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ABSTRACT: Electron irradiation as an alternative to chemical initiation in emulsion polymerization is
a well-known but not widely used technique. Accelerated electrons create the initiating radical species
by scission of molecules that are present in the reaction mixture. The initiation mechanism in detail is
so far not completely understood due to the broad variety of radical species that are created by the electron
beam. The pulsed electron beam polymerization (PEBP) of methyl methacrylate (MMA), ethyl methacrylate
(EMA), and butyl methacrylate (BMA) was analyzed with matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) to shine light onto the main initiating species of the
PEBP but also on the polymer decomposition that occurred under pulsed electron beam irradiation.
Hydrogen and hydroxyl radicals were identified as the main initiating species in polymerization of the
investigated monomers. An increasing degree of initiation by monomer radicals was observed with
decreasing water solubility of the polymerized monomer.

Introduction

Emulsion polymerization today is predominantly
initiated by radicals produced through chemical initia-
tion. Although the high-energy radiation (HER) like
y-, ultrasound, and pulsed electron beam (PEB) irradia-
tion have been intensively investigated, they are not
commonly used as initiation methods. Early points of
interest were, due to a controlled radical flux, possible
kinetic differences between this system and chemical
initiation. Also, the possibility of initiating polymeriza-
tions at low temperatures and the synthesis of latices
with small particle sizes are challenges. The initiation
with - and PEB irradiations, using a Co%-source or
accelerated electrons, has been studied by polymeriza-
tion of a large number of monomers in the laboratory
setup, including vinyl acetate (VAc), styrene (Sty),
methyl-, butyl-, and dodecyl methacrylates (MMA, BMA,
DMA), methyl-, ethyl-, and n-butyl acrylates (MA, EA,
BA), butadiene, isoprene, and vinyl chloride. Stannett
and Stahel have provided an overview of the research
done in the field of HER-initiated emulsion polymeri-
zation.!

A major drawback of HER is the rather complex setup
that requires installing a radiation source. Another
disadvantage is that irradiation not only creates radicals
but also tends to destroy the formed polymer. Further-
more, ionic groups, originating from the chemical initia-
tors that might provide additional latex stability, are
lacking in HER.2 With regard to the financial factor, a
cost analysis demonstrated that the monetary invest-
ment is similar for both chemically and irradiation-
initiated polymerization.?

On the other hand, HER has many advantages over
chemical initiation which have been shown in this work
and previous papers of our group; at this point we feel
it is useful to summarize all the advantages.

(1) The first one is the controllable and stable flux of
radicals, which is dependent on the irradiation intensity.
This makes HER interesting as a tool for mechanistic
and kinetic research* as has been shown also in a
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Scheme 1. Important Reactions Occurring during the
Radiolysis of Water?®

HZO +¢ ——» H +.0H (1)
HO0+¢ ——» H+OH'+2¢ 2
HO+e¢ —» H'+.0H+2¢ 3
H,O + e > HZO* +eyq )
H0" —> .H+.0H 6)

previous paper in this journal [Pusch, J.; van Herk, A.
M. Macromolecules, in press].

(2) The second advantage is that the radical flux is
independent of temperature. Whereas in chemical ini-
tiation a certain temperature is necessary for significant
decomposition of the initiator, e.g., peroxides, HER
creates radicals independent of temperature. This makes
HER very interesting for the emulsion polymerization
of VAc, a monomer that has a high chain transfer rate,
especially at high temperatures. These chain transfer
effects lead to low molecular weights, which are not
desired in the industrial production of PVAc. The
independence of temperature explains why HER is
nearly exclusively applied in studies with a pilot plant
on VAc, especially at low temperatures.>~7

(38) The third advantage of HER as an initiation
technique is the type of radicals produced. The PEB
irradiation of water results in the formation of various
species.

Equations 1—5 in Scheme 1 are a choice of possible
reactions occurring in the water phase. Predominantly
OH*, H’, e, and HT are created by the radiolysis of
water, but also the recombination products HsOs (by
recombination of two OH" radicals) and Hy (by recom-
bination of two H* radicals).® Hydrogen atoms and
especially hydroxyl radicals are neutral and strongly
reactive radicals which makes them interesting for
radically initiated polymerization. Higher energetic
species are marked with an asterisk.

