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* # ABSTRACT

ARG

\9\"?;\Acetaldehyde and chloral were copolymerized wnsing
triethyl aluminum catalyst. The copolymer (ACC) obtained
with equimolar monomer feed is not alternating in structure
as it was once thought to be; 1t is comprised of two
fractions differing in MW and composition. ACC has good
thermal stablllty whlch is farther improved by endcapplng
Rad101y51s in vacuo. caused depolymellzatlon w1th a G(ﬂ)

N value—(number of monomers produced per 100 eV) of about 4000
to 80% completlon- The G(S) value for chaln scission is
1.9. These procesaes are effectlvely 1nh1b1ted by
benzoqu1none.~ Oxygen” markedly increases G(M) to ca 18000
and >97% complétiop. Addition of tetrabutyl ammonium salt
or tetramethyl urea has no éffect on the depolymerization,

"mhgreasftﬁe additibm.oﬁ ﬂi*g-bdtjl—gjéfesél.¢am§é§"am
induction period after which normai unaipéing ensues;' Even.
uv photoly51s of ACC in the presence of oxygen produces

;monomer w1th a quantum yield of 1.7 but very llttle

photolysis occurs 1in the absence of oxygen.—)G

'P\\_‘ \\._\\ R\XJ\'(\AU\ O Q{L‘\Y‘\ 3 "*K
RaleIYSLS sensitized be(C H?)D IPkJ has G(M) value of

'327Q00. These rebults are vexy 51mllar to the radloly51s - -

' 089 4 21 093




and photolysis of the homopolymer of monochloroacetaldehyde
and reinforce the mechanisms proposed for them. The E-beam

—y S
sensitivity of ACC is about 3x10-¢ C Cm'z-( YtJJBf
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34 INTRODUCTION

SN

“Basic study of the radiation chemistry of polymers 1is
needed both for the understanding of interaction of
radiation with matter and for various technological
applications. 1In the context of microelectronic
lithography, polymers which undergo radiation induced
crosslinking or scission are useful as negative or positive
resists, respectively. There is a natural amplification of
the physical effects of a radiolytic event. 1In the former
case the formation of crosslinks insolubilizes the
macromolecules. 1In the latter case the occurrence of one
main chain scission can render the macromolecule more
soluble than the parent polymer. Latent images can be
deVeloped by these solublllty changes.._

Dlrect 1maglng lS p0551ble for 9051t1§e actlng re51sts
vlf radlatlon causes complete degradatlon of the polymer 1nto;3
volatlle products. Such system may be referred to as self-
JdeVeloping, and has the dlstlnct advantages of Smellc1ty,'-
.and ecOnomyth The obv1ous candldates _are polymers w1th low
ceiling temperatures. Ideally, radlolys15 1n1t1tates the
:,un21pp1ng process- to- convert the\entlre macromolecule into
41fstmonomer-w1thout‘51de'reactlons.- Poly(alkylene - .
sulfone)‘@'have been proposed for this application.
Depolymerlzatlon of a poly(alkylene sulfone) should producc
lequal numbers: of olefin and SOZ molecules. ' Experimentally,
many more SOzlmolecules than olefin molecules are produced

by radiolysis at room temperature. -The side reactions are




the isomerizations and polymerization of the olefins. At
elevated temperatures the radiolysis yield of olefin
approaches that of S0,. The highest radiolysis yields
reported for poly(alkylene sulfone) is less than thirty
structural units per 100 eV.

Poly(aldehydes) are also candidates for self-developing
resists. A preliminary study on copolymers of alkyl
aldehydes have been reported;* the copolymers are rather
unstable toward spontaneous depolymerization.

