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ABSTRACT

A, P y r o l y s i s  o f  E th y lb e n z e n e

The p y r o l y s i s  o f  e th y lb e n z e n e  h a s  been s t u d i e d  i n  a 

t o lu e n e  c a r r i e r  f low  sy s tem  from  910°k  t o  1089°K u s in g  t o t a l  

p r e s s u r e s  from  20,l\. mm to  37*9 mm w i th  t o l u e n e / e  th y  Ib en z en e  

r a t i o s  o f  37 t o  I 7 0 . Benzene was a l s o  used  a s  c a r r i e r .  The 

p r o d u c t s  from  th e  p y r o l y s i s  i n c l u d e d  m e th an e , e t h y l e n e ,  

h y d ro g e n ,  b e n z e n e ,  and s t y r e n e .  F i r s t - o r d e r  r a t e  c o n s t a n t s

C£^5 GH2 CH3  ----->  C6 H5 GH2  + GH3  [ 1 ]

f o r  r e a c t i o n  [ l ]  ,  c a l c u l a t e d  from  th e  m ethane p ro d u c e d ,  were

in d e p e n d e n t  o f  p r e s s u r e ,  c o n t a c t  t im e ,  s u r f a c e ,  c a r r i e r ,  and 

t h e  c a r r i e r  to  e th y lb e n z e n e  r a t i o .  A l e a s t  s q u a re s  t r e a tm e n t  

o f  the  d a t a  gave

l o g i o k i  = 1 4 . 7  -  ( 7 0 ,1 0 0 /2 .3 R T ) .

T h is  i s  i n  e x c e l l e n t  a g re em e n t  w i th  t h e  r e s u l t s  o b t a in e d  by 

E s t e b a n ,  K e r r ,  and T ro tm an -D ickenson  u s i n g  p r i m a r i l y  an 

a n i l ' l n e  c a r r i e r  t e c h n iq u e .  The a c t i v a t i o n  e n e rg y  may be 

e q u a te d  t o  D jc ^ H ^ H 2 -CH^ .

E th y lb e n z e n e  decomposed m a in ly  by r e a c t i o n  [ l ]  . How

e v e r ,  u n d e r  t h e  e x p e r im e n ta l  c o n d i t i o n s  u s e d ,  r e a c t i o n s  [2 ] 

and [3 ]  a c c o u n te d  f o r

C6 H5 GH2 CH3  -----> + C2 H|  ̂ [ 2j

C ^ ^ H 2 C H 3  -----> + H2  [ 3 ]

i i i
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1. t o  o v e r  5 0 ^  o f  t h e  d e c o m p o s i t io n .  R e a c t io n  [ 2 ]  i s  l a r g e l y  

a h e te r o g e n e o u s  p r o c e s s ,  w h i le  [ 3 ]  o c c u r r e d  in  th e  g a s  p h a s e .  

S e c o n d a ry  r a d i c a l  a t t a c k  on th e  e th y lb e n z e n e  was o f  m inor 

im p o r ta n c e .

B. T h erm o ch em is try

The e n t h a l p y  o f  r e a c t i o n  i n  c h lo r o f o r m  s o l u t i o n  a t  

2 5 °C and  1  a tm o sp h e re  p r e s s u r e

In (C H ^ )^ ,c  + 3 B r 2 ( s o l n . ) — > In B r^ C so ln .  ) + 3 CH3 B r(g )  [V|

i s  -1 6 2 .5  k c a l /m o le .  The e n t h a l p y  o f  r e a c t i o n  [5] u n d e r  

i d e n t i c a l  c o n d i t i o n s

10(0113)3,0, + 2Br2(soln.)  — >CH3lnBr2(soln.) + 2CH3Br(g) [5]

i s  -121^..7 k c a l /m o l e .  W ith  t h e  e n t h a l p y  o f  r e a c t i o n  [l*] ,

A H f  2 9 5  [1 0 ( 0 1 1 3 ) 3 , cj = 2 9 , 5  k c a l /m o l e ,  w h ich  w i th  the  e n th a lp y  

o f  r e a c t i o n  [ 5 ] ,  g i v e s  A H f 2 9 8 [0 H3 l n B r ,c J  = - 8 5 .5  k c a l /m o l e ,  

and  w i th  A H g u b l im a t io n  [ln(CH 3 ) 3 ,cJ  «  1 1 .6  k c a l /m o le  g i v e s  

A H f 2 9 8  [1 0 ( 0 1 1 3 ) 3 , g j  “  4 1 * 1  k c a l /m o l e .  Com bining t h i s  l a s t  

v a lu e  w i th  A H ^298 “  3 3 .2  k c a l /m o le  and  A H f 2 9 8 [^ o ,g j

= 5 8 .2  k c a l /m o le  g i v e s  F (In-O H 3 ) = 3 8 .9  k c a l /m o le .  Prom 

p r e v io u s  k i n e t i c  s t u d i e s ,  D |(0H 3)2lo-0H 3 + D lo -O H ^  = 8 7 . 9

k c a l /m o le .  Hence D [cH 3ln-0H 3j = 2 8 .8  k c a l /m o le .

In  p r e p a r a t i o n  f o r  more r e f i n e d  s t u d i e s  on m e ta l  a l k y l  

compounds, th e  c a l i b r a t i o n  o f  a  r o t a t i n g  bomb c a l o r i m e t e r  

was c a r r i e d  o u t .  A t h e r m i s t o r  was u sed  a s  t h e  t e m p e r a tu r e  

s e n s in g  e le m e n t .  The r e l a t i o n s h i p  be tw een  te m p e r a tu r e  and

iv
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r e s i s t a n c e  c o u ld  be  r e p r e s e n t e d  by  th e  t h r e e  e q u a t io n s

T

l i s  •  °  r a

InR » ■ "m + B [6]

>-“R = n é a  + s ' -  [8]

and

W e

t o  a b o u t  th e  same d e g re e  o f a c c u r a c y .  The v a r i a t i o n  of 

t e m p e ra tu re  w i t h  t im e  f o r  th e  c a l o r i m e t e r  f o l lo w e d  th e  

e q u a t io n

§ 2  -  u + g ( T j - T ) .  [9]

N u m e ric a l  t e c h n iq u e s  were u se d  to  t e s t  e q u a t io n s  [6] t h r o u ^  

[ 9 ] ,  and  t o  e v a l u a t e  ^ d t  i n  th e  c a l c u l a t i o n  o f  the  tem p-

e r a t u r e  r i s e  f o r  co m bus tion  e x p e r im e n t s .  The d e g r a d a t i v e  

o x i d a t i o n  o f  t r im e t h y l i n d iu m  was n o t  am enable  to  q u a n t i t a t i v e  

t laerm ochem ical s t u d y .
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CHAPTER I  

INTRODUCTION

I n t r o d u c t o r y  C o n c e p ts  and D e f i n i t i o n s  

The s t r e n g t h  o f  th e  c h e m ic a l  bond i s  o f  p rim e i m p o r t 

ance  f o r  th e  q u a n t i t a t i v e  t r e a t m e n t  o f  c h e m ic a l  r e a c t i o n s .

The e x o t h e r m i c i t y  o f  e n d o th e r m i c i t y  o f  a  c h e m ic a l  p r o c e s s  

i s  d e te r m in e d  by  Which b o n d s  a r e  form ed and w h ich  b o n d s  a r e  

b r o k e n .  T h i s  l i b e r a t i o n  o r  a b s o r p t i o n  o f  e n e rg y  i n  c o n ju n c 

t i o n  w i th  s t r u c t u r a l  c o n s i d e r a t i o n s  o f  th e  p r o d u c t s  a n d  r e 

a c t a n t s  d e te r m in e s  t h e  f e a s i b i l i t y  o f  c h e m ic a l  r e a c t i o n .

The r u p t u r e  o f  a  p a r t i c u l a r  bond i n  one m o le cu le  and  th e  

s t a b i l i t y  o f th e  se e m in g ly  same bond i n  a n o t h e r  m o le cu le  

g iv e s  in f o r m a t io n  a s  to  th e  d i f f e r e n c e s  i n  e l e c t r o n i c  c o n 

f i g u r a t i o n  o f  t h e  two c a s e s  and sh e d s  new l i g h t  on t h e  e x i s t 

in g  t h e o r i e s  o f  v a l e n c e .  The c o n t r a s t  in  th e  d i s s o c i a t i o n  

e n e r g i e s  in  t h e  N-N bond in  n i t r o g e n  t e t r o x i d e  and th e  N-N 

bond i n  th e  n i t r o g e n  m o le c u le  ( 1 2 . 9  k c a l  and 2 2 5 . 0  k c a l  

r e s p e c t i v e l y  ( 1 ) )  I l l u s t r a t e s  d r a m a t i c a l l y  t h e  d i f f e r e n c e s  

i n  th e  b i n d i n g  f o r c e s  be tw een  t h e  n i t r o g e n  a to m s .  T h e r e fo r e ,  

th e  c o n c e p t  o f  a  bond e n e r g y  i s  i m p o r t a n t  i n  th e  a r e a s  o f  

c h e m ic a l  k i n e t i c s  and  i s  i n t e g r a l l y  r e l a t e d  in  th e  c o n c e p t  

o f  t h e  c h e m ic a l  b ond .

The d i s s o c i a t i o n  e n e r g y ,  D(Rj^-R2 ) ,  i n  th e  m o le cu le  ( o r  

r a d i c a l )  M i s  th e  e n d o th e r m i c i t y  o f  th e  r e a c t i o n  i n  w hich  M

1
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i s  decom posed i n t o  two f r a g m e n ts  R i and  R2  fo rm ed by  b r e a k 

i n g  th e  bond  R1 -R 2  ( 2 ) ,  p r o v id e d  th e  r e c o m b in a t io n  o f  Rj  ̂ and 

R2  p ro c e e d s  w i t h  z e r o  a c t i v a t i o n  e n e rg y .

M — > + ^2  " D (R i-R 2 ) k c a l /m o l e .  [ l ]

The e n d o th e r m i c i t y  i s  com puted f o r  th e  r e a b t a n t s  and  p r o d u c t s  

i n  th e  g a s e o u s  p h a s e ,  a t  z e ro  p r e s s u r e  and a t  0°  K.

The h e a t  o f  a to m i z a t i o n  o f  a  m o lecu le  i s  e q u a l  t o  t h e  

sum o f  th e  d i s s o c i a t i o n  e n e r g i e s  o f  a l l  th e  b o n d s  t h a t  h av e  

t o  be b ro k e n  t o  l e a v e  a  m o le c u le  a s  s e p a r a t e  a tom s ( 2 ) .  In  

th e  c a s e  o f  w a te r :

H2 O ---- > H + OH -  D(H-OH)

OH ---- > H + OH -  D(O-H)

The h e a t  o f  a to m i z a t i o n  i s  D(H-OH) + D(O-H). The d i s s o c i a 

t i o n  e n e r g i e s  o f  a  bond be tw een  any two g iv e n  a tom s b u t  r e 

f e r r e d  t o  d i f f e r e n t  f r a g m e n ts  w i l l  n o t  u s u a l l y  be e q u a l .

F o r  exam ple  ;

D(H-OH) = 1 1 8  k c a l /m o le ,

D(O-fi) = 100 k c a l /m o l e .

The a v e ra g e  bond e n e r g y ,  Ê , f o r  th e  m o le cu le  AX^ i s  

d e f i n e d  a s  l / n  o f  i t s  h e a t  o f  a t o m i z a t i o n .  T h e r e f o r e  i n  th e  

c a se  o f  th e  w a te r  m o le c u le ,  th e  a v e ra g e  bond e n e rg y  from  

above i s  1 0 9  k c a l /m o l e .

T herm ochem ical m easu rem en ts  a l lo w  th e  d e t e r m i n a t i o n  o f  

th e  h e a t s  o f  f o r m a t io n  o f  a  s u b s ta n c e  i n  i t s  s t a n d a r d  s t a t e  

from  e le m e n ts  i n  t h i s  s t a n d a r d  s t a t e  ( 3 ) .  As su c h ,  f o r  a

compound ABC, i t  i s  th e  h e a t  o f  th e  r e a c t i o n  A + B + G ----->

ABC where A, B, and  G a r e  e le m e n t s  i n  t h e i r  s t a n d a r d  s t a t e s .
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The u s u a l  s t a n d a r d  s t a t e  f o r  e le m e n t s  i s  d e f i n e d  a s  t h e i r  

most s t a b l e  fo rm  w h ich  e x i s t s  a t  2 9 8 ^K and  u n i t  f u g a c i t y  

( 4 )« su c h  a  s t a t e ,  Hie e le m e n t s  a r e  c o n s id e r e d  t o  h a v e  

z e ro  e n t h a l p y .  F o r  w a te r  a g a i n ,

H2(g) + 0 2 (8 ) HgO (1).

“ ®rxn + 8) + ®f29S*°2» s).

H ? 2 ,8 (“ 2°.1-) -  H « d.

a s  th e  v a l u e s  of th e  h e a t  o f  f o r m a t io n  o f  oxygen and h y d ro g e n  

in  t h e i r  s t a n d a r d  s t a t e s  are z e r o .

From h e a t  o f f o r m a t io n  d a t a  f o r  p r o d u c t s  and r e a c t a n t s ,  

i t  i s  a l s o  p o s s i b l e  t o  a r r i v e  a t  a v e ra g e  bond e n e r g i e s .  F o r  

th e  p r o c e s s ,

HgOtg) ---- > 2H(g) + 0 (g )

th e  h e a t  o f  the  r e a c t i o n  i s  th e  h e a t  o f  a to m i z a t i o n  and  a s  

two b o n d s  a r e  b r o k e n ,

® “  H rx n /2  [2 ]

T h e r e fo r e  bond  d i s s o c i a t i o n  e n e r g i e s  and  h e a t s  o f  fo rm 

a t i o n  o f  a tom s o r  r a d i c a l s  a r e  i n t e g r a l l y  r e l a t e d .

D e te r m in a t io n  o f  Bond D i s s o c i a t i o n  E n e r g i e s  

M ethods of e s t i m a t i n g  bond d i s s o c i a t i o n  e n e r g i e s  by 

i n v e s t i g a t i n g  th e  p r o c e s s  o f  b o n d - b r e a k in g  may be d i v id e d  

i n t o  t h r e e  g r o u p s ,  a c c o r d in g  t o  th e  form  in  w hich  e n e rg y  i s  

s u p p l i e d  t o  t h e  m o le cu le  b e in g  d i s s o c i a t e d  ( 5 ) .  M ethods 

t h e r e  th e  e n e r g y  i s  s u p p l i e d  i n  th e  form  o f  r a d i a t i o n  a r e  

b a s e d  on t h e  i n v e s t i g a t i o n  o f  a b s o r p t i o n  s p e c t r a ,  p r e d i s s o c i 

a t i o n  phenom ena, p h o to d e c o m p o s i t io n ,  and  p h o t o s e n s i t i z e d
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d e c o m p o s i t io n .  The a p p l i c a t i o n  o f  th e  f i r s t  two m ethods i s  

l i m i t e d  t o  s im p le  m o le c u le s  due t o  th e  c o m p le x i ty  o f  th e  

s p e c t r a  i n v o lv e d .  The l a t t e r  two m ethods o n ly  g iv e  an u p p e r  

l i m i t  f o r  t h e  r e s p e c t i v e  bond d i s s o c i a t i o n  e n e r g i e s .

The e l e c t r o n  im p a c t  method h a s  th e  e n e rg y  s u p p l i e d  by  

a  beam o f  e l e c t r o n s .  A g a in ,  t h i s  m ethod o n ly  g i v e s  an u p p e r  

l i m i t  t o  t h e  d i s s o c i a t i o n  e n e r g y .  The form  o f  th e  d i s s o c i 

a t i o n  i s  i n t o  i o n s  r a t h e r  th a n  a tom s o r  r a d i c a l s  and  l e a d s  

t o  d i f f i c u l t y  som etim es i n  t h e  i n t e r p r e t a t i o n  o f  th e  i o n i 

z a t i o n  p o t e n t i a l  ( 5 ) .

The t h i r d  g ro u p  i n c l u d e s  a l l  m ethods i n  w h ich  e n e rg y  

s u p p l i e d  t o  th e  m o le cu le  i s  th e r m a l  e n e r g y .  T hese  m ethods 

c o n s i s t  o f  two s u b g ro u p s :  th e  e q u i l i b r i u m  method and th e

k i n e t i c  m ethod.

The e q u i l i b r i u m  m ethod (2 )  i s  b a se d  on th e  m easurem ent 

o f  th e  e q u i l i b r i u m  c o n s t a n t  o f  th e  g a se o u s  r e a c t i o n

^1^2  — ^ ^1  *  ^2  [)]  

where an d  R£ a r e  th e  r a d i c a l s  o r  a tom s fo rm ed  by th e  r u p 

t u r e  o f  Hxe bond i n  q u e s t i o n .  T h i s  m ethod i s  p a r t i c u l a r l y  

s u i t e d  f o r  s t u d i e s  o f  th e  d i s s o c i a t i o n  e n e r g i e s  o f  d ia to m ic  

m o le c u l e s ,  b u t  i s  foun d  l a c k i n g  f o r  t h e  c a s e s  where R^, 

a r e  r a d i c a l s .  The e q u i l i b r i u m  in  t h i s  l a t t e r  c a s e  i s  d i s 

r u p t e d  b y  th e  a t t a c k  o f  t h e  r a d i c a l s  on th e  p a r e n t  s p e c i e s ,  

a n d /o r  r e a c t i o n s  be tw een  Rj  ̂ an d  R£ w h ich  l e a d  t o  p r o d u c t s  

o t h e r  t h a n  th e  p a r e n t  m o le c u le .

I n  t h e  k i n e t i c  m ethod , th e  a s su m p tio n  i s  made t h a t  th e  

r e v e r s e  p r o c e s s  i n  r e a c t i o n  [ ] ]  h a s  z e ro  a c t i v a t i o n  e n e r g y .
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T h is  a s su m p t io n  h a s  s t r o n g  e x p e r im e n ta l  e v id e n c e  f o r  sm a ll  

r a d i c a l s  and  a tom s ( 6 ) .  As a  r e s u l t ,  t h e  a c t i v a t i o n  e n e rg y  

f o r  th e  u n im o le c u la r  d i s s o c i a t i o n  p r o c e s s  i s  e q u a te d  t o  th e  

d i s s o c i a t i o n  e n e r g y  o f  th e  R]_-R2 bond ( 5 ) .  The r e q u i r e d  

a c t i v a t i o n  e n e rg y  c an  be com puted from  th e  t e m p e r a tu r e  c o 

e f f i c i e n t  o f  t h e  u n im o le c u la r  d i s s o c i a t i o n  r a t e  c o n s t a n t  

w hich  i s  th e  s lo p e  o f  a  p l o t  o f  th e  l o g  o f  t h e  r a t e  c o n s t a n t  

v s  r e c i p r o c a l  t e m p e r a t u r e .  The a c c u r a c y  o f  th e  d e s i r e d  v a lu e  

d e p en d s  on th e  a c c u ra c y  o f  th e  r a t e  c o n s t a n t ,  and t h e  l e n g t h  

o f  th e  t e m p e r a tu r e  r a n g e .  S y s tem ic  e r r o r s  i n  t h e  v a l u e s  o f  

t h e  r a t e  c o n s t a n t s  due t o  s i d e  r e a c t i o n s  o f  th e  r a d i c a l s  R^ 

and  R2  c an  be m in im ized  w i th  t h e  s u p p r e s s io n  o f  su ch  r e a c t i o n s  

by a  r a d i c a l  s c a v e n g e r .

D e te r m in a t io n s  o f  H e a t s  o f  F o rm a tio n

H e a t s  o f  r e a c t i o n ,  and  h e n ce  h e a t s  o f f o r m a t io n  a r e  

m easu red  c a l o r i m e t r i c a l l y .  The ty p e  o f  c a l o r i m e t e r  u sed  d e 

p e n d s  upon t h e  ty p e  o f  r e a c t i o n  i n v o lv e d ,  th e  amount o f  h e a t  

ex ch a n g ed , and  th e  d u r a t i o n  o f  th e  r e a c t i o n  ( 7 ) .  M ost c a l o r i 

me t r i e  e e t h b d s  h av e  i n  common th e  m easurem ent o f  th e  t e m p e r 

a t u r e  r i s e  o f a  known amount o f c a l o r i m e t r i c  f l u i d  w h ich  h a s  

exchanged  h e a t  w i th  th e  r e a c t i o n  o r  p r o c e s s  u n d e r  s tu d y .

The e n e rg y  e q u i v a l e n t  o r  h e a t  c a p a c i t y  o f  t h e s e  c a l o r i m e t r i c  

sy s te m s  i s  d e te rm in e d  by  c a l i b r a t i o n  w i th  e i t h e r  e l e c t r i c a l  

e n e rg y  o r  a  r e a c t i o n  o f  known h e a t  c o n t e n t .

The flam e c a l o r i m e t e r  ( 7 ,8 )  m e a su re s  th e  h e a t  g e n e r a t e d  

by th e  c o m b u s tio n  o f  v a r i o u s  v a p o u rs  o r  g a s e s  in  oxygen a t  

c o n s t a n t  p r e s s u r e .  The a p p a r a t u s  i s  b e s t  s u i t e d  t o  p e rm an en t

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



6

g a s e s  o r  s u b s t a n c e s  w i th  v e ry  h i g h  v a p o u r  p r e s s u r e .

The r e a c t i o n  c a l o r i m e t e r  i s  th e  te rm  used  f o r  t h e  a p 

p a r a t u s  w h ich  m e a su re s  th e  h e a t  l i b e r a t e d  when a  s u b s ta n c e  

r e a c t s  w i t h  so m e th in g  o t h e r  t h a n  o xygen . Common r e a c t i o n s  

em ployed i n c lu d e  h y d r o g e n a t io n ,  h y d r o h a l o g e n a t i o n ,  h a lo g é n 

a t i o n ,  and h y d r o l y s i s .  The A p p a ra tu s  i s  u s u a l l y  o f  a  c o n s t a n t  

p r e s s u r e  ty p e  and  may o p e r a t e  u n d e r  i s o t h e r m a l  o r  a d i a b a t i c  

c o n d i t i o n s .  The amount o f  e n e rg y  l i b e r a t e d  i n  th e  r e a c t i o n  

i s  o f  th e  o r d e r  o f s e v e r a l  h u n d re d  c a l o r i e s .  W hile t h i s  

ty p e  o f  c a l o r i m e t r y  w i l l  o f t e n  a l lo w  r e a c t i o n  o f  compounds 

w h ich  do n o t  und ergo  s u i t a b l e  r e a c t i o n s  w i t h  oxy g en , n e c e s 

s a r y  a u x i l i a r y  d a t a  i s  som etim es d i f f i c u l t  t o  f i n d .

The bomb c a l o r i m e t e r  i s  th e  o l d e s t  and  b e s t  c h a r a c t e r 

i z e d  o f  a l l  th e  c a l o r i m e t e r s  known ( 7 ) .  I t  i s  a  c o n s t a n t  

volume a p p a r a t u s  i n  w hich  s u b s t a n c e s  r e a c t  w i th  oxygen a t  

m odera te  p r e s s u r e s  t o  fo rm  s im p le  compounds. The amount o f  

e n e r g y  r e l e a s e d  i s  u s u a l l y  s e v e r a l  th o u sa n d  c a l o r i e s .  The 

h e a t  o f  f o r m a t io n  v a l u e s  f o r  th e  p r o d u c t s  commonly form ed 

a r e  w e l l  e s t a b l i s h e d ,  and the  i n s t r u m e n t a t i o n  f o r  m e a su r in g  

th e  e n e rg y  r e l e a s e d  i s  q u i t e  a d e q u a te .

N u m erica l  M ethods and  Com puter T echn ique  

One o f t h e  n ew es t  t o o l s  a t  th e  c h e m i s t ' s  d i s p o s a l  i s  

t h e  d i g i t a l  c o m p u te r .  The h i g h  sp e ed  and a c c u ra c y  o f  t h i s  

m achine re d u c e  h o u r s  o f  t e d i o u s  work t o  s e c o n d s ,  and  c a r r i e s  

i t  o u t  e r r o r  f r e e .  The a d a p t a t i o n  o f  th e  m ethods o f  n u m e r i 

c a l  a n a l y s i s  from  th e  d e s k  c a l c u l a t o r  t o  th e  d i g i t a l  co m p u te r  

a l l o w s  t h e  s o l u t i o n  o f  p ro b le m s  and  p r o c e s s i n g  o f  d a t a  in
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many d i f f e r e n t  w ays i n  o r d e r  t o  see w h ich  i s  th e  b e s t .

F o r  i n s t a n c e ,  g a s  k i n e t i c  d a t a  can  be s o r t e d  a c c o r d i n g  

t o  th e  v a r i o u s  p a r a m e te r s  in v o lv e d  so t h a t  t h e  d i s t r i b u t i o n  

o f  p r o d u c t s  c a n  be seen  more r e a d i l y  i n  te rm s  o f  p r e s s u r e  

i n c r e a s e s  o r  v a r i a t i o n s  i n  t e m p e r a t u r e .  The a r e a  u n d e r  a  

p o r t i o n  o f  a  t im e - t e m p e r a tu r e  c u rv e  i n  a  c a l o r i m e t r i c  e x p e r i 

m ent c a n  be  found and  t h i s  a l l e v i a t e s  sq u a re  c o u n t i n g  o r  th e  

u se  o f  a p p ro x im a te  t r e a t m e n t s  o f  d a t a .  A s e t  o f  d a t a  can  

p e rh a p s  be b e t t e r  f i t  by so m e th in g  o t h e r  t h a n  a  l i n e a r  

e q u a t i o n .  A p o ly n o m ia l  c u rv e  f i t t i n g  p rogram  would t r y  

p o ly n o m ia ls  o f  v a r i o u s  d e g r e e s  and  e v a l u a t e  th e  s t a n d a r d  

d e v i a t i o n  w i th  e ac h  so t h a t  a  Judgm ent c o u ld  be made a s  t o  

w hich  f i t  t h e  d a t a  b e s t .

The d i g i t a l  com pu te r  i s  a  p o w e r fu l  a i d  i f  f o r  no o t h e r  

r e a s o n  th a n  i t s  u n f a i l i n g  a c c u r a c y  and sp e ed .
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CHAPTER I I

THEORETICAL CONSIDERATIONS

K i n e t i c  D e te r m in a t io n  o f  Bond E n e r g i e s

a )  L im i t s  o f  th e  K i n e t i c  Method

T r a n s i t i o n  s t a t e  t h e o r y  (9 )  p r e d i c t s  t h a t  th e  r a t e  c o n 

s t a n t  f o r  a  u n im o le c u la r  d i s s o c i a t i o n  i s

^  F *(T ) . -D /R T  
A h  Pa

where a  d e n o te s  th e  i n i t i a l  s t a t e  and  *  t h a t  o f  the  a c t i v a t e d  

com plex . The t o t a l  p a r t i t i o n  f u n c t i o n s  F*(T ) and F a(T )  can 

be s e p a r a t e d  i n t o  t r a n s l a t i o n a l ,  r o t a t i o n a l ,  and  v i b r a t i o n a l  

c o n t r i b u t i o n s .

The t r a n s l a t i o n a l  p a r t i t i o n  f u n c t i o n

f ^ (T )  = (2 irm kT )^ /^A ^  [5]

w i l l  be th e  same f o r  th e  no rm al m o le cu le  and th e  a c t i v a t e d

com plex . The r o t a t i o n a l  p a r t i t i o n  f u n c t i o n  w i l l  be

V T )  = [6]

f o r  a  l i n e a r  m o lecu le  and f o r  a  n o n - l i n e a r  m o le cu le

r , ( T )  = §

L ik e w ise  th e  r o t a t i o n a l  p a r t i t i o n  f u n c t i o n  f o r  th e  norm al 

m o le c u le  and  a c t i v a t e d  complex w i l l  be s i m i l a r .

I f  e a c h  mode o f  i n t e r n a l  v i b r a t i o n  b e h a v e s  a s  a h a rm o n ic

8
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o s c i l l a t o r ,  th e  e x p r e s s io n  f o r  th e  r a t e  c o n s t a n t  becom es

TT ( 1 - e - ^ ^ * / ^  )

At r e l a t i v e l y  low t e m p e r a t u r e s  su ch  t h a t  h v  »  kT, t h e  te rm s  

( 1 -e - l iv /kT ^  te n d  t o  u n i t y  and kj  ̂ becomes

k, =* K 2*  /a«B«C»\ V 2  ^  ^-D/RT 
^ (Ht- VAaBaCa/ h  L"J

I f  th e  t e m p e r a tu r e  i s  r e l a t i v e l y  h i ^  su ch  t h a t  hv  «  kT and

th e  te rm s  ( 1 - e " ^ ^ / ^ ^ )  may be r e p l a c e d  by k T /h v ,

3n-6r A \ A. f r' -
ki = K GA / A*BiK]*V / ^  TT Va “D/HT 

J 3 n -7  ®1 (Tk U aB aC a rr V*

F o r  th e  c a s e  h v »  kT ( e q u a t io n  . 9 ) ,  t a k i n g  th e  l o g 

a r i t h m s  o f  b o th  s i d e s  and d i f f e r e n t i a t i n g  w i th  r e s p e c t  to  

T g i v e s

^  ^  M

T h e r e f o r e , t h e  A r r h e n iu s  a c t i v a t i o n  e n e r g y ,  Eg^p = D, U s in g

1dae same o p e r a t i o n s  f o r  th e  c a s e  hv  «  kT g iv e s

d In  k i  _  D + RT r,,- i
" d T    RÏ2 ' ' L llJ

t h e r e f o r e  Eg^p = D + RT. Hence

D ^ E g x p  ^  D + RT [13]

The m agn itude  o f  RT a t  1000°K i s  l e s s  th a n  2 k c a l  so t h a t  

t h e  bond d i s s o c i a t i o n  e n e rg y  may be m easured  a s  a c c u r a t e l y  

a s  th e  e x p e r i m e n t a l  a c t i v a t i o n  e n e r g i e s .  A lso  i n  th e
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p r e c e e d l n g  d i s c u s s i o n ,  i t  s h o u ld  be n o te d  t h a t  th e  r a t e  

c o n s t a n t s  m easured  a r e  th o s e  i n  th e  p r e s s u r e  in d e p e n d e n t  

r e g i o n  o f  t h e  r e a c t i o n .

b) T o lu e n ce  C a r r i e r  T ec h n iq u e

I n  o r d e r  t o  m easure  th e  a c t i v a t i o n  e n e rg y  f o r  th e  p r o 

c e s s

R1 R2  — > Ri + ^2  [3 ]

a c c u r a t e l y ,  i t  i s  n e c e s s a r y  to  be a b le  t o  d e te rm in e  th e  r a t e  

o f  th e  p r im a l y  d i s s o c i a t i o n  w i th  a c c u r a c y .  The f i r s t  p r e 

r e q u i s i t e  t o  a c c o m p l i s h  t h i s  i s  t h a t  th e  bond  u n d e r  s tu d y  

i s  c o n s i d e r a b l y  w eaker th a n  any  o t h e r  bonds i n  t h e  m o le c u le .

The p r im a ry  d i s s o c i a t i o n  p r o c e s s  i s  fo l lo w e d  by  s u b s e 

q u e n t  r e a c t i o n s  o f  t h e  r a d i c a l s  e i t h e r  w i th  th e m s e lv e s  o r  

undecomposed m o le c u le s .  A d i r e c t  m easure  o f  r a d i c a l  c o n c e n 

t r a t i o n  would o n ly  g iv e  th e  s t e a d y  s t a t e  c o n c e n t r a t i o n  v h i c h  

i s  n o t  p r o p o r t i o n a l  t o  th e  t im e  of r e a c t i o n  ( 2 ) .

The use  o f  a  f lo w  sy s te m  i n  w hich  r e a c t a n t s  p a s s  t h r o u ^  

th e  f u r n a c e  i n  a  v e ry  s h o r t  t im e  so t h a t  th e  r a d i c a l s  h ave  

no t im e  f o r  su b s e q u e n t  r e a c t i o n s  p r o v i d e s  some means o f  

i s o l a t i n g  th e  p r im a ry  s t e p .  The r a d i c a l s  a r e  c o u n te d  by 

some m ethod a s  th e y  le a v e  th e  f u r n a c e .  H ow ever, even  v e ry  

h i ^  f lo w  r a t e s  w ould  n o t  l i k e l y  p r e v e n t  some r e a c t i o n  and  

w ould p r o b a b ly  l e a d  t o  p ro b lem s  o f  th e rm a l  e q u i l i b r i u m .

The e s t i m a t i o n  o f  th e  r a t e  o f  i n i t i a l  d i s s o c i a t i o n  i s  

b e s t  a c c o m p l is h e d  by rem ov ing  the  r a d i c a l s  by  th e  use  o f  a  

s c a v e n g e r .  H ow ever, th e  rem ova l o f  r a d i c a l s ,  e x c e p t  by  r e 

c o m b in a t io n ,  p ro d u c e s  r a d i c a l s  and  t h u s  t h e r e  i s  a  d a n g e r
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o f  a  c h a i n  r e a c t i o n .  The k i n e t i c s  o f  a  c h a in  p r o c e s s  a r e  

v e ry  com plex  and  w ould l e a d  to  d i f f i c u l t y  i n  d e te r m i n i n g  th e  

i n i t i a l  r a t e  o f  d e c o m p o s i t io n .

T o lu e n e  overcom es th e  t h r e a t  o f  p o s s i b l e  c h a in  p r o c e s s e s  

by  p ro d u c in g  b e n z y l  r a d i c a l s  on r e a c t i o n  w i th  o t h e r  r a d i c a l s .  

Under th e  e x p e r im e n ta l  c o n d i t i o n s  u s u a l l y  em ployed , b e n z y l  

r a d i c a l s  a r e  s t a b l e  a n d  e i t h e r  p a s s  o u t  o f  th e  h o t  zone t o  

d im e r iz e  i n  a  c o o l e r  r e g i o n ,  o r  com bine i n  th e  h o t  zone 

w i t h  o t h e r  f r e e  r a d i c a l s .  R a d i c a l s ,  R, p ro d u ced  i n  an  i n i t i 

a l  bond b r e a k ,  r e a c t  w it i i  t o lu e n e  a s  f o l lo w s ;

R + » G ^ ^ E 2  + RE [il^]

I f  r e a c t i o n  [li^ r e p r e s e n t s  th e  o n ly  a p p r e c i a b l e  f a t e  o f  R, 

t h e n  th e  m easurem ent o f  t h e  r a t e  o f  f o r m a t io n  o f  RE a l l o w s  

one t o  c a l c u l a t e  th e  r a t e  d e te r m i n i n g  i n i t i a l  d e c o m p o s i t io n  

a s  r e a c t i o n  i s  f a s t .

The main l i m i t a t i o n s  o f  th e  m ethod a r e  t h a t  t h e  bond 

b e in g  b ro k e n  in  th e  compound u n d e r  i n v e s t i g a t i o n  m ust be 

much w eak er  th a n  th e  C-E bond i n  th e  s id e  c h a in  o f  t o l u e n e ,  

p r e f e r a b l y  by a t  l e a s t  10 k c a l  (10). The r a d i c a l s  p ro d u c e d  

m ust r e a c t  r a p i d l y  w i th  t o lu e n e  t o  p rod uce  a  s t a b l e  m o le 

c u le  ( 2 ) .  The t o lu e n e  c a r r i e r  t e c h n iq u e  may be used  a t  

t e m p e r a t u r e s  where t o lu e n e  i t s e l f  decom poses i f  th e  p r o d u c t s  

com ing from  t h e  f r a g m e n ta t i o n  o f  th e  s t u d i e d  compound a r e  

i d e n t i f i a b l e .  Even i f  t h e  p r o d u c t s  a r e  n o t  d i s t i n g u i s h a b l e ,  

s u i t a b l e  c o r r e c t i o n s  f o r  th e  d e c o m p o s i t io n  o f  th e  t o lu e n e  

can  be made ( 1 1 ) .  E ow ever, any  e x t e n s i v e  d e c o m p o s i t io n  o f  

t o lu e n e  would c a u se  p ro b lem s  due t o  th e  i n a b i l i t y  t o  pump
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away th e  p r o d u c t s  r a p i d l y  e n o u ^ .

C a l o r i m e t r i c  D e te r m in a t io n  o f  Bond E n e r g i e s  

a )  G e n e ra l  I n t r o d u c t i o n

I n  a  th e rm o c h e m ic a l  i n v e s t i g a t i o n ,  t h e  e x p e r im e n te r  

a t t e m p t s  t o  d e te rm in e  th e  q u a n t i t y  o f  e n e rg y  a s s o c i a t e d  w i t h  

a  u n i t  amount o f  a  g iv e n  c h e m ic a l  r e a c t i o n  o r  p h y s i c a l  p r o 

c e s s  ( 8 ) .  As p a r t  o f  t h i s  i n v e s t i g a t i o n ,  i t  i s  n e c e s s a r y  

t o  d e te rm in e  th e  e n e rg y  and  th e  e x t e n t  o f  th e  p r o c e s s  u n d e r  

s tu d y ,  th e  n a tu r e  o f  th e  therm odynam ic p r o p e r t y  in v o lv e d ,  

th e  t e m p e r a tu r e  o f  t h e  p r o c e s s ,  and c o r r e c t i o n s  needed  t o  

r e f e r  th e  r e a c t i o n  t o  some s t a n d a r d  o r  r e f e r e n c e  s t a t e s .

I n  o r d e r  t o  a t t a c h  s i g n i f i c a n c e  t o  th e  m easured  e n e rg y  

a s s o c i a t e d  w i th  a  r e a c t i o n  o r  p r o c e s s ,  i t  i s  n e c e s s a r y  t o  

d e s c r i b e  th e  g iv en  r e a c t i o n  o r  p r o c e s s  a d e q u a te ly  w i th  re*, 

s p e c t  t o  a l l  f a c t o r s  w h ich  may i n f l u e n c e  th e  v a lu e  o f  th e  

e n e r g y .  Among th e s e  f a c t o r s  a r e  t e m p e r a t u r e ,  p r e s s u r e ,  

s t a t e  o f  th e  m a t e r i a l ,  and  c o n c e n t r a t i o n .  E ach  f a c t o r  

sh o u ld  be s p e c i f i e d  w i th  an  a c c u ra c y  w a r r a n te d  b y  i t s  e f f e c t  

on th e  v a lu e  o f  th e  e n e r g y .  W ith th e  p r o d u c t s  and  r e a c t a n t s  

o f  th e  r e a c t i o n  so d e f i n e d ,  i t  becom es a s im p le  m a t t e r  to  

c o r r e c t  e a c h  q u a n t i t y  t o  i t s  therm odynam ic s t a n d a r d  s t a t e .  

T a b u l a t i o n  o f  s t a n d a r d  s t a t e  d a ta  a l l o w s  c a l c u l a t i o n  o f  new 

s t a n d a r d  s t a t e  d a t a  from  m easu red  h e a t s  o f  r e a c t i o n s .

I n  a d d i t i o n  t o  a d e q u a te ly  s p e c i f y i n g  th e  g iv e n  p r o c e s s  

o r  r e a c t i o n ,  i t  i s  i m p o r t a n t  t o  s p e c i f y  th e  therm odynam ic 

p r o p e r t y  w h ich  i s  m ea su re d ,  a s  e i t h e r  th e  change i n  i n t e r n a l  

e n e r g y ,  A E ,  o r  th e  change i n  h e a t  c o n te n t  o r  e n t h a l p y ,  A H .
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A c c o rd in g  to  t h e  f i r s t  law o f  th e rm o d y n am ics , f o r  any  

p r o c e s s

A E  »  q + w + u [1 5 ]

where q  i s  t h e  h e a t  e n e rg y  a b s o r b e d ,  w i s  t h e  FV work done

on th e  sy s te m  and  u i s  any  o t h e r  e n e r g y  a b so rb e d  by  th e

sy s te m . U s u a l ly  u i s  z e ro  a s  i t  d e a l s  w i th  e n e rg y  te rm s  due 

t o  c h a n g e s  i n  th e  m otion  o f  th e  e n t i r e  sy s te m , v a r i a t i o n s  in  

e l e c t r i c  o r  m a g n e tic  f i e l d  s t r e n g t h  e t c . ,  w h ich  a r e  u s u a l l y  

c o n s t a n t .

F o r  a  p r o c e s s  a t  c o n s t a n t  vo lum e, V, PAV »  0 .  T h e r e 

f o r e  A E  = q ,  t h e  h e a t  a b s o rb e d  b y  a  p r o c e s s  o c c u r r i n g  i n  a  

c a l o r i m e t e r  a t  c o n s t a n t  vo lum e.

F o r  a  p r o c e s s  a t  c o n s t a n t  p r e s s u r e ,  w = -PAV. S u b s t i 

t u t i n g  i n  e q u a t io n  [ l ^ g i v e s

A E  = q  -  PAV [1 6 ]

Hence

and

D e f in in g

one can  w r i t e

AE + PAV «  q [1 7 ]

AE 4 . APV * A ( E  + PV) *  q [ l 8]

E + PV = H, [1 9 ]

AH = q .  [2 0 ]

T h e r e f o r e  f o r  a  p r o c e s s  in  a  c a l o r i m e t e r  a t  c o n s t a n t  p r e s 

s u r e ,  th e  h e a t  a b s o rb e d  by  th e  p r o c e s s  i s  th e  change i n  

e n t h a l p y , A H .  F o r  any  s p e c i f i e d  p r o c e s s ,  th e  d i f f e r e n c e  

be tw een  th e  v a lu e  o f  AH and A E may be e v a l u a t e d  from  th e
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r e l a t i o n

AH = A E  +A PV . [2 1 ]

The th e rm o c h e m ic a l  e x p e r im e n t  c o n s i s t s  o f  two p a r t s :  

th e  c a l o r i m e t r i c  p a r t ,  w h ich  i n v o l v e s  th e  d e t e r m i n a t i o n  o f  

t h e  q u a n t i t y  o f  e n e r g y  e v o lv e d  by  t h e  r e a c t i o n  o r  p r o c e s s ;  

and  t h e  c h e m ic a l  p a r t ,  w h ich  i n v o l v e s  th e  m easurem ent o f  th e  

amount o f  t h e  g iv e n  r e a c t i o n  o r  p r o c e s s .