(4) Barriac et al.? have pointed out that the ionic
strength of the water phase in the HER system is very
low because no salts (initiators) are required. In theory,
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Figure 1. Schematic drawing of pulsed initiated polymeri-
zation.*

the absence of electrolyte improves the colloidal stability
of more and smaller particles. The initiating hydrogen
and hydroxyl radicals are also known to diffuse fast.

(5) The pulsed initiation mechanism in HER promotes
the formation of polymer chains with low molecular
weights. In pulsed electron beam polymerization (PEBP)
a constant, large quantity of radicals is created with
every pulse, and the radical concentration is much
higher than in the steady state of a chemically initiated
system. Hence, a large number of particles with polymer
chains of fairly low molecular weight will be formed. The
mechanism of a pulsed initiated polymerization is
shown in Figure 1.

With the first electron beam pulse a burst of radicals
is created. Polymerization starts simultaneously with
the initiation of many chains that grow continuously.
With the next electron beam pulse the majority of these
chains is terminated due to the high radical concentra-
tion, and only a minority of chains continues to grow,
which means that in the final product a majority of
polymer chains of identical length, or multiples of that
chain length, may be expected. The PEBP experiment
has been used as an analytical tool to determine the
local monomer concentration in heterogeneous systems.*
Also, in the previous investigation related to making
small latex particles through pulsed electron beam
polymerization these fine structures in the GPC tracers
have been observed [Pusch, J.; van Herk, A. M. Macro-
molecules, in press]. In contrast to chemically initiated
emulsion polymerization, PEBP, with its high radical
flux, could create ideal conditions for the synthesis of a
high number of smaller and stable latex particles.

Although the PEBP is extensively investigated, the
initiation mechanism of the system is so far not com-
pletely understood, and assumptions about it are drawn
from the radical species present in the emulsion. For a
good control of the system and the material properties
a better insight into the initiation mechanism is needed.
Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) is a powerful tool
for the polymer end-group analysis and allows conclu-
sions from the obtained results as to the initiating
species of the polymer chains. The aim of the work
described in this paper was to investigate the initiation
mechanisms in the PEBP of MMA, EMA, and BMA with
MALDI-TOF-MS. A special focus in the investigations
was to examine the influence of water solubility of the
polymerized monomer on the initiation mechanism. The
values for water solubility of the investigated monomers
are given in Table 1. The polymerizations were per-
formed at low surfactant concentrations to minimize
major initiation by radicalized surfactant molecules.
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Table 1. Water Solubility of the Investigated Monomers®

monomer [Mlaq (20 °C) (mol L™1)
MMA 1.5 x 1071
EMA 6.5 x 1072
BMA 2.5 x 1073

The electron irradiation also leads to polymer decom-
position causing difficulties in the analysis of the
initiation process. Therefore, the polymer decomposition
of an irradiated polymer standard with a defined
molecular weight distribution was investigated with
MALDI-TOF-MS analysis.

Experimental Section

Characterization. Matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF-MS) mea-
surements were made on a Voyager-DE STR (Applied Biosys-
tems, Framingham, MA) instrument equipped with a 337 nm
nitrogen laser. Positive-ion spectra were acquired in reflector
mode. Dithranol was chosen as the matrix. Potassium trifluo-
roacetate (Aldrich, 98%) was added as cationic ionization
agent. The matrix was dissolved in tetrahydrofuran (THF) at
a concentration of 40 mg/mL. Potassium trifluoracetate was
added to THF at a concentration of 5 mg/mL. The dissolved
polymer concentration in THF was ~1 mg/mL. In a typical
MALDI experiment, the matrix, salt, and polymer solutions
were premixed in a ratio 5 uL sample:5 uL. matrix:0.5 uL salt.
Approximately 0.5 uL of the obtained mixture was hand-
spotted on the target plate. For each spectrum 1000 laser shots
were accumulated.

Molecular weight distributions (MWDs) were measured by
SEC at room temperature using a Waters SEC equipped with
a Waters model 510 pump and a model 410 differential
refractometer (40 °C). THF was used as the eluent at a flow
rate of 1.0 mL/min. A set of two linear columns (Mixed-C,
Polymer Laboratories, 30 cm, 40 °C) was used. Calibration was
carried out using narrow MWD of PSty standards ranging from
600 to 7 x 10°¢ g/mol.

