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A b s t r a c t  

B y  t h e  use  of compara t ive  r a t e  thermometry,  
w e  have been a b l e  t o  de t e rmine  e x p e r i m e n t a l l y  t h e  
e f f e c t i v e  t empera tu re  c r e a t e d  d u r i n g  a c o u s t i c  
c a v i t a t i o n  i n  l i q u i d s .  The sonochemica l  r e a c t i o n s  
of a ser ies  of v o l a t i l e  me ta l  c a r b o n y l s  have been 
used as  chemica l  dos ime te r s  i n  a l k a n e  s o l v e n t s .  We 
have e s t a b l i s h e d  t h e  e x i s t e n c e  of and c o n d i t i o n s  
p r e s e n t  i n  3 r e a c t i o n  s i tes  d u r i n g  a c o u s t i c  
c a v i t a t i o n :  a g a s  phase  ho t - spo t  w i t h  an  e f f e c -  
t i v e  t e m p e r a t u r e  of 5200K and an  enve lop ing ,  
h e a t e d  l i q u i d  s h e l l  w i th  an a v e r a g e  e f f e c t i v e  tem- 
p e r a t u r e  o f  -1900K. A s i m p l e  conduc t ion  model of 
t he rma l  t r a n s p o r t  i n  t h e  l i q u i d  r e a c t i o n  s i t e  
g i v e s  q u a l i t a t i v e  agreement wi th  t h e  chemica l  
dos ime t ry ,  and p r e d i c t s  t h a t  t h e  l i q u i d  r e a c t i o n  
zone e x t e n d s  f o r  -200nm from t h e  s u r f a c e  of t h e  
c o l l a p s e d  c a v i t y  and has  an e f f e c t i v e  l i f e t i m e  
<2usec .  

1.  I n t r b d u c t i o n  

The chemica l  e f f e c t s  of u l t r a s o u n d  have been 
s t u d i e d  f o r  f i f t y  y e a r s  [ l ] ,  and r e c e n t  i n t e r e s t  
i n  t h i s  a r e a ,  i n  f a c t ,  has  been i n t e n s e  
[ 2 , 3 , 4 , 5 , 6 ] .  I n  s p i t e  o f  t h i s ,  a d e t a i l e d  under -  
s t a n d i n g  of t h e  r e a c t i o n  c o n d i t i o n s  c r e a t e d  by u l -  
t r a s o n i c  i r r a d i a t i o n  of l i q u i d s  has  not  been 
a v a i l a b l e .  I t  is well e s t a b l i s h e d  [7 ,8 ,91  t h a t  
l o c a l i z e d ,  s h o r t - l i v e d  "ho t - spo t s "  c r e a t e d  by u l -  
t r a s o n i c  c a v i t a t i o n  a r e  t h e  o r i g i n  of such  sono- 
c h e m i s t r y ,  and e a r l y  t h e o r e t i c a l  c a 1 c u l a t i o r . s  u s -  
i n g  hydrodynamic models of c a v i t a t i o n a l  c o l l a p s e  
gave t empera tu re  and p r e s s u r e  e s t i m a t e s  of 10,000K 
and 10 ,000  a tmospheres  [ l o ] .  More r e c e n t  s t u d i e s  
have e s t i m a t e d  t h e  temper a t  ur e s  and p r e s s u r e s  t o  
be 2000K and 1000 a tmospheres  [ 1 1 , 1 2 ] ,  bu t  because  
o f  a s sumpt ions  made wi th  r e s p e c t  t o  the rma l  t r a n s -  
p o r t ,  vapor c o n c e n t r a t i o n ,  e t c . ,  t h e s e  models a r e  
d i f f i c u l t  t o  use  i n  a p r e d i c t i v e  f a s h i o n .  

