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Abstract
RADIATION DEGRADATIOX OF POLYMETHACRYLAMIDE
by
Danjel O'Connor

Advisers: Professors Nan-Loh Yang and Arthur Woodward

The effects of radiation on polymers have been
studied for many years. When polymers are subjected to
ultraviolet light or ionizing radiation, chain scission
and crosslinking are possible,

In the present work the radiation degradations of
several methacrylate type polymers were investigated,

The primafy polymer studied was polymethacrylemide (PlAAm)

with the structure shown below:

. ?H3

CONH,

Ultraviolet irradiated PNAAm yielded a five line ESR
spectrum with 22 gauss splitting which is believed to
arise from a polymeric raaical ending with a methacryl-
amide unit:
CH
—CH5Ce
2

3

iii
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An ESR spin trapping study of irradiated FliAAm with
nitroso-t-butane suggested that the polymeric methacryl-
amide radical and the amide free radical are generated
upon irradiation. A mechanism of degradation of PMAim
was proposed. The amide group is cleaved from the poly-
mer backbone in z primary process. The polymer radical
produced undergoes beta scission to yield the polymeric
methacrylamide radical.

The degradations after exposure to gamma irradiation
for Filiim, a copolymer of methacrylamide (MAAm)-with
methyl methacrylate (MMA) and poly(isobornyl methacrylate)
were also investigated. Molecular weight reasurements
were used to determine radiation G values in events per

100 eV, The G values found are listed below:

1. PMAAM G ~G,=2.05
2. Copolymer (MAim - KMA) G =0.92 G,=0.09

3. Poly(isobornyl methacrylate) G ~G,=2.10

The results obtzined indicate that polymethacryl-
amide is a polymer which undergoes main chzin cleavage
upon irradiation. As such this polymer may have potential
applicability as a positive resist for fabrication of

microelectronic devices,

iv
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sion) in orcer to mavirmize the sensitivity to ultre-
violet 1light or ionizing raediation,., Firally ESR spec-
troscopy and the £SR spin trapping technicue were used

tc detect and identify the free radical intermediztes

b]

sroduaced upen ultreviolet irradiaticn of the polyrmers,

¢

b

he free radicezls identified suggest that chzin scissicn

-]
]

occurs for these polymers,

This investigation should conrniribute not only to the
urnderstanding of the furndeamental processes during the
irrediation degrzdetion of polymers but zlso to modern
electronic itechnnology. leihacrylate type polymers zare
widely used as positive type resistis for eleciron tesan
or rhotolithography. Poly(methyl methacrylate) has been
videly lused for this purpcse. However it is desirable
to develop new materizls with enhanced performance char-
acteristics such as sensitivity and resolution. £4n
efficient resigt would be a contributing factor to the

next breakthrough in conpuier technology.

B. The =Zffects of Radiation on rolyrers

fav}

adiation chemisiry of high rolymers has been a
subject of much interest since it was found that redies-
ticn may mrofoundly effect the behavior of many importiant

cormercial polymers (1)(2)(3).
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Pl

itany studies have bDesn performed on the changes in
chemical structure of irradisted polymers as well as the

resulting changes in their physical properties. Types

energy electrons and ultraviolet light.

There zre two main groups of polymers. Folymers
which crosslink upon irradiation undergo incfeases in
molecular weight due to the fact that branched and net-
work struciures are being formed. Polymers that tend to

degrade Dby chzin scission yield monomeric units and

nown to degrade by chein scission. Gamma

)
ct
}
n
e
5

tha
irradiation of PiMA in vecuo leads to the formation of
several gaseous products including methane, hydrogen,

carbon monoxide znd carbon dioxide. Subsequent thermal
treatment of irradiated PiMA resulted in the Tormation

of monomer. A chain éepolymerization process may be

(oh)

initiated at elevated temperatures by redicals trapped
in the irradiated@ polymer. XSR spectira indicate that a
free radicel with the structure shown below may be ob-

tained from irradiation of PrMA (4).

o
“‘C”%zf“(%'
COOCH3
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The £Sk spectirum of PiiMA after gamra irradiaticn a

300°K is shown in Figure 1.

>

25 G

Figure 1. ESR spectrum of irradiated

P4 at 300°K.

L total of nine lines are seen., 1t was explained that
the aforementioned free radical was in two different
structural conformations, giving rise to a quintet &nd
a gquartet.

The reciprocal weight average molecular weight of
FliM4 increased lineerly with the rzdiation doszge in the
range of one to eleven megarads with G(scission) = 1.65
znd G(crosslink) = 0. Crosslinking is believed to be
negligible in the process. Other polymers that undergo
chzin scission are polyisobutylene ané poly(x-methyl

styrene).

n

In some polymers a controlled Gegree of crosslinking
may prove beneficiazl to the physical properties of the

materials. However too much radiation may cause some

LN
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cC. Llectron Ztcam Lithozraphy

Zleciron bteer litrcsrephy has lecore an irrortent

such as integrated circuits (5). DPolymer coatings are

used &s resists in lithogrepny. 4 resist which becones
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this case must be of the crosslinxing type. DHoth positive

2nd negative resisis have Tteen desizned to maxirize

The liinogrzphic process can be described as follows.

+

A thin film of polymer is coated onto a substrate., Tre
Tfilm thickness ig usually not grezster than five ricrc-

meters, After the sampie is dried the exposure process

is cerried out. 4 mask 1is zpplied to the regions of the
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tfter irradiation the film is develceped, leaving
only certain areas of the resist, The exposed arezs of
the substrate mey be etched and then the resist is re-
roved, The desired ttern of the circuit remains,

TMA has bpeen widely useé as a positive resist for
eleciron bear. exposure (6)(7) This polyrer has a nicgh
resolution but its sensitivity is not as high as tnat of

sore negavive resists., It is therefore desirable to
materials with both hish resolution and
ithocrapny
thacry aride) (PMiim)
aiTi—

cevelop new
good sensitivity for electiron bDeam
In the present studéy poly(mex
iyl methe
irrsdiation with

"S Wlih

ena its ceopcly:men
vestigated as to their benavior upro
ultraviolet light and gemwmma rays. =IZxperime
Lere suggest that ihe aforermentioned rateriels undergo
mein chein degradetion when irradizted
The use of & thermzlly treated Tiiim a2s & pesitive
electron tear resist has teen repcrted (£). TIhis
thermally treated polymer has both intrerolecular and
intsrrmolecular imide bridge The material wes found
to be highly sensitive when irradiated under the electron
veem, Ihe resist regitivity incressed zs the accelera-
ting voltege of the eleciron teem increzsed, Hcle
Gepins of nearly 4200 zxnsstroms coulc bte obleined.
dowever tnere zre rno repcerts in the literature
concerning ihe radietion degraderiicn of ril.im. The

-1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission



]
[o8
@
ct
T
H
Js
15
4]

following study was undertaken in order <
the cnanges in structure of PMAAm after irradiation and

to elucidate its mechanism of degradaticn,.

D. zlectron Spin Resonance zncé Spin Tranping

Z35R measurements may be carried out on peramagnetic
substances, i.,e.,, materials that nave one or more un-
peired electirons. 4An unpaired electron has a nagnetic

moment ¥, When the electronic rcmenis are pleaced in =

megnetic field (HO), the moments split up into two spin

states separated by & certain enexgy 4E es described in
Figure &
.._.E:\J.‘_C T o H
)
H AT T
' 4
~. e
B N
\
e A
lMoment in absence of HO. Moment and Hy-
y S— Spin state 2.
Znergy levels of p in Hg - AZ=n\"
1 -
ﬁ—__.opln state 1
Figure &, Zlectronic moment &#nd nmaznaetic
Tizld,
8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The :rcients rrecaces =zround ihe &irlied na;rnevic
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The =ZSR signzl ray be split into & multiplet as & result
0of this cecurliing. The total number of lines in z multi-

plet cepend on two factcrs namely the number of nucleid
that interact with the unpzired electiron and the srin
guartur numbers of thosc nuclei.

The expected number of lines in a2 multiplet is
2nT+1 where n equivalent nuclei ¢f spin guantum number I
interact with the unpaired electiron. Ior exemrle the
rethyl radical hzs & Ffour line siectrum due to courling
with three ecuivalent jrotons (I=z). The cditertiary-
butyl nitroxide Tree radicel nhas & three line specirum
due to ccupling with the nitrogen 14 nucleus (I=1).
Since free razdicals are usuazlly cenerated urcen
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Spirn trapping studies hzve provec uscful for the
investigation of free radicals by ESR spectroscopy (9)(10).
In a spin trap experiment a short lived, reactive free
radical (R+) reacts with a trapping zgent to yield a
relatively stable adduct free radical which may be situdied,.
The adduct radical may then yieléd information atout the
radical which was initially trzpped. Trapping conpounds
fall into two categories, nitroso compounds and nitrones.
Zguations which describe the trepping process are shown

below:

Re + Trap —— Adduct Radical

Re + RNO ——— R—f}l—R'
(nitroso) ' O (nitroxide)

R, Yo
Re 4+ C::PQ*4?3-————4——e» Fﬁ“—Cf“
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litroso compounds have an acdvantiage over nizrones,
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initial radical., However the nitroso cornpounds do have

~

igsadvantares, Nitrcso compounds tend to exist in a

dirmeric stezte which is inaciive as a itrepping zgent.
Uliraviolet 1irsnt must be used tc dissociate the dimer,

ompounds witnh the formation of urndesired radicels, The

most comron cowround for trapping studies is nitroso-

<
v

ertiary butene, which wes used for studies performed in

=. ILiterature Survey for ESR Speciroscopy
1. ESR Studies of lethacrvlamride Polymerizaticn

sefore proceeding to the study of prolymethacrylamide

rerkhaps it would be instructive to discuss results of ZZR
experiments obtzined frowx the polymerizzticn of the
monomer methacrylanide., Ueda (11) prepared single

crystals of nethacrylaride. Subseguently these crys

were irradiated with famma revs et 288°K, The reacticons
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CHZZCIJ—*CH3

