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ABSTRACT: Methyl a-chloroacrylate (MCA) and methyl a-bromoacrylate (MBA) were copolymerized with
methyl methacrylate (MMA) over a broad range of composition. The reactivity ratios for MMA and MCA
are 0.36 and 0.26, respectively; they are 0.19 and 0.16 for MMA and MBA copolymerization. The tendency
toward alternation of comonomer of methyl a-haloacrylates with MMA decreases in the order Br > Cl > F.
The relative reactivities of these monomers toward the MMA radical also decrease in this order. The values
of G, (number of scissions per 100 eV of energy absorbed) for poly(MCA) and poly(MBA) are larger than
for PMMA; values of G, (number of radicals per 100 eV of energy absorbed) are in the range 7-9. All copolymers
of MCA have nonzero G, values (number of cross-links per 100 eV of energy absorbed), but they are soluble
in common solvents after y-radiolysis. Copolymers of MBA and MMA with >7% of the former are insolubilized
due to extensive cross-linking by y-radiolysis. ESR spectra of y-irradiated homo- and copolymers of MCA
and MBA were attributed to -CH,C{(COOMe)CH,-, -C(COOMe)CICH,—, and -C(COOMe)BrCH,- radicals.
GC-MS analysis of the radiolysis products of the MCA homo- and copolymers, together with ESR and radiolysis
yields, suggested probable mechanisms for the radiation chemistry. The high radiation sensitivity is attributable
to the dissociative electron capture processes. The tendency of the MBA polymers toward cross-linking was
postulated to be due to the ease of elimination of HBr giving intermediates for the formation of cross-links
and CH;Br elimination leading to cross-linking directly. The typical PMMA radical was observed for y-irradiated
poly(MMA-co-MCA) only when MCA content was <20%; it was not detected for +-irradiated poly(MMA-
co-MBA) even when MBA was present at 3%. The radiolysis of copolymers of MMA with MCA and MBA

is dominated by the a-halogenated monomers.

Introduction

Polymers exhibiting high chain scission susceptibilities
to radiation have been investigated as candidates for
positive electron-beam (E beam) resists. However, as
cross-linking also occurs sometimes, especially at high
radiation dose, polymers which undergo scission only in
the exclusion of cross-linking are required for resist ap-
plications. The relative tendency of the two reaction
pathways is usually measured by one of two methods. The
first is the determination of scission (cross-linking) yield
per 100 eV absorbed, which is G, (Gy). The second method
is the measurement of sensitivity S, (S;) of the scission
(cross-linking) reactions in C em™ for a given energy of
electron.

Poly(methyl methacrylate) (PMMA) has been demon-
strated to be a practical E-beam positive resist by the
electronics industry; it is generally regarded as the refer-
ence polymer in this application. However, PMMA has
only moderate sensitivity to radiation: G, = 1.4, G, =0,
and S, ~ 5 X 10° C cm™ at 15 keV.2 Hence, there have
been intensive efforts to find polymers and copolymers of
greater radiation sensitivity. Several general approaches
have emerged.

The first is to take advantage of certain efficient ra-
diolysis processes. An example is the dissociative electron
capture. For instance, poly(methyl a-chloroacrylate)
(PMCA) has a very high chain scission susceptibility (G,
= 6.0)3. Other halogen-containing polymers may also ex-
hibit this characteristic. Elements of high atomic numbers
are expected to interact with low-energy electrons effi-
ciently. Thus, the incorporation of a few percent of alkali

metal in poly(methyl methacrylate-co-metal methacrylate)*
seems to increase G, values. Polymers which upon ra-
diolysis yield stable products appear to be good candidates
for E-beam application. The likely examples are poly-
(butylene 1-sulfone)®, poly(methyl isopropenyl ketone)¢,
and polyaldehydes.”?