Pr ior  e x p e r i m e n t a l  d e t e r m i n a t i o n  of t h e  con- 
d i t i o n s  g e n e r a t e d  d u r i n g  c a v i t a t i o n a l  c o l l a p s e  i s  
s p a r s e  and is based e x c l u s i v e l y  on sonolumines-  
cence  i n  aqueous s o l u t i o n s .  V e r r a l l  and Sehga l  
have  s t u d i e d  sonoluminescence  of aqueous  s o l u t i o n s  
s a t u r a t e d  w i t h  a l k a l i  me ta l  s a l t s  [131 and w i t h  NO 
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and N O 2  g a s e s  [ 1 4 ] .  From d a t a  o b t a i n e d  i n  t h e s e  
expe r imen t s ,  t h e y  e s t i m a t e d  c a v i t a t i o n a l  tempera- 
t u r e s  t o  be 860K f o r  N O 2  s a t u r a t e d  s o l u t i o n s ,  
1350K f o r  NO s a t u r a t e d  s o l u t i o n s ,  and 3400K f o r  
a l k a l i  me ta l  s a l t  s o l u t i o n s .  These expe r imen t s ,  
however,  may no t  be probing  t h e  c a v i t a t i o n  e v e n t ,  
s i n c e  sonolumicescence  i s  caused  by r a d i c a l  recom- 
b i n a t i o n  which may o r  may not  occur  d i r e c t l y  i n  
t h e  h o t  s p o t .  For example,  sonoluminescence  from 
e x c i t e d  Na a t o m  canno t  be o c c u r r i n g  i n  t h e  g a s -  
phase  of t h e  c o l l a p s i n g  bubb le ,  because  they  a r e  
produced by r e d u c t i o n  o f  Na+ which h a s  no vo la -  
t i l i t y .  Another r e c e n t  s t u d y  made use  of aqueous  
sonoluminescence  a s  a f u n c t i o n  of ambient  tempera-. 
t u r e  i n  o r d e r  t o  e s t i m a t e  t e m p e r a t u r e s  g e n e r a t e d  
d u r i n g  c a v i t a t i o n  [15].  I n  a d d i t i o n  t o  t h e  e a r -  
l i e r  p o i n t  conce rn ing  t h e  s i t e  of luminescence ,  
t h i s  e s t i m a t i o r .  r e i i e s  on a complex k i n e t i c  model. 

Us ing  t h e  l i g a n d  s u b s t i t u t i o n  r a t e s  of vo la-  
t i l e  metal c a r b o n y l s  a s  d o s i m e t e r s ,  we have b t e n  
a b l e  t o  e s t a b l i s h  t h e  s i t e  of sonochemica l  r e a c -  
t i o n s  116 ,171 .  de  f i n d  t h a t  t h e r e  a r e  two r e g i o n s  
of sonochemica l  r e a c t i v i t y :  one co r re spond ing  t o  
t h e  gas  phase  w i t h i n  t n e  c o l l a p s i n g  c a v i t y  and t i le 
second t o  a t h i n  l i q u i d  layer immedia te ly  sur-- 
round ing  t h e  c o l l a p s i n g  c a v i t y .  Fu r the rmore ,  'de 
have been a b l e  t o  de t e rmine  e x p e r i m e n t a l l y ,  u s i n g  
compara t ive  r a t e  thermometry,  t h e  e f f e c t i v e  t e n -  
p e r a t u r e  d i s t r i b u t i o n  i n  each  r e a c t i o n  zone. 

2. Exper imen ta l  Details 

A l l  u l t r a s o n i c  i r r a d i a t i o n s  were made wi th  a 
c o l l i m a t e d  ( f a r  f i e l d  r e g i o n )  20 kHz beam from a 
t i t a n i u m  a m p l i f y i n g  horn d r i v e n  by a l e a d  z i r c o n -  
a t e  t i t a n a t e  trdnSduCer (Heat Sys tems I n c . ;  Model 
W-375), w i t h  a t o t a l  a c o u s t i c  abso rbed  power of 24 
W ,  as de te rmined  c a l o r i m e t r i c a l l y ,  and a c o u s t i c  
i n t e n s i t i e s  of 2 4  W/cm2 a t  t h e  s u r f a c e  of t h e  
horn.  The d e t a i l e d  expe r imen ta l  c o n f i g u r a t i o n  is 
d e s c r i b e d  e l sewhere  [6 ,18 ,191 .  

