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D eterm ination  o f  D egree  o f  C rosslink ing  in Natural 
R ubber Vulcanizates. Part II

C. G. MOORI'2 and W. 1'. W A TSO N , Brilish Ruhhrr Producers ncsearch 
AssiKiafion, W elwyn Garden Cf7v, Ilerfs, Kn(]land

I . IN T R O D U C T IO N

T he physical p roperties o f ru b b er vulcanizates are m arkedly  dependent 
on th e  degree of crosslinking. A ccording to  the  netw ork-sta tistica l theory  
o f ru b b er elasticity , the  general va lid ity  o f which has bee?i extensively  
confirm ed, the  w ork of defo rm ation  p er u n it volum e, W , is given b y :

\V  = V 2 p R T M r \ \ i -  +  X2- +  X3- -  3) (1)

w here Me is the  average m olecular w eight betw een crosslinks, p is the  
density  o f th e  rubber, and  Xi, X2, X3 are  the  ra tios of s tre tch ed  to  u n stre tch ed  
lengths along th e  th ree  space coordinates.^ F rom  th is  fu n d am en ta l ex­
pression, s tre ss-s tra in  re la tionsh ips for chosen deform ations can  be  ob­
ta ined , in p a rticu la r eq u a tio n  (1) of P a r t  P  for sim ple extension. B oth 
for determ in ing  th e  efficiencies of crosslinking agents and  fo r te stin g  the  
abso lu te  va lid ity  of s ta tis tic a l th eo ry  predictions i t  is c learly  necessary  to  
have an  independen t ev a lu a tio n  o f  Me by  chem ical d e te rm in a tio n  o f  the 
degree o f crosslinking.

T he chem istry  o f co n v en tio n a l vu lcanization  processes using su lfu r is too 
com plex for reliable d e te rm in a tio n s  o f crosslinking to  be o b ta in ed  b y  chem i­
cal m eans.^ R ecent m ethods em ployed to  determ ine degree o f  crosslinking 
include: ( /)  chem ical ev a lu a tio n s  from  crosslinking m ethods using b i­
functional agents,^ an d  (2) independen t physical evaluations from  sol~gel 
theory.^'® T h e  form er m e th o d  is clearly  m ore absolu te and  in  th e  only 
crosslinking process in v estig a ted — interm olecu lar coupling w ith  disazodi- 
carboxylates, good ag reem en t w as ap p aren tly  ob ta ined  betw een s ta tis tica l 
theory  p red ic tions and  th e  ab so lu te  degree of crosslinking.^

H ow ever, in tlie app lica tion  of th is  m ethod  certain  deficiencies arc  ap- 
p a ren t. In  p a rtic u la r  it  w as assum ed th a t  each m olecule of disazodi- 
carboxy late  com bined in tro d u ced  one crosslink,^ th is  assum ption  bcinj< 
based on th e  c liem istry  o f in te rac tio n  o f a rnonofunctional azodicarboxyla te  
w ith a  sim ple monoolefin.^ \ o  exTperimental verification o f th is  assu m p ­
tion  w as a tte m p te d  in th e  case o f th e  crosslinking reaction  and  th u s  th<* 
u n certa in ty  re /nains o f  th e  cx te /it to  which disazo^JicarbfAvylates p roducc 
crosshnks q u a n tita tiv e ly . I t  w as also apprecia ted  th a t the  physical p ro p ­
erties o f th e  vu lcan iza te  m ay  be  a irectcd  a t  higlj degrees of crosslinking by 
the  size and  po lar n a tu re  o f  t lie crosslinks.^
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In  th e  p resen t w ork, cliotnical do tornunatio iis of crossUnkiiig havo Ixvn 
ob tained  for tlio crossiinking of n a ln rn l n ib lx 'r  hy  yl peroxide.
T he  decom position of th is pen)xido in th e  vapor pluise,^ and  in solution,^ 
a u d i t s  reac tio n  w ith  m onoolefhis,"’ polyisoprenes, and  n a tu ra l ru b b e r” 
have been  previously  investigated  in detail. In  th e  presence o f rubber, 
di-feW-butyl peroxide undergoes uniniokx 'ular decom position to  t \ \o  lert- 
bu toxy  rad icals (R -I), which th en  react e ith e r (a) b y  a b strac tin g  a -n ie thy l- 
enic hydrogen atom s from ru b b e r (IIH ) foriniug /er/-bu tano l and  a poly­
isoprenyl rad ica l (R-) ( H .2), o r {b) by decom posing to  give acetone and 
m ethyl rad icals (R .3 ) . T he  la tte r  m ay  also a b s tra c t a -n ie thy leu ic  h y d ro ­
gen a tom s from  th e  ru b b er (U .4 ) o r dim erize to give e th an e  (R .5 ) . Tiie 
polyisopreuyl radicals R- undergo  coriib ination (R  . 6), an d  b y  a  repetition  
o f such processes finally p roduce a  crosslinked ru b b e r h y d rocarbon  n e t­
w ork consisth ig  solely of C— C crosslinks and  being devoid  of the  cross- 
linking ag en t ;

CCH3)3C— 0 — O— C(CH,)3 -----------> 2 (CH3)3C— O- (R .l)

(CH3)3C-0- +  RH ----------  ̂(CH3)3C—OH +  R- (R.2)

(CIf3)3C— 0 -  ---------- » (C H ,hC =0  +  Clh- (R.3)

CH3- -I- RH ----------> CH. +  R- (R.4)
2 CH 3- ----------> C2H6 (R-5)

2 R- ----------> R—R (R.6)

I f  th e  assum ption  is m ade th a t  th e  only  fa te  o f the  po ly isoprenyl radicals 
(R-) is th e  com bination  reaction  ( R . 6) th en  th e  num ber of crosslinks in  the  
vu lcan izate  is equal to  V2 (no. of m olecules of ier^-butanol p lus m ethane) 
form ed. T h u s chem ical d e te rm ina tions o f th e  degree o f crossiinking are 
readily  ob ta in ed  from  th e  am oun ts  of /e r/-butanol an d  m ethane  form ed 
during  th e  vu lcan ization  process. T h e  ex ten t to  w hich th is  basic  assum p­
tion is va lid  is considered in th e  discussion section.

I I .  E X P E R n iE N T A L  M E T H O D S  A N D  M A T E R IA L S

M a te r ia l s .  Di-tert-buiyl peroxide: T he com m ercial peroxide (L aporte) 
was ex trac ted  w ith  10%  aqueous sodium  hydroxide, w ashed w ith  w ater, 
dried (C aC b), and  frac tionated  under reduced pressure to  give the  pure 
peroxide, b .p , 64 .9-65 .2°/159 m m ., no  1.3890. In fra red  spectroscopic 
analysis confirm ed the  p u rity  of the  peroxide and  showed th e  absence of 
carbony l and  hydroxyl groups.