Often times polymers with enhanced G, also have in-
creased G,. Thus PMCA tends to cross-link (G, = 0.8)°
when the electron dose exceeds 6 X 10 C ¢cm™2 Co-
polymerization of such monomers with a non-cross-linking
monomer can sometimes alleviate the cross-linking reac-
tions. However, the G, and G, values of copolymers are
usually not monotonic functions of comonomer composi-
tion. For instance, it was found that copolymers of MCA
with MMA and MCA with methacrylonitrile!! and ter-
polymers of MCA with MMA and hexyl methacrylate® of
certain compositions have greater G, values than PMMA
and without discernible cross-linking.

Though some of the current researches give results that
are quite interesting, they do not contribute toward the
understanding of the mechanisms of the chemical processes
involved. For instance, if one evaluates a polymer as an
E-beam or X-ray resist by the determination of sensitivity
and contrast of the material to the radiation of particular
energy, the effects of film thickness and surface regularity,
of the method of developing, and of back-scattering can
influence the overall performance. In the case of com-
parative study of a family of homopolymers and co-
polymers, a common developer is needed. The radiolysis
products cannot be easily trapped and analyzed and the
electron spin resonance (ESR) of the radicals cannot be
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Table I
Copolymerization of MMA and Methyl v-Haloacrylates
comonomer
mole fraction con%er- M
in feed in copolymer sion ry (MMA) ry
MCA 0.074 0.16 8.2 0.36 0.26
0.12 0.19 6.8
0.28 0.38 9.4
0.50 0.43 6.4
0.84 0.72 5.7
MBA 0.33 0.44 6.4 0.19 0.16
0.33 0.43 8.6
0.43 0.47 3.8
0.43 0.46 5.4
0.63 0.51 9.3

obtained under controlled conditions.

The emphasis of our work is to elucidate the relation-
ships between the chemical structure of polymer and its
radiation sensitivity through the analysis of the volatile
radiolysis products by gas chromatography-mass spec-
troscopy (GC-MS), the identification of the radical in-
termediates and their yields, G,, by electron spin resonance
(ESR), as well as the usual determination of G, and G,.
v-Radiation is used because of its penetrating power, which
enables uniform irradiation of polymer sample contained
in sealed ampules suited for ESR measurements and
subsequent GC-MS analysis. One drawback is that the
energies of the y-rays and its secondary electrons are very
high; atomic number effect is much smaller than for
electron and X-ray irradiation.

In this first paper of the series we report the radiolysis
results of PMCA, poly(methyl a-bromoacrylate) (PMBA),
and their copolymers with methyl methacrylate (MMA),
which showed that the radiolysis of the copolymers is
determined by the halogenated comonomer and that the
chloro and bromo derivatives differ markedly in their ra-
diation chemistries.

Experimental Section

Materials. MMA (Aldrich) was distilled at reduced pressure
prior to use. MCA was prepared by dehydrochlorination of 1,2-
dichloropropionate!? in 68% yield. Methyl a-bromoacrylate
(MBA) was synthesized by a similar method. AIBN from Aldrich
was recrystallized from methanol and stock solutions were made
with chloroform.

Homo- and Copolymerizations. Monomer or comonomers
were mixed with AIBN without solvent and freed of air by several
freeze—evacuation—thaw cycles. Polymerizations were carried out
at 60 = 0.1 °C to less than 10% conversion. The product was
precipitated with methanol, washed, and dried at 40 °C in vacuo
to constant weight. The copolymer compositions were determined
from elemental analysis. Molecular weights were obtained with
a Waters Associates 201 chromatograph equipped with five u-
Styragel columns, using THF as the solvent and the universal
calibration method. T, was determined with a Perkin-Elmer
differential scanning caforimeter (DSC) at a scanning rate of 20
°C min.

v-Radiolysis. Samples in Pyrex ampules were evacuated to
less than 1078 torr for 20 h and sealed. A 1¥’Cs vy-ray source was
used to irradiate the polymer at ambient temperature. The dose
rates varied from 0.07 to 0.03 Mrd h™}, as determined by ferrous
sulfate dosimetry, depending upon the total dose desired. The
changes in M, and M, after radiolysis were determined by GPC
as above.

ESR. A Varian E-9 X-band instrument was used to record
the ESR spectra. The radical yield, G,, was obtained by the double
integration of the ESR signal with a Nicolet microcomputer in
comparison with a standard solution of 2,2,6,6-tetramethyl-
piperidinoxyl.

