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SUiJ-IARY

The exponentia l in crease  in  the p rice  o f crude o i l  combined 

w ith the recen t upsurge o f  public concern over p o llu tio n  and 

eco logy  has le d  to  an in crea sin g  commercial in te r e s t  in  polymers 

th a t are e ith e r  dependant on a n o n -o il based feed stock  or are 

biodegradable. P o ly (-(D ;-p h yd roxyb u tyric  ac id ) (PHB) i s  such a

polymer, which combines both these p ro p ertie s .

Among biopolym ers, PHI i s  excep tion a l in  p o ss ib ly  being  

su ita b le  fo r  commercial e x p lo ita t io n  as a processab le therm oplastic  

polymer. ?his f i e l d ,  to  d a te , has been dominated almost 

e x c lu s iv e ly  by sy n th e tic  polymers. The work described  in  th is  

th e s is  was undertaken to  in crease  our understanding o f the products, 

k in eticB  and mechanisms involved  in  the thermal degradation o f  PHB, 

is o la te d  from a cu ltu re  o f the bacterium A zotobacter b e ij e r in c h ii ,  

w ith  a view to  providing inform ation relevan t to  the assessm ent o f  

PHB as a v ia b le  commercial polymer.

Reviews o f  FH3 and the most probable rea c tio n s  in volved  in  

the thermal degradation o f  polymers are presented in  Chapter 1•

A l i s t  o f  the chem icals used in  t h is  study are g iven  in  Chapter 

2 , a long w ith the i s o la t io n ,  p u r if ic a t io n  and fr a c t io n a tio n  

co n d itio n s employed fo r  PHB. D e ta ils  o f  the experim ental techniques  

and apparatus used fo r  degrading the polymer, and o f  the a n a ly t ic a l  

techniques employed in  t h i s  in v e s t ig a t io n  are a lso  included  in  

t h is  Chapter. Values fo r  the con stan ts in  the Nark Houwink— 

Sakurada Equation fo r  PHB in  CHCl  ̂ a t  30°C are reported .

The r e s u lt s  from the various methods o f  thermal a n a ly s is  

when ap p lied  to  PHB are recorded in  Chapter 3 and the products o f  

thermal degradation under vacuum are id e n t if ie d  and p o ss ib le



(1*)

mechanisms fo r  th e ir  form ation proposed and d iscu sse d . A 

s im ila r  study o f  PHB under an atmosphere o f  dynamic n itrogen  i s  

d escribed  in  Chapter 4*

Chapter 5 p resen ts a q u a n tita tiv e  study o f  the various  

degradation fr a c t io n s  obtained from PHB under vacuum and under 

a n itrogen  atmosphere. Oligomers o f  PHB are shown to  account 

fo r  g rea ter  than 90$  o f  the weight o f  the i n i t i a l  polymer under 

both c o n d itio n s , and the changes in  product com position as the  

temperature r i s e s  i s  in v e s t ig a te d .

Evidence fo r  a random chain  s c is s io n  rea c tio n  w ith short z ip

length  occurring in  the temperature range 170°C -  200°C i s

presented in  Chapter 6 . An e s te r -p y r o ly s is  mechanism has been

proposed fo r  t h is  rea c tio n  and i t s  ra te  ca lc u la te d  a t various

tem peratures (1 Y0°C—200°C) under vacuum, n itrogen  and a ir  from

which a value o f  energy o f  a c t iv a t io n  has been c a lc u la te d .

The presence o f  a com peting e s t e r i f ic a t io n  r e a c tio n , o f  lim ited

duration , a s so c ia te d  with the condensation o f  hydroxyl and carboxyl

end groups on PHB was a lso  observed in  t h is  temperature reg io n .

A r e la t io n sh io  between MFE and M was shown to  e x i s t  a t 190°C.w

The e f f e c t  o f c r y s t a l l in i t y  on s t a b i l i t y  i s  reported  in  

Chapter 7 and in  Chapter 8 the e f f e c t  o f  i n i t i a l  degree o f  

polym erisation  i s  in v e s t ig a te d .

The main r e s u lt s  from Chapter 3 to  8 are summarised in  

Chapter 9 which a lso  in c lu d es su ggestion s fo r  fu ture work.
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CKAP2ER 1 

INTRODUCTION

1.1 biopolyhi& s

High polymers are abundant in  l iv in g  c e l l s ,  the main c la s s e s  

being p o lyp ep tid es, p r o te in s , n u cle io  a c id s  and p o lysacch arid es.

Non food a p p lic a tio n s  fo r  a large v a r ie ty  o f  th ese  polymers are 

evident in  everyday l i f e ,  fo r  example as t e x t i l e  f ib r e s  (w oo l), 

and con stru ction  m ateria ls  (wood, paper). S ynthetic  polymers, 

however, have enjoyed a v ir tu a l  monopoly in  a p p lica tio n  as fa r  as 

therm oplastic technology i s  concerned. This i s  due p r in c ip a l ly  

to  the fa o t th a t the b io lo g ic a l  polymers are u n su ita b le  fo r  

p ro cessin g . A p o ss ib le  exception  to  t h is  i s  P o ly (-(D )-p  -  

hydroxy b u tyric  a c id ) ,  a h ig h ly  c r y s ta l l in e  p o ly e s te r .

As the p rice  o f  crude o i l ,  the b a s is  o f  the sy n th e tic  polymer 

in d u stry , oontinues to  r i s e  s t e a d ily ,  and w ith  the p o s s ib i l i t y  o f  

o i l  shortages in  the next cen tury , the search fo r  new souroes o f  

chem ical feed stook s and new polymers dependant on non o i l —based  

souroes has in creased  in  recen t years* Of n o te , in  t h is  f i e l d ,  

i s  the renewed in te r e s t  in  the manufacture o f  chem icals from co a l 

(R ef. 1) • In creasin g  public concern about p o llu tio n  and the  

treatm ent o f  waste m ater ia ls  has stim ulated  the study o f  the  

biodegradation  o f  sy n th e tic  polymers. As a group, a lip h a t io  

p o ly ester s  are known to  be g en era lly  su sc e p tib le  to  b io lo g ic a l  

attaok  (R ef. 2 -4 ) .  Thus any new com m ercially v ia b le  polymer should  

id e a l ly  be non dependant on o i l  r e la te d  chem icals as a feed sto ck  and 

biodegradable. Such a polymer i s  p o ly (-(D )-p -h y d ro x y b u ty r io  a c id )  

a n a tu r a lly  occurring biodegradable p o ly e s te r . (R ef. 5 )
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1.2  HI3 PORI OF FOLYf—(P)-f3-HYBROXOJTRI? ACID)

P o]y (-(D )-p -h y d ro x y b u ty r io  a c id ) , ( i ) ,  h erea fter  referred  

to  as PHB, i s  a n a tu r a lly  occurring p o ly e s te r , syn th esised  by 

various types o f  b a c ter ia  by the condensation o f  !>-(—)—J3 

hydroxybutyryl coenayme A. I t  was f i r s t  c i te d  in  the l i t e r a tu r e  

in  1927, by the French s c ie n t i s t  M. Lemoijpie (R e f .5 ) .

(X)

I t  i s  hardly su rp r is in g  th at the bulk o f in v e s t ig a t io n s  in to  

the p ro p erties  o f PHB have been o f a b io lo g ic a l  n atu re. The 

fu n ctio n , form ation and b a c te r ia l sy n th es is  o f  PHB has been  

e x te n s iv e ly  stu d ied , m ainly by Doudoroff and S tan ier  (R ef. 7 )

Gfibbons (R ef. 8 ) ,  S ch leg e l (R ef. 9)1 W ilkinson (R e f .1 0 ) , and th e ir  

co lla b o r a to r s . PHB i s  found in  the in tr a c e l lu la r  granules o f  

bacterium , which were demonstrated to  c o n s is t  o f  90$  PHB a-nd 10$ 

l i p i d  in  B a c illu s  cersu s and B. megaterium (R e f .1 0 ) . The 

p o ly ester  has been reported to  c o n s t itu te  as much as 80$ o f  the  

dry weight o f  bacterium ( R e f .1 l ) f and fu n ctio n s as a food reserve  

and carbon source fo r  the bacterium , being accumulated when food  

i s  abundant and c e l l  d iv is io n  prevented, and consumed when a food  

supply i s  absent (R ef. 1 2 ). A fu rth er study o f  PHB b io s y n th e s is ,  

metabolism and reg u la tio n  has been undertaken in  recen t years by

System atic name, according to  IUPAC Inform ation B u lle t in  N o.29 
November 1972s p o ly /o a y -( 1-ra«thyl-3-oxo) tr im eth y len e^ /.
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Senior and Dawes and th e ir  oo-workers (R ef. 13-17)* Phis work 

showed th a t on ly  oxygen lim ita t io n  o f b a c te r ia l growth in i t ia t e d  

accum ulation o f  PH3 and culm inated in  the proposal o f  a biochem ical 

pathway fo r  the reg u la tio n  o f  FIB metabolism (Figure 1 .1 ) .

S u rp ris in g ly  l i t t l e  has been published on the chem ical and 

p h ysica l p rop erties  o f  PHI. Only the cry sta lio g ra p h ic  and 

m orphological p ro p erties  have been stu d ied  in  any depth (R e f .18 -21). 

The c r y s ta l  s tru ctu re  o f PHB in v o lv es  a l e f t  handed (2 /1 )  h e lix

c o n s is t in g  o f  an orthorombic u n it  c e l l  w ith dimensions a » 5*76
o o

b = 13-20 A and c (th e  f ib r e  period) a 5 . 96 A. R ecen tly , the

m olecular weight d is tr ib u t io n  o f n a tiv e  D-FH3 has been stu d ied

(R ef. 2 2 ) .  Only the fo llo w in g  o b serva tion s, on the thermal

degradation o f  PHB, have been reported . (R ef. 23, 24)

(a ) The p o ly ester  degrades r e la t iv e ly  rap id ly  a t  

tem peratures a few degrees above the m eltin g  p o in t.

(b) A rapid  drop in  the in tr in s ic  v is c o s i t y  i s  observed  

in  the polymer a t  th ese  tem peratures.

(c )  The rea c tio n  can be fo llow ed  by the in crea se  in  the  

presence o f  cro ton ate  e s te r  in  the degrading polymer.

(d) The f in a l  product o f  com plete degradation i s  cro ton io  

a c id .

P o ly (-(D )-p -h y d ro x y b u ty r ic  a c id ) i s  one o f  the few  

biopolym ers which can be sy n th esised  a lso  in  v i t r o .  The f i r s t  

rep orts o f  the sy n th es is  o f  DL-FK3 from DL-|3 -butyro la c  tone  

u sin g  organom etallic c a ta ly s t s  showed th a t polymers are produced 

w ith  p ro p erties  muoh d if fe r e n t  from th ose o f  b a c te r ia l PHB 

(R ef. 251 2 6 ) . Great improvements in  t h is  process were 

achieved by D. B. A gostin i e t  a l  (R ef. 27 , 28) who used a
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triethyla lum in ium  c a ta ly s t  w ith water as c o -c a ta ly s t ,  "They 

ev en tu a lly  sy n th es ised  I>-?HB from D(+)—p —butyro la c  ton e . The

chem ical and p h ysica l p rop erties  o f the sy n th etic  polymer were 

found to  be e s s e n t ia l ly  the same as th ose o f  the b a c te r ia l  

produced polymer, except th at the m olecular weight o f  the sy n th etic  

polymer vias muoh lower than that o f i t s  b io lo g ic a l eq u iv a len t.

Vergara and F ig in i (K ef. 29 ) ,  have r e c e n tly  ach ieved  a notable  

in crea se  in  the m olecular weight o f  the polymer by undertaking the  

procedures o f  preparation  and p u r if ic a t io n  o f  in i t i a t o r ,  p u r if ic a t io n  

o f  the monomer and the polym erisation  under con d itio n s o f  extreme 

ex c lu sio n  o f  m oisture and oxygen in  a j o in t le s s  a l l  g la s s  apparatus. 

This process, however, could  s t i l l  on ly  produce a polymer with  

w eight average m olecular weight l / 6th  th a t o f the b io lo g ic a l ly  

produced polymer stud ied  during the course o f  th is  work. In the  

same year a comprehensive study o f  the e f f e c t  o f  su b stitu e n ts  on 

the s te r e o s p e c if ic  polym erisation  o f  p -A lk y l-p -p r o p io la c to n e s  

(R ef. 30 ) le d  to  the development o f  a polymerio c a ta ly s t  capable 

o f  producing PHB w ith 400 ,000 , s t i l l  on ly  l/3 r d  th a t o f  the 

PHB used in  t h is  present stud y .

1 .3  SENSRAL CONSIDERATIONS ON BIOPOLYMERS

When d ea lin g  w ith a " b io lo g ic a lly *1 produced polymer from 

a l iv in g  source the lim ita t io n  o f  oontaminents to  whioh the polymer 

i s  exposed during form ation cannot be as e a s i ly  c o n tr o lle d  as in  

a laboratory  prepared sy n th e tic  polymer. PHB prepared by b a cter ia  

must, o f  n e c e s s ity ,  be exposed to  many b io lo g io a l substances such  

as enzymes, ooenzymes, p o ly lip id s  and inorganio m ateria l in  the  

n u tr ien t medium which su sta in s  the bacterium . The sep aration  o f  

th ese  substances from th e f in a l  polymer i s  o ften  a d i f f i c u l t  and
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expensive p rocess. The p u r if ic a t io n  o f  PH3 i s  further com plicated  

by i t s  extraordinary c h e la tin g  p ro p er tie s . "B io log ica l"  PHB 

has been shown to  con ta in  many inorganic contaminants (g rea ter  

than 26 (R ef. 3 1 ) )  derived  from the added n u tr ien t and concentrated  

from the aqueous media. In fa c t  PHB has been shown to  en rich , 

from the n u tr ien t medium and Thames water supply in  which the  

bacterium are suspended, Zn, Cd , Hg by a fa c to r  o f > 1800, CU by 

80 and Kn by >25 (R ef. 31)« Thus i t  i s  a form idable task  to  

prepare samples o f PK3 o f high p u rity . An ex ten siv e  study has 

been carr ied  out (R ef. 32) to  attempt to r e la te  melt s t a b i l i t y  

to  im purity con cen tration  w ith in  the polymer. However, due to  the  

va st number o f  v a r ia b le s , t h is  has proved a f r u i t l e s s  ta sk . PHB 

w i l l  a lso  d if f e r  from " sy n th e tic” PHB in  th a t , d esp ite  the  

th e o r e t ic a l biochem ical pathway lead ing  on ly  to  e s te r  lin k a g es , 

other groups such as -CIIO, -SH, -CH»N-, could  a lso  be

present (R ef. 31)• The d i f f ic u l t y  o f id e n t ify in g  and measuring

the con cen tration  o f  a few such groups in  a polymer o f m olecular  

w eight -  5 x 10  ̂ i s  form idable.

Measurements o f  a few o f  th ese  contaminants have been 

recorded (Chapter 2 .1 1 ) fo r  every polymer used in  the course o f  

th is  stud y . The m ajority  o f  the work described  in  th is  t h e s is  

was performed on a s in g le  sample o f PHB, thus enabling comparison 

between experim ental r e s u lt s  w ithout d e ta ile d  con sid era tion  o f  

im purity e f f e o t s .  Only in  work, where th is  was im p ossib le , suoh 

as a comparison o f the e f f e c t  o f  i n i t i a l  degree o f  polym erisation  

on s t a b i l i t y  (Chapter 8 ) ,  have the r e s u lt s  from more than one 

polymer sample been compared.

Therefore, throughout t h is  work i t  should be noted th a t i t  

i s  a polymer sample from a l iv in g  souroe th a t i s  being in v e s t ig a te d
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and not a " s te r ile "  sy n th e tic  polymer.

1 .4  DEGRADATION OF POLYMSRS

A polymer may "degrade" when exposed to  ex tern a l agen cies  

which in clu d e the p h ysica l a c tio n  o f  h ea t, l ig h t  and mechanical 

s tr e s s  or chem ical in flu e n c e s  such as ox id a tion  and h y d r o ly s is .  

Polymers are norm ally subjected  to  degradative a g en c ie s , which may 

a ct sep a ra te ly  or tog eth er  depending on the environment surrounding 

the polymer, during fa b r ic a tio n  and the subsequent u se fu l l i f e  o f  

the fab rica ted  a r t io l e .  Most research  however has in volved  the  

study o f  one o f th ese  v a r ia b le s  under c lo s e ly  c o n tr o lle d  c o n d itio n s .

S tudies on the thermal degradation o f polymers are o f c;x!;rerae 

importance from a p r a c tio a l point o f  v iew . They cannot only  

ex p la in  the behaviour o f  polymers a t e lev a ted  tem peratures, but 

p o ss ib ly  more important may h elp  in  s e le c t in g  the co rrect polymer 

fo r  a p a rticu la r  a p p lica tio n  or suggest the design  and sy n th es is  

o f  new m ater ia ls  to  meet new or e x is t in g  requirem ents.

1 .5  CLA5SIPI CATION OF DaORAMTIOir REACTIONS

The oommonest types o f  thermal degradation rea c tio n s  may be 

summarised as fo llo w s

S c is s io n
M olecular weight decrease  

*— monomers

1) Main chain  
R eactions

V o la t ile
form ation

— n-mers

M olecular weight in crea ses

— C ross- 
l in k in g

Gfel form ation
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Side chain or 
2) su b stitu en t — 

rea c tio n s

—Side chain  or 
su b stitu en t — 
e lim in a tio n

—C y cliza tio n

r—V o la t i le  formation

—Main chain s c is s io n  

Main chain c r o ss lin k in g

—U nsaturation formation

Thus the rea c tio n s  in vo lved  in  polymer degradation can be s p l i t  

in to  two main ca teg o r ies?

(1 ) Main chain rea c tio n s  , and ,

(2 ) Side chain  or su b stitu en t r e a c t io n s .

(1 ) Main Chain R eactions

Main Chain S c is s io n  leads to  depolym erisation  such th at  

monomer u n its  are always d is t in g u ish a b le  in  the produots. Suoh 

rea c tio n s  are ch a ra cter ised  by a decrease in  m olecular weight 

and/or the form ation o f  v o la t i l e  produots, the r e la t io n sh ip  

between the two g iv in g  an in s ig h t in to  the s i t e  o f  chain  

s c is s io n ,  whether a t random along the chain or a t la b i l e  chain  

ends*

The c la s s ic  example o f a polymer whioh undergoes a chain  

s c is s io n  rea c tio n  i s  poly(m ethylm ethacrylate) FMMA, Monomer 

i s  the e x c lu s iv e  product o f  degradation in  the 150°C to  500°C 

temperature range and a t temperatures below 270°C, the  

rea c tio n  i s  in i t ia t e d  a t the double bonds s itu a te d  a t ohain  

ends and formed by r a d ic a l d isp rop ortion ation  during  

p olym erisa tion . Above 270°C end in i t i a t io n  and random 

in i t i a t io n  occur sim u ltan eou sly . The in i t i a t io n  prooess in
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th is  rea c tio n  in v o lv e s  s c is s io n  o f  the m olecule to  produce 

r a d ic a ls  which then depropagate or unzip  to  produce monomer

(R ef. 3 3 -3 5 ).

This example o f  main chain s c is s io n  i s  unique in  i t s  

s im p lic ity .  P o lystyrene, fo r  example, y ie ld s  42^ monomer, 

a t 300°CJ the remainder being dimer, trim er, te tra n er  and 

pentamer (R ef. 36) w hile polyethylene y ie ld s  an apparently  

continuous spectrum o f  hydrocarbon from 1 to  ^0 carbon atoms 

(R ef. 37» 3 3 ). The former has been explained by in tr a 

m olecular tr a n sfe r  rea c tio n s  which are in  d ir e c t  com petition  

w ith the monomer producing depropagation p r o cess ,(R e f. 39)

e .g .  — CH0 -  CH -  CH0 — CH -  CH0 -  CH •| d \ d |

OH, -  CH -  CH, -  C -  CH, -  CH, 
2 . 2 | 2 | 2

— CH, -  CH- + CH, » CH -  CH, -  CH,2 | 2 | 2 | 2
!  j6 fl

The continuous spectrum o f hydrocarbons formed from polyethylene  

i s  accompanied by a rapid  decrease in  m olecular w eigh t.

L i t t l e  monomer i s  formed however, thus depropagation cannot be 

s ig n if ic a n t .  I t  has been demonstrated th at the large  

proportion o f  m ono-olefins are formed by an in tram olecu lar  

tr a n s fe r  process o f  the type i l lu s t r a t e d  above fo r  po lystyrene  

w hile  the la rg er  fragments are formed in  in tem nolecular tra n sfer  

r e a c tio n s  as fo llo w s: (R ef. 40)



The fo llo w in g  g e n e ra l r e a c t io n  scheme, proposed by Simha,

o f  fr e e  r a d ic a l depolym erisation  p rocesses, the r a t io  o f  

monomer to  la rg er  chain  fragments being governed by the r e la t iv e  

r a te s  o f  depropagation and tr a n sfe r , w ith in tram olecu lar  

tr a n sfe r  being regarded as a s p e c ia l case o f  depropagation in  

which a s ta b le  v o la t i l e  fragment la rg er  than monomer i s  

produced*

Random in i t ia t io n  M — > M • . + M •
n J n-o

Terminal in i t i a t io n  M — > M • , + M*n n-1

Depropagation M*̂ — > **1 1 + ^

Intram olecular tr a n s fe r  A M«. + M. . .  1 x i - z  zand s o is s io n

Wall and B la tz  (R ef. 4 1 - 4 3 )  in clu d es a l l  th ese  kinds

Interm olecular tr a n sfer M*. + M )  M. + M*i n 7 l n

S c is s io n

Termination M*. + M*. — »M. + H .  or M.x . i j i j l+j
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n i s  the chain  length  o f  the s ta r t in g  m aterial and M., M.fo o 1 »

e t c . ,  and and e t c .  represent r e sp e c t iv e ly  *dead* 

polymer m olecules and long chain r a d ic a ls , i ,  j ,  e t c .  monomer 

u n its  in  len g th .

A ll depolym erisation  r e a c t io n s , however, do not in vo lve  

fr e e  ra d ic a l mechanisms, e s p e c ia l ly  i f  the polymer backbone 

con ta in s heteroatom s such as oxygen and n itrogen . In th is  

case  rea c tio n s  cannot be u n if ie d  by a s in g le  rea c tio n  scheme 

s in c e  they depend e n t ir e ly  on the oheraical nature o f  the  

fu n ctio n a l groups. For example, the decom position o f  

poly(oxym ethylene) was shown to  take p lace e x c lu s iv e ly  from 

hydroxyl chain ends s in ce  i t  i s  in h ib ite d  ly  a c e ty la t io n .

(R ef. 44 )• M olecular, fr e e  r a d ic a l and io n ic  mechanisms 

were considered  fo r  t h is  process by Ir a s s ie  and Roche (R ef. 44) 

fhe absence o f  any secondary v o la t i l e  products, which would 

r e s u lt  from an end in i t ia t e d  ra d ic a l rea c tio n , are strong  

arguments aga in st a fr e e  ra d ic a l mechanism. Nylon 6 ,6  and 

nylon 6 ,10  a ls o  degrade by a non-free ra d ica l mechanism, v ia  

a complex mechanism which has r e c e n tly  been re-examined by 

W iloth (R ef. 45)* S im ila r ly , the i n i t i a l  s c is s io n  process  

in  the degradation o f  p o ly (eth y len e  te r e p h th a la te ) , whioh 

occurs a t random, in v o lv e s  e s te r  decom position. fh is  and 

subsequent rea c tio n s  have been e lu c id a ted  in  great d e ta i l  

through s tu d ie s  o f  model compounds. (R ef. 46 , 47)

Main Chain Gross lin k in g  leads to  an in crea se  in  m olecular 

w eight and in  extreme oases to  g e l form ation. Poly(Tnethylacry-

la te ) forms g e ls  in  some ca ses  (R ef. 48 ,50 ) whioh can be

exp la ined  by a fr e e  ra d ic a l mechanism (R ef. 5 1 ) i a  whioh 

reoombination o f  two r a d ic a ls  o f  the typ e, C -  CĤ - occu rs.

cooch3
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On the other hand, in v e s t ig a t io n s  o f the thermal degradation  

o f p o ly silo x a n es w ith term inal hydroxyl .groups (R ef. 52) 

in d ic a te  th a t, a t low conversion  to v o la t i l e  products, in crease  

in  the m olecular weight o f the polymer occurs in  the range 

170°0 to  300°0. Phis was assigned  to a polycondensation  

in v o lv in g  the term inal hydroxyl groups. Subsequent in crease  

in  temperature decomposes the polymer and decreases i t s  

m olecular w eight.

(2 ) S ide Chain or S u b stitu en t R eactions

Side Chain or S u bstitu en t E lim ination  leads to  the  

form ation o f v o la t i l e  products accompanied by main chain  

s c is s io n ,  c r o ss lin k in g  or u n satu ration . A common rea ctio n  o f  

t h is  k ind  i s  th a t o f  su b stitu en t e lim in ation  accompanied by 

u n satu ration , the c la s s ic  example o f  which i s  the thermal 

decom position o f p o ly (v in y lch lo r id e ) PVG. A form o f unzipping  

o f  HC1 m olecules i s  thought to  occur w ith the unsaturation  

r e s u lt in g  from decom position o f one v in y lc h lo r id e  u n it  

a c t iv a t in g  the decom position o f  an adjacent u n it s in ce  colour  

develops very ea r ly  in  the decom position. (R ef. 53)

The rea c tio n  i s  a lso  thought to  be in i t ia t e d  a t la b i le  

s tr u c tu r a l abnorm alities formed during polym erisation  or 

fa b r ic a t io n . (R ef. 54) Although some controversy s t i l l  

e x i s t s  as to  the nature o f  the mechanism, i t  would appear th at  

the bulk o f  the evidence now poin ts towards a ra d ic a l 

mechanism f i r s t  proposed by Stromberg e t  a l  in  1959 (Ref* 55)* 

Other rea c tio n s  o f  t h is  type are e lim in a tio n  o f a c e t ic  a c id  

from p o ly (v in y la c e ta te )  which i s  thought to proceed v ia  a non

r a d ic a l chain mechanism (R ef. 56? 57 ) and e lim in a tio n  o f  

HgO from p o ly (v in y la lo o h o l) . (R e f.58) .
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Examples o f  su b stitu en t e lim in ation  lead ing  to  the  

form ation o f  v o la t iv e  produots and main chain s c is s io n  can 

be found in  the thermal degradation o f  c e r ta in  p o lyeth ers such 

as po ly(tetram ethyleneoxide) ( K ef. 59)* I n it ia t io n  was

shown to occur a t the carbon in  the c( p o s it io n  to  the oxygen 

atom. Rupture o f  the C-H bond i s  fo llow ed  by breaking o f the  

main chain according to

CH2 -  CH2 -  CH2 -  CH -  0 -  CH2 -  CH2—

ch2 -  ch2 -  ch2 -  cho + .ch2 -  CH2—

The term inal raaororadical thus formed i n i t i a t e s  the  

decom position k in e t ic  ch a in , which i s  the main source o f  the  

v o la t i l e  products o f  degradation.

Side Chain R eactions Leading to  C .vclisation  are  

freq u en tly  observed in  polymer degradation, a typ ioA l example 

o f  which i s  the h e a t-r e s is ta n t  o y o lized  stru ctu re  formed in  

heated p o ly (a o r y lo n it r i le ) , PAN,

H2 H2
H 0 H C H 

—  CH -  CHg -  CH -  CH2 -  CH---------- K  1 /  \ l  /  \ | /

CN CN CN
C
I I I

C Cv
7  \  /  %  /  ^  

N N

whioh has been e x te n s iv e ly  stu d ied  (R ef. 6 0 -6 2 ).

Several other examples o f  t h is  type o f  rea c tio n  are to  be 

found in  the l i t e r a tu r e ,  two o f  which are, the form ation o f  

c y c l ic  anhydrides from poly(m ethaorylio  a c id ) ,  (R ef. 63)
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and eye l i e  <<-(3 unsaturated ketones from ?oly(m ethylviny 1-  

k eto n e ). ( l ie f .  64) .

1 .6  GEI:3RAL C0NdIIL3Ari0:~ OF POLTFER DE3RAMTIQIJ

In order to have a f u l l  understanding o f  the mechanism o f  the  

thermal degradation o f organic polymers, i t  i s  necessary  to  have 

inform ation about three th in gs in  p a rticu la r:

(a ) .Che change in  m olecular weight o f the polymer as a 

fu n ction  o f  temperature and ex ten t o f degradation .

(b) The q u a lita t iv e  and q u a n tita tiv e  com position o f  the  

v o la t i l e  and n o n -v o la t ile  products o f  degradation .

(c )  The ra te s  and a c t iv a t io n  en erg ies o f  the degradation  

p ro cesses .

Each o f  th ese  can be a scerta in ed  by thermal a n a ly s is  and a n a ly t ic a l  

chem ical methods and a d e ta ile d  rea c tio n  mechanism form ulated.

There are numerous review s o f  th is  f i e l d  to  be found in  the  

l i t e r a t u r e .  (R ef. 65- 67 ) .

The use o f model compounds to  p red ict the mechanism and 

k in e t ic s  o f  polymeric m ateria ls  must on ly  be undertaken w ith  due 

o au tion . While i t  i s  tru e th a t many polymeric e s te r s  predominantly 

decompose to  form a c id  and o le f in ,  e .g .  p o lyaory la tes and poly( 

v in y la o e ta te ) , in  a s im ila r  manner to sim ple e s te r s  l ik e  e th y l 

a o e ta te , p o ly(eth ylm eth aory late) g iv e s  high y ie ld s  o f  monomer a t  

250°C, w h ile  model primary e th y l e s te r s  decompose to  eth y len e and 

the corresponding aoid  a t about 450°C* S im ila r ly  PVC therm ally  

decomposes to  form products s im ila r  to  th ose  obtained from sim ple 

oh lorop araffin s but a t a temperature some 200°C lower than the  

corresponding model. Behaviour o f  th is  type i s  q u ite  common in
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polymers and m echanistic s tu d ie s  have 3hown two p r in c ip le  reasons 

fo r  i t s  occurrence* F ir s t ly ,  polymer ch a in s , although normally 

represented  by lin e a r  sequences o f  monomer u n it s ,  con ta in  

abnorm alities such as branches and u n satu ration . T his, along with  

the chain ends, may c o n s t itu te  weak p oin ts in  the polymer m olecules 

at whioh degradation may be in it ia te d *  Secondly, many rea c tio n s  

encountered in  polymer degradation have been shown to c o n s is t  o f  

chain p rocesses running along the polymer backbone which have no 

analogues in  sim ple model compounds*

The thermal s t a b i l i t y  and degradation mechanisms o f  co-polym ers 

and polymer blends has been e x te n s iv e ly  stud ied  in  th ese  

la b o ra to r ies ,a n d  th ese  to p ic s  have been the su bject o f  two recent 

review s (R ef. 68 , 7 0 ) .  The presence o f  a comonomer can deeply  

a f f e c t  the thermal behaviour o f polymers* A comonomer can in  some 

ca ses  con fer  s t a b i l i t y  but in  o th ers may render a homopolyraer 

u n sta b le . An example o f  the former i s  the co-polym er o f  m ethyl- 

m ethacrylate and a c r y lo n itr ile *  This s t a b i l i s a t io n  was f i r s t  

reported  by G rassie and M e lv ille  (R ef. 33) and la te r  re-examined  

by G rassie and F arish  (R ef. 69)* At 220°C the degradation i s  

in i t ia t e d  a t unsaturated chain  ends but ra d ic a l depolym erisation  

cannot pass through a o r y lo n itr i le  u n it s .  Degradation i s  thus

stopped a t the f i r s t  a o r y lo n itr i le  u n it .  Random chain  s c is s io n

occurs a t  a slow  ra te  a t 220°C producing unsaturated chain  ends, 

which in crea se  in  con cen tration  and s in c e  they  are u n stab le  a t  220°C 

the ra te  o f v o la t i l i s a t io n  in c r e a se s . The s t a b i l i s a t io n  e f f e c t  

i s  lo s t  a t  280°C because a c r y lo n it r i le  u n its  are lib e r a te d  in  the  

depropagation process a t  t h is  tem perature.

