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Abstract

The effect of para-substituent on the radiation chemistry of

poly(ci-methylstyrene) (PMS) was compared for the fluoro (PFMS),

chloro (PCMS), bromo (PBMS), isopropyl (PiPMS), and methoxy (PMeOM)

derivatives. The radiolysis yields, ESR spectra and GC-MS analysis of

products were obtained. PMS and PFMS have similar low radiolysis

yields, products, and product distributions. Only main chain radicals

were observed which persists up to near 2000. PCMS has increased

values of Gs , Gx and Gr. The product analysis results suggest the pre-

sence of chlorine contributes to the primary process by dissociative

electron capture and enhances the cleavage of the a-methyl group.

Irradiation of PBMS caused crosslinking and yielded little volatile

products. PMeOMS and PiPMS gel readily by y-irradiation. They may be

useful as negative radiation resists.

LI
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I:

High energy radiation produces profound changes in the structure

of polymeric materials. The changes in the structure by radiolysis has

been attributed variously to the steric, polar, and resonance effects. 2

As part of a search for improved polymeric electron beam positive

resists, we have been interested in the propensity of polymers to

undergo scission upon exposure to ionizing radiation. The effects of

heavy atom substituents on the increase of chain scission yield without

causing crosslinking have been reported. 3-5 Many halogenated deriva-

tives of methacrylates exhibit this desirable property.

There have not been as great interest in negative E-beam resist

probably because the cross-linked polymer due to irradiation is usually

swollen by the solvent for unirradiated polymer causing loss of sharp-

ness in contrast. Some of the polymers which have been investigated

for negative lithography were p-substituted polystyrene 6, copolymers of

styrene and glycidyl methacrylate, 7 iodinated polystyrenes, 8 ,9

chlorinated polystyrene,lO and chloromethylated polystyrene. 1 1 The

central purpose of this paper is to report the radiolysis results of

poly(a-methylstyrene) and it para-substituted derivatives. The abbre-
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viations used are PMS, PFMS, PCMS, PBMS, PMeOMS and PiPMS for

poly(a-methylstyrene), poly(p-fluoro-a-methylstyrene),

poly(p-chloro-ct-methylstyrene), poly(p-bromo-oL-methylstyrene),

po'y(p-methoxy-t-methylstyrene) and poly(p-isopropoyl-a-methylstyrene),

respectively.

Experimental

The synthesis of the monomer have been reported elsewhere, 12 as

are the procedures of cationic polymerization initiated by SnCl 4 and a

cocatalyst. Molecular weights are determined by GPC. The method of y-

irradiation and calculation of Gs and Gx from Tn and Mw dependence on

radiation dose, quantitative ESR, and GC-MS analysis of the volatile

products were described in the previous papers of this series. 3-5

Results and Discussion

Radiolysis-yields

Most of the polymers have molecular weights sufficiently high for

Table I microlithography purpose. They are summarized in Table I. Two samples

each of different molecular weights were synthesized for PFMS and PCMS.

The polymerization of iPMS and MeOMS, however, led to products much
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Table I. Initial molecular weights of p-Substituted a-methylstyrene polymers

Polymer x 10-5 1'w x 10- 5

PMS 3.1 5.9 1.9

PFMS (i) 1.7 2.4 1.4

PFMS (ii) 3.3 5.0 1.5

PCMS (i) 5.0 6.3 1.25

PCMS (ii) 3.3 4.0 1.2

PBMS 3.95 6.1 1.5

PiPMS 0.15 0.37 2.5

PMeOMS 0.53 1.31 2.45
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lower in molecular weights than the others.

The values of Gs and Gx were calculated from the plots of T n-I

Fig. 1-4 and M w'1 versus dose (D) shown in Figures 1-4. The results are listed

Table II in Table II. Also shown are the Gr values which is obtained from quan-

titative ESR for number of radicals produced per 100 eV. The results

show only PFMS to have no tendency for crosslinking. PMS and PCMS have

non-zero values for Gx . In the case of PBMS, though the polymer is

soluble after irradiation, Gs-Gx has negative values indicating

crosslinking. Irradiation of PMeOMS and PiPMS at low dose led to inso-

luble gels. Along the various polymers only PCMS has some tendency

toward scission. All the other polymers have very low Gs values

implying stability toward radiolysis. This may be attributed to the

fact that the superexcited states produced upon interaction with the

secondary electrons can decay by radiative or non-radiative processes

via the manifolds of excited singlet and triplet states.
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Table 11. Radio!ysis Yields of Q-substituted a !methylstyrene olymers

Polymer Gs-Gx Gs Gx Gr

PMS 0.33 0.39 0.06 0.20

PFMS (i)a 0.1 0.1 0 -b

PFMS (ii)a 0.2 0.2 0 0.22

pCMS ()a 1.0 1.3 0.33 -b

PCMS (ii)a 0.8 1.0 0.20 1.21

PBMS -0.15 0.018

PMeOMS gelc

PiPMS gelC

ai and ii refer to different preparations of the polymer of different molecular weights;
bESR spectra could not be integrated; Cthe polymer geled at very low dose.