GC-MS. The volatile products of radiolysis were analyzed by
connecting the sample ampule to the inlet of a Hewlett-Packard
5840A GC coupled to a Hewlett-Packard 5985A MS. The eluted
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Figure 1. Plot of mole fraction of MCA (m,) in copolymer vs.
mole fraction (M,) in feed: (O) experimental values; (—) curve
calculated from copolymer equation.

Table I1
Molecular Weights of Poly(MMA-co-methyl
a-haloacrylates)

comonomer
mq, % Mn X 107 Mw x 107 Mw/Mn

MCA 16 2.8 3.5 1.2
19 2.5 4.0 1.6

38 2.1 3.4 16

72 1.5 2.5 1.7

MBA 3 0.96 2.5 2.6
5 0.40 0.91 2.2

substances from the GC were identified by the MS.

Results and Discussion

Reactivity Ratios. The results of copolymerization of
MMA (M;) and methyl a-haloacrylate (M,) are summa-
rized in Table I. The reactivity ratios were calculated from
the copolymer composition data with the method of
Yezrielev et al.!® based on the differential form of the
copolymerization equation. This analysis was shown!#1%
to give more accurate reactivity ratios than other methods
and has the advantage of being symmetrical in form.
Figure 1 is a plot of the mole fraction of MCA (m,) in the
copolymer vs. the mole fraction of MCA (M,) in the feed
and the curve calculated from the copolymer equation. A
similar plot was obtained for MBA. Both show good
agreement between experimental results and values based
on reactivity ratios.

Pittman et al.!® have copolymerized methyl a-fluoro-
acrylate (MFA) with MMA and found r; = 1.17and ry =
0.36. The products of reactivity ratios, r,ry, are 0.42, 0,094,
and 0.03 for MFA, MCA, and MBA, respectively.
Therefore, the tendency for alternation of comonomers
decreases in the order of Br > Cl > F. The relative re-
activity of the methyl a-haloacrylates toward an MMA
radical is given by r,"%, which is 2.78, 3.85, and 6.25 for the
fluoro, chloro, and bromo derivatives, respectively. The
reactivities of the corresponding methyl a-haloacrylic
radicals toward MMA monomer are in the opposite order.
This behavior suggests that the mesomeric effect of the
halogen atom in stabilizing the radical is Br > Ci > F.

The glass transition temperatures of random copolymers
should lie between the T,’s of the homopolymers. This
was found to be true. For instance, the values of T, for
poly(MMA-co-MCA) having 16, 19, 39, and 41 mol %
MCA are 125, 126, 129, and 132 °C, respectively. PMCA
has a T, of 142 °C.

The molecular weights of the copolymers used for ra-
diolysis study are summarized in Table II. In the case
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Figure 2. Variation of M, (A) and M,, (A) with v dose; solid lines are least-squares fit of experimental data: (a) poly(84% MMA-co-16%
MCA); (b) poly(81% MMA-c0-19% MCA); (c) poly(62% MMA-co-38% MCA); (d) poly(57% MMA-co-43% MCA).

Table ITI
Radiolysis Yields
comonomer

M2, %o Gs ~ Gx Gs Gx Gr
none 0 14 14 0 14
MCA 16 4.7 5.2 0.5 44
19 44 4.8 0.4 3.3

38 5.4 (3.5)° 5.6 0.2 (0.2)°
72 6.5 6.7 0.2 9.1

100 6.5 (5.3)° 7.4 0.9 (0.6)°
MBA 3 5.8 5.3 0.46 2.0
5 44 5.0 0.65 2.3
7 2.3
100 7.0

4From ref 3.

of MBA, only copolymers containing 5% or less of this
monomer were prepared because higher contents of MBA
cross-link readily upon radiolysis. The copolymers of MCA
have polydispersity index less than 2. This is because we
purify the polymers by repeated dissolution and precipi-
tation (usually four or five times). Fractionation is known
to occur during these processes.