I n  th e  c a l o r i m e t r i c  p a r t ,  t h e  e n e rg y  e q u i v a l e n t  o f  th e  

c a l o r i m e t e r  i s  d e te r m in e d  e i t h e r  by  use  o f  a  known amount o f  

e l e c t r i c a l  e n e rg y  o r  a  known amount o f  c h e m ic a l  r e a c t i o n  w i th  

a  w e l l  c h a r a c t e r i z e d  r e a c t i o n  h e a t .  The e n e rg y  e q u i v a l e n t  

i s  d e f i n e d  a s  th e  known amount o f  e n e r g y  d i v id e d  by th e  

t e m p e r a tu r e  r i s e  i t  p r o d u c e s .  I t  i s  t h e r e f o r e  e v i d e n t ,  t h a t  

f o r  th e  same c a l o r i m e t e r ,  an  e q u a l  t e m p e r a tu r e  r i s e  p ro d u c e d  

by  a  r e a c t i o n  o f  unknown e n e r g y ,  w i l l  have  r e l e a s e d  th e  same 

e n e r g y .

I n  th e  c h e m ic a l  p a r t ,  th e  p rim e i n t e r e s t  i s  i n  d e t e r 

m in ing  th e  n a tu r e  and c o m p le te n e s s  o f  th e  c h e m ic a l  r e a c t i o n  

s t u d i e d .  The r e a c t i o n  s h o u ld  p r e f e r a b l y  p ro d u ce  a  v e ry  

l i m i t e d  number o f  p r o d u c t s  i n  w e l l  d e f i n e d  therm odynam ic  

s t a t e s .  I t  i s  th e n  p o s s i b l e  t o  d e te rm in e  th e  c o m p le te n e s s  

o f  th e  r e a c t i o n  by  m e a su r in g  th e  amount o f  one o f  th e  r e 

a c t a n t s  consum ed, o r  more o f t e n  by m e a su r in g  th e  amount o f  

t h e  p r o d u c t s .  F o r  exam ple i n  th e  f o l lo w in g  c o m b u s t io n :  

C ^ H ii^ d iq )  + 9& 02(g) —^ 6 0 0 2 ( g )  + 7 H 2 0 ( l iq )  

i t  i s  e a s i e r  to .  m easure  th e  CO2  p ro d u ce d  th a n  th e  h ex ane  

consumed a s  th e  l a t t e r  may c o n ta in  s m a l l  am ounts o f  d i s s o l v e d
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a i r  and  m o is tu re  w h ich  r e q u i r e  c o r r e c t i o n s .  S in ce  th e  

s t o i c h i o m e t r y  o f  h y d ro c a rb o n  c o m b u s tio n  i s  w e l l  known, t h e r e  

i s  no need  t o  d e te rm in e  t h e  q u a n t i t y  o f  w a te r  p ro d u c e d .

As m ost c a l o r i m e t r i c  i n v e s t i g a t i o n s  a r e  n o t  c a r r i e d  o u t  

a t  th e  t e m p e r a tu r e  commonly u se d  i n  the  d e f i n i t i o n  o f  th e  

s t a n d a r d  s t a t e  o f  a  s u b s t a n c e ,  namely 298°K, some means must 

be fo und  o f  c o r r e c t i n g  f o r  th e  v a r i a t i o n  o f  th e  h e a t  o f  r e 

a c t i o n  w i th  t e m p e r a t u r e .  F o r  any  p r o c e s s  a t  c o n s t a n t  p r e s 

su re

AH = H p r o d u c t s  -  H r e a c t a n t s

an d  d i f f e r e n t i a t i n g  w i th  r e s p e c t  t o  t e m p e r a t u r e ,

d A H  AH p r o d u c t s  _ ^ H  r e a c t a n t s  I2 2 I
—   a ï ----  ^

By d e f i n i t i o n ,  t h e  change in  e n t h a l p y  w i th  r e s p e c t  t o  tem p

e r a t u r e  a t  c o n s t a n t  p r e s s u r e  i s  th e  h e a t  c a p a c i t y  a t  c o n 

s t a n t  p r e s s u r e .  T h e r e f o r e

3 AH as (C_) p r o d u c t s  -  (C„) r e a c t a n t s  * A C p  [2 3 I 
3 T  ^ ^

and i n  a  s i m i l a r  manner f o r  a  c o n s t a n t  volume p r o c e s s ,

à A E  _ A C v  [24]
a T

T h e r e f o r e  i t  i s  o n ly  n e c e s s a r y  to  know th e  d i f f e r e n c e  i n  

h e a t  c a p a c i t i e s  o f  t h e  p r o d u c t s  and r e a c t a n t s  i n  o r d e r  t o  

d e te rm in e  t h e  v a r i a t i o n  o f  th e  h e a t  o f  r e a c t i o n  w i th  t e m p e r 

a t u r e .

A l s o ,  the  c a l o r i m e t r i c  i n v e s t i g a t i o n  may n o t  be done 

a t  th e  d e f i n e d  p r e s s u r e  i n  th e  s t a n d a r d  s t a t e  d e f i n i t i o n .  

From t h e  f i r s t  and  seco n d  la w s  o f  the rm odynam ics
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dE = TdS-PdV [2 5 ]

T h e r e fo r e

fE dT , ̂  dP ^  T a s  dT + T a s  dP .  P a v  dT P a v  dP
s f  s f  j T  -  j p

and

/ l è i  -  T ̂  + p av ^  dP . / a s  .  T a s  + p a v ^  dT = 0
U r  5 p  d p /  i j T  J T  J Ï /

The o n ly  way f o r  t h e  r e l a t i o n  t o  h o l d  i s  i f  th e  b r a c k e t e d  

e x p r e s s i o n s  a r e  z e r o .  T h e r e f o r e  th e  i n t e r n a l  e n e rg y  change  

a s  a  f u n c t i o n  o f  p r e s s u r e  i s  g iv e n  by

<)E = T<^8 _ PgTV .  [26]
a ?  a T  a p  ^

As

» - ■ I f -

t h e r e f o r e

^  = _T a v  -  p a v  [27I
a ?  a T  â ?

and i t  i s  n e c e s s a r y  t o  f i n d  ^ ^ /^ T  and  ^ ^ / ^ P  d a t a  f o r  th e

q u a n t i t i e s  c o n c e rn e d .  S i m i l a r l y  f o r  t h e  e n th a lp y

E = E + PV [19]

and  a n  « aE  + p a v  V.
a p  a p  2?

Upon s u b s t i t u t i o n  and  s i m p l i f i c a t i o n ,

^  « -T ,av  + V. [28]
a ?  aT

The te m p e r a tu re  w hich  i s  a s s i g n e d  t o  a  r e a c t i o n  i s  

d e te rm in e d  b y  th e  t e m p e r a t u r e s  a t  w hich  th e  r e a c t a n t s  and 

p r o d u c t s  e n t e r  and l e a v e  th e  c a l o r i m e t e r  ( 8 ) .  I f  a l l  o f

ithe r e a c t a n t  m a t e r i a l  i s  in  t h e  c a l o r i m e t e r  a t  t h e  b e g in n in g
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o f th e  e x p e r im e n t  a t  t e m p e r a tu r e  ,  and a l l  o f  th e  p r o d u c t  

m a t e r i a l  i s  in  th e  c a l o r i m e t e r  a t  th e  en d  of th e  e x p e r im e n t  

a t  t e m p e r a tu r e  0^ ,  one h a s  t h e  c h o ic e  of c h o o s in g  o r  

a s  t h e  a s s i g n e d  t e m p e r a t u r e .  I f  t h e  e n e rg y  e q u i v a l e n t  o f  

th e  c a l o r i m e t e r  i s  t a k e n  a s  t h a t  o f  t h e  f i n a l  sy s te m , o r  

i n i t i a l  sy s te m ,  t h e  a s s i g n e d  t e m p e r a t u r e s  a r e  r e s p e c t i v e l y  

and  Tg.

b) Moving Bomb C a lo r i m e t r y

The m ost w e l l  d e v e lo p e d  a r e a  o f  th e rm o c h e m is t ry  i s  th e  

d e g r a d a t i v e  o x i d a t i o n  o f  o r g a n ic  compounds c o n t a i n i n g  th e  

e le m e n t s  c a r b o n ,  h y d ro g e n ,  and oxygen (7 )«  The r e a c t i o n  i s  

c a r r i e d  o u t  a t  c o n s t a n t  volume u n d e r  a  p r e s s u r e  o f  25 t o  30 

a tm o s p h e re s  o f  oxygen . The r e a c t i o n  v e s s e l  i s  a  c o r r o s i o n  

r e s i s t a n t  s t e e l  t u b u l a r  v e s s e l  o f  a b o u t  350 m l. i n t e r n a l  

volume w i t h  a  sc rew -o n  cap  c d n t a i n i n g  v a l v e s  f o r  t h e  i n t r o 

d u c t i o n  and e m is s io n  o f  g a s e s .  T h is  v e s s e l  i s  te rm e d  a  bomb. 

The bomb, c o n t a i n i n g  th e  sam p le , i s  imm ersed i n  a  can  o f  

w a t e r ,  t h e  t e m p e r a tu r e  o f  w hich  r i s e s  when th e  sam ple i s  

i g n i t e d  by  e l e c t r i c a l  m eans. The bomb and  can  o f  w a te r  a re  

s u r ro u n d e d  by  a  c o n s t a n t  t e m p e ra tu re  b a t h .  From th e  m easu red  

t e m p e r a tu r e  r i s e  o f  t h e  w a te r  i n  th e  c a n ,  and a  p r e v i o u s  

d e t e r m i n a t i o n  o f  th e  e n e rg y  e q u i v a l e n t  o f  th e  sy s te m , th e  

amount o f  h e a t  l i b e r a t e d  by t h e  c o m b u s tio n  o f  th e  sam ple can 

be fo u n d .

The l i m i t i n g  p a r t  o f  a  th e rm o ch e m ic a l  i n v e s t i g a t i o n  i s  

t h e  c h e m ic a l  r a t h e r  th a n  th e  c a l o r i m e t r i c  p a r t  ( 1 2 ) .  F o r  

compounds c o n t a i n i n g  o n ly  c a r b o n ,  h y d ro g e n ,  a n d  oxygen i t  i s
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n o t  d i f f i c u l t  t o  o b t a i n  d a t a  t o  s p e c i f y  t h e  m ass ,  p u r i t y ,  

and  n a tu r e  o f  th e  p r im a ry  r e a c t a n t ,  and th e  m a s se s ,  c h e m ic a l  

n a t u r e ,  and s t a t e s  o f  th e  p r o d u c t s .  However, f o r  compounds 

c o n t a i n i n g  o t h e r  e le m e n ts  th a n  th e  above t h r e e ,  su c h  a s  

s u l id iu r ,  h a lo g e n ,  o r  m e t a l ,  t h e  p r o d u c t s  f r e q u e n t l y  c a n n o t  

be d e f i n e d  r i g o r o u s l y  a s  t o  t h e i r  c h e m ic a l  n a t u r e ,  p h y s i c a l  

s t a t e ,  o r  c o n c e n t r a t i o n .

The c o m b u s tio n  o f  an o r g a n o m e ta l l i c  compound i n  a  c o n 

v e n t i o n a l  s t a t i c  bomb c a l o r i m e t e r  r e s u l t s  i n  th e  p r o d u c t io n  

o f  i n o r g a n i c  compounds o f  t h e  m e ta l  a s  w e l l  a s  th e  u s u a l  

p r o d u c t s  from  t h e  o r g a n ic  p a r t  o f  th e  m o le c u le .  The i n o r 

g a n ic  s p e c i e s  can  be q u i t e  complex u s u a l l y  y i e l d i n g  more 

th a n  one compound, e a c h  o f  w h ich  may be form ed i n  d i f f e r e n t  

a l l o t r o p i e  m o d i f i c a t i o n s .  The c h e m ic a l  s p e c i e s  and  a l l o 

t r o p i e  m o d i f i c a t i o n s  may be  i n  i l l f d e f i n e d  p h y s i c a l  s t a t e s .  

F o r  e x a n p le ,  th e  h e a t  c o n t e n t  o f  am orphous m a t e r i a l  u s u a l l y  

d ep en ds  on th e  c o n d i t i o n s  o f f o r m a t io n .  A lso  d i f f e r e n c e s  

in  p a r t i c l e  s i z e  o f  c r y s t a l l i n e  m a t e r i a l  r e s u l t s  i n  v a r y i n g  

h e a t  c o n t e n t  f o r  th e  d i f f e r e n t  s i z e s  ( 1 2 ) .

The ro ta t in g - b o m b  o r  moving-bomb c a l o r i m e t e r  p r o v i d e s  

a  means f o r  p r o d u c in g  a f i n a l  s t a t e  o f  th e  bomb p r o c e s s  t h a t  

i s  e a s y  t o  c h a r a c t e r i z e  b o th  c h e m ic a l ly  and  th e rm o d y n a m ic a l 

ly  ( 1 2 ) .  A s u i t a b l e  s o l u t i o n  i s  p l a c e d  i n  t h e  bomb so  t h a t  

th e  s o l i d  p r o d u c t s  o f  co m b u s tio n  c an  be d i s s o l v e d .  A means 

i s  a v a i l a b l e  f o r  i m p a r t i n g  r o t a t i o n  t o  th e  bomb a f t e r  th e  

co m b u s tio n  r e a c t i o n  i s  f i n i s h e d ,  and a s s u r e s  th e  r a p i d  s o l 

u t i o n  o f  th e  s o l i d  p r o d u c t s  i n  th e  bomb. The f i n a l  s t a t e
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th e n  c o n s i s t s  o f  a g a s  p h ase  an d  a  l i q u i d  p h a se  c o n t a i n i n g  

th e  m e ta l  i n  a  s i n g l e  o x i d a t i o n  s t a t e ,  w i th  b o t h  p h a s e s  

hom ogeneous and i n  e q u i l i b r i u m  w i th  one a n o t h e r .

S e v e r a l  r u l e s  must be o b s e rv e d  in  s e l e c t i n g  a  s u i t a b l e  

i n i t i a l  s o l u t i o n  ( 1 3 ) :

i )  The s o l u t i o n  sh o u ld  p r e f e r a b l y  be a c i d  o r  n e u t r a l

t o  m in im ize  th e  s o l u b i l i t y  o f  c a rb o n  d i o x i d e .  However an

a l k a l i n e  s o l u t i o n ,  i f  u s e d ,  sh o u ld  d i s s o l v e  a l l  t h e  c a rb o n  

d io x id e  p ro d u ced  i n  t h e  bomb.

i i )  The s o l u t i o n  sh o u ld  n o t  r e a c t  w i th  th e  i n t e r i o r  o f  

t h e  bomb o r  i t s  f i t t i n g s .

i i i )  The s o l u t i o n  s h o u ld  d i s s o l v e  th e  s o l i d  p r o d u c t s  

o f  c o m b u s tio n  w i t h i n  a  r e a s o n a b le  t im e ,  p r e f e r a b l y  o n ly  a  

few m in u te s  a f t e r  t h e  bomb r o t a t i o n  i s  s t a r t e d .

i v )  I f  s id e  r e a c t i o n s  o c c u r ,  su ch  a s  th e  o x i d a t i o n  o f

a  r e d u c in g  a g e n t  u se d  t o  re d u c e  th e  m e ta l  t o  a  c e r t a i n  o x i 

d a t i o n  s t a t e ,  th e rm o c h e m ic a l  d a t a  o f  a d e q u a te  a c c u r a c y  f o r  

1üie r e q u i r e d  c o r r e c t i o n s  sh o u ld  be a v a i l a b l e .

v) E s t a b l i s h e d  a n a l y t i c a l  m ethods o f  a d e q u a te  a c c u ra c y  

ishould be a v a i l a b l e  t o  d e te r m in e  th e  e x t e n t  o f  a l l  s i d e  r e 

a c t i o n s .  S id e  r e a c t i o n s  p r o d u c in g  g a se o u s  p r o d u c t s  sh o u ld  

be a v o id e d .

c ) O rg a n o m e ta l l ic  Compounds and C om parison  E x p e r im e n ts

I n  a l l  a c c u r a t e  c o m b u s tio n  c a l o r i m e t r y ,  t h e  i n v e s t i 

g a t o r  m ust c o r r e c t  t h e  h e a t  e v o l u t i o n  he  m e a su re s ,  w h ich  i s  

f o r  t h e  a c t u a l  p r o c e s s  in  t h e  bomb, t o  th e  i d e a l i z e d  com

b u s t i o n  r e a c t i o n  w i t h  a l l  r e a c t a n t s  and  p r o d u c t s  i n  t h e i r
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s t a n d a r d  s t a t e s .  The r o t a t i n g  bomb m ethod w h i le  overcom ing  

th e  m a jo r  p ro b lem  o f  f i n a l  s t a t e  d e f i n i t i o n  p r e s e n t s  some 

m in o r  c o m p l e x i t i e s  i n  th e  c o r r e c t i o n s  t o  s t a n d a r d  s t a t e s .

The p h y s i c a l  c o n s t a n t s  needed  f o r  th e  c o r r e c t i o n s  

p e c u l i a r  t o  o r g a n o m e ta l l i c  compounds ( 1 3 ) i n c lu d e  ;

i )  v a l u e s  f o r  t h e  i n i t i a l  and f i n a l  bomb s o l u t i o n s  a s  

f u n c t i o n s  o f  c o m p o s i t io n  o f  t h e  f o l lo w in g  p r o p e r t i e s :  

d e n s i t y ,  v a p o u r  p r e s s u r e ,  s o l u b i l i t y  o f  bomb g a s e s ,

and h e a t  c a p a c i t y ;

i i )  v a l u e s  o f  th e  h e a t  o f  d i l u t i o n  o f  s u b s t a n c e s  t h a t  

a r e  i n  a e q u e o u s  s o l u t i o n ;

i i i )  th e rm o c h e m ic a l  d a t a  needed  t o  a p p ly  c o r r e c t i o n s  

f o r  a l l  s i d e  r e a c t i o n s ;  and

i v )  a l l  d a t a  n eeded  i n  c o r r e c t i n g  f o r  u n u s u a l  e x p e r i 

m e n ta l  d e t a i l s  -  f o r  e x am p le ,  th e  h e a t  c a p a c i t y  o f  m a t e r i a l s  

p r e s e n t  i n  t h e  c o m b u s tio n  b u t  n o t  i n  th e  c a l i b r a t i o n  e x p e r i 

m e n ts .

As a  r e l a t i v e l y  l a r g e  volume of s o l u t i o n ,  a b o u t  50 m l, 

i s  u sed  i n  th e  r o ta t in g - b o m b  m ethod , t h e  d i s s o l v i n g  o f  th e  

bomb p r o d u c t  g a s e s ,  p a r t i c u l a r l y  th e  c a rb o n  d io x id e  i n  th e  

s o l u t i o n  r e p r e s e n t s  a  l a r g e  th e r m a l  c o r r e c t i o n .  H ow ever, 

th e  s o l u b i l i t y  and h e a t  o f  s o l u t i o n  o f  c a rb o n  d io x id e  s e l 

dom a r e  known w i th  th e  d e s i r e d  a c c u r a c y  o r  n o t  a t  a l l  f o r  

a  p a r t i c u l a r  m u lt ico m p o n en t  sy s te m . A lso  a s  a  u n iqu e  m u l t i -  

component sy s te m  i s  p r e s e n t ,  th e  e x p e r i m e n t a l  v a l u e s  may 

n o t  be a v a i l a b l e  f o r  a l l  t h e  needed  p h y s i c a l  c o n s t a n t s  o f  

t h e  s o l u t i o n ,  su ch  a s  / 9 P  and h e a t  c a p a c i t y .
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In  a d d i t i o n ,  t h e  c a l i b r a t i o n  o f  th e  c a l o r i m e t e r  i s  

u s u a l l y  done b y  t h e  c o m b u s tio n  o f  a  c e r t a i n  w e ig h t  o f  b e n z o ic  

a c i d  w h ich  h a s  a  c e r t i f i e d  h e a t  o f  c o m b u s t io n .  One o f  th e  

c o n d i t i o n s  i n  u s i n g  th e  b e n z o ic  a c i d  i s  t h a t  th e  bomb c o n 

t a i n s  o n ly  one c c .  o f  w a t e r .  The use  o f  a  50  c c .  m u lt ic o m 

p o n e n t  s o l u t i o n  r e q u i r e s  th e  u se  o f  an u n c e r t a i n  c o r r e c t i o n .

To overcome t h e s e  m inor d i f f i c u l t i e s ,  a  c o m p ar iso n  

e x p e r im e n t  i s  p e r fo rm e d .  The co m p ariso n  e x p e r im e n t  i n v o l v e s  

th e  co m b u s tio n  o f  a  c o m b in a t io n  o f  b e n z o ic  a c i d  and  a  h y d r o 

c a rb o n  o i l  t o  y i e l d  t h e  same am ounts o f  e n e rg y  and  carb on  

d io x id e  a s  i n  th e  a c t u a l  e x p e r im e n t .  A l s o ,  a  sample o f  an 

i n o r g a n i c  compound o f  th e  m e ta l  w h ich  i s  s o lu b le  i n  th e  bomb 

s o l u t i o n  i s  p l a c e d  i n  a  second  c r u c i b l e  and s p i l l e d  i n t o  

t h e  s o l u t i o n  when th e  r o t a t i o n  i s  s t a r t e d .  T h is  p ro c e d u re  

s e r v e s  t o  g iv e  a  f i n a l  s t a t e  i d e n t i c a l  t o  t h a t  o f  th e  a c t u a l  

e x p e r im e n t .

A f t e r  c o r r e c t i o n  f o r  t h e  h e a t  o f  co m b u s tio n  o f  th e  o r 

g a n ic  sa m p le ,  th e  r e s u l t s  o f  the  co m p ariso n  e x p e r im e n t  y i e l d  

a  v a lu e  o f  th e  h e a t  o f  s o l u t i o n  o f  th e  i n o r g a n i c  compound 

i n  th e  i n i t i a l  bomb s o l u t i o n  t o  form  th e  f i n a l  s o l u t i o n .

By c o m b in a t io n  o f  th e rm o c h e m ic a l  e q u a t i o n s ,  w h ich  may in c l u d e  

ibhose f o r  sm a ll  d i l u t i o n  e f f e c t s ,  th e  c o m b u s tio n  r e a c t i o n  

may be r e f e r r e d  t o  th e  I n o r g a n i c  compound o f  t h e  m e ta l  a s  

p r o d u c t ,  w i t h  th e  l a t t e r  i n  a  p h y s i c a l  s t a t e  f o r  w h ich  th e  

h e a t  o f  f o r m a t io n  i s  w e l l  known. B ecau se  th e  f i n a l  s t a t e s  

o f  th e  c o m p ar iso n  and a c t u a l  e x p e r im e n t  a r e  n e a r l y  i d e n t i 

c a l ,  th e  c o r r e c t i o n s  t o  s t a n d a r d  s t a t e s ,  i n c l u d i n g  th e
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im p o r ta n t  te rm  f o r  th e  s o l u t i o n  o f  c a rb o n  d io x id e  in  th e  

f i n a l  bomb s o l u t i o n ,  a r e  n e a r l y  t h e  same f o r  b o t h  e x p e r i 

m e n ts .  T h e r e fo r e  e r r o r s  i n  c o r r e c t i o n s  c a u se d  by i n a c c u r a t e  

d a t a  c a n c e l  i n  t h e  f i n a l  v a lu e s  o f  t h e  h e a t  o f  co m b u s tio n  

a s  r e f e r r e d  t o  th e  i n o r g a n i c  compound o f  th e  m e ta l .  S im i

l a r l y ,  e r r o r s ,  t h a t  o c c u r  b e c a u se  th e  c a l o r i m e t r y  i s  d i f f e r 

e n t  th a n  t h a t  i n  th e  c a l i b r a t i o n  e x p e r im e n ts  w i th  b e n z o ic  

a c i d ,  w i l l  be n e a r l y  t h e  same, and  th e n  e f f e c t i v e l y  c a n c e l  

i n  th»  f i n a l  v a lu e  o f  th e  h e a t  o f  c o m b u s tio n .

To a v o id  c o r r e c t i o n s  due t o  o x i d a t i o n  o r  s o l u t i o n  

o f  th e  bomb i n t e r i o r ,  th e  i n t e r i o r  s u r f a c e s  o f  th e  bomb a s  

w e l l  a s  th e  c r u c i b l e  u sed  f o r  h o l d i n g  t h e  sam ple m ust be 

i n e r t  t o  th e  c o n d i t i o n s  u s e d .  A p la t in u m  l i n e d  i n t e r i o r ,  

w i th  p la t in u m  f i t t i n g s ,  and a  p l a t in u m  c r u c i b l e  o f f e r  e x 

trem e  i n e r t n e s s  t o  b o t h  o x i d a t i o n  and s o l u t i o n .  H ow ever, 

th e  c o m b u s tio n  o f  o r g a n o m e ta l l i c  c o n fo u n d s  som etim es l e a d s  

t o  th e  f o r m a t io n  o f  m o lten  m e ta l  o r  m o lten  m e ta l  o x id e s  w hich  

can  s p l a t t e r  and  damage th e  t h i n  p la t i n u m  l i n e r ,  o r  a l l o y  

w i th  t h e  c r u c i b l e .  I n  t h i s  c a s e ,  a l t e r n a t i v e  m a t e r i a l s  such  

a s  l i n e r s  and  c r u c i b l e s  o f  n ic k e l-c h ro m iu m  a l l o y  o r  s t a i n 

l e s s  s t e e l  may b e  p r e f e r a b l e .  C r u c i b l e s  o f  r e f r a c t o r y  m a te r 

i a l s  such  a s  f u s e d  s i l i c a ,  a lu m in a ,  o r  p o r c e l i n  c o u ld  a l s o  

be u sed  s a t i s f a c t o r i l y .  A t t a c k  b y  c e r t a i n  bomb s o l u t i o n s  on 

t h e s e  m a t e r i a l s  w ould  r e q u i r e  th e rm o ch e m ic a l  c o r r e c t i o n s .

V o l a t i l e  m a t e r i a l s  and  th o s e  t h a t  a r e  h y g r o s c o p ic  o r  

s e n s i t i v e  t o  oxygen must be e n c lo s e d  i n  a  c o n t a i n e r  b e f o r e  

b e i n g  i n t r o d u c e d  t o  th e  bomb. Some o r g a n o m e ta l l i c  compounds
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B u f f e r  f r o m  a l l  t h r e e  p r o b l e m s .

G la s s  am po u les  a r e  u n s a t i s f a c t o r y  f o r  o r g a n o m e ta l l i c  

compounds ( 1 3 ) •  M o lten  g l a s s  from th e  ampoule can  r e a c t  

w i th  s o l i d  c o m b u s tio n  p r o d u c t s  to  g iv e  th e rm o c h e m ic a l  e f f e c t s  

o f  unknown m a g n i tu d e .  The m o lte n  g l a s s ,  on c o o l i n g ,  can  e n 

v e lo p  s o l i d  c o m b u s tio n  p r o d u c t s ,  w hich  would th e n  go u n d i s 

s o lv e d  i n  t h e  bomb s o l u t i o n .

F used  s i l i c a  am poules  and p o l y e s t e r  o r  p o ly h y d ro c a rb o n  

b a g s  overcome th e  d i f f i c u l t i e s  e n c o u n te r e d  w i th  g l a s s  am

p o u l e s .  H o w e v e r ,fu se d  s i l i c a  am p o u les ,  l i k e  f u s e d  s i l i c a  

c r u c i b l e s  may in t r o d u c e  c o r r e c t i o n s  due t o  r e a c t i o n  w i th  

s o l i d  c o m b u s tio n  p r o d u c t s  o r  d i s s o l u t i o n  i n  th e  bomb l i q u i d .  

P o l y e s t e r  o r  p o ly h y d ro c a rb o n  b a g s  com bust c o m p le te ly  and 

l e a v e  n o th in g  t o  r e a c t  w i th  o r  e n v e lo p  s o l i d  c o m b u s tio n  p r o 

d u c t s .

Even w i t h  t h e  employment o f  th e  moving-bomb m ethod , 

u s i n g  a  s u i t a b l e  s o l u t i o n ,  and  e n c l o s i n g  th e  sample i n  p o l y 

e s t e r  b a g s ,  t h e  p ro b lem  of in c o m p le te  r e a c t i o n  may s t i l l  

p la g u e  th e  co m b u s tio n  o f  an o r g a n o m e ta l l i c  compound ( 2 0 ) .  

In c o m p le te  co m b u s tio n  means t h a t  e i t h e r  n o t  a l l  o f  th e  sanqple 

r e a c t e d ,  o r  t h a t  c a rb o n  was n o t  c o m p le te ly  o x i d iz e d  t o  c a rb o n  

d i o x i d e .  No g e n e r a l  recom m endation  to  a c h ie v e  co m p le te  com

b u s t i o n  can  be  g iv e n .  Some t e c h n iq u e s  w hich  can  be t r i e d  (20) 

i n c lu d e  v a r i a t i o n  o f  th e  oxygen p r e s s u r e  i n  t h e  bomb; c h a n g e s  

in  th e  s i z e ,  s h a p e ,  o r  w e ig h t  o f  th e  c r u c i b l e ;  u se  o f  a  p e r 

f o r a t e d  c r u c i b l e  t o  a l lo w  b e t t e r  a c c e s s  o f  oxygen ; i n s t a l l 

a t i o n  o f  a  b a f f l e  a c r o s s  t h e  to p  o f  th e  c r u c i b l e  t o  impede
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t h e  e sc a p e  o f  b u r n in g  sam p le ;  o r  some c o m b in a t io n  o f  t h e s e  

m e a s u re s .  The u se  of an  a u x i l i a r y  c o m b u s ta n t ,  su c h  a s  a  

h y d ro c a rb o n  o i l ,  may b e  used  t o  a c c e l e r a t e  a  s l u g g i s h  com

b u s t i o n  o r  tem p er  a v i o l e n t  on e .

I f  no v a r i a t i o n  i n  t e c h n iq u e  w i l l  p rod uce  a  c o m p le te  

c o m b u s t io n ,  r e c o u r s e  must be made t o  m e a su r in g  th e  amount o f  

u n r e a c te d  m a t e r i a l  and  d e te r m in in g  th e  c a rb o n  monoxide fo rm ed . 

I f  t h i s  a l t e r n a t e  p r o v e s  to o  u n s a t i s f a c t o r y ,  th e  compound 

w i l l  h ave  to  be s t u d i e d  in  a  r e a c t i o n  c a l o r i m e t e r ,

d) C a l i b r a t i o n  o f  th e  Bomb w i th  B enzo ic  A cid

B en zo ic  a c i d  h a s  b e en  ch osen  a s  a  c a l o r i m e t r i c  s t a n d a r d  

s u b s ta n c e  (II 4.) b e c a u se  i t  a )  c an  be o b ta in e d  i n  a  s t a b l e  

s o l i d  form  b) can b e  p u r i f i e d  r e l a t i v e l y  e a s i l y ,  c) i s  n o t  

n o t i c e a b l y  v o l a t i l e  a t  o r d i n a r y  room t e m p e r a t u r e s ,  d) d o e s  

n o t  a b so rb  m o is tu r e  from  th e  a tm o s p h e re ,  e )  b u r n s  q u a n t i 

t a t i v e l y  i n  t h e  bomb, and f )  can  be com pressed  in  t a b l e t s .

The c e r t i f i e d  v a lu e  o f  th e  b e n z o ic  a c i d  can  be u se d  (li{.) 

i f  i t  i s  com busted  u n d e r  th e  f o l lo w in g  c o n d i t i o n s *

a )  The c o m b u s tio n  r e a c t i o n  i s  r e f e r r e d  to  298°K.

b )  The sample i s  b u rn e d  i n  a  bomb o f  c o n s t a n t  volume i n  

p u re  oxygen a t  an i n i t i a l  p r e s s u r e  o f  30 a tm o s p h e re s  a t  298°K.

c )  The number o f  grams o f  sample b u rn e d  i s  e q u a l  t o  

ibhree t im e s  th e  i n t e r n a l  volume o f  th e  bomb in  l i t r e s .

d) The number o f  gram s o f  w a te r  p la c e d  i n  th e  bomb p r i o r  

t o  co m b u s tio n  i s  e q u a l  t o  t h r e e  t im e s  th e  i n t e r n a l  volume o f  

lAie bomb i n  l i t r e s .

S m all  d e p a r t u r e s  from  t h e  above c o n d i t i o n s  a r e  a l lo w e d
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b u t  r e q u i r e  th e  u se  o f  th e  c o r r e c t i o n  f a c t o r

f  = 1  + 1 0 - 6  2 0 (P -3 0 )+ 4 2 (M sA -3 )+ 3 0 (M w A -3 )-4 5 (T -2 9 8 )  [2 9 ]  

where P i s  th e  i n i t i a l  p r e s s u r e  i n  a tm o sp h e re s  o f  th e  oxygen 

a t  t h e  t e m p e r a t u r e ,  T , t o  w hich  t h e  r e a c t i o n  i s  r e f e r r e d ,

Ms i s  t h e  m ass o f  b e n z o ic  a c i d  i n  g ram s, Mw i s  th e  m ass o f  

w a te r  p l a c e d  i n  th e  bomb i n  g ram s, and  V i s  th e  i n t e r n a l  

volume o f  th e  bomb i n  l i t r e s .  The v a lu e  o f t h e  h e a t  o f  com

b u s t i o n  o f  b e n z o ic  a c i d  a s  s u p p l i e d  by th e  P a r r  i n s t r u m e n t  

company i s  6 3 1 8  c a l o r i e s  p e r  gram.

I f  t h e  q u a n t i t y  o f  h e a t  r e l e a s e d  by  a sam ple o f  b e n z o ic  

a c i d ,  q ,  p ro d u c e s  a  n e t  t e m p e r a tu r e  r i s e , A T ,  th e  e n e rg y  

e q u i v a l e n t  o f  t h e  c a l o r i m e t e r  sy s te m , C , i s  d e f i n e d  a s

C h o o s in g  th e  e n e rg y  e q u i v a l e n t  o f  th e  c a l o r i m e t e r  t o  be t h a t  

o f  th e  sy s tem  a f t e r  c o m b u s t io n ,  th e  t e m p e ra tu re  a s s i g n e d  to  

t h e  r e a c t i o n  i s  th e  t e m p e r a tu r e  p r i o r  t o  i g n i t i o n ,  ( f i g u r e  

1 )*  B e s id e s  t h e  h e a t  from  th e  b e n z o ic  a c i d ,  t h e r e  a r e  a l s o  

c o n t r i b u t i o n s  from  t h e  i g n i t i o n  e n e rg y ,  qj_,  and  t h e  e n e rg y  

from  th e  f o r m a t io n  o f  n i t r i c  a c i d  due t o  th e  p r e s e n c e  o f

sm a ll  am ounts  o f  n i t r o g e n  i n  th e  bomb, % .  T h e r e f o r e  th e

e n e rg y  e q u i v a l e n t  o f  th e  sy s tem  a f t e r  com b us tion  i s

Cf »  1 * <a * % [31J
T

Eow ever t o  d e f i n e  a  sy s te m  w h ich  i s  i n v a r i a n t  from  c a l i 

b r a t i o n  t o  c a l i b r a t i o n ,  i t  i s  n e c e s s a r y  t o  e x c lu d e  th e  e n e r g y  

e q u i v a l e n t  o f  th e  p r o d u c t s .  T h e r e fo r e

C s f  “  Cf -  Ccf [3 2 ]
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where i s  c a l c u l a t e d  from  th e  h e a t  c a p a c i t i e s  o f  th e  

c r u c i b l e ,  ox ygen , c a rb o n  d i o x i d e ,  and w a te r  in  t h e  bomb a t  

t h e  end o f  th e  c o m b u s tio n  w i th  b e n z o ic  a c i d .  A lso  in c lu d e d  

sh o u ld  be th e  s p e c i f i c  h e a t s  and d i f f e r e n c e s  i n  m ass o f  any  

o t h e r  m a t e r i a l s  p r e s e n t  i n  d i f f e r e n t  am ounts i n  th e  s t a n d a r d  

c a l o r i m e t e r  sy s tem  and  th e  sys tem  a s  a c t u a l l y  u s e d .

e )  E v a l u a t i o n  o f  th e  C o r r e c t e d  T em p era tu re  R ise

W ith  an i s o t h e r m a l  bomb c a l o r i m e t e r ,  t h e  c a l c u l a t i o n  of 

th e  c o r r e c t e d  t e m p e r a tu r e  r i s e  i n v o lv e s  two c o r r e c t i o n s ;  

one i s  f o r  th e  h e a t  g e n e r a t e d  from  t h e  s t i r r i n g  o f  the  c a l 

o r i m e t r i c  f l u i d ;  th e  o t h e r  i s  f o r  th e  h e a t  exchanged  be tw een  

t h e  c a l o r i m e t r i c  f l u i d  and th e  c o n s t a n t  t e m p e ra tu re  j a c k e t .  

'.Che s t & r r in g  e f f e c t  i s  c o n s id e r e d  c o n s t a n t ,  w h i l e  h e a t  e x 

change  w i th  th e  j a c k e t  i s  t a k e n  a s  p r o p o r t i o n a l  t o  th e  tem p

e r a t u r e  d i f f e r e n c e  be tw een  th e  j a c k e t  and t h e  c a l o r i m e t e r  

f l u i d .  I n  an  a c t u a l  c o m b u s t io n ,  t h e s e  two e f f e c t s  and th e  

h e a t  from  t h e  r e a c t i o n  p ro d u ce  a  t im e - t e m p e r a tu r e  c u rv e  a s  

iBhown i n  f i g u r e  1 .

The p o r t i o n s  o f  t h e  c u rv e  a b ,  b e ,  eh  r e p r e s e n t  t h e  t im e -  

t e m p e r a tu re  r e l a t i o n s  i n  the  i n i t i a l ,  m ain , a n d  f i n a l  p e r i o d s  

r e s p e c t i v e l y  o f  th e  e x p e r im e n t .  The main p e r i o d  i s  th e  

s e c t i o n  o f  t h e  c u rv e  where t h e  t e m p e r a tu r e  i n c r e a s e  i s  due 

l a r g e l y  t o  th e  e n e rg y  o f  th e  c o m b u s t io n ;  th e  i n i t i a l  and 

f i n a l  p e r i o d s  c o r r e s p o n d  to  p e r i o d s  where th e  t e m p e ra tu re  

r i s e  i s  due t o  th e  s t i r r i n g  and ex change  e f f e c t s  o n ly .  The 

t e m p e r a t u r e ,  T j ,  i s  th e  j a c k e t  t e m p e ra tu re  and Too  i s  th e  

c o n v e rg en c e  te m p e r a tu r e  w hich  i s  th e  l i m i t i n g  v a lu e  th e
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t e m p e r a tu r e  w ould  r e a c h  in  i n f i n i t e  t im e  i f  T j  and  th e  r a t e  

o f  s t i r r i n g  re m a in e d  c o n s t a n t .

The l e n g t h  o f  th e  i n i t i a l  and  f i n a l  p e r i o d s  i s  u s u a l l y  

10 to  20 m in u te s .  I n  a  r o t a t i n g  bomb c a l o r i m e t e r  th e  f i n a l  

p e r i o d  may be a b o u t  î -O m in u te s  ( 1 5 ) i n  o r d e r  t o  g e t  a l l  th e  

p r o d u c t s  o f  co m b u s tio n  d i s s o l v e d .  The l e n g t h  o f  th e  main 

p e r i o d  d e p e n d s  on th e  l a g  o f  t h e  bomb i . e .  th e  t im e  i t  t a k e s  

f o r  th e  g e n e r a t e d  h e a t  to  m a n i f e s t  i t s e l f  in  t h e  form o f  a 

m easured  t e m p e r a tu r e  r i s e .  F o r  a  c o m b u s tio n  e x p e r im e n t ,  t h e  

main p e r i o d  s h o u ld  be a t  l e a s t  t e n  t im e s  th e  tim e  r e q u i r e d  

f o r  t h e  t e m p e r a tu r e  r i s e  t o  a t t a i n  t w o - t h i r d s  o f  i t s  f i n a l  

v a lu e  ( l i | . ) .  A lso  th e  t e m p e r a tu r e  r i s e  in  th e  main p e r i o d  

sh o u ld  be r e a d  a t  i n t e r v a l s  o f  n o t  more th a n  l 5  s e c o n d s  i f  

an a c c u ra c y  o f  0 . 0 1 #  i n  th e  c o r r e c t e d  t e m p e r a tu r e  r i s e  i s  

die s i r e d .  (II 4. ) .