The molecular weights were calculated using the universal
calibration principle and Mark—Houwink parameters
(PMMA: K =9.55 x 10°dL/g, a = 0.719; PSty: K = 1.14 x
1074 dL/g, a = 0.716; PEMA: K=9.7 x 1075dL/g, a = 0.714;
PBMA: K = 1.48 x 107* dL/g, a = 0.664; PVAc: K = 2.24 x
107* dL/g, a = 0.674).° Data acquisition and processing were
performed using Waters Millennium 32 software.

Materials. The monomers methyl methacrylate (MMA,
99%, Aldrich), ethyl methacrylate (EMA, 99%, Aldrich), and
butyl methacrylate (BMA, 99%, Aldrich) were used after being
purified from inhibitor by passing them over a column filled
with an inhibitor remover package (Aldrich). Sodium dodecyl
sulfate (SDS, 96.0%, Fluka) and the polymer standard of
PMMA with an M, of 3437 from Polymer Laboratories were
used as received. Deionized water was used in all experiments.

Setup. The Eindhoven Technical University’s linear ac-
celerator was used to initiate the polymerization reaction. The
accelerated electrons had an energy of 5 MeV. The accelerator
is a substantially modified Philips SL 75-5 medical accelerator.
Accelerated electrons left the vacuum through a 100 um
aluminum foil scattering the electrons over a mean angle of
8°. The target was placed at a distance of 5 cm from the
aluminum foil. The pulse width was 4 us. The pulse repetition
rate was varied between 10, 25, and 50 Hz. Further details
can be found in the literature.10-12

For the batch reactions a cylindrical, thermostated, double-
wall quartz cell of 5 mL volume was used. The inner cell had
a diameter of 2.5 cm and a height of 2 cm. A thermostat
controlled the temperature of the reactor. After addition of the
emulsion the cell was sealed with plastic sealing caps. The
cell was fixed in a Lab-Line multiwrist shaker.

PEB Polymerization. In a typical batch polymerization
procedure, 4.5 mL of water, 0.5 g of monomer, and 0.015 g of
surfactant were emulsified for 5 min on a Whirlimixer. The
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Figure 2. MALDI-TOF MS spectra of standard PMMA with M, 3437 emulsified in water with 0.3 wt % surfactant before (upper)

and after (lower) irradiation with 1140 kGy (10 Hz).

Table 2. SEC Data of the Molecular Weight M, of a
PMMA Standard with an M, of 3437 Irradiated with
Various PEB (10 Hz) Doses

radiation dose (kGy) M,
0 3437
380 3194
760 2904
1140 2777

emulsion was then placed in the reaction cell and irradiated
at 60 °C with a frequency of 10 Hz.

Results and Discussion

MALDI-TOF MS Analysis of PEB-Induced PMMA
Decomposition. One effect of the PEBP is that the
irradiation of an emulsion with accelerated electrons not
only creates radicals but also tends to destroy the
formed polymer. Prior to the analysis of the PEBP
initiation mechanism, the irradiation-induced polymer
decomposition of PMMA latices MALDI-TOF MS analy-
sis was applied to understand the polymer decomposi-
tion. A cationically polymerized PMMA standard (only
H end groups) with an M, of 3437 was emulsified in
water, containing 0.3 wt % surfactant, and irradiated
with various PEB doses at 10 Hz. The radiation doses
and the values obtained for M, of the PMMA are
collected in Table 2.

The results in Table 2 show a decrease in M,, at higher
radiation doses. This decrease can be attributed to
decomposition of the polymer. Figure 2 shows the
MALDI-TOF MS spectra of the PMMA standard before
and after being irradiated with a PEB dose of 1140 kGy.

Figure 2 shows the spectra of PMMA with the MMA
repeating unit every 100 mass units. As expected, the
whole weight distribution is shifted toward lower mo-
lecular weights after an applied radiation dose of 1140
kGy, indicating scission of polymer chains.