» CHE=G—CHg + +C—NH,
0

and
CH+~=C—CHs + He
,Z—I 2
O=C~—NH2

Re + Monomer > R_CHZ_EI;_CH3
0=C—NH,>

i

"Radical |

One poseibility is to heve cleavaze of the carbon -

carbon bond at the amide group. Tt nay also be possible
Tfor hydrogen abstraction from the methyl group. A free
radical may react with monomer to initiate polymerization.
\hadical ll/would be obtained. An ESR specirum was re-
corded for the sample of irradiated methacrylamide and

is shown in Figure 5.
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The ZEX sgpectrum ol irrzdiated rethecryi1ziiCe€ SLOWS

viichn is believed to arise from a Free radiczl with the
ectron on & nitrcgfen atom., Seconli there is
ery isotrcric cuintet with & hyperfine splitting cof 23

Gezuss. The quintet is believed to erise from racicel 1.

lere it wzs exypleained that the three rethyl protors and

A\ v
ene of the beta meihylene protcons Trom radical 1 were

~ L~ ~

would account for the Tive line specirum with epproxirate

=t
(Y]
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hv~ ,
+ CHZOH > GCHZOH —!-FeClZ-r HCI

FeCI3

*CHOH + CHFC—CHz

———>  —CHs-C—CH
0=C—NH, 27 73

0=C-— NH2

o
I

"Radical

zCicael 1 would be obitained during polymerizaticn. The

szmrle wes held at -1409C for severzl minutes and then
the terperature was lowered io -16G%C., The E£SR spescirum

Figure 6., ESR srecirur obiazined cduring

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



L Tive 1ine epectirum with & nLyperfine couplirng o

22 Gocuss wes obtained, The intencsities ratioc ¢ <re

assigrnment was thet four ecuivealent protens were int=r-

rrotons were fror the meihyl group and one rroion Irom
the beta methylene group. There was no measurable inter-
action of the second bpeta imethylene troton with the

unpaired electron.

2. itreso Compounis zs 3pin Trapping [fernis

itroso compounds and nitrores hneve been employed
as trapping agents., FRadiczl internediates may reect

with nitroso commouads to form stable nitroxide rziicals

vhich may be studied by the L3R technicu Kitroso-

tertizry butane (1Nt3) has been widely used as & trariing

azent

(=
ILitrosoalkanes have been found to exist in 2 dinmeric

form wnich is in ecuilibrium with the monomeric Ferm (13)

(14).

\

(RNO), > 2 RNO
monomer

7

dimer

Pt
Tt
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Torivooe

tbh tenés to exist In & dinmeric Form whicn is ccoliorl
"he nonewe€r nes & blue color, ITne dimer is inaciive &s
z trapping agent. The ronimeric form of the ccnmpound
wust be fenerated Trom the dimer by hezt or photolysis.,

1onomeric form may then underge Iree radical reac-

=
4
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. - | :
CF{“‘é;“Pk:iJ h!_9£_£§_> CH.—Ce + o NO

raticel &nd niirogfen oxide., The t-butyl radicel rey ve
trupred by . tb 10 yield the ditertiarybutyl niiroxide
t

noine

o]
‘o
5
O
t
[»]
1
e
N
()]
W
n
m
e
-
T
fre

Ma]
Up]
4]
tn
[0
o
0
m
(o]
I-4
beeyt
o

ct
Ut
f
r‘.
i
(o2
S,
ct
(o]
'
]
4
Q
D
ad
(@}
[
|t
N
-
s
Cl
M
o]
0]
o
M
H
;\\
ck
[$)
o
1=
o1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



wiin

£

e

}-4
g

nitroxides will be rinimized. NTE was photo
red light (wavelength = 680 nm.) and an ESR spectrum

was obtained, This spectrum is shown in Figure 7.

5G

<—>»
Figure 7. ESR spectrum of irradiated IitB

at -25°C.

The three line spectrum is zssigred to the di-t-
vutyl nitroxide free radical. The measured hyperfine
splitting is 15.7 Gauss. VWhen KNiB was irradiated with
gamma rays (16) di-t-butyl nitroxide was obtzined. A
three line spectrum with coupling of 17.2 was reported.
The difference in the hyperfine splittings may be at-
tributed to differences in temperature or solvent.

Other nitroso compounds have been employed as trap-
ping agents such as nitroso benzene and 2,4,6-tri-t-
butyl nitroso benzene. Since tne samples studied in
this work were water scluble, Kt3 was selected as the
trapping agent because of its aprreciable sclubility

in water,

7
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Otsu &nd coworrers (17) aprlied the spin trepring
technigue to the polyrerization of some rethacryla:.ide

derivatives, 4ttemptes were mzde on the poiymerization

e

on of the monomer
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with It3, Figure 8 depicts the ZSR spectrum recorded

for I-metryl nethacrylemide,
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L three line spectrum with coupling of 15.5 Gauss
is obtained, The reactions believed to occur for
polymerization — spin trapping of N-methyl nethacrylamide

are shown below:

0
. 1
tBuO—0—C—C—0—0tBu

21BuOe« 4+ 2C0,

tBuQe + CH5;=C—CH _ .
- 27 7% ——% _CH —~C—CHy
0= . CH
H | 3
H
NtB

O

o3
——CHZ‘—('Z— N—tBu

H

The t-butecxy radicel initiates polymerization of
N-methyl methacryvlamide to yield a propzgating Ifree
radical. The N-methyl methacrylamide radical is then
trzpped by NtB to give an adduct radiczl. The ESR
spectrun of Figure 8 is assizned to the trzpped

Propagating radical,
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N,N-dimethyl methacrylamide was found to behave in
a different way. when this mononmer was allowed to
react with the t-butoxy radical and KtB, hydrogen ab-
straction from one of the N-methyl grcups occurred.

The reaction schemé is shown below:

CHZ"—‘(II——CH3 4 tBuOs (;Hé’:(lf--CH3
NIB CHz

+
g tBuOH

CH=C—CH

é§é~N;%Hg¢%4BU
| |
CHy 0

The structure of the adduct is shown. This result
reflects the fact that radical hcmopolymerization of
N,N-dimethyl methacrylanide is very dilficult on <he

basis of steric problems.

20
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L. 3R 3*tudies of iLneles Cowmnoundés

m"wo low molecular weight anzlogs for polymethacryl-
amide are isobutyramide and pivalamide with the

structures shcwn below:

H | Cis

l :
CH~ C—CH CHz C—CHs
()::C_—h”%Z. C):i:_h“42

Isobutyramide Pivazlemide

rin trepring

o]
2]

Riesz (18)(19) made EZSR

n

Rustgi an

(7]
(o]}

in e

on

studies on many emide comrpounds inclu isobutyreri
end pivalemide. Agueous soluticns of zmide compounds

ence

4]

wvere irradiatcé with ultraviolet 1lizght in the rre
of nydrogen peroxide and ¥t3. Trree radicals produced
upon reaction of OE radicals with amide corpounds were
identified through the spin itrapred adducts.

When isobutyremide was irradiated in the pressnce

of H O2 znd NtB, the ISR siectrum of Figure 9 wzs cb-

2

tained. The free radicals shown wvere obtairned.

H o
. PS '

CHz-C—CHy ~ CHz-G—CHy

0=C—NH, 0=C—NH,
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Fizure 9. ESR spectrum of irradiated iso—
butyremide with HZOZ end. NtB in
DZO at room temperatiure,

When pivalamide was irradiated in the rresence of

H202 and NtB, the spectrum shown in Figure 10 was ob-

tained. The structure of the radical that was trzpped

is also shown.

CHz

S +GHgC i
| O=C—NH,

. 10
06 _

Figure 10. ESR spectrum of irradiated pivalamide

with H202 eand Nt3 in DZO at room tenpera-

ture.
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~

traviclet photolysis of Iurnanmide with Ni3

}=d

The u
in equeous solution was also pesrformed. 4Ln nSR snec-—
trum was obtzined and is shown in PFigure 11, The

structure of the adduct radicel is given.

%46

(ot

&S|
§=r

igure 11. =5R spectrum of irradieted formamidle

with NtB in DZO at room tempereture.

This three line spectrum was assigned to the i3
adduct of the amide free radiczl. The hyperiine
coupling of 10.45 Gauss 1s tyrical of iranped acyl

{free radiceals,

N
N
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II. rolv:er Frevereticn eand Cheracterization by C-17 NME
The objective of this reseazrch was to study the
Cegradation of a series of methacrylate type polymers by

uliraviolet and gfamma radiation., NMethacrylete iype

1. Folymethacrylanide {high molecular weight)

2. rolymethacrylanide (low molecular weight)

¥

‘mers ol metrnecrylamide with methyl methecrylate

radical methods. ¥Yizh molecular wsight Pliiim wzs prerpared

by redox polymerizatiocon of methacrylemide in agueous

T~

solution at room terniperature. <Hiim with moleculer

y benzeyl percxice

¢4

weight of 38,000 was prepared D

[

initieted polymericeztion in reiluxing toluene, Low
cornversion copelyrers with varying compositicns of

metrhacrylamide with methyl methacrylate were rrepared
in ethanol at 70°C with benzoyl peroxide azs initiator.
Toly(iscbornyl meirzcrylate) was prepared by dulk poly-

werizetion of the rcnorer at €s°C.
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NIMR is a powerful technicgue for thre

Wl

Carbon-1
characterization of stereochemical configurztion in
vinyl polymers (20). 1In addition to the elimination of
inherent problems of proton NIR, carbon-13 spectroscopy
may be used to elucidate polymer tacticity and structural
sequence in polymeric szmples.,

Pulse Fourier transform C-13 NMR spectroscopy has
been used to study some common vinyl polymers including
polystyrene, polypropylene and PIMMA (21). For each
polymer studied stereochemical fine siructures were ob-
served, PFigure 12 illustrates an application of C-13%

FIR to polymer structure (22).

carbonyl

quarternary

—_—r e

180 170 CH3

OCH HMDS
3

CH2

1 — ! 1 ! } 4

60. 50 40 30 20 10 o ppm

Figure 12, 25.2 iHz C-13 KFR spectrum of PMMA in

trichlorobenzene at 120°C.

