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ABSTRACT 

ai357 
Polybutadiene i n  t h e  s o l i d  s t a t e  undergoes photochemical c i s - t r ans  -- 

i somer iza t ion ,  i n  the  absence of de l ibe ra t e ly  added s e n s i t i z e r ,  when 

i r r a d i a t e d  i n  vacuo with krypton 1236 A or mercury 2537 A r ad ia t ion .  

The isomerizat ion is accompanied by loss of unsa tura t ion  which is more 

pronounced with krypton than with mercury r a d i a t i o n .  

f o r  t hese  two r eac t ions  i n  t h e  case of krypton r a d i a t i o n  w e r e  found t o  be 

0 .25  and 1.53, r e spec t ive ly ,  while the  corresponding y i e lds  f o r  t h e  

mercury i r r a d i a t i o n  w e r e  0.09 and 0.07. The r a t h e r  high G v a l u e s  o r  

100-e.v. y i e lds  f o r  the  vacuum photochemical isomerizat ion and t h e  

l o s s  of double bonds ( 2 . 5  and 15.3) compare w e l l  wi th  corresponding 

G v a l u e s  f o r  t he  r a d i a t i o n  chemical analogs ( 7 . 2  and 13.6-7.9,  

r e s p e c t i v e l y ) ,  thus  c a l l i n g  a t t e n t i o n  t o  t h e  l i k e l y  s i m i l a r i t y  of 

mechanisms i n  these  t w o  s y s t e m s .  In p a r t i c u l a r ,  t h e  high quantum y ie ld  

or G v a l u e  f o r  loss of double bonds with krypton i r r a d i a t i o n  s t rong ly  

i n d i c a t e s  a chain c y c l i z a t i o n  comparable t o  t h a t  pos tu la ted  i n  t h e  

r a d i a t i o n  chemistry of diene polymers. The photoisomerization with 

mercury l i g h t  is  considered t o  be s e n s i t i z e d  by adven t i t i ous  impur i t ies  

present  i n  t h e  polymer which absorb i n  t h e  ordinary u l t r a v i o l e t  range 

(where the  polymer i t s e l f  is t ransparent )  and which t r a n s f e r  energy t o  

t h e  double bonds causing t h e i r  e x c i t a t i o n  and isomerizat ion.  The 

s ign i f i cance  of t h i s  work l i es  i n  the f a c t  t h a t  i t  c o n s t i t u t e s  probably 

t h e  f irst  fundamental study of vacuum photochemical t ransformations i n  

a high polymer; i t  has implicat ions f o r  f u r t h e r  study i n  order  t o  

understand b e t t e r  t h e  space environmental e f f e c t s  on polymeric materials. 

The quantum y ie lds  

ii 
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I INTRODUCTION 

This  F ina l  Report on Contract No. XASr-49(20), "Vacuum U l t r a v i o l e t  

I r r a d i a t i o n  of Polybutadiene," covers t h e  period from J u l y  15 ,  1964 t o  

January 29, 1965. The a i m  of t h i s  research has been t o  explore  t h e  

p o s s i b i l i t y  of achieving the  d i r e c t  photochemical cis-trans isomerizat ion 

of polybutadiene i n  the  s o l i d  s t a t e  ( i . e . ,  i n  t h e  absence of any de l ibe r -  

a t e l y  added s e n s i t i z e r )  analogous t o  the  radiation-induced unsens i t ized  

isomerizat ion of t h i s  po1ymer.l Inasmuch a s  the  polymer double bonds 

begin t o  absorb e f f e c t i v e l y  only below 1800-1900 A ,  t h e  d i r e c t  photo- 

isomerizat ion could be expected t o  occur on t h e o r e t i c a l  grounds i f  the  

polymer i s  exposed t o  s u i t a b l e  r ad ia t ion  i n  t h e  vacuum u l t r a v i o l e t  

range. Attainment of t h i s  reac t ion  not only should have considerable  

s c i e n t i f i c  i n t e r e s t  from the  standpoint of cis-trans isomerizat ion of 

o l e f i n i c  compounds general ly  ,2 but a l s o  would c o n s t i t u t e  one of the  

f i r s t  vacuum photochemical reac t ions  produced i n  a high polymer. Such 

a r eac t ion  should thus  have a spec ia l  s ign i f i cance  i n  a broad study of 

space environmental e f f e c t s  on polymeric m a t e r i a l s ,  i n  p a r t i c u l a r ,  those 

e f f e c t s  due t o  i n t e r a c t i o n  with the  extreme u l t r a v i o l e t  component of 

s o l a r  r ad ia t ion .  

-- 

-- 

Previous work by the  author  has shown t h a t  polybutadiene can be 

made t o  undergo c i s - t r ans  isomerization when i r r a d i a t e d  i n  benzene 

so lu t ion  with u l t r a v i o l e t  l igh t3  or ~ - r a y s ~ ' ~  i n  the  presence of a 

s u i t a b l e  s e n s i t i z e r  such as an  organic bromide, d i s u l f i d e ,  o r  mercaptan. 

The mechanism of the  s e n s i t i z e d  isomerization was depicted as involving 

the  formation of a composite rad ica l  s t r u c t u r e  from t h e  polymer double 

bonds, e i t h e r  cis o r  t r a n s ,  and the bromine atom o r  t h i y l  r a d i c a l  formed 

i n  t h e  photo lys i s  or r a d i o l y s i s  of the s e n s i t i z e r .  The t r a n s i t o r y  isomeric 

r a d i c a l s  which are thus  formed can then in t e rconve r t .  On release of t h e  

a t tached  r a d i c a l  X, represent ing  e i t h e r  B r .  or RS., t he  double bonds are 

rees tab l i shed  with the  thermodynamically m o r e  s t a b l e  conf igura t ion ,  v i z . ,  

t r a n s ,  being formed predominantly. The mechanism is thus e s s e n t i a l l y  t h e  

same as t h a t  ind ica ted  f o r  t h e  c i s - t r ans  isomerizat ion of simple o l e f i n s  

-- 

- 

-- 
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involving t h e  same type of s ens i t i ze r s . "  

/ H  

/ C - K x  

H 
- \  + x  - / H  

H 
\ 

c%?-  -CH2 CH, - -CH2 /c=c \ 

cis - 1 1  
H H ,CH2 - 

/c=c 
- \  + x -  \ 

'H -CH2 4% 

t r a n s  

Isomerization of polybutadiene can also be induced thermally with s u l f ~ r , ~  f 8  

s u l f u r  d i ~ x i d e , ~  o r  selenium.lo Recently, t h e  k i n e t i c s  of t h e  diphenyl 

d i s u l f i d e  photosensi t ized isomerization of polybutadiene w a s  s tudied i n  

d e t a i l .  