The decomposition of PMMA under high-energy elec-
tron irradiation has been investigated in the past with
mass spectroscopy and a residual gas analyzer
(RGA).13-15 Scission of the polymer backbone was the
major event observed, but also side-chain scission was
detected. The major scission steps for side-chain decom-
position are given in Scheme 2 in formulas 6—10 where
P stands for polymer backbone. It is possible that a
PMMA chain after a side-chain decomposition as men-

Scheme 2. Major Irradiation-Induced Scission Steps
for Side-Chain Decomposition

P-H - P. +-H (6)
P-H + H- - P + H, (©))]
P-CH, - P +-CH, ®)
P-COOCH, - P-C(0)- +-OCH, )
P-COOCH, - P: +-COOCH, 10)

tioned in formulas 6—10 undergoes a second side-chain
scission. The probability for a second side-chain scission
is somewhat lower but increases with higher radiation
doses.

A close-up on the MALDI-TOF MS spectra of a PMMA
standard irradiated at low and high radiation doses is
given in Figure 3. It confirms the increase in side-chain
decomposition at higher radiation doses.

The MALDI-TOF MS samples were prepared with
potassium ions. The main polymer chain without any
side-chain damage is represented by the peaks at 2243
and 2343 Da. These peaks can be attributed to the
molecules [H-(MMA)soHIK* and [H-(MMA)osHIK*. The
upper spectrum of Figure 3 shows that after a low
radiation dose three side-chain scission peaks can be
detected at 2329, 2313, and 2283 Da. These peaks arise
from primary side-chain damage; the decomposition
mechanisms are given in the schemes 8—10. At higher
radiation doses (lower spectrum) two more peaks arise
at 2268 and 2312 Da. These peaks can be attributed to
polymeric chains undergoing two side-chain break events.
This secondary decomposition is expected to be pre-
dominantly the loss of a CH3 group at “the other end”
of the polymer backbone.

The assignment of the fragmentation peaks seen in
MALDI-TOF MS is given in Table 3. Once a polymeric
chain has fragmented into radicals, these radicals
undergo further reactions like recombination or (most
likely) hydrogen abstraction, which further complicates
the interpretation of the spectra. Not all peaks were
therefore assigned in the same detailed way as the main
polymer chain peaks.

MALDI-TOF MS Analysis of PEB-Initiated PMMA
Latex. The MALDI-TOF MS spectrum of PEBP PMMA
shows a homogeneous repeating pattern (Figure 4). The
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Figure 3. MALDI-TOF MS spectra of PMMA standard with M, 3437 emulsified in water with 0.3 wt % surfactant, irradiated
at 380 kGy (10 Hz) (upper) and 1140 kGy (10 Hz) (lower). Peak A represents [H-(MMA),sHIK", and peaks B—F are fragmentation
peaks of peak A which are assigned in Table 3.
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Figure 4. MALDI-TOF MS spectrum of PMMA latex produced with PEB initiated emulsion polymerization of MMA emulsified
with 0.3 wt % SDS irradiated with 380 kGy (10 Hz).

Table 3. Fragmentation Peaks and the Accompanying Decomposition Schemes of the MALDI-TOF MS Spectra (Figure 3)

of a PMMA Standard Emulsified in Water, Irradiated with PEB (10 Hz)

peak (Figure 3) peak (Da) fragmentation decomposition formula (Scheme 2)
A 2343 [H-(MMA)osH]K = PK*
B 2329 [P-CH3]Kt — [Pp']K' + *CHgs 8
C 2313 [P-COOCH;]K* — [Pc-C(O) 1Kt + *OCHs 9
E 2298 peak C — [Pg’]K* + *CHj3 9 and 8
D 2283 [P-COOCHs]K*" — [Pp]K' + *COOCH3 10
F 2268 peak D — [P ]K" + *CHg 10 and 9

pattern has a repeating unit of exactly 100, the mass of

one MMA unit.

The measured isotopic pattern of the main polymer
peak [H-(MMA),sH]K", a close-up of Figure 4, corre-
sponds with the calculated pattern (Figure 5).

Figure 6 compares
Figure 4, PMMA latex
the irradiated PMMA

The comparison of the MALDI-TOF MS spectrum of
the PEB irradiated PMMA standard (Figure 3), which
was not polymerized with PEB initiation, with the PEB
initiated PMMA shows similar peaks of the main

polymeric chains and

addition to the expected peaks, in the lower spectrum
of Figure 6 a peak appears, labeled G, 16 Da ahead of
the main polymer peak. This peak can be assigned to

HO-(MMA)o3H.