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



For PMiA the alpha methyl carbon, guariernary cerbon
and carbonyl carbon all show triad sensitivity (mm; the
isotzctic triad, rr; the syndiotactic triad and mr; the
etactic triad). The methylene carbon shows diad sensiti-
vity (meso and racemic). The spectrum indicates that the
sample hzs z predominance of syndiotactic charezcter,

Carbon-13 NIR may assist one to cdetermine if polymer-
ization follows Bernoullian statistics (i.e., that poly-
merization is stereospecifically rzndom). With a single
statistical parameter such as f_ (the fraction of racemic

diads) one may predict the fractions of higher order
sequences such as triads and tetrads. If Sernoullian
statistics are obeyed at the trisd level then the

theoretical fractions of triad sequences are given by

the following relations:

f(mm) = £
f(xrr)

Il
H

f(mr) = mefr

In general vinyl polymers produced by free radical
reactions at elevated temperatures follow Ternoullian
statistics whereas polymers produced by ionic recgents
generally do not. For ionic polymerization the growing
chein end influences the placement of the inconing

monomer unit,

~ 7

.0
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The ricrotacticity of polymethacrylonitrile proiuced

olymerizetion was reported (23).

’d

at 80°C by free radical
The methyl region exhibited triad sensitivity with some
further splitting to pentad structures. The methylene
recion showed partial resclution of tetrad structures.
Ecwever the guarternary znd nitrile carbcns showed no
fine structure. 4t the triad, tetrad end pentad levels

polymethacrylonitrile closely followed Berncullian
t

methacrylic acid) was synthesized in several

J
[}
]
<
—~

steresoregular Forrs (24). Carbonyl and rethyl carbon
resonances were used to evaluate the prorertions of

triad fractions. Isotaciic poly{(methacrylic acid)
rrerered by enionic polymerization of trimethylsilyl
methazerylate followed by hydrolysis. The isotactic

sarnple contained 93% mm triads. The syndictactic sample
was prepared by £amma irradiation in iscprepanol st -73°C.
The syndictactic sample cortained 85% rr irisds, Litaciic

a8

%7

. . . RO . .
poly(methacrylic zcid) was prepared at €CYC with 212N
initiator. Tne latter polymer contained 44% mr triads
end closely foliowed Bernoullian s

‘nother polymer of interest that has been stulied Ly

2.4 to 42.2 ppm) showed irizd sernsitivity
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nexel ce

closely followed

rentad ané hexad levels.,

Heztzde and cowcrkers (2£) stuidis

é

néerizetion

50
polyrer in d-6

Q

sclymer wzs predorirant

raction of rr trizads

=28

rcsonance was C,64,

Q7 7
~ 7

0-13%3 NMA to obtain

Thr

with the obsexrved

informa

- sJduluin

GUENCES

inten-

Ferncullizn

MHz carton
ethylene
ly syndio-

cer.sidering

‘rv-

were dissolved

in DZO - HZO rmixtures with urez. Dicxene was adced for
referencing with respect tc THS5. The dioxane carten
swift appears at €7.4 ppm. Polymer concentration was in
the range of 1030 to 15% by weicht. The KIR spectrum for
Firim produced &t high tempzreture &pjeers in Figure 17,
The srectral perameters and easzsignments are given in

Table 1,
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Quarternary Region

Methylene
I Region

Carbony! Region f\
!
B
l

Methyl Region

. J
AT LI
f— —  F : vl F—t— f_f
183 180 55 465 460
Figure 13, 20 MHz C-13 NMR spectrum for PMAAM

produced at high lemperalure,

ppm



Table 1, Spectral data for PIMAAm produced at
high temperature.

Parameters:

Relaxation Delay: 1.0 second

Pulse Width: 60

Line Broadening: 1 Hz

Fumber of Scans: 2,715

0
Temperature: 90°C

guantitative
Assignment snift (rpm) Detd. Ca;c.
Methyl mim - 0.00 0.07
" mr 19.5 0.47 0.40
" ’ rr 18.1 0.53 0.53
fuarternary nm 47.1 fr - 0.7
" : mr 46 .4
" rr 4‘6.1
Methylene r 55.0
Carbonyl mrrr 183.4
", rITT 183.1
" rmrr 182.5
" Imide 180.4
20
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The alpre reihyl region or the K!R spectirum wes
studied cuantitatively for the evaluatien of triad
Tfrections., £ relaxatiorn delay of one second was used

since this should be suificient for guantitative accuracy.

Carben-13 relaxation times have besen reported for
. — s ‘ - A —ecrea o) -
PrlA (27). For pyridine scluticns of 24 at 100°C the

- B}

of syndiotactic FIMMA head =& Tl value of

alpha methyl C-13
0.200 second. The szme resonence in isotactic FMMA had a
vaiue of 0.377 second, Lrparently tacticity has an
influence on the Tl value for carbons in & given polyrer,
The polymers studied here shecwed no measurable zmounts
of mm Trizds. It was then acsumed that the relzxation
time of the 2lpha methyl carbon in FMiim was zbout 0.2
csecond. A relaxation delay of one second was then used.
It was 2lso assumed that the NOE factors for methyl
carbons in different triazds will 211 be zbout the sane,
For PHMiAm prepared at high temperature it aprears
that the rr trizd is slightly fzvored over the mr triad.
The celculated Ffracticn of rr triads is 0.t83. If a
stetistical rarameter of f.= 0.73 is azssured then =
close fit with Zerncullien stetistics is cbserved. The
gquarternary resonance was split into three peaks., In
the mvthyléne region only the rezcemic resonance could te
observed. In the carbonyl regicn three pentad resonances

vere assigred; two of which were rr centered and one of

=
<

\ M
[}
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which was mr ceniered. +Ln azdditional resonance in inre

carbonyl region was also detected. This resonance nay

arise from a carbonyl carbon in an imide type structure:

The latier carbtonyl resonance zppeared at 180.4 ppm

({1

which seems to be out of the range of the resonances

assigned to the stereotactic pentads. The compound
3,3-dimethyl glutarimide was investigeted by C-13 XKIiR,
The carbonyl resonance for this compound appeared at
176.9 ppm.

The shifts for PHAAm in aqueous urea solution are
about one to two parts per miliion down field from thne
shifts obtained when d-6 ethylene glycol wzs used &s
solvent.

The C~13% KMR spectrum of PliAm produced by the
redox method is given in Figure 14, The spectral
pareameters and acsignments are listed in Tzable 2,

(uantitative analysis of the methyl region of the

aforementioned polymer revezled 18% mr triads and 82%

A2
(A
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Table 2. Speciral data ané assignmente for Pliim
produced at room temperature,

Fareametiers:

Relzxation Delzy: 1.0 second

Pulse Wwidth: 60°

Line Zrozdening: 1.0 Az

Nunmber of Scans: 3,371

Temperature 9000

fuantitative
Assignment Shift (ppm) Jetd. | Calc.
vethyl  am 0.00 | o.01
" mr 19.4 0.18 0.16
" rr 18.0 0.82 0.83
Quarternary mr 46,5 f = 0.91
. r .
" rT 46.1
Methylene T 54.9
Carbonyl xrmrr 182.7
" Irrr 183,2 1
" mrrr | 183.5 j

r~
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rr trizdis. If one assumnes & statistical parameter of

fr = 0.61 the celculated tried frazctions are close to
the observed frazctions. The sample contains a pre-
dominance of syndiotzctic character. The conclusion to
be reached here is that the lower the polymerizztion
temperature the higher thé emount of syndiotactic place--
ment in the polymer.,

The C-13 NMR spectrum of poly(N-rmethyl methacrylamide)
is similar to that for PMiAm except that the N-methyl
resonznce appears at 27.2 ppm. The quariernary and alpha
methyl regions show peaks corresponding to the mr snd rr
triads, (uentitative anzlysis of the zlpha nethyl region
indicated that the sample contzined 64% rr triads.

A4 C-13 NMR spectrum was recorded for a copolymer
conteaining 95% methyl methacrylate., The spectirum which
is given in Figure 15 a2ppears similar to that reported
for syndiotactic PFMA (27). 3Sased om guantitative
analysis of the alpha mevhyl region, the copolymer con-
teined €3% rr itriads and 37% mr trizds., Assignments
are listed in Teble 3.

Subsequently a copolymer containirg 80% A and 20%
methacrylamide wazs investigated, The objective of this

N

ish

<

study was to obgcerve if the MR spectrum could disting
the zrmide carbonyl resonances from the ester czrbonyl

resorences,
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?=ble 3, Cerbon 13 NIR assignnentes for ceojpolymer

with 95% methyl methazcrylate.

issignment ' Snift (ppm)
ilrha methyl rr 17.9
) " mr 19.7
Ldarternary rr 45.5
" mr 45.8
Ester jethyl 51.8
Methylene T 54.7
Carbonyl rmrr 177.1
" rrrr 177.9
" mrrr 178.1

The solvent used was DiHF, Referencing was made by set-

ting the DMF methyl carbon resonance cisoid to the formyl

proton at 36.0 ppm.
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- e

Carton-13 cspecira were recoréed for DirF solutions
of .two model compounds namely methyl pivalate and pival-
amide. The carbonyl resonance for methyl pivalate oc-
curred st 178.4 ppm while that for pivalamide occurred
at 180.9 ppm. Vhen both model ¢ompounds were studied
together as one szmple the carbonyl peak for pivalamide
appeared 2t 180.7 ppm and that for methyl pivalate ap-
peared at 178.3 ppm. On the basis of the model comround
spectra the carbonyl region of the copolymer may be able
%o distinguish ester resonances from amide resonances.

The spectrum for the 80% MMA copolymer appears in
Figure 16, Quantitative znalysis of the alpha methyl
region revealed that the sample corntained 31% mr triads

and 69% rr triads., A4 total of six rescrances were as-—

n

sigred in the carbonyl region. It is epparent theat ihere
are two groups of resonances in the carbonyl region.
Table 4 lisfs assignnents for the carbonyl region of this
copolymer. The weaker resonances appearing at lower
field in the carbonyl region ere assigned to amide groups
in different pentad sequences. The stronger resonances
at higher field are assigned to pentad secuences for

ester carbons. Only mr and rr centered pentads are con-

sicdered.

