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. \-— _ABSTRACT

The general lithographic methods are reviewed in the context

of-classical one and two-component resist systems. Work reported
i ) .
in the literature'én the photo-Fries rearrangement of esters and

i

amides, the photorearrangement of-o-nitrobenzgldehydet ;nd the e-
beam Sensifivity of poly-(methyl methacrylate) anqlogs is re-
Qiewed. The use of these radiatioq-induced molecular cleavages
or rearrangements as the basis for poly;2§ic imaging systems is
proposed. _\‘f“ | '
Preparation qf‘a series of photo-Fries susceptible polymeré
containing pédﬁént aryl-e;Eer or aryl amide groups is outlined.
Solution and solid-state photochemistry studies of these polymers -
indicate their relative sensitivity to UV irradiation. When o-
and p-rearrangement photoproducts are predominant, their photo-
stabilizing effect.preventé cpmpiete conversion; whereas when the
bhotodegradation broaﬁcgqié the major photoproduct, the reaction
proceeds to near completion. Imgéing exﬁeriments with these

polymers as one-component photoresist systems are presented.

Efforts aimed at introducing o—nitrobenﬁpldehyde pendant'

" groups into styrene and acrylate polymer backbones via the pheno-

late of 5-hydroxy-2-nitrobenzaldehyde are reported. A solid-

state film photochemistry study of one of these "modified" poly-.
; z
mers indicates the presence of the o-nitrosobenzoic acid photo-

product as well as e cross-linking: as a result of subsequent .

diazo-coupling of adjacent nitroso: groups. Imaging experiments
. : I .

presented confirm the occurrence of this. secondary process.

The preparation of'a methyl a=-(trifluoromethyl acrylate)

’

-



: / L. . :
anal7g containing polymers relative to PMMA.

’

homopolymer .and a.series of ité styrene;copolymers is.ougiined.
Data ‘showing the gfeatqr e-b;Aﬁ scission efficiencies (Gs values)
of these golyme}s over PMMA. is shown; Imaging experiments con-
firmeF the enhanced sensitivitiés of these u-trifluoromethyl PMMA
{

.
a

Y
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INTRODUCTION

General Lithographic Methods:
Gt

Radiation sensitive organi-c monomeric énd polymeric com-
‘gg?nds. called resxsts have found w1de application as the imaging
layer in the productlon of high- densxty electronic circuits.
This micriiathOgraphic process arises as a result of radiation-
induced chemical changes in the irradiated areas of a resist film
which renders it either more or less soluble than the unexposed
areas. A resist that increases in solubility after irradiation
is termed a positive resist; whereas one that decreases in solu-ﬁ
bility is termed a negative resist. Either of these solubility

differences between exposed and unexposed areas allows resolution

¢ -
L

of a 3-dimensional image upon development in an appropriate
solvent. ,////)l A

The basic photolifhograph{c process is summarized in Figure
1. A thin, 'even filh of the photoresist is applied over the
surface of a substrate, usually by spinning the film at high
speeds. Subsequent exposure through a mask allows the light to
strike o?ly selécted areas of the resist film. The exposed
resist/fg then developed in a suitable solvent. In the case of a
positive resist, the exposed afeas of the film are selectively
removed to give a positive image. Conversely, a negative resist
is developed in a solvent which seleé;ively'removes the unexposed
areas ?f the film giving a negative image. In both cases, the

resulting 3-dimensional relief image is a replication of the

transparent and opaque regions of the mask.
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Figure 1 : General Sequence of the Photolithographic Process
a
(1) Coat .
: 5i0, layer
TNt (sbdate)
TR
{(2) Expose , mask
' NS 7/, W ///7; W
Negative / A .\ Positive
(3) Develop -
[ I 1 ] f 1 f
(4) Etch- )
— ] [ —
l ]
(5) Strip
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.The bhotoreéist that remains after the developmeﬁt procesé

serves to mask the underlying substrate for subseduent image

transfer steps. For exaﬂPle, as shown in Figure 1, the S$iO,

;ayqf of the non-resist protected areas of he silicon wafer .

substrate can be selectively removed by etching in a buffered
hydrofluoric, acid solution., Following the etching process,
stripping away of the remaining photoresist results in a positive
or negative tone relief image in the underlying subdtratel.
Numerous types of resist materials have found uses in the
production éf semiconductors. Of these various types, two dif-
ferent main groups are encountered most frequently. One-compo-~-

nent resist systems cont 2 polymer capable of radiation-

induced reactions which give .-rise to an image. In two-component

systems, the resist consis an inert film-forming matrix

Il

resin and a low molecular weight otoactive compound called a
sensitizer. This sensitizer undergoes the radiochemical trans-
formation responsible for imaging. The following brief overview

'wl{l focus on materials representative of both these groups.
i

Novolac, a Common Two-Component Resist System:

Sds and Schaefer? discovered the first positive resist,
which was bgsed on the use of a tﬂro-component system made up of a
novolac matrix resin and atdia;oquizone photoactive compound.
-TA&; same,type of two-component system remains in wide Qse by
semi~conductor manufacturers today.

The matrix resin used in novolac is a copolymer {3) of a

phencl (1) and formaldehyde (2) obtained via cationic polymeriza-

&

.

“
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tion in the presence of an acid.

Scheme 1
OH . ‘ : OH
CH., -
. + 2
Q. o= e O™
CH3 ) ? 33 .
1 ] 2 3 . ‘

In order to ensure good agueous developindféharacteristics, novo+$
lac resins intended for lithographic purposes are generally of
iow molecular weighé. Addition of an excess of the phenol
ensures a low molecular weight due to the step-growth nature‘of
this copolymerization. This excess -ralso ensures that the polymer
chain ends are ‘capped with an unreactive.phenol, rather than a
reactive methylol which could be subject to undésifed further
polymerization at a later time. ,

If‘no further precautions are taken, then a highly complex
low molecular weight polymer containing o0-0, ©o-p and p-p methy-
lene linkages is obtaiéed. Drum and Leblanc3 have indicated that
a more ordered copolyﬁér containing -almost éxclusively’o-o methy-
lene linkages can be obtai&ed by ‘adding a-divalent catalyst such
as zinc acetate in acetic acid to the polymerization mixturf.

They proposed that this catalyst has an o-directing effect on

both the initial condensation of hydrated formaldehyde (Figure

-
-

2a) as well as on the subsequent formation of the methylene

bridge (Figure 2b).
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Pigure 2 : Mechanism Justiffing O-Directed .Condensation

. in the Preparation of Novolac z;’
H zn B, ' \‘c.‘/l
N\ - §0 o o
o) / C-H?..‘
_CH,0H
(b)

(a)

Novolac resins were found to be good matrix resins due to

their excellent film forming.properties, adhesion to a large

variety of substrates, and solubility in organic solvenés. The

high solubility of these resins in aqueous base is also crucial
for complementing the effect of the sensitizer in the system.

The commercial preparations basically consist of novolac

resin and sensitizer dissolved in an organic solvent. Spin-

_'coating a film of this solution on a substrate and removal of the

solvent leaves a film of.resin, with sensitizer randomly located
throughodt. The presence of the unexposed sensitizer drastically

reduces the dissolution rate of the novolac resin in aqueous

" base.

- The diazonaphthoquinone sulfonate sensitizers that are com-
monly used are soluble in organic solvents but are very insoluble
in agueous base. For this reason, their presence drastically
decreases the solubility of the matrix resin. The most commonly
used photoactive compounds 6f this class are thoroughly covered
by Deforest?.

The mechanism of the photomodification of these sensitizers
was first proposed by sus>. Recent low temperature studies by

Pacansky and Lyerla6 have served to confirm this mechanism.
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Their work is summarized in Séheme 2.

Scheme 2

o]

(‘ — QU™ ‘/’\'

s ) base insoluble

| RT, air RT, vacuum
H,0 resin

Q

¥ CooH 4a

i.

‘\\Esii:' vacu
acuum, \ :
base soluble resist l base 1nsoluble

Ketene

O ®

Absorption of a photon of energ; by the naphthaquinone chromo-
phore (4) generates a highly'reactive éarbene {4a) with evolution
of.nitrogen. This carbene subsequently rearranges to a somewhat
less reactive ketene (5). The ketene reacts exclusively with the
traces of water remaining in the resist mixture rather than with
the phenolic groups of the rdsin due to the greater ease of
movement of the water molecules in the film. As a résult, a3~

indenecarboxylic acid (6) is'obtained as a photoproduct under
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normal processing conditions. If the irradiation is carried out
. \ PR . .
under vacuum in the absence of water, then the phenolic ester (7)

is obtained. ot

. g

The generatiqn of the base-soluble acid photop;oduct in the
exposed areas of the film drastically increases the agueous base .
solubility of the matrix resin in these .areas. As a result of
thisfdiffqigntial solubility.between exposed and unexposed areas,
a positive image (see Figﬁfegl)is obtained upon development in
agueous base. . : s

-

Poly—-(Methyl Methacrylate):

Poly-(methyl methacrylate) (PMMA) (8) is a ciassical example
of a Pos{tive one-component electron beam resist. Haller et al.’
have shown that high intensity electron beamsradiation reduces
the molecular weight of this polymer by initiating main chgin
degradation. The large difference in molecular weight between
exposed and unexposed areas of a PMMA film results in_a corres-
ponding difference in solubility, which in turn gives rise to an
image upon development in an appropriate organic solvent. Al-
though FMMA has excellent film forming properties and extremely
high resqlution, it is a relatively insensitive resist, requiring

a working dose of ‘50 - 100‘uC/cm2,‘qnd it has a low resistance to

reactive ion etching!l.
+ .
Under normal circumstances, ionizing radiation can potenti-
ally induce either a random main chain scission, or a cross-

linking of neighbouring polymer chains. Usually, one of these

two effects predominate, as is the case with PMMAI. Quantitative
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analysis of the effect of radiation dose on molecular Qeight

. e

allows the determination of a polymer's G-values8. Gs refers to
the number of ‘main chain scissions that occurs per 100 eV of
energy, whereas Gx refers to the number of cross-links per 100
ev. Quantitative -measurement of these G~values are used to
effectively predict the resist potential of a polymer.

The meéhaniSm of PMMA degradation remains somewhat unclear. .
Work.reported by Hiraoka and others? has suggested that main

chain cleavage may occur as illustrated in Scheme 3.

Scheme 3
CH CH;
. 133 hv é‘\
—ECHZ-(;.‘—C‘HZ-(': n : > -ECH (-
+C=0 C=0 ‘
n, ! o ¥
H; OCH,4 _ OCH, .OC‘H3
. 8 '
CH3 '
—fcH,-c=cn, + <|:3— * CO, CO,, CHy", CH30
I
OCH3
Hiraoka? suggests that homolysis of the main chain carbon to

carbonyl bond occurs first, allowfng the formation of a stable
tertiary radical on the main chain. In the second step, rearran-

gement of the radical w1th B scission could result in cha1n clea-
-~

vage and generation of a stable tertiary radical.
L

Thé successful studies of Haller et al.? on E-beam degrada-
S . ’
tion of PMMA, have motivated several research groups in recent

o
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.years to siudy a large number of analogs of PMMA. The objective
of these efforts has bgén to find analogs of PMMA which possess
higher radiation sensitivities, as measured by greater Gs values

while at the same time maintaining Gx equal to zero. It was also

hoped that these analogs would have a greater reactive ion etch

-

resistance than PMMA. .

Horéau and co'wquers10 developed a terpolymer of methyl
.' metha;rylate (9), metﬁacrylic.acid (10), énd meéhécrylic anhy-
dride which was found to have a much greater E-beam sensitivity
"than PMHA. As outl;ned in Scheme 4, the synthesis of "Terpoly-

mer" first involves the copolymerization of 9 and 10.
f

Scheme 4
CH, CH CH, CH
Pl it B i3 523
. g’CH2=| + CH2=$ initiator » 'EFH2'$'CH2‘?3‘
CO,CH, COOH : CO,CH,COOH
3 E 10 eat 11
G GHy gy gy
{Cﬂz‘?ﬂc‘*z“f":“z'?& caz-clz}z
C=0 o
: o’p\o S COOH
OCH, ;
12

Heating the resulting copolfmer (11) gives the térpolymer {12).
Only traces of insd}uble intermolecular anhydride were formed in
this way, and were readily removed by filtration. This polymer
is currently being used commercially{ The sensitivity data for
this polymer is given in Table 1.

Two basic approaches have been used for developing new PMMA

analogs. The first involves' introduction of halogen substituents
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onto the ester side chainll. The other mofe commonly reported

~

approach involves,replacing the‘q-subséituent with a polér.groﬁp
capablé of deStabildziﬁg the polymer chain. Figure-2 illustrates
some of ;he analogs that have been studied. Their degradation
data and etch resistanbe are summarized in Table 1.

Figure 2 : Some Analogs of PMMA

CH4 - ?1 ' . $1
| "
E _ ] __{ - -—Ecn -CE}-
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Table 1: E-Bean Radiatigﬂ Degradation Susceptibilities and Etch

Rates for some PMMA Analogs.

Structure Mole ratio Gs/Gx Etch Rate? Reference
Number (x:y:z) (Effect/100eV) (A®/min.) '

8 1.0:0 1.3/0.0 gsb 1

13 1.0:0  3.3/0.0 30 12"
14 1.0:0 4.6/3.2 - == . ' 13
15 1.0:0 6.0/0.9 158 14
16 1.0:0 0.5/1.0 : 56 1
17 0.5:0.5 . 3.9/0.0 50 16
, 18 0,)16:0.84 2.3/0.0 ©o38 . 215
.19 0.11:0.89  2.4/0.0 _ 79 15
12 0.70:0.15:0.15 4.5/0.0 20b 10

___________ r________-__________________f___;J________-_-_,-__

2 CF4 plasma, 4% Oy; P CF, plasma, 8% 0O,

4

ra

The terpolymer 12 and poly-(methacrylonitrile) (13) give the

most favourable results of the series. In both cases, the Gs

(:75\\‘ value is increased from 1.3 to 4.510 ang 3.312 respectively while

keeping Gx equal to zero. There is also a marked increase in

their resistance to etching relative to PMMA,

Introduction of a halogen at the a-position as in the case

of poly-(methyl «a -chl%roacrylate) (15) and poly-{methyl a-fluo-

roacrylate) (16) tends 'to result in an increase in both Gs and Gx

values as shown by Helbertl4 and Pittmanl®. This is especially

appafent in the case of 16 where Gx is greater than Gs. Pittman

[ 4
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et al.ls“repori that a'neéative image ig{obtained upoin developing
16, as could be predfctéd froﬁ the G-values. Hefgert et al.lf
féund that éqpolyﬁe;ization of a~chlorosubstituted acrylates with
-methy} methacrylate in molar }atios lower than 1:1 gave.polymeré
with Gs values intermediate between PMMA and 15, “vvhich still had
a zero value of Gx.‘lLai et al.l6 reported that.poiy—(methacrylo—
nitrilé-methyl a~chloroacrylate) (17) having a 1:1 molar ratio
has a, Gx value of zero and an improveg Gs value, Increasing the
bconcentration of the a—haloden-s&hsfituted monomer beyond 50%
gives'rise to a copolymer with some cross-linking tendency ti
y16,

greater than 0 -

Pittman et al.!® also found that poly—(methyl—q-Erifluorome-
thylacrylate-methyl methacrﬁiate) copolymer (19) had a2 greater és
value than PMMA, with no Gx value for ail the molar ratios that .
were available for testing (up to 70:30). The E-beam resist
sensiti‘vity of 19 rar.lged: from 2 - 3x 10™5 uC/em? versus 5 - 10 x
105 pC/cmz be_EyLA. Pittman et al15 reporéed difficulties in
copolymerizing the a-trifluoromethyl substituted mongmer:wﬁth
methyl methaérylate by free rad&cal means and were unsuccessful
at obtaining the homopolymer. 1Ito et a1.17, however were suc-
‘cessful in their‘attehpts to.obtéin poly-(methyl (a-trifluoroF
methyl) écrylate) (20) by'anionic.polymerization.

The encouraging resiults obtained with copolymér 1913 ang the
recent availabilityl7 of homopolymer Zﬁ have led us to studﬁ'its‘
E-beam sensitivity. A section of this thesis outlines the litho-

graphic testing of this homopolymer (20).
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Photo-Fries Rearfangement 6f Esters and Amidés:

The Fries reaction involves the conversion of a phepoi ester
to ortho énd/or para hydroxyketones upoq'treatmént with aluminum
chloride. Adiustmgnt of the rgaction conditions allows one of
the two products to predominate. Reviews discussing this
feafrangemeqt-have been published by Blattl® and Sh}nelg.

Anderson and\Reesezp first'repoftea the occurence of fhe
photo-induced Fries rearrangement. UV irradiation of an alcoho-
lic solufion of catechol monoacetate (21) gave a mixture of 22%

: . .

2,3-dihydrdxyacetophenone'(22),_18% 3,4-dihydroxyacetophenone

(23) and 46% catechol (24).

Scheme 5
. OH OH OH
OCOCH hv OCH OH H
3 N + +
ethanol ™ .
- COCH 3 !
) | | | - COCH,,
21 . 22 - 23 24

Shortly thereafter, Kobsa<?l reported that UV irradiation of p-t?,
butylphenyl benzoate gave good yields éf 2-hydroxy~5-t-butylben-
zophehone. Since these original discover&es, the. photo-Fries
reaction in both small organic molecules and polymers has beén
~extensively studiéd and reviewqd22'23. The scope of this reac-
tion héé been extended from phenyl esters to include other com-
pounds gontaining phenoxyl groups including: phgnyl carbonate524,
phénok?écetic‘acidszs, and hydroxyphenyl cinnamates?®, Elad et

al.27 found that the photo-Fries rearrangement also occurs with

aryl amides. The following overview will deal exclusively with
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éhe repdrted woté on aryl eStérs and aryl amides. .

Cross-over UV 1rradiation exper1ments w1th phenyl p—chloro-
benzoate and p-~chlorophenyl benzoate. reported by Flnnegan and
Mattice?8 gave only monoch1orohydroxybehzophenones as products.
The absence of any dichlorophbtoproduct is proof‘of the intramo-
lecular nature of the photo-Fries'reaction._ Two basic reaction
- mechanisms for the photo-Fries rearrangement havefreceived'signi-
ficanfﬁsupport in the literature. Both-of t@gée mechanisms are
sumﬁhrized in Scheme 6. Pathway A, first proposed by Anderson
and Reese??, involves a concerted mechanism, where the photorear-
’rangement of 25 proceeds thréugh bicyclic diradical intermediate
products 25a\§nd 25b. Kobsa?l suggésted pathway B, which was
later termed the cage recombination mechanism. This mechanism
s;ggests that UV irradihdtion induces homolytic cleavage at the
C-0 bond of the ester linkage resulting in the generation of an
acyl and a phenoxyl radical 2S5c held'within a solvent cage.
Recomb;nation_of the acyl radical with 25¢ feéenerates the star-

ting ester 25. 'The phenoxyl radical 25c also exists in resonance

forms 25d and 25e. Recombination of the acyl radical with these

resonance feims gives o- and p-acylcyclohexadienones (26a and

26b) , which were also proposed as key intermediates in pathway
/, S
A. These intermediates can then tautomerize to give the o- and

p-hydroxyketones 27a and 27b. Diffusion of 25c¢ from the solvent

cage and hydrogen abstraction from the solvent gives rise to
. .

phenol 2821, Although slightly modified versions of the concer-

ted mechanism have been proposed by Be11u523, and Sandner et

a1.30, experimental evidence strongly supports the cage recombi-

el I TR
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Scheme 6: Proposed Mechanisms for the Photo-Fries Rearrangement

»
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nation mechanism. ~
Meyer and Hammond3! studied the photorearrangement of phenyl

acétate'in the vapor phase. Althbugh they were unable to detect

the presence of the phenoxyl radical, the products they obtaﬂhed

P »

could be accounted for in terms of the free-radical mechanism.
Later Kalmus and Hercules32 reported observing both phenoxyl

‘-

radicals 25c¢ and:cyclbhexadienone in the flash spectra of phenyl
acetate in a numSEr of,soivents.

Since the o-hydroxyphenones of type 27a absorb more strongly
in the ultraviolet region of tpe spectrum than the initial ester,
the rate of photorearrangement decreases markedly with time22.
As a result, the photolysis mixture contains almost invariably
some remaining starting material. 27a is also very photochemi-
cally stable. The p-hydroxyphenones (27b) and phenol 28 absorb
much less in the deep UV than 27a and are also quifte resistant to
further irradiation effects?2.

Studies by a number of researchers have illustrated that the
, :

L 4

product distribution obtaihed in a photo-Fries reaction varies
according to the structure of the starting ester. Data lis;ed in
Table 2 illustrates this observation. Since invéstigators used
different reaction times and sources of ultraviolet light, the
yieldé of hydroxyphenones and phenofs listed below are only
approximations. As seen in Table 2, the formate and oxalate

esters give little or no hydroxyketdne upon UV irradiation and

large amounts of the phenol.
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Table 2: Photorearrangement of Aryl Esters in Ethanol

: *
* Structure Structure Hydroxyphenone* Phenol

Number? _ ortho para

2933 @‘OCHO 0 0 49
3029 @-ococn3 19 15 28
3129 @'OCO‘@ 20 28 14

* % yield calculated as .consumed ester; 2 reference number.

Work reported more recently, by Kuz'min et al.34 has further
illustrated the same efficient deéarbonylation of aryl formates.
UV irradiation of phenyl benzoate (3i)hon the other hand, gives
primarily the o- and p-hydroxyketones.

The solvent used in a photolysisﬁexperiment has been shown
to have considerable effect on the relative distribution_of
lphotolysis products obtained. Sandner et al.30 studied'the pho-
tolysis of p-tolyl acetate in a numbér of solvents and found that
increasing solvent viscosity has no effect.on the amount of o-
hydrgxyketone produced but reduces markedly the amount of cresol
generatéd. Kalmus and Hercules32 have reported that the quantum

yield of p-hydroxyacetophencne from photolysis of 30 was about 5

times greater in ethanol than in bexane or Freon. These au-

+
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thors32 have proposed that the larger distance invplved in-p-
recombination reduires a strongly caging solvent. Since ethanol
has a relatiéely high degree of molecular association, it pro-
vides the strongest solvent cage. Kalmus and Hercules32 also
. found that phenol formation in ethanol was about 2.5 times less
than in hexane, and explained this result by suggesting that the
weaker solvent cage provided by hexane enhances'escape of pheno-
xyl radicals. Due to the close proximity of the acyl radical to

the o-position: recombination proceeds regardless of the solvent
a32,

1ation, decarbonylation and solvolysis side-products obtained

use The effect of solvent on the small amounts of decarboxy-

during photolysis of aryl esters has been studied by Finnegan and

35 and Hageman36.

Knudson

The photo-Fries rearrangement of aryl esters can result in
displacement of certain o- and p-substituents of the aromatic
ring. Kobsa 2l first observed this occurence with 0-0r . p-chloro
substituents. Irradiati&n of‘2,6—dichloro-4—t-butylphenylben-
zoate (33) in benzene (Scheme 7) gave 5-t-butyl-3-chloro=~2-hydro=-

xybenzophenone (34) by displacement of one of the chloro substi-

tuents. ‘
Scheme 7
hv
{ 1 benzene - Cl - '
C C > . COCSH COCGHS
OCOCGHS 0 OH

33 . 33a 34
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Kobsa2l has proposed that radical addition of a benzoyl radical

in the.o—position takes place affording the intermediate 33a.
Subsequent chlorine displacement and tautomerization would give
34. 'The methoxyl group3’ has also been eliminated from both
ortho and para positions by the photo-Fries rearrangement. More
recéntly, ﬁathak and Khann§38 have reported 1,2-migration of a
methyl group as a reéult of'this photorearrangement. They found
that photoI@gis of 4-methyiphenyl acetate (35) gave 4-hdeoxy-2-

methylacetophenone (36) rather than the expecteq:o—hydroxyketone.

The mechanism proposed for this reaction38 is shown in Scheme 8.