P o ly (a c r y lo n itr ile )  i s  d e s ta b ilis e d  i f  raethylvinylketone u n its  

are incorporated in to  the m oleou les. The a c c e le r a tin g  e f f e c t  o f



16

m ethylvinylketone u n its  on the ra te  o f  thermal co lo u ra tio n  o f  the  

polymer has been ascrib ed  to  th e ir  behaviour as in i t ia t o r s  

(R ef. 64) .  S im ilar  s t a b i l i s in g  and d e s ta b i l is in g  e f f e c t s  have 

been reported fo r  polymer b len d s. (R ef. 7 0 ) .

1.7 AIM OF m s  WORK

The work d escribed  in  t h is  t h e s is  w i l l  be concerned with  

the thermal degradation p rop erties  o f  b io lo g ic a l ly  produced PHB.

A study o f  the r a te s  and a c t iv a t io n  energy o f the depolym erisation  

r ea c tio n  occurring in  PHB under variou s atmospheres a t tem peratures 

in  th e region  su ita b le  fo r  p rocessin g  w i l l  be d escr ib ed . This 

s h a l l  be combined w ith a q u a lita t iv e  and q u a n tita tiv e  study o f  the  

products o f  degradation in  order to  gain  not on ly  an understanding  

o f  th e mechanism o f  degradation o f  PHB but a lso  inform ation re levan t  

to  the p o ss ib le  commercial e x p lo ita t io n  o f  PHB as a th erm op lastic . 

This work forms an in te g r a l part o f  an exam ination, by a m ulti

d is c ip l in e d  team o f  s c ie n t i s t s  in to  the problems a sso c ia te d  w ith  

th e production , p r o c e s s a b ility  and fu tu re  commercial u ses  o f  

b a c te r ia l ly  produced PHB as a therm oplastic polymer which i s  not 

dependant on o i l  r e la te d  feed stock s and has a biodegradable  

ch a ra cter .

Samples o f  HIB were obtained from a cu ltu re  o f th e bacterium  

A zotobaoter b e ij e r in c h ii  and were su pp lied  by Im perial Chemical 

In d u str ie s  L td ., Corporate D iv is io n , Runcorn, in  th e form o f  

e ith e r  dead bacterium or p a r t ia l ly  p u r if ie d  polymer.
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES

2.1  SOURCES OF REAGENTS

Propan—1—2 - d io l ,  cro ton ic  ac id  and e th y l crotonate were 

obtained  from B.D.H. Chemicals Ltd. A ll  other reagents and 

so lv e n ts  used in  t h is  study were o f  Analar grade.

2 .2  ISOLATION OF PHB FROM CELL CULTURES AND ITS PURIFICATION

Once f u l ly  cu ltu red  the bacterium  was k i l l e d  by a d d ition  o f

mercuric c h lo r id e . The dead b a c te r ia l c e l l s  were then dyem illed  

to  commence th a  procedure o f rupturing the c e l l  w a lls  before being  

spray d r ied . D yem illing c o n s is t s  o f  passing  the c e l l s  through a 

column, under p ressure, which co n ta in s many r o ta tin g  d is c s  each 

with on ly  a sm all s l i t .  The s l i t s  are not lin e d  up so th a t the  

c e l l s  are pounded a g a in st the w a lls  o f  the column and the d is c s .

PHB as supp lied  by I .C .I .  Corporate D iv is io n  was in  the form o f  

spray dried  c e l l s ,  l ig h t  brown in  co lo u r .

A 1 io w/v so lu t io n  o f  th ese  spray dried  c e l l s  in  chloroform  

was reflu xed  fo r  ij- hours to  ex tra c t the p o ly e s te r . The 

r e su lta n t  so lu tio n  was f i l t e r e d  through a f i l t e r  c lo th  and then  

Whatman’ s g la s s - f ib r e  OF/A f i l t e r  paper to  remove the c e l l  d eb ris  

p rior  to  p r e c ip ita t io n  in  petroleum -ether. The polymer was 

is o la te d  by f i l t r a t io n  and washed w ith  d ie th y 1-e th e r  p r io r  to  

drying under vacuum a t room tem perature. The p o ly e s te r  was 

rep eated ly  d is so lv e d  in  chloroform , p rec ip ita ted  in to  petroleum - 

e th e r , f i l t e r e d  and washed w ith  d ie th y l-e th e r  u n t i l  snow-white 

in  appearance. By t h is  method a fib ro u s form o f  PHB was obtained .
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A powder sample o f  PHB was obtained by slow  ad d ition  o f  a 

1/6 w/v so lu tio n  to  f iv e  volumes o f  methanol w ith vigorous s t ir r in g .  

The PHB was separated by f i l t r a t i o n  and vacuum dried  a t room 

temperature fo r  24 hours. The re su lta n t polymer cake was ground 

in  a mortar and p e s t le  a t l iq u id  n itrogen  temperatures to  g iv e  

a f in e  powder. This powder was vacuum d ried  a t room temperature 

fo r  43 hours and stored  fo r  u s e .

NOTE: The p r e c ip ita t io n  o f  PHB from so lu tio n  in  chloroform

o f h igher con cen tration  than 1$  w/v by methanol r e su lte d  in  

the form ation o f  a fib ro u s  form o f  PHB.

2 .3  FRACTIONATION OF PHB

Polymer fr a c t io n a tio n  was ca rr ied  out on the b a s is  o f  the  

decreasing  s o lu b i l i t y  o f  a p o lyd isp erse  sample with in cr ea sin g  

m olecular w eigh t. For genera l theory on t h is  method see R ef. 71* 

The experim ental s e t  up was as shown in  Figure 2 .1 .

A 6g sample o f  PHBy S 1(see  Chapter 2.11) was d isso lv ed  in  

800 cm  ̂ o f  ohloroform and poured in to  the ce n tr a l c y lin d e r  o f  the  

fr a c t io n a tin g  column. This was l e f t  overn igh t, the water jacket 

being m aintained a t 303&.

The fo llo w in g  morning 440 om  ̂ o f  pro p a n -1 -2 -d io l, the  

p r e c ip ita t in g  agent, was added dropwise v ia  the dropping funnel 

w ith continuous s t ir r in g .  A cloudy p r e c ip ita te  formed which 

disappeared on r a is in g  the temperature o f  the water jack et to  308K. 

While con tin u in g  the s t ir r in g  the temperature o f  the w ater jack et 

and polymer so lu tio n  was allow ed to  ooo l to  303K whereupon s t ir r in g  

was stopped and the temperature h eld  a t  303K o vern igh t. On the  

fo llo w in g  morning the so lu tio n  c o n s is te d  o f  two phases -  (a ) a lower 

g e l phase and (b ) a  c le a r  s o lu t io n . Bie g e l was removed v ia  the
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Propan-1-2  d io l
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FIJURE 2.1  

FRACTIONATION APPARATUS
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stopcock  A, d is so lv e d  in  approxim ately 200 cm  ̂ o f  chloroform  by 

r e f lu x in g  fo r  i  an hour, and p r e c ip ita te d  in to  an excess  o f  m ethanol. 

The PHB p r e c ip ita te  was recovered by f i l t r a t io n ,  vacuum dried  a t  

room temperature and la b e lle d  F raction  1 (F1) -  High M olecular

Weight F raction . ( 'v' 1 .4 g ) .

A fu rth er  10 cm  ̂ o f  p rop an -1-2-d io l was added and the above 

procedure fo llow ed  to  ob tain  F raction  2 (F2) -  Medium High

M olecular Weight. ( ~ 1 . 7 g )

F raction  3 (F3) -  Medium Low M olecular Weight was obtained

by the above procedure on ad d ition  o f  a fu rth er 20 cra"̂  o f  

pro p a n -1 -2 -d io l. 1 .4g ) •

The remaining so lu tio n  in  the fr a c t io n a t in g  column was added 

to  ex cess  (5»000 cm^) m ethanol. The p r e c ip ita te  formed was 

recovered by f i l t r a t io n  and vacuum d ried  a t room tem perature.

This was la b e lle d  F raction  4 (F4) -  Low M olecular Weight F raction .

( ~  1 .5 s) .

The whole procedure was repeated  e ig h t tim es. The e ig h t  

F raction  1 samples were d isso lv ed  to g eth er  in  chloroform  and 

p r ec ip ita ted  in  methanol, f i l t e r e d  and vacuum d r ied . F ractions  

F2, F3 and F4 were trea ted  s im ila r ly  g iv in g  over 10g o f  each 

f r a c t io n .

The m olecular w eight d is tr ib u t io n  o f  the PHB fr a o tio n s  were 

determined by g e l permeation chromatography (See Chapter 2 . 6 ( i ) ) .

2 .4  THERMAL METHODS OF ANALYSIS

( i )  Thermal Gravimetric A n alysis  TGr

Thermal gravim etric an a lyses were ca rr ied  out on two 

in strum ents, (a ) a Da Pont 950 thermobalance and (b ) a  Du Pont 

951 thermobalano e •
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The polymer samples (5~10mg) were p laced  on a boat-shaped  

platinum holder and the temperature measuring thermocouple 

placed 0 .1  cm from the powdered sample.

In  a programmed h ea tin g  run a flow  o f  n itrogen  gas

(a) 80 cm^/min., (b ) 40 cm^/min, was maintained throughout 

the degradation . The samples were heated from ambient to  

500°C a t a ra te  o f  10°c/m in.

For experiments in  a ir  the procedure was id e n t ic a l}  

except th a t the samples were m aintained in  an atmosphere o f  

s t a t ic  a ir .

In  an isotherm al experiment the sample was heated rap id ly  

to  200°C, the recording pan s e t  to  100$ and a f te r  5 minutes 

the pan was lowered and the temperature h eld  a t 200°G fo r  

3 hours. A ll  isotherm al TG*s were run on instrum ent (b) 

a t  a temperature o f  200°C under an atmosphere o f  n itrogen  

w ith a flow  ra te  o f  50 cm^/min.

( i i )  D if fe r e n t ia l Thermal A nalysis DTA

A Du Pont 900 Thermoanalyser instrum ent was used to  ob ta in  

DTA cu rv es. Two id e n t ic a l  tu b esy 25mm long by 4mm diam eter, 

were p laced  in  a h ea tin g  b look . The referen ce  tube was packed with  

sm all g la s s  beads and the sample tube w ith approxim ately 10mg o f  

powdered polymer, each tube a lso  contained  a thermocouple. The 

tubes were heated from ambient to  500°C a t  a ra te  o f  10°C/min, 

under an atmosphere o f  n itrogen  w ith a flow  ra te  o f  80 om^/Vi11*

( i i i )  D if fe r e n t ia l  Scanning Calorim etry DSC

DttC was carr ied  out on a Du Pont 910 Thermoanalyser•

Powdered samples (3mg to  5 were placed in  aluminium pans 

and an aluminium pen l i d  crimped on top . The sample pan 

and an empty referen ce pan were placed on the heating  b look .



An in e r t  atmosphere was maintained by p assing  n itrogen  gas 

over the sample a t a ra te  o f  50 cm^/min. w hile h ea tin g  the  

sample block from ambient to  $ 0 0 ° 0 ,  a t  a ra te  o f  10°c/m in.

( iv )  Thermal V o la t i l is a t io n  A nalysis TVA 

TVA has been used to  study the degradation p rop ertie s  o f  

many polymers and i s  now a w e ll-e s ta b lish e d  thermal a n a ly s is  

tech n iq u e, being w e ll documented by a s e r ie s  o f  p u b lica tio n s  

by M cNeill (R ef. 72, 73 )• I t  may be in form ative however

to  d iscu ss  b r ie f ly  some general a sp ects  and p r a c tic a l d e ta i l s  

in vo lved  in  th is  work.

The b asic  TVA method in v o lv es  h ea tin g  a polymer sample 

a t a l in e a r  ra te  o f  temperature in c r e a se , u su a lly  10°c/m in, 

in  a fla t-b ottom ed  tube under vacuum w ith continuous pumping, 

the degradation products being c o l le c te d  in  a liq u id  n itrogen  

trap  some d istan ce  from the sample. The pressure o f  

v o la t i l e s  i s  con tin u ou sly  measured somewhere between sample 

and oo ld  trap  and p lo tte d  as a fu n ction  o f  temperature or time 

as th e sample i s  h eated . A ty p ic a l oven s e t  up fo r  TVA i s  

d ep icted  in  Figure 2 .2 .

TVA with Differential Condensation of Products 

(Ref. 74» 75) involves four cold traps at different 

temperatures arranged in parallel with geometrically equivalent 

routes from the sample to a liquid nitrogen trap as depicted 

in Figure 2.3.

Pirani gauges A, 5, C and D are placed after each cold 

trap to give a measure of the pressure of volatiles, which 

pass through the respective cold traps. Pi rani E, after the 

liquid nitrogen trap, gives a measure of non-condensable gases 

passing through the system. The oven temperature together 

with the output from each pi rani head is displayed on a 12
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A « Degradation Tube

B ■ Thermooouple

C = C ooling Jaoket

D « Removable flan ge  
head

E « P11 Oven 

P ■ Temperature
Programmer

Pan

Water
outWater

in

FI CPJRE 2 .2  

TYPICAL OVEN ARRANGEMENT FOR TVA
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channel recorder u n it  v ia  a m ultihead sw itch  u n it .

Thus a prelim inary im pression o f the d is tr ib u t io n  o f  

condensable products from thermal degradation on the b a s is  o f  

th e ir  c o n d e n sa b ilit ie s  i s  ob ta ined . A ty p ic a l tra ce  o f  th is  

type i s  shown in  Figure 2 .4 .

The products o f  degradation can be d iv ided  in to  two main 

c a te g o r ie s : -

1. The in v o la t i le  res id u e .

2 . The v o la t i l e  products which can fu rth er  be sub-d iv ided

in to  th ree c a te g o r ie s .

(a ) Those products which are v o la t i le  a t oven 

temperature but n o n -v o la t ile  a t room tem perature, 

(co ld  r in g  fr a c t io n ) .

(b) Those products which are v o la t i le  a t degradation  

tem peratures but condense in  one o f  the f iv e  

co ld  trap s (0 , -45> -75* -100  and -196°C)
(th e  con d en sab les).

( c )  Products v o la t i l e  even a t liq u id  n itrogen  

tem peratures (non-condensab les).

The in v o la t i le  res id u e , l e f t  a t  the base o f  the  

degradation tube, can be removed fo r  a n a ly s is  by d is so lv in g  

in  a su ita b le  so lv en t or by being scraped out o f  the  

degradation tube.

The co ld  r in g  fr a c tio n  which c o l l e c t s  a t the top  o f  the  

degradation tube oan be removed fo r  a n a ly s is  by methods 

s im ila r  to  th a t employed fo r  the in v o la t i le  r e s id u e .

The v o la t i l e  products can be removed a t (F) in  

Figure 2 .3  by condensation in to  a gas c e l l  or co ld  f in g e r  fo r  

subsequent a n a ly s is .
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Non-condensables are b est in v e s t ig a te d  by means o f a 

c lo se d  system technique described  by M cN eill. (R ef. 7 6 ) .

(v ) Subambient Thermal V o la t i l is a t io n  A n alysis  SATVA 

At the end o f  a TVA experiment the various products o f  

degradation o f  the polymer sample, except gases not condensable 

a t —196°C, are condensed in  co ld  traps in  the vacuum system , 

from which they are then removed fo r  a n a ly s is .  SATVA i s  a 

process developed in  th is  laboratory  by M cNeill (R ef.77 )  

from an approach by Ackerman (R ef. 78) in  which th ese  

products can be separated according to  th e ir  v o l a t i l i t y .

The process operates on the p r in c ip le  th a t when a 

frozen  mixture o f products i s  s lo w ly  heated under high vacuum 

w ith  continuous pumping, a separation  occurs which depends 

upon the v o l a t i l i t i e s  o f the various products.

The apparatus used fo r  SATVA i s  i l lu s tr a te d  in  Figure 2 .5 .  

At the end o f the TVA experiment a l l  the condensable products 

can be c o l le c te d  in  a co ld  trap  a t —196°C (B ). I f  the  

liq u id  n itrogen  le v e l  round the para-xylene jack et ( f )  i s  

ra ised  to  the le v e l  o f  the bottom o f  the U-tube (E) as shown, 

then once equilibrium  has been reached there w i l l  be a 

temperature grad ient between the base / j- ' \96°Q/  and the top  

am bient/. Once the bottom o f  (E) has reached -196°C as  

measured by thermocouple (G ), stopcocks (A) and (H) are c lo se d  

and the co ld  trap  round (B) removed. The products then  

d i s t i l  over onto th e w a lls  o f  (E) where they  w i l l  be 

p a r t ia l ly  separated due to  the temperature g ra d ie n t. I b is

i s  monitored by means o f  p iran i head (c )  and once a l l  the  

products have condensed in  (E) th e l iq u id  n itro g en  le v e l  round
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(F) i s  ra ised  to  the le v e l  o f  the para-xylene so th a t the  

e n t ir e  p-xylene jack et i s  lowered to  a temperature o f  —196°C# 

When t h is  has been achieved  stopoook (D) i s  c lo sed  and (H) 

opened# Cold traps (N) fo r  the c o l le c t io n  o f  products are 

prepared a t -196°C and a l l  but ona o f  stopcocks ( j ) ,  (K ), (L ), 

and (M) c lo se d . I f  the co ld  trap  round (F) i s  removed then  

the temperature o f  the pararo^lene and U-tube (E) w i l l  s low ly  

r ise #  As each product d i s t i l s  p iran i head ( i )  w i l l  measure 

a change in  pressure#

The thermocouple reading along w ith  th at o f  p iran i head 

( I )  are continuously  recorded on a m ulti-channel record er.

A ty p ic a l  traoe i s  shown in  Figure 2 .6 .  The products 

resp o n sib le  fo r  each peak can be c o l le c te d  sep a ra te ly  in  

c o ld  traps by m anipulation o f  stopcocks ( j )  to  (M).

The products can be removed from the system by d i s t i l l a t i o n  

in to  a gas c e l l  or c o ld  f in g e r  a t (P ) , t h is  process being  

monitored by p iran i heads ( 0 ) .

Depending upon the products in v o lv ed , separation  i s  not 

always complete out t h is  technique makes id e n t i f ic a t io n ,  

e s p e c ia l ly  o f  minor products, which are o ften  masked by 

major products, muoh a im p lier . The r e s u lt s  o f  th ese  

procedures are reproduoable#

The advantage o f  t h i s  prooess i s  i t s  a b i l i t y  to  separate  

v o la t i l e  products both fo r  q u a lita t iv e  and q u a n tita tiv e  

a n a ly s is#

( v i )  Melt Flow Index MFI

A Davenport Melt Indexer instrum ent, whose d esign  i s  

e x a c t ly  s p e o if ie d  by ASM D esignation  D1238, was used fo r  

ob ta in in g  melt flow  index data# The instrum ent i s
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e s s e n t ia l ly  a dead w eight p isto n  driven  c a p il la r y  

ex tru sion  v iscom eter having a therraostatted barrel r e se r v o ir  

w ith a removable c a p il la r y  o r o fic e  a t the bottom. The 

polymer in  the r e se r v o ir  i s  driven through the o r o f ic e  by a 

constant load ap p lied  to  the plunger in  the form o f  an added 

w eight and the m elt index i s  obtained from the r e s u lt in g  flow  

ra te  in  th e u n its  grams o f  polymer per 10 m inutes.

Procedure

The b a rre l, a t a temperature o f  190°C, was charged up 

over a 2 minute period and l e f t  to  e q u ilib r a te  fo r  5 m inutes. 

T hirty  seconds p rior  to  the expiry tim e o f  the 5 minute 

e q u ilib r a tio n  tim e a load o f  2 .1 6kg was placed on the p is to n .  

A fter  the 5 minute e q u ilib r a tio n  time the polymer was 

extruded through a h o le , 9*5504 -  0.0076mm in  diam eter.

S ix ty  second cu ts  o f  the polymer strands produced 

were taken a t  various tim es throughout a 6 minute period and 

oonverted to  a value o f  m elt index in  grams o f  polymer/10 m inutes. 

This was assumed to  be th e average MFI over the 60 second time 

period  o f  the out or the MFI a t the m id-point o f  the time 

in t e r v a l•

2*5. ANALYTICAL TECHNIQUES

( i )  Infra-Red Speotrosoopy

Spectra were recorded on a Perkin Elmer 257 grating 

spectrometer. All PHB samples, cold ring fractions, and 

volatile products distilling over under high vacuum with 

continuous pumping at temperatures above -90°C were run in 

solution, all other volatile products being examined in the
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gaseous phase.

( i i )  Q u an tita tive  E stim ation o f  V o la t ile  Products by 

Infra-Red Spectroscopy

(a ) Gaseous Products

A gas c e l l  o f  known volume was ca lib r a te d  fo r

q u a n tita tiv e  a n a ly s is  o f some gaseous degradation

products u s in g  the apparatus described  in  Figure 2 .7 .

The method in v o lv es  ob ta in in g  a p lo t o f  o p t ic a l  d en s ity ,

fo r  a p a rticu la r  absorption peak, aga in st the pressure o f

the referen ce gas in  to r r . The gaseous degradation

product can be is o la te d  in  the gas c e l l  by means o f

subambient TVA, the o p t ic a l d en s ity  measured and re la te d

to  pressure, by means o f  the id e a l gas equation PV = nRT,

which holds fo r  low pressures and temperatures w ell above

the b o ilin g  p o in ts o f  the g a se s . The pressure o f  gas can

then be r e la te d  to  the number o f moles p resen t.

The volume o f  the gas c e l l  was found by repeated  

f i l l i n g  o f  the gas o e l l  w ith  a su ita b le  l iq u id  from a 

b u rette: the temperature was taken as 293K.

The system was evacuated with a l l  taps open, w ith

a o y lin d er  o f  referen ce gas attached  a t (F ) .  Taps

(a ) and (3 ) were c lo sed  and the reference gas from the  

oy lin d er  introduced in to  the l in e  to  a pressure o f  

approxim ately ^OOraa o f  Hg ( to r r )  as measured by 

manometer ( i ) .  Tap (S) was c lo se d  and the referenoe  

gas condensed in to  r e se r v o ir  (C) by means o f  a liq u id  

N2 tra p .

The cy lin d e r  was then replaced by the gas c e l l  ( j ) ,
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and evacuated w ith a l l  taps except (B) open* Taps 

(A) and (G) were o lo sed  and by m anipulation o f  Tap (B) 

gas was introduced in to  o e l l  ( j )*  The pressure o f  gas 

present in  (J ) was measured by th e f a l l  in  mercury le v e l  

^  x . Taps ( j )  and (K) were c lo se d  and the IR Spectrum 

obtained* The gas c e l l  ( j )  was then rep laced  on the  

l in e  and the above procedure repeated  w ith a d if fe r e n t  

pressure o f  referen ce  gas in  the gas c e l l*

In th is  way a c a lib r a t io n  graph o f  o p t ic a l d e n s ity ,  

measured as absorbance d iffe r e n c e  between the f i l l e d  and 

empty gas c e l l ,  versu s pressure wan con stru cted  fo r  each 

g a s .

When pure referen ce gas was not a v a ila b le  the  

fo llo w in g  procedure was followed*

The gas c e l l ,  con ta in in g  the gaseous degradation  

product in  qu estion  was attached  a t (P) (F igure 2*7) 

and a l l  but the gas c e l l  evacuated* Taps ( d ) and (G)

were c lo sed  and the gas in  the o e l l  allow ed to  expand 

in to  the system . The pressure o f  gas in  the system  

was measured by the manometer and knowing the volumes o f  

the system and gas o e l l  the o r ig in a l pressure o f  gas 

w ith in  the o lo sed  gas o e l l  can be evaluated* For t h is  

purpose a vaouum system o f  the design  i l lu s t r a t e d  in  

Figure 2*7, but w ith the sm a lle st f e a s ib le  dim ensions 

was used .

(b ) S o lu tion

S o lu tion s o f  pure referen ce samples o f  degradation  

products which were non-gasecus a t atmospheric p ressure, 

were prepared in  d if fe r e n t  con cen tration s in  oarbon



te tr a c h lo r id e . The IR speotra o f  th ese  so lu tio n s  

were run and the o p t ic a l d en sity  measured fo r  a 

p a r tic u la r  absorption  peak. These o p t ic a l d e n s it ie s  

were p lo tted  aga in st the concentration  o f  the s o lu t io n .

Non—gaseous (a t  1atm pressure) degradation products 

i s o la t e d  by SATVA were d isso lv ed  in  a known volume o f  

CCl^, the o p t ic a l d en sity  measured and re la ted  to  

con cen tration  and henoe number o f  m oles.

I f  more than one su ita b le  wavelength was a v a ila b le  

fo r  q u a n tita tiv e  a n a ly s is  o f  any product then an average 

r e s u lt  obtained by u sin g  th ese  d if fe r e n t  w avelengths 

was c a lc u la te d .

( i i i )  U ltr a -V io le t  Spectrosoopy UV

Speotra were recorded on a Unicam SP800 Spectrom eter, 

a l l  sam ples being run in  s o lu t io n .

( iv )  N uclear Magnetio Resonance Spectroscopy NMR

Spectra were recorded on a Variqn T60 60 MHz and a Varion 

HA100 100 MHz spectrom eter. A ll samples were run as so lu tio n s  

in  CDCl^.

(v )  Mass Spectrometry MS

This was oarried  out on a 90° s e c to r  AE1 MS12 mass 

spectrom eter. (R ef. 79)•

( v i )  Thin Layer Chromatography TLC 

Two-dimensional TLC was oarried  out u s in g  two

chromatographic tanks -

Tank (a )  contained  propan-1-ol : methyl e th y l ketone : 

ammonia in  the r a t io  o f  5*5*3 by volume.

Tank (b ) contained  propan-1-ol : methyl e th y l ketone  

1:1 by volume.
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Both tanks were fr e sh ly  prepared and l e f t  to  

e q u ilib r a te  overnight p rior to each run#

Standard 20cm x 20cm Merck s i l i c a  g e l 60 p la te s  w ith  

a la y e r  th ick n ess  o f  0.25mm were used# These p la te s  were 

a c tiv a te d  before sp o ttin g  by h ea tin g  to  120°C fo r  30 minutes 

in  an oven.

The fo llo w in g  procedure was fo llow ed  fo r  each run#

A p la te  was l i g h t l y  sp otted  in  the bottom l e f t  hand corner  

2cm from each edge and placed in  tank (a)#  When th e so lv en t  

fron t had tr a v e lle d  i t s  course the p la te  was removed, d ried  in  

a stream o f  a ir  and the change in  p o s it io n  o f  th e  spot observed  

under a tiV lamp. The p la te  was then placed in  tank (b ) and 

th e  sp o ts run in  the o ther d ir e c t io n  before being  d ried  and 

observed under a UV lamp.

The ammonia present in  the e lu en t o f  xank (a )  converted  

any a c id s  present to  ammonium s a l t s  in  which form th ey  were 

then separated . (R ef. 8 0 ) .

( v i i )  Gas Liquid Chromatography QLC (R e f .8 l)

A nalyses were carr ied  out u sin g  a Perkin-Slmer P11 gas 

chromatograph w ith flame io n is a t io n  d etec to r  connected to  a 

l in e a r  temperature programmer. The column used was a 10*

1 io 071 o f  i  inch  diam eter. The sample, d is so lv e d  in  

chloroform , was in je c te d  by syringe through the s e l f  s e a lin g  

rubber septum and the oven programmed to  heat from 50 0 

260°C a t  a h eatin g  ra te  o f  5°C/min. The temperature was h eld  

a t  260°C fo r  10 minutes a f te r  the h eatin g  programme had 

term inated .

Use o f  Carbon Number

I t  has been shown th a t fo r  a homologous s e r ie s  each



increm ent decreases the vapour pressure o f  the component 

by a con stan t amount* Therefore under isotherm al co n d itio n s  

th ere i s  a lin e a r  r e la t io n sh ip  between lo g  Vg (Vg *■ r e te n tio n  

volume) and number o f  carbon atoms or increment u n its*

In the ca se  o f  a lin e a r  programmed h eatin g  ra te  a near lin e a r  

r e la t io n sh ip  between Vg and number o f  increment u n its  i s  

exp ected .

In order to  v e r ify  the r e la t io n sh ip  between Vg and 

increment u n its  o f  a homologous s e r ie s  under a lin e a r  

tem perature programme, a so lu tio n  was prepared co n ta in in g  

members o f  the s e r ie s  o f  lin e a r  hydrocarbons. This was run 

on the column as above and from the GLC trace  a p lo t  o f  

r e la t iv e  re te n tio n  ( r )  versu s carbon number was found to  be 

n ea r ly  l in e a r .  Figure 2 .8 .

   « , . . . .  r e te n tio n  d is ta n ce  fo r  componentNOTE: R e la tiv e  re te n tio n  ■ — 7— —----- t t - t  —------- -—  re te n tio n  d ista n ce  fo r  standard compound

Thus r e la t iv e  r e te n tio n  v a r ie s  d ir e o t ly  w ith th e number

o f  inorement u n its  in  a homologous s e r ie s  under a l in e a r  

tem perature programme.

N orm alisation  Method fo r  Q uantitative A nalysis

This method depends on making th e assumption th a t th e  

chromatogram rep resen ts a known proportion o f  the sam ple.

Then, by use o f  pure components the column i s  c a lib r a te d  by 

ob ta in in g  a r e la t iv e  response fao to r  Rf which i s  d efin ed  as the  

r a t io  o f  the d e tec to r  response fa o to r  fo r  a component and th at 

fo r  a s e le c te d  standard component. This i s  done fo r  each 

component by measuring the peak areas from chromatograms 

obtained  from samples o f  known con cen tra tio n .

F or a flame io n is a t io n  d e tec to r  the response in c r e a se s
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w ith  percentage carbon in  the m olecule. Thus fo r  a 

homologous s e r ie s ,  e .g .  monomer, dimer, trim er the r e la t iv e  

response fa c to r s  (tak in g  the monomer as standard) w i l l  be 

1 : 2 : 3  r e s p e c t iv e ly . In t h is  case  r e la t iv e  response  

c h a r a c te r is t ic s  can be defined  w ithout recourse to  pure samples 

o f  each compondent in  the m ixture.

( v i i i )  Trace Impurity A nalysis

The pressure o f  im p u rities  in  the polymer samples was 

determined by standard tra ce  a n a ly s is  techniques fo r  the  

elem ents thought to  be r e le v a n t.

This work was carr ied  out on samples su pp lied  by the  

author to  I .C .I .  A gricu ltu ra l D iv is io n  L aboratories, B illingham , 

C leveland.

2 .6  MOLECULAR WEI GET DETERMINATION

( i )  Gel Permeation Chromatography CPC (R ef. 82)

This technique was used to  determine the m olecular  

w eight d is tr ib u t io n  MWD o f  d if fe r e n t  polymer samples o f  FHB 

g iv in g  a measure o f  the number average m olecular weight M ,̂ 

th e  weight average m olecular weight M ,̂ the v i s c o s i t y  average  

m olecular weight and the p o ly d isp e r s ity  D ■ M

Two instrum ents were used during the course o f  t h is  work. 