v-Radiolysis. A. Yields. The values of G, and G, were
obtained from the values of M, and M, of irradiated
polymers using the equations of Charlesby'” and Kilb.!8

Mn_l = Mnyo_l + [(Gs - Gx)D]/IOON (1)
M, = Myt + [(G, - 4G,)D] /200N @)

where M, , and M, are the average molecular weights of
the unirradiated polymer, M, and M, are the values for
the polymer after it has absorbed a vy-ray dose (D), and
N is Avogadro’s number. From the slope of the plots of
M1 vs. D, shown in Figure 2 for polymers of MCA, G, and
G, values are calculated. Similar results were obtained for
polymers of MBA. Table III summarizes the G, and G,
values for both halogenated polymers. The relative de-
termination of radiolysis yields is valid even when the GPC
calibration is not accurately known.

The MMA-MCA system had been previously investi-
gated by Helbert et al.;? their results are included in Table
III for comparison. These authors studied the radiation
degradation of PMCA and a 41% MMA-59% MCA co-
polymer. Emulsion polymerization was used. Conse-
quently, the molecular weights of their polymers were
generally higher (by about a factor of 10) than ours, and
the molecular weight distribution was broader (also up to
a factor of 10) and probably contains significant compo-
sition drifts as usually is the case with emulsion polym-
erizations. Helbert et al. irradiated the polymer to much
higher doses than we did and noted changes in slopes of

M, and M, vs. dose plots. Our dose lies in the region
of their low-dose experiments. They fractionated the
polymers and obtained radiolysis results generally within
the experimental variabilities of unfractionated polymers;
their values of G, and G, are somewhat smaller than ours
(Table III).

On the basis of a single copolymer of 59 mol % MMA
giving G, - G, = 2.5-3.0, Pittman and co-workers noted
that it is exactly as expected from the average of G, - G,
= 5.3 and 1.4, respectively, for PMCA and PMMA, i.e., 0.41
X (5.3 + 1.4) = 2.7, thus implying that G, - G, is linear
with the copolymer composition. Our data on four co-
polymers showed this to be untrue; all the copolymers have
G, values much closer to that of PMCA than PMMA.
Even a copolymer with 16 mol % MCA has a G, - G, value
of 4.7.

PMCA and all MCA-MMA copolymers have nonzero
yields for G,. One might expect that for a monomer which
tends to cross-link by radiolysis, the G, value of copolymers
with another non-cross-linking comonomer may be a
monotonic function of the copolymer composition. In
other words, G, for poly(MMA-co-MCA) should decrease
monotonically with the decrease of MCA monomer in the
copolymer. This is because with the decrease of mole
fraction of MCA, the probability of having two MCA
monomers next to one another on adjacent chains is de-
creased. This expectation was not realized. The results
in Table III show G, to be 0.6-0.9 for PMCA and 0.2-0.5
for various copolymers of MCA. The G, and G, results
indicate that the MCA monomer controls the radiolysis
efficiency and chemistry of its copolymer with MMA.

The radiolysis results of MMA-MBA copolymers are
quite remarkable though they are limited to very low
contents of MBA. Even at 3% MBA, the G, value is about
0.5. This implies either that the MBA units in such co-
polymers are situated close to each other as in the homo-
polymer or that its radiolysis induces cross-linking of
MMA. In any case, the radiation chemistry of these co-
polymers is also controlled by the MBA monomer.

Both methyl a-haloacrylates are extremely sensitive to
radiolysis. In the case of bromo monomer, G, is up to 7,
though G, of PMBA itself cannot be determined due to
gelation upon radiolysis. Copolymers containing a few
mole percent of MBA have Gg values near 6. The G, and
G, values for homo- and copolymers of MCA are much
greater than those for PMMA. The main difference be-
tween the MCA and MBA copolymers is that the former
remains soluble after irradiation through G, > 0, indicative
of radical coupling leading to chain extension, whereas the
radical reactions of MBA copolymers containing more than
5 mol % of this monomer resulted in cross-linked net-
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Figure 3. ESR of polymers irradiated at ambient temperature:
(a) PMCA; (b) poly(57% MMA-c0-43% MCA); (c) poly(81%
MMA-c0-19% MCA); (d) poly(84% MMA-co-16% MCA).
Marker is DPPH.

works.