Scheme 8
OCOCH; o 0 ~)
. . 0)
hv. -COCH,,
0 > —r —_
;'COCH3
Hy : CH, CH, H40G
35
H 0-
) H
CHy “NcH
COCH3 COCH3 ‘
36

- The ' photo-Fries rearrangement of aryl amides was first re-
ported by Elad et al.?7 with acetanilide {37). Photolysis of
3727, (Scheme 9) was found to give a mixture of o- and ﬁ—amino
benzophenones (38 and 39), as well as aniline (40) and some
unreacted starting matérial. Detection of carbon monoxide and

hydrogen in the products of the photorearrangement suggeSted that



. ' =20-

-
d
1

it occured via the same cage recoﬁbination'pathway suggested for

- -

aryl esters in Scheme 6. s
Scheme 9 i
HCOCH NH, H,
hv COCH3
+ + + 37 .
ethanol
COCH3 i
40

37 38 39

Kalmus and Hercules3? substantiated this proposed mechanism by
flash photolysis of 37. Carlsson et al1.40 have shown the photo-
Fries rearrangement of fullyﬂarématic_amides to give the expected
prodqcts. |

-

ZThe displacament of o- and p-substituents by. the photo-Fries
- . M

rearrangement seen in aryl esters has also been reported for aryl
amides. Bradshaw et al.%l found that uv irradiation of 2,4-
- dimethoxyacetanilide (41) as shown in Scheme 10, gave a mixture
of 63% 2-amino-3,S—dimephoxxacetophenone (42), 5% 2-amino-5-

methoxyacetophencne (43), 1l1% 4-amino-3-methoxy-acetophenone (44)

and 8% 2,4-dimethoxyaniline (45).

Scheme 10 '
COCH NH
NHCOCH FOCH COCH,, 3 2
L oC
CHahv NH2 NHz 3
benzene CH30. CH3 OCH3 OCH3 :
ocﬁa_ NHZ OCHS
’ 42 43 44 45
41

Products 42 and 43 were formed as a result of displacement of o-

or p-methoxyl substituents by the acyl radical. Similarly, Shi-
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zuka and Tanaka42 stuﬁiép the rearrangement of p-substituted
acetanilides, and reported that the acyl radical did not displace
methyl or chloro groups at the 4 position'but_did displace iodo
and bromo substituents.

Shortly after the discovery of the photo-Fries reaction in
small organié moleculeszo'ZI, interest in studying this rearran-
gement in polymers developed. The introduction of rearrangement
products into aromatic polyesters43'44'45 and polyamides46 has
been studied by several authors as a means of intfoducing stabi-
lizers into a polymer chain. The photostabilizing action of o-
hydroxy aromatic compounds has receng}y Qeed reviewed.by Allen?’
and Ranby and Rabek48.

Cohen et al.45 studied the photo-Fries rearrangement of a

number of fully aromatic polyesters in the solid-state.

Scheme 11
\
i 9
(;3 —C
46 R= alkyl or H
by -

47a 47b

OH .

S m=-0-A

N
(@]

48
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UV irradiation of polyester films of type 46 (Scheme 11) results
in some cleavage of the main chain at the C-0 ester bond givingé
the intermgdiate 47. Subsequent rearrangement of 47b to the
corresponding o-substituted product results in the incorporation
of g UV stébiliziﬁg unit 48 into the polymer chain. Thin coa-

. 0 ,
tings of these clear rearranged polymers gould be used to protect
substrates which are ordinarily sensitive to UV light45; Simi-
larly, Carlsson et 21.40,46 have studied the photodegradation of
aramids. Film photolysis of poly-lm-phenylene isophthalamide)
(49)46 gave some 2- and 41aminoben265henone (50) and (5S1) back~-
bone units in low quantum yield (6 x 10~7 m ieg/einstein), as
well as some m-substituted aniline backbone uniks (52). .
Scheme ié ; :
| ~ooH 9
i “N-C
49

hv

3
]

RO

]
o)

+ R
. O
NH2 .
- 50 51 52
In the case of photoproduct. 52, permanent cleavage of the main
chain results. :

Considerable effort has been devoted to the study of the



photo~Fries rearrangement in polymer pendant groups. Okawara -et

al.4?, and Bellus et ai1.*4 studied the solution photochemistry of

1
poly-(p-cresyl acrylate) (53a). The o-hydroxyphenone rrearran-

gement product 54a and some phenol were the only photoproducts

"obtained in this case. The initial reaction which consisted of

photorearrangement and polymer chain degradation with phenol pro-

duction, subsided due to the photostabilizing effect of 54a.

Solid-state irradiation of a film of 53a also gave the o~hydroxy-

phenone polymer unit (54a), phenol and some starting 53a°0,51,

Scheme 13

Fori , = -cg_ _ECH -cg_ N

?—O
0 on @

R
R'
53a R=H, R'=CH3 54a R=H, R'=CH3
b R= CH3, R'=H b R=CH3, R'=H 55 R=CH3

4

Sim@lar £ilm and solution photochemistry behavior has bheen repor-
ted for poly-{(phenyl methacrylate) (PPMA) 53b°1/52 and various
substituted aryl acrylate552 Guillet et al.>3 have illustrated
the enhanced photostabilizing ;bility of the photo-Fries rearran-
gement products of naphthyl acrylates (R=H) and methacrylates
(R=CH3). This increased stability has been attributed to the
high extinction c8éPficients of both the o- and p-photoproducts
(56 and 57), and their ability to dissipate.the absorbed light by

non-photochemical pathways.

%
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Although the photo-Fries rearrangement and degradation of a
number of polymers has been reported in the literaéure43'53, to
our.knowledge no attempts have been made at using this reaction
as the basis for a lithographic imaging'system. The expected
increased solubility of the rearranged photoproducts in aqueous
base due to the presence of a ph;nolic hydfoxyl group should give
rise to an image upon development in a suitable solvent. A
similar result would be obtained for the NH, containing photoéro-
ducts of'dﬁldes when developed in aqueous acid. The photodegra-
dative component of the photo-Fries reaction reported by Ballus
et 31.44, would also be.expected to contribute to the solubility

difference between exposed and unexposed areas of a polyester or

polyamide film. Since the standacd film thickness of a resist

layer is only about 1 um, the photostabilizing effects of the
rearrangement products reported by Gu1llet and L150, and Bellus
et al.%4 for 10 and 25 um thick films of 53, may only be of
marginal importance. 6ther sections of this thesis cover the
synthesis, photochemical s#udy and lithographic teséing of poly-
mers containing pendant ester or amide groups which are suscepti-

ble to the photo-Fries rearrangement.
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Photorearrangement of O-Nitrobenzaldehyde:

The photoisomerization of o-nitrobghzald hyde'(o-NBA) (S8)
to nitrosobenzoic acid (63) as shown in Scheme 14, was first;
reported by Ciamician and Silber54. Tanasescu and anescu55 have
proposed that this reaction is intramolecular since it is concen-

- tragion-independent ang,does not occur with_m- g@d p—nitrbbenzal-r
déhydes in organic solsents. However, Wubbels et al.ss, have
reporfed that rearrangement of thé‘ﬁ-NBA does occur in water.
Subseque#t studies with 58 in the s;lid, liquid and gaseous—
phases have shown that the quéntum yiéld.gf photoproduct 63 is
invafiaﬁly equal to 0.557'58. Samokvalova énd krongauz59 have
shown that the rearrangement can proceed via the transfer of
excitation enérgy from a solvent such as benzene-to the aldehyde.

Aithough this photorearrangement has been known for over 80
years, very-few reéearchers have studied its reaétion mechanism.
Calvert and Pitts®0 first suggested that the mechanism could
involve scission of oxygen from the excited nitro group, followed
by insertion into the C-H bond of the aldehyde, without initial
detachment of the hydrogéﬁ atom. Pashayah et al.61 have proposed
a conﬁerted mechanism for this oxygen scission and insertion as
sﬁown in pathway A of Scheme 14, The other possibility, which
has receiged greater support in the literature, consists of
abstraction of the aldehydic hyéroqen by the excited nitro group.
The resultiﬁg biradical 59 could give either ketene 60 or biradi-
cal 61. Transfer of the -OH group_in 60 would give the product
63 di:ectly62763. Biradical 61 could give 63 by way of cyclic

intermediate 6284, Conflicting ESR results 5upéortihg either one

S



~26- | . | )
; 1

Scheme 14:' Proposed Mechanisms for the Photorearrangement of

' _ o-Nitrobenzaldehyde . .
3 . :
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/. — OF o = 07;
- c H . - . : R C.
5. | ) ss-g o - 61 g '
hv
npn e
. . o
NO, | B\Ni
OH ' N o]
CHO C=0
58 60 . 62
hv . ) - M ' * .
‘ HAN - i ﬁ ' ' .
~° _oH -
N.+ : . -
S Oan '
CHO ' _
' NO o
’ L / COOH e
T @‘:'OH 63 . a K
- /v > CooH - . |
0 | .
A ) ) .



' ' -27-

' or the other of these pathways have been reportedss'ss.

A number of other photoproducts can be formed as a result of
side-reactions. The relatlve quantities of these various pro-
ducts have been found to vary according to the solvent used to

carry out the photolyses.’

-Scheme 15

"hw COOH
g N=N
R-OH
CHO : COOH COOR COOH

sg 63 64 65
= CHy-; CHyCH,-; (CHj) )CH-

r

]

Photolysis of o=NBA in methanol or ethanol for examplﬁ gives the
ester-of o- nltrosoben201c acid (64) and the azoxy derivative of
.63 (65), Wherees.irradiatipn in isopropanql bives 63 as the major
productés. 'In'ethanol and methanol, o-NBA occurs to a large
extent in the form of a hemiacetal, but in ﬁsopropanel the heqia;
cetal is not formed®6. Pashayan et a1.61 have shown howeveg,
that the ace£a1 and hemhgéetal of o-NBA have almost identical
photorea{rangement quantum yields'as O%NBA itself.

Pashaxaﬁ.et a1.%8 have studied the guantum jields for the
photoisomerization of o-NBA and some substituted o-NBA
derivatives. Their findings are summarized in Table 3. The
introduction of sugftituents para to the nitro substituent had

little effect on the duantum yield. The greatest substituent

effects are observed for the 6-nitro- and 6-methoxy-substituted
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Table 3: Quantum Yield for the Photbisomeriéation'

of o-Nitrobenzaldehyde and It's Derivatj.ves68 ' -
NO | ‘ o

. . T R Quantum Yield" | /
y oy . B c }mole/%instein5
i o H - 0.50
H OCH4 H - 0.56
ocry, . w . | 0.30 .
NO, H NOy - 0.67°°
. . NO, 0.5658

o-NBA. These authors hgzzxghggestedsa that an eleétron donating
'methoxy group at position 6 reduces the positive charge on the
carbonyl carbon thereby decreasing the quantum yield of the
photorearranéément to 0.30. Conversely, the electron withdrawing
effecgﬁof the nitro group'aﬁ position 6 results in an incfease in

the gquantum. yield to 0.67. : %

Photochemical oxygen transfer as seen for 0-NBA, has also
. I . .
\NQ been ,reported for several aromatic nitro compounds possessing a

>

benzylic hydrogen in the o-position69'70.. Barzynski and Saen-

er’0

o studied the photolysis of o-nitrobenzyl esters of a number

of carboxylic acids. Oxygen transfer from ahe o-nitro substi-

# 3

tuent resulted in the production of o-nitrosobenzaldehyde (66)
and the corresponding acid. While our work was in progress, a

new o-nitrobenzylacrylate polymer 67 which also underwent ‘this
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" same reaction (see Scheme 16} to 'give 66 and poly-(acrflic acid)

(68) was reported’0, '

Scheme 16
—Ecnz-:cl:na— ' ’ CHO ~
C=0 | hv
! - [en -cna— o
? L™="2 7§ +
67 CH, COOH
68 66

.

The much greater solubility of 68 in aéueous baéé allowed the
development of a three-dimensional relief image.

,,Anothgr appreoach éo using this oxygen transfer reac;ion in a
one—component photoresist system could simply involve the intro-

duction of o-nitrobenzaldehyde pendant groups into a polymer

chain.
Scheme 17 )
'./r‘ ‘
C o 7
L. \ L
» hv
! >

CHO | 1 -- COOH

69 ' 70

Exposure_of polymer films of the general type 69, to light of an

. ) \ ot
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appropriate wavelength should give the cqrresponding photoproduct'
70. ‘A large difference in solubility would be expectgd between
the exposed and unexposed polymers allowing access.to_three-
dimensional imaging upon developmenf in agueous basé. Synthetic

approaches used to prepare polymers contafhing such o-NBA pendant

groups, and the photochemistry of these polymers will be out-

-

lined. - . : i
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RESULTS AND DISCUSSION

Photo-Fries Rearrangement )

Preparation of the Polymers:

{a) Poly—(p-acetoxystjrene)(75)

Poly-(p-acetoxystyrene) was'prepared as shown in Scheme 18.

Scheme 18
i Y OH
OCH; . bi-cu,
(@000 CHyH, PAC
ag. NaCH "
' 73
CH

75a—c 74

~

ijcetoﬁystyrene (74) was obtained by the procedure of Corson et
a1.71, using p-hydroxyacetoplenone (71) as starting material. 71
was treated with acetic anhydride in aqueous sodium hydroxide to
.give p-acetdxyacetophenone (72). Hydrogenation of 72 in methanol
with pallédium on carbon led to the formation of p-acetoxyphe-
nylmethylcarbinol (73) as the major product. The acetoxy group
was resistant;to the reduction conditLons used, ;Fsulting in
selective reduction to give intermediate 73. Subhsequent treat-
ment of 73 with KHS0, at elevated temperatures in the presencé of -
t-butyl catechol to inhibit polymerization, gave 74 in 46%

overall yield. The polymerization of 74 was carried out in solu-
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tion, and in bulk, "using azobzsisobutyronitrlle (AIBN) as initia-
tor, to give high yields. of poly {p- acetoxystyrene) (7Sa-c).
Spectral data obtained conflrmed the structural assignments of 75
and the various intermedxates.
(b) Poly-(p-acetamidostyrene) (76) and its Styrene Copolymer
(77) |

Poly-(p-acetamidostyrene) {(80) and copol;-(p—acétamidosty—

rene styrene) (81) were prepared as shown in Scheme 19..

Scheme 19
CH,.Br ' " CH,=CH
2 CHZP(CGHS)BBr 2
- ag. HCHO
N02 NO, N0277
76 NH ,CL H,0
Zn acetone
= CH=
CH,=CH ; CH
N KOCOCH3
+ "
(CH3C0)20 78
NHCOCH,, NH,

4 79 A |
AIBN styrene, AIBN
Forrpd ForrgFenerd-
.61 .39 -

. NHCOCH, . NHCOCH,
80 . A 81

‘
o

pP-Nitrostyrene (77) was obtained by the procedure of Broos and



Anteunis’2. A Wittig reaction on p-nitrobenzyl bromide (76) gave

.

77 in 78% yield. Reductioh of 77 with ammonium thoride and zinc
dust in a water-acetone mixture as reported‘by Boyer and A1u171;
gave p-aminostyrene (78). Crude 78 was treated with potassium
acetate and acetic anhydride to give p-acetamidostyrene {79) in
60% yield, Free radicdl polymerization of 79 using AfBﬁ as
initiator-gave homopolymer 80 which was;insoluble in mést organic
solvents testeq including methylene chloride, dioxane, acetoni-
trile, and‘ethanol, but was soluble in DMF, and DMSO.

In an attempt to improve the solubility of the polymer, 79
was copolymerized with an equimolar amount of styrene. Tﬁe
copolymer which was obtained, 81, contained 61% of the acetamido-
styrene units confirming the greater reactivitywof this monomer
as comp;red to styrene. Copolymer 81 also had poor solubility in
most organic solvents, and although improved solubility proper-
ties might have resulted from the sincorporation of more styfene
units into copolymer 81, no other cbpolymerizatiOns were at-
témgted since a high incorporation of styrene would also result
in markedly decreased photochemical activity;

(c) Poly-(p-formyloxystyrene) (89)

;n ordér to assist with the characterization of the photo=-
Fries rearrangement and de;radation products of poly-(p-formylo-
xystyrene), a low molecular weight model compound was synthe-
sized. p=Tolyl formate (83)74 was prepared via the }orm§lation
procedure of Stevens and Van Es’% which utilizes a formic acid-

acetic anhydride mixtute (F.A.M.} as formylating agent. If the

reaction temperature is kept near room temperature and pyridine
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is used as the catalyst, this-reaction proceeds'very cleanly with
little competing acylation75 (less than 2%). This synthesis
(Scheme 20) initially involves the production of an F.A.M. mix-
ture followed by treatmentiof p-cresol (82) with this mixed
anﬁycrihe for 1 day at room temperature in the presence of a

catalytic amount of pyridine, to give 83 in 83% yield.
L]

Scheme 20
O
X4 0
CH3'C\O : — a<
+ HOOOH ) 0O <+ CH,OOOH
e S w T
4 0 FcAlMc rni-xtlre
CHy e:
F.AM., r.t.
— -
- pyridine
. B 83 oo

Stevens and Van Es’> have shown the great catalytic effect of
pyridine on this formylation reaction. In the absence of pyri-
dine, a 60 day reaction period was required to obtain a yield of
83 c0mpérab1e to that obtained in one day with the catalyst75'76.

Two basic methods were used to prepare poly—-(p-formyloxysty-~
rene}) {89). The first approach involved.synthesis of the monomer
followed by polymerization, while the second involved chemical
modificatiqon of polyé(p-Pydroxystyrene) (88)., At least two sim-
ple procedures for the breparation.df p-formyloxystyrene from
readily available starting materials may be conceived. The first
of these outlined in Scheme 21, is analogous in concept go the

procedure used by Corson et al.’! to prepare p—acet&&ystyrene.
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Scheme 21

o, & | " ¢
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formylation ~ reduction
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] 84 CH,=CH é; ; th£¥a _

CCHO
87 *
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The starting material would be p-hydroxyacetephenene (71) which
would be formylated under standard conditions to lead to 84. The
key step in this approach would be the selective reduction of the

keto group of "84 in the presence of the reactive p-formyloxy

"group. A chemical dehydration of 84a would then afford monomer

87. Unfortunately, while 84 could be obtained in good yield, all

attempts .at the selective transformation of the keto group into

'Ehe corresponding alcohol fajled as the formyl group was lost in

the reaction.

The second approach shown in Scheme 22 was much more suc-
cessful, aé the labile formyl group was added in the last step of
the synthesis. This pathway involving the preparation and formy-
lation of p-hydroxystyrene (86) gave p-formyloxystyrene (87) in
good yield. B6 was readily prepafed by a Wittig reaction on p-~
hydroxybenzaldehyde (85) using methyltriphenylphosphonium bromide
and potassium tert-butoxide in THF. Formylation of 86 with the

F.A.M. mixture gave 87 in 67% yield. Free-radical bulk polymeri-
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zation-of 87 using AIBN as catalyst gave homopolymer 89a.

Scheme 22 i
CHO '
C@ﬁﬂtsﬂshfhh N, (cafxn§QAIEOH
THF, KH :§xx pyridine (cat.)
X
85 4o ATEN 87
-_ECHf{H
OCHO
8%a
: J
The last route to polymer 89 involved the chemical modifica-
tion of poly-(p-hydroxystyrene) (88) as shown in Scheme 23. :‘.
Scheﬁe 23
food  forad
HCOOH, THF @ 4
(CH3CO)20, pyridine
OH , OCHO .
88 8% & ¢
' £

The main drawback with this procedure is the lack of availability
of pure 88. A low purity material is Evailable commercially from
the Maruzen 0il Company under the trade name "Resin M", however
this material is heévily oxidized and high}y coloured. High
purity 88 was obtained by thermeolysis or acidolysis of poly-(p-
tert-butoxycarbonyloxystyrene) as descrlbed by Fré&chet et al.77

The treatment of a solution of 88 dissolved in THF, with an
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F.A.M. mixture and a catalytic amount of pyridine for 3 days led
to nearly complete formylation of this polymer. The presence of

a wéak O-H band centered at 3424 cm~! in the IR spectrum of 89

(see Figure 6) indicated that a small amount of unreacted units

of 83 remained. Similarly, Stevens and Van Es’> have reported
that formylation of phenol by the same method does not go to
completion (2% unreacted phenol remaining). The extent of formy-
lation was not affected by increasing the reaction period to 6
days. .

The formylated product 89 was found to be quite sensitive to
moisture and heat. Prolonged storage of 89 in.an unsealed vial
at room temperature in the dark resulted in some dec0mposition as
detected by the odour of formic acid. The decrease in.b=0 bands
and increase in O-H band observed in the IR spectrum ubon aging
confirmed this degradative process. Storage of 59 in a sealed

vial in a freezer provided improved shelf life.

All of the formates produced in this section showed two

separate C=0 absorptions above 1706 cm~! due to the presence of
both possible s-cis and s-trans conformations 6f formate group,
as reported by Oki and Nakanishi’8. The partial double bond
character of the C-0 bond due to delocalization of the electrons
aécounts for the observation of these two conformers. The pre-
sence of s~cis and s-trans conformers of many carboxylic acids??
and amides®? have also been reported.

Oki and Nakanishi’8 have outlined 3 theoretical reasons for

the usual greater stability of the s-trans conformer.

“\
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As seen in Figure 3(a), the_direction,éf the dipoles of ‘the two
bonds is roughly aﬁtiparallel for the s~-trans conformer and
roughly pérallel in the s-cis conformer.- As a result, it would
be expected that the s-trans conférmer would he favoured in a
less polar media. Secondly, as seen in Figure 3(b), the repul-

sion between lone pair electrons of the 2 oxygen atoms is greater

&

in the case of the s-cis conformer. Thirdly, when R, is-bulk?,
the steric repulsion between C=0 and R, in the s-trans conformer
should be smaller than that between Ry, and R, in the case of the

s-cis conformer.
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In arder to observe both éonforme;s, the stability of the s-
trans conformer must be décreased.and,that of the\s-cis in-
‘creasép, For formates, such as those that.were prepared, contai-
ning a bulky R, group,;the s;éis may pe favoured due to incre§sed
interaction between R, and O relative to that between R; and R%h
There is no distinction betweeﬁ tpe two conformers in the NMR.
spectra of the formate esters produced. The NMR time scale at
" the normal operating conditions of the instruqent allows inter-

t

conversion between conformers. The shorter time scade of the IR

allows for the detection of these two conformers. A low\tempera-
" ture NMR study carried out by Oki and Nakanishi’® of by¥fyl
formate allowed the resolut}on of a single peak (8.04-ppm at =
20°C) into two peaks at 8.88 and B.Oa(ppm at -99°c.
(d) Poly-(phenyl methacrylate) (92)

Poly-=(phenyl methacrylate} was prepared as shown in Scheme

24, according to the procedure cof Sumrell et a1.81
Scheme 24 '
: . OH
CHy reflxx . 103 3
e 4 Sl CH ca=
COOH i cocl . Cc=0
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Reflux1ng a mixture of methacrylic acid and thionyl chloride gave

methacryloyl chloride (90). Addition of phenol to the crude 90

with chlorine displacement, generated.phenyl methacrylate (91) in

reasonable yield. Free-radical polymerization'of 91 in toluene

' u51ng AIBN as 'initiator gave 92a and 92b.

(e) Poly-(methacryl anilide) (94)

»

Poly-~(methacryl anilide) was prepared as shown in Scheme
25a, accordzng to the procedure of Patai et al 82

Scheme 25a ‘

NH, CH j?‘%a/
CH | 3

3 . = ATEN, P
c32=c:: + @ ___*caz ?H——_-.. ]

oocl c=0 A o
NH
90 NH |
93 94 .
The crude mixture of 90 was prepared as described in the prepara-
tion of 92, Aniline addition to the crude solution of 90 gave
monomer. 93 in 52% yield. Free-radical polymerization of 93 in
benzene with AIBN as initiator gave 94,

Photochemical Studies and Imaging Experiments:

There are a number of difficulties in the study of the
photoehemistry of polymers. Unlike low moieculaf weight mate-
rials, no purification of the photoproduc;s can be carried out.
Therefore, if a photochemical reaction only goes'to 50% comple-
tion, a coﬁplex bolymér incorporating‘both modifigd and unmodi-

fied units is obtained. This results in difficult monitoring of

LY
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the photbreactlons, and complex or often 1mpossib1e character;za-
tion of the photoproducts. )

Solutlon and solid-state photochemlcaa studies are roLtlnely
used to predict the resist potential of photosens1t1ve polymers.
Solid-state film studies.are especially usefpl, since the reac-
tion conditions can be carefully reguléted SO0 as to closely
simulatg the imaging process. For exemple, the thickness of the
film studied should correspond to the thickness of resist that is
required for a given appllcat1on. This is critical since the
reaction may only occur to a certaind depth, especially if the,
photoproduct has a greater extinction coefficient than the star-
ting material, ‘

The study of'the photo-Fries rearrangement and degradation
in the soiid-state was restricted to infrared end UV spectrosco-
py. Homogeneous polymer'solutions were cast onto sodium chloride
and/or quartz substrates so as to obtain 1 um thick films, cpmpa-
rable to those routinely used as resistgs. Infrared:and UV spec-
tra were taken at.regular intervais throughqut the irradiations,
allowing monitoring of the reactions. Recent advances in in-
frared spectroscopic technology (eg. FT-IR) allowihg routine -
spectral subtraction and hand integration facilitated this gask.