Halogen atom sensitization in radiation chemistry is
well recognized.® A systematic study has been made by us on
the radiation sensitivities of polymers containing F, Cl and
Br atoms on the backbone and in pendant groups. The results
led to the postulation and'experimental verification-of'hioh,
::radlatlon sen51t1v1ty for polymers of trlfluoroethyl— and
hexafluoro -n- propvl-a chloroacrylates,'they have G(S)

values about three tlmes greater than that of PMMA. Based

"‘on the above con51derat10ns, halogen contalnlng polymers of

aldehydes should be” very effectlvely depolymerized by.

radiolysis. This was indeed found'for poly(mono—

chloroacetaldehyde) PCA.?H Gamma radlolys1s of PCA in the . .

presence of air resulted in - the un21pp1ng of 11000 monomer‘”
units per 100 eV absorbed (G(M) = 11000). The. G(S) vyield
(number of chain scission/100 ev) is 5.5, and there is no -
'crosslihhlng. In the absence of alr Lhe.values for. G(Ml;'
G(S) and G(X) are 1100, 2.1 and 0, respectively. The
depol?meriZatioh”is retarded by'2,6—di-t—butyl4p—eresol but




is not affected by Bu,NBr. The radicals produced by
photolysis at -195°C have been identified by electron spin
resonance. Irradiation of PCA containing a diaryliodonium
salt caused efficient depolymerization catalyzed by the
Bronsted acid generated from the onium salt; this photo-
initiated cationic process is insensitive to oxygen.

PCA has certain shortcomings. It begins to decompose
thermally at ca. 80<C. Endcapping with phenyl isocyanate
raises the onset decomposition temperature to ca. 120<C.
Therefore, PCA cannot survive baking processes used in the
manufacturing of large scale integrated circuits. - Also
chloroacetaldehyde is a toxic substance.

The central purpose of this work is to find

lhaloaldehyde polymers whlch are more thermally stable than

.'€}PCA but stlll possess Very hlgh radlatlon sen31t1v1ty.,

Poly(chloral) is one of the more thermally stable aldehyde
polymers, and the trlchloromethyl group is readlly
dlssoc1ated by radloly51S‘5° dl But poly(chloral) 1tse1f is
lnsoluble in any organic solvent. Therefore, we have

investigated the radiation chemistry of its copolymer with

'_LaoetaldehYde}‘the'results'oflthiQLStudy;are presented"belOW;.nw«

EXPERIMENTAL

Materials. Acetaldehyde, phenyl isocyanate, acetic
anhydrlde, drphcnyllodonlum hexafluorophosphdtv

(a(Csﬂs)glst), 2 6- d1 t butyl E—cresol (BHT), and

..




tetrabutyl ammonium bromide were purchased from Aldrich
Chemical. Triethylaluminum (TEA) was from Ethyl Corp., and
chloral was from Crescent Chemical Co., Inc.

Acetaldehyde was treated either with sodium carbonate
and calcium hydride or with anhydrous magnesium sulfate. It
was distilled under N, in the presence c¢f 0.1% of N,N'-di-8
-naphthyl-p-phenylene diamine collecting thé middle 50%
fraction boiling between 20° and 21°C. It was used
immediately.

Chloral was either refluxed with P,05 for ten hrs. or
heated with 2~5% sulfuric acid and calcium hydride. It was
distilled under argon collecting the fraction boiling at
98=C, stored under argon, and used on the same day.

{Toluéne was?waShed With-concentrated sulfuric'acid _and

'wf?then water,.drled over ons, dlStllled and stored under

aféon.ln a Schlenk tube. Acetlc anhydrlde was dlstllled
with P»0s at 138-140°C. Pyridine was treated w;th elther;
| KoH'or TLiAlH. and distilled at 112°-114=C before use.
'Pheny1 iSOCyanatéfwaé t?eated with_béos.fof'qheAhr. and.’ .
dlStllled at 45°-47=C/10 torr.

c Po]y;erlzatlon.j Copolymerlzatlons of aldehydes and

haloaldehydes had been studled @ and that of acetaldehyde A;
and chloral had been reported by Iwata et al.®=
Polerrization,was ca;rieddout_in;crgwn—top:pressu;e bottle,
equiéped withimdgnetid stir%bar{'A'megalAcaé Witﬁ'ﬁhd.hoiéd_
was crimped over a butyl rubber liner sealing the bottle

after it was first flame dried. Toluene, monomers, and TEA .