S o l v e n t s  were o f  t h e  h i g h e s t  a v a i l a b l e  p u r i t y  
( s p e c t r o p h o t o m e t r i c ,  g o l d  l a b e l ,  o r  99%+) a n d  were  
used wi thou t  f u r t h e r  p u r i f i c a t i o n .  Fe(C0)  ( f rom 
Alpha Vent ron  Chemica ls )  was vacuum d i s t i l ? e d  i m -  
med ia t e ly  p r i o r  t o  use .  C r ( C O ) 6 ,  Mo(CO)6, and 
W ( C O ) 6  ( f rom Alpha Vent ron  Chemica ls )  were 95%+ 
pure  and were subl imed b e f o r e  use .  P ( C 6 H 5 ) 3  ( f rom 
A l d r i c h  Chemical)  was 99% pure  and was used as 

0090-560718510000-1116 $1.00 0 1985 IEEE 



purchased .  P ( 0 C H 3 ) 3  and P ( O C 6 H 5 ) 3  ( f rom Ald r i ch  
Chemica ls )  were vacuum d i s t i l l e d  b e f o r e  use .  Vapor 
p r e s s u r e s  were c a l c u l a t e d  from a v a i l a b l e  d a t a  
[20 ,21 ,22 ,23 ]  assuming i d e a l  behav io r .  

Alkane s o l u t i o n s  w i t h  me ta l  ca rbony l  concen- 
t r a t i o n s  o f  0 . O l P l  were i r r a d i a t e d  w i t h  u l t r a s o u n d .  
The a l k a n e  so1u t io r . s  were made from mix tu res  of 
two a l k a n e s  ( h e p t a n e  th rough  dodecane)  chosen  i n  
t h e  p rope r  p r o p o r t i o n  t o  g i v e  a t o t a l  sys tem vapor 
p r e s s u r e  of 5.0 t o r r  a t  t h e  chosen  bulk  tempera- 
t u r e  (which  was v a r i e d  between 270K and 350K). 
R e a c t i o n s  were performed i n  a t h e r m o s t a t e d  amber 
g l a s s  s o n i c a t i o n  c e l l ,  which u a s  k e p t  under a 
s l i g h t  p o s i t i v e  pressure of a rgon .  S o l u t i o n s  were 
spa rged  w i t h  a r g o n ,  t hen  t r a n s f e r r e d  t o  t h e  s o n i -  
c a t i o n  c e l l .  A l i q u o t s  of t h e  s o l u t i o n s  were re-  
moved a t  r e g u l a r  i n t e r v a l s  d u r i n g  s o n i c a t i o n ,  and 
t h e  abso rbance  of t h e  me ta l  ca rbony l  was d e t e r -  
mined u s i n g  Fourier-  t r ans fo rm i n f r a r e d  s p e c t r o -  
photometry ( N i c o l e t  7199 or  MX-S). F i r s t  o r d e r  
r a t e  c o n s t a n t s  were t h e n  de te rmined  from t h e  p l o t s  
of l og (Absorbance )  v e r s u s  time f o r  each  r e a c t i o n  
a t  each  chosen ,  bu lk  t e m p e r a t u r e .  The b u l k  t emper-  
a t u r e  was then  v a r i e d  (as  were  the  a l k a n e  m i x t u r e s  
t o  k e e p  t h e  t o t a l  vapor p r e s s u r e  c o n s t a n t )  i n  o r -  
d e r  t o  de t e rmine  obse rved  sonochemica l  ra tes  a s  a 
f u n c t i o n  of metal ca rbony l  vapor p r e s s u r e .  L inea r  
r e g r e s s i o n  a n a l y s e s  were used f o r  q u a n t i t a t i v e  de- 
t e r m i n a t i o n s .  