Solution photochemistry was also usegol since the larger
amounts of photoproducts obtaihed allowed for more detailed pro-
duct characterization. 13¢ and l# NMR spectra of these photopro-

-. -'—‘“—\ . »
ducts were used to support the results observed in the solid-

state.
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(a) | Reactive Pendant Groups on Styrene Backbones:

7;:Solution photochemistry studies of poly-~(p-acetoxystyrene)
(75a) in acetonitrile, showed that the‘expected rearrangement was
indeed occuring }see Scheme Zib).'. .

Scheme 25b

_ | 95a~-c ¢
3 . . G'IB

9 0
C=0 c=0
CH

This is illustrated by Figure 4, which shows the change-in inten-
sity of the carbonyl absorption of a film of polymer 95%a-c cast
onto a NaCl disk. The acetoxy peak at 1765 om~1 slowly decfeases
in intenlsity, arid is replaced by a new carbonyl band at 1643 ecm— %
which corresponds to the o-rearranged ketone. The relative posi-
tions of the ester and o-hydroxyketone C=0 bands cofrespond'to
those reported by Anderson and Reese29 fof phenyl acetate (30)
and 2—hydro;yacetophenone. Due to the blocking of the p-position
by the polymer backbone, thé o-isomer was obtained exclusiyely.
The emergence of a weak hydrogen-bonded O-H band at 3483 cm‘-1
suggests that little or no degradation has occured.

After the first two hours of irradiation, the presencé of

increasing amounts of photoproducts results in a drastic decrease

I
in the reaction rate, as reported by Bellus and ﬁrdloviczz. Even

after a total irradiation time of 39.5 hours, the reaction has

-

R



Figure 4: IR Spectral Changes During Solution Photochemlstry of
(¢“\ Polymeric Ester 75a
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. not gone to.completign. The molar ratio of the resulting copoiy-

(p-acetoxyatyr%ne 2-hydroxy-S-vinylaéetdphenone) (95¢c) is
0.52:0.48 as determined by ly NMR spectroscopy. Such prolonged
periods of irradiation give rise‘to secondary polymer chain
reactions such as cross~linking which result.in an increase in
the M value from 1.17.x 104 for 75a to 4.50 x 10% for 95c.

The photorearrangemeht of PACOST (75a) seen in solution'is
also found to occur in the solid-state. UV irradiation’of a 1.26
um thick film of %Sb on a NaCl substrate results in the same

changes in the IR spectra with time of exposure as-observed in

solution. The quantum yvield of the'photorearrangement is low,

‘with only a 40% conversion after a dose of 2.90 J/cmz. The -

)

decrease in the rate of this reaction as the amount of photopro-

duct increases is shown in Figure 12.

L Y
The emergence of the wéak O-H band at-3483 cm~1 in the IR

spectra of f,ilfns of copolymer 96, as seen for the solution photo-
chemistry products 95a-c¢, indicates liétle degradation to p=-
hydrogystyrené units in the polymer. In the case of the solution
photochemistry‘of PACOST, the absence of detectable amounts of

the degradation product was attributed tq;}he strong solvent cage

] -
provided by acetonitrile. This cage prevents escape of the

acetyl radical, tﬁereby favouring recombination of the radical

pair to give either the starting material, or the o-rearrangedi

2o

product, as suggested by Kalmus and Hercules3Z for 16w molecular
weight aryl esters. 1In the case of thin-film UV exposures, the
low mobility of the acetyl radical in the solid polymer matrix

also favours recombination of the radical pair.
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Th; photostabilizing effect of.the é-rearranged product
‘observed in both solution (95a-c) and solid-state (96) photopro-
ducts is demonstrated by the UV spects’a of @ film of copolymer 96

\ taken at given irradiation intervals and shown in éigure 5;
Figure 53, UV Spectral Changes Ubbn Irradiation of a Poly-(p-

acetoxystyrene) Film (75b)
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Before irradiation, the 1.10 _um thick PACOST 75b film shows only

a slight absorptjon near the 254 nm mercury emission line. Un-

filtered irradiation of 75b to doses ranging from 0 to 6.20 J/cm?2
‘gives copolymer 96 showing new UV absorptions at 256 and 340 nm,
characteristic of the o-rearrangement photoproduct. The de-

creaSe in"reaction rate with increased exposure time is explained

“
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by the QOntinuous formation of-ﬁv photostabilizing o-hydroxysty-
rene which absorbs strongly near 254 nm. Further irradiatfgn
beyond the 6.2 J/cm2 dose has little effect on the UV spectrum,
since the radiation is absorbed and dissipated non-photochemi-
cally by this photost;biLizing group, as illustrated by Li and
Guilletso, and Gilazhov et al.®! for 15-20 pm thick films of aryl
acrylates and methacrylates. Since identical spectral results
are obtained for film irradiation under nitrogen, photooxidation
as reported by Hirapka and.Pacansky84 for poly-(p-hydroxystyrene)
is not a factor. '

The photo-Ffies rearrangement of poly-(p-acetamidostyrene)
.(B80) was expected to ﬁroce;d in the same way as shown in .the
literature for acetanilide (37)27. Since homopolymer 80 is only
soluble in either DMF or DMSO, which have UV cut-offs around 270
ntS, photochemical studies cannot be carried out in solution.
As a resuét of the lack of improvement in theé solubility of the
copélymer with styrene (8l), and the unavailability of an appro-
péiate solvent, further attemﬁts at carrying out solution photo-
chemistry studies on either polymers 80 or 81 were discontinued.

However, UV irradiation 'studies on 0.9 um thick films of homopo-

lymer 80 cast from DMF were carried out. No noticeable change in

the IR spectra of these-films was seen over the 0 to'3.16 J/cm2
UV irradiation dose tested. These results indieate that the rate
éf the photorearrangement for poly-(p—&cetamidostyrene) (80) |is
much slower than that observed for PACOST {96).

Although the acetate ester of poly-(p-hydroxystyrene[ is

more readily prepared than the corresponding formate, <the

RRrT, S

S RTRLRST
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occurence of photostabilizing rearrangé@énts'make it ultimately
unsuitable for use in imaging reactions. The phoﬁochemical
studies-onfformyloxybenzene (29) reported by Horspool and
Pauson>>3 suggested that irradiation of formate esters would give
phenols as phe major photoproducts. Since phenéls absorb much
less in the deep UV range than o-rearrangement products such as
o-hydroxyacetophgnohezz, it.waq anticipated that the fofmate

ester 89 would have a greater overall photochemical reactivity
than was observed for the polymeric acetate ester.
The solution photochemistry of p-cresyl formate (83) was

studied in order to confirm the results of Horspool and Pauson33.

Scheme 26 . A
CHy . CH, h
© etharol @ :
—  nv ¥ + 83 + polymer
OCHO o OH
83 : 82 '

UV irradiation of an alcoholic solution of p-cresyl formate (83)
{Scheme 26), with subsequent work-up gives p~-cresol (82) in 68%
isolated yield, as well as 4.8% unreacted 83. No corresponding
o-rearranged product is observed by TLC. 'These results further
suggest Fhat poly-(p-formyloxyﬁtyrene) 183) wo%}d have a greater
sensitivity to UV radiation than is observed for the acetate
ester 75.

Irradiation of polymeric formate ester 89b in dioxane or
acetonitrile gives essentially identical results, thus indicating

that solvolysis rgactions are minimal. IR spectrogcopy was used
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to monitor the ﬁ:ogress.of the reaction, As shown:in.Figure 6.
As the UV exposure proceeds, the pair of formate ester carbonyl
bands at 1761 and 1738 em™1 éécreése rapidly in intensityﬁindica-
ting the disappearance of the formyl groups by.the decarbonyla-
tion reaction. The emergence of a strong O-H band at 3416 cqu
confirms the expected formation of poly-(p-hydroxystyrehe) (88),
while a very weak carbonyl bgnd at 1641 cm~! suggests that a
small amount of hydrogen-bonded, rearranged o-hydroxyaldehyde
product 97 is also generated {see Scheme 27).. ’

Scheme 27

—Ecaz-crﬂ— _ . .—ECHZ-CH};(—ECHZ—CH} 5 ‘
= O ©
_ > /
* CHO

OCHO - OH

‘ " OH
Solution B89b ‘ ‘ 88 l97
Solid-State 89c¢ - 88 97

!
13C and'lﬂ NMR spectra of the'irradiated polymer confirm the
regeneration of 88, but does not confirm the presence of any of
rearranged photoproduct 97. -

The carbonyl stretching absorptibn for the s-cis: conformer
is expected to occur at a higher frequency than the s-trans,
since a higher energy is required to bxcite the moleéule when its
two dipoles are parallel. The C=0 band located at 1761 cm'l, is
assigned to the s-cis isomer using this argument. In Figure 6,

it is interesting to note that the intensityﬂbf the s-cis carbo-

nyl band decreagpd’gt a faster rate upon irradiation than that
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of Polymeric Formate Egter 89b
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for the s-trans conformer. This_suggests that- the s-cis confor-
mer is less stable to‘UQ irradiation than the other conformer.
Similarly, temperature dependénce studies of phenyl formate has
established that tﬁe s-cis isomer is the less stable iSOmér78.
Solid-state photoéhemical studies were also carried out on 1
um thick films of polymer 89c on NaCl or quartz disks. As thé uv
spectrum of 89¢c shows an absorption centered ;t 274 nm, é high’
pressure mercury lamp was used for exposure. Thg films were
exposed to doses of unfiltered light ranging from 0 to 1.5 J/cmz.
and the reaction monitored by UV and IRegspectroscopies. Near
complete decarboﬁylation had occured after the initial 100 mJ/cm2
dose, with little subsequent change in the IR Spectra observed
upon further irradiation, as shown in Figure 7. Only a very
small amount of starting material and rearranged o-hydroxyalde-
hyde is observed in the product which has an IR spectrum almost
identical to that of poly-(p-hydroxystyrene) (88). These obser-
ved IR changes are identical to those found for the irradiation .
of 89b in solution. ‘ |
’ The UV abgogption'spectrum of tﬁe po%ymer also changes upon
exposure, as shown in Figure 8. The éhenolic photoproduct,
although somewhat more strongly absorbing than the upirradiated
formyl precursof polymer 89 in the 250 to 300 nm range, has a
much lower absorbance than the o-rearranged product of PACOST.

Lonsequently, degradation is the predominant pho@oréaction in

this case and proceeds quickly to near completion.
-~ ) ' }
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Figure 7: IR Changes During Solid-State Photochemistry.
of Polymeric Ester 89c
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Figure 8: UV Spectral Changes Upon Irradiation of Polymeric

~ Ester 89c¢

T T T N T T

. (in air & without a
ceoe L i (? " filter)

e unaxposed

e
100my/ca?

ABSORBAMNCE

_I.g i ] 1 1 Il
- - o < o
N s a a 3 H ] 2
~ ~ ~ ~ o] " L] n
\ .
-

MAVELEMGTH <(rmd

This study. shows that large diffexences exist in the pHotochemi-
¢al behavior of formate 89 and acetate 75. In one instéhce,
photodegradation is the main reaction route, while in the other,
considerable photorearrangement is observed. In both casés-solu:
tion studies were carried out in the same solvent, acetonLﬁ:ile{
which favours cage recombination. This implies that for the
photolysis of 89, the presence of this strongly caging.éolvent
does not hinder generation of the phenolic photoproducg. Conse-

quently, it appears likely that decomposition of the unstable
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fofmyl radicél_occurq within the solvent caée..théreby preventing
-recoﬁbina;ioﬁ of the .radical ﬁair._ This propos%l'hbreesxwith the
Qbserﬁation33 that a larger amdunt of carbon monoxide is detected
after UV irrédiation of fomeloxybenzene (295, £han is the case
Wﬁith-other egters. Similarly, in“the solid-staté; decomposition..
of the formyl rﬁdical would §ive_carbon monoxide, which could
éubséquently be dissipated easily through pores in the polymeéer
£ilm. | |
(b) Reactiﬁe Pendant Groups on Acryli¢ Backbones:

. Solution'phoﬂbchemistry‘stqdies of poly=-(phenyl methacry-
late) (92a) in ffeshly distilled'dioxane; show that tﬁe'expectgd
photorearrangement is indeed oécurring as previously observed by
Bellus et al.%? and Okawara et al.%? The IR spectra of films of
the photoreaction mixture at various reaction times, cast onto
NaCl disks, are shown in Figufe 9. The ester carbonyl band of
PPMA (92a) at 1747 em~! slowly d?dreases in intensity, and is
replaced By a new carbonyl band at 1626 cm'l, which corresponds

'
to the o-rearranged ketone 54b (Scheme 13 and 28).. The uncharac-
teristic shift of the'ketone Ea;bonyl in S54b arises due to
1ntramolecglar hydrogen bonding. Although the p—poéition i;
unoccupieg and-aﬁ?iléble to rearrangemént, no p-hhotoproduct.is
obsé:vedl This observation was also made in previous solution

studies44r49, rThe expected emergence of an O-H band of medium
[

intensity at 3384 cm™! is also seen to occur.
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Scheme 23

Solution 4§22 : g ) . ’
Solid;State 92b '

hv
' -CH cH v o
b i GHy - CHs
CH2-$ + Cﬁz-? -+ —TCH,-C=CH,"C—1 + 92a
OH © 6 : '
)
OH .

54b - . .
54b 55b .

As observed in the solution studies of PACOST 75a, little
'ch;%ge in the IR specﬁr& is observed after the initial two hours
- of irradiation. Eveﬁ after a total irradiation time of 56 houfs,
the phenyl meﬁhacrylate/o-hydfoxyphenyl ketone molar ratio in
copolymer 98 is approximately 0.75:0.25, as determined by 1y NHR.
This long exposure time éésults in a drop in M, value from 7.10 x
103 to 8.40 x 102, indicating that some photo-Fries degradation

resulting in formatibn of phenol is also occurring44. The mecha-
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'nism of‘this photodegradation appears to proceed via a pathway
aﬁalogdus to that prpposéd by Hiraoka® and othersl for the rédio?
lysis of PPMA (Scheme 3).

The 13c nmMr spectrum obtaineg for phoﬁop:oduct 98 supports
the assiénment of the o-hydroxyphenyl ketone units, 54b, with
unkeacted groups ?f 92a. The aroﬁatic peaks can be assigned by
‘comparison with the caléulated chemical shifts for pheﬁyl aéetate

L]

and o-hydroxyacetophengne using published tables83, as a,r?sult
of the work-gp procedure used, the small amount of phenol which
is»ﬁroduced'in the degradative proceé# is repovgd from the poly-
mer, andf i‘s thereforq not sden in the 13¢ Nl‘f!R spectrum of copoly-
.mer 98. .

v The photoféarrangement of PPMA (92b) alsb occurs in fhe_
solid-state. UV irradiation of-a 1.01 um thick film of 92b on
NaCl substrate results iﬁ structural.changes whi;h can be poni-
tored by EB spectroscopy. Afterla dose of 3.10 J/cmz, 62% of the
starting polyqer units remain unchanged. The decrease in the
rate of this reaction as the amount of photoproduct increases is

 shown in Figure 12. .

Unlike the anélogous photochemical stud& in solﬁtion, solid-
state inr;diation of792b gives the expected o-rearranged product
~ 54b, as well as a small amount of the p-product 55b {(Scheme 28).
A weak carbonyl band at 1663Icm'1, ch;racteristic of 55b, begins
t§ emerge in the IR spectrum after a dose of aﬁbroximately 1.29
J/<_;m2 of unfiltered UV light. Similar reéults for the irradia-

tion of 15-25 yum thick films of poly~(p-cresyl acrylate) {53a)

have been reported in the literatureso's%. In the case of thin-
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film OV exposurés, the low mobility of the polyﬁer backbone

"

.radical and the phenoxyl radical in the solid polymer matrix
favour recombination of the raqipal‘pair. Consequently, sinfe

the p-position is aécessibl thpbugh resonance and is not

kgfve terpolymer 99.

LN - .
The photostabilizing effect of  the photo-Fries rearrangement

cked, some p=-product results,

products observed in both solution (98) and solid-state (99)
L]
photoproducts is illustrated in Figure 10.

Figure 10: UV Spectral Changes Upon Irradiation of Filﬁs’of 92b
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Before irra?iation, the 1.10 um thick PPMA 92b film shows only
slight absofptibn in the 254 nm region of the UV spectrum. Un-

filtered irradiation of 92b to 8oses ranging from 0 to 6.20 J/cm2

L]
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glves terpolymer 99 showing new absorpt1ons centered at 261 and
’330 nm.  As is t@e case in the photolysis of 75b, the rearranged
photoproducts absorb the incident light to an extent such that
‘the photo-Fries reactioe becomes almost totally inhibited. These

results 1nd1cate ‘that the photostabil121ng effects observed by L1

i
et a1.50, and Gilazhov et al.51s32 for thicker poly {aryl acry-
late) films apply to 1 um thick films as well. However, w1th
thinner fiimssthe effect of the phofostabilizers is less restric-

tive as a larger proportion of the polymer bulk undergoes the

photo-Fries'(éaction. p
Photochemical studies of poly-(methacryl anilide) (94) dis-
solved'in freshly distilled dioxane, show that the expected
photorearrangement occurs as previously observed by Elad?7 and
Ché&nevert and Plante®® for acetaeilide. The very'slow'rate.of
.this photoreaction is illustrated by the IR study shown in Figure
1l. The amide carbonyl band of polyﬁer 94 located at 1679 cm'1
decreases very slowly in intensity for the first five_hours of
irradiation, with little subsequent thange on further ;xposure.
A weak shoulder on the amide C=0 band,at 1654 em~! can be attri-
buted te the rearranged pfSEZZZQ. Since both o- and bFaminoacef
tophenone show C=0 absqrptions87 near 1650 cm'l, assignment of
the band to a particular photoproduct isomer could not be made.
The presence of a new N~H deformation band of medium inten-

sity at 1615 em~1 can be attributed to the o-rearranged photopro--

duct and/or aniline produced in the degradation reaction.



- e monr— - S S U,

-59-

Figure 11: IR Changes During Solution Photolysis of
Poly~(methacryl anilide) (94)
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#
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a " (a} unexposed; (b) 5 hours;-(c) 55 hours
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As expected, éhe 55 hour exposure time results in a consi?erahfg
drop in the M  value of the polymer, from 1.61 x 10% to 8.39 x
102..confirh1ng thé accurencerof photo~Fries degradation with
formation qf aniline. Thé/mechanism of this photodegrada;ion is
likely,idehticél to that described for PPMA (92a) and PMMAY,

The complex 13¢ MR spectrum obtaiped for éhe polymeric
photoproduct 100 supports the presence of both the o- and p-
aminoph;nyl ketone units in the polymer. As seen ié the IR
study, thefbulk.of the polymer remains unchanged after the pro-
longed peqﬁod‘of irradiation. The weak aromatic peaks.corrés-
ponding to the rearranged p@otoproducts can be assigned by compa-
risoq to the calculated chemical shifts for 2-aminoacetophenone
and 4-aminocacetophenone using published tables®3. The new carbo-
nyl peaks expectgd between 190 and 210 ppm for the phétoproducts
are not detected. hd

Contrary to what had been observed for the photolysis of
PPMA (92a), both the o- and p-rearranged producss are obtained in
this case. Similarly, irradiation .of acetanilfﬁe has been repor;
ted to generate both o- and p—aminoacetophenonees. :‘ |

The photorearrangement of poly-(methacryl anilide)-194) also
occurs in the solid-state but at a much slower initia} rate than
~any of the polymeric esters tested. UV irradi&h@on of O.SOJﬁhA
thick films of 94 results inhonly very subtle changes in the IR
spectra. After a 2.50 ﬁ/cm2 dose o ’unfilteféd UV light omly a
very.,heak shoulder at 1654 cm™1 iéeen in the IR spectrum, as

‘well as a new weak N-H deformation band at 1615 cm’l. Unirra-

diated 0.80 um thick films of 92b -absorb very strongly in the UV,
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with cut-off at 267 nm. Exposure of these films to d_oses. ranging
from 0 to 6.20 J/cm2 gives rise to the emergence of a new éb-
sorption band centered at 309 nm, .which is characteristic of the
o- and/or p-rearranged products.

‘As is the case with polfmeric amide 80, poly-(methacryl
anilide) (94) is much less sensitive to UV irradiation than the
corresponding ester 92. This lower sensitivity of aryl amides is

‘

in agreement with results :epprted for, whol;y aromatic polya-
mides4®, Although the phoéo-Fries rearrangement of low molecula;
weight N-aryl amides has also been reportedea'agz the low photo-
chemical reactivity of analogoﬁs polymeric structures 80 and 92,
discouraged further work in this area.

(c) Comparfson:

As shown in the previous sections, the types of polymeric
photoproducts obtained in the photo-Fries reaction vary according
to the nature of bth the reactive pendant ‘group, and the polymer
backbone. Generally, when strongly UV absorbing o- and p-rear-
ranged photoproducts are predominant, the reaction becomes inhi-
bited as a result of phoFostabilization ;E the resulting polymer.
'Conversely, the degradation products show little UV absorption,

and therefore have no inhibitory effect. The results observed

for the variou§ polymers tested are gpmmarized graphically in

Figure 12.
Quantitative FT-IR studies of.the spectra accﬁmulated for
. the solid-state film photochemical studies of the five polymers

tested were carried out, to give the data shown in Figure 12.’

\ 2
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Figure 12: Decrease in Starting Monomer Units in

. Photg%ries Susceptible Polymers with UV Irradiation

407

% of starting monomer units

Dose (mJ/gmz)

{a) 80; (b) 94; (c) 92b; (d) .75b; (e) 89c
The percentage of starting monomer units remaining in the polymer
after a given dose is determined byvcomparing the integration of
tﬁe eé;er or amide band(s) in the IR of the irradiated film with
that:for tﬁe unexposed film. _ /
In the case of pblymeric amiées 80 and 94, very little

conversion to photoproducts is observed. This appears to result

from the low sensitivity of aryl amides to UV irradiation. Al-

-
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thﬁﬁgh the corfespohdihg esters 75b and 92b shék reasonable
initial ratesfof conversion to photoproduéts, fhe build-up of
photoétabilizing o-reartangemént products soon begins ﬁo.inhibié_
the photo;Fries reaction. The formate ester 89c shows a much,
faster rate of reaction than the other polymeric esters tested,
with 93§ conversion éfteﬁ a 100 mJ/cm2 dose of unfiltered light.
Almost exclusive éonversion of the formate estér to weakly absor-
bing p-~hydroxystyrene allows the photo-Fries degradation to pro-
ceed to near completion.

Since Ehe photo-Fries reaction transforms a non-polar éoly-
mer (ester) inta a very polar species (ﬁhenol), good image deve-
lopment was expected, as a result of their great differential
solubility. The polar photoproduéts should dissolve readily in
po;ar sqlvents-fesulting in a positive image, whefeas dissolution
of the unexposed film in:a non-pPlar solvent developer should
result in a negative image.

The results shown in Figure 12 were used to predict the
botential of these five polymers as photoresists...Tpe.highe;
photoconversion of the fofmaté ester 89c relafive to the other

polymers tested make it the most likely for use as a photoresist.