I n  add i t ion  t o  these  various sens i t i zed  r e a c t i o n s ,  polybutadiene 
I? undergoes an  

s o l u t i o n  o r  i n  t h e  s o l i d  s ta te  i n  t h e  absence of any added s e n s i t i z e r . '  

The mechanism i n  the  s o l i d  s t a t e  case is considered t o  involve d i r e c t  

e x c i t a t i o n  of t h e  n e l e c t r o n s  of the  polymer double bonds t o  a n  

antibonding state where f r e e  ro t a t ion  and hence geometric interconversion 

can r ead i ly  occur. I n  t h e  so lu t ion  case, t h e  important agency f o r  

promoting t h e  isomerization is assumed t o  be energy t r a n s f e r  from exc i t ed  

benzene molecules t o  t h e  polymer double bonds, which are then a b l e  t o  

in t e rconve r t .  Whether i n  s o l u t i o n  or i n  the  s o l i d  s t a t e ,  t h e  r ad ia t ion -  

unsensit ized" isomerization when y- i r radiated i n  benzene 

induced unsensi t ized isomerization of polybutadiene i s  a n  e f f i c i e n t  

process when viewed from the  standpoint of energy u t i l i z a t i o n .  The 

hypothesis of intramolecular energy t r a n s f e r  advanced' t o  explain t h e  

isomerization i n  t h e  s o l i d  s ta te  has been supported by t h e o r e t i c a l  

considerations1" i n  which i t  w a s  shown t h a t  each e l e c t r o n i c  e x c i t a t i o n  

2 



i n  polybutadiene can isomerize 2 . 5  double bonds from t h e  cis t o  t r a n s  

conf igura t ion .  Moreover, the  hypothesis of e f f i c i e n t  energy t r a n s f e r  

from exc i t ed  benzene molecules t o  the o l e f i n i c  un i t s1  has l ikewise  found 

support  i n  o the r  work on the  radiation-induced isomerizat ion of butene-2 

i n  benzene. l3 

- 

With polybutadiene c l e a r l y  undergoing photosens i t ized ,  as w e l l  as 

radiation-induced s e n s i t i z e d  and unsensi t ized c i s - t r a n s  isomerizat ion,  

i t  w a s  of d e f i n i t e  i n t e r e s t  t o  see i f  it could a l s o  undergo a d i r e c t  

(unsens i t ized)  photoisomerization. It w a s  expected that such a r eac t ion  

would e n t a i l  a vacuum photochemical i nves t iga t ion  of polybutadiene s ince  

t h e  (unconjugated) -CH=CH- u n i t s  i n  t h i s  polymer a r e  t ransparent  i n  t h e  

near  u l t r a v i o l e t ,  and only begin t o  exh ib i t  absorpt ion a t  around 

1 8 5 0 i  i n  the fa r  u l t r a v i o l e t .  In p r i n c i p l e ,  i f  the e l ec t rons  of t h e  

double bonds could be exc i t ed  by absorption of quanta of t h i s  or s h o r t e r  

wavelength, analogous t o  t h e  exc i t a t ions  produced by p r a y s ,  polybutadiene 

would indeed photoisomerize. Apart from t h e  i n t r i n s i c  s c i e n t i f i c  i n t e r e s t  

i n  a s tudy of t h i s  kind,  t h e  indicated en t ry  i n t o  the  here tofore  uncharted 

f i e l d  of vacuum photochemistry of high polymers appeared very des i r ab le  

i n  view of the  Nat ion 's  space program, and t h e  need t o  apprec ia te  b e t t e r  

the chemical e f f e c t s  of t he  sho r t  wavelength u l t r a v i o l e t  r ays  emit ted 

from t h e  sun (such a s  the  Lyman alpha l i n e  a t  1216A) on polymers 

exposed t o  outer  space environment. A t  t h e  same t i m e ,  t h e  p o s s i b i l i t y  

t h a t  advent i t ious  trace impur i t ies  i n  polymer f i l m s  could serve t o  

photosens i t ize  reac t ions  i n  t h e  near u l t r a v i o l e t  reg ion ,  where t h e  polymer 

pe r  se is e f f e c t i v e l y  t r anspa ren t ,  made i t  d e s i r a b l e  t o  examine a lso the  

conventional mercury i r r a d i a t i o n  of s o l i d  polybutadiene.  
-- 

T h i s  repor t  accordingly descr ibes  a fundamental, though prel iminary,  

i nves t iga t ion  of t he  c i s - t r ans  isomerization of t h i n  f i l m s  of polybutadiene 

irradiated i n  vacuo with e i t h e r  krypton 1236A rad ia t ion  o r  with mercury 

2537 A r ad ia t ion .  

-- 
0 
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I1 EXPERIMENTAL 

Two polybutadiene samples were used i n  t h i s  work: a high-cis 

polymer (Ameripol CB), obtained from the  B. F. Goodrich Research Center ,  

Brecksv i l l e ,  Ohio, and a high-trans polymer, suppl ied by the  P h i l l i p s  

Petroleum Company, B a r t l e s v i l l e ,  Oklahoma. The s t r u c t u r e s  of these  

polymers, as determined by inf ra red  a n a l y s i s ,  cons is ted  of approximately 

96% - c i s - 1 , 4 ,  2% t rans-1 ,4 ,  and 2% vinyl ( o r  1,2-polymerization) u n i t s  

i n  Ameripol CB, and about 93% trans-1,4,  5% c i s - 1 , 4 ,  and 2% vinyl  u n i t s  

i n  t h e  high-trans polymer. The polymers were p u r i f i e d  by seve ra l  

p r e c i p i t a t i o n s  from benzene so lu t ions  using methanol as p r e c i p i t a n t ,  

and then  redissolved i n  benzene t o  form d i l u t e  s tock  s o l u t i o n s ,  from 

which t h i n  f i lms  w e r e  c a s t  onto N a C l  p l a t e s  f o r  krypton o r  mercury i r r ad -  

i a t  ions .  