/erf-B utanol w as carefully frac tionated , b .p , 81.1 ''/7 'i2  m m . to 81.9°/T55 
mrn. Acetone and carbon  te trach lo ride  were o f A.H. g rade. ri-Decane 
(B .D .If.)  was used w ithout fu rth er purification.

iXataral rubber: T lie rubber was deprotein ized  pale crepe (kindly supplied 
by D r. G. J . van  der Bie of Indonesian  i^ubber R esearch In s titu te  (J .P .P . 
K a re tj) ;  found:  N, 0 .09% ; [17], .5.1fg. 100 ml.) gel <  1% . T h is  m a­
terial was slightly degraded on a w arm  mill, sheeted  o u t to  a thickness 
of ca. 2~3 m m ., and  dried by  l)eating in vacuo a t  80° for 5-11 days, tlie
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and othor volatile m alt'ria ls  hoiiiij ('ollorliHi in a s id r-an n  lu b r 
in li<|ni<l air. I lu' v iscosily d a (a  <tf llu‘ rnb ln 'r saniph's. ol>taiiu'(l In 1)om- 
/.one at 2 ^ '  usini: a I5.S.S. g rade  I  visconiettM'. a rc  ^nw n in T ab le  I. T h e  
d ry ing  pnnvs^ loatis to ru b b ers  having inereastvl [t?] and  ! Inggins’ co n stan t 
k \  b u t no gel eom ponent. H eatin g  tlie drie<l ru b b e r under the  severest 
conditions used in the su b seq u en t vulcanization reaction  {2 \ hours a t  i tO°) 
fu rtlie r increased [vl and  k \  b u t  again  no  gel u a s  pnxlucc^J. 'H u ' n»os( 
probable cause ot the increase in [»;] and  k ' on dry ing  and heating  is a  sm all 
am ount of b ranch ing ,'- wliich m ay  be neglected as com part'd  w itli the  de ­
gree o f crt>sslinking su bsequen tly  produced by the  di-/<>r/4)utyl peroxide. 
The nund)cr-average m olecular w eights of the  m illed ru b b e r sam ples were 

detenni(U \i (roin [rj] values using an  em pirical re la tionsh ip  betw een [17j 
and osm otic m olecular w eigh t found to  apply  for m astica ted  n a tu ra l rub- 
ber.^^

T A B L E  I

\  i s c o s i T Y  A N D  M o l e c u l a r  W e i g h t  D a t a  o f  N a t u r a l  R u b b f r

R u b b e r  typp  ̂ Milted D .P . Crepe

1 2  3 4 5

[tj] (g./ioo ml.'i-*.......  2.25 2.46 2.49 2.45 2.29
.......................................  —  0 .4 4  0 .4 6  0 43 0 .4 4

(X 10-^)................. 2.37 2.62 2.66 2 60 2.43

Rubber  type^ D ried , M illed D .P . Crepe

2«  3 4 5 Arf

[t;] (g./lOO m l . ) - ' ....... 2 .46  2.79  2.87 2.85 2.51 2.64 3.02
k'  ..................................  0.58 0.52 0.62 0.61 0.54 0.62 0.58

" k '  values are o b ta ined  from  th e  H uggins equation : 7]»p/c =  fjjl - f  k'ivl^c.
 ̂ Found: 0 .  0 .45-0 .55% ; N , 0.09, 0.10% .
 ̂ Found: 0 .0 .4 2 .0 .4 6 % ; N , 0.10, 0.11% .

^ A and B \\ ere dried, m illed D .P . crepe, sam ples 1 and  2, respectively, which had 
been heated  in racuo for 24 hr. a t  140® and  24 hr. a t 80®.

C h e m ic a l  D e te r m in a t io n  o f  D eg ree  o f  C ro s s l in k in g

Determination o f terl-Buianol, Acetone, and D i-teri-Butyl Peroxide (by 
D r. E . S. aiglit and  M r. G. H iggins). Q u an tita tiv e  analysis o f m ix tu res 
o f th e  three com pounds in  carbon  te trach lo ride  solution w as m ade by  an 
infrared spectrom etric  m eth o d  (c/. R aley el al.^). Using a single-beam  
spectrom eter equipped w ith  rock  sa lt and  lithium  fluoride prism s, ca lib ra ­
tion curves re la ting  op tica l density  of a  characteristic  band  to  the  concen­
tra tio n  o f tlie solute (in g./lOO g. o f carbon te tracldoridej were set up for 
each com pound separa te ly . T h e  b ands used were a t 3 6 0 0  crn .“ * for lerl- 
bu tano l, 1713 c tn .^ ‘ for acetone, and  873  crn .“ * for di-/^r/-butyl peroxide. 
T h e  calibratio/» curves w ere subsequen tly  shown to  be applicable to m ix­
tu res of the th ree com pounds. In  th e  concentra tion  rang(?s examhiec 
f/er/-butanol 0 . 0 1 - 0 .7  g./lOO g. C G h; acetone 0 .0 0 2 - 0 .3 5  g./lOO g. C C b 
di-/er^-butyl peroxide 0 . 1 - 1 . 5  g./lOO g. CCh^ no evidence of interf(*renc<
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I'roin overlappiiii; b ands a n d  as,s<H iali.)M bclwoc'U con iponcnls was indicated . 
D olerrninalions of llic concen tra tions of the  com pounds in s tan d ard  solu­
tions indicated  tlia l tiie  accuracy of the  n ietliod was b e tte r  than  ± 2%  
for /pr/-butanol and  acetone and  b e lte r I hau  ±  5%  for the peroxide. T \  pi- 
cal analyses of s tan d a rd  so lu tions arc  given in T ab le  II .

T A B L ii II

A n a l y s i s  o f  M i x t u r k s  o f  /fr/-BuTANOL, A c f t g i v e ,  a n d  Di-lerl-
Bm 'Y L P i :r o x i d e

C o n c n .o f s o l u l M g .  lO O g .C C W  [ B u 'o H I  [ M a . C = 0 |  [Bu'-OOB..-1

1- Original ........  « 2>)88 0 0491 0 .1456
■ Found by I.R . an a ly s is ........  0.;<)7 (99 .4 % ) 0 .0 4 8 8 (9 8 .8 % ) 0 .153 (105%)

“> Original ........  0.1070 0 .0669 0.1324
"  F o u n d  by l.U . A nalysis......... 0 1 0 6 (9 9 .0 % ) 0 .0675 (100 .9% ) 0 .136 (102.7% )

Deierminalion o f M ethane and  Ethane. M eth an e  and  e th an e  were sepa­
ra ted  by low tem p era tu re  d is tilla tion  in  th e  a p p a ra tu s  shown in F igure 4. 
T he pressures exerted  w hen enclosed in a  ca lib ra ted  volum e \  a t  a given 
tem pera tu re  th en  prov ided  the ir m olar q u an titie s . T ria ls  w ith  pure  
m ethane and  e th an e  showed th is  m ethod  to  be satisfac to ry . D etails of th e  
technique used are  given in th e  n ex t section.

Vulcanization Technique and A na lysis  o f Products. A weighed am o u n t 
(usually 5.00 g.) o f th e  dried , m illed, D .P . crepe ru b b er was in troduced  as 
sm all s trips  in to  th e  tu b e  A of F igure 1 and  pum ped  o u t overn igh t a t 
< 1 0 “® m m . H g pressure. T he  ta p  B  w as closed an d  a  know n w eight 
{ca. 0.1 g.) o f d i-/er^bu ty l peroxide con ta ined  in  th e  capillary  tu b e  C w as 
connected to  th e  vacuum  m anifold an d  frozen in liquid  oxygen and  th e  
ap p ara tu s  evacua ted  th rough  ta p  D . T a p  D  w as closed, ta p  B opened and  
the  peroxide transferred  to  A by  cooling th e  la tte r  in liquid  oxygen and  
gen tly  w arm ing th e  peroxide in C . W ith  A cooled in  liquid ox'ygen, th e  
a p p ara tu s  was re-evacuated  to  < 1 0 “ ° m m . H g and  A sealed off a t E . T he  
rubber was allowed to  im bibe the  peroxide for a t  least 16 hours a t  room  tem ­
p era tu re  and  vulcanization  was then  effected in the  tem p era tu re  range 110

to  140°.
A fter vu lcanization , tube  A was a ttach ed  to  the  a p p a ra tu s  of F igure 2 

and  to the  gas-analysis ap p ara tu s  of F igure 4, and  the  peroxide decom posi­
tion p roducts analyzed for m etiiane and  e th an e  as follows. T ube  A was 
cooled to  - 7 8 °  for 1 hour wiiile th e  rest o f the  a p p a ra tu s  was evacuated  
to  < 1 0 -^  mm . H g. T he seal a t F was b roken  and  th e  gaseous p roducts 
transferred  to  the  spiral S of Figure 4 during  30 m in. by  coohng the  la tte r  
in li<[uid oxygen. T he  ta p  G of F igure 2 was closed and  the  rubber w arm ed 
to room tem peratu re  for furtlier degassing o f the  e th an e  fraction. T he 
m ethane fraction in S was, m eanw hile, tran sp o rted  by  the  T opler pum p to 
the known volum e \  and its pressure m easured. 'I'he volum e V was then  
evacuated In readiness for de term ina tion  of tlie e thane  fraction. T he



rubbor was Rvoolod to - 7 8 °  for 1 hour and  ('tliano (iisliiUxl du rin g  30 miri. 
in to  Hie spiral S cooUni in liquid oxygon. T his prtv t'ss was repeated  twice 
m ore, a fte r which the ta p  G was closed, the  spiral S warnie<i to  —78° and  
the  e th an e  transfVnvd to  the  know n vohinic \  . I'inaliy tlie tu b e  A was 
cooled in liquid oxvijen an d  th e  to ta l v o lta tile  pro<iucls (except m ethane) 
recondensed in to  A iH'fore sealing off a t  I f.