'The.great‘gifference in polymer polarity expected between the

4

,

exposed and uneprsed areas of a.film of 89c should facilitate
image development. 1In the case qf polymeric esters 75b and 92b,
much greatér doses are required to reach convérsions,of only 20-
40%. As a result, the low conversions to phenolic units is

expected to result in lower solubility differences between ex-

posed and’ unexposed polymers with a concurrent decrease in image
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quality;' df-thése two esters, 92bris expected to have the grea-

: ter differential solubility, since ﬁhoto-Fries degradation re-

sults in a decreaSi in molecular weight of the pélymer through

main chain cleavage of the acrylic backbone. For the sémé‘rea-

son, it might be possible-té obtain an image from a film of poly-
/

(methacryl anilide) 94 despite its low sensitivity.

(d}) 1Imaging Experiments:

*
(%

The imaging experiments for all the photo-Fries suscep-
tible polymers were carried out with unfiltered deep UV llght, so
as to dupllcate the conditions us'ed in the solid-state IR stu-
"dies. It-was 1mp0531bbe to pin=-point the-exact wavelength of
. light required to induce this photochemical reaction, however it
appeared that transfer of energy was occuring, resulting in.
generation of the pﬁotbproducts. \\\

Ong,pm thick films of‘poly—(p-acetoxystyréne) {75b) were
exposed through a contact "Wicked" mask to an unfiltered dose of
3.10 J/cmz. Attempts at developing a negative image wefe made
using a number of organic developérsf but all failed as a re§91t
of .the rapid decrease of the film thickness éhrough di§£;IQtion
of both exposed and unexposed-areas. Dip devélopment in a 1:1 3-
heptanone/isopropanol mixture gives the fully developedrpositive
iﬁage.showh in Figure 13, haiﬁ‘i an unexposed film thickness of

0.48 um. From these results, is apparent that the polarity

AN
difference between polymers with 100% and 60% acetoxy pendant
groups is inadeffuate to give a good quality image. For the same
reason, commercial aqueous base developers MF-312 and A2400K do

not afford development, but cauée extgqnsive swelling and cracking



of the polymer film. Althbugh an image was qbtained. the low

‘sensitivity and relative photostability of films of polymeric

ester 75b made it unsuitable as a photoresist.’

Figure 13: Optical M1crograph of Resist Patterns in Poly-(p-
- acetoxystyrene)

J‘., Y .
.‘- v’k,b? L
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Vo o """ﬁ“‘* .r.u(..tb- :

Dose: 3.10 J/cmz; Developer: 1:1 3-heptanone/isopropanocl

Films of poly-(p-formyloxystyrene) (89c) exposed to a 100
mJ/cm2 dose of unfiltered UV light are readily developed/fﬁ-a
10:1:1 isopropanol/conc. ammonium hydroxide/water solution
without any loss in the unexposed film thick;ess to give the
fully developed positive images shown in_the electromicrographs
in Figure 14. The formate ester's near complete photo-Fries
degradation.to give highly polar poly-(p-hydroxystyrene) results
in the great differential solubility responsible for the clean

development of these patterns without loss of film thickness,
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Figure 14: Electromicrographs of Resist Patterns in Poly-(p-
formyloxystyrene)

7 -

e unzsakw 100E4 aeaszaa 7731236

. i - - dmlleld o s o ...
Dose: 100 mJ/cm H Developer:

10:1:1 lsopropanol/NH40H/water
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Good guaJity negativejimages are alsd'obteined when development

.

of irradiated films of 89c is carried out in methylene chloride

l"
comp051t10n result /in swelling and poor resolut1on of images, as -

-

is very often the case with negative resists.

or anié&&e-based di;elopers. However, minor changes in developer

Films of poly-(phenyl met;acrylate) {92b) were exposed in
_the same manner ae that outlined for PACOST (75b) to doses of
3;L0 and 7.76 J/cmz.l Attempts at developing a negative image in
4-neth¥1-2fpentanone, methyl ethy]. ketone and _n-propyl acetate
resultEG in completerloss.of film thickness, without pattern.
developnent. Dﬁzj}ppment in 3—heptanone however, gave fullx
developed positive 1mages WLth a 30% loss in the unexposed f11m
“th1ckness for a 3.0 J/cm2 exposure dose. - F1gure/A5 shows in
optical m1crograph of tns’lmaQEQ\obta1ned. The non-polar -nature
. of the develop1ng solvent suggests that the d1ffetent1al solubl—
lity in this case 1s_predom1nantly the result of photo-Fries
degradation and main chain cleavage. The selective dissolution
of the lower molecular weight polymer chains in thefunexposed
T e -
_aréas would be eXpected to give the observed type of image deve-
lopment. \Ehe effect of chq}n scission overrldes the photorear—
rangemenE effect, sincé the' latter would tend to make the polymer
‘more- polar and-would thereﬁy favour dissolution inla more polar -
solvent; Ihese eubtle dlfferences in solubility prevented image

e

development in.,a number of commerCLaéG;Bavallable agqueous develo-

pers.
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Figure 15: Optical’ Mlcrograph oF Resist Patterns in PolY‘(PhenYl
- “methacrylate) L .
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As a result of the low UV sensitivity of .the polymerlc

amides shown in Flgure 12, fllms of poly- (methacryl anilide) (94)

Fi 1

]

were exposeq to doses;pf 6.27 and £2.55 J/cm « . Attempts at ;
developing. a negative ima%f hsing a nuhber of:organic aevelopers ]
were made. A 2:1 methylene chloride/chloroform mlxture glves
only partial development of a pos&t;be image for a dose of 12.55
J/cm as_shqwn in Figure 16. The lower dose exposure could not

" be developed in thiéJsame solvent system. Due to the small
' 4 I . 4
extent of photoconversion, the polarity of the polymer if the

exposed and unexpdbed areas %f tﬁé film is essentially identical.

The partlally developed image whlch is obtained wit polymerlc

’\amlde 94 is due to a molecular we1ght gradient, as seen with the

N X -
» | N
. &

1t

¢
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. corresponding acrylic ester 92b, resulting from photo-Fries in-
duced ﬁain chain cleaéage. : ' .oo"

Figure 16: Optical Micrograph of Resist Patterns in Poly-
(methacryl anilide)
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‘ Dose: 12.55 J/cmz,; Developer: 2:1'CH2C12/'CHC13
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The ‘imaging experiments confirmgd the predictions that w;re,
suggested.from Figure 12. Of the polymers tgsted, the formate
ester 89,shows'the,most‘potential for use as a photoresist.
"Although the sensitivity of this one-component photoresist is not
higher than that of the classiocal Novolac-diazoduinone systems
.§resently used commercigily, 89 may nevertheless be adequate fo;
~SOme speb?ali;edapplic;tions. Of particular interest is }he
fact that‘it can be\used in the mid and deep. UV (<313 nh)?"where
there i; a-great scarcity of useful mategials. The recent deve-
1opment'ofihigh‘intensity-exbiﬁe; lasers could. also enhance -the

usefulness'g%_this photofesisty
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_;—Nitrobenzaldehyde:Rearggnge?ent
- Preparation of the Polymers: .

., Two generai'methods wete used to prépare polymers such as 69
having pendant o-niﬁrobenzal&ehyde groups; ‘The fifst approach

involved synthesis of the monomer followed by polymerization,
-

while the second involved chémiéal_modification of an existing _

polymer. For both pathwayh, commercially available 5-hydroxy-2-

nitrobenzaldehyde (101) was used, since the phenolic group

~

was eipected to be readily intfoduced_intb . the molecule'By

either nucieophilic displaéement or by addition. The various
reaction- conditions employed were optimized using less costly

pheqpl and p-nitrophenol. . . ‘ , //

(a) Reactive Pendant Groups on Styrene Backbonés:'

"Efforts at introducing the péndant group onto .a sty#ene_

backbone were. concentrated on chloride displaéement from vinyl

benzyl chloride (VBC) in both monomer and polymer. The commer-

cially obtained VBC (Dow Chemicals Ltd.) used in-this work con-

-sisted of a 60:40 miikure of the m- and p-isomers.- Due to the
. . . . :

high tendency of qu to polymerize, low molecular weight model

compounds were also prepared from benzyl chlofidq {102) to aid in

the pptimization of reaction conditions and in the characteriza-

tion of the final polymers.

MCKillop ‘et al.gd ari D'Incan?l haye reported a gengrQI
prqcedﬁre for the syq}hesiéfof alkyl aryl ethers invglving phase
transfer catalysis. Tq;s method was used in the formation of 2-
nitro-5-benzyloxybenzaldehyde (104) as shown in Scheme 29, by

reaction of bgnzylichloride (102) with 5-hydroxy—2-nitrobenhalde-
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hyde (101) usinb Bu,NBr and aquecuS—NaOH. |

Scheme_29 - | o N
== O e Qe
2
1120/@2&2 :
102 ' 101 : ) 104 |

This reaction proceeds satisfactorily despite the inhibitory
‘effects of the electron witﬁdrawing -NO, and -CHO groups on the °

‘*phenolate displacement of chloride. 104 is also cbtained in

4

comparable yield without the use of a phase transfer catalysc by
reacting 102 and 101 with NaOH in refluxing ethan0193. Although
both methods are equivalent, the milder phase tcansfer‘route is
preferred for the\mgﬂffication of the VBC isomeric mixture 105 in
order to minimize uriwanted polymerization in this step.

Using this same general procedure90 91 105 was reacted with

phenol (106), p~nitrophenol (107) and 101 to:éive the ccrrespdn-

ding benzyl phenyl ethers (108, 110, 112) in gcod yield as shown
in Scheme 30. Copolymerizai&oﬁ of these monomers,with styrene

was attempted with varyind degrees of success. In all cases, the

presence of phenollc benzyl ether groups is deleterlous to t:i/// .
i

polymerizations, suggesting_that chaln,transfer processes are

prevalent and ca;se the destruction of the'icitiating radicais.
Greater success wa's achleved by chem1ca1 mod1ficat1bn of a

'styrene VBC copolymer 113. Reaction of copolymer 113 with 101 in

DMF and agueous sodjum hydroxide for 24 hours at 60°C in the dark

(see Scheme 31} gives the cerresporiding copoly (styrene Ziaitfo;‘

e

-
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S5=-(m & p-vinylﬁgnzquxy)benzaidehyde)) (114) with no reméining

VY chloride.

Scheme 31
—fosa—tfa,-cg— —fon,-orfon, e
.6 1.0 aa) Naom _ . . 1.0
101 > -
DMR, A :
113 CH2C1 - 114 $H2
. o)

~

\'Tbe changes in the IR spectrum of the‘chemically medified polymer

are shown in Figure 17.. .

] ) . 1 ' 5 , - ' ) )
Figdre 17: IR Spectral Changeét for the Chemical Modification of ’
a VBC-Styrene Copo%ymer with 101

e . .
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Attempted reactions at room temperature in the presence of a
phase transfer catalysﬁ such as Adogen'464 were.unéaccessful. '
(b) Reactive Pendant Groups on Acrylic Backbones: | N |
. Two basic approaches were éfoposed for the introduction of _
o-NBA pendant groups into an acrylic chkbone. The first invol- -
ved add}tién §f the phenﬁlaté'of 101 to the epoxide rings of a
monomer or polymer of glycidyl.methacrylate. The Other.proposed
method involved nuclfophilic.displacement of a labile leaving
group'. | ) | Q : F : _'i-
. M&suhara et 31.94 have ;eported‘the epoxide ring opening of.
gig#idyl methacrylate (115) by phénoLaEe addition in'the presence
of triethylbenzyl ammonium chloride (TEBAC) at 85°C to give.z-
.hyd?oxy-3-phenoxypropyl methacrylate (116). Monomer 115 was
-reacted with phenol (106), p-nitrophenocl (107) aﬁd 101 under
these same reaction conditions, as shown in Scheme 32, with
varying degrees qf succéss. In the case of phenol ;dditfon, a.
reasonablg }ield of monomer 116 was obtained (61%). However, the
additiqn of the substituted phenols 107 and 101 to glycidyl"

-l

methacrylate was much less efficient {17% and 0%), with an uncha-
4

racterized polymeric mass being the major product. In.thé.case
e ‘addition of 101 to monomer 115, complefe coﬁversion to

polymer SEcured, wit@ipg rgmaining starting material or expected

pgoduct 118 visibie by TLC. Reducing the reaction temperature to

r the amounts of polyméric'products'ob-

'70 or 50°C did not 1§
tained. A
This)difference in ‘the] proportions of prodlcts obtained can .

be attriputed primarily tq the relative nucleophilicit? of the




. . -
Scheme 32 ,
. <
coocnzce-cn2 '
N o _ ) ‘
//" 115 - -
> TEBAC TEBAC TEBAC '
- 10 >< | 107
EHB | " cny
CH,= | 1§ CH,=C
COOCH, CH-CH, cu, . €00 H,CH- cn2
OH O OH O
61% CH=¢
' COOCH..CH-CH
1le 270 2 119
118 OH O :
- A " ' . .
17% o
AIBN . 2.
CHO AIBN A
= * e BRI
COOCH, CH~CH, COOCH  CH~CH,
OH O
9.
117
N




‘ B

[

-

'"‘pnenols.' Since the phenolate of 106 is the strongest nucleophile
of the three, its addition to the epoxide ring would be expected
to be the most facile. The presence of the g}ectron-withdrawing
-NO, and -CHO substiouents on the aromatic ring of the phenolatesA
of 101 and 107 results in a reduced nucloopbflicity, thereby
slowing the rate of the reaction. In turn, the pfolonged feac—
tion. times required for these phenolates to.react with the epo-
xide allow for a more effec;ive competition of the side reaction

which results'in the observed,pol¥merization. ,rﬂ; difficulty in
roacting 101 with‘lis is compounded by the possibility'of‘o-
nitrobenzaldehyde copolymeriéotion in q.basic nediuhgs.

Attempts at the modification‘ofucopoly-(glycidyl methacry-
late-methyl methacrylatei {molar fatio 1.0:1.6) were made with'
little success using the following reactlon cond1tlon5° NaH/THE:
(CH4) 3COK/THF; aq. NaOH/TEBAC, and pyr1d1ne/DMF. .

\ The second method proposed for the introduction of o-NBA
~pendant groups into an acr;Thc backbone was by‘ uclecophilic
displacement of a halide or tooylate.‘ 2-Tosyl ethylhkbthacrylate
(121) was prepared by the clossical procedure, as outlined by,
Pailef et al.26, 2-Chlorcethyl methacrylate (122) was prephred
in good yield by the esterification of methacrylic acid with 2?L'
chlo.et:hanol by the method of Askarov et al. 97 |

Using the procedure of Md%1llop et al.go, halide 122 was .
reacted with pﬁenoliundor phase transfer conditions_to give 2-
phenoxyeknyl'methacrylate (123) in 56% yield; TéSYlate 121 and
phenol,wére‘reacted with anhydrous K,CO3/18~crown-6 in DMF to

give 123 in comparable yield (see Sgpeme 33). - 7
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Scheme 33 E ’ : - L :
CH . N - . + M m
73 S phase E‘r_ansf_er 3
c32=cl: + 106 — : — cnz-—_-<|:
) cpocazcn_zx ~atalyzed coocaz-cnz-o—©
- } W
121 -0OTos K,CO, 18-crown-6 23
122 -1 aq. NaOH/Bu,NBr .

Carrygng out the_tosyiate displademehzfin the absiece‘of'phase

trans&er'caealyst efforded only'll% of 123 after tﬁo days of -
reaction time at room temperature. Due to the disappo%ntiﬁg

photochemical results obtained for copolymer 114, the éynphesis.
of polymers conteining the o;NPA pendant group was discontinued.

-

Photechemical Studies and Imaging Experiments:

_Due'te its high quantum efficiency -of 0.5, the‘o-nitroben-
.;aldehy&e photorearrangement was believed to be of potential use
for a photoiﬁaging system. Tomika et al.?8 have reported the use
of o-NBA as a photoactive acid-producing compound, in a polyamide
negative photoresist system. In our case, the photorearrangement
was expectea to introduce very polar nitrosocarboxylic acid pen-
dant groups onto-ihe polymer chain. .In turn, this difference in
polarity between the exposed and unexpeeed areas of the film was .
'expected to allow for the formaﬁion of either a positive'o£§§-

: / .
negative imagg upon development in a suitable solvent
o x. .

Since copolymer 114 is only soluble ‘in solvents s{ich as DMF
and DMSO, whigh absorb strongly in the deep UV, solutio photo-
.chemical studies could not be performed. Films were cagt dnto
NaCl and quagtz wafers;from'DMF solJtion, allowing thelsolid--

state fllm study of copolymex'114. UV irradiation of a quartz
‘ ] 2

'/ ' | “
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wafer results in a Eathoghromié shift; in the-CstﬁtSO;ptioq from

324 to 342 nm. This shift corresponds to the conversion of the

'CHO to COOH groups. This 6bservatioh is also made upon irradia-

tion of the low molecular weight aﬁ§log 104 in methanol.
uv irr#didiién of films of copolymer 114 results in the IR
changes shown in Figure 18. VThf._a £ilm was exposed to a total dose.
of 2.16 J/cm? (unfiltered light) with’IR~sp§ctta'pécorded at
regular intervaié. After exposdyre to 166 mJ/cm?, a new carbo- -
xylic acid C=0 band is observed aiong with the othe.r bands.e'xj.p'ec—
ted for the 2-nitroso-(5-(m &Ip)-vinylbenzyloxy)bgﬂ%bicja%id-
(124). Further irradiation, is_acgompanied by thélappééténée of
a strong band a§r1574 cT:l'which is due to the formqtron of the-

diazo-bridged crois-linked product (iZS)'(see Scheme 34). A

small amount of unreai;ed 114 polymer ungts remains even after

-
the maximum applied dose. : : ok
_ ,

- —Fen-cilfen,-cifen
. - hv X Y
O-ct,-o{ Oy, ——

Scheme 34

©;

) CHO
. . ?HZ
114 124 O 125
coon COOH

o

!
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Figure 18: IR Spe.ct'ra_l Changes Upon OV Irradiation of an o-NBA
) 'Pendant Group Containing Polymer Film (114). -

(a)

(b)

/a) unexposed_
(b) 166 mJ/cm?2
(c) 333 mJ/cm
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It was anticipated that the occurence of the cross-linktng
'51de-reaction to give 125 might hamper the use of this polymer'
class as a positive photoresist system. Although Barzynski and
Saenger70 have also observed a similar photoinitxated diazo-
‘coupling side react;on upon UV 1rrad1ation of their o_nitroben-
zylacrylate polymer (67) (see Scheme 16), the initial detachment
of the pendant group from the polymer backbone to-give o}nitroso—
benzaldehfde (66) eliminated the possibillty'of polYmet chain
croes-linking.in'the secondary process. Consequently,.positive
~ image development was posslble ffo;J}ilms of pol;mer 6770,

Preliminary lithogr&pqhi tests earried out under aellow
ligh involved casting films of copolymer 114 onto silicon
waferss prebaking for 0, 5 and 10 mlnutes at 100°C and studying
the dissolutlon rate of these itlms in the casting solvent. In
all cases, after 5 minutes in this solutlon, approximately. 50% of
the 1n1t1§¥j%ilm thickness remained." is observation suggested
"that some cross-linking couid be“oce g eden pript to 'expo;
sure" resulting in a reduced solubility tn-tne casting solvent.,
Imaging experiments were attempted, ustng relatively low doses of‘
166 and 333 mJfcm? of unfiltered light to minimize the diazo-
coupling reaction. Poor quallty inﬁompletely,developed negative
images were observed upon. development in a 2:1 n-butyl ace=
tate/CHzclz developer. Attempts_at developlng posltive 1mages_
using either a 5% aqueous NaOH solutiocn or a 5% ethanolic NaOH
solution gave no image development. From these results, it is

apparent that the cross-linking slde reactign to give units of

-125 proceeds even at low dosage to give high mplecular weight

. - . i . . * -



‘ polymer-networks;’that ovefrfde the»systems.differential polari-
ty. thereby preventing the development of a positive image."
cOnsequently, the only potential that” the o-nitrobenzaldehyde
pendant group polymer system‘eay have. is as a negatiye photore-
sist. Since the inherqnt problems with thfs system lie exclusi-
vely in thé pendant _group, the synthesis and testing of this

class of polymers were, discontinued.
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B-Bean Degradable Hethyl Hethacrylate Analogs

,Preparation of the Polygers' . .

Methyl a-(trifluoromethylacfylate)_monomer (MTFMA) (129) was

prepared by a modificatien of the method of Buxton etﬂal.gg. as

outlined by Ito et al.;7 (Scheme 35).

Scheme 35 ’
oH CH,0H S OH . -
* 3 Y o P . [ i} - ~t
CF, 9 CH, — > CF3—e CH;
CN 277 H2°Y4 . , ?=0.
' - . OCH- 27
126 \ ] 3.
_ (cH3co)2o N(Et)3
“\\a . . -
-DMAP CH,C1,
- .¢
$F3 pyrolysis.' , ?COCHB'
ca2=l — cr3-$—en3 ’
: C=0
120 -§7° o TP s
OCH, - OCH,

pyridine

high vacuum

R e g,

COOCH3 COOCH3 COOCH

130 - 131
Direct methanolysis of l,l}l-trifluoreacetone cyanohydrin (126)
‘glves methyl a-~hydroxy-a- (trlfluoromethyl) proplonate (127) in
good yield. Treatment of 127 with acetic anhydrlde, trlethyL”

amine and 4—(d1methylam1no)-pyr1d1ne in methylene chloride gives



b
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‘methyl u-a;etoxy—u-(trifluoroﬁethyl).propionate (128), Hhich'upon

'perIysis afforded the  MTFMA mpnomer7129£ Apnionic homopolymeri-

;ation of monomer 126 undeE vacuum wi&h_pQ;idine as ébidgnt/cata-
lyst'gave_;easonable yields of pﬁly—(méthyl g-trifluoromeihgla~
crylaée) (PMTFMA) (130)17r' Free-raé;ca{ polymérization of.mono-
mer 129 with methyl metha;rylate%hsing benz?gl.peroxide‘as ini—‘
tiatogﬁhf;%rds“cépoly-(methyl afgrif;uoromethylacrylate @ethyl
methacrylate) (P(M?FMA-HHA)) (131a)17, ’

The classical copo%ymerizatibn study on MMA and MTFMA repor-
ted by Ito et ai.iz.shgws'that at very high MTFMA feed content, a
copolymer with.essenfrélif 121 alternation can be produced, and

that copolymers with greater than 50% MTFMA cannot be obtained by

- this proceqsré. The lack of polymeriZability of MTFMA under

“radical initiation is explained in terms of the low reactivity of

the monomer with a PMTFMA growing chain radical. However, as
mentionned above, anionic polymerization of the monomer gives the
"r

desired homopolyﬁer 130.

G-Value Study:

. . . )
The effect of a-substituents on the scission efficiency of
polyacrylates has been studipd extensively by Pittman, Helbert

12-16, p review of their work leads to the conclu=-

and cowprkers
sion that strongly inductive electron withdrawing ae-substituted

polyacrylates show increased scission efficiency (Gs),qelative to

" poly={methyl methacrylate) (PMMA): Unfortunately, in all the

homopolymer analogs reported to date, an increase in the cross-

'linkfng efficiency (Gx) accompanies the increase in Gs. In some

cases, the overall effect of this substitution has been to gene-

v
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rate a negaiive resist14:15,

»

The generally.accébte& pathéay proposed by Hiraoka? for the

'main'chafh degradation of PMMA under high energy exposure invol-

. ves the generation of a tertiary radical on the polymer main

chain followed by B-scission fSch@me 3). The presence of an

electron withdrawing substituent in the tﬁbosition would serve to

stabilize the initial backbone radical,” as well as the tertiary -

radical which is generated upon chain cléévage.. The expected .

enhanced stabilities of these radicals would explain the' increase

’ . « -~

in Gs observed.
Figure 19: Gs and Gx versus Mole % of MFA in MFA/MMA

N Copolymers

0O 20 40 60 80 100
< Mole % MFA ‘
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'The most thoroughly'studigd PMMA -analpgs with inductiveiy

withdrawing a-substituents are ;he.poly-(alkylhaloacrylates);‘

Pittman et al. 100 have shown that the a-fluoro substituent in 13:'
‘\.T

has an especially dramatic effect ‘on both Gs and Gx. This 1s

illustrated by a plot of Gs and Gx as a function of the mole
fraction of the u-fluoro monomer inh MMA copolymers (Figure 19L
At low 1ncorporation the Gs value increases drastically with
little or qp‘compétxngrlncreas; in Gx value. As the molar ratio
of "the a-fluorp monomer apﬁroachés one, Gx increases rapidly as
ds decreésesf rgsuiting in the preéominénce of crosslinking at
moderate ﬂo;es. This croaélinking tendency is probably brought
about as-‘a result of dissociative electron capture with the

elimination of HF, leading to unsaturation in the polymer.

backbone "as shown in Scheme 36. ) . .
Scheme 36
' e
| F " F g F F
L\— 2 o 2 ; Py . . ET 7 L 2 |
$=o, $=o . : H C=
- ) l
OCH,  OCH, OCH,
132
. - €
T ‘V—E-CH=C-CH -C+
: i 2
'$=O $=0
OCH3 OCF3

The resulting unsaturation in the polymer backbone can lead to

the-enhanced Gx observed by Pittman et al. 100 for homopolymer



130. The strongly electron withdrawing a~tkifluoromethyl sﬁbstié
tuent of monomer 129 in polymers 130 apd 131 was expected to
incfease Gs to a value greater thén that of PMMA with Gx=0, since
there are no hydrogens 8 to the fluorine substituents capable of
participating in the elimination reaction.