- 

- 

The krypton l i g h t  source w a s  a sea led  microwave discharge lamp, 

constructed of q u a r t z ,  s i m i l a r  t o  t ha t  descr ibed by Schlag and Comes14 

and having an i n i t i a l  i n t e n s i t y  of about 3-5 x 1013 quanta/sec of 1236A 

r a d i a t i o n  (along with about one-tenth t h i s  i n t e n s i t y  of the  o the r  krypton 

resonance l i n e  a t  1165 A )  passing through a l i th ium f luo r ide  window 12 mm 

i n  diameter.  The lamp, c o n t a i n i n g t h e  rare gas a t  a pressure  of 1.5- 

2 . 0  mm Hg, w a s  exc i ted  by an 85-watt, 2450-Mc microwave genera tor ,  and 

t h e  v i s i b l e  discharge was kept c lose t o ,  but d e f i n i t e l y  above, t he  

window. The experimental arrangement f o r  t h e  krypton i r r a d i a t i o n  of 

polybutadiene f i lms  i n  vacuo is depicted i n  Fig.  l a .  Since the  percent 

t ransmission of 1236A rad ia t ion  by t h e  window w a s  found t o  diminish 

by a f a c t o r  of ten roughly every 20 hours,  the  use fu l  l i f e  of t h e  

lamp was l imi t ed  t o  about 40 hours, and f o r  t he  work described i n  t h i s  

repor t  i t  w a s  necessary t o  employ four  such lamps. The i n t e n s i t i e s  

of t h e  lamps were determined by n i t r i c  oxide act inometry,  and the  

progressive decrease i n  emission with time of operat ion was taken i n t o  

account i n  c a l c u l a t i n g  the  t o t a l  quanta deposited i n  the  f i lms .  

0 

0 
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Two mercury l i g h t  sources were employed f o r  conventional u l t r a v i o l e t  

i r r a d i a t i o n s :  a Pen-Ray ground-joint low pressure  lamp (manufactured by 

U l t r a - V i o l e t  Products,  I n c . ,  San Gabriel ,  C a l i f . )  w i t h  a 10-inch qua r t z  

s t e m ,  a c t iva t ed  by e l ec t rode  discharge,  and having an i n t e n s i t y  of 

about 2 . 5  x lo1' quanta/cm2/sec of 2537A r a d i a t i o n  (along w i t h  1.8 x 

1013 quanta/cm2/sec of the  o the r  mercury resonance l i n e  a t  1849A) 

inc iden t  on t h e  polymer f i lms  held a t  a d is tance  of one-half inch from 

t h e  s t e m  and under vacuum conditions (see F ig .  l b ) ;  and a Hanovia 

500-watt qua r t z  medium pressure mercury lamp. The Pen-Ray lamp, which 

i s  e f f e c t i v e l y  a monochromatic source (- 90% of t h e  output is  a t  2537A 

w i t h  only minor amounts of the higher wavelength mercury l i n e s  which are 

photochemically i n e f f e c t i v e  here)  of s t eady  and known i n t e n s i t y ,  was 

used t o  estimate the  quantum y i e l d  f o r  the mercury photoisomerization of 

polybutadiene.  The i n t e n s i t y  indicated above f o r  t h i s  lamp w a s  based 

on t h e  manufacturer 's  spep i f i ca t ions ,  no actinometry 

performed on i t  s ince  the  k i n e t i c  data f o r  the mercury 2537 A - induced 

r eac t ion  d id  not warrant any very prec ise  determination of quantum 

y i e l d .  The Hanovia lamp, on t h e  other hand, having a much higher 

i n t e n s i t y  than the  Pen-Ray lamp and emi t t i ng  a broad u l t r a v i o l e t  

spectrum, w a s  used t o  determine i n  a very q u a l i t a t i v e  way the range of 

wavelengths capable of inducing the photoisomerizat ion,  as w e l l  a s  t o  

reach the cis 2 t r a n s  equi l ibr ium q u i t e  r ap id ly .  For use of the  

Hanovia lamp, the  supported f i lms  were sea l ed  i n  evacuated tubes 

(<lO-'mm Hg) with qua r t z  or -rex s i d e s ,  and the tubes placed d i r e c t l y  

i n  f r o n t  of t h i s  lamp. Since no isomerization occurred i n  t h e  f i lms  

i r r a d i a t e d  i n  t h e  Pyrex tubes ,  which cut  out a l l  r a d i a t i o n s  below 3000A, 

w h i l e  considerable  r eac t ion  occurred i n  the  f i l m s  i r r a d i a t e d  i n  qua r t z  

t ubes ,  which cu t  out t he  mercury 1849 A l i n e ,  i t  w a s  concluded that t h e  

isomerizat ion i n  t h e  Pen-Ray case w a s  due mainly, i f  not e n t i r e l y ,  t o  

the  2537A r a d i a t i o n .  The contr ibut ion from the 1849A l i n e  could be 

ignored here  s ince  i t s  i n t e n s i t y  was l e s s  than  1% of t h a t  of t he  2537A 

l i n e  and, moreover, i t  would penetrate  no more than  1% of the thickness  

of t h e  f i lms  used i n  the  Pen-Ray work. 

having been 

- -  
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The f i l m s  were analyzed before and af ter  i r r a d i a t i o n  by in f r a red  

spectroscopy,  t he  bands of i n t e r e s t  being those a t  13.6 and 1 0 . 4 ~  

(corresponding t o  the cis and t r ans  -CH=CH- u n i t s ,  r e spec t ive ly ) ,  and a t  - 
11-Op (-CH=CH, u n i t s ) ,  with the 6 . 9 ~  band (CH, bending v ib ra t ion )  or t h e  

3 . 5 ~  band (C-H s t r e t c h i n g  v ibra t ion  of -C&- and -CH= u n i t s )  se rv ing  

as (approximate) i n t e r n a l  s tandards.  For the  very t h i n  f i l m s  (= 2-3 x 

10acm) used i n  t h e  krypton i r r a d i a t i o n s ,  it w a s  necessary t o  operate  

t h e  i n f r a r e d  spectrophotometer (Perkin-Elmer 221) with t h e  

expansion s e t t i n g s ,  a t  some l o s s  i n  p rec i s ion ;  with the mercury 

i r r a d i a t i o n s ,  on the o the r  hand, t h e  f i lms  were t h i c k  enough (W 0.5-1.5 x 

11 10  X" scale 

I? c m )  that  t h e  spec t r a  could be run a t  normal ( i . e . ,  1 X") s e t t i n g s .  

The thickness  of t h e  f i lms  w a s  estimated from the  measured absorbance of 

t h e  3 . 5 ~  band i n  the  

t h a t  A, = 0.8 corresponds t o  a thickness of 1 .48  x lo4 cm. The 

a n a l y s i s  f o r  isomerizat ion w a s  e s s e n t i a l l y  t h e  same a s  t h a t  employed i n  

previous work,' except t h a t  a new value of 3 .65  w a s  taken f o r  the r a t i o  

of t h e  t r a n s  t o  c is  absorpt ion coe f f i c i eF t s .  

w a s  followed by no t ing  changes i n  the percent cis content ,  which w a s  

c a l c u l a t e d  as 100[3. 65Ac/(3. 65Ac + At) 3 where A 

absorbances of the  cis and t r a n s  bands, r e spec t ive ly .  The i n i t i a l  cis 
contents  of t h e  high-cis and high-trans polybutadienes used i n  t h i s  

work w e r e  thus  taken a s  98 and 5%,  r e spec t ive ly .  I n  a d d i t i o n ,  changes 

i n  t h e  quan t i ty  (3.65A + A r e l a t i v e  t o  A, ( f o r  mercury i r r a d i a t i o n s )  

o r  ( f o r  krypton i r r a d i a t i o n s )  were considered as an i n d i c a t o r  f o r  

photoinduced decrease i n  unsa tura t ion ;  t h i s  ana lys i s  w a s  q u i t e  unce r t a in  

i n  t h e  case of t he  10  X" spec t r a  required f o r  t he  krypton i r r a d i a t i o n s .  