B. ESR. y-Irradiation of homopolymer of MCA at
ambient temperature produced a very intense ESR spec-
trum as shown in Figure 3. The radicals have considerable
stability as evidenced by the fact that the ESR signal did
not completely disappear until the polymer was heated
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Figure 4. Effect of microwave power on the ESR spectra of
v-irradiated PMCA. The peaks correspond to those indicated
in Figure 3a.

above 150 °C, which is 5 °C above the T, of the polymer.
The ESR spectrum essentially consists of seven hyperfine
lines with spacings of about 13 G. However, there is
something unusual about this spectrum. It is certainly
unsymmetrical; the two outer low-field lines (indicated by
A and B in Figure 3a) are much more intense than the
corresponding lines at high field. This suggests the
presence of more than one radical; other possible expla-
nations such as g or hyperfine anisotropy are unlikely. For
nearly equal molar copolymer the EPR spectrum is nearly
the same as that of PMCA (Figure 3b). As the MMA
content increases, the spectrum begins to contain that of
the well-known PMMA radical (Figure 3c). For poly(88%
MMA-co-12% MCA), Figture 3d showed only the nine-line
ESR spectrum of the PMMA radical
Me

»vvv*l' (3)

1
C
Me O/ \\O

To gain more insight into the ESR spectrum of irradi-
ated PMCA, we followed the change of the peak heights
with the klystron power and with temperature. If there
is only one radical present than all the signals should
saturate simultaneously and disappear together as radicals
recombine at elevated temperatures. Figure 4 plots the
intensity of the peaks as a function of microwave power.
It shows that the two outer lines at the high field (E and
F) are inhomogeneously broadened. On the other hand,
the other lines show more homogeneous broadening, es-
pecially the two low-field lines A and B. Furthermore, the
effect of heating on the ESR spectra, shown in Figure 5,
is informative. The intensity of the two outer low-field
lines (A and B) decreased markedly as the sample was
heated to 50 °C but not the other resonance lines. Above
85 °C, A and B intensities decrease rapidly with the tem-
perature whereas the intensities of other lines show more
gradual decreases. These are incontrovertible evidences
that a second radical is present which contributes to the
ESR spectra in the low-field region.

We analyze the spectrum on the basis that it is com-
posed of two species. The one at low field, designated as
radical I, has g = 2.0192 and HA = 12 G. The other radical
II with g = 2.0036 is a triplet of triplets with two hyperfine
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Figure 5. Effect of heating on the ESR spectra of y-irradiated
PMCA. The peaks correspond to those indicated in Figure 3a.

coupling constants of 24 and 12 G. Radical Il is likely to
be the radical produced by the dissociative electron cap-
ture:

0QMe COOMe
/ N\
MeQ 6]
cl W 1 ¢l
| l b )
MM ——C—C—C—Camn  + CI7 (4)
| L" cl iq" lCOOMe
CO0OMe
/\
MeQ 0
IT

This process has been proposed by Chen et al.l! and has
been suggested to be enhanced by the bond weakening
along the backbone induced by the electron-withdrawing
Cl atom in the quaternary carbon. The hyperfine inter-
actions of the unpaired spin with H® and H" are dihedral
angle dependent and have different coupling constants.
Radical I is postulated to be the one formed by chain
scission of radical II. It has a high g value because of the
possible effect of spin~orbit coupling. ‘

¢l Tu
—CHaman == 'T—CHENVV\ -—
C C
/ N\
MeO/ \O' MeO 0

—CHzamn | (5)

O—O—=0

/N
0

MeO
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Figure 6. ESR spectrum of y-irradiated (a) poly(97% MMA-
c0-38% MBA) (III) and (b) PMBA (IV).