(In  earlier e.\i.x'rinK'nts th e  e th an e  was de ten n in cd  a fte r only one d is tilla ­
tion from  the  rubber (b rack eted  values in T ab le  I I I)  and under these  con ­
ditions only .5-8(K ^'0t the  to ta l e th an e  form ed was accounted for. F o r the 
presen t purposes, tiie e tiiane  de te rm in a tio n  is relatively  u n im p o rtan t, it  
being required  only to  co rre la te  th e  yields of ?nethane and  e th an e  w ith  
the am oun t o f acetone form ed.)

T he  to ta l volatile  p ro d u c ts  in A were transferred  to  the  tu b e  I  o f  F igure  2 
by  heating  th e  rubber for 24 hours a t  80° while tube  I was cooled in  liquid 
oxygen. T he  peroxide decom position  p roducts  were isolated from  the  
rubber b y  sealing off a t J ,  an d  th en  transferred  to  a  know n w eight o f  carbon  
tetrach loride  contained  in tu b e  M  o f F igure 3 as follows. T h e  carbon  
tetrach loride was frozen in liqu id  oxygen, th e  a p p a ra tu s  evacuated  th ro u g h  
taps K  and  L and then  w ith  ta p  K  closed th e  seal a t X  was b roken  an d  th e  
con ten ts  of I  rap id ly  d istilled  in to  M , w hich was finally sealed off un d er 
nitrogen at ca. .00 m m . H g. T he  carbon  te trach lo ride  so lu tion  w as a n a ­
lyzed for /er/-butanol, acetone, and  di-^er/-butyl peroxide by  th e  in frared  
spectrom etric m ethod. In  co n tro l experim ents, w ith know n am o u n ts  of 
the th ree  com ponents, th e  above techn ique gave high recoveries o f a ll th ree  
com ponents. P a rticu la r a tte n tio n  w as p a id  to  th e  percentage recovery  of 
/er/-butanol, and in th ree  re p e a t experim ents the  followiiig va lues were 
found: 97.0, 98.8, 101.1%  recovery . ^eW-Butanol could also be recovered 
qu an tita tiv e ly  a fte r  being hea ted  a t  140° for 24 hours in th e  presence of 
rubber (found; 98.4, 100.7%  recovery), ind icating  the  th e rm al s tab ility  o f 
this com pound a t 140° in  th e  ru b b e r env ironm ent. T he adequacy  o f th e  
technique for the  q u a n tita tiv e  recovery  an d  analysis of the th ree  com pounds 
is confirm ed by  the  good ag reem en t which is found between peroxide in p u t 
and peroxide accounted  for as /er/-butanoI, acetone, and un reacted  peroxide 
(T able I l l j .  T he slight lack o f re a c ta n t:p ro d u c t balance when th e  p e r­
oxide is v irtually  com pletely  decom posed m ay be indicative o f side reactions 
becom ing significant a f te r  extensive reaction  periods. T he  de ta ils  o f 
vulcanization conditions an d  the  ana ly tica l d a ta  are given in T ab le  I I I .

Identificalion o f the Peroxide Decomposition Products, (a) L iqu id  
Products. A sam ple o f ru b b e r (5.00 g.) was heated  w ith the  peroxide 
CO. 1067 g .; in vacuo for 72 hours a t  140°. In frared  spectroscopic analysis 
of the to ta l volatile  p ro d u c ts  revealed  th e  presence of /er/-butanol and  ace­
tone, and  the  absence of peroxide, o th e r oxygenated com pounds, and  un- 
•saturated com pounds.

(h) Gaseous Products. T h e  gaseous p roducts from  the  reaction  of ru b b er 
(50 g.J w ith peroxide (2.0 g.) in  vacuo for 26 hours a t 140 ' were sep ara ted  
into m ethane and  e th an e  frac tions as described above. M ass-spectro-
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tn o l r i c  a n a l y s i s  o f  t iu 's t '  IVai'lifHis ( k i n d l y  u n d t ' i l a k c n  h\ D r .  J .  C .  l io b l>
I nivorsilN of nirtniiiirhani) gavo th e  foll<)wing ivsulls:

••MHhano ■ tWlion "V.iUn,u> '

Coni|>«M tn(l M u le  %  ( .«iu)H>nii<l M«>lu %

^ ^e tlian e .........................  8 7 .7  JCtlmno ........... 91 5
C O (N ,?^ .........................  8 .0  C O ,. .  :i 9
*^tlmiie. . 3 .9  H iiljuir 1.6
H iitene . .  0 .2
CO3...................................  0 .2

T he m ajo r gaseous produols are, as an tic ipated , m ethane and e th ane . 
F u rth er confirm atioii of m etliane and  ethane being (he m ajor com ponents 
of the  tw o fractions was ob ta in ed  by  com parison of the vapor pressures of 
the la tte r  w ith those of s ta n d a rd  sam ples a t the sam e tem peratu re . T iie 
m ethane fraction was m easured over th e  range - 1 9 6  to  -  IBS'" and  the  
e thane  fraction  over the range —130 to  —100°:

\ a | H ^ r  P r e s s u r e  ( m m .  H g )

“ M eth an e” frac tio n ................................ 10 21 29 40 56 63 84
M ethane s ta n d a rd ...................................  10 21 29 40 56 63 84
“ E th an e” fraction ..............................  22  31 10 50 61 120 175
E th an e  s ta n d a rd ......................................  22 34 40 48 60 118 170

In  view  of th e  m inor co n trib u tio n  o f m ethane to  the  to ta l peroxide d e ­
com position p roducts (T ab le  I I I )  an d  th e  frequen tly  sm aller ex ten ts  o f 
peroxide decom position th a n  above, no  correction lias been m ade to  th e  
chem ically determ ined  degree o f  crosslinking for the  higher m olecular 
w eight gases p resen t in th e  m etliane  fraction .

P h y s ic a l  D e te r m in a t io n  o f  D eg ree  o f  C ro s s l in k in g

T his w as based on the  equ ilibrium  volum e fraction  of rubber in th e  swol­
len vulcanizate , Vr. Selected pieces o f th e  vulcanizate  {ca. 1 g.) w ere ac ­
cu ra te ly  weighed and  swollen in ^-decane for 48 hours a t 25^. A fte r rap id ly  
rem oving ^i-decane from its  surface w ith  filter paper, the  swollen ru b b e r 
was weighed in stoppered weighing bo ttles. Prelim inary tests ind ica ted  
th a t equilibrium  swelling is ob ta ined  under the.se conditions and  th a t  there  
is no add itional swelling a fte r im m ersion in A/-decane for periods up to  6 
days. T he swollen sam ples were dried to constan t weight in  vacuo a t  
80-90° and  tlie rubber rew eighed, so giving an estim ate  of the  a m o u n t of 
soluble m ateria l in the  vulcanizate . T he  r . values recordefl in T ab le  I I I  
have been corrected  for th e  sol co n ten t o f the vulcanizates.