The f i r s t .  Instrument A ,  was an Applied Research L aboratories  

Instrument con ta in in g  prepacked columns f i l l e d  w ith  a c r o s s -  

lin k ed  polystyrene d iv in y l benzene g e l as su pp lied  by Polymer 

L aboratories Ltd. There were f iv e  columns oontained  w ith in
*7 °

th e  instrum ent each o f  60cms len g th  with pore s iz e  o f  10 A,
C O c O jO •> o

10 A ,  1u A ,  10 A and 10 A w ith  a macrogel diam eter s iz e  

o f  20/jLm. The GFC was run a t a temperature o f  30°C u sin g
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chloroform  as a so lven t with a flow  rate o f  0 . 75cm^/min.

The d e tec to r  system was an in fra -re d  spectrom eter s e t  at a 

constant wavelength o f  5 «T5y^m w ith a flow  through c e l l  in  

the IR beam,

'The second, Instrument 3 , was a Du Pont Chromatographic

Pump and column chamber w ith in  which were 4 prepacked columns

f i l l e d  w ith a c r o ss -lin k ed  polystyrene d iv in y l benzene g e l ,

as su pp lied  by Polymer Laboratories Ltd, The 4 columns were
6 o 5 0  4 o

each o f  length  30cm with pore s iz e s  o f 10 A, 10 A, 10 A,

3 0and 10 A, r e s p e c t iv e ly  and a m icrogel diam eter o f  10yW.m,

The in te r n a l diam eter o f  the columns was 7«7mm* The GPC was

run a t 35°0 with a flow  rate  o f  1cm^/min. and a pressure drop

o f  50 to r r .  A Du Pont IR an a lyser  s e t  a t a wavelength o f

5*B5^Lm w ith  a flow  through c e l l  was used as a d e tec to r  system .

In te r p r e ta tio n  o f  a GPC Chromatogram

A diagrammatical summary o f  the step s  in  the conversion

o f  a GPC chromatogram to  a MWD curve are given  in  Figure 2 .9*

The raw GPC chromatogram ( i )  i s  f i r s t  norm alised to  g iv e

u n it  area under the curve. H eights h  ̂ are measured a t various

in te r v a ls  a long the r e te n tio n  volume (Vr) a x is  and each va lu e

d iv id ed  by Fh^. The norm alised ord inate va lu es h may then

be p lo tte d  aga in st ( i i )  to  g iv e  the norm alised e lu t io n

cu rve. From th is  curve and the c a lib r a tio n  curve ( i i i )  a

s e t  o f  p a irs  o f  va lu es fo r  dw/dV^ and V^, and d ( lo g  M)/dV^

fo r  th e same 7  va lu es and a corresponding range o f  va lu es  r
fo r  M can be generated ( i v ) .  S u ita b le  m anipulation o f  th ese  

terms enables dw/dM to  be c a lc u la te d  and the norm alised weight 

d if f e r e n t ia l  m olecular weight d is tr ib u t io n  curve to  be 

con stru cted  ( v ) .  This procedure i s  b est carr ied  out by
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computer and ty p ic a l programme by P ick et e t  a t (R ef . 83) 

produces M ,̂ as w ell as the MVTD curve.

Method

The so lu t io n s  were in je c te d  v ia  an in je c t io n  c o i l  and

were o f  approximate concentration  %fo w /v.

Instrument A — The e lu tio n  curve was measured a u tom atica lly

a t  regu lar in te r v a ls  and the r e s u lt s  stored  on magnetic ta p e .

The r e s u lt s  were then fed  in to  a commodore pet computer u s in g

a programme m odified by Burgess (R ef. 84) to  produce a d i f f e r e n t ia l

wWD cu rve. A ty p ic a l example o f  a d if f e r e n t ia l  mWD curve i s

i l lu s t r a t e d  in  Figure 2 .1 0 .

Instrument B — The e lu tio n  curve was measured manually

a t  regu lar in te r v a ls  (1cm) g iv in g  approxim ately 20 v a lu e s .

These va lu es were fed  in to  a pet computer and a MWD curve

ob ta in ed . A ty p ic a l e lu tio n  curve obtained on Instrument B

i s  d ep icted  in  Figure 2 .1 1 .

C a lib ra tion  o f  Columns fo r  FHB

Since standards o f  FHB were not re a d ily  a v a ila b le  the

columns were ca lib r a te d  u sin g  com m ercially a v a ila b le

p olystyren e sam ples. For t h is  purpose chromatograms were

obtained  o f  d if fe r e n t  mixtures o f  polystyrene standards

d isso lv e d  in  chloroform . A ty p ic a l chromatogram i s  d ep icted

in  Figure 2 .1 2 . The IR d e tec to r  was s e t  a t a w avelength o f

3«4^Ub w h ile  running polystyrene sam ples. Thus i t  was

p o ss ib le  to  r e la te  the r e te n tio n  volume V to  p o lystyren er
eq u iva len t m olecular w eigh t. The c a lib r a t io n  curve o f  lo g  M

versu s V fo r  polystyrene samples run on Instrument B i s  r
d ep ic ted  in  Figure 2 .1 3 .

S ince GrFC separates on a m olecular s iz e  b a s is  ra th er than
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on m olecular w eight, the va lu es obtained from th is  

c a lib r a t io n  are polystyrene eq u iva len t m olecular w eights  

rath er than true PH3 m olecular w eig h ts . Thus a co rrec tio n  

has to  be ap p lied  to  obtain  true FHB m olecular w eigh ts .

By comparing a measurement o f  the m olecular weight o f  a 

sample o f  PHB measured as above and independantly by osmometry, 

viscom etry or l ig h t  sc a tte r in g  then a r e la t io n sh ip  o f  the  

fo llo w in g  form i s  ob ta ined , ( f ie f .  85 ) .

m olecular weight lo g .*  /p o ly sty re n e  eq u iva len t  
10 o f  PHB7 -  10 m olecular w e ig h t/

-0 .2 1  ......................................... Eq 2 .1

A ll  va lu es  o f  m olecular w eights measured l?y GPC reported  

in  th is  work have been correoted  u sin g  the above ex p ressio n ,

( i i )  Viscometry

Viscometry was employed as a means o f  rapid  determ ination  

o f  m olecular weight which could  be ca rr ied  out a t Glasgow.

This technique was a lso  in v e s t ig a te d  as a means o f  m olecular  

weight determ ination in  an in d u s tr ia l production s e t t in g .  

Method

An Ubbelohde suspended le v e l  d ilu t io n  v iscom eter immersed 

in  a therm ostated water bath s e t  a t 25°C was used throughout. 

The flow  tim e o f  each sample so lu t io n  on reaching thermal 

equilibrium  was measured u sin g  a stop-w atch graduated in  0 .2  

second in te r v a ls .  The reduced s p e c if io  v is c o s i t y
1 mm r f)
— J* lq where
°  *1

0 o ■ con cen tration  (g /d l)

*1 =» flow  tim e o f  sample so lu t io n

*1 * flow  tim e o f  pure so lv en t .................Eq 2 .2o

was measured over an average o f  5 flow  tim es.
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The in tr in s ic  v is c o s i t y  0*1 J  was determined, by 

ex tra p o la tin g  a p lo t o f reduced s p e c if ic  v is c o s i t y  versus 

con cen tration  to  zero concentration  (a  minimum o f  5 va lu es  

o f  reduced s p e c if ic  v is c o s i t y  were obtained from each FHB 

sample.

The temperatv.ie o f  25°C was chosen as being the low est 

su ita b le  temperature for  tak ing measurements in  an in d u str ia l  

production s e t t in g  where ease o f  operation  has to  be coupled  

w ith s a fe ty  in  c o n tr o llin g  chloroform vapour.

The R ela tion sh ip  between M olecular Weight and [ \J  - 
The Mark-Houwink-Sakurada Squat ion

For a g iven  polym er-solvent system at a s p e c if ie d  

tem perature| 3 J  oan be r e la te d  to  m olecular weight through 

the Mark-Houwink-Sakurada Equation.

CiJ = KM3, where 5 J  -  in t r in s ic  v is c o s i t y

a , K » con stan ts

M * m olecular weight ...................Eq 2 .3

This i s  an em pirical equation in  which K and a are

oon stan ts which depend upon the so lv e n t , the polymer and the

tem perature. The exponent "a” should be »  1 .8  fo r  a " r ig id

rod” so lv en t and 0 .5  {  0 .8  fo r  a "random c o il"  so lv e n t .
_  a

M versu s P \ , l  i . e .  [ \ J  -  K M n n____________________________________ n n

The va lu e fo r  Kq i s  p a r tic u la r ly  s e n s it iv e  to  MWD and

fo r  t h is  reason the r e la t io n sh ip  was examined on ly  fo r  samples

o f  narrow d is tr ib u t io n , e .g .  p o ly d isp e r s ity  D in  the range

1.56 to  1 .7 6 .

The in tr in s io  v i s c o s i t i e s  o f  fr a c t io n s  F1 to  F3 mentioned 

in  Chapter 2 .3  were measured as in  Figure 2 .1 4 . A graph o f
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C*iJ versu s lo g  M was p lo tted  as in  Figure 2•15» a le a s t  

squares f i t  g iv in g  the fo llo w in g  r e la t io n sh ip ,

3 J  298 -  3 .92  x 10-6 M 1*°7 1  0 .7  £  in  d l/ , J
CHG1 n

3   Eq 2 .4

The high error in  ”aM i s  due to the sm all number o f  

samples (3 ) used in  i t s  determ ination . This equation i s  on ly  

o f  lim ited  in d u str ia l value as i t  a p p lie s  on ly  to  polymer 

samples w ith  1 .50 < 1. 80 .

versus 0 \J  i . e .  [ \J  = Kw “w

A fa r  more u se fu l expression  can he obtained fo r  the

r e la t io n s h ip  between [ * \ , J  and s in ce  Kw i s  fa r  le s s

s e n s i t iv e  to  MWD than K •n
The in t r in s ic  v i s c o s i t i e s  o f  polymer samples (10 in  

number) in  the range 448, 999^ ^  ^ 1 ,030,000 w ith

p o ly d isp e r s ity  1. 5^ ^  3 .1 4 *  were measured as in

Figure 2 .1 4 . A graph o f  C \J  versus lo g  was p lo tte d  

Figure 2 . 16, a le a s t  squares f i t  g iv in g  the fo llo w in g  

r e la t io n s h ip .

/ \ J 29Q -  5 .72 x 10~7 M 1#17 " 0#1 [  /XJ  ^  d l /g  J  
CHC1 w

3   Eq 2 .5

*NQTEs 8 o f  the samples had p o ly d isp e r s ity  in  the  

range 1.56 ^  D ^ 2 . 68 .
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— — — a 
versus C U  i . e .  F l J  -  Kv i v  v

The in t r in s ic  v i s c o s i t i e s  o f  the 10 samples noted above 

were p lo tte d  a g a in st lo g  Figure 2 .1 7 , a le a s t  squares 

f i t  g iv in g  the fo llo w in g  re la tio n sh ip *

/ \ J  298 .  2 .62  x 10"6 Mv  1,07 " 0 ,1  / “ p i j  in  d l / g j 7 

CHCl  ̂   Eq 2 .6

Summary

The MWD o f the polymer samples used in  the above

c a lib r a t io n s  were obtained by means o f GfPC, see Chapter 2 . 6 ( i ) ,

u s in g  instrum ent A. This data plus the va lu es fo r  in t r in s ic

v is c o s i t y  are tabu lated  in  Table 2 .A.

S ince the standard d ev ia tio n  o f  "a” c a lc u la te d  from the

le a s t  squares f i t  amounts to  0*1 fo r  a and a i t  seemsw r

th ere fo re  more co rrect to  apply th e fo llo w in g  eq u ation s,

2 , 7 , 2*8 and 2 *9 , rath er than 2 *1, 2 .2  and 2 . 3 *

C \ J  298 -  3 .9  x  10-6  M 1,1 \   Eq 2 .7

CH013 in  d l / gJ

onQ 7 1 1 ) in  a11 ca ses
/ * l j  * ~ 5 .7  I  10"' M 1,1 )   Eq 2 .8

c h c i3 W )

p l J 2?Q m 2 . 6 i 10"6 M 1,1 <   Eq 2 .9
CHCl  ̂ V j

Equation 2 .8  would appear to  be a t variance w ith  a s im ila r  

equation derived  by M archessault (R ef. 86) and Herrera de Mola

(R ef. 22) fo r  PHB in  chloroform a t 30°C.

C \ J  303 -  7 .7  x  10-5 M 0 .82 ^   Eq 2 .10
CHC13

f * l j  303 ■ 1 .90  x 10"4 N ° -7^ r e s p e c t i v e ly ........................ Eq 2.11
chci3 V
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TABLE 2. A
MOLECULAR WEIGHT AND VISCOSITY RESULTS 

FOR THE SAMPLES USED IN EVALUATING THE RELEVANT 

MARK-HOUWINK-SAKURADA EQUATION

M
n

Mw M
V

D DO
dl/g

658,000 1 , 029,000 975,000 1,56 6 .9 6 ( a ) ( b ) F l

525,000 838,000 790,000 1.60 5.86 ( a ) ( b )  F 2

506,000 890,000 834,000 1.76 5.01 ( a ) ( b )  F 3

486,000 1,002 ,000 934,000 2 .1 4 5 .89 (b)
381,000 922,000 828,000 2 .42 4.61 (b)
329,500 863,000 772,000 2 .62 5.59 (b)
315,000 829,000 741,000 2 .63 5.01 0>)

243,000 652,000 586,000 2 .68 3 .60 0 0

85,000 449,000 389,000 5.29 2.62 0 0

63,000 546,000 465,000 8.71 2 .62 (b)

NOTE: (a)-samples used in evaluating Eq, 2,4

(b) - samples used in evaluating Eqs. 2*5, 2.6

All molecular weights were obtained via GPC - 
see Chapter 2.6 (i) on Instrument A.

1-10 refer to the curves of Figure 2,14
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This i s  e s p e c ia l ly  true s in ce  K and a become m ostly  

in s e n s it iv e  to  temperature when a exceeds 0 . 7 » being  

approxim ately constant 10°G e ith e r  s id e  o f  the quoted  

tem perature, (R ef. 87 ) However the in crease  in  a from 0 .8  a t  

30°C to  1,1 a t 25°G can be explained  by l ig h t  s c a t te r in g  

experiments performed by C om ibert (Ref. 88) which in d ica te d  

th a t as the temperature i s  decreased the p a r t ic le  len gth  in  

so lu t io n  in c r e a se s . This i s  thought to  be due to  c h a in -fo ld in g  

in  s o lu t io n  forming a more r ig id  r o d -lik e  p a r t ic le .

Equations 2 .8  and 2 .9  were used to  r e la te  raoleoular 

weight measurements ca rr ied  out by GPC and v isco m etry . In  

the fo llo w in g  te x t  th is  has been done on ly  where in d ic a te d .

The use o f  th ese  r e la t io n sh ip s  in  a production s e t t in g  

might be sev ere ly  lim ited  by the temperature dependance o f  

the re lev a n t Hark-Houwink-Sakurada Equation.

2 .7  X-RAY CRYSTALLOGRAPHY

Powdered X—ray photographs o f  various polymer samples were 

obtained on a powder camera o f 65mm ra d iu s.

The co n d itio n s  o f  the film  exposure were as fo llo w s:

M.A. -  10

K.V. =» 35

Exposure Time « 7 hours 

Tube ■ Co with an Pe f i l t e r .

The in t e n s i t ie s  o f  the re su lta n t r in gs on the x -ray  f ilm  were

measured u s in g  a densitom eter.

2 .8  TREATMENT OF ERRORS

The g rad ien ts and in te r c e p ts  o f  a l l  l in e a r  graphs were obtained
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u sin g  a le a s t  squares f i t  on the p o in ts .

An estim ate o f  the standard d ev ia tio n  o f s c a t te r  around the  

l e a s t  squares f i t  was obtained fo r  equations o f  the form 

y » rax + c u sin g  the fo llo w in g  eq u ation s.

where y . » experim ental va lue
1 o f  y  a t  i .  ..........................E q 2 . 1 2

T. ** le a s t  squares f i t  
1 value o f  y  a t x^

n * number o f v a lu es  fo r  
x a t which va lu es  fo r  
y  were obtained  
experim entally  •

Sxy

Sm ■ = = » £ » & ■  where S ■ standard d ev ia tio n
/ _  p -  r- m o f  m .....................    E q .2 .13

V l i  -  x z_x

Z£
nLc2 -  (Ex)2

S0 - I  _  L *    S q 2 . 1 4

For fu rth er  d e t a i l s  on error calculation** see  re feren ce  89 .

2 .9  DEGRADATION TECHNIQUES UNDER CLASS

( i )  Vacuum

The oven and vacuum l in e  system were as d escribed

p rev iou sly  in  Chapter 2.4» F igures 2 . 2 .  and 2 . 5 .

The pumping system c o n s is te d  o f  an Edwards Vapour Pump

Model E10 and an Edwards O il Rot soy  Pump, Spedivac S in g le

Stage Model 1S50.

A weighed polymer sample was placed a t  the base o f  the

degradation tube (se e  Figure 2 .18 )  connected to  the vacuum

-5system  and evacuated to  a pressure o f  10 to r r  before



^6

( a ) (D)

F

20om

\ /

K —  4cra—>)

B34
necks

sample

20om

— 4oo —^

FI3URB 2.18  

DEGRAMTION TUBES

(a ) Polymer sample placed on base o f  tube fo r  TVA and SATVA.

(b) Polymer sample placed in  sample b o t t le  a t base o f  degradation  

tube fo r  ease o f  removal fo r  m olecular weight s tu d ie s .
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commencing the h eatin g  programme fo r  thermal a n a ly s is  ( see  

Chapter 2 .4 )•

Isotherm al experim ents, used to  measure m olecular  

w eight changes on h ea tin g , the polymer sample was placed in  

a sm all sample tube in s id e  the degradation tube (Figure 2 .18)  

and connected to  the vacuum system (F igures 2 .2  and 2 . 5 ) and 

evacuated. A co ld  trap , -196°C , was placed a t (B)

(Figure 2 . 5) and the oven temperature s e t  fo r  the d esired  

temperature (T ) .  The temperature r is e  o f  the sample was 

fo llow ed  by means o f thermocouple (B) (F igure 2 .2 )  whose 

reading was prin ted  out on a m ultihead recorder u n it .

Zero time was taken when thermocouple (3 ) gave a reading  

corresponding to  (T) .  The temperature was held  a t (T) fo r  

a s p e c if ic  time whereupon the oven was s e t  to  c o o l .  Once 

the degradation tube had coo led  the polymer sample was 

removed, re-w eighed and the m olecular weight measured by one 

o f  the methods described  in  Chapter 2 . 6 .

( i i )  Under an atmosphere o f  N itrogen

The experim ental s e t  up i s  described  in  Figure 2 .19 .

Tap (C) and (K) were c lo sed  and the n itrogen  perm itted to  

f lu sh  the system fo r  15 minutes a t a ra te  o f  100 cm^/roia.

While keeping the n itrogen  flow  a t th is  le v e l  oo ld  traps  

(-196°C ) were then ra ised  a t (3 ) and ( 0 ) .  The n itrogen  

flow  was s e t  a t 80om^/min  and e ith e r  an isotherm al programme 

as above or  a lin e a r  temperature programme (from ambient 

to  500°C a t  a lin e a r  ra te  o f  temperature in crease  o f  10°c/m in) 

oarried  o u t . Tap (C) was opened and Tap (B) and ( j )  c lo se d  

onoe the degradation tube had c o o le d . The system could  

now be opened to  vacuum by opening Tap (K) and a subambient
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TVA o a rried  out on the degradation products condensed in  

(Gr) or the polymer sample removed fo r  measurement o f  

m olecular weight as described  in  Chapter 2 . 6 .

( i i i )  Under an Atmosphere o f  S ta t ic  A ir

The experim ental s e t  up was as described  in  Figure 2 .2  

th e sample being exposed to  s t a t i c  a ir  by leav in g  the B14 

o u t le t  open. The method and treatm ent o f polymer samples 

was as described  in  2 .9  ( i )  above, except that the sample was 

under an atmosphere o f  s t a t i c  a ir  rath er than vacuum.

( i v )  Closed System

This was used mainly to  in v e s t ig a te  the non-condensable  

products o f  thermal degradation . The method employed was 

e s s e n t ia l ly  that described  by McNeill* (R e f .76)

2 .10  PREPARATION OF A SIN3LE CRYSTAL MAT

The method used to  prepare a s in g le  c r y s t a l  mat o f  FHB was 

s im ila r  to  th a t described  by Alper e t  a l  (Ref .2 0 ) .

To a 0 .1 $  so lu tio n  o f  PHB in  CHCl  ̂ an equal volume o f  ethanol 

was added, the r e su lta n t so lu tio n  being reflu xed  fo r  1 hour a t  

50°C. On c o o lin g  the f la s k  con ta in in g  the so lu tio n  was Btoppered 

and p laced in  a free zer  a t -20°C fo r  24 hours by which tim e a 

f lu f f y  w hite p r e c ip ita te  had formed. This was compacted in to  

a sm aller volume by c e n tr ifu g a tio n  a t a temperature o f  —20°C 

p rior  to  f i l t r a t io n  u sin g  Whatman's No.42 A sh less f i l t e r  paper.

The r e su lta n t  h ig h ly  c r y s ta l l in e  sample ( la b e l le d  SX)

(se e  x -ray  data page 22*} was ground to  a powder a t liq u id  n itrogen  

tem peratures and vaomun d r ied .
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2.11 CLASSIFICATION OF PH3 SAMPLES STUDIED IN THIS WORK

Table 2.B  l i s t s  a l l  the polymer samples stud ied  during the  

course o f  t h is  work. The m olecular weight d is tr ib u t io n  data was 

measured by GPC (Chapter 2 .6  ( i ) )  and the im p u rities  as d e ta ile d  

in  Chapter 2 .5  (v ii j ) .

The d es ig n a tio n s , e . g .  S1 in  the f i r s t  column o f  Table 2.B  

s h a ll  be used throughout t h is  work.
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CHAPTER 3

THE PRODUCTS OF THERMAL DEGRADATION OF PHB 

UNDER VACUUM

3.1 INTRODUCTION

The aim o f  the work described  in  th is  chapter was to  

in v e s t ig a te  f u l ly ,  u s in g  the various methods o f  thermal a n a ly s is ,  

the products formed on h eatin g  PHB under vacuum, and, having  

accom plished t h i s ,  to  propose p o ssib le  meohanisms for  th e ir  

formation# The e f fe o t  o f  th ese  produots on the p rocessin g  o f  

PHB w i l l  a ls o  be d iscu sse d .

U nless otherw ise s ta ted  the work described  in  th is  chapter  

was oarried  out on sample S1 o f  PHB (see  Chapter 2 . 1 1 ) .

3 .2  THERMO GRAVIMETRIC ANALYSIS

TG was performed on approxim ately 5mg  samples o f  PHB under,

(a ) a dynamic n itrogen  flow , (b) vacuum, and (c )  s t a t ic  a ir ,
o / ow ith  a h ea tin g  programme o f  10 C/min from ambient to  500 0

( s e e  Chapter 2 .4  ( i ) ) «  The tra ces  are i l lu s t r a t e d  in  Figure 3.1

and the r e s u lt s  summarised in  Table 3 .A*

In each case  a one s te p  weight lo s s  was observed, between

approxim ately 250°C and 300°C, lea v in g  a resid u e o f  0 -2 .5 $ .

As expeoted the e a r l ie s t  s ig n s  o f  weight lo s s  were recorded

under vacuum where v o la t i l e  m ateria l oan d if fu s e  most r e a d ily  from

the degrading polymer. The f i r s t  s ig n  o f  weight lo s s  under

s t a t i c  a ir  (230°C) occurred 10°C lower than under flow in g  n itro g en

perhaps in d ic a t in g  a s l ig h t ly  increased  r e a c t iv i ty  o f  PHB in  a i r .

The lower ra te  o f  weight lo s s  in  a ir  was expeoted, due to  th e

s t a t i c  atm osphere.
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3.^ DIFFERENTIAL THERMAL ANALYSIS

Figure 3*2 i l lu s t r a t e s  a DTA traoe obtained as described  

in  Chapter 2*4 ( i i )•  The tra ce  shows two peaksy

(a ) a m eltin g  endotherm from 135°C to  185°C peaking a t  

176°C and,

(b) An endotherm due to  degradation from 235°C to  310°C.

The shape o f  th is  endotherm i s  ty p ic a l o f  rapid ev o lu tio n  

o f  v o la t i l e s  from a v isco u s liqu id*

Thus DTA shows th a t th is  sample o f  PH3 m elts in  the range 

135°C to  185°C and degrades with rapid evo lu tio n  o f  v o la t i l e s  

between 235° C and 310°C w ith no fu rth er rea c tio n  above 310°C*

3*4 DIFFERENTIAL SCANNING CALORIMETRY

DSC was carr ied  out on a 5mS sample o f  FH3 as o u tlin ed  in  

Chapter 2*4 ( i i i ) •  The re su lta n t tra ce , i l lu s tr a te d  in  F igure 3»3> 

shows two endotherms,

(a ) occurring in  the temperature range 143°C to  190°C w ith a  

peak maximum a t 180°C due to  m elting  and,

(b ) occurring  in  the temperature range 250°C to  308°C w ith  a 

peak maximum a t 295°C due to  degradation*

The sharp peak a t  280°C in  th is  sample was reproduoable  

and an explanation  fo r  th is  i s  g iven  in  Chapter 6 *8 p 216  

No endotherms or exotherms were observed above 310°C*

Thus a l l  degradation seems to  ooour between 250°C and 

310°C.

3*5 THERMAL VOLATILISATION ANALYSIS

A 60mg sample o f  FHB was heated a t a programmed r a te  o f  1 0 ° c /m i n  

from ambient to  500°C* The evo lu tion  o f  v o la t i l e s  was measured
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as a fu n ctio n  o f  oven temperature as described  in  Chapter 2*4 ( i v ) *  

Prom the tr a c e , i l lu s tr a t e d  in  Figure 3*4» i t  can be seen  

th a t th e e v o lu tio n  o f  v o la t i l e s  occurs in  two d is t in o t  stages*

In the f i r s t ,  v o la t i l e  products were f i r s t  d etected  around 240° C 

reaching a maximum a t 31C°C before f a l l in g  to  a minimum a t 338°C*

The second sta g e  evo lu tio n  o f  v o la t i l e s  occurs at tem peratures 

above 340°C r e s u lt in g  in  a broader peak w ith a maximum in  th e  

region  o f  441°C.

This two stage  evo lu tion  o f  v o la t i l e s  appears to  co n tra d ic t  

the TG, DTA and DSC r e s u lt s  in  which no rea c tio n  was observed  

above 310°C* This was th erefore  fu rth er in v e s t ig a te d .

3 .6  THERMAL VOLATILISATION ANALYSIS VflTH DIFFERENTIAL 

CONDENSATION OF PRODUCTS

Figure 3*5 i l lu s t r a t e s  the trace  obtained from TVA w ith  

d if f e r e n t ia l  condensation o f  products*

The v o la t i l e  products evolved between 240°C and 338°C 

(S tage 1) o o n s is t  m ainly, w holly below 285°C» o f  products which 

condense in  a l l  but the 0°C tra p . Above 285°C v o la t i l e s  whioh 

pass through th e  0°C and the —45°C trap are observed* Hie —45 C 

tra ce  goes through a minimum a t  338°C* V o la t ile s  whioh oondense 

only in  th e —196°C trap  were observed between 309°C and 323°C and 

then again  a t  temperatures above 351°^. The sm all response in  

th e -196°C tra ce  above 429°C demonstrates th e form ation o f  a 

sm all proportion o f  products v o la t i l e  a t  —196°C (non—oondensables)*  

The r e la t iv e  d iffe r e n c e  in  response from each Pi ran i head 

a t  a g iven  tim e g iv e s  a rough guide to  the r e la t iv e  proportions  

o f  products o f  various v o l a t i l i t i e s ,  s in ce  each P irani i s  matched 

to  g iv e  th e  same response to  a g iven  pressure* Ifcus th e major
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produot(s) from the thermal degradation o f  FHB under the above 

co n d itio n s condenses a t -«45 0 under vacuum and i t  i s  on ly  a t  

tem peratures above 340 C th a t products o f  h igh er v o l a t i l i t y  are 

produced in  any q u a n tity .

The products resp on sib le  fo r  the TVA trace  were id e n t if ie d  

by SATVA.

3 .7  SUBAMBIStTT TVA OF THE VOLATILE DEGRADATION PRODUCTS 

(ambient to  300° 0 )

The v o la t i l e  products in  co ld  trap B o f  Figure 2 .5  were 

i s o la t e d  and analysed by means o f  SATVA as o u tlin ed  in  Chapter 

2 .4  ( v ) .

The SATVA tr a c e 9 i l lu s tr a t e d  in  Figure 3*6, shows 6 peaks 

a t  tem peratures ranging from -150°C to  am bient. The product(s) 

resp o n sib le  fo r  each peak were removed from the vacuum system  as  

described  in  Chapter 2 .4  (v ) and id e n t if ie d  by the various  

a n a ly t ic a l techniques o u tlin ed  in  Chapter 2.5*

The products from peak A were is o la te d  and id e n t if ie d  from 

t h e ir  IR sp ec tra , in  th e gaseous s ta t e ,  Figure 3«7i as carbon 

d iox id e (00^) ,  ketene (CH^CO) and propene (CHgCHCH )̂ by 

comparison w ith  standard gas IR sp eotra . (Ref .  90-92)

The m ateria l resp on sib le  fo r  peak B was id e n t if ie d  from 

i t s  gas phase IR spectrum, Figure 3*8, as acetaldehyde  

(CH^CHO) by comparison w ith standard speotra (Ref. 9 3 ) .  

and from i t s  MS, m olecular ion  m/9  ■ 44*

The product resp on sib le  fo r  peak C was id e n t if ie d  from 

i t s  MS, m olecular ion  m/e -  18, as water (H^O).

The IR spectrum o f  the product o f  peak D, i t s  NMR spectrum  

and mass spectrum are i l lu s tr a te d  in  F igures 3«9(a )» 3*10(a)
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and 3*11 re sp e c tiv e ly #  The s tr e tc h in g  frequenoy o f  the C»0 bond 

a t 1840cm in  the IR was in  the region  c h a r a c te r is t ic  o f  a 4 

mambered r in g  la c to n e , which, along with the m olecular ion  peak 

in  the MS o f  m/e -86  su ggests th a t peak D i s  due to  p -b u ty r o l-  

actone (4^m ethyl-2-oxetanone or pBL),  The IR compared 

favourably w ith  standard lit e r a tu r e  referenoe speotra o f  pBL 

(Ref# 941 95)* A pure sample o f  pBL was prepared from 

p —bromobutyrio a c id  by the method o u tlin ed  by A gostin i e t  a l  

(Ref# 27 ) and was p u r if ie d  by vacuum d is t i l la t io n #  The IR and 

NMR sp ectra  o f  th is  m ateria l are shown in  Figures 3«9(b) and 

3*10(b) re sp e c tiv e ly #  A comparison o f  the NMR speotra i s  made 

in  Table 3*B# From t h is  inform ation i t  i s  c le a r  th a t , Peak D, 

i s  indeed due to  p -b u ty ro la c to n e .