Samples‘of PMTFMA and cop'f).lymers of MTFMA and MMA were
subjected to 60¢cq y-radiolysis with monitoring of® their molecular
weights, From this data, Gs and Gx values were established as a
function of polymer copfosition using standard analy‘tical me -

thquloz. and are shbwn in Figure 20 along with copolymer results

reported by Pittman et al.l3

migure 20: Gs versus Mole % MTFMA in MTFMA/MMA

Copolymers
4} i
P Sl
» ~
e ES
3 A ,‘ ~ . i
/ ~
GS m/
2 @ -+~
/
§
11 @ From Pittman et al.] .
0 L—
0. ' 0.5 : 1.0

Mole ‘Fractionvof MTFMA in Copolymer

"
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The data indicates that Gs for homopolymer 130 is greater than Gs
for PMMA, and that Gx cannot be measured. The abseﬁqp of a Gx

component for homopolymer 130 supports the suggested HF elimina-

tion crosslinking pathway which was proposed for homopolymer 132.

Since some copolymers of MMA and MTFMA have higher Gs values than

either of the two homopolymers (see Figure 20), it was proposéd
that aﬁ MMA-MTFMA dyad may be more radiolabile than either an
. MMA-MMA or MTFMA-MTFMA dyadl®l. Further efforts to justify_these
obsérvations were not undertaken.

Imaging Experiments:

The fact that the Gs values of homopolymer 130 and cbpolymer
131 are.higher than that of PMMA suggests that for samples of
these polfme;s having cohparable molecular weight and aiSPersity.
a developer solvent system éilowing imagihg of polymers 130 "and
131 at lower e—%eam doseé'than PMMA could be found. Although the
deveioper search was not exhaustive, high_resolution images for
both homopolymer 130 and MMA copolymer 131 were obtained. Figure
21 shows scanning electron micrographs of images in PMTFMA pro-
duced in 1 um tﬁick films at 10, 15 and 20,}JC/cm2 at 20 KeV,
Similarly., Fidure.22 shows scanning electrén micrographs of i-
mages in 0.38/0.62lP(MTFMA—MMA)‘copolymer films at'20 )JC/qm2 at
20 Kév. These images were obtained at doses well below the 50-

fOO_pC/cm2 Qorking dose required for standard pMMal,

"
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Figure 22



EXPERIMENTAL
General Procedures: ° . \\. . -

The FT-IR studies were carried out using a Nicolet MX-1~
spectrometer.. _Quaqriiative PT-IR studies were carried out using
the‘quantitgtive software backage supplied with the MX-1l. The 14
NMR ;pectra‘were taken on a Variaﬁ‘model §H360A spectrometer. uv
spectra wére run on a Hewlett-Packard Uv-visible spectrophbtome-
ter. Molecular weight determinations were perfbrmeq én a Waters
Model ‘150 Gel Permeation Chromatograph ‘equipped with 6:micros;y-
ragel columns u31ng THF as the mob11e phase and on a Wescan Model
231 record1ng membrane osmometer wzth toluene as solvent. Selu-
tion photochemistry was carried qut in a 500 mL Hanovia reactor
equipped with a water-cooled quartz insert, and an unfiltered 500
watt mercury arc source. Polymer solutlons of the various sam-
ples Qissolved in appropriate~high“boiling solvents were filtered
throuéh a 0.2 um Millipore filter under yellow light. Polymer.
films were cast onto NaCl, quartz disks and silicon wafers, using
a Headway Research Inc. spin-coater with 1" diameter chuck. Deep
UV imaging experiments were carr1ed out on silzwoh wafers usxng
contact exposure through a quartz "Wicked" mask. Film th1ckness
measurements were carried out using a Talystep Profilométer.
Solid state irradiations were carried out using an Optical Asso-
riates Inc. (0.A.I.) deep UV source. The £1lux waé ﬁeasured using
an 0.A.I. model 354 exposure monitor and accompanying 254 nm
probe. 60co, Y-radrolyses of sgmples were performed at the Natio-

nal Bureau of Standards, Washingtbn, DC. Electron beam irradia-
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tiong were carried out at the IBM.San Josg Research-Labo;:Fogy.
imaéeg were viewed qnd‘ph?tograghgd u§ing a %eiss light micros--
cope with polaro%ﬁ photoattachment, and/or - an électron micros-
cope. _ (
Photo:?ries Rearraﬁgenent | ’ - ‘ 6'
éregaration of p-Acetoxystyrene (74):

This pompound'was pfeparedgﬁy'a modification of the proce-
dure of Corson et a1.71; To a stirred solution of 56.77 g p-
hydroxyacetophenone (71) in 490 mL of 7.5% agqueous NaOH cooled in
an ice bath was added 77.89 g acetic_anhydride-duf?ng 25 minutes.

A white suspension formed as the mixture was stirred at 5 - 10°C

"for one hour. The suspension was filtered, washed with water and

dried in the vaduum oven overnight. Recrystallization from ethyl
acetate yielded 52.50 g of the desired infermediate, p-dcetoxya-

cetophenone (72). To 250 mL of methanol was added the 52.50 g of

72 and 3.00 g of Pd-cqrbon catalyst. Hyérogenation under 380 psi_

of hydrogen resulted in the formation of a single product, ag
seen by TLC‘using an 8:2 hexane/ethfi acetate mixture as eluting
solvent. ‘The.catalist was removed g; ﬁiltration through celite.
and washed wifh méthanol. Evaporation'Qf thelcombined filtrate
fractions gave crude p-acetoxyphenylmethylcarbiﬁol (73} which was
added to 0.44 g t-butyl catechol and'0:44 g fused KHSO, in a
distillatign apparatus. The mixture was heated slqw;y to 190°C
under a 20 mm Hg vacuum causing distillati&n of ,a colo:leés
liquid. The distillate was diluted in ether, and the mixture
extracted once with a Siaqueous.NaCOé solution and once with'a

saturated CaC12 solution. The ethereal solution was dried over

—
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anhydrous CaClz, and solvent evaporated. Fractional distil-
lation of the ‘crude re idue ga 31‘0a3i(46%) of p-acetoiysty-
rene (74) (b.pa69-72°C/0.5 mm n , 1it. 73-759C/0.6 mm Hg’1).

T

FPT-IR (NaCl, neaq):, 1765 cm 1 (;;, C=O'e§;er); 1631 cm~} (m, C=C

vinylic); 1212, 1195 & 1014 em~! (s, c-0 ester).

lg Néﬂ.(CDC13):' 2.138 (3H, 8; -CH 3)e 6.9@6 (2H, d,'afbﬁatic,
J=8.5 Hz), 7.345'(55, d, aromat1c, J=8 §-§z), AMX pattern for

,viﬁyl protons witﬁ 6A=5.15,_ M=5. 59, 8§ y=6.51 with Jam=1.2 Hz,

JA',;=‘11.0‘- Hz & TJuyx=17.0 Hz.

M. S.: m/e 162 m¥*), 120 (base peak C8H70H)/ 43 (CH\GO—J 27

. (CH,=CHY),

Polymérization of 74:

(a) Solution Polymerization: .

' 9.95 g of monomer 74 and 0.0997 g AIBN were added. to 60 pL

“~ . ~2

of toluene in a 100 mL 2-necked round-bottomed flask equiﬁped

with a water-cooled condenser, nitrogen inlet and outlet. The

e

mixture was heated to 70-759¢C ﬁnder nitrogen for 24 hours. Pre-
cipiéétion of the polymeric solution in methanol and-subﬁsquent
filtering and washing with additional methanol gave a white
powder. Drying-in ‘the vacuum oven overnight at room tempefature,
afforded 5.46 g (55%) of poly-(p-acetoxystyrene) (PACOST) (75L
((75a: M_=1.17 x 10%, ¥,=2.06 x 104, polydispersity=1.76 (gpc);
M.=1.85 x 104 (osm)): (75b: M_=6.30 x 103, M =1.38 x 104, PD=2.17
{gpc); Mn(osmométry)=l.19 X 104)]. (spectral data'lisged below)
({b) "Bulk Polymerization: | -

To 7.45 g of monomer 74 in a 50 mL round-bottomed flask

. ; ™~ . :
equipped with water-cocled condenser, nitrogen inlet and outlet

I
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was added 0.0691 g (1) azobisisobut;ronitrne {a1BN). Thomix—

.ture was heated at. 75°C for 24 ‘-h/ours undér a constant flow of
nitrogen. Th solid polymeric mass was dissolved im CH2C12 and
precipitated in methanol. The polymer we‘ts filtered, wasped with_ \
. methanol and dried 'ih a vacuum oven overnight at room tompora--
ture. 5.80 g of poly-{p-acetoxystyrene) (PACOST) (7‘5c) was ob--‘

' tained for a 78% yield. I L{psmometry)=1.78 x 1043

FT-IR (KBr): \1761 em~1 (vs, €=0 ester); 1218, 1206 & 1017 cm -1

(vs, C-O ester), 846 em~! (s, C-H p-disubst. Qromatic)_. f‘\~/

UV Spectrum (1 um film): 234 nm (cut-off), 265 nm (A=0.41), 271 ~
(A=0.35). . : <
ly NMR (CDCl3): 1.03-1.97 § (3H, bm, CH,-CH ), 2.196 (3H, s,

-%83), 6.23-7.136 (4H, bm, ;.arornatiic).

13c NMR_(CDCl3): 21.25 (q, -CHj), 40.018 (d, o-CH), 40.1-49.4
(bm, B—Cltz), 1‘21.95 (122.6, 4, aromatic C3a), 129.36 (127.0, 4,
aromatic C2a), 142.36 _(14§_.7, s, aromatic Cla)?148.75‘(149.1, S,

aromatic C4a).

Preparatzon of p-Nitrostyrene (77)

p—Nltrostyrene was prepared by a modification of the proce-
hY

dure of Broos and Anteunis’? as follows. 36.33 g p-nitrobenzyl
b‘r:omide (76), 441.59 {triphenyl phosphine and 160 mL of chloro-
form were added to a 500 mL 3-necked round-bottomed flask -equip-
ped with ; condenser, and nilt:rogen inlet and outlet.\The mixture
was refluxed for two hours, and then poured into ether resulting
in the precifiitation.o the p—nitrobenzyltriphc‘e_ry p_hosphonium

bromide salt. Washing the salt twice with ether, followed by

filtration’and drying in the vacuum oven overnight af.Eoz_'déd 80.90

-
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g of péoduct. A solution of 44.6 g of Eddiﬁm carbonate in 140'mLL
of water ﬁas'slowly added to a 3-hequd 1L roﬁndrﬁdttomea flask-
containing a stirred suspension of the salt in 400 mz éf 35@
agueous formalaehyde solution. The reaction mixture was stirred
for four hours at room temperature, and then extracted twfée’ﬁzth
200 .mL 6f ether. The ethereal portion was extracted once with
water; and twice‘with brine. Drying of;the'organic phase ‘with
MgSO,, followed by filtration and solvent.evapofatioﬁ on the
flash evaporator gaveé aﬁ orange residue. Separation by silica
gel column chrométdgraphy using™a é:l hexane/ethyl ‘acetate mix;
ture as eluting solvent Yieldéd 19.65Lg (78%) of'p-nitrbstyrene
(77).

FT-IR (NaCl, neat): 1597 cm™! (vs, C=C aromatic); 1514 & 1344
em™ 1 (vs, NO,); 990 & 926 em™! (m, ménosubst. alkene).

1y NMR (CDC14): - 7.455 (2H, d, aromatic, J=9.0 Hz), 8.096 (2H, 4,

" aromatic, J=9.0 Hz), AMX pattern for vinyl protons with 6A=5.41f

4=5.84, 6¢=6.73 ppm with Jay=1.0 Hz, Jpy=10.6 Hz, agd Jp,=17.0

Hz.

. | :
Preparation of p-Acetamidostyrene (79):

¢ . LY

p-Acetamidostyrene was prepared by a modification of the
procedure reported hy Boyef’ahd A1u173; To a solution of 21.00 g

77 in 225 mL of reagent grade acetone was added 15.00 g ammonium

cbloride in 60'mL of wate®. The reaction mixture was heated to
/;eflux, and 45.00 g of zinc dust was slbwlﬁ\adgzd. After reflu-

xing the mixture for an additional 40 minutes, the’ zinc was

- ~

removed by vacuum filtration, and the remaining orange solution

concentrated to about 90 mL. .The concentrate was slowly added to

J ; : ' ‘
N :
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a 250 mL round-bottomed’ flask contg%ning 15.90 g of potassium
acetate and 16.50 g of acet1c anhydride with cooling in an ice
bath“ ;fter complete addltlon, the mixture was allowed to react
at roomltemperature for 45 minutes. Pou:ing the’mixture.in 4bp
mL-bf water gave a yéllgw precipitate; .Reérys;allizaiion of the
crude product in ethyl acetate, with drying in the vacuum oven
for 24 hours afforded 13.08 g (60%) of p—acetamidost}rene {(79)
(m.p. 132.59C, rit. 1349¢73), .

FT-IR (KBr pellet): 3287 cm™! (m,.NH):~1661 em~! (vs,‘c=0 a-
mlde), 1625 cm™? (s, C=C v1ny11c), 1599 cm -1 (vs, *C=C aromatlc),
1512, 1541 cm =1 (vs, N- H & C- N of 20 amide); 906 ecm~! (s, mono-~-

subst. alkene), 843 cm~! (s, p-dlsubst. aromatic).

~lu NMR (05013)- 2:135 (30, s, ~CH3); 7,276 (2H, d, J=8.2 Hz),

7. 446 {2H, J 8, 2 Hz, ardmatlcﬂ , 7.878 (IH, bs, N- H), AMX pattern.

for vinyl protons with %35 15,8 y=5.59, and §x=6.64.ppm with

JAM—]. 5 HZr JAx-lo 6 HZ, and JMx-].? 2 Hz- .
Mo S.: m/e 161 (M%), 119 (base peak, CgH,NH;), 43 (C,H;0%), 27

e

Solution Polymerization of p-Acetamidostyrene: .

Into a 3-necked 100 mL round-bottomed flaék equipped with
condenser and nitrogen inlet and dutlét, was dissolveq 3.59 g of
monomer 79 in 75 mL‘tolueﬁ;.. 0.0393 g AIBN was added, and the
reaction stirred for 24 houfs'at 729C under nitrogen. A heavy
white suspension formed during the po;yﬁerization was dissolved
bys addition of DMPF to the’reaction‘mixture: Precipitation!in

ﬁqthanol'éave a yellow precipitate. The polymer was washed with

methanol, and dried in the vacuum oven overnight at 65°C to give

i
»
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2.54 g (71%) of polye(p—acetéﬁidostyrgné) (80) containing 8.41% N
(6.00 meq N/g-P). 80 was insoluble in methylene chloride, aceto-

nitrile, dioxane, ethanol and soluble in only DMF and DMSO.

.

PT-IR (KBr pellet): 3299 ecm~! (m, N-H); 1667 em™! (vs, C=0'
amide); 1602.cm-1 (vs, C=C aromatic); 1536 & 1514 cm~! (vé, N-H &
C-N); 832 em™1 (m, p-disubst. arohatic).

13c NMR (DMSO-d6): 23.926 (g, -CHg), 119.145 (118.6, d, aromatic
C3a), i27.456 (126.0, d, aromatic C2a), 136.836 (137.1, s, aroma-
fic C4a), 139.815(142.7, s, aromatic Cla), 168.02§ (s, C=0 a-
mide). | .

‘ - -
Solution Copolymerization of Styrene and p-Acetamidostyrene:

/A mixture of 1.30 g of styrene, 1.96 g of 79, 15 mL of

ethanol, and 0.0208 g AIBN was loaded into a 50 mL three-necked

round-bottohed flask equipped with condenser, and nitrogen inlet .

and outlet. The mixture was stirred under nitrogen at 76°C for

]

¢
f

v

48 hrs, diluted with tolu;ne and precipitated in ether., Washing \

with ether and dryiné the product in the vacuﬁm oven overnight at
room temperature gave 2.09 g (64%) of a pélx—(p—acetamidostyreﬁe
styrene) copolymer (81) containing 6.10 %N (3.77'meq N/g-P) for a
molar ratio of 0.61:0.39. Copolymer 81 was:insquble in methylene
chloride, dioxane, tetrahydrofufan and acetonitrile, sliéhtly
soluble in ethanol and toluene, and‘very solyble in DMF.

FT-IR (KBr pellet): 3302 cm~} (m, N-H); 1668 cn~! (vs, c=0
amide); 1602 c¢m~! (vs, C=C aromatic¢); 1536 and 1514 cmfli(vs, N-H
& C-N); 832 cm~1 (m, p-disubst. aromaticf:‘761 § 701 em~} {m,

monosubst. aromatic).
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Preparation cf p-Tolyl Formate (83):

| This compPQnd was prepared by a modification of the proce-
dure of SteQQQS'and van Es’4.  12.80 g of forﬁic acid was slowly
added-to 28.30 g of acetic énhydridé so aé to keep the feaction
mixture below 45°C. The formic acid-acetic anhydride mixture
(F.A.M.) was hgated to 45°C for 1 hour and then cooled to room
temperature. 15.00 g of p-cresol (82) and 0.10 g pyridine were
added to the cocled mixed anhydride soluti?n and the combined
mixture stirred in the dark-at roomltemperafure for 48 hours.
The acidg and anhydrides were distilled off under high vacuum at
a temperature below 50°C. Fractional distillation of the remai-
ning residue gavé 15.66 g (83%) of p-tolyl férmate (83) ( b.p.
75°C/10 mm Hg, lit. 62-63°C/3 mm Hg'd). . ' .
FT-IR‘&NaCI, neat): 1762 & 1742 c&li (vs, C=0 ester}); 1195, 1170
13 ;109 em~! (vs, C-0 ester).
'H NMR (CDCly): 2.348 (3H, s, -CHy), 6.9 (2H, d, aromatic,
J=7.9 Hz), 7.1568 (2H, d, aromatie¢, J=7.9 Hz), 8.195 (1lH, .s,
OCHO) . - | |

M. S.: m/e 136 (M*), 108 (C,H,0H), 29 (CHO™).

Preparation of p—Formx;oxyacetophenone (84): .

"An F.A.M. was prepared by combining 2q.30 g formic acid with
45.12 g acetic anhydride as outlined for the preparation of 83.
After cooling the mixture to room temperature, 40.00 g of p-
hydroxyacetophenone_(71?_and 0.%0 g of pyridine were added. The
combined mixture was séirred in the da}k at room temperature for

24 hours. Distillation of the green reaction mixture at 5 mm Hg

left a red residue which crystallized in the freezer overnight.

s
7
.
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47.05 g (96%) of crude p-formfldxy;cetophénone (84) Qas.dbtainéa;
BI-IR (KBr pellet): 1767 &.1742 cm =1 (vs, =0 ester); 1675 cm L
(vs, C-O ketone). 1269, 1200, 1168 & 1107 em~1 (vs, C -0 ester).
lﬂ NMR (CDC13): 2.536 (3H, s, —COCH3). 7.168 (2H, d, aromatic,
3=9.5 Hz), 7.978 (2H, d, aromatic, J=9.5 I:lz.r), 8.265 (1H, s,
~OCHO) . ' |

Attempted Reduction of 84:

5.00 g of crude 84 was dissolved in 25 mL of reage;t grade
methanol and 1.17 g- NaBH4'i A'TLC obtained after twé hours of
stirring .at room temperature indicated the absence of any remai-
ning starting maggrial. The excess NaBH, was destroyed by addi-
tion of wateé. Rgmovél of the solvent left a white solid. Ex-
traction of the solid twice with water and ether gave a solid
white residue, which when isolated by column chromatography psing

.

a 90:10 hexane/ethyl acetate mixture gave -as mf}p/EZOduct 3.24 g

‘of p-hydroxyacetophenone (71)(m. p. 107°C).

1y NMR (CDC1 3); 2.566 (3H, s, -COCH3), 5.128 (1H, s, =OH), 6.926
(2H, d, aromatic, J=8.0 Hz), 7.828 (2H, d, aromatic, J=8.0 Hz).
Separate experiments using catalytic hydrogenation (Pd/C) gave
the same result. ‘ |

Preparation of p-Hydroxystyrene T186):

17.85 g methyltriphenylphosphonium'bromide in 10 mL THF was
combined with 12.01 g potassium t-butoxide at room temperature
under No» 6.10 g of p-hydroxybenzaldehyde (85) was added while
maintaining the reaction temperature below 25°C. Afﬁer cone hour
of stirrﬂng the reaction mixture was poured into 50 mL of ice

hater‘and extracted with ethyl acetate. The agueous phase was
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rac1d1£1ed to pH 4 and re-extracted w1th ethyl acetate. Evapora-
.tion of the solvent gave'la 60 g of a 11quid re51due. A silica-
gel column using a.6.4 he§ane/ethyl acetate mixture as eluting
solvent gave 5.02 g (83.6%) of pufe'p-hydroxysfyrgne (86) ‘having
am p. of 71-73°C ( lit. 69-70°¢69),

FT-IR (KBr péllet): 3383 cm'l(s, 0—H);1;29 em™! #m, Cc=C viny-
lic)s 1261 & 1255 cm™) (s, C-0 alcohol).

.IH NMR (CDC13): 5.10 6 (1H, s, -OH), 6.86¢ (ZH; d, éromatic. J=8.0
Hz), 7.35¢ (2H, 4, arohatil, J=8.0 Hz), AMX paﬁ;ern for vinyl
protons with'6,=5.16/ 8,=5.62, 64=6.66 ppm, with J,,=0.75 Hz,
JTax=11.0 Hz & Juyx=18.0 Hz,

13¢ NMR (CDCl4): 110.79 6 (t, <GHai, 116.306 (116.0, &, aromatic
C3a), 128.376 (127, 9,d, aromatic C2a), 130.716 (130.7, s, aroma-
tic.Cla), 137.?46 (d, -CH), 158.37§(154.5, t, aromatic C4a).
M. S.: m/e 1204M*, base peak), 27 (C{,=CH*). .

Preparation of p-Formyloxystyrene (87):

4.30 g of formic acid was combined‘with 9.54 g acetic anhy-
dride as outlined in the pfeparation of 83, After cooling the
mixture to room-temperature 5.20 g of 86 and 0.15 g pyridine were
added. The mixture was stirred in the dark for-3 days. A TLC .
obtained of the crude reaction mixture using an 8:2 hexane/ethyl
acetate mixture indicated the reaction had gone to completion.
Remov;l of the acids and anhydrides at low temperature under
vacuum left a yellow residue whigh upon fractional distillation
gave 5.19 g (B81l.0%) of p-formylgxysfyrene (87) (b. p. 83°C at 3
mm Hg).

'FT-IR (NaCl, neat): 1763 & 1739 cm™! (vs, C=0 ester); 1631 cm~1
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{m, C=C vinylic); 1298, 1194, 1170 & 1105 cm -1 (vs; cJo ester).
15 R (CDC13): 6.988 (2H, d, aromatic, J=8.6 Hz), 7.3%% (2H, &,
aromatlc, J=8. 6 Hz), 8.17 (1H, S, -OCHO). AMX pattern for vinyl
protons w1th 64=5.17, 4= 5 63, &=6.55 ppm with Jau=1.0 HzZ,
JAX=1°'6 Hz & JMX=17'0 Hz. _ _

. S.: m/e 148 (M%), 120 (base peak, CgHqOH), 29 (HCO®), 2
(CHp=CHY).