C a l c u l a t i o n s  of t empera tu re  e v o l u t i o n  models 
were done n u m e r i c a l l y  u s i n g  an e x p l i c i t  method of 
f i n i t e  d i f f e r e n c i n g  1241. The t e m p e r a t u r e  pro-  
f i l e s  a s  a f u n c t i o n  of r a d i a l  d i s t a n c e  and t ime  
used t h e  a p p r o p r i a t e  t he rma l  d i f f u s i t i e s  f o r  Ar a t  
e l e v a t e d  t e m p e r a t u r e s  f o r  the  gas  phase  r e a c t i o n  
zone I 2 4 1  and f o r  decane  i n  t h e  l i q u i d  r e a c t i o n  
zone 1251. I n i t i a l  t e m p e r a t u r e s  i n  t h e  g a s  phase  
r e a c t i o n  zone were  s e t  t o  5200K, as de te rmined  ex- 
p e r i m e n t a l l y  ( and  d i s c u s s e d  below). Th s i z e  o f  
t h e  h e a t e d  s p h e r e  was t aken  a t  :.54Ux10-'m, which 
i s  d e r i v e d  from t h e  maximum c a v i t y  r a d i u s  b e f o r e  
c o l l a p s e  ( 6 . 5 0 ~ 1 0 - ~ m )  and t h e  compress ion  r a t i o  
r e q u i r e d  t o  g e n e r a t e  t h e  obse rved  g a s  phase  tem- 
p e r a t u r e  [16 ,171 .  Convergence of t h e  s o l u t i o n s  
were demonst ra ted  by i n c r e m e n t a l  d e c r e a s e s  i n  t h e  
s t e p  s i z e s  of r a d i a l  d i s t a n c e  and t i m e .  T h e o r e t i -  
cal  r e l a t i v e  r a t e s  i n  t h e  l i q u i d  phase  were c a l c u -  
l a t e d  by t r a p e z o i d a l  i n t e g r a t i o n .  

3. Results and Discussion 

For t h i s  s t u d y ,  we have used  f o u r  meta l  car- 
bonyls  a s  d o s i m e t e r s ,  Fe(CO)5, Cr (C0)6 ,  Mo(C0)b 
and K(CO)6. whose g e n e r a l  s t r u c t u r e s  a r e  shown i n  
F i g .  1 .  We have p r e v i o u s l y  e x p l o r e d  t h e  sonochem- 
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Figure 1 .  The S t r u c t u r e s  of Meta l  Ca rbony l s .  

i s t r y  and s o n o c a t a l y s i s  of the metal c a r b o n y l s  i n  
some d e t a i l  [ 5 , 6 , 1 8 ] .  T h e i r  p r e s e n t  u s e  a s  chemi- 
c a l  d o s i a e t e r s  f o r  a c o u s t i c  c a v i t a t i o n  has  been 

s u c c e s s f u l  f o r  s e v e r a l  r e a s o n s .  F i r s t ,  t h e i r  
t he rma l  and photochemica l  b e h a v i o r s  are wel l  de- 
f i n e d  and s e r v e  a s  an e s s e n t i a l  background 126,271 
f o r  unde r s t and ing  their  sonochemica l  r e a c t i v i t y .  
Second,  t h e i r  r e a c t i v i t y  is e s s e n t i a l l y  s i m p l e ,  
s i n c e  t h e  carbon-oxygen bond s t r e n g t h  is very much 
l a r g e r  t h a n  t h e  meta l -carbon (i.e. >900 KJ/mole 
d i f f e r e n c e  i n  bond e n t h a l p i e s ) .  T h i r d ,  t h e s e  re- 
a c t i o n s  are un imolecu la r  i n  t he i r  r a t e  d e t e r m i n i n g  
s t e p  and are n o t  due t o  secondary  r e a c t i o n  i n  t h e  
b u l k  s o l u t i o n .  F o u r t h ,  t h e s e  r e a c t i o n s  are e a s i l y  
moni tored  q u a n t i t a t i v e l y  by i n f r a r e d  s p e c t r o p h o t o -  
metry. F i n a l l y ,  t h e  k i n e t i c  behav io r  of t h e s e  
sys t ems  is ex t r eme ly  well behaved th roughou t  t h e  
c o u r s e  of t h e  r e a c t i o n s .  

We have found t h a t  t h e  s u b s t i t u t i o n  k i n e t i c s  
o f  t h e s e  me ta l  c a r b o n y l s  w i t h  v a r i o u s  phosphines  
(PR3) and p h o s p h i t e s  (P(OR)3) are f i r s t  o r d e r  i n  
metal ca rbony l  and z e r o  o r d e r  i n  l i g a n d  163. An 
example of a k i n e t i c  p l o t  of a s u b s t i t u t i o n  r e a c -  
t i o n  is  shown i n  F i g .  2. The c o n c e n t r a t i o n  of 
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Figure 2. F i r s t  Order  K i n e t i c s  of Fe (C0)5  Sono- 
chemica l  Ligand S u b s t i t u t i o n  wi th  
P(0CH3) 3 .  