O,

(8.5 volume % toluene solution) were introduced in that
order at -78<C. The amount of TEA corresponds to one mole %
of total monomer. The polymerization was quenched with
methanol after 72 hrs reaction. The copolymer was
precipitated in methanol, filtered and redissolved in
chloroform. 1Insoluble materials were removed by passage
through a column of Celite 545 and glass fibre.
Reprecipitation with methanol afforded a 20% yield of
copolymers. The copolymer obtained with equimolar comonomer
feed 1is designated as ACC.

ACC has sufficient stability so that it can be end-
capped after it is polymerized and purified. Urethane end-

capped copolymer (u-ACC) was obtained by reacting ACC with

'phehyl_isocyanatefiﬁ'chloroform,SOlutidn catalyzed with .

Kidibutyl,finfdila@faté';tj;QOm:téméératpfé“fé;,tw@lhré;‘anéf;'jj

then at 70°C for 10 mih. Copolymér was also endcapped by . -

reaction with 8:1 acetic'anhydride in. pyridine solution

unaer.feflux‘fOr'twd hrs:with,argon'bla@kéﬁ.-'The ester‘gnd-l_

'céépéd copdlYméfsAgé—ACC)Vwere'pdrified‘byA}eprecipitééidnj.
with methanol. |
@Radioleis{_'TQghtyvpp &h;pty.@g:»of.cogqumer in‘a.5 mm
6.&; high'pﬁritff”sﬁéércéi" §uértz- séméié tﬁbe was |
irradiated eilther open to air with a *37Cs gamma source or
'in,dynémic vaccum with aV5°Co,gamma'sou;¢e. . The dose.rate .
was'détérmined by Fricke dgsimetfy; Folléwing ifradiatioh
the volatile products were removed by mechanical pumping f(or

‘24 hrs at 60°C. The copolymer remaining was wéighed_and its




IR and H-NMR spectra taken. The molecular weights and
distribution were determined by GPC. Additives were
introduced by mixing with PAC in chloroform solution. The
solution was then cast into film, followed by removal of the
solvent by mechanical pumping at 60=C.

Instrumentation. The instruments used in this work were:

Varian XL-300 for *H-NMR, Varian Aerograph for GC, and
Perkin Elmer TGS-2 for thermogravimetric analysis. A Waters
Associates 201 GPC equipped with five microstyrogel column
was used to determine molecular weight of copolymers in
chloroform with polystyrene standards. A JEOL JSM-35 CF
scanning microscope was used for irradiation with 20 keV

electrons.

éESULTS “
Copolymerization |
AACétaldehyde_gnd ¢hlo:a1 were:copolymerized at*atféﬁgé
- of feed compositiohs. The resulting.copolymers have

compositions shown in Table I.




Table I.

Copolymerizations of acetaldehyde and chloral

Chloral in feed, Elemental analysis % Chloral i1n PAC
mol % C H Cl mol %
10 48.9 7.73 8.68 0.7
20 44.8 7.14 18.8 8.8
25 35.4 6.15 33.3 31
30 26.1 2.7 53.2 44
50 26.5 2.9 53.6 45

The copolymer obtained with 10% chloral in the feed contains
largely acetaldehyde monomer. 1t 1s insoluble like the
.cFystallihe;homopo;ymgrVof.aget;ldehyde. . Copolymers
 _'Qﬁtgihea_githaiq;£9i§6fmq}j%.of th@;al'ihﬁthe-fged'éré:l.
-émorphou§ g§Bg£d$ééé:é;lﬁbié:in'éhiordf;;m. éﬁiil‘ﬁighér
~ percentages of ﬁchlo:al in ;he feed led to partially
, é:ystall;ge_éﬁd~iﬁéqﬁpie#el¥‘soluble products. .
The -ACC obtained with 40 to 50 mol % of chloral in the
~ feed was not an alternating copolymer as previously
p;époseq.?f?gA‘Ip i$ a mixture»of two ACC fractioﬁs.hgvihg
:difféféhf'ﬁw aﬁd:éSAPSSitibn. GPC'df‘ohéicopoiymer.;
(Figure la) shows it to contain two fractions of MW 4.3x10°
and 3.7x105. The peak areas of. the low and high MW
fractibns.are'in.thé fétio of154:46. It wés nét pGSéiblé fo
separate the copélymers by solvent extraction; instead they

'were separated by preparative GPC. The low MW fraction

3
.N
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contains 40.1% Cl or 26% chloral. Since the total ACC-a has
54.0% Cl and 45% chloral, the high MW fraction 1s estimated
to be a copolymer with 60% chloral.