The percent r e s idua l  1 ,4-unsaturat ion reported i n  t h e  f i g u r e s  were 

thus  ca l cu la t ed  as 

11 1 X" s p e c t r a ,  using the  independent c a l i b r a t i o n  

Thus, t h e  isomerizat ion - 

and A 
C t are the  

- 
- 

C t 

11 

where t h e  subsc r ip t s  I and o r e f e r  t o  t h e  i r r a d i a t e d  and un i r r ad ia t ed  

polymer f i l m s ,  respec t ive ly .  Although some increases  i n  v iny l  absorp t ion  

(11.0~ band) were noted i n  the  mercury i r r a d i a t i o n s ,  these new double 
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bonds general ly  amounted t o  no more than 5 t o  8% of the  o r i g i n a l  

unsa tu ra t ion ,  and so t h e r e  w a s  no need i n  t h i s  prel iminary s tudy t o  

give them more than  q u a l i t a t i v e  a t t en t ion .  In  a l l  of t h e  in f r a red  work, 

t h e  measurements used w e r e  average values obtained by r o t a t i n g  the 

supported f i l m s  t o  var ious  pos i t ions  w i t h  r espec t  t o  t h e  entrance 

s l i t  of the  spectrometer ,  thereby allowing f o r  any non-uniformity i n  

f i l m  th ickness .  

For t h e  purpose of es t imat ing  the  quantum y i e l d  i n  the  Pen-Ray 

i r r a d i a t i o n s ,  u l t r a v i o l e t  spec t ra  of t h e  polybutadiene f i lms  were 

obtained before and a f t e r  i r r a d i a t i o n ,  using the Perkin-Elmer Model 4000 A 

Spect racord.  
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I11 RESULTS 

A .  Krypton I r r a d i a t i o n s  

From the  in f r a red  s p e c t r a  shown i n  F ig .  2, it is clear that 

polybutadiene undergoes a d e f i n i t e  vacuum photochemical c i s - t r a n s  

i somer iza t ion ,  accompanied by a r a the r  pronounced decrease i n  o r i g i n a l  

unsa tura t ion .  Thus, t h e  growth of the 1 0 . 4 ~  band ( t r a n s  -CH=CH- u n i t s )  

and t h e  diminution of the  1 3 . 6 ~  band ( c i s  -CH=CH- u n i t s )  s i g n i f y  the  

occurrence of isomerizat ion,  w h i l e  the drop i n  unsa tura t ion  i s  indica ted  

by t h e  f a c t  tha t  t h e  l a t te r  band has decreased r e l a t i v e l y  much more than 

t h e  former band has grown, t ak ing  i n t o  account the  d i f f e r e n t  absorp t ion  

c o e f f i c i e n t s  f o r  the c is  and t r a n s  double bonds (E 

Unfortunately,  because the  

f i lms  t r a i l  off  t o  i n f i n i t e  absorbance a t  around 14p and beyond, i t  w a s  

not f e a s i b l e  t o  examine the krypton i r r a d i a t i o n  of t r a n s  polybutadiene 

for  a corresponding t r a n s  -+ cis isomerizat ion,  or loss of double bonds 

i n  t h i s  polymer; any absorp t ion  a t  13.6-14p due t o  new cis -CH=CH- 

u n i t s  being formed would be obscured by the  t r a i l i n g  off of the s p e c t r a  

i n  t h i s  region.  Consequently, w e  a re  unable t o  ind ica t e  the photo- 

s t a t i o n a r y  c i s / t r a n s  r a t i o  f o r  t he  krypton i r r a d i a t i o n  of polybutadiene 

as has been done1*15 f o r  t he  rad ios ta t ionary  equi l ibr ium (- 33/67). 

- 3.65) .  

10  XI' spec t ra  required f o r  t he  very t h i n  
t rans/"cis- - -- 11 

- -  
- 

-- 

The q u a n t i t a t i v e  f e a t u r e s  of the  t w o  photoinduced reac t ions  i n  

c i s  polybutadiene are depicted i n  Figs.  3 and 4 ,  from which it can be 

seen t h a t  the disappearance of double bonds is about s i x  t o  e i g h t  

t i m e s  as f a s t  as the isomerizat ion.  T h i s  s i t u a t i o n  is  q u a l i t a t i v e l y  

s i m i l a r  t o  that obtained by C ~ n d a l l l ~ ' ~ ~  i n  the vacuum u l t r a v i o l e t  

i r r a d i a t i o n  of trans-butene-2 with l i g h t  from an aluminum arc (1800-2OOOA) 

where, a t  low p res su res ,  t h e  r a t e  of decomposition was much g r e a t e r  than 

the rate of isomerizat ion.  However, a t  higher  pressures  the butene 

isomerizat ion y i e l d  w a s  increased;  unfor tuna te ly ,  no data are ava i l ab le  on 

the  r e l a t i v e  amounts of isomerized butene and butene decomposition products 

w i t h  which t o  compare the  r e l a t i v e  rates of isomerizat ion and loss of 

- 
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FIG. 2 INFRARED SPECTRA OF VERY THIN FILMS OF cis POLYoBUTADIENE 
BEFORE AND AFTER IRRADIATION WITH KRYPTON 1236 A RADIATION. 
A, B, C, and D represent 0, 0.15, 1.44, and 3.58 X 

respect ive ly  .... 
quanta absorbed/g. polymer, 
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double bonds i n  the krypton i r r a d i a t i o n  of polybutadiene.  On the o t h e r  

hand, t h e  vacuum photochemical r e s u l t s  on polybutadiene s tand  i n  c o n t r a s t  

t o  t h e  corresponding r a d i a t i o n  chemical r e su l t s '  

consumption of double bonds i s  approximately equal t o  t h e  rate of 

i somer iza t ion  f o r  y- i r rad ia t ions  i n  vacuo, and is  about t w i c e  that 

rate f o r  e l e c t r o n  i r r a d i a t i o n s  under n i t rogen .  