(9}
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Table 4, Carbon-13% assignments for carbonyl region

for copolymer with 80% MMA and 20% Misim.

shift (ppm) . Assignrent
177.1 ester  rorr
177.6 ester mrmr
. 177.9 ester TTTT
178.3 ester rrrnm
179.5 amide rTTT
179.8 amide rrTrm
20
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ble to nLave gone ¥nowledge ol ne

w

Sirce i1 was desir
sequence of the comonomer units in tihe copolymer, a com-
puter simulation of copolymer sequence was carried out.
The copolymer containing 80% MMA will have a 4:1 ratio of
MMA units to NMAAim units. The following five unit blocks
were stored in the computer:

A~W-F-F=T-

M—~A~}1~F—-}—~

M-M—-A-M-l-

M=l—-F—-A-D—

M-M-l-1i-A-
where A stands for methacrylamide and M stands for methyl
methacrylate, Fifteen unit sequences were then constructed
utilizing the five unit blocks shown above, A total of
65 unique fifteen unit sequences were found.

in inherent assumption was made in the simulation.
It was assumed that one unit in every five units along
the chain must be methacrylamide. No block copolymerxr
would have been possible with this simulation.
Probabilities of having certain fifteen unit secguences

were then calculated. The gquantity P(X-Y) denotes the
probability that three methacrylamide units in a fifteen
unit chain will be separated by two strings of methyl
methacrylate units (i.e.):

—h~(}) y—-A- (M) y—A-

)X
One string contains X methyl methacrylate units while the

other contains Y units,
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The calculated probabilities for fiftecn wunit
seguences are listed in Teble 5. Froa the probability
values listed it appears that sequences where the value
of X is about 4 or 5 and where the value of Y is about
4 or 5 are highly probable., This result reflects the
fact that the copolymer contains four methyl methzcrylate
units in every five., On the other hand seguences where
the value of X is high such as 7 or 8 and the vzlue of Y
is low such as O or 1 are much less likxely to occur. In
other words for a random copolymerization of methacryl-
emide with methyl methacryléte the methacrylawide units
ere not lixely io bunch together given that tue totzl of
methacrylamide is only 20%. If a sequence has & value of
Y egual to zero then that seguence has two methacrylamide
units ad jacent to one another. Of the 65 seguences

generated, five of them had adjacent methacrylamide units.
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Table 5. TFrobabilities of c¢ifferent 15 unit secuences

for the copolymer containing 80% MNM4 and 20%

FAAm,

Sequence P(X-Y) Sequence P(X-Y)
(4-4) 0.0462 ' 1 (8-2) 0.0154
(4-5) 0.0615 (8-3) 0.0154
(4-6) 0.0462 (3-4) 0.0615
(4-7) 0.0308 ‘ (4-2) 0.0462
(4-8) 0.0154 . (5-2) 0.0462
(5-3) 0.0615 : (6-1) 0.0308
(5-5) 0.0308 _ (7-0) 0.0154
(5-6) 0.0308 : | (3-3) 0.0308
(5-7) 0.0154 ‘ (5-1) 0.0308
(6-2) 0.0462 | | (6-0) 0.0154
(6-3) 0.0462 | (1-4) 0.0308
(6-6) 0.0154 (2-3) 0.0308
(7-1) 0.0308 4 (5-0) 0.0154
(7-2) 0.0308 _' 24_0) 0.0154
(7-3) 0.0308 ” . (1-3) 0.0154
(8-0) . 0.0154 (2-2) 0.0154
(8-1) 0.0154 _ Total 1.0007
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Finzlly poly(isobornyl riihacrylats) was invectisated
b7 -C-13 KIMR. The study of this polymer bty C-13 IR pre-—
vides a challenge due to the comrlexity of the bicyclic
ring. The siructure of poly(isobornyl methacrylate) is

giver below with approrriate numbering in ihe isobornyl

The C-13 MR scecirum for poly(isobernyl rethacrylatie)
zppears in Figure 17. Assignments are repcrted here
for the first time and are listed in Tedble 6,
The alpha methyl carbon, the methylene carben in
the main chain and the cerbonyl carbon wvere assigned
without doudvt. The same mzy be szid about carbon 2 in
the isobornyl ring. The remaining carbons in the
freme of the isobornyl ring were assirsned on the bacsis

of the C-1% chemicel shifts reported for exc-2-hydrexy

rorbornane (28),
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Figure 17, C-13 NMR spectrum of polyisobornyl methacrylate in COCl:
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Table 6. C-13 XIMR assignments for poly(isobornyl

methacrylate).

Main chain: Resonance (ppm) Lssignment
17.7 . | alpha-methyl
45.6 ' quarternary
55 methylene
176.3,177.5 carbonyl (mr,rr)
Ring: 12.5 Methyl group on carbon 1
20.3 Methyl groups on carbon 7
27.3 Methylene carbon (6)
3%.0 Methylene carbon (5)
34.7 Tertiary carbon (4)
39.0 Methylene carbon (3)
46.8 Quarternary carbon (7)
48.9 Quarternary carbon (1)
83.0 Ester carbon (2)

The number inside the parenthesis above indicates the
number of a particular carbon in the bicylic ring as

shown in the structure of the polymer.
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ITI. Moleculer Weisht and Folvmer Dearadeaiion

Titkova and ccworkers (29) reported results of
viscosimeiric studies of Piliim in aqueous szlt solutions,
The polymer chowed poor solubility in many cormon organic
solvents. It was zlso determined that the higher the
molecular weight of the polymer the poorer was its sol-
ubility. Intrinsic viscosity - molecular weight rela-
ticns were reportiad for the polymer in O.4M agueous

magnesium perchlerate and 8l zcueous urea solutions at

25°Cc. The Telations are indicsted below:

In 0.4 lagnesium Ferchlorate:[h] —(3.28x10 %)u0+>>

In 84 Urez: [R] =(1.71x10%4)10- 63

Figures 18 and 19 show plots of reduced viscosity
egainst concentration for 8! ures and 0.4M megnesium
rerchlorate sclutions of recdox polymerized FiLim.

Upon extrapolation to zero concentration the polymer
had an intrinsic viscosity of 0.80 d1/g in &M urea which
indicates z molecular weight of €85,000, The same sanple
had en intrinsic viscosity of 0.50 é1/g in the perchloratl

solution which indicates a molecular weight of 621,000,
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Tizgure 18. Reduced viscosity vs. concentration

Tor Tedox TAAm in 8 urea,.
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The first objective was to study the effect of
ultraviolet radiation on the polymer in dilute solution.
Two ultraviolet irradiations were performed., In each
case the polymer was irradiated for six hours in 0.4HM
magnesium perchlorate solution while sitiirring in a qQuartz
flask, The polymer concentration was 0.75 g/dl. 1In one
study the solution was purged with nitrogen prior to
irradiation. In the other study the solution was purged
with oxygen before irradiation.

Figures 20 and 21 show plots of reduced viscosity
againsf concentration for irradisted PIAAm solutions,
Lfter irradiation under nitrogen the intrinsic viscosity
of the sample decreased to 0.40 d1/g which indicates a
molecular weight of 404,000, After irradiation under
oxygen the intrinsic viscosity decreased to 0.36 d1/g
wvhich indicates a molecular weight of 343,000, In a
qualitative sense it is apparent that the polymer under-
goes reduction in molecular weight during irradiation
in a dilute solution. A larger decrease in molecular
weight was ovserved for irradiation under oxygen.

For electron beam lithography solid polymer films
are usually irradiated wifh high energy electrons. It
would then be appropriate to study the solid state radiz-
tion degfédation of the polymer. lolecular weight studies
were performed on redox Pitim before and after irradia-

tion with gamma rays. NIMR measurement showed that this

493
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Figure 20.

-
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conc, g/d|

Reduced viscosity vs. concen-
traetion for redox FMiAm after
irradiation in solution under

nitrogen.
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igure 21. Reduced viscosity vs. concen-
tration for redox PMALm after
irradiation in solution under

oxygen.,
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sanple ccntained 829% rr triads and 18%
tion (Gs-Gx) values and guantum efficiencies were deter-
mined.

The solid polymer wes irradiated for periods of two,
four,

six and eight hours, Viscosimetric measurements

were made in BN urea solutions at 25°C. lolecular weight

changes are indicated in Table 7.

Table 7., Gamma irradiztion of redox FMAAm,

i v - Dose” .
Time P’]] My x 10 5 _hlz x 108 N osd
hours dl/g v Mra
none 0.73 5.9 1.7 —_— —_—

2 o.51] 3.3 3.0 0.79 0.58

4 O.44 2.6 3.8 1.27 1.16

6 0.36 1'9 503 2.10 1074’ '

8 0.3] 1.5 6.7 2.93 2.32.
L2
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The term N is the nct nurber of main chein ccicsions

“v e

per polymer molecule after irradiaticn and is given Dy

N = M
© _
M)
The radiation dcszge rate received by polymer samples
was 0.29 Mrad/nour.
4 plot of ¥ against cumulative dose is given in

Figure 22, 4tlso a pl of the reciprocal viscesity

are 23. In each

o]
b
=

av

[

ot
rege mols=cular weight is given i

€ an

O
[0
0
L

eprroximetely linezr releticnship is observed.

he razdiation G vealue difference was determined from the

m

H

graph of recirroczl mclecular
slope of the grarh is 2.13x10 ° mole/g-Nrad, The G

value difference is related to slope by:

G -G, = (Slope ) (9.65%10°)

T

or Fmiim th

1|l

LEY|

velue of G_-G_ is 2,05 events per 100 eV,
= S
A method for calculating the guantum efficiency fcr
main chain cleaveage of polyviiers during photochernicel

reactions was given by Otsu and TanzXz (30). The vzlue

of I may be related to the guantum efficicncy throuch

the follewing relation: gﬁ
N" CSMO]—'t

AL
vl
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Figure 22, N vs. cumuletive dose

for redox Fritam,
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Figure 23. Reciprocal molecular weight vs.

dose for redox PMiAm.
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(X}

¢cs is the cuentum efliciency for main chain cleaveagze, ¥
is the initial molecular weight of the sample, I is the
radiation dosage rate received by the sample and t is

. . - . -6 1
time. ¢CS for redox PMAAm is 2.04x10 - mole/g-lrad or

2.04x10 14 mole/erg, The laztter number indicates the

number of moles o in chzin bonds broken per erg of

Hy

o

energy atsorbed.