-8-

Electron-spin resonance

The ESR spectra of irradiated polymers are all centered near free

electron j values, with symmetric line shape, and poorly resolved hyper-

Fig. 5 fine splitting. Figure 5 shows the spectra and Table Ill gives the

Table III hyperfine parameters. The proton hyperfine splittings of the aromatic

protons were poorly resolved in irradiated PMS and PFMS. In the latter

case the fluorine hyperfine splitting was not resolved. The spectra of

PCMS and PBMS have no resolvable splitting from the aromatic protons

probably due to quadruple broadening by the Cl and Br atoms. From the

spectra, the radicals are interpreted to be those of the main chain

radicals (1):

CH2 - C - CH2

X = H, F, Cl, Br

X

)

The assignment is supported by the fact that the radicals survive

Fig. 6 excessive heating (Figure 6). In the case of PMS and PFMS the radicals

persist to near or even above their Tg of 1790 and 1840, respectively.

The radicals in irradiated PBMS disappeared at ca. 1200 which is 1000

below its Tg of 2200.
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Table Il1. ESR parameters

Hyperfine splitting, Gauss _ _

Polymer
alipatic protons aromatiL ons 1

PMS 12.8 (4H) 6.4 (2 ortho H, 1 para H)

PFMS 18G (4H) 9.0 (2 ortho H)

PCMS 15.5 (4H) a

PBMS 12.5 (4H) --- a

a not resolved.
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Gas ChrotO[rh :MaS a ld l!s S- M chani sm

A. Poly( -methylstyrene).-The relative ion current of volatile pro-

ducts from irradiated PMS are: CH4 (1.0), C2H6 (1.2), C3H4 (6.7), C3H 6

(1.8), C3H8 (2.7), C4H 4 (22), C4H10 (9.9), cyclopentendiene (6.1),

C6H6 (72.8), C6H5CH3 (20), C6H5CH=CH2 (50.5), C6H5C(Me)CH 2 (134), and

C6H5C3H7 (10). Three primary radiolysis events may be envisualized.

Me

CH2 - C - CH2 - V -* + CH3. (1)

Me
I +

CH2 + I (2)

11

Me MeI i
- '- --- ~ CH2 - C . + "CH2 - C - CH2  (3)

I I0 0
LUl! ,

II
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. s T ?,  ph n lrad :als produces benzene, tol je. ,  Monot. ruer can

be -laVej -dJ 'rdl:3 3 I an' U.

nere 7lay 31 so be 2olecjl ar rajl )jsi s processes s cn as:

MeI
?MS V --- C2 - Ce CH - C - CH . CH 7;6

CH3z MeI I
Ch2 - C = CH - C - CH2  -6H 5  5)

I~v

Colioination of radizals I and TI if they are in close proxi.nity or

their addition to V and VI result in crosslinks. On the other hand,

reaction of the terninal radicals III and IV lead to chain extension

and long chain branching either when III reacts with IV, or their reac-

tions with radicals I or II or tiie double bonds of V and VI.

Main chain radical I was observed by ESR but not the 'nain chain

radical II. The latter is probably the source of saturated and unsa-

turated hydrocarbons.

Me Me Me H
I I I I

II = U C - CH2.- +i MeC k CH? (6

4 4 I I .. ..
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Me Me Me
I I IVII[ C - CH2 - C - CH3 -4 III + CH2 = C - CH2 (7)

VIII

Me MeI I
VII ' CH2 - C - CH - C - Me -- CH2 - C = CHMe + Me2CH (3)

Me Me Me Me
I I I I

UN VG ~ C - u" 2  - C -me C CH =C + CH? C - me (9)

Abstraction of hydrogen by the propyl and butyl radicals forms propane

and butane, respectively. The above mechanism accounts for most of the

products observed as well as the ESR and scission and crosslinking

results.
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B. Poly(p-halo-a-methylstyrenes)

Radiolysis of p-halo-cx-methylstyrenes can cause dissociative electron

capture of the halogen atoms,

Me MeI I
CH2  - C - CH2  ... . -'---- CH2  - C - CH2  --- (10)

O X.

x

Ix

in addition to the primary processes I - 3.