Polymerization of p-Formyloxystyrene:

6.11 g p-formyloxystyrene (87) and 0.0652 g AIBN were com-
bined in a 25 mL round-bottomed flask equipped wiEh an air cooled
condenser and N, bubbler, and heated at 80°C overnight. The ;
resulting Qoiymeric mass was dissolved in THF and precipitated in
petroleqm ether. Repeated washing, followed by drying of the
polymer 6vernight in a vacuum oven at room temperature yielded
4.85 g (79%) of poly-(p-formyloxystyrene) (89a) [M,=1.09 x 104,
Mw=1.65 x 104, polydispersity=1.51.(QPC)] {spectral dat; listed
below). '

Férmylatlon of Poly-p- (hydroxystyrene)

The F.A.M. was prepared by comblnlng 3. 87 g formic -acid with

8.54 g acetic anhydride as outlined for the preparation of 83.

" 4.50 g of pol}-(p-hydroxystyéene) (88) was dissolved in 30 mL Qf
THF and added along with 0.10 g of byridine to the F.A.M. The

reaction mixture was stirred‘in the dark at room Eemperqture for

3Qzays. The mixture was p;eciéitated'directly into water, fil-

tered in a suction filter and washed four times with water.

Drying 'for 48 hours at room temperature under wvacuum gave 4.99 g

(90%) of poly-(p-formyloxystytene) containing a small number of

&
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}emaining pP-hydroxystyrene unifs. [(89b: M_=1.65 x 103, Hw=4.7§
x 103, polydispersity=2.87 (gpc); (8‘9c: M,=1.80 x 104,'Mw=_4.1‘o x
104, polydispersity=2.2§ {gpc)T .
FT-IR (KBr pellet): 3424 cm~! 1w, O-H); 116II& 1738 em™! (vs,
C=0 ester); 1205, 1169 & 1107 cm™? (vs, C-0 esfef)ﬂ

UV Spectrum (1 um film): 241nm (cut-off), 266 nm (A=0.39), 272
nm (A=0.36), 286 nm (A=0.12). '

'H NMR (CDCl3): 0.91-2.24 (3H, bm, CH,=CH), 6.23-7.24 (4H, bm,
.‘aromatic); 8.22 (1H, s, -0OCHO). .i _ .

13c NMR (cDC14):  40.0-49.5 Abm, CH,-CH), 121.82 (122.6, d,
aromatic C3a), 128.64 (127.0, d, aromatic C2a), 142.92 (146.7,
s, aromatic Cla), 148.01 (149.1, s, aromatic C4a), 159.44 (s,
-Co0-). . | '

Preparation of Phenyl Methacrylate (91): s

This compound was prepared by a modification of the proce-
dure of Sumrell et al.8l ag follows. 43.00 g of methacrylic acid
(89) and 59.50 g of thionyl chloride were added’to a 250 mL 3-
necked flask equipped with a condenser and exit tube connected
to a gas absorption tréﬁ. Evolution of bubgles of sulfur dioxide
and hydrogen chloride was immediately observed. The solution was
refluxed at 85-90°C for 1.5 hours to generate methacryloyl chlo-
ride (90). The orange coloured solution turned red upon cooling
to room temperature and addition of 47.00 g of phenol. The
reaction mixture was heated for 1 hour at 95°C after which time
the bubble evolution had ceased. The mixture was extracted with
water and chloroform. Dryiﬁg of the chloroform layer with anhy-

drous magnesium sulfate followed by filfration and solvent evapo-
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ration gave a yellow residﬁei A TLC obtained using an 8:2 he-
iahe/ethyl acetate solution as the eluting solvent ;ndicated the
formation of a major fast-moving producé as well as a non~moving
spot at the origin. Separation by silica gel cglumdﬁéhrpmétogra4
. phy using a 9:1 hexane/ethyl acetate solution as eluting solvent
afforded 36.25 g (45%) of phenyl methacfylate (PMA) (;1).

FT-IR (NaCl, neat): 1737 em~l (vs, €=0 ester); 1638 cm™! (m,
vinylic C=C); 1199, 1164 §.1129 em~ 1 (vs, C;O ester), 747 & 690
em~ ! (m, C-H monosubst.‘aromatic).r _

1y NMR (CDClq):. 2.048 (3H, s, ~CH,), 5.708 (1H, s, vinylic trans
C-H), 6.338 (14, s, vinylic cis C-H), 6.84-7.59¢ (5H, m, aroma-
tic). | o |

M. S.: m/e 162 (M%), 94 (CcHOH), 69 (base peak, C4H50"), 41
(C3Hs™). . 8

Polymerization of Phenyl Methacrylate:

A mixture of 8.48 g of 91, 0.0857 g of AIBN and 50 mL of
toluene was placed into a‘2-necked.100 mkﬂréun¢-bottomed'flask
equipped with a water-cooleq condenser, and nitrogen inlet and
outlet. The polymerization was allowed to proceéd at 75°C under
a constant nitfogen flow for 24 hours. After this time, the
thick reaction.mixture was precipitatéd in methanol. The white
precipitate obtained was washed tﬁree times for 30 minutes and
dried overnight at room Eemperature in the vacuum oven. 7.60 g
(89%) of poly-(phenyl methacrylate) (PPMA) (92) was obtained.
l[(92a: M, =7.10 x 103, M,3.47 x 104, polydispersity=4.90 (gpc);
M_losmometry)=1.90 x 10%), (92b: M_=9.40 x 103, M= 1.52 x 105,

polydispersity=16.§ (gpqi;‘Mn(osmometry)=2.05.x 104]
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Ef-IR~(KBr'pe11et):' 1747 cm ]'(vs, c=o ester)\1273, 1192, 1163
& 1106 cm~1 {vs, C~-0 ester), 752 & 687 em~ 1 (m, C-H monosubst.
aromatic). . .‘ -

UV Spectrum (1 um £ilm): 228 nm. {cut-off), 260 nm (A=0.30), 266
.nm (A=0.21). '

&

1y NMR (CDCl3): 1.16-1.835 (3H, bm, ~CHj), 2.00-2.876 (28, bm,
~CHy~), 6.87-7.476 (5H, bm, aromatic H's).

13c Nur (cpe1s):  18.22 6 18.24 5 (2 triplets, -CHj), 45.73
45.9168(s, aC), 50.50-56.50 4 (bm, -CH,-), 120.985 (122.50, d,

. . . ;
aromatic C2a), 125.89% (126.5, 4, aromatic Q4a), 129.498 (129,50,

d,{aromatic C3a), 150.548 (151.5, s, aromatic Cla), 174.86,

175.47 5 175.856 (3 singlets, c=0).

Preparation of Methacryl Anilide (93):

Methacryl an111de was prepared by a modification of the
procedure of Patai et al1.82, 43.0 g methacrylic ac1d and 61.00
g thionyl chloride were added to a 250 mL 3-necked round-bottomed

flask equipped with a condenser. The reaction-mixture was re-

fluxed for 2 hours, and then cooled to room temperature. The °

crude methacrylo?l chloride (90) was slowly added with an addi-

tion funnel to a mechanically stirred solution of 95 mL aniline
and 250 mL toluene in a i L 3-necked flask. A white precipitate
formed upon addition of the acyl ehloride. Mechanical stirring
was continued for an additionel'Z hours. Removal of the precipi-
tate by filtration, and concentration of the filtrate yielded an
orange residue which crystallized upon cooling. Recrystalllza-

tion from hexane, and subsequent drying in the vacuum oven over-

night yielded 42.04 g (52%) of methacryl anilide (93) (m.p.

ﬁ:
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84.59C, lit. 850¢82), | . |
'PT-IR (KBr pellet): 3657 & 3295 cm~! (m, N-H); 1658 cm~! (vs,
C=0 amide); 1621 em-1. (s, vinylic C=C); 1542 & 1527 cm~} (s, N-H
& C-N of 2° amide); 1244 cm~! {m, trans amide 1inkage): 391 em~1
(m,gem.diédbst.alkeneh ’ -

1y NMR (CDC13): 1.935 (3H, s, -.C'H3). 5.27 § (1H, s, vinylic trans
C-H), 5.656 (14, s, vinylic cis C-H), 6.73-7.63§ (5H, m, aroma- |
tic), 8.17 § (1H, bs, -NH).

M. St m/e 161 (M*); 93 (CgHgNH,), 69 (C4H0%), 41 (base peak,
C4Hgh).

.Polymerization of Methacryl Ahilide:_ ;
 8.50 g of monomer 93 was dissolved in 80 mL benZene in a 100
ml round-bottomed flask equipped with condenser and nitrogen

-

inlet and outlet. After dissolution of tﬁg monomer, 0.0650 g

AIBN was added, and the mixture was heated at 75°C" for 24 hours.
After about one hour, a white preéipitate started forﬁing in the
polymerization mixture. After 24 hours, the polymeric precipi-
tate ?aé filtered with suction, wéshed with twice with each of
benzene and ether. The precipitate was dissol@ed in chlorof&rh
and precipitated in ether.. Drying the precipitate in éﬁe vacuumeh
oven at room temperature overnight afforded 7.00 g (82%) of poly-
(methacryl anilide) (94) containing 8.68 %N (6.15 meq N/g-P).
(M =1.61 x 10%, M _=1.09 x 105, polydispersity=6.76 (gpc)]

FT-IR (KBr pellet): 3437 s 3354 cm™! (m, N-H); 1680 cm=! (s, c=0
amide); 1524 & 1500 ecm~! (vs, N-H & C-N); 1239 cm~! (s, trans

émide linkage)}.

UV Spectrum (1 um film}: 268 nm (cut-off), 283 nm (A=0.44).
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13¢c MR (acetone-aj):’ 10.50-24.50 & (bm, -CH3), 46.748 (s, a=C),
50.60~60.95 & (bm, ~CH,~), 121.786 (118.5, d, aromatic C2a), 125.06
(122.5, d, aromatic C4a), 129.875 (128.5, d, aromatic :C3a), —
159.126 (139.5, s, aromatic Cla), 175.82¢6 (s, C=0 amide).
Solution Photochemistry'of Poly-(p~acetoxystyrene) (75a): {_
2.576 g of 75a was dissolved in 350 mL of acetonitrile and

placed\én-a 500 mL Hanovia reactor equipped with a water-cooled
quartz finger and 500 watt mercury ‘arc lamp,, condenser and
n1trogen inlet and bubbler‘ The solut1on was 1rrad1ated for a
total of 39.5 hours with hourly aliquot sampllngs. The aliquots
were concentrated on the flash evaporator.. The residues were
dissolved in CH2C12, and films cast on NaCl disks. The wafers
were placed in a vacuum oven at room temperature.for 30 minutes
"to remove trace solvent. FT-IR spectra of these allquots were
used to monltor the progress of the reaction. After 39.5 hours,
the IR data indicated the photorearrangement had gone to about
50% completion. The acetonitrile was removed on the flash evapo-
rator, and the yellow s&rupy residue was disso{ved in CH,Cl,.
Precipitation'in methanol afforded a light fellow powder. Tne
precipitate was filtered, waahed'with additional methanol and
dried ouernidhti}n the vacuum oven at 40°C to give 1.82 g of
polymer (71% recovery). Spectral analysis of the product confir-
ned that it contained botn pjacetoxystyrene and 2-hydroxy—5:.L
vinylacetophenone repeating units in'a.molar ratio of 0.52:0.48
(1H NMR) (95c). [M =4.50 x 10%, M_=3.62 x 105, polydispersi-
ty=8.06 (gpc)]. Speotrai data listed below corresponds to pro-

duct after 39.5 hrs. of irradiation .and intermediate data presen-
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ted in Flgure 4..f' i

PT-IR (NaCi, films): - 3483 cm~l (m, -OH); 176F cm~! (s, C=0
ester); 1642 gm;l (s, C=0 ketone); 1615 em™! (m, C=C aggmatic):
1254 cn~! (s, .C-0 phenol); 1217 & 1201 em~) (vs, C-0 ester); 912
& Béo‘cm'1 (m} C-H p-disubst. aromatic); 874 & 832 cm~Ll (m, C-H

1,2.4-trieubst. aromatlc).

1y NMR (CDCl3):  0.97-1. 1776 (3#, bm,. allylic H's), 2.208 (1.571,

s, -CHy ester), 2.316 (1.43H, s, -CH3 ketone), 6.17-7.036 (3.75H,
bm, aromatici. | |

i3C NMR (CDCiS):' 21.60 6 (q, ~CHy ester), 26,538 (-CH5 ketone),
40.438 (d, o-CH), 40.0-48.506 (m, B-CH,), 118.34¢ (115.8, d,
aromatic CSb),'122.066 (122.6, 4, aroﬁatic C3a), 122.176 (124.9,
S, aromaﬁic C3b), 129.326 {(127.0, d, aromatic C2a), 129.756
(129.6, d, aromatic C2b), 135.44s (133.7,' d, aromatic C6b),
142.23 8 (146.7, s, ar tic Cla), 148.756 (149.1, s, aromatic
C4a),160.518 (e, C—O£?5169.305 (s, C=0 ester), 204.624(s, C=0

ketone).

Solid-State Photochemistry of Poly-(p-acetoxystyrene) (75b):

A 35% solution of PACOST (75b) in diglyme was prepared.

1.10 um thick films en NaCl diske and quartzlwafers were obtained

by spin-coating at 2000 rpm for 30‘seconds. Trace solvent was

removed from the films by prebaking at 100°C for 30 minutes.

The films of 75b eere exposed using an unfiltered 500 watt OAI
x

deep UV source, with the output measured using a 254 nm probe.

The quartz wafers were exposed to doses ranglng from 0 to 18.6

-J/cm with UV spectra recorded at regular intervals. A parallel

FT-IR study was. also carried out for doses between 0 and 2.94
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J/cmz. Spectral datafconfirmed the formation.of a p-acetoxysty- -

rene 2-hydrpxya51yinglaéetophehone copolymer (96). Quantitative
FT-IRVinberpretation was used to evaluate the relative propor-
tions of the starting and photorearranged 'polymer units as a

function of exposure dose.
. . )

FT-IR (NaCl, 1.26 um film, dose=2.94 J/cm?): 3483 cm™! (w, -OH); "~

1764 cm~ 1 (s, Gio,gster): 1643 em~ ! (m, C=0 ketbnei:.1615-dm'1

(w, C=C aromatic); 1254 cm~l ('w, C-0 phenol); 1217 & 1201 cm™~!
(vs, C~O ester); 912 & 846 cm~! (m, C-H p-disubst. aromatic); 836
cm~1 {m, C-H 1,2,4-trisubst. aromatic)

OV Spectrum (1.10J4m, dose=3.10 J/cm?): 238 nm (cut-off), 256 nm
(A=1.63), 271 nm (A=0.79), 287 nm (A=0.95}, 540 nm (0.55}.

Solid-State Photochemistry of Poly-(p-acetamidostyrene):

. Spin-coating a 20% solution of poly-(p-acetamidostyrene)

(80) in DMF onto NaC) disks or quartz wafers at a spinfspegd'of
2500 rpm gave 0.9:um thiﬁh\polymer films. ?race solv;nt was
.removedrfrom the\ films by é\;o minute prebake at 100°cC. The
films were exposdd to unfiltered deep UV radiation, with the
ougput measured'using a 254 nm probe. Films of 80 were exposéd
to doses ranging between~0 and 3.16 J/cmz. No chgnge was obser-

ved in the IR spectrum upon irradiation.

Solution Photochemistry of p-Cresyl Formate:
C

2.50 g of 83 whs dissolved in 325 mls of spectral grade -

methanol (cut-off 215 nm) and irradiated in the Hanovia cell. fhe

reaction was monitored by .TLC using an 8:2 hexane/ethyl acetate’

mixture as eluting solvent. After four hours the reaction was

terminated and the solvent removed on the flash evaporator to

c‘l’--
®
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givg a. syrupy residue. The presencé ;E a non-mobile polymeric
component waéiéiso visible on TLC. Coiumn-chromatdgfaph} usiﬁa
hexane as the eluting solvent gave 0.r2§g[(4.a%) unreacted ﬁ—
cresyl formate and 1.70 g'(SB%)'p-cresdl (82). Spéc;rgi daga
confirmed p-cresol as the maior product. |
FT-I# (NaCl, neat): 3329 em~1 (vs, b—H),_1235 ‘c:m'.1 (vs, C-0
phenolic). i . - o
1y [NMR (CDCl3): 2.265 (3H, s, -CHs), 5.438 (1H, bs, -OH), 6.688
(2H, 4, aromatic, J=9.0 Hz), 6.986 (2H, d, aromatic, J=930 Hz).

-

Solution Photochemistry of Polyf(p-formyIOXystyrene):

2.0 g of poly-{p-formyloxystyrene) (89b) was dissolyed in
300 mls of spectral grade acetonitrile, and the solution irra-
diated in the Hanovia apparatus. Small aliquots of the  irradfa-

@

ting polymer solution were withdrawn at regular intervals and
concentrated by solven£ evaporation oﬁ a‘flash’ev;pofatorf 'Poiy—
mer films were.coated onto NaCl disks, and dried in the vacuum
oven at room temperature for 20 minutes. 1In this ufay, t:ﬁ.e 'photo—
chemical reactio% was monitored by FT-IR. The irradiétion was
continued for a total of 14 hours, however no further significant:
changes were observed after 5 hours. Spect£a1 data of Ehe.polyr .
mer.obtained after Ehe 14 hou?s of irradiation‘indicated ;lhost
exclusive conversion to poly-(p-hydroxystyrene) (88). ‘[Mn=5.50'k
102, M,=1.26 x 103, polydispersity=2.29 (gpc)] '

PT-IR (NaCl, film): 3416 ;m'l (s, O-H); 1730 em~! (w, C=0 es-
ter); 1651 cm™1 (w, C=0 aldeh&de): 1219 & 1171 em~! (ﬁ, C-0
phenolic). .

1y NMR (acetone-dg): 0.65-2.236 (3H, bm,  CH,~CH ), 2.958

%
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(14, bs, ~-OH), 5.85-7.008 (4H, bs, aromatic).
13c NMR (acetone-dg): 35.50-49.605 (bm, B-CH,), 40.408 (d, a-CH),
115.64 § (115.9, d, aromatic C3b), 129.275 (127.4, d, aromatic

C2b), 137.515 (141.4, s, aromatic Clb})}, 155.808 (153.0, s; aroma-

tic Cdb). .
’ -
Solid-State Photochemistry of Poly-(p-formyloxystyrene):

A 10% solution of poly-(p-formyloxystyrene) (89c¢) in diglyme
was prepared under yellow light. The polymgr solution was spin-
coated onto NaCl d{irs and quartz wafers #o as to obtain 1 um
thick f£ilms. The films were prebaked for 30 minutes at 100°C on
a hot pléte. Theufilms were exposed to unfiltered deep UV doses
of 100, 300 and 1500 mJ/cm? as measured by the 254 nm probe of
the exposure monitor. The progress of the_photochemistry was

”

monitored by both FT-IR and UV spectrophotometry. The spéég}al
déta obtained indicated almost complete bonversioh to poL;-(p-
hydroxystyrene) {(88) after the 100 mJ/cm'i dose.‘ 

FT-IR (NaCl, film): 3414 em™! (s, 0-H); 1727 e¢m~! (w, C=0 es-
ter); 1652 cm-l (w, C=0 aldehyde); 1219 & 1170 cm~} (s, C-0
phenélic). ‘

UV Spectrum (1l um film): 241 nm (cut—off),‘iGG nm (A=0.52), 276

nm (A=0.59), 286 nm (A=0.41).

Solution Photochemistry of .Poly-{phenyl metﬁacrylate):

2,109 g of 92a was dissolved in 300 mL of freshly distilled
dioxane having a UV cut-off of 225 nm.” The solutioh was placed
in éhe Hanovia UV reactor and irradiated as outlined for the
solution photochemistry of_PACOSI. Aliquots of the reaction

mixture were*withdrawn for a total &f 56 hours at regular inter-
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vals. The aliquots Wefe evépo;ated on the flash evaporator at a
temperature of 45°C and dissolved in CH,Cl, for film coatlng onto
NaCl dlSkS. Solvent was removed by placxng the f11ms in the
wvacuum oven at room temperature for 30 mlnutes. After 10 hoursv
of irradiation very litfle subsequent change in the IR was obser-
ved: The reaétion was monitored for a total of 56\hours. The
irradiation was termlnated and the dioxane removed on the flash
evaporator. The syrupy residue was dlssolved in CH,Cl, and
precipitated in petrolegm'ether. Washing of the polymer in
petroleum ether féliowed by filtration and drying of thé polymer
0vé;night in the vacuum oven at room temperature gave l.44 g
{69%) of a copolymer containing both phenyl methacrylate'and the
-hydroxyphenyl ketone rearranged product (54b) 1n a molar ratio
of 0.75:0.25 (}H NMR). [after 56 hours, [=8.40 x 102 M, =3.00 x
103. polydispersity=3.57 {(gpc)} Figure 9 illustrates 'FT-IR spec-—
tral data for 98 at different timgs during the irradiation.
Listed below are the spectral data-for 98 after 56 hours of deep
qv irradiation.
PT-IR (NaCl, film): 3384 cm~} (s, O-H); 1749 cm™! (s, C=0 es-
ter}; 1626 cm”; (m, C=0 o-hydrexyketone);'lﬁos cm'l1 (m, C=C o-
sﬁbst. aromatic); 1222 & 1120 cm_1 (s, C-0 phenol); 1192, 1163 &
1106 cm™! (s, C-0 ester).
1y NMR (CDCl): '0.50-‘1.Q76‘(3H, bm, -CH4), 3.10-4.135 (2H, bm,
—CHz—); 6.20-7.6168 (4.70 H, bm, aromatic).
13¢ Nm;‘(cnc‘13)= 18.00-22.808 (bm, ester ~CHj3), 24.586 (s. o-
hydroxyketone -CHjy), 46.0168 (s, estéra -C), 51.20-56.40 4§ (bm,

CH2), 66.596 {s, o-hydroxyketone a-C), 115.336 {115.8, 4, aroma-
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tic C6b),. 120.288 (121.2, d, aromatic C4b), 121.256 (124.9, s,
aromatic C2b), 125.845 (126.5, &, aromatic C4a), 129.528 (179.5,
d",‘\ aromatic c3'a),' 136.4056 (134.1, d, aromatic CS5b), 150.658
(151.5, s, aromatic Cla), 155.93¢ (155.5, s,/ aromatic Clb), |
163.00 &6 (bs, C=0 ketone), 175.60-178.00¢6 (series of sharp sin-.
glets, C=0 ester). ; : T C : | .

l1d-State Photochemlstry of Poly=-{phenyl methacrylate).

A 25% solutidn of 92b in d1g1yme gave 1. OIJ.Im th1ck fllms on

_NaCl disks and quartz wafers when spun at 8,000 rpm foryQO se-
: ; T

 conds. The films were prebaked and exposed as outlined for

PACOST (15b/. The quartz wafers were exposed to doses ranging
from 0 to 18.6 J/cm?2, with UV spectra recorded at regular in;ef—
vals. fhe NaCI-wafers were exposed to doses ranging between O
an¥ 2.94,mJ/cm2.v Spectral daté confirmed the formation of a
copolymef containiné both methyl methacrylate and the o-hydroxy-
phenyl ketone rearrangéd product units. Quantitative FT-IR in-
terpretation was used to gvaluate the relative ppoportions of the
startinbland photorearranged polymer units as .2 function of
exposure dose fér terpolymer 99. Spectral data liséea below
corresponds (3 the £ilm at theflndicaﬁed doses.

FT-IR (NaCl, l.Oi_um film, dose=2.94 J/cm?): 3433 cm~l (w, =-OH):
1749 cm~1 (vs, C=0 ester); 1663 cm™ 1 (w, Cc=0 p-hydroxykgtone);
1626 cm~ L (W, C=O‘q—hydroxyketone); 1221 em~} &w{ C-0 phenol):

1191, 1163 & 1105 cm~ ! (vs,-C-O ester).