The degradation of PFMAAm produced by benzoyl peroxide
initiated polymerization was also investigated. NIR
measurement revealed that this sample contained 53% rr
triads and 47% mr triads. The objective of this experi-
ment was to see if there is any influence of polymer
tacticity on the degradation.

The influence of tacticiiy on the use of PKIA as an
electron beam resist ras been reported (31). Isotactic
PFMA exhibited the greatest sensitivity to the electron
bezm.

Table 8 contains results of viscosity exreriments
Tor gamma irradiated FiLAm produced by polymerizamtion
with benzoyl peroxide (PIALm-RP). Viscosity experiments

wvere performed on Ej! agueous urea solutions.

N

(oA
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13

. Geamme irrediniticn of ZMisim~3F,.

1)

Time N Dose
hrs, Mv lrad
none 38,000
2 34,000 - 0.118 0.58
4 32,000 0.188 1.16
6 37,000 0.027 1.74
3 31,000 0.226 2.32

e

Thne molecular weight of this PMiix sample is very

¢

low tc begin with. Dreastic changes in molecular weight
after irradiation do not occur. However there seems to
be a general trend toward lower molecular weight.

. ..o—1 . )

A plot of by, agzinst dose appears in
Figure 24. An ancmolous point may be observed in the
plet Tor PMAAm-3P. 4 simple relation between scissions
and dose is not the case here as it was for redox FP}MiAm,
It should be noted that it is not fair to compare results
of degradation for polyﬁer samples that are drastically

different in molecular wesight. The effect of tacticity

on. degrezdation of PMAAm is not clear zt this point.
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3L ® ®
1 X IO5
Vv 21
I..
Dose Mrad

058 II6 |74 2.32

4 methyl methacrylate copolymer containing 5% meth-
acrylamide was also irradiated with gamma rays. DMolecular
weight measurements were made by gel permeation chromato-
graphy with DMF as solvent. Figure 25 snhows the GPC
traces for copolymer samples before and after irradiation.

Table 9 corntains the molecular weignt results. As
the irradiation time increases the trend is for the co-
polymer to go to lower molecular weight. The number
average molecular weight is low to begin with arnd does

not decrease much over the course of irradiation.
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a)Unirradioted. 9

b) Irrodioted 2 hours, .

¢) Irradicted 4 hours.

d} Irrodicted 6 houra.

e)irrodioted 8 hours,

37 36 35 33 33 32 31 30 29 28 27 26 25 24 23
Counts

Figure 25. GPC traces for copolymer with

95% MMA and 5% MAAm.
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O
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Table 9.  Molecular weight results for 5% methacrylamide copolymer.
JIrrad. Time | Dose Mn N, My Ny
hrs., Mrad g/mole 9/mole

o 0.00 | 24,000 | —— (98000 | ——

2 0.58 24,000 0.00 175,000 0.13

4 1,16 23,000 0.04 160,000 | 0.24

S .74 20,000 0.20 146,000 0.36

8 2.32 18,000 0.33 120,000 | 0,52




L plot of recirrocal number everzge noleculer

weight arainst dose for the copolymer is given in

*
—

Fizure 26, The value of G ~G, is 0.83 events/100 eV,

1T Dose Mrad
0.58 116 |74 2.32

Figure 26, Reciprocal number averzge
moleculzr weight vs, dose

for corolyrmer,

A plot of reciprccal weight average mclecular

-

eight ageainst dose for this copelymer appears in
FTigure 27. The G value difference for the weight

averzge plot is related to the =slore by:

(Gs - 4Gx) = (slope)x(l.931106)

TN
I
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The value oI GS—4Gy is 0.55., The individuel velu

G,=0.92 and G, =0.09 events/100 eV,

1 Dose Mrad

058 Ll6 .74 2.32
Figure 27. Reciprocal weight average

c¢ose

n

molecular weight vs,

for ccpoliymer,

Zased on molecular weight siudies by GFC it

aprsars that this ccpolymer does not degrade as readily

zs does FlKtim, It is a2lso apparent that 2 s:2ll amount

of crosslinking occurs éuring the irradiaticn as

evidenced by tihe nonzerc value of Gx'

[QhY
)
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Foly(isobornyl rethacrylete) was also irraliszicd
with gamme reys and number averzge molecular weights
vere measured by membrane csmomeiry. Toluene was used
as solvent. Table 10 lists irradiation times and

molecular weichts,

Tatle 10. HMolecular weignt results for

poly(iscbernyl methacrylate),

Time _ )3:
nrs. M x 10 > o irad
n

none 1.91
2 1.91 0.00 n.558
4 1.74 0.10 1.1E
S 1.28 0.43 1,7
8 1.11 0.72 2.2

(82

Y]
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Dose Mrad
0.58- I.6 |74 232

A ]

Figure 28, Reciprocal number average
rmolecular weight vs, dose

for poly¥(isobornyl methacrylate).

A plot of reciprccal number average mcleculer
weight versus dose for poly(isobcrnyl methacrylate) is
given in Figure 28, The value of Gs—Gy is 2.1 events

per 100 eV,
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iv. ESR Results zné Tiiscussion

A. Polymethccerylamide and Copolymers

Consider the ESR spectra for polymethecrylemide in
the solid state and in THF glass, The so0lid polymer was
irraéiated fcr 45 minutes at liquid nitrogen temperavure
using ultraviolet light. TFigure 29 shows spectra for the
so0lid polymer at ~130°C and -10°C. 4 five line specirum
was obtazined =zt 211 temperatures studied in this range.
The approximate ryperfine splitting is about 22 gauss.

The line width is about 10 gauss.

4 Tigid gless of Piiim in THF was irrediated at
licuid nitrogen temperature. A well resolved ESR specirum
was obtained at -150°C and is shown in Figure 30,
tssentially the szme spectrum as this was obtained at
other temperatures up to -100°C. Above -100°C the THF
glass melts. As & result the specitrometer tuning is lost
and the spectrum disappeers., The measureé hyperfine
coupling was 22 geuss and the line width was 10 gzuss.
Integrgtion cf the first derivative curve indicateé that
the intensities distributicn of the speciral lines wes
1:3:7:3:%. Tnis result is clocse to the binomiel irtensity

distribution of 1:4:6:4:1.

&)
\n
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Figure 29. ESR cpectrum of irradizted

rowder cof polymethacrylamide.
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Figure 30.
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-150°

ESR spectrum of irrzdiated

glass of polymethacrvlamide
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It would appear thet the ESRK specirum from irrediated
Piiatm is very similar to the spectrum for polymerizing
methacrylamide, This result suggests that "Radical 1"
may be responsible for the spectrum from the irradiated

rolymerx.

[\ T /3
The azssignment of radicel 1 to the five line spectirum

is further substantiated by the application of the

McCornell relation (32) described in Figure 31,

| 2
gﬂH= p(BI + Bzcos o)

//C 0 Z

Pigure %], lMcConnell's relstion for

beta protons.
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The termn a@ ie the nyperfine ccurling by a beta
proton and e is the unpzired electron density at the
carbon atom bearing the unpaired electron. Bl is a
constant equal to 3.8 gauss and 32 is a constant equal
to 51.0 gauss. Theta is the angle tetween the unpaired
electron orbital and the pfojebtion of the C-H bond in
the plane perpendicular to the carbon-carbon Ddond.

Consider the methyl protons of radical 1. Heller
(33) investigated alkyl free radicals with a methyl group

attached to a carbon ztom bearing an unpaired eleciron

(e.g.):

(IZOOH
C&§9°

COOH

It was determined that the energy barrier for rotation

about the C~CH, bond was not greater than 0.1 kcal/mole.

3
If the methyl group experiences free rotation then
the hyperfine couplings by the methyl protons would all
be the same since each proton has the same interaction
with the unpaired electron. However if the methyl group

rotation were to stop, the splittings by each of the

methyl protons could 211 be different.

oS
Vo)
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Tne ESR studies revealed that for free radicals of
this type, the methyl group experienced a nearly free
rotation around liquid helium temperature. Therefore
it would be safe to assume that at temperatures above
liquid nitrogen temperature that the methyl group

executes free rotation. - Thus. ail the methyl protons of

A\
radical 10shou1d be equivalent,

For the methyl protons, the hyperfine coupling irom

the spectrum (Figure 30) is 22 gauss. The C-H Tonés in

ihe rotazting methyl group have an average value of cos™6

given by the following relation:

- A
cos 8=§/00329 do =05
0

B, and B2 into

1
of 0.75 for the

Substituting values for cos™8, a,,
¥cConnell's relation yields a value

unpaired electron density.
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For a ratical with five beta protons giving a five
line spectrum witih binomial intensity distribution one
must consider that one of the beta methylene protons
‘does not interact significently with the unpzired elec-
tron. Tne coupling by one of the beta methylene protons
could be either 22 gauss or 44 éauss. If the cceoupling

vere 22 gauss ihen one would obtain the spectral stick

diagrem cshown in Figure 32.

Figure 32. Speciral stick diagram for

radicel 1 where the methylene
proton splitiing is 22 gauss.

71
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Here one would have five lines with 22 geauss spacing and
an intensities ratio of 1:4:6:4:1., On the other hand if
the coupling by a methylene proton were'44 gauss one

would obtain the spectral diagram shown in Figure 33,

|

Figure 33, Spectral stick diagram for

radical 1 where the methylene

proton splitting is 44 gauss.

Here one would have six lines with 22 gzuss spacing and
an intensities ratio of 1:3%:4:4:3:1. The experimental
spectrum is clearly composed of five lines with a
coupling of 22 gauss. The conclusion is that the

coupling by a methylene proton is 22 gauss.
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According to licConnell's relation, if the coupling
by a methylene protorn is 22 gauss then the C-E' bond
must be at zan angle of 45° with respect to the unpaired
electron orbital., The conformation of\}adical iqis de-

picted in Figure 34.

H(@H"

——

NHZOC CHy

Figure 34. The conformation of

radical 1.