Helbert et al.? irradiated PMCA at —195 °C and observed
an ESR spectrum at that temperature which was different
from the ones described above. They interpreted the
spectrum as an anisotropic triplet. It is our opinion that
the spectrum (Figure 4 of ref 3) contains at least seven
lines. The signal was reported to disappear when the
sample was warmed to room temperature.

v-Irradiation of poly(MMA-co-MBA) produces a simple
five-line spectrum for a single radical coupled to four
equivalent protons with HA =~ 12 G (Figure 6a). The
radical is most likely the one produced by dissociative
electron capture.

Br Br Br
A C—=CHy—C—CH—Crvn  — WA

COOMe
Br Br

MMC—CHy—G—CHp—CawA  + Br (6)

COOMe COOMe

COOMe COOMe

III

Radical III differs from radical II in that the methylene
protons are equivalent in the former but they are non-
equivalent in the latter. This may be due to the steric
effects of the two neighboring C(Cl)COOMe groups in
radical II and the C1(Br)COOMe groups in radical IIL

In the case of PMBA irradiated at ambient tempera-
tures, the ESR spectrum is a simple three-line spectrum
with HA ~ 16 G. A possible interpretation is that disso-
ciative electron capture (eq 6) by the homopolymer is
followed immediately by main-chain scission to give radical
Iv:

COOMe

Br
AMMCHp— C—CHa—CAMA == AMCHp—C==CHz +

COOMe
Br

COOMe COOMe

AnCHy—C* (7

COOMe
Iv

One important observation is that the characteristic
nine-line ESR spectrum of irradiated PMMA was not
observed in the y-irradiated poly(MMA-co-MBA) even
when the MBA monomer was only present in 3 mol %.

C. GC-MS. The volatile radiolysis products of MCA
homo- and copolymers were analyzed by GC-MS. The
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Table IV
Radiolysis Products Analyzed by GC-MS
rel ion
polymer ion mass current product
poly(MCA) 16 2.1 CH;
28 2.7 CO
44 100 CO,
50 6.4 CH;*Cl
52 1.9 CH;¥Cl
poly(MMA-co-MCA) 16 2.1 CH,
28 2.7 CO
36 2.1 H*Cl1
38 1.1 H¥Cl
44 100 CO,
50 6.4 CH,*C1
52 1.9 CH,*Cl1
60 4.0 HCOOMe
69 1.8 CH,=C(Me)CO*

results are summarized in Table IV.

Mechanism. The radiolysis yields, ESR results, and
GC-MS results for PMCA suggest the following mecha-
nism for the y-radiolysis of this polymer. One of the
primary processes is the dissociative electron capture
process (eq 1). Radical II can undergo scission to form
radical L.

II = s CHp,—C=CHz + I (8)

COOMe
v

Other possible primary processes are
cl

PMCA — VW= AMMCHp—C—CHp™MM + CHas (9)

CO0-
VI
Cl

PMCA — W=\ aaCHy—C—CHpamn + CH3Os  (10)

ele]
VII
COOMe Cl
PMCA ——Aamvwn—= AmACHz—C—CH2——Canmr + CHiCl (11)
0——cC
\0
VIII

In addition to reaction 11, CH;Cl can also be produced by
the combination of CHgy with Cl- or CHg- abstraction of
Cl from the polymer backbone. Methane is probably
formed from methyl radicals by hydrogen abstraction. The
CH30- radical was not detected as either CH;OH or
HCHO. It is possible that the GC column is not suited
for their elution. Carbon dioxide is the major radiolysis
product; it can be formed from VI or VIII:

Ci
VI NW\CHz——Q-——-CHzMN\ + CO2 (12)
IX
COOMe Cl

VIIT ——— ~MMCHp—C=—=CH—Crvn + CO; (13)

H
X

The small quantity of CO can be produced from VII
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VI IX + CO (14)