In the case of PFMS, Gs is smaller than that of PMS and there is

no crosslinking. The hydrocarbon radiolysis products of the two poly-

mers are quite similar. The relative ion currents of products from

PFMS are: CH4 (0.4), C3 H4 (3.0), C3H6 (0.6), C3H8 (0.8), C4 H4 (3,5),

and C4HIO (6.0). In addition, there were a large number of fluorine

curtain proucts corresponding to the proton analogs for PMS: C3H7 FF

(3.2), C4 H3F (6.0), C4 H9F (14.5), C5H 5F (7.3), ' F(38.9), C6 H5 F

(29), FC6 H4CH 3 (23), FC6 H4CH=CH9 (6.45), FC6H4C(Me)=CH 2 (175.5) and

FC6 H4 C3H 7 (11.5).

Since the Gr values are nearly the same for PMS and PFMS, process

10 is probably not of great significance. The scission and
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crosslinking yields are small and similar for the two polymers. It

seems that the fluoro-substituent does not exert strong influence on

reactions 1-3.

PCS has larger Gr, Gs and Gx yields than PMS and PFMS. The GC-MS

analysis of radiolysis products show the ion currents: CH4 (12.9),

C2H6 (21.8), C3H6 (13.6), C3H8 (10.5), C4HIO (61) for aliphatic hydro-

carbon which are greater than that from PMS and PFMS. Furthermore,

non-aromatic chlorides are also formed in quantities larger than simi-

lar fluorides from radiolysis of PFMS: HCl (4.2), CH3CI (17.4), C3H4Cl

(20), C2 H5Cl (28.1), C3 H7Cl (3.3), CH2CI2 (9.9). On the other hand the

yields of aromatic chlorides are much reduced by comparison: C6H5 Cl

(3.0), ClC 6 H4 CH3 (0), ClC 6 H4CI=CH2 (1.5), CIC6H4C(Me)=CH2 (12.5).

The above results showed that the dissociative electron capture

reaction 10 is an important primary process, and that the chlorine

apparently promotes eq. 1 as well. On the other hand, the very low

yield of chlorobenzene and the absence of p-chlorotoluene imply that

reaction 2 is relatively unimportant. Finally, the chlorine substi-

tuent apparently suppresses the unzipping processes as the chloro deri-

vatives of c-methylstyrene and styrene are found only in very small

amounts.

The GC-MS of volatile products from irradiated PBMS are strange.

The few identifiable products, CH4 , C2H6 and C3H8 are minute in quan-

tities. The most abundant species with mass numbers 33 and 85 cannot

be assigned. There was no evidence for either HBr or CH3Br. A
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possible explanation is that the bromine substituent promotes reaction

4. Then dissociative electron capture of a nearby molecule results in

crosslinking as depicted by

P + B S + V- - CH2 - C C-C . (11)

Br Me

SCH 2  -C -CH 2  -

CH3

C. Poly(p-methoxy-a-methylstyrene) and poly(p-isopropyl-cmethyl-

styrene)

PMeOMS and PiPMS behave similarly toward y-radiation giving pro-

Table IV ducts summarized in Table IV which indicate the occurence of reactions

I and 4 to 9. Since there were no monomers produced, the terminal

radicals of type III and IV either reacts with main chain radicals I

and II to crosslink, or intramolecular hydrogen shifts may transform

radicals III and IV into a main chain radical of type I. The two

polymers gel readily at low radiation dose.

The main difference between these two polymers is that reaction 2

occurs for PMeOMS as evidenced by the formation of p-methoxy benzene and

p-methoxy-toluene. Similar reactions do not occur for PiPMS since
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Table IV Volatile yf-radiolysis products

F romn
Product PMeOMS Pi PMlS

C H4  32 8

H20 26 0

C2H4  35 4.6

C3H4 7.3 7.2

CAH 15.? 21.2

C3H8  68.7 108

C0H10  8.2 57.4

CH30H 24.2 0

C6H50H 63.8 0

C6H50CH3  38.6 0

CH3C6H4OCH3 19.6 0
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neither cunene nor p-isopropyltoluene were detected after radiolysis.
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Figure Captions

Figure 1. Variation of , n - 1 (o) and M w-1 (s) versus dose for PMS.

Lines are least square fit of data.

Figure 2. Variation of T1n-1 (o) and *R.-
1 (s) versus dose: (a) PFMS

(i); (b) PFIS (ii). Lines are least square fit of data.

Figure 3. Variation of TMn 1 (o) and % - 1 (*) versus dose: (a) PCMS

(ii); (b) PCMS (i). Lines are least square fit of data.

Figure 4. Variation of Mn- 1 (o) and %w- I (s) versus dose for PBMS.

lines are least square fit of data.

Figure 5. ESR spectra of y-irradiated. (a) PMS; (b) PFMS; (c) PCMS;

(d) PBMS.

Figure 6. Variation of ESR intensity with temperature: (1) PMS; (O)

PFMS; ( ) PBr4S.

__ _ _ __ _ _
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