where the rate of 

The c a l c u l a t i o n  of the  quanta of 1 2 3 6 1  r a d i a t i o n  absorbed by t h e  

polybutadiene f i lms  w a s  based on t h e  assumption that t h e  f i l m s  were 

j u s t  t h i c k  enough (- 2 x cm) t o  absorb v i r t u a l l y  a l l  of the 

inc ident  photons,  while being t h i n  enough t o  permit maximum pene t r a t ion  

of the  f i lms  (and hence optimization of d e t e c t a b i l i t y  of micros t ruc tura l  

changes i n  the  polymer). That assumption w a s  j u s t i f i e d  by t h e  f a c t  t h a t  

t h e  f i l m  th ickness  required t o  absorb 99% of t h e  1236 A r a d i a t i o n ,  

ca l cu la t ed  from Beer's l a w  and t h e  molar e x t i n c t i o n  c o e f f i c i e n t  f o r  

simple alkanes and alkenes a t  around t h i s  wavelength (c =, 1&),18 is 

approximately 10- c m .  S ign i f i can t ly  , the  percent double bonds isomerized 

i n  a f i l m  9.5 x 106cm t h i c k  was one-f i f th  t h e  corresponding percentage 

i n  a f i l m  2 x lo6 c m  t h i c k  for  the same number of quanta inc ident  on 

the two f i l m s ;  i n  o ther  words, t he  a c t u a l  number of double bonds isomerized, 

2nd hence t h e  quantum y i e l d s ,  w e r e  the  same i n  the  two f i l m s ,  a r e s u l t  

which is i n  l i n e  w i t h  t h e  view t h a t  t he  1236 A l i g h t  is  indeed completely 

absorbed by a f i l m  of thickness  2 x cm. The s o m e w h a t  d i f f e r e n t  

r e s u l t s  shown i n  F igs .  3 and 4 f o r  t w o  d i s t i n c t  f i l m s  having e s s e n t i a l l y  

the  l a t te r  th ickness  can presumably be a t t r i b u t e d  t o  s m a l l  dev ia t ions  

i n  th ickness  uniformity.  

From the s lopes  of t h e  tangents  of t he  curves i n  those  f i g u r e s ,  

the ( i n i t i a l )  quantum y i e l d s  f o r  the loss of double bonds and c i s - t r a n s  

i somer iza t ion  are found t o  be 1.53 and 0.25, r e spec t ive ly .  Since the 

1236 1 quantum has an energy of 10.0 e . v . ,  t h e  G-values f o r  these two 

vacuum photochemical processes  can be taken as 15.3 and 2 .5 ,  r e spec t ive ly .  

These values are remarkably similar t o  corresponding G-values i n  the 

r a d i a t i o n  chemical ca se ,  v i z . ,  13.6 ( o r  7 . 9 )  f o r  loss of double bonds i n  

polybutadiene f i l m  i r r a d i a t e d  with e l ec t rons  under n i t rogen  ( o r  y-rays 

i n  vacuo) and 7.2 f o r  c i s - t r ans  isomerizat ion (with e l ec t rons  o r  y-rays). 

11 
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FIG. 3 cis-trum ISOMERIZATION OF rOLY BUTADIENE 
INDUCED BY KRYPTON 1236 A RADIATION. 
The open and closed circles represent two separate films 
of essentially the same thickness .... 
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FIG. 4 LOSS OF ORIGINAL UNSATURATION IN  KRYPTON- 
IRRADIATED cis POLYBUTADIENE FILMS. The symbols 
have the same significance as  in the previous figure .... 
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Inasmuch as the  energy of t he  1236 A photon exceeds t h e  ion iza t ion  poten- 

t i a l  of o l e f i n i c  groups ( e . g . ,  9.27 e . v .  f o r  trans-butene-2) ,19 it is 

perhaps not too s u r p r i s i n g  tha t  the  vacuum photochemical and r a d i a t i o n  

chemical y i e l d s  i n  polybutadiene are indeed s imi la r .  A t  the  same t i m e ,  

i t  is  i n t e r e s t i n g  t o  note t h a t  Cundall has t e n t a t i v e l y  suggested17 t h a t  

the  direct photoisomerization of butene-2 using 1800-2000 A l i g h t  has 

a quantum y ie ld  of 0.15 a t  high pressures ,  and about 0.05 a t  l o w  

p re s su res .  The former value compares r a t h e r  w e l l  wi th  the  quantum y i e l d  

of 0 .25 ind ica ted  above f o r  the  d i r ec t  photoisomerization of polybutadiene 

f i l m  us ing  1236 A l i g h t .  

t h e  vacuum photo lys i s  of t h e  macromolecule, polybutadiene,  i n  the s o l i d  

s t a t e ,  and t h a t  of the s m a l l  molecule, butene-2, i n  the vapor state.  

Fur ther  work on the i r r a d i a t i o n  of these and s imilar  sys t ems  a t  var ious 

wavelengths i n  the  extreme u l t r a v i o l e t  range appears des i r ab le  i n  order  

t o  pursue analogies  between vacuum photochemistry and r a d i a t i o n  c h e m i s t r y ,  

on t h e  one hand, and between small molecules and macromolecules, on t h e  

o t h e r .  

0 

Evidently,  t he re  is  some pa ra l l e l i sm between 

B . Mercury I r r a d i a t i o n s  

A s  shown i n  F ig .  5, cis and t r ans  polybutadienes 

a common, intermediate  s t r u c t u r e  when i r r a d i a t e d  w i t h  

i n  vacuo and i n  t h e  absence of any d e l i b e r a t e l y  added 

- isomerize towards 

mercury 1 i ght 

s e n s i t i z e r .  Thus, 

t h e  cis polymer d i sp lays  a diminution of the  1 3 . 6 ~  band and a growth 

of t he  1 0 . 4 ~  band, while t h e  t r a n s  polymer shows a decrease i n  t h e  

l a t t e r  band and a development of new absorpt ion a t  1 4 . 0 ~ .  It is a 

c h a r a c t e r i s t i c  of t h e  i n f r a r e d  absorpt ion bands of t he  -CH=CH- u n i t s  t h a t ,  

whereas the  t r a n s  band is invariably sharp wi th  a near ly  cons tan t  wave- 

l eng th  ( - 1 0 . 4 ~ ) ~  t h e  cis band is very broad and has a wavelength a t  

maximum absorbance which s h i f t s  from 1 3 . 6 ~  (at  high c i s  content  i n  

polybutadiene) t o  around 14. Op, as the - c i s  content is progress ive ly  

reduced. Consequently, i n c i p i e n t  production of c i s  -CH=CH- u n i t s  is 

d i f f i c u l t  t o  de t ec t  i n  t h e  spectrum of s l i g h t l y  isomerized t r a n s  

polybutadiene,  which f o r t u i t o u s l y  displays broad, nonspecif ic  absorp t ion  

i n  the  14-15p range ( see  spectrum E ) ,  but t h e  presence of t he  cis band 