The t o t a l  r a t e  o f  t e m p e r a tu r e  r i s e  due to  t h e  s t i r r i n g  

and  exchang e  a f f e c t s  (II).) i s

^  = u + g (T j-T )  [ 3 3 ]

where u and  g a r e  c o n s t a n t .  S in c e  ^"^/dt=0 when T==Too , t h e r e 

f o r e

T j = Too -  u / g  [ 3 1 ^

S u b s t i t u t i n g  i n  e q u a t io n  [33]

dT = g(Too - T ) .  [3 5 ]
d t

I f  Sĵ  and Sf r e p r e s e n t  t h e  v a l u e s  o f  d T / ^ t  a t  t h e  mean 

t e m p e r a t u r e s  T i  and T f o f  t h e  i n i t i a l  and f i n a l  p e r i o d s  

r e s p e c t i v e l y ,  t h e n
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g = * i - 8 f  
T f - T i

u = 8f + g( T f - T i ) ,  [35b]

[35a]
T f - T i

and

_ « i T f - a f T l  _ [35c]
"  a i - s f

The c o r r e c t i o n  AT Which must be s u b t r a c t e d  from  th e  o b se rv e d  

t e m p e r a tu re  r i s e ,  (T e -T p ) ,  t o  c o r r e c t  f o r  th e  e f f e c t s  o f 

s t i r r i n g  and  h e a t  exchange  i s  o b t a in e d  by i n t e g r a t i n g  

e q u a t io n s  [33] o r  [3^ :

AT = u ( f ie - tb )  + ( T j -T )d t  [36]

AT »  g C  ® (T « ,-T )d t  [37]
A b

E q u a t io n s  [3 6 ]  and  [37] may be  r e p l a c e d  b y

AT *» [u -f g (T j-T m )] ( t e - t b )  [38]

and

AT »  g (T o o -T m )( te - tb )  [39]

r e s p e c t i v e l y .  Tm r e p r e s e n t s  th e  mean t e m p e r a tu r e  o f  th e  w a l l  

o f  th e  c a l o r i m e t e r  i n  t h e  main p e r i o d .  As no s im p le  a n a l y t i 

c a l  e x p r e s s io n  o f  t h e  r e l a t i o n  be tw een  t im e  and t e m p e r a tu r e  

i n  t h e  main p e r i o d  o f  a  co m b u s tio n  e x p e r im e n t  e x i s t s  ( l i) .) ,

Tm must be found  by g r a p h i c a l  o r  n u m e r ic a l  i n t e g r a t i o n .  I f  

n t e m p e r a t u r e s  T r  a r e  m easu red  ( o r  i n t e r p o l a t e d  from  o b 

se rv e d  v a lu e s )  a t  e q u a l  t im e  i n t e r v a l s .  A t ,  d u r i n g  t h e  main 

p e r i o d ,  th e n  / m-1 \
Tm = I 2  Tr + %+Te A t  [ko] .

Vr«2 2 /  t e - t b
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The t im e  i n t e r v a l s  u sed  must n o t  be more th a n  15 s e c o n d s .

D i c k i n s o n 's  m ethod (11).) o f  o b t a i n i n g  th e  c o r r e c t e d  

t e m p e r a tu r e  r i s e  f i n d s  th e  t im e ,  t%, ( f i g u r e  1) su c h  t h a t

5te
(T -T o o )d t  «  A T  [i).l] . 

tb
D ic k in s o n  showed t h a t  t h i s  r e l a t i o n s h i p  h o l d s  i f  th e  two 

shaded  a r e a s  in  f i g u r e  1 a r e  e q u a l .  The t im e  t *  i s  th e  t im e  

when t h e  t e m p e r a tu re  r i s e  h a s  r e a c h e d  60 p e r  c e n t  o f  i t s  

t o t a l  amount ( 1 6 ) ,  and  i s  t h e  p o i n t  where th e  c a l o r i m e t e r  

c e a s e s  t o  be h e a t e d  a t  a  r a t e  e q u i v a l e n t  to  t h a t  in  th e  i n 

i t i a l  p e r i o d ,  and b e g i n s  t o  be  h e a t e d  ( o r  c o o le d )  a t  th e  

r a t e  a s  i n  th e  f i n a l  p e r i o d .

f ) C a lo r i m e t e r  D e s ig n  and  T e m p e ra tu re  M easurem ent

The d e t e r m i n a t i o n  o f  th e  c o r r e c t e d  t e m p e r a tu re  r i s e  i s  

b a se d  on th e  v a l i d i t y  o f  e q u a t io n  [33] • I n  o r d e r  f o r  t h i s  

r e l a t i o n s h i p  t o  h o l d ,  th e  f o l l o w in g  f e a t u r e s  o f  c a l o r i m e t e r  

d e s ig n  (ll|.) m ust be p r e s e n t :  ( a )  no i n s u l a t i n g  m a t e r i a l

o t h e r  t h a n  a i r  c a n  be u se d  in  t h e  space  be tw een  th e  c a l o r i 

m e te r  and th e  J a c k e t ;  (b )  the  t h i c k n e s s  o f  t h i s  a i r  space  

m ust n o t  e x c e e d  12 mm. ( f o r  a  3° maximum t e m p e r a tu r e  d i f f e r 

en ce  be tw een  c a l o r i m e t e r  and j a c k e t ) ;  ( c )  e v a p o r a t i o n  o f  

w a te r  from  th e  c a l o r i m e t e r  must be re d u c e d  t o  a  minimum. By 

d e te r m in in g  t h e  v a r i a t i o n  o f  t e m p e r a tu r e  w i th  t im e  a t  a 

number o f  t e m p e r a t u r e s ,  one can  t e s t  w h e th e r  e q u a t io n  [33] 

h o l d s  and t h e s e  d e s ig n  f e a t u r e s  a r e  e f f e c t i v e .

The te m p e r a tu r e  s c a l e  u sed  in  bomb c a l o r i m e t r i c  e x p e r i 

m en ts  i s  u n im p o r ta n t  ( l l) .) ,  p ro v id e d  e q u a t io n  [33] h o l d s  f o r
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th e  s c a l e  em ployed and b o th  c a l i b r a t i o n  and co m b u s tio n  

d e t e r m i n a t i o n s  a r e  done on t h e  same s c a l e .  The commonly 

u sed  t e m p e r a tu re  m e a su r in g  i n s t r u m e n t s  a r e  m e r c u r y - i n - g l a s s  

th e rm o m e te r s ,  p l a t in u m  r e s i s t a n c e  th e rm o m e te r s ,  t h e r m i s t o r s ,  

a n d  th e rm o c o u p le s .  M e r c u r y - i n - g l a s s  th e rm o m e te r s ,  p a r t i c u 

l a r l y  t h e  Beckmann t y p e ,  a r e  s u i t a b l e  f o r  work o f  m o dera te  

p r e c i s i o n  (17)*  b u t  a r e  u s u a l l y  r e p l a c e d  by one o f  th e  o t h e r  

t h r e e  i n  h i ^  p r e c i s i o n  w ork . B o th  th e  p la t in u m  r e s i s t a n c e  

th e rm o m e te r  and  th e  th e rm o co u p le  a r e  used  f o r  work o f  the  

h i p e s t  a c c u r a c y .  The p la t in u m  r e s i s t a n c e  th e rm o m e te r  in  

p a r t i c u l a r ,  can  be c a l i b r a t e d  and  u sed  a s  a  p r im a ry  te m p e r 

a t u r e  s t a n d a r d  due t o  i t s  lo n g  te rm  s t a b i l i t y  and r e p r o d u c 

i b l e  p e r fo rm a n c e .  H ow ever, b o th  i n s t r u m e n t s  r e q u i r e  e x p e n s 

iv e  e q u ip m en t due t o  th e  need  o f m e a su r in g  v e ry  sm a ll  c h a n g e s  

in  e . m . f .  and r e s i s t a n c e  to  a h i g ^  d e g re e  o f  a c c u r a c y .  The 

i s h e r m is to r ,  w i th  i t s  l a r g e  n e g a t iv e  t e m p e ra tu re  c o e f f i c i e n t  

o f  r e s i s t a n c e ,  u n d e rg o e s  a  much more marked change i n  r e 

s i s t a n c e  t h a n  a  r e s i s t a n c e  th e rm o m e te r  f o r  th e  e q u i v a l e n t  

t e m p e r a tu r e  c h a n g e .  T h e r e fo r e  th e  t h e r m i s t o r  i s  u s a b le  w i th  

I’e l a t i v e l y  in e x p e n s iv e  a u x i l i a r y  e q u ip m e n t .  W hile  th e  t h e r 

m i s t o r  i s  v e r y  s e n s i t i v e ,  s m a l l  i n  b u l k ,  and r a p i d  i n  r e 

s p o n s e ,  i t  s u f f e r s  from  a m inor d e g re e  o f  i n s t a b i l i t y  and 

must be r e c a l i b r a t e d  p e r i o d i c a l l y .

F o r  th e  r e l a t i v e l y  s m a l l  t e m p e r a tu re  ra n g e  u sed  in  

c a l o r i m e t r i c  w ork , th e  r e l a t i o n s h i p  g iv e n  by  D a n i e l s  e t  a l  

(18 )  be tw een  th e  n a t u r a l  l o g a r i t h m  o f  th e  t h e r m i s t o r  r e s i s t 

ance  R, and  th e  a b s o l u t e  t e m p e r a t u r e ,  T , sh o u ld  be v a l i d ;
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InR  = A + B [lj2]

The c o n s t a n t s  A a n d  B m a y  b e  d e t e r m i n e d  b y  a  p l o t  o f  I n R  v s

V t .

g) R e a c t io n  C a lo r i m e t r y

Compounds iftiich  w i l l  n o t  com bust c o m p le te ly  w i th  oxygen 

u n d e r  t h e  c o n d i t i o n s  u se d  i n  bomb c a l o r i m e t r y  c an  som etim es 

be made t o  r e a c t  much more s a t i s f a c t o r i l y  w i th  o t h e r  su b 

s t a n c e s .  The most d e s i r a b l e  r e a c t i o n  i s  one w hich  w i l l  p r o 

ceed  t o  c o m p le t io n  i n  a  few m in u te s  a t  room t e m p e r a t u r e ,  

w i th  c o m p le te ly  a n a l y s a b l e  p r o d u c t s .

A common ty p e  o f  a p p a r a t u s  o f  m o dera te  p r e c i s i o n  used  

f o r  r e a c t i o n  c a l o r i m e t r y  (17 ) I s  th e  c o n s t a n t  p r e s s u r e  c a l 

o r i m e t e r  a s  d e s c r i b e d  by  P o w e ll  and  M o rt im e r  ( 1 9 ) .  I t  c o n 

s i s t s  e s s e n t i a l l y  o f  a  sm a ll  g l a s s  r e a c t i o n  v e s s e l  su sp en d ed  

i n  a  l i q u i d  w h ich  i s  h o u se d  in  a Dewar f l a s k .  The te m p e r 

a t u r e  r i s e  o f  th e  l i q u i d  due t o  r e a c t i o n  i n  t h e  v e s s e l  i s  

m easu red  by  means o f  a  Beckmann th e rm o m e te r .  The e n e rg y  

e q u i v a l e n t  o f  th e  sy s te m  i s  d e te rm in e d  by e l e c t r i c a l  c a l i 

b r a t i o n  a s  u n l ik e  bomb c a l o r i m e t r y ,  no s t a n d a r d  r e a c t i o n  

e q u i v a l e n t  t o  th e  c o m b u s tio n  o f  b e n z o ic  a c i d  h a s  b e e n  e s t a b 

l i s h e d .  W hile  th e  s e v e r e s t  l i m i t a t i o n  o f  such  a  sy s te m  i s  

th e  v e ry  lo n g  tim e  i t  t a k e s  t o  r e a c h  th e r m a l  e q u i l i b r i u m  

( 1 7 ) ,  i t  i s  v e ry  i n e x p e n s i v e ,  e a s i l y  c o n s t r u c t e d  and  o p e r 

a t e d ,  and g i v e s  r e s u l t s  w i th  a b o u t  ± 0 .5  p e r  c e n t  a c c u ra c y  

( 1 7 ) .
The r e a c t i o n  b e s t  s u i t e d  f o r  th e  s tu d y  o f  s im p le  m e ta l
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a l k y l s  seems t o  be h a l o g é n a t i o n .  The i o d i n a t i o n  and  b r o m i-  

n a t i o n  o f  t h e  g roup  I I  m e ta l  a l k y l s  ( 1 7 ) and  g a l l i u m  t r i 

m e th y l  (1 9 )  h av e  been  i n v e s t i g a t e d  th e rm o c h e m ic a l ly  and  f o r  

t h e  most p a r t  e x h i b i t  a t t a c k  o f  th e  h a lo g p n  on th e  m e t a l -  

c a rb o n  b o n d . The p ro b lem s  o f  m o is tu r e  and  a i r  s e n s i t i v i t y  

o f  t h e s e  s p e c i e s  r e q u i r e s  t h e i r  e n c l o s u r e  i n  g l a s s  am pou les  

p r i o r  t o  r e a c t i o n .

A more r e c e n t  ty p e  o f  r e a c t i o n  c a l o r i m e t e r  r e s u l t s  from  

th e  u se  o f  th e  r o t a t i n g  boisb c a l o r i m e t e r .  The r e a c t i o n  o f  

t r im e th y la lu m in u m  w i th  a c e t i c  a c i d  in  to lu e n e  s o l u t i o n  (20) 

was c a r r i e d  o u t  i n  a  r e g u l a r  r o t a t i n g  bomb c a l o r i m e t e r  u n d e r  

a b o u t  one a tm o sp h e re  o f  d r y  n i t r o g e n  p r e s s u r e .  The t r i 

m ethy lalum inum  was s e a l e d  i n t o  t h i n  g l a s s  fd a ia ls  and  p l a c e d  

in  th e  p la t in u m  c r u c i b l e .  Upon r o t a t i o n ,  th e  p h i a l s  were 

b roken  and r e a c t i o n  i n i t i a t e d .  C a l i b r a t i o n  was done i n  th e  

u s u a l  f a s h i o n  w i th  b e n z o ic  a c i d .  The a c c u ra c y  a t t a i n a b l e  

was a s  e x p e c te d  f o r  t h i s  ty p e  o f  sy s te m .

N u m erica l  M ethods o f  A n a ly s i s  

N u m e ric a l  m ethods have  two i n h e r e n t  fo rm s o f  e r r o r .  

T r u n c a t io n  e r r o r s  r e s u l t  from  f i n i t e  m a th e m a t ic a l  o p e r a t i o n s  

where an  i n f i n i t e  p r o c e s s  i s  needed  t o  a c h ie v e  th e  t r u e  

v a l u e .  R o u n d -o ff  e r r o r  o c c u r s  due t o  th e  l i m i t a t i o n  o f  

w o rk in g  w i th  a  f i x e d  number o f  s i g n i f i c a n t  d i g i t s  and  h a v in g  

to  chop v a l u e s  e x c e e d in g  th e  number o f  d i g i t s  a l lo w e d .

a )  E v a l u a t i o n  o f  I n t e g r a l s

The d e f i n i t e  i n t e g r a l  \  f ( x ) d x  som etim es c a n n o t  be
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s o lv e d  i n  a  c lo s e d  fo rm ; t h a t  i s ,  a  fo rm u la  w hich  i s  e v a l u 

a t e d  be tw een  th e  l i m i t s  a  and  b and  e x p r e s s e d  in  t e r m s  o f  

s im p le  a l g e b r a i c  f u n c t i o n s  t o  g iv e  th e  v a lu e  o f  t h e  i n t e g r a l ,  

can n o t  be fo u n d .  I n  t h i s  c a s e ,  th e  i n t e r p r e t a t i o n  t h a t  th e  

v a lu e  o f  th e  i n t e g r a l  i s  th e  a r e a  u n d e r  th e  c u rv e  y  = f ( x )  

b e tw ee n  t h e  l i m i t s  x  = a ,  and x  = b i s  em ployed .

N u m e ric a l  m ethods t o  e v a l u a t e  th e  a r e a  u n d e r  a  c u rv e  

a r e  b a s e d  on th e  g e n e r a t i o n  o f  v a l u e s  o f  f ( x )  a t  c e r t a i n  

v a l u e s  o f  x  and  th e  a p p ro x im a t io n  o f  f ( x )  by  some f u n c t i o n  

i n  t h e s e  s m a l l e r  i n t e r v a l s .  The a p p ro x im a t io n  o f  f ( x )  i s  

i n t e g r a b l e  i n  c lo s e d  form  and  t h e s e  s m a l l e r  a r e a s  a r e  

sumed t o  g iv e  th e  v a lu e  o f  t h e  i n t e g r a l .  U s u a l ly ,  t h e  more 

c l o s e l y  sp a ce d  a r e  th e  v a l u e s  o f  x ,  t h a t  i s ,  t h e  s m a l l e r  th e  

i n t e r v a l s ,  th e  more c l o s e l y  a p p ro a c h e d  i s  th e  t r u e  v a lu e  o f  

th e  i n t e g r a l .

In  th e  c a se  o f  e x p e r i m e n t a l l y  d e r i v e d  p o i n t s ,  t h e r e  i s  

no f ( x )  f rom  w hich  to  d e r i v e  f u r t h e r  p o i n t s ,  and  th e  i n t e r 

v a l s  o f  X  a r e  u s u a l l y  n o t  o f  e q u a l  m a g n i tu d e .  T h i s  second  

f e a t u r e  r u l e s  o u t  th e  use  o f  e i t h e r  o f  two common i n t e g r a t i o n  

p r o c e d u r e s ,  S im p so n 's  Rule  and t h e  T ra p e z o id  R ule  ( 2 1 ) ,  a s  

lihey a r e  d e r i v e d  f o r  e q u a l l y  sp a c e d  i n t e r v a l s .  H ow ever, th e  

m + 1 p a i r s  o f  o b s e rv e d  v a lu e s  (x ^ ,  y^) where i  = 0 ,  1 ,  2 ,

 ,  m, c an  be r e p r e s e n t e d  b y  a  p o ly n o m ia l  o f  d e g re e  m a s

g iv e n  by  L a g r a n g e 's  i n t e r p o l a t i o n  fo rm u la  ( 2 1 ) ;

m

y “ 2  , M
k=o Pk(xk)
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where

Pk(x) = ( x -Xq) (x-x]_) - - -  (x-Xm) [l|)|J
X - X k

L a g r a n g e 's  fo rm u la  I s  d e r i v e d  f o r  th e  c a s e  td ie re  th e  s e t  o f  

x i  do n o t  fo rm  an a r i t h m e t i c  p r o g r e s s i o n  ( 2 1 ) .  T h e r e fo r e  

th e  a r e a  u n d e r  th e  c u rv e  form ed by th e  s e t  o f  p o i n t s  and 

r e p r e s e n t e d  by y ,  i s  g iv e n  by

^  \  '■k< M

F o r  m = 1 ,

s:

\  ydx  = £3TfLQ (y o  + 7 i)>  [46]

w hich  i s  th e  a r e a  o f  a  t r a p e z o i d  form ed by c o n n e c t i n g  a d 

j a c e n t  p o i n t s  by  a  s t r a i g h t  l i n e .

F o r  m = 2 ,

X2

X©

JLQ ■ (3xj^-2xo“X2) + 7 i  (xg-X2)
P d X 0 )

(2 x2+Xj^-3xq )̂ • [ ^ 7]
P2(%2) _

When Xj^-Xq =» ^ 2 " ^ l»  t h i s  l a s t  e q u a t io n  r e d u c e s  to  th e  form  

o f  S im p so n 's  r u l e .

T h e r e f o r e ,  f o r  a  s e t  o f  e x p e r i m e n t a l l y  d e r i v e d  p o i n t s ,  

e i t h e r  e q u a t io n  [4 6 ]  o r  e q u a t io n  [4?] can  be  a p p l i e d  to  

s u c c e s s iv e  s e t s  o f  2 o r  3 p o i n t s  r e s p e c t i v e l y  and the r e s u l t s  

summed t o  o b t a i n  th e  v a lu e  o f  th e  i n t e g r a l  be tw een  th e  

d e s i r e d  l i m i t s .
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b) System s o f  L i n e a r  S im u l ta n e o u s  E q u a t io n s

Many p h y s i c a l  p ro b lem s can be r e p r e s e n t e d  b y  a  s e t  o f  

s im u l ta n e o u s  l i n e a r  e q u a t i o n s .  L in e a r  e q u a t i o n s  h av e  e a c h  

te rm  in  e a c h  e q u a t io n  c o n t a i n i n g  o n ly  one unknown, and  e a c h  

unknown a p p e a r s  t o  th e  f i r s t  pow er. An a r b i t r a r y  s e t  o f  n 

e q u a t i o n s  in  n unknowns may have  a  u n ique  s o l u t i o n ,  no s o l 

u t i o n ,  o r  an  i n f i n i t e  number o f  s o l u t i o n s .  A s e t  o f  e q u a ?  

t i o n s  f a l l i n g  i n t o  th e  l a s t  two c a t e g o r i e s  i s  s a i d  t o  be a 

s i n g u l a r  s e t  o f  e q u a t i o n s .  I t  i s  c h a r a c t e r i z e d  by a d e t e r 

m in an t h a v in g  a  v a lu e  o f  z e r o ,  o r  f o r  p r a c t i c a l  p u r p o s e s ,  a  

v a lu e  c l o s e  t o  z e r o .  In  th e  l a t t e r  c a s e ,  i t  i s  th e  accumu

l a t i o n  o f  r o u n d - o f f  e r r o r  w hich  p r o d u c e s  an u n r e l i a b l e  

a n sw e r .

I n  g e n e r a l ,  t h e r e  a r e  two a p p ro a c h e s  t o  s o l v i n g  s im u l 

t a n e o u s  l i n e a r  e q u a t i o n s :  one i s  a  d i r e c t  and f i n i t e  a p 

p ro a c h  ; t h e  o t h e r  i s  an  i n d i r e c t  and i n f i n i t e  a p p ro a c h .  The 

d i r e c t  m ethod t h e o r e t i c a l l y  p r o d u c e s  an e x a c t  an sw er  i n  a  

f i n i t e  number o f  o p e r a t i o n s ;  t h e  i n d i r e c t  method n e ed s  an 

i n f i n i t e  number o f  o p e r a t i o n s  t o  p ro d u ce  an e x a c t  an sw e r  b u t  

c an  u s u a l l y  come v e r y  c l o s e  w i th  a  f i n i t e  number o f  s t e p s .

The G auss e l i m i n a t i o n  method (22 ) u s e s  f i n i t e  t e c h n i q u e s .  

F o r  th e  c a se  o f  t h r e e  e q u a t i o n s  i n  t h r e e  unknowns

*11%1 **■ *12=2 + *13=3 “

*21^1 + *22*2 + *23*3 “  ^2

a^^x^  + *32=2 ^33^3 ** ^3

two m u l t i p l i e r s .
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« 2  = ^21  and
*11 *11

a r e  d e f i n e d .  The f i r s t  row i s  m u l t i p l i e d  by  mg and s u b 

t r a c t e d  from  th e  second  e q u a t i o n .  The f i r s t  row i s  a l s o  

m u l t i p l i e d  by m^ and s u b t r a c t e d  from  th e  t h i r d  e q u a t i o n .

'rhe  r e s u l t  i s

*11=1 *12=2 **’ *13=3 “  ̂ 1

0 + *^2=2 + *^3'"3 "

0 + a^2*2  *^3=3 = .

N ext a  m u l t i p l i e r  m^ = * ^ 2 /* 2 2  d e f i n e d  and  a p p l i e d  a s  

a b o v e . The r e s u l t  i s  a  t r i a n g u l a r  m a t r ix  w i th  a l l  e le m e n t s  

below  t h e  d i a g o n a l  e q u a l  t o  z e r o .  Back s u b s t i t u t i o n  i s  

c a r r i e d  o u t  b e g in n in g  w i th  a ^ ^ x ^ s  b ^ ^  in  o r d e r  t o  s o lv e  f o r  

Idle x * s .  The p r o d u c t  o f  t h e  d i a g o n a l  e le m e n t s  o f  th e  t r i 

a n g u la r  m a t r i x  i s  th e  v a lu e  o f  th e  d e te r m in a n t  and  t h u s  t h i s  

m ethod o f f e r s  an  e a s y  c h ec k  f o r  s i n g u l a r i t y .

An i n d i r e c t  method r e s u l t s  i f  an a t t e m p t  i s  made to  

]?efine th e  s o l u t i o n .  The s o l u t i o n  v e c t o r  x g ° \ x ^  i s

m u l t i p l i e d  by  t h e  m a t r ix  o f  c o e f f i c i e n t s  and  b ^ \  

c a l c u l a t e d .  T h i s  new s e t  o f  e q u a t i o n s  i s  s u b t r a c t e d  from  

Idle o r i g i n a l  s e t  and the  r e s u l t  i s

(o) to) to) JO)
*11^1 *12^2 *13^3 ® ®l

Jo) Co) Jo) Co)
*21^1 *22 2 ^  *23 3 “ ®2 [lj.9]
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-CO) Jo) CO)

where

Jo)  CO) Co)

31^1 *32 2 + * 3 3 S  “

Co) (o) CO)
6 i  = x i - x i  and  = b i - b i

(o)
The B i a r e  r e a d i l y  c a l c u a b l e  and  r e a p p l i c a t i o n  o f  th e

e l i m i n a t i o n  m ethod g i v e s  th e  * s .  T h e r e f o r e  t h e  r e f i n e d
(•) (0) ^  Co)s o l u t i o n  i s  = Xi + . C o n t in u e d  use  o f  th e  m ethod

sh o u ld  g iv e  a  b e t t e r  s o l u t i o n  u n t i l  t h e  e f f e c t s  o f  r o u n d - o f f  

e r r o r  become to o  l a r g e .  The m ethod u sed  f o r  t h i s  3 x 3  

sy s tem  i s  r e a d i l y  a p p l i c a b l e  t o  an n x  n sy s te m .

I f  th e  sy s te m  i s  r e w r i t t e n  i n  th e  fo rm

= 1  “  — (b]_-a]^ 2 = 2  " * 1 3 * 3 )
*11

=2 “  ^  (b 2 -* 2 1 = l"* 2 3 = 3 )  [5o]*22

^3  “  (b 3 -* 3 1 = l-* 3 2 = 2 )
*33

an i l l u s t r a t i o n  o f  th e  i n d i r e c t  G a u s s - S e id e l  method (21 ) can  

be shown. I f  x^°^ ,  xg^ ,  r e p r e s e n t s  an  i n i t i a l  a p p r o x i 

m a tio n  t o  th e  s o l u t i o n ,  t h e n  th e  f i r s t  e q u a t io n  o f  [5 0 ]] can 

be  s o lv e d  f o r  a  new a p p ro x im a t io n  t o  x%:

(') 1 (o) (0)
"  a i r  (^1"*12= 2  -*13=3

W ith  t h i s  new v a lu e  f o r  xj  ̂ and  t h e  v a lu e  x ^ ^  ,  a  new v a lu e

o f  Xg c an  be found

(') ,  , (1) (0) ^
xg = (b 2 -* 2 1 = l  - * 2 3 = 3

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



39

U sing  th e  new v a l u e s  o f  and  xg

0 )  ,  ( I )  ( I )

*3 «  ^  ( b 3 - * 3 i = i  -*32*2  ) '

0 )
The c y c le  i s  r e p e a t e d  u s in g  th e  x i  ' s  a s  th e  i n i t i a l  s o l u t i o n  

and  c o n t in u e d  u n t i l  t h e  d i f f e r e n c e s  be tw een  s u c c e s s iv e  v a l 

u e s  o f  X i a r e  l e s s  th a n  some p re d e te r m in e d  l i m i t .

c) Curve F i t t i n g  by  th e  L e a s t  S q u a re s  Method

I t  i s  u s u a l l y  d e s i r a b l e  t o  h ave  a  f u n c t i o n a l  r e l a t i o n 

s h ip  e x p r e s s i n g  th e  form  o f  e x p e r i m e n t a l l y  d e r i v e d  p o i n t s .

The form  o f  the  m a th e m a t ic a l  m odel w hich  d e s c r i b e s  th e  s e t  

o f p o i n t s  b e s t  i n d i c a t e s  th e  c o r r e c t  i n t e r p r e t a t i o n  o f  t h e  

p r o c e s s  w hich  g e n e r a t e d  t h e  d a t a .

The m ethod o f  l e a s t  s q u a r e s  (22 ) u s e s  th e  c r i t e r i o n  

t h a t  f o r  th e  e q u a t io n  b e s t  f i t t i n g  a  s e t  o f  x ,  y  d a t a ,  th e  

sum o f  th e  s q u a r e s  o f  the  r e s i d u a l s ,  S , w i l l  be a  minimum, 

iwhere t h e  r e s i d u a l  i s  th e  d i f f e r e n c e  be tw een  th e  e x p e r i 

m e n ta l ly  o b t a i n e d  y  and  th e  y^ o b t a i n e d  from  t h e  e q u a t i o n .
/  pIn  th e  c a s e  o f  t e s t i n g  a  q u a d r a t i c ,  y^  =  c% + cgx + c ^ x  , 

th e  o b j e c t  w i l l  be t o  f i n d  Cj^, C2 * i n  o r d e r  t o  m in im ize  

8 .  T h e r e fo r e

S = 2 ^  ( y i - 7 i  ) = 2 ^ 1  ( y i - C i “C 2 = i-® 3 = i^ î^ .
i = l  i “ l

To m in im ize  S c o n s i d e r e d  a s  a f u n c t i o n  o f  0 %, t h e  p a r t i a l  

d e r i v a t i v e  o f  S w i th  r e s p e c t  t o  c^ i s  s e t  e q u a l  t o  z e r o .

The r e s u l t  i s

nci + ( S x i ) c 2  + (Zxi^)c3  « 2  yi
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S i m i l a r l y  d i f f e r e n t i a t i n g  S w i th  r e s p e c t  t o  Cg and C3  and  

e q u a t i n g  t o  z e r o  th e  s e t  o f  norm al e q u a t i o n s  f o r  f i t t i n g  a

q u a d r a t i c  t o  t h e  d a t a  i s  o b t a i n e d ;

tiC i + (2xi)c2 + (2*i^)c3 = 2 y i

(2=i)ci + (Sxi2)c2 + S*i^)°3 (*i7i) M

(2=î )®l + (2 *i )̂°2 + =2 (xî yi)

T h i s  sy s tem  i s  a  s e t  o f  s im u l ta n e o u s  l i n e a r  e q u a t i o n s ,  an d

can be s o lv e d  a s  in  t h e  p r e c e d i n g  s e c t i o n  f o r  th e  c ^ ' s .  The 

same m ethod i s  a p p l i c a b l e  f o r  f i t t i n g  a  p o ly n o m ia l  o f  any  

d e g re e  t o  a  s e t  o f  d a t a .  H ow ever, t h e  e f f e c t  o f  r o u n d - o f f  

e r r o r  in  th e  c a s e s  o f  h i g h e r  d e g re e  p o ly n o m ia ls  u s u a l l y  

p u t s  a  p r a c t i c a l  l i m i t  on th e  d e g re e  o f  the  p o ly n o m ia l .

O th e r  fo rm s o f  e q u a t i o n s  b e s i d e s  p o ly n o m ia ls  can  be u s e d ,  

b u t  som etim es t h e  s e t  o f  norm al e q u a t i o n s  w i l l  n o t  be l i n e a r  

and  t h u s  w i l l  p r e s e n t  a  much more d i f f i c u l t  s o l u t i o n .
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CHAPTER I I I  

PYROLYSIS OF ETHYLBEHZENE

a )  P r e p a r a t i o n  o f M a t e r i a l s

i )  T o lu ene

The t o lu e n e  u sed  was t o lu e n e  from  s u l f o n i c  a c i d ,  

Eastm an O rg a n ic  X325» I t  was d r i e d  by  r e f l u x i n g  o v e r  sodium  

r ib b o n  u n d e r  vacuum and  th e n  d e g a s s e d  by b u lb  t o  b u lb  d i s 

t i l l a t i o n .

i i )  Benzene

The ben zen e  used  was F i s h e r  C e r t i f i e d  R eag en t g rad e  

ben zen e  s u p p l i e d  by  t h e  F i s h e r  S c i e n t i f i c  Company. I t  was 

t r e a t e d  i n  t h e  same m anner a s  th e  t o l u e n e .

i i i )  E th y lb e n z e n e

The e th y lb e n z e n e  used  was s u p p l i e d  by  Eastm an 

O rg a n ic  C h e m ic a ls .  I t  was f r a c t i o n a l l y  d i s t i l l e d  and d e 

g a s s e d  b e f o r e  u s e .

A l l  o f  th e  above m a t e r i a l s  w ere  a n a ly z e d  on a  P e r k in  

E lm er 800 Gas C hrom atograph  w i th  f lam e  i o n i z a t i o n  d e t e c t o r .

I n  a l l  c a s e s ,  the  m a jo r  i m p u r i t i e s  were n e v e r  g r e a t e r  th a n  

1 p a r t  i n  5000 o f  th e  l i q u i d  b e in g  a n a ly z e d .

b )  A p p a ra tu s  and P ro c e d u re

A t o lu e n e  c a r r i e r  f lo w  sys tem  was used  i n  t h i s  w ork . 

F ig u r e  2 i s  a  sc h e m a tic  o f  t h i s  a p p a r a t u s .

ij-1
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The vacuum so u rc e  o f  th e  sy s tem  was a tw o - s ta g e  m ercu ry  

d i f f u s i o n  pump b a ck e d  by  a  tw o - s ta g e  o i l - s e a l e d  r o t a r y  vane 

f o r e  pump, B a l z e r s  Duo $ ,  A l l  g round  g l a s s  j o i n t s  were 

l u b r i c a t e d  w i th  Dow C o rn in g  H igh  Vacuum S i l i c o n e  g r e a s e .  

H e a te d  t a p s  were l u b r i c a t e d  w i th  A p iezon  T g r e a s e ,  w h i le  

u n h e a te d  t a p s  were l u b r i c a t e d  w i th  A piezon  N g r e a s e .

The r e a c t i o n  v e s s e l s  ( f i g u r e  2) were f u s e d  q u a r t z  t u b e s  

<[4 . 0  mm. O .D . ,  and  6 .5  t o  6 i n c h e s  l o n g .  Each end was s e a l e d  

t o  20 mm. O.D. q u a r t z  t u b in g  w hich  ended w ith  g ra d e d  q u a r t z  

t o  p y re x  s e a l s .  An a x i a l  th e rm o c o u p le  w e l l  o f  10 mm. O.D. 

q u a r t z  t u b in g  r a n  th e  l e n g t h  o f  th e  v e s s e l .

An e l e c t r i c  f u r n a c e  was used  to  h e a t  th e  r e a c t i o n  v e s 

s e l .  The f u rn a c e  was c o n s t r u c t e d  from  a q u a r t z  c y l i n d e r  3 

i n c h e s  O .D .,  2I|. i n c h e s  lo n g ,  and  a  w a l l  t h i c k n e s s  o f  one 

q u a r t e r  i n c h .  The q u a r t z  c y l i n d e r  was wound w i th  Chrom el-A  

r e s i s t a n c e  r ib b o n  2 mm. wide and  0 .2  mm. t h i c k ,  h a v in g  a 

r e s i s t a n c e  o f  O. 6 0 3  ohms p e r  f o o t .  The w in d in g s  were cem ented  

in  p l a c e  w i th  S a u e re i s e n  C em ent, No. 3 1 . The h e a t i n g  e l e 

ment was ta p p e d  a t  seven  p o i n t s  so t h a t  th e  p r o f i l e  c o u ld  

be a d j u s t e d  by v a r i a b l e  sh u n t  r e s i s t o r s .  An i n c o n e l  l i n e r  

2 . 5  i n c h e s  i n  d i a m e t e r ,  12 i n c h e s  l o n g ,  and 0 .2 5  i n c h e s  t h i c k  

was c e n t e r e d  i n s i d e  th e  q u a r t z  c y l i n d e r  to  ev en  o u t  th e  

t e m p e r a tu r e  p r o f i l e .

The q u a r t z  tu b e  was c e n t e r e d  h o r i z o n t a l l y  in  a  box  (12  

X 12 X 2 I4. i n c h e s )  c o n s t r u c t e d  o f  0 .2 5  in c h  a s b e s t o s  s h e e t i n g  

w i th  a 0 . 7 5  i n c h  a n g le  i r o n  f ra m e .  The e n d s  o f  t h e  box h ad  

3 i n c h  d i a m e te r  h o l e s  t o  accom odate  th e  q u a r t z  t u b e .  Powdered
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a lu m in a  f i l l i n g  th e  r e s t  o f  th e  box p r o v id e d  i n s u l a t i o n .

The f u r n a c e  c o n n e c te d  th ro u g h  a V a r ia c  t o  a  220 v o l t  a - c  

power s u p p ly .  The maximum o p e r a t i n g  t e m p e r a tu re  o f  th e  

f u r n a c e  was 1 1 0 0 °  C.

A 10 ohm p la t in u m  r e s i s t a n c e  th e rm o m ete r  was m ounted 

a lo n g  th e  i n s i d e  w a l l  o f  th e  q u a r t z  tu b e  a s  th e  s e n s in g  e l e 

ment f o r  a  S unv ic  R e s i s t a n c e  Therm om eter C o n t r o l l e r  Type 

RT. 2 .  The m easurem ent o f  th e  v o l t a g e  a c r o s s  a  movable 

G hrom el-P -A lum el th e rm o c o u p le  w hich  was i n s e r t e d  i n  th e  

a x i a l  th e rm o co u p le  w e l l  p r o v id e d  a  means o f  m o n i to r in g  th e  

t e m p e r a tu re  i n  th e  r e a c t i o n  v e s s e l .  A Croydon Therm ocouple  

P o t e n t i o m e t e r  Type PI4. was u se d  to  m easu re  th e  v o l t a g e . O ver

t h e  l e n g t h  o f  t h e  r e a c t i o n  v e s s e l ,  th e  t e m p e r a tu re  was m ain 

t a i n e d  w i t h in  t  2 °  C w i th  a  s t e e p  f a l l - o f f  o u t s i d e  o f  t h i s  

r e g io n  ( f i g u r e  5 ) .

The to lu e n e  o r  benzene  was s t o r e d  in  a  d e ta c h a b le  

v e s s e l  Rj  ̂ so t h a t  i t  c o u ld  be w eighed  b e f o r e  and a f t e r  e a c h  

r u n .  A c o n s t a n t  t e m p e r a tu r e  w a te r  b a t h  m a in ta in e d  t h e  r e 

q u i r e d  t o lu e n e  o r  ben zen e  c a r r i e r  p r e s s u r e .  The p r e s s u r e  

o f  th e  c a r r i e r  was r e a d  on a  d i o c t y l p h t h a l a t e - m e r c u r y  d i f 

f e r e n t i a l  m anom eter (D i n  f i g u r e  2) w i t h  7 .5  m a g n i f i c a t i o n  

com pared t o  a  m ercu ry  m anom eter. The f lo w  r a t e  o f  t h e  c a r 

r i e r  th ro u g h  th e  r e a c t i o n  zone was c o n t r o l l e d  by  t h e  l e n g t h  

and i n s i d e  d i a m e te r  o f  th e  s e a l e d - i n  c a p i l l a r y  a t  th e  o u t 

l e t  o f  th e  f u r n a c e  (P  in  f i g u r e  2 ) .

E th y lb e n z e n e  was l i k e w i s e  s t o r e d  in  a  d e ta c h a b le  v e s s e l  

R2« The i n j e c t i o n  sy s te m  shown i n  f i g u r e  3 was u sed  to
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FIGURE 3 : E th y lb e n z e n e  i n j e c t i o n  system
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FIGURE ij.: F u rn a ce  b lo c k  w i th  t a p s  f o r  c h a n g in g  th e

te m p e ra tu re  p r o f i l e .
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i n t r o d u c e  th e  e th y lb e n z e n e  i n t o  th e  s t r e a m  o f  t o lu e n e  o r  

ben zen e  v a p o u r .  Â U -tube  m ercu ry  m anometer was em ployed t o  

m easure  th e  e th y lb e n z e n e  p r e s s u r e  w hich  was m a in ta in e d  by a  

h e a t e d  w a te r  b a t h .

A l l  t h e  t u b in g  an d  vacuum t a p s  l e a d i n g  t o  th e  fu r n a c e  

and from  th e  f u rn a c e  to  t h e  c o ld  t r a p s  were wound w i th  a s 

b e s t o s  c o v e re d  h e a t i n g  w i r e .  Power from  a  V a r ia c  a l lo w e d  

th e  t u b in g  to  be h e a t e d  a s  h o t  a s  90°  G. The h e a t e d  w in d 

in g s  p r e v e n te d  th e  c o n d e n s a t io n  o f  any  r e a c t a n t s  o r  p r o d u c t s  

i n  any  p a r t  o f  th e  h e a t e d  a r e a .

The t r a p  Tj^, t h e r m o s ta t e d  a t  -8 0 °  G w i th  an  a c e t o n e - d r y  

i c e  s l u d g e ,  c o l l e c t e d  th e  p r o d u c t s  l i q u i d  a t  room te m p e r 

a t u r e .  T ra p  T £ , t h e r m o s ta t e d  a t  -110* G by  means o f  a  

c o o le d  e t h a n o l  b a t h ,  c o l l e c t e d  an y  l i q u i d  p r o d u c t s  n o t

t r a p p e d  by  Tj^. The T o e p le r  pump, TP, was u sed  t o  t r a n s f e r  

th e  p r o d u c t s  w hich  e s c a p e d  T^ and  Tg t o  th e  g a s  b u r e t t e ,

GB, v i a  th e  n o n - r e t u m  v a l v e ,  V. A sample o f  th e  g a seo u s  

p r o d u c t s  c o u ld  be s e a l e d  i n t o  the  c o l l e c t i n g  t u b e ,  G.

A l l  r u n s  were c a r r i e d  o u t  by t h e  f o l lo w in g  p r o c e d u r e .  