I I I .  K X P K IU M E N T A L  R C S L L T S

T he e.xperimeiital resu lts are  recorded in Table I / I .  Reference to  tlie 
am ounts of pero.xide tak(;n and th e  rela tive yields of the v;irious p roducts 
formed under tlie different vulcanizing conditions can Ix* m ade by noting  
th a t 5.00 g. of rubber was taken  for all experi/iK.'rjt.s e.xcept num bers 15, 16, 
18, 19, and 20, lo r which 1.80, 4.22, .{.50, 2.50, and 2.50 g., respectivt'ly .
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wore tak en . T h e  IVoo volum e in lli<- iviu lioii tube for gaseous deooniposi-
lion  o f tlie  peroxide was 25-30 u>l.

T he  conceii I ra tions of peroxide and  deeoniposilion p ro d u e ls  are siiven 
relative to  the  weight of crosslink(!d rubber insoluble in n-decane. 1’he 
sol fractions for all ru b k -rs  except at low degreesof crosslinking (1, 2 U „ 
chem ical <ca.  0.2 X  10“ *) wert' in tin- range 1-2% . T hese were shown to 
be largely non ru b b er co n stitu en ts  from  their so lubility  in acetone and alco­
hol. F o r th e  m ost lightly  crosslinked rubber (N o. 21), th e  sol fraction was 
3.1% . A lthough the  sol fractions undoub ted ly  con ta in  som e rubber hydro ­
carbon, i t  is preferable to  re la te  p ro d u c t concen tra tions a n d  the  chemical 
de term ina tions of crossliid^ing to  the  insoluble frac tions since th e  sol p o r­
tion  will co n ta in  a negligible num ber of th e  crosslinks (accordm g to  n e t­
work analysis® th e  fraction of crosslinks which are p resen t m  a sol of w eight 
fraction S  is given by S ’) and  th e  com p arativ e  physical estim ates o f cross- 
linking based  on volum e swelling m easurem ents are, by  definition, those for
th e  insoluble netw ork.

T he  ra tio s  o f acetone; /(>r/-butanol conform  to  th e  an tic ip a ted  inlluence ot
experim ental conditions on th e  re la tive  ra tes  of th e  com petitive  prw esses 
(R  2) and  (R  .3 ), n ':. th a t th e  p ro p o rtio n  of acetone is g rea te r under con­
ditions favoring  gas-phase decom position. T h u s the  ra tio  is increased by 
reducing th e  volum e of ru b b er re la tive  to  th e  volum e o f th e  reaction  tube 
(cf  N o 17 w ith  Nos. 19 and  20), and  is also increased a t  higher reaction 
tem p era tu res  (cf. Nos. 1-1-t w ith N os. 33-36). U nder co n d itio r^  o f con­
s ta n t tem p e ra tu re  and  constan t ru b b e r v o lu m e;reac tio n  tu b e  volum e, the  
acetone;<e/-«-butanol ra tio  rem ains approx im ate ly  c o n sta n t w ith  ex ten t of 
reaction  (see Nos. 1-14), as expected from  th e  equilibrium  partitio n  ol
peroxide betw een  condensed and  gas phase.

T he  efficiency of hydrogen ab strac tio n  from  th e  ru b b e r hydrocarbon,

m easured b y :

1 0 0 ( [ B u - O H ]  +  X H j D / d B u - O H  I +  [ M e j C ^ O ] )

varies betw een 70 and  8 5 ^ ^  tliere k 'in g  a tendency  for a  higher efficiency 
of th is  process a t  lower reaction  tem p era tu re . T he  above evidence lor 
gas-phase decom position of the  peroxide being an  im p o rtan t factor m 
prom othig  (R .3 )  and  (R .5 ) . considered w asteful in th e  present context, 
suggests an efficiency of hydrogen ab strac tio n , and  th u s  o f crosshnkm g, 
approach ing  100%  when no gas-phase decom position is possible, as occurs in
technological moulding m ethods of peroxide vu lcaiuzauon

T h e  chem ical de term ination  of crosslinking is expressed in la b le  i l l  as 
! /2  Me, where Me is the av.*rage m olecular w eight betw een crosslinks. 
T his q u a n tity  is equal to (1 A (the  num ber o f crosslinks)/g . rubber, where 
,Vis th e  A vogadro num ber. H ence it isefjual to  th e  m easured q u a n tity  / j  
(moles icri-BuO H  fjlus moles C lf,) [jroducc'd in crosslinking one gram  ol

rubber. „ , lx • i
Physical de term itia tions of crosslinking in un its (jf 1 /2  Af^were ■ '^^itied

from th e  volum e swelling ratios, ?v, o f I 'ab h ; ITT by the metlKxJs of a r t .



riio  Vt valiu 's «o iv  nrnvcrlccl first to  Ci valiu's nsinj; tlio oiupirical F lory- 
(^(]u;ition (̂>) ^nvt'n as liio full liiu' o\' l’i<:iiro 1 in P a r t  I. T hese Ci 

values tluMi rtMiuind ( (HreclioM for the  linile initial iuole<nilar w eight o f the 
uuvuleaniztnl ruhlu 'r l)\ use o f I'i^nire 2 in I'a rl I. 'I'lie values o f iuitial 
m olecular weight ('lioseu were those corresponding to the  viscosities of the  
m illed, undritnl rnhh t'r (T abi(‘ I).

T he  unmodifuHi I'lorv-I Tuggins equation  (6) of P art 1 was chosen ra th e r 
th an  th e  modiiit'd (M^uation (Oa) m erely because of its sim pler form . W ithin  
th e  p ractical raiige of ( ’i d e te rm in a tio n  (20,000 >  .U, >  5,000), th e  a lte rn a ­
tive  use of (6a) leads to  only sm all changes in Ci o b ta in ed  from  th e  experi­
m en ta l (V values. H ow ever, evalu a tio n  o f Ci from  i \  ou tside  th e  p rac tica l 
range requires ex trap o la tio n  o f t^quations (6) and  (6a), w hen increasingly 
d ivergm g Ci values are o b ta in ed  w ith  ex ten t of ex trapo lation .

T h e  Cl values corrected  for fin ite initial m olecular w eigh t finally  p rovide 
physical estim ates of 1 /2  Me from  th e  rela tionsh ip : Ci =  p R T /2  where 
p =  0.910 g. ml. is the  m easured  density  of th e  peroxide vulcanizates. T o  
illu s tra te  th e  considerable influence of finite in itia l m olecular w eight on th e  
ex ten t o f swelling, the  m easured  i\ values are  com pared  in T ab le  I I I  w ith  
tv (corr.) values, the  la tte r  being th e  an tic ip a ted  volum e swelling ra tio s  for 
ru b b er o f infinite in itial m olecu lar w eight.

