the
case of AIBN, from the symmetric nature of the fragments as
ratios can only be assessed when two fragments are directly
compared. Inability to assign products congruent with a product
containing that particular fragment is indicated by an “x”. It
should be noted that fragmentethyl radical) was incorporated
in the table as it is a potential product of a secondary cleavage
reaction of fragmen®, however, it was not identified in any of
our mass spectra. Further details are given in our earlier gtudy.
With the exception of the DMPA photolysis fragmedtand
2, all fragments show an equivalent behavior toward all three
monomers. This observation may not only be valid for the
specific monomers examined but also for the entire monomer
families of which the investigated monomer are representative.

clearly initiate and terminate the reaction but that could not be Such an assumption is reasonable on the basis that no significant
clearly assigned with respect to their reactivity, have been change in electronic factors are expected with ester side chain.
labeled with a symbol where both letters have equal size and Nevertheless, shielding effects might play a role but are
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considered to be a minor effect. A clear change in reactivity is Ciba Specialty Chemicals (Basel) for the provision of Irgacure

observed for DMPA when it is examined in the DMI/DMPA
system. The acetal fragment (in the MA and MMA systems at

819 and their interest in this study.

least) was found to be a better terminating species in comparison Supporting Information Available:  Figures, tables, and schemes

to the benzoyl fragment which was found to be highly effective
in initiating polymerization. This difference in reactivity may

be explained by the higher stability of the acetal fragment where
the radical center is delocalized through the benzyl ring, hence
increasing the lifetime of the fragment. The fact that the benzoyl

fragment is clearly found to act more predominantly as a
terminating species in the DMI/DMPA photopolymerization

may be explained by the longer time period between propagation

steps (i.e., low propagation rate coefficient). While the acetal
fragment () is stable enough to persist until chain-addition takes

place and is hence found as an initiating end group, the benzoyl

giving experimental details. This material is available free of charge
via the Internet at http:/pubs.acs.org.
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