Equimolar copolymerizations under identical conditions
produced a slightly different product. Fig. 1lb is the GPC
trace of another preparation ACC-b. The low MW fraction has
M,=2.9x10¢, M,=4.3x10°% and M,/M,=1.48. The high MW fraction
has M,=3.1x10%, M,=3.6x10>, and M,/M,=1.16. Their peak
areas are in the ratio of 74:26. There is 43% of chloral 1in
the total ACC-b material.

That the ACC is not an alternating copolymer®=-< is
also shown by '3C-NMR (Fiqure 2) which contains pentad
"infq:mation. The triad assignments,are given 1in Table II.

}~ ;Ali'the experim¢n§s bglbw.Were.éérfiediéutvég 4:
Auﬁfféééiéﬁated PAC c§n£aining 43 t0[45% Chibfgi, ;hiéh'£é A
completely soluble in Cii>Cl, and CHCls; and can be casted

.-into strong films.

10
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Table TII. 13C~NMR assigments

Assigment Chemical Shift, ppm

Pentad CHi;

AAA 20.1

AAC 20.8

CAC 22.1
Pentad CCl,

ACA 37.9

ccAa 98.3

cccC 98.6
Backbone Carbon

AAA 95.3

AAC 97.4

CAC 99.2

ACA 99.8

cca ©100.5

ccce 103.6

: Therﬁel;sﬁéoiiiﬁy?u

| The-coéoifmere have’a temperatore ooset:of ﬁheroal
decompos1t10n hlgher than the homopolymers (Figure.3).
HOWever, fully stablllzed polychloral has a-weight . 1oss
onset near "200=cC; complete thermolysxs of polychloral
requires heating to above-400°C.' ‘The nearly equlmo]ar
_.copolymer decomposes completely 1nto 1ts constltuent
monomers as shown by GC-MS. ACC not endcapped is thermallv
less stable than endeapéed copolymers, and u-ACC 1is more
stable than &-ACC (Figufé 4)55;Eromlﬁhe Arrhehiﬁeoplops for
the thermolysis data*® (Figure s), the activation energies
were found to be 35.8( 55.1, and 63.6 kcal mol~* for ACC, c-

ACC, and g-ACQ,.reSpectively. In particular, the
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onset temperature of decomposition is 200°C for end-capped
PAC, which would enable these copolymers to survive baking
treatments 1in electronic lithographic applications.
Radiolysis

Gamma radiolysis induced depolymerization and caused
structural changes in the polvmer which remained. The
volatile products of radiolysis were shown by GC-MS to be
acetaldehyde and chloral only. The weight change of ACC
upon irradiation in an open sample tube 1s due to the loss
of some of the acetaldehyde. But overnight heating under
dynamic vacuum 1s necessary to completely eliminate the
chloral liberated (Table 1III). Therefore, evacuation at
60°C to constant weight was used to determine the extent of

.depoljmerizationQ

Table III. Weight loss in' .y=radiolysis of e-PAC

.Dose,- -~ __ . _Weight loss, % S
‘Mrad -~ ' no - . .. 60°C evacuation, 24 hrs -
S evacuation ' L L -
0.1 0 0.8
0.22 7.9 - 20
6.31 - 29 - a5
0.5 .6y - . - 85

The structure of the ACC which }emained aftér
radiolysis was different from that of the unirradiated

copolymer. - The residue contains more chloral than
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acetaldehyde. For instance, e-PAC y-irradiated to 1.5 Mrad
has increased chloral content of 65% as compared to 44%
before irradiation. This effect was even greater for
copolymers containing smaller amount of chloral.