IV . D IS C U S S IO N  

C h e m is t r y  o f  P e ro x id e  D e c o m p o s i t io n  a n d  C ro s s l in k in g  R e a c t io n s

T he  detailed  investigations of d i-/er/-bu ty l peroxide decom position in  the  
gas phase^ and  in so lu tion  in  alkylbenzenes^ and  olefins^*’ "  suggest th a t  the  
reactions (R .1 -R .5 ) a re  o p e ra tiv e  w hen th e  peroxide decom poses p a rtly  in 
so lu tion  in rubber hyd ro carb o n  and  p a rtly  in th e  gas phase. T h e  high 
over-all percentage o f in itia l peroxide accounted  for as /er/-butanol, ace­
tone, and  unreacted  peroxide (T ab le  I I I )  confirm s th a t (R .1 -R .4 ) rep resen t 
the  p redom inan t m ode o f perox ide decom position. T he  yields o f m ethane  
and  e th an e  relative to  acetone  a re  also consisten t w ith (R .3 -R .5 ), it  being 
found th a t:

( [ C I U ]  +  2[C-,HeJV([Mc2C:0]) 1

T he d a ta  of T able  I I I  also reveal k inetics of peroxide decom position con­
sis ten t w ith  those found previously.®-® T ak ing  the  observed values o f V2 
(moles Bu^OH *f m oles M czC^^O) as a m easure o f the  am o u n t of p e r­
oxide decom posed, first o rd er ra te  co n stan ts  have been ob ta ined  in the 
tem p era tu re  range 110-140° for th e  first 50%  decom position:

T e m p .  («c.) *1 ( X  1 0 ‘ )  h « c . - ‘

140 1.62 S.D." (015J
130 1.45 (0.03;
120 0.4;J2 f 0 .02 1;
no 0.109 ro.ooTi

" S .D . Is llie standard  doviaLion.
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Tlu' roiislaiK'v o \ ' lln‘ h ,  vaUu's di'lmuiiu'd from llu' .'xporiim'uls al I K) 
slunvs tJu' ao'Uiarv o i '  l!i«' ('\p('rimoiilal nirlluMl vistnl to drtrrniuu' tlu' 

\iol(is of /(T/-ltulanol and acrloiu':

\ '2 • •’» *'

it, X  lO'^ (SCO. a t  U O ^
l . x p l .  N o . ,  I 1 ( , :  t (i7 I : 2  i  r.ll I «1 I O'l

| . \ p l „  N..........................  » "
* ,  X  10 ‘ («■<.. M a t  l t O ^  . I '  »•> '  ' -y  ‘ ‘

T l i e  r a t e  c o n s t a n t s  a t  t l ie  o t l io r  t c n i p o r a t i i r o s  a r e  less  a c c u r a t e  o w in g  to  
t h e  l i m i t e d  n u m b e r  o f  r a t e  m e a s u r e m e n t s  m a d e .  T h e  a b o v e  r a t e  c o n s t a n t s  
g iv e  v a h i e s  f o r  t h e  p r e - e x p o n e n t i a l  f a c t o r  a n d  . \ r r h e n i u s  a c t i v a t i o n  e n e r g y  
o f  c a .  1 X  10 '«  s e c . - '  a n d  ca. 3 8 .5  k c a l . / m o l e ,  r e s p e c t i v e l y ,  w liio li  a r e  in 

s a t i s f a c t o r y  a g r e e m e n t  w i t h  p r e v i o u s h  p u b l i s h e d  v a l u e s .
T h e  p r e s e n t  d a t a  c o n f i r m  t h a t  ( R . 1 ) - ( R . 5 )  r e p r e s e n t  t h e  m a j o r  d e c o m ­

p o s i t i o n  p a t h s  o f  t h e  p e r o x id e .  I t  r e m a i n s  n o w  t o  c o n s i d e r  t h e  e v id e n c e  fo r  
c o m b i n a t i o n  ( R .6 )  b e i n g  t h e  s o le  f a t e  o f  t h e  p o l y i s o p r e n y l  r a d i c a l s  H pr<)- 
d u c e d  i n  ( R .2 )  a n d  (R .  I) .  I t  m u s t  b e  a d m i t t e d  t h a t  n o  u n e q u i v o c a l  e v i ­
d e n c e  is  v e t  a v a i l a b l e  i n d i c a t i n g  e x c lu s iv e  c o m b i n a t i o n  o f  t h e s e  r a d i c a l s  m  
t h e  c a s e  k  r u b b e r  h v d r o c a r b o n .  H o w e v e r ,  t h e r e  is i n d i r e c t  e v id e n c e  s u p ­
p o r t i n g  t h i s  c o n t e n t i o n .  T h e  e x p e r i m e n t a l l y  o b s e r v e d  e x c lu s iv e  .■onibina- 
t i o n  o f  a l l y l i c  r a d i c a l s  p r o d u c e d  f r o m  s y m m e t r i c a l  d i a l k y l e t h y l e n i c  n u .n o -  
o le fm s  b y  t h e  p e r o x id e '"  ( R . T ) - t R .8 ^  is  c e r t a i n l y  s u g g e s t i v e  o f  ( R .6   ̂ o c c u r ­

r i n g  w i t h  t h e  p o l y i s o p r e n y l  r a d i c a l s  d e r i v e d  f r o m  n a t u r a l  r u b b e r :  

- C H . - C H = C H ~  +  ( C H 3 ) 3 C -0 -------------, _ c i i - c i i = ( ; h -  +  (C I1 , .C >  (>II .

- C . H — Cl l = C I  I—
2 _ c : „

I n  t h e  c a s e  o f  t h e  p o ly i s o p r e n e  m o le c u le  h y d r o g e n  a b s t r a c t i o n  b> lerl- 
b u t o x y  o r  m e t h y l  r a d ic a l s  c a n  o c c u r  a t  t h e  t h r e e  a - m e t l i y l e n i c  p o s i t io n s  
[a), {b) a n d  (c),  t h e  r e l a t iv e  e a s e  o f  h y d r o g e n  a b s t r a c t i o n  b e u i g  (a i  >  (6) >  
( f j ’i4,i5 p i f x c s s e s  will l e a d  t o  six m e s o m e r i c  s t r u c t u r e s  ( A l .  iB ) ,  a n d

( C ) :
CM

______ , — (11, c - --CII— c.ii c —r:i i  - e l i ­

c i t , ____________________________ c i i  ' • "

- C i i , - C  c i i - c i r -------------- . - c i i -  c  : r ; i i - c i i ,  _ c i i = c - c  i i - c i i , -

c i t .( I I .

i i . _ c  - c i i — — c: i i , —< : ~ r n —c i » r

[n Mi<‘ c:is<M>rni.>nr>oh (insconlaitiing the tnalkylelliylone slrurtun-. radical 
<(Hiil)iiialioti is a-ain tin* sol»* i a t o  of f lu *  resonance slal>iliz(‘d radirals, and̂  
infra-red spectroscopi* fvidence cot.(inns llie pfesen<-e of H CH f-if— 1*>‘ 
atid Clfv -C H ii ' »-roijps in the deh>dro|)olytnerir iHodiiels as re((uired by 
Ih.; resonance stnjetares (A and (C ,.'' When the radicals (A, Cj a r e
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fo n i io d  fro m  d i-  a n d  p o l> is o p re n o s  i t  l>ocoinos p o ss il)I( ' Tor t lio  r a d ic a l s  to  
u n d t 'r i ro  o y r l i / .a l io i i  to  p ro (ivu ;c  s i i b s l i tu lo d  ryc l< )\\o \i^u \\ o r  r v r /o p c n tc n y l  
r a d ic a l s  p r io r  to  ( '( u u b in a l io n ,  e.g .:

CM, c n ,
I I

—Cl ij—c W : i  I—0 1 1.—Cl I,—c = ^ c i  I—c n ----------------»

CH, CH,
(

E xperim en ta l d em onstra tion  for such cyciization is found in the  fac t th a t  
th e  deliydropolynieric p ro d u c ts  from  2.6-d im ethykx 'ta -2,6-diene and  
d igeranyl re ta in  only 82 an d  72% , respectively, o f th e  unsatiu-ation o f th e  
original olefm com pared w ith  100%  reten tion  o f u n sa tu ra tio n  in dehydro- 
polym ers derived from  m onoolefm s.’®-̂ ^