P ( 3 C H 3 ) 3  was v a r i e d  up t o  a 30 - fo ld  e x c e s s  and no 
change was s e e n  i n  t h e  obse rved  r a t e .  T h i s  behav- 
ior is t y p i c a l  of a d i s s o c i a t i v e  mechanisn (see 
Scheme I ,  be low) .  Under s o n o l y s i s ,  metal carbon-  

Scheme I 

M ( i O ) ,  - W M ( C O ) ~ - ~  + xC0 

M ( C O ) , _ ,  + L -M(CO)n-xL 

M(CO),-, + CO -M(CO),-, + 1 
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y l s  may e x h i b i t  mul t ip le  CO l o s s .  The r e a c t i v e  
fragment s o  formed can then add a l igand ,  which 
may be CO or L (L = phosphine or phosphi te ) .  I f  
t h e  r e s u l t i n g  complex is st i l l  coord ina t ive ly  u n -  
s a t u r a t e d ,  t h e  fragment w i l l  add a second l igand .  
Products  of these  r e a c t i o n s  a r e  pr imar i ly  mono- 
and d i s u b s t i t u t e d  metal carbonyl phosphine ( O r  
phosphi te)  complexes. 

As descr ibed i n  t h e  experimental s e c t i o n ,  t h e  
t o t a l  vapor pressure  was kept cons tan t .  T h i s  is 
e s s e n t i a l  s i n c e  t h e  e f f i c a c y  of c a v i t a t i o n a l  co l -  
l apse  and t h e  temperatures so generated a r e  
s t rongly  dependent on the  vapor pressure  of the  
so lvent  sys t em C28.291. Therefore ,  we keep t h e  
dosimeter 's  concent ra t ion  i n  t h e  bulk s o l u t i o n  
cons tan t ,  f i x  t h e  t o t a l  system vapor pressure,  and 
vary t h e  b u l k  temperature. I n  t h i s  way, we can 
vary t h e  dos imeter ' s  vapor pressure alone, while  
keeping a l l  o ther  re levant  parameters cons tan t .  

T h i s  has been done f o r  a l l  four of our dos i -  
meters; Figures  3 and 4 show the  r e s u l t s  f o r  
Fe(C0)5 and W(CO)6, r e s p e c t i v e l y .  I n  a l l  cases ,  
t h e  observed sonochemical r a t e  increases  w i t h  i n -  
c r e a s i n g  dosimeter vapor pressure and a has non- 
zero  i n t e r c e p t .  The l i n e a r  dependence of t h e  ob- 
served r a t e  c o e f f i c i e n t s  on dosimeter vapor pres- 
s u r e  is  due t o  r e a c t i o n s  occurr ing  i n  the  gas 
phase. As t h e  dosimeter vapor pressure  increases ,  
i ts  concent ra t ion  wi th in  t h e  gas  phase c a v i t y  in-- 
c r e a s e s  l i n e a r l y ,  thus increas ing  the  observed 
SOnGchemlCal r a t e  c o e f f i c i e n t s .  The non-zero i n -  
t e r c e p t  i n d i c a t e s  t h a t  t h e r e  is a vapor pressure  
indepenaent component of the  o v e r a l l  r a t e .  That 
is, t h e r e  m u s t  be an a d d i t i o n a l  r e a c t i o n  s i t e  oc- 

r I I I I I I I I 

V+t o r r) 

F i g u r e  3. Observed Fi rs t -Order  Sonochemical Rate 
C o e f f i c i e n t s  for Fe(C0) v s .  the  Vapor 
Pressure  of Fe(CO)5. % h e t o t a l  vapor 
pressure  of t h e  sys t em is constant  a t  
5.0 t o r r .  