UV Spectrum (1.01 um, dose=3.10 J/cm?): 235 nm (cut-off), 261 nm
(A=1.84), 330 nm (A=0.74).
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Solution Phoéocﬁeﬁi#try of Poly—(methacryl anilide):
. 2.01 g of 94 in 350 mL of dioxane was irradiated in a
Henovia reactor as outlined for the solution photéchemistry of
92a} Aliquots of the reaction mixture were withdrawn at regular
gn{érvals.during the 55 hour irradiation period. concéntrateq’and
..coated onto NaCl wafers as described for PPMA. After 8 hours,
very'liEtle further rearrangemént was observed. After 55 héurs,
the photolysis mixture was concentrated to 50 mL on the fiasﬁ

evaporator and precipitated into petroleum ether. Washing the

-, precipitate twice with petroleum ether and drying in the vacuum

1

»

oven overnight afforded 1.63 g (81%) of a copolymer containing
primarilj méthacryl anilide, with a small amount of the o-rear-

ranged product (100). [éfter 55 hours Mﬁ=8.39 X 1q2, My=1.39 x

Il

) 103, polydispersity=1.65 (gpc)] Listed below are the spectral

results for 100 after 56 hours of deep UV irradiation.

FT-IR (NaCl, £ilm): bands seen for 94 as well as 3362 cm™1 fw,
increase in intensity due to N-H amine); 1654 em~! (ws, €=0
ketone), 1615 cm™l (m, N-H): 1524.c:m_1 {reduced intensity of N-H
& C-N band of 2° amide); 1291 & 1254 em~! (m, C-N aromatic

>amide).

13c NMR (CDCl,): 15.90-33.20 6 (bm, ester & aminoketone -CHg3),

36L0-57.336(bm, ester & aminoketone 8-CH,), 45.936 (s, am{de

arC), 66.49 6 (bs, aminoketone a-C), 115.366 (115.2, d, o-product
aromatic Céb & prroducﬁ aromatic C2b), 121.2768 (d, aromatic
‘Cc2a), 127.1868 (s, p-product aromatic C3b}), 128.158 (d, aromatic

C4a), 129.538(129.5, d, o-produdt aromatic C3b), 130.536 (d,

aromatic C3a), 138.7868 (s, aromatic Cla), 150,738 (149.3, s, p-

,

<



_3, s, oLproduct aromatic Clb),

product aromatic Clb), 155.92§
168.49 (s, C=0 amide). '

Solid-State Photochemistry[of Po}y-(ul acryl Anilide):

A 20% solution of 94 ;;‘ggéljme%gave 0.80 um Ehick films on
NaCl disks and quartz wafers when spun at 3000 rpm for 30 se-
conds. The films were prebaked and exposed as 6utlined for
PACOST (75b). Thefqudrtz wafers wefe exposéd to doses of unfil-
tered deep UV 1light ranging from 0 to 55.80 Jr/cm2 with UV spectra
recorded at regu%ar intervals. - "The NaCl wafers were exposed to
doses of 0 to 2.50 J/cmz. Spectral data indicated the- formation
of only a very smali a%ount of the o-rearranged product. Spec-
tral data listed below corresponds to the film at, the indicated
doses.- t\\w .

PT-Ik (NaCl, film, dose=2.50 J/cmz): (same asrfqr 94 excepé for
the emergence of the following weak bands): 3362 cm'l‘(w, N-H
amine); 1654 em™! (s, c=0 ketone), 1615 cm™! (w, N-H 1° amine).
UV Spectrum (0.80_um, dose=6.20 J/cmz): ‘269 nm (cut-off), 282
nm (A=0.98), 309 nm (A=0.84). |

Lithographic Testing of Poly—(p-acetoxystjrené)'(75b):

A 37% solution of 75b in dlglyme gave 0.97 um thick
polymer films on silicon wafers for a spln-speed of ! 3500 rpm for
BD:segoqu. After a 30 mlnute prebake at 100°C, the films of 75b
wéfeiéxposed to a deep.UV dose of 3.10 J/cm2 through a ﬂicked
mask using a 500'wa£t OAI deep‘ﬁv source, and then posthbhaked at
100°C for 15 minutes. Pattern development was attémpted in

various mixtures of 3-heptanohe, 2-methoxyethylacetate and N-

butyl acetate with little success due to rapid dissolution of the
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-unexposed areas of the film. Dip development for 90 seconds in ‘a

1:1 3-heptanone/isopropanol mixture, followed by an isopropanol

wash gave fully developed images, while reducing the unexposed

film thickness to 0.48_um. The surface of the film was visibly
affected by thensolvent; as shown in the optical micrograph in
Eigure 13. MF-312 and AZ-400K alkali developers were tried.
After 3 minutes in these developers extensive film swelling and
cracking occured without any apparent patﬁern development.

Lithographic Testing of Poly-({p-formyloxystyrene) (89c):

A 15% solution of 89c in diglyme .was used to coat silicon
wafers with a 1.01 _um thick film. After a 30 minute prebake at
100°C, the films were exposed thfough a contact Wicked mask to

varying doses of unfiltered deep UV light, measured with the 254

nm probe of the exposure monitor. For a dose of 100 mJ/cmz, a -

"“¢lean positive image was obtained upon development in a 10:1:1
isopropancl/ammonium hydroxide/water solution for 90 seconds.
Electron micrographs of these high résolutioh patterns‘are shown
in Figure 14. MF—312.wa$ also tried for positive image.develop-
ment. The prolonged development times of up to 600 seconds
required for exposure doses ganging fréom 0 to-308 mJ/crn2 resulted
in loss of film thickness in the unexposed areas of the fiih.
Negative image development of irradiated {ilms of 89¢c was a-
chieved usiﬁg methylene chloride or anisole—basea developers,

dilutéd with hexane. *

Lithographic Testing of Poly-(phenyl)l- methacrylate) (92b):

A 25% solution of 92b in diglyme was used to coat silicon

\bafers at a spin speed of 4800 rpm for 30 seconds with a 0.97 um
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thick f£ilm. The filﬁs were prebaked and exposed thfpugh a Wicked
mask as outlined for PACOST-75b."Films of 92b were exﬁaséd to
doses of 3105 and 7760 mJ/cmz. .Developmgnt was attempted in a
number of solvents. Attempts to use 4-methyl-2-pentanone, methyl
ethyl ketone énd propyl acetate failed_due-to rapid dissolution
of the unexposed areas of the film, without pattern development.
DeGeloément for 15 seconds in 3-heptanone .gave well resolbed
patterns with the unexposed film thickness having been reduced to
0.68 um (see Figurg 15). When attempts were made to use the
commercial alkali based—deveIOpers'such as AZ-400K anﬁ AZ-2401,
patterns remained completely undeveloped after 3 minutes. During
this time extensive swelling, cracking and lifting of the films

occured in these developers.

Lithographic Tg§tiqg of Poly-(methacryl anilide) (94):

A 20% solution of 94.i" digiyme‘gave 1.0um thick films when
spun at a spih speed of 2000 rpm for 30 seconds. The films were
prebaked and exposed throﬁgh a Wicked mask as' outlined for PACOST
(75b). 6,270 ma/cm? and 12,550 md/cm? doses of unfiltered deep
Uv light were used. Development ip methylene chloride, diglyme,
2-methoxyethyl ether and n-butyl acetate caused dissolution of
the unexposed areas. A 2:1 méthylene chIoride/ chloroform mix-
ture gave pértial development of an image fqr the higher exposure
dose only. After LzO seconds in tnis solvent, the uhexposed film
thickness was O.Sfun\‘aqg the expésedlfilm thickness was 0.75.um
giving the image shown:in ?igurérlﬁ. Longer development times in
his solvént caused‘extensive swelling of the pblymer film with

distortion of the patterns.
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o-Nitrobenzaldehyde Rearrangementr

Preparation of "Benzyl Phenyl Ether (103):

This compound was prepared'b§'a modification of the method
of MCKillop et a1.%0 A solution consisting of 0.94 g NaOH, '3.22
g Bu4ﬁBr, and 0.94 g phenol (106) in 50 mL of water was added to
3.17 g benzyl chloride (102) in 50 mL of CHpCl,. The reaction
;as allowed to proceed for l-déy ét_room temperature with conti-
nuous stirring. The 2 phaseé wefe then separated, and the a-:
* queous phase extracted twice wibh 20 mL of CH,Cl,. Evaporation
of the combined extracts y%eldéd a colorless liquid residue. The.
residue was mixed with 50 mL water and extracted twice with 30 mL
ethyl ether. The éthereal solutioﬁ was washed twice ;ith 25. mL 2N
NaOH solutioh, and once with 50 mL briﬁe. A TLC of the -crude
mixture, using-fn 8:2 hexane/ethyl acetate mixture ;s eluting
solvent, indicated the presence of benzyl chlb;ide and another
slower moving component. The ethereal phase was washed with
ﬁa2504, and the solvent removed on the evaporator. Diétillation
at 2 mm Hg gave 3 fractions between 110 and 115°C (1lit. 10S-
108°C, 1 mm Hggz).totaliing 1.32 g (72%) of pure benzyl phenyl
ether (103}, . _ ‘
FT-IR (KBr pellet): 1599 cm-l (s, aromatic C=C); 1247, 1171 &
1030 cm~! (s, C-0~C ether); 744 & 697.cm™1 (m, C-H monosubst.
aromatic). .
1a NMR (CDC13): 4.956 (2H, s,-CHzéol),6.77-7.soa(SH,;n,phenyl
aromatié), 7.356 (5H, s, benzyl aromatic). ‘
M. S.: m/e 184 (M*), 91 (base peak, CqH,%), 65 (CgHg™), 39
(C3H3*). ' ]

I



-117- i

' w

R Pfegaratioﬁ of Z-Nitro;s-benz!10Xxbenialdehxde (10‘){

Method #1: N oA : i

To a solution of 6.33 g .benzyl chloride (102) in 50 mL of
CH,Cl, was édded a solution consisting of 50 mL water, 1.20 g
NaOH, 6.44 g BuyNBr and 3;34,g of 5-hydroxy-2-nitrobenzaldehyde
{101). The reaction was allowed to proceed in the absence of
light for 1 day at room teméerature with continubu; stirring.
The 2 phases)we£; then separated, and the aqueous phase extrgcted'
twice with 30 mL of CHiClz. Evapdration of the combiﬁed extracts
yielded a brownish oil. The oil was boured into cold water
without significant product crystalliiation, and therefore the
water Qés extracted with more CH,;Cl, and dried with anhydrous
Mgs0,. Evaporation of the soivent and seed crystal addition
resulted inlthe formation of cryétafs. Recrystallization from
isopropyl ether gave 3.94 g (77%) of 2-niFro-S-benzyloxybenzalde-‘
hyde (104) (m.p. 73°C). | '
Method #2:

A mixture consisting of 2.78 g of 101, 2.13 g of 102 and
0.74 g.l'\laOH dissolved in 4.3 mL water and 25 mL ethanol (95%) was
refluxed fo? 8 hours in the dark. The alcohol was femoved on the
evaporator leaving a.dark s§rupy'f§sidué. Upon pouring the
reéidue into 100 mL’of'cold water gith.stirring,:a product crys-
tallized out of solulion.’ The crystals were isoiated by suction
filtration, washed several times with distilled water, and dried
in the vacuum ‘oven overnight. Recrystallization from isoprop}l

ether yielded 2.95 g (61%) of 104 (m.p. 73°C).

PT-IR (KBr pellet): 1697 em~ 1 (s, c=0 aldehyde); 1590 cm~1 (s,
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aromatic C=C); 1514 em~! (s, N=0); 1333 & 1280 cm™1 (vs, NO,),

. 1249 & 1070 cm-l (s, C-0-C ether), 851 en~1 {m, C-H 1,2,4-tri-

subst. aromatic); 753 & 696 cm'} (m, C-H monosubst. aromatic):
lg NMR (cDC13): 5.20.8 (2H, 8, -CHp~0-), 7.10-7.436 (2H, m, phenyl
aromatic C2 &.C6), 7.43 6 (5H, s, benzyl aromatic), 8.164 (1H, d,
phenyl aromatic CS), 10.548 (1H, s, -CHO).

L]

M. S.; m/e 257 (M%), 91 (base peak, CyH,¥), 46 (NO,), 30 (NO), 28

(cO). (
Preparation .of (3 & 4)-Vinylbenzyloxyb nzene (108):

To a solution of 3.82 g of vinyl benzyl chloride (VBC) .(105)
in 50 mL of CH,Cl, was added a solution consisting of 50 mL
water, 0.94 g NaOH, 3.22 g Bu,NBr a;d 0,34 g phenol (106). The
réaction was allowed to proceed for 1 day at room tempefature

with continuous stirring. The 2 phases were then separated, and

.the agqueous phase extracted twice with 20 mL of CH,Cl,. Evapora-

tion pf the combined extracts yielded a yellow.syrup. The resi-
due was mixed with 50 mL water and extracted Ewice with 25 mL
ethyl ether. The gﬁhereal solution was washed two times with 50
mL 2N NaOH solution, once witﬁ 501nﬁ brine, and twice with 50 mL
of distilled water. Drying of the organic phase with anhydnous .
Nazsd4, folléwed by solvent evaporation gave a yellow residue ’
that crystallized upon standing. Recrystallization from methanol
yielded 1.39 g (66%) of a mixture of (3 & 4)—vinylbeniyloxyben;
zene (108) (m.p. 111-112°¢), -

PT-IR (KBr pellet): 1625 cm~! (w, vinylic C=C); 1605 & 1599 cm~—1
{m, aromatic C=C); 1243: 1228 & 1029 cm~?! (s, C-0-C ether); 994‘&

905 cm™! (m, vinylic =CH); 875 cm~! (m, C-H p-disubst. aromatic);
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833 cm™! (m, C-H m-disubst. aromatic); 751 & 690 cm~) (s, -8
monosubst. aromatic).

la Nur (‘cnc13): 5.018 (2H, s, -CHy-0-), 6.82-7.336 (4H, m, styryl
aromatic H's of m- & prisomers), ?.345 (SE,-s, phenyl  aromatic),
AMX p.at':tern for vinyl p_rbtons with §2=5.19, 38x=5.69 and 5-*=6.68
with Jpy=2.0 Hz, Jpy=11.0 Hz & Jyy=17.0 Hz.

M. S.: m/e 210 (M%), 117 (base peak, CoHg*), 91 (CqHq*).

Copolymerization of Monomer 108 and Styrene:

A mixture of 0.515 g of 108, 0,512 g freshly distilled

" styrene, and 0.0104 g of AIBN was added to 5 mL of toluene in a

round-bottomed flask equipped with a'conQenser and a nitrogen

bubbler. The ﬁolymerization was allowed fo proceed at 75°C under

nitrogeh with stirring for 28 h:ahf The reaction mixture waé then

cooled to room temperature apd added dropwise to petroleum ether‘
giving a white precipitate. The precipitate was washed 3 times

with additional petroleum ether and dried in the vacuum oven

overnight ét room temperature. A yield of 0.37 g (36.1%) of

copoly-(styrene (3 & 4)-vinylbgnzyloxybenzene) (109) was ob-

tained. [M;=2.19 x 104, M =3.33 x 10%, polydispersity=1,53

(gpc): M (osmometry)=1.72 x 104] _ |

FT-IR (KBr'pellet)E 1599 & 1586 cm'1 (sh.aromatic C=C), 1241,

1221 & 1171 em~! (s, c-0-c éther), 753 & 699 em~} (s, Cc-H mono-

subst. aromatic). ‘

'3c NMR .(CDCl3): 40.41 & (d, o-CH), 38.50-48.556 (bm, B-CH,),

69.84 §(t, -CHy=0-), 114.796 (114.10, d, 108 aromatic), 120.826
(120.80, d) 108 aromatic), 129.446 (129.50, d, 108, aromatic),

complex éeak'patterns due to the presence of both m- and p-~

L
-



isomers with. peaks at 126.485 (d), 127.516 (d), 134.216 (s),
A45.768(s) |

Preparation of (3 & 4)-Vinylbénzyléxy-p-nitrobenzene (110} :

To a solution of 7 63 g of VBC (105) in 100 mL of C%ZCIZ was
added a solution con51st1ng of 100 mL water, 1. .20 g NaOH, 6.44 g
Bu,NBr and 2.78 g p-nitrophenol (107). The reaction was allowed
to proceéd for 1 day at room temperature with continuous stirring
and TLC monitoring. The 2 phases wefe then separated, and the
agueous phase extracted twice with 20 mL of CH,Cl,. Evaporation
of the-combined extracts yielded a yellow syrup. The residue was
mlxed with 50"mL water and extracted twice with 25 mL ethyl
ether. The ethereal solution was washed twice with 20 mL 2N NaOH

solution, and once with 20 mL brine. Drying of the organlc

phase with anhydrous Na2504. followed by solvent evaporatlon gave

a syrupy yellow residue, Recrystalllzatlon from a hexane/ether

mixturé\x}eided‘4.02 g (79%) of a mixture of (3 & 4)-vinylben-

zyloxy-p-nltrobenzene (110) (m.p. 59-689C).

PT-IR (KBr pellet): 1630 cm 1 {w, vinyi&c C=C); 1517 & 1500 c:m"1

(s, N=0); 1340 & 1298 cm™! (s, NO,); 1250 & 1015 em™! (vs, c-0-C

ether); 992 & 910 cm~! (s, vinylic =C-H); 880 e¢m~! (m, C-H p-

disubst. aromatic); 844 -cm™! (m, C-H m-disubst. aromatic).

1y NMR (CDCl4): 5.138 (2H, s, -CH,-0-), .7.02 § (2H, d, phenyl

aromatic.Cza & Csa, J=10.5 Hé), 6.50-7.646 (4H, m, styryl aroma-

tic H's of m- and p-isomers), 8.14 § (2H, d, phenyl aromatic C3a &
- i : )

C5a, J=10.5 Hz).

M. S.: m/e 255 (M*),117 (base peak, CgHg®), 91 (CoH,T), 30 (NO).

-“
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fCopolymerization 6f Monomer 110 and Styrene:

o

{(a) In Solution-

A mixture of 0. 625 g 110, 0. 512 g styrene, and 0.0130 g AIBN .
was copolymerized in solution as outlined for copolymer 109.
Précipitation.and washing in pétroleum ether gave 0.260 g (23%) g
of poly-(styrene—(i or 4)—styryloxy—p-nitfobenzene) (111a).

(b} In Bulk: 7 | ]

.-To a 10 mL round bottom flask preheated to 75°C, equipped
with\condenser and nitrogen inlet and outlet was added 2.53 g of
monoaér 110 and 1.03 g styrene. After the (3 or 4)-vinylbenzyl-
oxy-p-nitrobenzene had diséol#ed and the mqnﬁmer mixture brought
to temperagure, 0.0378 g AIBN was added. The.mixture was.heatgd
under nitrogen at 75°C for 24 hrs. - After this time the solution
héd become more viscous th;n'originally, but could still be
stirred. *f?ter 48 hrs. at this temperature the polfmerizatipn
was terminated, and a TLC_taken using an 8:2 hexane/ethyl acetate
mixture as eluting solveht. The TLC indicated that unpolymerized
styrene and monomerullo remained in significant quantity. The
pplymer solution was precipitated“énd washed Ehree times in
ether. Drying’'in thé vacuum oven overnight at room temperature
afforded 0.830 g (24%) of copolymer (1l1llb) cont;ining 4.11% N
(2.93 meq/g P) for a molar ratio of 1.0:0.9. [M;=1.93 x 104,
M,=2.84 x 104, polydiSpefsity=l.47 (gpe)]

FT-IR (KBr pellet)' 1608 & 1592 cm ¥ (vs, aromatic C=C); 1513
em™! (vs, N= 0); 1342 & 1298 cm” -1 (vs, -NOy); 1260, 1243 & 1172
em™1 (s, C- O C ether); 856 cm -1 (s, C-H m-disubst. aromatlc), 752

& 701 ¢cm -1 (s, C H monosubst. aromatic).
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13¢ MR (CDCly): 40.5286 (d, u-ca),»sv.sofﬁziiia (bm, 8-CHy),
70.626 (t, -CH,-0-)}, ll4f7§6 {115.0, d( 110_3) matic), 126.418
(125.9, d, styrene aromatic), 141.5768 (140.8, s, 110 aromatic),
163.66 6 (165.7, s, 110 aromatigﬁ} complex peak patterns due to
the présencé of both m- and p-isomeés with peaks at 128.856 (bs),
‘132.‘8’76(5), 135,216 (s), 145.436 (bs). ~

Preparation of 2-Nitro-5-(m & p-vinylbenzylpky)benzaldehyde

——

(112): - : .

To a Solution of 15.26 g of VBC (105) in 100 mL of CH,Cl,
was added a solution consisging of 100 mL water, 2.40 g NaOH,
12.92 g BuyNBr and 6.68 g 5-hydroxy-2-nitrobenzaldehyde (101).
The reaction was allowed to proceed in the absence of light for
one day at room témperature with continuous stirring. The 2
phases were then separated, and the aqueous phase extracted twice
with 80 mL 6f CH,Cl,. Evaporation .of the combined extracts
y‘ielded ayellow oil. The residue was mixed with 50 mL water and"
extracted twice with 50 mL ethyl ether. The ethefeal solution was
washed 2 times.with 100 mL- 2 N NaOH solution, and once with 50
mL brine. Drying of thg organic phase with anhydrous Mgs0,
followed by solvent evaporation gave a syrupy orange?red residue,
which crystallized upon cooling. A double rectystallization from
+isopropyl ether yielded 9.24 g (82%) of a mixture of 2-Nitro-5-(m
& p-vinylbenzyloxy)benzaldehyde (112} (m.p. 66-67°C).

FT-IR (KBr pellet): 1695 em=1 (s, é=Q aldehyde); 1626 em~! (m,
vinylic €=C), 1510 em™! (s, N=0); 1327 & 1282 cm™! (vs, NOy);
1239, 1162 & 1072.<:m-1 (s, C-0-C ether); 997 & 913 cm"l {m,

vinylic =CH}); 863 cm~! (m, C-H p-disubst. aromatic). '
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15 NMR (CBC1y): 5.14 6 (2H, s, ~CH,~0-), 7.01-7.568 (6H, m, phenyl

arﬁmatic C2, C6 & styrfl aromatic H's of m=- &'p—isémers), 8.128 .

- (1H, d, phenyl aromatic C5, J= 9.0 Hz), 10.456 (14, s, -CHO), AMX
pattern for vinyl protons wlth $p=5.26, GH-S.73. Gx-6.70 with

| Tam=1.30 Hz, J,y=9.00 Hz, Iyx=18.0 Hz.

M. S.: m/e 283 (M%), 117 (base peak, CgHg™), 91 (coH5%), 39
(HCO), 30 (NO). o | '

Attempted Free-Radical Polymerization of Monomer 112:

. "'J
1.50 g of monomer 117 was placéd in a foil wrapped 10 mL

}ound—bottqmed_flask preheated to 75%c¢, equipped with condenser .
and:nitrogen inlet and outlet. After thé moﬁomer had melted,
0.0152 g of AIBN was added and thg mixture wés 1eft'tq stir at.
?SOC under nitrogen @n the dark for 2 days. After this time, the
solution temained fluid, and a TLCvoﬂtalned using-an 8:2 he-
xane/ethyl acetate mixture as elutlng solvent 1nd1cated that most
of the monomer remalned, except for a small component that sat at
the origin. Attempted precipitatibn in éther, petroleum ethqr :
‘and methanol failed, further sugéesting that essentiallf nc poly-

merization had occured.

Copolymerization of .VBC and .Styrene:

A bulk polymerization tube was loaded with 6.00.g VBC (106f;‘
6.00 g styrene.and 0.1453 g of AIBN. The contents of the tube
was frozen and thawediunder vacuum three times and then'sealed
under vacuum. The polymetization was carried opt iﬁ an ovén at
80°C for 3 days. The tube was then opened arnd the solid material °
dissolved in chloroform. The pelymer was precipitated and washed

3 times for 30 minutes in methanol and dried in the vacuum oven

”
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at 40°C overnight. A white powdery'polyﬁer weighing 8.10 g (68%)

was obtained which contained 7.1% Cl (2.09 meq Cl/g P). The

‘molar ratio of the poly-(styrene VBC) éopolymer'(113) was calcu-

lated to be 0.64:1.0. [M_=4.54 x 10%, M =9.69 x 10%, polydisper-

sity=2.13 (gpc), M (osmometry)=5.60 x 10 1

- PT-IR (KBr pellet). 1602 cm -1 (m, aromatlc C=C), 1266 cm -1 (s,

CH,-C1), 699 ¢m™ ! (vs, C-C1).