A pplication of the  following sim ple probab ility  a rgu inen t to  th e  earlier 
sem iquan tita tive  d a ta  o f F a rm er and  M o o re"  shows th a t, despite th e  com ­
plexity  of the  radical form s o b ta in ab le  from  polyisoprenes and the tendency  
for such radicals to  cyclize, th e  p redom inant fa te  o f all rad ical species is 
com bination. I t  is assutned th a t  all isoprene un its  have  equal re ac tiv ity  
and  m ay undergo only one hydrogen  abstrac tion  during  the  ex ten t o f th e  
reaction  m easured, and  th a t  rad icals are  exclusively te rm in a ted  b y  com ­
bination . L e t p  be th e  p ro b ab ility  th a t any  isoprene u n it undergoes h y ­
drogen abstrac tion . T hen , fo r exam ple, for th e  reaction  o f 3 moles o f 2,6- 
d im e th y lo c ta '2,6-diene w ith  1 m ole of peroxide un d er conditions leading to  
com plete decom position o f th e  la tte r , p  =  V 3» and  th e  an tic ip a ted  recovery  
o f m onom er is 100 (l-p )^  =  44% . T he  ex-perimental value o f m onom er 
recovered was ab o u t 50% . S im ilarly , for th e  reaction  of 1.5 m oles o f 
d igeranyl (containing four isoprene units) w ith  I mole o f peroxide, p  =  Vs, 
and  th u s  th e  an tic ipated  recovery  o f digeranyl is lOO(l-p)^ =  20% , com ­
pared  w ith  the  experim ental va lu e  o f 20% . I t  is therefore  concluded th a t  
no ex'perim ental evidence is availab le  suggesting th a t  polyisoprenyl o r th e  
derived cyclic radicals xmdergo stab iliza tion  by  d isp roportionation , since 
th e  la tte r  process would lead  to  p roducts fnainly o f th e  sam e m olecular 
com plexity  as the p a re n t olefm  and  so would result in less dehydropolym er 
th an  would be pred ic ted  by  th e  above argum ent.

A fu rth er possible com plication  is th a t  a m easure of nonrandom  cross- 
linking m ay occur. F o r  exam ple, coupling of the  m esom eric radicals (A) 
and  (B) will lead to  crosslinked u n its  having  a 1,4-diene s tru c tu re  possessing 
a cen tra l a-m ethylenic g roup , (d),  o f enhanced reac tiv ity  tow ards hydrogen- 
ab strac tin g  radicals:^^-^^

C lla (d) CHj

-ci f ,— cir^cir—cifz— cif:—
(x)

(A)



248
c. t i .  M o o in - :  \ N n  w . k . \ v a t o )N

c i i j  (</)

_ci r , -  ti=ci 1—cH i—Cl i - t . —c n —c f u —
iv)

(U)

A cl.ain  scgn.c.U be.woon ( . )  o r (,y) and (rf), procl.Kod by «
A cnam  coloiuzation of crosshnks, and  so
coupling roacUon a t  (rf). crosslinks. H ow ever, calculations
resu lt in a  loss l .y d r o g c u - a b s t r a c t io n  r e a c t iv i t ie s " -  to

S e 't e .^ e . 'a l u r e s  'en,ployed in tl.e  p resen t w ork, and  considerat.on  of the

T O  G A S - a n a l y s i s  

A P P A R A T U S  ( f i G A ^

Fies 1 2 and 3. Apparatus for the preparation o f vulcanizates, and for the 
*  ’ i l la t io n  and analysis o f peroxide decompos.t.on products.

4 .  A p p a r a t u s f o r  t h e  a n a l y s i s  o f  m e l l i a n e  a n d  e t h a n e .



sm all fraotiiMi of llu ' isoprc'iu' u n its  (h a t booonu' l(H‘alod at crosslinks sliow 
th a t th is ooinpiit'alion can  be noirlcctod for n ih lx 'rs  in the ohislioity ran;;(\ 

A nother possibility is tho couphn^ o f radical spi‘('i('s such as (C) (s(‘<‘ 
above') to  yield v in \ lie ^MX)nps. C l f -—-CKH*. capable  of addition  polyrnoriza- 
tion. A dditional crosslinking by th is tnei'luuusin is rcirai'dcd as u n im p o r­
tan t in the  present system  becansc of: ( / )  the m inor t't>nlribiition of the  
radicals (C^ to (he to ta l polyisoprenyl radicals, and  th(' low dof^rco o f 
polym erization elTcc ted wi th olefins o f the  ty p e  C H s ^ C I l H w h e r e  W and 
R '  contain  a-jne(hylenic hydrogen atom s.

Dispropi>r(ionalion of polyisoprenyl radicals, crosslink colonization, and  
add ition  p^>lymerization also seem im probable from a consideration o f cross- 
linkuig a t ditVerent tem p era tu res . E ven  a sm all difTerence in the  ac tiv a tio n  
energies of the  rad ical cornbuia tion  and  th e  above processes would lead to  a 
de tec tab le  change in efficiency o f ru b b er crosslinking w ith v a ria tio n  in 
tem peratu re . In  fac t no  sy stem atic  v a ria tio n  of the  chem ical to  physical

0 Z 04 Z i  OB
C H E M I C A -  O C T E R M I N A . T J O N  O F  C R O S S - L l N ' J N G  ( I / 2  K  1 0 * '

ftfi. 5. ( > > m p a r i s o n  o f  p h y s i c a l  a i n l  c l i c m i c a l  v a l u e s  o f  <\*if£r€e o f  c r o s s l i n k i n g

{1,2 \Jc)- I' 'ill liiie,<;x{)<.Tiinoiilul. iirokofi line, theory. (# )  \  ulcanization a t  140®C., 
(O; a t 130'-C.. ( - )  a t  120*C., (▼) a t  1 IO°C.
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valuPS  o f  .TOssliiiUin!; :tl ( l l ir . 'ro iil  ro a o l io n  l o i n p c i a l i u o s  w a s  o b s e rv o i l  im 
l l ic  r a n s e  o f  110 1 1(>C .. (S<v Fi.^'S. 5 a iu l  (..) T l u n v  a p p e a r s ,  th o ro fo ro ,  
s o m e  e x p o r i i i ic iK a l  j u s l i l i c a t i o u  foi' tlu- a s s m n p l i o i i  m a d e  liero  t h a t  all 
p o l y m e r  r a d ic a l s  doriv^ed f r o m  tlu- n i l i l i c r  1)\ o - i n c t l u l o i i u '  l i\diOi:< 'n 
a b s t r a c t i o n  u u d e r - o  e x . l i i s i v e  .■onibiiia tioii  lo  srive e la s tu -a l lv  o tT .v tivo  
c r o s s l in k s ,  a n d  t l i i i s  t h a t  t h e  y ie ld s  o f  / (T /-h i i lan d l  a n d  m e t h a n e  c a n  b e  u sed  

to  d e t e m i i i i e  t h e  d c g io e  o f  (M'ossliiikiiii:.

P h y s i c a l  a n d  C h e m i c a l  D e t e r m i n a t i o n s  o f  D e g r e e  o f  C r o s s h n k i n i i

I t  is p e rtin en t to  consider tlio nu'iisure of agreem ent betw een tlie clienu- 
cal and  physical de term inations of degree ol erosslinking, 1 /2  Me, tor rubbei 
o f infinite in itia l m olecular weiglit. \  alues ol 1 2 de ternuned  from 
swelling m easm 'em ents using the M ory-Huggins equation  (6) ot 1 a i t  I a ie  
p lo tted  against tlu‘ chem ical values of 1 2 A/, in b'igure 5 and  as curve (A) 
in F igure 6. C urve (B) of Figure (> shows the  com parison of chem ical wi th 
physical values using th e  modified equation (6a) of P a rt I. T here  is seen

r i g .  6 .  < . o i t i p a r i s < i n  <if p h y s i c a l  a n d  o h c r n i c a l  v a l u e s  o f  tlv.f'rec o f  e r o s s l i n k i n g

(1 /2  Mr.). Curvf' ( \ l ,  pxiHTinieiital. iLsiii;? equation  (6) o f Varl P . C urve Mi), f;xf>en- 
rrinfiLal, iisiti- 6 f a )  of P nrl Cnrv(; (C ), lli<:or>. ( • )  ViilcariizaUoLi a t
140®C., (O) ill (_ ) a t  1 2 0 at  110'=C.



to  Ix' a consiH('rabl(' divorg(‘nc<' belw ccu th r  oxprrinn 'u ta l valu<'s and  tliost' 
m ^uirod by o lasliiity  tlioory (broken luuO. th is divorironoo Ix'inf; in | 1k‘ 
seUv'̂ o of tlu ' pUysiral value o f crosslinkiiijr al\va>s lu'in:: jrrealcr th an  (Ik* 
eheiMioal value. TIu' div(Tgonre ap p aren lly  iM(‘r<*as<'s « i(h  inen'asin^- 
degree o f era^slinkini;. ( ire a te r  divcrgenee from iheory will be t»bservcd if 
the  present assum ption of exclusive com bination  of polyisoprenyl rad icals 
is invalid.