A f t e r  the  f u r n a c e  had  r e a c h e d  an d  m a in ta in e d  th e  d e s i r e d  

t e m p e r a t u r e ,  and  the  vacuum was 1 0 ”^  mm o r  b e t t e r ,  th e  

c a r r i e r  f lo w  was commenced. I n  3 t o  5 m in u te s  t a p  o f  

th e  i n j e c t i o n  sy s tem  was opened  and the  e th y lb e n z e n e  a d 

m i t t e d  t o  t h e  c a r r i e r  s t r e a m .  A c e r t a i n  amount o f  e t h y l 

benzene  h a d  p r e v i o u s l y  b e en  d i s t i l l e d  from  t o  th e  f i n g e r  

and  m a in ta in e d  a t  a  p r e s s u r e  h i g h e r  th a n  t h a t  o f  th e  

c a r r i e r  s t r e a m .  The f lo w  o f  e th y lb e n z e n e  was p r o lo n g e d  f o r
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9  t o  1 8  m in u te s  fo l lo w e d  by  a  3  to  5  m inu te  p o s t - r u n  o f  

c a r r i e r  a l o n e .

The p r o d u c t s  t r a p p e d  in  were warmed t o  room te m p e r 

a tu r e  and  t r a n s f e r r e d  t o  a  b o t t l e  f o r  su b s e q u e n t  a n a l y s i s .  

The p r e s s u r e  and volume o f  th e  g a seo u s  p r o d u c t s  i n  th e  g a s  

b u r e t t e  were m easu red  and  t h e  t e m p e r a tu r e  r e c o r d e d .  T hese 

p r o d u c t s  were t r a n s f e r r e d  t o  t h e  v e s s e l  C f o r  s u b s e q u e n t  

a n a l y s i s .  The unused  e th y lb e n z e n e  was d i s t i l l e d  from  th e  

f i n g e r  Pq_ t o  th e  r e  se rvo  i r  Rg* The p r e v i o u s l y  w eighed  c o n 

t a i n e r s  o f  c a r r i e r  and e th y l b e n z e n e ,  R^ and Rg, were removed 

from  th e  a p p a r a t u s  and  re w e ig h e d .

D u r in g  a  r u n ,  t h e  t o t a l  p r e s s u r e  was r e c o r d e d  e v e r y  

m in u te ,  and  th e  e th y lb e n z e n e  p r e s s u r e  was ch ec k ed  e v e r y  

t h r e e  m in u te s .  The f u r n a c e  t e m p e r a tu re  was r e c o r d e d  e v e ry  

t h r e e  m in u te s  and  th e n  a v e r a g e d .  The v a r i a t i o n  was n e v e r  

more th a n  two d e g r e e s  o v e r  the  p e r i o d  o f  t h e  r u n .

The g a se o u s  p r o d u c t s  were a n a ly s e d  u s in g  a  P e r k in  E lm er 

1 5 4  g& 8  ch ro m a to g ra p h  e q u ip p e d  w i th  a  ^  i n c h ,  6  f o o t  s i l i c a  

g e l  co lum n. The column was m a in ta in e d  a t  80° C and a  h e l iu m  

flow  r a t e  o f  20 cc p e r  m inu te  was u s e d .  A n i t r o g e n  c a r r i e r  

was u sed  when a  h y d ro g e n  a n a l y s i s  was d e s i r e d .  F ig u r e  6  i s  

a  sc h e m a tic  d ia g ra m  o f  th e  i n j e c t i o n  sy s tem  used  f o r  th e  

g a se o u s  p r o d u c t  a n a l y s i s .  The sam ple v e s s e l ,  G ,  was p l a c e d  

in  a  p o s i t i o n  w i th  a  s t e e l  b a r  r e s t i n g  on th e  b r e a k  s e a l  

and  t h i s  r e g io n  e v a c u a t e d .  The U tu b e  be tw een  G2  and G^ was 

a l s o  e v a c u a te d  and  th e n  i s o l a t e d .  U sing  a  m ag n e t,  th e  s t e e l  

b a r  was r a i s e d  and  d ropped  o n to  th e  b r e a k  s e a l .  A p o r t i o n
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o f  the  g a s  sam ple  was th en  t r a n s f e r r e d  to  th e  g a s  b u r e t  and 

th e  p r e s s u r e  m ea su re d .  C2  was th e n  opened and t h e  m ercu ry  

l e v e l  r a i s e d  t o  t r a n s f e r  th e  sample to  th e  Ü t u b e .  Cg was 

th e n  t u r n e d  t o  a l lo w  the  h e l iu m  f lo w  t o  e n t e r  th e  U tu b e  

s im u l t a n e o u s ly  a s  was t u r n e d  to  c o n n e c t  th e  U tu b e  to  

th e  colum n. C a l i b r a t i o n  c u rv e s  were c o n s t r u c t e d  u s i n g  p u re  

g a s e s  from  the g a s  s t o r a g e  v e s s e l s  (G .S .V .)  w i t h  e a c h  s e t  

o f  a n a l y s i s  so t h a t  p e ak  h e i g h t s  c o u ld  be u sed  f o r  a n a l y s i s .

The l i q u i d  sample c o l l e c t e d  i n  T^ was a n a ly z e d  on a  

P e r k in  E lm er Ô00 Gas C hrom atog raph  e q u ip p e d  w i th  a  f lam e  

i o n i z a t i o n  d e t e c t o r .  A 0 .0 2  in c h  I .D .  l5 0  f o o t  open t u b u l a r  

column c o a te d  w i th  p o ly p ro p y le n e  g l y c o l  ( P e r k in  E lm er Column 

R) was u s e d .  N i t r o g e n  was used  a s  th e  c a r r i e r  g a s  and  th e  

column was m a in ta in e d  a t  6 0 °  0 .  S y n t h e t i c  m ix t u r e s  c o n t a i n 

in g  th e  com ponen ts  p r e s e n t  i n  th e  l i q u i d  sam p le s  were used  

f o r  c a l i b r a t i o n .  T hese c a l i b r a t i o n  m ix tu r e s  c o n ta in e d  th e  

same r e l a t i v e  am ounts o f  th e  v a r i o u s  com ponents  a s  th e  

l i q u i d  sample s so  t h a t  a  p e ak  h e i g h t  com parison  c o u ld  be 

used  t o  d e te rm in e  th e  c o m p o s i t io n  o f  th e  l i q u i d  sample s .

c) R e s u l t s  and D is c u s s io n

The p y r o l y s i s  o f  e th y lb e n z e n e  was th e  s u b j e c t  o f  two 

i n v e s t i g a t i o n s ,  one u s i n g  th e  t o lu e n e  c a r r i e r  t e c h n iq u e  ( 2 3 ) ,  

and  one u s in g  p r i m a r i l y  a n i l i n e  a s  c a r r i e r  w i t h  to lu e n e

carrier runs interspersed (24) . The weakest bond in the 

ethylbenzene molecule is  ths G-G bond in the side chain.

%e ref ore, the appropriate reactions involved were

—> G^^H2 + GH3
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and  CH3  + G ^^C H 3  GĤ  ̂ + GaB^CHg,

o r  GH3  + G6 H5 NH2  — » + G^H^NH.

The a n i l i n e  c a r r i e r  te c h n iq u e  was used  t o  a v o id  c o r r e c t 

i o n s  from  th e  sm a l l  amount o f  d e c o m p o s i t io n  o f  th e  t o l u e n e .

In  b o th  c a s e s ,  b e n z y l  r a d i c a l s  and  i t s  a n i l i n e  a n o lo g  and 

m e th y l  r a d i c a l s  were p ro d u c e d .  The r a t e  o f  fo rm a t io n  o f  

m ethane gave th e  r a t e  o f  i n i t i a l  bond  c l e a v a g e .  H ow ever,

Idle bond dissociation energies found were widely divergent, 

63.0 (23) and 70.1 kcal (24) and thus subject to further 

investigation. Products from the ethylbenzene other than 

methane complicated the mechanism.

The p r e s e n t  s tu d y  o f  th e  p y r o l y s i s  o f  e th y lb e n z e n e  was 

c a r r i e d  o u t  i n  a t o lu e n e  c a r r i e r  sy s tem  o v e r  th e  t e m p e r a tu r e  

ran g e  910°  K t o  1089° K. The p r e s s u r e  i n  th e  sy s te m  was 

v a r i e d  b e tw een  2 0 .4  and 37*9 mm. T h i s  e x te n d e d  t h e  t e m p e r 

a t u r e  ra n g e  used  in  th e  p r e v i o u s  p u b l i c a t i o n s  (23,24) by 60 

t o  80 p e r c e n t ,  and  was done a t  p r e s s u r e s  2 t o  3 t im e s  g r e a t e r .  

An a t t e m p t  was made t o  a n a ly z e  f o r  a s  many p r o d u c t s  a s  p o s 

s i b l e .  The e f f e c t s  o f  s u r f a c e  were c h e c k e d  by  u s i n g  a  r e 

a c t i o n  v e s s e l  packed  w i th  q u a r t z  t u b e s  w hich  i n c r e a s e d  th e  

s u r f a c e  t o  volume r a t i o  by  a  f a c t o r  o f  1 0 . (B e n ze n e ,  a s  

w e l l  a s  t o l u e n e ,  was u sed  a s  a  c a r r i e r  f o r  th e  e t h y l b e n z e n e . )  

T a b le s  1 -3  l i s t  th e  r e s u l t s .  A b l a n k  space  i n d i c a t e s  no 

a n a l y s i s  f o r  th e  p a r t i c u l a r  com m odity.

The p r o d u c t s  from  th e  t o lu e n e  c a r r i e r  r u n s  i n c lu d e d  

m e th a n e ,  e t h y l e n e ,  h y d ro g e n ,  s t y r e n e  and  b e n z e n e .  No e th a n e  

was o b s e r v e d .  D ib e n z y l  was presum ed form ed b u t  no a n a l y s i s
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was p e rfo rm ed . Hydrogen a n a ly s e s  were done o n ly  on t h i r t e e n  

o f  th e  ru n s  l i s t e d .

As was done i n  th e  two p r e v io u s  p u b l i c a t i o n s  

th e  f i r s t  o r d e r  r a t e  c o n s t a n t s  f o r  e th y lb e n z e n e  were c a l c u 

l a t e d  from th e  methane form ed. C o r r e c t io n s  f o r  methane from 

to lu e n e  were a p p l i e d  u s in g  th e  d a ta  of P r ic e  (10) i n  o r d e r  

t o  g e t  th e  c o r r e c t  v a lu e  f o r  th e  methane from e th y lb e n z e n e .  

In  th e  ru n s  u s in g  benzene a s  c a r r i e r ,  no c o r r e c t i o n  f o r  

methane was n e c e s s a r y .  A c a l c u l a t i o n  ( s e e  append ix )  was 

done to  d e te rm in e  th e  p o s s i b i l i t y  o f  e th y lb e n z e n e  fo rm a t io n  

from  th e  re c o m b in a t io n  o f  m ethy l and b e n z y l  r a d i c a l s .  The 

minimum d e t e c t a b l e  c o n c e n t r a t io n  of e th a n e  was c a l c u l a t e d  

and used  t o  g e t  an upper l i m i t  to  th e  m ethyl r a d i c a l  concen 

t r a t i o n .  W ith th e  v a lu e s  f o r  the  rec o m b in a t io n  p r o c e s s  from 

Komioar, J a c k o ,  and  P r ic e  ( 3 3 ) ,  th e  maximum amount o f  e t h y l 

benzene by re c o m b in a t io n  a t  1000°K was foun d . The v a lu e ,  

8 .2 3  X  10 ^ m o les ,  i s  n e g l i g i b l e  a s  abou t 10"^ m oles o f 

e th y lb e n z e n e  was used  in  e ac h  ru n .  A s i m i l a r  c a l c u l a t i o n  a t

1 0 8 9 °K w ith  a  h i g h e r  m ethy l r a d i c a l  c o n c e n t r a t i o n  g iv e s  th e  
. ,  -6v a lu e  I4. . I 6  X  10 moles which i s  s t i l l  to o  sm a ll  to  a f f e c t  

th e  v a lu e  o f  th e  f i r s t - o r d e r  r a t e  c o n s ta n t  s i g n i f i c a n t l y .  

T h e r e fo r e ,  f o r  a l l  p r a c t i c a l  p u rp o s e s ,  a l l  m ethy l r a d i c a l s  

g e n e ra te d  by e th y lb e n z e n e  r e a c t  w i th  the  c a r r i e r s .

The r a t e  c o n s t a n t s  c a l c u l a t e d  were in d ep e n d en t  o f  p r e s 

s u r e ,  c o n ta c t  t im e ,  and s u r fa c e  e f f e c t s  in  ag reem ent w ith  

th e  o b s e r v a t io n s  o f  th e  p r e v io u s  w orke rs  (2 3 ,2 i f ) .  The f a l l -  

o f f  o f th e  v a lu e s  o f the  r a t e  c o n s t a n t s  a t  the  h i g h e s t
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t e m p e r a tu r e s  c a n n o t  be a t t r i b u t e d  t o  th e  fo rm a t io n  o f  e t h y l 

benzene  from  th e  r e c o m b in a t io n  o f  m e th y l  and  b e n z y l  r a d i c a l s  

a s  a l r e a d y  n o te d  and  w i l l  be d i s c u s s e d  l a t e r .  R a te  c o n s t a n t s  

a t  t e m p e r a t u r e s  above 106^°K were o m i t t e d  from  th e  c a l c u 

l a t i o n  o f  th e  A r r h e n iu s  p a r a m e te r s .  T ab le  1 l i s t s  th e  d a ta  

and f i g u r e  7 shows th e  A r r h e n iu s  p l o t  o f  th e  r a t e  c o n s t a n t s  

a s  w e l l  a s  th e  l i n e s  o f  b e s t  f i t  f o r  th e  p r e v io u s  two pub

l i c a t i o n s  (2 3 ,2 ^ .) .  The p e r c e n t  d e c o m p o s i t io n  column (% De

com p.) i n  T ab le  1 i s  b a s e d  on methane fo rm a t io n  o n ly .  The 

l e a s t  s q u a r e s  t r e a t m e n t  f o r  t h e  p r e s e n t  d a t a  y i e l d s  th e  

f o l l o w in g  e q u a t i o n :

l o g i Q k ( s e c - l )  = 1 ^ .7  -  ( 7 0 , 3 0 0 / 2 . 303RT)j 

T h i s  e q u a t io n  a g r e e s  q u i t e  w e l l  w i t h  t h a t  found  b y  E s t e b a n ,  

K e r r ,  and  T ro tm an -D ick en so n  (2i{.) :

l o g l 0 k ( 8 e c " l )  = 1 4 . 6  -  ( 7 0 , 1 0 0 / 2 . 303RT).

These f i n d i n g s  d i s a g r e e  w i th  th e  e q u a t io n  o f  Szwarc ( 2 3 ) :  

lo g iQ k ( s e c - 1 )  = 1 3 . 0  -  ( 6 3 , 2 0 0 / 2 . 303HT).

U s in g  th e  a v e ra g e  o f  th e  v a l u e s  o b ta in e d  by E s t e b a n ,  K e r r ,  

and  T ro tm a n -D ic le n so n  and t h i s  r e p o r t ,  th e  G-C bond s t r e n g t h  

i n  the  s id e  c h a in  o f  e th y lb e n z e n e  can be p u t  a t  7 0 . 2  k c a l /  

m o le . T h i s  v a l u e ,  a l s o  s u b s t a n t i a t e s  th e  c a l c u l a t e d  v a lu e  

o f  7 0 . 5  k c a l /m o le  o f  K om inar, J a c k o ,  and  P r i c e  ( 2 ^ ) .

P r e v i o u s l y ,  (2 3 ,2 i | . ) ,  no a t t e m p t  h a d  been  made to  a n a ly z e  

q u a n t i t a t i v e l y  a l l  t h e  r e m a in in g  p r o d u c t s  o f  t h e  r e a c t i o n .  

T ab le  2 l i s t s  t h e  d a ta  f o r  the  p r o d u c t s  o f  e a c h  r u n .  T ab le  

3  l i s t s  th e  m olar  r a t i o s  o f e a c h  o f  th e  p r o d u c t s  t o  e t h y l 

b e n z e n e ,  and  th e  main p r o d u c t  m eth an e . The f o l lo w in g  r e a c t i o n
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FIGTTRE 7 î A r rh e n iu s  p l o t  of the  f i r s t - o r d e r  r a t e  c o n s t a n t s  
f o r  th e  p y r o l y s i s  o f  e th y lb en z en e

Toluene c a r r i e r  r u n s ;  Q  unpacked, O packed v e s s e l .
Benzene c a r r i e r  ru n s ;  O  unpacked , packed v e s s e l ,

O  P o in t  c a l c u l a t e d  from the  p a r a l l e l  r e a c t i o n  scheme a t  108l°K ,
L ine  of b e s t  f i t ;  ----- p r e s e n t  w o r k ;  E s teb a n  e t  a l , ;

  Szwarc,
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scheme w i l l  be used  to  d i s c u s s  the  p r o d u c t s  an d  t h e i r  d i s 

t r i b u t i o n  ;

—> + CH3 [ 1 ]

C6 H5 GH3 + H [2 ]

^ 6 ^ 6
+ H [2 b]

CH3  + — CH|  ̂ + G ^ ^ H g [3]

CH3  + —> GH^ + G^H^ [3b]

H + C6 H ^ H 3  ——> Hg + G ^H ^H 2 w

H + C ^H ^H 3  ~ G ̂ 6  + CH3 [s]

H + C6 %  + H2

CH3  + GH|  ̂ + CaB^CgH^ [6 ]

H +
* 2  + [7]

H +
0 6 ^ 6  + [ 8 ]

[9 ]

C2 H5 - »  G2 H|  ̂ + H [ 1 0 ]

0 ( ^ 6  + « 2 =!^ [ u J

- >  + Hg [ 1 2 ]

R e a c t io n s  2 ,  3» and 5 b e lo n g  e x c l u s i v e l y  t o  r u n s  uAing 

t o lu e n e  a s  c a r r i e r .  R e a c t io n s  [2^, [i+1̂  b e lo n g  e x c l u s i v e l y

t o  ru n s  u s in g  benzen e  a s  c a r r i e r .  A l l  o t h e r  r e a c t i o n s  a r e  

c o n s id e r e d  common t o  b o th  c a s e s .  The r e a c t i o n

H + ------ > H + 0 ^ 6  M

i s  o m i t t e d  a s  no n e t  change r e s u l t s .  I n  g e n e r a l ,  f o r  a l l  

p r o d u c t s ,  th e  r a t i o s  w i th  r e s p e c t  t o  e th y lb e n z e n e  i n c r e a s e
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w i th  an i n c r e a s e  i n  t e m p e r a t u r e .  No t r e n d s  can  be seen  due 

t o  ch an g e s  in  p r e s s u r e ,  c o n t a c t  t im e ,  o r  s u r f a c e  a r e a .  The 

p r o d u c t  r a t i o s  w i th  r e s p e c t  t o  m ethane show t h e  same r e s u l t  

f o r  th e  l a s t  t h r e e  v a r i a b l e s ,  and  no t r e n d  f o r  th e  v a r i a t i o n  

o f  t e m p e r a t u r e .  A l th o u g h  the  change i n  th e  r a t i o  o f  c a r r i e r  

t o  e th y lb e n z e n e  i s  r e l a t i v e l y  l a r g e  (i+ 0  -  li+9 )* th e  lo w e s t  

v a lu e  i s  s u f f i c i e n t l y  h i ^  t o  p r e v e n t  an y  e x t e n s i v e  r a d i c a l  

a t t a c k  on th e  e th y lb e n z e n e  a s  no e f f e c t  o f  th e  c a r r i e r  to  

e th y lb e n z e n e  r a t i o  on t h e  p r o d u c t s  i s  o b s e rv e d .

As a  r e s u l t  o f  t h e s e  o b s e r v a t i o n s ,  r e a c t i o n s  [ l ]  , [ l l ]  , 

and [ 1 2 ]  a r e  c o n s i d e r e d  t o  be  the  main p r o c e s s e s  in v o lv e d  i n  

e th y lb e n z e n e  c o n su m p tio n .  The n o n - e f f e c t  o f  th e  v a r i a t i o n  

o f  th e  r a t i o  o f  c a r r i e r  t o  e th y lb e n z e n e  on th e  p r o d u c t  

am ounts i n d i c a t e s  r e a c t i o n s  [&] th ro u g h  [lo] a r e  o f  m inor 

im p o r ta n c e .

R e c a l c u l a t i o n  o f  th e  f i r s t - o r d e r  r a t e  c o n s t a n t s  b a s e d  

on th e  p a r a l l e l  r e a c t i o n  schem e, [ l ]  , [ l l ]  ,  [ 1 2 ]  shows t h a t  

th e  d i f f e r e n c e  from  c a l c u l a t i n g  th e  r a t e  c o n s t a n t s  b a s e d  on 

m ethane f o rm a t io n  o n ly  i s  i n s i g n i f i c a n t  below  10l+0°K. How

e v e r ,  once th e  t o t a l  p e r c e n t  d e c o m p o s i t io n  o f  e th y lb e n z e n e  

r e a c h e s  th e  9 0 ^  v a l u e ,  i f  i t  i s  assum ed t h a t  k-^ = + kj^g»

th e  v a lu e  o f  l o g  k̂  ̂ c a l c u l a t e d  from  th e  p a r a l l e l  scheme i s  

a b o u t  0 . 3  l o g  u n i t s  g r e a t e r  t h a n  lo g  k]  ̂ b aaed  on m ethane 

a lo n e .  F o r  th e  r u n s  done a t  108l°K  o r  g r e a t e r ,  t h e s e  a s 

su m p tio n s  h o ld  t r u e  and  th e  v a l u e s  o f  l o g  kj  ̂ b a s e d  on m ethane 

o n ly  a r e  a b o u t  0 . 3  l o g  u n i t s  lo w e r  th a n  th e  l i n e  o f  b e s t  f i t  

f o r  th e  r e s t  o f  t h e  d a t a .  S in c e  t h i s  c a l c u l a t i o n  a c c o u n ts
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f o r  th e  f a l l - o f f  o f  th e  A r r h e n iu s  p l o t  a t  th e  h i p e s t  tem p

e r a t u r e s ,  no u n d e te c t e d  fo rm s  of e th y lb e n z e n e  d e c o m p o s i t io n  

sh o u ld  e x i s t .

The u n u su a l  amount o f  h y d ro g en  p r o d u c t io n  i n  th e  b enzene  

c a r r i e r  r u n s  a s  compared t o  th e  t o lu e n e  c a r r i e r  r u n s ,  i n d i 

c a t e s  a n o th e r  so u rc e  o f  h y d ro g e n .  Only th e  benzene  c o u ld  

be such  a  s o u r c e ,  b u t  th e  s t r e n g t h  o f  t h e  c a rb o n -h y d ro g e n  

bond d e te rm in e d  b y  v a r i o u s  m ethods l i e s  in  th e  ran g e  1 0 3 - 1 1 2  

k c a l /m o le  (26 ) and  would se e m in g ly  b e l i e  t h i s  p o s s i b i l i t y .  

However, p y r o l y s i s  o f  p u re  b enzene  i n  th e  f lo w  sys tem  r e 

s u l t s  in  th e  fo r m a t io n  o f  h y d ro g e n  g a s  and b ip h e n y l  (T ab le  

1+). The a n a l y s i s  o f  th e  c o n d e n sa b le  l i q u i d  showed no o t h e r  

c o u p le d  p r o d u c t  t h a n  b ip h e n y l  w hich  p ro v ed  t o  be i n  a b o u t  

e q u a l  p o r t i o n s  w i th  th e  h y d ro g en  fo rm ed .

F i r s t  o r d e r  r a t e  c o n s t a n t s  b a se d  on th e  sequence  o f  

r e a c t i o n s  [2 b] ,  [j+b] ,  and

2 C6 H5  ------- > OigHio [ 1 3 ]

were c a l c u l a t e d .  The r e s u l t i n g  A r r h e n iu s  p l o t  ( f i g u r e  8 ) 

showed a  s l i g h t  c u r v a t u r e  w hich  would i n d i c a t e  some p o s s i b l e  

s u r f a c e  e f f e c t .  No packed  v e s s e l  r u n s  w i th  p u re  benzene  

were c a r r i e d  o u t .  How ever, i n  th e  pack ed  v e s s e l  r u n s  w i th  

benzene  c a r r i e r ,  th e  t o t a l  amount o f  h y d ro g e n  form ed i s  much 

l e s s  th a n  i n  th e  o t h e r  benzene  c a r r i e r  r u n s .  A f t e r  th e  

packed  v e s s e l  r u n s ,  th e  r e a c t i o n  v e s s e l  h a d  been  ta k e n  o u t

o f  t h e  f u r n a c e ,  t h e  p a c k in g  rem oved, and  th e  v e s s e l  r e i n 

s e r t e d .  The p a c k in g  h a d  n o t  been  p r e v i o u s l y  c o n d i t i o n e d .

The v e s s e l  was n o t  t r e a t e d  in  th e  p r o p e r  manner a s  was
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FIGURE 8 : A r r h e n iu s  p io t  o f  th e  f i r s t - o r d e r  r a t e
c o n s t a n t s  f o r  th e  p y r o l y s i s  o f  b e n z e n e .
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l a t e r  d i s c o v e r e d .  As a  r e s u l t ,  some form  o f  c a t a l y t i c  s u r 

f a c e  was p ro d u c e d  and a f f e c t e d  a l l  s u b s e q u e n t  work ( r u n s  7 0 -  

80 , and r u n s  w i t h  p u re  b e n z e n e ) .  I t  sh o u ld  a l s o  be n o te d  

t h a t  e th y l e n e  p r o d u c t io n  u s i n g  t h i s  t r e a t e d  v e s s e l  was e n 

h a n c e d  i n  b o t h  ben zen e  an d  to lu e n e  c a r r i e r  r u n s .  H ow ever, 

s t y r e n e  p r o d u c t io n  rem a in e d  a s  e x p e c te d  i n  th e  to lu e n e  c a r 

r i e r  r u n s  b u t  was s l i g h t l y  en h an ced  i n  th e  ben zen e  c a r r i e r  

r u n s .  The m ethane p r o d u c t i o n  rem a in e d  u n a f f e c t e d  t h r o u ^ i -  

o u t .

I t  would th e n  seem i n  th e  b enzene  c a r r i e r  r u n s ,  t h a t  

r e a c t i o n s  i n v o l v i n g  h y d ro g e n  a tom s p l a y  a  g r e a t e r  r o l e  in  

t h e  m echanism , w h ich  a c c o u n t s  f o r  th e  i n c r e a s e d  h y d ro g e n ,  

s t y r e n e ,  and  e th y l e n e  p r o d u c t i o n .  The f a c t  t h a t  e th y l e n e  

m a in t a in s  i t s  h i g h  l e v e l  w i th  t o lu e n e  c a r r i e r  i n  t h i s  t r e a t e d  

v e s s e l  i n d i c a t e s  some o t h e r  so u rc e  th a n  th e  p ro p o s e d  r e a c t 

io n s  f o r  t h i s  c a s e .

A s t e a d y - s t a t e  t r e a t m e n t  was done on th e  r e a c t i o n s  g iv e n  

f o r  b o th  th e  t o lu e n e  c a r r i e r  and b e n zen e  c a r r i e r  r u n s .  F o r  

t h e  t o lu e n e  c a r r i e r  r u n s ,  th e  a s su m p tio n  k]  ̂ = 2 k^ was made 

b a s e d  on th e  o b s e r v a t i o n s  o f  P r i c e  (10 ) t h a t  tw ic e  a s  much 

h y d ro g e n  a s  m ethane was p ro d u ce d  in  t h e  p y r o l y s i s  o f  t o l u e n e .  

Due to  s i m i l a r i t i e s  i n  some o f  the  r e a c t i o n s ,  i t  i s  a l s o  

assum ed t h a t  ky = 2 kg , k^ = k g , and  k^ »  k g .  On t h i s  b a s i s .  

Idle f o l lo w in g  e x p r e s s i o n s  f o r  r a d i c a l  s t e a d y - s t a t e  c o n c e n 

t r a t i o n  were d e r i v e d ;

[h] -  ‘‘2 ” ^  *  ,
3 kg + « 2

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



70

koR^ + kl
[ ° 6 “ S®2 Hs] •

3*10*

M  ■ ■

kp + ki + 2 ki _
[ogHgCaH,,] = ^  5^ : ^  [c 6H5°2«5]

Where R i s  th e  m o la r  r a t i o  o f  to lu e n e  t o  e th y l b e n z e n e .  U sing

th e s e  q u a n t i t i e s ,  e x p r e s s i o n s  f o r  th e  r a t e  o f  f o r m a t io n  o f

e a c h  o f  th e  p r o d u c t s ,  m e th a n e ,  h y d ro g e n ,  s t y r e n e ,  b e n z e n e ,  

and e th y l e n e  can  be  d e r i v e d :

^  + [<=6H50̂ 5]  N

d [ o ^  ^ 52 + + k i i  [06H5O2H5] [IS]
3R

d"ÿ .  [OgHgO^Hg] [16]

d

T h e r e f o r e ,  k̂ ĵ̂  and  k ^ 2  may be c a l c u l a t e d  in  te rm s  o f  known 

p r o d u c t  r a t e s  o f  f o r m a t io n ,  k ^ ,  k g , and th e  t o lu e n e  t o  e t h y l 

ben zen e  r a t i o .

S i m i l a r l y  f o r  th e  b en zen e  c a r r i e r  r u n s ,  th e  r a d i c a l  

s t e a d y  s t a t e  c o n c e n t r a t i o n s  a r e :
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B^kp + k,
[ h ]  »

k 2
+

"9

The r a t e s  o f  f o rm a t io n  o f  t h e  v a r io u s ,  p r o d u c t s  a r e  :

d[CH|J
(Tt = k i [ c ^ ÿ Î 2 ^ ^ ,

d[C 2 H j
d t .  î ^  + ï i ,  ♦ ‘ ' 1 1

2  2 r 2

d [H ^
d t = ^  + ’ “ ' 2  + ‘ ' 1 2

n

d [O g H ç O ^ J
d t -  ^  + ‘ ' 2  + ‘h . 2

[C g E g O ^ ^  ,  

[cgHgOaHg] ,

[“6V2“s] •
Any te rm s  i n  th e  d e r i v a t i o n s  w h ich  seemed t o  c o n t r i b u t e  

n e g l i g i b l y  t o  th e  n u m e r ic a l  v a lu e  o f  th e  e x p r e s s io n  i n  com

p a r i s o n  w i t h  th e  o t h e r  t e r m s ,  were l e f t  o u t .

U s in g  th e  e x p r e s s i o n s  i n v o l v i n g  and k ^ g ,  v a l u e s  

were c a l c u l a t e d  f o r  t h e s e  two r a t e  c o n s t a n t s  a t  v a r i o u s  

t e m p e r a t u r e s .  The r e s u l t s  a p p e a r  in  T ab le  an d  th e  

A r r h e n iu s  p l o t s  a r e  in  f i g u r e s  9 and  10 .

The A r r h e n iu s  p l o t s  f o r  k^^ and k^g P ^ i n t  up th e  v a r i o u s  

a s p e c t s  o f  th e  m echanism : nam ely  th e  j o i n t  a c t i o n  o f
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TABLE 5

RATE CONSTANTS FOR THE MOLECULAR BREAKDOWN OF ETHYLBENZENE

Run
Temp. 
(°K )

C2 H4

% ll
G^ 6

^11 2

(x  10^

%2
%12

s e c - l )

®8®8
k i2

1084 3 .2 2 3 3 .0 2 9 .6

77 1081 2 5 . 7 8 3 .7 1 9 9 . 6 8 . 7

W 1 0 6 2 9 . 4 2 3 7 . 6 1 8 . 2

P 58 1 0 4 8 5 . 6 7 2 1 . 6 1 4 . 1

P 60 1034 5 .2 6 2 5 . 4 1 2 .9

P 61 1034 2 .3 5 1 8 . 0 1 8 . 0

k.0 998 . 5 1 1 .1 8 3 6 .9 9

51 995 9 .6 3 2 5 . 8 3 . 3 2

B76 991 1 7 . 9 2 8 .3 2 6 .9

P 56 967 4 . 4 1 8 .3 4 . 7 1 2

38 9 6 6 .2 1 6 .0 2 8

B7if. 9 6 0 7 .6 1 1 9 . 8 2 0 . 0

78 956 6 . 7 7 2 . 2 4 . 6 9 7

79 943 3 . 6 0 1 . 3 1 .77 9

PB6 8 9 4 2 . 8 9 2 2 . 5 7 2 . 4 7

B70 9 2 6 3 . 1 0 8 . 6 6 8 . 4 7

54 9 1 1 .6 8 2
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FIGURE 9 ; A r rh e n iu s  p l o t  o f  the  f i r s t - o r d e r  r a t e  c o n s t a n t  
f o r  r e a c t i o n  12

Toluene c a r r i e r ;  c a l c u l a t e d  from th e  r a t e  o f  fo rm a tio n
of s ty re n e  O  ; hydrogen  © .

Benzene c a r r i e r ;  k-^2 th e  average  va lue  from s ty re n e  and
hydrogen  C  .

  L ine  o f  b e s t  f i t  f o r  t o l u e n e ,  and benzene c a r r i e r  ru n s .
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FIGURE 10 : A r rh e n iu s  p l o t  of th e  f i r s t - o r d e r  r a t e  c o n s ta n t
f o r  r e a c t i o n  11

Toluene c a r r i e r :  c a l c u l a t e d  from th e  r a t e  o f fo rm a tio n
of benzene Q  ; e th y l e n e © .

Benzene c a r r i e r :  c a l c u l a t e d  from e th y le n e  o n ly ©  .
  L ine  o f  b e a t  f i t  f o r  t o lu e n e ,  and benzene c a r r i e r  ru n s .
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r a d i c a l  and  m o le c u la r  r e a c t i o n s ,  h e te ro g e n e o u s  ( s u r f a c e )  and

hom ogeneous p r o c e s s e s ,  and  t h e  e f f e c t i v e n e s s  o f  t o lu e n e  and 

ben zen e  a s  r a d i c a l  s c a v e n g e r s .

The c a l c u l a t i o n  o f  and  k.^2 by  two d i f f e r e n t  s e t s  o f

e q u a t i o n s  ( e q u a t i o n s  [ l ^  and  [ if]  ,  and  [ l6 j  and  [ l8 ]  r e s p e c t 

i v e l y )  sh o u ld  p ro d u ce  th e  same r e s u l t .  F o r  th e  to lu e n e  

c a r r i e r  r u n s ,  th e  d i f f e r e n c e s  i n  r a t e  c o n s t a n t s  was a  f a c t o r  

o f  2 to  ^  whicdi i s  w i t h in  an o r d e r  o f  m agn itude  and  p r o b a b ly  

q u i t e  good f o r  th e  a p p ro x im a te  t r e a t m e n t  u se d .  The s c a t t e r  

on t h e  A r i h e n i u s  p l o t  ( f i g u r e  9) f o r  th e  c a s e  o f  k -^2 io  th e  

t o lu e n e  c a r r i e r  r u n s  i s  r e l a t i v e l y  sm a ll  and  g i v e s  th e  f o l 

lo w in g  two e q u a t i o n s  b a s e d  on e q u a t i o n s  [iS ]  and  [ lb ]  r e 

s p e c t i v e l y :

l o g  k-^2 = 1 5 .2  -  7 3 , 6 0 0 / 2 . 3RT 

and lo g  = 1 2 .3  -  6 3 , 5 0 0 / 2 . 3RT.

The r e l a t i v e l y  sm a l l  s c a t t e r  f o r  the v a lu e s  o f  l o g  k ^ 2  f o r  

r u n s  c a r r i e d  ou t o v e r  a  v a r i e t y  o f  t r e a t e d  s u r f a c e s  would 

i n d i c a t e  r e a c t i o n  [ l2 ]  i s  l a r g e l y  hom ogeneous. I n c l u s i o n  of 

a l l  p o i n t s  f o r  k -^2 f o r  th e  t o lu e n e  c a r r i e r  r u n s  g i v e s  

l o g  k ] ^ 2  = 1 3 .1  -  6 5 , 6 0 0 / 2 .3RT.

T h is  would i n d i c a t e  r e a c t i o n  [ l2 ]  p r o c e e d s  w i th  an  a c t i v a t i o n  

e n e rg y  o f  co m p a rab le  m agn itude  t o  th e  C-G bond f i s s i o n  in  

t h e  s id e  c h a in  b u t  due t o  th e  s i z e  o f  th e  A f a c t o r ,  t h e  p r o 

d u c t s ,  h y d ro g e n  and  s t y r e n e ,  w i l l  be a b o u t  5 -1 0  t im e s  l e s s  

th.an th e  m ethane w hich  i s  what i s  g e n e r a l l y  o b s e r v e d .

The v a l u e s  o f  k^^g d e r i v e d  from  t h e  benzene  c a r r i e r  r u n s
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a g re e  w i t h i n  a b o u t  o f  e a c h  o t h e r  w hich  i s  a m a z in g ly  good

f o r  t h i s  ty p e  o f t r e a t m e n t .  As a  r e s u l t ,  j u s t  a v e ra g e  v a lu e s

o f  k ^ 2  &re p l o t t e d .  W ith su ch  c l o s e  ag reem en t o f  th e  c a l 

c u l a t e d  v a l u e s ,  i t  would seem, t h a t  t h e  p ro p o se d  m echanism 

f o r  th e  b e n ze n e  c a r r i e r  ru n s  f i t s  b e t t e r  th a n  i t s  c o u n t e r 

p a r t  f o r  th e  t o lu e n e  c a r r i e r  r u n s .  M o reo v er ,  t h e  p e c u l i a r 

i t i e s  o f  th e  b e n ze n e  c a r r i e r  sys tem  seems t o  be e x e m p l i f i e d  

i n  the  A r r h e n iu s  p l o t .  The t h r e e  unpacked r u n s  f i t  th e  

A r r h e n iu s  e x p r e s s i o n :

l o g  kj^2 = 6 . 8 7  -  3 3 ,5 0 0 / 2 . 3RT 

w h i le  th e  v a lu e  f o r  th e  p ack ed  v e s s e l  run  u sed  i s  in  b e t t e r

a g re em e n t w i th  th e  t o lu e n e  c a r r i e r  r u n s .  The u n u s u a l ly  low 

A f a c t o r  i n d i c a t e s  so m e th in g  o t h e r  th a n  a s im p le  hom ogeneous 

g a s  ph ase  r e a c t i o n .  The a g re em e n t  o f  r u n s  77 -79  w hich  were 

done i n  th e  same v e s s e l  a s  7 0 , 7 l|, 76 , w i th  t h e  o t h e r  t o lu e n e  

c a r r i e r  ru n s  done i n  d i f f e r e n t  v e s s e l s  would i n d i c a t e  th e  

o c c u r r e n c e  o f  a p o s s i b l e  s h o r t  c h a in  p r o c e s s  r a t h e r  th a n  a 

s u r f a c e  c a t a l y z e d  r e a c t i o n .  The f a c t  t h a t  ben zen e  i s  a 

p o o r e r  r a d i c a l  s c a v e n g e r  (27 ) th a n  t o lu e n e  would a l s o  s u p p o r t  

th e  p o s s i b i l i t y  o f  s h o r t  c h a in  p r o c e s s e s .

In  th e  A r r h e n iu s  p l o t  f o r  th e  v a lu e s  o f  kj^^ ( f i g u r e  1 0 ) ,  

t h e  most im m edia te  o b s e r v a t i o n  i n  com parison  w i th  th e  p l o t  

f o r  kj^2 i s  th e  g r e a t e r  s c a t t e r  o f  the  r e s u l t s .  W hile  th e  

v a l u e s  o f  kj^^ f o r  th e  benzene  r u n s  a r e  o n ly  b a s e d  on c a l c u 

l a t i o n  by one means ( r a t e  o f  f o r m a t io n  o f  e t h y l e n e ) ,  t h e y

slaow th e  same v a r i a t i o n  a s  kj_2 ,  nam ely a  l i n e a r  r e l a t i o n s h i p  

be tw een  t h e  t h r e e  unpacked  r u n s ,  and  l a r g e  d e v i a t i o n  o f  th e
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packed  run  from  t h e s e  t h r e e .  H ow ever, i n  t h i s  c a s e ,  th e  

unpacked  benzene  c a r r i e r  r u n s  a g re e  w i th  some o f  t h e  t o lu e n e  

c a r r i e r  r u n s .  These p a r t i c u l a r  t o lu e n e  c a r r i e r  r u n s  were 

o n e s  w hich  were th e  f i r s t  o f  a  g roup  done a f t e r  a  lo n g  i n 

a c t i v e  p e r i o d  o f  th e  a p p a r a t u s ,  o r  a f t e r  th e  r e a c t i o n  v e s s e l  

was removed and  r e i n s e r t e d .  T h e r e f o r e  i t  would seem t h a t  the  

p r o c e s s  f o r  e t h y l e n e  g e n e r a t i o n  i s  a  h e te r o g e n e o u s  r a t h e r  

t h a n  hom ogeneous p r o c e s s .  The A r ih e n iu s  e q u a t io n s  f o r  t h e s e  

r e s p e c t i v e  s e t s  o f  d a t a  a r e  ;

l o g  = 1 0 . k  -  5 0 , 3 0 0 / 2 . 3RT 

f o r  th e  unpacked  b en zen e  c a r r i e r  r u n s ,  and

l o g  kj^^ »  1 3 .4  -  6 4 ,2 0 0 / 2 .3RT 

f o r  th e  t o l u e n e  c a r r i e r  r u n s .  The e q u a t io n  c o n s i d e r i n g  a l l  

p o i n t s  f o r  t h i s  s e t  i s

l o g  k-^^ = 1 2 .4  -  5 8 , 4 0 0 / 2 . 3RT.