Chemical Modification of Copolymer 113: .

Te;loo mL DMF was added 6.015 g of copolymer 113, 5.789 g 5-
hydroiy-z-nitrobenzaléehYde (101) and 12.1 mL of a 3N NaOH solu-
tioh under nitrogen. The-migture was stirred in the dark, under
ni;rogen'at 60°C for 1 day. Upzn.dropwise additioﬁ of this
sqlution te methanol a yeilow precipitate formed. The polymer
was washed four times wfth methanel until the filtrate was color-
less, and dried in the vacuum overn overnight at room temperature.
7.73 g (BS%) of copolymer 114 was obtained ‘which contained 3.01%
N (2.15 meq/gP), and ‘'no Cl. The modified polymer was only solu-
ble in DMF and DMSO.[Mn=6.87 x 104 (calculated from 113)] C
PT-IR (KBr pellet): 1700 em~! (s, c=0 aldehyde): 1583 cm"l (VS,
C=C); 1330 & 1236 em”~1 (vs, NOZ)' 1232 & 1034 em~! tvs, C=-0-C
ether); 849 cm” =1 (m, C-H p-dlsubst. aromatic); 759 & 700 cm~! (s,
C-H m-disdbsti-arOmatic). A -

UV Spectrum (1.04 um film)i 265 nm (cut-off), 324 nm (A=2.00).

Preparation of 2-Hydroxy-3-phenoxypropyl Methacrylate (116):

Thiéicompound‘was prepared by a modification of the proce-
dure of Masuhara et al.?% 1Into a two-necked 25 mL round-bottomed

flask equipped with an air condenser and nitrogen inlet and

-

.
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outlet was addediS.OO g glycidyl-methacrylate (115), 3.64 g
pﬁenol (106) aﬂd 0.10‘g{of triethylbenzyl ammonium chloride
(TEBAC). | Thelmixpufe was heated to 85 °C and allowed to react
under nitrogen for three hours after which timé a-TLC using a 6:4
hexane/ethyl acetate mixture as éluting solvent, indicated th;
absence of starting'maierial and the presence‘of a slower moving
product. A non-mobile polymeric component was also observed
using this same solvent syétem, The mixture was poureq into
‘ benzene and extraéted twice, with 50 mL of 2& NaOH solution.. The
benzene layer was dried with MgSO, and the solvent eQaporated off
to give a colorless syrup. Column chromatography using a 70:30
hexane/ethyl acetate mixture as eluting solvent yielded 5.20 g
(61%) of pure 2-hydroxy-3-phenoxypropyl methacrylate (116).
FT-IR (NaCl, neat): 3452 cm™? (s, 0-H); 1719 cm~1 (vs, C=0 es-
ter), 1638 em™! (m, c=C vinylic); 1321 em~! (s, C-0 1° alcohol),
1296 & 1172 em~1 (vs, C-0 ester), 1246 s 1046 cm~! (s, C-0-C
ether). B
ly NMR (CDCl;): 1.95 §(3H, s, =-CH3), 2.888 (1H, s, -OH), 3.77-
4.46 6 (5H, m, prole H's), 5.506 (1H, s, vinyiic trans C-H), 6.08B¢
(1H, s, vinylic cis C-H), 6780-7.405 (5H, m, aromatic]).
M. S.! m/e 236 (M%), 143 (base peak, C;H;103%), "94 (CgH som, 69
(base peak, C4H50 )y, 41 (C3H5 ).

Polymerization of Monomer 116:

Into a 15 mL three-necked round-bottomed._ flask equipped with
nitrogen inlet and outlet was added 2.85 g monomer and 0.0285 g
AIBN. .The mixture was heated at 78°C for 24 hours. The solid

polymeric mass was dissolved in CH2C12 and precipitated slowly
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into pétroleum ethef. The precipitate so gbtained_was waéhed
tﬁiqe with additional pé;roleum,é;her, and dried in the vacuum
oven overnight to give a white pol}mer weighing 2.70 g (95%).
Elemental analysis for g and B gave results of 63.82 (64.10%) and
6.83% (6.82%) respectively for homopolymer, 117. o

PT-IR (KBr pellet): 3459 cm~! (s, O-H); 1729 cm~} (vs, C=0 es-
ter); 1297 (w), 1245 & 1047 Cm-l {vs, C-0-C ether); 1173 & 1155
em~} (vs, C-0 ester).

13¢ NMR (CDCl4): 17.788 (bs, -CH3), 30.918 (s, g-CHy), 45.066(s,
a-C), 64.0-72.2 § (m, propyl}C's), 115.096(114.1, d, aromatic
c2a), 121 346(120.8, d, aromatic C4a), 131.235(129.5, d, aromatic
C3a), 158.2§6(L59.9, s, aromatic Cla), 177.57 & 177.744(2 sin-

glets, C=0).

Preparation of.érﬂydroxy-B—p-nigrophenoxypropyl Methacrylate

5.00 g glyéidyi methacrylate (115), 5.38 g p-nitrophenbl
(107) and 0.0890 g %EBKC were combined in a two-necked round-
bottomed flask equipped with an air—cooled condenser .and nitfogen .
inlet and outlet. The mixture was hbated at 85°C for 3 hours
with continuous stirring. Durlng éhls time, the solutrbn became
'vegy viscous. A ILC obtained u51ng ‘a 6:4 hexane/ethyl acetate
mixture-indicated the absence of starting materiak' the bresence
of a slower mov1ng product and an intense polymer1c non-mobile
component. The viscous yellow reactléh mixture was insoluble in
benzene but dissolved readily in CHCljg. .Extractlon with a 2%

NaOH solution followed by drying with MgS50, dnd separation by |

column chromatography usiqg a 10% solutﬁon of etﬁyl acetate in

\

] '
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hexane yielded 1.72 g ({17%) of pure Z-hydroxy-B-p-nitropheﬁoxy-
propyl methacrylate (119).

PT-IR (KBr pellet): 3469 cm™) (m, 0-H); 1713 cm~! (vs, C=0 es-
ter); 1631 em~! (m, C=C vinylic); 1507 & 1350 cm™! (vs, NO,);

1325 em™! (s, O-H); 1299 & 1175 cm™! (s, C-0 ester); 1262 & 1047

v

em~1 (vs; C-0-C ethgr);_ -

1y MR (cDC15): 1.566‘(3&, s, =CHj3), 3.188 (18, s, -OH), -3.90-
.4.516 (6H, mg_propyl H's); 5.608 {1H, s: tfans vinylic C-H), 6.146
(1H, s, cis vinylic C-H), 6.965 (2H, d, aromatic, J=9.0 Hz), 8.164

(2H, 4, aromatic, 3=9.0 Hz). .
M. S.: m/e 281 (M%), 123 (C,H);03%), 69 (base peak, Cy4HgOY), 41
. ' ' .

(C3H:*), 30 (NO).

Polymerization of Monomer 119:

To 10 mL of toluene was added 1.05 g of moﬂomer 119 and
0.0110 g of AIBN. The mixture was heated to 75°C, and left
stirring under(nitrogen for 24 hrs. ‘During this polymerization
period, a polymer-like residue had precipitated'onto the walls of
tﬂe flask. The residue was redissglved upon addition of CH2C12
to the reaction mixture. Evaporation of the solvents gave a
spongy 1igh; yellow residue. The residue was then dissolved in
THF and precfbi;ated in ether. Subéequent washing and overnight
dryiﬁg at room temperature gave 0.80 g (76%) of'polymer (120)
‘contaiqing 4.90% C (4.58%), 55.40% H (55.53%) and 5.46% N
(5.38%). ) .

PT~IR (KBr pellet): 3486 cm~! (s, O-H}; 1730 em~! (vs, C=0
ester): 1513 & 1344 cm™! (vs, NO,), 1299 & 1174 em~! (s, c-0

ester); 1264 & 1034 cm~! (s, C-0-C ether).
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13c NMR (Acetone-dg): 15.618 (q, -CH3), 45.60 & 45.938 (2 sin-

glets, o-C), 66.10 6§ (t, -CH,-0-), 68.24¢ (d, -CH-), 71.066 (¢,

-CH,-0C0-), 115.736 (115.0, 4, aromatic C2a), 126.596 (124.7, d,

aromatic C3a), 142.366 (140.9, s, aromatic C4a), 164.80 686 {165.7,

s, aromatic Cla), 178.14 & 178.32¢ (2 singlets, C=01.

Attempted Preparation of 2-Hydroxy-3-(3-formyl-4-nitrophenoxy)-

propyl Methacrylate (118):
) ") ’ -
1.25 g glycidyl methacrylate (115), 1.62 g 5-hydroxy-2-

nitrobenzaldehyde (101) and 0.0890 g TEBAC were combined in a 10
mL round-bottomed flask equipped with a condénsef\gﬂg)a nitrogen
inlet-outlet. The reactién mixture was heated to 85°C fpr-l
ﬁour, after which time a solid viscous mass was obtained. From a -
TLC obtained of the reaction mixture using a 6:4 hexane/ethyl
acetate mixiure as eluting sol&ent, it was apparent that no'
glycidyl methacrylate monomer remained, although some S5-hydroxy-
2-nitrobenzaldehyde was detectable. An intense non-moQilé spot
at the origin confirmed polymerization had occured. When the
fe&ction was repeated at a reaction temperature of 50 or 70°C,

the same result was obtained.

Preparation of 2-Tosylethyl Methacrylate (121):

A solution of 6.10 g hydroxyethyl methacrylate in 85 mL of
dry pyridine was cooled to 0°C in an ice bath and tfeated Qith
13.41 g p-tosyl chloride. The reaction mixture was placed in the
refrigerator for 39 hours during which time pyridine hydrochlo-
ride crystallized out of solution. The solution was extracted
with ether three times. Extraction of thé combined ethereal

extracts twice with 100 mL of a 1:1 hydrochloric acid/water
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mixture was followed by a 51ngle water extraction. The'ethereal
eolution was ‘then dried over K2C03/Nazso4 and the solvent removed
on the evaporator to yield the crude yellow tosylate oil. The
residue was immiscible in petroleum ether. The tosylate was
purifleﬂ by addition of petroleum ether to the o0il, then slowly
cooling the mixture to -75°C, and decanting off the supernatant.
Removal of the ﬂrace'petroleum ether unoer high vacuum left 10.64
g {(80%) of 2-tosylethyl methacrylate (121). ‘
FPT-IR (NaCl, neat): 1723 cm~} (vs, C=0 ester) 1637 em™! (m, C=C
v1ny11c), 1360 emn~1 (s, s= 0); 1320 & 1297 cm ; (s, c-0 ester),
923, 816 & 772 ecm~! (s, S-0). |
1y NMR (CDC14): 1.86 6 (38, s, —CH3), 2.39 6 (3H, s, tosyl -CHj ),
4.2168 (4H, s, »gHz-CHZ-), 5.498 (1H, s, trans vinylic C-~H), ‘5.966
(14, s, cis vinylic C-H), 7.225 (2H, 4, aromatic, j;B.G Hz), 7.666
(2H, 4, aromatic, J=8.6 Hz),
M. S.: m/e 284 (MT), 155 (C4H;50,°, 112 (base peak,), 91
ﬁC7H7 ), 69 (base peak CyH 50 ), 41 (C3H5 ).

Preparation of 2-Chloroethyl Methacrylate (122):

30.00 g of methacrylic acid, 28.00 g of 2-ohloroethanol,

0.52 g hydrogquinone, 1.50 g Hy50, and 50 mt toluene were loaded
into a 200 mL round-bottomed flask equipped with an azeotropic
side arm and condenser. Ihe mixture was refluxed until 6.2 mL of
water had oeen produced. The two phasfes were separated.and the
organic phase‘extraoted two times with 50 mL of a 5% aqueous
2CO3 solution, folloqed by one extraction w1th a brine solution,

and two. water extractions.' The organic mixture was then dried

with anhydrous MgSO, and the toluene evaporated under vacuum to

w2
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give a yellow resideg. 'Frac;iohal distillation of the crude

~130-
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product gave 22.61 g (54%) of 2—cﬁloroethy1 héthacrylate (122)
(b.p. 56.5-57.5 °C, 5 mm Hg). ° ' N |
FT-IR (NaCl, neat): 1722 cﬁ‘l (vs, C=0 ester), 1639 om~l (s,
vinylic C=Ci, 1324 & 1284 cm™1 (vs, CLO ester), 669 cm'l_(s, c-
cy. - : ‘
1n NMR (CDC13): 1.966 (3H, s, -CH3), 3.695 (2H, t, -CH,-), 4.388
(2H,. t, -CH,-), 5.608 (lh, S, tfans vinylic C-H), 6.146 (1lH, s,
cis vinylic C-H}). . .

M. S.: m/e 148 (M¥), 113 (CgHg0,%) 4 69 (base peak, C4Hg0*), 41
(C3Hg*), 36 (HCL). - |

Prepatration of 2- Phenoxyethg; Methacrylate {123):

(1) by chloride dlsplacement: _ .

0.94 g phenol, 0.60 g NaOH, 3.71 g-of 122, and 0.32 g of
Bu;NBr were added to 50 mL CH5Cl, and 50 mL water in a 250 mL
round-bottomed flask. The mixture was stlrred magnetlcally at

oom temperatu;e for 20 hours. The two phases were separated and

the aqueous phase' washed twice with 25 mL portions of CH,Cl,.

Combining and, flash evaporatlng the organlc extracts gave a clear

colourless liquid. This re51due was dissolved in 40 mL of ether

and t'hen.extracted twice with 25 mL of 2 N NaOH solution and once
with briine. The ethereal solution was then dried with -anhydrous
MgS0,, filtered to remove the drying agent anq the solvent evapo-
rated. Column.chrOmatography of the orude mixture using hexane

as the eluting solvent afforded 1. 15 g (56%) of 2- phenoxyethyl

methacrylate (123)
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(2) bg displacement df.tosylaté in DMF: .-

Td 5 mL of’DHF in a 25 mL B;necked round-bottomed
flask, eqpipped with a condenSer and nitrogen inlet and outlet
was added 0.76 g phenol and 3.30 g anhydrous K2C03. The . suspen-
sion was stirred for 5 mlnutes and then 2. 25 g of 2- tosylethyl
methacrylate was added. Stlrrlng was left to continue for 44
thrs at room Femperéture. A TLC obtained'uéing a 6:4 he-
xane/ethyl acet§te mixture as_élutiég solvent indicated‘the pre~
sence of a new faster moving prbduct in small amounts with mbst
of the starting material remaining. ' The reaction was dumped into
50 mL of water, and extracted four times with 50 mL of 682C12.'
The organic phase was dried with MgS80,, filtered, andrthe solvent

evaporétéQ'leaving a yellow residue’ Isolation by column chroma<-

tography using a 20:80 hexane/ethyl acetate mixture as eluting

~-

solvent gave 0.60 g (10.5%) of 123, i
{3) by‘displécemént of tosylate under phase transfer
conditionsﬁ a |

0.38 g phenol, 5 mL DMF, 1.65 g K,COs, 1.12 g of 2-
tosylethyl méthacrylate were combined wiéh-0.0521‘g 18=crown=-6
and reacted as o;tlined abﬁve. Isolation of the desired product
;as carried oﬁt as outlined above. Column chromatography using
an 8:2 hexane/ethyl acetate mixture as the ‘eluting solvent gave
0 43 g (50%) of 12} _ )
PT-IR (NaCl, neat): 1721 cm~1! (vs, C=O'ester): 1639 em~! (m, c=cC
vinylic); 1294 §"1164 cm™! (s, C-0 ester); 1248 & 1086 em~1 (s,

C-0~C ether); 754 & 692 cm'1 (s, C-H monosubst. aromatic).
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e NMR (CDCl3): 1.93 6 (38, s, -CH3), 4.158 (2H, t, —CHp-), 4.44s
+ .
(28, ¢, 'CH2")' 5.508 (14, s, trans vxny11c C -H), 63096(1H,_s,
cis v1ny11c C-H), 6.67-7.46¢ (SH, m, aromatxc).
M. S.: m/e 206 (M%), 113 (base peak, CgHgO,%), 69 (C4HGO™), 65
+y -
(CgHg™) -

_5011d State Photochemistry of Copolymer 114:

A 20% solution of copolymer 114 in DMF gave 1. 04_pm thick
films on NaCl disks and quartz wafers when spun at 4000 rpm fo;
-30_secpnds. The films were prebaked for 20 minutes at 100°C and
éxpoged. The quartz wafers were exposed to .doses -of unfiltered
light ranging from 0 to 259 mJ/cmz, with UV spectra recorded at
regular intervals. The NaCl disks were exposed to doseé'ranging :
. between 0 and 2.16 J/cm?. Spectral data confirmed the formation
of the rearranged 2-nitroso-5-(m & p)-vinylbenzyloxybenzoic acid
(124) witﬂ some subsequent formation’of the diazo bridging cross-
linked éroduct (125}, and some remaining unreacted monomer. units
of'114. Little further change was observed in the .IR spectra of
the film after the initial 832 mJ/cm2. The IR changes observed
in this study aré shown in Figure 18. |
PT-IR (NaCl,.1.04 um, dose=499 mJ/cm?): 1740 cm~! (s, C=0 carbo-
ﬁylic acid); 1700 cm~! im. c=0 aldehyde);,1574'cm'1 (m, N=N diazo
group); 1516 & 1329.crn_1 (m, NO,); 1493 em~! (vs, R-N=0 nitroso);
1589 em~l (s, c-0 Earboxylic acid); 1234 & 1060 cm™! (s,'C-O-C
eéher).

UV Spectrum (1.01 um, dose=259 mJ/cm2): 268 nm (cut-off), 342 nm
(A=1.98). ‘ |
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Lithggraphlc Testl_g of Copolymer 114.

. While under yellow light, 0.95_nm th1ck films of 114 were
cast onto 5111con wafers froq a 15% diglyme solution using a
spin-speed of'3000.rpm for 30 seconds. Films of 114 were pre-
baked at 100°C for 5 and 10 minutes, and their dissolution rate
in the casting solvent compared to that of an unbaked film.
After 5 minutes time in diglyme, 50% of the f£ilm thickness re-
mained in all three cases. Imaging‘expefiments were attempted
using both 166 and 333 mJ/cm. doses of unfiltered UV 11ght. A
faint dlstorted negatlve image was obtained upon ‘development in a
2:1 n-butyl acetate/methylene chloride developer, although the
films were not completely removed in the unexposed areas of the
fllm.lNo 1mage was obtained upon development in either a 5% -
aqueous NaOH solution or a 5% ethanolic NaOH solut1on. All of
these experiments indicated that some ‘spontaneous crosselinking

reaction occurred even prior to exposure.

»



=134~

— . . . -

E-BéanADegradable Methyl Methacrylate Analogs

Polymerization of Methyl u-1trifluoromethy})acryléte:"

Methyl a—(trifluoromethylécrylate) (MTFMA) (130) was syn-
thhsizea by a modification of the method of Buxton et al.ggﬁ
outlined in a recent publication‘by Ito, Willsoa,‘and-niller17.
Tﬁe monomér was Qplymerized in high;vacuum under scrupulously-
anhydrous conditions using pyridiné‘as catalyst as outlined iﬁ
'the'above publication. Polymerization- of 6;68 g of MTFMA yielded
2.5 g (37.4%) of poly-(methyl "a-trifluoromethylacrylate) (PMTFMA)
(—130).. (M,=1.72 x 104 (osm. & gpc) and M,=2.23 x 10%, polydis-
persity=1:30 (gpc))

Radical Copolyherization of- MTFMA and Methyl Methacrylate:

Radical copolymerizations of MTFMA with methyl methgérylate'
(MMA) were carried_out in bulk with benzoyi peroxide as‘initiator
at 60°C as outlined by Ito et al.l?7 For example, copolymeriza-
tion of 1.30 g MTFMA with 0.39 g MMA gave 0.67 g (40%) of metha-
nol ?nsoluble copoly;(methyl meéthacrylate-methyl o~trifluoromethy-
lacrylate) (P(MTFMA-MMA)) (13la). [M_=1.06 x 10° (osm. & gpc),
M,=2.42 x 105, polydispersity=2.24 (gpc)] The mole fraction of
MTFMA in this copolyﬁer was 0.36 as determined by 13¢c NMR.

Measurement of Gs and Gx for 130 and 13la-d:

Samples of 130 and 13la-d of varying compositions werel
sealed in glass tubes under high vacuum, and were éubjected to
varying doses of 60Co Y—radiolysisf Molecular weight determina-
tion of the irradiated samples by osmometry and gpc, permittéd
the calculation of the Gs and Gx values as a function of composi-

tion. The results are shown in Figure  20.
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E-Beam Lithographic Testing of PMTFMA (130)‘

A 30% solution of 130 in diglyme was prepared. Polymer films'

o

of approximately 1 um in thickness were obtained by depositing a

drop of polymer solutiod onto a silicon wafer and spinning .at
2000 rpm for 30 seconds. The films were preba'ked at 100°C for 30
minutes to remove any remaining solvent. The standard *‘Kyser 5-
Line e-beam pattern, consisting of grouped .and isolated -lines of
varying line widths (4, 2, 1, 0.5, & 0.25 um) was used. Exposure
doses studied ranged between.5 end 20 ch/cmz. Images were deve-
loped by either dip or spray development.

(a) Dip Development: Exposed 1.10 uym thick films of 130

on silicon wafers were developed 1n 3-heptanone at 40°c,. rinsed
_ in isopropanol, ‘and dried in a nitrogen stream. After 1 minute
in the developer, the 10 and 20__;uc/cm2 .patterns _were resolved
down to 1 um, with an unexposed film thickness of 0.95 Jm. The
same patterns were resolved down to a line width of 0.50 um after
90 seconds in the develope'r. After 3 minutes, and a decrease in
film thickness to 0.56 um, the lower dose patterns remained
undeveloped. Observation of the developed. patterns using both
light and electron microscopy indicated the presence of precipi-

tated and redeposited blotches of polymer.

(b) Spray Development: Exposed 1.10 _um thick films of -130
on silicon wafers were spun on a spin-coater at 700 rpm and deve-

loped with a continuous stream of 3-heptanone at 25°C for .the

desired time. Rinsing was started with a stream of isopropanol,'

as the developer flow was slowly reduced, then stopped. The wafer -

was then dried by continued spinning in a nitrogen Stream. After



1 minuté in the developer, the 10 and.ZO:hc/cmz patterns were
resolved down to 0.5_um with' an unexposed film thickneai of 1.05
Juhm- Oqé:development of the higher dose patéerns'occuréd after 1
minute. The 10 pc/cmz'pa'tteths_ were gléarad down to 1 um line
width after a 2 minata development and an unexposed film thick-
ness of 0.95 um. Cleaner patterns were observed with spray
development than were obtained in part (a). Electron micrographs

of the 10, 15 and 20 ,nc/cm images were obtalned and are shown

t
in Figure. 21,

E-Beam Lithographic Testing of P(MTFMA-MMA) (1l3la):

A 10% solutlon of 131a in chlorobenzene gave 1.01 um thick
films on silicon wafers when deposited and prebaked as outllned
above. Kyser S-Line pattern exposures identical to thase out-
lined above were prepared. A 2;5 minute spray development using
the same preocedures as above with a 3:1'hexy1 acetate/3-heptanone
solgtion and isopropanol wash gave resolution of the 15 and 20
;gc/cm2 patterns down to a line width of 1 um. The coéresponding
unexpased £film thickness was 0.93 _um.. Further spraying resulted
in overdevelopment af'the higher-dose patteras and extensive
damage to the unexposed film surface, wlthout resolution of the 5
and 10..1.1c/cm2 doses. Electron micrographs of -the 20_uc/cm2

L]
" images were obtained, and are shown in Figure 22.
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 CLAIMS TO.ORIGINAL RESEARCH

T E @ ' \
- Solid-state photochemical studies_gf‘the phoio-Frﬁes rearran-

.gement.

- Design of novel. photosensitive polymers containing o-nitroben-

zyl moieties. ‘ . .

- Study of the imaging of methyl a -trifluoromethylacrylate .

e-beam resists.
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