It would appear that one of the beta methylene protons
is equivalent with the methyl protons. The C-H'' bond
must be at an angle of 75° with respect to the unpaired
electron orbital. NMcConnell's relztion would indicate

that the coupling by H'' 1is given by:

aﬁ(H") - 075(3.8 + 510 cos? 75°) =54 G

The coupling by H'' would be too low to be observable in

the condensed phase.

13
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\hadical 17must exist in a structural conformation
which allows the three methyl protons and one methylene
proton to interact equivalently with the unpzired elec-
tron. \hadical léis thereby assigned to the five line
ESR spectrum for irradiated PMArm.

£SR spectra of irradiated cbpolymers of methacryl-
amide with methyl methacrylate appear in Figures 35, 36
and 37. ZEach sanple was irradiated in a THF glass at
liquid nitrogen temperature. leasurements were made
from —150°C_to -100°Cc. Each copolymer exhibited a five
line spectrum., For the irradiated cbpolymers the

following radicals may result:

CH
ik 3

—_— —Ce —CHsCe
CHZ(f 2

CONH, COOCHy
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-150°

igure 35. ESR spectrum of irradizted

copolymer containing 653
metnacrylamide and 35% methyl

methucrylate, in THF glass.
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<>

¥

Figure 36. Sk spectrum of irradizted
copolymer conteining 419%
methacrylamide ané S5S% methyl

methacrylate, in TH® glass,

76
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<>

Figure 37. ESK spectrum of irracicted

Cq

copolymer cortairing 18%
methacrylamide and £2% methyl

methacrylete, in I=5F glass,.
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The copolymers with 65% and 41%. methacrylamide both yield
ESR specira very similar to the spectrum for the homo-

. . s . . N . “
polymer of methacrylamide., It is believed that radical 1

may give rise tc these spectra. However the specirum

0

:mi

[
o)
™M

‘d

kel
@
m
H
0

Trom ihe copolynmer corntaining 18% retheacryl
to be sligntly different. The intensities of tne second

or latter copolymer are out of pro-

)
3
je])
L)
(o]
[+
H
+
13
b
1
e
3
[¢]
n
Hy

portion with the rest of the spectral lines, Also the

is only 8 gauss

@

splitting from line two to line thre
N

vhich is substantially different from the 22 gauss

coupling observed for radical 1,

~3
0
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3% studies were first carried out on the trapping

corpound itself, nitroso-it-butane (UtB). Figures 38 and

39 show specire recorded for a solution of 0.1} I'i3E in

rl-

ion respsctively.

;J.

.4

’\)

v
elier

(o)

hexzne before &n
Trie three line srectrum is ascigned to the di-t-tuilyl

troxide free radical. The coupling by the nitrogen

o
f=to
ot

nucleus is 15.7 geuss. For a given conceniration of KNiB
eand specirometer amplitude, irrzdiation of thé szmrle
for ore hour doubles the peck heiéht of the spectrum,

. colution of 0.1} Nt2 in water was irradisted et room
temperzture end spectra were recorded from -20°c to 0°c.
The first and second derivative curves for thne latter
sample appear in Figures 40 and 41 respectively., The

three line spectrum is assigrned to the di-it-butyl nitroxide
free radical. The coupling by the nitrogen nucleus is

17.5 gauss. It would aprear that the dielectiric con-—

stant of the solvent influences the isagnitude cf the
splitting in this free redical, Subseguently a mixiure

of solid NtB suspended in weater was irredizted and spectire
were recorded. The ESR spectrum given in Figure 42 shows

a total of nine lines in three sets of three lines. The

P

central peak of each set is very intenrse, The N-14

'11

splitting in the di-t-butyl nitroxide radical is assigned

(;

to the three intencse lines (aY=16.5 gauss)., The smzll
4
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Figure 38, I3R spectirum of nitrosc-t-
butane in hexane before

irracdiation at room temperature,

m
O
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Figure 39. ISk specrtum of nitroso-t-
butane in hexane solution
after UV irradiation at

room temperature.

jol]
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Figure 40. ESR spectrum of irradiated
solution of 0.1l¥ NtB in water

recorded at ~10°C.

82
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Figure 41. ESR second derivative curve
of irradiated 0.1} solution
of NtB in water, reccrded

at -16°c.

83
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Figure 42. ZESR spectrum of irradiated

solid NtB suspended in water

84
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satellite lines are zscribed to C-17 couplings with the
unpaired electron (ac=4.4gauss). The ratic of +tue I-14
peak height to the C-13 pezk height is close to 100,
This result is consistent.with that reporied for the
di-t-butyl nitroxide radical (34).

ESK spin trapping studies utilizing XtE were used
to help identify free radical intermediates from the
irradiated low molecular weight model comr:iunds. Agqueous
solutions of isobutyramide and pivalamide with Nt3 were
irradiated at room temperzture and ESR spectrz were
recorded from -10°C to 0°cC.

The spectrum of irradiated isobutyranide with NiE
appears in Figure 43. 4 three line spectrum which shows
evidence of further splitting to six lines is obtained.
The spectrum is believed to arise from the t-butylg

isopropyl nitroxide free radical:

7'
H—C—N—1Bu

G

€5
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Figure 43, ESR spectrum of irradiated
mixture of isobutyramide
with Nt2 in water at -5°cC.
Mole ratio of isobutyramide

to NtB is_ 7:1.

a6
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The splitting due to the nitrcgen nuclesus is 17.0 gzucs
and the beta proton splitting is about 2 geauss, To

verify that it is indeed the isoprcpyl group thet bpecores

=
v -

rapped by ¥t3 during the irradiaticn, a separete e

o}

iment was performed where a nixture of isopropyl chloride
with Nt3 was irradiated. The ISR spectrun ¢f the afcre-
mentioned mixture appeears in Figure 44, 4 three lire
spectrum is observed which shows evidence of Ifurther
splitting. The coupling by the nitrogen nucleus is 1€.0
geuss and the beta proton coupling is about 2 gauss., TChe

result of the latter experiment provides evicdence that

the isoprcpyl group becomes trapped by 7tz during the
ati

b

irrad on of isobutyramide, The E3R spectrum of the
t-butylisopropyl nitroxide radical has been reported (35).
4 six line spectrum was observed, The F¥-14 coujyling was
16.8 gauss and the proton coupling was 1.8 g=2uss, The
spectrurm of irradiated isobutyramide with IIt2 is assigned
to the t-butylisorropyl nitroxide radical,

The spectrum of irredisted pivalamide with
appears ir Figure 45, A three line spectrum is observed
with no further splitting., The speétrum is assi_med =o
the di-t-butyl nitroxide radical, The =14 ccupling is
15.0 gaussz, To confirm this result z mixiure of 2Nt2

“with t-butyl chloride was irradizted and Z32 srpectir

v

were reccrded., The sample cortaining the tT-butyl chloride
and ItB also yielded a three line spectrum (Fisure 46)

with N-14 ccupling of 15,5 gauss,

[#)}

7
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Figure 44. ESR spectrum of irradiated
mixture of isopropyl chloride

with NtB at room temperature.
/
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56

Figure 45. ESR spectrum of irradiated
mixture of pivalamide with
Kt3 in water at -4°C. iiole
ratio of pivalamide to [t2B

is 4:1.
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Figure 46, ESK spectrum of irradiated
t-butyl chloride with NtB

at room temperature,

©0
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An aqueous soluticn of PiAim with HtB was irraliated
at room temperature. Spectra were recorded from -10°C
to 0°C. Figure 47 shows the spectrum observed at -10°C,
A total of five lines are seen. Two partially overlapped
spectra are present, One spectirum corresponds to peaks
labeled 1, 3, 5. This spectrum is assigned to the NtB

adduct of radical 1:

The N-14 coupling is 15.5 gauss. This result is in line
with that obtained for the NtB adduct of the propagating
radical in methacrylamide (Figure 8).

The second spectrum corresponds to peaks labeled
2, 3' which is superimposed on 3 and 4. This spectrum

is assigned to the NtE adduct of the amide free rzdical:

tBu—N—C—NH
I n 2
O O

The observed N-14 coupling is about 10.7 gauss. This
result is in line with that obtained for the irradiation

spin trapping study of formamide (Figure 11).
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Figure 47. ESR spectrum of irradiated
mixture of polymethacrylamide

and Nt2 in water at -10°C.
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c. Discusczion of imide Photoche;.istry

It would be approvriate at this time to briefly
discuss the basic processes in amide photochemistry and
to correlate the results obtained thus far. During the
photolysis of alipratic amides, carbon monoxide, hy-
drogen and aliphatic amines are generated (36)(37). A

reaction scheme for the ghotolysis of amides is.given

below:

hv

Re + -CONH2 ——>CO+ -NHZ

Re + *NH, —— R—NH,

The amide group cortrols the photodecomposition, Clea-
vage may occur at the carbon-carbon bond or the carbon-

nitrogen bond at the carbonyl group.

°3
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The results of the irradiation spin trapping studies
for isobutyramide and pivalamide indicate that the alkyl
group attached to the amide group is trapped by KtZ=.
Hence one might suspect that cleavage of the carbon-
carbon bond at the amide group occurs during irradiation
of these compounds. However the spin adduct of the
anide group could not be detected during these experi-
nents., Perhaps the amide radical is sufficiently
reactive that it d?composes before if can be trapped by
NtB. a

Wwhen PMAAm was irradiated in the presence of the
trapping compound, the spin adducts of "radical 1" and
the amide radical were detected. Apparently during the
irradiation of the polymer the amide radical is generated.