In  summary, i t  can be  s a i d  t h a t  th e  p y r o l y s i s  o f  e t h y l 

ben zen e  i n  a t o lu e n e  c a r r i e r  sy s tem  i s  a  com plex p r o c e s s  

i n v o l v i n g  b o th  r a d i c a l  and  m o le c u la r  breakdown o f  th e  e t h y l 

b e n z e n e .  The t h r e e  p a t h s  o f  d e c o m p o s i t io n  i n  th e  t o lu e n e  

c a r r i e r  r u n s  i n c l u d e  t h e  m ajo r  C-C bond s c i s s i o n  in  th e  s id e  

c h a i n ,  a n d  two l e s s  im p o r t a n t  m o le c u la r  d e c o m p o s i t io n s .  The 

f o r m a t io n  o f  h y d ro g e n  and  s t y r e n e  o c c u r s  by a  hom ogeneous 

{^as phase  m o le c u la r  d e c o m p o s i t io n  w h i le  e t h y l e n e  f o r m a t io n  

can be a t t r i b u t e d  t o  a  s u r f a c e  s e n s i t i v e  p r o c e s s .  The benzene  

c a r r i e r  ru n s  add  a  f o u r t h  p a t h  o f  d e c o m p o s i t io n ,  nam ely  th e  

h y d ro g e n  atom  a t t a c k  on t h e  e th y lb e n z e n e  due t o  th e  r e l a t i v e 

l y  l a r g e  c o n c e n t r a t i o n  o f  h y d ro g e n  a tom s g e n e r a t e d  by  th e
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s u r f a c e  c a t a l y z e d  f i s s i o n  o f  t h e  G-H bond in  b e n z e n e ,  and  

m a in ta in e d  by  th e  p o o r e r  r a d i c a l  s c a v e n g e r  p r o p e r t i e s  o f  

benzene  a s  com pared t o  t o l u e n e .
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CHAPTER IV

REACTION CALORIMETRY OF TRIMETHYLINDIUM

a ) P r e p a r a t i o n  o f  M a t e r i a l s

i )  T r iw e th y l in d im n

T r im s th y l in d iu m  was p r e p a r e d  i n  th e  a p p a r a t u s  

shown i n  f i g u r e  11 . Dime thyIme ro  u ry  was r e f l u x e d  o v e r  f i n e 

l y  c u t  in d iu m  m e ta l  i n  p o t  B u n d e r  a  d r y  n i t r o g e n  a tm o sp h e re  

( 2 8 ) .  Ind ium  m e ta l  i n  9 9 .9 #  p u r i t y  was p u rc h a s e d  from  F i s h e r  

S c i e n t i f i c  Co. Dime thyIm e ro  u ry  was o r i g i n a l l y  p ro d u c e d  by  

a d d in g  m éthylm agnésium  io d id e  t o  m e rc u r ic  c h l o r i d e  i n  e t h e r  

s o l u t i o n  o v e r  a  p e r i o d  o f  1 h r .  and  r e f l u x i n g  f o r  an a d 

d i t i o n a l  3 h r s .  ( 2 7 ) .  L a t e r  i t  was s u p p l i e d  a s  a  r e a g e n t  

g rad e  c h e m ic a l  by A l f a  I n o r g a n i c s .  P ro d u c t  c o u ld  be removed 

a f t e r  4 - 8  d a y s .  The r e a c t i o n  f l a s k  B was c o o le d  t o  0° C 

(v a p o u r  p r e s s u r e  o f  t r im e t h y l i n d iu m ,  0 .2  mm) and  th e  u n r e 

a c t e d  d im e th y lm e rc u ry  vacuum d i s t i l l e d  i n t o  f l a s k  A. The 

c ru d e  t r im s t h y l in d i u m  was t r a n s f e r r e d  t o  f l a s k  C and from  

t h e r e  t r a n s f e r r e d  t o  a  main a l k y l  s t o r a g e  a r e a  where th e  r e 

m a in in g  d im e th y lm e rc u ry  was removed by  r e p e a t e d  o u t g a s s i n g  

a t  0°  C . The f i n a l  p r o d u c t  m e l te d  a t  8 9 .5 °  C and  gave v a p o u r  

p r e s s u r e  m easu rem en ts  c o n s i s t e n t  w i th  l i t e r a t u r e  v a l u e s  ( 2 8 ) .

I t  was s t o r e d  u n d e r  i t s  own v a p o u r  p r e s s u r e  a t  d r y  i c e  tem p

e r a t u r e .  W e i r e d  t h i n  g l a s s  b u l b s  blown from  4  mm P y rex

79
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t u b i n g  were f i l l e d  w i th  InCCH^)^ from  th e  s t o r a g e  a r e a ,  

s e a l e d ,  rew eigg ied , and  s t o r e d  o v e r  d r y  i c e .

i i )  Bromine s o l u t i o n

Bromine and  c h lo ro fo rm  p u rc h a s e d  from  F i s h e r  

S c i e n t i f i c  Co. were f r a c t i o n a l l y  d i s t i l l e d  and  th e n  d e g a s s e d  

by b u lb  t o  b u lb  d i s t i l l a t i o n .  Bromine d i s t i l l e d  a t  57-58® C, 

and c h lo r o fo r m  d i s t i l l e d  a t  6 0 - 6 l °  G. S u f f i c i e n t  b rom ine  

was vacuum d i s t i l l e d  i n t o  c h lo r o f o r m  t o  g iv e  an a p p r o x im a te ly  

IN s o l u t i o n .  The r e s u l t i n g  s o l u t i o n  was s t o r e d  in  th e  v e s 

s e l  in  f i g u r e  1 2 ,  u n d e r  a  n i t r o g e n  a tm o s p h e re .

i i i )  Ind ium  t r i b r o m i d e

Ind ium  t r i b r o m i d e ,  r e a g e n t  g r a d e ,  was p u r c h a s e d  

firom A l f a  I n o r g a n i c s ,  a n d  d r i e d  i n  a  n i t r o g e n  a tm o sp h e re  

u s i n g  p h o sp h o ru s  p e n to x id e  a s  d e s s i c a n t .

b) A p p a ra tu s  and  P ro c e d u re

The a p p a r a t u s  u sed  was s i m i l a r  t o  t h a t  o f  F o w e l l  and 

M ortim er  (19 )  a n d  i s  d e p i c t e d  i n  f i g u r e  12 . I t  c o n s i s t e d  o f  

8L 30 c c .  P y re x  r e a c t i o n  v e s s e l  ( f i g u r e  1 2 ) ,  1^. cm lo n g  w i th  

an o u t e r  11^/30 g round  t a p e r e d  j o i n t  a t  one e n d .  The i n n e r  

p o r t i o n  o f  th e  li(./30 j o i n t  was a t t a c h e d  to  a  p i e c e  o f  l if  mm 

O.D. t u b in g  10 cm lo n g  a t  th e  t o p ,  and a  5 mm O.D. t u b e ,  3 

cm lo n g ,  a t  th e  b o t to m . The s m a l l e r  t u b in g  a l lo w e d  a 3 mm 

O .D .,  20 cm lo n g  p i e c e  o f  g l a s s  ro d  t o  s l i d e  sm o o th ly  y e t  

sn u g ly  th r o u g h  i t  w i th  th e  a i d  o f  Dow C o rn in g  S i l i c o n  g re a s e  

a s  l u b r i c a n t  and s e a l i n g  a g e n t .  To th e  en d  o f  th e  ro d  was 

a t t a c h e d  2 cm o f  ^  mm I .D .  t u b i n g  when h e l d  th e  g l a s s  am

p o u l e s  blown from  l\. mm O.D. t u b i n g .  G la s s  h o o k s  w elded  j u s t
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clamp0 - r i n g   __—
s e a l  j o i n t

FIGURE 1 4 : S to ra g e  v e s s e l  f o r  th e  IN brom ine i n  c h lo ro fo rm  
s o l u t i o n .
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below t h e  g round  j o i n t  on th e  r e a c t i o n  v e s s e l ,  and  j u s t

above t h e  J o i n t  on t h e  14 mm t u b i n g  a l lo w e d  th e  r e a c t i o n  

v e s s e l  t o  be s e c u re d  t o  t h e  u p p e r  p o r t i o n  w i th  a  s t o p p e r  t i e  

and  th u s  p r e v e n t  th e  j o i n t  from  com ing a p a r t  d u r i n g  th e  e x 

p e r im e n t .

The r e a c t i o n  v e s s e l  was t o t a l l y  subm erged in  500 c c .  o f  

B a l z e r ' s  Duo 5 o i l  w hich  was s t i r r e d  w i th  a  3 b l a d e  p r o p e l l e r -  

ty p e  p l a s t i c  c o a t e d  s t i r r e r .  The power t o  th e  s t i r r e r  was 

s u p p l i e d  t h r o u ^  a  120 v o l t  V a r ia c  t o  a  1525 R .P .M .,  120 v o l t  

e l e c t r i c  m o to r s u p p l i e d  by  P r e c i s i o n  S c i e n t i f i c  Co. The 

m otor was c o n n e c te d  to  th e  s t i r r e r  by a  f l e x i b l e  s h a f t  manu

f a c t u r e d  b y  E .H . S a r g e n t  Co.

The t e m p e r a tu r e  o f  th e  c a l o r i m e t e r  f l u i d  was m easured  

by  means o f  a  Beckmann th e rm o m e te r  e q u ip p e d  w i t h  a  m a g n ify 

i n g  l e n s .  T e m p e ra tu re s  c o u ld  be r e a d  t o  0 .0 0 1 °  C. Time was 

i-ecorded  w i th  a  H eu er  s to p w a tc h  c a p a b le  o f  b e in g  r e a d  t o  0 .1

s e c o n d s .

A 0 .2 0  W im m ersion  h e a t e r  c o n s t r u c t e d  o f  0 .1  mm Chrom el 

w ire  wound on a  g l a s s  s u p p o r t  was u sed  t o  s u p p ly  th e  h e a t  

f o r  c a l i b r a t i o n  p u r p o s e s .  The g l a s s  s u p p o r t ,  7 .5  mm O.D, 

t a p e r i n g  t o  3 . 5  mm O.D. was 25 cm lo n g  and h a d  two i n n e r  

c h a n n e l s  h o u s i n g  th e  l e a d s  o f  th e  h e a t i n g  w in d in g s  w hich  

were wound on th e  l a s t  6 cm o f  th e  r o d .  The l e a d s  w ere  a t 

t a c h e d  t o  two m e ta l  screw  ty p e  b i n d in g  p o s t s  mounted on a  

t r i a n g u l a r  p i e c e  o f  p l e x i g l a s s  t o  w h ich  th e  h e a t e r  s u p p o r t  

was cem en ted .

The h e a t e r  was p a r t  o f  an e x t e r n a l  c i r c u i t  ( f i g u r e  13)
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b a l l  j o i n t

cap

FIGURE l 5 :  V e s s e l  f o r  r e l e a s e  o f  indium  t r ib ro m id e  i n to
c h lo ro fo rm .
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c o n ta in in g  two s ta n d a rd  1 0  ohm r e s i s t o r s  and a 0 . 2 0  W dummy

h e a t e r .  Power to  the  c i r c u i t  was su p p l ie d  from a 6  v o l t  c a r  

b a t t e r y  th ro u g h  a Leeds and N orth rup  p lu g  ty p e  r e s i s t a n c e  

bo% s e t  a t  20 ohms. A tw o-po le  d o u b le - th ro w  sw itc h  a l lo w e d  

th e  power t o  be d i v e r t e d  from th e  dumoqy h e a t e r  to  th e  c a l o r i 

m e te r  h e a t e r .

The s t i r r e r ,  h e a t e r ,  therm om eter and r e a c t i o n  v e s s e l  

were suspended th ro u g h  a p p r o p r i a te  s i z e ,  c lo s e  f i t t i n g  h o l e s  

in  a  s ty r o f o a m - p lé x ig l a s s  to p .  The 1 in c h  t h i c k  s ty ro fo am  

was sandwiched betw een two ^  i n .  c i r c u l a r  p i e c e s  o f  p l e x i 

g l a s s  h e l d  t o g e t h e r  by lo n g  sc rew s . The s ty ro foam  p r e s s e d  

f i r m l y  a g a i n s t  the  to p  i n s i d e  edge o f  a  J .  G. M a r t in  Go.

Dewar f l a s k  6 . 6  cm I .D .  and 30 cm deep .

A t y p i c a l  d e te r m in a t io n  in c lu d e d  th e  f o l lo w in g  s t e p s .

An a p p ro x im a te ly  I4.O mL a l i q u o t  o f brom ine s o l u t io n  was r e 

moved from the  s to r a g e  v e s s e l  ( f i g u r e  1 1 *,) by e v a c u a t in g  th e  

upper c y l i n d r i c a l  p o r t i o n ,  i n v e r t i n g  th e  v e s s e l ,  and  open ing  

th e  c o n n e c t in g  to p  to  a l lo w  th e  n i t r o g e n  a tm osphere  above 

th e  s o l u t io n  to  push  th e  r e q u i r e d  amount o f  s o l u t i o n  i n to  

th e  now low er  a r e a .  Ten m l. and 25 m l. a l i q u o t s  were p i p e t 

t e d  from t h i s  low er re g io n  f o r  use i n  s t a n d a r d i z a t i o n  of th e  

bromine s o l u t io n ,a n d  r e a c t i o n  r e s p e c t i v e l y .  A p r e v io u s ly  

weighed ampoule c o n ta in in g  t r im e th y l in d iu m  was p la c e d  in  th e  

h o ld e r  on th e  end o f  th e  b re a k in g  ro d  and th e  r e a c t i o n  v e s 

s e l  a ssem b led . The r e a c t i o n  v e s s e l  and  a l l  o t h e r  components 

were p la c e d  in  th e  Dewar f l a s k  and  a llo w ed  to  e q u i l i b r a t e  f o r  

a t  l e a s t  ^  h r .  The dummy h e a t e r  was a l s o  tu rn e d  on a t  t h i s
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t im e .

A f t e r  a n  i n i t i a l  p e r i o d  o f  t im e - t e m p e r a tu r e  r e a d i n g s  

t h e  ampoule was b ro k en  a g a i n s t  t h e  b o tto m  o f  th e  r e a c t i o n  

f l a s k  by  d e p r e s s i n g  th e  r o d .  R e a d in g s  were c o n t in u e d  f o r  a 

p e r i o d  e q u a l  t o  t h e  i n i t i a l  one a f t e r  th e  t e m p e r a tu r e  a s 

sumed a  l i n e a r  r e l a t i o n s h i p  w i t h  t im e .  An e l e c t r i c à l  c a l i 

b r a t i o n  was th e n  p e r fo rm e d  t o  d e te rm in e  th e  e n e rg y  e q u i v a l e n t  

o f  th e  sy s te m . C a l i b r a t i o n  p r i o r  t o  th e  r e a c t i o n  p ro d u c e d  

th e  same v a l u e .  The unr e a c t e d  b rom ine  i n  t h e  r e a c t i o n  f l a s k  

was t r e a t e d  w i t h  an  e x c e s s  o f  p o ta s s iu m  io d id e  and  th e  l i b 

e r a t e d  i o d in e  was t i t r a t e d  w i t h  s t a n d a r d i z e d  p o ta s s iu m  t h i o -  

s u l p h a t e .  S i m i l a r  t r e a t m e n t  o f  th e  10 ml a l i q u o t  was u sed  

t o  d e te rm in e  t h e  n o r m a l i t y  o f  th e  b rom ine  s o l u t i o n  p r i o r  t o  

t h e  r u n .  T i t r a t i o n s  b e f o r e  and a f t e r  ru n s  w i t h o u t  t r i m e t h y l 

in d ium  showed no l o s s  o f  b rom ine  o c c u r s .  Runs w ere  a l s o  done 

by  b r e a k i n g  empty am pou les  t o  show t h a t  no h e a t  was g e n e r 

a t e d  (29 )  from  t h i s  s o u rc e .

The h e a t  o f  s o l u t i o n  o f  ind ium  t r i b r o m i d e  in  c h lo ro fo rm  

was done i n  a  m o d if ie d  a p p a r a t u s .  A P yrex  t u b e ,  8 mm O.D. 

and  28 mm lo n g  ended  i n  an  i n n e r  g round  b a l l  j o i n t  ( f i g u r e  

1 5 )* A sm a ll  c a p  made from  t h e  o u t e r  b a l l  j o i n t  f i t  o v e r  

t h e  e n d .  T h i s  tu b e  was p l a c e d  i n s i d e  a  16 mm O.D. t u b e ,  21 

mm lo n g  w hich  f i t  th r o u g h  th e  c o r k  l i d  o f  th e  7 cm I .D .  by 

19 cm d e ep  Dewar f l a s k .  A p i e c e  o f  r u b b e r  t u b i n g  w hich  f i t  

sn u g ly  o v e r  th e  i n n e r  tu b e  a l s o  was f a s t e n e d  o v e r  th e  o u t e r  

tu b e  t o  s e a l  t h e  sy s te m . T h i s  p i e c e  o f  a p p a r a t u s  to o k  th e  

p l a c e  o f  t h e  r e a c t i o n  v e s s e l  i n  t h e  c a l o r i m e t e r  sy s te m . A
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FIGURE l6: Variation of the heat of reaction of trimethyl
indium with bromine in chloroform solution at 25°C.
—  ■" ',, linear least mean squares line obtained using the 
points above 66^ reaction; --- , plot obtained if the first
two methyl groups are readily replaced by bromine so that 
a linear relationship holds from 0-66.7# conversion.
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m ag n e tic  a t i r r i n g  b a r  i n  th e  b o t to m  o f  th e  Dewar v e a a e l  p r o 

v id e d  f o r  t h e  s t i r r i n g  o f  th e  A .C .S . g rad e  c h lo ro f o rm  w hich  

was p l a c e d  i n  t h e  Dewar.

The p r e v i o u s l y  w e ig hed  s o l u t i o n  tu b e  was f i l l e d  w i th  

In B r^  i n  a  d ry  n i t r o g e n  f i l l e d  g lo v e  b o x , and  r e  w e i r e d .

% e  open end  o f  th e  i n n e r  8 mm tu b e  h a d  been  s e a l e d  w i t h  a  

c o r k  w h ich  was now r e p l a c e d  w i th  a  p r o p i p e t t e  ( p u r c h a s e d  from  

F i s h e r  S c i e n t i f i c  C o .)  when t h e  a p p a r a t u s  w as a s s e m b le d .

A f t e r  an i n i t i a l  p e r i o d  th e  cap  was knocked  fro m  th e  

tu b e  by  p u l l i n g  th e  i n n e r  tu b e  up t h r o u ^  th e  s e a l i n g  r u b b e r  

t u b i n g  an d  d i s l o d g i n g  th e  c a p  on th e  o u t e r  t u b e .  The p r o 

p i p e t t e  was u sed  to  f l u s h  th e  i n n e r  tu b e  w i th  c h lo ro f o rm .  

B la n k  r u n s  w i th  no In B r^  showed t h a t  no h e a t  was g e n e r a t e d  

by  t h i s  p r o c e s s .

c )  R e s u l t s  and  D i s c u s s io n

V ery  few c a l o r i m e t r i c  s t u d i e s  o f  th e  g roup  I I I B  m e ta l  

a l k y l s  h a v e  been  d o n e .  U n t i l  t h e  p u b l i c a t i o n  o f  t h i s  work 

( 3 0 ) ,  o n ly  two a r t i c l e s  h a d  a p p e a r e d ,  b o th  c o n c e rn in g  t r i -  

m e th y l g a l l i u m .  In  a  s tu d y  done i n  a  s t a t i c  bomb c a l o r i m e t e r  

by  Long and Sackman (31 )  A H g ° (G a (C E ^ )^ , l  ) ■ 1 7 .6  k c a l /m o l e .  

Tbe mean g a l l i u m - c a r b o n  bond e n e rg y  was 5 7 * 7 -2  k c a l /m o l e .

P o w e ll  and  M o rt im e r  (19 )  u se d  th e  r e a c t i o n  o f  t r i m e t h y l -  

g a l l i u m  w i th  e x c e s s  io d in e  t o  d e te rm in e  the  h e a t  o f  f o r m a t io n  

o f  th e  a l k y l .  B ecause  o f  t h e  h i ^  s t r e n g t h  o f  th e  g a l l i u m -  

c a rb o n  bond i n  m e th y lg a l l iu m  ( 3 2 ) ,  o n ly  two m e th y l  g ro u p s  

w ere r e a d i l y  d i s p l a c e d .  C o n c e n t r a t e d  io d in e  s o l u t i o n  a t  an
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e l e v a t e d  t e m p e r a tu r e  was r e q u i r e d  to  o b t a i n  a  s u f f i c i e n t  e x 

t e n t  o f  r e a c t i o n  t o  a l lo w  th e  h e a t  o f  f o r m a t io n  o f  th e  a l k y l  

t o  be d e te r m in e d .  The mean g a l l iu m - c a r b o n  bond e n e rg y  was 

5 6 .7 %  k c a l /m o le  and  AH ^® (G a(CH ^)^,l ) «  II4. . 5 Î 8  k c a l /m o l e .

The p y r o l y s i s  o f  t r im e t h y l i n d iu m  h a s  been  s t u d i e d  in  a  

t o lu e n e  c a r r i e r  sy s te m  (33 )*  From t h e  b r e a k  i n  th e  A r r h e n iu s  

p l o t  o f  t h e  k i n e t i c  d a t a  a t  6 7 #  t h e o r e t i c a l  y i e l d  o f  m e th y l  

r a d i c a l s ,  i t  was c o n c lu d e d  t h a t  r e a c t i o n  [2 ]  r a p i d l y  f o l l o w s  

r e a c t i o n  [ ] ]  ,  b u t  r e a c t i o n  [ 3 ]  d o e s  n o t  o c c u r  t o  an y  a p p r e c i 

a b le  e x t e n t  u n d e r  th e  c o n d i t i o n s  u s e d .

In fC H jij  ----- > In(GHj)2 + CH3 [ l ]

In(CH 3 ) 2  ----- > InGHj + CH3  [2 ]

InCHj  > In  + CH3  [ 3 ]

From th e  A r r h e n iu s  p l o t ,  th e  f o l lo w in g  v a l u e s  were e s t i m a t e d ;  

I)|lGH 3 ) 2 lD-CH^ *  ^ 7 . 2  k c a l /m o l e ,  and  Djjtn-GH^ *  lfO,7 k c a l /  

m ole . The p r e s e n t  s tu d y  was u n d e r ta k e n  t o  d e te rm in e  th e  mean 

m e ta l - c a r b o n  bond e n e rg y  i n  t r im e t h y l i n d iu m  and h e n ce  

D(GH3ln-GH3).
I n i t i a l  t r i a l s  were c a r r i e d  o u t  w i th  v a r i o u s  s o l u t i o n s  

t o  d e te rm in e  i f  100# r e a c t i o n  c o u ld  be a c h ie v e d .  O nly  s o l u 

t i o n s  whose p r o d u c t s  h a d  r e a d i l y  a v a i l a b l e  therm odynam ic  d a t a  

were  u s e d .  The r e s u l t s  a r e  shown i n  T a b le  6 .

The p e r c e n t  c o n v e r s io n  was b a s e d  on how much o f  t h e  r e 

a c t a n t  i n  t h e  s o l u t i o n  was consumed a s  compared w i th  th e  

amount o f  m e ta l  a l k y l  u s e d .  No s o l u t i o n  t e s t e d  p r o v id e d  100# 

r e a c t i o n  o f  t h e  a l k y l .  The r e s u l t  w i th  aequeoua  h y d r o c h l o r i c
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TABLE 6

REACTION OF TRIMETEYLINDIUM WITH VARIOUS SUBSTANCES

W eight
In f C H j) ]

(gm .)
S o l u t i o n

used

N o rm a l i ty
o f

s o l u t i o n
C o n v e rs io n

#

0.1113 I g  i n  ben zen e 0 .8 5 2 85 .4
0 .0 8 2 4 It 0 .8 4 6 8 5 .8

0.444.6 If 0.852 6 7 .1

0 .0 6 7 0 It 0.846 7 8 .9

0 .0 2 4 7 HCl a eq u e o u s 1.202 8 4 .9

0 .1 0 8 0 Brg i n  c h lo r o f o r m 0.979 9 2 .1

0 .0 5 0 3 n 0 .9 7 9 89.9

TABLE 7

ENTHALPY OF REACTION OF TRIMETHYLINDIUM WITH 
CHLOROFORM SOLUTION

BROMINE IN

Sample
W eight

(g )

N o rm a l i ty  
o f  Brg 

s o l u t i o n *

A  t i
C o n v e rs io n  “ r x  . 

(# )  ( k c a l  m o le”^)

0 .0 8 9 7 1.085 84 143

0 .1 0 4 3 09972 78 139

0.0657 0 .0 5 3 75 131

0 .0 9 0 7 0.656 71 132

O .146I 0.827 66 121

0 .0 8 0 5 0.658 65 116

0 .1 4 2 2 1 .0 5 5 63 112

* 2 5 .0  ml b rom ine  s o l u t i o n  u sed  in  e a c h  ru n .
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a c i d  r e p r e s e n t e d  o n ly  one s u c c e s s f u l  a t t e m p t  i n  a  h a l f  a  

d o z e n .  Most o f t e n  a  w h i te  g e l a t i n o u s  s o l i d  was fo rm ed  and 

v e ry  low p e r c e n t  c o n v e r s io n s  fo u n d .  A t te m p ts  w ere  a l s o  made 

w i th  aeq u e o u s  s u l f u r i c  a c i d  s o l u t i o n s ,  b u t  e v e n  l e s s  s u c c e s s  

was a c h ie v e d .

The t e s t s  w i th  b rom ine  and io d in e  s o l u t i o n s  p ro d u ce d  

co m parab le  r e s u l t s .  H ow ever, i t  w as d e c id e d  t o  work w i th  

b rom ine  due t o  s l i g h t l y  h i g ^ r  p e r c e n t  r e a c t i o n s  and t h e  

e a s i e r  h a n d l i n g  o f  th e  b rom ine  s o l u t i o n s .  I o d in e  te n d e d  t o  

come o u t  o f  s o l u t i o n  on s t a n d i n g  in  th e  v o lu m e t r i c  f l a s k .

The c a l o r i m e t r i c  r e s u l t s  a r e  shown i n  T a b le  7 .  A l l  e x 

p e r i m e n t s  were c a r r i e d  o u t  a t  a p p ro x im a te ly  25° C. The t im e  

t e m p e r a tu r e  c u r v e s  f o l lo w  t h e  p a t t e r n  d e p i c t e d  i n  f i g u r e  1 ,  

and  th e  d a t a  was t r e a t e d  a c c o r d i n g  to  th e  m ethod o f  D ickenson  

( 1 6 ) .  W ith in  t h e  e x p e r im e n ta l  s c a t t e r  th e  o b s e rv e d  h e a t s  o f  

r e a c t i o n  a r e  c o n s i s t e n t  w i th  t h e  p e r c e n ta g e  o f  th e  a l k y l  

u n d e rg o in g  r e a c t i o n .  The d a t a  a r e  l i m i t e d ,  b u t  i n s p e c t i o n  

o f  f i g u r e  I 6  i n d i c a t e s  a  p a t t e r n  o f  r e a c t i o n  s i m i l a r  t o  t h a t  

p r e v i o u s l y  o b s e rv e d  by P o w e ll  and  M o rt im er  f o r  t h e  r e a c t i o n  

o f t r i m e t h y l g a l l i u m  w i t h  i o d in e  ( I 9 ) .  In  t h i s  c a s e ,  im m edi

a t e  q u a n t i t a t i v e  r e p la c e m e n t  o f  two m e th y l g ro u p s  by h a lo g e n  

was o b s e r v e d ,  fo l lo w e d  by  slow r e p la c e m e n t  o f  th e  t h i r d  

m e th y l  g ro u p .  The l i n e a r  l e a s t  mean s q u a r e s  e x t r a p o l a t i o n  

t o  1 0 0 #  b a s e d  on t h i s  m echanism  g i v e s  A  H = -1 6 2 .5  k c a l /m o le  

f o r  r e a c t i o n  [ 4 ]  .

In(GH 3 ) 3 ( c )  + 3 B r 2 ( s o l n . )  — > In B r 3 ( s o l n . ) +

3 CH3 B r ( g ) .  [4]
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E x t r a p o l a t i o n  t o  6 6 . 7 #  g i v e s  AH = -1 2 4 .7  k c a l /m o le  f o r  r e 

a c t i o n  [5 ] .

I n f C H j^ j f c )  ♦  2 B r 2 ( s o I n . )  — > C H j I n B r ^ f a o ln . )  +

3CH3Br(g). [5]

No c o r r e c t i o n  h a s  been  made f o r  th e  h e a t  o f  s o l u t i o n  o f  any  

GH^Br w h ich  re m a in s  i n  s o l u t i o n .  The h e a t  o f  s o l u t i o n  o f  

In B r^ ,  c i n  c h lo r o f o rm  was d e te rm in e d  in  s e p a r a t e  e x p e r im e n t s

a s  AHgQ2.n ^  -1 * 4  -  0 .3  k c a l /m o l e .  The h e a t  o f  s o l u t i o n  o f  

GH3 l n B r 2 « c i n  c h lo r o f o r m  i s  assum ed t o  be th e  same a s

ln B r 3 ,  c .  The e n th a lp y  o f  s o l u t i o n  o f  b rom ine  i n  c h lo ro fo rm  

i s  0 . 7  k c a l /m o le  ( 4 ) .

W ith  / l H f ° 2 9 8 (lG B r 3 , c )  = -1 0 2 .5  k c a l /m o le  (4 )  and

A H f ° 2 9 ô(CH3 B r ,g )  «  - 9 . 0  k c a l /m o le  ( 3 4 ) ,  A H j.° 2 9 ô(In(G H 3 ) 3 , c )  

= 2 9 .5  k c a l / m o l e .  U s in g  t h i s  v a lu e  a lo n g  w i th  th e  h e a t  o f  

r e a c t i o n  f o r  e q u a t io n  [ ^  ,  AHj.°298^®^3^“ ®^2*°^ “  - 8 5 .5 .

G om bining th e  v a lu e  f o r  In(GH 3 ) 3 , c  w i th  A H gyb iim atioQ  

(In(GH 3 ) 3 , c )  = 1 1 .6  k c a l /m o le  (28 )  g i v e s  A H f ° 2 9 8 ^^ “ ^^^ 3 ) 3 *8 ) 

=* 4 1 . 4  k c a l /m o l e .  W ith  AH^(GH3 , g )  = 3 3 .2  (4 )  and  A H ^ ( I n ,g )  

= 5 8 .2  ( 4 ) ,  th e  mean m e ta l - m e th y l  bond  d i s s o c i a t i o n  e n e rg y  

in  t r i m e t h y l i n d iu m ,  E(In-G H 3 ) ,  i s  3 8 .9  k c a l /m o le .  T h is  g i v e s  

D p H ^In -G H ^  ,=  2 8 .8  k c a l /m o l e ,  a  v a lu e  c o n s i s t e n t  w i t h  th e  

p r e v i o u s l y  p ro p o s e d  k i n e t i c  mechanism f o r  t h e  d e c o m p o s i t io n  

o f  t r im e t h y l i n d iu m  i n  a  t o l u e n e  c a r r i e r  sys tem  ( 3 3 ) .
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CHAPTER V

ROTATING BOMB CALORIMETRY OF TRIMETHYLINDIIM

a )  P r e p a r a t i o n  o f  M a t e r i a l s

i )  T r im e th y l in d iu m  was p r e p a r e d  a s  d e s c r i b e d  in  th e  

m a t e r i a l s  s e c t i o n  o f  R e a c t io n  C a lo r im e t r y  ( C h a p te r  IV$.

i i )  B en zo ic  a c i d  was p u rc h a s e d  from  th e  P a r r  I n s t r u m e n t  

Company i n  th e  fo rm  o f  one gram p e l l e t s .  The p e l l e t s  h a d  a  

c e r t i f i e d  h e a t  o f  c o m b u s tio n  o f  6318 c a l .  p e r  gm.

i i i )  The a u x i l i a r y  m a t e r i a l s  in c lu d e d  P a r a f f i n  O i l ,  N .F . 

s u p p l i e d  by  F i s h e r  S c i e n t i f i c ,  M y la r  and  p o l y e th y le n e  p l a s t i c  

s h e e t i n g  s u p p l i e d  by  Handee P l a s t i c  Company, and  u n m e rc e r iz e d  

c o t t o n  t h r e a d  p u rc h a s e d  from  t h e  8 . 8 .  K resg e  Co.

i v )  Oxygen l i s t e d  a s  9 9 .9 9 9 #  p u re  was p u rc h a s e d  from  

M atheson Co. Argon a t  9 9 .9 9 8 #  p u r i t y  was s u p p l i e d  b y  Union 

C a r b id e .

b) A p p a ra tu s  an d  P ro c e d u re

The c a l o r i m e t e r  u se d  ( f i g u r e  17) was a  m o d if ie d  U .S . 

B u reau  o f  M ines d e s ig n  r o t a t i n g  bomb c a l o r i m e t e r  made from  

p l a t e d  b r a s s .  The m ajo r  m o d i f i c a t io n  was the  r o t a t i n g  mech

an ism  w hich  in v o lv e d  th e  use o f  a  low R .P .M .,  h i g h  to rq u e  

m oto r  c o u p le d  t o  th e  r o t a t i n g  m echanism on th e  bomb by a  

s e r i e s  o f  g e a r s  and  s h a f t s .  The s h a f t  g o in g  th r o u g h  th e  l i d  

was o f  two p o r t i o n s ,  one f i x e d ,  an d  one c a p a b le  o f  b e in g
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r a i s e d  and  lo w e re d  w h ich  a l lo w e d  th e  c o u p l in g  to  th e  g e a r  on 

th e  m oto r when d e s i r e d .  The h i g h  to r q u e  m o to r  was a  l l5 V .  

Bodine m o to r ,  ty p e  KYC-22RC, w i t h  an  R .P .M . o f  1 0 ,  and  to r q u e  

o f  3 2  i n . o z .  The s t i r r i n g  and c i r c u l a t i o n  o f  th e  w a te r  i n  

t h e  c a l o r i m e t e r  J a c k e t  and l i d  was done by b la d e  s t i r r e r  and  

a c i r c u l a t i n g  pump d r i v e n  by two E le c tro h o m e  l l 5 V ,  1 .2 5  amp 

m o to r s ,  R .P .M , l 5 5 0 .  One o f  t h e s e  m o to rs  a s  w e l l  a s  d r i v i n g  

th e  c i r c u l a t i n g  pump, a l s o  s u p p l i e d  power t o  t h e  s t i r r e r  f o r  

th e  w a te r  in  t h e  c a l o r i m e t e r  b u c k e t .

The c a l o r i m e t e r  J a c k e t  h o u se d  two c i r c u l a r  h e a t e r s ,  one 

5 0 0  w a t t  h e a t e r ,  and one 1 2 5  w a t t  h e a t e r ,  and  a  s e t  o f  c o o l 

in g  c o i l s .  C o o l ,  t h e r m o s ta t e d  w a te r  from  an e x t e r n a l  b a th  

was c i r c u l a t e d  th r o u g h  th e  c o i l s  and  worked a g a i n s t  th e  h e a t 

e r s  in  k e e p in g  th e  c a l o r i m e t e r  J a c k e t  a t  2 5 . 000°C. The tem p

e r a t u r e  o f  th e  e x t e r n a l  b a t h  was c o n t r o l l e d  by a  Haake

s t i r r e r - t e m p e r a t u r e  c o n t r o l l e r  w o rk in g  a g a i n s t  a  c o o l i n g  c o i l  

from  a  P o r t a b l e  C o o le r  U n it  made by  P r e c i s i o n  S c i e n t i f i c  

Company. Power t o  th e  c i r c u l a r  h e a t e r s  was s u p p l i e d  by a  

T h e rm o tro l  p r o p o r t i o n a l  t e m p e r a tu r e  c o n t r o l l e r .  S h e l l  D e v e lo p 

ment D e s ig n ,  H a l l i k a i n e n  I n s t r u m e n t s .  T em p era tu re  o f  the
o

J a c k e t  c o u ld  be c o n t r o l l e d  t o  + 0 .0 0 1  C.

B e s id e s  a  3 - b l a d e  s t i r r e r ,  and p a r t  o f  th e  r o t a t i n g  

m echanism , th e  c a l o r i m e t e r  b u c k e t  ( f i g u r e  18) h o u se d  a 15 

w a t t  ro d  h e a t e r  and th e  mechanism f o r  c o u p l in g  th e  bomb t o  

th e  i g n i t i o n  u n i t .  The ro d  h e a t e r  was used  to  a d j u s t  th e  

t e m p e r a tu r e  o f  th e  w a te r  i n  t h e  b u c k e t  i f  i t  was lo w e r  th a n  

d e s i r e d .  The c o u p l i n g  m echanism in v o lv e d  a  s p r i n g  c l i p
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FIGURE 18; P h o to g ra p h  o f  th e  c a l o r i m e t e r  b u c k e t ,
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tiihlch r e l e a s e d  when th e  r o t a t i o n  o f  th e  bomb was b eg u n .

The t e m p e r a tu r e  o f  th e  w a te r  in  th e  c a l o r i m e t e r  b u c k e t  

was m o n i to re d  by a 2000 ohm t h e r m i s t o r  i n  c o n ju n c t i o n  w i th  

a H oneyw ell W h ea ts to n e  B r i d g e ,  Model IO 8 I ,  and  a  L eeds  and 

N o r th ru p  D-C N u l l  D e t e c to r  w i t h  v a r i a b l e  s e n s i t i v i t y .  The 

t h e r m i s t o r  was c a l i b r a t e d  a g a i n s t  a P a r r  c e r t i f i e d  thermom

e t e r  c a p a b le  o f  b e in g  r e a d  to  0 .0 0 1 °C . The r e s i s t a n c e  o f  

th e  t h e r m i s t o r  c o u ld  be e s t i m a t e d  a t  b e t t e r  t h a n  0 .0 1  ohms 

(a b o u t  0 .0001°C ) w i th  th e  n u l l  d e t e c t o r  s e t  f o r  low t o  m oder

a t e  s e n s i t i v i t y .  Time was m easu red  and r e c o r d e d  on a S im plex  

Punch T im er c a p a b le  o f  r e c o r d i n g  i n t e r v a l s  o f  0 .0 1  m in u te s .

The i g n i t i o n  u n i t  c o n s i s t e d  o f  two 250 mfd. c a p a c i t o r s ,  

a  2K ohm r e s i s t o r ,  and a  25OV d i o d e .  The d io d e  r e c t i f i e d  

t h e  c u r r e n t  from  a 115V A.C. P o w e r s ta t .  A c h a rg e  of 120V 

a c r o s s  th e  two p a r a l l e l  c a p a c i t o r s  was s u f f i c i e n t  f o r  th e  

i g n i t i o n s .

The bomb used  was a p l a t i n u m - l i n e d ,  h ig h  p r e s s u r e  P a r r  

Bomb, Model No. 1004 made a c c o r d in g  to  a U .S . B u re au  of M ines 

D s s ig n .  To th e  e x t e r i o r  o f  the  bomb was a t t a c h e d  a c o l l a r  

and g e a r  t o  g iv e  a  t w i s t i n g  end o v e r  end m otion  t o  t h e  bomb 

when i t  was r o t a t e d .  A s p e c i a l  c la m p in g  h a n d le  w hich  f i t t e d  

i n t o  two s m a ll  h o l e s  n e a r  th e  b o tto m  o f  th e  bomb was u sed  to  

lo w e r  th e  bomb in  an i n v e r t e d  p o s i t i o n  i n t o  th e  b u c k e t .  The 

i n v e r t e d  p o s i t i o n  d i r e c t s  th e  f lam e  o f  th e  c o m b u s tio n  to w a rd s  

th e  b o tto m  of t h e  bomb and t h e r e f o r e ,  p r o t e c t s  th e  i n n e r  

f i t t i n g s  from  damage. P la t in u m  c r u c i b l e s  u sed  in  th e  com

b u s t i o n s  w ere  p u rc h a s e d  from  the  F i s h e r  S c i e n t i f i c  Company.
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The h a n d l i n g  o f  m o is tu re  and oxygen s e n s i t i v e  m a t e r i a l s  

was done i n  a Labconco f i b e r g l a s s  g lo v e  box m e a su r in g  a p p r o x i 

m a te ly  3* X 2 '  X 2* . An e v a c u a b le  s id e  p o r t  a p p r o x im a te ly  

1* X  8" X  8" a l lo w e d  t h e  p a s sa g e  o f  m a t e r i a l s  t o  and  from  

th e  box w i th o u t  th e  d i s t u r b a n c e  o f  th e  box a tm o s p h e re .  The 

b o x  was a l s o  e q u ip p e d  w i t h  f i v e  i n l e t - o u t l e t  p o r t s  f o r  th e  

i n t r o d u c t i o n  o f  g a s e s  and t h r e e  i n t e r n a l  e l e c t r i c a l  o u t l e t s .

A sm a ll  m anometer m easured  p r e s s u r e  in  th e  box  i n  i n c h e s  o f 

w a te r .

An i n e r t  a tm osp here  was a c h ie v e d  in  th e  box by  i n f l a t 

in g  a t e n  f o o t  d i a m e te r  n e o p ren e  b a l lo o n  in  th e  box  u s in g  

h i ^  p u r i t y  a rg o n .  Once th e  b a l lo o n  was f i r m l y  p r e s s e d  

a g a i n s t  a l l  s i d e s  o f  th e  box , any  p o r t s  w h ich  were open t o  

a l l o w  th e  e s c a p e  o f  a i r  were now c l o s e d ,  and t h e  b a l l o o n  was 

d e f l a t e d  i n  th e  b o x . Two o r  t h r e e  i n f l a t i o n s  and d e f l a t i o n s  

o f  th e  b a l l o o n  p ro d u ced  an a tm o sp h e re  o f  l e s s  th a n  0 .1 #  o x y 

gen .