- 

- 
- 

- 

- 
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FIG. 5 TYPICAL INFRARED SPECTRA OF cis AND trans POLYBUTADIENE FILMS 
BEFORE (A, E) AND A F T E R  ULTRAVIOLET IRRADIATION WITH MERCURY 
LIGHT.  B, C: cis polymers exposed to Pen-Ray lamp for 20 hours, and to Hanovia 
lamp for 80 hours, respectively; D: trans polymer exposed to Hanovia lamp for 18 hours .... 
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i n  spectrum D is  unmistakable; indeed, i t s  peak is  loca ted  a t  about t he  

same wavelength as t h a t  of t h e  corresponding band i n  the  spectrum of 

highly isomerized c i s  polybutadiene (spectrum C). As t h e  t r a n s  polymer 

isomerizes ,  i ts  c r y s t a l l i n i t y  bands a t  9 . 5  and 1 3 . 0 ~  disappear .  
- 

In  con t r a s t  t o  i r r a d i a t i o n  of polybutadiene f i lms  with krypton 

l i g h t  o r  with e l e c t r o n s  o r  y-rays, mercury i r r a d i a t i o n  r e s u l t s  i n  the  

formation of a r e l a t i v e l y  l a rge  amount of v iny l  groups (which absorb a t  

1 1 . 0 ~ )  i n  the  cis and t r a n s  polymers, reaching a more o r  less s teady 

concent ra t ion  of about 8% of the  o r ig ina l  unsa tura t ion .  Associated wi th  

t h e  increased absorpt ion a t  1 1 . 0 ~  is t h e  development of a new band a t  

9.8p,  t h e  o r i g i n  of which is  not known a t  present  but  which might 

poss ib ly  be due t o  alkylcyclopropane groups being formed i n  the  polymer 

as  a s i d e  r eac t ion  t o  that leading  t o  t h e  v inyl  groups. Although it  i s  

not very apparent i n  t h e  spectra of Fig .  5 ,  polybutadiene on mercury 

i r r a d i a t i o n  undergoes a l s o  a photoinduced l o s s  of double bonds which, 

however, i s  much less severe than that encountered on krypton i r r a d i a t i o n .  

- 

The e f f e c t s  produced by the  nearly monochromatic 2537A source (Pen- 

Ray lamp) and by t h e  broad u l t r a v i o l e t  spectrum (Hanovia lamp) a r e  

q u a l i t a t i v e l y  the  same, including production of v iny l  groups, but t h e  

lat ter process i s  enhanced by the  higher i n t e n s i t i e s  employed with t h e  

Hanovia lamp. Contrar iwise,  i t  was found t h a t  a t  v e r y  l o w  i n t e n s i t i e s  of 

i r r a d i a t i o n ,  but c a r r i e d  t o  su i tab ly  high doses of absorbed quanta ,  t h e  

formation of v inyl  groups w a s  suppressed. Evident ly ,  t he  occurrence o r  

non-occurrence of v iny l  groups i n  the mercury i r r a d i a t i o n  of polybutadiene 

is c r i t i c a l l y  dependent on t h e  r a t e  a t  which e x c i t a t i o n  energy is  deposi ted 

i n  t h e  s o l i d  polymer and on the  r a t e  a t  which t h e  double bonds can 

d i s s i p a t e  t h i s  energy i n  isomerizat ion;  any excess energy beyond t h a t  

required f o r  t h e  l a t te r  process i s  then a v a i l a b l e  f o r  inducing o the r  

chemical changes i n  polybutadiene . Consequently, t h e  in f r a red  spec t r a  B 

and C of F ig .  5 a r e  t o  be considered only as examples of polymer f i l m s  

a t  d i f f e r e n t  s t a g e s  of c i s - t r a n s  isomerization and of development of 

v iny l  unsa tura t ion ,  and are not t o  be taken a s  r e f l e c t i n g  fundamental 

d i f f e rences  i n  photochemistry produced by the  two mercury lamps, o r  by 

d i f f e r e n t  wavelengths i n  the  near u l t r a v i o l e t  reg ion .  

-- 
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Since the  polybutadiene -- per se  is t h e o r e t i c a l l y  t ransparent  i n  the 

near  u l t r a v i o l e t ,  t h e  source of the  photochemistry w i t h  mercury l i g h t  

is undoubtedly t h e  r e s idua l  impurity which could not be f u l l y  removed 

from t h e  polymer through seve ra l  r ep rec ip i t a t ions ,  v i z . ,  c a t a l y s t  fragments 

and a very minor amount of carbonyl s t r u c t u r e  formed i n  t h e  polymer 

backbone at t h e  t i m e  of polymerization. As a r e s u l t ,  t h e  u l t r a v i o l e t  

s p e c t r a  of t h i n  polybutadiene f i lms show i n i t i a l l y  broad absorp t ion  

commencing a t  around 300 mp, w i t h  some 5 t o  20% absorp t ion  a t  254 mp, 

depending upon t h e  thickness  of the  f i l m s  and the condi t ions  of t he i r  

prepara t ion .  S i g n i f i c a n t l y ,  any quanta below 300 mp absorbed by the 

polymer f i l m s  have ample energy (> 4 . 1  e . v . )  t o  cause isomerizat ion 

( o l e f i n i c  t r i p l e t  precursor  requi res  3.2 e . v . I z 0  o r  chain s c i s s i o n  

( s t r e n g t h  of C-C bond midway between the  double bonds is about 60 kcal /  

m o l e  or 2.6 e . v . ) .  Thus, the  ordinary u l t r a v i o l e t  photochemistry of 

polybutadiene should be independent of wavelength below a c r i t i c a l  

wavelength, and t h i s  i s  what i s  observed. 