Irradiation of poly(91A-co-9C) to a dose of 4 Mrad increased
the chloral content from 9% to 36%. Two factors are
probably involved here. Firstly, the unzipping may tend to
stop at a segment rich in chloral. Secondly, there is
probably repolymerization of chloral as it accumulates,
especially since the ceiling temperature for chloral
polymerization is well above the irradiation temperature
(room temperature). The lowered residual content of
acetaldehyde is partly due to volatiLization, but more

importantly, repolymerization of écetaldéhyde is inefficient.

' because of  its verxﬁlwaceiling_temperatﬁfe{:

The other consequence of'fédiblysiérié'thé'changé'in MW
which will be presented below.

,3Gahma'irfadiatioh of 'ACC jin air resulted ‘in.very

.efficient unzipping.._From the slope of Figure 6 the G(M)

value'is estimated_to be 177040. fhe same behaviof was
observed for ng?Ct'{HéweVerf ureqhapelend—capged ACC is not
dépél?mefized éﬁ'itfédiétidn‘lévelé’ué to 0.é Mréa. Af |
higher doses unzipping occurs with G(M)=16500 (Table 1V,

Figure 6) .. This induction behavior was.seeq.repeatedly_both-f

in different samples from one preparation and of sampiés

from different polymerizations. The unzipping of u-ACC
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stops at 87% of completion as compared to >97% for both ACC
without end-capping or with ester end-capping.

The effect of scavengers was investigated. The
addition of 1.25% of Bu4NBr to PAC has no effect on the
radiolysis in air (Figure 7). On the other hand 1.25% of
BHT inhibits depolymerization up to a radiation dose of ca.

3 Mrad. Above this dose, normal depolymerization occurs

with G(M)=17000.

Table IV. Radiolysis of PAC

Copolymer air/vac additive G(M)
. - ACC = .~ Cair = none 17,700
.- e-ACC" - - . - .cair @ - - _none : 17,700
a-ACC- e L Lair, oo+ 0 none- | - ¢ 16,500
“CACC:- s rair . c .77 BUGNBre . 0 5 17,700°
ACC - - air : ©OBHT= - 17,000
ACC ' vac none 3,900
ACC . vac T™MU® 3,900
ACC_ - . vac : BHT= 2,400 -
< ACC. . ol wae . 7 T BQS .. 250
- 'ACC - .- VAc . Q2IPFe? 32,700 -

~1.25%, ®tetramethyl urea 1.5%, <benzoguinone, 0.7%;
“diphenyl iodonium salt, '10%. :

A - .

Gamma radiolysis of ACC 1in air leaves copolymers with
:progressively lower MW and having'a[broade; distribution

(Figure 8). The two MW fractions merge into a single broad

one. 1t ;s not possible to.obtain the chain scission yield v
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from this data. Such determination needs to be performed on
isolated ACC fractions.

Radiolysis of ACC in vacuo 1s much less efficient than
with air present (Figure 9). The G(M) value is only 3900
and unzipping stops at 80% conversion. Tetramethyl urea
did not affect the radiolysis. Addition of BHT retards on
the radiolysis to G(M) = 2400. Benzoquinone was a very
efficient inhibitor for radiolysis of ACC in vacuum. Seven-
tenths of a percent of BQ reduces the G(M) value to 250.

Addition of an iodonium salt resulted in very highly
efficient radiolysis of ACC; G(M)=32700 even in vacuo.
Apparently, radiolysis of this compound produces a different
active species than that forned from the radiolysis of ACC
itsgifi as indiCated.ébsgan of effects_ﬁy free radical
f,ééayeﬁgeré éhdaoxgﬁéh;i':.i: ' L |

- fﬁé'ﬁﬁyéfﬁﬂéé:aeégé;§e§ ﬁoﬁoﬁ6niééi1QJWiéﬂlgaéi;ti&;“J

dose as shown by the GPC curvés‘(Figure ;0). -The change of
'MW’fdf'the€lowaWvéeék{Qg ACC;E is;p@étﬁed' accbrding.toythe

well khown;relationshipss‘,

Pl -6 —2— )

ﬁ_l ) ﬁ_l ‘

n,0  n,0 100N

- ! | G(S) 4“r(x)']' D S
_ - . Can(x)] D o

ME,Q MW,Q ((s) 7 200N _ (2)




where subscripts o and D denote molecular weight before and
after D dose of y-irradiation and N is the Avogadro number
Figure 11. The slopes of the plots gave G(S)=1.9 and