T he  m ain diverget!C(’ bel ween pJiysical and  ch<‘mieal determ irialiorrs o f 
erosslinking is expressed by an  in te rcep t te rm  of about 0.3 X 10“ '* and
0.24 X 10“  ̂ on the axis of the  physical d e ten tn n a tio n  of 1/2 a t  zero 
degree of chemical erosslinking, using equations (6) and (6a) o f P a r t  I, 
respectively. Tliese in te rcep ts  im ply th a t infinitely long ru b b e r m ole­
cules before erosslinking would behave e lastically  as if they possessed cross­
links. In  keeping witii previous suggestions, these noncheniical cross­
links m ay be considered p icto ria lly  as chah i en tanglem ents, g iv ing  th e  
equivalent o f one crosslink for every  245 o r 305 isoprene units, respectively , 
for th e  above values of the  in te rcep t. [M r. L . M ullins has po in ted  o u t th a t  
th is  in te rp re ta tio n  would lead to  a correction  for fm ite initial m olecular 
w eight in add ition  to th e  F lo ry  end-correction . I f  en tang lem ents a re  th e  
cause o f th e  in tercep t, i t  seem s reasonable  to  assum e a co nstan t average  fre ­
quency  of en tang lem ents along th e  ru b b e r molecules except in  segm ents 
w ith  free ends. W ith  no en tan g lem en t co n trib u tio n  for the free-end frac ­
tion , con tain ing  a p ropo rtion  2 McM~^  o f isoprene units, the  co n trib u tio n  o f 
ap p a ren t crosslinks ascribable to  en tang lem ents  is of the  form :

^ ( 1 / 2  Me) -  0 .3 (1  -  2 X  1 0 “ ^

T hus, th e  F lory  end-correction  an d  th is  possible en tang lem ent co rrec tion  
together re la te  th e  physica l degree o f erosslinking (1- 2 Me, physX to  th e  
abso lu te  degree o f erosslinking ( 1 /2  Mc^chem.)^ by :

( 1 / 2  =  ( 1 / 2  M , , e h e m . ) ( l  ~  2  +

0 .3 (1  X  1 0 - ^ .

T he physically  de term ined  values o f 1 /2  Me m ay be increasingly o v er­
estim ated  a t higher degrees o f erosslinking, accounting q u a lita tiv e ly  for 
increasing divergence betw een  physical and  chem ical de te rm in a tio n s  of 
1/2  Me, due to : ( / ;  th e  s ta tis tic a l th eo ry  n o t being obey<^d to an  increasing  
ex ten t (the value of C? being zero only  a t  high degrees of swelling)^; a n d  to  
(2) the  fm ite ex tensib ility  of chaiiis a t  high degrees o f cros-flinking c o n tr ib u t­
ing to  the ex'perim ental va lues of Ci.

Finally, a com parison is m ade in F igure  7 betw een the p resen t re su lts  
w ith peroxide erosslinking, cu rve  (C ), and the  previous resu lts o f F lo ry  
et a i*  based on deeam ethy lene  d isrnethyl azodicarboxylate  as th e  cross- 
linking agent, curve (A). For a b e lte r  corriparison, tlie physical m easu re ­
m ents expected for tli(; d isazodi(‘arboxy lu te  cnjsslinked rubbers in the  
highly swollen s ta te  have  Ix^en calcu la ted  by M r. L. M ullins, and  a re  re p re ­
sented  as curve (B j. A pply ing  the  som ew hat larger em pirical e n d -c o rre o
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top*

r A- K .itv l o eo x id e  a n d  d isa z o d ic a rb o x y la te s  as 
F ig . 7. 0 .m p a r .s o n  o f  decam ethylene dis-

c ro s s l in k in g  a g e n ts .  C ur e {. ), corrected  to  those obtained
m e t h y l  azodicarboxylate. C u r \e  ( B ) ,  nrpsent resu lts with peroxide
for th e  vulcanizate ia  the  swollen s ta te . C urve (C). p resen t resu lts pe

crosslinking.

tion^ th a n  th a t  previously envisaged* will only slightly
A com parison o f curves (B) and  (C) suggests therefore th a t the  d.sa
dicarboxy late  is a relatively  inefficient cross m km g
th is has been  found î i recent s tu d ie s -  ol th e  reaction  of eth> lazod.car 

boxylate  w ith a  diisopreiie.

Since the  m ethod detailed  hi I*art I provides a m eans of cw iverting 
e x S L n t a l  .  values in to  physical values of 1/2  ^
and  6 can  be used to  determ ine the chem ical degree ol
ventional vulcanizates of know n in itia l , ; 2 ‘L l i e d u r e
m easurem e.it o f . ,  for any vulcanizate, an
the  num ber o f en'ectivc prim ary valence crosshnks/g .
i r i in c d  iiiid n'liilcd t o  ill* ,'atiiouiits of vu lcam /itig  agen ls  . - j

" "  . i ; , ;  ........... ..I , 1 ,  c r - B . . k i „ B  . : i r , o f  . u f c > . . . » n «  a 6 » ' >



i t a t iv o  o x p rc ssiio n  lo  llio  f im c l io u  o f  a i 'c c l t 'r a lo r s  a iu i  a u x i l i a r y  c o n i-  
p o i i iu is  (z im ' s o a p s .  (*to.) u s e d  in  t 'o i iv c i i t io n a l  v u lc a n iz a t io n .

riu ' aut.lhins thank  M r. K. M ullins for liis ctHjporalion. hiuI l^r. Iv S. \ \  m id M r. 
G for lh«' s|MH'lrosc«>pic <laln and  for contrilM itin^ tin* on tin ' ana lysis  of
/eW-l)utanol. a rt'tono  an<l di-/eW-l)utyl peroxide.
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Synopsis
N atu ra l rubber vulcanizates have been p repared  by a m ethod perm itting  d e te rm in a­

tions by chemical analysis o f th e  num ber o f crosslinks introduced. T he  crosslinking 
agent was di-/«r/-butyl peroxide, and  th e  peroxide and  its decompc)sition p roducts— 
fcr^-butanol. acetone, m ethane, and  e th an e— w ere determ ined by infrared spectroscopic 
and m anom etric niethod.‘<. fer/-B utanol an d  m ethane  resu lt from the  abstraction  o f a- 
m ethylenic hydrogen a tom s from th e  rub b er hydrocarbf>n by m eans o f fcW-butoxy and 
m ethyl radicals, respectively . O n th e  assum ption  th a t  th e  resu ltan t rubber h y d ro car­
bon radicals undergo exclusive m utual com bination  a chemical e\ a luation  o f degree of 
crosslinking. 1/2 M^, is given by V2(moles o f <er/-butanol moies of m ethane), where 
•V/. is the  average m olecular w eight betw een crosslinks. Physical values of 1 /2  A/^ for 
rubber of inGnite in itial m olecular weight have been obtained by determ ining th e  volum e 
fraction of swollen rubber, in n-decane, an d  by using the  m ethod descril)ed in P a r t  I 
for correcting for the  finite in itial m olecular w eight o f the  rubl)er. A com parison of the 
physical and  chemical values of 1/2 ir>dicates th a t  the form er is g reater th an  the  la tte r 
for all degrees of crt^sslinkirig, the  m ajor divergence ^>eing acctiunted for by an  add itive  
term  which is pictorially visualized as due to  en tanglem ents.