I l l l l l l l l l l l  0 
0 3 6 9 12 I5 18 21 24 27 30 33 36 

vp ( XIO-' torr1 

F i g u r e  4 .  Observed Firs t -Order  Sonochemical Rate 
C o e f f i c i e n t s  f o r  W ( C O ) 6  z. t h e  Vapor 
Pressure of W ( C O ) 6 .  The t o t a l  vapor 
pressure of t h e  system is constant  a t  
5.0 t o r r .  

cur r ing  w i t h i n  the  l i q u i d  phase. Because one 
would expect loca l ized  hea t ing  of t h e  l i q u i d  near 
t h e  c o l l a p s i n g  c a v i t y ,  we be l ieve  t h e  l i q u i d  phase 
r e a c t i o n  is occurr ing  i n  t h e  t h i n  l i q u i d  s h e l l  
surrounding t h e  co l laps ing  c a v i t y ,  a s  i l l u s t r a t e d  
i n  Fig.  5 .  These results demonstrate t h a t  t h e r e  

Figure 5. Two S i t e  Model of Sonochemical Reac- 
t i v i t y .  
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are  % sonochemica l  r e a c t i o n  zones :  a gas  phase  
s i t e  and a l i q u i d  phase  s i te .  

We can f u r t h e r  a n a l y z e  ou r  d a t a  t o  e s t i m a t e  
t h e  e f f e c t i v e  t e m p e r a t u r e s  r eached  i n  e a c h  s i t e  by 
t h e  use  of compara t ive  r a t e  thermometry ,  a t e c h -  
n ique  developed  f o r  similar u s e  i n  shock  t u b e  
chemis t ry  [ 3 O ] .  I f  one has  a series o f  r e a c t i o n s  
whose r a t e  behavior  as a f u n c t i o n  of t e m p e r a t u r e  
is known, t h e n  from t h e i r  e x p e r i m e n t a l l y  d e t e r -  
mined r e l a t i v e  rates one  may c a l c u l a t e  t h e  e f f e c -  
t i v e  t empera tu re  a t  which t h e  r e a c t i o n s  o c c u r r e d .  
Fo r  the  d i s s o c i a t i o n  o f  CO from a s e r i e s  of meta l  
c a r b o n y l s ,  t h e  Ar rhen ius  pa rame te r s  { k  = 
Aexp(-Ea/RT), where k = r a t e  c o e f f i c i e n t ,  A = a c -  
t i v a t i o n  f r equency ,  E a  = a c t i v a t i o n  ene rgy ,  R = 

g a s  c o n s t a n t }  have r e c e n t l y  been a c c u r a t e l y  d e t e r -  
mined a t  h igh  t e m p e r a t u r e s  by g a s  phase l a s e r  
p y r o l y s i s  [ 31 1. 

From t h e  s l o p e s  and i n t e r c e p t s  of F i g u r e s  3 
and 4 ( a n d  s i m i l a r  p l o t s  for t h e  o t h e r  complexes ) ,  
we can  d e r i v e  t h e  r a t e  c o e f f i c i e n t s  (shown i n  Ta- 
b l e  I )  for  t h e  g a s  phase  and  l i q u i d  phase  r e a c t i o n  
s i t e s  [171. The e f f e c t i v e  t e m p e r a t u r e  of each  

Table I. 

Dosimeter  k g ( s e c - l b a r - l  ) a  ke(sec-’M-’) 

a k  i s  t h e  g a s  phase r e a c t i o n  c o n s t a n t  ( t a k e n  from 
t h g  s l o p e s  of t h e  l i n e s  f i t  t o  d a t a  i n  F i g u r e s  3 
and 4 ,  e t c ) ;  k e  is t h e  l i q u i d  phase  r e a c t i o n  r a t e  
c o n s t a n t  ( t a k e n  from t h e  i n t e r c e p t s  o f  t h e  d a t a  i n  
F i g u r e  3 and 4 ,  e t c . ) .  

bThe s t a n d a r d  d e v i a t i o n  o f  l a s t  d i g i t  i s  g iven  i n  
p a r e n t h e s e s .  

s i t e  can  be c a l c u l a t e d  from t h e  s l o p e  o f  p l o t s  of 
v e r s u s  E a  f o r  our  f o u r  d o s i m e t e r s .  