Peak F w i l l  be d iscu ssed  before Peak E s in ce  knowledge o f  

the nature o f  peak F i s  re levan t to the d iscu ssio n  o f  Peak E# 

Figure 3 demonstrates that the m ateria l o f  peak F i s  the  

major condensable degradation product# Mass sp ectra , IR and 

NMR sp ectra  o f  peak F were compared with equ ivalent sp ectra  o f  

cro ton io  a c id , F igures 3»12, 3*13, 3•14 and Table 3.C and were 

shown to  be id e n tic a l#  Therefore croton io  a c id  (tran s but—2 -  

enoio ao id ) i s  resp on sib le  fo r  peak F#

The product resp on sib le  fo r  peak E was removed from the  

vacuum system  and MS, IR and NMR speotra obtained as in  F igures  

3 .15 ,  3 .16  and 3.17 resp ec tiv e ly #  Comparison w ith the r e sp e c tiv e  

sp eotra  fo r  croton io  a o id , F igures 3*12(b),  3* 13(b) , 3«14(l>)f 

dem onstrates th e  fo llow ing#

(a )  The MS o f  peak E i s  e s s e n t ia l ly  id e n t io a l to  th a t o f  

cro ton io  acid#
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TABLE 3.B

COMPARISON OF THE HNR OF PEAK D WITH THAT OF PURS

PEAK D pBL

6
ppm

J
Hz Int S

ppm
J

Hz Int

1.52
1.63

i
6 .6 11

1.53
1.63 6

1 )

1 ) 3

2 .88 1

2.95 1 )
Too weak 3.18 4 )

to  be 3 .23 4 )
observed 3.47 4 ) 2

3 .54 4 )

3.71 1 )
3.61 1 )

4*50 1 )
4 .6 0 4 )

Too weak 4.70 8 ) 1
to  be 4 .7 8 8 )

observed 4 .8 8 4 )
4 .9 6 1 )

Key: & » ohemical shift ppm.

J « coupling oonstant Hz 

Int * integral of peak area.

Errors: Estimated absolute errors incf and J due to
measurements from spectra alone are —

£ - - 0.02 ppm 
J - - 1 Hs

Instrument: spectra were run on a 60 BHz machine
in CDCLj.
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TABLS 3.C

S
ppm

1.84

1.87

1.95 
1.98 

5.72 

5.75 
5.98 
6.01 

6.82

6.95 
7.08 

7.22  

7.32 

7.44

COMPARISON OF THE NMR OF PEAK F 

WITH THAT OF PURE CROTONIC ACID

P E A K  P

Hz

1 .8

1.8

1.8

- <

- <

\
6.6

J

~ \  
15.6

1 . 8  /

7.8

7.8 

8.4 
6.0

7.2

In t

CROTONIC ACID

PPm

1.85

1.87

1.97
1.98 

5.73

5.7 6

5.98 
6.02  

6.85
6.98

7.08 

7.23 

7.35 

7.45

Hz

1.2

0.6

1.3-

/ 7.8

6

9
7.2

6

\
i

/
6.9

15.3

X2.4---- ^

I n t

1 )

) 3

Key J  ■ chem ical s h i f t  ppm.
J -  coup ling  constant Hz.

In t -  in te g r a l o f  peak area .

E rrors; Estim ated ab so lu te  errors in  $ and J due to  
measurements from Spectra alone are:

£ » -  0 .02  ppm

J -  i  1 Hz

Instrum ent: Speotra were run on a 60 MHz NMR in  CDCl^
(Chapter 2 .5 )



10
0-

84

CO
oo

o
ON O

S3
CQ
to
tS

53

C

o

oin

c

orO

oCM

On c h  r— vn i n  ^  on CM
O O

in
rO

VO LfN

e o ir e p im c .y  a A iq .'B x sH



o

oCOj
PM10

a3ireq4jui8U'ejlL

ooQO

oo
o

o
o
CM

oo

o
o
«o

o
oQO ,

oo
in
PM

o
8n

oo
in
cn

V O

rn

x 
xvEd 

do 
iom

oi-ci 
:.iui 

ium
osids 

h
i



10
0 

Hz

86



37

(b ) The IR speotra are s im ila r , the main d iffere n c e  being  

in  the p o s it io n  o f  the C«0 and C»C stre to h in g  

freq u en cies. The C»0 and C=C s tr e tc h in g  freq u en cies
—1 - i

a t 1705cm and 1645cm fo r  the product o f  peak E
—1 —1compared with 1709cm and l 660cm fo r  cro ton io  a c id

imply a lower bond energy or h igher conjugation  fo r  the  

product o f  peak E than for  oroton ic a c id .

(c )  On comparison (Table 3.D) o f  the methyl proton chem ical 

s h i f t s  in  the MR o f  the m aterial o f  peak E with those  

fo r  croton io  ao id , the s im ila r ity  in  the sp in -sp in  

ooupling oonstants i s  obvious. However the methyl 

protons o f  the product due to  peak E are le s s  sh ie ld ed , 

more down f i e l d ,  than fo r  the corresponding methyl 

protons o f  cro ton ic  a c id .

A ll the above data are co n sista n t w ith peak E being due to  

iso c r o to n ic  ao id  ( c i s  b u t-2 -en o ic  a c id ) .

H H

iso -c r o to n ic  acid

The c lo s e r  sp a o ia l proxim ity o f the CÔ H group to  the  

methyl protons, w ith the p o s s ib i l i t y  o f  in tram olecular hydrogen 

bonding, in  iso oro ton io  a c id , would tend to  d esh ie ld  th ese  protons 

oompared w ith  th e methyl protons in  cro ton io  a o id . S im ila r ly  the  

s tr e tc h in g  frequency o f  the C-0 and C«C bonds would be expeoted to
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TABLE 3.D

COMPARISON OF THE METHYL PROTON CHEMICAL SHIFT IN TBS 

NMR OP- PEAK Sand CROTONIO ACID

P E A K  E CROTONIC ACID

&
ppm

2 .20

2.18

2.09

2.07

Hz

1.2

1.2

A
6.6

y

Int ppm

1.98

1.97

1.87

1.85

Hz

1.2

0.6

\

6.9
y

Int

Key: £  m chemical shift ppm.
J - coupling constant Hz.

Int ■ integral of peak area.

Errors: Estimated absolute errors in and J due
to measurements from Spectra alone are:

6

J

- 0.02 ppm

- 1 Hz

Instrument: — 60 MHz (See Chapter 2*5)
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be a t a low er frequency in  iso cro to n ic  acid*

Prom th e  r e sp ec tiv e  b o ilin g  po in ts o f  iso cro to n io  ac id  

(l69»3 c )  and cro to n ic  a c id  (185 C)(Ref* 9 6 ) i t  i s  fu rth er  

expected th a t the former would d i s t i l  over f i r s t  tinder the  

cond itions o f  SATVA.

Other p o ss ib le  compounds were discounted by comparison w ith  

standard IR spectra*

To summarise, the fo llo w in g  condensable v o la t i l e  products 

produced during the thermal degradation o f  PER to  500°C under the  

con d ition s o u tlin e d  above were id e n t if ie d  as oarbon d io x id e , 

propene, k eten e , aceta ldehyde, water, p —butyro la c  ton e, iso c r o to n ic  

aoid and cro to n ic  acid* Prom the shape o f  the SAWA tr a c e ,  

croton ic a c id  i s  the most abundant o f  th ese  produots*

3*8 THE GOLD RING? FRACTION (ambient to  500°C)

The co ld  r in g  fr a c tio n  (CRP) (Chapter 2 .4 ( iv )  p 25  ) 

formed upon degrading a 60mg sample o f  FHB under vacuum as above 

was a d e a r  v isco u s  l iq u id , grainy in  parts* I t  was shown to  

o o n sis t o f  oroton io  a c id  and oligom ers o f  PHB w ith an unsaturated  

and an a o id io  end group* The nature o f  th ese  sp e c ie s  i s  

i l lu s tr a te d  in  Figure 3 .1 8 .

The evidence i s  as fo llo w s:

The so lu t io n  phase IR sp ectra  o f  the CRP and th a t o f  

undegraded PHB are compared in  Figure 3*19* They are very  s im ila r  

e s p e c ia lly  a t  w avelengths lower than I400om 1 • The s ig n if ic a n t  

p oints are a s  fo llo w s:

(a ) Two carbonyl s tr e tc h in g  frequencies a t  1?45o® C001^)

1739om"1 (CHCl^) and 1722om"1 (CCl^) are observed in  th e  

CRP sp ec tra , compared w ith  one a t  173yom 1 (CHCl^) in  FHB.



90

FICrURB 3.18

DIAGfRAI IMATIGAL REPRESENTATION OF JHE COMPOUNDS 

FORMING THE COLD RING FRACTION

and

CH.

H

H O  CH.

I
c = c —c — o f- 

t
B

H

\ J I
C —  C
I I

H H

—  C —  0

T
A

CH. H

r  i
c — c 
I I

H H

0

II
— C —  OH

n

where n 0, 1 and 2
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The band a t  1739om (CHCl^) may be assign ed  to  

carbonyl o f  the type (lab elled  i) in  Figure 3 .1 8 .

The band a t 1722cm 1 (CCl^) may be assign ed  to  the  

carbonyl in  the term inal u n it o f  the oligom er ( la b e l le d  

B) and as such would not be expected in  the PHB 

spectrum. A sm all shoulder a t 1709ora due to  Cs0 

o f  oroton io  acid  can ju st be observed in  Figure 19(a-).

(b) A band a t l 660om 1 in d ic a tiv e  o f  C«G s tr e tc h  was observed  

fo r  the CRF.

(c )  The broad band from 3400cm"** to  2450cm"1 in  the IR o f  

CRF im p lies  the presence o f  a oarboxylic a c id .

Thus th e IR evidence i s  in  agreement w ith the proposed 

stru ctu res (F igure 3 .1 8 ) .

NMR sp ectra  o f  the CRF and undegraded IHB, obtained as  

ou tlin ed  in  Chapter 2 .5 ( i v ) ,  are shown in  Figure 3 .20  and Figure  

3.21 r e s p e c t iv e ly , and compared w ith th at fo r  cro ton ic  a c id  

(Figure 3 .1 2 (b j ) in  Table 3 .E . The s im ila r ity  in  the ohemioal 

s h i f t s  and cou p lin g  con stan ts between the NMR spectra  o f  the CRF 

and that o f  FHB and cro to n ic  a c id  im plies th at the CRF i s  

e s s e n t ia l ly  th e sum o f  the other two. The peak maxima in  the  

CRF NMR, in  the reg ion s corresponding to  croton io  a c id  peaks are

s l ig h t ly  fu r th er  up f i e l d  than fo r  pure croton io  a c id  due to
CH H 0

the e f f e c t  o f  the 3 i n 011(1 groupings

on the o ligom ers.

Thus NMR provides fu rth er evidence fo r  the proposed s tr u o tu r e s .  

The MS o f  th e  CRF was obtained by in je c t io n  in to  th e  ion  

souroe o f  a sample removed from th e degradation tube w a ll 

(see  Chapter 2 .5 (v )  fo r  inform ation on MS). The r e su lta n t  tra ce

C — C C -  0
H
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TABLE 3 .2

COMPARISON OF THE NUCLEAR MAGNETIC RSSONaIICE SPECTRAS 

OF rHE COLD RIN3 FRACTION. PHB AND CROTONIC ACID

COED RTT3 MUC H  ON

6
ppm

1.23

1.25

1.33

1.36

6 .3

R . 2 ^

1.30

1.33

1.92

1.95
^ . 8 - /

2.06

2.10

2.13

2.22

2.52

2.53

2.62

2*65

J
Ha In t

PH3 CROTONIC ACID

<rppra
J
Hz

1.23

1 *34

\
6.6

In t

/

1 .3
~ \

7 .2

2 .4 "A
7 .2

2 .4

3 .6  — ^ 

5.1  

^ . 8 - /

s
ppm

2.03

2.19

2.43

2.52

2.60

2.63

).4  — |

6 .9
“T\  I

1.8 — 1

\
6.6

1.85

1.87

1.97

1.98

J
Hz

1.2

O.o

1
4 .9

, _J

In t

y

5.15

5.18
1. 3 — \

_v ' 
6

5.25
~ n 8 — ( 

6.6
5.28

5.36 " > Q /

5.39
1 #8 —  ̂

6
5.47

5.50

5.17

5.27

5.37

5.49

\

7 .2

KEY/ERRORS/lNSTEiaiffiNT -  a t fo o t  o f  ta b le  continued o v e r le a f
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TABLE 3»£ (cont inued)

COMPARISON OF TIG NUCLEAR KA3NETIC RESONANCE SPECTRAS 

OF THE COLD RIIJ3 FRACTION, PHB AND CROTONIC ACID

COLD RINC FRACTION PHB |I CROTONIC ACID
<fppm

J
Hz Int s

ppm
J

Hz Int , cT 
ppm

J
Hz Int

5.63

5.71

5.94

5.96

~ 1̂ .8 — \
V  \  

15.3

7 . 3 - V

1

1

5.73

5-76

5.98

6.02

1 .8 -----

15.3  

^ 2 . 4 ----- ^

1

1

6.72

6.82
6

-I

1 6 .85

6.98
> . 8  r---

1

6 .6 4 \ /* 4

6.93 -I
9

7 .084 N 4

7.03

7.19

7.28

-I 4 7 .23  

7 .35  

j 7 .45

6 .6
-4
5 .4

M> . a
4

4

1
%s'

4

1I

KEY: £  m Chemical s h i f t  ppm.

J a Coupling constant Hz 

In t » R e la tiv e  peak area o f  separate peaks w ith in  each group.

ERRORS: Estim ated ab so lu te  errors in  <$ and J due to  measurements

from sp ectra  a lone are as fo llo w s : -

J  m t  0 .02  ppm

J -  i  1 Hz

INSTRUMENT: Spectra were run on a 60 MHz NMR machine in  

CDClj as o u tlin ed  in  Chapter 2 .
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i s  i l lu s tr a t e d  in  Figure 3*22 and p o ssib le  assignm ents o f the 

major peaks are l i s t e d  in  Table 3 .F . The m olecular ion  o f  

highest mass observed had m/e a 344 which would correspond to  a 

tetram er o f PHB having a c id ic  and unsaturated end groups*

The more in te n se  peak at m/e = 345» the (M̂  + 1)+ io n , was formed 

by an ion  m olecule rea c tio n  common to th is  c la s s  o f compound 

(R ef. 97-99)* S im ilar  peaks were observed which could  correspond  

to trim er (258 , 2 59 ), dimer (172, 173) and croton ic  a c id  (3 6 ) .  

Equivalent fragm entation patterns follow ed each o f  th ese  oligom er  

peaks.

TLC and GLC were used to  confirm the ex isten ce  o f  a mixture 

o f compounds in  the CRF. The CRF was separated by two-dim ensional 

TLC by the method o u tlin ed  in  Chapter 2 .5 ( v i ) .  This showed the  

ex isten ce  o f a t le a s t  3 compounds (F igure 3*23) with Rf v a lu es o f  

0 .2 4 , 0 .26  and 0 .2 9 . This method would not d eteot t r a c e  q u an tities  

o f c lo s e ly  r e la te d  compounds and GLC was used to  support th ese  

r e s u lt s .

GLC was ca rr ied  out on the CRF under the con d itio n s o u tlin ed  

in  Chapter 2 . 5 ( v i i ) .  The re su lta n t tra ce , Figure 3*24, showed 

4 separate peaks, the f i r s t  o f which was p o s it iv e ly  id e n t i f ie d  as 

croton ic  a c id . 'Hie fourth  peak was in  suoh sm all q u an tity  

r e la t iv e  to  the o th ers th a t i t  would not be expected to  be observed  

in  the TLC. The r e la t iv e  re ten tio n  time fo r  th ese  peaks p lo tted  

aga in st the in te g e r s  1 to  4» Figure 3 .2 5 , gave a s tr a ig h t  l in e  

r e la t io n sh ip , in d ic a t in g  an increm ental in crease  in  th e  number o f  

u n its  from one peak to  the next as explained in  Chapter 2 .5 ( v i i )  p 37 

Thus s in c e  Peak 1 was id e n t if ie d  as cro ton ic  ac id  th e o th ers can be 

assigned  to  the dimer, trim er and tetram er o f  PHB r e s p e c t iv e ly  as 

in  Figure 3 .1 8 . The broad peak from 22 minutes to  40 minutes was



°9

CM

CM

CM

o
VO

'CM

an

© oireptm qY  9ATq/e-[0 E

o
-CJCVJ

o
CM

O

►-*
r~ii—in

o  a  P H
g
Cl
s

o
vo

o
CM

CM
CM

rn

Jx
MC-I

0

nr-7
s

o
£3

Ol
oo

Pm0
£j
c2

RC-,

1►X

P-(
•«<
O

oo

o
CM

e o t r e p tm q y  ©Aiq.'BXSH

OsCO
CO
CO

§

o■XJ-

r x r r m T i
O N  C O  C —  V O  I P >  ^  ( M  T -

©oiTBpunq  ̂ 0Ai^'ei©H



TABLE 3 .F

ASSIGNMENT OF THE MAIN PEAKS IN Tffig mass SPECTRA 

OF 'THE CRF FORMED UPON HEATING PSB TO 500°C UNDER VACUUM

m/e Assignment

345 tetram er + 1 (M4 + 1)

344 tetram er («4 )

327 (M4 -  OH)

326 (*4 -  h2o)

300 ( m4 -  co2 ) ( m4 + 1 -  co2H )

259 trim er + 1 («3 + 1)

258 trim er (M3)

241 (M3 -  OH)

240 ( m3 -  h2o)

214 (Mj  -  C02 ) (M3 + 1 -  COgH)

173 dimer + 1 (m2 + 1)

172 dimer (M2 )

155 (M2 -  oh)

154 ( m2 -  h20)

128 (k2 -  co2 ) (M + 1 -  CO,H) 
2 ‘

86 oro ton ic  a c id ( V

69 (M1 -  OH)

68 (M, -  H20)

42 (M, -  002 )

41 -  co2 f l )
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thought to  be due to  im purity from the o r ig in a l FH3 sample.

Therefore fcue CRP has been shown to c o n s is t  o f  the compounds 

in  Figure 3 .1 8 .

^.9 RESIDUE (ambient to  500°C)

A s l ig h t  d isco lo u ra tio n  on the base o f the degradation tube 

( brown—b la ck ) was a l l  th a t was observed as a residue a f t e r  

degrading PHB from ambient to  500°C a t a h eatin g  ra te  o f  10°C/min 

under vacuum as in  Chapter 3*3.

3.10  AN INVESTIGATION OF TITS PRODUCTS FORMED UPON A 

PROGRAMMED DEGRADATION OF PHB UNDER VACUUM FROM 

( i )  AMBIENT TO 388°Ct ( i i )  THE RESULTANT RESIDPB

OF ( i )  FROM AMBIENT TO 500°C AND ( i i i )  AMBIENT TO

500°C IN A HORIZONTAL DEGRADATION TUBE

The four previous s e c t io n s  have id e n t if ie d  a l l  the products

formed and to  some ex ten t r e la te d  the quantity  and temperature o f

th e ir  form ation by th e ir  d if f e r in g  c o n d e n sa b ilit ie s  in  c o ld  traps

a t  d if fe r e n t  tem peratures. The main purpose o f  th is  s e c t io n  was

to  i n i t i a t e  an in v e s t ig a t io n  in to  the o r ig in s  o f  some o f  th ese

v o la t i l e  products9 e s p e c ia l ly  th ose formed a t tem peratures above

340°C which do not r e g is t e r  in  TG, DTA and DSC tr a c e s .

( i )  Ambient to  338°C

The degradation products resp o n sib le  fo r  Stage 1

(240°C to  338°C) in  th e T7A o f  PHB (Chapter 3 .5 )»

obtained  by term inating th e h ea tin g  a t 338°C, were

examined by SATVA. The re su lta n t tr a c e , i l lu s t r a t e d  in

F igure 3 .2 6 , shows 3 main peaks. The products due to

Peaks I ,  I I  and I I I  were id e n t if ie d  by a com bination o f

IR, NMR and MS and gave an id e n t ic a l  a n a ly s is  to  th o se
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due to  Peaks C, 3 and P r e sp e c tiv e ly , o f Chapter 3 .7 .  

Therefore they  can be assigned  as fo llo w s:

(a ) Peak I was due to  water*

(b ) Peak II  was due to  iso o ro to n ic  a c id

(c )  Peak I I I  was due to  cro ton ic  a c id .

Peaks I I  and I I I  were sm aller than the corresponding  

peaks E and P, obtained on heating to  500°C. No 

p -butyro la c  tone and only a tr a c e , Peak IV, o f  what was 

id e n t i f ie d  by i t s  p o s itio n  in  the SATVA to  correspond to  

Peak A o f  Chapter 3*7» could be d etected .

The CRP was much heavier (8 8 .5 $ ) o f  the weight o f  

s ta r t in g  polymer compared with (76*9$) spread fu rth er  

down the degradation tube, by approxim ately 1.5om, than that 

obtained  on h eatin g  to  500°C. 1®» NMR, GLC (F igure

3 .2 7 (a ) )  and MS (Figure 3 .28 ) tra ces  gave s im ila r  peaks to  

th o se  obtained  in  Chapter 3 .8  (F igures 3.19» 3 .2 0 , 3 .2 3  

and 3 .22  r e s p e c t iv e ly ) .  A lin e a r  r e la t io n sh ip  e x is te d  

between th e r e la t iv e  re ten tio n  tim es o f  the peaks on the 

GLC tra ce  and the in teg er s  1 to  4 (Figure 3 .2 7 (b ))*  Ifcis 

showed th at the CRF formed up to  338°C co n s is te d  o f  id e n t ic a l  

s p e c ie s  (F igure 3 .1 8 ) to  those formed on h eatin g  to  500°C.

( i i )  The r e su lta n t  Residue from ( i )  Heated from Ambient to  500°C

The resid u e  from ( i )  above was heated in  a c lea n  

degradation tube to  500°C under s im ila r  co n d itio n s to  

above. No v o la t i l e s  were observed in  e ith e r  th e TVA or 

SATVA tra ce s  ob ta ined .

Therefore the products formed above 338°C during TVA 

do not o r ig in a te  from the resid u e present a t th at 

tem perature.
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( i i i )  From Ambient to  500 0 in  a H orizontal Degradation Tube 

A SATVA was performed on the products o f  a TVA 

o f  a 60mg sample o f  PHB heated from ambient to  500°C 

under vacuum a t 10 C/min where the degradation tube 

and oven assembly were h orizon ta l rather than v e r t ic a l*  

The re su lta n t SATVA trace was i d e n t i c a l  to  th a t in  

F igure 3«5i im plying that any v isco u s CRF m ateria l 

th a t ran back in to  the hot zone when the degradation  

tube was v e r t ic a l  had n e g lig ib le  e f f e c t  on the f in a l  

produot d istr ib u tio n *

This in form ation  togeth er  w ith the TVA with d if f e r e n t ia l  

condensation o f  products (Chapter 3*6) im p lies th a t carbon d io x id e , 

propene, k eten e , acetaldehyde and [3-b u tyro lacton e are e s s e n t ia l ly  

formed a t e lev a ted  temperature ( ^ 333°C), under vacuum, from 

v o la t i le  products e ith e r  p a r t ia l ly  or com pletely decomposing before  

leav in g  th e hot zone* These v o la t i l e  products whioh may undergo 

fu rth er degradation p rior  to  lea v in g  the hot zone can be d iv id ed  

in to  3 c a te g o r ie s :

(a )  iso cro to n ic  aoid  and croton io  ac id

(b ) p -b u tyro lacton e

(c )  oligom ers o f  FHB

During Stage 1 (Chapter 3*5 P68 ) o f  the TVA, compounds o f  

type (a )  and (c )  are formed. As the temperature r i s e s  th o se  o f  

type (c )  s t i l l  in  the hot zone decompose to  g iv e  type (a) and (b) 

whioh oan fu rth er  decompose to  g iv e  CO ,̂ CĤ CHCĤ  , CĤ CO and 

CĤ CHO a t th e  e lev a ted  temperature (Stage 2 o f  the TVA).
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1.11 CLOSED SYSTSM DEGRADATION OF CROTONIC ACID

A 4 0 ^  sample o f  cro ton io  acid  was dried  under vacuum a t  

—80 G as i l lu s t r a t e d  in  Figure 3.29 p rior  to  being sea led  in  the  

tube and p laced in  an oven a t 400°C fo r  1 hour. The v o la t i l e  

gases formed were tran sferred  v ia  the break se a l and a Toepler  

pump to  a gas c e l l  fo r  IR a n a ly s is .  The resu lta n t spectrum. 

Figure 3 .3 0 , showed peaks due to (a ) GO, (b) C02 , (c )  CĤ CHO,

(d) CH2GHGH3 , (e )  CH^H, ( f )  CH4 and (g ) CH2 .  CH2 .

From a SATVA tra ce  o f  the products, w ater, iso c r o to n ic  a c id  

and cro to n ic  a c id  were id e n t if ie d  in  ad d ition  to  (a ) to  ( g ) .

3.12 CLOSED SYSTEM DEGRADATION OF FHB

F if ty  m illigram  and 300mg samples o f  FHB were degraded in  a 

d o s e d  system under vacuum by heating from ambient to  500°C a t  a 

rate  o f  10°C/min in  an oven as  described  by McNeill (R ef. J 6 ) .  

With th e condensable products s t i l l  trapped in  the co ld  trap  any 

non-condensable products were tran sferred , as in  Chapter 3.11  

above, in to  a gas c e l l .  No non-condensable gases cou ld  be 

d etec ted .

Therefore th e r i s e  in  the —196°C traoe in  the TVA w ith  

d if f e r e n t ia l  condensation o f  products could  not be accounted fo r  

by th is  means, the q u a n tit ie s  o f  the products involved  b ein g  muoh 

too sm a ll.

3 .13  PRODUCTS FORMED ON HEATTNfl PHB AT 200°C fo r  SIX HOURS

A 200mg sample o f  FHB was heated fo r  6 hours under vacuum 

w ith continuous pumping a t  200°C w ith an oven s e t  up s im ila r  to  

th a t fo r  TVA. A very  large CRF was formed and a n a ly s is  o f  the  

peaks from SATVA o f  th e condensable products formed, id e n t i f ie d
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FIGURE 3.29  

APPARATUS FOR CLOSED SYSTEM DEGRADATION
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only w ater, iso cro to n io  ac id  and croton ic a c id . (Figure 3 .3 1 ) .

I t  was noted th a t the quantity  o f  v o la t i le s  being evolved rose  

s te a d ily  during the 5th hour u n t i l  a f te r  6 hours the polymer was 

com pletely degraded. No tra ce  o f  p —butyro lacton e was found.

3.14. CONCLUSIONS

The fo llo w in g  products have been p o s it iv e ly  id e n t if ie d  from 

the thermal degradation o f  FHB under vacuum upon h eatin g  to  500°G 

in  an oven a t  a ra te  o f  10°C/min.

I tetram er (a c id ic  and unsaturated end groups)

II  trim er (a c id ic  and unsaturated end groups)

I I I  dimer (a c id ic  and unsaturated end groups)

IV cro to n ic  a c id

V iso c r o to n ic  a c id

VI p -butyro la c  tone

VII water

VIII acetaldehyde

IX ketene

X propene

XI carbon d iox id e

The c h a r a c te r is t ic s  o f  the production o f  I to  V from th e  

polymer backbone a t tem peratures below 340°G was in v e s t ig a te d  by 

observing th e m olecular weight changes which occur on h ea tin g  

PHB iso th erm a lly  in  the temperature range 170 C to  200 C and w i l l  

be desoribed  in  Chapter 6 .

Products VI, V JII, IX, X and XI were d etected  on ly  a t  

e leva ted  tem peratures ( > 340°C).

Some o f  th e  I ,  I I  and I I I  w i l l  s t i l l  be present in  the  

hot zone a s  the temperature r is e s  and w i l l  undergo fu rth er



113



114

decom position to  g iv e  T 7 t V and VI« L ikely  meohanisms fo r  

th is  are g iven  below .

H

0

H —  c  — C

0

h 3c  H C = 0

H

1 /  

H -  C —  C

X  M

0

H H C

\  /  
c  =  c

/  \

H

- 0

CH H

IV
h 3c h c = o  c h 3 h

c = c

H C =  0

0
H

H
0

c h 3 C = 0

\  /  
c — c

/  \
H H

Eq 3.1

II
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The form ation o f  e ith e r  IV or V w il l  depend on the conform ation  

o f  the c h ir a l cen tres  a t the time o f  formation o f  the double 

bond# IV would be expected to  be most favourable#

0

H  C

H3P —  c

H C

H 0 CH

Eq 3 .2

CH-

11 0   C c = o

c h 2 H 0

VI

H3C —  C —  H

0

0 =  C H i l l

H —  C —  CH3
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S im ilar rea c tio n  sequences can be drawn fo r  I and I I I .

A proportion o f  IV, V and VI formed by Equations 3.1 and 3 .2  

would be expected  to  undergo further degradation a t  the tem peratures 

o f  th e ir  form ation prior to  leav in g  the hot zone.

p —But yro la c  tone w i l l  decompose v ia  o—a lk y l f i s s io n  to  form 

X and XI and v ia  o—a cy l f i s s io n  to  form VIII and IX so r e l ie v in g  

the r in g  s tr a in  as in  Equations 3 .3  and 3 .4 .  (R ef. 100).

H H
\  /

HoC s C

I  1  C = 0
/  \ ± - 7

V I

hLC H
3 \  /

c = c  -+ c o 2
/  \

H H
x  X I

\

\
\

„ 3 o -a c y l  

\  f i s s i o n

\
V 

CH3CH0  +  c h 2o o

VIII IX

Chapter 3.11 showed th a t V III, X and XI could a ls o  be formed 

from th e p y r o ly s is  under vacuum o f  oroton io  a c id  IV a t  400 C.

I t  has been shown th a t under n itrogen  IV w i l l  undergo p y r o ly s is  to  

form predominantly XI (61 ̂  o f  oar bon c o n te n t) , and X (10*3$ o f



carbon c o n te n t) , CO XII (2 8 .5 $  o f  carbon conten t) and water 

(R ef. 101) by the fo llo w in g  mechanisms.

CH3 h

\  /  predominant
o —  c   ̂ CO + oh CHCH

/  \  reaction  ^
H C02H

U  X

.........................  Eq 3 .5

CH. H

\ /
c — c 

/  \
H co2h

CO +

H

ch^ch»c
/

OH

XII CĤ CHgCHD

XIII
Eq 3 .6

H
I

*  i  H20 + i  ( CĤ CH*C—G— )— Og

0

XIV

.........................  Eq 3 .7

Therefore CO XII would appear to  be the most l i k e ly  o f  the  

nan-condensable gases id e n t if ie d  in  the p y ro ly s is  o f  IV, Chapter 

3 .1 1 , to  be resp o n sib le  fo r  the sm all r i s e  in  the —196 C tra ce  in  

th e TVA w ith  d if f e r e n t ia l  condensation o f  products (Chapter 3 .6 ) .

CH H

\  /
C = C

/  \
H COgH
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The fa c t  th a t propioaldehyde XIII was not id en tified .!  as a 

product, i s  not su rp r is in g  as i t  would only  be formed in  tra ce  

amounts and undergoes rapid decomposition to  g ive  CO ( 8 6 . 5$ ) and 

C02 (2.5%) (R ef. 102).

The anhydride XIV would a lso  undergo rapid decom position to  

fo r  X, XI and X II. (R ef. 102).

V w i l l  a lso  be formed in  the fo llow in g  rea c tio n  shown to  

e x is t  in  Chapter 3 .1 1 .