A Neptune Dyna-Pump s u p p l i e d  by  F i s h e r  S c i e n t i f i c  Co. 

was used  to  c i r c u l a t e  th e  box  a tm o sp h e re  th ro u g h  e x t e r n a l  

Tygon t u b i n g .  A T - p ie c e  i n  th e  t u b in g  w i th  a  S i l i c o n e -g u m  

r u b b e r  sep tum  a l lo w e d  sa m p lin g  o f  t h e  b o x  c o n t e n t s  w i t h  a 

1 cc g a s  s y r i n g e .  An a rg o n -o x y g e n  s e p a r a t i o n  ( 35 ) and  oxygen 

a n a l y s i s  was a c h ie v e d  u s i n g  an e i g h t  f o o t  by 1 /8  in c h  I .D .  

column f i l l e d  w i th  4.P/80 mesh 5A m o le c u la r  s ie v e  a t  -?0°C i n  

c o n ju n c t i o n  w i th  a  P e rk in  E lm er 154D g a s  c h ro m a to g ra p h  w i th  

a  th e rm a l  c o n d u c t i v i t y  d e t e c t o r .  The h e l iu m  c a r r i e r  g a s  

f lo w  r a t e  was a b o u t  50 cc p e r  m in. The a r e a s  o f  th e  oxygen
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p e ak s  from  a i r  i n j e c t i o n s  ware com pared w i th  the  oxygen a r e a s  

from  th e  s a y p l e .  Oxygen c o u ld  be  m easured  q u a n t i t a t i v e l y  t o  

0 .0 1 #  o f  a  sample and  o b s e rv e d  in  p o r t i o n s  a s  sm a ll  a s  0 .0 0 1 # ,  

The p u r i f i e d  a rg o n  l i s t e d  a t  9 9 .9 9 8 #  p u r i t y  showed no t r a c e s  

o f  oxygen .

T r a c e s  o f  m o is tu re  i n  th e  box were e l i m i n a t e d  by th e  

u se  o f  a  d i s h  o f  P^O^ in  th e  box  o r  a  d r y i n g  tu b e  o f  PgO^ 

c o u p le d  t o  th e  e x t e r n a l  t u b i n g  th ro u g h  idaich  th e  box a tm o s 

p h e re  was c i r c u l a t e d .

T e s t s  on th e  r a t e  o f  d i f f u s i o n  o f  oxygen i n t o  th e  box 

SLhowed t h a t  t h e  oxygen c o n te n t  o f  th e  box i n c r e a s e d  a t  th e  

r a t e  o f  0 .0 1 #  to  0 .0 2 #  p e r  h o u r .  T h is  r a t e  i s  w e l l  below  

tine l i m i t  s e t  by W hite  and  S m ith  (36 ) t o  i n d i c a t e  th e  g lo v e  

box i s  f u n c t i o n i n g  p r o p e r l y .  A t te m p ts  t o  g e t  r i d  o f  th e  

oxygen d i f f u s i n g  i n t o  th e  box b y  c i r c u l a t i n g  th e  box  a tm o s

p h e re  th ro u g h  a U -tube  c o n t a i n i n g  a  80# p o ta s s iu m ,  20# sodium 

a l l o y  (37 ) w hich  i s  l i q u i d  a t  room te m p e r a tu r e  p ro v e d  f r u i t 

l e s s .  H ow ever, t h i s  d i d  n o t  a f f e c t  o p e r a t i o n s  i n  th e  bo x , 

b u t  n e c e s s i t a t e d  th e  in c o n v e n ie n c e  o f  f l u s h i n g  th e  box  e a c h  

tim e  i t  was t o  be  u s e d .

T h e rm o p la s t i c  b a g s  made by th e  use  o f  an im p u lse  h e a t  

s c a l e r  p u rc h a s e d  from  V e r t  rod  C o r p o r a t io n  were u sed  to  h o u se  

th e  m e t a l - a l k y l  sa m p le s  f o r  c o m b u s t io n .  The b a g s  o f  th e  

b e s t  d e s ig n  (36) were made a s  f o l l o w s :  a  p ie c e  o f  p l a s t i c

8 -1 0  cm lo n g  and 2 -3  cm wide was f o ld e d  l e n g th w is e  and  s e a l e d  

a lo n g  i t s  l e n g t h ;  t h e  p l a s t i c  was c r e a s e d  f l a t  so t h a t  th e  

s e a l  was c e n t e r e d  a lo n g  th e  l e n g t h , a n d  one end was s e a l e d .
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Once th e  sam ple was p la c e d  in  th e  b a g ,  th e  l a s t  s e a l  was done 

w i th  t h e  f i r s t  s e a l  a t  th e  edge  r a t h e r  th a n  i n  th e  c e n t e r .

The r e s u l t i n g  bag  had  a t r i a n g u l a r ,  b o x - l i k e  a p p e a ra n c e ,  

ï h i s  ty p e  of b a g  s a t  more f i r m l y  i n  th e  c r u c i b l e  and  a l lo w e d  

b e t t e r  co m b us tion  o f  th e  sample ( 3 8 ) .

The b a g s  were f i l l e d  in  th e  g lo v e  box by p l a c i n g  th e  

bag  o v e r  th e  end  o f  a  lo n g  stem  f u n n e l  and sp o o n in g  In(CH 3 ) 3  

c r y s t a l s  i n t o  th e  f u n n e l .  In  th e  c a se  o f  a  l i q u i d  s u b s ta n c e ,  

a s y r in g e  c o u ld  be u s e d .  The m a t e r i a l  was c o n f in e d  t o  th e  

b o t to m  10 mm o f  th e  b a g .  As much o f  th e  g a s  i n  t h e  b a g  was 

removed a s  p o s s i b l e  by p r e s s i n g  w i th  t h e  f i n g e r s .  S e v e ra l  

f o l d s  were made in  th e  to p  o f  th e  b ag  w hich  was th e n  te m p o r

a r i l y  s e a l e d  w i th  a p in c h  clam p o r  p a p e r  c l i p .  The bag  was 

rem oved from  th e  box and s e a l e d  a s  c l o s e  t o  th e  sample a s  

p o s s i b l e  w i th  th e  h e a t  s e a l e r .  The w e ig h t  o f  m e ta l  a l k y l  in  

t l ie  bag  was d e te rm in e d  by  d i f f e r e n c e .  In  th e  c a se  o f  In^C H j)^

th e  f i l l e d  b a g s  w ere  s t o r e d  in  th e  d a r k .

B o th  p o l y e t h y l e n e  and M ylar ( p o l y e s t e r )  were u sed  a s  

c o n t a i n e r s .  W hile  M yla r  (2  ml t h i c k n e s s )  was a c c e p t a b l e  f o r  

R)(CH3 ) 2  ̂ ( 3 9 ) ,  i t  was a t t a c k e d  b y  In(CH 3 ) 3  an d  would c r a c k  

atxi a l lo w  sam ple d e c o m p o s i t io n  w i t h in  an  h o u r  o f  b e i n g  f i l l e d .  

P o ly e th y le n e  b a g s  ( 6  ml t h i c k n e s s )  showed no s i g n s  o f  a t t a c k  

and m a in ta in e d  sam p le s  2 - 3  d a y s  w i th o u t  s ig n s  o f  d e co m p o s i

t i o n .  B o th  p l a s t i c s  were s u p p l i e d  by  th e  Handee P l a s t i c  

Company, W in d so r ,  O n t a r i o ,  C anada .

The amount o f  c a rb o n  d io x id e  p ro d u ce d  in  a  co m b us tio n  

was m easured  by a b s o r p t i o n  on I n d i c a r b  s u p p l i e d  by  F i s h e r
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S c i e n t i f i c  Company. The a b s o r p t i o n  tu b e  u se d  was an im proved 

d e s ig n  o f  P ro se n  a n d  R o s s i n i  ( 8 ) .  The tu b e  was f i l l e d  w i th  

a b s o r b e n t ,  e v a c u a te d  and w e i r e d .  A magnesium p e r c h l o r a t e  

d r y i n g  tu b e  was p l a c e d  be tw een  th e  a b s o r p t io n  tu b e  and th e  

bomb t o  a b s o rb  any  w a te r  v a p o u r .  The bomb g a s e s  were p a s s e d  

t h r o u ^  th e  a b s o r p t i o n  t r a i n  and th e  bomb f l u s h e d  3  t o  4  

t im e s  w i th  oxygen . The a b s o r p t i o n  tu b e  was r e e v a c u a te d  and 

w e ig h ed . S u b seq u e n t  e v a c u a t io n s  and  re  w e ig h in g s  showed no 

w e ig h t  l o s s  f o r  th e  tu b e ,  a s  was th e  c a s e  in  t h e  i n i t i a l  we i d l 

i n g .  A b s o rp t io n  o f  CO2  from  b e n z o ic  a c i d  sam p le s  showed 

a b s o r p t i o n  of CO2  w i th in  0 . 0 0 1  gm o f  th e  amount e x p e c te d .  

A p p ro x im a te ly  2 .5  gm o f  CO2  were a b s o rb e d  in  t h e s e  c a s e s .

A n a l y s i s  f o r  c a rb o n  monoxide in  th e  bomb g a s e s  was c a r 

r i e d  o u t  by  p l a c i n g  a  sa m p lin g  tu b e  a f t e r  t h e  a b s o r p t io n  tu b e .  

Tlie sample was a n a ly z e d  on a P e r k in  E lm er 154D g a s  c h ro m a to 

g ra p h  w i th  a  th e r m a l  c o n d u c t i v i t y  d e t e c t o r .  A s i l i c a - g è i  

column a t  80°C and a  h e l iu m  c a r r i e r  g a s  f lo w  r a t e  o f  a b o u t  

2 0  cc p e r  m inu te  were u s e d .

Ind ium  m e ta l  was a n a ly z e d  by  th e  method o f  F la s c h k a  and 

A bdine (4 0 )  u s in g  an  EDTA t i t r a t i o n  w i th  a  copper-PAN com

p l e x  a s  i n d i c a t o r .

I n  a t y p i c a l  c o m b u s tio n  o f  a  m e t a l - a l k y l ,  t h e  f o l l o w in g  

p ro c e d u re  was u s e d .  T w e n ty - f iv e  to  f i f t y  m i l l i l i t e r s  o f  

s o l u t i o n  w hich  would d i s s o l v e  th e  p r o d u c t s  o f  co m b u s tio n  

were p i p e t t e d  i n t o  t h e  bomb. A p r e v i o u s l y  w eighed  b a g  o f  

m e t a l - a l k y l  a lo n g  w i th  enough h y d ro c a rb o n  o i l  t o  g iv e  a  t o t a l  

l i b e r a t i o n  o f  7 - 8  th o u sa n d  c a l o r i e s  was p u t  i n t o  t h e  p la t in u m
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c r u c i b l e .  A f u s e  o f  u n m e rc e r iz e d  c o t t o n  t h r e a d  10 cm lo n g  

c o n n e c te d  th e  o i l  w i th  a  c o i l e d  p la t in u m  w ire  a t t a c h e d  to  

th e  t e r m i n a l s  on t h e  bomb h e a d .  The p la t in u m  w i r e ,  ab o u t 

1 0 -1 2  cm in  l e n g t h ,  was c o i l e d  a b o u t  an A l le n  w rench  1 mm 

O.D. The c o i l  i n  th e  c e n t r e  p o r t i o n  o f  th e  w ire  was 1 cm 

lo n g .  The c o t t o n  t h r e a d  was d o u b le d  th ro u g h  th e  c o i l  t o  p r e 

v e n t  i t  from  s p r i n g i n g  l o o s e .  The h e a d  ( f i g u r e  19) w hich  

h a s  p r e v i o u s l y  b e en  i n  an i n v e r t e d  p o s i t i o n ,  was t u r n e d  r i g h t  

s id e  up and th e  e x p e r im e n te r  makes su re  th e  t h r e a d  d o e s n ' t  

c a t c h  on any  o f  th e  c r u c i b l e  s u p p o r t  f i t t i n g s .  The h e a d  was 

p la c e d  on th e  bomb and  th e  cap  screw ed o n . The s e t  sc rew s  

in  th e  cap  w ere a l t e r n a t i v e l y  t i g h t e n e d  from  s id e  to  s id e  

u n t i l  a l l  s e t  sc rew s were t i g h t .  The bomb was a l lo w e d  t o  

s e t  10 m in u te s  t o  a l lo w  t h e  T e f lo n  g a s k e t s  i n  t h e  h e a d  t o  

f lo w .  A f t e r  t h i s  p e r i o d ,  t h e  s e t  sc rew s  were g iv e n  a  f i n a l  

t i g h t e n i n g .

The c a l o r i m e t e r  b u c k e t  was w e ig ie d ,  and a known amount 

o f  w a te r  w e ighed  i n t o  th e  b u c k e t  ( a p p r o x im a te ly  3 8 OO gm).

T h is  amount o f  w a te r  i s  s u f f i c i e n t  t o  c o v e r  a l l  p a r t s  o f  th e  

bomb even when i t  i s  r o t a t i n g .  The b u c k e t  was c o v e re d  a f t e r  

w e ig h in g  to  p r e v e n t  any undue l o s s e s  due t o  e v a p o r a t i o n .

The bomb was f l u s h e d  3 t o  4  t im e s  and th e n  p r e s s u r i z e d  

t o  3 0  a tm o s p h e re s  w i th  u l t r a  h i g h  p u r i t y  oxygen s u p p l i e d  by 

M atheson Co. The b u c k e t  was p l a c e d  in  th e  c a l o r i m e t e r ,  and 

th e  bomb was p l a c e d  i n  th e  b u c k e t .  The f i r i n g  m echanism f o r  

th e  bomb was engaged  and  th e  c a l o r i m e t e r  c l o s e d .  Power was 

s u p p l i e d  t o  t h e  h e a t e r  i n  t h e  b u c k e t  i f  n e c e s s a r y ,  t o  b r i n g
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t h r e a d  fu s e

c r u c i b l e
c o i l e d  p la t in u m  

w ire

c r u c i b l e  r i n  
and s u p p o r t

c e ram ic
i n s u l a t o r

i n l e t - o u t l e t
v a lv e

c o n t a c t  f o r
i g n i t i o n  c l i p

FIGURE 19: D iagram  o f  th e  bomb head ,
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th e  t e m p e r a tu re  o f  th e  b u c k e t  w i t h in  a  r e a s o n a b le  v a lu e  o f  

t h e  d e s i r e d  s t a r t i n g  t e m p e r a t u r e .  The sy s tem  was a l lo w e d  

20 t o  3 0  m in u te s  t o  e q u i l i b r a t e .

T im e, t h e r m i s t o r  r e s i s t a n c e  r e a d i n g s  were r e c o r d e d  f o r  

a  p e r i o d  o f  a b o u t  10 m in u te s  ( a t  i n t e r v a l s  o f  n o t  more th a n  

h a l f  a m in u te ) .  J u s t  b e f o r e  f i r i n g ,  th e  c o n d e n s e r s  o f  th e  

i g n i t i o n  u n i t  were c h a r g e d ,  a n d  th e  v o l t a g e  a c r o s s  them 

m easu red . The c o n d e n s e r s  were d i s c h a r g e d  f o r  a t  l e a s t  1 

m in u te ,  and  a f t e r  1 -2  m in u te s  th e  bomb r o t a t i o n  was begun . 

D u r in g  t h i s  p e r i o d  o f  r a p i d  t e m p e r a tu r e  r i s e ,  r e a d i n g s  were 

ta k e n  l e s s  th a n  e v e r y  l 5  se c o n d s  (II 4. ) .  Once t h e  t im e - te m p 

e r a t u r e  r e a d i n g s  assum ed a s t e a d y  p r o g r e s s i o n ,  r e c o r d i n g s  

were c o n t in u e d  f o r  a n o th e r  10 m in u te s ,  o r  a s  lo n g  a s  was 

n e c e s s a r y  f o r  th e  p r o d u c t s  o f  co m b u s tio n  to  d i s s o l v e .

A f t e r  t h e  r e a d i n g s  were s to p p e d ,  th e  bomb was removed 

from  th e  c a l o r i m e t e r ,  d r i e d ,  and  c o n n e c te d  t o  th e  a b s o r p t io n  

t r a i n .  The c a rb o n  d io x id e  was a b s o r b e d ,  and  a sample f o r  

g a s  c h ro m a to g ra p h ic  a n a l y s i s  t a k e n .  The bomb s o l u t i o n  was 

a n a ly z e d  f o r  th e  m e ta l  p r e s e n t ,  and a l s o  f o r  th e  r e a c t i o n  

o f any o x i d i z i n g  o r  r e d u c in g  a g e n t  w hich  had  been  u s e d .

In  th e  c ase  o f  a  c a l i b r a t i o n  w i th  b e n z o ic  a c i d ,  o r  th e  

c o m b u s tio n  of th e  a u x i l i a r y  m a t e r i a l s  such  a s  t h e  o i l ,  t h r e a d ,  

o r  p l a s t i c  f i l m ,  th e  50 ml o f  s o l u t i o n  i s  r e p l a c e d  by  1 ml 

o f  w a t e r .  A l s o ,  no i n i t i a l  f l u s h i n g s  o f  t h e  bomb a r e  n e e d e d ,  

a s  t h e  n i t r i c  a c i d  form ed from  t h e  r e a c t i o n  o f  n i t r o g e n  i n  

t h e  a i r  in  t h e  bomb, can  be a n a ly z e d .
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c )  R e s u l t s  and  D is c u s s io n

At l e a s t  s i x  s t u d i e s  h av e  been  done u s in g  th e  r o t a t i n g  

bomb c a l o r i m e t e r  f o r  th e  com bu s tion  o f  o r g a n o m e ta l l i c  com

pounds ( ^ 1 ) .  I n c lu d e d  in  t h e s e  s t u d i e s  a r e  t e t r a e t h y l l e a d  

( 1 5 ) ,  l e a d  o x a l a t e  ( 1 5 ) ,  t e t r a m e t h y l l e a d  (39)»  magnesium 

d e c a c a r b o n y l  (^ 1 ) ,  h e x a m e th y ld i s i l o x a n e  (^ 1 ) ,  and  t r i p h e n y l -  

a r s i n e  ( ^ 2 ) .  E ach  p ie c e  o f work in v o lv e d  th e  u se  o f  bomb 

s o l u t i o n s  o f  v a r i o u s  c o m p l e x i t i e s  in  o r d e r  t o  o b t a i n  w e l l  

d e f i n e d  p r o d u c t s  and  ra n g e d  from an a p p ro x im a te ly  I4JÎ sodium 

h y d ro x id e  s o l u t i o n  i n  th e  t r i p h e n y l a r s i n e  i n v e s t i g a t i o n  to  

a 1 0 ^  by  w e ig h t  n i t r i c  a c i d  s o l u t i o n  w i th  0 , 1  w t .  % a r s e n i -  

ous a c i d  i n  th e  s tu d y  o f  t e t r a e t h y l l e a d .  A l s o ,  i n  a l l  c a s e s ,  

s im p le  t o  com plex  co m p ariso n  e x p e r im e n ts  were n e c e s s a r y  a s  

s u f f i c i e n t  a u x i l i a r y  d a t a  f o r  the p r o d u c t s  o f  th e  co m b us tion  

was u n a v a i l a b l e .

In  t h e  c a s e s  where p r e v i o u s  co m bus tion  s t u d i e s  were 

c a r r i e d  o u t  i n  s t a t i c  bombs, marked and o f t e n  s u r p r i s i n g  

d i f f e r e n c e s  i n  th e  r e s u l t a n t  h e a t s  o f  co m bus tion  w ere fo u n d .  

As an  ex am p le , in  t h e  co m b us tio n  o f  t e t r a m e t h y l l e a d ,  a s t a t i c  

bomb s tu d y  (^ 3 ) gave f o r  t e t r a m e t h y l l e a d  a s  3 . 2

+ 3  k c a l /m o l e ,  w h e rea s  t h e  r o t a t i n g  bomb s tu d y  ( 3 9 ) gave th e  

v a lu e  3 2 . 6  k c a l /m o l e .  The l a b o r a t o r y  r e p o r t i n g  t h e  r o t a t i n g  

bomb work on t e t r a m e t h y l l e a d  a l s o  d id  t e t r a e t h y l l e a d  (15) by 

t h e  above s t a t i c  bomb m ethod a s  w e l l  a s  th e  r o t a t i n g  bomb 

m ethod. The v a lu e  f o r  t e t r a e t h y l l e a d  done by  th e  s t a t i c  

bomb m ethod d i f f e r e d  from  t h e  r o t a t i n g  bomb v a lu e  by  39 k c a l /  

mole b u t  i n  th e  o p p o s i t e  d i r e c t i o n  from  th e  d i f f e r e n c e  found
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f o r  t e t r a m e t h y l l e a d  ( 3 9 ) .  T h e r e f o r e ,  th e  s u p e r i o r i t y  o f  t h e  

r o t a t i n g  bomb m ethod o v e r  th e  s t a t i c  bomb p ro c e d u re  f o r  o r 

g a n o m e ta l l i c  compounds can  be q u i t e  s t r i k i n g .  Even th o u g h  

t h i s  s u p e r i o r i t y  e x i s t s ,  th e  r o t a t i n g  bomb method s t i l l  r e 

q u i r e s  p a i n s t a k i n g  e f f o r t  a s  d o e s  th e  s t a t i c  bomb method to  

a c h ie v e  a  h i ^  d e g re e  o f  a c c u r a c y .  The f i r s t  p r e r e q u i s i t e  

to  h i g h  a c c u ra c y  i s  d e t a i l e d  c h a r a c t e r i z a t i o n  o f  th e  c a l o r i 

m e te r .

In  bomb c a l o r i m e t r i c  work, one o f  th e  im p o r ta n t  a s p e c t s  

o f  th e  c a l o r i m e t r i c  p a r t  o f  t h e  i n v e s t i g a t i o n  a s  opposed  to  

th e  c h e m ic a l  p o r t i o n  o f  th e  i n v e s t i g a t i o n ,  i s  th e  m easurem ent 

o f  th e  t e m p e r a tu r e  i n c r e a s e  w i th  t im e  and th e  su b seq u e n t  

c a l c u l a t i o n  o f  th e  c o r r e c t e d  t e m p e r a tu r e  r i s e .  The use  o f 

a t h e i r o i s t o r  a s  th e  t e m p e r a tu re  s e n s in g  d e v ic e  r e q u i r e s  

c a l i b r a t i o n  o v e r  th e  t e m p e r a tu r e  r a n g e s  to  be s t u d i e d  (T ab le  

8).

T h e r m is to r s  h ave  been  u sed  in  a  number o f  c a l o r i m e t r i c  

i n v e s t i g a t i o n s  and s e v e r a l  r e l a t i o n s h i p s  be tw een r e s i s t a n c e ,  

R, and a b s o l u t e  t e m p e r a t u r e ,  T , h av e  been  p u t  f o rw a r d .  The 

f o l lo w in g  t h r e e  fo r m u la s  were t e s t e d  a s  w e l l  a s  th e  p o l y 

n o m ia l c u rv e  f i t s  fo^^ the  v a r i a b l e s  used  in  e a c h  c a s e :

InR = + B ( 1 8 ) ,  [ l ]

InR = + D (14f), [z]

and
=  a 1T = A^lnR i k S ) ,  [3]

where A, B, C, D, , and  A^ a r e  c o n s t a n t s .  Of th e s e
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TABLE 8

CALIBRATION OF THERMISTORS AGAINST CALIBRATED THERMOMETERS

T h e rm is to r  1 T h e rm is to r  2 T em perature
( r e s i s t a n c e  in  ohms) (°K)

2539.2 2568.3 2 9 5 . 7 0 0

2529 .9 2558 .6 2 9 5 . 7 8 3

2518 .8 2 5 4 7 . 6 2 9 5 . 8 7 9

2508 .0 2 5 3 6 . 4 2 9 5 . 9 7 7

2496.7 2 5 2 5 . 1 2 9 6 . 0 7 7

2485.7 2 5 1 3 . 8 2 9 6 . 1 7 7

2474 . 8 2 5 0 2 . 9 2 9 6 . 2 7 5

2464.0 2 4 9 1 . 9 2 9 6 . 3 7 3

2453.0 2 4 8 0 . 7 2 9 6 . 4 7 3

2 4 4 2 . 1 2 4 6 9 . 5 2 9 6 . 5 7 5

2 4 3 1 . 5 2458.9 2 9 6 . 6 7 2

2 4 2 0 . 6 2 4 4 8 . 1 2 9 6 . 7 7 5

2 4 0 9 . 9 2 4 3 7 . 1 2 9 6 . 8 7 4

2 3 9 9 . 2 2 4 2 6 . 3 2 9 6 , 9 7 3

2388 .8 2 4 1 5 . 7 2 9 7 . 0 7 1

2 3 7 5 . 9 2 4 0 2 . 6 2 9 7 . 1 9 1

2365 .4 2 3 9 1 . 9 2 9 7 . 2 9 1

2 3 5 5 . 5 2 3 8 1 . 7 297 .385

2 3 4 5 . 4 2 3 7 1 . 7 297.482
2 3 3 5 . 3 23 61 .4 297 .580
2 3 2 4 . 9 2 3 4 1 . 0 297 .780
2 3 1 4 . 9 2 3 4 1 . 0 2 9 7 . 7 8 0

2 3 0 4 . 6 2 3 3 0 , 4 2 9 7 . 8 8 1

2 2 9 4 . 8 2 3 2 0 . 4 2 9 7 , 9 8 0

2285 .0 2 3 1 0 . 5 2 9 8 . 0 7 5

2 2 7 7 . 7 2 3 0 3 . 2 2 9 8 . 1 4 7
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r e l a t i o n s h i p s ,  e q u a t io n  [2 ]  i s  m en tio n ed  a s  th e  most a c c u r 

a t e  ( 1 7 ) ,  w h i le  e q u a t io n  [3j i s  q u o te d  a s  o n ly  a c c u r a t e  f o r  

sm a l l  t e m p e r a tu r e  ch an g e s  ( a b o u t  0 . 75°C) ( 1 7 ) .  A l l  d a t a  in  

Id i is  and su b s e q u e n t  s e c t i o n s  was p r o c e s s e d  i n  F o r t r a n  I I  D 

p ro g ram s w r i t t e n  f o r  th e  IBM 1620 I I  d i g i t a l  c o m p u te r .

The c u rv e  f i t  p rog ram  ( s e e  s u b r o u t in e  G05CSP in  a p p e n d ix )

was t e s t e d  a g a i n s t  d a t a  g e n e r a t e d  from th e  q u a d r a t i c  e x p r e s -
2

s io n  y = 2 + l*x + X f o r  p o ly n o m ia ls  r a n g i n g  i n  d e g re e  from 

one to  f i v e .  T ab le  9 l i s t s  t h e  d a t a  u sed  and  th e  c o e f f i c i 

e n t s  o f  t h e  v a r i o u s  p o ly n o m ia ls  i n  a s c e n d in g  pow ers  o f  x .  

ü?he s t a n d a r d  d e v i a t i o n , O ' ,  was c a l c u l a t e d  a c c o r d in g  t o  th e  

fo rm u la  ( I 8 ) ,  „

cr =

and  i s  th e  l e a s t  f o r  th e  p o ly n o m ia l  o f  d e g re e  2 .

The r e s u l t s  o f  th e  c u rv e  f i t s  f o r  th e  v a r i a b l e s  in  

e q u a t i o n s  [ l ] ,  [2 ] ,  and  [3] a r e  l i s t e d  in  T a b le  1 0 ,  A p l o t  

o f  l / l n R  v s  T was n e c e s s a r y  t o  d e te rm in e  0 ( s e e  a p p e n d ix )  

w hich  was th e n  u se d  in  e q u a t io n  [2 ] .  The v a lu e  o f  6 f o r  

t h e r m i s t o r  1 and  t h e r m i s t o r  2 was 1 2 1 .6  and  1 2 1 .8  r e s p e c t 

i v e l y .

E x a m in a t io n  o f  t h e  s t a n d a r d  d e v i a t i o n s  f o r  th e  v a r i o u s  

p o ly n o m ia l  cuz*ve f i t s  o f  th e  d i f f e r e n t  v a r i a b l e s  r e v e a l s  

t h a t  a  l i n e a r  r e l a t i o n s h i p  s a t i s f i e s  a l l  c a s e s  e x c e p t  f o r  

th e  i n s t a n c e  o f  T v s  InR . H ow ever, e v e n  i n  t h i s  c a s e ,  th e  

v a r i a t i o n  o f  T w i t h  InR i s  e s s e n t i a l l y  l i n e a r  o v e r  p o r t i o n s  

o f  a b o u t  o n e - t h i r d  o f  th e  r a n g e  o f  th e  d a t a .  The p l o t s  o f
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Idle i r e s p e c t lv e  v a r i a b l e s  e x e m p l i f i e s  the r e s u l t s  even  more 

( f i g u r e s  20 th ro u g h  2 2 ) .

In  an  a t t e m p t  t o  make th e  p l o t s  more s e n s i t i v e ,  and  t o  

o b t a i n  T a s  th e  d e p e n d e n t  v a r i a b l e ,  th e  d a t a  o f  InR v s  l / T  

was t r e a t e d  t o  m in im ize  ro u n d o f f  e r r o r  b y  s u b t r a c t i n g  th e  

f i r s t  tempe r a t u r e  from  a l l  t e m p e r a tu r e  r e a d i n g s ,  and  th e  

c u rv e  f i t t i n g  p rogram  a p p l i e d  t o  l / T  v s  InR . H ow ever, t h e  

n e t  r e s u l t  was s t i l l  th e  same, b u t  a r b i t r a r i l y  t h e  q u a d r a t i c  

e x p r e s s io n  was u se d  a s  th e  fo rm u la  f o r  th e  c o n v e r s io n  o f  

r e s i s t a n c e  to  t e m p e r a tu r e  and a p p e a r s  i n  th e  s u b r o u t i n e  

GO^CON i n  t h e  a p p e n d ix .  From t h e  m agn itude  o f  t h e  s t a n d a r d  

d e v i a t i o n s ,  and th e  a b i l i t y  t o  e s t i m a t e  th e  r e s i s t a n c e  o f  

th e  t h e r m i s t o r  t o  0 .0 1  ohm, th e  t e m p e r a tu r e  can  be m easu red  

t o  + 0 .0001°G .

In  o r d e r  t o  use  th e  e q u a t i o n s  p r e s e n t e d  i n  C h a p te r  I I  

t o  e v a l u a t e  th e  c o r r e c t e d  t e m p e r a tu r e  r i s e ,  t h e  e f f e c t s  o f  

s t i r r i n g  and  h e a t  exchange  f o r  th e  c a l o r i m e t e r  h a d  to  be i n 

v e s t i g a t e d .  E q u a t io n  [3!^ i n  C h a p te r  I I  c an  be r e a r r a n g e d  

t o  th e  form

= (u  + gT j)  -  gT. M

Tide r e  f o r e ,  t im e - t e m p e r a tu r e  r e a d i n g s  w ere  t a k e n  f o r  th e  c a l 

o r i m e t e r  sy s te m  w i th  an empty bomb o v e r  a  ran g e  o f  te m p e ra 

t u r e  w i t h  and  w i th o u t  th e  bomb r o t a t i n g .  The s l o p e s  o f  th e

h e a d in g s  w ere  p l o t t e d  a g a i n s t  th e  m id- t e m p e r a tu r e  o f  e a c h  

i n t e r v a l  d o n e .  The d a t a  i s  l i s t e d  i n  T a b le  11 and shown i n  

F i g u r e  2 3 .  The t h r e e  s e t s  o f  d a t a  were c o m p iled  on t h r e e  

s e p a r a t e  o c c a s i o n s .
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.906

.841

.776

7.35
(T - 2 9 0 )

FIGURE 20: T h e r m is to r  c a l i b r a t i o n :  p l o t  o f  l / l n R  v s  Ty
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3 359
1000 

T 1374

7 786

7746

5.687 1000 
T + e

5.725

FIGURE 21: T h e r m i s t o r  c a l i b r a t i o n :  p l o t s  o f  InR v s  l / T ,  B,

a n d  InR v s  l / ( T + 0 ) ,  A,
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FIGURE 22: T h e r m is to r  c a l i b r a t i o n :  p l o t  o f  T v s  InR .

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



118

©O

-.05

(T-290) MO

FIGURE 23: C h a r a c t e r iz a t io n  o f  th e  c a lo r im e te r :  p l o t  o f  dT/dt v s  T.

0 bomb r o t a t i n g ;  8 ,  0 bomb s t a t io n a r y .
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TABLE 11 

DATA FOR THE PLOT OP d T /d t  v s  T

Bomb S t a t i o n a r y Bomb R o t a t i n g

2 9 5 . 3 I4.8 - 2 9 9 . 0 0 1 2 9 3 .7 2 0 -2 9 7 .1 6 4 2 9 3 . 5 7 3 - 2 9 9 . 9 7 4

a f ( x i o 3 )
(°K /m in)

T(°K)
( - 2 9 0 )

T(°K)
( -2 9 0 ) a ^ ( x io 3 ) T(°K)

( - 2 9 0 )

1 0 .1 2 5 .3 4 8 8 1 5 . 0 5 3 . 7 2 0 1 4 . 7 4 3 .5 7 3

8 . 7 8 7 5 .5 7 9 1 4 . 0 7 3 .8 8 0 1 3 . 6 9 3 .9 6 0

8 . 2 5 5 5 .7 6 3 1 3 . 4 2 4 . 0 4 1 1 2 .8 4 4 .3 6 3

7 . 7 8 0 5 .9 8 1 1 2 . 7 8 4 .2 8 5 1 1 .5 3 4 . 7 7 8

7 . 0 5 2 6 .1 6 0 1 1 . 9 8 4 .5 2 8 1 0 . 2 4 5 . 1 9 8

6 . 5 4 1 6 . 3 4 1 1 1 . 0 5 4 . 7 7 4 8 . 9 4 3 5 .6 2 7

5 . 9 2 4 6 . 5 1 9 1 0 .2 8 5 .0 2 6 7 .6 3 8 6 . 0 7 0

5 . 2 1 4 6 .7 5 9 9 . 6 9 0 5 . 2 7 9 6 .1 8 8 6 . 5 1 9

4 . 4 6 9 6 . 9 7 8 8 . 7 6 1 5 .5 3 9 4 . 8 0 5 6 . 9 7 6

3 ,8 3 3 7 . 1 9 2 7 .8 0 2 5 . 8 8 7 3 . 3 9 2 7 . 4 9 7

3 . 1 2 5 7 . 4 0 1 5 . 0 9 8 6 . 7 9 2 . 5 3 2 0 8 . 4 0 9

2 . 5 5 1 7 .5 8 4 4 . 1 0 9 7 .1 6 4 -1 .2 0 2 8 .96 1

1 . 9 1 2 7 . 7 8 6 - 2 . 6 7 2 9 . 4 4 6

1 . 2 3 6 8 .0 0 0 - 4 . 3 4 5 9 .9 7 4

.57 99 8 . 2 0 4

.5 5 5 4 8 . 5 7 2

- 1 . 3 1 5 8 . 8 2 5

-1 .8 5 9 9 . 0 0 1

s lo p e = -3 .
s t d . d e v . :

,007 x10 -3
=.1346x10

s l o p e = - 3 .191x10 ^
”3 s t d . d e v . = .1222x10*3

a l o p e = - 3 .094x10 3 
s t d . d e v . = .2 054 x10
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W hether  th e  bomb was o r  was n o t  r o t a t i n g ,  a  l i n e a r  r e 

l a t i o n s h i p  be tw een  d T /d t  and  T was fo u n d .  A l e a s t  s q u a r e s  

t r e a t m e n t  o f  th e  3 s e t s  o f  d a t a  gave t h e  s lo p e s  l i s t e d  in  

T a b le  1 1 .  Com bining  th e  3 s e t s  o f  d a t a  gave a  s lo p e  o f  - 3 .0 6  

X 10"3  m in”^ and a  s t a n d a r d  d e v i a t i o n  o f  0 .2 2  x  1 0 "3 .  P i t t i n g  

p o ly n o m ia ls  o f  2nd and 3 r d  d e g r e e s  t o  th e  d a t a  r e s u l t e d  in  

no s i g n i f i c a n t  change  i n  th e  s t a n d a r d  d e v i a t i o n  an d  t h u s  

a l s o  i n d i c a t e d  a  v a l i d  l i n e a r  r e l a t i o n s h i p .  T h e r e f o r e ,  i t  

was assum ed t h a t  e q u a t io n  [iQ h o l d s  f o r  t h i s  c a l o r i m e t e r  f o r  

th e  t e m p e r a tu re  ra n g e  u s e d .

To make s u r e  th e  r e a r r a n g e d  form  o f  e q u a t io n  [33] was

v a l i d ,  p l o t s  w ere  a l s o  made o f  d T /d t  v s  ( T j - T ) .  The same

s l o p e ,  and s t a n d a r d  d e v i a t i o n  were found  in  t h i s  c a s e .

A l s o ,  due t o  th e  l i n e a r i t y  o f  th e  p l o t  o f l / l n R  v s  T ,

l / l n R  was u se d  a s  a  v a r i a b l e  i n  p l a c e  o f  T i n  t h e  d T /d t  v s

T and d T /d t  v s  ( T j - T )  p l o t s .  The same l i n e a r i t y  was o b -  

iserved a lo n g  w i t h  c o m p arab le  s t a n d a r d  d e v i a t i o n s  f o r  t h e  l e a s t  

s q u a r e s  t r e a t m e n t .

S in c e  the  v a l i d i t y  o f  e q u a t io n  [i|] h ad  b e en  e s t a b l i s h e d  

f o r  th e  c a l o r i m e t e r ,  th e  c a l c u l a t i o n  o f  th e  c o r r e c t e d  tem p

e r a t u r e  r i s e  would in v o lv e  th e  e v a l u a t i o n  o f  th e  d e f i n i t e  

i n t e g r a l  C ~  T dt t h e r e  an d  a r e  th e  t im e s  a t  th e

s t a r t  and  f i n i s h  r e s p e c t i v e l y  o f  th e  m ain p e r i o d  o f  th e  t im e -  

t ;em pera tu re  c u rv e  f o r  a  co m b u s tio n  e x p e r im e n t .  As no known 

]* e la t io n a h ip  b e tw een  t im e  and te m p e r a tu re  e x i s t e d  f o r  th e  

main p e r i o d  o f  a  c a l o r i m e t e r  e x p e r im e n t  ( 1 4 ) ,  an  a t t e m p t
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was made u s in g  th e  p o ly n o m ia l  c u rv e  f i t t i n g  p ro g ram  t o  a p 

p ro x im a te  th e  c u r v e .  H ow ever, no s u c c e s s  was a c h ie v e d ,  

t h e r e f o r e ,  a  n u m e r ic a l  m ethod was em ployed to  e v a l u a t e  th e  

i n t e g r a l .

In  o r d e r  t o  t e s t  th e  v a l i d i t y  o f  d i f f e r e n t  n u m e r ic a l  

i n t e g r a t i o n  m e th o d s ,  two h y p e r b o l a s  w ere  em ployed w h ich  g e n 

e r a t e d  a  c u rv e  (F ig u r e  24) s i m i l a r  t o  th e  t i m e - t e m p e r a t u r e  

c u rv e  i n  F i g u r e  1 .  The e q u a t i o n s  u se d  were

[S]
and

T

w i t h  t h e  t im e  r a n g i n g  from  8 to  9 . 8  m in u te s  f o r  [5] and  9 . 8  

t o  1 2 .2  f o r  [6] .  T h i s  would be th e  a p p ro x im a te  t im e  o v e r  

w hich  t h e  maximum t e m p e r a tu r e  r i s e  i n  a  co m b u s tio n  would  

o c c u r .

E q u a t io n s  [46] and  [47] i n  C h a p te r  I I  a s  w e l l  a s  th e  

i n t e g r a l s  o f  p o ly n o m ia ls  o f  d i f f e r e n t  d e g r e e s  were t r i e d  a s  

m ethods f o r  i n t e g r a l  s o l u t i o n .  T hese  m ethods a r e  m a n i f e s t e d  

i n  th e  s u b r o u t i n e s  G05THP, G05A.RA, and GO^ACP r e s p e c t i v e l y .  

T a b le  12 l i s t s  th e  c a l c u l a t e d  a r e a s  u n d e r  th e  T v s  t  c u rv e  

g e n e r a t e d  by  e q u a t i o n s  [5] and [6] f o r  d i f f e r e n t  num bers o f  

i n t e r v a l s  ta k e n  o v e r  th e  t im e  r a n g e s  a l r e a d y  g i v e n .  The 

te m p e r a tu r e  v a l u e s  were a d j u s t e d  so t h a t  th e  f i r s t  t e m p e r 

a t u r e  was z e r o  r a t h e r  th a n  2 9 6 .0  and  t h u s  re d u c e d  th e  e f f e c t s

o f  r o u n d - o f f  e r r o r .  A lso  l i s t e d  i s  t h e  a c t u a l  a r e a  a s  c a l -
’9 .8

c u l a t e d  from  t h e  i n t e g r a l s  (̂  * (2 9 6 .0   ) d t  and

/ 8 . 0
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16

«

I

0.4

t (min) 11.0

FIGURE 2 4 : T e s t  c u rv e  g e n e r a te d  from  two h y p e r b o l a s  f o r

e v a l u a t i o n  o f  th e  b e s t  m ethod o f  n u m e r ic a l  

i n t e g r a t i o n .
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12 .2

(2 9 8 .0  -  n. 2 " 2 ^ ) d t  .  The p rogram  f o r  a i l  t i ie s e  
9 , 8  t - 9 . 7 0

é v a l u a t i o n s  i s  l i s t e d  i n  t h e  a p p e n d ix .