~ ~ ~ ~ ~ k 8 b d o ~ s  s u c h  a p l o t  f o r  t h e  g a s  phase  r e a c -  
t i o n  s i t e .  T h e  d a t a  are q u i t e  good f o r  t h e  gas  
phase  r e a c t i o n  zone ,  and g i v e  an  estimate of t h e  
g a s  phase e f f e c t i v e  t e m p e r a t u r e  o f  5200 k 650K, 
under our c o n d i t i o n s .  

The l i q u i d  phase  zone  does no t  behave as 
wel l ,  a s  shown i n  F i g u r e  7: t h i s  is expec ted ,  
s i n c e  t h e r e  must be a s p a t i a l  t e m p e r a t u r e  g r a d i e n t  
i n  t h e  l i q u i d  s u r r o u n d i n g  t h e  gas  phase h o t - s p o t ,  
r a t h e r  t h a n  a s i n g l e ,  un i form t empera tu re .  A more 
r e a l i s t i c  view of t h e  t e m p e r a t u r e  and r a t e  p r o f i l e  
i n  t h e  l i q u i d  r e a c t i o n  zone is  shown i n  F i g u r e  8. 
We have modelled t h e  time and s p a t i a l  e v o l u t i o n  of 
t h e  l i q u i d  zone t empera tu re  u s i n g  an e x p l i c i t  
method of f i n i t e  d i f f e r e n c i n g ,  as d e s c r i b e d  e a r l i -  
e r ,  based  on a s p h e r e  a t  i n i t i a l  t e m p e r a t u r e  of 
5200K embedded i n  an  i n f i n i t e  m a t r i x  a t  3OOK. T h i s  
is an  a d m i t t e d l y  s i m p l e  model which i n c l u d e s  o n l y  
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Figure 6. Comparative R a t e  Thermometry of t h e  
Phase  Reac t ion  S i t e .  I n  o r d e r  of 

Gas 
i n -  
f o r  c r e a s i n g  E , these d a t a  are 

~ r ( C o ) ~ ,  MOPCO)~, Fe(CO)5, and W(CO)5. 
The s l o p e  of t h e  l e a s t  s q u a r e s  f i t  l i n e  
( s o l i d )  i s  l / R T e f f .  

I 
1 
I 
I 
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14 

145 155 165 175 185 

Eo $/mole) 

Figure 7. Comparative h a t e  Thermometry o f  t h e  
L iqu id  Phase  Reaction S i t e .  I n  o r d e r  
of i n c r e a s i n g  E a ,  t h e s e  d a t a  are f o r  

t h i s  c a s e  is d e r i v e d  
from t h e  conduc t ion  model of t he rma l  
t r a n s p o r t  d e s c r i b e d  i n  t e x t .  

Fe(C0)5  and W ( C O ) 5 .  
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Figure 8. C a l c u l a t e d  Reac t ion  R a t e s  i n  t h e  L i q u i d  
Phase  Reac t ion  S i t e  a s  a Func t ion  of 
T ine  and Di s tdnne  from Bubble S u r f a c e .  
These r a t e s  f o r  l i ( C C ) 6  were  d e r i v e d  
from t h e  conduc t ion  model d e s c r i b e d  i n  
t e x t ,  and weighted  by annl ; la r  volume. 
I n  descend ing  o r d e r ,  t h e  d i s t a n c e s  from 
t h e  bubble  s u r f a c e  a r e  50, 100, 150, 
200 ,  and 250nm. 