0
II

CH H CH C -  0 -  H

\  \  /  
c— c   ̂ c _  c

/  \   ̂  /  \
H C =-= 0 H H

I
0 —  H

IV

Eq 3 .8

The one stage  degradation observed in  the TO, DTA and DSC 

r e s u lt s  (Chapter 3*2, 3*3 and 3*4) would correspond to  a breakdown 

o f  PHB to  I ,  I I ,  I I I ,  IV and V, a l l  o f which w i l l  v o l a t i l i s e  and 

undergo fu rth er  degradation away from the pan.

On exam ination o f  the oligom er stru ctu re XII th ere  are two 

hydrogens ( P & Q) which can be elim inated  in  s ix  centred  

tr a n s it io n .

■?
H I H

\  /
CH. H O  C H 0 CH- H 0

\  I  II I I I I  \  I II
c »  c  c —  0 —  c — C —  C —  0 —  C —  C —  C —  OH

/  I I ^  •
H H H f 0  H H

XII
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Equation 3*1 d e a lt  w ith hydrogen P which i s  ob viou sly  the most 

la b i l e > bein g  ° ( t o  a carbonyl and p to  an e th era l oxygen compared 

with Q which i s  p to  eth era l oxygen and ft to  the carbonyl. 

E lim ination o f  the hydrogen Q would lead to 3-butenoic a c id  XV plus  

e ith e r  IV or V from the unsaturated term inal grouping as below  

(IV predominating over V ).

H
\

0

C -  0

H -  C -  H 
\

H — C -  OH

^  CH2 -  CH GHgCOOH

Bq 3.9
/

H -  C -  H 
\

a -  r?TT

^  CH2 »  CH CHgCOOH

C
II

/  \  
CH3 h

C -  CHCCX)H
/

H

XV would be expected to  undergo further rapid  degradation to  

X and XI (R e f . 1 03 ).
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The ra te  o f  the reaction  represented by Equation 3.1 has 

been estim ated  to  be 250 to  360 tim es th at o f  the rea c tio n  in  

Equation 3*9 (R ef. 104, 105, 106).

Therefore i t  i s  not su rp r is in g  th at XV has not been observed.

There are th ree p o ss ib le  sources o f the water;

(1 ) Water trapped in  the polymer whioh i s  re lea sed  

when the polymer m elts ,

(2 ) from the degradation o f  croton io  a c id , a-nd

(3 ) by an e s t e r i f ic a t io n  reaction  (se e  Chapter 6 ) .

We are now in  a p o s it io n  to  exp lain  f u l ly  the TVA tra ce

with d i f f e r e n t ia l  condensation o f  products (F igure 3 .5 )

The f i r s t  peak (240°C to  338°C) c o n s is ts  p r in c ip a lly  o f  iso c r o to n io  

a c id  and cro to n ic  a c id  (0°C tr a o e ) .  From 285°C to  340°C w ater i s  

observed (-45°C ) and above 340°C p butyrolactone in  a d d itio n .

A tra ce  o f  CÔ  and propene i s  observed between 309°C and 323°G from 

the degradation o f  cro ton ic  ac id  (-100°C tr a c e ) .  Above 351°G a 

la rg er  -100°C tra ce  was observed due to  the degradation o f  

iso o ro to n ic  a c id , oroton io  a c id  and p butyTolaotone to  C02 »

CĤ CHCĤ  , CH2C*0 and CĤ CHO. A trace  o f  CO i s  observed above 

429°C from th e  degradation o f  iso cro to n io  and croton ic  a c id s  

(-196°C t r a c e ) .

The presence o f  p butyrolactone, with i t s  suspected  

o a ro in o g en ic ity  (R ef. 107, 108) as a thermal degradation produot 

o f  IBB w i l l  have to  be considered  in  the design  o f  production  

s i t e s  fo r  p rocessin g  FHB. 15ie lack  o f  d e tec tio n  o f  p b u tyro lacton e  

upon h ea tin g  a 200rag sample o f  PHB a t 200°C fo r  6 hours does not 

n e c e s sa r ily  im ply th at w hile prooessing larger  q u a n tit ie s  o f  IBB 

no R butyro lactone w i l l  be d e te c t e d .
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CHAPTER 4

THE PR0HJCT5 OP THE THERMAL DESRAMTION OP FSB 

UNDER A NITROGEN ATMOSPHERE

4 .1  INTRODUCTION

Having id e n t if ie d  the thermal degradation products formed 

under vacuum i t  was thought pertinen t to  study those formed under 

a n itrogen  atmosphere* A n itrogen  atmosphere w i l l  he c lo s e r  to  

the l ik e ly  p rocessin g  con d ition s o f  PH3, e s p e c ia lly  in  an extruder  

where l i t t l e  or no oxygen w il l  he presen t.

4*2 DIFFERENTIAL THERMAL ANALYSIS AND DIFFERENTIAL SCANNING 

CALORIMETRY UNDER NITROGEN

Ihe r e s u lt s  o f  th ese  two thermal a n a ly s is  techniques under a  

nitrogen  flow  were f u l ly  d iscu ssed  in  Chapter 3*3 and 3.4*

4 .3  THE THERMAL DEGRADATION OF FHB UNDER A NITROGEN ATMOSPHERE 

A 60mg sample o f  PHB was degraded under flow in g  n itrogen  

(80cm^/min) hy h ea tin g  in  an oven from amhient to  500°C  a t  a r a te  

o f  10°C/min u s in g  the method and apparatus d e ta ile d  in  Chapter 

2 .4 (v ) .

Copious w hite fumes were observed coming from the degradation  

tube a t tem peratures between 300°C and 450°C. When t h is  subsided , 

w hite n eed le  l ik e  c r y s ta ls  were observed on the in s id e  o f  the  

g la s s  tub ing  le a d in g  from the degradation tube to  the co ld  trap*

On com pletion o f  th e  h ea tin g  programme the degradation tube was 

allow ed to  ooo l p r ior  to  the n itrogen  flow  being term inated and 

the system opened to  the vacuum pumps. The w hite n eed le l ik e  

c r y s ta ls  were pumped in to  the oo ld  trap lea v in g  tra ce s  o f  a  

v isco u s  o i l  on the g la s s  su r fa ces .



4 TA SUBAK3IMT TVA OP 'THE PRODUCTS ISOLATED IN THE COLD TRAP 

The products in  the co ld  trap were separated by SATVA.

T h e  r e su lta n t  tr a c e , Figure 4.1 d isp layed  5 peaks the  

products from each o f which were removed from the vacuum system  

sep a ra te ly  and id e n t if ie d  by the methods described  in  Chapter 2.5*  

Products from Peak 0 were is o la te d  in  a gas o e l l  and 

id e n t if ie d  from th e ir  IR sp ectra , Figure 4 .2  as carbon d io x id e , 

ketene ( tr a c e )  and propene, by comparison w ith standard gaseous 

phase IR sp ectra  (Ref. 90 -  92 ) .  The m aterial o f  Peak H

was id e n t if ie d  from i t s  gaseous phase IR spectrum, Figure 4«3> 

as aceta ldehyde, by comparison with standard gas IR spectra  

fee f. 9 3 ) . product from Peak I was id e n t if ie d  from i t

MS (m olecular ion  ra/e » 18) as water.

The IR spectrum (Figure 4*4) o f  the product o f  Peak J , i t s  

MS and NMR, a l l  showed id e n t ic a l peaks to th ose obtained from 

the product o f  Peak E, F igures 3*16, 3 .15 and 3.17 r e s p e c t iv e ly ,  

and was th erefo re  id e n t if ie d  as isocro ton io  a c id  ( c i s  b u t-2 -en o ic  

a c id ) •

The m ateria l o f  Peak K was the major condensable degradation  

produot. By comparison o f  the IR (Figure 4*5)» MS and NMR o f

t h is  m ateria l w ith  th ose from the product o f  Peak F (F igures 3.13»

3 .12  ana 3 .1 4  r e s p e c t iv e ly ) ,  the m aterial o f  Peak K was id e n t i f ie d

as cro ton io  a c id  ( .pans—but—2-enoio  a c id ) .

4 .5  COLD RIN3 FRACTION OBTAINED BY DEGRADING FHB

UNDER A NITROGEN ATMOSPHERE

The co ld  r in g  fr a c tio n  CRF (Chapter 2«4( i v ) )  formed upon 

degrading a 60mg sample o f  FHB under n itrogen  as  in  Chapter 4 .2  

Above was in v e s t ig a te d  by IR, NMR, MS and CfLC •
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'Hie IR and rlMR spec Gra were id e n t ic a l to  those in  F igures  

3.19 2nd 3*20* The GLC tra ce , Figure 4 »6, d isp layed  peaks w ith  

s im ila r  r e la t iv e  re ten tio n  tim es to that obtained from the GRP 

formed under vaouum (Figure 3 -2 4 ), and a p lo t o f  r e la t iv e  r e te n tio n  

time for  th ese  peaks versus the in teg er s  1 to  4 again gave a 

s tr a ig h t l i n e .  (Figure 4 * 7 ). The MS (Figure 4 .3 ,  Table 4 .A) 

a lso  showed peaks due to  the tetram er, triraer, dimer a f  PHB and 

orotonio  ac id  as reported in  Chapter 3 .8  (Figure 3 .2 2 , Table 3 .F) 

Thus by an id e n t ic a l  argument to  that s e t  out in  Chapter 3 .8  

the CRF formed during A degradation o f PHB under n itrogen  to  

500°C a t a r a te  o f  10°c/min c o n s is ts  o f  the fo llo w in g  s p e c ie s .

CH. H

\  /
c «= c

/  \
H C . O

\
OH

CH.

H

\

/

0

II
c — 0

CH H

\ I
4- c — c

I I
H H

CH. H

r  i
— C — 0 4- c —  C — C —  OH

I I
H H

n
where n a 0 , 1 or 2.

4 .6  THE RES I  DCFS FORMED UPON HEATING PHB TO 500°C UNDER NITROGEN 

There was on ly  s l ig h t  d isco lou ra tion  to  the base o f  the  

degradation tube (brown-black) a f t e r  d eg ra d a tio n  under n itro g en  

to  500°C.
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TABLE A .A

ASSICrNMENT. OF THE MAIN PEAKS IN THE MSS SPECTRUM OF THE CRF 

FOILED. UPON HEATDTg PHB TO 5QO°C UNDER A NITROGEN FLOW

m/e Assignment

345 tetram er + 1 («4 ♦ 0

344 tetraraer < t y

! 327
!

(«4 -  OH)

326 ( m4 -  h2o)

300 (m4 -  co2 ) (m4 + 1 -  002H)

259 trim er + 1 (m3 + 1)

258 trim er (K3)

241 (1<3 -  OH)

240 ( m3 -  h2o)

214 (« 3 -  C02) (Mj  + 1 -  COgH)

173 dimer + 1 (m2 + 1)

172 dimer (K2 )

155 (M2 -  OH)

154 (m2 -  h2o)

128 (*> “ (Mg + 1 -  C02H)

86 oroton io  ao id  (M.)

69 (M1 -  OH)

68 (M, -  H20)

42 (K, -  C02 )

41 (K1 -  C02H)



A .7 CONCLUSIONS

Ifae fo llo w in g  sp ec ie s  were id e n t if ie d  as produots o f  the  

thermal degradation o f  PHB, under n itrogen , to  500°C.

I tetraraer o f  PHB (a c id io  and unsaturated end groups)

I I  trim er o f  PHB (a c id ic  and unsaturated end groups)

I I I  dimer o f  PH3 (a c id ic  and unsaturated end groups)

IV cro to n ic  a c id  ( trans—but—2-en oic ac id )

V iso cro to n io  acid  ( c i s  -b u t-2 -en o ic  acid )

VI water

VII acetaldehyde  

VIII ketene (tr a c e )

IX propene

X carbon d ioxide

Although no pbutyrolactone (p 3 L ) was id e n t if ie d  the presence  

o f  VII and V III , which are thermal degradation produots o f  pBL, 

are stron g  evidence fo r  i t s  formation probably by the meohanism 

o f  Equation 3 .2

The fa c t  th a t pBL was not seen i s  hardly su rp r is in g  as i t  

w il l  not be removed from the hot zone as qu ick ly  under a n itrogen  

flow  as under vacuum and would be expected to  degrade fu rth er  to  

g ive  VII and VIII by o -a o y l f i s s io n  and IX and X by o -a lk y l f i s s io n  

an in  Equations 3*4 and 3*5 r e sp e c t iv e ly . (R ef. 100).

Thus the produots formed during the thermal degradation o f  

PHB under an atmosphere o f  n itrogen  are id e n t ic a l ,  though in  

d iffe r e n t  q u a n t it ie s ,  to  those formed under vacuum. 15ie 

d iscu ssio n  o f  the products o f  the thermal degradation o f  PHB 

under vacuum and l i k e l y  raeohanisms fo r  th e ir  form ation contained  

w ith in  Chapter 3 .1 4  (p p U 2 -1 2 0 ) i s  a lso  v a lid  fo r  the thermal



degradation o f  PHB under a n itrogen  atmosphere and th erefore  

s h a ll  not be repeated here* One important point to  be noted , 

however, i s  th a t acetaldehyde w i l l  not be expected to  be a 

degradation product o f  cro ton ic  acid  under n itrogen  as i t  was 

under vacuum. (R ef. 101).

The form ation o f I  to  I I I  from the polymer backbone w i l l  

be d iscu ssed  (Chapter 6) a f t e r  the molecular weight changes which 

occur on h ea tin g  FHB have been in v e s tig a te d .



CHAPTER 5

QUANTITATIVE ANALYSIS OF THE FRODUCTS OF 

THERMAL DEGRADATION OF PHB UNDER VACUUM ANN NITROGEN

5.1 INTRODUCTION

In the previous two chapters the nature o f the products 

formed during the thermal degradation o f PHB under vacuum and 

n itrogen  was d iscu sse d . In th is  chapter the r e s u lt s  o f th e ir  

q u a n tita tiv e  a n a ly s is  are recorded.

5 .2  CONDITIONS OF MEASUREMENT AND CALIBRATION CURVES FOR

DEGRADATION PRODUCTS

C alib ration  curves fo r  carbon d ioxide and propene were 

obtained  lor th e method ou tlin ed  in  Chapter 2*5 ( i i ) ( a ) .  The 

o p t ic a l  d e n s it ie s  (OD) o f IR spectra  o f COg were measured a t  

2350 cnT1 and p lo tte d  aga in st pressure o f  C02 as shown in  Figure  

5*1. The ourve rep resen ts a le a s t  squares f i t  o f  the p o in ts .  

S im ilar c a lib r a t io n  curves were obtained fo r  propene u sin g  the  

wavenumbers, 910°® i 917o® » a^d 990°® » (F igure 5*2)•

The q u a lity  o f  ketene formed was measured as o u tlin ed  in  

Chapter 2 . 5 ( i i ) ( a ) ,  by su btractin g  the pressure o f  a l l  o th er  

gases p resen t, ^  th is  c a se , from the t o t a l

p ressu re .

Calibration curves for acetaldehyde in ohloroform 

(OD at 1724omT^)f p-butyrolaotone in oarbon tetrachloride

(OD at l840cnT^) and crotonic acid in oarbon tetrachloride

(OD at 1709om~^ and l660omT^) were obtained by the method outlined

in Chapter 2.5(ii)(b) and are illustrated in Figures 5*3, 5«4 and
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5»5» £h® grad ient o f  the curve fo r  H3L changes a t a con cen tration

o f  3mol/l000cm probably due to  increased  hydrogen bonding between 

pBL m oleoules a t  h igher con cen tration s. For t h is  reason a l l  

q u a n tita tiv e  measurements o f  pBL were made u sin g  so lu tio n s  with  

con cen trations w e ll below 3mol/l000om^.

As pure iso c r o to n ic  acid  was not a v a ila b le , the c a lib r a tio n  

curve obtained  fo r  carbonyl s tre tch  in  croton ic a c id , in  carbon 

te tr a c h lo r id e , a t  1709om  ̂ (Figure 5*5) was used fo r  the estim ation  

o f  iso c r o to n ic  a c id  through i t s  carbonyl s tre tch  a t 1705cm~^.

A ll so lu t io n  spectra  were run in  matched 0.1mm NaCl c e l l s .

Where more than one c a lib r a tio n  wavenumber was a v a ila b le  an 

average o f  the r e s u lt s  obtained, u sin g  each wavenumber, was quoted.

Carbon d io x id e , pro pen e and ketene were measured togeth er  in  

one gas o e l l  a s were pbutyro la c  tone and iso cro to n ic  a c id  in  a 

so lu tio n  c e l l .

S ince th e weight o f  the residue a f te r  degradation i s  

n e g lig ib le ,  the weight o f  the v o la t i le s  and o f  the CRF were 

ca lc u la te d  from the weight o f  the degradation tube empty and w ith  

the polymer b efore the experiment and with the CRF afterw ards.

The com position  o f  the CRF was determined by GfLC u sin g  th e  

method o u tlin ed  in  Chapter 2 .5  ( v i i ) .

5 .3  QUANTITATIVE AWAT.Y3TS OF IKE PRODUCTS FORMED IN THE
THEFMAT, TTEfTPAM'IrTQN OF FSB UNDER VACUUM

The q p a n tita t iv e  a n a ly s is  o f  the products formed on h ea tin g  

FHB from ambient to  500°C a t a h eatin g  ra te  o f  10°c/m in under 

vacuum, tvn  ̂ measured by the methods o u tlin ed  in  the previous  

s e o t io n , are tab u la ted  in  Babies 5«^» s*1*! 5*G* r e s u lt s
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P&BLE 5.B

Q.UANPPBAPIVE AIIALYSIS OF PHB CHF FROM PHB 

(0-5Q0°C, 10°c tnin"1 UITESR VACUUM)

n Ai  , \  a t  \  u
s^ t

r  ■■■ '

Crotonic 
acid

.

Dimer
o f

PHB

Primer
o f

PHB

Tetraraer
o f

PHB

Mole $  o f  CRF 36.9 47.3 14.4 0 .9

Weight $  o f  CRF 20.6 53.4 24.1 2 .0

Moles o f  product

Mole o f  monomer 
u n it

0.158 0.205 6 .2  x  10"2 3 .85  x 10~3

Weight % o f  
i n i t i a l  polymer 15.8 41.1 18.5 1 .5

NOTE: Measurements made lay GLC



1*4

TABLE 5.0

M S S  BALANCE TABLE FOR DEGRADATION OF PHB 

TO 33Q°G and 5 0 0 °G UNDER T7A CONDITIONS

Products
Weight % of Initial Polymer

to 338°C to 500°C

Carbon Dioxide trace 1.6

Propene trace 0.7

Ketene 0.4

Acetaldehyde -------- 0.5

Water No measurement No measurement

p Butyrolactone 4.0

Isocrotonio Acid 0.9 1.1

( i n  cold trap 
Crotonio Aoid f

(in CRF
3.4 )

) 35.3 
31.9 )

18.9 )
} 34-7 

15.8 )

Dimer of PHB 41.2 41.1

Triraer of PHB 12.5 18.5

Tetramer of PHB 2.9 1.5

Residue traoe trace

Total 92.8 104.1
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quoted are average va lu es obtained over a t le a s t  four experiments* 

The r e a iI t s  in  Table 5*^ show that croton ic a c id  i s  the  

major condensable v o la t i le )  accounting fo r  13*95  ̂ by weight o f  th e

o f  pBL to  COg + CĤ CHCĤ  and CĤ CO + CĤ CHO, whioh was d iscu ssed

a cid  and cro to n ic  a c id  are s im ila r  to  p3L in  undergoing fu rth er  

degradation rea c tio n s  p rior to  lea v in g  the hot zone* Therefore 

the q u a n tit ie s  quoted in  Table 5 should be considered  as lower 

l im its  fo r  th e form ation o f  th ese  products*

The com position o f  the CRF, which accounted fo r  76*9$ by 

weight o f  the o r ig in a l polymer, i s  given in  Table 5*B. C learly  

the dimer o f  PHB i s  the major con stitu en t*

The percentage com position by weight o f  the i n i t i a l  polymer, 

fo r  each degradation product analysed , i s  ta b lu la ted  in  Table 5*C. 

No measurement fo r  water was obtained and the major ab so lu te  error  

in  the r e s u lt s  can be a ttr ib u ted  to  the measurement o f  the weight 

o f  the CBF, estim ated  as From th ese  data i t  can be seen

th a t the most abundant products o f  thermal degradation are dimer 

(41 *1$) y fo llow ed  by croton ic  a c id  (34*7$) and trim er (18*5^)* 

Q u an tita tive  a n a ly s is  o f  the produots formed when the  

h eatin g  programme was term inated a t 338°C are summarised in  

Tables 5*C, 5.D and 5*B. The r e s u lt s  quoted are average va lu es  

over a t  le a s t  four experiments*

The CRF accounted fo r  88*956 o f  the o r ig in a l weight o f  

undegraded polymer and from the data in  Table 5*^ "&be most 

abundant produots formed up to  338°C are , dimer (41 *2$)

4*7 * 10"4 m o les /g , takes no aocount o f  any further degradation

in  Chapter 3*14* Degradation o f  pBL to  CĤ CO and CĤ CHO would

-4account fo r  a fu rth er  1 x 10 moles Iso cro to n ic



TABLE 5.D

QUANTITATIVE ANALYSIS OF THE CONDENSABLE PRODUCTS

OF THERMAL DEGRADATION OF FH3 
( Q-338°C. 1Q°C min  ̂ under vacuum )

\ r
U X d  n . \ u

1 1 x *s

CEL CO H
^  /  2 ^  C -  C

CH. H

C a C 
Hx  ^ C 02H

Moles/gram o f  
i n i t i a l  polymer 1.1 i  10"4 3*9 x 10"4

Moles o f  product
Mole o f  monomer 

u n it

9 x 10"3 3 .4  x 10"2

Weight i* o f  
i n i t i a l  polymer 0 .9 3 .4
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TABLE 5.E

(&JAITTITATIVE ANALYSIS OF THE CRF FROM PHB 

( 0-338°C, 1Q°C min~1, UNDER VACUUM)

X  PK r 0
" \  d

lX w
t

Crotonic

acid

Dimer
o f
PHB

Trimer
o f

PHB

Tetramer

o f
PHB

Mole io o f  GBP 66.2 27 .3 5 .5 1 .0

Weight io o f  CRF 36.1 4 6 .5 14.1 3 .3

Moles o f  oroduot 
Mole o f  monomer 

u n it
0.319 0.206 4 .17  x 1 0 ~ 2 7 .2 5 1 1 0 ~ 3

Weight >  o f  

i n i t i a l  polymer
31.9 41.2 T2.5 2 .9



fo llow ed  by oroton ic  aoid  ( 3 5 « 3 £ )  and trim er ( l 2 . 5 f c ) .  No 

measurement was made o f the (quantity o f  water formed and as 

before the major ab so lu te  error was in  the measurement o f  the  

w eight o f th e  CUP, estim ated to  be -2%.

Prom th e  data in  Table 5*0 a comparison o f  the q u a n tit ie s  

o f eaoh product formed up to  338°C and up to  500°C oan be made. 

Although th e  percentage o f  orotonio acid  a t both temperatures 

i s  s im ila r , a fa r  h igher proportion was present in  the CRF a t  

338 C than a t  500°C. Although no q u an tita tive  measurement was 

made o f  the water formed i t  i s  c le a r  from the h e ig h ts  o f  the  

water peaks in  the SATVA traces (F igures 3 .6  and 3 .2 6 ) th at 

th ere i s  no s ig n if ic a n t  d iffe r e n c e .

A comparison o f  the weight r a t io  o f  tetram er:trim er:dim er: 

o roton ic  a c id , 1 :4 .3 :14*2:12 .2  formed up to  338°C to  th a t formed 

up to  500°C, 1 :1 2 .3 227.4s23.1 i s  in te r e s t in g . I t  in d ic a te s

a tendency to  form lower oligom ers a t higher tem peratures during  

th e TVA experim ent. This i s  strong evidence fo r  the breakdown 

o f  th e oligom ers a t temperatures greater than 338°C to  form 

lower o ligom ers, p butyrolactone, isooroton io  aoid  and orotonio  

a c id  as d iscu ssed  in  Chapter 3.14*

5 .4  QUANTITATIVE ANALYSIS OF THE PRODUCTS FORMED FROM

THE THERMAL DEGRADATION OF PHB UNDER NITROGEN

Q u an tita tive  a n a ly s is  o f  the produots o f  thermal degradation  

o f  FHH obtained  by h eatin g  from ambient to  500 C a **ate o f  

10°c/m in under a flow  o f  80 om^/min o f  n itrogen  was measured 

as o u tlin e d  in  Chapter 5*2. The r e s u lt s ,  summarised in  

Tables 5*F and 5.G, are the average o f  a t le a s t  four experim ents.
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TABLE 5«q

Q.UANTITA TT/S ANALYSIS OF THE CRF FROM PHB 

( 0-500 0 , 10°C min \  under n itro g en )

U n . \ u  ^
1 t t3 N *

Crotonio
Acid

Dimer
of
PHB

'Primer
of
PHB

Tetraraer
of
PHB

Mole % of CBP 53.4 41.1 4.9 0.5

Weight io of GRP 35*0 53.9 9-7 1.4
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The major product c o lle c te d  in  the co ld  trap was cro ton ic  

a o id . The presence o f aoetaldehyde and ketene, which are 

jroduots o f  decom position o f  pbutyrolaotone (see  Equation 3 .4 ) ,  

g iv e  an in d ic a t io n  o f  the lower lim it  o f  formation o f  pBL as  

5 * 10  ̂ moles/gra o f  PHB under n itrogen . p  Butyrolactone a lso  

degrades to  g iv e  carbon d ioxide and propene as does oroton ic and 

iso c r o to n ic  a o id .

S ince the sp e c ie s  making up the cold  r in g  fr a c t io n  condensed  

on the tube d e liv e r in g  the n itrogen  (see  Figure 2 .19)»  the glassw are  

connecting the degradation tube to the vacuum system and in  the  

co ld  tra p , a s  w e ll a s on the w a lls  o f  the degradation tube, no 

complete q u a n tita tiv e  measurement o f  the weight o f  CRF could be 

made. However the weight o f  CRF on the w alls o f  the degradation  

tube alone was in  the range 70$  to  80$ by weight o f  the o r ig in a l  

undegraded polymer. This value i s  s im ila r  to  th a t obtained for  

the whole CRF under vacuum (76*9$)* This, combined w ith the  

observation  th a t the v o la t i le s  oondensed in  the co ld  trap  

accounted fo r  27*2% o f  the weight o f  undegraded PHB under vacuum 

oompared to  11 .6$  under n itrogen  suggests the form ation o f  a 

much h eav ier  CRF under n itrogen . The data in  Table 5*0 shows 

th a t th e  r a t io  o f  oligom ers measured from th at p ortion  o f  CRF 

m ateria l condensing on the w a lls  o f  the degradation tube i s  

s im ila r  to  th a t obtained under vacuum, with the dimer o f  PHB 

accounting fo r  the g rea te st  portion  by weight o f  the CRF.

Assuming th a t the CRF, formed under n itrogen , aocounts fo r  

th a t p ortion  o f  the i n i t i a l  weight o f  polymer not oontained w ith in  

the data o f  Tfcble 5 .F , and has the same com position to  th at  

noted in  Table 5.G, than a mass balance ta b le  fo r  the degradation  

can be con stru cted  as in  Table From th ese  d a t a ,i t  can be



TABLE 5.H

MASS BALANCE TABLE FOR DEGRADATION OF PHB 

TO 500°C UNDER NITROGEN ( HEATING RATE 1Q°g min"*1)

Produots
Weight $  o f  

I n i t ia l  Polymer

Carbon D ioxide 1 .0

Propene 0 .4

Ketene tra ce

Aoetaldehyde 0 .2

Water No measurement

f3 B utyrolactone N il

Iso cro to n ic  Acid 1 .4

* x j ( i^  co ld  trap  Crotonio Aoid >
>in CRF

3 .6 )

3 0 . » | 3’ -5

Dimer o f  HiB 47 .6

Trimer o f  PHB 8 .6

Tetramer o f  PHB 1.2

Residue tra ce

Total 99 .9
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36611 th a t tiiG most abundant products formed are dimer (47.65-) 

fo llow ed  by cro to n ic  acid  (39*5$) and trimer o f  FHB (8 .6 $ ) .

5 .5  GENERAL CONCLUSIONS

‘The work described  in  th is  chapter has shown that the major 

product o f  the thermal decomposition o f  PHB, under vacuum and 

n itrogen , i s  the dimer o f PHB, characterised  in  Chapter 3 .8 .

I t  acoounts fo r  41 $  ('«ao) to  48$(N2 ) o f the weight o f  the 

i n i t i a l  polymer togeth er w ith approximately 35$ o f  croton io  a c id .

An in crea se  in  the r a t io  o f lower to  higher oligom ers, as the  

temperature r i s e s ,  was shown to  e x i s t ,  which adds support to  the  

proposed meohanisms, given in  Chapter 3 .14 for form ation o f  

pBL, iso o r o to n ic  ao id  and croton ic  acid  a t e lev a ted  tem peratures. 

The lower l im it  fo r  the formation o f  pBL was shown to  be 4*9$ (vac)  

and 0 .4 $  o f  the weight o f  the i n i t i a l  polymer.

The molar r a t io  o f  carbon d iox ide to  pro pen e formed upon 

h eatin g  PHB to  $ 0 0 °Cf 2 .29 under vacuum and 2 .20  under n itrogen , 

req u ires some exp lan ation . Prom the mechanisms d iscu ssed  in  

Chapter 3.14» in v o lv in g  the formation o f carbon d iox id e and 

propene, one would expeot the molar r a t io  for  th ese  two produots 

to  be u n ity . This apparent anomoly may be explained as fo llo w s .  

Any oro ton ic  a o id , or iso cro to n ic  ao id , present in  the hot zone 

as the temperature r i s e s  w i l l  to  some extent undergo a 

decarboxylation  rea c tio n  v ia  some free  rad ica l process such as  

th a t shown in  Equation 5*1*

^ C02 + CĤ CHCH + H ... .E q  5 .1

( i )
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The h ig h ly  unsaturated resid u e , A, w i l l  rap id ly  undergo 

fu rth er reao tio n  lead ing  to  the formation o f the ohar (o r  resid u e)  

observed on the base o f the degradation tube* Since oarbon 

d iox id e i s  on ly  a minor product formed during the thermal 

decom position o f  PHB, accounting fo r  only 2$ to  3$ o f  the a v a ila b le  

carbonyl groups, th e  formation o f  a l ig h t  carbonatious res id u e , as  

observed, could  account fo r  the observed molar excess o f  oarbon 

dioxide over propene.

In  support o f  t h is  proposal, i t  i s  o f in te r e s t  to  consider  

the thermal decom position o f cro ton ic  acid  under n itrogen  whioh 

has been com prehensively stud ied  by R itch ie  e t  a l  (R ef. 101) 

who proposed th a t ,  although the reaction  reported by Equation 5.2  

predominates, th e  fo llo w in g  two reaction s a lso  occur.

CĤ CH .  CHC02H

co2 + ch2chch3

^  CO + CHsOTOI^CHjCHgCHO..................... Eq 5 .3

■jHo0 + 5 (  : GH2<*>)2 97  Eq5.4

PropioalcLahyd«( Equation 5*3) undergoes rapid decom position  

at 500° C g iv in g  a molar r a t io  o f  oarbon d ioxide s propene o f  

u n ity  (R ef. 1 0 2 ). Only very sm all q u a n titie s  o f  ao id  

anhydride w i l l  be formed (R ef. 109) due to  a minor intram oleoular  

dehydration (R ef. 1 0 9 ). Therefore from the above one would 

expeot a  molar r a t io  o f  oarbon d ioxide to propene o f  approxim ately  

one. In  fao't R ito h ie  observed th a t oroton ic aoid  underwent 

thermal decom position a t 510°C in  a flow  reaotion  v e s s e l  g iv in g
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molar r a t io s  o f  carbon d ioxide : propene : oarbon monoxide 

o f  5*8 5 1 5 2*7* This r e su lt  and the observed shortage o f  

alkyne in  th e  thermal degradation products o f  a c id  anhydrides 

(R ef. 109 ) i s  due to  the formation o f  a h igh ly  unsaturated char 

or re s id u e .