I t  should be pointed out t h a t  poss ib le  s e n s i t i z a t i o n  of t he  mercury 

photoisomerization by t r a c e  amounts of solvent  ( e . g . ,  benzene) was ru led  

out  by  spec ia l  i r r a d i a t i o n  experiments c a r r i e d  out on f i lms  cast from 

hexane so lu t ions  of r ep rec ip i t a t ed  polymer, a s  w e l l  as on f i lms  cast 

from benzene but d r i ed  i n  vacuo a t  around 100°C; i n  n e i t h e r  case w a s  

t h e  isomerizat ion s i g n i f i c a n t l y  d i f f e ren t  from that i n  the  f i lms  cast 

from benzene normally. It  is  wor th  no t ing ,  a l s o ,  that seve ra l  i r r a d i a t i o n s  

of - cis polybutadiene-2,3-$ [(-C%-CD=CD-C%-)n] wi th  mercury l i g h t  

confirmed the  l o s s  of double bonds ( ind ica t ed  by t h e  development of t he  

4 . 6 5 ~  band, due t o  CDH u n i t s ,  accompanying the  diminution of t h e  4.5p 

band, due t o  -CD= u n i t s )  and demonstrated unequivocally that the  appearance 

of t h e  t r a n s  -CH=CH- absorpt ion on i r r a d i a t i o n  of ordinary polybutadiene 

w a s  indeed due t o  c i s - t r a n s  isomerization and not t o  double bond s h i f t s .  -- 
Kinet ic  p l o t s  f o r  t h e  c i s - t rans  isomerizat ion and l o s s  of double -- 

bonds i n  c i s  and t r a n s  polybutadienes i r r a d i a t e d  i n  vacuo wi th  mercury 

l i g h t  are presented i n  F igs .  6 and 7 .  Coinc identa l ly ,  t h e  e f f e c t s  

produced by 10  hours of Hanovia i r r a d i a t i o n  were equivalent  t o  those 

produced by 40 hours of t h e  Pen-Ray lamp, and so  the  da ta  f o r  the  t w o  

- - 
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sources could be conveniently shown on t h e  same p l o t s .  Since the  t r a n s  

polybutadiene f i lms  a r e  i n i t i a l l y  c r y s t a l l i n e  and the re fo re  q u i t e  opaque, 

it w a s  necessary t o  heat them t o  around 70-80°C during i r r a d i a t i o n  so 

t h a t  they would be c l e a r  enough f o r  t he  u l t r a v i o l e t  l i g h t  t o  pene t ra te  

and produce important changes i n  them. Even so,  t he  k i n e t i c  da ta  f o r  

those f i lms  proved t o  be r a t h e r  e r r a t i c .  I n  add i t ion ,  because t h e  c is  

polymer f i lms  themselves became progressively more opaque i n  the  course 

of i r r a d i a t i o n  (with the  upper layers  tending t o  screen out t he  r a d i a t i o n  

from reaching the  lower l a y e r s ) ,  t hey  l i k e w i s e  yielded da ta  which showed 

considerable  s c a t t e r .  Consequently, F igs .  7 and 7 a r e  t o  be regarded as 

providing only rough indica t ions  of the  rates of t he  two major photo- 

chemical r eac t ions  i n  polybutadiene. The former f igu re  shows t h a t  the  

mercury photoisomerization approaches a common equi l ibr ium s t r u c t u r e  i n  

which t h e  c i s / t r a n s  ra t io  l ies i n  the range 65/35 t o  55/45, which i s  

d e f i n i t e l y  higher  than  that obtained i n  t h e  r a d i a t i o n  chemical case 

(33/67 1. 7 l6 

- 

-- 

From the  i n i t i a l  s lopes t o  the curves of Figs .  6 and 7 ,  and tak ing  

t h e  i n i t i a l  absorpt ion a t  254 mp as 13% of the  r ad ia t ion  (from the  

Pen-Ray lamp) inc ident  on a typ ica l  f i l m  about 1 . 0  x c m  t h i c k ,  w e  

estimate the  quantum y ie lds  f o r  the Hg 2537-induced isomerizat ion and 

loss of double bonds i n  cis polybutadiene a s  0.09 and 0.07, respec t ive ly .  

Since these  numbers a r e  only rough approximations, no exact  s ign i f i cance  

should be ascr ibed  t o  them. Nevertheless,  it is i n t e r e s t i n g  t o  mention 

that they are much l a r g e r  than the  quantum y i e l d s  f o r  chain s c i s s i o n  i n  

t h e  phot odegradat ion of most polymers, and, moreover, are much l a r g e r  

than t h e  quantum y i e l d s  f o r  g a s  evolut ion i n  t h e  photo lys i s  of na tu ra l  

rubber (4  x o r  of sodium-butadiene rubber (2 x ) .23 On 

the  o ther  hand, t he  above quantum y ie ld  f o r  l o s s  of unsa tura t ion  i n  the  

cis- l ,4-polybutadiene is  considerably smaller than t h a t  reported f o r  t he  

sodium-butadiene rubber (0.73) which had a s t r u c t u r e  cons i s t ing  of both 

i n t e r n a l  (32% 1 , 4  polymerization u n i t s )  and ex te rna l  (68% 1 , 2  u n i t s )  

- 

- 

double bonds. C l e a r l y ,  f u r t h e r  work on the  photolyses of t hese  and 

o t h e r  diene polymers i s  highly des i rab le .  
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IV DISCUSSION 

The present work has shown that polybutadiene, in addition to under- 

going the photosensitized and radiation sensitized and unsensitized cis- 

trans isomerizations reported previously,1,3'5 can also undergo direct 

photoisomerization on exposure in the solid state to either vacuum or 

near ultraviolet radiation. Although no sensitizer is added to the poly- 

butadiene to promote the photoisomerization, this reaction in the case of 

near ultraviolet irradiation is, in fact, a sensitized reaction. The sen- 

sitizer, of course, is the adventitious impurities present in the polymer 

which absorb in the ordinary ultraviolet range (where the polymer itself 

is transparent) and which transfer the energy acquired thereby to the 

polymer double bonds, resulting in their excitation and eventual isomeri- 

zation, presumably through the low-lying triplet (3.2 e.v.). On the 

other hand, the vacuum ultraviolet induced isomerization is truly an 

unsensitized reaction in that the quanta are absorbed directly by the 

polymer itself, the trace impurity making a negligible contribution to 

the over-all absorption in this case. The vacuum photoisomerization is 

then analogous to the radiation unsensitized isomerization, and can be 

considered, therefore, to have an essentially similar mechanism. Since 

that mechanism has been discussed at some length in the Introduction, 

there is no need to consider it further here. Suffice to say that, just 

as with electrons or y-rays, absorption of krypton 1236 a quanta (10.0 e.v.1 
by the -C%- or -CH=CH- units in polybutadiene can give rise to both 

ionized and excited states, the ultimate fates of which are to return to 

the ground states with a certain fraction of the available excitational 

energy being used to induce isomerization and other processes. Moreover, 

the photosensitized isomerization with mercury light observed in this 

work, to the extent that it involves energy transfer processes (in con- 

trast to the radical adduct mechanism of other photosensitized isomeri- 

zations discussed earlier), can be considered to be similar mechanistically 

to that part of the radiation unsensitized (or vacuum photochemical) 

isomerization which involves lower excited states. 