The resui%s of the spin trapping experiments support
the belief that when amidg compounds are irradiated,
the cleavage of thed;arboﬁ-carbon bond at the carbonyl
Eroup OCCUurs.,

Finally how might one account for the formation of
"radical 1" during the irradiation of PMAAmM? A suggested

mechanism for the irradiation degradation of PMAAmM is

given below:

~
~

~
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~CH;~C~CH_~C— CHy  CHs

~C CONHp CONH, —(-CONH,)- ~CHzC—CHz~G—CHy
CONH, CONH, —(°CONH,) CONHp
s (H3
—CHz C* + CHFC—CHz
CONH,

The primary step of the degradztion involves cleavage of
an aizide group from the polymer chain. The intermediate
tertiary free radical then quickly undergoes main chain
scission at the carbon-carbon bond beta to the site of
the unpaired electron. "Radical 1" and a fragment with
terminal unsaturation are the results. The Tact that
"radical 1" is generated during the Gegradaticn suggests

that P i,.m undergoes chain scission when it is irradiated.
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V. ' Conclusion

The results obtained herewith point to the fact
that Plaim is a polymer of the degrading type under
ultraviolet and gamma irradiation. ESR spectroscopy
revealed thét "radical 1" is an important intermedizte
during the ultraviolet irradiation of Pilaim and its
copolymers with methyl mrthacrylate. 4 well resolvéa_"
five line ESR spectrum with approximate binomial in-
tensity distribution was ebtained for PHMA:m in a rigid
glass at low temperature. McConnell's relation was
used as a basjis for the assignrent of "ra&ical 1" to
the five line spectrum, The fact that "radical 1"
appears after irradiation suggests that main chain
cleavagévis an important process for the polymer. The
Z3R spiﬂ'trapping study of PMAAmM not only provided
support for the formation of "radical 1" during irradia-
tion but also inferred the mechanism by which "radical 1"
may arise., The spin trapping experiment also indicated
that the amide radical is generated during the irradia-
tion of PilAAm., The chemical processes involved during
the irradiation of the polymer have been elucidated.

The viscosimetric studies of redox polymerized
PlisiAm indicated that the rolymer underwent significant
reduction in molecular weight after exposure to gamma

irradiatione.

S6
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Table 11 lists radisticn G values for the polyuers
studied here as well as some pclymers studied elsewhere

(38)(32)(40)(41).

Table 11, Radiation G values for degrading pclyners.

Polymer G Value (events/1C0 eV)
Polymethacrylamide GS-Gx = 2.0
KA (95%) — co MAAm (5%) G,=0.92, G,=0.09
Poly(isobornyl methacrylate)l G -G, = 2.1
¥*
PHMMA GS-GX = 1.3
. ¥*
‘Poly(n-hexyl methacrylate) G ~G, = 0.38
*
G -G, = 5.3 (low Zose)
Poly(methyl-ecchloro = 2.1 (hich acse)
acrylate) T e Toen e
Poly(1,1,l-trichloroethyl C -G = 2.1
o< chloro acrylate) s "x ~ °°
R *
Poly(l-butene sulfone) GG, = 6.5

* TIndicates a literature value. -

a7
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It is known thzt the sensitivity of a polymeric
resist to the electron beam increases with the G value
of the polymer. Comparison shows thzt PMAAm and poly-~
(isobornyl methacrylate) have nigher G values than 2MiA
and pcly(n-hexyl meéhacrylate). However the polymers
investigated here co nct degrade as readily as do
poly(1-butene sulfone) aad pciy(methyltxchloro acrylate)
(PMCA). PIiCA is an interesting case. After absorption
of one megarad of radiation, the wvalue of GS-Gx decreases
by a factor of two. After irradiation the nmaterizl
becomes less sensitive to radiation. PHCr undergoes
dissociative electron cavture with the removal of a
chloride ion. Then beta scission occurs to yield the
polyneric methyloechloro acrylate radical. The number
of scissions per polymer after one megarad dose is 1l.1.
One chlorine aiom is lost for every chain scission that
occurs. The reason for the decrease in sensitivity
is not clezr,

The copolvmer containing methacrylawide and metayl
methacr&late yielded a fairly low G value., It should
be pointed out that this copolymer had a large disperéity
(mw/mn> 7). Perhaps the broad distribution of the co-
polymer obscures the true ef{fect of the radiation on

this sample.

a8
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on studies performed by ‘ateuéz and co-

d
C e A~ =7
workers (8) Piiim had a sensitivity cf 2.3x10 coulembs/

.......

aracteristics such as high gless transiticen
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A, llatericals

iethecrylamide and methyl nethacrylate roncrzrs
were obtzined from :lérich Comfany. N,N-direthyl neth-
gcrylenide and N-methyl methazcrylanide were cbtuined Irono
Polysciences Company. Butyl methacrylate end isobtornyl
methacrylate were received from Scientific Folyzer
Productse.

Methacrylamide was recrystallized Irom toluere
prior to use, HMethyl methacrylate was distililed tefore

use, The other methacrylate moncmers were rpassed ithrough

a2 column (supplied by SP2 Com:zary) to remove the in-

w

hibitor. The initiators benzoyl peroxide and potacsium
versulfate were supplied by Fisher Company and were used
without further purification. Tetrahydrofuran of hich
purity was distilled and stored over molecular zieves

in the dark under nitrogen.

;lodel compounds isobutyremide and pivalamide were

=0

purchaced from Aldrich Comrany and were recrystallized
frcx methanol prior to use., The trappring agent, nitroso-
tertiery butane, was obtzined from 4ldrich Company. This
cornpound .was stored in the refrigerator and was u:zzé
without further purification. Magnesium perchlorate
(Tridom Co.) and urea (Fisher Co.) were used as they were

—aewe p

received for viscosity experiments, P4 standards used
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for Gr¥C were obtained {rco Folysciences Tormpany.

B, Preparztion-of Polvmers

Tolymethacrvlamide (Plliim)

Lo LN

Tater soluble PMNAim was prepered by free

H

[97]
(R
0
m
(3]

polymerization of methacrylanide in refluxing to.uerne

with benzoyl peroxide zs initiater (42). The pclymer

po

s

which is insoluble in toluene precipitates az it

4

formed in the reaction mixture. This fact will 1imit
the molecular weight of the polymer produced, L 66%

yield was cbteined. After isolation the polymer was

[

washed with hot methylene chloride 1o remove zIraces o
mononer and initiater., This Plizim sample was used for
ZSR studies and mclecular weight measurements.

A second sanmple of PMiim was prepared using redox
polymerization at room temperature. A4 20% agqueous
solution of methacrylamide wéé Tirst purged with nitro-
gen, Potassium persulfate ané sodium bisulfite were
then added to initiate the rezction. The mass ratio of
monomer to initiator was 100:1. The solution was stirred
vigorously. Tne next morning the reaction mixture wzs
found gelled, The so0lid glob of materizl was placed in
a beaker with distilled wzter and heated to boiling <o
dissolve it. The polymer precijpitated upon ccoli=ng.

The meterial was cut into small pieces and placeé in the

oven at 100°C. After two hoﬁrs the dry sarrple was re-
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£

ioved from the oven. . 50% yie was ottazined, Tris

=3

{izm proved sciutle in &I urea and 0.4l mecnesium per-

49)

chlorate solutions. The kinetics of persulfate initiated
polymerization of methacrylamide had been reported by
other workers (43). Redox rFll.iom was used fer rolecular

weizhi experiments

veery

Covolvmers with [:i¥&

Three ccpolymers with verying cempositions of Lliainm

o =

ax.d MA were prepared and used Ior L3R studies. The
o A EAl e
cepolymerizaticns tockx place at 707C in 98% ethancl

with benzoyl perozide as initiator. The reported reac-
tivity ratios for copolymerization of lia'm (Ml) with (M2

(MZ) are r1=0.47, r2=1.5 (44) and r1=0.43, r2=1.68 (48).

n

The copolymer samples prepared could be describsd thi

way :
Copolymer 1: fl=O.789 Fl=0.65
Copolymer 2: fl=O.583 Fl=0.4l
Copolymer 3: f1=0.285 Fl=0.18
¥ denotes the Iracticn of the comonomer in the copolymer

eand £ denotes the fracticn of the comonomer in the feed,
Figure 48 shows the plot of Fl against fl, ths copolymer
composition curve for }Miim and MMA.

211 copolymerizations were carried tc 10% or less

conversicn to insure the production of iicmozeneous co-
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Figure 48. Copolymerization curve for
MAAMm (Ml) and MMA (MZ).
Table 12, Copolymer yields.
Copolymex| % conv, fl Estart 'fl « end
1 7.0 0.789 0.798
"2 8.0 0.583 0.598
3 6.0 0.285 | 0.292
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tivities, the copolymer composition and tThe extent of
conversion, the change in £, over the course of co-
rclymerizaticn wazs calculeted. In each case thsre ic

the reaction.

iy

rot much chunge in fl during the course o

The value o7 fl increases since MNIA4A 1is the xcre rezctiive

rnoncmer. Sutseguently a ccpolymer with 5% Miim was

prepared and used for a molecular weight study.

{
3
A

Poly(N-Methyl Methacrylznride)

Ten grams cf MN-meihyl methacrylemxide were mixed
/
with 20 ml of distilled water and initiator (0.07g
potassium persulfate and 0.03g sodium bisulfite)., The
solution was stirred and the't&mperatﬁre was held at
359C, The next day the nmixture was Found gelled, The

gel was_ then dried on a watch glass ©6ver z heat plate.

5% yield was obtained. This polymer was csoluble in

b

8¥ agueous urez and distilled water.

Ccpolymer of ilaim with N, N-Dimethyl ilethzcryiamide

80 ml of cistilled water were nixed with 0.1 xcle
of each coronomer and initiator (0.15g potassium per-
sulfate and 0.0€6g sodium bisulfite), The soluticn was

stirred and the temperature was held at 35°C. The rnext

[oN)

ay a small ancunt of so0lid had feormed in the rixture.

104
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above room temperature.

Poly(n-Butyl i‘ethacrylate)

Fely(outyl methécrylate) was prepared by free rediczl
polymerizatioﬁ in bulk. 100 ml of monrcmer were purged
with nitrogen and 0O.lg of benzoyl percxide wes addzd.