CHAPTER 6

MOLECULAR WEIGHT IN PHB ON ISOTHERMAL HEATING

6.1 in trod u ction

The work described in  th is  chapter was carr ied  out to  

in v e s t ig a te  the e f f e c t  on the m olecular weight o f  samples o f  

p o ly ( ~ ( p - h y d r o x y b u t y r ic  acid ) (PH3) o f h eatin g , at temperatures 

in  the range 170 C to 200°C, fo r  d if fe r in g  lengths o f  time and 

under various atmospheres. Prom th is  study i t  was hoped to  

develop an understanding o f the nature o f  the depolym erisation  

rea c tio n , whether random or chain end in i t ia t in g ,  and to  measure 

the k in e t ic  parameters, such as ra te  constants and en erg ies o f  

a c t iv a t io n , under the various experimental co n d itio n s .

The experim ental errors quoted were ca lcu la ted  by the method 

described  in  Chapter 2 .8 ,  and are expressed as ( - )  one standard 

d ev ia tio n .

6 .2  WEIGHT LOSS ON ISOTHERMAL HEATING OF PHB

Ten m illigram  samples o f PHB were heated at temperatures o f  

200°C, 190°C, 180°C and 170°C fo r  2 hours in  an isotherm al TO 

a n a ly s is  in  (a )  vacuum, (b) a dynamic n itrogen  flow  and, (c )  

s t a t ic  a ir ,  by the method ou tlin ed  in  Chapter 2 .4 ( i )»  The

r e s u lt s  are i l lu s t r a t e d  in  Figures 6 .1 ,  6 .2  and 6.3* Below

190°C weight lo s s  i s  always n e g lig ib le  and begins to  become 

s ig n if ic a n t  a t 200°C .

6 .3  MOLECULAR WEIGHT CHANGES UNDER VACUUM

The changes in  m olecular weight during isotherm al h eatin g  o f
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polymer S1 (Chapter 2 .1 1 ) under vacuum at various temperatures

were in v e s t ig a te d  by the method ou tlin ed  in  Chapter 2 . 9 ( i ) .

P lo ts  o f  number average molecular weight (M )̂ versus time o f

h eatin g , s o l id  tr a c e , at temperatures o f 200°C, 190°C, 180°C and

170 C are recorded in  Figures 6 .4 , 6 . 5 , 6 .6  and 6 .7  r e s p e c t iv e ly .

From th ese  f ig u r e s  i t  i s  c le a r  th at there i s  e ith e r  an i n i t i a l

in crease in  M fo llow ed  by a sharp decrease or an in crease  in  M 
n n

preceded and fo llow ed  by a sharp decrease.

The r e la t io n s h ip s  between molecular weight and ex ten t o f  

v o la t i l i s a t io n  in  the temperature range 170-200°C are i l lu s tr a te d  

in  F igures 6 .8  and 6 . 9 . The ex ten ts o f v o la t i l i s a t io n  were 

measured by w eighing the polymer sample prior to and a f te r  h ea tin g . 

The r e s u lt s  obtained from the isotherm al TO a n a ly s is  described  in  

Chapter 6 .2  were included  in  Figures 6 .8  and 6 . 9 . The rapid  

decrease in  m olecular weight a t small extents o f  v o la t i l i s a t io n  i s  

evidence th a t the degradation reaction  invo lves a random chain  

s c is s io n  mechanism (R ef. 110) but the tendency to  in crease  

early  in  the rea c tio n  i s  q u ite  reproducible and must be accounted  

fo r .

I t  i s  proposed th a t i t  i s  a sso c ia ted  with condensation

of term inal hydroxyl and oarboxyl groups on the polymer m olecules

and a co rr ec tio n  must be made fo r  th is  i f  the true ra te  o f  chain

s c is s io n  i s  to  be deduced from m olecular weight measurements.

The o r ig in a l polymer sample (number average m olecular weight

•  M / x) c o n s is t s  o f  m olecules term inated by hydroxyl and 
n (o ) '

carboxyl groups#

HCV'VVv v 'Vv v v v v v v v v ^ /v v v v ^a /'v v v v v n -GOOH (M /  \ )n io ;
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CHANGES IN MOLECULAR WEIGHT (M ) WITH TIME OF HEATING OF ■ n •"     ■■ — ■' —
PHB AT 190°C UNDER VACUOM
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FIGURE 6 ,7

CHANGES IN MOLECULAR WEIGHT (M ) HUH TIMS OF HEATING OF
— — i u

FHB AT 170 C UNDER VACUUM
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KEY: □ measured by w eight d if fe r e n c e
o f  sam ple.

x measured from TCf tra c e  ( F ig .6 .1 )
450—

400__

150—

50—

V o la t i l is a t io n  (%)

FIGURE 6 .8

CHANGES IN K WITH VOUTILISATION OP FHB AT 200°C
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FIGURE 6 .9

CHANGES IN M WITH VOLATILISATION OF PHB AT SEVERAL 
■ -  ■" —  n '

TEMPFPAttmES UNDER VACUUM
( V o la t i l is a t io n  measured from the data o f  F igure 6 .1 )
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I f  ohain s o is s io n  oocurs by the s ix  centred e lim in ation  mechanism 

represented  by Equation 3*1 then each ohain s o is s io n  w i l l  r e s u lt  

in  th e form ation o f  a carboxyl and v in y l (orotonate e s te r )  group 

(V ). S ohain s c is s io n s  per o r ig in a l molecule w i l l  r e s u lt  in  

S+1 m olecules in  th e  degraded Bample.

j j(y v \^ \^ -C O O H  + V ^ '^ C O O H   v_a^vM _coOH

A gradual in cr ea se  in  the crotonate e s te r  group during the thermal 

degradation o f  PH is has indeed been reported (R ef. 2 3 ) .

I t  i s  su ggested  that at the degradation temperature the  

res id u a l h yd ro iy l groups are r e la t iv e ly  quiokly consumed by 

condensation  w ith  the gradually in creasin g  concentration  o f  

carboxyl groups* Since there was only one hydroxyl group per 

o r ig in a l m olecule t h is  means that in  the degraded polymer each 

o r ig in a l m olecule w i l l  be represented by one le s s  chain fragment 

than i f  chain  s c is s io n  only had occurred. I f  the measured 

m olecular w eight o f  the degraded polymer at time t  i s  M
( t )

i s  th e  moleoular v e ijh t  in  the absence o f  hydroxyl/

Oarboxyl condensation  thenf

V ) and n ^
S + 1 S

Thus, M
V) n,lai

M
n ( o )  *  1

II Eq 6 .1
n (t)
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Using t h is  equation the values o f molecular weight which 

would have been observed as a r e su lt  o f  chain s c is s io n  in  absence 

of hydroxy l/c a r b o x y l condensation (M « ) may be ca lcu la ted
V )

from separate measurements o f M and M
n( t )  n(o)

An e s t e r i f ia t io n  reaction  o f th is  kind could be one p o ssib le

source o f  the w ater, reported in  Chapters 3 end 4 es a product

o f degradation, and could  be resp on sib le , in  part, fo r  the sm all

amount o f  v o la t i l i s a t io n  reported in  the early  stages o f  h eatin g

(Chapter 6 .2 ) .

The co rr ec tio n  o f the experimental r e su lts  to  describ e chain  

s c is s io n  on ly , u sin g  Equation 6.1 i s  represented by the broken 

l in e s  in  F igures 6 .4  -  6 .7 .

The number average chain length  during the course o f  a 

random chain  s o is s io n  reaction  i s  given  by,

CL
CL » -----2 -    Eq 6 .2

t  S + 1

where CLq i s  the o r ig in a l number average chain length  and CL̂  

i s  the number average chain length  a f te r ,  on average S lin k s  

per o r ig in a l chain  len gth  have been broken. The degree o f  

degradation, oC , a t  any stage o f  the degradation process i s  

defined  by,

of .  _ § ......................................................     BQ 6 .3
CL -  1o

which reduces to

^  , ......  §.......................................................    Eq 6 .4
CLo

i f  CL i s  la r g e ,  o
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I f  i t  i s  assumed th a t the ra te  o f  chain sc is s io n  i s  proportional 

to  the number o f  chain  u n it s , n , present in  the system a t time 

t ,  then

-dn
dt ■   6 -5

Let nQ be th e number o f lin k s  present a t the s ta r t  o f  the

degradation, then

n » no-cOio -  nQ (1 - < )  .....................................................  Eq 6 .6

and hence

- ^ o  ~ ° 0  -  kn (1 - < 0o
dt

or - I n  ( 1 - ° C )  = k t  .................. ...........................................  Eq 6 .7

for  sm all v a lu es  o f  < (, 

l a  (1 - < )  -

and th erefo re  Equation 6 .7  becomes

a k t .................................................................................E q .6 .8

or, by s u b s t itu t in g  fo r  oC% ^y u sin g  Equation 6 .4 f

o r *  ■ »  ..........................................................................8 1 6 , 9o
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Rearranging Equation 6 ,2  g iv e s

s 1 1
* “  which when su b stitu ted  in to

CL CL, CLo t  o

Equation 6 .9  g iv e s  

1 _ 1
  a k t   Eq 6 ,10

CL. CL

Equation 6 ,1 0  hold3 q u ite  gen era lly  for  random s c is s io n  p ro cesses, 

at low co n v ersio n s, regard less o f the chemical nature or cause  

of degradation, provided l i t t l e  or no v o la t i l i s a t io n  occurs.

(R ef. 111-113).

F igures 6 ,1 0 -6 .1 3  demonstrate that Equation 6 .10  a p p lie s  to

the corrected  data in  Figures 6 .4 -6 .7 9 s in ce  a lin e a r  r e la t io n sh ip

1 1between —  and t  i s  obtained a t le a s t  a t low
t  o

con version s. I t  i s  thus oonfirmed that the depolym erisation

reaction  proceeds v ia  a random chain s c is s io n  mechanism

Since the l e f t  hand s id e  o f  Equation 6 .10  represents the number

o f bonds broken per monomer u n it ,  the s lop es o f  the l in e s  in

Figures 6 .1 0 -6 .1 3  are a measure o f  the ra tes  o f  the depolym erisation

reaction  a t th e  re sp ec tiv e  tem peratures. These are recorded in

Table 6 .A. From th ese  values the Arrhenius p lo t shown in

Figure 6 .1 4  was obtained from which an energy o f  a c t iv a t io n  o f

247 + 19 kJ mol"*̂  was c a lc u la te d .

P lo ts  o f  M versu s time o f  h eatin g , at temperatures o f  
w

170°C, 180°C, 190°C, and 200°C are shown in  Figure 6 ,1 5 . I t  

oan be seen  th a t th ere i s  a r i s e  in  a t approximately the  

same time as th a t recorded fo r  in  Figures 6,4^6*7*
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TABLE 6 . A

RATES OF GHAUT SCISSION 

HI FHB AT VARIOUS TEMPERATURES UNDER VACUUM

Temperature

°C

Rate o f  random ohain so is s io n  

(bonds broken/monomer u n it /s e o )

In tercep t on

V  -  V

a x is

170 (7.99 i  0 .9) x 10*8 2.06 x 10*4

130 (4.72 -  0 . 6 )  x  10"7 3.72 x 10~5

190 (1.86 i  0 .2) x 10 -5.71 x 10-5

200 (4.99  i  0.3) i  10 -1.66 x 10”̂
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FIGURE 6.14

ARRHENIUS PLOT FOR THE DEGRADATION OF PHB 

UNDER VACUUM (170°C to  200°C)
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6 .4  MOLECULAR WEIGHT CHANGES UNDER NITROGEN

The changes in  m olecular weight during isotherm al h eatin g

o f polymer S1 (Chapter 2 .1 1) under a dynamic n itrogen  flow  were

in v e s tig a te d  by the method ou tlin ed  in  Chapter 2 . 9 ( i i ) .

P lo ts  o f  number average molecular weight versus time o f

heating ( s o l id  tr a c e )  a t  temperatures o f  200°C, 190°C, 180°C

and 170°C are recorded in  Figures 6 . 16, 6 . 17, 6 .18 and 6. 19

r e s p e c t iv e ly . These tra ce s  are s im ila r  in  shape to  the tra ce s

obtained under vacuum, Figures 6. 4 -  6 . 7 , and show the e f f e c t  on

o f the two competing rea c tio n s, chain s c is s io n  and

e s t e r i f ic a t io n .  The e f f e c t  o f the chain s c is s io n  rea c tio n  on ly

on i s  i l lu s t r a t e d  in  Figures 6 . 1 6 - 6 . 1 9  by the broken l in e

tra ce , obtained  by applying Equation 6.1 to  the experim entally

measured M v a lu es  th a t occur a f te r  the maximum on the M n n

versus tim e t r a c e s ,  as in  Chapter 6 . 3 .

The r e la t io n sh ip s  between molecular weight and exten t o f

v o la t i l i s a t io n s  a t 170-200°C are i l lu s tr a te d  in  F igures6 .20

and 6 .2 1 . The shapes o f  th ese  curves are s im ila r  to  those

obtained by h ea tin g  PHB under vacuum, Figures 6 .8  and 6. 9 and

are evidence th a t the degradation reaction  a lso  procedes v ia  a

random chain  s o is s io n  mechanism (R ef. 110) under n itro g en .

1 1The dependances o f  qjJ- -  jjj” on the time o f  h eatin g
t  0

a t 200°C, 190°C, 180°C and 170°C, under a n itrogen  atmosphere, 

were ca lcu la red  fo r  the data o f  F igures 6 .16 — 6 .19  (broken l in e  

trace) and are i l lu s t r a t e d  in  Figures 6 .22  — 6.25* From th ese  

fig u res  i t  can be seen th a t Equation 6 .10  holds y a t le a s t  a t low  

conversions, which i s  in d ic a tiv e  o f  a random ohain s o is s io n  

process. The grad ien ts o f  the tra ces  in  Figures 6 .22 — 6.25y
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o b t a i n e d  b y  t h e  l e a s t  s q u a r e s  m e th o d , g iv e  a  m e a su re  o f  t h e  r a t e  

o f  c h a i n  s c i s s i o n  a n d  a r e  r e c o r d e d  i n  T a b le  6 . 3 .
_i M *j

An e n e r g y  o f  a c t i v a t i o n  o f  326  -  45 k J  m ol w as o b t a i n e d  

fro m  t h e  A r r h e n i u s  p l o t  o f  t h e s e  r e s u l t s  w h ich  i s  show n i n  

F i g u r e  6 . 2 6 .

P l o t s  o f  M v e r s u s  t im e  o f  h e a t i n g  a t  t h e  v a r i o u s  
w

t e m p e r a t u r e s  s ire  show n i n  F ig u r e  6 . 2 7 .

6 .5  MOLECULAR WEIGfHT CHANCES UUDtER STATIC AIR

The c h a n g e s  i n  m o le c u la r  w e ig h t  w h ic h  o c c u r  d u r i n g

isotherm al h ea tin g  o f  polymer S1 (Chapter 2 .11 ) under s ta t ic

a i r  w e re  i n v e s t i g a t e d  b y  t h e  m e th o d  o u t l i n e d  i n  C h a p te r  2 . 9 ( i i i ) .

P lo ts  o f  number average molecular weight versus time o f

h e a t i n g ,  ( s o l i d  t r a c e ) ,  a t  200°C, 190°C, 180°C a n d  170°C a r e  show n

i n  F i g u r e s  6 .2 8 —6 .3 1 *  The s h a p e s  o f  t h e s e  t r a c e s  a r e  o b v i o u s ly

s i m i l a r  t o  t h o s e  i n  F i g u r e s  6 . 4 - 6 . 7  ( C h a p te r  6 . 3 )  a n d  F i g u r e s

6 .1 6 - 6 .1 9  ( C h a p t e r  6 . 4 ) a n d  a g a in  r e f l e c t  t h e  c o m p e t i t i o n  b e tw e e n

e s t e r i f i c a t i o n  a n d  d e p o l y m e r i s a t i o n  r e a c t i o n s .  The m e a su re d

values o f  were corrected  u sing Equation 6 ,1 , and the Mn

versus tim e tr a c e s  con sid erin g  on ly  the depolym erisation reaction

are i l lu s t r a t e d  by the broken lin e s  in  Figures 6 .2 8 -6 .3 1 . Using

1 1these r e s u l t s ,  p lo ts  o f  g j -  -  gjr- v e r s u s  time o f heating
t  o

at the four d if f e r e n t  tem peratures, were obtained and are i l lu s tr a t e d  

in  F igures 6 . 32- 6 . 35. The lin e a r  re la tio n sh ip s  obtained imply a 

random chain s c is s io n  mechanism fo r  the degradation process, 

feef. 111, 1 1 2 ). As explained in  Chapter 6. 4 the s lo p es  o f  th ese  

stra ig h t l in e s  are a measure o f  the ra te  o f bond s c is s io n  and the  

r e su lts  obtained  in  the le a s t  squares f i t  are presented in  

Table 6 .C. U sing th ese  data the Arrhenius p lo t in  Figure 6 .36
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TABLE 6 . 3

RATES OP CHAIN SCISSION 

IN PHB AT VARIOUS P&IPSRATORES UNDER NITR0C3N

T e m p e ra tu re

°C

R a te  o f  R aad o n  C h a in  S c i s s i o n  

( b o n d s  b ro k e n /m o n o m e r u n i t / s e c )

I n t e r c e p t  on

V  -  V' a .  clt  0 

a x i s

170 (4 .51  i  1 ) x  10"8 2 .47  x 10""4

130 (1 .0 8  t  0 . 2 ) i  10-7 9 .4 6  x  1 0 -5
I

190 ( 1 .15  -  0 .0 8 ) x  10

\

- 4 !
- 1 .0 7  x  10^  i

200 (9 .4 2  -  2 ) 1  10-6 - 8 . 6  x  1Q -4
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T A B L E  6 ,c

R A T E S  O F CHAIZf S C I S S I O N  

111 F H B  A T  V A R IO U S  TSKFSRATTJRES UNDER VACUUM

T e m p e ra tu re

°G

R a te  o f  R an d o n  C h a in  S c i s s i o n  

( b o n d s  b ro k e n /m o n o m e r u n i t / s e c )

I n t e r c e p t  on

-  % 0 
a x i s

170 ( 1 . 7 2  -  0 . 0 9 )  I  10“ 7 1 .0 6  x  10"4

180 ( 3 .8 6  i  0 . 2 )  x  1 0"7 1 .4 3  x  10^

190 ( 2 .4 2  -  0 . 2 ) x  10 - 3 .3 8  x  10"4

200 ( 5 .2 6  i  0 . 2 )  x  1 0 "6 - 4 .2 1  x  10*4
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was obtained and by means o f  a le a s t  squares f i t  the energy o f  

activation  fo r  the chain  s c is s io n  process ca lcu la ted  at 215 —

43 kJ mol  ̂•

The e f f e c t  o f  d if fe r e n t  tim es o f  heating under s ta t ic  a ir  a t

various tem peratures on the M o f a PH3 sample i s  i l lu s tr a te dw

in Figure 6 .3 7 . These data correspond c lo s e ly  to  those in  

Figures 6 .28—6 .3 1 .

The r e la t io n s h ip s  between m olecular weight and extent o f  

v o la t i l is a t io n  in  the temperature range 170-200°C are i l lu s tr a te d  

in Figures 6 .3 3  and 6.39* The rapid decrease in  molecular weight 

with l i t t l e  v o l a t i l i s a t i o n ,  i s  c h a r a c te r is t ic  o f a random chain  

sc iss io n  p ro cess .

6.6 EFFECT OF A CYCLIC HEATING? PROGRAMME ON MOLECULAR WEIGfHT 

The experim ental s e t  up described  fo r  the experiments 

discussed in  Chapter 6 .3  was used to  heat f iv e ,  200mg samples o f  

FHB (31 -  o f  Chapter 2 .11 ) ,  rap id ly  under vacuum, from ambient 

to 200°C, where the temperature was held  constant fo r  60 seconds, 

prior to the sample bein g  allowed to  co o l to  ambient tem peratures. 

The in tr in s ic  v i s c o s i t y  o f  each sample was measured by the method 

outlined in  Chapter 2 . 6 ( i i ) ,  a f te r  com pletion o f  1 to  5 o f  the 

above heating c y c le s .  Experimental data i s  presented in  Figure 

6.40 w hile F igure 6.41 p resen ts a p lo t o f  in tr in s ic  v is c o s ity ,

M (ca lc u la ted  from pH. 7  v ia  Equation 2 .5 )  and M (ca lc u la ted
w V

from p )  J  v ia  Equation 2 .6 ) ,  versus number o f  heating  c y c le s .

From the data in  F igure 6.41 i t  can be seen that the combined 

effec t o f  the e s t e r i f ic a t io n  and the random chain s c is s io n  

reactions on the m olecular weight o f  the PHB sample, are e f f e c t iv e ly  

n eg lig ib le  a f t e r  3 such h ea tin g  c y c le s .  Only on subsequent h eatin g
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c y c le s  d o e s  t h e  ra n d o m  c h a i n  s c i s s i o n  r e a c t i o n  p re d o m in a te  a n d  

th e  m o le c u la r  w e i g h t  f a l l  s i g n i f i c a n t l y ,  p re s u m a b ly  s i n c e  m ost 

o f  th e  a v a i l a b l e  h y d r o x y l  e n d  g r o u p s  o n  t h e  p o ly m e r  h a v e  r e a c t e d .

6 .7  CORRELATION BETWEEN MELT FLOW IN D E X  AND M0L5CULAR WEIGHT

I t  i s  w e l l  e s t a b l i s h e d  t h a t  m e l t  v i s c o s i t y ,  o f  w h ic h  m e l t  f lo w  

in d ex  (M Fl) i s  a  n u m e r i c a l  e x p r e s s i o n ,  i s  r e l a t e d  t o  w e ig h t  a v e r a g e  

(M^) r a t h e r  t h a n  n u m b e r  a v e r a g e  m o le c u la r  w e ig h t  ( ^ n ) (R e f  .1 1 4 - 1 16 ) ,  

In  many p o ly m e r  s y s t e m s  t h e  r e l a t i o n s h i p  b e tw e e n  N e w to n ia n  m e l t  

v i s c o s i t y  a n d  h a s  b e e n  show n t o  b e  s a t i s f a c t o r i l y  r e p r e s e n t e d

by an e m p i r i c a l  e q u a t i o n  o f  t h e  fo r m ,

log  a A lo g  M -  B ...............................................................  Eq 6 .1 1W i

where A g e n e r a l l y  h a s  a  v a l u e  o f  3 . 4  t o  3 .5  ( R e f .  1 1 7 -1 1 9 )

and Bjp i s  a  t e m p e r a t u r e  d e p e n d a n t  c o n s t a n t .  E q u a t io n  6 .1 1

i s  v a l i d  f o r  v a l u e s  o f  M a b o v e  som e c r i t i c a l  v a l u e  a t  w h ic h
w

i n t e r m o l e c u l a r  e n t a n g l e m e n t  o f  t h e  c h a i n s  d e te r m in e  t h e  f lo w

(Ref. 1 2 0 -1 2 1 ). Below t h i s  v a lu e  A equals u n ity .

The w ork  d e s c r i b e d  i n  t h i s  s e c t i o n  w as a n  a t t e m p t  t o  r e l a t e

MET to M f o r  PHB a t  190°C which i s  a p o s s ib le  p ro cess in g  w

te m p e ra tu re  f o r  PHB. S i n c e  MET m e a s u re m e n ts  a r e  b o th  q u ic k  an d  

sim ple  t o  m ak e , i t  w as p r o p o s e d  t h a t  i f  a  r e l a t i o n s h i p  o f  t h e  ty p e  

found i n  E q u a t i o n  6 .1 1  c o u l d  b e  d e f i n e d ,  i t  w o u ld  p r o v id e  a  r a p i d  

means o f  d e t e r m i n i n g  t h e  m o l e c u l a r  w e ig h t  o r  o f  c o m p a r in g  m o le c u la r  

w e ig h ts  o f  d i f f e r e n t  b a t c h e s  i n  a n  i n d u s t r i a l  p r o d u c t i o n  s e t t i n g .

I t  w ould  a l s o  e n a b l e  a  r a p i d  a s s e s s m e n t  o f  m o le c u la r  w e ig h t  c h a n g e s  

r e s u l t i n g  f ro m  p r o c e s s i n g  t o  b e  m a d e .
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The c o n d itio n s  and procedure fo r  the operation o f  the melt 

flow indexer are o u t lin e d  in  Chapter 2 .4 ( v i ) .  The molten polymer 

flow "being extruded from the c a p il la r y  o r i f ic e  at the base o f  the  

melt flow in d exer was out in to  separate samples as d e ta ile d  below. 

The molten polymer le a v in g  th e indexer during the fo llo w in g  tim e 

in tervals (s e e  Note a t fo o t  o f  page) (a ) 0 to  10 s e e . ,

(b) 70 to  80 s e c . ,  (c )  140 to  160 s e c . ,  (d) 220 to  230 s e c . ,  

and 290 to  300 s e c . ,  were quench co o led , in  8cm  ̂ o f chloroform  

contained in  sm all sample b o t t le s .  The 5 so lu tio n s  obtained were 

subjected to  CPC a n a ly s is ,  u sin g  instrum ent (b) as d e ta ile d  in  

Chapter 2 . 6 ( i ) ,  by which means the m olecular weight o f  the polymer 

sections (a ) to  (e )  were determ ined. S im ila r ly  60 second 

sections o f  th e polymer flow  were taken during the fo llo w in g  tim e 

in terva ls, ( f )  10 to  70 s e c . ,  (g ) 80 to  140 s e c . ,  (h) 160 to  

220 s e c . ,  ( i )  230 to  290 s e c . ,  and ( j )  300 to  360 s e c .  and

weighed. The w eight measurements obtained fo r  polymer se c t io n s  

(f) to  ( j )  were m u lt ip lie d  by 10 to  g iv e  a value o f  MPI, in  

units o f  grams o f  polym er/ten  m inutes, during each tim e in te r v a l .  

The m olecular w eight measurements obtained fo r  polymer se c t io n s

(a) to ( e ) ,  and MFI v a lu es  obtained  fo r  polymer se c t io n s  ( f )  

to ( j )  correspond to  average va lu es  over the time in te r v a l during  

which the measurements were taken.

NOTE: The zero  va lu e fo r  the tim es quoted above

was taken  as th e  end o f  the e q u ilib r ia t io n  tim e 

fo r  th e  polymer in  th e b arrel o f  the melt flow  

in d exer (Chapter 2 . 4 ( v i ) ) .
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These v a l u e s  w e re  a s s u m e d  t o  b e  t h e  i n s t a n t a n e o u s  v a l u e s  f o r  t h e

polym er sa m p le  a t  t h e  m id  p o i n t  o f  t h e  t im e  i n t e r v a l  d u r i n g  w h ic h

th ey  w ere  m e a s u r e d .  D u r in g  t h e  s i x  m in u te s  i n  w h ic h  s e c t i o n s

were c u t  f ro m  t h e  p o ly m e r  f lo w  t h e  p o s i t i o n  o f  t h e  p l u n g e r ,  i n  t h e

m elt f lo w  i n d e z e r ,  w as w i t h i n  t h e  s c r i b e d  r i n g s  on  th e  p lu n g e r

which m ark t h e  r e g i o n  w i t h i n  w h ic h  v a l i d  r e s u l t s  f o r  MFI may b e

m easu red . T he v a l u e s  o f  M a n d  MPI t h u s  o b t a i n e d  a r e  shown i n
w

Table 6 .D .

P l o t s  o f  MPI a n d  M v e r s u s  t i m e ,  u s i n g  t h e  d a t a  i n  T a b le  6 .D ,w 1

are  i l l u s t r a t e d  i n  F i g u r e  6 . 4 2 .  I t  c a n  b e  s e e n  fro m  F i g u r e  6 .4 2  

th a t  b o th  t h e  MFI a n d  t h e  M o f  t h e  PHB sa m p le  c h a n g e  r a p i d l y  o n  

h e a t in g  a t  1 9 0 °C . F rom  t h e  d a t a  o f  F i g u r e  6 .4 2  i t  was p o s s i b l e  

to  t a b u l a t e  ( T a b l e  6 .E )  c o r r e s p o n d i n g  v a l u e s  o f  Mw a n d  M FI, a t  

20 se c o n d  i n t e r v a l s  d u r i n g  t h e  m e l t  f lo w  in d e x  e x p e r im e n t .

Prom t h e  d a t a  o f  T a b le  6 .E  a  l i n e a r  p l o t  o f  l o g  MFI v e r s u s  

lo g  Mw w as o b t a i n e d  ( F i g u r e  6 . 4 3 ) •  A l e a s t  s q u a r e s  f i t  on t h e  

p o in ts  g a v e  t h e  f o l l o w i n g  r e l a t i o n s h i p :

lo g  MFI = 1 9 .8  -  3*4 9  l o g  Mw ......................................................... E q 6 .1 2

which i s  o f  t h e  sam e t y p e  t o  t h a t  o f  E q u a t io n  6 .1 1 .  The v a l u e  o f

th e  e x p o n e n t t o  w h ic h  Mw i s  r a i s e d  ( - 3 . 4 9 ) i s  i n  e x c e l l e n t  

ag reem en t w i t h  t h e  v a l u e  o f  a p p r o x i m a t e l y  3 .5  r e p o r t e d  f o r  many- 

l i n e a r  p o ly m e r s  ( R e f .  1 1 7 )*  The n e g a t i v e  v a lu e  i s  d u e  t o  t h e  

in v e r s e  p r o p o r t i o n a l i t y  r e l a t i o n s h i p  b e tw e e n  j / l  J  a n d  M PI.

6.8 GENERAL CONCLUSIONS

The r e s u l t s  d e s c r i b e d  i n  t h i s  c h a p t e r  h a v e  show n t h a t  tw o 

co m p etin g  r e a c t i o n s  o c c u r  w hen PHB i s  h e a t e d  i n  t h e  t e m p e r a t u r e  

range 170°C t o  2 0 0 ° C . T h e s e  a r e  a  ran d o m  c h a i n  s c i s s i o n
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TABLE 6.D

VALUES OF Mu AIH) MgT Q3TAI1JED FROM EXTRUDED P0LYKSR

4 4 4 ,7 0 0

1 .3 3 1

422,900

1 .6 2 4110

4 0 4 ,1 0 0

07 41 9 0

3 5 3 ,7 0 02 2 5

260 5.108

285,2002 9 5

6.608330
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CHANGES IN MFI AND M WITH TIME OF HEATING • -  ■ w    ■ ■ ■— —------ -
_AT 19Q°C FOR FHB IN A DAVENPORT MELT FLOW INDEXER
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TABLE 6 .E

CORRESPONDING VALUES OP MFI AMD M OBTAINED PROM
1 ' ----------  w  — 1

THE DATA OP FIGURE 6 .4 2

Time

(s e c o n d s )

I'.IPI

(g ra m s / 1 0  m in u te s )
Ti

w
l o g
L FI

l o g

M
w

20 1 .3 0 4 4 2 ,0 0 0 0 .1 1 4

Y ' ' ' ♦

5 .6 4 5

40 1 .3 4 4 3 3 ,1 0 0 0 .1 2 7 5 .6 4 2

60 1 .3 7 4 3 4 ,0 0 0 0 .1 3 7 5 .8 3 7

80 1 .4 4 4 2 8 ,5 0 0 0 .1 5 3 5 .6 3 2

100 1 .5 0 4 2 3 ,0 0 0 0 .1 7 6 5 .6 2 6

120 1 .6 0 4 1 6 ,2 0 0 0 .2 0 4 5 .6 1 9

140 1 .7 2 4 0 8 ,9 0 0 0 .2 3 6 5 .6 1 2

160 1 .8 6 4 0 0 ,0 0 0 0 .2 7 0 5 .6 0 2

130 2 .0 5 3 3 9 ,0 0 0 0 .3 1 2 5 .5 9 0

200 2 .3 0 3 7 5 ,0 0 0 0 .3 6 2 5 .5 7 4

220 2 .6 4 3 5 8 ,0 0 0 0 .4 2 2 5 .5 5 4

240 3 .1 1 3 4 1 ,0 0 0 0 .4 9 3 5 .5 3 3

260 3 .8 5 3 2 2 ,5 0 0 0 .5 8 5 5 .5 0 9

280 4 .9 0 3 0 2 ,8 0 0 0 .6 9 0 5 .4 8 1

300 6 .4 5 2 3 0 ,0 0 0 0 .3 1 0 5 .4 4 7
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depolym erisation r e a c tio n  and an e s te r i f ic a t io n  reaction  which 

occurs between term in a l hydroxyl and carboxyl groups, “Phis 

la tter  r ea c tio n  i s  o f  lim ite d  duration , stopping when a l l  the  

hydroxyl groups o r ig in a l ly  present in  the polymer have reacted .