H e ad in g  a c r o s s  T a b le  12 a r e  a r e a s  o f  th e  same m a g n i tu d e .  

R e ad in g  down T a b le  12 a r e  t h e  a r e a  f o r  th e  f i r s t  t im e  i n t e r 

v a l  a l r e a d y  m e n t io n e d ,  th e  a r e a  f o r  th e  second  t im e  i n t e r v a l ,  

and  th e  t o t a l  a r e a  r e s p e c t i v e l y .  A lo n g  w i th  th e  t o t a l  a r e a  

i s  l i s t e d  th e  t o t a l  num ber o f  p o i n t s  u se d  i n  th e  a r e a  c a l 

c u l a t i o n  f o r  e a c h  o f  th e  two t im e  i n t e r v a l s .  F o r  t h e s e  t im e  

r a n g e s ,  19 t o  25 p o i n t s  r e p r e s e n t e d  a b o u t  0 .1  m in u te  t im e 

i n t e r v a l s .  W ith  the  t i m i n g  sy s tem  u s e d ,  i t  was p o s s i b l e  t o  

t a k e  r e a d i n g s  a s  o f t e n  a s  0 . 0 5  m in u te s .

E x a m in a t io n  o f  th e  a r e a s  shows t h a t  th e  n u m e r ic a l  m ethod 

b a se d  on e q u a t io n  [47] i n  C h a p te r  I I  (G05ARA) a p p ro x im a te s  

t h e  r e a l  a r e a  b e s t .  F o r  0 .1  m in u te  i n t e r v a l s  a g re e m e n t  i s  

b e in g  r e a c h e d  i n  th e  4 t h  s i g n i f i c a n t  d i g i t  w h i le  f o r  0 . 0 5 -  

0 .0 7  m in u te  i n t e r v a l s ,  a g re em e n t  i s  a c h ie v e d  f o r  5  s i g n i f i 

c a n t  d i g i t s .  The m ethod a s  c a r r i e d  o u t  i n  G05TRF g i v e s  

v a l u e s  d e v i a t i n g  l e s s  from  t h e  r e a l  v a l u e s  t h a n  t h e  m ethod 

i n  G05ARA f o r  t h e  t o t a l  a r e a ,  b u t  t h i s  i s  due t o  th e  8 -sh a p e  

o f  th e  c u rv e  u s e d .  The e r r o r  i n  c a l c u l a t i n g  th e  f i r s t  a r e a  

i s  n e g a te d  b y  t h e  e r r o r  i n  c a l c u l a t i n g  th e  se co n d  a r e a .

The m ethod  i n v o l v i n g  th e  u se  o f  th e  c u rv e  f i t  p rogram  

sh o u ld  t h e o r e t i c a l l y  p r o v id e  a s  good an  answ er a s  G05ARA. 

H ow ever, T ab le  12 shows t h i s  n o t  t o  be  th e  c a s e .  D oing  th e  

c a l c u l a t i o n  in  16 d i g i t  a r i t h m e t i c  r a t h e r  th a n  8 d i g i t  a r i t h 

m e t ic  g i v e s  e x a c t  ag re em e n t b e tw een  a r e a s  fo u n d  b y  e m p lo y in g
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TABLE 12

RESULTS OP TESTS TO EVALUATE THE BEST METHOD OF 

NUMERICAL INTEGRATION

Number
o f

I n t e r v a l s

A re a s

G05ARA

C a l c u l a t e d  by S u b ro u t in e  
( d e g re e  min)

G05TRP go5acf

A c tu a l
A rea  

( d e g re e  min)

.70253 . 7 3 9 0 4 . 6 7 2 5 9 . 6 9 0 7 7

4 .6 2 1 4 4 . 5 9 7 1 4 . 6 2 4 2 4 . 6 3 9 0

7 5 . 3 2 4 0 5 .3 3 6 1 5 . 2 9 6 8 5 . 3 2 9 8

. 6 9 1 7 4 . 7 0 0 6 2 . 7 0 8 8 8 . 6 9 0 7 7

4 .6 3 6 2 4 . 6 2 8 7 4 . 6 1 3 7 4 . 6 3 9 0

15 5 . 3 2 8 0 5 . 3 2 9 3 5 . 3 2 2 6 5 . 3 2 9 7

. 6 9 0 9 7 .69483 . 6 9 8 6 9 . 6 9 0 7 6

4 .6 3 8 1 4 ,6 3 4 4 4 . 6 3 0 7 4 . 6 3 8 9

23 5 . 3 2 9 1 5 . 3 2 9 3 5 . 3 2 9 4 5 . 3 2 9 6

. 6 9 0 8 3 . 6 9 2 9 7 . 6 9 5 0 9 . 6 9 0 7 7

4 . 6 3 8 7 4 .6 3 6 5 4 . 6 3 4 2 4 . 6 3 9 0

31 5 . 3 2 9 5 5 . 3 2 9 5 5 . 3 2 9 3 5 . 3 2 9 8

. 6 9 0 8 0 . 6 9 2 3 0 . 6 9 3 7 7 . 6 9 0 7 7

4 . 6 3 8 8 4 . 6 3 7 2 4 . 6 3 5 6 4 .6 3 8 8

37 5 . 3 2 9 6 5 . 3 2 9 5 5 . 3 2 9 4 5 . 3 2 9 6
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G05ARA and G05ACP, T h e r e f o r e ,  i t  i s  j u s t  r o u n d o f f  e r r o r  

g i v i n g  th e  e r r o n e o u s  r e s u l t .

W hile  t h e  c a l c u l a t i o n  u s i n g  e q u a t io n  Q |.6] i s  l i m i t e d  to  

a p p ro x im a t in g  th e  T v s  t  f u n c t i o n  w i th  a  p o ly n o m ia l  o f  one 

d e g re e  l e s s  th a n  th e  number o f  p o i n t s  u se d  p e r  i n t e r v a l  ( 2 1 ) ,  

G05AGP c an  f i t  an mth d e g re e  p o ly n o m ia l  t o  more th a n  m + 1 

p o i n t s .  H ow ever, a t t e m p t s  t o  f i t  2nd d e g re e  p o ly n o m ia ls  to  

s e t s  o f  4  and  5 p o i n t s  gave p o o r e r  r e s u l t s  th a n  G05aRA even  

when done i n  16 d i g i t  a r i t h m e t i c .  As a  r e s u l t  o f  t h e s e  i n 

v e s t i g a t i o n s ,  th e  m ethod b a s e d  on L a g r a n g ia n  i n t e r p o l a t i o n  

( e q u a t io n  [ 4 ^  ,  C h a p te r  I I )  was used  i n  any  su b s e q u e n t  n u m e r i

c a l  i n t e g r a t i o n s  o f  th e  T v s  t  c u r v e s .

The r e s u l t s  o f  b e n z o ic  a c i d  c a l i b r a t i o n s  o f th e  c a l o r i -  

m e t r i c  system  a re  l i s t e d  i n  T ab le  1 3 .  The sy s tem  t o  be d e 

f i n e d  by  th e  e n e rg y  e q u i v a l e n t  was ta k e n  t o  be th e  c a l o r i 

m e te r  sy s tem  w i th  an  em pty bomb a t  t h e  end o f  th e  co m b u s tio n  

e x p e r im e n t .  T h e r e f o r e ,  s u i t a b l e  c o r r e c t i o n s  w ere  a p p l i e d  

f o r  th e  h e a t  c a p a c i t i e s  o f  t h e  p r o d u c t s  o f  b e n z o ic  a c i d  com

b u s t i o n .  E q u a t io n  [4] was u sed  to  c a l c u l a t e  th e  c o r r e c t e d  

t e m p e r a tu r e  r i s e .  The c o n s t a n t s  ( u  + g T j)  and  g were c a l r  

c u l a t e d  f o r  e a c h  ru n  e i t h e r  by  c a l c u l a t i n g  th e  s l o p e s  a n d  

mean t e m p e r a t u r e s  ( s u b r o u t i n e  GO^LSQ i n  a p p e n d ix )  o f  th e  

t im e - t e m p e r a t u r e  r e a d i n g s  i n  th e  i n i t i a l  o r  f i n a l  p e r i o d s ,  

o r  c a l c u l a t i n g  th e  t e m p e r a tu re  r i s e  and  v a lu e  o f  th e  i n t e g r a l  

i n  t h e  i n t e g r a t e d  form
^ t 2

(u  + gT j)  A t  -  g V T d t

=1t i
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f o r  tb #  i n i t i a l  and  f i n a l  p e r i o d s .  The r e s u l t  was two e q u a 

t i o n s  i n  two unknowns Which were r e a d i l y  s o l u b l e .  As b o th  

m e th o d s  gave th e  same r e s u l t ,  t h e  f i r s t  was u se d  a s  i t  com

p u te d  more r a p i d l y .  The c o n s t a n t s  were e v a l u a t e d  i n  t h i s  

m anner r a t h e r  t h a n  u s i n g  th e  v a l u e s  found  by th e  p r e v i o u s  

d T /d t  v s  T s t u d i e s ,  a s  th e  r a t e  o f  s t i r r i n g ,  w h i l e  c o n s t a n t  

f o r  l o n g  p e r i o d s ,  would h av e  to  be  a d j u s t e d  o c c a s i o n a l l y  due 

to  a  m e c h a n ic a l  f a u l t .  A l s o ,  th e  h e a t  c a p a c i t y  o f  th e  sy s tem  

w ould  be d i f f e r e n t  due t o  t h e  p r e s e n c e  o f  th e  p a r t i c u l a r  com- 

b u s t a n t  u s e d ,  and  t h u s  th e  r a t e  o f  h e a t  ex change  would d i f f e r  

s l i g h t l y .  From T a b le  1 4 ,  h o w e v e r ,  i t  can  be s e e n  t h a t  th e  

v a lu e  o f  t h e  c o n s t a n t s  i n  t h e  c o m b u s tio n  e x p e r im e n ts  d i f f e r  

o n ly  s l i g h t l y  from  th e  v a l u e s  o b t a i n e d  from  t h e  d T /d t  v s  T 

s t u d i e s .

The c r i t i c a l  f a c t o r  i n  th e  c a l c u l a t i o n  o f  th e  c o r r e c t

te m p e r a tu r e  r i s e  i s  th e  c h o ic e  o f  th e  t im e  a t  th e  end  o f  th e

m ain  p e r i o d .  T h is  p ro b lem  was s o lv e d  by  i n c o r p o r a t i n g  an

i t e r a t i v e  f e a t u r e  i n t o  th e  c a l i b r a t i o n  p rog ram  o f  e v a l u a t i n g

A T o v e r  a  t im e  r a n g e  ju d g e d  t o  e x te n d  from th e  m ain p e r i o d

i n t o  th e  f i n a l  p e r i o d  o f  th e  t im e - t e m p e r a tu r e  r e a d i n g s .  The

p o i n t  a t  w hich  th e  end  o f  t h e  main p e r i o d ,  t@, ( f i g u r e  1) 

was r e a c h e d ,  t h e  A T v a l u e s  w ould  s t a r t  to  c o n v e r g e .  T h i s

c o n v e rg e n c e  i s  shown i n  T ab le  14  f o r  ru n s  18 and  1 9 .

P l o t s  o f  th e  t im e - t e m p e r a tu r e  d a t a  f o r  r u n s  18 and 19

w ere  made u s i n g  t h e  IBM 1627 A u t o p l o t t e r .  The s c a l e  u se d  

was 0 .0 0 1 °  p e r  0 .0 1  i n c h .  U s in g  t h e s e  p l o t s  and  th e  m ethod 

o f  D ic k in s o n  a s  o u t l i n e d  by th e  P a r r  I n s t r u m e n t  Company ( 1 6 ) ,

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



128

TABLE 1 4

CONVERGENCE OP VALUES IN THE CALIBRATION PROGRAM
Ec 

( c a l / ° K ) (u+gT j) g
^ c o r r  
( K)

T
(°K)

4 3 8 8 . 5 2 . 0 2 2 4 - . 0 0 2 4 1 . 6 7 9 3 5 .01188

4 3 3 9 . 3 8 .0234 - . 0 0 2 6 1 . 6 9 8 3 6 . 0 1 2 1 7
4 2 9 2 . 3 9 . 0 2 4 2 - . 0 0 2 8 1 . 7 1 6 9 3 . 0  1 2 9 3
4 2 7 0 . 0 7 . 0 2 4 5 - . 0 0 2 8 1 . 7 2 5 9 0 .01363

4 2 6 1 . 5 7 . 0 2 4 8 - . 0 0 2 9 1 . 7 2 9 3 4 . 0  1 4 0 7
4 2 5 3 . 5 6 . 0 2 5 0 - . 0 0 2 9 1 . 7 3 2 5 9 . 0  1 4 6 9
4 2 4 8 . 3 2 . 0 2 5 1 - . 0 0 2 9 1 . 7 3 4 7 2 . 0  1 5 4 5
4 2 4 5 . 4 0 . 0 2 5 2 - . 0  0 2  9 1 . 7 3 5 9 2 . 0 1 6 1 9
4 2 4 3 . 0 8 . 0 2 3 2 - . 0 0 2 9 1 . 7 3 6 8 7 . 0 1 7 1 8
4 2 4 1 . 8 6 . 0 2 5 3 - . 0 0 2 9 1 . 7 3 7 3 6 . 0 1 8 6 2
4 2 4 1 . 2 7 . 0 2 5 3 - . 0 0 2 9 1 . 7 3 7 6 1 . 0 2 0 3 1
4 2 4 1 . 1 5 . 0 2 5 3 - . 0 0 2 9 1 . 7 3 7 6 5 . 0 2 2 2 1
4 2 4 0 . 9 7 . 0 2 5 3 - . 0 0 2 9 1 . 7 3 7 7 3 . 0 2 4 0 6
4 2 4 0 . 8 8 . 0 2 5 3 - . 0 0 2 9 1 . 7 3 7 7 7 . 0 2 5 9 6
4 2 4 0 . 8 3 . 0 2 5 3 - . 0 0 2 9 1 . 7 3 7 7 8 . 0 2 7 8 9
4240 .72 .  1 2 5 3 - . 0 0 2 9 1 . 7 3 7 8 3 . 0 2 9 7 8
4 2 4 0 . 6 7 . 0 2 5 3 - . 0 0 3 0 1 . 7 3 7 8 5 . 0 3 1 6 9
4 2 4 0 . 3 5 . 0 2 5 3 - . 0 0 2 9 1 . 7 3 7 7 8 . 0 3 3 7 0
4 2 4 0 . 6 4 . 0 2 5 3 - . 0 0 2 9 1 . 7 3 7 8 6 . 0 3 5 5 6
4 2 4 0 . 7 6 . 0 2 5 3 - . 0 0 2 9 1 . 7 3 7 8 2 . 0 3 7 5 4

. 9 7 4 4 2 6 E - 0  1 1 2 . 5 Ô 6 9 7 0 E - 0 1 1 0 . 3 5 0 0 Û O E + 0 0  0 0 . 0

4 4 1 7 . 5 8 . 0 2 0 5 - . 0 0 2 2 1 . 6 9 8 6 9 . 0 1 1 8 4
4 3 6 7 . 8 8 . 0 2 2 0 —. 0  0 2 4 1 . 7  1 8 0 0 . 0  1 1 8 6
4 3 2 0 . 2 0 .0231 —. 0  0 2 6 1 . 7 3 6 9 5 . 3 1 2 2 6
4 2 8 5 . 7 3 .0238 - . 0 0 2 7 1 . 7 5 0 9 0 . 0  1 2 8 3
4 2 6 4 . 2 8 .0242 - . 0 0 2 8 1 . 7 5 9 7 0 . 0 1 3 7 2
4 2 5 1 . 0 8 . 0 2 4 4 - . 0 0 2 8 1 . 7 6 5 1 6 . 0  1 5 0 4
4 2 4 8 . 0 5 . 0 2 4 5 - . 0 0 2 9 1 . 7 6 6 4 2 . 0 1 5 7 2
4 2 4 5 . 8 4 . 0 2 4 6 - . 0 0 2 9 1 . 7 6 7 3 4 . 0  1 6 7 4
4 2 4 4 . 5 6 . 0 2 4 6 - . 0 0 2 9 1 . 7 6 7 8 7 . 0  1 8 1 5
4 2 4 4 . 0 8 . 0 2 4 6 - . 0 0 2 9 . 1 . 7 6 8 0 7 . 0 1 9 8 9
4 2 4 3 . 8 9 , 0 2 4 6 - . 0 0 2 9 1 . 7 6 8 1 5 . 0 2 1 7 5
4 2 4 3 . 9 9 . 0 2 4 6 - . 0  0 2 9 1 . 7 6 8 1 1 . 0 2 3 7 3
4 2 4 3 . 7 2 . 0 2 4 6 - . 0  0 2  9 1 . 7 6 8 2 2 . 0 2 5 5 6
4 2 4 3 . 7 7 . 0 2 4 6 - . 0 0 2 9 1 . 7 6 8 2 0 . 0 2 7 5 2
4 2 4 3 . 7 0 . 0 2 4 6 - . 0 0 2 9 1 . 7 6 8 2 3 . 0 2 9 4 3
4 2 4 3 . 6 8 . 0 2 4 6 - . 0 0 2 9 1 . 7 6 8 2 4 . 0 3 1 3 6
4 2 4 3 . 6 4 . 0 2 4 6 - . 0 0 2 9 1 . 7 6 8 2 5 . 0 3 3 2 9
4 2 4 3 . 6 3 . 0 2 4 6 - . 0 0 2 9 1 . 7 6 8 2 5 . 0 3 5 2 3
4 2 4 3 . 5 1 . 0 2 4 6 - . 0 0 2 9 1 . 7 6 8 3 1 . 0 3 7 1 1
4 2 4 3 . 6 3 . 0 2 4 6 - . 0 0 2 9 1 . 7 6 8 2 6 . 0 3 9 1 0
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th e  c o r r e c t e d  t e m p e r a tu r e  r i s e  was fo u n d .  The v a l u e s  f o r  

ru n s  18 and 19 w ere  1 ,7 3 8 °  and  1.769** r e s p e c t i v e l y .  T h is  

com pares  w e l l  w i th  t h e  v a l u e s  o f  1 . 7 3 7 7  end  1 . 7 6 8 3  found  by  

th e  n u B ie r ic a l  m ethod . H ow ever, t h e  P a r r  v a lu e  f o r  ru n  19 

v a r i e d  b e tw ee n  1 .7 6 7  and 1 .7 7 1  d e p e n d in g  on Where th e  v a lu e  

o f  t e  was s e l e c t e d ,  t h a t  i s ,  w here t h e  l i n e a r  p o r t i o n  o f  th e  

T v s  t  c u rv e  b e g a n ,  w hich  i n d i c a t e d  t h e  end  o f  t h e  main 

p e r i o d .  The n u m e r ic a l  m ethod e l i m i n a t e s  th e  n e ed  f o r  t h i s  

human judgm en t o f  th e  end  o f  th e  main p e r i o d .

S in c e  f i v e  o f  t h e  seven  v a l u e s  o f  th e  e n e rg y  e q u i v a l e n t  

o f  th e  c à l o r i m s t e r  were w i t h i n  1 . 1  k c a l / d e g r e e  o f  e a c h  o t h e r ,  

i t  was f e l t  t h a t  t h e i r  a v e ra g e  would g iv e  a  t r u e r  v a lu e  f o r  

th e  e n e rg y  e q u i v a l e n t  o f  th e  sy s te m . U s in g  t h i s  v a l u e ,  

i|2 lt.l . 8  + . 2 0  k c a l / d e g r e e ,  t h e  h e a t s  o f  co m b u s tio n  o f  th e  

a u x i l i a r y  m a t e r i a l s  w ere  d e te r m in e d .  The v a l u e s  a r e  l i s t e d  

i n  T ab le  1 5 .

I n  o r d e r  t o  c o r r e c t l y  e v a l u a t e  th e  h e a t  c a p a c i t y  te rm  

due t o  CO2  i n  th e  p r o d u c t s ,  t h e  amount o f  CO2  from  t h e  a u x i l i 

a r y  m a t e r i a l  h a d  t o  be  e s t i m a t e d .  The m o le c u l a r  fo rm u la s  

f o r  M y la r  and  u n m e rc e r iz e d  c o t t o n  t h r e a d  were t a k e n  from  th e  

p a p e r  o f  Good e t  a l .  ( 14.6 ) .  T hese  fo rm u la s  were

an d  G^^oHgOj  ̂ f o r  th e  t h r e a d  and  M y la r  r e s p e c t i v e l y .  The 

fo rm u la  f o r  th e  n - p a r a f f i n  o i l  o f  CHg was d e te rm in e d  by  

f i n d i n g  th e  amount o f  c a rb o n  d io x id e  form ed on co m b u s tio n  o f  

a  known w e ig h t  o f  o i l  by  a b s o r p t i o n  o f  t h e  CO2  on I n d i e a r b .

A s i m i l a r  a b s o r p t i o n  f o r  th e  t h r e a d  showed th e  fo rm u la  used  

t o  be  e s s e n t i a l l y  t r u e  f o r  th e  t h r e a d .
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F iv e  d e t e r m i n a t i o n s  o f  th e  h e a t  o f  c o m b u s tio n  o f  th e  

t h r e a d  were a t t e m p te d  b u t  o n ly  t h r e e  showed no c a rb o n  d e p o s 

i t s .  Of t h e s e  t h r e e ,  two a re  w i t h i n  3 c a l /g m  o f  e a c h  o t h e r  

w h i le  th e  3 r d  i s  a b o u t  30 c a l /g m  h i g h e r  th a n  t h e s e  tw o . The 

a v e ra g e  o f  th e  lo w e r  two v a l u e s ,  1 0̂ 3 5 * 8  c a l /g m  i s  t a k e n  a s  

t h e  h e a t  o f  c o m b u s tio n  o f  th e  u n m e rc e r iz e d  c o t t o n  t h r e a d .

The v a lu e  from  Good e t  a l .  (I4.6 ) o f  I4OB0  c a l /g m  i n d i c a t e s  

t h i s  v a lu e  may be  to o  lo w . Due t o  th e  f a c t  t h a t  n e v e r  more 

th a n  a b o u t  3  mg o f  t h r e a d  would be  u se d  a s  a  f u s e  i n  a  com

b u s t i o n ,  t h e  v a lu e  o f  t h e  h e a t  o f  com bus tion  d o e s n ' t  need  to  

be  known to  more th a n  3  s i g n i f i c a n t  f i g u r e s .

S i m i l a r l y ,  f i v e  d e t e r m i n a t i o n s  o f  th e  h e a t  o f  co m b u s tio n  

o f  M y la r  were p e r fo rm e d .  W hile  th e  s c a t t e r  was n o t  a s  b ad  

a s  in  th e  c a s e  o f  th e  t h r e a d ,  t h e r e  was s t i l l  s e v e r a l  c a l 

o r i e s  d i f f e r e n c e  b e tw een  f o u r  o f  th e  v a l u e s  and  a much l a r g e r  

d i s c r e p a n c y  w i th  th e  f i f t h .  H ow ever, th e  a v e ra g e  o f  th e  

f o u r ,  5 ^ 6 3 . 3  c a l /g m  com pares  w e l l  w i th  th e  v a lu e  o f  Good e t  

a l .  o f  5 1 4 7 6 . 1 .

The p a r a f f i n  o i l  com busted  th e  m ost c l e a n l y  o f  the  

a u x i l i a r y  m a t e r i a l s .  The t h r e e  v a l u e s  show a g re em e n t w i t h in  

9 c a l /g m .  The r e l a t i v e l y  l a r g e  h e a t  o f  co m b u s tio n  o f  IIOI4 8 . 9  

c a l /g m  shows th e  h i g h  e n e rg y  c o n t e n t  o f  th e  o i l  due t o  th e  

p r e s e n c e  o f  o n ly  C-H and C-C l i n k a g e s  r a t h e r  th a n  c a rb o n  

bonds t o  o t h e r  e l e m e n t s .

As th e  v a r i a b l e  l / l n R  h a d  b e e n  shown t o  behave  th e  same 

a s  T w i th  t im e ,  th e  c a l i b r a t i o n  c a l c u l a t i o n s  and th e  c a l c u 

l a t i o n  o f  th e  h e a t  o f  c o m b u s tio n  o f  th e  o i l  were c a r r i e d  o u t
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u s in g  l / l n R  i n  p l a c e  o f  T . The r e s u l t s  a r e  shown in  T a b le  

l5«  As was done w i th  T a s  t h e  v a r i a b l e ,  th e  a v e ra g e  o f  th e
7

f o u r  c l o s e s t  v a l u e s ,  58029 x  10 c a l  ohm, was u se d  f o r  th e  

e n e rg y  e q u i v a l e n t .  The v a l u e s  o f  th e  h e a t  o f  t h e  co m b u s tio n  

o f  th e  o i l  were 3*5 c a l /g m  lo w e r  i n  e a c h  c a s e .  T h i s  f i g u r e  

a p p ro a c h e s  th e  e x p e r im e n ta l  u n c e r t a i n t y  one would l i k e  f o r  

t h i s  ty p e  o f  w ork , 1 p a r t  i n  10000 ( 8 ) ,  a s  opposed  t o  3 p a r t s  

in  10000 w hich  th e  3*5 f i g u r e  r e p r e s e n t s .  T h e r e f o r e  f u r t h e r  

work sh o u ld  be  done w i th  compounds o f  w e l l  c h a r a c t e r i z e d  

h e a t s  o f  co m b u s tio n  t o  see  i f  l / l n R  i s  a s u b s t i t u t e  f o r  T.

Two p r e l i m i n a r y  a t t e m p t s  w ere  made to  com bust t r i m e t h y l -  

in d iu m . The m e t a l - a l k y l  was h o u se d  in  a  p o l y e t h y l e n e  b a g  

a s  M yla r  was a t t a c k e d .  P a r a f f i n  o i l  was th e  a u x i l i a r y  com- 

b u s t a n t  a lo n g  w i th  a  c o t t o n  f u s e .  A 20^  by  w e ig h t  h y d r o 

c h l o r i c  a c i d  s o l u t i o n  was u sed  a s  th e  bomb s o l u t i o n .  In  

b o t h  c a s e s  v e r y  p o o r  c o m b u s t io n s  r e s u l t e d .  I n  th e  one i n 

s t a n c e ,  b i t s  o f  f u s e d  m e ta l  were s t u c k  t i g i t l y  to  th e  p l a t i 

num c r u c i b l e  and t h e r e  was a  f i n e  s u s p e n s io n  o f  a w h i te  

m a t e r i a l  i n  th e  h y d r o c h l o r i c  a c i d  s o l u t i o n .  In  th e  o t h e r  

i n s t a n c e ,  a  murky g re y  s o l u t i o n  r e s u l t e d  a lo n g  w i th  s o o t  

d e p o s i t s  on t h e  w a l l  o f  th e  bomb. The g re y  c o l o u r  o f  th e  

s o l u t i o n  was im p a r te d  by  sm a ll  s h a r p - lo o k i n g  p a r t i c l e s .

T hese p a r t i c l e s  were f i l t e r e d  o f f  and  a t t e m p t s  t o  d i s s o l v e  

them i n  v a r i o u s  s t r e n g t h s  o f  h y d r o c h l o r i c ,  n i t r i c ,  and  s u l 

p h u r ic  a c i d s  f a i l e d .  Some s u c c e s s  was a c h ie v e d  u s i n g  aqua 

r e g i a  b u t  th e  p r a c t i c a l i t y  o f  t h i s  m ix tu re  a s  a  bomb s o l u t i o n  

i s  n i l .  As a  r e s u l t  o f  t h e s e  p r e l i m i n a r y  c o m b u s t io n s ,  i t
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would seem t h a t  t h e  o x i d a t i v e  d e g r a d a t io n  o f  t r im e t h y l i n d iu m  

would n o t  g iv e  any  q u a n t i t a t i v e  therm o c h e m ic a l  d a t a .
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CHAPTER VI 

S u g g e s t  Io na  f o r  F u r t h e r  R e se a rc h

a )  T r im e th y l in d iu m

As an a l t e r n a t e  t o  th e  c o m b u s tio n  o f  t r im e t h y l i n d iu m ,  

i t  m igh t be p o s s i b l e  t o  use  th e  r o t a t i n g  bomb c a l o r i m e t e r  a s  

a r e a c t i o n  c a l o r i m e t e r .  T r im e th y la lu m in u m  was r e a c t e d  w i th  

a p p r o x im a te ly  I4 N a c e t i c  a c i d  in  t o lu e n e  s o l u t i o n  i n  a  r o t a t 

i n g  bomb c a l o r i m e t e r  t o  g iv e  aluminum t r i a c e t a t e  and  m ethane 

( 2 0 ) .  S m all  p e r c e n t a g e s  o f  i s o b u te n e  and  h y d ro g e n  n e c e s s i 

t a t e d  m ino r  c o r r e c t i o n s  f o r  t h e i r  c o n v e r s io n  t o  m e th an e .

Sample s i z e  o f  t r im e  th y la lu m in u m  was l i m i t e d  t o  l e s s  th a n  

0 . 7  gm due t o  t h e  f o r m a t io n  o f  c a rb o n  and l a r g e  q u a n t i t i e s  

o f  uns a t u r a t e d  h y d r o c a r b o n s .  As t r im e t h y l i n d iu m  i s  f u r t h e r  

down th e  aluminum su bg rou p  in  t h e  p e r i o d i c  t a b l e ,  i t s  com

p a r a b l e  r e a c t i o n s  a r e  much l e s s  v i o l e n t .  T h e r e f o r e ,  i t  sh o u ld  

be p o s s i b l e  t o  a f f e c t  i t s  r e a c t i o n  w i t h  a c e t i c  a c i d  i n  t o l u 

ene  s o l u t i o n  w i t h  l e s s  o r  no o c c u r r e n c e  o f  s i d e  r e a c t i o n s .  

H ow ever, l i k e  t r im e th y la lu m in u m ,  no th e rm o ch e m ic a l  d a t a  f o r  

th e  t r i a c e t a t e  i s  a v a i l a b l e  and would r e q u i r e  a d d i t i o n a l  

th e rm o c h e m ic a l  s t u d i e s  ( 2 0 ) t o  r e a l i z e  a  v a lu e  f o r  the  h e a t  

o f  f o r m a t io n .

I n  th e  p r e l i m i n a r y  work done on th e  r e a c t i o n  c a l o r i m e t r y  

o f  t r im e t h y l i n d iu m  i n  C h a p te r  IV , th e  p o s s i b i l i t y  o f  o b t a i n i n g

1 3 ^
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1 0 0 ^  r e a c t i o n  w i th  h a lo g e n s  o r  a eq u e o u s  s o l u t i o n s  o f  m in e r a l  

a c i d s  seems r e m o te .  H ow ever, th e  u s e ,  a s  a b o v e ,  o f  an o r g a n ic  

s o l v e n t  f o r  a  m in e r a l  a c i d  m ig ^ t  overcom e th e  i n a b i l i t y  t o  

a c h ie v e  th e  c l e a n  r e a c t i o n  o f  th e  t r im e t h y l i n d iu m  w i th  th e  

m in e r a l  a c i d .  The v a lu e  o f  th e  h e a t  o f  fo rm a t io n  o f  

(Xn2 (S 0 |^ )^ ,  C) i s  known (ij.), and  th e  s o l u b i l i t y  o f  s u l p h u r i c

a c i d  i n  e t h y l  e t h e r  i s  q u i t e  s u f f i c i e n t  t o  p r o v id e  an e x c e s s  

o f  a c i d  i n  e t h e r  s o l u t i o n  ( 5 0 ) .  The i d e a l i z e d  r e a c t i o n  

would be

2 I n ( C H j & 2  +  — > 1 0 2 ( 3 0 2 ^ ) 3  +  6CH2^.

The h e a t s  o f  s o l u t i o n  o f  s u l p h u r i c  a c i d ,  in d iu m  s u l f a t e ,  and  

methane i n  e t h y l  e t h e r  would h av e  t o  be d e te r m in e d .

b) Trime t h y l t h a l l i  urn

T r im e th y l  t h a l l i u m  i s  th e  o n ly  member o f  th e  l a s t  t h r e e  

e le m e n ts  in  Group I I I B  in  t h e  P e r i o d i c  T a b le  f o r  w hich  no 

th e rm o c h e m ic a l  d a t a  i s  a v a i l a b l e .  The d e g r a d a t i v e  o x i d a t i o n  

o f  t r i m e t h y l t h a l l i u m  s h o u ld  p r o v id e  an e x c e l l e n t  means o f  

d e te r m in in g  i t s  h e a t  o f  f o r m a t io n ,  p r o v id e d  no i n s o l u b l e  

p ro b lem  o f  in c o m p le te  co m b u s tio n  a r i s e s .  B o th  known o x id e s  

o f  t h a l l i u m ,  T I 2 O, and T I 2 O3  e r e  q u i t e  s o lu b le  i n  a eq u eo u s

s o l u t i o n s  o f  h y d r o c h l o r i c ,  s u l p h u r i c ,  o r  n i t r i c  a c i d s  ( $ 1 ) .

In  th e  c a se  o f  t h e  l a t t e r  o x i d e ,  i t  a l s o  h y d r o l y s e s  t o  th e  

t h a l l o u s  s a l t  ( $ 1 ) .  The v a l u e s  o f  th e  therm odynam ic p r o p e r 

t i e s  o f  (TINO3 ,  e) a r e  known (Ij.), and  th u s  th e  use  o f  an 

a eq u e o u s  n i t r i c  a c i d  s o l u t i o n  would a l lo w  th e  i d e a l i z e d  o x i 

d a t i o n  o f  t r i m e t h y l t h a l l i u m  to  be r e f e r r e d  to  t h e  s o l i d
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n i t r a t e ;

T1(CH3)3,c + 5 .^Û 2 ,g  + HN0 3 *nH2 0  ---- » TlN0 3 , c  + 3 CO2  +

The com parison ex p erim en t would in vo lv e  the  s o lu t io n  of 

T1 N0 3 , c  in  th e  bomb s o lu t io n  a lo n g  w ith  th e  com bustion of 

m a t e r i a l s  o f  known h e a t  v a lu e s  to  g e n e ra te  an e q u iv a le n t  

amount o f carbon  d io x id e  a s  found f o r  t r im e t h y l t h a l l i u m .

I f  th e  t r im e t h y l t h a l l i u m  c o u ld  no t be o x id iz e d  co m p le te 

l y ,  r e c o u rse  to  o th e r  r e a c t i o n s  i n  th e  r o t a t i n g  bomb c a l o r i 

m eter  would be a v a i l a b l e .  As v a lu e s  f o r  th e  h e a t  o f  form 

a t i o n  o f  t h a l l o u s  a c e t a t e ,  and t h a l l o u s  su lp h a te  a re  l i s t e d  

(^ 3 , th e  methods a l r e a d y  o u t l i n e d  f o r  t r im e th y l in d iu m  co u ld  

be a t te m p te d .

c ) T r im e th y lg a l l iu m

The v a lu e  o f  the  h e a t  o f  fo rm atio n  of t r im e th y lg a l l iu m  

h a s  been r e p o r te d  tw ice  (1 9 ,3 1 ) ,  and th e  v a lu e s  a re  q u i t e  d i v e r 

g e n t ,  III-.5 kca^/m ole  and I 7 . 6  k c a l /m o le  r e s p e c t i v e l y .  N e i th e r  

method in v o lv e d  the  use o f  a r o t a t i n g  bomb c a l o r im e te r .

C o n f l i c t i n g  r e p o r t s  ap p ea r  f o r  the  s o l u b i l i t y  o f  the 

o x id e s  Ga2 0 , and ^ 8 2 0 3  i n  aequeous sodium h yd rox ide  s o l u t io n s ;

one source  g iv e s  an a f f i r m a t i v e  s ta te m e n t  (5 2 ) ,  w h ile  a n o th e r  

d e n ie s  th e  s o l u b i l i t y  i f  the  o x id e s  have been s t r o n g ly  h e a te d

(5 3 ) .  The o n ly  s o l u t io n  would be a t r i a l  com bustion .

F a ilu r e  o f th e  o x id a tio n  procedure would n ot mean th e  

end o f  fu r th e r  s t u d ie s .  The two r e a c t io n s  o u t lin e d  fo r  t r i 

m ethylindium  w ith  a c e t i c  a c id  and su lp h u r ic  a c id  co u ld  be

t r i e d  b u t  in  th e  case  o f a c e t i c  a c i d ,  th e  h e a t  o f  fo rm a tio n  
of g a l l iu m  a c e t a t e  would a l s o  have to  be d e te rm in e d .
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APPENDIX

C om pu ta tio n  o f  th e  E th y lb e n z e n e  Formed by 

R e c o m b in a t io n  o f  B en zy l a n d  M ethyl R a d i c a l s

The minimum d e t e c t a b l e  amount o f  e th a n e  i s  a b o u t  i^.OO x 

1 0 "^  m o le s .  F o r  a  v e s s e l  volume o f  150 c c ,  a  c o n t a c t  t im e  o f  

0 . 5  s e c ,  and a t im e  o f e th y lb e n z e n e  f low  o f  1 8  m in , th e  c o n 

c e n t r a t i o n  o f  e th a n e  i s

I  ly -t  * l o ' l l  m o les/cc .

From th e  work o f  K om inar, J a c k o ,  and P r i c e  ( 2 5 ) ,  th e  r a t e

2 GH3  — > C2 H6  L k l

CH^ + CgH^H3 — » CĤ  ̂ + CgH^Hg [ 3 ]

CgH^Hg + CH3  — > CgH^CgH^ [ 6 ]

o f  f o rm a t io n  o f  e th y lb e n z e n e  = k ^ [c ^ H ^ H 2 3 [ c H ^ l ,  where [[CH3 ] *

(r a t e  o f  f o r m a t io n  o f
---------------------------------------------- 1 • The r a t e  c o n s t a n t ,  k, i s

\  j

o b ta in e d  from t h e  A r r h e n iu s  p l o t  f o r  t h e  p r e s s u r e  dependence  

o f  a t  th e  d e s i r e d  t e n ^ e r a t u r e  (51 )*  A t 1000°K and

2.k.»k mm, l o g ( k 3 / k ^ ^ / ^ )  ^  -  l o g (  ^ 3 ^ ^ ^ ^ /^ )  = 0 .6 1  where th e

s u p e r s c r i p t s  i n d i c a t e  t h e  p r e s s u r e  in  mm. U s in g  th e  h i ^  

p r e s s u r e  v a lu e  (0 0 ) ,  kj^ = 1 0 ^ ^*^  ( 5 2 ) ,  kj^ a t  mm i s  1 0 ^^*^

a s  r e a c t i o n  [  3 J  i s  p r e s s u r e  in d e p e n d e n t .

138
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The b e n z y l  r a d i c a l  i s  o b t a i n e d  from  e th y lb e n z e n e  

from  t h e  r e v e r s e  o f  r e a c t i o n  £ b j a n d  from r e a c t i o n  T h e r e 

f o r e ,  u s i n g  th e  r e p r e s e n t a t i v e  v a lu e  o f  2 .0  x  1 0 “^  m o le s  o f  

m ethane p ro d u c e d ,

-  1 .2 3  *  1 0 -9  m o l . . / c o .