The peak of HO-(MMA)93H cannot be observed in the
spectrum of the irradiated PMMA standard, and one
can therefore exclude that HO-(MMA),-H originates
from a possible recombination of a polymeric radical
with an OH radical. This peak can rather be attributed
to initiation by OH radicals in the PEBP of the MMA.
This provides evidence that H radicals (peak A) and OH
radicals (peak G) initiated the PEBP of MMA. Proof for
initiating species created by the radiolysis of surfactant
was not found. The other peaks in the MALDI-TOF MS
spectra of the PEBP of MMA could be attributed to
chain decomposition products.

PEB-Initiated Emulsion Polymerization of EMA.
Ethyl methacrylate (EMA) has a similar chemical
structure as MMA, but because of the additional me-
thylene group it is less water-soluble (see Table 1). EMA
was polymerized at low surfactant concentrations with

the close-up of the spectra of
produced by PEB initiation, with
standard of Figure 3.

the decomposition products. In



8698 Pusch and van Herk

-

% intensity
3

Macromolecules, Vol. 38, No. 21, 2005

536.0

0 2342.98925 2344.69454 2346.39984 2348.10514 e
Mass {m/z}
100 100
Pl
=
7
£
= 850
) 346.1952
. UTATS 5348 4997 A
) 234298925 2344.69454 2346.39984 2348.10514 v
. Mass {miz)
Figure 5. Measured (upper, detail of Figure 4) vs calculated (lower) MALDI-TOF MS isotopic spectra of PEBP [H-(MMA)qsHI-
K.
mq 343.4662 §50.0
2 ]
g
£ 5o 29,4455
£ j 2282.4345 ‘
] 268.4340 08,4483 23124793
] |
%300 2234 2268 2302 2336 2370
Mass (miz)
1007 22429425 795.2
: G 343.0460
z
g ]
8 ] 2258.9804 327.0240 359,056
£ 50 I
£ f g f
‘ 313.0278 ji
1 ‘ 2268.5016 282.9889 99,931 -‘ [
%300 2234 2268 2302 2336 2370
Mass (m/z}

Figure 6. MALDI-TOF MS spectrum of standard PMMA with an M,, of 3437 irradiated with 1140 kGy (10 Hz) (upper, see also
Figure 3) vs the spectrum of PMMA latex produced by PEB initiation (below, detail of Figure 4) emulsified with 0.3 wt % surfactant,

irradiated with 380 kGy (10 Hz).
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Figure 7. MALDI-TOF MS spectrum of PEMA latex produced by PEB initiated emulsion polymerization of EMA polymerized
with 0.3 wt % SDS and irradiated with 380 kGy (10 Hz). The A—H are assigned in Table 4.

PEB initiation to investigate the effect of water solubil-
ity of the polymerized monomer on the PEBP.

Figure 7 shows the fragmentation spectrum of PEMA
between two repeating units. Similar to PMMA, a peak
for a hydroxyl functional polymer chain (peak H)
indicates that also hydroxyl radicals initiated EMA. The

decomposition of PEMA due to PEB irradiation is
analogous to the PMMA fragmentation, except that
PEMA has one more methylene group in the side chain
resulting in a more complex fragmentation pattern. The
comparison between the measured and calculated MAL-
DI-TOF MS isotopic spectra of [H-(EMA)7H]K" exhibits
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Figure 9. MALDI-TOF MS spectrum of a PEB initiated PBMA latex emulsified with 0.3 wt % surfactant irradiated with 380

kGy (10 Hz). Peaks A—J are assigned in Table 5.

a distinction. Figure 8 depicts more peaks in the
measured spectrum than in the calculated pattern. This
effect can be explained by the polymerization initiation
by monomer radicals, which still had a double bond.
Because of the poor water solubility of EMA, the
initiation in micelles, particles, and monomer droplets
with monomer radicals plays a more important role than
in the case of the better water-soluble MMA, resulting
in a peak 2 Da lower (peak A). The small peak 4 Da
below the calculated pattern (peak B) is obviously due
to disproportionation of the polymeric chains initiated
with monomer radicals shifting the pattern once more
2 Da lower.