It i s  proposed th a t i t  i s  t h is  e s t e r i f ic a t io n  reaction  which i s  

responsible fo r  th e fo llo w in g  experim ental observations:

(a) The narrow endotherm observed in  the DSC trace o f  a 

sample o f  PHB (F igure 3 ,3 )  at a temperature o f 280°C.

At t h i s  tim e during the heating  programme the con d ition s  

must be id e a l fo r  th is  reaction  to  occur,

(b) A p ortion  o f  th e  water id e n t if ie d  as a product o f thermal 

degradation  o f  PHB (se e  Chapters 3 and 4)»

(c )  The sm all amount o f  v o la t i l i s a t io n  observed in  the early  

p ortio n s o f  the isotherm al TG traces (chapter 6 ,2 ) .

Condensation r e a c tio n s  o f th is  type are not uncommon during the  

thermal degradation  o f  polym ers, being previously  reported fo r  

hydroxyl term inated  s ilo x a n e s  (R ef, 52, 122, 123) and fo r  nylons 

(R ef.124).

Subsequent experim ents have provided further evidence fo r  the

occurance o f  an e s t e r i f i c a t io n  rea c tio n . A r is e  in  M w ith in  then

time sc a le  o f  0 .5  to  2 ,5  m inutes, from load ing, fo r  PHB in  a 

Davanport Grader a t  190°C (R ef. 125) has been observed, and a f te r  

passing through a B e to l 2520 extruder (resid en ce time 2 to  2 .25  

minutes) a t 190°C to  205°C PHB samples have shown r e la t iv e ly  minor 

changes in  and in  some ca ses  an in cr ea se . (R ef. 126).

I t  has been reported  th a t none o f  the conventional p o ly o le fin  

ohain-breaking a n tio x id a n ts  g iv e  any s ig n if ic a n t  improvement, even 

at high co n c e n tr a tio n s , in  th e s t a b i l i t y  o f PHB (R e f ,127), Further 

the ad d ition  o f  fr e e  r a d ic a l producing compounds such as 

b isd ia lk y lp ero x id es , has l i t t l e  e f f e c t  on s t a b i l i t y  (R ef. 125),
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Thus a  f r e e  r a d i c a l  m e c h a n ism  c a n  b e  d i s c o u n t e d .  T h is  s u g g e s t s  

th a t  th e  ran d o m  c h a i n  s c i s s i o n  r e a c t i o n  p r o c e e d s  v i a  a  m ech an ism  

an a lo g o u s t o  t h a t  r e p r e s e n t e d  b y  E q u a t io n  3 .1  , i n v o l v i n g  a

s ix - c e n t r e d  -  p - e l i m i n a t i o n  o c c u r r i n g  on  t h e  f o l d e d  c h a i n .

(E q u a tio n  6 . 1 3 ) .

A sum m ary o f  t h e  k i n e t i c  d a t a  c a l c u l a t e d  fro m  t h e  e x p e r im e n ta l  

r e s u l t s  d i s c u s s e d  i n  t h i s  c h a p t e r  a r e  g iv e n  i n  T a b le  6 . P .  The

most a o c u r a t e  c o n t r o l  o f  t e m p e r a t u r e  a n d  e x p e r im e n ta l  c o n d i t i o n s  

can be o b t a i n e d  u n d e r  v acu u m  a n d  f o r  t h i s  r e a s o n  t h i s  s e t  o f  r e s u l t s  

a re  th o u g h t  t o  b e  t h e  m o s t  a o c u r a t e .  The a b s o l u t e  e r r o r s  i n  t h e  

r a te s  o f  c h a i n  s c i s s i o n  i n c r e a s e  w i t h  i n c r e a s i n g  t e m p e r a tu r e  f o r  

the  f o l l o w in g  r e a s o n s :

( a )  The m o l e c u l a r  w e ig h t  o f  t h e  p o ly m e r  s a m p le  i s  c h a n g in g  

so  r a p i d l y  a t  h i g h e r  t e m p e r a t u r e s  t h a t  c o n t r o l  o v e r  t h e  

l e n g t h  o f  t i m e  o f  h e a t i n g  b eco m es i n c r e a s i n g l y  im p o r ta n t  a n d  

f u r t h e r ,

( b )  a t  h i g h e r  t e m p e r a t u r e s  t h e  m o le c u la r  w e ig h t  o f  t h e  p o ly m e r

sam p le  r a p i d l y  f a l l s  t o  v a l u e s  a t  w h ic h  t h e r e  i s  a  l a r g e

p e r c e n ta g e  e r r o r  i n  t h e  m e a su re m e n t o f  t h e  m o le c u la r  w e ig h t

1 1by  GfPC a n d  c o n s e q u e n t l y  l a r g e  e r r o r s  i n  Tj r - -  -  ~ —  •
t  o

The v a l u e  f o r  t h e  e n e r g y  o f  a c t i v a t i o n ,  3 a ,  o b t a i n e d

Tinder th e  d i f f e r e n t  a tm o s p h e r e s  s t u d i e d ,  d o e s  n o t  v a r y  s i g n i f i c a n t l y

and from  t h e  t h r e e  r e s u l t s  g i v e n  c a n  b e  e s t i m a t e d  t o  b e  i n  t h e

- 1
re g io n  o f  2 5 0  k j  m o l • T h i s  v a l u e  c a n  b e  c o m p a re d  w i th  t h a t  

r e p o r te d  f o r  v a r i o u s  lo w  m o l e c u l a r  w e ig h t  e s t e r s  w h io h  h a v e  E a 

in  th e  r a n g e  153  k j  m ol”  ̂ f o r  PhOOO^ Bu^ t o  2 1 4  k J  n o l   ̂ f o r  

CH30CH20H2O2CCH3 ( R e f .  1 2 8 ,1 2 9 ) .
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h 3c C = 0

H —  C —  CH

0

h 3c  C = 0

H

¥ C =  0

H - C —  CH

H3C

h 3c c = o

H— C — CH

0 H

C =  0

\  /
c = c

H H

H

HO

\
H3c c = o

H - C -  CH

Eq.6.13 0 H
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Within experim ental error the in tercep t in  the - L  _ L

CLt  " OL0
versus time o f  h e a tin g  p lo ts  did not vary s ig n if ic a n t ly  from the

orig in . Thus no in d ic a t io n  o f  weak lin k s  being present in  the  

polymer was ob served .

There d id  not appear to  be any s ig n if ic a n t  v a r ia tio n  in  ra te s  

measured under the th ree  s e t s  o f  atmospheric co n d ition s.
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CHAPTER 7

CRYSTALLINITY IN  PHB AND IT S  EFFECT ON THERMAL DEGRADATION

7,1 INTRODUCTION

C r y s t a l l i s a t i o n  i n  h ig h  p o ly m e rs  i s  n o t  o n ly  o f  t h e o r e t i c a l  

i n t e r e s t  f o r  u n d e r s t a n d i n g  p o ly m e r  m o rp h o lo g y  h u t  i s  a l s o  o f  b a s i c  

im p o rtan ce  i n  s u c h  p r a c t i c a l  o p e r a t i o n s  i n  p l a s t i c s  f a b r i c a t i o n  

such a s  e x t r u s i o n  a n d  s p i n n i n g  o f  m o l te n  p o ly m e r s .  The mode o f  

c r y s t a l l i s a t i o n  o f  a  p o ly m e r  a f f e c t s  t h e  d e n s i t y  a n d  c r y s t a l l i n i t y  

of th e  p o ly m e r  a n d  c o n s e q u e n t l y  i t s  m e c h a n ic a l ,  th e r m a l  a n d  o p t i c a l  

p r o p e r t i e s .

N a t u r a l l y  o c c u r r i n g  PHB h a s  a  s t e r e o r e g u l a r  i s o t a c t i c  

s t r u c t u r e  a n d  x - r a y  d a t a  h a v e  e s t a b l i s h e d  t h e  f a c t  t h a t  t h e  p o ly m e r 

i s  h ig h ly  c r y s t a l l i n e  b o t h  i n  a n d  o u t s i d e  t h e  l i v i n g  c e l l  

(R ef, 2 0 , 2 1 ) .  I n d e e d  o n e  o f  t h e  r e a s o n s  why PHB i s  a t t r a c t i v e  

as a  c o m m e rc ia l  p o ly m e r  i s  i t s  h ig h  c r y s t a l l i n i t y .

The c r y s t a l  s t r u c t u r e  o f  PHB h a s  b e e n  e x t e n s i v e l y  s t u d i e d  an d

has b een  show n t o  c o n s i s t  o f  a n  o r th o r o m b ic  u n i t  c e l l  w i th
o o  o

a s  5 ,76  A , b  *  1 3 .2 0  A a n d  t h e  f i b r e  p e r i o d  c «  5*9^ A .

F u rth e rm o re  t h e  m o l e c u l e  h a s  a  c o n f o r m a t io n ,  i n  t h e  c a s e  o f  a

r e c tu s  p o ly m e r ,  o f  a  l e f t  h a n d e d  ( 2/ 1 )  h e l i x  ( R e f .  1 9 , 2 0 , 1 3 0 ) .

However n o  s t u d y  h a s  b e e n  c a r r i e d  o u t  t o  d e te r m in e  t h e  e f f e c t  o f

c r y s t a l l i n i t y  o n  t h e  t h e r m a l  d e g r a d a t i o n  o f  PHB a t  t e m p e r a tu r e s

below i t s  m e l t i n g  p o i n t .  F o r  t h i s  r e a s o n  a  s t u d y  o f  t h e  th e r m a l

p r o p e r t i e s  o f  tw o  p o ly m e r  s a m p le s ,  f ro m  t h e  sam e b a t c h  o f  PHB,

but w i th  d i f f e r i n g  c r y s t a l l i n i t y  w as c a r r i e d  o u t  a n d  i s  d e s c r i b e d

in  t h i s  c h a p t e r .



7.2 PREPARATION OF FOLYKER SAMPLES

A s in g le  c r y s t a l  mat form o f  PHB, la b e lled  SX, was prepared

from a sample o f  PHB, la b e l le d  3LDX01, by the method ou tlined  in

Chapter 2 ,1 0 . The im p u r itie s  present in  both these samples were 
*

measured by the methods described  in  Chapter 2 .5 ( v i i )  and the 

results are l i s t e d  in  Table 2.B  o f  Chapter 2 .1 1 , The data in  

Table 2.B shows th a t polymer SX con ta in s a greater le v e l o f  

impurities than polymer BLDX01. The reasons for  th is  and the 

d if f ic u lt ie s  in v o lv ed  in  p u r ify in g  PHB were d iscussed  in  Chapter 1 .3 .

7.3 MEASUREMENT OF CRYSTALLINITY

The heat o f  fu s io n  o f  a polymer sample i s  the amount o f  

energy necessary  to  transform  i t  from a c r y s ta ll in e  or p a r tia lly  

crysta llin e  s t a t e  to  a com p letely  disordered s t a t e .  Therefore 

a measure o f  percentage c r y s t a l l in i t y ,  x , can be obtained using  

the fo llow ing r e la t io n s h ip .

1 -  ^ Hfu s  * 1  100 ...............................................

. *where ^  and ^  are the heats o f fu sion  o f a sample o f

unknown c r y s t a l l in i t y  and o f  100$ c r y s t a l l in i t y  resp ectively*

This method has been shown to  g iv e  r e s u lts  comparable to  those  

obtained by o th er  methods (R ef. 131 )• The heat o f fu sion  o f a 

sample o f m ater ia l can be measured in  a DSC which has been 

calibrated w ith  a substance o f  known ^  such as indium, by

the use o f Equation 7*2 .

AH *   Eq 7 .2
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where ^  H =3 heat o f  fu s io n  J / g

E S c e l l  c a l ib r a t io n  c o e f f ic ie n t mW/mV

A w Peak area in  cm^

3 S3 Time base s e t t in g  min/om.

Zs qS » Y -  a x is  s e n s i t iv i t y  s e t t in g mV/cm

m S3 sample mass mg

The h ea ts o f  fu s io n  o f  polymers SX and BLDX01 were measured 

in th is  way u s in g  a Du Pont 990 thermoanalyser f i t t e d  with a 

calibrated DSC c e l l .  The DSC tra ces  obtained are depicted in  

Figure 7*1* 3y m easuring the areas under the curve with a 

planimeter and ap p ly in g  Equation 7*2 the fo llow in g  values were 

obtained:

( s x )  =  107.9  J g “ 1

^ .H  (B L D X 01) =  8 0 . 4  J g ~ 1

Thus by co n v ertin g  a sample o f  PHB, fiiioh  had been rap id ly  

precipitated from s o lu t io n , to  a s in g le  c r y s ta l mat form by the  

experimental proceedure d escrib ed  in  Chapter 2 .1 0 , the c r y s ta l l 

in ity  o f  the polymer was in creased  T?y 34$» I f  i t  i s  assumed 

that polymer SX i s  100$ c r y s t a l l in e  then by applying Equation 7*1 >

using the v a lu es  o f  ^  H recorded above, polymer BLDX01 would
fu s

te 74«5$ o r y s t a l l in e .

Prom Figure 7*1 i t  oan be seen that there are two endotherms 

in the DSC tr a c e  o f  polymer SX compared with on ly  one in  th a t o f  

Polymer BLDX01 * P o s s ib le  exp lanations for  th is  w i l l  be d iscu ssed  

in Chapter 7*5*
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7.4 X-RAY POWDER PHOTOGRAPH OP PHB SAMPLE SX

To d e m o n s t r a t e  t h e  c r y s t a l l i n e  n a t u r e  o f  sa m p le  SX an  

x - ra y  pow der p h o t o g r a p h  o f  a  f i n e l y  g ro u n d  sa m p le  w as o b ta in e d  

by th e  m e th o d  o u t l i n e d  i n  C h a p te r  2 . 7 .  From th e  r e s u l t a n t  

p h o to g ra p h , o f  w h ic h  F i g u r e  7*2  i s  a  c o n t a c t  p r i n t ,  t h e  d e n s i t y  

o f th e  d i f f r a c t i o n  r i n g s  w as m e a s u re d  u s i n g  a  m ic r o d e n s i to m e te r ,  

th e  t r a c e  o b t a i n e d  b e i n g  d e p i c t e d  i n  F ig u r e  7 * 3 . The s h a r p n e s s  

of th e  d i f f r a c t i o n  r i n g s  i l l u s t r a t e d  i n  F ig u r e s  7*2 an d  7 .3  a r e  

c h a r a c t e r i s t i c  o f  a  h i g h l y  c r y s t a l l i n e  p o ly m e r s a m p le .  The d 

sp a c in g s  a n d  t h e i r  i n t e n s i t i e s  m e a s u re d  fro m  t h e  x - r a y  pow der 

p h o to g ra p h  a r e  r e c o r d e d  i n  T a b le  7 .A a n d  th o s e  d s p a c in g s  

d e s ig n a te d  ( a )  t o  ( h )  a r e  i n  c l o s e  a g re e m e n t w i th  t h o s e  r e p o r t e d  

fo r  PHB b y  A l p e r  e t  a l  ( R e f .  2 0 )  a n d  b y  B a p t i s t  ( R e f . 2 3 ) .

7.5 DIFFERENTIAL SCANNING CALORIMETRY

DSC t r a c e s  f o r  b o t h  p o ly m e r  s a m p le s  w ere  o b t a i n e d  on  a  Du 

Pont 900  t h e r m o a n a l y s e r ,  u n d e r  a n  a tm o s p h e re  o f  d y n am ic  n i t r o g e n ,  

by th e  m e th o d  o u t l i n e d  i n  C h a p te r  2 . 4 ( i i i )  a n d  a r e  i l l u s t r a t e d  

in  F ig u r e  7*4*  Two e n d o th e r m s  i n  t h e  t r a c e  o f  s a m p le  SX 

(d e n o te d  b y  1s a n d  /| f )  a r e  a b s e n t  f ro m  t h a t  o f  BLDX01.

The e n d o th e r m  a t  140°C ( T ) ,  w as c o m p le te ly  r e p r o d u c i b l e  

h av in g  a l r e a d y  b e e n  n o t e d  i n  t h e  p r e v i o u s  s e c t i o n  ( s e e  F ig u r e  7 * 1 )  

and t h i s  w as f u r t h e r  i n v e s t i g a t e d  a s  f o l l o w s :

A 4*3mg sample o f  SX was heated from 122°C to  180°C a t a heating  

rate o f 10°c/m in in  a DSC o e l l .  The resu ltan t traoe , obtained on 

a time base x -a x is  scan i s  i l lu s tr a t e d  in  Figure 7 « 5 ( a ) .  On 

reaching a tem perature o f  180°C the sample was quench cooled  in  

liquid n itrogen  p r io r  to  a second scan trace (b) Figure 7«5*
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FIGURE 7 .2

X-RAY DIFFRACTIOGRAM OF A POWDER SAMPLE OF

« B » l s* I
( CONTACT PRINT)
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TABLE 7 .A

X-RAY DATA FROM nig POWDER PHOTOGRAPH OF 

POLZIIER SAIIPLE SX

R ef.
O '

d spacing A I n te n s ity  j

(a ) 6 .56 Strong |

0 0 5.23
I

Strong

(o ) 4 .49 ’leak

(d) 3 .97 Iledium

(e ) 3 .47 Medium

( f ) 3 .28 Weak

(a ) 2 .95 Weak

0 0 2.51 Weak

( i ) 2 .37 Weak

( j ) 2 .16 Weak

0 0 1.99 Weak

( i ) 1.81 Weak
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KEY: ---------(a ) sample SX

  ("b) sample BLDX01

Atms — flow  ra te  50cm^/min

H eating r a te  10°c/m in.
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The com plete lack  o f  an endotherra a t 140°C on t h e  second scan  

im p lie s  th a t the c r y s t a l l i t e  stru ctu re  g iv in g  r i s e  to  t h i s  

endotherm did not reform upon quench c o o lin g  from a temperature 

o f  180 G although the c r y s t a l l i t e  s t r u c t u r e  resp o n sib le  fo r  the  

la r g e r  endotherm ob v iou sly  did reform.

There are two p o ss ib le  exp lanations o f  th ese  experim ental 

r e s u l t s .  One exp lanation  fo r  th is  endotherm a t 140°C i s  th a t i t  

may be due to  th e m elting  o f  sm all c r y s t a l l i t e s  in  SX which are 

absent in  BLDX01 • Such a double m eltin g  endotherm has been 

observed in  the TG tr a c e s  o f  some samples o f  isocy a n a te  c r o ss lin k ed  

polyurethanes (R ef. 132). Another exp lan ta tion  i s  th a t i t  may be 

due to  a c r y s ta l- c r y s ta l  in te r a c t io n  in  which the c r y s ta l  form 

changes from one form (PHB I )  to  another (PHB I I ) which then m elts  

near 170°C g iv in g  r i s e  to  the la rg er  endotherm. On quench c o o lin g  

on ly  form (PHB I I ) was formed as was ev ident from the r e su lta n t  DSC 

tra ce  (F igure 7*5(b)* Such a phenomenon has been reported  fo r  

samples o f  i s o t a c t ic  p o ly b u t-l-en e , c r y s t a l l i s e d  from d ilu te  

s o lu t io n , which on h ea tin g  transform s from a c r y s ta l  form design ated  

I I I  to  form I I  which then m elts a t a temperature some 14°C h igher  

(R ef. 133, 134)* On c lo s e  exam ination o f  the DSC tr a c e s  o f  SX 

i l lu s t r a t e d  in  F igures 7 * l(a )  and 7«4(a ) the presence o f  an 

exotherm ic peak a t a temperature o f  150°C, im m ediately fo llo w in g  

th e  endotherm a t 140°C, was observed. Such a phenomenon was a ls o  

observed fo r  th e transform ation o f  p o ly b u t-l-en e  from form I I I  to  

form I I  (R ef. 1 3 3 ). This exotherm  i s  exp lained  in  terms o f  a  

p rocess in  which m eltin g  o f  (PHB I )  i s  fo llow ed  by r e c r y s ta l l i s a t io n  

to  (PHB I I ) .  I t  i s  thus b e liev ed  th a t th e l a t t e r  exp lan ation , 

in v o lv in g  c r y s ta l- c r y s ta l  in te r a c t io n , b est f i t s  th e experim ental
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DSC r e s u lt s .

T h e  s h a r p ,  d i s t i n c t ,  r e p r o d u c a b l e  e n d o t h e r m  a t  275°C(1T) w h i c h  

i s  o b s e r v a b l e  i n  t h e  D SC  t r a c e  o f  S X  ( F i g u r e  7«4)» a p p e a r s  o n l y  

a s  a  s m a l l  s h o u l d e r  o n  t h e  D SC  t r a c e  o f  3 L D X 0 1 .  I t  i s  t h o u g h t  

t h a t  t h i s  m a y  b e  d u e  t o  t h e  e s t e r i f i c a t i o n  r e a c t i o n ,  d i s c u s s e d  

f u l l y  i n  C h a p t e r  6 ,  a n d  s u b s e q u e n t  e v a p o r a t i o n  o f  t h e  e l i m i n a t e d  

w a t e r .  T h e  t r a c e s  i n  F i g u r e  7 *4 s u g g e s t  t h a t  t h e  e s t e r i f i c a t i o n  

r e a c t i o n  i s  m o r e  p r o n o u n c e d  i n  S X  t h a n  i n  3 L D X 0 1 ,  o c c u r r i n g  o v e r  a  

s h o r t e r  t i m e  p e r i o d .  F u r t h e r  e v i d e n c e  o f  t h i s  r e s t s  i n  t h e  n u m b e r  

a v e r a g e  m o l e c u l a r  w e i g h t  v e r s u s  t i m e  o f  h e a t i n g  ( a t  1 7 0 ° C  u n d e r  N ^ )  

r e l a t i o n s h i p  f o r  S X  a n d  B L D X Q 1 ,  ( F i g u r e  7 *8), w h i c h  a r e  d i s c u s s e d  

i n  C h a p t e r  7*8.

7 , 6  T H E R M O G R A V IM E IR IC  A N A L Y S IS

Programmed TG tra ce s  o f  both samples were obtained u s in g  

a Du Pont 951 thermobalance as o u tlin ed  in  Chapter 2 .4 ( i )  and are  

i l lu s t r a t e d  in  Figure 7*6 (tr a c e s  (a ) and ( b ) ) .  From the tr a c e s  i t  

can be seen th a t 5Qffo weight lo s s  occurs a t a temperature 5°C lower 

fo r  BLDX01 than fo r  SX, This sm all d iffe r e n c e  in  the TG tra ce s  

may be due to  d if fe r e n t  d e n s it ie s  in  the samples (s e e  Chapter 8 .2 )  

lea d in g  to  d if fe r e n t  r a te s  o f  heat uptake or, most probably due 

to  the e f f e c t  o f  d if fe r e n t  l e v e ls  o f im p u rities  in  the sam ples.

Isotherm al TG a n a ly s is  s im ila r  to  th at d escrib ed  in  

Chapter 6 ,2  was ca rr ied  out on SX and BLDX01 a t  a temperature o f  

170°C under flow in g  n itro g en . N e g lig ib le  w eight lo s s  was recorded  

fo r  both samples a f te r  h ea tin g  fo r  2 hours.
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KEjf: (a ) SX
(b ) BLDX01

l Heating ra te

100  ,

Atms — N0 flow  
ra te  «■ 80cm /m i

20

350

TG TRACES OF SX AND BLDX01
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7 .7  TVA WITH DIFFIlftjilLTTIAL CQirDSTSAJIOII OF PRODUCTS

TVA w i t h  d i f f e r e n t i a l  c o n d e n s a t i o n  o f  p r o d u c t s  w as c a r r i e d  

o u t  o n  PHB s a m p le s  SX a n d  3LDX01 u s i n g  t h e  m e th o d  d e s c r i b e d  i n  

C h a p te r  2 . 4 ( i v ) .  The r e s u l t a n t  t r a c e s  a r e  i l l u s t r a t e d  i n  

F i g u r e  7*7. The maximum r a t e  o f  e v o l u t i o n  o f  v o l a t i l e s  o c c u r s  

w i t h i n  e x p e r i m e n t a l  e r r o r ,  a t  t h e  sam e t e m p e r a t u r e  f o r  b o th  

s a m p le s  (2 8 8  C f o r  BLDX01, 291°C  f o r  S X ), t h e  r e m a in d e r  o f  t h e

t r a c e  b e i n g  v i r t u a l l y  i d e n t i c a l .

7 .8  EFFECT OF CRYSTALLINITY ON THE RATE OF CHAIN SCISSION

The e f f e c t  o f  i n c r e a s e d  c r y s t a l l i n i t y  b e tw e e n  BLDX01

a n d  SX o n  t h e  r a t e  o f  c h a i n  s c i s s i o n  w as i n v e s t i g a t e d  a t  t e m p e r a t u r e s  

b e lo w  t h e  m e l t i n g  p o i n t  o f  e i t h e r  s a m p le .

The changes in  m olecular weight during isotherm al h ea tin g  o f  

polymers SX and BLDX01 a t 170°C under n itrogen  were in v e s t ig a te d  

by the method o u tlin ed  in  Chapter 2 * 9 ( i i ) .  P lo ts  o f  number 

average m olecular weight (M^) versus length  o f  h ea tin g , ( s o l id  

t r a c e ) ,  are recorded in  F igures 7 .8  and 7«9* I t  i s  obvious th a t  

the e f f e c t  o f  the e s t e r i f ic a t io n  rea c tio n , d iscu ssed  in  Chapter 6 , 

i s  more pronounced in  the s in g le  c r y s ta l mat sample, S X y 

(F igure 7 * 8 ), bringing about an o v e r a ll 43*3a in crea se  from the  

o r ig in a l va lu e o f  M a f t e r  5 minutes h ea tin g . By applying  

Equation 6 .1  to  the data o f  F igures 7*8 and 7*9 i t  was p o ss ib le  

to  r e p lo tj  on the same diagrams (broken t r a c e s ) ,  th e  e f f e c t  on 

M o f  th e depolym erisation  r ea c tio n  had no e s t e r i f ic a t io n  

occurred. U sing t h is  amended data p lo ts  o f
t  o

versu s tim e o f  h ea tin g , were drawn as  in  Figure 7*10.

Least squares f i t s  on the data o f  Figure 7*10 gave the fo llo w in g
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:<xeri~entel results

effect of depolyner- 
isation reaction

10 20 50 40 50 60
Time (mins)

FIGURE 7>a
CHANGES IN MOLECULAR WEIGHT VITH TIME

OF HEATING OF SX AT 170°C UNDER NITROGEN
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500 — j

KEY: experimental results

e f f e c t  o 
reaction

a 1 1 on
400

300

O  2 5 0 ,

,ss 200

50 H

2010
Time (m in e)

FIGURE 7,9

CHANGES IN MOLECULAR WEIGHT (M^) WITH TIKE
OF HEATING OF BLDX01 AT 170°C UNDER NITROGEN
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KEY: — x — SX

-  BLDX01

10 —

o
►4O

*4o

10
Time (m in s)

FIGURE 7 .1 0

- i -  -  -  — VERSUS TIME OF HEATING FOR SX AND
CLt  CLo BLUX01 AT 170bC UNDER NITROGEN
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v a lu es  o f  r a te  o f  chain s c is s io n .

Rate o f  ohain
s c is s io n  (SX) 3 (4*87 “ 0*5) x 10 scissions/m onom er u n it /s e c

^  7
( 4 .1 1  -  0 . 1 )  x  10“ ' s c i s s io n s /m o n o m e r  u n i t /

Rate o f  Chain
»  V4.T1 -  0 . 1 ) x  10 1 s c i s s io n s /m o n o m e r  u n i t / s e c

s c is s io n  (BLDX01)

(s e e  Chapter 2 .8  fo r  method o f  error c a lc u la t io n )

A s im ila r  study was carr ied  out under s t a t i c  a ir ,  by the

method o u tlin ed  in  Chapter 2 . 9 ( i i i ) .  The r e su lta n t  tra ce s  o f

versu s tim e o f  h ea tin g  ( s o l id  tra ce ) are i l lu s t r a t e d  in

F igures 7.11 and 7*12* This data was r e p lo tte d , (broken t r a c e ) ,

by applying Equation 6.1 to  show the e f f e c t  on M i f  on ly  then

depolym erisation  rea c tio n  had occurred. U sing t h is  amended data  

1 1a graph o f  versus tim e o f  h ea tin g  was p lo tte d  fo r
t  o

each sample, Figure 7•13> from which va lu es fo r  the r a te s  o f  

s c is s io n  were ca lcu la ted  by the method o f  le a s t  squares. The 

fo llo w in g  v a lu es  were obtained ,

Rate o f  chain  „
f a v \  ™ ( 3*09 -  0 .3 )  x  10 scissions/m onom er u n it /s e cs c is s io n  (SX; ' '

Rate o f  chain  ^ (3 .8 0  £ 0 .3 )  z  10  ̂ scissions/m onom er u n it /s e c  
s c is s io n  (BLDX01)

These two s e t s  o f  r e s u lt s  above show th a t th ere  i s  no 

s ig n if ic a n t  d iffe r e n c e  between the ra te s  o f  d epolym erisation  o f  

SX and o f  BLDX01 a t  170°C.

The changes which occur in  the m olecular w eight o f  SX during  

isotherm al h ea tin g  a t a temperature o f  170°C under vacuum were 

in v e s t ig a te d  by the method d escribed  in  Chapter 2 . 9 ( i ) .  The 

r e s u lt s  obtained were tr e a te d , as fo r  the ca ses  under n itrogen
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FIGURE 7 .1 1

CHANGES IN MOLECULAR WEIGHT WITH TIME OF
HEATING OF SX AT 170°C UNDER STATIC AIR
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a n d  s t a t i c  a i r  a b o v e ,  and gave r i s e  t o  t h e  c u r v e s ,  F i g u r e s  7 * 1 4  

a n d  7.15* 3 y  a  l e a s t  s c j u a r e s  f i t  o n  t h e  d a t a  o f  F i g u r e  7*15 

t h e  f o l l o w i n g  v a l u e  f o r  t h e  r a t e  o f  t h e  d e p o l y m e r i s a t i o n  r e a c t i o n  

w a s  o b t a i n e d ,

R a t e  o f  c h a i n

s c i s s i o n  ( S X )  “  ( ^ . 0 1  -  0 , 5 )  x  1 0  s c i s s i o n s / m o n o m e r  u n i t / s e c

A p l o t  o f  M v e r s u s  t i m e  o f  h e a t i n g  f o r  e a c h  o f  t h e  w

e x p e r i m e n t s  a b o v e  i s  s h o w n  i n  F i g u r e  7 * 1 6 .