11 2From K om inar, Jack o  and  P r i c e  ( 2 5 ) ,  kg = 10 * .  T h e r e f o r e ,

m o les  e th y lb e n z e n e  «  18 x 60 x  r a t e  o f  f o rm a t io n  o f  e t h y l -
rj b en zen e

= 8 .2 3  X l O ' f

a t  1000°K and 2^..^  mm.
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l k .0

D e r i v a t i o n  o f  Thet a  i n  th e  R e l a t i o n s h i p

Prom th e  above r e l a t i o n s h i p ,

DT + D 8 +  CInR = T + ©

T heirefore
1 = T 

Tnïï DT + D 6 +  C

ip ©
= UT + D©+"D + + D@ + C

_ T . ©
“  D^ + K b ï  + K

where K =» D © + C. In  a p l o t  o f  l / l n R  v s  T , th e  s lo p e  = —

Q
and th e  y - i n t e r c e p t  = -----------* T h e r e f o r e ,

DT + K

A -  7 - i n t e r c e p t  
"■ s lo p e

I f  th e  c u rv e  f i t  o f  l / l n R  v s  T l a  a  p o ly n o m ia l  o f  d e g re e  

2 ,  f o r  e x am p le ,
“  a i  + a2T + a jT ^ ,

= a2 + 2a3T 
a ,

and 0  = --------- ±-----  .
^  a 2  + 2 a jT

K
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1"!
C PYROLYSIS OF ETHYLBENZENE
C PROGRAM TO CALCULATE THE FIRST-ORDER RATE CONSTANTS AND THE EVALUATE THE
C PRODUCT DATA

D I M E N S I 0 N C M M ( 4 ) t P 6 ( 4 >  « H L ( 4 )  < P T < 4 ) , H L S ( 4 ) « D E N ( 4  > • GMOLE ( 4 ) «CMOLE <4> 
D I M E N S I O N  S E N ( 4 ) « S E N S ( 4  I * I S E N ( 4 ) « 1 S E N S I 4 ) . I P T ( 4 ) . A R E A ( 4 ) . A R E A S ( 4 )
READ IC O . ( C M M (I >. D E N ( I ) . 1 = 1 . 4 ) .R 

100 FORMAT ( 4 ( F 6 . 1 . F 6 . 3 ) . F 6 . Û )
IRNO=0 

4 1 F ( I R N O - 5 0 )  2 . 5 2 . 5 2
52  I F ( I R N O - 6 0 )  5 3 . 5 3 . 2
53  READ 1 0 7 . IR N O. L .E BW.T OLW .PA VE.P .V .T . I TRU N. I TEB .PS GC.P CH . ITEXP.TOLK 

1 . IPRT
107 FORMAT < I 2 . I I . F 6 . 4 . 4 F 6 . 2 . F 6 . 1 . 2  I 3 . 2 F 5 . 2 . 1 5 . E 9 . 2 . I 3 )

PRT=IPRT 
GO TO 6

2 READ 1 0 1 . IRN O.L .E BW .T OLW .P AVE .P .V .T . IT RU N. I TEB .P SGC .P CH. IT EXP .T OLK  
6 READ 10 3 . (PG( I ) . AREA( I ) . ISEN( 1>.AREAS!I  ) . I SENS( I ) . I P T ( I ) . I > 1 . 4 )

103 FORMAT ( 2 < 1 X . F 4 . 2 . F 4 . 1 . 1 2 . F 2 . 0 . 2 I 2 ) . F 4 . 2 . F 4 . 1 . 1 2 . F 4 . 1 . I 2 . I 2 . 1 X . F 4 .  
1 2 . F 4 . 1 . 1 2 . F 2 . 0 . 2 1 2 )

DO 14 1 = 1 . 4  
S E N ! I > = I S E N ( 1)
PTC I ) = IPT(  I »
S E N S ! I » = I S E N S ( I )

14 CONTINUE 
EBMW=CMW(3>
TMW=CMW<2)
TRUN»ITRUN 
TEB=ITEB 
TEXP=ITEXP 
PCM=PAVE/7.5
TLEB=( TEB*TOLW*EBMW)/ <  TRUN*EBW*TMW)
I F ( L - l )  1 0 . 2 0 . 2 0

10 IF CIR NO -34 )  1 1 . 1 1 . 1 2
11 D = 1 7 . 5 3  

GOT O 15
12 0 = 1 3 . 6 7  

GOTO 15
20  IFC IRN O-55 )  2 1 . 2 1 . 2 2  
22  0 = 1 9 . 4 8

GOT O 15
21 0 = 2 2 . 7 8 4
15 IFCTOLK) 3 7 . 3 8 . 3 7  
38  D = D * 7 8 . 1 / 9 2 . 1

TLEB=(TEB*TOLW*EBMW > / ( TRUN*EBW*CMW( 1 ) )
37  CT=(PAVE*TRUN*D>/(T0LW*TEXP)

A=<P*V)/CT*R)
EBN=EBW/EBMW
B » (PCH*A)/PSGC
IF C IR N O -5 1 ) 6 1 . 6 2 . 6 2

62  IFC lRN O- 61 I  6 3 . 6 3 . 6 1
6 3  C= C TOLK*TOLW*CT*( TEB+PRTI) / C3.*TMW*TRUN)

GO TO 6 6
61 C=CTOLK*TOLW*CT*CTEB+3.) ) / C3 . *TMW*TRUN)
6 6  CHN=B-C

EXPK = LOGF C ESN/C EBN-CHNI l /CT  
ELOG= C LOGF C EXPK) 1 / 2 . 3 0 3  
PXET =10 00 . /TE XP  
RNO=IRNO
PUNCH 102 .RNO.L .TEX P.TL EB.P CM .CT .EBN .CHN .EXP K.EL 0G .PXE T.C .D IFL  

102 FORMAT C F 4 . 0 . I 2 . F 6 . 0 . F 5 . 0 . F 5 . 2 . F 6 . 3 . 3 E 9 . 2 . 2 F 6 . 3 / 2 E 9 . 2 1 
IFCTOLK) 3 0 . 3 1 . 3 0
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3 1 READ 11 3 .B ENK  
I 13  FORMAT ( E 9 . 2 )

H2C = T 0L W *B ENK *C T*( TEB +3« ) / (TR UN* CM W( 1> >
F T O L ' l  . - 2 . * H 2 C * C M W (  D /T OL W  

71 K=l
GO TO 3 3  

3 0  H 2 C = 2 . * C
F T O L * I . - ( C+ H2 C) *CMW< 2 ) /T O L *

7 0  K=2
3 3  FEB= l . -CH N*C MW< 3) /EB W 
7 3  VL1Q =T0 L* *F T0L /DE N< K)

DO 2 4  1 = 1 . 4  
AREAS( I 1=AREAS*3*
S E N S * 1 )= SEN S* 3>
P T * I ) = P T * 3 )

2 4  CONTINUE
DO 3 4  1 = 1 . 4
G M O L E * I » = « P G * I ) * A ) / P S G C  
IF*AR EAS *I  1 I 4 * , 4 4 , 4 3  

4 4  A R E A S * I ) « I .
4 3  C MO LE* I ) »A RE A* 1 ) * S E N * I ) * V L I Q * P T * I ) * D E N * 1 ) / * A R E A S * I ) * S E N S * I ) * 1 0 0 0 « *  

ICM**I  » )
3 4  CONTINUE

DIFL=EBN-CMOLE* 3 )
FEBL = CMOLE *3 )*CMW*3) /EBW 
BENEB=CMOLE*1 ) - C  
H2EB=GMOLE* 2 ) -H 2C  
IF*CMOLE*3)>  7 7 . 7 7 . 7 6

7 7  EXKL=0.
ELOGKL=1 .
GO TO 7 8

7 6  EXKL = * LOG * EBN/CMOLE* 3 )  1 l / C T  
EL*X)KL= I LOG * EXKL 1 1 / 2 . 3 0 3

7 8  PUNCH 1 0 5 . * GMOLE*I 1 . 1  = 1 . 3 ) . * CMOLE*1 1 . 1  = 1 . 3 )
1 0 5  FORMAT * 6 E 9 . 2 )

PUNCH I 1 5 .H 2 E B . G M O L E * 4 1 .BEN E8 .CM OLE * 4 1 . EXKL. ELOGKL. F E B . F E B L . FT OL 
1 I S  FORMAT * 5 E 9 . 2 . 4 F 6 . 3 1  

H2EBR=H 2E B/EBN 
CH4EB»CHN/EBN 
C2H4CH=GMOLE * 4 1 /CHN 
STEB=CMOLE* 4 1 /EBN 
H2CH4 »H 2EB/CHN 
C2H4EB=GM0LE* 4 1 /EB N  
STYCH4=CMOLE* 41 /C H N  
BENEBR=BENEB/EBN 
BENCH=BENEB/CHN
PUNCH 1 0 9 . H 2 E 8 R . CH4EB. C2 H4 E B . S T EB . BENEBR. M2CH4. C2H4CH. STYCH4. BENCH 

1 0 9  FORMAT *5 E 9 . 2 / 3 6 X . 4 E 9 . 2 1 
GO TO 4

101 FORMAT * 1 3 . I 2 . F 6 . 4 . 4 F 6 . 2 . F 6 . 1 . 2 I 3 . 2 F S . 2 . I 5 . E 9 . 2 1  
END
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SUBROUTINE 0U 5CSP( NUMBER. M,MTOTAL)

C WILLIAM CLARK) ) ) ) > ) CHEMISTRY DEPARTMENT
C PROGRAM TO F I T  A POLYNOMIAL TO A SET OF DATA USING THE METHOD OF LEAST
C SQUARES. M IS  THE DEGREE OF THE POLYNOMIAL. AND HAS A MAXIMUM VALUE OF 10
C ONLY 199  POINTS CAN BE ENTERED. A BLANK CARD MUST SEPARATE SETS OF DATA
C MTOTAL ALLOWS ONE TO TRY A RANGE OF POLYNOMIALS WHERE MTOTAL IS  THE LOWEST
C DEGREE AND M IS THE HIGHEST DEGREE. IF MTOTAL IS ZERO. ONLY A POLYNOMIAL
C OF DEGREE M IS  FITTED

DIMENSION X ( 2 0 0 > . Y ( 2 0 0 ) . A ( 11 . I I ) . B ( I 1 ) . C ( 11 >. P ( 2 0 ) .NCOL< 11 )
COMMON Y. X .B  
IF(MTOTAL) 7 . 7 . 8  

8 LIM=M
DO 101 m=m t o t a u . l i m  

7 MX2=M*2
C f i n d i n g  t h e  l a r g e s t  AND SMALLEST ELEMENTS IN THE X AND Y ARRAYS

IND = 0
2 6  YXl -YC1)

YN1«Y<1)
XX1»X(1)
XN1=X(1 »
DO 14 1 = 1 . NUMBER

16 I F I Y N l - Y I I  I I 1 8 . 1 8 , 1 7
17 Y N I« Y ( I )
18 I F I Y X l - Y * I  1 I 2 0 . 1 9 . 1 9
20  Y X I » Y ( I )
19 I F I X N I - X I I  11 2 1 . 2 1 . 2 2
22  X N 1 = X ( I )
21 I F I X X l - X * I  11 2 3 . 1 4 . 1 4
2 3  XX1«X<I>
14 CONTINUE

IF  (INO> 4 6 . 4 6 . 4 4  
C NORMALIZING DATA AND TRANSPOSING COORDINATES

46  TX=<XX1+XN11 / 2 .
TY=(YX1+YN11 / 2 .
DO 4 9  1 = 1 . number  
XI I ) =X (  I l -TX 

49  Y ( I  I=Y< I l - T Y  
34 IND=1

GO TO 2 6
C DETERMINING THE ELEMENT OF LARGEST MAGNITUDE

44  I F ( A B S ( Y X l ) - A B S ( Y N l )1 2 4 . 2 5 . 2 5
24  DY=ABS(YNlI 

GO TO 2 7
25  0Y=ABS(YX1)
2 7  IF(ABS<XX1 >-ABSIXNI » » 2 8 . 2 9 . 2 9
28 DX ' AB SIX N l )

GO TO 30
29  DX=ABS(XXII
30  DO 31 1 = 1 . number  

X ( I ) = X ( I l /DX
31 Y ( I ) = Y ( I l / D Y

C FORMING THE POWERS OF X AND STORING IN THE P ARRAY
DO 3 3  1 = 1 .MX2 
P I  I ) » 0 .
DO 3 3  3 = 1 . number  

3 3  P ( I ) = P ( I ) + X ( J ) * * I  
C DEVELOPING COEFFICIENTS AND CONSTANTS FOR THE NORMAL EQUATIONS

N=M+ 1
DO 3 5  I =1 .N 
NCOLI I 1 = 1 
DO 3 5  3 = 1 .N
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1 #

K = I + J - 2
I F ( K )  3 9 , 3 9 , 3 8

3 8  At I , J ) = P ( K >
GO TO 3 5

3 9  A ( 1 , 1 ) -NUMBER 
3 5  CONTINUE

B ( 1 1 - 0 . 0
DO 41 J - 1 ,N U M B ER

41 B ( 1 t - B ( 1 ) + Y ( J )
DO 4 2  I * 2 , N
B(  I 1 - 0 , 0
DO 4 2  J - 1 ,N U M B ER

4 2  B < I ) - B ( I 1 + Y < J 1 * X < J l * * ( I - l 1
DOING THE P IVOTAL CONDENSATION BY EXAMINING ALL ELEMENTS 
N M l- N -1
DO 3 0 0  K-1 ,NM1
K P l - K + 1
L -K
LC-K
DO 4 0 0  I - K . N  
DO 4 0 0  I t - K , N
I F t A B S t A t  1 , 1 1 1 1 - A B S ( A ( L , L C 1  11 4 0 0 , 4 0 0 , 4 0 1  

4 01  L - I
L C - I I  

4 0 0  CONTINUE 
D I - 0 .
I F ( L - K 1  S O I , 5 0 1 , 4 0 5

4 0 5  DO 4 1 0  J - K , N  
T E M P - A ( K , J 1  
A ( K , J l - A t L , J 1

4 1 0  A ( L , J l - T E M P  
T EM P- B tK l  
B t K l - B I L l  
B t L l - T E M P  
D I - D I - M  .

50; i  I F ( L C - K 1  5 0 0 , 5 0 0 , 4 0 6
4 0 6  DO 4 1 1  J - K , N  

TE M P» A ( J , K 1
A t J , K ) - A ( J , L C 1  
A t J , L C 1 - T E M P  
ITEM-NCOLtKl  
NCOL( K 1-NCOL < L C 1 

41 I NCOL I LC 1 - 1 TEM 
DI-DI+1.
BEGINNING ELIMINATION AND BACK SOLUTION 
I F ( S E N S E  SWITCH 11 4 1 7 , 5 0 0  

4 1 7  PUNCH 4 3 7 , ( ( A t  I Q , J Q l , J O - 1 , 1 0 1 , I Q - 1 , 1 0 1  
PUNCH 4 3 7 , ( B < I Q l , I Q - 1 , 1 0 )

4 3 7  FORMAT ( 8 E 9 . 2 1  
p u n c h  4 3 8 , DI  

4 3 6  FORMAT t / 1 3 / 1  
5 0 0  DO 3 0 0  I - K P 1 , N

FACTOR-At  I , K 1 / A ( K , K 1  
At I , K ) - 0 . 0  
DO 30 1  J - K P l , N  

301 At I , J ) - A ( I , J l - F A C T O R * A ( K , J 1  
3 0 0  8 ( I 1 - B ( I l - F A C T O R * B ( K l  

D E T - 1 .
DO 4 2 0  1 = 1 ,N  

4 2 0  D E T - D E T * A ( I , I 1 
I D - D I / 2 .
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DO-10 * 2
I F I D I - O O )  4 I 3 . 4 1 4 . 4 1 3

4 1 3  OET— DET
4 1 4  CONTINUE 

PUNCH 4 2 6 , DET
4 2 6  FORMAT (/31HTME VALUE OF THE DETERMINANT I S E 1 6 . 8 / )

C < N ) - B ( N ) / A ( N . N )
I-NMl 

7 1 0  I P l - l + I  
SUM-0 . 0
DO 7 0 0  J - I P l «N 

7 0 0  SUM-SUM+A(I ,U)*C<J>
C ( I ) - ( B ( 1 ) -S U M ) / At  1 . 1 )
I-I-l
I F ( l )  8 0 0 . 8 0 0 . 7 1 0
CORRECTING THE SOLUTION VECTOR SO THAT THE X .S  AGREE WITH THE INDICES 

3 0 0  DO 5 0  I « 1 .N 
K - N C O L t I )

50  B < K ) » C ( I )
CORRECTING FOR EFFECTS OF NORMALIZING AND TRANSPOSING 
B ( 1 ) - B t 1 )*DY 
DO 54  I - l . M  

54  B ( l + 1 ) - B ( I + l ) * D Y / t D X * * I )
I F ( M - l )  9 9 . 9 9 . 9 2  

9 9  SUM=B(M)-BtN)*TX 
GO TO 9 5  

92  MM-M-1 
RK-M
SUM-BtN)*RK 
DO 91 I - l . M M  
J J - N - I  
R J - J J
I F ( I - l )  9 1 . 9 1 . 9 4

94  SUM»RJ*B(J J+1) -TX*SUM 
91 C < J J ) = B I J J ) - T X * S U M

SUM-B(M)-TX*B(N)
DO 9 7  J -1 ,MM 
J J - M - J

9 7  SUM-Bt J J) -TX*SUM
95  C <1 )=SUM+TY 

DO 9 8  1 - 1 ,M
9 8  B t I ) = C ( 1>

DO 5 2  I - l .NUMBER 
X ( I ) « X ( 1 )*DX 
Y ( I ) - Y ( 1 )*DY 
X t I ) - X t 1 )+TX 

5 2  Y<1 ) - Y t 1 )+TY
c a l c u l a t i n g  t h e  r e s i d u a l s  u s i n g  HORNER.S METHOD OF POLYNOMIAL EVALUATION 
AOO-0 .0  
MM-M-1 
BDD -0 .0  

119 DO 5 6  1 - 1 . NUMBER
SUM-BtM)+Xt1 ) * B t M + l )
I F ( M - l )  1 0 8 , 1 0 8 , 5 9  

5 9  DO 5 7  J - 1 .MM 
J J - M - J  

5 7  SUM-Bt J J l - f X t  1 )«SUM 
108 RES- SUM -Y( l )

IFtBOD) 5 6 , 5 6 , 6 1
61 IF ( A B S tR E S ) - 4 .* R M S Q )  5 6 , 5 6 , 6 2
6 2  PUNCH 6 3 , I . 1
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I'i6
6 3  FORMAT ( 2HX( 1 4 . 4 H > . Y ( 1 4 . 34M) IS  TOO FAR OFF THE CURVE <STOEV>)
5 6  ADD«AOO+RES*RES

IF(BOO) 1 1 6 , I 1 6 . 5 8  
116 AD-NUM8ER-1

RMSQ-SORT( ADD/AD)
SQRES-AOD 
B O O -I .
GO TO I 19
EXAMINING THE RESIDUALS IN LIGHT OF THE ROOT MEAN SQUARE AND AVERAGE DEV. 

58  CONTINUE 
PUNCH 8 3 »M

83  FORMAT( / / 4 1HCOEFFICIENTS OF THE POLYNOMIAL OF DEGREE 13.4M ARE/»
PUNCH 8 4 , ( B ( I ) • I - 1 ,N)

84  FORMAT ( 5 E 1 4 . 7 )
PUNCH 8 5 , RMSQ.SORES

85  FORMAT ( / 2 1HSTANDARD DEVIATION •  E14 .8 / 27 HS UM  OF RESIDUALS SQUARED 
I = E 1 4 . 8 )

I 01 CONTINUE 
M-0
RETURN
END
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SUBROUT I NE G W S P LT( YC O O R, XCOOR « IG R 1D , X L  « 1C tK O N T R L « J , K )

C G05PLT FINOS THE LIMI TS  FOR THE PLOTTER ROUTINE. DATA OUTSIDE THE DEFINED
C LIMITS  WILL BE REJECTED AND AN INDICATIVE MESSAGE PUNCHED.
C G05P IT  MUST BE CALLED BEFORE ANY DATA IS  READ INTO THE CALLING PROGRAM.
C I GRID ALLOMS THE CHOICE OF GRID TYPE,  AND MAY B E I (OUTLINE ONLY),  1 0 1 ( CUM-
C PLETE G R I D ) « OR 2 0 1 (NO OUTLINE OR G R I D ) ) .
C XL IS  THE PHYSICAL LENGTH OF THE PLOT IN INCHES IN THE X DIRECTION
C IC d e t e r m i n e s  t h e  a c t i o n  o f  t h e  p e n  IN PLOTTING
C IC MAY BE 0 ,  9 ,  9 0 ,  0R99  (SEE SHEET) .
C KONTRL d e t e r m i n e s  THE INITIALIZATION PRO(ÆDURE.
C KONTRL = I ,  . . . G R I D  + PLOT + NO REINITIALIZATION
C KONTRL = 2 ,  . . . . . . . . . .PLOT + NO REINITIALIZATION
C KONTRL = 3 ,  . . . G R I D  + PLOT + REINITIALIZATION
C KONTRL = 4 ,  . . . . . . . . . .PLOT + REINITIALIZATION
C KONTRL = 1 ,  OR 3 MUST BE IN THE F IRST CALL G05PLT STATEMENT.
C SUBSEQUENT SETS OF DATA PLOTTED ON THE SAME GRID WILL BE DONE IN DIFFERENT
C COLOURS, AND A MESSAGE RELATING COLOUR TO DATA PUNCHED.

DIMENSION YCOOR( 2 0 0 ),XC(X>R(2 0 0 )
COMMON YCOOR,XCOOR 
GO TO ( 2 3 , 4 B , 2 3 , 4 8 ) , KONTRL 

23  YX-YCOORIJ)
TYPE 29

2 9  FORMAT (5IHTURN ON THE PLOTTER PLEASE,  ADJUST THE PEN,  RESTART/ / )
PAUSE
YN-YC(X)R( J )
XX=XCOOR(J)
X N = X C (X )R ( J )
0 0  61 I - l , 2 0 0

C THE POINT 0 . 0  IS  IGNORED IN FINDING THE LIMITS OF THE PLOT.
IF (AB S(Y COO R( I ) )+ABS(XCOOR(I )> )  6 0 , 6 1 , 6 0

6 0  IF ( Y X - Y C O O R ( I ) )  6 2 , 6 3 , 6 3
62  YX-YCOOR(I)
6 3  IF (YN -YC OOR (I ) )  6 4 , 6 4 , 6 5
6 5  YN-YCOOR(I)
6 4  IF ( XX-XCOOR(I ) )  6 6 , 6 7 , 6 7
6 6  X X -X C (X )R ( I  )
6 7  I F ( X N - X C 0 0 R ( I ) )  6 1 , 6 1 , 6 8
6 8  XN-XCOOR(I)
61 CONTINUE

Y D= (Y X -Y N) /1 0 .
YX-YX+0. I*YD 
VN-YN-O.1*YD 
XD=(XX-XN)/XL 
X L-X L+0 .2  
XX-XX+0.1*XD 
XN-XN-0.1*XD
CALL PL OT ( I GR ID ,X N .X X ,X L ,X O, Y N, Y X, 1 0 . 2 , YD)
KOUNT-1
PUNCH 45 ,YX.XX,YN.XN 

4 5  FORMAT ( /32HTHE BOUNDS OF THE PLOT ARE Y M A X -E l1 .4 .7 H ,  XMAX-EI I . 4 / 2  
1 6 X . 5 H Y M I N - E I I . 4 , 7 H ,  X M I N - E l I . 4 / )
GO TO 4 7  

4 8  TYPE 50
50  FORMAT (65HCHANGE THE PEN PLEASE,  AND TYPE THE COLOUR CODE BEFORE

IRESTART ING/5 2H . . . .  1 FOR RED, 2 FOR GREEN, 3 FOR BLUE, 4 FOR BLACK 
2 )

TYPE 52
52  FORMAT ( 37HTHE FORMAT FOR THE COLOUR CODE IS  1 2 . / / )

ACCEPT 5 1 .KOLOUR
51 FORMAT ( 1 2 )

KOUNT-KOUNT+I
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GO TO ( 9 1 , 9 2 , 9 3 , 9 4 ) «KOLOUP

91 PUNCH 9 S , K O U N T , X C O O P ( J ) , Y C O O R ( J )
GO TO 4 7

9 2  PUNCH 9 6 , K OU NT ,X C O O R (J ) , Y C O O R (J )
GO TO 4 7

9 3  PUNCH 9 7 , KOU NT,X CO OR< J) ,Y CO OR(J )
GO TO 4 7

9 4  PUNCH 9 8 , KOUNT, XCOOR( J ) , YCOOR( J )
9 6  FORMAT ( lOHTHE NUMBER 12 , 27H SET OF 

l E l 1 , 4 , 14H AND I S  GR E E N. )
9 7  FORMAT ( lOHTHE NUMBERI2 ,27H 

l E l 1 , 4 , 13H AND I S  B L U E . )
9 8  FORMAT ( lOHTHE NUMBERI2 .27H 

l E I 1 .4, 14H AND I S  BLAC K. )
9 5  FORMAT ( lOHTHE NUMBER 12 , 27H 

l E l 1 . 4 , 12H AND I S  R E D . )

DATA BEGINS WITH X = E 1 1 . 4 . 4 H ,  Y-

SET OF DATA BEGINS WITH X - E l 1 . 4 , 4 H ,  Y*

SET OF DATA BEGINS WITH X - E l 1 . 4 , 4 H ,  Y-  

SET OF d a t a  BEGINS WITH X - E l 1 . 4 , 4 H ,  Y-

4 7

7 2
7 3
74
7 5

71
7 8
3 9

8 2
81

DO 3 9  I = J , K  
I F ( Y X - Y C O O R ( I ) )  
I F ( Y N - Y C 0 0 R < I ) )  
I F ( X X - X C O O R < I ) )  
IF ( X N - X C O O R ( 1 ) )

71 , 7 2 , 7 2
7 3 . 7 3 . 7 1  
7 1 « 7 4 , 7 4
7 5 . 7 5 . 7 1

CALL PLOT ( 9 , X C O O R < I ) , YCOOR(1 ) )
GO TO 3 9
PUNCH 7 8 , X C O O R ( I ) , YCOOR*1)
FORMAT ( 2 H X - E 1 1 . 4 , 4 H ,  Y- E l  1 . 4 , 18H 
CONTINUE
GO TO ( 8 1 , 8 1 , 3 2 , 8 2 ) «KONTRL 
CALL P L O T ( 7 )
RETURN
END

ARE OFF THE P L O T . )

6 0 6

SUBROUTINE G 0 5 P I T
THIS  SUBROUTINE I N I T I A L I Z E S  THE CONTENTS OF X AND Y.  
DIMENSION X ( 2 0 0 ) , Y ( 2 0 0 )
COMMON Y,X 
DO 6 0 6  I - l , 2 0 0  
X ( I ) - 0 .
Y < I ) - 0 .
RETURN
END

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



149

c  PROGRAM TO T E S T  V A R I O U S  METHODS OF N U M E R I C A L  I N T E G R A T I O N
C C A L C U L A T E S  A C OMP LE TE  SET OF T E M P E R A T U R E - T I  ME P O I N T S  FOR THE MOST
C C H A N G I N G  P AR T OF T HE  C U R V E .  2 9 0  I S  S UB TR AC T ED  FROM E AC H  TE MP ERAT URE

D I M E N S I O N  T E M P I  2 0 0 )  , T I M E ( 2 0 0 ) « A ( 2 )
D I M E N S I O N  A A ( 2 ) , A C ( 2 )
D I M E N S I O N  A E I 2 )
COMMON T E M P .  T I .  IE 
PUNCH 9 9 9  

9 9 9  FORMAT ( 1 4 H S W I L L I A M  C L A R K )
DO 7 5  I M = 3 « 4  
DO 7 5  K I = I M , 4  
K Z - K I + 1
PUNCH I 2 3 . K 2 . I M

1 2 3  FORMAT ( / 3 2 H N U M B E R  OF P O I N T S  PER I N T E R V A L  I S I 2 / 2 2 H 0 R D E R  OF POLYNOM 
U A L  I S I 2 / )

DO 7 5  I = K I . 3 6 . K I
R I  = I
I R = I + 1
R A = 1 . 8
T I M E ! 1 ) = 8 . 0
LM = 0
DO 9 5  I J = 1 , 2  
R J = R A / R I
T E M P ( I ) = 2 9 6 . U - 0 . 3 / ( T I M E ! I ) - l 0 . 0 )
T E MP I  1 ) - T E M P I  1 ) - 2 9 6 .
DO 8 5  K J = 1 , I 
K L - L M + K J + 1
T I M E I K J + l ) = T I M E I K J ) + R J  
I F I I J - 2 )  6 7 , 6 8 . 6 8

6 7  T E M P I K J + 1 ) = 2 9 6 . 0 - 0 . 3 / 1 T I M E I K J + l ) - 1 0 . 0 )
T E M P I K J + l ) = T E M P I K J + 1 ) - 2 9 6 .
D = 6 .  0 
E = 0 . 3  
F - 1 0 . 0  
GO TO 8 5

6 8  T E M P I K J + 1 ) = 2 9 a . Q - 0 . 0 5 / I T I M E ( K J + l ) - 9 . 7 0 )
T E M P I K J + l ) = T E M P ( K J + 1 ) - 2 9 6 .
D = 8 .  0 
E - 0 . 0 5  
F - 9 . 7 0  

8 5  C O N T I N U E
A I I J ) = G 0 5 A R A I T E M P , T I M E , 1 , I R )
A A I  I J ) - G 0 5 T R P I  T E M P , T I  M E , 1 , I R )
A E I I J ) = G 0 5 A C F I 1 , I R . K I , I M )
A C !  I J ) = D * I T I M E (  I R ) - T I M E I 1 ) ) - E * L O G I  I T I  ME I I R ) - F ) / I T I M E  I 1 ) - F ) )
A D = R A * 6 .
A C ! I J ) = A C I I J I - A D  
R A - 2 . 4  
T I M E ! 1 ) = 9 . 8  
LM= I 

9 5  C O N T I N U E
S A S = A ( 1 ) + A I 2 )
SACS = A C I  1 ) + A C I 2 )
S A A S - A A I 1 ) + A A I 2 )
S C S - A E I 1 ) + A E I 2 )
PUNCH 1 0 0 , I A I N ) , A A ( N ) , A E I N ) , A C ( N ) , N = 1 , 2 )

1 0 0  FORMAT I 4 X . 4 I 1 X . E 1 5 . 8 ) )
PUNCH 1 0 1 , I R . S A S . S A A S . S C S , S A C S

101 FORMAT I 1 4 , 4 1  1 X . E 1 5 . 8 )  )
7 5  c o n t i n u e

19  C A L L  E X I T

END
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c PROGRAM FOR CALIBRATING THE CALORIMETER AND CALCULATING THE HEATS OF
C COMBUSTION OF THE AUXILIARY MATERIALS
C NOTE**MM. I C . ID MUST BE ODD NUMBERS
C WILLIAM CLARK CHEMISTRY DEPARTMENT

DIMENSION TEMP( 2 0 0 ) « T I M E ( 2 0 0 ) , Q E ( 5 « 5 )
DIMENSION WAUXO) <EAUX(3) ,A(  3 )  , B ( 3 )  <C(3 )  , 0 ( 3 )  ,  AUXN ( 3 )
COMMON TEMP,TIME,QE,NO,MO 
PRINT 8 0

80  FORMAT <20X,26HSWILLIAM CLARK, . . CHEMISTRY/ / )
READ 1 0 1 , Z , R , DH20, NO, MO, VBOM, CH20, C 0 2 , C C0 2 , CRT, EFUSE, EBENZ 
READ 1 0 4 , < A ( I ) , B < I ) , C ( I ) , I - l , 3 )

104 FORMAT ( 3 F 6 . 3 )
90  READ 1 0 2 , IRUN,MM,IC, I D , WBENZ, WFUSE, WCRUC, WWIRE, VH20, V 1 «P 0 2 , VBASE, T 

1 JACK
READ 1 0 3 ,  BASEN, (WAUX(I) , I - I , 3 )

103 FORMAT ( 4 F 8 . 5 )
READ 1 0 5 , ( E A U X ( 1 ) , I - I , 3 )

105 FORMAT ( 3 F 7 , 1 )
READ 2 0 9 , (T IM E( I ) , TEMPI I ) , I = 1 , MM)

C CONVERSION OF RESISTANCE TO TEMPERATURE
125  c a l l  G05C0N<TEMP,MM)

TMP-TEMPI I )
DO 9 7  I - 1 , MM 

9 7  TEMPI I ) -TEMP( I ) -TMP 
P P 0 2 - I 1 4 . 7 + P 0 2 ) / 1 4 , 7  
WH20-0H20*VH20

c c a l c u l a t i o n  o f  m i n o r  h e a t  t e r m s
F - 1 ,  + ( 2 0 , * ( P P O 2 - 3 0 , ) + 4 2 . * ( ( WBENZ/VBOM> - 3 . ) + 3 0 . *  I ( WH20/VB0M) - 3 . ) - 4 5  

I . * ( TEMP I MM) - 1 8 . 0 -TM P) )  ) / ( I 0 . * * 6 )
EBENZC=EBENZ*F
E I G N - ( 5 0 0 . * V I * V 1 ) / ( 4 . I 8 4 * 1 0 . * * 6 )
EACID-VBASE*BASEN*13.8
DQ-WBENZ*EBENZC+EIGN+EACID+WFUSE*EFUSE 
EFU-WFUSE*EFUSE 

C CALCULATION OF MOLES OF PRODUCTS FROM BENZOIC ACID
BEN-WBENZ/1 2 2 . 1 2
02NI -  IPP02*VB0M) / 1 O. 0 8 2 * (  TEMP ( 1 0 + 2 9 0 .  ) >
0 2 N F - 0 2 N I - 7 . S*BEN
C0 2N -7 .0* BEN
H 2 0 N - W H 2 0 / 18 .0 16 + 3 .* B E N
P T N - ( WCRUC+WWIRE) / 1 9 5 . 0 9
KONT-0
DO 41 1 - 1 , 3
I F ( W A U X d ) )  4 1 , 4 1 , 4 2

42  I F I E A U X I I ) )  4 3 , 4 3 , 4 1
4 3  KONT-I 

GO TO 4 6
41 CONTINUE

C CALCULATION OF MOLES OF PRODUCTS FROM THE AUXILIARY MATERIALS
46  DO 3 0  1 - 1 , 3

D ( I ) - A ( I ) + B < I ) / 4 . - C < I ) / 2 .
AUXNII) -WAUXII) / < 1 2 . 0 1 * A ( I ) + l . 0 0 8 * 8 1 1 ) + 1 5 . 9 9 9 * C ( I ) )
DQ»DO+WAUX(I)*EAUX(I)
C 0 2 N - C 0 2 N + A U X N ( I ) * A ( I )
0 2 N F - 0 2 N F - A U X N I I ) * D ( I )
H20N-M20N+AUXN*I) * B ( I ) / 2 .

30 CONTINUE
ETH-WAUX(1 )*EAUX(1)
IF(KONT) 7 1 , 7 2 , 7 1  

71 C S Y S - 4 2 4 1 . 8
CMEAS-CSYS+CH2)*H20N+C02*02NF+CC02*C02N+CPT*PTN
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CALCULATION OF THE CORRECTED TEMPERTURE R I S E  

7 2  DO 2 3 0  L - 1 « 2 0  
J A - 1  
l A - I C
DO 1 2 0  1 = 1 . 2  
SLOPE= 0 .
Y I N T = 0 ,
T A V E -0 ,
CALL 6 0 5 L S O ( t e m p , T I M E , J A , I A , SL OPE , Y IN T , T A V E )
Q E ( 1 ,  1 ) > 1 •
Q E ( I , 2 ) =TAVE 
Q E ( I , 3 ) = S L O P E  
JA = ID  
IA=MM 

1 20  CONTINUE
CALL G05SIM<QE,NO,MO)
DELT = Q E < I , 1 1  * ( TI  ME I I D ) - T I M E ! I C ) ) + Q E ( 2 , 2 ) *GOSARA( TEMP, TI  ME, I C , I D )  
DELTC=TEMP« I D ) - T E M P I  l O - D E L T  
IF IKONT)  6 6 , 1 3 0 , 6 6
CALCULATION OF THE ENERGY EQUIVALENT OF THE CALORIMETER 

1 30  CMEAS-DQ/DELTC 
6 7  C S Y S =C M E A S -C H 20 * H 20 N - C 0 2 *0 2 N F -C C 0 2* C 0 2N -C P T * PT N  

PRINT 2 5 0 , I R U N , C S Y S , Q E I 1 , 1 ) , QE12 « 2 ) ,DELTC,DELT 
2 5 0  FORMAT I I 4 , 5 E 1 3 . 7 )

GO TO 6 9
CALCULATION OF THE HEAT OF COMBUSTION OF AUXILIARY MATERIALS 

6 6  DQQ=CMEAS*DELTC
EAUX IKONT) = IDQQ-DQ) /WAUXIKONT)
PRINT 2 6 0 , IRUN,EAUXIKONT)«DELTC 

2 6 0  FORMAT I 13 , F 9 . 1 , E 16 . B )
6 9  I D - I D + 2  

2 3 0  CONTINUE
CPD=CSYS-CMEAS
PR INT  2 6 2 , E I G F , EAC I D , E F U , ETH , CPD 

2 6 2  FORMAT I / 5 E 1 4 . 6 / )
GO TO 9 0

101 FORMAT I E 1 2 , 5 , F 9 . 5 , F 6 , 4 , 2 I 2 , F 5 . 3 , F 7 . 3 , 3 F 6 , 3 , F 4 . 1 , F 6 , 0 )
1 0 2  FORMAT I 13 , 14 , 2 1 3 , F 8 . 5 , F 5 . 1 , 2 F B , 5 , F 5 , 2 , 2 F 5 , 0 , F 6 , 2 , F B , 3 )
2 0 9  FORMAT I 5 1 F 7 . 2 , F 7 . I  )>

3  CALL E X I T  
END

SUBROUTINE G05C0NITEM,NN)
s u b p r o g r a m  f o r  c o n v e r s i o n  o f  RESISTANCE TO TEEMPERATURE 
DIMENSION TEM( 2 0 0 )
DO 2 2  1 = 1 ,NN
XC= IALO GITE MI1 ) ) * 1 0 . 1 - 7 7 . B
TEMI I )  = 1 . 6 5 7 B 1 2 3 + 2 . 5 5 3 6 B 2 4 * X C + . 0 0 1 1BB5630*XC*XC 
TEMI 1 ) - I I 1 0 . * * 5 ) / I T E M I  I ) + 3 3 5 . ) ) - 2 9 0 .

2 2  CONTINUE 
RETURN 
END
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FUNCTION G05ARA(TE«TI<N«NM)
SUBPROGRAM FOR FINDING AREA UNDER CURVE USING LAGRANGIAN FORMULA 
DIMENSION T E < 2 0 0 ) . T I ( 2 0 0 )
MM-NM-2 
G05ARA-0 .0  
DO 4 0  J=N,MM,2
D = ( T E ( J ) * ( 3 . * T I ( J + 1 ) - 2 . * T I ( J ) - T I ( J + 2 ) ) > / ( ( T I <J >- T I t J + 1 > ) * ( T I ( J ) - T I  

I <J+2)))
E » ( T E ( J + 1 ) * ( T I ( J ) - T I <J + 2 ) ) ) / < ( T 1 ( J + I ) - T I ( J ) ) * ( T I <J + 1 ) - T I ( J + 2 ) ) )  
F = ( T E ( J + 2 ) * ( 2 . * T I ( J + 2 ) + T I ( J ) - 3 . * T I ( J + 1 ) ) ) / ( ( T I ( J + 2 1 - T I ( J ) ) * ( T I ( J + 2  

1 ) - T I ( J + 1 ) ) )
T D T = ( T I ( J + 2 ) - T I ( J ) ) * ( T I ( J + 2 1 - T I ( J ) ) * ( D + E + F ) / 6 .
G05ARA=G05ARA+TDT 

40 c o n t i n u e  
RETURN 
END

FUNCTION GU5 TR P(TE ,TI ,N ,NM)
DIMENSION T E ( 2 0 0 ) . T I ( 2 0 0 )
COMMON TE*TI 
MM-NM-1 
G 0 5 T R P - 0 . 0  
DO 41 J=N«MM
T D T = ( T I ( J + 1 ) - T I ( J ) ) * T E ( J ) + 0 . 5 * ( T I ( J + 1 ) - T I ( J ) ) * ( T E ( J + 1 ) - T E ( J ) ) 
G05TRP=G05TRP+TDT 

41 CONTINUE 
RETURN 
END

FUNCTION G05ACF( N,NM,NO.NP)
C SUBPROGRAM TO FIND THE AREA UNDER A CURVE WHICH I S A  POLYNOMIAL CURVE F I T .
C OF 3 TO 5  EXPERIMENTAL POINTS.
C NP IS  THE ORDER OF THE POLYNOMIAL. AND IS  LESS THAN OR EQUAL TO NO
C NO+I IS THE NUMBER OF POINTS CONSIDERED PER STEP
C N AND NM ARE THE LIMITS  OF THE EXPERIMENTAL DATA TO BE PROCESSED

DIMENSION TE( 2 0 0 ) , T 1 ( 2 0 0 ) .T E A ( 5 ) , T I A ( 5 ) «SOLN( 5 )
COMMON T E .T I
MO-NO+1
MM-NM-NO
MP-NP+1
G 0 5A C F -0 .0
DO 40  JsN.MM.NO
DO 4 4  K=1,MO
KKsJ+K-1
T I A (K ) = T I ( K K )

44  TEA(K)=TE(KK)
CALL G05CFP(TIA .TEA.SOLN.MO.NP)
TOTALsO.
DO 4 6  L - 1 «MP 
FL=L
TOTALsTOTAL+SOLN( L ) * ( TI A( MO) * * L - T I  A( 1 ) * * L ) / F L  

46 c o n t i n u e
G05ACF=G05ACF+TOTAL 

40  CONTINUE
r e t u r n
END
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S U B R O U TIN E  G Ü S S IM IQ .N P .H P )
s u b r o u t i n e  FOR S O L U T IO N  OF S IM U LTA N E O U S  L IN E A R  E Q U A T IO N S  
D IM E N S IO N  T X ( 2 0 0 ) . T Y ( 2 0 0 ) t Q I S . S )
Q ( 2 * 2 ) - ( Q ( 2 « 3 ) * Q ( l . I ) - a ( I , 3 > * Q ( 2 « l ) > / ( Q ( 2 « 2 > « Q ( I « I > - Q ( l « 2 ) * Q ( 2 « I > )
Q ( I * I ) = ( Q ( I « 3 | - Q ( 1 « 2 ) * Q ( 2 , 2 ) ) / Q ( 1 , I )
RETURN
END

SUBROUTINE GOSLSQ( YYY, X X X , I M , I I » S L P . Y N T . YAVE)
SUBROUTINE TO DO LEAST SQUARES ANALYSIS ON LINEAR RELATIONSHIP  
DIMENSION Y Y Y I 2 0 0 ) «XXX( 2 0 0 )
SUMX-0.
SUMY-0.
DO B I G - I H . I  I 
SUMY-SUMY+YYY(IG)
SUMX-SUMX+XXX(IG)
CONTINUE 
X I I - I I + I - I H  
YAVE-SUMY/Xl I  
S X - 0 .
S Y - 0 .
S X Y - 0 .
S X S Q - 0 .
DO 7 l E - I H . I  I 
SX=SX+XXX(IE)
S Y -S Y + Y Y Y ( IE )
S X Y -S X Y + X X X C IE )* Y Y Y (I E )
S X S Q -S X S Q + X X X ( IE )«XXX( IE )
CONTINUE 
XI I - I I + I - I H
S L P - ( SX *S Y- X I  I « S X Y ) / ( SX *S X- X I  I « S X S Q )
Y N T - ( SX *SX Y- SXS Q* SY ) / ( SX *S X- X I  I « S X S Q )
RETURN
END
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