The mixture was stirred while heating to 85°C. alter an
hour the rolymer was rrecipitated on pentene. The poly-
mer was dissolved in hot methyl ethyl ketone, pre-
cipitated on methanol and then isolated. A 4C3 yield

was obtained,

Copolymer of Zutyl lethacrvlate with lii-m

sutyl methacrylate (0.5 mole) and INiam (0.5 mole)
viere dissolved in 250 ml of ethenol., The soluticn was
then purzed with nitrogen. Zenzoyl peroxide (C.25g)

was added., The mixture was heated to 85°C with ctirring,

lJ-

After two and one half hours the copolymer was prec

M
P

o\

[l &

itated on water and then dried ir the oven, =~ 15% yield

wes obtzined,

Folv(Isobornyl ethacrvilate)

10 ml of isobornyl nethzcrylate were hezted to s
in 2 test tube with 0.lg of benzoyl peroxide, Within

15 minutes the reacticn mixture so0lidified.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



tube was broken. The so0lid materizl was crushed to bdits
under the heat press at 200°C. The polymer weas found to

e insoluble in DI but was soluble in toluene,

C. Thermal Cheracterization

PHitm and the copolymers with A were cheracter-
ized by differential scernning calorimetry with the

Dupont 990 thermal analyzer. The heating rate was 10°c
per minute under air., tach sample exhitited a DSC trace

similar to the one depicted in Figure £49.

—

100° 265° T

Tigure 49, DSC sketch for copolymers of Hiam

with MIA and Plism,
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al: eround 1070

]

absorbed water 'mclecules. 4 carmple which was iried
prior to takins the D3T did not show this peak. The
t

sharp pezk around 2659 is thought to te due

by other workers (46)(47).

D, Ultravioclet Spectra

Jltreviolet spectra were recorded for agueous sclu-
tions of methacrylamide, PMiim, isobutyramide, pival-
amide and magnesium perchlorate. Guartz cells with cne
cn. path length were ucsed, Spectra were recordad on the
Cary 118C instrument.

The spectrum of ZM:im at a conceniration of 0.% g/1
is depicted in Figure 50., A plot of &absorbance &t 220
nm egainst concentration is given in Figure Si. The
absorptivity coefficient for PMiim is 3.6 1/c-cm.

The UV spectrum of i’iam at a cencentraticn of 0.10%

11}
RY]
ct
(AN]
W
(@]

g/1 appesrs in Figure 52, 4 plot of absordanc
nm zzainst concentraticn is shown in Figure 53. The

=

absorptivity coefficient for Mism is 13.3 1/z-crn.

T A7
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l.O.r
200nm 250nm
Figure 50, jibsorbance vs, wavelength for
PlizAm, conc.=0.%g/1.
1.5]
Abs.
1.0
0.5

|
T

-+
-

0.1 0.2 0.3 conc. g/l

Figure 51. Absorbance € 220 nm vs. concen-

tration for PliiAm,
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2.0

1.0
[l
Figure 52, Absorbance vs. wavelength for
i4Am, conc.=0.10% g/l._
1.57
Abs.
1.0
- /
0.5 A
L 1
0.05 0.10
conc. g/l

Figure 53. Absorbence ¢ 230 nm vs.

concentration for KMAAm.

~~n
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An ultraviolet study of irradiated FiliAm wes carried
cut. 4n aqueous soluticn of PHiim was irradiated for
various time intervals and spectra were recorded., Thne’
sclute concentration wzs 0.3 g/l. The results are sum-
marized in Table 13,

4n increase of ultraviolet absorption is observed
in the range of 300 nu to 200 nm for solutions irradiated
up.to two hours. The change in specirum indiczates z
modification of polymer structure; possibly due to the

formation of doutle bonds in the materizl.

Table 13. Ultraviclet absorbance for

irradiated Pi4Am.

Absorbance Values
Sample
Irradiation @ 300 nm. @ 260 nm. @ 220 nm.

Time

none 0.04 0.12 1.20
15 min. 0.08 0.16 i 1.36
30 min. 0.08 0.16 1.36

1 hour 0.10 0.20 1.38

2 hours 0.12 0.22 1.24
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L spectrum was recorded Ior an ayd

< 3 -~ kt ~ b e Y - ~ - ~ - s -
of magnesium perchlorete. 7The sclutior had an atcsortancs

@

of 0.16 at 220 nm.
Spectra were recorded for isobutyramide and pivel-

amide in agqueous solutions. 3Both compounds exhitited

o
wn
o)
%]
]
(@}
[¢)]
)]
o+
~)
N
O

spectra similier to PHlaim., =Zlots of =
nm against concentration are shown in Figures 54 and £5,.
Isobutyramide rhad an absorptivity coefficient of 0.84

1/c-cme FPivalamide had an atsorptivity cocefficient of

0.26 1/g-cm.,

E. ZSR Spectra

b

ESR spectra were recorded on the JEOL ESR spectrc-
meter at various temperatures fronm -160°C to roccm tem-
perature. All samples for EZSR work were degassed &and
then sezled under vacuum in quartz sample tubes or
quartz capillary tubes., A4 200 VWatt mercury-xenon lamp

was used Ior ultraviolet irradiatioms.
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0.5 «
Abs.
0.2 ]
1 . [
L ] - ¥
0.1 0.3 conc. g/l 0.5
Figure 54. Absorbance €& 220 nm vs. concen-
tration for pivalamide.
0.5 «
Abs.
0.2 J
0.1 0.3 conc. g/l‘
Figure 55. Absorbance @ 220 nm vs. con-

centration for isobutyramide.
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F. lKolecular Weight

Viscosity average molecular weights were determined
for PMAim sanples using the Hewlett-Packard autd—
viscometer., The viscometer tubes were supplied by
Cannon Company (tube numbers: 1D-657 and 50E-530). The
temperature was maintained at 25°C with a temperature
bath eqguipped witﬁ a thermoregulator, Efflux times
were measured with a photoelectric attachment with auto-
matic recorder. Intrinsic viscosities were determined
by the graphical intercept method. The solvents used
for viscometric studies of FilAAm were 8 acueous urea
and O0.4M acueous megnesium perchlorate,

The molecular weights of MIMA ccpolymer samples
wvere investigated by gel permeation chromatography with
the Waters GPCZinstrument. Severzal narrow molecular

-

weight distribution samples of FiMA were injected into
the GPC and a calibration curve for FHIA in DHF was
prepared., TFigure 56 chows the natural logarithm of
molecular weight against the elution volume, It was
then assumed that the copolymer (95% MMA) obeyed the
PHMMA calibration curve,

The molecular weights of poly(isobornyl methacryl-
ate) samples were invéstigated by membrane osmometry,
Toluene was used as solvent. Number average molecular

weights were determined by the graphical intercept

method from plots of reduced osmotic pressure against

113
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concentration,

G. Film Prepsrations

The following samples were made into filzs using 2 neat
press:
l. PilvA
2. Copolymer (IAam 18% - I 82%)
3, Copolymer (lMAAm 40% - MiA 60%
4, Poly(butyl methacrylate)
] 5. Copolymer of butyl methacrylate with iim
PiiA was pressed at 125°C under 30,000 psi for 15

minutes. Copolyrers with methzcrylarice were presssd at
170°C under 35,000 psi for 15 minutes. Poly(butyl meth-
acrylate was pressed at 50°C under 30,000 psi for 10

_/ minutes., The copolymer of butyl methacrylate with [liim
was pressed at 15000 for 10 minutes under 30,000 psi.

=777/ PMAAm, poly(N-methyl methacrylamide) and the copolymer
with lMALm and dimethyl methacrylamide could not be
softened., Thus no films could be prepzred from these

samples,

H. iiechanical Properties

The .Instron tensile testing device was used to
characterize polymer films. The instrument was celi-
brzted with a five pound weight prior to use. Stress,

strain, modulus and ultimate strength for six samrples

115
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Table 14, Iechanical properties of

polymer films.

Modulus Ultimate ~ Percent
Sampie dyhes/c:n2 Strength Zlongation
osi at brezk
(Rar.ze)
PrMA | (1.0320.55)x10%0] (2.1 to 4.3)x10° 3.6
MAAmM 18% 9 3
(6.41%3,41)x10 (0.6 to 1.9)x10 1.3
MMA 82%
(8.0622.73)x10° | (0.7 to 4.5)x10 2.1
MMA 60% .
Poly- ) ;
buty? |(3.61:1.86)x10° |(0.8 to 2.8)x10°| 143.3
s :
BMA
and | (6.8323.28)x102 [(0.8 to 3.%)x10° 1.9
MAAm

11€
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of each film tested., Table 14 lists values for moculus,
ultimate strength and percent elongation fer the polymers
studied.

PiiMA, the copolymers of [lAAm with ill4 and the co-
polymer of butyl methacrylate with Miim exhibited stress-
strain curves indicative of brittle fraciure, The
aforementioned materials had high modulus values and low
percent elongation at the break. On the other hand poly
(butyl methacrylate) exhibited plastic deformation wi<h
lower modulus values than the other samples,

It would appear that the incorporazicn of MAiim intc
a copolymer with MMA lowers the modulus by less than ons
order of magnitude., Incorporation of lA:im into a co-
polyner with butyl methacrylate leads to an increase in
modulus of the sample by one order of magnitude, The

copolymers formed good films and had hizgh strength.

I. Gawmia Irradiations

&4 cesium 137 gamma irradiator was used to irradicte
solid polymers. Samples were sealed under vacuum and
irradiated for periods of two, four, six and eight rours.
Rediation G vzlues and the quantun efficiency for de-
grudation were determined from moleculzar weight riezsure-

"ments. The radiation doszge rate was determined by the
dosiretry procedure zivenrn by Tsay and Cdian

docaze rste received Yy polyr-er samples was 0,29 ixzdi/zr.

~17
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J. Ceruon 13 Speciroscouy

20.1 iEz, naturazl abundance, protor Zecourlel carbor
13 spectra were ottained on the IDi LZ-80 instrursnt,
Fiann sariples were studied in acueous urea soluticne
with DZO for lock. 'The urea carbonyl resonance arrears
at 1€63.0 ppm and does not interfere with the cartonyl
resonances from the polymer. The C-13 shifit for cioxane
(reference) was set at €7.4 ppm.

Copolymers viere studied in DIF solution with DZO
capillery tube for lock. Referencing was-madle by cse
the IDiF methyl carbon cisoid to the formyl proton at 3.0
prme. Foly(isobornyl methacrylate) was studied in CDCl3
solution at 40°C with Ti:S for_reference. Concentrations
were in the range of 10% to 15%. Pulse widths of 60°
and relexation delays of one second were used, Iormally
3,000 to 10,000 scans werz taken for a siven sarple,

Spectra for samples in D20 and DMF sclutions were re-

corded at 80°C to 90°C.

138
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