- 
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The present  study has  shown a lso  t h a t  vacuum and ordinary u l t r a v i o l e t  

i r r a d i a t i o n  of polybutadiene i n  the solid state leads t o  a l o s s  of double 

bonds which i s  much more severe i n  the  former than i n  the  la t ter  case.  

The quantum y i e l d s  are such, i n  f a c t  (1.53 and 0.07, respec t ive ly) ,  a s  t o  

suggest t h a t  the loss of double bonds w i t h  K r  1236 i r r a d i a t i o n  i s  a chain 

reac t ion ,  s i m i l a r  t o  t h a t  depicted f o r  the  radiation-induced l o s s  of 

unsa tura t ion  i n  polybutadienel" and i n  polyisoprene,"* and is not a chain 

r eac t ion  with H g  2537 i r r a d i a t i o n .  Since the  krypton i r r a d i a t i o n  pre- 

sumably involves both ions  and (various) exc i ted  spec ies ,  w h i l e  the  m e r -  

cury i r r a d i a t i o n  involves only the  lowest exc i ted  spec ies ,  t h i s  r e s u l t  

would seem t o  add weight t o  the  arguments f o r  an i o n i c  rather than a free 

rad ica l  chain mechanism i n  the r ad ia t ion  chemical consumption of double 

bonds i n  diene polymers.'" 7 , 2 * 9 2 5  

t i o n  i n  the vacuum u l t r a v i o l e t  i r r a d i a t i o n  of polybutadiene can be visua- 

l i z e d  i n  terms of a cyc l i za t ion  process: 

i n  any case,  t h e  sharp drop i n  unsatura- 

\ 

various 
c y c l i c  
s t r u c t u r e s  

where * denotes a free r a d i c a l  or carbonium ion. 

That mercury i r r a d i a t i o n  brings about considerable  chain s c i s s i o n  i n  

polybutadiene, whereas krypton i r r a d i a t i o n  ( i n  common w i t h  the use  of 

ion iz ing  r ad ia t ion )  produces l i t t l e  o'r no such reac t ion ,  i s  shown by the 

presence and absence, respec t ive ly ,  of v inyl  absorpt ion i n  the in f r a red  

spec t r a  of the  i r r a d i a t e d  polymers. The v iny l  groups are believed t o  

arise through t h e  process:  

-CQ-CH=CH-C% -+D -C& -CH-(%=C% -b -C% -CQ -CH=C% o r  c r o s s l i n k  

o r  endl ink  
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and to reach a more or less equilibrium concentration as a result of 

competing saturation processes. 

chain scission and the development of vinyl absorption, the vacuum photo- 

chemical situation resembles the radiation chemical one rather than the 

ordinary photochemical case. As a further consequence of the scission, 

it is tempting to suggest that the 9.8~ blip in the mercury photoisomeri- 

zation arises from a process of the type: 

It is noteworthy that with regard to 

inasmuch as the alkylcyclopropane group has characteristic absorption at 

that wavelength. 

The significance of the present work--which constituted a preliminary, 

feasibility study seeking a possible isomerization of polybutadiene induced 

by radiation in the vacuum ultraviolet spectrum--obviously has broad impli- 

cations for both photo- and radiation-chemistry alike. At the same time, 
it represents apparently the first fundamental examination of the vacuum 

photochemistry of any high polymer. So far as the author is aware, the 

only other study involving vacuum ultraviolet irradiation of a polymer is 

that of Cowling et al. who exposed various polymers to a hydrogen dis- 

charge lamp, but that was only a very limited, qualitative examination. 

26 -- 
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V RECOMMENDATIONS FOR FURTHER RESEARCH 

W e  be l ieve  the  r e s u l t s  of t h i s  work t o  be s u f f i c i e n t l y  i n t e r e s t i n g  

s c i e n t i f i c a l l y  t h a t  w e  wish t o  recommend f u r t h e r  study of t he  polybuta- 

diene system along the  fol lowing l i n e s .  By means of extremely t h i n  f i l m s ,  

of t h e  order  of 200-5OOA t h i c k ,  and us ing  the " f rus t r a t ed  t o t a l  r e f l e c -  

tance" attachment f o r  i n f r a red  spectroscopy, which should provide spec t r a  

comparable t o  those of t h e  "1 X" t y p e ,  w e  should be able t o  study more 

p rec i se ly  than  has been done heretofore  t h e  i n t e r a c t i o n  of vacuum u l t r a -  

v i o l e t  r a d i a t i o n  w i t h  organic polymers. Thus, it should be poss ib le  w i t h  

such f i lms  t o  obta in  reliable measurements of absorpt ion c o e f f i c i e n t s  f o r  

var ious wavelengths of i n t e r e s t  i n  t h e  vacuum u l t r a v i o l e t  spectrum, and 

a t  the same t i m e  t o  be ab le  t o  car ry  t h e  r eac t ions  t o  high enough conver- 

s i o n s  f o r  improved d e t e c t a b i l i t y  and s t r u c t u r a l  ana lys i s .  I n  view of the  

s i g n i f i c a n t  d i f f e rences  obtained between the vacuum and near u l t r a v i o l e t  

photochemistry of polybutadiene w i t h  respec t  t o  chain s c i s s i o n  and des t ruc-  

t i o n  of double bonds, f o r  example, i t  would be of d e f i n i t e  i n t e r e s t  t o  

compare the  e f f e c t s  produced by krypton 1236 A r a d i a t i o n  (quanta of 

10 .0  e . v .  and thus  supra- ionizat ional  from the s tandpoint  of the  polymer) 

with those produced by xenon 1470 A r ad ia t ion  (quanta of 8 .44  e . v .  and 

thus sub- ioniza t iona l ) .  Moreover, s ince  the  o l e f i n i c  u n i t s  have s t r o n g  

s ing le t - s ing le t  absorpt ion a t  around 1850A , it would be i n t e r e s t i n g  t o  

s tudy a l s o  the  i r r a d i a t i o n  of c i s  polybutadiene with l i g h t  from an alumi- 

num a r c  s i m i l a r  t o  w h a t  i s  being done by Cundall on butene-2. In  t h i s  

connection, i t  would be des i r ab le  a l s o  t o  undertake some vacuum u l t r a -  

v i o l e t  i r r a d i a t i o n s  of o ther  simple o l e f i n s ,  such a s  cis-hexene-3, a s  

model compounds f o r  t h e  diene polymers. The f ind ings  from such bas i c  

s t u d i e s  should con t r ibu te ,  among other t h i n g s ,  t o  a b e t t e r  understanding 

- 

- 

of space environmental e f f e c t s  on polymeric materials. 
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