R esum e
Des vulcanisats de caoutchouc nature! o n t e te  f)repar«'s snivarit une m ethode pernHit- 

ta n t  la determ ination chirnit^ue <in fK)rnl)re de pontages interrrif^lw.ulaires. L’agen t de 
pontage c ta it h-* fxjroxydc; de d i-titrtia ire-bu ty le ; cf;lui-ci d<- inem^* qiie ses p rodu its de 
decornpositiorj. savoir Ic tertiair(i-butaf)<»i, I’acetone, le niethane e t I’ethane o n t ete 
evalues p a r Sf>e< tn m ie trie  infraroiige e t  p ar des m ethodes inanofnetriques. Le tertia ire - 
hutanol e t le m ethane re su lten t d ’une reaction d ’un atorne d ’fiydrogerje alpha-m ethyl- 
oniqiie de I’hydr^xrarbure de caoutchouc avec des radicaux t«'rt. butoxyliques e t  m ^thyl- 
i(jues. lu i a d m e tta n t cpn* les radicaux liydrocarbones formes s'additiorm ent m utuellts



2 'yi c .  w n  \\ . v. w \ ' r s o \

,„en t, on pou l ovalnoi chiiniMuniu-nl 1,' •!.' p o n la p '.  1 / J  W, a»  .noyen do la somn..'
V t (moles I,crt.butanol 4 m oles <le nuMlianel; expn'tne l<‘ poids ntolcculflire moyen 
en tre  deux p en is . D os valours physupies do I '2 tuil ep tlt'inon l ctc obtenuos pour un 
caoutchouc do poids m oleculairo inllni on deto rtn inan i la fraction do volum e d a  cam il- 
cliouc gonflc, IV- d an s Ic det^ano norm al, on ni ilisiinl [a m otbode decrite  d an s la premiere 
pnrlie en corrigoanl les donnoos en (onani com pte du  puids m(>leculaire in itia l du  cao u t­
chouc. com paraison des r*VuHats physiques e l  ohim i.pies des valeurs do 1^2 A/, 
ind iquen l que les prem iers sn n l phis ,qov,^ quo los dorn iers a lous les degr^s do jxm tape; 
I’eca rt p rincipal pou t e lre  ro p rc ^ n le  p ar un lorm e «<i(htif. qui pout e lre  eonsid.Ve oommo 
lo n an t com pte de rin to rp o n e lra tio n  inlorntohV.Haire des sep n en ts .

/iisan iineiifassung
E s w arden naliuH che IvaaLschukvulkanistUe m illo ls einor M ethode hergestollt, die 

durch  chem ische A nalyse B estin .m unpen dor A nzahl von eiugefuhrten  Q uerbindungen 
g es ta tte t. D as  Q uerb indungsm ilte l w ar d i-/cr/-R utylperoxyd, und  das Peroxyd und 
seine Z ersetzungsprodukle, nam lieh /er/-B ulanol, A ceton. M ethan  a n d  A than  wvu-den 
durch  in fra ro te  spektroskopiscl.e und m anom etrische M ethoden bestim m t. icrf-Bulanol 
und M eth an  stam m en  von dor i:n lfe rnung  von a -n ie lhy len  W asserstoff-A tom en aus deni 
K autschuk-K olilenw asserstoff iniUeis /er(-Butoxy-. bezielu.ngsweise M ethyl-R ad.kaleii 
her U n te r der V oraussetzung. dass die d arau s  hervorgehenden K autschuk-K ohlen- 
w asserstoff-Radikale einor exkJusivon gegenseitigen Vereinigung unterliegen. wird eme 
chem ische A bschatzung  des Q uerbindnngsgrades 1 /2  M ,  durch ‘/ j  (M ol von /cW-Butanol 
+  M ol von M ethan) gegeben. wo U . das m ittlere  M olekulargew icht zwischen Q uer­
b indungen ist. Physikalische W erto von 1 2 A/, fiir K aa lsch u k  von unendhchom  an 
rangUchen M olekulargew icht %vnrdon dureh B eslim m ung der \  o lum enfraktion voii 
gequolienem  K au tschuk . r., in n-D ekan erhalten , und  durch B enu tzung  d er m  Teil I zur 
K orrek tion  fu r d as  endliche anfangliche M olekulargew icht fiir K au tschuk  beschriel>entni 
M ethode. E in Vergleich der physikalischen und cheniischen W erte  von 1 /2  A/, gibt 
an  dass der e rs te re  fiir alle Q uerbindungsgrade grosser als d er le tz tere  ist. wobei der 
hauptsachlichen  Abweiclmng durcli oinen zugefugten A usdruck R echnung getragen 
w ird, wetche bildlich als durch \  erw irrung bed ing t dargeste llt wird.

R eceived Ju n e  21, 1955
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A nom alous Hclation o f  A pparent N'isi-osilv to 
T em poralure in H igh  M olecular W ei^ht 

P o ly isoh u ly len e  u n d er  Shear in a 
Capillary V iscom eter*

\  n. H F S T r i .  and 15. B i n  \ . \ T . t  X alional liiirrau af S/andtirds'.
Was/iiiiglon '2f), I). C.

I. IN T R O D U C T IO N

Tliis pap er presents previously  unrepo rted , anom alously liigli tem p era ­
tu re  coetficients of viscosity observed  for polyisobutenos over sm all tem p e r­
a tu re  ranges. T his seem ing anom aly  appears  to  have th e  sam e exp lanation  
as a d ifferent ty p e  of observations rep o rted  several titnes over th e  p a s t 
several decades. The investigato rs  who reported  th e  earlier observations 
have not all agreed on th e ir exp lanation . T he bases for tw o a lte rn a tiv e  
exp lanations of th e  p resen t and  th e  previous observations are  very  im ­
p o rta n t in th e  behav ior of high polym ers. I t  seems w orth  while therefore  
to  p repare  th is  discussion of our observations and  of th e  tw o explanations 
one of which probably  applies to  them  as well as to the  different, previously  
reported  observations.

O ur observations are  on p lo ts o f a p p a re n t viscosity  versus tem p era tu re  a t  
fixed ra te  o f shear. T he  viscosities were nneasured for high m oleculaj 
w eight polyisobutylenes o f severa l d ifferen t m olecular weights, using a 
cap illa ry -type  viscom eter. A t tem p e ra tu res  above 100°C.. th e  v a ria tio n s  
o f viscosity  w ith tem p era tu re  a re  co m parative ly  small. T heir m agn itude  is 
ab o u t th a t  ind ica ted  by flow ac tiv a tio n  energies in th e  neighborhood of 3 
kcal. This behavior is ch arac te ris tic  of th e  viscosities of high polym ers a t  
fixed ra te  of shear. H ow ever, over som e sm all tem pera tu re  in te rva l ( < 10° 
C .; in th e  region betw een 40 an d  100°, the  varia tion  of viscosity w ith 
tem p era tu re  is v e ry  large. In th is  in terval, a tem pera tu re  decrease of 
several degrees produces a  viscosity  increase of a fac to r of tw o or m ore, 
f o r  some sam ples tfie varia tion  o f viscosity with teitiixTatun* appears  to  
be nearly infinite a t the lower end  of this ititcrval. flic  te /n p e ra tu re  a t  
wltifli these in tervals an* lo(;atcd (la te r designated as 7 '/- increases with 
incff'asiri': m olecular weight o f the poly/ncr.
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