G(X)=0.
Photolysis

ACC was also depolymerized by 253 nm photolysis in air
(Figure 12). The copolymer has a molar extinction
coefficient of 0.57 (Mcm)~*. After an induction period of
ca. 7 hrs, there is rapid weight loss with a maximum
guantium yield of ¢(M)§1.7. There 1s also a very
significant effect of oxygen because UV photolysis in vacuo
}resplted in'negligible,amOupt,qf monome r formation.

" .Eléctron~béam irradiation.

16

ACC f11m was- 1rrad1ated w1th 20 kev electrons in vacuo.

:The decrease of f11m thlckness versus dose (Flgure 13) is
s;lght,_ Developlng with isopropanol gave a value of E-beam

seneitiviﬁy for ACC of ca. 3x107°C cm~2.

DISCUSSION OoF RESULTS
“True, alternatlng copolymerlzatlon would produce a 1:1
'copolymer for a wide range of comonomer feed ratios. The
results of Table I showed that the acetaldehyde and chloral

‘contents in the copolymer vary with comonomer feed ratio.




The copolymers obtained at equimolar feed composition have
bimcdal distributions. The low MW fraction is rich in
acetaldehyde while the high MW fraction is rich in chloral.
The two fractions are probably produced by two different
catalytic species such as the monomeric and dimeric TEA.
Another possibility is that one of the active species is an
ethyl aluminoxane, i.e. a reaction product of TEA with H-O0.
Aluminoxanes have been used to polymerize alkylene oxides
and as co-catalysts with metallocene compounds for olefin
polymerizations.

Interaction of energetic electromagnetic radiation with
ACC resulted in chain depropagation. Like all chain
processes it 1is comprised of initiation, depropagation,
_;t:aqsfer and terminatipp.~_pet us,eonsiderythedcase oﬁ
~radiolysis in vacuo. TheChaln initiation is the .
'lﬂédhéééﬁenéézofﬁéiéita;iéﬁ;6%-pAc:iﬁéé'éxcitédfététeét;néf-.
‘radical ions. Both species are potential initiators for
'eldepolymerizatien;ethe effeeefe£'sceveegereiehoglq;feQeal |
'their relafive iméortenee. eCeﬁion ecaQengers; TMU and -

Bu,NBr, have no.effect on the’radiblfsis (Figures 7 and 8).

17

' AOnAthe qther_hand,.free.:adiqél sceVengers such as BHT and

"beQZOQﬁinone,'BQ, are vefyVeffeetivewiﬁﬁiﬁité;e?: Based on
this and other evidence (vide infra) it is concluded that
the ienic;species.are prqbgbly.ﬁoggimpoftaht in the. .
unzipping of'ACC. They éré pfdbebly:nehtféiiéed bj.

electrons and transformedito excited states. The same




behavior was observed for the radiolysis of
pely(chlorocacetaldehyde).

The main chain initiation processes are the homolysis
of weak bonds in the excited state molecule to produce

radicals,

R R R R
ACC* EANC-O-C° ‘0C~0-C'VWJ afe + alle (3)
H H H H ) T
(1) (11+)
S ® :
ACC* ClaCe ‘C—O_CMJ +~ BCClse + BIXXe (4)
"H H T
(II1-)

.whefé;ﬁ.ié;ﬁé"b;fpél;;iahd;u;égd B ére5thé'ffaétibn of
- radicals which did not técombine'in'the'primary cage.

Cleavage of‘thejC-ClzbOnd_aiso occurs but the process does

nﬁt léad'direétiyffo,maiﬁ“chain—éciSsién}' Radiéals Ie . and’

‘ ClCﬁ2°jQére OBserved in the low temperature photolfsis of
poly(chloroacetaldehyde),by process analogous to egs.