_The G, and G, values were obtained from the M, and
M., vs. D plots, respectively. If the slope of the former plot
S, is equal to twice the slope of the latter plot S, then
G, = 0. However, if S, > 25, a nonzero value is obtained.
For polymers with the most probable distribution, S, >
28, after radiolysis may be taken as positive evidence for
cross-linking. Random scission should maintain this dis-
tribution. However, the MCA copolymers obtained at very
low conversion and repeated dissolution and precipitation
have M,,/M, < 2 (Table II). Therefore, irradiation tends
to increase polydispersity and S, > 2S,. The resulting
nonzero G, value probably should not be taken as evidence
for cross-linking; the irradiated copolymers remain soluble.
It is possible that chain scission, extension, and cross-
linking all occur for PMCA. Cross-linking can occur with
the reactions between two backbone radicals such as II,
VI, VIII, and IX. Addition of these radicals to the double
bond of X would also produce cross-links. Chain exten-
sions can result from the combination of a backbone rad-
ical with a terminal radical I or the addition of both types
of radicals to a terminal group of species V or XI, the latter
being derived from radical IX

IX —— AmvACH,—C==CH, + T (15)

Cl
XI

The radiolysis of poly(MMA-co-MCA) differs from that
of the MCA homopolymer in the production of HCl,
HCOOMe, CH~C(Me)CO* in MS and the nine-line ESR
spectra of the PMMA radical for m, < 0.2. The formation
of HCl in the copolymer may be attributed to hydrogen
abstraction by Cl. from the methylene group activated by
the electron-donating methyl substituents. The methyl
formate may be the result of radiolysis of the MMA units

Me e
'V\MCHZ_C—CHZM’V\ — A /VW\CHZ"_C.'—CHZM/V\ +

COOMe XII

*COOMe (16)

followed by hydrogen abstraction The PMMA radical
formation ensues:

Me Me

XII —— AsmaCHp—Ce + AmmmCHe—C=CHz (17}

COOMe
XIII

Helbert et al.? irradiated poly(MCA) and observed the
ESR spectra at ~195 °C. They propose the formation of
-(CH,CCI(CO,CH,))- and -CH,CCl{COOMe)- radicals.
The former calls for the abstraction of the least labile
hydrogen in the polymer and the latter would require the
intermediacy of a vinyl chloride species. Both these species
do not follow naturally from the initial dissociative electron
capture event. Perhaps at very low temperatures, the cage
effect facilitates the formation and trapping of unstable
radicals, which disappear upon warming to room tem-
perature as observed by these workers. In contrast, the
radicals produced at room-temperature irradiation led to
more stable radicals. The radiation chemistry of bulk
polymers can be very different at —195 °C and ambient
temperature; the latter should be more relevant than the
former in the context of application as resist materials.

The radiolysis of homo- and copolymers of MBA led to
extensive cross-linking even though the efficiency of radical
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formation is comparable to those of MCA. CH;Br and
HBr are the dominant products. The results may be ra-
tionalized by assuming that in addition to the analogous
reactions described above for MCA polymers, there are
strong tendencies for MBA polymers to undergo intra-
molecular elimination of HBr

Br
AMACH —C——CHarman  — W AAACH——C=CHMA + HBr (18)

COOMe
XIv

COOMe

and intermolecular elimination of CHyBr

COOMe COOMe
Aan CHa—C—CHp aama MMCHZ—(%—CHZM
Br o]
+ AN l:o + CHaBr (19)
COOMe NW\CHZ—'JZ—CHZN\M
A CHg = ~— CHa M Eln
Br

COQMe

AMAMCHz—C—CHz M
+ CH3Br + CO2 (20
AACH2—C—CH2AawvA

or —" "V

Br

Reactions 19 and 20 rationalize why poly(MMA-co-MBA)
containing only a few percent of the MBA monomer
cross-link readily. These reactions can also be written in
steps involving first the formation of Br atom which reacts
near the site it is produced. In other words, the difference
between PMCA and PMBA is that the Cl- diffuses away
to react whereas Br- tends to react in the vicinity of where
the radiolysis occurred to produce a pair of backbone
radical which can combine to form cross-links. Addition
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of backbone radical to XIV can also produce cross-links.
These processes apparently dominate over reactions in-
volving MMA units so that radical XIII was not observed
by ESR. The methyl a-haloacrylates are unsuited for resist
application even though they have high scission yields.
The tendency to cross-link was not eliminated completely
by the introduction of a non-cross-linking MMA como-
nomer.
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