PEB-Initiated Emulsion Polymerization of BMA.
The PEBP of butyl methacrylate (BMA) confirms the
effect of the water solubility of the polymerized mono-
mer in PEBP as seen before with MMA and EMA.
Because of its butyl group, BMA is less water-soluble
than MMA and EMA (see Table 1).

Figure 9 depicts the fragmentation spectrum of the
PBMA between two repeating units. Similar to PMMA
and PEMA, the peak for the hydroxyl functional oligo-
mer (peak J) indicates that hydroxyl radicals also
initiated the polymerization of BMA. The fragmentation
of the PBMA due to PEB irradiation is again similar to

Table 4. Fragmentation Peaks of the MALDI-TOF MS
Spectra (Figure 7) of PEMA Latex Polymerized with 0.3
wt % SDS and Irradiated with 380 kGy (10 Hz)

peak peak
(Figure 7) (Da)

1980 [H-(EMA),;OH] K* = [P-OH]K*

1963 [H-(EMA);H]JK*" = PK*

1948 [P-CH3]K* — [P¢']K* + *CH3s

1934 [P-CzH5]K+ — [Pp]K* + *CoH5

1918 [P-COOCyH5]K* — [Pg-C(O)]K* + *OC2Hs5
1903 peak E — [Pgr]K" + *CHs

1890 [P-COOCyH5]K* — [P ]K*' + *COOC2Hj5
1875 peak G — [Py']K* + *CHjs

fragmentation

TmoHEEDOQR®

the PMMA and PEMA decomposition. Extra methylene
groups in the side chain make the fragmentation
pattern more complex than for MMA and EMA. The
comparison between the measured and calculated MAL-
DI-TOF MS isotopic spectra of [H-(BMA);;H]K* in
Figure 10 showed the same effects as seen with EMA.
The high extent of the initiation by monomer radicals,
which still had a double bond, resulted in peaks 2 Da
below the main molecular peak (peak A). The small peak
4 Da below the calculated pattern (peak B) is again due
to disproportionation of the polymeric chains initiated
with monomer radicals.
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Figure 10. Measured (upper, detail of Figure 9) vs calculated (lower) MALDI-TOF-MS isotopic spectra of [H-(BMA);;HIK", of a

PEB-initiated PBMA latex.

Table 5. Fragmentation Peaks of the MALDI-TOF MS
Spectra (Figure 9) of a PEB-Initiated PBMA Latex
Emulsified with 0.3 wt % Surfactant Irradiated with 380
kGy (10 Hz)

peak peak

(Figure 9) (Da) fragmentation

B 1603 [H-(BMA);;OH]K" = [P-OH]K*

A 1587 [H-(BMA);;H]JK" = PK*

C 1572 [P-CH3]K'™ — [Pc*]K+ + *CHj3

D 1558 [P-CoHs]K' — [Pp']K' + *CoHs

E 1544 [P-C3H;]K' — [Pg*]K* + *C3Hy

F 1530 [P-C4HolK™ — [Pr]K* + *C4Hy

G 1514 [P-COOC3H5]K™ — [Pg-C(O)]K* + *OC4Hyg

H 1499 peak G — [Py']K" + *CHj3

I 1486 [P-COOC Ho]K* — [PrlK* 4+ *COOC4Hy

J 1471 peak I — [Py]K" + *CHgs
Conclusions

The electron irradiation as an alternative to chemical
initiation in emulsion polymerization was investigated
with focus on the initiation mechanism and polymer
decomposition occurring in the system. The MALDI-
TOF MS analysis of cationically polymerized poly-
(methyl methacrylate) (PMMA) standards emulsified in
water and irradiated with accelerated electrons showed
decomposition of the polymer by scission in the main
chain but also the side chain.

Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) analysis of
latices initiated by pulsed electron beam polymerization
(PEBP) of methyl methacrylate (MMA), ethyl meth-
acrylate (EMA), and butyl methacrylate (BMA) identi-
fied hydrogen and hydroxyl radicals as the main initi-
ating species of the PEBP. An increasing degree of
initiation by monomer radicals was observed with
decreasing water solubility of the polymerized monomer.
The polymer decomposition that occurred under pulsed

electron beam (PEB) irradiation and the major irradia-
tion decomposed polymeric species were also identified
within the performed investigations.
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