18
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The chain propagation here is the depolymerization,

i.e. unzipping, of I and II,

I (II)® —— monomer + {' (IXe) (5)

Radical IXII can also initiate depolymerization,

R 0
IXIIe ﬁ““mC-O—C{ + Ie (6)

T H H T

The dominant chain transfer process is that of hydrogen

abstraction by the alkoxy radical

R R R
II* + ACC + "MAAC-0OH + WA C-0-C-0vwv (7)
o H ;A

' (IV°)

~ o~

'Conhinatien and éisanpertionatienfef free raaieais tefminate.
the chain depolymerization. The fact that the irradiated

fcopolymer is not crossllnked 1ndlcates that the termlnatlon :
of radlcals ;}If and IVGZ hav1ng unpalred electrons in the

backbone, are w1th the radicals I° and II*, having unpaired

electrons at its chaln ends or CCl;‘

The alkoxy rad1ca1 can be scavenged by BHT.

X o R S

IIe 4 OH-—‘—>' -?w»Rc-OH + .ol~ (8)
; R . X >

The alkyl radical 1is not scavenged by BHT because the O-H

bond is stronger than the CH bond. In contrast BQ is a much




more effective inhibitor against radiolysis, probably

because it can scavenge both carbon radicals I and II

Ie + o:®=o——-> ;-—o—@—o- (9)
;—o—@-o- + I —> ;—o@»o—_gg (10}

The induction period observed for u-ACC samples

and

suggests a stabilizing effect of radicals of the urethane
moirety.

Previously, only small effects have been reported on
the radiolysis of polymers. For instance, the radiolytic
degradation of poly(ethylene oxide) proceeds both in the
presenCe.eﬁd in the'absence of air. 12 However. at low
fﬁdosage air does reduce orossllnklng.f3; ThlS effect was
attrlbuted to tﬁe oxygenatlon of the backbone‘radlcals 1ﬁ
compepition with their eombinetion. The very large oxygen
'=éfféétudé§¢fipeé-Aséveic;@ be egpiéined by_ite reactions: .

‘with ﬁhe a1kY1Vrédicals“cbnverting them_into the respective
peroxy radicals."The pfimary cage recombination effio;ency
fof I and II' is lowered and a large fractlon ()u) of
radlcals dlffuse out.. ‘ ‘

- 02 .
[1- 11-1 Sexd e CELS IIe]— o' IOze + a«' IIe  (11)

-




The effect of oxygen on the other kind of cage 1is smaller
because of competing termination of peroxy radicals in the
cage
02
(ClsCe III*] » [CLl3COO® JIT0¢}] =+ Cl;CHO + IIIOH + O

+ B'Cl,C00* + B' ILIOz* (12)
The actual unzipping efficiency is increased from G(M) in
vacuo by air to G'(M). For irradiations at the same dose

rate,

—_— = a'ke / @ k'e _ (13)
G(M)

'3twhere ke are the rate constants of termlnatlons in vacuo o
.‘1nvolv1ng alkylland a'kohy radlcalé and k'g are the taté>
" constants of termlnatlon in air 1nvolv1ng peroxv and alkéx?
. radicals. In the case of radiolysis of

."'poly(chloroacetaldehyde)8, a‘/a-&2fé. * From the observed

G(M) values, one can estlmate k /k'tm 50. i Therefore, more

deéolymerization occurs 1in the presence of oxygen because of

thefélohérﬂtérﬁihétions;f‘ | | -
 ACC has a molar extinction coefficient of 0.57 (M cm)-%

at 254 nm whlch 1s the dissociative charge -transfer

.absorptlon of chlorlne—contalnlng allphatlc compounds.h'From .

the_&O% weilght loss during 1.25 hrs of photolysis following

the induction period (Figure. 12), the guantum yield for

‘mononomer fbrmatiOn'is 1.2. _USuéllyﬁthe quantum.yield for




o
[£92

bond dissociation in solids is only a small fraction of a
percent. The present results are consistent with photolytic

initiation of ACC chain unzipping by,

acc ~¥> 0.6 CCl,e + 0.6 IIXe (14)

CClse + ACC— HCCl,; + IIIe (15)
followed by reaction 6 and depolymerization. There is also
a large oxygen effect; photolysis in vacuo resulted in
negliqgible weight loss. There is no contribution of ionic
intermediates to the photolysis because the photon energy 1is
insufficient to cause ionization.