conduc t ive  h e a t  t r a n s p o r t ;  convec t ion  i s  n o t  i n -  
c luded .  I t  shoLlld be emphasized t h a t  o u r x i m p l e  
conduc t ion  model has "0 a d j u s t a b l e  pa rame te r s  i n  
p r e d i c t i n g  r e l a t i v e  ra tes .  Remarxably,  t h i s  model 
does  a g r e e  q u a l i t a t i v e l y  w i t h  t h e  d a t a .  Using t h e  
a c t i v a t i o n  pa rame te r s  ( E a  and A )  d e r i v e d  from gas  
phase p y r o l y s i s ,  ou r  model p r e d i c t s  t h e  r e l a t i v e  
l i q u i d  phase r a t e s  t c  be  i n  t h e  same o r d e r  a c t u a l -  
l y  obse rved :  C r ( C O ) 6  > Fe(C0)5  > M O ( C O ) ~  > 
W ( C O ) 6 ,  which is d i f f e r e n t  t han  t h o s e  o f  t h e  gas  
phase  s i t e .  As shown i n  F i g u r e  7 ,  o u r  s imple  h e a t  
conduc t ion  model p r e d i c t s  r e l a t i v e  r a t e s  which a r e  
i n  rough agreement  wi th  t h e  obse rved  l i q u i d  phase  
r e a c t i o n  zone .  

The q u a n t i t a t i v e  comparisons a r e  o n l y  f a i r ,  
however: r e l a t i v e  r a t e s  f o r  k ( C O ) 6 ,  Mo(ZO),, 
F s ( C O ) ~  a n d  C r ( C O ) 6  a r e ,  1 .00 ,  2.16, 2 .44  and 8 .89  
a s  obse rved ,  and 1 .00 ,  2 .11 ,  3 .70 ,  and 4.21 a s  
c a l c u l a t e d  from our n o d e l .  The model p r e d i c t s  a 
s p a t i a :  and tempora l  a v e r a g e  l i q u i d  zone r e a c t i o n  
tempera t  u r c  of 2'73OK; t h e  exper  imer : ta l ly  d e t e r -  
mined d a t a  g i v e  a l i q u i d  zone t empera tu re  
of -1900K. Convect ion  and mass t r a n s p o r t  e f f e c t s  
would lower  t h e  t e m p e r a t u r e s  p r e d i c t e o  i n  t h e  l i q -  
u id  r e a c t i o n  zone ,  and wculd b r i c g  t h e  model i n t o  
b e t t e r  q u a n t i t a t i v e  agreement and t h e  obse rved  
d a t a .  

The conduc t ion  model also g i v e s  u s  a s e n s e  o f  
s c a l e  conce rn ing  t h e  l i q u i d  r e a c t i o n  zone: i t  ex- 
t ends  on ly  -200nm from t h e  bubble  s u r f a c e ,  and i t  
has  a n  e f f e c t i v e  l i f e t i m e  of l e s s  t han  2 )sec a f -  
ter  c o l l a p s e .  The s i z e  o f  t h i s  hea t ed  s h e l l  c o r r e -  
sponds t o  a r e a c t i v e  l i q u i d  l a y e r  of -500 
molecules  t h i c k .  

Another way t o  e s t i m a t e  t h e  dep th  of t h i s  
l i q u i d  zone is t o  assume comple te  r e a c t i o n  of a l l  
me ta l  carbonyl  molecules  i n  bo th  t h e  g a s  phase  and 
l i q u i d  phase zones .  With t h a t  a s sumpt ion ,  t h e  ra- 
t i o  of k e  t o  k e a s i l y  g i v e s  t h e  approx ima te  r a t i o  
of volumes (an% r a d i i )  of t h e  l i q u i d  t o  gas  zones  
immedia te ly  b e f o r e  c o l l a p s e  [ I  61 .  With ou r  d a t a ,  
t h e  gas  phase  t$ l i q u i d  phase  r e a c t i o n  s i t e  vol -  
umes a r e  - 1 . 5 ~ 1 0  b e f o r e  c o l l a p s e .  I f  we e s t i n i a t e  
ou r  bubble  r a d i u s  b e f o r e  c o l l a p s e  as 6 . 5 ~ 1 0 - ~ m  
[16 ,32 ] ,  t h e n  i n  o r d e r  t o  g e n e r a t e  a f i n a l  temper- 
a t u r e  o f  5200K, t h e  bubble  radium a f t e r  c o l l a p s e  
w i l l  be - 1 . 5 ~ 1 O - ~ m .  T h i s  l e a d s  t o  an e s t i m a t e  o f  
t h e  l i q u i d  r e a c t i o n  zone dep th  of 270nm, which is  
i n  good agreement wi th  ou r  s i m p l e  conduc t ion  
model. 
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