7 . 9  D I S C U S S I O N  A N D  CO N C L U S IO N S

I t  h a s  b e e n  s h o w n  t h a t  t h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r e n c e  

i n  the r a t e s  o f  t h e  d e p o l y m e r i s a t i o n  r e a c t i o n  o f  S X  a n d  B L D X 0 1  

a t  1 7 0 ° C  u n d e r  a t m o s p h e r e s  o f  n i t r o g e n  a n d  s t a t i c  a i r .  T h e r e f o r e  

i n c r e a s i n g  t h e  c r y s t a l l i n i t y  o f  a  s a m p l e  o f  P H 3  a b o v e  t h a t  w h i c h  

o c c u r s  d u r i n g  r a p i d  p r e c i p i t a t i o n  o f  p o l y m e r  f r o m  s o l u t i o n  h a s  n o  

e f f e o t  o n  t h e  t h e r m a l  s t a b i l i t y  o f  P E B , a s  f a r  a s  t h e  r a t e  o f  

d e p o l y m e r i s a t i o n  i s  c o n c e r n e d .  T h e  o n l y  b e n e f i t  i s  t h e  a p p a r e n t  

i n c r e a s e d  t e n d e n c y  f o r  e s t e r i f i c a t i o n  u n d e r  a  n i t r o g e n  a t m o s p h e r e  

w h i c h  w a s  r e p o r t e d  i n  C h a p t e r  7«7. T h i s  e f f e c t  s u g g e s t s  a  p o s s i b l e  

p r e t r e a t m e n t  f o r  P E B  t o  r a i s e  t h e  m o l e c u l a r  w e i g h t  p r i o r  t o  

p r o c e s s i n g .  S h o u l d  t h e  e n d o t h e r m  o b s e r v e d  a t  1 4 0 ° C  i n  t h e  D SC  

o f  SX b e  d u e  t o  t h e  t r a n s f o r m a t i o n  o f  o n e  c r y s t a l  f o r m  t o  a n o t h e r ,  

t h e n  t h e  f o r m e r  w i l l  h a v e  n o  e f f e c t  o n  s t a b i l i t y ,  s i n c e  i t  c h a n g e s  

t o  t h e  l a t t e r  a t  a  t e m p e r a t u r e  w h e r e  n o  a p p r e c i a b l e  d e g r a d a t i o n  

o c c u r s  o n  p r o l o n g e d  h e a t i n g ,  ( P E B  h a s  b e e n  s h o w n  t o  b e  t h e r m a l l y  

s t a b l e  a t  1 5 0 ° C  ( R e f .  135))*
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T h e  r e s u l t s  o b t a i n e d  f o r  t h e  r a t e s  o f  t h e  d e p o l y m e r i s a t i o n  

r e a c t i o n  o f  S X  a t  1 7 0 ° C  u n d e r  t h e  t h r e e  a t m o s p h e r e s  h a v e  t h e  

s a m e  v a l u e  w i t h i n  e x p e r i m e n t a l  e r r o r .  T h i s  c o n f i r m s  t h e  r e s u l t s  

o f  C h a p t e r  6 ,  w h e r e  n o  r e l a t i o n s h i p  b e t w e e n  a t m o s p h e r e  a n d  r a t e  

o f  d e g r a d a t i o n  w a s  o b s e r v e d .
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CHAPTER 8

EFFECT OF INITIAL MOLECULAR WEISHT ON STABILITY

8.1  INTRODUCTION

In o r d e r  to  in v e s t ig a te  the dependence o f  thermal s t a b i l i t y  

on t h i s  i n i t i a l  degree o f  p o lym erisation , polymer S1 (See Chapter 

2 .1 1 )  was fr a c tio n a te d , by the method described  in  Chapter 2 .3 ,  

g iv in g  four fr a c t io n s  w ith a range o f m olecular w eigh ts , denoted  

by F1, F2, F3, and F4, in  order o f decreasing  M .̂ These four  

f r a c t io n s ,  and th e ir  precursor S1 were ch aracter ised  by CPC and 

tr a c e  im purity a n a ly s is ,  the r e s u lt s  being recorded in  Chapter 2 .1 1 .  

The sources and e f f e c t s  on s t a b i l i t y  o f  im p u rities  present in  the  

polymer sample were d iscu ssed  in  Chapter 1 .3 .

8 .2  DIFFERENTIAL SCANNING CALORIMETRY

The DSC tra ce s  o f  the f iv e  polymer sam ples, obtained  as 

d escrib ed  in  Chapter 2 . 4 ( i i i ) ,  are i l lu s t r a t e d  in  F igure 8 .1 .  No 

s ig n if ic a n t  d iffe r e n c e  was noted in  the p o s it io n s  o f  the degradation  

endotherms in  the f iv e  tra ces  but, as expected, the m eltin g  endotherms 

o f  sample F4 occurred at a lower temperature than th a t o f  F1. In 

each tra ce  sm all shoulders can be observed in  the reg ion  o f  250°C 

to  290°C which are thought to  be the e f f e c t s  o f  the e s t e r i f io a t io n  

re a c tio n  (Chapter 6) and the subsequent evaporation o f  e lim in ated  

w ater. The exact p o s it io n  o f  th ese  shoulders w i l l  depend upon such  

th in g s  as d en sity  o f  the polymer sample, e f f e c t in g  the r a te  o f  heat 

tr a n s fe r  to  the polymer and the le v e l  o f  im jw ritie s  w ith in  the 

sam ple. These shoulders w i l l  be more pronounced th e  sh o rter  the  

tim e in te r v a l during which a l l  the hydroxyl ohain ends rea c t in
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FIGURE 8 >1 
BSP TRACES OF VARIOUS SAMPLES OF PHB
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t h e  e s t e r i f i c a t i o n  r e a c t i o n .

T h e  D SC  t r a c e  o f  F 4  s h o w s  a  s m a l l  e n d o t h e r m  a t  1 2 5 ° C ,  4 2 °G  

l o w e r  t h a n  i t s  m e l t i n g  e n d o t h e r m ,  s i m i l a r  t o  t h a t  r e p o r t e d  i n  t h e  

D SC  t r a c e  o f  S X .  P o s s i b l e  e x p l a n a t i o n s  f o r  t h i s  p h e n o m e n o n  h a v e  

b e e n  d i s c u s s e d  i n  C h a p t e r  7»5« O t h e r  s i m i l a r i t i e s  b e t w e e n  F4 

a n d  S X  w e r e  o b s e r v e d :  ( a )  b o t h  h a d  a  ’’g l a s s y ’* a p p e a r a n c e  a n d ,

(b ) both S X  and F4 were notably  denser than any o f the other samples 

l i s t e d  in  Table 2 . B ,  Chapter 2 . 1 1 .  This suggested th at F4 was 

h ig h ly  c r y s t a l l in e  l ik e  S X .  To t e s t  whether th is  was so , the  

c r y s t a l l i n i t i e s  o f  samples F1 to  F4 and S1 were measured by the  

method o u tlin ed  in  Chapter 7*3, the r e s u lt s  being recorded in  

Table 8 .A. From th ese  r e s u lt s  i t  was observed th a t F4 was n otab ly  

more c r y s ta l l in e  than F1 to  F3 and S 1 •

8 .3  THERMAL CERAVDCaTRIC ANALYSIS

The tra ce s  from programmed TO an a lyses o f  samples F1-F4»

S X  and S 1 ,  obtained by the method d escrib ed  in  Chapter 2 . 4 ( i ) f 

are i l lu s t r a t e d  in  Figure 8 .2  and the r e s u lt s  summarised in  

Table 8 .B . No c le a r  r e la t io n sh ip  between i n i t i a l  m olecular weight 

and s t a b i l i t y  was observed. The d iffe r e n c e s  in  the tr a c e s  are  

probably due to  a com bination o f  experim ental error and com plicated  

im purity e f f e c t s .

Isotherm al TO a n a ly s is ,  a t a temperature o f  200°C under n itro g en , 

was ca rr ied  out as described  in  Chapter 2 . 4 ( i ) ,  on the s ix  polymer 

samples l i s t e d  above. The r e su lta n t tra ce s  are i l lu s t r a t e d  in  

F igure 8 .3 .  Again no apparent order was observed in  the t r a c e s .

A random ohain s c is s io n  mecahnism w ith  short z ip  len g th  was 

proposed in  Chapter 6 fo r  the degradation o f  PHB. With such a 

meohanism, the ra te  o f  weight lo s s  should be independant o f  the



TABLE 8 . A 

CRYSTALLIinTY OF VARIOUS SAKFL35 OF PHB

Polymer

Sample
H f u s ^

J /g
1°

C r y s ta llin i t y ^ )

SX 107.4 100

F1 87 .4 8 1 .4

F2 85 .7 79*8

F3 90 .5 84 .3

F4 102.3 94 .8

S1 88 .4 8 2 .3

(a ) measured by DSC

(b ) r e la t iv e  to  that in  SX
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1HL3LS 8.3

RESULTS OF A PRO GEUI TIED TG AUALYSIS OF VARIOUS SAMPLES OF PH3 

(10°G m in ~ \ 50cm  ̂ min~^ llg flow )

P o ly m e r  
S a m p le  
( L i s t e d  i n  
o r d e r  o f  
d e c r e a s i n g

5  \n)

T e m p e r a tu r e  
o f  o n s e t  o f  
w e ig h t  l o s s

°G

T e m p e ra tu re  
a t  v jh io h  50 /j 
w e ig h t  l o s s  
r e c o r d e d

°G

T e m p e ra tu re  
a t  w h ich  
w e ig h t  l o s s  
t e r m i n a t e d

°c
i

vi e i g h t  o f  
R e s id u e

o f  o r i g i n a l  
w e ig h t )

F1 228 281 299 0 .5

F 2 242 293 310 0 . 5

F 3 2 4 0 295 309 1 *6

S1 248 285 298 0

SX 235 281 309 1 .5

P4 2 3 0 275 297 1 .0
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i n i t i a l  degree o f  polym erisation and th is  i s  demonstrated by the  

data in  Figure 8 .3 .

The v a r ia tio n  in  s t a b i l i t y  between the samples must be due to  

a com bination o f  experim ental error and the e f f e c t s  o f im p u rities  

on the s t a b i l i t y  o f the polymer (se e  Chapter 1 ,3 ) .

8 .4  THERMAL VOLATILISATION ANALYSIS

Thermal v o la t i l i s a t io n  an a lyses o f  polymer samples F1 to  F4 

were ca rr ied  ou t, as described  in  Chapter 2 .4 ( iv )  in  order to  

in v e s t ig a te  the r e la t io n sh ip  between i n i t i a l  degree o f  p o lym erisation  

and the temperature a t which the maximum evo lu tion  o f  v o la t i l e s  i s  

recorded . The TVA tra ces  obtained were s im ila r  to  the one i l lu s t r a t e d  

in  Figure 3 .4  and the r e s u lt s  are tab u la ted  in  Table 3 .C . I t  can 

be seen  th a t th e polymer samples gave id e n t ic a l  tra ce s  w ith in  

experim ental accuracy.

8 .5  QUANTITATIVE ANALYSIS OF PRODUCTS

In Chapter 5 the products o f  thermal degradation o f  polymer S1, 

under vacuum and n itrogen , were in v e s t ig a te d  q u a n t ita t iv e ly . In 

t h is  s e c t io n , the r e s u lt s  from a s im ila r  study ca rr ied  out on 

polymers F1, BLDX01 and F4 are rep orted , and a comparison made 

between the r e s u lt s  obtained and th ose o f  polymer S1• A d e ta ile d  

c h a r a c te r isa tio n  o f  these four polymers i s  recorded in  Chapter 2 .1 1 .

The experim ental methods by which the q u a n tita tiv e  a n a ly s is  o f  the  

degradation products were obtained  are describ ed  f u l ly  in  Chapter 5*2.

The r e s u lt s  o f  a q u a n tita tiv e  a n a ly s is  o f  the products formed 

on h ea tin g  polymers P1, BLDX01 and F4 under TVA co n d itio n s  to  

500°C, a long w ith those o f  S1, are recorded in  Tables 8 .D , 8 .E  

and 8F. The r e s u lt s  quoted are averages over four experim ents.
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DABLS 8 .F

IIASS 3AL2i:j!] JABLS FOR DB'rRADA ?ION OP VARIOUS SAKPLBS OF PFE3

■IX) 5 0 0 °  C U N D JH  W A  C O IT D rP IO N S

/ ;• weight o f  i n i t i a l  polymer
Average 
Value 
fo r  the

4
Polymers

Products
F1 SI BLDX01 F4

Carbon
D ioxide 1 .5 1 .6 0 .8 1 .6

i

1 .4  i
1

Propene 0 .8 0 .7 0 .5 0 .6 0 . 7

Ketene 0 .2 0 .4 0 .2 0 .3 0 .3

Acetaldehyde 0 .4 O .p 0 .4 0 .4 0 . 4

Hater - - - - -

H -B u ty r o l-  
atone 7 .7 4 .0 3 .8 6 .5 5 .5

is o —croxon ic  
a c id 1.5 1.1 1.7 1 .6 1 .5

oro to n ic
a c id
(condensable)

(CEF)

1 7 -6 ) n  0 
15 .4 ) 33 H i ]  x -7 33‘5

20 .5 )
1 4 .9 ) 33#

4 34 .2

Dimer o f  PHB 38.7 41.1 4 3 .4 35 .0 39.6

Trimer o f  FHB 21 .0 18.5 18.1 17.7 18.8

Tetramer o f  
PHB 1.1 1 .5 1.1 0 .7 1.1

Residue tra ce trace tra ce tra ce tra ce

D otal 105*9 104.1 103.5 99 .8 103.5

NOTE: No measurement was made o f  w ater co n ten t.
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Prom the data i t  i s  obvious th a t th ere i s  l i t t l e  variance in  

th e com position o f  th e  condensable products and the CRF, and no 

n o tic e a b le  e f f e c t s  th a t could be a ttr ib u te d  to  the p u rity  o f  the  

polymer sample. The percentage weight o f  GRP o f sample F4 

(Table 8 .E ) was lower than that recorded fo r  P1, F3 and S1, 

p rim arily  because o f  a d if fe r e n t  d is tr ib u t io n  o f cro ton io  a c id  

between the CRP and the co ld  trap used to  c o l le c t  the condensable 

products. No value fo r  water content was obtained but the  

s im ila r  h eigh ts  o f  the peak due to  water observed in  the SATVA 

tr a c e s  o f  the four polymer samples showed that i t  was co n sta n t.

The r e s u lt s  o f a s im ila r  a n a ly s is  obtained on h ea tin g  

polymers F1, 3LDX01 and F4 to  500°C under n itrogen , are recorded  

a lon g  w ith  th a t o f  S1, in  Tables 8.G , 8.H and 8 .1 .  As under 

vacuum,no s ig n if ic a n t  d iffe r e n c e s  were found in  the product 

d is tr ib u t io n  o f  the four d if fe r e n t  polymer sam ples.

The molar r a t io  o f  GÔ  • propene was measured fo r  each s e t  

o f  r e s u lt s  and recorded in  the la s t  column o f  Tables 8.C and 8 .P .

This r a t io  was found to  l i e  in  the range 1 .6  to  2 .9  and the  

d ivergence from u n ity  has been f u l ly  d iscu ssed  in  Chapter 5*5*

Average r e s u lt s  fo r  the percentage weight o f  each degradation  

product compiled from a l l  experiments undertaken has been recorded  

in  the la s t  column o f  Tables 8 .P  and 8 .1  fo r  degradation under vacuum 

and n itrogen  atmospheres r e s p e c t iv e ly .

8 .6  RATE OP DEFOLYMERISATION

The dependance o f  the ra te  o f  degradation on the i n i t i a l  degree  

o f  polym erisation  was in v e s t ig a te d  by h eatin g  polymers F1, F3 and 

F4 at a temperature o f  190°C fo r  vary ing  len g th s o f  tim e in  th e  

pan o f  a Du Pont DSC1 instrum ent under a stream o f  flow in g  n itr o g e n .
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TABLE 3.H

QUANTITATIVE ANALYSIS OF HIE GRF FROM VARIOUS SAMPLES OF FSB 

(Q-50Q°C, 1Q°G min"  ̂ under n itrogen )

Polymer

Sample

M olecular
weight

Mn

Monomer 
m olecular 
% o f  PHB

Dimer 
m olecular  
$  o f  PHB

Trimer 
m olecular 
fb o f  PHB

Tetramer 
m olecular  
$  o f  FSB

F1 65-3000 45 .0 49 .0 5 .3 0 .7

St 468400 53 .4 41.1 4-9 0 .5

1

BLDX01 329500 4 8 .6 43.9 6 .7

I

0 .7

F4 62600 4 2 .4 47.1 9 .7 0 .8
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TABLE 8 .1

M ASS. B A L A N C E  TA B L E FOR D E C B A D A T IQ i; O F  V A R IO U S  SA M P L E S O F PHB

TO 500°G UNDER NITROGEN

* weight o f i n i t i a l  polymer Average
Products

P1 31 BLDX01 P4

Value 
fo r  the  
4

polymers

Carbon
D ioxide 0*5 1.0 1 .0 1 .3 1 .0

Propene 0*3 0 .4 0 .4 0 .5 0 .4

Ketene tra ce trace tra ce tra ce tra ce

A cetaldehyde 0 .2 0 .2 0 .2 0 .2 0 .2

Water - - - - -

n -B u ty r o l-  
atone N il N il N il N il Mil

is o -c r o to n ic
a c id 2.1 1 .4 2 .3 1.7 1.9

cro to n ic
a c id
(condensable

(CRP)

3 .4 )  ^  n 
2 4 . 6 ) 33 ,0

8 .6 )
30 .9 ) 39 ‘5 2 7 .4 ^ #6 34.7

Dimer o f  PHB 53.6 47.6 49 .5 4 7 .5 49 .6

Trimer o f  PH3 8 .8 8 .6 11.3 14.6 10.8

Tetramer o f  
PHB 1 .5 1.2 1 .6 1 .6 1 .5

Residue trace trace traoe tra ce tra ce

T otal 100 99.9 99 .9 100 100.1

NOTE: (1 ) No measurement was made o f  water content*

(2 ) The resid u e  aocounted fo r  0 to  o f  i n i t i a l

weight o f  polymer fo r  each sample (measured by TO).
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Each polymer sample was dried  fo r  one hour on a f lu id is e d  bed

o f  polymer created  by a flow  o f dried  n itrogen  (120°C) flow ing

through the polymer p rior  to  degradation. The sample to  be

degraded was heated in  a DSC pan to  190°C, a t a ra te  o f  64°c/m in,

the temperature being maintained fo r  a s p e c if ic  len gth  o f tim e

a f t e r  which the polymer residue remaining in  the pan was quench

co o led  in  8cm  ̂ o f  chloroform and i t s  m olecular weight determ ined.

by GrPC, on instrum ent 3 , as described  in  Chapter 2 . 6 ( i ) .

A p lo t o f  versus time o f h ea tin g  fo r  each o f  the polymers

i s  i l lu s t r a t e d  in  Figure 8.4» The e f f e c t  o f  the e s t e r i f ic a t io n

re a c tio n  on i s  once again observed (se e  Chapter 6) and the data

has been r e p lo tte d , on the same diagram, to show the changes in

w ith  time o f  h ea tin g  due to  the depolym erisation  rea c tio n  a lo n e ,

by a p p lica tio n  o f  Equation 6.1 to  the experim entally  measured M

v a lu e s . U sing th is  amended data the ra te  o f  chain s c is s io n  for

each sample was c a lc u la te d , by a le a s t  squares f i t ,  on the  

1 1r e sp e c t iv e  g=r- -  versus tim e o f  h ea tin g  p lo t (F igure 8 . 3)»
t  0

the r e s u lt s  being recorded on Table 8#J. A large error i s

a s so c ia te d  w ith the va lu e quoted fo r  Sample F4» s in ce  the lower the

m olecular w eight, the g rea ter , the r e la t iv e  error in  Mn , the ab so lu te

error in  , and hence the r a te .  The va lu es fo r  the ra te  o f  chain

s c is s io n  recorded in  Table 8 .J  agree w ith in  experim ental error and

are comparable w ith  th a t obtained fo r  polymer S1 ^"(1# 15 i  0 . 8 ) x  10"6

bond scissions/m onom er u n i t / s e c /  recorded under s im ila r  co n d itio n s

(Chapter 6 .4 ) .  Of the two experim ental methods used to  determ ine

the changes in  M w ith time o f  h ea tin g , that reported  in  Chapter 6n
i s  thought to  be su p erior . The main reason for  t h is  i s  th at by

h ea tin g  the polymer sample in  a degradation tube (se e  Figure 2 .1 0 )

as in  the method d iscu ssed  in  Chapter 6 , ra th er  than in  a DSC pan
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1 0
F 4
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-  F3
-  F4
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Tim* o f  H ea tin g  (m ine)

FIGURE 8 .5

( ~  -  -=r-) VERSUS TIME OF HEATING FOR VARIOUS 
CLj. C i _

°  PHB SAMPLES (190 C. NITROGEN)



266

TA3L5 8 . J

RATE OF DEFOLYHERISATION OF SAMPLES OP PHB 

WITH DIFFSR5UT IITITIAL MOLECULAR WEICHTS

P o ly m e r  S a m p le
R a te  o f  C h a in  S c i s s i o n  

( s c i s s io n s /m o n o m e r  u n i t / s e c . )

F1 (8 .0 3  -  1) x  10~7

F3 (1 .3 4  -  0 .1 )  x  10

F4 (1 .5 5  -  0 .5 )  x  10

NOTE: Errors ca lc u la te d  as described  in  Chapter 2 .9

and are expressed as -  standard d e v ia t io n .
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i t  i s  p o ss ib le  to  “degrade” a weight o f  polymer fa c to r s  o f  ten  

la r g e r  and to have a th inner layer  o f  polymer, due to  the  

d iffe r e n c e s  in  surface area between the base o f  a degradation tube 

and th a t o f  a DSC pan. P lo ts  o f  M versus time o f  h ea tin g  

(F igure 8 ,6 )  show a r i s e  in  M a f te r  a s im ila r  tim e o f  h ea tin g  

to  th a t observed fo r  K (Figure 8 .4 ) .

8 .7  CONCLUSIONS

The work described  in  t h is  chapter has shown th a t the  

com position  o f  the degradation products o f  PHD does not d if f e r  

s ig n if ic a n t ly  from one polymer Sample to  another. Further 

evidence fo r  a random chain s c is s io n  raeohanism fo r  the degradation  

o f  FHB was obtained from the TG r e s u lt s  and r a te s  o f  depolym erisation  

o f  variou s FHB sam ples. The com plicated nature o f  the e f f e o t  o f  

im p u r itie s  w ith in  the polymer sample on s t a b i l i t y  has been 

i l lu s t r a t e d  by the TG tra ce s  and h ig h lig h ts  the d iscu ss io n  on 

im p u r itie s  contained  in  Chapter 1 .3 .

Polymer F4 has been shown to  e x h ib it  an endotherm in  i t s  

DSC tra ce  s im ila r  to  th a t o f  SX and was shown to  be h ig h ly  

c r y s t a l l in e .
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CHAPTER 9 

(xSHSRAL CONCLUSIONS MB DISCUSSION

9 .1  GENERAL CONCLUSIONS

The main r e s u lt s  o f  the present study may be summarised in  

th e fo llo w in g  way:

(1 ) P o ly (-(D )-  p-hydroxy butyric  a c id ) , is o la te d  from a 

cu ltu re  o f the bacterium A zotobacter b e ij e r in c h ii ,  

undergoes rapid degradation a t temperatures in  the  

range 170°C to  200°C v ia  a random chain  s c is s io n  

mechanism w ith short z ip  len g th .

(2 ) The random chain s c is s io n  can be explained  by an 

e s te r p y r o ly s is  meohanism in  which a six-membered 

c y c l ic  tr a n s it io n  s ta te  i s  in vo lved .

(3 ) During the ea r ly  s ta g es  o f  such a degradation a 

competing e s t e r i f ic a t io n  rea c tio n , o f  lim ite d  duration , 

occurs which i s  a sso c ia ted  w ith the condensation  o f  

term inal hydroxyl and carboxyl groups.

(4 ) No s ig n if ic a n t  d iffere n c e  in  the ra te  o f  depolym erisation  

was observed under vacuum or in atmospheres o f  n itrogen  

and a ir .  The average ra te  o f  chain s c is s io n  a t 170°C, 

180°C, 190°C and 200°C i s  9*9 x  10""® scissions/m onom er  

u n i t / s e c . ,  3 .2  x  10 scissions/m onom er u n i t / s e o . ,

1 .8  x  10*^ scissions/m onom er u n it /s e o .  and 6 .6  x 10""® 

scissions/m onom er u n it / s e c .  r e s p e c t iv e ly .
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( 5) 'Eh® energy o f  a c t iv a tio n  o f  the d ep o lyn erisa tion  rea c tio n  

was shown to  be 250 k j mol

(o ) The fo llo w in g  products have been id e n t if ie d  during  

thermal degradation o f  PHB to  500°C under TVA 

co n d itio n s:

I febramer o f  FHB )

I I  Trimer o f PHB ) (a c id ic  and v in y lic  end groups) 

I I I  Dimer o f  PHB j 

IV Grotonic Acid 

V Iso -c r o to n ic  a c id  

VI p -B utryolactone  

VII Water 

VIII Acetaldehyde 

IX Ketene 

X Propene 

XI Carbon d iox id e  

XII Carbon monoxide (tra ce )

(7 )  Compounds VI to  XII are prim arily  formed a t tem peratures 

above 340°C*

( 8 ) There i s  a  tendency to  form lower oligom ers as the  

temperature r ise s*

( 9 ) I d e n tic a l products to  th ose noted in  ( 6 ) above, are  

formed during the thermal degradation o f  PHB (ambient 

to  500°C a t  10°c/m in) under nitrogen*
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(10) A d iagram atical summary o f the main routes o f  thermal 

"breakdown o f PHB i s  i l lu s t r a t e d  in  Figure 9*1*

(11) I n i t i a l  degree o f polym erisation  has no e f f e c t  on the  

thermal s t a b i l i t y  o f  PH3#

(12) The main products o f  the thermal degradation o f  PHB are , 

in  order o f  importance, dimer o f PHB, cro to n ic  a c id , 

trim er o f  PHB, accounting for greater  than 9Qf?o o f  the  

w eight o f  the i n i t i a l  polymer#

(13) Ho marked in crease  in  s t a b i l i t y  o f  PHB was noted on

in cr ea s in g  the c r y s t a l l in i t y  o f  the polymer above th at  

formed on rapid p r e c ip ita t io n  from so lu tion #

( 14) The e f f e c t  o f im p u rities  on the s t a b i l i t y  o f  PHB i s  very  

com plicated#

(15) Some evidence & r the ex istan oe  o f  two c r y s ta l l in e  forms 

o f  FHB has been observed#

(16) A r e la t io n sh ip  between MFI and M a t 190°C o f  the form

lo g  MFI = 19.8 -  3 .49  lo g  M was shown to  e x is t#w

9 .2  5SHERAL DISCUSSION

As a r e s u lt  o f  the present study a greater  understanding o f  

th e k in e t ic s ,  mechanisms and products involved  in  the thermal 

degradation o f  PHB has been obtained# This in form ation  w i l l  prove 

va lu a b le  when con sid era tio n  i s  g iven  to  the p o s s ib i l i t y  o f  

commercial e x p lo ita t io n  o f  PHB as a th erm op lastic . To th is  end, 

th e e s t e r i f io a t io n  reac tio n  occurring in  FHB when heated ,

( s e e  Chapter 6 ) ,  could  prove a v i t a l  fa c to r . This may enable FHB
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to  be processed , w ith  l i t t l e  degradative e f f e c t  on the m olecular 

w eight o f  the polymer sample, i f  the e f f e c t s  o f  the e s t e r i f ic a t io n  

and depolym erisation  rea c tio n s can be roughly balanced during  

p ro cess in g ,

9 .3  SUGGESTIONS FOR FUTURE WORK

A study o f  the changes in  m olecular weight o f " synthetic"  FHB 

in  the temperature range 170°C to  200°G would y ie ld  va luab le  

in form ation  on r a te s  o f  chain s c is s io n  which on comparison with th ose  

o f  " b io lo g ica l"  PHB, reported  in  th is  work, would g iv e  an in d ic a tio n  

as to  the optimum s t a b i l i t y  that could  be ach ieved . Use o f  

" syn th etic"  PHB to  study sy ste m a tic a lly  the e f f e c t s  o f  im p u rities  

on s t a b i l i t y  would help  so lv e  the complex puzzle o f  the e f f e c t s  

o f  the numerous im p u rities  reported  in  " b io lo g ica l"  FH3. Once 

t h i s  in form ation  has been obtained a d iscu ssio n  can take p lace as  

to  th e optimum p u rity  o f PHB beyond v&ioh the o o st o f  p u r if ic a t io n  

outweighs the b e n e f it s  o f  improved s t a b i l i t y .

A u se fu l l in e  o f  research  would be in to  a d d it iv e s  which 

improve the rheology o f  PHB fo r  p rocessin g  in  a d d itio n  to  c o n tr o ll in g  

th e m olecular w eigh t.

The thermal s t a b i l i t y  o f  IBB would be expected to  be between 

th a t o f  poly(axycarbonylethylene) XIII and poly(oxyoarbonyl- 2-2  -  

dim ethyl e th y len e) XIV.
0

-f. ch2 - ch2 - c - o 

X III

XIV



274

a s  a  d i r e c t  c o n s e q u e n c e  o f  t h e  e s t e r —p y r o l y s i s  s i x —c e n t r e d  

p  - e l i m i n a t i o n  m e o h a n i  sm  p r o p o s e d  f o r  t h e  r a n d o m  c h a i n  s c i s s i o n  

r e a c t i o n  o b s e r v e d  i n  PHB i n  t h e  t e m p e r a t u r e  r a n g e  1 7 0 ° C  t o  2 0 0 ° C .  

T h i s  i s  d u e  t o  t h e  s t e r i c  h i n d e r a n c e ,  a s s o c i a t e d  w i t h  t h e  s i x -  

c e n t r e d  t r a n s i t i o n  s t a t c f o n  r e p l a c e m e n t  o f  p - h y d r o g e n  a t o m s  ( t o  

t h e  c a r b o x y l  g r o u p )  w i t h  i n c r e a s i n g  n u m b e r s  o f  m e t h y l  g r o u p s *

I n  f a c t ,  X I V  has been shown to  be therm ally s ta b le  a t 2 0 0 °G 

( R e f *1 3 6 ) ,  whereas X I I I  undergoes weight lo s s  a t 180° C  (R ef. 1 3 7 ')•

A  d e t a i l e d  s t u d y  o f  t h e  t h e r m a l  p r o p e r t i e s ,  e s p e c i a l l y  k i n e t i c s ,  

o f  X I I I  a n d  X I V  w o u l d  p r o v i d e  a  u s e f u l  c o m p a r i s o n  w i t h  t h e  r e s u l t s  

o f  t h i s  w o r k *

T h e  u l t i m a t e  u s e f u l n e s s  o f  PH B m a y  d e p e n d  o n  i t s  s t a b i l i t y  
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