Cationic unzipping can be initiated by protonic acid.
Radiolysis of i@donium'sa}t‘prOduces protons,*¢ -

-~

-(céﬁ;f;iféé£:133»"[k66ﬁ§)2i+pks'1%"”"'” T e
[(CeHs) 2I"PFe ™ 1* — CoHsle CeHs® + PFq (17)
CallsTe ¥ ACC. —= ,C;H;Ifﬂ « IVe. . (18)
CeHsIH é'CGH;I + H* _-_"' . - v_ (19)
H™ + ACC +~nmm§—03 .ox- (20)

‘foiiowéd'by ﬁniiééing 6f I;w 'fhé ;eéson fhatvoxyééh Basﬁno
effect on the process is that there 1s no radical pair
formed in a'cége“in;thi#’sysﬁem.
In qonciusion, radiolysié‘ahd photoiysis:of ACC
inittiated efficient unzippihg. The mechanisms and recaction

same as found for PCA®. The radiolysis

+
»

L6t

yields ére:the




efficiencies of the two systems are compared in Table I.

Though the two polymers have the same G(S) values in vacuo

Table I. Radiolytic depolymerization of ACC and PCA™

Resist Number of polymer chains unzipped
system G(S) G(M) per 100eV per radical
ACC{(vac) 1.9 3900 13 6.6
ACC(air) n.d.= 18000 60 n.d.

ACC n.d. 32700 110 n.d.
(onium salt)-<

PCa(vac) 2.1 1100 1.2 0.3
pPCa(air) 5.5 11000 13.5 ~ 3

pca n.d. 449000 54 n.d.

(onium salt)

'-poly(chloroacetaldehyde),” not'aetermiqed;_¢sensiti;ed with

cpZIPF6 ol

and.probably also the same G(S) values in air, ACC
-depolymerlzes three to ten times more. than PCA. In
addition, ACC is more thermally stable than PCA.  Both
polymers are useﬁul as Efbeam self—developlng resist but ACC

is superior to PCA. -
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Figure Captions

GPC curves for ACC: (a) sample a; (b) sample b
“3C-NMR spectra of ACC-a
TGA curves for: (1) poly(56A-co-44-c); (2)

poly(70A-co-30-c); (3) polychloral; (4)

polyacetaldehyde
TGA curves for: (a) ACC (————); (b)
e~-ACC(------=}; (c) u-ACC (----- ).

Arrhenius plots of the first order rate constants
of thermolysis: (a) ACC; (b) e-ACC; (c) u-ACC
Weight loss vs gamma dose in air of copolymer:
(*) without endcappiné; (2) endcapped with

acetic anhydride; @& endcapped with

.phényliéocyaqagel.
. QWeiéhﬁllosé"Gsféaﬁ@é"ﬂogéjI§¥ai:;gf:bbpolymépé_"

.(°5 no additive; (o) Wfth 1.25% BﬁaﬁBr;:(V) with

1.25% BHT.
GPLC spectra of ACC - y-irradiated .in Ari'. (a) O

Mrad; (b) 0.7 Mrad; (c) 0.29 Mrad; (4) 0.55°

. Mrad.

10.

'i‘weiéht_loésqu:&[dbseg(iﬁfvééqumf;6f §éC:

. ‘o . .
() No additive; (@) 1.5% MeoN-c-N-Mes; (®)

10% (Csﬂs)zIPE‘s; (V) 1.25% BHT; (®) 0.7%

0O

GPL spectra of ACC y-irradiation in vac: (a) o
Mrad; (b) 0.2 Mrad; (c) 0.4 Mrad; (d) 0.6

Mra@.'




Figure 11.

Figure 12.

Figure 13.

variation of Mn~-1, Mw~* of copolymer vs y-dose 1n
vacuum: (¥) Mn; (@ Mw.

Weight loss versus UV irradiation time of PAC:

(¢ in air; (°) 1in vacuo.

Normalized thickness vs electron-beam dose 1n
copolymer exposure (in SEM); (w) before

developing.
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